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Mechanism of Self-5terility in a Hermaphroditic Chordate

¥. Harado et al.

The sea sguirt prevents sell -fertilization by using a tightly linked genetic locus to encode

a sperm-egg receptor-ligand pair, a system similar to that used by Nowering plants.
10.1126/science. 1152488

MATERIALS SCIENCE

High-Thermoelectric Performance of Nanostructured Bismuth Antimony

Telluride Bulk Alloys

8. Poudel et al,

Mitling a thermoelecinic alloy, which preduces electricity from a thermal gradient, into

a nangpowder, then pressing it into a bulk lorm, greatly improves its performance.
10.1126/cience. 1156446
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Ancient Asteroids Enriched in Refractory Inclusions

J. M. Sunshine, H. C. Cannolly Jr., T. . McCoy, 5. J. Bus, L. M. La Croix

Spectral data imply that some asteroids contain higher concentrations of early solar

system grains and materials than are found in any sampled meteorite.
10.1126/5cience. 1154340

EVOLUTION

Metabolic Diversification—Independent Assembly of Operon-Like Gene
Clusters in Plants

B. Field and A. E. Osbourn

Through strong selection, similar clusters of genes for triterpene biosynthesis have
arisen independently through gene duplication and neofunctionalization in several

fant lines.
R e 10.1126/science. 1154990
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Preparing and Motivating Behavior Outside of
Awareness

H. Aarts, R, Custers, H. Marien

Encouraging words flashed on a screen so briefly that they are anly
perceived unconsciously can, nevertheless, increase the effort put
into a subsequent test of sirength.
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MEUROSCIENCE

Pattern Separation in the Human Hippocampal
CA3 and Dentate Gyrus

A. Bakker, C. B. Kirwan, M. Miller, C. E. L Stark
High-resolution imaging of the human brain reveals that, as seenin
redents, recognition of small differences in similar memories reqmres
a particular region of the hippocampus. crive p. 16
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APPLIED PHYSICS

Low-Magnetic-Field Control of Electric Polarization
Vector in a Helimagnet

S, Ishiwata, ¥, Toguchi, H. Murakawa, Y. Onose, Y. Tokura
The polarization af electrons in a complex iron oxide magnet
can be manipulated using only a weak magnetic field, not a
strong one as required in other systems,

MATERIALS SCIENCE

Observation of Giant Diffusivity Along Dislocation

Cores

M. Legros, G. Delun, E, Arzt, T ). Balk

Observations on the mevements of silican atoms in a thin film
of aluminum show that dislocations can align and act like

a channel or pipe to greatly accelerate diffusion,
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R. D. Lorenz et al.

An imbalance between the orbital and rotational periods of Saturn’s

moon Titan implies that momentum is exchanged with its atmmphere

and that it contains an internal ocean, == Perspective p. 1629
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PLANETARY SCIEMCE

Chloride-Bearing Materials in the Southern 1651
Highlands of Mars

M. M. Osterloo et al.

Spectral observations from Mars Odyssey detect chloride

minerals, apparently lorming from the evaporation of water,

across some of the oldest regions on Mars.

GEOCHEMISTRY

Sulfur and Chlorine in Late Cretaceous Deccan 1654
Magmas and Eruptive Gas Release

5. Self, 5. Blake, K. Sharma, M. Widdowson, 5 Sephton
Measurements on rare glass inclusions and rims in India’s Deccan
flood basalts imply that these end-Cretaceous eruptions injected huge
amounts ol sulfur into the atmosphere, == Perspective p. 1628

ATMOSPHERIC SCIENCE

Atmospheric Hydroxyl Radical Production from 1657
Electronically Excited NO, and H,0

S L ] Matthews, A. Sinha

The reaction of electronically excited nitrogen dioxide with water
releases large amounts of OH radicals, an impartant oxidant, to

the troposphere. == Perspective p. 1624

PALEONTOLOGY

Synchronous Aggregate Growth in an Abundant 1660
Mew Ediacaran Tubular Organism

M. L. Droser and ]. G. Gehling

Tubular fossils up to 30 centimeters long dominate the fossil
assemblage in the Late Precambrian of the Flinders Range,

Australia, and show multiple modes of growth,

ANTHROPOLOGY

Orrorin tugenensis Femoral Morphology and the 1662
Evolution of Hominin Bipedalism

B. G. Richmond and W. L Jungers

Comparison of femara from an early, ostensibly human fossil to those
from apes, humans, and hominins confirms that Orrorin tugenensis
was a basal bipedal hominin, == News story p. 1599

CELL BIOLOGY

Activation of FOXO1 by Cdkl in Cycling Cells and 1665
Postmitotic Neurons

Z. Yuan et al,

A cell oycle=associated kinase phosphorylates the transcription factor
FOX01, which activates transcription of a regulator of mitosis.

MEDICINE

TDP-43 Mutations in Familial and Sporadic 1668
Amyotrophic Lateral Sclerosis

J. Sreectharan et al.

Mutations in a gene that encodes a protein that aggregates in
several neurodegenerative disorders are linked to amyotrophic
lateral sclerosis (Lou Gehrig's disease).
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MICROBIOLOGY

A Nitric Oxide=Inducible Lactate Dehydrogenase 1672
Enables Staphylococcus aureus to Resist Innate

Immunity

A. R. Richardson, 5. ], Libby, F. C. Fang

Staphylococcus aurews is a particularly successiul pathogen because
it responds to antimicrobial defenses of its host by producing more
lactate to maintain its redox balance,

MEDICIMNE

Oncogenic CARD11 Mutations in Human Diffuse 1676
Large B Cell Lymphoma

G. Lenzet al,

One type of non-Hodgkin's lymphoma is caused by mutations in a
scaffolding protein that inappropriately activate an inflammatory
signaling pathway.

MEUROSCIENCE

Drosophile Egg-Laying Site Selection as a System 1679
to Study Simple Decision-Making Processes

C. Yang, P. Belawat, E. Hafen, L Y. Jan, Y.-N. Jan

Experiments show how flies make complex decisions when laying
eqqgs, choosing surfaces containing sucrose only when other options
are not available,

MEURQOSCIENCE

Protein Synthesis and Neurotrophin-Dependent 1483
Structural Plasticity of Single Dendritic Spines

| Tarakea et al.

Pairing of stimuli in hippocampal cells induces secretion of the
growth factor BONF, causing enlargement of individual spines

and strengthening of synapses. == Perspective p. 1627
PSYCHOLOGY

Spending Money on Others Promotes Happiness 1687
E. W. Dunn, L. B. Aknin, M. I. Norten

A survey, a study of windfall spending, and a lab experiment all
indicate that spending maney on others results in more happiness
than does spending maney on oneself.
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CREDITS: [SCIENCE CAREERS) SANDLA MATIONAL LAB: [SCIENCE ONLINE FEATURE] KATRIEN KOLEMBERG

Signaling researchers met in Weimar, Germany.

SCIENCE SIG NALING

www.stke.org THE SIGN | KNOWL

EDITORIAL GUIDE: Hear It, Watch It, Read It

N. R. Gough

Four new sections of Science Signaling bring new resources to the cell signaling
community.

MEETING REPORT: Watching Molecules Talking to Each Other

K. Friedrich, 0. Janssen, R. Huss

The 2007 meeting of the Signal Transduction Society focused on results obtained
using state-al-the-art imaging methodologies.

PRESENTATION: Matrix Metalloproteinase-7 and the 205 Proteasome
Contribute to Cellular Senescence

C. Bertram and R. Hass

Two cultured cell systems provide insight into intracedlular and extracellular events
involved in cellular differentiation and senescence.

PRESENTATION: In Vivo Imaging of T Cell Priming
S. E. Henrickson el al.
History of prior antigenic experience controls Tcell activation.

PRESENTATION: Geranylgeranylation but Not GTP-Loading of Rho
GTPases Determines T Cell Function

5. Waiczies, I. Bendix, F. Zipp

Fosttranslational lipid modification of Rhod is necessary for T cell migration into
the central nervous system during neurinflammation.

SCIEMCE ONLINE FEATURE

THE GONZO SCIENTIST:

Play It Again, Robot

The fifth installment in this series, with
accompanying video, investigates the state
of the art of robot music.

WHW.SCIencemag, ovg/sciexntigonzoscien bisty

ONLIN

WWW.sciencemag.org

SCIENCENOW

WWW.sClEncenow LG

One Tail, Many Feats
Fifth appendage keeps geckos upright and agile and even helps them glide.

Hobbit Skull Suggests a Separate Species
Diminutive hominid may have ties to human ancestors.

Gatars Dive With Flexible Air Tanks
A special muscle may give alligators a deadly edge in the water.

Opportunities for scientists in public health,

SCIENCE CAREERS

wWw.sciencecareers, org

Public Health Goes Global

5. Webb

Scientists are needed with experence and expertise to address
global health challenges.

Tooling Up: Breaking Free of Academia

D. Jensen

The cultral shift from academia to nonacademic workplaces
requires careful sell-assessment.

Ahead of Her Time

E. Pain

Al age 24, Kalerina Aifantis received a grant from the European
Research Council to start an independent lab,

From the Archives: Thanks for the Great Postdoc Bargain
R. Freeman

The Harvard economist thanks postdocs for their skilled and
diligent servitude,

SCIENCEPODCAST

Download the 14 March Seience
Podcast to hear about the

_ evolution of human bipedalism,
+  subliminal influence on

~ behavior, and for farewell

*" thoughts from senior news
correspondent Jean Marx.
www.sCiencemag. org/about/pod cast.dil

e e

— -

Separate individual or institutional subscriptions to these products may be required for full-text access.
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Secrets of an Ancient Thigh Bone

The functional and phylogenetic significance the 6-million-year-old femora of Orrorin tuge-
nensis, one of the earliest fossils from the human lineage has been debated since their
discovery in Kenya in 2000. Richmond and Jungers (p. 1662; see the news story by Gib-
bons) present a comparative morphometric analysis of these remains with femora from
modern humans, living apes, and other fossil hominins to reveal and confirm bipedal adap-
tations in the femora of Orrorin. The Orrorin femora closely resemble those of Australopithe-
cus and Paranthropus, which are 2 to 3 million years old, which contradict the hypothesis
that Orrorin is more closely related to Homo than to Australopithecus. The morphology of
the Orrorin femora strongly suggests that the australopithecine pattern of hip biomechanics
evolved very early in human evolution and persisted as a stable locomotor strategy for as
long as 4 million years, the majority of human evolutionary history.

Small Minerals,
Big Implications

Many geologic processes involve reactions
between minerals and between minerals and
surface water, groundwater, or air. Increasingly,
it has been recognized thal many important
reactions invalve minerals that are less than
about 1 micromeler in size (or nanominerals),
and two Reviews discuss how minerals properties
can depend on crystal size. Hochella et al.
{p. 1631) summarizes our understanding of
these nanominerals, their occurrence, and their
potential implications in geologic processes.
Navrotsky et al. (p. 1635) focus on the thermao-
dynamics and stability of one of the most impor-
lant and ubiguitous classes of nanominerals, the
iron oxides,

Diffusion in Overdrive

The motion of impurity atoms within a crystal is
a thermally driven process, and for a perfect
crystal, this process should be fairly slow. How-
ever, there are numerous examples where faster
diffusion has been observed that generally have
been attributed to the presence of dislocations
and grain boundaries. Legros et al. (p. 1646)

www.sciencemag.org SCIENCE VOL 319 21 MARCH 2008

measure the motion of silicon precipitates inside a
thin film of aluminum and directly observed “pipe
diffusion,” in which the dislocations in the alu-
minum act as a channel for more rapid travel of
the silicon. Diffusion can be accelerated by three
orders of magnitude compared with bulk diffu-
sion, in support of the theories an pipe diffusion,

How Titan Turns

Titan, Saturn’s largest moon, is covered with an
icy crust and dense atmosphere, Lorenz et al.
{p. 1649; see the Perspective Sotin and Tobie)
used several years of Cassini radar observations
to show that Titan's rotational period differs
from its orbital period, which implies that there
is an exchange of angular momentum seasonally
between the planet and its atmosphere. Model-
ing of this exchange requires an internal model
of Titan that includes a crust and core separated
by a liquid ocean, as on Jupiter's moon Europa.

Ancient Volcanic Gas
in Glass

The influence on climate of massive volcanic
eruptions that have formed flood basalls, such

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

as the Deccan traps at the end of the Cretaceous,
has been difficull to assess, in part because of
the lack of data on the gas contents of most of
the magmas (much of the erupted basalt
degassed as crystals formed or during later
alteration). Self et al. (p. 1654; see the Perspec-
tive by Scaillet) screened many samples of the
Deccan basalts and found a few samples presery-
ing glass inclusions in crystals or glassy rims that
could preserve information on the original sulfur
and chlorine contents of the Deccan magma. The
results imply that the Deccan basalts released
huge amounts of sulfur, perhaps nearly an order
of magnitude or more than recent global anthro-
pogenic emissions, for decades or centuries,

Low-Field Multiferroics

The ability to electrically manipulate the magnetic
properties of a solid offers great potential for
device functionality. Materials of
particular interest are those in
which the magneto-electric (ME)
response, which couples electric
and magnetic dipole moments,
is an intrinsic property of the
crystalline symmelry. So far,
however, the ME effect in such
materials has only been seen at
large magnetic fields and low
temperature, Ishiwata et al.
(p. 1643) present results on the
hexaferrite Ba,Mg,Fe ,0,,,
which has a chiral spin structure,
and show that the electric polar-
ization can be manipulated with
a very low magnetic field of

30 millitesla.

Insights into Early
Multicellular Life

Multicellular life first appeared in the Late Precam-
brian, but the affinity and habits of many of the
fossils remain enigmatic. Droser and Gehling
(p. 1660; see the Book Review by Xiao) reveal a
newly described tubular organism that is particu-
larly abundant in one area where many lossils have
been found, the Ediacara of the Flinders Range of
South Australia. The tubular fossils are as long as
30 centimeters and 12 millimeters in diameter
and are composed of smaller units, A few exhibit
branching, and multiple modes of growth are rep-
resented. The fossils reveal attachment structures
to the sediment substrate, and probably represent
a stem-group Cnidarian or Poriferan.

Continued on page 1587
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This Week in Science

Warming Island,

Contfnued from page 1585

Functional Differentiation Within the
Human Hippocampus

Structures in the temporal lobe of the human brain support declarative (fact and event) memory.
How these structures operate and interact is unclear, Recent studies in rodents observed pattern
separation processes in the CA3 field and dentate gyrus. Using high-resolution brain imaging,

the rodent dala, strong pattern separa-

Bakker et al. (p. 1640; see the Perspec-
live by Leutgeb) ha'.re now analyzed
these operations in humans. A
technigue was developed to
infer changes in the pattern of
tion was observed in the CA3 and den-
tate gyrus, whereas a tendency toward pattern completion was observed in hippocampal CA1, the

activity across neurons in the
subiculum, the entorhinal, and parahippocampal cortices.

e
- “"r‘ -

medial temporal lobe with

respect o pattern separation

and pattern completion
processes, In striking similarity to

B i

Radical Avoidance Strategy

Staphylococcus aureus is responsible for severe infections that, in the wake of widespread antibiotic
resistance, are a growing threat. Unlike very closely related commensal species, 5. aureus can both
inhibit and avoid the damaging effects of NO released during host defensive responses. Richardson et al.
(p. 1672, see the cover) show that in addition to free-radical scavenging mechanisms, 5. aureus pos-
sesses an inducible -lactate dehydrogenase through which it can divert glucose metabolism exclusively
to t-lactate during NO exposure when other more sensitive enzymes shul down. This stralegy allows the
organism lo maintain redox balance, retain virulence, grow, and replicale despite the host assaull.

Faulty Scaffolding and Cancer

Differentiation, survival, and growth of B cells requires proper functioning of the nuclear faclor-xB
(NF-xB) signaling pathway, including CARD11, a cytoplasmic scaffolding protein that serves as a
docking site for signaling molecules. Lenz et al. (p. 1676, published online & March) have discovered
that a certain subtype of diffuse large B cell lymphoma, the most common form of non-Hodgkin's
lymphoma in humans, is caused by mutations in the CARD11 gene. In cell culture experiments, these
mutant forms of CARD11 caused inappropriate activation of the NF-xB pathway.

Individual Egg, Individual Attention

Female flies are selective in choosing suitable sites to lay their eggs, presumably to promote sur-
vival of their progeny. However, Yang et al. (p. 1679) found that even at sites suitable for egg-
laying, for every single egg to be deposited, Drosophila melanogaster went through a stereotyped
behavior sequence: A searchlike program, egg-laying, cleaning of ovipositor, and rest. Females
selected plain or bitter-tasting substrates over sucrose-containing media when given a chance to
explore available options. However, when only sucrose was available, they laid eggs on it, and in
approximately equal numbers, which suggests that while sucrose is nol their preferred choice, it is
not absolutely repulsive,

Tis Better to Give

Now that the holiday shopping season is over, many people can ask whether, as in the adage, it
truly was better to give than to receive. Dunn et al. (p. 1687) address this question, by using the
results from a survey ol Americans, by analyzing the actual spending patterns of bonuses meted
oul at a Boston area firm and by conducting an experimental manipulation on a stereotypical
subject pool (psychology undergraduates). All three studies suggest that spending money on
other people produces more happiness than spending on oneself, in contrast to the expectations
of the undergraduates.

GREENLAND

Expedition
September 16-27, 2008

Join explorer Dennis Schmitt
as he returns to East Greenland
and his discoveryv—a three-finger-
shaped island in East Greenfand
now named Warming Island—
a compelling indicator of the

rapid speed of elobal warming.

In Beyvkjavik, Ieeland,
we will board the J0-passenger
expedition vessel, M/V Aleksey
Maryshev, and go north across
the Denmark
Strait and
above the
Arctic Cirele
to the coast
of East
Greenfand.

Blue whales 'ﬂ‘ =

feed in the rich waters, and
orcas (killer whales), white
heaked dolphins, and sea birds
may be seen.

We will visit Seoreshy Sund,
the longest fjord in the world,
and al Cape Hofmann Halvo we
w H'Hnuk Sor musk oxen. Remains
of remole Inuil villages will be
af interest, as will seals and other
wildlife—all against the stunning
glaciers and peaks of coastal
Greenland. From 85,745 + air.

T S ]

Fora detailed brochure,
please call (800) 252-4910

AAAS Travels

17050 Montebello Road
Cupertino, California 95014
FEmail; AAASInfo@betchartexpeditions.com
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Bruce Alberts is
Editor-in-Chief of Science.

Considering Science Education

| CONSIDER SCIENCE EDUCATION TO BE CRITICALLY IMPORTANT TO BOTH 5CIENCE AND THE
world, and | shall frequently address this topic on this page. Let’s start with a big-picture view.
The scientific enterprise has greatly advanced our understanding of the natural world and has
thereby enabled the creation of countless medicines and useful devices. It has also led 1o
behaviors that have improved lives. The public appreciates these practical benefits of science,
and science and scientists are generally respected, even by those who are not Familiar with how
science works or what exactly it has discovered.

But society may less appreciate the advantage of having everyone aquire, as part of their

formal education, the ways of thinking and behaving that are central to the practice of

successiul science: scientific habits of mind. These habits include a skeptical attiude toward
dogmatic claims and a strong desire for logic and evidence. As famed astronomer Carl Sagan
put it, science is our best “bunk™ detector. Individuals and societies
clearly need a means to logically test the onslaught of constam clever
attempts to manipulate our purchasing and political decisions, They
also need to challenge what is irrational, including the intolerance that
fuels so many regional and global conflicts,

50 how does this relate to science education? Might it be possible to
encourage, across the world, scienufic habits of mind, so as to create
more rational societies everywhere? In principle, a vigorous expansion
of science education could provide the world with such an opportunity,
but only if scientists, educators, and policy-makers redefine the goals of
science education, beginning with college-level teaching. Rather than
only conveying what science has discovered about the natural world, as 15
done now in most countries, a top priority should be to empower all
students with the knowledge and practice of how to think like a scientist,

Scientists share a common way of reaching conclusions that is based not only on evidence
and logic, but also requires honesty. creativity. and openness to new ideas. The scientific
community can thus often work together across cultures, bridging political divides. Such
collaborations have mostly focused on the discovery of new knowledge about the natural
world. But scientists can also collaborate effectively on developing and promulgating a form
ol science education for all students that builds scientific habits of mind.

Inquiry-based science curricula for children ages 5 to 13 have been undergoing
development and refinement in the United States for more than 50 vears, These curricula
require that students engage in active investigations. while a teacher serves as a coach to

guide them to an understanding of one of many topics. This approach takes advantage of

the natural curiosity of young people. and in the hands of a prepared teacher, it can be
highly effective inincreasing a student’s reasoning and problem-solving skills, In addition,
because communication 1s emphasized, inquiry-based science teaching has been shown
to increase reading and writing abilities. This approach to science education has been
slowly spreading throughout the United States in the past decade, but it requires resources
and energy on the part of school districts that are often not available. With strong support
from scientists and science academies, a similar type of science education is also being
increasingly implemented in France, Sweden, Chile. China, and other countries. In these
efforts, catalvzed for the past 8 vears by the InterAcademy Panel in Trieste. scientists are
sharing resources and helping o form new bridges betweeen nations.

With appropriate modifications, could such an education also help make students more
rational and tolerant human beings. thereby reducing the dogmatism that threatens the
world today with deadly conflict? In future editorials. | will explore the many potential
advantages of inguiry-based science education. 1 will also discuss the barriers that must
be overcome for 1ts widespread implementation across the globe, because we may face
no more urgent task if future generations are to inherit a peaceful world.

=Bruce Alberts

101126/ 5cience. 1157518
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EDITED BY GILBERT CHIN AND JAKE YESTON

At Root of the Matter

Many plant roots establish a symbi-
otic relationship with either bacteria
or fungi in order to gain access to
nutrients, such as fixed nitrogen or
phosphate, respectively. Markmann
ef al. and Gherbi et al. have investi-
gated the evolution of symbiotic
relationships between plants and
their symbionts and suggest that, on

g N

Intimate associations between plants and bacteria and fungi.

the basis of its nearly universal presence, a single signal transduction component, the leucine-rich-repeat, receptor-like
kinase SYMRK, is essential for a host of angiosperms. Genetic knockdown in a member of the cucumber family (Datisca
glomerata, a close legume relative) and in the tree Caswaring glouca showed that this protein was essential for bacterial nodu-
lation; furthermore, it also affected fungal symbiosis. Additional investigation revealed that the protein is highly conserved
in its ability to mediate these interactions and that this protein does not mediate the exclusive host/symbiont interactions
found among species. In addition, three structural SYMRE versions exist among plants with different functional capabilities
in the development of root/symbiont interactions, providing an evolutionary hypothesis for the origin of the highly derived
nodules in legumes and their close relatives. — LMZ
PLo5 Biol. 6, e&8; Froc, Natl Acad, Sci. U.5.A 105, 10.1073/pnas.0710618105 (2008).

MOLECULAR BIOLOGY
SINEs of Repression

Mammalian genomes are packed to overflowing
with a menagerie of repetitive DNA elements,
many of which are derived from defunct trans-
posons, Short interspersed elements (SINEs)—
relic retrotransposons—are maintained in both
mouse and human genomes. A clue to the basis
far the persistence of these apparently “para-
sitic” DNA regions in the mouse comes from the
observation that the noncoding (nc) RNA tran-
scribed from B2 SINEs in response lo heat shock
can act to repress specific protein-coding genes
by binding to and repressing RNA polymerase Il
{pol 11).

The predominant SINEs in humans are Alu
elements, similar in part to mouse B1 SINEs but
evolutionarily unrelated to the other predomi-
nant mouse SINE, B2. Mariner ef al. show that
human Alu ncRNA, like mouse B2 ncRNA, can
repress specific genes in response Lo heat shock,
and that, like B2 RNA, it achieves this by bind-
ing Lo the RNA pol Il pre-initiation complex,
probably preventing appropriate interaction
with promoter DNA. Human Alu RNA has a simi-
lar effect in mouse cells, and conversely, mouse
B2 RNA in human cells. The mouse B1 SINE RNA
is related to a processed short cytoplasmic RNA
fragment of Alu (corresponding to the 5° hall of
Alu ncRNA) and both can bind RNA pol 11
Although neither can repress transcription in

21 MARCH 2008 VOL 319 SCIENCE

vitro, it is quite possible they also have related
requlatory functions. Thus it would seem that
humans do not have either of the B1 or B2 SINE
family of repeats because the Alu repeats can by
themselves carry out the function of both of the
mouse SINE RN As, and possibly supplanted
them during evolution. — GR

Maol, Cell 29, 499 (2008).

OCEAN SCIENCE
Phosphate Clues from Coral

Phosphorus is an essential macronutrient for
marine organisms, and its availability probably
exerls @ major control on climate, due toils
potential to affect the
intensity of marine
productivity and
thereby contrib-
ute to regulation

of the concentra-
tion of carbon
dioxide in the
atmosphere.
Unfortunately,

no direct method to
determine the abundance
of marine phosphorus in the
productive surface ocean in the geo-

logical past has been found, so the relationship
between phosphorus availability and paleo-
climate remains uncertain. La Vigne et al. report

that the phosphorus-to-calcium ratio of a
scleractinian coral, Povona gigantea, tracks
variations in seawater phosphate concentration,
thereby offering a possible solution to the
dilemma of not being able to reconstruct the
history of that nutrient in the past. If their
method proves robust, coral skeleton P/Ca might
be a reliable proxy record of nutrient availability
on time scales of decades to millennia. — HJS
Geophys. Res. Letr. 35, LOS604 (2008).

PHYSICS
A Matter of Extended Coherence

The splitting and subsequent re-overlapping of
a coherent light beam provides the basis for
exquisitely sensitive detection of path-length
differences; this technique of optical interfer-
ometry finds applications ranging from stellar
observations to holographic imaging and char-
acterization of optical components. Analo-
gously, the cooling of a cloud of bosonic atoms
into a Bose-Einstein condensale, a state in
which all the atoms share the same quantum
state, is described in terms of a coherent matter
wave. Because atoms sense gravity, the interfer-
ence of matter waves can then be used to pro-
vide a sensitive gravity detector, with a compa-
rably diverse set of applications ranging from
testing relativity to detecting underground
bunkers. Unlike photons, however, which do not
interact much with each other, the atoms in the

www.sciencemag.org
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trapped cloud do interact by way of collisions.
These collisions then give rise to losses and
induce shifts in the phase of the matter wave,
thereby limiting the sensitivity of any atom
interferomeler. Gustavsson et af. and Fattori et
al. present setups in which the interaction
strength between the atoms in the condensate
{cesium and potassium, respectively) is tuned
via magnetic field so that the scattering
between the atoms is significantly reduced.
The resulting extension of the matter-wave
coherence time leads to improved sensitivity
of the atom interferometers. — 150

Phys. Rew. Lett. 100, 080404; 080405 (2008).

CELL BIOLODGY
Resection and Repair

When the outer membrane of a eukaryotic cell is
damaged (for instance, by ripping), a calcium-
dependent repair process involving the fusion
of lysosomal membrane with the plasma mem-
brane is set in motion. Bacterial
toxins can also perforate the plasma
membrane, but do so by forming
protein-delimited holes. How does
a cell repair this kind of puncture?
Idone et al. show that, in addition to
patching the portion of damaged
membrane using exocytosis, the cell
arranges for the removal of the per-
forated areas from the cell surface
via a process of calcium-stimulated
endocytosis. Treating cells with the
bacterial toxin streptolysin, which
forms stable membrane-embedded
pores, induced a calcium- and sterol-dependent
form of endocytosis that cleared the pores from
the plasma membrane, leading lo the rapid
{in less than a minute) resealing of the cell;
independently stimulating endocylosis also
promoted membrane repair. Thus, cells use two
mechanistically linked pathways, which are
both stimulated by high levels of extracellular
calcium, to activate membrane repair after
physical injury. — SMH

1. Cell Biol. 180, 905 (2008).

CHEMISTRY
O Flow Dims Glow

In a polymer electrolyte membrane (PEM) fuel
cell, hydrogen is oxidized al the anode to form
protons thal migrate through a membrane and
then react with the oxygen being reduced at the
cathode. Efficient operation relies in part on
optimizing interactions of the respective isolated
electrodes with flowing hydrogen and oxygen
gas. Toward this end, Inukai et al. have devised a
technigue for visualizing oxygen flow as PEM fuel

EDITORS'CHOICE

cells operate. They disperse a phosphorescent
chromophore in a polymer matrix and apply
the resulting oxygen-permeable film to specially
constructed transparent fuel-cell elements.
Because oxygen quenches the phosphorescence,
the authors can track oxygen flow by monitoring
emission intensity after excitation of the dye-
impregnated film with 407-nm light. The scheme
offers 300-um spatial resolution and 500-ms
temporal resclution. — J5Y
Angew. Chem, Int. Ed. 47,
10.1002/anie. 200705516 (2008).

NEUROSCIENCE
Time Is on Our Side

The cerebellum is a highly ordered brain struc-
ture, with the axons of small numerous granule
cells projecting to the dendritic tree of large
Purkinje cells in a stereotyped way. All of the
daughters of individual granule cell precursors
connecl to the same horizontal layer within the
Purkinje cell dendrites, although their cell bod-

sLaroms s ies are not grouped
“.  together. How does
this structure assem-
ble so precisely?

By tracing the
lineal descent and
migration of granule
cells with a method
that visualizes their
axonal and dendritic
projections, Espinosa
and Luo have
revealed that it
occurs by application
of a straightforward
principle. All of the
offspring of each
precursor granule cell exit the cell cycle within
a narrow time window and synchronously con-
nect their axons to the top surface of the layer
containing the Purkinje cell dendrites. Each
clonally related family of granule cells takes its
turn to differentiate and connect to the Purk-
inje cell dendrites, resulting in their axons
stacking in the dendrites in chronological order
from deep to superficial. This sequential matu-
ration of granule cells coincides with the
ordered arrival of their mossy fiber inputs,
which arrive from other brain areas at different
times. Inputs from each brain region would
therefore target a different region of the Purk-
inje cell dendritic tree and so have a distinct
influence on computation. Thus, the developing
brain uses the simple principle of temporal
sequencing to assemble a precise and complex
computational machine, — KK

J. Neurgsci. 28, 2301 (2008).

b

The axons (fuchsia) of
granule cells (blue)
innervate the Purkinje
cell dendrites (black).

Fashion
Breakthrough
of the Year

Our Science Gene
Sequence T-shirt—
get yours today!

By popular demand! Created to
celebrate our Breakthrough of
the Year for 2007, this T-shirt is
designed from an annotated
gene sequence map of human
chromosome 1.

Since the shirt appeared on the
cover of Science, we've been
flooded with requests. Now it's
yours for just 522.50 plus tax
(where applicable), and shipping
& handling. Photos of the
actual shirt are available at the
website below.

To order:

www.aaas.org/go/geneshirt

AVAAAS
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2524 modern human skulls and 20 Neandertal
skulls. They plugged the numbers into a
model based on a well-established
example of human genetic drifl.
They came up with a "diver-
gence time estimator” that put
the Meandertal-Homo sapiens
evolutionary split al between
311,000 and 435,000 years ago. That
range agrees with recent estimates from
Neandertal DNA (Science, 17 November
2006, p. 1113). Eric Delson, a pale-
oanthropologist at Lehman College in
Mew York City, says the study, in this
week's issue of the Proceedings of
the National Acodemy of Sciences,
adds to “the growing body of evidence
in support of a genetic-drift explanation for a
major portion of human cranial evelution.” But
he cautions that these findings apply only to
features of the skull, not to the brain inside.

Drifting Hominids

Many researchers assume that
differences between the skulls
of modern humans and
Neandertals—uwith their jut-
ting faces and thick brow
ridges—are due to natural
selection. Neandertal crania
(see top skull) might be adapted
to using teeth as tools, while the
moderns (below) were moving
toward language proficiency.

But a new study supports
the notion that these dra-
matic contrasts result from
“genetic drift": the random
changes that occur in any pop-
ulation. Anthropologist Timothy
Weaver of the University of California, Davis,
and colleagues made 37 measurements on

Verbs Across the Bering Strait

When Edward Vajda first encountered descriptions of an isolated Siberian language, Ket, in
the early 1990s, its verbal structure reminded him of Navajo.

Now Vajda, a linguist at Western Washinglon University in Bellingham, has demonstrated
the first solid connection between Native American languages and those spoken by north
Asians who came across the Bering Strait some 12,000 years ago.

At a meeting of the Alaska Anthropological Association in Anchorage last month, Vajda
showed how Yeniseic, a language family containing Ket, is linguistically related to Na-Dene, a
North American language group including Navajo. Vajda compared verbs in Ket and Na-Dene,
all tonal languages, and showed how tones in Ket words arose from consonant shifts in similar
Ma-Dene words. He also identified shared vocabulary. The modern Ket word for "mosquito,” for
example, is pronounced “soo-ee”; the ancestral Athabaskan is “tsoo-ee.”

Although a linguistic tie between the two language families has long been supposed,
scholars have been skeptical of previous attempts to link them that far back. Vajda's work,
says linguist Johanna Nichols of the University of California, Berkeley, is a "successful demon-
stration of a long-distance, temporally deep connection.”

www.sciencemag.org SCIENCE VOL 3192
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India’s Floating Lab

India has established a state-of-the-art marine
research presence with its new $58 million
ship, the Sagar Nidhi (“ocean wealth”). The
103-meter-long ltalian-built ship, India’s
largest research vessel to date, will survey
marine resources along the country's 7500-km
coastline, conduct underwater archaeology,
and deploy deep-sea sensors for early warning
against tsunamis. Launched on 3 March in
Chennai, the ship will house 30 scientists.

Genes and Humor

If you use humor o lighten your life, you can
thank your genes. But sarcasm is more likely a
reaction to your environmenl, according to a twin
study on "humor styles,”

Psychologist Philip Vernon and colleagues at
the Universily of Western Ontario in London,
Canada, gave a questionnaire to 456 pairs of
adult, same-sex twins in Britain; 300 pairs were
identical and 156 pairs were fraternal. The ques-
tions measure two positive humor styles: “affilia-
tive” and "self-enhancing” (with items such as,
“I'm often amused by the absurdities of life").
There are also two negative styles: “aggressive”
and “self-defeating” (as in, *I will often tease
people” aboul their mistakes),

The researchers reported in last month's issue
of Twin Research and Human Genelics that, for
pasitive humor, correlations were far higher in
the identical than the fraternal twins, in line with
their genetic relatedness. Negative humor, in
contrast, showed little genetic influence.

But Brits and Americans diverge a bit in their
propensity for nasty jokes. The British study
revealed some genetic influence for negative
humor, whereas a study of U.5. twins, also
headed by Vernon (in press in Personality and
Individual Differences), found almost none,

Vernon theorizes that the difference reflects a
“larger tolerance” for "diverse” types of humor in
the U.K. Americans “might be less likely to enjoy”
negative humor, he says. The contrasting results,
says psychologist Nancy Segal of California State
University, Fullerton, make for "a fascinating
intermixing of bisloay and culture.”
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CELEBRITIES

WAITING FOR BILL. Inside a packed room in
Washington, D.C., last week, members of the
House Science and Technology Committee
begged Bill Gates, retiring Microsoft chair and
billionaire philanthropist, to tell them how to
get more U.S, students interested in science and
engineering. “What's our next Sputnik
moment?” asked Representative Gabrielle
Giffords (D-AZ), whose husband, Mark Kelly,
i5 an astronaut.

Gates, who called for more spending on
research and education, himself may be part of
the answer. His presence last week at the com-
mittee's 50th anniversary hearing generated
enough buzz that the queue for the 10:00 a.m.
hearing began forming shortly after sunrise.
There was a preponderance of 20-somethings in
line, “I just thought it would be neat to hear

In the News >>

LAST-MINUTE SWITCH. A violation of traming rules has cost a
South Korean researcher his chance to become the country’s
first space hero.

Last September, the South Korean government announced
that Ko San, 30, a rescarcher at the Samsung Advanced Institute
of Technology, would fly to the international space station
next month aboard the Russian spacecrafi Soyuz ( Science, 21
September 2007, p. 1639). But during his training, Ko violated
mission protocols by taking home a training manual and later bor-
rowing a space flight manual he was not authorized 1o examine.

Forthese infractions. South Korean officials last week decided
o give his seat to his backup, Y1 So-yeon (right), who last month
received a Ph.D. in bicengineering at the Korea Advanced
[nstitute of Science and Technology in Daejeon. Yi. 29, will
become the S0th woman. and first Korean, to fly in space.
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him,” said Sean Connolly, a University of
Mississippi student visiting Washington, D.C.

AWARDS

IN ABSENTIA. A decade ago, Middle East poli-
tics derailed plans to honor Israeli physicist
Daniel Amit of Hebrew University in Jerusalem
for fostering scientific cooperation in the region.
This month, the European group that adminis-
ters the Rammal Award chose to give it to
Amit—4 months after he committed suicide in
his Jerusalem home at the age of 69.

The award is named for the late Lebanese
physicist Rammal Rammal. In 1998, a jury
chose Amit for helping to incorporate physics
into neuroscience and for working toward peace
in the region. But the French Physical Society,
which administered the prize at the time, chose
not to give an award that year after some

Threé 's

Michael Heller, a Polish cos-
mologist and Catholic priest
who advocates a convergence
of scientific and theological
inguiry, has won the $1.6 mil-

Ecole Mormale
Supérieure in Paris
who established the
award in the early
1990s, never aban-
doned his campaign
to honor Amit. And
this year, Euroscience,
the organization that
now administers the
award, chose to honor
Amit posthumously.

lion Templeton Prize from the
John Templeton Foundation.
The 72-year-ald professor at
the Pontilical Academy of
Theology in Krakow will use
the prize to create an institute,
named tor Copernicus, for
research on science. philosophy.
and theology.

0: You talk about a theology
of science. Can there be such
a thing?

I don’t think it exists. But |
hope it could be created. If
you are investigating the
world using the standard sci-
entific method. there are some
aspects of the world that are
automatically switched off. A

Lebanese scientists protested, arguing that
no Israeli should receive the prize until there
was peace between Israel and Lebanon
(Saence, 5 March 1999, p. 1422).

Yet Gérard Toulouse, a physicist at the

theology of science would
accept that the hmis of
rationality do not coincide
with the limits of the scien-
tific method, ... allowing for
questions such as the ultimate
cause of the universe.

0: You say science is the
discovery of the mind of
God. Can a complete scien-
tific understanding of the
universe supplant the idea
of God?

I don’t think so. I believe God
is immanent, and so every law
of physics is a manifestation of
Giod. But God is also transcen-
dent and extends beyond the
universe. | don't think one day

www.sciencemag.org SCIENCE VOL 319 21 MARCH 2008

Toulouse, who is still mourning his friend’s
death, says the prize gives him a "huge sense
of relief” as well as a deep feeling of regret.
Honoring Amit in 1998 would have made him
"a grand symbolic figure,” he says. "That
might have changed Amit’s fate.”

INTEL SCHOLARS. Shivani Sud has won the
top, $100,000 prize in the Intel Science Talent
Search for finding a genomic signature that
predicts colon cancer relapse and identifying
drugs that could help prevent it. A senior at
Charles E. Jordan High School in Durham,
North Carolina, Sud worked with Duke
University oncologist Anil Potti, “There were
days she would bring her homework to the lab
and stay till 2 in the moming,” Potti says.

we could solve an equation
that will prove that God exists.

Q: You suggest that God may
be too complex for humans
to understand. Why should
that be?

Our brains evolved over mil-
lions of vears through our
interaction with the environ-
ment. Evolution required us to
develop certain mental facul-
ties to survive. We are fortu-
nate that we somehow devel-
oped the surplus brainpower
to understand things like
quantum mechanics, but |
doubt whether that is still
enough to comprehend the
full nature of reality.
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Proposal to ‘Wikify’ GenBank
Meets Stiff Resistance

When Thomas Bruns wrns o GenBank, the
U.S. public archive of sequence data. o iden-
tify a fungus based on 1ts DNA sequence, he
does so with some trepidation. As many as
20M%% of his queries return incorrect or incom-
plete information. says Bruns, a mycologist at
the University of California, Berkeley. In a let-
ter on page 16135, Bruns, Martin Bidartondo of
Imperial College London, and 250 colleagues
who work on fungi urge GenBank to allow
researchers who discover inaccuracies in the
database 1o append corrections, GenBank,
however. says such a fix would cause more
problems than it solves,

The letter comes from a relatively small
research community concerned primarily with
making sure that the species from which a
sequence came is correctly identified, But “the
problem extends far beyond fungi. to much
bigger—and [more] recognizable—creatures,”
says James Hanken, director of the Museum of
Comparative Zoology at Harvard University.
Other sorts of ermors—such asinaccurate tfor-
mation on a gene’s structure or on what its pro-
also plague the database.

Incorrect data are more than just an incon-
venience. Analyses of new data depend in a
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Tangled mess. The fungal threads (white fluff) on these pine roots

réequire GenBank comparisons to identify.
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large part on comparisons with what’s already
in GenBank—be it nght or wrong. Computers
predict gene function, for example, based in
part on similarities with known genes. And
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Up and up. Critics fear that GenBank's rapid growth
is leading to error propagation.

Bruns and others ferret out species” identi-
ties—often of organisms otherwise indistin-
guishable—by looking for matches to named
CienBank entries. Under the current setup,
“error propagation is all too likely.” says
Thomas Kuyper. a mycologist at Wageningen
University in the Netherlands,

What the mycologists are asking fori1sa
scheme like those used in herbaria and muse-
ums, where specimens olten have
multiple annotations: listing origi-
nal and new entnes side by side. I
would be a community operation,
like Wikipedia, in which the users
themselves update and add infor-
matn, but not :!FKII]}']‘.I'IU“:‘%'}'.

GenBank's managers are
dead set against letting users
into GenBank's files. however.
They say there already are proce-
dures to deal with errors in the
database, and researchers them-
selves have created secondary
databases that improve on what
GenBank has to offer. “That we
would wholesale start changing
people’s reconds goes against our
idea of an archive,” says David
Lipman, director of the Mational
Center for Biotechnology Infor-

Behind the math
recommendations

mation (NCBI), GenBank’s home in Bethesda,
Maryland, “It would be chaos.”

The standofT over the quality of GenBank’s
data is in part a product of the database s suc-
cess—and the issues are only going 1o get
more intense. Researchers have been con-
tributing genes, gene fragments, even whole
egenomes o GenBank since 1982, making itan
incredibly valuable resource for many thou-
sands of investigators worldwide. Today,
GenBank provides 194.4 publicly accessible
gigabases, a number that will double in
I8 months, thanks in part to cheaper, faster
sequencing technologies and a rise in “envi-

ronmental” sequencing: mass sequencing of

all the DNA in sail, skin, or other samples.
From early on, rescarchers recognized that
errors would be inevitable (Seience, 15 Octo-
ber 19949, p. 447), and although GenBank runs
some quality-control checks on incoming
sequences, it cannot catch many mistakes,
GenBank has just one mycologist on stafl, for
example. but 150,000 fungal sequences were
deposited this past year. “That's not something
that a single person can curate.” says Lipman,
GienBank's creators consider the database a
“library™ of sequence records that, like books or

Journal articles. belong to the authors and there-
tore can be changed only by the subminers of

that data. A note indicates when a record has
been updated and points to the archived ongi-
nal, Stephen O Brien, who does comparative
genomics at the National Cancer Institute in
Fredenck, Maryland argues that author privi-
lege 15 necessary. “One of the reasons GenBank
i5 s0 doggone uselful and comprehensive is that
nobody edits or micromanages 1t except the
authors,” he says. “This makes for downstream
errors but almost universal buy-in.”

Lipman says authors do take the time to
make corrections, GenBank zets about 30 such
messages a day, he points out. But others dis-
agree. citing case after case i which problems
were not fixed. Often the submitters have
moved on to other projects and never get around
to making the changes. says Steven Salzberg, a
bicinformaticist at the University of Maryland,
College Park. And he adds, the big sequencing
centers—which churn out genome after
genome with preliminary annotation—are the
worstoffenders: “They won't let anybody touch
their GenBank sequences, and they won't
change i, for whatever reason.”

Lipman points out that other researchers
improve on GenBank's data in a variety &
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of ways. NCBI, for example, curates
genes, along with other interesting DNA
and RNA sequences. and puts them in a
database called RefSeq that is updated as
new information about these sequences
comes along, And researchers focused on
particular groups of organisms have set up
their own secondary databases, such as
FlyBase for the fruit flv genomes and
TAIR for Arabidopsis, that offer cleaned-up
GenBank data. along with other genomic
information and tools for analyzing them.
And. Lipman notes, NCBI even offers a way

ANTHROPOLOGY

A scourge
eradicated?

for researchers to do third-party annotation.
But it’s not the third-party annotation
scheme the mycologists want,

For starters. GenBank has set a high bar
for accepting changes: Entries must be
backed by a publication. Annotations con-
cerning a gene's function, for example,
require published experimental data about
that gene’s protemn or a related one. This dis-
courages legitimate improvements, says
Carol Bult, a geneticist at the Jackson Labo-
atory in Bar Harbor, Maine. because often a
proposed correction doesn’t justity an entire

Protein structures:
Would more mean less?

publication. Furthermore, an indication that
additional annotation exists is deeply buried
in the original sequence record.

Aldthough he'’s adamant that NCBI is not
going to “wikify” GenBank. Lipman says hes
eager to work with mycologists to come up
with a solution, possibly through Ref5eq.
Salzberg thinks NCBI will eventually come up
with a way to maintain GenBank as an archive
while allowing greater community involve-
ment m annotation. 1 think it will be solved
eventually.” he says. “But it’s not clear how it
will be solved.” ~ELIZABETH PENNISI

Millennium Ancestor Gets Its Walking Papers

Ever since its discovery in 2000), the 6-million-
vear-old fossil known as the Millennium
Ancestor has been ina sort of scientlfic purza-
tory, with researchers disagreeing about its
identity as one ol the earliest ancestors of
humans or other apes. Now. an independent
team’s analysis of this primate’s thighbones on
page 1662 concludes that its species, Ororin
tegenensis, was indeed an early ancestor of
humans. But it challenges a controversial pro-
pasal that Oreorin gave rise to our genus,
Homo, directly.

The new study confirms that Ovrorin
witlked upright—a defining charactenstic of
being a hominin, the primate group that
includes humans and our ancestors but not
other apes. “The data provide really strong
confiming evidence that it was ipedal about
6 million vears ago, which reinforces its status
as a hominin,” says author Brian Richmond, a
paleoanthropologist at George Washington
University in Washington, D.C,

Richmond got permission to measure
€. nugenensis in 2003, 3 vears after the fos-
sils were discovered in the Tugen Hills of
Kenya by Martin Pickford of the Collége de
France and Brigitte Senut of the Muséum
Mational d'Histoire Maturelle in Paris and
their co-workers. The pair proposed that it
was a hominid based on features in the teeth
and the upper thighbone, or femur. But that
bone is incomplete, and many researchers
had reservations about Picktord and Senut’s
analysis (Science, 24 September 2004,
p. 1885) and about controversy surrounding
the pair’s permits w work in the Tugen Hills
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Walking the walk. A new study says the primate Orrarin really did
walk upright in Kenya & million years ago.

(Science, 13 Apnil 2001, p. 198).

Richmond took eight measurements of the
Femur, which has been stored in a bank vault
in Nairobi, using calipers while a burly body-
guard watched. He plugged these measure-
ments into standard statistical analyses that
calculated the size and shape of the bone
and compared them with those from about

=
g.or

300 thighbones from great apes
and fossil and modern humans.
The analysis suggests that
Orrorin is most closely related 1o
australopithecines, a diverse
group of hominids that arose
about 4 million years ago in
Africa. That’s in contrast to
Prcktord and Senut’s proposal that
it was a direct ancestor of our
eenus, which would have pushed
australopithecines off the line 1o
modern humans, “Frankly, [ was
surprised to see how similar it was
to australopithecines, since 1t was
twice as old” says Richmond. The
new analysis “goes a long way

Orrorin,” savs palecanthropolo-
gist Henry McHenry of the Uni-
versity of California, Davis, *Few
of us acreed that Orrorin gave rise
to Homo [directly]. ... This study
helps lay that hypothesis to rest.”
Richmond’s analysis shows
that the femur was adapied for
upright walking, and he pro-
poses that this set of adaptations
persisted from Qrrorin’s time with only
minor changes through all the australop-
ithecines, until early Homo evolved a new
hip and thigh configuration, “The overall
mechanics of walking appear to be pretty
darn similar from 6 million years 1o 2 mil-

lion years ago.” says William Jungers of

Stony Brook University in New York, »

g SCIENCE VOL319 21 MARCH 2008

toward resolving the mystery of
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Richmond s former thesis adviser,

Pickford and Senut say they are glad wo
see confirmation of their proposal that
Orrorin walked upright, But they stll
argue that other features not included in
Richmond’s analysis. such as the ult of the
bony head of the femur and a bump called
the lesser trochanter, link it more closely o
Hamo than australopithecines.

Many researchers say the new analysis is
the “most convincing evidence™ so far that

FPEER REVIEW

Chrvorin walked upright, but they are more
skeptical that early hominins had a single tvpe
of upright walking. “The situation was much
more complex.” says anatomist Christopher
Ruff of Jolins Hopkins University in Balti-
more, Maryland. To resolve this debate, says
anatomist Owen Lovejoy of Kent State Uni-
versity in Ohio, researchers should also look
at the pelvis, back, foot. and ankle of other
early hominins, still under analysis.

—ANN GIBBONS

Pfizer Denied Access to Journals’ Files

A federal judge in Chicago last week denied a
company s efforts to obtain confidential peer-
review documents about arthritis drugs it
manufactured. The company, Plizer. sued for
Files from three major medical journals. Tt lost
against two in linois and s waiting for a
decision in Massachusetts on the third.

Plizer’s actions stem
from a lawsuit in which
the company was sued by
patients who took the
drugs Bextra and Cele-
brex, which have been
linked to serious side
effects. In January, Plizer
filed a motion in Massa-
chusetts to force the New
England Jownal of Medi-
cine (NEJM) to comply
with subpoenas for peer-
review documents from
L1 studies the journal had
published on the drugs.
Plizer also sued in Nlinois
Lo get peer reviews from
the Jowrnal of the Ameri-
can Medical Association
(JAMA) and the Arclives
af Internal Medicine,
which together had also
published 11 studies on the drugs. Plizer said
data from accepred and rejected studies could
be useful for its defense.

Attorneys for the three journals argued
that releasing confidential reviews would
compromise the anonyvmity of peer review,
[The outgoing editor-in-chiet of Science,
Donald Kennedy. filed an affidavit support-
ing NEJMs position (Science, 22 February,
p. 1009)]. In an affidavit. JAMA Editor-in-
Chief Catherme DeAngehs argued that it the
courts routinely allowed such subpoenas, it
could result in a “severe decline™ in the num-
ber of peer reviewers and attect the journals’
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Gatekeeper, JAMA Editor-in-Chief Catherine
DeAngelis convinced a U.S. judge that peer
review must remain confidential.

ability 1o *properly discharge their mission to
advance the betterment of public health.”

The U5, court in Chicago agreed with
DeAngelis. “Although her statements are
quite dramatic, it 1s not unreasonable to
believe that compelling production of peer
review documents would compromise the
process,” wrote Judge
Arlander Keys. The court
also found that Plizer had
not adequately explained
how unpublished informa-
tion could help it defend
itsell. Keys’s conclusion:
“Whatever probative value
the subpoenaed docu-
ments and information
may have 1s outweighed by
the burden and harm™ to
the journals.

“We're delighted.” says
DeAngelis, I you inter-

the confidentiality. you
might as well pack it up
and go home”

A handful of such cases
have come up belore, such

NESM seeking peer-review
commenis as part of breast-implant Litigation.
Journals have usually prevailed. but the judge
in each case must weigh the arguments anew,
notes Debra Parrish, an attorney in Pitts-
burgh, Pennsylvania, who specializes in sci-
ence law. The SJAMA decision “is important,”
she says.

The NEJM case appears to be winding
down as well: At a hearing last week, Pfizer
narrowed its request to the peer-review com-
ments returned to authors, according to
NEJM s Boston attorney, Paul Shaw, He
expects a decision within days.

-JOCELYN KAISER

as a 1994 subpoena of

(\ O)x

Budget Blueprint Boosts Science

They aren't binding, but the 2009 budget
resolutions passed last week by each house of
Congress would provide sizable increases for
U.S. research agencies. The Senate’s version
would add 53 billion, or 10.3%, to President
George W. Bush's request for a flat budget at
the Mational Institutes of Health (NIH). That
amount includes a $2.1 billion boost added
during floor debate by the chair and ranking
member of the spending panel that sets NIH's
budget, “We still have a long way to go on this,
but they're positive signs of support,” says Dave
Moore of the Association of American Medical
Colleges in Washington, D.C. The House version
added no additional funding for NIH. Both
House and Senate budget resolutions endorsed
the president’s request for big hikes at the
Mational Science Foundalion and the Depart-
ment of Energy’s Office of Science. But getting
the additional money will be difficult, because
the White House has said Bush would veto any
bill that exceeds his request. =JOCELYN KAISER

Paging Dr. Planck

Germany's famed Max Planck Society will for
the first time lend its name to doctoral degrees.
In an agreement announced last week, the sod-
ety and Johannes Guienberg University in
Mainz will form a cooperation that oversees the
granting of degrees for students at the Inter-
national Max Planck Research School for Polymer
Materials in Mainz. This arrangement breaks
with tradition in Germany, where only universi-
ties are allowed to grant doctorate degrees; the
4000 students who work at Max Planck Insti-
tutes have had to receive their degrees from
cooperaling schools. In Mainz, a new Max
Planck Graduate Center will select students, set
degree requirements, and allow Max Planck
researchers to join dissertation panels. Officials
hope the arrangement will be a model for other
Max Planck Research Schools.

-GRETCHEN VOGEL

Taxonomy Sinking Down Under

Australia’s laxonamists are going extinct, says
a report released this week by the Federation
of Australian Scientific and Technological
Societies. For every taxonomist joining the
150-person work force in universities, muse-
ums, and herbaria, four are leaving the profes-
sion, and many aren’t being replaced, accord-
ing to the report, which urges the government
to fund new positions. Andrew Austin, director
of Adelaide University's Australian Centre for
Evolutionary Biology and Biodiversity, says the
trend is bad news for conservation, biosecurity,
and agriculture, ~CHERYL JONES
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AIR-QUALITY STANDARDS

EPA Adjusts a Smog Standard to
White House Preference

In December 2005, Stephen Johnson dunked
himsell in hot water. Johnson, the administra-
tor of the U.5. Environmental Protection
Agency (EPA), decided to discard advice from
a scientific advisory committee when he set a
major air-quality standard for soot. Scientists
and environmental groups were outraged
(Science, 6 January 2006, p. 27). Last week,
Johnson did it again with ozone, the main com-
ponent of smog. And this time, the hand of the
White House was plain to see. The Administra-
tion is “Mouting the law™ by not protecting pub-
lic health adequately. says epidemiologist Lynn
Goldman of Johns Hopkins University
Bloomberg School of Public Health in Balu-
more. Maryland. who was assistant adminis-
trator for the EPAY Office of Prevention. Pesti-

BIOMEDICAL PATENTS

cides. and Toxic Substances during the Clinton
Administration, “Tt’s tragic.”

The Clean Air Act requires EPA to review
the standards for six major pollutams, includ-
ing soot, also known as particulate matier, and
ozone, every 5 years. The agency last did this
forozone in 1997, so the American Lung Asso-
ciation (ALA) and other groups sued and won
ddeadline of 12 March for the agency to 1ssue
a new standard, These standards influence the
regulation of power plants, vehicles, and other
sources of the chemicals that react with sun-
light to become ozone.

The lobbying leading up to the decision was
heavy. Industry groups told Johnson to leave
the primary ozone standard which is designed
to protect public health with a margin of safety

Wisconsin Stem Cell Patents Upheld

Scientists are still grumbling about the Wis-
consin Alumni Research Foundation’s grip
on stem cell patents—a hold strengthened by
rulings this and last month affirming WARF s
patents on primate and human embryonic
stem (ES) cells. But there is a widespread
feeling that challenges to WARF's patents
and continuing public pressure have had a
desirable effect. 1 think [WARF has] been
moving toward what I would consider to be a
more reasonable policy™ with regard to giv-
ing scientists access to the cells, says bioethi-
cist LeRoy Walters of Georgetown University
in Washington, D.C.

WARF, affiliated with the University of

Wisconsin. Madison, holds three patents aris-
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ing from work done in the 1990s by Wiscon-
sin researcher James Thomson. On 25 Febru-
ary, the US. Patent and Trademark Office
(PTO) upheld a 2006 patent that describes a
method for cultivating pluripotent cells. Then
on 10 March, it upheld patents, granted in
1998 and 2001, on nonhuman primate and
human ES eells, which apply o all such cells
regardless of how they are derived.

Two citizens’ groups first challenged
WARFS patents in October 2006, claiming
that the method for deriving the cells was
“obvious™ and could have been successfully
applied by anyone equipped with the neces-
sary resources. Last April. PTO agreed to
reexamine them (Science. 13 April 2007,

Smog. EPA tightened its health standard but less
than its science advisers urged.

for sensitive groups such as asthmatics and
children, at 80 parts per billion (ppb). ALA and
other groups, including EPA’s Children’s
Health Protection Advisory Committee,
pushed for a standard of 60 ppb. And EPA’S
Clean Air Scientific Advisory Committee
(CASAC) unanimously recommended that the
standard not exceed 70 ppb. citing “over-
whelming scientific evidence.”

On 12 March. Johnson announced that he
had “carefully considered™ the scientific
advice but was tightening the primary standard
to just 75 ppb. 1 followed my obligations: [1]
adhered to the law, [and] [ adhered to the sci-
ence.” he said during a telephone press confer-
ence, After comparing models of exposure and
analysis of uncertainty by EPA stalf sciemtists,
Johnson notes in the final rule that “there is not
an appreciable difference, from a public health
perspective.” between 70 and 73 ppb. Public
health advocates disagree, citing an analysis in
which EPA concluded that 70 ppb would mean
T80 fewer deaths a yvear, 280 fewer heart
artacks, and 720 fewer visits to emergency
rooms for asthma attacks,

Johnson veered from his scientific advisers
again when he tightened the secondary stan-
dard. This standard is intended to protect
“human welfare.” a broadly defined phrase in
the Clean Air Act that includes effects on soil,
vegetation, visibility. and property. The sec-
ondary and primary standard for ozone have
been measured in the same way—a daily
a-hour average—and set at the same levels, but
CASAC recommended that EPA change the

p. 182). In its final decision, PTO rejected
the challengers’ arpuments, saying that “[1]n
view of the unpredictability™ associated with
bath the isolation and long-term sustainability
of primate ES cells. “the present claims are
not obviows, . .."

WARF Managing Director Carl
Gulbrandsen, who had predicted a “tough
fight,” proclaimed WARF to be “heart-
ened that ... the patent office reached the
correct conclusion.”

During the course of the patent examina-
tion, WARF eased up on proprietary claims: It
no longer demands licensing fees from com-
panies that do university-based research with £
its cells: and it narrowed its claims to apply
only to ES cells derived from fertilized E
embryos and not pluripotent cells from other §
sources, such as clones or the newly devel- E
oped induced pluripotent stem (1IPS) cells.
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method of measurement o better protect
trees. crops, and other vegetation from the
cumulative damage of exposure to ozone
throughowt the growng season. In EPAS prelim-
inary rule, released for public comment last vear,
the agency agreed, although it preferred a stan-
dard of 21 pans-per-million hours (hourly con-
centrations summed over 3 consecutive
months) rather than the 15 ppm-hours that
CASAC recommended.

Less than a week
before the final rule
wats due. EPA receved
a memo from the
White House, which is
now part of the public
record of the regula-
tion. Susan Dudley,
who heads regula-
tory affairs at the
White House's Office
of Management and
Budget, objected 1o

her. This memo had not vet been placed in the

public docket by press time, but Science

obtaned a copy from a public advocacy group
in Washington. D.C. EPA officials postponed
the press conference for 5 hours while they
rewrote the rule. keeping the measurement
method and level of the secondary standard
cquivalent to the new primary standard,
CASAC member Richard Poirot of the Ver-

mont Department of

Environmental Con-
servation’s Air Pollu-
tion Control Division
in Waterbury suggests
that “the White House
was concerned about
the dangerous prece-
dent of having any
environmentally
focused secondary
standard at all”
During the press
conference, Johnson

changing the method  Exposed. Critics say EPA's standard won't adequately  also announced that
of measurement for  protect plants, such as this maple, from ozone. he plans to ask Con-

the secondary stan-
dard. She arpued that EPA had focused exclu-
sively on vegetation and 1gnored other impacts,
suchas those on “economic values”” EPA appar-
ently interpreted this as Dudley asking EPA to
consider the economic costs of changing the
standard, which by law it cannot do, Ina memo
the next day. EPA Deputy Administrator Marcus
Peacock defended the agency s position,
Shortly before the press conference
announcing the final ruling. however. EPA
received another memo from Dudlev saving
that President George W, Bush had sided with

These actions mean that despite the PTO rul-
ing. “we think we've already won a major vie-
tory with these patent challenges.” says John
Simpson of the Foundation for Taxpayer and
£ Consumer Rights in Santa Monica. Califor-
g nia, the “requestor” in the dispute.
MNonetheless, the groups plan to appeal the
2 decision on the one patent that can be
g appealed under PTO rules. “Frankly, I don’t
8 trust them to behave well unless we keep up
¥ the pressure.” says stem cell researcher Jeanne
Loring of the Scripps Research Institute in
g San Diego, California, who supports the
& patent challenge.
E Harvard University stem cell researcher
< Chad Cowan agrees with others that the case
E has “caused WARF to finally wake up to the
€ fact that they needed to be a lot more engag-
= ing with academic scientists”” But Cowan
& still thinks the patents are a drag on the field.

gress o amend the
Clean Air Act. Among the changes he sketched
briefly, Johnson would like EPA to be able to
consider costs and feasibility of implementa-
tiom when it sets air standards. In a statement,
ALA called those ideas “completely unaceept-
able.” It’s unlikely that the Democrat-
controlled Congress would make such
changes. Meanwhile., Henry Waxman
({D-CA), chair of the House Oversight and
Government Reform Committee, plans to hold
a hearing on the ozone standard on 10 Apnl.
Expect more hot water, —ERIK STOKSTAD

The recent early successes with iP5 cells,
which can be grown without the use of eggs
or embryos (Seience, | February, p. 560),
will only intensify the interestin ES research,
he says. ES cells are still needed to validate
iP5 cells, and even ifiPS cells prove viable
substitutes for ES cells in research, some sci-
entisis believe they will never be suitable for
cell therapy.

Alan Trounson, president of the California
Institute for Regenerative Medicine in San
Francisco, says his biggest concern is down
the road, because “the patents could delay
developments™ of therapies with ES cells. He
says it would be bad for evervone if a biotech
company got a monopoly on certain therapies.

Meanwhile, as iP5 patent applications
flood into PTO., future patent issues will no
doubt become even more complicated.

-CONSTANCE HOLDEN
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EPA Panels Under Scrutiny

A congressional oversight committee is inves-
tigating how the U.5. Environmental Protec-
tion Agency (EPA) manages potential conflicts
of interest among scientists who review its
health assessments.

The inquiry stems from the August 2007 dis-
missal of Deborah Rice, a toxicologist with the
state of Maine, as chair of a panel reviewing an
EPA health assessment of decabromodiphenyl
ether, a flame retardant used in computers,
upholstery, and other products. The American
Chemistry Council, an industry group, had com-
plained of an “appearance of a lack of impar
tiality” because Rice had testified to Maine law-
makers in February 2007 that they should
restrict use of the chemical, which has been
found in breast milk. The agency removed her
comments and plans Lo release the assessment
28 March, Last week, the House Energy and
Commerce Committee asked EPA for documents
relating to Rice's dismissal. In a statement, Rep-
resentative Bart Stupak (D-MI), who chairs the
oversight subcommittee, said the matter “raises
serious concerns about EPA's scientific integrity.”

Democrats also worry about direct corpo-
rate influence in the agency’s review panels.
The committee asked EPA for records on nine
scientists on current or past review panels who
either work for companies or have received
maoney from them. —ERIK STOKSTAD

New Ag Fund

In a country famous for having more sheep
than people, New Zealand's agricultural
researchers are celebrating an unprecedented
budget boost. Last week, the country’s prime
minister promised Lo create an $875 million
fund for agricultural research that would grow
to 52.5 billion by 2023, paying for science with
the interest from the fund, which could double
ag research’s 5100 million annual budget.

The government has not decided how o
divide the new pie, which will be the focus of
heated debate. Industry researchers note that
fish and farm products are the country's major
exports, but some scientists argue that New
Zealand should start weaning itself off farm
exports. “Converting most of our forest into
greenhouse gas has given us an abundance of
grass and a thriving dairy industry,” says physi-
cist Paul Callaghan of the MacDiarmid Institute
for Advanced Materials and Nanotechnology in
Wellinglon, but climate change and higher
energy costs darken that sector’s economic out-
look. “Until we expand our high-technology
businesses, we will continue to drift down the
linternational] rankings of prosperity.”

=]JOHN BOHANNON
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Showdown Looms Over a Biological Treasure Trove

BEIJING—{"an rubber plantations and tropical
rainforest coexist? How about hydropower
dams and a mountain-ringed refuge for
golden monkeys, gibbons, and half of the
rhododendron species on Earth? In impoyv-
erished Yunnan Province in southwestern
China, a confrontation is brewing between
economic growth and habitat preservation
and authorities are sending mixed signals
about their intentions.

Conservation got a boost at
a conference i Kunming last
month and on the sidelines ofa
major political gathering in
Beijing last week, when Yun-
nan Governor Qin Guangrong
unveiled a S986 million, 3-year
initiative to protect biodiver-
sity in the province's north-
west. But also last month,
;th.:nrding Lo news accounts,
work quietly commenced on a
controversial series of hydro-
electric dams on the Nu River,

The ecological situation
may be even more precarous in
southern Yunnan's Xishuang-
banna region, There, two-thirds
of a unigque rainforest has been
lost over the past 30 years,
largely to rubber plantations,
two new studies report. Yet last week.
Xishuangbanna's top official vowed to expand
his region’s rubber industry.

To ecologists, the northwest imitiative may
be the bright spot in an otherwise grim pic-
ture: It would protect biodiversity in an
S0.000-square-kilometer area fed by three
rivers—Nu (Salween). Lancang (Mekong),
and Jinsha—that wend through deep gorges,
creating a patchwork of ecosystems. The
Three Parallel Rivers arca amounts to 1% of
China’s territory but has a third of the coun-
try s native species. including three kinds of
gibbons found nowhere else in the world.
Although the region boasts three national
nature reserves, logging on unprotected land is
rampant. “The destruction of forest even on
the edges of the nature reserves hasbeen going
on for a long time.” says Sun Wei-Bang, exec-
utive director of Kunming Botanical Garden.

Although details are sketchy. the biodiver-
sity initiative plans to expand nature reserves
in northwestern Yunnan. reforest degraded
land, and fund research on energy and envi-
ronmental protection. [t will also provide
unspecified compensation to villagers and
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businesses affected by natural-resource
extraction. The two main industries in north-

western Yunnan are muming and hydropower.
“We must strike a balance between envi-
ronmental protection and the need for devel-
opment,” Qin told China Daify last week.
“Restricung development is not a solution.”™
Some observers speculate that the Yunnan
initiative 15 designed to appease critics of the

Awaiting its fate. The Nu River, which wends through diverse ecosystems in southemn
China, is being considered for a massive dam-building program.

Nu River hydropower project. In 2003, a con-
soriium led by China Huadian Corp.. a holding
company that manages several regional utili-
ties, proposed erecting 13 dams onthe Nu with
a combined capacity of 20,000 megawatts; the

LM

current plan is not publicly available. A chief

argument of critics is that as reservoirs behind
the dams fill up, flooding and landslides would
imperil habitats, Tens of thousands of people
would be relocated.

Four years ago, in a decree that delighted
conservationists, Premier Wen liabao sus-
pended the dam project pending an environ-
mental review. The review was carried outbva
research armof China Guodian Corp., another
power holding company. But the report is clas-
sified as a state secret. Its unclear whether the
central government has given a green light to
recent resettlement and earthmoving at the site
for the planned Liuku dam, described in local
news accounts last month,

In southerm Yunnan, meanwhile, a unique
tropical seasonal rainforest 1s under siege,
The Xishuangbanna region—three counties
that border Myanmar and Laos—is a few
degrees cooler and has less rainfall. on aver-

age, than Southeast Asia. A dense fog during
the dry season keeps vulnerable dipterocarps
and other trees on life support. Tropical s
sonal rainforest covered 10.9% of Xishuang-
banna in 1976, By 2003, according to smellite
imagery., coverage had eroded to 3.6%, repre-
senting a loss of nearly 140,000 hectares,
ecologist Ma Youxin of Xishuangbanna Trop-
ical Botanical Garden (XTBG) in Kunming
and colleagues report in the
20 February 1ssue of Forest
Ecologv and Management,
XTBG ecologist Zhu Hua, in
an article last week in the debut
issue of the online journal
Tropical Canservation Sci-
ence, lays the blame squarely
on the rubber indusiry. It's not
Just a matter of plantations raz-
ing acreage: Rubber trees are
also invading imact forest, “In
Xishuangbanna, the area suit-
able for rubber to grow is
exactly the area that's suitable
for tropical forest.” says Zhu,

The only way to save the
rainforest 15 to limit new rubber
plantations to land now used
for other crops. says Ma.
“We've recommended to the
local government not to allow
tarmers o convert rainforest to plantations,”
he savs. That may be a hard sell. Last week, the
Communist Party secretary of Xishuang-
banna, Jiang Pusheng. told Ymnan Info Deaily
that rubber plantations on his turf covered
23.9 million hectares by the end of 2007.
“Nishuangbanna will continue to spare no
effort to develop its rubber industry.” he said.
MNevertheless. local authorities have asked
XTBG to draft a plan that would help rein in
nubber-plantation expansion, Ma says.

Four decades ago, the central government
began pushing rubber as a way to help pull
Yunnan's ethnic melting pot out of poverty.
That strategy has largely backfired, as many
plantations are now run by people from out-
side Yunnan, says Zhu: “*Most of the money
just leaves the provinee.”” An alternative cash
crop touted by scientists—teak and other
expensive hardwoods—has flopped. “The
teak just gets cut down and replaced by rub-
ber,” Zhu says,

For a region that prides itself on its biolog-
ical riches, the losses are mounting,

=RICHARD STONE

With reparting by Hao Xin.
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U.5. MATH EDUCATION

Expert Panel Lays Out the Path to
Algebra—and Why It Matters

The voyage spanned 2 years, 12 public
mectings, and 14,000 ¢-mails, But Larry
Faulkner, a chemist and former president of
the University of Texas, Austin, has success-
fully steered the National Mathematics
Advisory Panel through some of the rough-
est waters in U5, education. The result. out
last week, 1s a 1 20-page report on the impor-
tance of preparing students for algebra, nor-
mally taught in the eighth and ninth grades,
and its role as a gateway course for later suc-
cess in high school, college, and the work-
place (Science. T December 2007, p. 1534),

The report (www.ed.gov/mathpanel)
urges educators o keep it simple: Define a
feww key topics and teach them until students
master them. Along the way, it savs, students
should memorize basic arithmetic facts and
spend more tme on fractions and their mean-
ing. How teachers achieve those goals is up to
them, Faulkner says, advice that allowed the
panel to avold taking sides in a debilitating,
2-decade-long debate about the appropriate
balance between drilling students on the
material and making sure they understand
what they are doing.,

The 19-member panel was supposed 1o
rely on sound science inits advice to LS. Sec-
retary of Education Margaret Spellings, but
only a relative handful of the 16.000 studies it
examined turned out to be usetul. The vast
majority, savs Faulkner, were of insufTicient
quality, too narrow in scope, or lacked conclu-
sivie findings. The literature is especially thin
on how to train teachers and how good teach-
ers help students learn,

Spellings has promised to hold a national
summit this year on implementing the panels
45 recommendations. But the primacy of
local control over education could make the
federal government more of a cheerleader
than a participant.

Faulkner, whose day job is president of the
Houston Endowment, a Texas philanthropy,
spoke with Sefence on 13 March, the day the
report was released.

-JEFFREY MERVIS

: The report notes that U.5. elementary stu-
dents do okay on international math tests and
that the falloff begins at the end of middle
school and accelerates into high school. Sowhy
focus on K-8 math?

L.F.: You can also argue that the falloffreflects
the inability of students w handle algebra, If

you look at success rates in algebra or
proficiency in algebraic concepts, there's
ample evidence that students are not suc-
ceeding, and our charge is o increase the
likelihood that they will succeed.

(: Why do so many students have trouble
with fractions?

L.F.: Fractions have been downplayed. Theres
been a tendency in recent decades o regard
fractions to be operationally less important
than numbers because you can express every-
thing in decimals or in spreadsheets. But it’s
important to have an instinctual sense of what
a third of a pie 15, orwhat 20% of something is,
to understand the ratio of numbers involved
and what happens as you manipulate it,

0: How could schools lose sight of that?
L.E: Well, they did.

0: Was the panel disappointed by the overall
quality of the existing research?

L.F.: I think quality is an issue, but thats not
all there 15, Some of what we examined was
topically irrelevant, or the studies were not
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very generalizable. Some high-

quality studies were so narrowly
defined that they don't tell
vou much about what goes
on in the classroom.

It may have to do with what
the researchers could do with
the money available, So we
want to be careful about throw-

ing rocks at people. ... We go to great

lengths to point out that we think the

nation requires a balanced program that

includes what I would call smaller scale,

pilot-oriented research as well as larger scale

investigations that are more analogous to ¢lin-

ical trials in medicine. We found a serious

lack of studies with adequate scale and design

tor us to reach conclusions about their appli-
cability for implementation,

(: Should the government be spending more
money on this research?

L.E: Educauion research covers a lot of terri-
tory. so we don’t really know. ... When |
briefed the science adviser, Jack Marburger,
vesterday. | said maybe his office should be
thinking about it. He just nodded. We think
this 15 an item that deserves the attention of the
tederal government. It probably means bigger
grants. IF you want to get the value, vou prob-
ably need to pay for it

Q: Were you surprised by the dearth of good
data on professional development programs?
L.F.: There's tremendous variation in in-
service programs. And the evidence 1s that
many are not very effective. ... | think dis-
tricts should be very careful. Large amounts
ol money are being spent i this area, and seri-
ous questions should be raised.

: What's the panel’s view on calculators?

L.F: We feel strongly that they should not get
in the way of acquiring automaticity [memo-
rization of basic facts]. But the larger 1ssue is
the effectiveness of pedagogical software, At
this stage, there’s no evidence of substantial
benefit or damage, but we wouldn’t rule out
products that could show a benefit. Ifa prod-
uct could be demonstrated to be effective ona
sizable scale under various conditions. the
panel would be interested.

0: What message should the next president
take from this report?

L.E: The most important thing is that success
in math is not just about a school subject. 1t
about the real opportunities 1t creates for peo-
ple and for the well-being and safety of soci-
ety. It’s important that we succeed to a better
level than we do now,
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Driven to Extinction

Rinderpest, an animal disease that devastated cattle and other animals—
and their human keepers—across Eurasia and Africa for millennia, may
join smallpox as the only viral diseases to have been eradicated

For just the second time in history, scien-
tists are on the cusp of declaring that a
devastating infectious viral discase has
been wiped off the face of the planet. The
first was smallpox, officially vanquished in
1979, This ume it 15 rinderpest, an animal
disease that has plagued cattle and related
animals—and their human keepers
For millennia.

“"There 1s growing confidence that
rinderpest has been eradicated.” declares
Peter Roeder, a veterinarian associated
with a global rinderpest-eradication pro-
gram from its inception in 1993 until he
retired last yvear. A disease once endemic
throughout Eurasia and Africa has almost
certainly been eradicated save for the
Somali pastoral ecosystem that straddles
the borders of Kenya, Somaha, and
Ethiopia. And the lawest field-surveillance

21 MARCH 2008 WOL 319 SCIENCE

results, now being reviewed by experts,
suggest the virus s gone from there as well,

If the absence of rinderpest can be
confirmed, “it would be a remarkable
achievement for the veterinary profes-
sion., probably the most significant
achievement in its history,” says Roeder.
“Rinderpest is such a nasty disease, its
eradication would be a huge step forward,
particularly for the underdeveloped
world.” seconds Tim Levland, a vet now
with the United Kingdom’s Department
for International Development.

But nobody is vet declaring victory. An
earlier rinderpest-eradication effort was
ended prematurely, and the disease came
roaring back. This tme, Roeder would like
to see governments take the extra steps
necessary to ensure that the disease 1s
cone for good,

A natural calamity

Rinderpest can be devastating, The
rinderpest paramyxovirus is one of a
family of single-stranded RENA viruses.
(The family includes the viruses causing
canine distemper and human measles.) It
attacks the lymph nodes and the epithe-
lium of the alimentary, respiratory, and
urogenmital tracts and spreads through the
infected droplets of the breath and excre-
tions of a sick animal.

Svmpioms start with a fever often
missed by herders and vets, Days later, ani-
mals stop feeding but become thirsty and
restless and labor to breathe, Oozing sores
appear in the mouths. nasal passages, and
urogenital tracts. Diarrhea sets in, followed
by dehydration and wasting and then death
6 to 12 davs after symptoms appear. Like

human measles, it is a disease primarily of

the young: animals that survive an infec-
tron are immune for hite,

Rinderpest epidemics have washed
across Eurasia since antiquity, typically
Killing 30% of aftected herds. lis catastrophic
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Almost normal. With rinderpes

African he g caftle for less

lethal parasites and dise:

effect on naive herds and wildlife was hor-
rifically illustrated when cattle shipped
from India to feed an Italian army carried
the virus to the horn of Africa in 1889, By
1897, the virus had reached Cape Town,
South Africa, killing about 90%: of the cat-
tle as well as large proportions of domestic
sheep and goats in sub-Saharan Africa.
Domesticated oxen died. leaving larmers
unable to plow fields.

The virus also decimated wild popula-
tions of bulfalo, giraffe. and wildebeest,
With herding. farming. and hunting all but
ZOne, mass starvil it!ll setin. An L‘:i-ll'l'ﬂlih.'d
one=third of the population of Ethiopia and
two-thirds of the Maasai people of Tanza-
nia died of starvation. The rinderpest epi-
zootic also altered the continent’s ecologi-

cal balance by reducing the number of

grazing animals, which had kept grass-
lands from turning into the thickets that
provide breeding grounds for the tsetse fly.
Human sleeping sickness mortality
surged. The rinderpest epizootic was “the
greatest natural calamity ever to befall the
Afnican continent, a calamity which has no
natural parallel elsewhere,” author John
Reader wrote in his 1999 book Africa: A
Biography of the Continen,

www.sciencemag.org

The virus never became established in
the Americas. In the 1920s, Europe man-
aged to eradicate rinderpest by controlling
animal movements and slaughtering
infected animals. But periodic outbreaks
continued to afflict much of Asia and sub-
Saharan Africa. Wars, which create demand
for livestock brought in from afar to feed
troops, and droughts, which bring herders
to scarce sources of water, often triggered
rinderpest outbreaks. After rinderpest
wreaked havoce with food production in
Asia and Africa following World War I1. the
disease became a priority of the fledgling
United Nauons' agricultural efforts and
then the UN, Food and Agriculture Organi-
zation (FAQ), which was ereated in 1945, A
vaceine grown in goats became available in
the 19505, And in the 19605, a British virol-
ogist named Walter Plowright developed a
live attenuated vaccine that became widely
used in ninderpest-eradication efforts.

Try, try again
There have been almost as many rinderpest=
eradication campaigns as
rinderpest pandemies. One
effort came close to freeing
Africa of the virus. With
international funding. the
Organization of African
Unity {OAL) launched Joint
Project 15 (JP15) in 1962,
Operating in 22 countries.
the strategy was (o vaccinate
all cattle each vear for three
successive yvears and there-
after all calves annually, At
first. JP15 seemed like a dra-
matie suecess. By the md-
1970s, rinderpest had disap-
peared from many countries,
and outbreaks were local and
sporadic. But success led 1o

Vanquishing
rinderpest “would
be a remarkable

NEWSFOCUS

Middle East, and Africa from Senegal to
Somalia and Egypt to Tanzania. Losses
from the second African rinderpest pan-
demic rivaled those of the first a century
before. One study estimated 100 million
cattle died: the economic loss in Nigeria
alone ran o nearly 52 billion. *JP15 showed
what you could do with mass vaccination
campaigns, but without an endgame. pock-
ets were left and it slipped back™ into broad
circulation, savs William Taylor, a retired
veterinary virologist who battled rinderpest
in several countries in Alrica and Asia.
“There was a huge lesson in that,” he adds.
OAU decided to try to agaim with the
Pan-African Rinderpest Campaign, which
started in 1987 in 34 African nations with
the goal of ridding the continent of the
virus. Similar regional campaigns were
launched in south and west Asia. Yoshihire
Ozawa. then chief of vetennary services for
FACQ, says that at about that ume. 1t became
clear that cattle exported from India and
Pakistan were continually reseeding the
rinderpest virus on the Arabian Peninsula,
indicating “that a global
campaign should be organ-
1zed.” To stitch together
regional and national efforts
and share expertise, FAO
initiated the Global Rinder-
pest Eradication Programme
(GREP) in 1993, Roeder.
then FAO’s chief of veteri-
nary services, helped estab-
lish the program and was
named secretary of GREP in
2000, The program set the
ambitious goal of eradicating
rinderpest by 2004: this
would be followed by a
period of intensive surveil-
lance to confirm that the
virus was gone by 2010,

s.'n.z:np]m:s:m.'}'. Many coun- ar:hfevementfor Onee again, the program
tries terminated or scaled : started with mass vaccina-
back expensive vaccination the veterinary tions, But to finish the job,

and surveillance programs,
and in the late 1970s. the dis-
case resurged, fanning out
from two lingering foci of
infection: an area on the
Mali-Mauritania border in
west Africa and from south-
ern Sudan in the east.

In Asia as well, inadequate vaccination
and poor surveillance allowed the virus o
spread from several pockets of persistence.
By the early 19805, rinderpest had recolo-
nized a swath of Asia stretching from
Turkey to Bangladesh. virtually all of the

profession, probably
the most significant
achievement in

its history.”
—PETER ROEDER, GREP

“we knew we needed to
understand the epidemiolog-
ical situation,” Roeder savs.
Traditional epidemiolog-
ical investigations were
augmented by new molecu-
lar and serological tools
unavailable for previous
campaigns. Molecular analyses revealed
that there were three lineages ol rinder-
pest—two m Africa and one m Asia—and
enabled scientists o track outbreak viruses
to their source reservoir, Tests to detect
antibodies to the virus helped monitor the
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effectiveness of vaccination campaigns
and
the program—Ilook for evidence of the
virus when vaceination was stopped.

Remaining reservoirs

Evidence soon pointed to a limited number
of endemic rinderpest reservoirs, primarily
in the herds of ofien-isolated communities
in Ethiopia, Sudan, Yemen. Pakistan, and
India. From time to time, the virus would
spread from these reservoirs into normally
free areas. Roeder notes that the virus has a
complicating quirk: It can persist in a mild
form. producing symptoms missed even by
experienced vets, but it can guickly turn
virulent when introduced into a new herd.
As mass vaccination campaigns drove the
virus back to these reservoirs, GREP
decided to intensify vaccination in those
foci of infection while stopping it in periph-
eral areas. With proper surveillance, unvac-
cinated amimals could be the sentinels
warning that the virus was expanding its
range again,

Unfortunately, many of those reservoirs
were hard to reach. Levland, who was work-
ing for the United Nations Children’s Fund
(UNICEF) in southern Sudan in the early
19905, explains that traditional vaccination
campaigns relied on town-based vets or
internationally staffed mobile veterinary
¢linics to make periodic forays into the
countryside. “UN. agencies put fortunes
into buying Land Rovers and Land Cruisers
to have mobile ¢linics touring around.” he
says. But this didn™t work where govern-
mental vet services had broken down or in
areas bevond the end of the road. In addi-
tion, herders often didn’t want to bring their
animals to vaccination posts “because it
would put them at risk of being raided,”
says Chnstine Jost, a vet from Tufts Univer-
sity's Cummings School of Veterinary
Medicine in North Grafton, Massachusetts,
who worked with a rinderpest-eradication
prozram in Ueanda,

Asan alternative, Leyland says the pro-
gram adapted community-based animal
health approaches previously tried in
Afghanistan and other places where tradi-
tional vet services were weak or had been
disrupted. This included training govern-
ment vets in affhcted countries in tech-
niques o get reliable epidemiological
information directly from livestock farm-
ers, says Manzoor Hussain, a veterinary
virologist who worked for the Pakistan
sovernment and is now a consultant to
FAO. At first. both government vets and
farmers were dubious, sayvs Hussain, but it

more important for the later stages of

Early 19805
- '_ Early 1990s

2001

0
2007
(5ite under investigation.)

The last drop. Tom Olaka, a community animal health
worker from Uganda’s Karamajong community, was
among scores who drove rinderpest toward extinction.

turned out to be enormously useful in
tracking the disease,

GREP also enlisted the help of other
international and government agencies,
UNICEF's involvement in rinderpest eradi-

cation in Sudan, for imstance, was born of

necessity, That country’s long-running civil
war had displaced thousands of families,
UNICEF wanted to vaccinate Sudanese
children against childhood diseases, but
many families refused. At the time, Leyland
recalls, herders were losing 80% of their
calves to rinderpest. Without cattle, there
was no milk for the children. and the
herders saw no point in vaceinating starv-
ing children. “They said, *Bring us cattle
vaccine first and then we'll let you vacci-
nate our children,” " Leyland says. Because
imternational agencies would not send their
workers into conflict zones, UNICEF work-
ers asked each community to select a trust-
worthy representative for traiming in vacci-
nation and other ammal health basics,

The program then got a boost from a
new vaccine, The effective workhorse vac-
cine ol the 1960s and "70s had one draw-
back for use in remote areas of Africa: It
had to be refrigerated up to the point of use.
In 1990, Jellrey Mariner, a vet at Tufts Uni-
versity School of Veterinary Medicine,
developed an improved freeze-drying
process that produced a live attenuated vac-
cine that retained efficacy at 30°C for an
least a month. “This simplified the logistics
and opened up options™ for vaccination,
savs Mariner, now at the lnternational Live-
stock Research Institute in Nairobi,

By 1992, several labs in Africa were pro-
ducing the new vaccine. It proved a perfect
fit for the community animal health system,
which started vaceinating eattle in conflict-
ridden south Sudan in 1993, When interna-
tnonal organizations pulled their statls owt
of the path of advancing troops, community
animal health workers continued to operate.
Leyland says some would walk 2 or 3 days
to reach an operating supply post in a safe
area and then walk back, carrying several
thousand doses of vaccine in gunnysacks
periodically soaked so evaporation would
keep it cool. It was a dangerous job. Several
workers were killed when caught crossing
the territory of a rival tribe, Leyland says.
Sull, it was a hugely successtul program™
that contributed to eventually squeezing
rinderpest out of Sudan, he says.

The endgame

As rinderpest became increasingly scarce,
eradication experts progressively scaled
back vaccination. “Stopping vaccination
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was the hardest thing we achieved,” says

Taylor. then an adviser to the government of

India. Livestock farmers and local vets
didn’t want to run the risk of losing animals
again. But Tavlor and his colleagues
believed vaccination had to cease to deter-
mine whether the virus was truly gone, as
antiboady tests can’t distinguish a vacci-
nated animal from one that has survived
infection, There was also a risk that the
attenuated virus used in the vaccine migh
regain its virulence, sparking a new rinder-
pest outbreak. This happened at least once,
in the Amur Region of Russian Siberia in

1998, *This outbreak was thousands of

kilometers from the nearest known source
of rinderpest virus.” Roeder says. Investiga-
tors traced the outbreak to a vaccine-
derived virus used in a buffer zone along
the borders with China and Mongolia,

Sri Lanka and Iran reported their last out-
breaks in 1994, India in 1995, Iraq in 1996,
Saudi Arabia and Yemen in 1997, and Pak-
istan in 2000, In Africa, Uganda has appar-
ently been free of rinderpest since 1994,
Ethiopia and Djibouti since 1993, Tanzania
since 1998, and Sudan since at least 2001, The
virus was last detected in 2001 10 wild bul-
Faloes in Meru National Park in Kenya, which
lies on the edge of the Somal ecosystem. the
putative last remaining reservoir. For several
vears, studies in the region have detected
antibodies 1o the rinderpest virus in catle,
but Roeder suspects that this comes from
sampling older cattle still carrying antigens
trom long-ago vaceinations. The most recent
serosurveillance results from late 2007
“strongly support the view that rinderpest is
no longer there.” Roeder says. At this point,
SAys Foeder, no one 15 ‘L'IIL‘L‘!]'IZ!'[IEIE_' llgil]]‘].ﬂ
rinderpest. and no one is even making a
rinderpest vaccine, although several labs
are keeping stockpiles. and
production could be rapidly
resumed iIf necessary.

One down, others to go?
With the end of rinderpest in
HI;J'.'IL CX]‘JI...'TIS dare pumlurmg
the lessons for other animal
health 1ssues, Taylor says that
In many ways, rinderpest was
“a doable target™ because the
virus was well-understood,
good vaccines existed, and
herders. amimal health experts. and donors
alike agreed on the benefits of a concerted
eradication effort,

Other animal diseases that conceivably
could be eradicated include foot-and-
mouth disease and peste des petits rumi-

www.sciencemag.org

“Bring us cattle
vaccine first and
then we'll let
you vaccinate

our children.”

—TIM LEYLAND ON HERDERS'
VIEW OF RINDERPEST IN
WAR-TORN SUDAN IN THE

Tool of the trade. For many community animal health workers, such as this unidentified Sudanese man, an
AK-47 was an essential piece of personal protection equipment.

nants. a highly virulent disease related to
rinderpest that is increasingly afTecting
sheep and goats in Africa and Asia. Some
experts, such as Levland, note that rather
than another eradication campaign. money
might be better spent upgrading basic
vetennary services in devel-
oping countries, “There's a
huge amount to do just on
ordinary diseases.” he says.
Before the animal health
community moves on, Roeder
says that even though he is
retired. he is determined to
push countries to confirm
that the rinderpest virus 1s
gone. For rinderpest-free
accreditation by the Paris-
based World Organisation for
Ammal Health, countrnies must have stopped
vaccinating for at least 2 years and during

EARLY 19905

that time had no outbreaks or evidence of

infection, as documented by an adequate
survelllance program. Some 30 countries
with histories of rinderpest outbreaks scat-

tered across central Asia, the Middle East.
and Africa still need to be aceredited, he
says. I the disease does emerge from some
obscure pocket of infection, it would be

devastating to the now-naive herds of

Adrica and Asia,

It's impossible to tease out exactly what
had been spent in the fight against rinder-
pest. but Roeder estimates that since 1986,
international donors and participating
countries spent approximately $610 mil-
lion on animal health in Africa and Asia.
primarily targeting rinderpest but covering
other diseases and infrastructure. One FAQ
estimate puts the benefits of rinderpest
eradication at 51 billion annually in Africa
alone, The additional $ 10 million or $12 mil-
lion needed for the remaining countries to
complete the accreditation process “would
be a small price to pay for finalizing the
eradication of this devastating disease,” he
says. With just a final push, rinderpest
could officially join smallpox as a discase
of the past.

-DENNIS NORMILE
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STRUCTURAL BIOLOGY

Protein Structure Initiative:
Phase 3 or Phase Out

The production-line approach to finding protein structures is rapidly filling
up databases. But is it the data researchers want, and is it worth the cost?

In the early 1990s when structural biolo-
gist Andrzej Joachimiak was working in
the labs of Paul Sigler and Arthur Horwich
at Yale University, he and six colleagues
worked together for more than 2 vears to
solve the x-ray crystal structure of a pro-
tein known as GroEL. To obtain such
structures, researchers must arrange
copies of a protem into the regular pattern

of a crystal and then ricochet beams of
x-rays off it to map out the position of

each of the protein's atoms. At the time,
the structure was hailed for offering a host
of insights mto how
GroEL carries out its
role as a “chaperone™
helping other proteins
fold into their proper
three-dimensional
shapes. But GroEL's
large size made it a bear
to solve,

Today, as head of the
Midwest Center for
Structural Genomics, a
consortium of investiga-
tors at eight imstitutions
in the United States and
Canada. Joachimiak and
his colleagues churn out
some 180 such struc-
tures a :3.'1..'&"‘1 an I.I'h'l..']'[l_l__"l..'
ol one every 2 days. Not
all are as difficult as the
GroEL structure. but
Joachimiak estimates
that recent technological
advances would allow them to solve
something as complex as GroEL within
about 2 months. That, Joachimiak says,
“is a true revolution.”

But some in the ield say the revolution
has gone farenough. Joachimiak's center is
one of four high-throughput structural
biology centers participating in the Protein
Structure Initiative (PSI), a big-science
project funded by the U.S. National Insti-
tute of General Medical Sciences (NIGMS).
part of the National Institutes of Health
(MIH) in Bethesda. Maryland. P51 1s doing
for protein structures what the Human

Speedster. Andrzej Joachimiak and his
colleagues at the Midwest Center for
Structural Genomics are pushing the pace
fior solving protein structures.

q/

Genome Project did for sequencing:
turning it into a mass-production exer-
cise. Already. P51's four main centers
and six smaller ones have turned out
nearly 3000 protein structures and over
the past 7 vears have contributed about
40% of all the novel structures deposited
in the Protein Data Bank (PDB). a global
repository for protein structures.

But with PSI now halfway through its

second S-year phase, critics say the cost of

the program is too high. This vear, NIGMS
will spend approximately S80 million on
P51, By the end of phase
2 in July 2010, the total
tab will be more than
three-quarters of a bil-
lion dollars. At a ume
when NIH funding is
flat. many critics argue
that the money is better
spent on traditional
small-scale structural
biology projects, ones
zeared toward solving
particular questions
about the detailed work-
ing of proteins highly
relevant to biology and
medieine. In December,
that message was under-
scored by an external

prominent biologists
charged with assessing
P51 Among the report’s
conclusions: “The larze
PS5l structure-determination centers are
not cost-¢ffective in terms of benefit to
biomedical research.” Structural biologist
Gregory Petsko of Brandeis University in
Waltham, Massachusetts, echoed the senti-
ment in an editorial last vear in Genome
Bisdogy, in which he labeled PSI “an 1dea
whose time has gone.”

PSI proponents have plenty of counter-
arguments, and the debate shows no signs
of waning. “It's a real hot point in the com-
munity,” says Janet Smith, a structural
biologist at the University of Michigan,
Ann Arbor. who led the recent PSI review

review committee of

panel. “It’s a fairly contentious topic. and
opinion tends to run high,” she adds, In the
midst of this debate, NIGMS officials will
have to decide soon on P51% fate. The cur-
rent round of PSI funding is scheduled to
run through July 2010, If agency officials
want to continue uminterrupted funding for
the project, they must send out a request
for proposals sometime next year. accord-
ing to NIGMS Director Jeremy Berg. That
means they will likely need to decide by
the end of this vear whether P51 has a
future. At this point, Berg says, funding for
PSI 3 “is not a given,”

A family affair
Whereas genomics can reveal the sequence
ol amino acids in a protein, structural biol-
ogy tells us how that sequence folds up into
a particular shape, which is key to a pro-
tein’s function. These structures have long
been seen as a treasure trove of informa-
tion about life’s molecular machines. By
revealing structures through x-ray crystal-
lography and nuclear magnetic resonance
spectroscopy, structural biologists glean
insights into how they operate. In some
cases, those insights can discover the likely
function of an unknown protein, lead to a
deep understanding of how misshaped pro-
teins cause disease, and potentially reveal a
path to new drug treatments. For example,
resolving the structure of the HIV-1 pro-
tease led to the creation of the first pro-
tease inhibitors used to fight AIDS,
Structural biologists have traditionally
taken a hypothesis-driven approach to their
science. asking questions about proteins
known to be of inerest. PSI, by contrast,
chose a novel and somewhat controversial
strategy: a “discovery-based™ approach pri-
marily targeted at proteins from different
structural classes, or “families.” throughout
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Twister. The catalytic
part of a human phos-
phatase enzyme.

the protein landscape.
Members of each fam-
ily fold up into similar
shapes. often adopting
similar functions, such
as proicases, kinases,
and phosphatases. One
major goal of PSI has been to obtain
structures of representatives of as many
of these families as possible, in particular
the large families that have the most mem-
bers. Proponents argue that each structure
could be the key to many more: information
on how the sequences fold into proteins
should enable computational biologists o
create “homology models.” detailed simula-
tions of closely related family members for
which no physical structure exists, and
thereby glean insights into their function (see
sidebar, p. 1612).

Success was far from certain. When the
project started in July 2000, perhaps the
biggest question was whether PS] centers
would be able to automate all of the many
steps involved in mapping protems. Unlike
genomics, which relies on speeding up one
technology—reading the sequence of DNA'S
nucleotide bases—PS] leaders had 1o speed
up numerous technologies including cloning

Parallel high-throughput
{HT) expression
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--I=‘Selt:tlmn |
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Data flow parallels the experimental pipeline
collecting 424 parameters from 28 stages.

Semi-

automated

publication Structure validation
and deposition

-
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genes into microbes, expressing and purifyv-
ing proteins, coaxing them to form crystals,
testing their quality. collecting x-ray data,
and solving the structure. “Early on, we didn't
know whether we were going to be able to
build these pipelines.” says lan Wilson, a
structural biologist at the Scripps Research
Institute in San Diego. California, who heads
one of PSI's four large centers. the Joint Cen-
ter for Structural Genomics in San Diego.

But the recent review panel concluded
that PSIs technology development had been
“highly successful.” with advances dramati-
cally speeding all phases of structure deter-
mination. In many cases, the panel’s report
concludes, PSI has fostered technology that
can be adopted by more traditional struc-
tural biology efforts. The centers not only
developed new technology, they've apphied
it effectively. too: The large centers now
crank out an average of 135 protein struc-
tures each per vear.

PSI proponents argue that this produc-

tion-line approach has dropped the cost of

solving structures from abour 250,000
apiece in 2000 w about $66.000 wday. But
PSI's success 1s not just about the bottom
line. they argue. It's also revealing a diver-
sity in protein structures never seen before.
A 2006 analysis in Scfence by Steven Brenner
and John-Mare Chandonia of Lawrence
Berkeley National Laboratory (20 January
2006, p. 347} in California found that PSI
centers account for about half of the novel

Automated HT
purification

Automated HT
crystallization

-.-.‘.-
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AR

Semiautomated
structure determination

Automated HT
crystal screening
and data collection

Building a bigger pipeline. PSI groups created a series of new technologies to speed up the many steps
involved in determining a protein’s structure, such as robots to purify and crystallize proteins.

Automated
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structures submitied to PDB. These are
structures for which their immunoacid
sequence overlaps with that of anv other
proteins by less than 30%, Another study in

the Proceedings of the Nattonal Academy of

Sciences last year by Michael Levitt at Stan-
ford University in Palo Alto, Californa,
showed this trend comtinuing, and that PS]
centers reversed an earlier steady decline
among structural biologists in the number
of novel structures being added to PDB.
Wilson and several colleagues argued in an
editorial in the January issue of Structire
that the novelty of the PSI structures is a
great benefit to the community because it
provides data complementary o traditional
structural biology rather than simply
answering the same sets of questions.

But researchers are still divided over just
how useful all this new information is. 1 had
reservations from the outset.” savs Petsko.
who savs he objected because proten struc-
tures are only useful when they can answer
specitic biochemical questions about the
detatled workings ol a protein. The recent PSI
assessment report echoes this criticism, call-
ing PSI's strategy of focusing primarily on
novelty “seriously flawed.” One problem.
Smith and her co-authors argue, is that the
number of new protein families identified
by gene-sequencing efforts worldwide con-
tinues to grow more rapidly than the number
of protein structures being produced. A
team of researchers reported last March in
PLoS Biology, for example, that a random
sequencing of DNA from the worlds oceans
showed that more than half of all the protein
families they found had never been seen
before. suggesting that researchers are
nowhere near completing their survey of the
diversity of protein families, That
makes the challenge of obtaining
representative structures from
cach family “an open-ended
problem.” say the authors of the
assessment report.

What is more, the assessment
panel concluded that although
having a protein structure can
help computer modelers make models of
other members of that protein family, those
models almost always have a low resolution
and lack detail of the precise location of all
the protein’s different amino acid residues.
Such detail is key to nailing down the exact
biochemical workings of a protein and
often its specific function. “The ability to
model structures, particularly complex
ones, is very far from being able to connect
most PSI structures to function,” the report
states. Even if an accurate model can be
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made, using that to discern a protein’s func-
tion is not a straightforward task. A struc-
ture. Smith says, “is a little bit of data™ that
can be used to discern a protein’s function,
“But it’s not as much as folks had hoped it
would be.”

On top of these problems, critics say
PS1's data are not getting picked up by the

broader community of biologists, In part,
they argue that’s because only a relatively
small fracuion of this broader community
knows how to use this tvpe of structural
information. The bottom line. Smith says, is
that “the number of structures provided [by
PS1] s not providing a boon to biology.” By
contrast, she adds, when the Human

Cienome Project began to release ns data, i
was instantly seized upon: “There was no
need o ask, “Was this worthwhile?™™

Function follows form

PSI leaders counter that although 1t's true
that the number of protein families is grow-
ing rapidly. most of the newly discovered

Researchers Hone Their Homology Tools

The Protein Structure Initiative (PS1) is churning out new protein struc-
lures at a pace never seen before. But even the hundreds of structures
the initiative unveils each year don't make much of a dent in the mil-
lions of proteins and multiprotein complexes thought to be out there,
One hope for PSI, however, is that the proteins it has solved will give
researchers insights into the structures and functions of some of those
whose shapes are unknown. For such work, computational biologists
employ "homology models,” which use solved structures as templates
for computer models of the three-dimensional (3D} shapes of closely
related proteins.

Model behavior.
Computational
use kn
structures to help them
model the shape of

L F,'l!r_l'.l_'lr'l

closely related proteins.

How well do homology models work? Not well enough, according to
members of a review panel that issued a mixed report card on PSI in
December. Although such models often get the general shape of
related proteins correct, they typically lack the atomic-scale resolution
needed lo gain speciflic insights into how a protein does its job—or
even what job it does. "The large numbers of new structures deter
mined by the PSI effort have not led to significant improvements in the
accuracy of homology modeling that would allow modeling of more
biologically relevant proteins, complexes or conformational states,”
the report concluded,

But computer modelers say that conclusion misses the mark on sev-
eral counts. First off, they point out, it was never a stated goal of PSI to
improve the accuracy of homology models. "This was a complete red her-
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ring,” says John Moult, a computational biologist at the University of
Maryland Biotechnology Institute in Rockville. Moult says the initial
intention was simply to allow computational biologists to apply existing
models to a larger number of target proteins. And that, he says, has
undoubtedly occurred. OFf all the structures submitted to the global Pro-
tein Data Bank, PSI now contributes about 40% of all the “novel” pro
tein structures—those significantly different from any solved previously.
And according to one recent estimate, those allow for the creation of
maore than 40,000 homology models that could otherwise not be made,

That said, Moult and others argue that PSI is actually now begin
ning to contribute to the improvement of homology models them-
selves. In its second phase, PSI has supported two small centers geared
toward improving computer models and has also supported individual
computer-modeling groups. That bioinformatics support was perhaps
“a little slow” in coming, says Andrej Sali, a computational biologist at
the University of California, San Francisco. But he and others argue
that this support, together with the increased number of structures,
has helped spur advances in the basic algorithms to improve the accu
racy of models.

Whether due to PSI1 or not, Moult and others say there’s plenty of
evidence homology models are improving. For starters, they point to a
biennial competition among computational biologists to predict the
structure for a series of proteins, The Critical Assessment of Structure
Prediction (CASP), which began in 1994, will hold its eighth competi-
tion later this year. The first “was embarrassing,” says Moult, who heads
the CASP competitions. Few of the early models even came close to fig-
uring out the actual structure of their target proteins, which were also
simultaneously solved by x-ray crystallography for comparison. But by
2002, 60% of the models got close enough to the final structures to
add useful information. By 2006, that number had climbed to 80%. "
don’t want to say modeling was improving only because of the PSI,"
Moult says. Bul the added struclures in the database, he argues, are
making a “very significant contribution.” Adds David Baker, a computa
tional biologist at the University of Washington, Seattle; "Homology
modeling is definitely getting better.”

In another key advance, improved compuler models are making it
easier for x-ray crystallographers to solve their structures. Experimen
talists solve these structures by firing powerful beams of x-rays at pro
tein crystals and tracking how those x-rays ricochet off their targets.
These data give them much of what they need to nail down the position
of all the atoms in the protein. Bul for a complete 3D picture,
researchers lypically compare the original data with another set taken
from a closely related protein, Combining the two data sets is usually
enough to finish the job. Not all proteins have close relatives that have
been solved. But in a Nature paper last November, Baker's team showed
that it was possible to use newer high-resolution homology models as
the close relative to help researchers solve the x-ray structures. "It's not
an established method yet,” Baker says. However, he argues, il shows
the synergy that can occur between high-guality experimental data and
computational models, -R.F.5.
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families have only a few members. The
majority of proteins are found in a small
number of large families that are the focus
of PSI's targeting, Gaetano Montelione, a
structural biologist at Rutgers University in
Piscataway. New Jersey. argues that as a
result of focusing on large families the
impact of PS1 structures is increasing,
because each solved structure carries more
leverage, or ability to model a greater num-
ber of related structures. than those solved
along traditional lines. Even with the limi-
tations of current computer models, “the
large information leverage provided by
determining the first structural representa-
tives from very large sequence families is
tremendously enabling to biomedical
research,” Montelione writes in a February
2008 response to the PS| assessment
report, Although homology models may
not always reveal a protein’s function,
Montelione and others argue, 1n many
cases it can offer important clues to guide
future biochemical experiments designed
to nail down that function.

Many researchers also dispute the claim
that many P5I structures lack biological rele-
vance. A fraction of PSI targets are chosen for
biological mterest. And any of its structures’
relevance, as with the value of any basic
research, takes time to grow, they argue. “The
benefits we will see 2 1o 3 years from now
will be very great.” Wilson says, and will
include a growing understanding
of how protein families evolved
and the evolutionary connections
between different families.
And as for the dissemination of
PSI data. PS1 leaders say that
a new knowledge base (kb.
psi-structuralgenomics.org/
KB) that came online earlier
this month should improve
matters dramatically,

David Baker. a computa-
tional biologist at the University
of Washington, Seattle, adds
that the large number of PSI]
structures is also making possi-
ble an emerging approach to
designing new therapeutics,
Baker's group uses the full
gamut of PDB structures to help
them design better protein-
based inhibitors to toxins, as well as vac-
cines for diseases such as HIV. When the
group designs their proteins, they start with
the shape of the target they are trying to
block. Then they conduct a computer scan
through all the known protein structures in
PDB—including PSI structures—looking

3000
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for as many proteins
shaped to it into those
targets as possible. Then
they set their computa-
tional program loose o
refine those matches and
design a novel protein
for an optimal fit, And
the more close matches
they have. the more
accurate and effective
the designed protein
tends to be. As such.
Baker says, the value of
the database will only
grow, “These structures
are really going to help
protein design.” Baker
says. “1 don’t think that
was anticipated originally.”

ke - W,

A question of value

Smith and others say they readily agree that
P51 is producing good science. but they
question whether it’s worth the cost. “It’s
how do vou get the most bang for your
buck.” says Philip Cole, a pharmacologist
who specializes in signal transduction at
the Johns Hopkins School of Medicine in
Baltimore. Maryland.

Still, Cole and others worry that even
if PS1isn™t funded for a third phase,
there’s no guarantee that money saved

2943
Cumulative Numbers

of Experimental
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Off the charts. PSI centers are determining structures at a pace
never seen before, Bul critics doubt that the impact has kept pace.

will flow to traditional structural biology
groups, That's not how science funding
works. "I P8I were 1o be discontinued,
the money would go back to the general
pool within NIGMS.” Berg says, Struc-
tural biology funding. he adds. accounts
for about 10% of the NIGMS budget. with
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The messenger. Janetl Smith led a recent panel of biologists that criticized
PSI for having a limited impact on the broader community of biologists.

traditional single-investigator grants tak-
ing up about 6.3%. So doing away with PSI
would likely increase the share of funding
for individual structural biology grants
from about 6.3% to perhaps 6.7%. Berg
says. What is more, structural biologists
currently working on PSI would then be
competing for those funds. So the net
result could wind up being “a pretty big
negative” for the community, Berg says,
So what's next? Berg says NIGMS 15
currently evaluating all of its large-scale
projects to decide which ones to continue.
The PSI assessment panel argued against
continuing the project in its present form.
“Future effort might be focused on smaller
projects with much higher experimental
coupling to biological function and improv-
ing computational methods of analyzing
and predicting protein structure.” the report
concluded. In his response to the report,
Montelione agreed that connecting more
directly with the priorities of biologists
“needs to be a priority™ in designing PSI 3,
Others agree that perhaps the best solu-
tion 1s to focus more tightly on protein tar-
gets with known biological relevance, such
as multiprotein complexes. proteins that
are embedded in cell membranes, and pro-
teins from disease-causing microbes, “This
can evolve,” savs Joel Sussman, a structural
biologist at the Wetzmann Institute of Sci-
ence in Rehovot, Israel. “"Now you can use
these enormous platforms [built in the PSI
centers] to tackle biological problems.”
Whether the broader biological community
can agree on such a compromise will
largely depend on whether NIGMS sees
budget increases anytime soon. Says Wilson:
“When the money gets tight, the knives
come out,”
-ROBERT F. SERVICE
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Open Letter to Senator Rita Levi-Montalcini

WE ARE A GROUP OF RESEARCHERS (1). WE WRITE THIS LETTER TO YOU WITH THE UTMOST

respect and gratntude for what you have done and sull do for research in Ita

v. We appreciated

all the statements of intent of the past governments as well as the current one; more money for
research, mansparent competitions, and the like, But all this never went beyond mere words.
Professor, in Italy there are 60,000 university researchers with temporary contracts! This is

no “marzinal phenomenon™

we make up 30% of the university labor force.,

Unfortunately. the situation is no better in research agencies. We do research work, lec-

;-_:jil

Researchers protest in Rome, 2005, Almost 100,000
participants protested the lack of concrete actions
taken by the Senate to improve the conditions of
research in ltaly and to reduce the use of temporary
contracts for researchers.

Lure, n‘upcn'ixc SE'I.II.IC]'I'l!'i "|.‘|'FI'|.I['I§ grll(lllltlil]ﬁ
theses. publish articles, attend congresses,
and draw up appeals for funds (in which our
names do not even appear).

We work at least as much as long-term
employees but we do not have the same nghts.
In ltaly there are only a few open competi-
tions, and, even worse, they often look like
farces: The name of the winner is known even
before the call for expression of interest is
issued! Meritocracy in ltaly is an empty word
seldom translated mto reality, Fast university
careers are only for the choesen ones or the
descendants of families raditionally con-
nected with the umversity. Evervbody knows
that it takes good opportunities to improve
one’s skills, but opportunities are not for
everyone according to their merits. And the
situation 1s even worse for women.,

As we strive to defeat cancer, discover new
molecules and genes, develop new sofiware,
support an ever-changing culture, and iden-
tify new ways 1o teach and learn, remember
that achieving these goals is partly due to the
work of university researchers with tempo-
rary contracis, who have worked for years
hoping to finally obtain a job that would give
them economic stability and freedom.

University researchers with temporary
contracts are not free. They have to make
compromises or their contracts won't be
renewed: they have to withdraw from open
competitions to let a “chosen one™ be hired:
they have to accept that their data are pub-
lished without their names among the coau-
thors. They do all this to survive. We will be a
generation of pensioners without a pension,

Then, maybe. the state will take care of us. For
many vears, many people (and governments)
forgot all about us. Researchers who are now
30, 40, 45 vears old still have temporary
contracts and may now be too old for a long-
term contract as university researchers. Many
among us have had a emporary contract for
10 10 15 vears: they have had many differem
kinds of short-term contracts and their work
has been evaluated every year before their
contract could be renewed, We wonder what
else we have to endure before we are consid-
ered suible for a long-term contract,

Professor, with your usual strength of

mind you will certainly be able 1o pass on the

message that the university in [taly can be
saved only if this problem is solved.

Thank you in advance for vour under-

standing and suppaort,

RITA CLEMENTI,'* LEONARDO BARGIGLI,?

SILVIA SABBIONI?

Wia Comidoni 5, 27100 Pavia, Italy. *Via della Greve 12D,

50018 Scandicci (Fi), Italy. ‘Depariment of Experimental

and Diagnostic Medicine, University of Ferrara, Luigi
Borsar 46, 44100 Ferrara, NHaly.

*To whom correspondence should be addressed. E-mail:
rita.clementiggmail.com

Reference

1. This Letter has been signed by 776 researchers with
temparary confracs in laly or abroad. The complete list
is available as Supporting Online Material at www.
sciencemag.orglogi/contentfull/319/58 70416 15a/DCL

Response

| AM WELL AWARE OF THE PRECARIOUS SITU-
ation in lialy regarding researchers with tem-
porary emplovment contracts. During the
approval of laly’s 2008 Budget, | supporied
measures to stabilize employment for those
working under temporary contracts. Although
the government was not able to invest heavily
in this expendiure. the Budget Law did allo-
cate funds to reduce unsteady employment.

[ hope the new government will be able 1o
ameliorate this long-standing problem, and |
also assure my continued support dunng the
next legislature,

RITA LEVI-MONTALCINI
President, European Brain Research Institute, Via del Fosso di
Fiorano &4, 00143 Rome, Raly.
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Preserving Accuracy in
GenBank

GENBANK, THE PUBLIC REPOSITORY FOR
nucleotide and protein sequences, isa critical
resource for molecular biology, evolutionary
biology, and ecology, While some attention
has been drawn to sequence errors (/). com-

mon annotation errors also reduce the value of

this database. In fact. for organisms such as
fungi. which are notoriously difficult to iden-
tify, up to 20% of DNA sequence records
may have erroneous lineage designations in
GenBank (7). Gene function annotation in
protein sequence databases is similarly error-

prone (3, 4). Because identity and function of

new sequences are often determined by
biomformatic analyses, both types of errors
are propagated into new accessions, leading

to long-term degradation of the quality of

the database,

Currently, primary sequence data are
annotated by the authors of those data, and
can only be reannotated by the same authors.
This is inefficient and unsustainable over the
long term as authors eventually leave the Dield.
Although it is possible to link third-party data-
bases o GenBank records, this is a short-term
solution that has hittle guarantee of perma-
nence. Similarly. the current third-party anno-
tation option in GenBank (TPA) complicates
rather than solves the problem by creating an
identical record with a new annotation, while
leaving the original record unflageed and
unlinked to the new record.

Since the ongin of public zoological and
botanical specimen collections, an open sys-
tem of cumulative annotation has evolved,
whereby the original name is retained, but
additional opinion is directly appended
and used for filing and retrieval. This was
needed as new specimens and analyses
allowed for reevaluation of older specimens
and the original depositors became unavail-
able. The time has come for the public se-
quence database to Incorporate a community-
curated. cumulative annotation process that
allows third parties to improve the annota-
tions of sequences when warranted by pub-
lished peer-reviewed analyses (3).

M. I. BIDARTONDO ET AL

Imperial College London and Royal Botanic Gardens, Kew
TW? 305, UK.
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CommenT on “Physical Model for the Decay and Preservation of Marine

Organic Carbon”

Bernard P. Boudreau, Carol Arnosti, Bo Barker Jorgensen, Donald E. Canfield

Rothman and Forney (Reports, 1 June 2007, p. 1325) described a model for the decay of marine organic carbon.
However, the enzyme deactivation rates required by their model are too fast compared with available data, and the
maodel fails to explain the similarity in observed decay rate constants from different experiments. Alternative mod-
els provide equally good fit to the observed temporal trend in decay rate constants.

Full text at www.sciencemag.org/egicontentfull/319/5870/16 16b

Response To CommenT on “Physical Model for the Decay and Preservation of

Marine Organic Carbon”

Daniel H. Rothman and David C. Forney

Fast enzyme deactivation rates are not reguired by our physical model of organic matter decay. Instead, low effec-
tive diffusivities arising from sorption of enzymes and physical protection by minerals are sufficient. Our model pre-
dicts observed temporal trends in organic-matter decay rather than specific rate constants, Existing statistical mod-
els of intrinsic reactivity explain observed trends empirically but not theoretically.

Full text at waw.sciencemag.argfegifcontent/fullf319/58 7016 16¢

Malaria Eradication in

India: A Failure?

INTHE 7 DECEMBER 2007 ISSUE, L. ROBERTS
and M. Ensennk discuss malana eradication
in the News Focus story “Did they really
sy ... eradication?”

[n the mid-1950s, 1 optimistically pro-
moted malaria eradication by promising the
Minister of Finance of India that there would
be no need to spend money on malaria control
in 10 vears” time if India matched the USAID
grant for malania eradication. Subsequently. |
felt guilty because total eradicanon had not
been achieved. However, comparison of the
statements on malara i the first and 10th
S-year economic plans of India shows the
value of investments in malaria eradication.

The first S-vear plan states, *“Malaria is the
most important public health problem in India
and its control should therefore be assigned
topmost priority in any national planning. It
has been estimated that about a million deaths
are caused in India every year by malaria
among the 100 million people who suffer from
this disease. The economic loss is estimated
at several hundred crores (a crore equals 10

Letters to the Editor

VOL 319 SCIENCE

million) of rupees every year. Vast fertile areas
remain fallow and natural resources remain
unexploited, largely due 1w the ravages of
malara. Aggregation of labor in irrigation,
hvdroelectrnie and industrial projects 15 at-
tended with severe outbreaks of malaria if spe-
cial steps are not taken for its control. The use
of DDT as a residual insecticide has brought
about far-reaching changes in the wechnigue of
the control of malaria..” (/).

Fifty years later, the 10th 5-year plan
repons less than a thousand deaths in a popu-
lation double the size of that in 1950 (2).
The drop from a million to a thousand deaths
underscores the value of the malana program,

The fact that malana has been eliminated
in the United States and Western Europe and
largely controlled in India does not ensure
success of eradication programs in Alrica.
However, there i1s cause for some optimism,
given that the most effective mosquito vector
in Africa, Anopheles gambiae, has been erad-
icated in northeast Brazil,

Information from India’s 5-yvear economic
plans shows that even if complete eradication
cannot be secured. economic gains and re-
duced suffering may be worth the effort.

TIMOTHY D. BAKER
Depariment of International Health, and Environmental

Health Sciences, Johns Hopkins School of Public Health,
Baltimore, MD 21205, USA,
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PALECNTOLOGY

Rise and Demise of Ghostly Animals

Shuhai Xiao

etween 1908 and 1914, German geol-

ogists P Range and H. Schneiderhéhn

discovered some enigmatic fossils
including Rangea schneiderhoelni, later
named afier them—in southern Mamibia.
Similar organisms have since been found at
more than 30 localities and on most conti-
nents. These fossils are collectively known as
the Ediacaran biota, after a site in South
Australia. The geological age of the Ediacaran
tossils is now well established as 575-542
million years ago, an interval immediately
before the Cambrian radiation of animals,
However, the evolutionary relationship be-
tween Ediacaran taxa and Cambrian animals

remains ambiguous. Thus, the implications of

Ediacara fossils for the Cambrian radiation

are intensely debated among a small group of

paleomologists, Two recent books authored
and edited by Mikhail Fedonkin { Russian
Academy of Sciences), Patricia Vickers-Rich
{Monash Unmiversity, Australia). and their col-
leagues offer new insights into the ongoing
debates and unveil the Ediacara controversies
to a much wider audience.

In The Rise of Animals, veteran researchers,
some of whom have spent their entire career
unraveling Ediacaran puzzles, lead a guided
tour of most of the best-known Ediacaran
localities. Telling numerous stories about the

fossil hunters. they chronicle decades of

Edmacaran research in Newfoundland, Namibia,
Australia, Russia, and other, ofien remote,
parts of the world. Along the way, Fedonkin
and his fellow authors discuss the preserva-
tion, ecology, and phylogenetic affinity of the
Ediacaran fossils,

Most Ediacaran fossils are preserved as
casts and molds in clastic rocks: sometimes
they are only ghostly impressions on the sur-
face of coarse-grained sandstones, The orga-
nisms have been traditionally placed in extant
animal phyla, including enidarians, annelids,
and arthropods. As such, they represent fore-
runners of Cambrian animals and support
the idea of a short phylogenetic fuse to the
Cambrian explosion.

However. Adolf Seilacher, a University of

Tiibingen paleontologist, argues that most
Ediacaran organisms could not have func-
tioned as free-living animals. He interprets

The reviewer is at the Department of Geosciences, Virginia
Polytechnic Institute and Siate University, Blacksburg, WA
24061, USA. E-mail: xiao@vi.edu
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them instead as having had
bodies of stitched wbes (simi-
lar to an inflated air mattress)
that were organized concen-
trically, radially, serially, or
fractally. This unique con-
struction of the body forms
the basis for his recognition of
a new kingdom. Vendobionta
(). Although Seilacher admis
that there were bona fide ani-
mals in the Ediacaran biota,
he argues that those animals
lived in the shadows of vendo-
biomts that are not closely
related to extant metazoans.
He believes that the vendo-
bionts were giant protists re-
sembling modern xenophyo-
phoran foraminifers (2).
Many paleontologists dis-
agree with Seilacher, and
Fedonkin and colleagues de-
fend the traditional interpreta-
tion. A case for affinity with more-recent ani-
mitls has been made for such vendobionts as
Dickinsonia and Yorgia, which left resting
traces that are taken as evidence for animal-
like mobility. But current hypotheses about
how such resting traces were made and how
these vendobionts fed find few analogues

among modern animals, Other examples of

possible animals include Awsia, which has

Contemplating evolutionary relationships? A stumpy-tail lizard
(Tilfque rugosa) gazing at an ancient Ediacaran fossil (Parvancoring
minchami) in Australia.

The Rise of Animals
0 and
ation of the
gdom Amimaka
by Mikhail A Fedomkin,
James G. Gehling,
Kathieen Grey,

Guy M. Narbonne, and
Fatricia Vickers-Rich

The Rise and Fall of
the Ediacaran Biota

Patricia Vickers-Rich and
Patricia Komarower, Eds.

=BMN 97818623
ial Publication

been suggeested as a possible urochordate. The
authors also follow the wraditional interpreta-
tion of many other Ediacara fossils as animals,
although such vendobionts as rangeomomhs,
with a fractal body construc-
tion, have bodyplans and life-
styles that seem to have been
distinct from those of modern
animals. Thus, vendobionts
remain  phylogenetic  ghosts
whose placement in the tree of
life is elusive. Paleomologists
continue to debate whether ven-
dobionts are monophyletic and,
if they are. whether they fit
within the crown of the animal
tree, lie along the stem leading
to that crown, or rest some-
where else in the eukaryote tree.

The Rise and Fall of the
Ediacaran Biota comprises a
collection of papers that was
developed from two imterdisci-
plinary symposia (2004 and
20006) held for the International
Geological Correlation Project
493, The wide range of topics
encompasses tectonics, paleo-
magnetism, and evolutionary
developmental biology, but the
bulk of the book focuses on Ediacaran fossils
and contemporaneous life forms. Like most
edited volumes, the individual chapters are of
uneven breadth and depth

I am most impressed by the thorough
analysis of Kimberella provided by Fedonkin
and his co-authors. Fedonkin regards Kimbe-
refla as the crown jewel of the Ediacaran
biota. whereas Seilacher considers 1t as a
promising newcomer that lived
duning the vendobiont dynasty
although both agree that it was
indeed an ammal. Fedonkin's
carclul examination of a large
collection of Kimberella speci-
mens has revealed many anato-
mical structures, including a
proboscis-like structure at the
presumed anterior end. a dorsal
shield, and a ventral fool. These
structures clearly establish Kinhe-
redla as a bilaterian amimal whose
development involved program-
med anterior-posterior and dor-
sal-ventral differentiation,

Equally intriguing is Jerzy
Dzik’s analysis of trace fossils,
which provides a tresh per-
spective on animal activities
prior o the Cambrian. His
plausible and provocative take
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Ghostly animals. For Australia Post's “Creatures of the Slime” stamp
issue (2005), Peter Trusler depicted six Ediacaran arganisms {clockwise
from top left): Charniodiscus, Tribrachidium, Dickinsania, naria,
Kimberella, and Spriggina.
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on early burrows is that they represent
refugia from early predators rather than
feeding traces (the exploitation of organic
carbon in the sediments). Testing his inter-
pretation will require independent evi-
dence for early predators,

Also fascinating are the new observations
and innovative morphometric analyses of
vendobionts by Marce Laflamme, Richard
Jenkins, Jonathan Anteliffe, and their col-
leagues as well as Enk Sperling er al.s stimu-
lating hypothesis that the early diversification
of sponges may have tnggered a major distur-
bance in the global carbon eyele. With
regard to the demise of the Ediacaran biota,
Breandan MacGabhann's careful examina-
tion of purported Ediacaran fossils from
Cambrian rocks accentuates the extinction of
Ediacaran organisms before the Cambrian
explosion, although the cause of this extine-
tion is unresolved.

To solve the puzzle of Ediacaran fossils,
paleontologists have to become more recep-
tive to unorthodox thinking. They also need 1o
breaden their field searches 1o seek fossils in
such sediments as black shales. cherts, and
bituminous limestones. These unconventional
preservational windows may offer novel per-
spectives on Ediacaran fossils. In addition,

future analyses should focus
on the evolutionary paiterns
and processes of the nse and
demise of the Ediacaran biota,
These two books would have
been richer had these aspects
of Ediacaran research been
explored in greater depth.
Nonetheless. the beautifully
produced books will serve as
valuable references. Particu-
larly useful is the alas in The
Rise of Animals. which in-
cludes illustrations of many
important Ediacaran fossils
that previously had been shown
only in poor figures published
in obscure journals.

The two books by Fedonkin,
Vickers-Rich, and colleagues
arrive while Ediacaran re-
searchers celebrate the 100th
anniversary ol Range and
Schneiderhohn's discovery. It
is perhaps coincidental that
their findings in Namibia were
made at about the same time
as Charles Doolittle Walcott'’s
unearthing of the Middle Cam-
brian Burgess Shale fauna in
the Canadian Rockies. Like
the Ediacaran fossils, many
Burgess Shale fossils have also been phylo-
genetic ghosts. variously inter-
preted as members of extant ani-
mal phyla. stems leading to
such phyla, or representatives
of extinct phyla. Unlike the
Ediacaran organisms. however.
Burgess Shale animals are known
to a much larger audience, largely
thanks to Stephen Jay Gould’s
popular book Wonderful Life (3).
The Rise of Animals offers a
much-needed avenue to commu-
nicate to the general public
the past decade’s exciting discov-
eries of Ediacaran fossils. The
Rise and Fall of the Ediacaran
Biora will reward any scientist interested
in the topic. | certainly recommend that
both books be placed next to Gould’s on
vour bookshelf.

Crmo (3
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The Female Equally
with the Male | Sing

Evan Balaban

ifferences between men and women

have occupied people’s thoughts for

a very long time. Our creation myths
feature them prominently; our religions and
governments try to use them to define our
potentialities; and our intellectual traditions
are nife with rancorous debates about why sex
differences exist, what they mean, and what
power they should be accorded over our lives.
Motions about what is “natural™ for, and
therefore what is naturally different about,
men and women have always played a major
part in this discourse.

The first post-Darwin analysis of human
sex differences in mental abilities by an evo-
lutionary scientist—writien at a time
when higher education for women was a
subject of intense debate—argued that brain
size was an adaptive. sexually dimorphic
characteristic and that women’s physically
smaller brains doomed them to an inferior
mental status (/). A contemporary com-
mentary in the British Medical Jonrnal (2)
tepidly disagreed with the conclusion of infe-
riority and mildly ridiculed its presumed sci-
entific basis. endorsing in-
stead a “separate but equal™
distribution of abilities whereby
men and women emphasize
different specialties. Discus-
sions over the enswing 120
years have largely replicated
such arguments, simultane-
ously blurring the distine-
tion between biological char-
acteristics that cause sex
differences and those that
are consequences of them,
Should the average wages
paid to men and women and
the difference in the occur-
rence of attention deficit hyperactivity disor-
der (both are higher in males in the United
States) be thought of as secondary sexual
characteristics? And are these inevitable con-
sequences of our biology”?

The current profusion of popular books on

The reviewer is at the Behavioral Neurosciences Program,
Stewart Biological Sciences Building NE8/15, McGill
University, 1205 Avenue Docteur Penfield, Montreal, QC
H3A 1B1, Canada, and the Cognitive Neuroscience Sector,
SI55A, Via Lionello Stock 212, 34135 Trieste, laly. E-mail:
evan. balaban@megilLca
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*0f physiology from top to toe | sing, / Not physiognomy alone nor brain alane is warthy for the Muse, | say the
Form complete is worthier far, / The Female equally with the Male | sing.” — Walt Whitman, “One’s Sell 1 Sing”

sex differences by scientifically trained (3)
and untrained (4) authors alike are stll mired
in the same hackneyed “biology as qualified
destiny™ arguments., A typical recent example
lists “hardwired™ sex differences and tries 1o
show “how denial of these differences has led
to the sexual revolution, fatherless families ...
and calls for umiversal day care™ (4). To be fair,
this author feels that certain hand-picked
“hardwired™ differences are not imperatives:
He advocates discouraging “men’s desire for
irresponsible sex™ and further nurturing
women's “greater interest and talent in caring
for babies” Within the more staid walls of sci-
entific discourse, nine pages in Science ()
were recently devoted to eriticism by over 40
evolutionary scientists responding to a review
that questioned the ability of paremtal invest-

ment theory (a component of the theory of

sexual selection) to adequately explain all dif-
ferences in reproductive social behavior
between males and females (6, 7). The heated
nature of the discussion suggests something
more 15 at stake than which mathematical
model provides the best predictions.

Why should people who are not ohsessed
with the “natural” order of things, with pro-
scribing sex roles, or with the minutiae of sci-
entific theories care about sex differences?
One good reason was provided by a 2001
report (&), which found that biomedical
research has failed to pay adequate attention
o sex differences in ways that differentially

21 MARCH 2008 VOL 319 SCIENCE

and negatively impact the health of over half
the world’s population. women. Yet it has been
difficult for an interested person (without a
particular axe to grind) to get an accurate, up-
to-date understanding of sex differences in the
brain and their potennal relation to behavioral
ditferences and human health. Good text-
books on behavioral endocrinology exist but
cannot provide the kind of mulutaceted cover-
age that a timely specialty volume can,

Sov Differences in the Brain: From Genes
to Behavior sets a high standard, although it is
not for readers with weak backgrounds in
biology. endocrinology, and neuroscience.
The edited volume has three major sections.
Strategies, Methods, and Background delves
deeply and critically into sex dimorphisms in
an evolutionary context, new findings that
have injected considerable complexity and
fascination into research on sex and the brain.
and new tools for unraveling causal factors
from consequential ones. It also contains a
lengthy assessment of methodological issues
in human and animal research. Shorter chap-
ters focus on monitoring menstrual eyveles,
pharmacogenomic techniques, and sex differ-
ences in stress. Sex Differences in Neuro-
biology and Behavior, comprising the bulk of
the book, contains chapters on steroid hor-
mone receptors in relation to behavioral dif-
ferences; differences in affiliative behavior,
movement. motivation, neuroplasticity, and
cognitive function (mostly animal work); eat-

ing behavior, energy metabolism, and obesity
{human and animal work ); and sex differences
in play behavior. language. and visuospatial
cognition (human work). The last section, Sex
Differences in the Neurobiology of Disease,
rounds out the volume with chapters on
sex diferences i susceptibility to infectious
and autoimmune diseases: neuroimmunaol-
ogy: pain: and anxiety. mood, Alzheimer’s,
and Parkinson’s disorders.

The volume curiously lacks any treatment
of relevant historical. ethical, and social
dimensions to sex difference research. The
books value as a reference and teaching
resource would have been substantially
inereased by the inclusion of @ least one con-
cise chapter documenting health issues that
have historically been influenced by a lack of
knowledge about sex differences and at least
one other focused on the ethics ol sex-
difference research (including the impact of
stich studies on legal and social 1ssues and the
responsibilities that scientists bear), Ata ume
when awareness of the damaging effects of
authority figures describing sex differences o
voung people in particular ways is increasing
(4, 10), such issues deserve a prominent place
in scientific trmning and consclousness.,

All readers will learn something of value
from this book. even if they don’t agree with
the views of particular authors. Information
content is high, references are ample, and the
continuity between different chapters has
been skillfully coordinated. The chapters in
the first section on brain sex differences and
methodological issues are especially notewor-
thy for their concise and critical presentation
of material and ideas while generating excite-
ment and interest. These chapters deserve to
be widely read. and they will undoubtedly
attract bright young minds to the field. The
organizers of Sex Differences in the Brain
would perform an enormous public service if
they prepared a version of the matenial for
popular consumption.
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THE PIPELINE

Igniting Girls’ Interest in Science

Sheryl A. Tucker,"™ Deborah L. Hanuscin,? Constance J. Bearnes?

irls’ interest, participation, and
achievement in science decline as
they advance in grade levels (/). For
example, in fourth grade, the number of girls
and boys who like math and science is about the
same, but by eighth grade. twice as many boys
as girls show an interest in these subjects (7). As
the career expectations ol eighth-grade stu-
dents affect acwal career outcomes (3), this
interest deficit among girls may contribute to
the continuing gender gap in science, particu-
larly in terms of labor market outcomes (4).
Informal out-of-school programs have been
shown to increase girls” interest and participa-
tion in science (5-7). Successful programs
incorporate hands-on activites, ole models, an
emphasis on practical applications. and prac-
tices that promote equitable leaming environ-
ments for girls (6, §) (table S1). Although the
research is mixed, single-sex programs can pro-
vide a supportive learning environment for
girls (/). Unfortunately. girls have fewer out-ol-
school science expeniences than bovs (9, 1)),
a difference that may account for their lowered
interest in school science courses (9, 117).
Additionally, girls” {and boys™) panicipation in
such programs dwindle dunng the transition
from elementary to middle school, just as girls’
Interest in science wanes (2],

Program Overview

“Magic of Chemistry™ was created to ignite
interest in science among girls during this
critical transition period (13) (see figure,
right). The program is sponsored by the
University of Missoun in partnership withthe
Girl Scouts—Heart of Missourt Council (8).
The program has served more than 2500 girls
over the past 10 years,

Each vear, two identical Saturday work-
shops for 200 Junior Girl Scouts are organized
in conjunction with National Chemistry and
Mational Girl Scout weeks. Three different
workshops rotate annually: Case of the
Unsigned Letter. Fun with Polymers. and

Department of Chemistry and Graduate School, University
of Missouri (ML), 210 Jesse Hall, Columbta, MO 65211,
USA. *Department of Learning, Teaching, and Curriculum
and Department of Physics and Astronomy, MU Science
Education Center, 303 Townsend Hall, Columbia, MO
65211, USA. *Girl Scouts—Heart of Missouri Council, 230
Metro Drive, Jefferson City, MO 65109, USA,

*To whom correspondence should be addressed. E-mail:
tuckers@missouri.edu

Chemistry of Color(¥), Eachutilizes American
Chemical Society materials that reflect MNat-
ional Science Education Standards (/4-17),
specifically Standard A Science as Inguiry.
Workshops provide specific questions and
data collection protocols to guide investiga-
tions. The girls formulate explanations from
evidence, connect explanations to scientific

Members of Troop 511 make “incrediblobs” in the Magic of
Chemistry program.

knowledge, and communicate and justify their
explanations ( /&),

During the 6-hour day. small groups rotate
through experiments. Each girl is provided
materials at an individual station, as well as a
scientific notebook with questions and proto-
cols, The notebook facilitates continuity in
learning. and demonstrations related o each
experiment reinforce scientific concepts,
At each expenment’s end

A partnership between university and Girl Scouts
engaged young girls’ interests in chemistry.

ence o everyvday life, The presence of prepared
and qualified staft with sufficient knowledge
of science is also important to the success of
informal science programs ().

Program Assessment

Participants from 10 workshops from 19949
to 2006 completed postworkshop evalua-
tions, rating the workshop on
four indicators (/¥9). 5ix of
the 10 program evaluations
mcluded questions about col-
lege and science interest, Re-
sponses were tabulated and per-
centages caleulated based on
the total number of completed
evaluations.

Open-ended questons asked
participants to identify what
they learned and liked about
the workshop. Responses were
analyzed using N-Vivo quali-
tative data analysis software
{OSE Inermational ), and codes
assigned using low-inference
observation measures. Two sep-
arate blind analyses of the data were com-
pleted, and a high degree of inerrater agree-
ment (92%) was found. Codes were grouped
into categories based on frequency. and pat-
tems analveed for themes.

Outcomes, Benefits, and Follow-Up

Workshops consistently received top ratings on
all indicators (see chart, below). The per-
ceved ease of each workshop
is consistent with the level
of difficulty of each invesu-
gation. Case ofthe Unsigned
Letter contains single-step
experiments; the other two
workshops contain multistep
experiments. When surveyed,
adults” views mirrored those
of the participants,

i Letter
B Foiymer
& Color

30 40

the girls discuss results A

and formulate a conclu- ..

SI0m asa group, - ‘-.
Even though the over- L

all program reflects best ¢ ‘.

practices (6) (table 51). the a®

story line that weaveseach g ™

investigation together into | e

a cohesive unit sets Magic L0 20

High -

of Chemistry apart from
other informal science pro-
grams that rely on a series
ol disconnected experi-
ments. The narmtive comes
to life with the assistance
of highly trained volun-
teers including professional scientists who have
the ability o help girls see the relevance of sci-

Rating of topic Ata D
Summary of workshop evaluations.
Level of A, quality; B, ease; C, interest;
D, necessity. Data points represent the
average score received on the evalua-
tions (n = 1395 girls and n = 232 adults).

b= Lo On average, 8 1% (range
66 to 88%) of participants
wanted after the workshops,
to learn more about science
and science careers (see char,

age 1622, top. and table 52).
Participant interest levels
may be linked to each workshop’s perceived
diftficuly; forexample, Chenustry of Color was
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evaluated as the most difficult and also gener-
ated the lowest amount of interest of the three
workshops (table 82).

Learnmg outcomes
reflect the program’s 100
goal of teaching girls

about science and its  F 75
relevance o their daily 2
lives. Although the & 50
majonty of participants %

mve examples of activ-
ities and experiments
(e.g.. “doing tie-dve™)
as learning outcomes,
they also cited scien-
tfic facts and concepts
(e.g.. “a dyve can con-
tain many different colors™ and “carbon diox-
ide is heavier than air”), as well as real-world
applications of science (e.g. “"With DNA, you
can find out if someone is family.”) (see wble,
below. and tables 53 and 54). Bevond these pri-
mary outcomes, girls also noted learning labo-
ratory techniques (e.g. *1 learned how to do a
soil analysis™) and how to use scientific equip-
ment. a need for girls that has been docu-
mented (20). Although not an explicit learning
objective, laboratory safety was also a notable
learning outcome.

The “fun™ aspects of workshops, the op-
portunity to leam new things, and social inter-
action with peers were all cited as things liked
about the workshops (see table, below, and
tables 83 and S35). These responses are fre-
quently cited by youth as reasons for partici-
pating in informal learning programs (/2). As
such. we feel successtul in having met our
objective of creating a positive association
with science.

Although important, fun alone is not
enough. We also strive to instill in girls a life-
long desire lor learning. The number of re-
sponses focused on the program’s campus loca-
tion is clear indication that this other primary
objective has been met (see table. right, and
tables 52 to 53). Besides being able to cat in the
campusdming hall. girls liked being ableto “see
what college is like,” “feeling more grown up.”
and interacting with college students. About
3a ofrespondents indicated that this was their
first visit to a college campus (table S2).

Although encouraging. these results cannot
tell us whether girls who participate in Magic
of Chemistry maintain an interest in science.
Evaluation of long-term effects is a challenge
of informal programs (20)). Because interest
levels have been shown o increase the longer
students participate ininformal programs (2/).
some insight, albeit anecdotal, may be gar-

nered from participation rates in Magic of

Chemistry: About 29% of girls participated in

21 MARCH 2008 WVOL 319 SCIENCE

B Letier [ Polymer [ Color

N III
0-

Sclence Interest

Percentages of girls with interest in
learning more about science and
science careers (n = 911).

more than one workshop; 1% participated in
three (table $6). Furthermore, a continuing
interest in science has been
cited as a reason by former
participants who later volun-
teer to help with the program
(table S7)., Other anecdotal
support comes from parents
and teachers who have wit-
nessed girls displaying a more
notable interest in science
following participation.  Of
course, a longitudinal study of
participants would provide bet-
ter evidence of the program’s
effectiveness at inspiring a long-
term interest in science,

Portability
Magic of Chemistry has been successfully

adopted at three other institutions of

higher education in Missouri and Kansas
(22}, and the workshops are being used as
a science enrichment activity for a mixed-
sex, public elementary school audience.
Portability is facilitated by the use of pro-
gram kits (§) and the 3-vear workshop
eyvele. The only real restriction caused by
adopting the Magic of Chemistry is the age
croup it addresses.

Conclusions

Magic of Chemistry educates young girls
about science and, more important, encour-
ages their interest in scientific discovery at a
critical time in their educational development.
Informal programs such as this one can help
break down the walls between the formal edu-

Response categories Percent of responses .

Learned

Activities and experiments 60
Scientific facts and concepts 46
Laboratory technigues 41
Results of experiments 24
Understanding of scientific work 14
Real-world applications of science 10
Safety in the laboratory 5
Liked

Food 52
Fun 25
Leaming 25
Experiencing campus life 1%
Social interaction with peers 19
Interacting with coblege students 10

Responses to open-ended questions. Girls were
asked 1o respond to two questions: “What are two
things you learned from the Magic of Chemistry
activities?” and "What are three things you liked
most about attending a special event at the
University of Missouri?” (n = 967).

cation system and the studems” real life, bring-
ing context to one and insights to the other.
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Detailed Differences

Stefan Leutgeh

ur subjective experience might tell us

that events are unprecedented. even

though many situations that we
encounter from day to day have prominent
similarities and may only differ in important
detal. To form separate memonies for each
day and for the many events that occur within
a day. it 1s thus necessary to keep them distinet
by somewhat ignoring the similarities and
emphasizing the differences. Evidence for
such a process, called "pattern separation,”
has been found to occur in the hippocam-
pus—specifically, the dentate gyrus and CAJ3
regions—in the rodent brain (/-35). On page
1640 of this issue, Bakker er af. (6)
report that the human dentate gyrus
and CA3 regions have the same func-

tion, evidence that the contribution of "
the hippocampus 1o memory process-
Ing is common across mammalian
species, including humans,

To test whether pattern separation
can be found in the human medial L

temporal lobe, a brain region that is
central to memory storage (7) (there
are two lobes, one each on the lefi
and right hemispheres of the brain, \
and each contains a hippocampus), '
Bakker er al. used functional mag-
netic resonance imaging (IMRI) to
investigate the incidental encoding
of visual images by human subjects.
While being scanned. subjects were
shown images that were initially new
to them and were then repeated alfter
approximately 30 other images had
been shown, In this design, greater
brain activity was seen within the )
medial temporal lobe during the first
presentation of the images, whereas
such activation was lower in these
same rewions when an earlier stimulus
was repeated (neither observation is
surprising nor unexpected for this
standard procedure).

Bakker er af. then varied the
approach, using visual stimuli that
were very similar, but not absolutely
identical, to those previously pre-

Memory is in the details. The dentate gyrus (DG) and CA3 regions in the
human and radent brain function in distinguishing stimuli (or events)
that may otherwise seem similar. In rodents, two distinct processes in the
DG and CA3 select different neuron activation patterns for each sensory
input and location.

Kavli Institute for Systems Meuroscience and
Centre for the Biology of Memory, Norwegian
University for Science and Technology, 7489
Trendheim, Norway. E-mail: stefan_leutgeb@
nlnu.no

sented, [P the subjects were lured into thinking
that an imperfect copy was identical to a pre-
viously shown stimulus, they would respond
as if it were an exact repetition. If they suc-
ceeded in detecting the small difference, they
would recognize the slightly altered stimulus

as new and would display brain activity of

similar amphitude as during the first presenta-
tion ofa visual stimulus—a so-called “novelty
signal.” The authors found that only two areas
embedded in the lefi and right dentate gyrus
and C A3 regions of the hippocampus detected
imperfections and responded with a novelty
signal to the slightly altered replicas.

Subjects Visual stimulus

I:Lur,aliun A

ianalinn e

(Lucalim B

Neuronal processing
to identify similarities
and differences

Brain imaging shows that, as in other animals,
the human hippocampus has regions that help
us keep our memories from becoming jumbled.

In combination with earlier studies n
rodents (/-3), the current findings show a
striking convergence in identifving a common
function for the hippocampal dentate gyrus
and CAJ regions across mammalian specics,
All these studies identify pattern separation
processes in specific neuronal populations in
these regions. However, as a consequence of
not being able to resolve neuronal activity
between these two subregions with the cur-
rently available technologey, Bakker er al. have
actually detected pattern separation in the
combined activity signal from both areas, The
relative role of either region therefore has
not yet been directly observed
humans, as it has in rodents (see the
figure). Theoretical studies (apply-
ing 1o all mammals) have pointed to
a pronounced influence of the den-
tate gyrus on CAS3 at the time of new
leaming of a separate pattern (5 /10),
which suggests that these areas may
be functionally coupled at the ime of
recording a novelty signal, as in the
current IMRI study,

By contrast, recent studies in
rodents have shown that pattern sep-
aration may not be based on a uni-
tary network mechanism—that i,
the one-on-one activation of CA3
neurons by dentate gyrus neurons:
but rather might rely on two types of
neuronal processing activities
these regions. The rodent dentate
gyrus shows a more pronounced
encoding of differences between
similar sensory input patterns that
oceur at a single location (4). CA3
adds another laver of pattern separa-
tion that effectively distinguishes
different locations by activating dif-
ferent newronal subpopulations
{2—). The latter mechanism sug-
oests that pattern separation 1S auto-
matically achieved by neuronal net-
works that can activate a randomly
selected set of CA3 neuwrons at each
new location. If such new actvation
of cells is initially not bound to com-
mon sensory features (/ /), 1115 an
efficient process to distinguish stim-
uli or events that would otherwise
share a large number of common
sensory feamres.
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It is not vet clear what the precise cellular
mechanisms are. in humans or other animals,
that generate novel and separate neuronal
firing patterns (the composition of electri-
cal impulses that neurons discharge when
excited by a stimulus) for images that share
a striking number of common features.
However, the mechanisms require that neu-
ronal firing is initially not strongly influenced
by the large number of visual features that
are shared between similar images ([ 2). It
also remains to be determined whether neu-
ronal processes that accentuate differences
between sensory mputs in humans could be
mechanistically related to those that select
new, random neuronal firing patterns for spa-
tial locations in rodents.

If such strong pattern separation is not
available in other cortical architectures of
the brain, it could be one of the defining
processes that make the hippocampus and its

connected regions in the medial temporal
lobe essential for automatically recording
detailed memories in humans and other mam-
mals, [t will therefore be important to address
whether any related separation ol sensory
inputs also oceurs outside of the medial tem-
poral lobe, although such processes might be
more difficult to identify ifthey are not bound
to novelty signals in the same way as in the
hippocampus. Conversely. it will be impor-
tant 1o find how patiern separation and nov-
elty signals might be integrated in the dentate
gyvrus and CAJ3 and across the entire medial
temporal lobe to give rise w memory for
detanled ditfferences but still let us see the big
picture. Although these guestions are chal-
lenging to address even in animal models, the
lindings of Bakker ef al, have paved the way
for a new category of imaging studies that can
investigate neuronal network mechanisms in
the human brain.
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ATMOSPHERIC CHEMISTRY

Rethinking Ozone Production

Paul 0. Wennberg' and Donald Dabdub?

ore than a hundred million people

live in cities that ful w meet inter-

national standards for air quality.
Efforts to improve conditions in these urban
arcas have usually focused on reducing
emissions of reactive hydrocarbons (such
as unbumed gasoline vapors). nitrogen oxide
free radicals (NO and NO,. together known as
NO, ). and primary and secondary sources of
particulate matter (such as diesel smoke
and sulfur dioxide). Control strategies have
changed over time in response to evolving
understanding about atmospheric photochem-
istry and the impact of urban emissions on air
quality downwind of cities (/. 2). The results
reported by Lieral. on page 1657 of this issue
(3) may require another rethinking of these
control strategies,

There are three essential ingredients for
producing ozone, Oy, in urban atmospheres:
sunlight, NO_. and hydrocarbons (see the first
Figure). Ozone production chemistry is initi-
ated when hydroxyl free radicals, OH, are pro-
duced from water vapor. Classical theory sug-
gests that the O-H bond in water is broken by
excited-state oxygen atoms produced in the

g alifornia Institute of Tedhnology, Pasadena, CA 91125,
UsA. E-mail: wennberg@caltech.edu 3Depa iment of
Mechanical and Aerospace Engineering, University of Cali-
fornia at Invine, Invine, CA 92697, USA. E-mail: ddabdubg@
udi.edu
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photolysis of ozone. In the atmosphere, OH
oxidizes hydrocarbons to produce peroxy rad-
icals, RO, (where R is a hydrogen atom or car-
bon-containing fragment). In the presence of
NO_. the RO, radicals convert NO to NO,:
subsequent photolysis of NO, yields O,.
When sufficient amounts of MO are available,
the chemistry is catalvtic: For each OH pro-
duced from water. many hydrocarbons can be
oxidized and large amounts of ozone pro-
duced. However. when NO, levels become
high, the loss of OH to nitric acid, HONGO,,
slows the reactivity, and the rate of ozone pro-
duction drops. As a result, in many cities,
including Los Angeles. ozone levels are gen-
erally higher on weekends, when NO, levels
are lower due to the lack of truck traffic.

Li er el add another level of complexity o
the story. In laboratory expeniments, they
show that excited-state NO, (denoted NO,¥)
may also break the O-H bond in water, vield-
ing OH and HONO, NOL* s produced in the
atmosphere when NU—I absorbs sunlight
between 400 and 650 nm. Li er af. find that for
typical urban conditions, | in 10,000 of the
NO,* molecules produced reacts with H,O o
produce OH and HONO. Despite this low
efficiency, the rate of OH production from
NO,* in urban atmospheres can be compara-
ble to the classical OH source (ozone photoly-
sis). The amount of OH produced from NO,*

Laboratory data suggest that atmospheric
models are missing a source of hydroxyl,
which plays a central role in tropospheric
ozone production.

HONO, Sunlight, H;0
=l . <3150m o
3
NDZ ﬂz

Ozone chemistry. When NO and NO, are present,
0, is produced in the catalytic oxidation of hydrocar-
bons by the OH radical. Classical theory suggests
that the chemistry is initiated when OH is produced
after the photolysis of azone in the presence of water
vapor (purple). Li et al. find that the O-H bond in
water can also be broken by excited-state NO, (red).
This chemistry increases the amount of OH and thus
0, production.
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More pollution? Photochemical simulations for 27 to 29 August 1987 in the South Coast Air Basin of
California were obtained with and without including the OH source from NO,* described by Li et al. Shown
are the percentage increases in ozone concentrations in the afterncon due to the NO," chemistry.

scales linearly with the amount of NO, in the
atmosphere. The net result is that the calcu-
lated ozone production rate is higher. In addi-
tion, the maximum ozone production rate
occurs at higher NO_ concentrations,

We have performed model simulations
of air quality in the Los Angeles basin for a
typical summer smog episode (4, 5) both
with and without the NO,* source of OH.
With the NO,* source, ozone concentra-
tions are calculated to be much higher
throughout the city, with increases of up o
55 parts per billion: percentage mereases in

ozone concentrations are as high as 30 1o
40% (see the second figure). The most
affected area is downwind of the city, near
Riverside, where NO_ is most abundant.
Aerosol levels are also affected, especially
near Riverside, where small particle con-
centrations (diameter <2.5 pm) increase by
20 pe/m?,

Our simulations that include the NO,* OH
source generally overestimate the observed
distribution of (), in Los Angeles. Is it possible
that the rate constant reporied by Li et af. is too
large? Perhaps. Following a suggestion by Paul

PERSPECTIVES

Crutzen that the reaction of NO,* with H,(
might be important, Crowley and Carl studied
this chemistry a decade ago (6). They found
that the rate of the reaction with H, 0 was more
than an order of magnitude slower than deter-
mined by Li ef al. When we used this slower
reaction rate in our model, we obtained a
smaller, but still significant, air quality impact:
Orone concentrations increase by up to 10
parts per billion and the small-particle concen-
tration by up to 10 pg/m?*.

The experimental approach used by Li
er al. differs slightly from that used by
Crowley and Carl, but it seems unlikely that
this alone explamns the different findings. We
find no obvious problem with either study,
Given the potential importance of this chem-
istry and the high sensitivity of atmospheric
models to the reaction of NO,* with H,0,
further investigation is clearly needed.
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MATERIALS SCIENCE

Who Wins the Nonvolatile

Memory Race?
G. . Meijer

he semiconductor indusiry has long

soughta high-density. high-speed, low-

power memory device that retains its
data even when the power is interrupted.
Therefore a concept called resistance-change
memory, in which a change in how easily cur-
rent can How through a matenal is exploited to
store a memory bit, has recently sparked sci-
entific and commercial interest. Can this con-
cept surpass the performance of state-of-the-
art devices?

IBM Research, Zurich Research Laboratory, CH-8803
Riischlikon, Switzerland. E-mail: inm@zurich.ibm.com

DRAM (dynamic randome-access memory),
which is omnipresent in today’s computers,
must be powered continuously to keep its
memory state. So-called flash memory. on the
other hand is nonvolatile, but this advantage
comes at the price of' a slow write speed and a
limited number of write/erase cycles. Flash
memory therefore cannot be used in a com-
puter’s maim memory, which must frequently
be rewritten. Instead, fash technology is
restricted to applications that require neither
high speed nor unlimited endurance, such
as solid-state hard disks and storage media
for digital cameras and cellular phones.

New memaory concepts may lead to computer
systems that do not require a lengthy start-up
process when turned on.

Monetheless, flash memory represented about
a third of the USS 60 billion memory market
in 2007,

Tradinonal memory technologies are rap-
idly approaching miniaturization limits as the
industry moves toward memaory cells with 22-
nm lateral features projected for 2016 (/). The
reason is that they are based on charge stor-
age—and it becomes increasingly difficult to
reliably retain sufficient electrons in these
shrinking cells. Magnetic and ferroelectric
random-access memorics, which are currently
used in niche markets. share this struggle with
scaling, Or, o adapt the famous quote from
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Feyaman (2): There isn’t plenty
of room at the bottom anymore.

Nonvolatile memory con-
cepts aimed at the horizon
beyvond 2013 are based on resist-
ance change rather than charge
storage (see the figure), They
include (1) phase-change mem-
ory in chalcogenides, (11) pro-
grammable-metallization-cell
memory in solid electrolvies,
and () resistance-change mem-
ory In transition=-metal oxides.
But which of these three candi-
dates 1s the most likely to win
the race?

The most mature candidate is
phase-change memory. Pioneered
by Ovshinsky inthe 19605 (3). 1t
has gamered significant interest
over the past few vears and is
now being actively pursued by
all leading chip makers. Phase-
change memory relies on a resistance change
between the ordered crystalline state and a
disordered amorphous form of a chal-
cogenide material such as Ge,Sb,Te,. Elec-
trical heating momentarily melts a small vol-
ume of the chalcogenide at about 600°C,
which then, depending on the amplitude and
duration of the electrical signal applied,
solidifies into a crystalline low-resistance
state or into an amorphous high-resistance
state (4). These states represent the 15 and 0s
of stored digital data.

The key ingredients of the second candi-
date. programmable metallizaton cells, are
maobile metal ions embedded in an electrolyvte
glass matrix. for example. Ag or Cu in GeSe
(3. 6). Electrical pulses of opposite polarity
applied to these memory cells switch the
resistance between a low- and a high-resist-
ance state, Electrochemical reduction and oxi-
dation of the metal 1ons in the glass leads o
creation and annihilation of a nanoscale
metallic protrusion that forms a bridge
between two electrodes.

Resistance-change memory in transition-
metal oxides, ranging from perovskites such
as SrTi0; to binary oxides such as NiO, has
attracted the interest of the research commu-
nity ( 7-9). In this third contender, electrical
pulses of opposite polarity switch the resist-
ance reversibly between a high- and a low-
resistance state. The resistance switching was
initially thought to be of electronic nature. for
example, related to strongly correlated
electrons in the transition-metal oxides or to
charge trapping near the electrode interface.
However, in view of the wide range of materi-
als exhibiting this effect, an altogether differ-

State 1 conductive

State 0 resistive
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endurance of ultimately scaled
devices. Hence. we need exper-

iments elucidating the melting

A A L1
ayanea

and recrystallization behavior
of nanoscale-volume chalco-
genide glasses when interface
effeets start to prevail.

The other two candidates
are at a “proof-of-concept™
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stage. which makes reliability
assessment somewhat prema-
ture. For programmable metal-
lization cells. the robustness of
the cyeling endurance and
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Resistance-change memory concepts. (Left) Phase change between a orystalline
and an amorphous Ge,5b,Te, chalcogenide. (Middle) Creation and annihilation of a
metallic Ag protrusion in a GeSe solid electrolyte. (Right) Creation and disruption of
a pattern of missing oxygen atoms in a SiTi0, transition-metal oxide. Background
pattern shows a micrograph of a semiconductor waler with 5T, memory devices.

ent physical mechanism seems more likely.
What all these materials have in common is a
mixed-valence transition-metal ion ( Ti*-Ti,
for example) and mobile oxygen vacancies.
Movement of oxygen vacancies in the applied
electrical Field probably plays the dominant
role (/11). This oxygen-vacancy drft modu-
lates the valence of the transition-metal ion
and thus the conducting state,

How do the attributes and challenges of

these contenders compare? All three have the
potential of excellent scaling to the projected
32-nm lateral device features in 2013 and
bevond. For programmable metallization
cells, for example, researchers demonstrated
that a metallic bridge can be scaled control-
lably down to 0.5 nm (/). A simple memory-
cell structure (one-transistor/one-resistor or
one-diode/one-resistor), combined with mul-
tiple-bits-per-cell storage. also guarantees a
competitive storage density. In addition, the
relatively fast write time (10-ns range) satis-
fies the requirements for a flash and DRAM
replacement. Low-power operation is a chal-
lenge mainly for phase-change memory—an
issue. however. thatis alleviated as the devices
vet smaller. It is expected that the power dissi-
pation required to melt the chalcogenide vol-
ume can be further reduced by appropriately
tailoring the chalcogenide properties and
memory-cell design (/2).

The commercial success of the three con-
tenders will hinge on reliability. especially as
moving atoms around in the memory cells
causes degradation and data-retention issues.
Phase-change memory is the technology that
is furthest advanced. with demonstrated man-
utacturability (/3). A risk factor is the cycling

Metal oxide

data-retention time at elevated
temperares must be addressed,
For resistance-change memory
in transition-metal oxides, the
key challenge is reducing fluc-
tuations in the switching para-
meters. A direct proof of whether
OXYLZEN VACANCIES are responsi-
ble for the resistance switching
would be crucial. On the other hand the tran-
sition=-metal oxide concept offers compelling
advantages in terms of compatibility with
microprocessor fabrication technology. In
addition, transition-metal oxides with their
rich properties could possibly provide
superior alternative resistance-change effects
that are of electronic natre, One could envi-
sion memory effects based on, forexample. a
bandwidth-controlled metal-insulator-tran-
sition of Mott insulators ( /4), which 15 a first-
order transition and exhibits a hysteresis,

Phase-change memory has emerged as the
direct challenger of flash memory and mavbe
eventually also of DRAM, but it remains 1o be
seen which approach will be the first to make
its commercial debut,
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A Protoplasmic Kiss to Remember

Martin Korte

apturing and storing information in an
efficient and long-lasting way is a
tremendous task for the brain: While
processing a continuous flow of sensory infor-
mation it must store memories, sometimes for
a lifetime. Whant are the cellular foundations of
this long-term storage capacity in the brain?
One hypothesis 1s that functional changes
in peurons are transformed into structural
changes. The psychologist Donald Hebb pro-
posed that both processes could be imple-
mented if information is stored in connections
{ synapses) between neurons rather than within
a single cell (/). On page 1683 in this issue
Tanaka er al. (2) tackle the question of how
functional changes are transformed into struc-
tural changes. Remarkably, it i1s the smallest
element of a neuron’s architecture—the den-
dritic spine—where these critical structural
changes oceur.
A neuron may contain many
spines, branched protoplasmic
extensions from dendrites that
form synapses with other neu-
rons, Spines conduct electrical
signals when stimulated by con-
necting. presynaptic neurons (as
pccurs among pyramidal neurons
in the mammalian hippocampus ).
Spine density, as well as the shape

mate, At the same time, postsynaptic electrical
activity (spikes) were induced. Using this
paired protocol. the authors observed a gradual
and persistent enlarzement of the spine head
only when postsynaptic spikes were precisely
correlated with glutamate release (see the fig-
ure). This enlarcement occurred only in single,
activated spines. Because ol the high accuracy
of glutamate uncaging by a precisely pointed
laser beam (two-photon microscopy), neigh-
boring spines were not affected. The electro-
physiological results showed an increase in
funcuonal changes of svnapses as well (glun-
mate-inaduced currents in spines were larger).
In addition, whereas the spine-head volume
increased with the paired protocol, the spine
length was reduced. At the same time, the
spine neck increased in thickness, making the
spine environment less isolated from the
underlying dendrite. The observed high cor-
relation between pre- and
postsyiaptic activity agrees
with the Hebbian rule that

NEURON e el ]
timing (associativity) ol

; activity and input speci-
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During establishment of long-term memory,
protein synthesis, requlated by neurotrophins,
affects the morphology of synaptic structures,

changes, also referred to as spike-tim-
ing-dependent plasticity ().

Protein synthesis can regulate synaptic
plasticity ( 5). and indeed, Tanaka er af. could
block the enlargement of spines by inhibiting
protein synthesis. In addition. the authors
show that the neurotrophin brain-derived
neurotrophie factor (BDNF) 15 necessary and
sufficient w0 mduce long-lasting structural
changes at dendritic spines. BDNF and its
receptor, TrKB. are not only important modu-
lators of activity-dependent synaptic plastic-
ity (4), but maintain synaptic plasticity as
well (7). Tanaka et al. focused on postsynap-
tic changes. as earhier studies have done (&),
and conclude that BDNF release from a post-
synaptic neuron depends on postsynaptic
spiking. suggesting an autocrine function of
BDONF. But they could not show the release of
BDMF directly, due to the low abundance of
BDNF in the brain (¥). Other explanations for
requiring this factor are possible. For exam-
ple. BDNF can act presynaptically as well as
postsynaptically (/). and therefore could
change synaptic function and morphology
on both sides of the synapse, Alternatively,
because the TrkB receptor can also be acti-
vated by another receptor type in the spine,

and extent of a neuron’s dendritic Glutamate ™, ™ . . & " . = »
arbor, strongly influences neu- release ye® 1 | . -\ . * Pre&y:apti:
ronal function and, in turn, is pro- W L — & * “Glutamate et
foundly influenced by neuronal ti.‘,- St v ;,, »
activity (3). Despite the wealth of ' \ . § _HMDA i
data showing that neuronal activ- ", o - SPine -
ity controls the morphoelogy and H e
function of neuronal networks, - | ® BONF
the cellular and molecular mech- TrkB ?g A
anisms that translate activity nto iy ¥ _
long-lasting structural and func- No signaling Wdinheane r— ' Tr:B .
tional changes have remained depolarization Signaling
largely unknown, Tanaka ef af. observe func- 4
tional plasticity and structural changes at sin- 1 Activates protein synthesis
gle spines. without affecting neighboring No spine growth
spines, and unravel some of the underlying :
ni:nlcuulur mechanisms. ks 0 PR T0caEs

Tanaka er al. stimulated single spines of  DENORIE No postsynaptic Glutamate release together with

electrical activity postsynaptic electricity activity

cultured rat pyramidal neurons by repetitively
exposing them to the neurotransmitter gluta-

Zoological Institute, Division of Cellular Neurobiology, TU
Braunschweig, D-38106 Germany. E-mail: m.korte@
tu-bs.de

Spine growth and memory. When glutatmate binds to postsynaptic N-methyl-p-aspartate (NMDA) receptors
in the dendritic spine membrane, and postsynaptic electrical signals are induced, there is a coincidence of
pre- and postsynaptic activity. Only then is BONF released in high amounts by the postsynaptic neuron,
activating TrkB receptors in the spine. This initiates local protein synthesis necessary for structural changes in
the spine, which may be linked to the formation of long-lasting memaries in the hippocampus.
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such as a G protein—coupled receptor (1),
TrkB could act as a coincidence detector
of modulatory synaptic input and BDNF
release. Nevertheless, the link between BDNF
and possible local protein synthesis is impor-
tant ( /2). as the latter 15 the bottleneck for the
persistence of synaptic plasticity. Future
research will need to determine if the newly
manufactured proteins not only change the
shape of a spine. but also “tag™ a synapse for
turther actuvity-induced changes (/3), or
ensure that plastic processes can happen in
the futre (/4).

It remains to be shown how TrkB receptor

signaling can influence the cyvtoskeleton of a
spine to change its morphology by regulating
local protein synthesis. Tanaka er af. had
to supply neurons with the cytoskeletal pro-
tein [f-actin to observe the gradual spine
enlargements, Ultimately. data from cultured
neurons will need to be integrated with data
obtained in vivo,
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Are Volcanic Gases Serial Killers?

Bruno Scaillet

olatiles released by volcanic erup-

tions are often cited as a possible

cause of major environmental changes.

On a decadal time scale. at least, the connec-
tion between voleanic eruptions and climate
was firmly established afier the 1991 eruption
of Mount Pinatubo, Philippines, whose
climate aftermaths have been extensively
documented and modeled (/). The remaining
debate concerns the effect of magmatic
volatiles on long-term climate trends (2). On
page 1654 of thisissue, Selfer af. (3) fill inthe
picture of what gases have been released by
volcanoes, and how much. during the so-
called Mood events. Such events are the most
important voleanic eruptions that occurred on
Earth. They are produced by mantle upwelling
and its partial melting. resulting in massive
basalt (a4 magma poor in silica) outpouring
with volumes often exceeding | million km’.
Earth volcanic activity is one of the two
leading scenarios proposed to explain the pat-
tern of mass extinctions in the Phanerozoic
(the last 545 million vears). the other involv-
ing asteroid impacts (). To assess the vol-
canic hypothesis. we need w know the age and
duration of volcanic events and the mass and
nature of volatiles being released. Although
decisive progress has been made in recent
yiears concerning age and duration. confirm-
ing the geologically narrow interval (less than
I million years) during which most flood
basalt is discharged (5). almost no informa-
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tion is available on the latter aspecis. As a
result, the volatile yields of voleanic activity
have been estimated by assuming that the
volatile content of lood basalts is similar o
that of their moedern counterparts at mid-
ocean ridges. However, there is no a prior rea-
son why this should be so,

Self ¢r al. (3) report the first analyses of
sulfur in glass inclusions found in the Deccan
basalis in west-central India. These ancient
eruptions have been proposed by some as one

+ U.'.!z + CHd

&,
=
&

Environmental consequences of ancient
eruptions can be estimated by analysis of
glass inclusions trapped in minerals present
in lava flows.

of the important players of the Cretaceous-
Tertiary mass extinction (6). The finding
demonsirates unambiguously that the capac-
ity of Decean basalts o discharge sulfur into
the atmosphere was similar to that of present-
day erupting basalts. Trivial though this picce
of evidence may seem. it now allows us to
use with some conhidence climate scenarios
derived from the study of recent basalt out-
bursts. such as the 17831784 Laki eruption
in Iceland ( 7). as a proxy for the likely envi-
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Volatile situation. The mantle plume hits the base of the crust, whether oceanic or continental, which, via
dykes intrusion, heats up, and eventually partially melts, producing magmas rich in silica {rhyolites). Local
basalt accumulation in the upper crust produces reservoirs whose cooling may also yield rhyolite. Both
basalt and rhyolite magmas, in addition to crystals hosting melt inclusions, may contain gas bubbles (inset)
in which some volatile species (HCI, HEr, CO,) may be concentrated. Heating by magmatic intrusions may

release CH, or (O, species.
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ronmental consequences related 1o ca-
strophic flood events (&), albeit on a much
smaller scale.

This understanding of volatles from the
work of Self er al., although clearly a decisive
step forward, is far from complete. however.
The authors have reasonably focused on quan-
tifying one of the species to which climate is
highly sensitive. Sulfur, along with CO,.
indeed reigns supreme in almost all models
proposed so far to correlate mass extinctions
with flood events, although each has opposite
effects (2). Other volatiles may also have
altered the climate., however, in particular
halogens (F, CL Br, I). In addition to having
regional devastating effects (¥), halogens may
dramatically affect both tropospheric and
stratospheric chemistries, with severe impacts
on the ozone laver.

According to Self et al., the Deccan basalts
were quite rich in Cl, and possibly in other
halogens as well, as compared to their oceanic
counterpart. Yet. their derived lgure of 1 Ty
(10" g) of HCI per km’ of erupted magma
may well be a lower bound. Some researchers
have proposed on the basis of calculations
that basalt-forming floods may have been
extremely H,O and CO, rich. with combined
amounts of up to 4 weight % (10). A conse-
quence of such an elevated volatile content is
that basalts may be saturated with gas at depth
{see the figure), in which case the gas phase
will store a considerable. if not dominant, pan
of the halogen budget. a factor not considered
in climate models. Yet, given the colossal
amounts of magma erupted. the amount of
halogens delivered to the atmosphere may
have been dramatic as well, and it is not cer-
tain that lessons derived from the Pinatubo
eruption ( /1), which was three orders of mag-
nitude smaller than the Deccan eruptions,
equally apply to flood events, Quantitative
evaluation of the amounts of F, CL, and Br
released during magmatic ood activity, and
of their possible effects on atmospheric chem-
istry, should be a priority for future research,

Several uncertainties remain, unfortu-
nately. So far, attention has been focused on
the volatiles released by the basalt component.
Yet. the composition of several flood pro-
vinces has two peaks (/2), with a more or less
prominent silicic component. whose volatile
vield must also be evaluated. Contrary to the
perceived wisdom (2), it has been shown that
some silicie floods may have propelled enor-
maous amounts of sulfur into the atmosphere,
equivalent to those released by basalt (£3).
The reason lies in the different modes of
silicic magma flood production, which in
turn depend, among other things. on the locus
of plumes that give rise w flood magmas

{ beneath the continental or oceanic crust), and
on the frequency of basalt intrusion in the
crust ( f4). A last complicating factor 1s due to
thermal effects of basalt intrusion on erustal
rocks: Upon heating, these may release addi-
tional volatiles such as CH, (15) or CO, (16).
in amounts much larger than the pristine con-
tent of the magma,

Thus. the geological evidence suggesis
that the volatile-induced climate response to a
tflood event may not be unique, and the above
list of potential influential factors has to be
evaluated on a case-by-case basis. The possi-
ble larae variation in release of volatiles from
flood basalt eruptions offers an explanation as
to why some of these massive magma out-
bursts are associated with worldwide biologi-
cal crisises while others are not (2). Besides
highly precise geochronological and mass
data, the complete elucidation of this particu-
lar volcano-climate connection needs careful

and detailed petrological understanding of

magmas erupted and of the rocks they have
passed through. in addition to the determina-
tion of how the eruptions occurred. When
such a consolidated database is available for
cach of the dozen or so flood sequences so far
documented, then climate models may come

PERSPECTIVES

o play and tackle the environmental conse-
quences associated with these massive
magma floods that have punciuated the last
350 million years. Then. and only then, will
the geological community be in position to
prove either nght or wrong that putative causal
link between mass extinctions and voleanism,
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Titan's Hidden Ocean

Christophe Sotin' and Gabriel Tobie?

Data from the Cassini-Huygens mission indicate that an ocean may exist beneath the solid surface

of Saturn’s moon Titan,

hen the Cassini-Huygens mission

began to obhserve Saturn’s moon

Titan in 2004, its surface was
believed to be covered by a global hydrocar-
bon ocean. Yet the first radar images of its
surface, taken by the Cassini spacecraft in
October 2004, together with the data col-
lected when the Huygens probe descended 1o
Titans surface in January 2005, showed
most of it to be solid. Since then, geological
features such as dunes. channels, lakes,
impact craters, and putative cryo-voleanic
structures have been documented. Three
vears after their discovery, Cassini s starting
to observe these features for a second time.
On page 1649 of this 1ssue, Lorenz ef al.

et Propulsion Laboratory, California Institute of Tech-
nology, Pasadena, CA 91109, USA. E-mail: csoting
jpl.nasa.gov ! aboratoire de Planétologie et Géo-
dynamigue, Université de Nantes, 44322 Nanles, France.
E-mail: gabriel tobie@univ-nantes.fr

report a systematic drift of these features,
which leads them to conclude that Titan has
an ocean buried below several tens of kilo-
meters of 1ce (/).

Titan™s dense methane-rich atmosphere
makes it impossible to see the poles and use
them to determine the spin axis. Scientists
have assumed synchronous rotation ( Titan
always present the same face to Saturn) and a
spin axis perpendicular to the rotation plane
of Titan around Saturn. However. using this
reference frame, features observed by the
Cassini radar instrument For the second time
were displaced by several tens of kilometers.
Using these data, Stles ef al. (2) have shown
that Titans obliquity is about 37 and that
Titan spins 0.36% per vear faster than
synchronous spin. In 2005, Tokano and
Neubauer ( 3) predicted Titan's spin rate
vary, because angular momentum 15 ex-
changed between the atmosphere and the icy
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Atmosphere
lce IiMethane clathrate
Liquid water
High-pressure ice
Rocky core

=== Hadley cells
Averaged tonal wind near the surface

2004-2006

NORTH WINTER

Exploring Titan. (Top) Titan orbits around Saturn within about 16 terrestrial days, as shown. Titan and the saturnian
system travel around the Sun in about 30 years, and it 15 the erbit around the Sun that controls the seasonal cycle on Titan
due to the obliquity of the Titan-5aturn system. Lorenz ef al. suggest that an ocean may exist below the solid surface of
Titan (see cut-open section), but other explanations of the observed resulis cannot yet be ruled out. (Bottom) During the
nominal Cassini mission, it was winter in Titan's northern hemisphere (left). Seasonal vanations of wind directions near
the surface would explain why the observed spin rate is nonsynchronous, as discussed by Lorenz ef al,, whose model
predicts variations in the direction of the winds that affect the spin rate. These predictions may be checked if the Cassimi

VERNAL ECQLINGX

16 days

20162017

MORTH SUMMER

mission is extended to cover the vernal equinox (middle) and the northern summer (right).

crust as the global wind circulation 15 season-
ally modified (see the figure). Such a varia-
tion would not exist if the erust were coupled
to the internal solid core,

Lorenz et al. now make the link between
the mode] predictions (3) and the observa-
tions (2) and conelude that an internal ocean
of liguid water 1s present. This hinding 15 1n
agreement with previous models of Titans
evolution (4, 3) that predicted an ammona-
rich deep ocean. If the presence of an ocean
15 confirmed, Titan would be the fourth
object in the solar system with a deep
ocean, after the Galileo mission found such
liguid layers in Jupiter’s moons Ganymede,
Calhisto, and Europa, Large reservoirs ol
water, a condition for life to form and
develop, are thus a common feature in the
solar system.

However, the observations and model
predictions do not correlate very well [see
figure 2 in( /)]. The discrepancies may result

21 MARCH 2008

from an mcomplete description of the sea-
sonal atmospheric eyele and/or from effects
in Titan's interior (). Gravitational inter-
action with the deep interior and the gravita-
tional field of Saturn could reduce the free
motion of the icy crust and delay s differen-
tial rotation. Such gravitational couplings

result from the nonspherical shape of

the shell, which is elongated by tidal forces
nduced by Saturn. For highly viscous ice,
the tidal bulge would point exactly to Saturn,
prohibiting any motion of the crust relative
to the reference system. The observed drift
reported by Lorenz ef af. indicates that the
motion is permitted: hence. the mean vis-
cosity of the lower crust must be low enough
for the tidal bulge to remain pointed to
Sawrn, whereas the entire crust drifis east-
ward or westward depending on the season.
The observed spin rate thus suggests not
only the presence of an internal ocean. but
also a soft lower crust.

VOL 319 SCIENCE

Alternatively. recent results by
MNovelles et af. (7) suggest that the
apparent faster rotation of Titan may
be the consequence of a penodical
motion of the pole {(wobble), on
longer time scales than the seasonal
torcing. For specific moment-of-

mertia va
the spin and wobble motions could
lead to the rotation period inferred
by Lorenz er al. Another explana-
tion may be a recent large impact,
although there 15 no evidence for a
major basin induced by an impact
event in the past 1 million vears.
Future observations by the Cas-
sint mission will help to test the
interpretation by Lorene er al. Spec-

the spin rate in the next 10 yvears can
be checked by extending the Cassim
mission (see the figure). 1 the spin
rate variations do not change in
the coming wyears, then another
process must be responsible for the
nensynchronous state of Titan.

The finding that Titan is not in
=Y nchronous rotation 15 an Impaor-
tant discovery of the Cassini mis-
sion, If the interpretation that Titan
has an internal ocean is supported
by other measurements, then Titan is
a place where organics are produced
and where houid water 15 present.
Data from Titan could then help 1o
elucidate the tormation of organic
material in an icy satellite, and to
address the question of whether this
ocean could be habitable.

With 1ts dunes, lakes, channels, moun-
tans, and eryo-volcanie features, Titan 1s
an active place that resembles Earth, with
methane playving the role of water and 1ce that
of silicates. The study of geological processes
acting on these different materials by Cassini-
Huygzens and future missions will help us o
understand the cyvele of the elements and
organic molecules that play a key role in the
formaton and evolution of hife.
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Nanominerals, Mineral Nanoparticles,
and Earth Systems

Michael F. Hochella Jr.,* Steven K. Lower,? Patricia A. Maurice,? R. Lee Penn,* Nita Sahai,®
Donald L. Sparks,® Benjamin S. Twining’

Minerals are more complex than previously thought because of the discovery that their chemical
properties vary as a function of particle size when smaller, in at least one dimension, than a few
nanometers, to perhaps as much as several tens of nanometers. These variations are most likely
due, at least in part, to differences in surface and near-surface atomic structure, as well as crystal

shape and surface topography as a function of size in this smallest of size regimes. It has now
been established that these variations may make a difference in important geochemical and
biogeochemical reactions and kinetics. This recognition is broadening and enriching our view of
how minerals influence the hydrosphere, pedosphere, biosphere, and atmosphere.

osl physical, chemical, and biological
processes on Eanh are cither influ-
enced 1o some degree or fully driven

by the propertics of minerals. But with only about
4500 mineral species presently described, not
many relative o millions ol prokaryolic and
cukarvotic species combined, their diversity and
range of influence may seem, by companison,
relatively modest. Minerals exert their influence
by constituting the bulk of this rocky planet and
having a wide range olcomposition and struclure
that is expressed inamarked diversity of physical
and chemical propentics. Now we are gaining a
much better appreciation for another aspect of
mineral diversity—that which 1s expressed inthe
nanoscale size mnge (/-3). Here, atomice and
electronic structure of nanoparticles may vary
with stze even without a phase tansformation,
and surface-wo-volume mtios change dramatical-
Iv. Such particles are minerals that are as small as
roughly | nm and as large as scveral wens of
nanometers in at least one dimension. Limiting
size in one, two, or three dimensions results in a
nancfilm {or nanosheet), a nanorod. or a nano-
paicle, respectively. Minerals can be found in all
of these shapes, although this review will
concentrate on nanoparicles. Nanominerals are
defined here as minermls that only exist in this
stze range; that 1s, one will not find their
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equivalent at sizes larger than this. Well-known
examples include cenain clays as well as iron and
manganese (oxyhydrioxides (with fermhydrite,
an iron oxyhydroxide, as a type example). Min-
eral nanoparticles are minerals that can also exist
in larger sizes, and these probably include most
of all known minerals,

The importance of cenain tvpes of nano-
minerals and mineral nanoparticles, namely clays

A A

and the smallest mineral colloids, has been
known for a long tme. What has been gencrally
recognized more recently is that nanominerals
and mincral nanoparticles commonly behave
differemly as a function of their stee within the
manoscale stee mnge. Minerml nanoparticles also
behave differently than larger micro- and macro-
scopic erystals of the same mineral. This
observation violates aspects of the long-standing,
lormal definition of a mineral. Although deli-
nitions vary somewhat, depending on the source,
the general consensus is that minerals are
maturally occurning, crvstalling substances having
2 chamcteristic and defined chemical compo-
sition (or compasitional mnge in the case of solid
solutions). For any particular composition, each
mineral expresses a set of specitic physical and
chemical properies. Nanominerals and mineral
manoparticles satisfy these crtena, except that
even with a Nixed composition, they express a
mnge of physical and chemical properties
depending on their size and shape.

QOrigin, Occurrence, and Distribution

Under the influence of cither abiotic or biotic
processes, all minerals go through a nanophase
sage during fommation, [n most cases, this stage
is transitory. But in cases where nucleation rates
are high and growth mies are slow, as well as

Fig. 1. An example of the cycle of nanomineralogy and nanogeoscience research. (A} Mineral
nanoparticles (hematite, in this case) of different sizes and/or shapes are synthesized (23) so that they can
be systematically studied. (B} Wet chemical experiments that simulate some aspect of interest in a natural
setting are run; in this case, hematite nanoparticles are used to catalyze the oxidation of aqueous Mn®*,
resulting in the formation of a manganese oxyhydroxide (23). (C) Examples may be found in nature (42)
that closely compare to systems studied in the lab (23); a Mn hydrous oxide nanomineral (a vernadite-like
phase making up the darker areas and "strings” in the image to the right; nanocrystals of this mineral are
shown at high resolution in the image to the left), which is intimately assodated with ferrihydrite (the
medium gray areas in the image to the right), contains relatively high concentrations of several toxic
heavy metals and is important in toxic metal transport in the Clark Fork River Superfund Complex in
Montana (D). With field observations, laboratory experiments are refined or created anew [back to (A)].
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where aggregated growth of mineral nanopar-
tickes (4) 1s not a dominant process, nanominerals
and minerl nanopartcles will form and can
prersist. Mineral nanophases forming under biotic
processes, or nanobiomineralization, may in-
volve bacterially dnven radox reactions of ague-
ous species associted with some edll function,
such as sequestering a toxic metal or stonng a
micronutrient, which oflen result in nanosize
minerals (3, 6). Minerl weathering also com-
monly generates nanosizcd primary or secondary
phises,

Nanominerals and mineml nanoparticles are
common and widely distributed throughow the
atmosphere, occans, groundwater and surface
walers, soils, in and/or on most living organisms,
and even within protems such as fermiin,. Their
occumence s more limited in crustal or mantle
rocks, but they do exist in these rocks, and they
can even influence deep Earth processes. Al-
though the overall mass distnbution ol nano-
minerals and mmeral nanoparticles m the Earth
system is not known at this time, the occans may
be the principal reservoir for them. Riverine,
glacial, and acolian supplics of nanopanicles 1o
the world’s oceans are large, with global
biogeochemical consequences (7, 8),

In the atmosphere, the mass of mineral dust
derived annually  from windblown arid and
sermiarid lands, and secondanly from agriculiural

e

_‘ﬁ“

0.2 nm

lands, far exceeds the average mass of mineral
dust derived from volcanic emissions, as well as
biological debrs (%), The only large atmosphenc
mputs of natral particles that rival all of these
sources are the halite and hydrous sulfate
acrosols from sca spray (J0), The wtal volume
of atmospheric miner)] panticles is dominated by
particles that are larger than 100 nm, but
numerically, most are nanoparticles less than 50

mim i size (H) The comulative surface arca of

these nanopanicles is considerably less than that
of the larger particles, but it is still noable (1),
Mineral dust, including minerml nanoparticles, is
distributed globally from s source regions by
way ol atmospheric circulation pattems, Climate
change is projected w play the key role n var-
mtions of mmeral dust ongims and distnbution
patterns of the future (12, £3)

In addition to mincral growth or weathering,
nanoparticles can be generated by mechanical
grinding associated with canhquake-generating
faults m Eanh’s crust. The presence ol fault-
related fine-grained rock fragments, containing
mincral nanopanticles down o 10 o 20 nm in
size, is likely 1o be important in fault mechanics
(14, 15). Nanominemlogy is also important in
places where the presence of nanominerals and
mincral nanopanticles would not necessarily be
anticipated. For example, nanoparticles of the
high-pressure silicates ringwoodite and wadyley-

-
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Fig. 2. Examples of how ferric iron occurs in the environment, ranging from the molecular to
macroscopic scales. (Left) Molecular ferric oxide states, including an octahedrally coordinated
monomer [hexaguairon ll (53), top] and oligomer [trimer cluster (54), bottom] with Fe** (smaller
dark red spheres), oxygen (larger light red spheres), and hydrogen (light pink spheres). These
molecules are hydrogen-terminated but should only be considered approximations of actual
aqueous/environmental states. (Middle) Polyhedral representations of 1- and 5-nm hematite
(Fe;03) nanoparticles. Each polyhedron represents an Fe** in octahedral coordination with oxygen. The
thickness of the 5-nm particle should be typically several (roughly five to seven) octahedral layers (23)
and that of the 1-nm particle should be just a few octahedral layers. (Right) (Top) HRTEM image of
hematite manoparticles from Namibia (Africa) (sample courtesy of the Smithsonian Institution research
collection); (Middle} TEM image of an unoriented aggregate of 3- to 5-nm hematite crystals (stippled
portion of the image) from an acid mine drainage site in Montana (USA) (55); (Bottom) photograph of
macroscopic specular hematite (courtesy of R. Lavinsky).
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it play a central role in deep-tocus canhquakes
at ~ 300 1o 700 km depths in Earth's mantle (/6).

Beyvond Earth, the presence of nanophase
femie oxides in martian soils and airbome dust
has been suspected for several yvears based on
data from spectral imagers onboard the Mars
Viking and Pathlinder landers, as well as ground-
bascd observations (17, [¥) In chondritic
metcorites and interplanctary dust particles,
minute concentrations of diamond nanopanicles
exist, These nanodiamonds are thought 10
represent presolar dust, likely forming in super-
novae, bul it is also suggested that they could
form dircctly in the solar nebula (/9 and in
conjunction with other star types (20), Nano-
diamonds average 3 nm in diameter, and grains
as small as 1 nm (<1350 carbon atoms) have been
observed (/9).

Changes That Occur with Mineral Size
Cumrent evidence suggests tha
mineral metals, semiconductors, and nsulatng

as with non-
nanoparticles —nanominerals and mineral nano-
paricles may show variations in their atomic
structure relative 1o larger particles and as a lunc-
tion of size in the nanoscale regime (2. 5, 4).
Many [actors may be involved in these varia-
tions, including structurally disordered, strmined,
and'or reconstructed surfaces, as well as potential
varitions in surface opography and crystallo-
graphic sutfaces that are exposed. Electronic strue-
ture variations are also expected, & observed for
many other nanomaterials.

In small mineral nanopanicles, cven the
interior structure may be appreciably aflected.
Using a combination of extended x-ray absomp-
tion fine strucure, wide-angle x-ray scatiering,
and pair distribution analyses, Gilben and oihers
(21 found that the atomic structure of 3 4-nm-
diameter sphalerite (£n%) nanoparticles deviaed
from that of bulk sphalerite, even though the
surface was strongly passivated by a complexing
ligand. A loss of structural coherence occurred at
distances greater than 2 nm, suggesting that dis-
rupied surface environments drive inhomo-
gencous intemal strain. This results in structural
stiffening that far exceeds what is expected by the
mild overall bond-length contraction that is
observed.

An cxample of structum] vanation as a
function of panticle size in the nanoregime can
be garmered from a study of the nanomineral
ferribwdrite (223, a common iron exyhydroxide
found in soils, oceans, surface waters, and
groundwater. Individual crystallites of Fermihy-
drite are typically rounded and less than 10 nm in
diameter. Pair distribution function analysis,
derived from total s-ray scatlering experiments
and also caleulated from refined momic struciure
moddels, was used 10 gain insight into the structure
of this important yet enigmatic phase, The resulls
sugeest that femhvdrites with scattering domain
sizes of 6, 3, and 2 nm have the same basic
chemistry [Fey gy g(0H )2, crystal structure with
space group Poyme, cell dimensions o =-~395 A
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and ¢ = ~9.06 A, and an 8020 ratio of
octahedrally 1o tewrahedrally coordinated iron,
However, as this nanomineral becomes smaller,
the a el edge mercases shightly (by (LO3 A), the
¢ edl edge decreases much more (by 0.16 A),
two of the three crystallographically distinet Fe
sites show a deercase in occupancy, and the thind
Fe site (octahedral) remains fully occupied but
shows increasing degrees of distonion. Like
sphalente nanoparticles (21, the atomic structure
of femihydite ervstallites is probably influenced
by surface relaxation driving internal disorder
and strain (22). It is also interesting 1o consider
that the 2-nm panicles of ferihydnte only con-
tain ~ 20unit cells, so a much higher percentage
of Fe sites 15 at or near the surface versus that in
the G-nm particles with 30 times the volume,

The Size Range of Nanominerals and
Mineral Nanoparticles

The upper size range of nanominerals s likely w
be quite varable, depending on the mineral, The
upper size limit of mineml nanoparticles can be
defined as the size above which the properics of
the particles are indistinguishable from those of
the bulk materal, or (equivalently) the size
where, as the mineral panicles become smaller
and smaller, propertics begin to show variations
relative o those ol larger particles of the same
mineral, This size should depend on the nature of
the material {e.g.. whether it is a metal, semi-
conductor, or insulator), the panicle shape, and
the property measured (e.g., whether it is chemi-
cal, clectrical, optical, mechanical, or themmody-
namic), In most cases, it 15 nol known below
what size these propertics will begin o vary for
which minerals, becanse, to date, few measure-
mients of this type have been made. Tna fow cases
where this information exists for allinities and
rates of geochemically relevant reactions for cer-
tain iron oxide minemls, it has been sugpested
that surface area-normalized variations are
observed when size drops below a few tens of
nancimeters (23-26).

The lower size limit ol nanominermls and
mincral nanoparticles s also challenging 1o
delineate. Minerals, by definition, are crvstalline,
which requires a repeating amangement of atoms,
Therefore, the smallest atomic clusters cannaot
qualify as nanomincrals or mineral nanoparticles,
but an atomic arangement that is greater than a
few unit cclls in one or more dimensions would
qualify. Using zinc, sullur, and the mineral sphal-
crite as an example, one can star with an indi-
vidual zing ion dissolved in waters the hexaquo
Zn complex [Zn”'(H;0)]. In the presence of
dissolved reduced sulfur, ZnS cluster complexes
can form, for example, with the stoichiometry of
2S00 (27) Molecular modeling of this
cluster shows that it has a diameter ol aboul
0.7 nm (27}, A single unit cell of sphalerite, con-
taining ZngSy, has a cubic unit-cell dimension of
(.54 nm with an atomic density greater than that
of the cluster. The smallest nanoparticles of
sphalente that have been observed 10 date are

about 1.5 nm in size, although there is no a prion
reason not 1o expect smaller ones (5). From this
analysis, one should expect the smallest sphalenie
nanoparticles 10 be in the neighborhood of | nm
in stee, with larger ZnS cluster complexes also in
this size mnge,

Reactivity and Stability

With variations in surface and near-surface
atomic structune as a function of siee, one can
anticipate a concomitant change in the chemical
interactions of nanominerals and mineral nano-
particles with their environment that does not
scale with the wial available surface area,
Examples of this include the following (all rates
are surface arca-normalizedy. 7-nm hematite
(1-Fea04) nanocrvstals catalyze the oxidation of
aqueous Mn®" one 10 two orders of magnitude
faster than 3 7-nm hematite erystals ( 23), resulting
in the rapid formation of Mn oxide minerals that
are important heavy metal sorbents i water and
soils; hvdroguimone-driven reductive dissolution
reactions of 5 = 64 nm gocthite (a-FeOOH) are
twice as [ast compared with those of 22 = 367 nm
gocthite (24); T-nm hematite shows a signilicant-
ly increased sorption affinity for aqueous Cu®
versus that of 25- and 88-nm hematite { 25): and
the reduction mic of hematite by Shewanella
onteidensis MR-1 with lactie as the sole clectron
donor is an order of magnitude fster for 9%-nm
versus 1 -nm nanoparticles (26

Themodynamic considermions in the nano-
range ane just as fascinating and ertical 10
consider i we are to have a means for predicting
the stability of nanoplises under various Eanh
conditions, as well as w understand polymaorphic
phase transfomations driven by size. Toward
these poals, surface enthalpies ol nanominerals
and mineral nanoparticles, as well as enthalpics
of phase wansitions, have been measured for
polymomhs of Al Fe, Mn, Ti, and Zr oxides via
high-temperature oxide-melt solution calonmetry
and water adsormpaion calorimetry (28-3t). Axthe
nanoscale, three faciors compeie o siabilize a
given polymorph: enthalpy of polymomphic
transition, surface enthalpy, and enthalpy of
hvdration. In gencral, the polyvmorphs metastable
for coarse particles have lower surface energics,
leading 10 crossovers in phase stability as the
particle size decreases, This provides a thermo-
dynamic explanation of why nanopaniculate
oxides ofien crystallize as one polymorph, where-
as another polvmorph is exhibited in coarser-
erained material. [t is imponant for fuure siudies
o make the thermodynamic predictions more
relevant to Earth systems and 1o obtain systematic
sizc-resolved thermodynamic data for systems of
geochemical importance, including clays and
carbonanes.

Mineral solubility is a crucial propeny in
predicting the fae of minerls and dissolved
species in the environment, A modilied version
of the Kelvin equation predicts solubility de-
pendence on size, stating that as particles get
smaller through the nanorange of siecs, their

REVIEWS

solubilities increase exponentially (6. This -
plics that muneral nanoparticles in a dissolution
setting would have shon lile-spans. However, 1t
5 not known how genermlly applicable this
relationship is for minerals. Cerlain minerals are
known 1o become less soluble as they get smaller
37}, Inadditon, minerl nanoparticles of lepido-
crocite (an iron oxyhvdroxide) and FePOg-nb;0
have been formed at lower Fe/P ratios in solution
than predicted by their bulk solubilities (3.2), This
same study shows that in aqueous binary and
temary systems of Fe + POy + As, mixed nano-
phase coprecipitates form with the compositions
FeliOH), POy a0 and Fe[(OHp, AsO,,
POy )-nt 10, These nanophases do not have bulk
counterparts or known solubilities. They are dis-
tinct from femihydrite or lepidocrocite with sorbed
POy and AsOy, and are very similar 1o mixed,
meatastable nanophases found in certain natural
sedimentary environments (32),

Influence on Earth Chemistry

We start with an example that involves phyto-
plankton production levels in the open oceans, a
process that provides a connection between nano-
particles, oceans, and global atmospheric and
hvdrospheric chemistry, Ocean phyioplankton

play a critical role in infTuencing the amount of

CO, in the atmosphere, and phytoplankion
growth in large swaths of the global occan has
been shown to be limited by iron availability.
Dissolved inorganic and organic complexes are
typically thought o comprise the bioavailable
poal of iron in the ocean. However, recent studies
indicate that a sigmficant fraction ol the “dis-
solved” (<04 pm) iron in the occan is actually
composed of iron colloids and nanoparticles
(33, 341 Furthermore, this fraction contributes
much of the observed vanability in dissolved
ocean iron concenirations {45). Oceanographic
studies have typically used ulirafiliration mem-
branes 10 define colloidal iron as the fraction
greater than 20 10 25 nm, bt rescarchers using

electron microscopy have noted the presence of

2- o 20-nm particles at even higher concen-
rations (>10° ml™") (36, 37). These panticles
appear 1o consist of organic compounds sur-
rounding 2- to S-nm mincral nanoparticles (38).
Recent studies with high=resolution transmission
clecron microscopy (HRTEM) and clectron
energy=loss spectroscopy, however, have posi-
tively identilied iron (oxyvhydroxide nanopar-
ticles 5 o 20 nm in diameter in glacial and
averine sediments (7, &) Iron associated with
windblown mineral dust, including nanoparticu-
late dust, is also an imponant micronutdent input
lor phytoplankion { £5). The input of iron within
nanoparticles to the oceans has been estimated 1o
far exceed riverine input of dissolved iron (39),
Further, recent evidence suggests that iron within
particulates comained in glacial sediments s
bicavailable 1o manne phytoplankion and that
this may be an increasingly important source
in this century as iecbergs are ¢jected from
Antarctic shelves (410). Labortory cxperiments
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have shown that ron oxide nanoparticles can sup-
port the growth of osmotrophic phytoplankion
alter photoreduction or thermal dissolution (47,
whercas mixotrophic phytoplankton may aceess
mincral nanoparticles through dircct ingestion (42),

Nanophase minerls also influence the move-
ment of harmiul heavy metals in Eanh’s near-
surface environment via complex interactions
involving rock, soil, water, air, and living orga-
nisms, in many cascs overprinted by anthropo-
genic processes. For instance, lead, arsenic,
copper, and zine were mobilized over hundreds
of kilometers within the Clark Fork River dmin-
age basin, pan of which makes up the Clark Fork
River Superfund Complex in western Montana,
the largest Superfund site i the United  States,
These metals are meomporated o and ransported
by a newly discovered nanocrystalline vemadite-
like mineral (a mangancse oxyhydroxide) along
mijor porions of the river (43). This nanomineral
likely formms as a result of the catalytie oxidation
of aqueous manganese on ferrihydrite surfaces
(23) (Fig. 1),

The movement of radionuclides (and other
toxic metals) in the subsurface ofien defies
laboratory- and thermodynamically based pre-
dictions that they should be essentially immobile
(<44). It has been shown that mdionuclides can be
carried over many kilometers in relatively shon
penods of tme by colloids moving with ground-
water. Al a nuclear waste reprocessing plant in
Mayak, Russia (one of the most contaminated
nuclear sites in the world), plutonium has
traveled several kilometers in the local ground-
water system: 70 10 9% ol the plutonium
transport was attributed o nanoparticles less than
13 nm in size in the groundwater (43). The nano-
carriers in this instance wene primarily fermic iron
oxides (not clays, calcite. rutile, or other nano-
minerl and mineral nanoparicle colloids that
were also present).

The size dependence of the properties of
aimospheric nanoparticles is just beginning 1o be
explored. For example, atmospheric mineral
nanoparticles [typically halite (NaCly and hy-
dmous sulfate evaporaies from sea spray]| are
hygroscopic and act as water droplet nucleation
and growth centers. This is a critical step in clowd
formation. The size and density of the droplets
dictate the solar mdiation scanering ability and
longevity of clouds, both imporant {actors in
influencing average global wmperatures. The
hygroscopic growth factor for NaCl nanopar-
tickes decreases for sizes below 40 nm as a result
of a size-dependent shape factor and the Kelvin
effect that tkes o account the change in
surface ension as a function of swrface curvature
(46). Therelore, only relatively large mineral
nanoparticles (=40 nm) are expected 1o contrib-
ute 10 cloud condensation nuclei,

Although mincrals can camy human imtants
and toxic materials in the mmosphere, many
carmicrs are from anthropogenic sources, maost
notably particulates cmitted from the combustion
of fossil fucls (47) and many other cmissions
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from the vast numbers of industnies that are
associated with metals (48). Many trace metals in
airbome particles, including highly toxic metals
such as cadmimm, lead, and arsenie, occur i the
very fine (<1um) to ultmline (<100-nm) size
frmction (48, 49), and their distinctive propenics
will influence the bicavailability of the metals in
these panticles.

Elemental distribution and  bioavailability,
reaction pathways and catalvsis, and mineral
growth/solubility/ weathering are all inluenced
by phenomena relevant o, with no equivalem
phenomena at scales larger or smaller than, the
nanoscale. A dissolved jon in agqueous solution
behaves differently than that same 1on ina l-nm
mineral, and both behave differently than that
same ton m a 5-nm or larger mineml, Consid-
enng evervthimg that passes through 200- or
2-nm filters as dissolved is not appropriate.
Aqueous and gas-based reactions that occur on
{or in conjunction with) a molecular cluster ver-
sus a small mineral nanoparticle versus a 50-nm
or larger mineral particle. all with equivalent com-
positions (depicted in Fig. 2). are predicted 10
most often show significantly different pathways
and Kinetics.

Challenges for the Future

Measuring and understanding nanomineral and
mineral nanoparticle origin (biotic or abiotic,
natural or anthropogenic), geographic distribu-
tion, relevant nanochemistry, and overall influ-
ence and impact within the complex chemical
and physical framework of Earth systems are
all entical challenges for the future. For example,
it 15 still not known whether metal oxide and
other potentially  catalvtically active arbome
nanoparticles can significantly modify  atmo-

spheric chemisiry, even locally, as a result of

nanominerab-gas heterogencous chemical neac-
tions (/7). It is possible that important reactions
may be driven under these specific circumstances
and no other aumospheric scenario, especially
where acrosols with very high nanomineral or
mineral nanoparticle surface arcas exist, or where
reaction kinetics would be highly favorable on
their surfaces, Very little information presently
exists in this ficld. However, if discovered, such
findings may be of fundamental interest and
importance, much as was the discovery of the
production of ozone-destroying chlorine come-
pounds on the surface of polar stratesphenc
cloud acrosols (30,

The same general types of challenges remain
in terrestrial and occan systems. [n addition,
because nanoparticle aggregation is common in
aqueous environments, one must also consider
the formation and dispersion of aggregated states,
and the transport of reactants o and products
from reactive sites within aggregates. Further,
when nanoparticles aggregate, it will be impor-
tant o detenmine which propertics are controlled
by individual particles and which by the aggre-
gae as a whole, and how the propertics may
change as aggregates form and dissociate,
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All the complexities of nanomineral and
mineral nanoparticle composition, structure, sta-
bility, and reactivity also apply 1o the human
body, where nomal and pathological mineral-
wration {from the nanosize to the micron-size)
alTects the calcification of bones, teeth, arteries,
and veins, as well as the formation of stones in
the kidneys and joints (3/) An equally important
ficld is called nanotoxicology, defined as the
safiety evaluation of engineered nanostructures
through a knowledge of the mechanisms and
biokinetics of nanomaterials causing adverse ef-
lects in humans (52). The enormous impact of
ashestos-human lung interactions gives some
idea of the scope and importance of this one
subficld, Manominerals and mineral nanopar-
ticles in the enwironment have been present
throughout the evolutionary  development of
hominids, and our exposure o these through
inhalation, ingestion, and dermal pathways are
important [ocl of nanotoxicology.

The biogeochemical and ccological im-
pacts of natural and synthetic nanomaterials
are some of the fastest growing arcas ol re-
search today, with not only vital scientific but
also large environmental, economic, and politi-
cal consequences (3).
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Size-Driven Structural and
Thermodynamic Complexity in

Iron Oxides

Alexandra Navrotsky,* Lena Mazeina,’ Juraj Maizlan’

Iron oxides occur ubiquitously in environmental, geological, planetary, and technological settings.
They exist in a rich variety of structures and hydration states. They are commonly fine-grained
(nanophase} and poorly crystalline. This review summarizes recently measured thermodynamic
data on their formation and surface energies. These data are essential for calculating the
thermodynamic stability fields of the various iron oxide and oxyhydroxide phases and
understanding their occurrence in natural and anthropogenic environments. The competition
between surface enthalpy and the energetics of phase transformation leads to the general
conclusion that polymorphs metastable as micrometer-sized or larger crystals can often be
thermodynamically stabilized at the nanoscale. Such size-driven crossovers in stability help to
explain patterns of occurrence of different iron oxides in nature,

which iron oxides do not panicipate. From

the surface of Mars (o the depths of Eanh,
from old rusting Factorics to high-tech magnetic
recording devices, from pigeon brains and mag-
netotactic bactena to drug delivery systems, an-
hydrous and hyvdrated ron oxides are ubiguitous,
They are constituents of rocks and soils, products
of cormosion and bactenial processes, and sources

Ii is hard 1o find a process or environment in

Table 1. Thermodynamic data for iron oxides. Enthalpies of formation
(AH) and Gibbs free energies of formation (AGY) are for conditions of 298
K and 1 bar, Surface enthalpies are given for anhydrous (AH,} and

Oxide AH; (k) mol™)

of iron as a nuient. They have many commer-
cial applications: pigmems, caialvsis, medical
devices, sensors, and recording media. Nano-
technology increasingly makes use of ion oxide
nanoparticles and thin films.

Iron oxides exist in a bewildering vanety of

polymomphs (7). Anhvdrows ferme oxides include
hematite (e=FeaOy), maghemite (y-Fea(h), and
the kess common g- and B-FesOs. FeyOyg (mag-

netite) and Fey 0 (wilstite) contain bodh femic
and ferrous iron. Maghemiie and magnetite, both
spinels, can form a continuous solid solution. The
oxyhydroxides, nominally FeOOL, include goe-
thite, lepidocrocite, akaganeite, and several other
polymomphs. They ollen contain excess walter.
More hvdrted Forms such as ferrihvdrite, nomi-
nally FeOH ), have even more vanable water
content. Hydrated phises containing both ferous
and ferie iron include the green rusts, layvered
hydroscides with different anions o the interlayer.
A further complication is that many iron oxides,
both in nature and in the laboratory, are excecd-
ingly fine-grained (nanophase) and therefore hard
1o clarscterze.

This complexity has meant that until recently,
knowledge ol the swructural details, thenmody-
namics, and reactivity of iron oxides has been
lacking. One could not understand or predict
which phases form under what conditions, which
polyvmomhs are stable and which metastable, and
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hydrated (AH™ surfaces. Most of the data are taken from the references
cited. Values of Gibbs free energy without citations were calculated from
corresponding values of standard enthalpies and entropies.

5° () mol™ K°Y)

AS; (] mol™ K7V

AG (k) mol™)

AHY () m7™3)

AH, () m™?)

-826.2 = 1.3 (31)
-811.6 = 2.2 (4)
~798 = 7 (15)
—-561.5 = 1.5 (12)
=552.0 + 1.6 (10)
—554.7 £ 1.9 (11)
-552.0 £ 1.0 (13}
—-830.3 = 2.0 (15)

Hematite, -Fea0y
Maghemite, y-Fez0z
F'F‘Ezﬂ;

Goethite, a-FeQOH
Lepidocrocite, y-FeQOH
Akaganeite, [-Fe00OH
Feroxyhyte, &- FeQOH
Ferrihydrite, Fe(OH);

§7.4 = 0.2 31)
3.0+ 0217

59.7 = 0.2 (17
651+ 0.2 (17)
53.8 £3.3(32)

=274.5 = 0.3 (31)
=268.9 £ 0.3 (17)

-237.9 = 0.2 (17)
—=232.5 £ 0.2 (17)
—246.2 £ 3.3 (32)

=744.4 + 1.3 (31)
=731.4 + 2.0
—717.8 = 6.6 (15)
—490.6 = 1.5
—482.7 + 3.1
—481.7 = 1.9
—483.1 = 1.3 (13)
—711.0 + 2.0 (15)

0.75 = 0.16 (13)
0.57 = 0.10 (4)

0.60 = 0.10 (12)
0.40 + 0.16 (10)
0.34 + 0.04 (11)

1.9 = 0.3 (18)
0.71 + 0.13 (4)

0.91 + 0.09 (18)
0.62 = 0.14 (10)
0.44 = 0.04 (11)
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when and how they ransfonm. These questions
are important because cach material has unique
physical propentics, chemical reactivity, and bio-
availability. Furthcrmore, physical and chemical
properics commonly change with particle siac
and degree ol hydration, New structural, spectro-
scopic, and themmodynamic approaches arc now
enabling more sophisticated charcterzation and
a more quantitative approach 1o phasc stability,
Here, we summarize thermodynamic data and
discuss the cument understanding of the factors
alfecting the occurrence and stability of various
iron oxides. A key point is the impontance of
particle size and hydration in determining the
encrgetics and in stabilizing, at the nanoscale,
phascs metastable in the bulk.

Synthesis, Structure, and

Thermodynamic Properties
The synthesis and charactenzation of iron oxides
with well-defined erystal structure,
chemical composition, particle

Femhydnte is widespread and has the smallest
particle sizc of all iron oxides. There are sull
debates about its structure: Is it a single phase
with iron both octahedrally and tetrmhedrally co-
ordinated (), or @ mixture of phases with var-

iable structure and crystallinaty (9)? The nature of

s extensive disorder is stll controversial. Com-
parison of varous results s funher complicated
because cach synthesis potentially yields a slight-
Iy different product and the structural propenics
of the particles appear o be size-dependent. Also,
during characterization, the particles may be
altered by high vacuum and beam damage in
the electron microscope, This complexity empha-
stees the need o imvestigate the surface and bulk
structure and energetics of not only perfect single
crystals (not always available and, when availa-
ble, not necessarily relevant to common mate-
rials) but also namopanticles and poorly crystalline
maerials, Because of chemical and  structural

of sensitivity of older calorimetric techniques
(7, fik-76) enabled measurements of enthalpy
differences between coarse- and  linc-gramed
samples and studying the effects of hydmation.
Standard entropics (S3gg) ane obtained from heat
l.ﬂ}"ﬂ'l.'i[}' mesurements from In.-'l}'l-'l‘g‘-.“-l'lih? [0 rooam
temperatures (/7). Free energies can be ob-
tained from agqueous solubility, but the sample
variability discussed above and the difficulty of
obtaining reversed equilibrium often make such
measurements problematic, Thus, combining
measured enthalpy and entropy 1o oblain free
energy is generally a more reliable method
(Table 1).

For coarse particles at ambicnt conditions, hem-
atite 15 the most stable FeaOy polymorph, lower
in Gibbs free energy than y- or e-Fex();, and
goethite is the most stable FeOOH phase, lower
in Gibbs free encrgy than a host of other oxy-
hydroxides (Table 1) However, the other poly-
morphs are not much higher n
enthalpy and are similar in en-

size, and hydration state arce
essential to determining their ther-
modynamic and kinetic parame-
ters. Oxyvhydroxides are normally
oblained by precipiation from
aqgucous solution (/). Panicle
size is controlled by initial iron
concentration, orgnic additives,
ph, and temperature. Wet methods
for synthesizing anhydrous  iron
oxides (FeOy andior Fey(0y) in-
clude those abowve as well as
methods that use surfactants and
templates (2, 3) o prevent ag- =
elomeration. Dry methods, such

-40

AH it (kd mol1)

A bulk hematite
& nanchematile
¥ maghemite

% goethite

m |epidocrocite
@ skaganeile

Y T Ty

AH;y (kd mol-1)
-67.124.9 [18] -
-25.5 =4.4 [18]
-20.9 =9.8 [4]
-19.4 =4.2 [18]
-21.8=2.6 [10]
150 =3.1 [11] =

tropy. Thus, Al generally fol-
lows similar trends o A and
the other polymorphs are only
slightly higher in Gibbs [ree
encrgy. Therefore, being only
slightly metastable, they are ki-
netically accessible when precip-
itated  from aqueous solution.
Morcover, they are ofien thermo-
dynamically stabilized as small
particles (see below),

Stability at the Nanoscale
Small particles are expected o
have higher enthalpies and free

113

i i i

as loser-induced pyrolysis of or-
ganometallic precursors () and
ball milling (2}, are elfective lor
FexOy and Fey(y, especially for
particle sizes less than 5 nm.

The strucwires of crvsialline
bulk iron oxides are well known
(/). They arc based on hexagonal or cubic pack-
ing of oxveen with iron ons occupying octahe-
dral interstices. The exceptions are the struciure
of akaganeite, based on a body-centered cubic
arrangement of oxyegen, and those of maghemite
and magnetite, containing abundant terahedral
Iron.

The structure of nanopanticles ofien varies as
a function of their siee and the sumounding
mediom, Hematite nanoparticles may vary in
structure and may possess maghemite-like struc-
tures (Le., tetrmhedral defects near the surface)
(5), The surface regions in lepidocrocite nano-
panticles are suliciently differem from the bulk
that their respective signals can be recognized in
Masshauer spectrm (6). Recent studics of nano-
akaganeite show that at very high surface arcas,
where particle size becomes comparable to a lew
unit cells, akaganeite may contain gocthite-like
structural features possibly related 1o the collapse
of exposed tunnels (7).
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Fig. 1. Differential enthalpies of water vapor adsorption for different iron
oxides, together with values of integral enthalpies of adsorption relative to
liquid water. [Data from (4, 10-13, 18)]

variability, i is also critical 1o determine chemical
composition, including water content, surface
arca, and particle stze (and its distribution). Once
well-charactenzed materials are identified, physi-
cal, stuctural, spectroscopec, and thenmodynamic
stucies on them can be comparcd and interpreted
with reference to better-constramned variables. Much
recent rescarch is taking this dircction and applying
a combination of different techniques 1o the same
well-charactenacd samples.

The thermodynamics of formation of iron
oxides, as of any materials, is govemed by
enthalpy (AF) and entropy (AS) terms. such that
the Gibbs free energy (AG) is given by AG -
AH — TAS, where T is absolute wemperature,
Enthalpics of formation are determined by solu-
tion calorimetric technigues, with a molien
oxide solvem used for anhvdrous and moder-
ately hydrated iron oxides, and aqueous acid for
some heavily hydred materials (4, 7, 10 [35).
New developments and signilicant improvements

energies than large crystals be-
couse of a positive surface ener-
gy, In coniact with water and in
most terrestrial environments,
the particle surfaces are hydrated.
Indeed, nanoparticles hold on o
their water tenaciously, Thus, the
thermodynamics of different polvmorphs ai ithe
nanoscale will depend on the energetics of
the bulk polymorphs, the particle size (or sur-
face arca), and the extent of hvdmtion. To sep-
arate these factors, much recent effon his pone
o combining solution calonmetry of well-
characterized samples of differemt polymorphs
{with known surface arca and water content)
with measurements ol the heat of adsorption of
water vapor (J0-13, /5, 18). A ncw approach
to measuring enthalpies of water adsorption
combines a microcalorimeter coupled 1o a gas-
adsomition analytical system (/9), This combined
system enables precise gas dosing, volumetric
detection of amount of adsorbed water, and
simultancous measurement of heat effect and
adsomion 1sotherm (amoun of adsorbed water
versus pressure), This method provides relative-
Iy rapid, automated, and high-resolution mea-
surcment of heat of adsorption as a function of
surlace coverage,
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Figure | shows the differential heats of ad-
sorption of water versus coverage for a number
of iron oxides and oxyvhydroxides, together with
cormesponding values of ntegral heats of adsomp-
tion, The integral adds all the differential heats up
o a covermge where the heat of adsomption s
simply the heat of condensation (44 kJ per mole
of Ha0) and further water is merely physisorbed.
The water adsorption enthalpies for different
FeOOH polymomhs show similar behavior. The
values for maghemite and nano-hematite
are also similar 1o those for oxyhydrox-
ides, These similarities imply than surface
bonding for water on all these phases s
similar, and they suggest the possibiliny
that all nanopanicle surfaces can be -
constructed o a relatively common struc-
ture. The most tightly beld water at initial
low coverage is bound more strongly
than in the liquid by about 60 kJ mol ™.
Recent data suggest that coarse hem-
atite behaves differently from hematite
nanoparticles (sce Fig. 1) and holds wa-
ter more lightly than do nanoparticles
by a factor of 2. Because the distribu-
tion of orientations of surface planes ex-
posed and possible surface reconstruction
in cach sample cannot be quantified,
comparisons of differem samples are dif-
ficul. However, the strongly exothemmic
enthalpics suggest that H>O on the larger
particles may dissociate into tghtly bownd
OH groups to satisfy incomplete bond-
img geometrics on the mitial surface.
Such high-cnergy surface sites may nev-
er be made available on the nano-
particles because they cannot be fully
dehvdrated without coarsening, whereas
coarse hematite can be oulgassed at
higher temperatures.

To derive surface enthalpy, one
must separate the effect on measured
cnthalpy of surface arca from tha of
water adsorption. This can be done in
two ways. Il one considers the water to
be adsorbed with an enthalpy equal 1o
its heat of condensation, then the
resulting comected solution calorimetric
data ( /4, plotted versus the surface arca
{Table 1 and Fig. 2), produce the
surface enthalpy of the hydrated sur-
{ce as the slope of the Lncar i ( /0-42),
This 15 because any effecis associated with dil-
ferences in enthalpy of water adsorption, re-
sulting from interaction of water with the surface
and surface relaxation, are still included in the
comected enthalpy, because the reference state is
taken as bulk liquid water. On the other hand, if
one wses the measured imegral heat off water
adsorption 1o comeet for the water adsomtion
enthalpy, one obtains the surface enthalpy of the
anhydrous surface (Table | and Fig. 2). Surface
encrgy, enthalpy, and free energy are expected w
be very similar, especially at oom temperature,
and we make no serious distinction among these

Gibbs free energy of transformation
to u-Fes05 and H;0 (liquid) (kd mol-1)

Gibbs free energy of ransformation
to o-Fee0q and Ha0 (liquid) (kJ malk1)

three terms. We also note that Fig, 2 has surface
arcas plotied in m® mol ™', mther than show ng
particle sizc or arca m m’ g". The fomer 15
necessary or the slope o represent a surface
enthalpy and for the points of crosover o be
meaninglul,

One needs w0 know surface enthalpies for
both hydrated (wet) and anhydrous (dry) surtices
because cach is involved in different processes,
Wet surfaces are appropriate for phase trans-
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oxyhydroxides to exist with barger surface ancs
and to be thermodynamically more competitive
at smaller particle sizes. Figure 3 shows cal-
culated dehydraton curves tor goethine o hema-

tte (2FcO0H = Fea(y + HAO) s a function of

temperature and water pressure, for bulk and for
10-nm particles. I coarsening s slower than
decomposition, the stability ficld of the hydrous
phase (gocthite) expands 1o significantly higher
temperatures, allowing gocthile to persist—as an

equilibrium phase under the constraint of

nearly constant particle size— 1o lemper-

2 nwmm I I aures more than 100 K higher than those
25} calculated by stmightforward bulk ther-
moelynamics. Onee more, this difference
201 cemphasizes the need 10 lake nanoscale
phenomena o account when  consid-
15 ferrinyerited  cring phase stability and reactivity.

oth® Another trend is observed: As meta-
10 ! stability of the coarse phase increases,
its surlace enthalpy decreases. This is
| a general, perhaps close to universal,
P i S LI L trend seen not just in the iron oxides
0 10,000 20,000 30,000 but also in aluming, titania, zirconia,
Surface area (m” mol!) and several other systems (21). Values
T, RSO . : of surface enthalpies also m_‘rrn:latc with
anhydrous surta the heat ol surface hydmtion and the
251 o4 Imction of strongly bound water. The
most stable iron oxide polvmomph, hom-
agl = atite, adsorbs water the strongest. The
fraction of water that is strongly bound
15} on goethite is 60%, versus 40% for
akagancite and lepidocrocite, Thus, ma-
10¢ terials with the highest surfice enthalpy
relax their high-cnergy surfice sitcs most

i strongly by the adsorption of water.
A Loy T R R e AT g S e e The decrease of surthce enthalpy with
0 10,000 20,000 30,000 increasing metastability of the bulk poly-
Surface area (m? mol-) morph leads 0 crossovers in enthalpy

Fig. 2. Enthalpy, relative to coarse Fe;05 (hematite} plus Liquid
water at 298 K, of various iron oxide and oxyhydroxide
polymorphs as a formation of surface area per mole of FeQ, 5,
FeQOH, or Fe(OH)s. Lines are calculated from data in Table 1.
Values for ferrihydrite are approximate because of sample
variability and are represented as an elliptical area. Values of
surface areas are plotted for formula units FeOOH (oxy-
hydroxides), Fe(OH); (ferrihydritel, and FeOys (hematite and
maghemite) for thermodynamic consistency when comparing
different compositions. Corresponding values of surface areas
(m* g™*) and average particle size at the crossovers are
discussed in the text.

fonmations and reactions in the ambient emesinal
environment { humid air, water, soil). In processes
al higher temperatures (metamombic, igneous, and
technological reactions) or near-vacuum  condi-
tions (the surface of the Moon and Mars, various
deposition chambers and electron. microscopes ),
the enthalpy ol the dry surfice may be relevant,
Surface enthalpy {whether comparing wet or
drv surfaces) is much higher for the anhvdmous
phases (oxides) than for any of the hydmous
phases (oxyhydmoxides), This s a general trend
also scen in the alumina system (ALOs versus
AIOOH) (2, A lower surface enthalpy allows

(and also free energy) of polymorphs
at the nanoscale. Thus, y-AlOs becomes
siable with respect 0 w-AlxDy (conm-
dum) (241 y-FeaDy (maghemite) becomes
stable with respect 0 o-Fealdy (hemao-
titeh, and there are complex Crossovers
for the FeOOH polvmorphs (Fig. 2).
The stability ficld for ferrihydrite is
shown only approximately by the cllipse

samples, the nonexistence of coarsc-
graincd ferrhydrite, and the inability o
dehydrate the material significantly,

Thermodynamic Control of
Occurrences of lron Oxides
Knowing the froee eneregy of formation and the
surface enthalpy (or free energy) of various iron
oxides, one can predict their stability for a given
surface arca, Thenmodynamic crossovers ol the
stability of iron oxides as a function of their panicle
stee or surface arca (Fig. 2§ dominate these welations.
Goethite becomes thermodynamically stable
rclative 10 hematite and water at surface arcas
greater than abou 15 m’ g'l (particle size 60

nm, assuming sphencal particles). Lepidocrocite
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in Fig. 2 because of the variability of
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Fig. 3. Pressure-temperature diagram for the reac-
tion «-FeQOH (goethite) = u-Fe;05 (hematite) +
Hz0 (fluid). The curve at lower temperature shows
the equilibrium among bulk solid phases and water
(fluid implies liquid, vapor, or fluid above the crit-
ical pointl, whereas that at higher temperature
shows equilibrium for 10-nm particles of hematite
and goethite plus water.

becomes more energelically stable than mag-
hemite and hematite at surliice arcas greater than
70 m? g " (particle size 12 nm). Akagancite be-
comes stable relative o goethite ot surface arcas
greater than 200 m® g {particle size 3 nm).

The stability field of frmhydrite overdaps
those of many other iron oxides (hematite,
maghemite, goethite, akaganene, and lepidocro-
cite} (Fig. 2). Al these high surface arcas,
terrihydnite is thenmodynamically very competi-
tive with other iron oxides. This fact alone ex-
plains the case with which ferrihydrite forms
in a large variety of environments and persists
il no coarsening occurs. Furthermore, varia-
tions in the structure of ferrihydrite, and much
of the controversy about its structure, may anse
because it can form from different oxvhydrox-
ide precursors, over a range ol paricle sizes,
and in a wide ange of conditions.

The complex energetic crossovers shown in
Fig. 2 are dircctly applicable w the occumence
of ron oxide minerls in soils. The most sinking
cxample is the hematie-gocthite pair. Although
the stable bulk asscmblage at ambient condi-
tions s hematite plus liquid water, Fig. 2 shows
that almost any decrease in size leads o sabili-
gation of gocthite (22). Hence, panticle size exents
major conirol over the relative stability and
formation of hematite and goethite, even though
soils represent a system that is o comples 1o be
controlled just by a single varable,

The hematite-gocthite  equilibrivm may  be
also shificd by variations in temperature, water
activity, and the themodyvnamics of Fe-Al sub-

stitution (23). The dircet transformation of

hematite w gocthite or gocthite to hematite has
not been observed under ambient conditions, and
long-term experiments documenting this trans-
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fommation are lacking (/). However, water ad-
somption expenments have shown that hydrated
hematite surfaces behave themmodynamically like
the surfaces of gocthite (/8). Thus, perhaps the
transfomations may begin at the surfaces of
nanoparticles, cspecially at temperatures some-
what ahbove ambicnl. Trnsformation i cither
direction would then happen ecasily on the
exposed gocthite-like hydmted surtaces of either
phase at the nanoscale, 1T the transfonmation
occurs by a dissolution-reprecipitation process,
those surfaces offer ample nucleation siws, The
kinetic hindranoe to coarsening below about 400°C
ensures that the dehydration curve is that for
small particles, with gocthite stabilized 1w higher
temperatuncs than i the bulk (Fig, 3),

Another nawral labortory with  abundam
ion oxides is the surface of Mas, The sus-
pected presence of hematite was recently con-
firmed by in situ Misshauer measurements (24).
Earlier expenments perfommed on both Viking
probes and Mars Pathfinder indicate that martian
dust contains abundant maghemite (25). This
maghemite is probably nanophase, with particle
size of about 10 nm. The abundance of mag-
hemite a the surface of Mars is readily ex-
plained by Fig. 2. Under dry conditions, as on
Mars, maghemite particles become thenmody-
namically stable with respect o hematite pani-
cles at sizes of about 16 mn. Thus, maghemite
nanoparticles are stable at the manian surface.
Under wet conditions prevalemt on Earth, the
stabilization of maghemite s less pronounced,
and gocthite and other oxvhydroxides are
competitive at the nanoscale. Although maghem-
ile occurs in temestrial soils (26), 1t is generally
absent in older temrestial sediments and rocks,
both because of its limited stwbility in a hyvdrous
cnvironment and because of coarsening  and
transformation during burial and diagenesis.

During a possible solid-ste  akagancite-
goethite mnsfonmation involving biomineralization,
the panticle size of gocthile is found 10 be bigger
than that of akaganeile (3) supponing the sta-
bility crossovers presenied here. According 10 re-
cent structural observations (7), this tmnsfonmation
need not involve severe reconstruction, because
fragments of the collapsed winnels of akagancite
resemble structural blocks of gocthite,

Transformation of lepidocrocite o gocthite
is mol structurally swaightforward, and only
dissolution-reprecipitation  mechanisms  have
been described in labomtory studics. The gocthite
is reported to have bigger particle size than the
initial dissolving lepidocrocite (27). However, in
naural systems, kepidocrocite erystals both langer
and smaller than coexisting goethite have been
reported (28, 29). Goethite and lepidocrociie may
often crystallize simuliancously from a ferrous iron
source (29), Their funher coarsening and/'or trans-
formation depends on ron oxide themmodynam-
ics but may also be influenced by temperature
and the presence of silicates and carbonates (/).

Figure 2 also suppons observations that
lepidocrocite, especially when fine-grained, first

transforms 1o maghemite (upon heating and‘or in
vacuum) and only then to hematite. This is con-
sistent with the thermody namic stability of mag-
hemite relative to hematite at particle sizes less
than about 16 nm. A direct size-driven phase  tin-
sition between hematite and maghemite was
observed with ball milling (370 It also supports
the calculated size-related stability,

We conclude that the size-driven thenmody-
namic differences among iron oxide phases that
are closely balanced in overll thermodynamic
properics must be taken into account if we ane o
understand and predict the formation, stability,
and transformation of these complex matenials in
geologic, enwvironmental, and industrial sentings,
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Preparing and Motivating Behavior
Outside of Awareness

Henk Aarts,” Ruud Custers, Hans Marien

he observation that the mere activation
of the idea of a behavioral act moves the
human body without the person conscious-
Iy deciding 1o ke action has long been a topic
of sciemific interest (- 3), Initally, this ideomotor
principle was wsed 1w explain eximorndinary ac-

action concept (5). Specifically, we investigated
that activating the behavior representation of
exertion through subliminal priming prepares
the exceution of the corresponding behavior
and that this priming actually motivates ¢ffon-
ful behavior when that representation is co-

slope woward the maximal foree (mte of ncrease
in apphied lorce) wis steeper in these two prim-
ing conditions, This faster mitiation ol the ne-
sponse o squecee the hand grip and the faster
development of foree indicate that acting foree-
fully was more strongly prepared (2). Crucially,
participants in the paming-plus-reward condition
displayed more wtal effont (mean force over
time} than those in the other two conditions,
showing enhanced motivation (fig. S1 presents
the mean scores on the three measures for each
cell in the design).

These results confinm that subliminally prim-
ing cxertion preparcs people o display forceful
action, but when these subliminal primes are

accompanied with a positve stimu-
lus it motivates people W spend extra
effort. Previous rescarch on motiva-
tion agrees that positive afleet acts as
a motivalor o engage in a sk or

behavior when it refers o a reward

the reward is subliminally primed (6).
We tested a mone basic and content-
lree process by showing that such
motivation also emerges when the

80
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Fig. 1. Mean pattern of force over time as a function of the experimental treatments.

tivities such as complionce under hvpnosis, auio-
matic writing, dowsing, and swinging pendulums,
Lately, research on social cognition and neurc-
science has revealed that secing or reading abouwt
a behavior available in the individual’s repenoire
imcreases the tendency to perform i, which has
been interpreted as a result of the common code
that action concepts share with motor programs,
Whereas activating the mental representation off
behavior outside of awareness—that 1s, sublinminal
priming —indeed preparcs people w0 nitiwe mp-
idly the comesponding behavior, an important
issuc recently addressed is how such subliminal
priming effocts may acquire an intinsic moliva-
tional property in the serse that people mobilize
additional resources and actually spend cffort on a
sk (), We studied the emergence of such un-
conscious  motivation by examining how  sub-
liminal priming of the action concept of physical
exertion causes poople o spend effon,

Building on rescarch on the basic mole of af-
fective value m reward leaming and motivation,
we propose that the mechanism that wrns sub-
liminal priming of action concepts into motiva-
tion relies on the tagging of positive allect o the

activated with positively valenced stimuli that act
as a reward signal. To test this, we subjected 42
participants 0 a priming sk that enabled s
to combine the subliminal priming of words
representing exertion with brielly presenied, al-
though consciously visible positive words [Sup-
porting Online Material (SOM) text]. Accordingly,
three different conditions were created: a (con-
trol) condition m which only positive stimuli
were presented, a (priming) condition i which
exertion was sublimmally primed but not di-
rectly paired with posiive stimuli, and a (priming-
plus-reward) condition in which exertion was
subliminally primed and immediately linked 10
positive stimuli.

Adier the manipulations, we recorded handgrip
foree, which allowed us to differemtiale between
action preparation and motivation. Panicipants
were instructed 10 squeesze a hand grip for 3.5 5
when the word “squeeee” appeancd on the screen.
Results (Fig. 1) showed that participants in the
priming and priming-plus-reward conditions
started to squeeze carlier and increased their
force faster than those in the contral condition;
The maction time was shorter, and the initial

activation of the behavior representa-
tion of exertion s dircctly accompa-
nicd by positive stimuli that do not

explicity pertain 10 the execution of

the behavior itsell but nevenheless act
as peward signals, These effects oceour
cven though participants werne unawarne

of the behavioral primes and therehy of

thetr contingency with the reward sig-
nals. This study thus demonsirates the
human capacity o relv on menial pro-
cosses i preparing and - motivating
behavior outside of awareness.
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Pattern Separation in the Human
Hippocampal CA3 and Dentate Gyrus

Arnold Bakker,® C. Brock Kirwan,® Michael Miller,? Craig E. L Stark*

Pattern separation, the process of transforming similar representations or memaries

into highly dissimilar, nonoverlapping representations, is a key component of many functions
ascribed to the hippocampus. Computational models have stressed the role of the hippocampus
and, in particular, the dentate gyrus and its projections into the CA3 subregion in pattern
separation. We used high-resolution (1.5-millimeter isotropic voxels) functienal magnetic
resonance imaging to measure brain activity during incidental memory encoding. Although
activity consistent with a bias toward pattern completion was observed in CAl, the subiculum,
and the entorhinal and parahippocampal cortices, activity consistent with a strong bias

toward pattern separation was observed in, and limited to, the CA3/dentate gyrus. These
results provide compelling evidence of a key role of the human CA3/dentate gyrus in

pattern separation.

he medial temporal lobe (MTL) is eriti-

cally involved in the ability 1o store and

refricve facts and events (declarative
memory) () Theoretical models suggest that
declamtive memory relies on both the ability w
onhogonalize overlapping or similar patterns
of activation (pattem separation) and the ability
o complete partial patterns or “clean up”™ sim-
ilar patterns of activity into a single common
representation (pattern completion) (2-6). Such
maodels of the MTL have stressed the role ol the
hippocampus and, m particular, the dentate gy-
rus and its projections into the CA3 subregion in
the process ol pattem separation. Specilically,
one computational model (4) proposed that the
dentate gyrus creates a sparse, orthogonalized
representation ol its input from the entorhinal
cortex and projects this into the CAS3 via the mossy
{ibers. The model also suggesis that the recurrent
imterconnectad pyramidal cells of the CA3 sub-
region operdle a5 an aulo-association network
capable of recstablishing previously stored pat-
tems of activation based on noisy or degrmaded
cucs (pattern completion) (2, 3, 6, 7, &),

Only recently has empincal evidence been
prowided supporting the mole of the lappocams-
pus, and the dentate gyrus and CA3Y in par-
ticular, in patiern separation. Rodent studics
have shown striking differences in the siability
of place cells in the CAl and CA3 sublields in
response 10 changes in the environment by
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means ol carly gene expression () and single-
cell recordings (f0-14). Depending on the
degree of change in the environment. distoried
cucs lead 1o cither very similar neuronal rep-
resentations (completion) or very dissimilar neu-
roneal representations (separation). with the bias
toward separmtion or complelion varving across
hippocampal subficlds. In one example (/1)
rolents were exposed 10 enclosures of varying
similarity dunng multiunit recording, In CA3,
small changes in the enclosure resulted in the

activation of a diflerent, nonoverlapping set of

neurons (separation). In contrast, CAl neurons
were relatively insensitive o change, with many
{although not all) showing a strong overdap in
activation between the dilferent enclosures (with
the degree of overlap correlated with enclosure
similarity ). Pattern separation and pattem com-
pletion can thus be observed in the rodent with a
clear functional distinction between neuronal

ensembles in the CAl and CA3 subregions of

the hippocampus.,

Here, we used high-resolution  functional
magnetic resonance imaging (IMRI) (1.5 mm
Isotropic) to measure brain activity while sub-
Jects perfonmed an incidental encoding task de-
signed 1o parallel many of the rodemt studics,
including Lewtzeb er af. (1), descnbed above.
Eighicen subjects viewed a scrics of piclures
of evervday objects (making the task not oven-

Iv spatial). The scries included 144 sets of

slightly different pictures of the same object,
as well as unrelated single pictures of objects
used as foils (Fig. 1) Thus, on each trial, a
presented object could be either (1) new, (ii)
a repetition of a previously shown object, or
(i a slightly different version of a previously
shown object (lure). All wials were presented in
pseudormndom order with the limiutation that a
repeat or a lure trial would be presented within
approximately 30 trals of cach other. During

cach tnal, subjects were not asked to detennine
whether the stimulus was a target, a repetition,
or a lure but rather were asked to make an un-
related determination about the objeat (whether
it was typically an indoor or outdoor object).
As such, the encoding was incidental and not
overdly mnemonic, paralleling the studies in
the rodent desernibed above (15).

Although the resolution of 1.3 mm repre-
sents the likely limit for IMRI (46, it is sull Tar
oo coarse 1o resolve the pattern of activity
across individual neurons and assess pattem
separation directly, However, if regions exhibit
a change in activity with repetition, we can
assess patlern separalion versus pattern com-
pletion mdirectly, We hypothesized that, 1if a
given subregion was engaged in processes of
pattern separation, the lure would more likely
be treated like a new stimulus than a repetition
and show activity similar o that for a first
presentation of a stimulus. In contrast, i a given
subregion was engaged in processes of patiem
completion, the lure would be more likely
treated as a repetition of the original stimulus
and show activity consistent with a repetition.

Results. To cxamine the cffects ol the
incidental encoding task, functional data lrom
all trials were subjected to a two-way analysis
of variance (ANOWVA) with participants as a
rmndom factor and trial type (first presenta-
tion, first repeat, and (st lure) as a fixed lactor.
Functional regions of interest (ROIs) were
based on the resulting F maps and deflined by
setting a voxelwise threshold of P < 0005 and
a spatial extent threshold ol a minimum ROI
volume of 100 mm®. This threshold is delib-
erately somewhat liberal because the clusters
form the basis for a functional ROT analysis in
which all voxels within each ROl are col-
lapsed and the final alpha is set at P < 0,035,

This cluster analysis resulted in eight re-
gions in which activity varied in some way with
some form of repetition in the MTL (Fig. 2).
Using ROI large deformation diffeomormphic
metric mapping (ROI-LDDMM), segmenta-
tions of cach subject’s individual anatomy
are used to align his or her brain 1o a high-
resolution model consisting of bilateral seg-
mentations of the CAlL, the CA3 dentate gyrus
tincluding CA2 and CA4), the subiculum, and
the entorhinal, perivhinal, and parahippocampal
cortices (15, 17, 18). The model is further used

P FN
L X g

Fig. 1. Sample stimuli sets showing versions A
and B of the same object.
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to localize cach region identified in the group
analysis (Fig. 2 and fig. S1). We cannot
confidently solate some regions from  cach
other, and some activations cannod be conti-
dently assigned to one region. In particular,
we cannot confidently isolate CA3 from the
dentate gyrus (DG) and therefore will refer w
a single, combined region (CAYDG) in dis-
cussing the results, In addition, i activity spans
several regions (e.g., an ROl that covers both
the CAl and CA3IDG regions, as observed
below), we prefer to acknowledge this ambigu-
ity in localization rather than sidetly adopting
one location.

Using these wechnigues, the activations were
localized 1o the right CAl subregion of the hip-
pocampus (CA L), bilmeral CA3/dentate gyrus
subregions of the hippocampus (CA3/DG), a
region spanning both the lefi CAl and CA3
dentate gyrus subregion of the hippocampus
(CALZDG), the lell entorhmal cortex (EC),
the right parahippocampal cortex (PHC), and
finally the bilateral subiculum (Sub). Figure 2
shows these activitics on representalive coro-

nal slices through the MTL. (Only the tip of

the EC activity is shown. In more anterior
shices, the activity extends well into the gy-
rus.} Mean activity within each of the ROIs
was then caleulmed for the first presentation
trials, the repeat trials, and the lure tnals by
collapsing all voxels within an ROI (Fig. 2).
Reliable differences were observed between
the three trial types in cach ROL In all but
one of the ROIs, the repeat tnals showed a
lower mean activity comparced with the first
presentation and the Jure mals. Only in the
right parahippocampal corex did the repeat
trials show a greater mean activity compared
with the first condition and the lure trials. In
all, activity associaied with lure trials was
either in between the activity of the repetition

H
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Fig. 2. Anatomical location and mean activity in the three task conditions for
each of the eight MTL regions of interest. A model segmentation of hip-
pocampal subfields is overlaid on each brain slice to indicate the location of
the subiculum (green), CA1 (blue), and CA3/DG (red). Regions of activity
within the MTL are shown in white and labeled within each slice (PHC,
parahippocampal cortex; EC, entorhinal cortex). Regions of activity outside the

WWwW.science mag.org

trials and the first presentation trials or -
distinguishable from the activity of the repe-
tmion trials or the first presentation tnials. In
response o the presentation of a lure, activity
in the bilateral CA3DG was significantly dif-
feremt from activity in response (o a repeat
presentation (right CAYDG, 17 =-5.147, P -
0,001 left CAIDG, ty7= - 6,463, P < 0001 ),
Activity in response 1o the presentation of a
lure stimulus in the bilateral CA3DG was not
significantly different from activity in response
1o a first presentation (right CA3DG, 7 = L8,
P = 0075 left CAYDG, 19 0.165, P
0.8710).
activation observed in the medial temporal
lobe, where activity in response to the pre-
sentmtion of a lure was sigmificantly different
from activily in response o a [rst presentation
(CALZDG, 44 3051, P < 000]; left
entorlunal cortex, f7 = 3.607, P < 0.01; nght
CAL 7= 6224, P< 0,001 yand not sigmificantly
different from the repeat presentation of a
stimulus (CAL3/DG, 47 = 0822, P= 0422,
left entorhinal cortex, f7 = —L.117, P=027%
tight CAL )7 = - 1.25, P= (L.228).

A simple bias score indexing how similar
lure activity is to repetition [ilirst — lure)
(first — repetition)] can be used to assess the
tendency toward completion (bias approach-
ing 1y or sepamtion (bias approaching ()
across regions. This bias score is shown in
Fig. 3. A single bias score for cach region is
shown, collapsing across ROIs in the same
region (e.g., bilateral CAIDG). Bias scores
for CAL, the region that spanned across the
CALZ/DG, the subleulum, and the entorhinal
and parshippocampal cortices, ranged from
.39 10 083, Thus, although somewhat mixed
and not purely connoting completion, lure
stimuli were treated more like true repetitions
than first presentations of stimuli. In siark

11 Right CA3/DG 11 Left CAV3/DG
R 0.7y
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This is in comrast o other arcas of

MTL (not part of the analysis) are shown in black. Three-dimensional rendering
{lateral, superior view) shows the location of each slice (white lines). The
distance of each slice from the anterior commissure (y =
coordinates) is indicated for each slice as well {y = 13 to 36 mm), The thicker
white lines represent two adjoining slices. Bar graphs show mean activity
{summed beta coefficients) in each ROl for each trial condition.

RESEA

contrast, the bias score of 0L13 in the CAYDG
showed that lure stimuli were treated almost
exactly the same as the presentation of a novel
stimulus, consistent with a strong bias toward
pettern sepanition,

Discussion. We used high-resolution IMRI
to study processes of pattern scparation in the
buman MTL by scanning subjects while they
performed an incidental encoding 1ask using
pictures of common objects, Embedded in the
task were dircet epetitions ol pictures and
lure stimuli that were only similar 1o previ-
ously presented objects. A bias woward pattern
separation was observed in the CA3/DG, and
biases toward completion were observed 1
several MTL regions, including CAL

Our design used an incidental encoding task
with no overt behavioml assessment of whether
or not pattem separation occurred on a given
trial. This was done both w more closely
parallel the rodent literature and 10 emove
explicint memory componats from the task that
might confound our findings. In an explicit
memory task, correctly rejecting the lure as
only similar o, but not the same as, the target
could provide behavioral evidence that pattern
separation occurred. However, as previously
suggested (£8), this approach does not allow
us 1o cleanly isolate processes of pattern sep-
aration. Il subjects are aware of the pattern
separation demands of the task, the subject
might employ a “recall 1o reject™ strategy (X).
This strategy implics that when presented with
a lure. subjects Oirst retrieve the original pre-
sentation from memory (thereby performing
pattern completion) and subsequently  com-
pare the represeniations o determine whether
the stimulus is a lure or a target. The subject
can then make a detennination based on the
comparison between the stimulus and the rep-
resentation of the initial presentation retricved

any
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from memory. As such, this task docs not rely
merely on pattiem scpartion but also on pattem
completion and even processes of encoding and
retrieval. Our indircct measure that simply ¢x-
amines activity for lure ftlems relative to first
presentations and repetitions is not only closer
to the free exploration of an envirmonment used
in the modent studics but also suffers far less
trom this difTiculty,

Our observation of activity consistent with
pattern separation specifically in the CAIDG
subregion of the hippocampus is consistent
with computational models that have stressed
the role of the demtate gyrus in particular in
creating  sparse orhogonalized representa-
tions (2, 4, 6, &) Although high-resolution
IMEL allows us o study these processes with-
in the hippocampus, the resolution remains
imsullicient to distinguish the neuronal activ-
ity ol the dentate gyrus rom the activity of
the CA3Z subregion, so these two arcas were
combined and treated as one. As such, task-
related activity of the dentate gyrus cannot be
distinguished from activity of the CA3 sub-
region. and processes of patlern separation
cannot be ascribed specifically to the dentate
gyrus. However, because the spase orthogo-
nalized representations created by the dentate
gyrus are projected predominantly o the CA3
subregion, one would expect to observe ac-
tivity related 1o processes of pattern separation
in both subregions of the hippocampus. Animal
studies have shown pattem separation signals
in both the dentate gyvrus and the CAS subregion
(14, 19, 200 Thus, our findings remain ¢on-
sistent with both the computational models
and the animal swdies described carlier.

There are limitations to our method. First,
il patiern separation was present in a region,
but overall activity remained stable across the
various repetition conditions, we would fail w
detect pattern separmtion in this region, In-
deed, all findings in this study are dependem
on a change in blood oxygen level-dependent
(BOLD} activity across the conditions in our

aa
0.6

0.4

0.2

Frrry.

Fig. 3. Bias scores in the MTL. A single bias
score for each of the six different areas in the
MTL was calculated by collapsing the bias scores
for multiple ROls in the same area. Bias scores
closer to 0 connote separation; scores closer to
1 connote completion.
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task {e.g.. dropping activity with repetition of
the stimulus), because IMRI is based on con-
trasts and is sensitive only 1o differences across
conditions,

Second, pattem separation and pattem com-
pletion are processes that are not Imited to the
MTL (24, 22} Indeed. one could arguc that
pattern separation and pattem completion occur
in all sensory modalitics in response o differ-
el or similar stimuli. It is thus possible that
activity in the CAYDG reflects the mere pro-
cessing of paterns already separated elsewhere
in the brain rather than active pattern separi-
tion, Although computational models and ani-
mal studics suggest the CAIDG serves an active
role in patiern separation, the cument data do not
allow us to differentiate uncquivocally between
these possibilitics,

Third, because novelty, recency, and fa-
milianty signals have played important roles
in understanding the MTL (23), we must con-
sider the present results in light of these codes.
Each of the regions showed activity consistent
with novelty (and recency) detection in that
simple repetition was associated with less
activity than the first presentation (with the
exception that the parahippocampal cortex
showed an inverted signal, increasing activ-
ity with repetition). In the regions outside
the CAZDG, the same change in activity
was observed for lures, whereas the CA3/DG
responded with elevated activity. These results
would be consistenmt with the hypothesis that
the same pattern of activity was present (..,
the same neurons were firing and no pattemn
separation occurred) but at rates that coded for
novelty. The novelty coding in the CAZ/DG
must be less tolerant of small changes than
other regions. Although a plausible account of
our data, this view is inconsistent with several
other sources of data. It is inconsistent with
the pattem of novelty signals typically ob-
served in the hippocampus (23). We observed
muliiple paiierns in the hippocampus, and it is
not clear that the CAYDG would best be
interpreted as coding for item-place (or sim-
ilar) associations. Further, the simpler pattern
of activity that is consistent with novelty sig-
nals was not observed in the perirhinal cortex.
Finally, this account would ignore the data
showing that neuronal activity in the dentate
gyvrus and the CA3 subregion of the hippo-
campus docs in fact exhibit changes in the
representation as the environment changes
(M1 14y, Our results are in no way incon-
sistent with novelty signals in the hippocam-
pus that differ from novelty signals elsewhere
in the MTL (23). However, we suggest that
the present resulis are more indicative of pat-
tem separation and completion and that they
are nol synonyimous with vanous novelty codes,

With the ability to perform IMED with suf-
ficiently high resolution, pattem separmtion can
be observed in the human MTL and cven spe-
cifically be ascribed to the bilaterl CAZDG

SCIENCE

subregions of the hippocampus. These find-
ings provide compelling evidence of a key
role of the human CA3I/DG in pattem sepa-
ration and further evidence supporting the com-
putational models™ account of hippocampal
function. The process of pattern separation is
central 1o and heavily taxed by many of the
functions ascribed to the hippocampus in var-
ious cognitive theories (e.g., recollection, epi-
sodic memory, and conjunctive memory) We
suggest that an understanding of the division
of labor within the MTL and between the MTL
and other structures will require a greater un-
derstanding of how pattern separation and
completion function throughout the MTL and
elsewhere in the coriex,
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Low-Magnetic-Field Control of Electric
Polarization Vector in a Helimagnet

Shintaro Ishiwata,** Yasujiro Taguchi,® Hiroshi Murakawa,®

Yoshinori Onose,™* Yoshinori Tokura™®*

The mutual control of the electric and magnetic properties of a solid is currently of great interest
because of the possible application for novel electronic devices. We report on the low-magnetic-
field (for example, B values of +30 milliteslas) control of the polarization (P} vector in a
hexaferrite, BasMgaFe,20,,, which shows the helimagnetic spin structure with the propagation
vector kg parallel to [001). The B-induced transverse conical spin structure carries the P vector
directing perpendicular to both B and kg, in accord with the recently proposed spin-current model.
Then, the oscillating or multidirectionally rotating B produces the cyclic displacement current via

the flexible handling of the magnetic cone axis.

or device applications, there is ncreasing
F mterest in enhancing the coupling between
the electrie and magnetic dipole moments for
the magnetoelectric (ME) effect (/-3). With the
recent discovery of large ME eflects in transition-
metal oxides such as ThMnOs (), considerable
effort has been devoted to magnetically frustrated
systems with a long-period magnetic structure
{(5-%). The larze ME effeet in such systems is
often observed in the course of magnetie-field
induced phase transitions with ficld magnitudes of
a few teslas. For applications, however, it will be
necessary 1o generate and control the ME effects
at room temperature and by low magnetic Nelds.
Explanations for the microscopic ongin ol the
nontrivial coupling between the polartzation ()

Fig. 1. (A} Schematic crystal struc- A
ture of Ba;MgzFe;205. The mag-
netic structure consists of alternate
stacks of L blocks (brown) and § blocks
(green) having large and small mag-
netic moments, respectively. llustra-
tions of helicoidal spins (represented
by arrows) (B} with proper screw
(50 = T = 195 K, {C} longitudinal
conical (T < 50 K), and (D) slanted
conical (T < 195 K and 8 -~ 30 mT)
spin structures,

[001]

[100]
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[010])% &

and the trmnsverse spiral spin structure have been
proposed (9 /2). According 1o the spin-current
model (9), the non-collincar armngement of the

adjacent spins con produce the polanzation of

clectron density at the bonds between them
through the superexchange interaction. and the
expression of the polarization reads as e, =
(8, = 5. Here, A is a scalar determined by the
exchange interaction and the spin-obit interaction.
The spins §; and 8 reside on the adjacent sites
along the unit vector ¢, and the tenm §; > §;
comresponds o the magnilude of dissipationless
spin supercurrent along ¢, ; (Y). This mechanism
of polarization generation may be viewed as rep-
resenting the duality that the charge or spin cur-
rent produces the magnetic or elecine dipole. When

L3

S3

L2

52

L1

B=

koll [001]
S4 Cg

the mevitable electron-lattice coupling is explic-
ily taken imto account, this moechanism s also
considered the inverse effect ol Deyaloshinsky-
Moriva interaction (/) The spin-current model
can explain the ferroeleetricity induced by the
transverse-spiral (cycloidal ) spin orders, in which
every spin pair lining up along the propaga-
tion vector A (¢, ; = ko' kp) produces the uni-
directional local £ and henee the total macroscopic
P -3, kg = (8, = 8) kg as observed for (Th,
Dy iMnO, (f3-15).

As exemplificd by the case of a spinel
CoCra0y, the above model s applicable w trans-
verse conical ferimagnets (the cone axis is per-
pendicular 1 &g), wherein ferromagnetic and
ferroclectric moments are couplad with cach other
i 16). By contmst, materials with a proper screw
or a longitudinal conical spin structure cannol
vield the spin curmrent-induced polarceation (Fig, 1,
B and C) because £8; ~ §; kg, Nevertheless, they
can be the potentially tunable ME materials by
making use of an external magnetic ficld (B) sta-
bilizing a conical spin structure, in which the cone
axis deviates from Ay (Fig. 1D). This allows one 1o
control both the magnitude and the direction ol the
ferroclectric polarization via controlling the direc-

"Multiferroics Project, Exploratory Research for Advanced
Technology (ERATO), Japan Science and Technology Agency
(15N, care of Department of Applied Physics, University of
Tokyo, Hongo, Tokyo 113-8656, Japan. “Cross-Correlated Ma-
terials Research Group (CMRG), Frontier Research System
(FRS), RIKEN, Wako 351-0198, Japan. *Department of Appbed
Physis, University of Takyo, Hongo, Tokyo 113-8656, Japan.

*To whom correspondence should be addressed. E-mail;
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tion of the cone axis by relatively weak B, Here,
we demonstrate a control of the lermoclectric
polariation vector P{ LB and Ag) in a longitudinal
conical helimagnet BaaMgaFe205 having weak
spin anisotropy by handling the cone axis with
rotating B of several tens of millieslas (mT),
Recently, magnatoplumbite-related hexalemites
have been suggested as promising candidates for
ME matcrials with a high magnetic-ordering tem-
perature, and it was found that a Y-type hexalemte
B{b' y‘;l‘lvﬁa'lzi:ﬂu{ }33 1BS£E‘[3} '.*ihli'mu L | E"‘i]ﬂj“ﬁﬂj
polarization that can be motated around the hex-
agonal axis by the extenul B (/7). BSZFO under-
2o0s a thermal tmnsition from a femimagnetic state
1o a helicoidal state at 319 K, below which severl
successive magnetic held-mduced transitions occur
(481 All the phases, except for the collinear fer-
rimagnetic phase above -2 T, have a long-period

magnetic structure with a propagation vector Ky
parallel to the hexagonal axas ([ [001]). However,
the ferroclkectric polarization was observed only
in the panticular phase, which is stable at around
1 T. Thus, this kroelectric phase is scemingly a
unigue phase, and the link between the magnetic
structurcs m this phase and i zero ficld 5 not
clear, In the present compound, BaaMgaFe 205
(BMFO), we have found the existence of a
flexibly wnable ferroelectice phase in a much
weaker magnetic-field region, that is, the tmns-
verse conical phase, which is coninuously
comected by the small magnetic liclds from the
magnetic structure in zero feld, while Keeping

the sense of the spin helix. [See (1Y) for details of

sample preparation and measurements. |
The erystal structure of BMFO 15 compatible
with the Y-tvpe hexaferrite having the centric

Fig. 2. (A} Magneto-
electric phase diagram of
BﬂgMQgF'Eung in mag-
netic field (B) along [100]
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space group R3m, composed ol altemate stacks
of L blocks and S blocks along [001] (Fig. 1A).
Within each block, the spins aligned ferrmag-
netically within the 001 | plane yvield a large
magnetic moment on the L block and a small
magnetic moment on the S block [the fommer is
2.8-fold larger than the latier (207). This material
is fermimagnetic below 533 K and adopts a proper
screw spin structure with &y along [001] below
195 K (Fig. 1B). The wrn angle ¢ between the
moments on the same Kind of the adjacent blocks
is about TO° a1 9 K (2/). We also found a spin
reorientation tmnsition 1o a longitudinal conical
state at around 30 K (Fig. 1C), which showed up
as the onset of the spontancous magneliztion
along [001] (Fig. 2B inset). According 1o previous
studics (20), competitive nalure among  super-
exchange interactions around the boundary be-
tween the L and the S blocks is responsible for
the screw-tvpe spin structure and, perhaps, lor the
reonentation tmnsition as well,

The magnetic phase diagram for BMFO as
functions of temperature and B (/| 100]) is shown
in Fig. 2A. In addition to the proper screw state
{and the longitudinal conical state below about
S50 K)at 8 = (1, there are four kinds of magnetic
phases: unexpectedly, three of them (FEL, FE2,
and FE3) are ferroelectric phases, and the other
one (PE) is a parmelectric phase (Fig. 20C) As
typified inFig. 2B in the case of 5 K, these phases
are distinguishable by the platcaus in the M-8
curve. MM, (A, denotes the saturation magneti-
Zation) nereases as O proper serew; B~0T)— 0.25
(FEL:OT < B<=60mT)— 045 (FE2; - 60mT <
B<=012T)— 075 (FE}: <012 T< 8 <
~38 T) — | (PE; B = =3.8 T). Although the
magnetic structures of BMFO under magnetic
ficlds have not boen characterized as vet, the
resemblance o BSZFO with regard 10 the M-8
and P-8 curves convinees us ol the occurrence of
similar sequential phase ransitions,

As the applied B increased (Fig. 2C), P in-
creased in accordance with the increase of Mand
reached a maximum in FE3 (-80 uC/m?), fol-
lowed by the collapse at the phase boundary be-
mween the FE3 and the spin-collinear ferrimagnetic
PE phases. Notably, the femroclectric polanza-
tion was observable even in the FEL phase near
8 =10, in contrast 1o BSZFO, which showed the
ferroelectric polarieation only in the imermediate
(=1 T) field-induced phase (perbaps correspond-
ing o the 8= 1 T phase in BMFO). Accordingly,
the magnetic structures of BMFEO in the low 8
region, especially for FEL, should be differcm
from the likes of the fan spin siruciure proposed
for the low-field phase in BSZFO (£5). Instead,
FEI should have a ransverse conical spin struc-
ture with a cone axis nearly parallel w B (as il-
lustrated in Fig. 2A) This is ascertained by the
fact that in the FE phase both the external field
and the spin anisotropy are weak; the cone axis
should follow the direction of magnetic ficld with
the twum angle of the spins unchanged. Mote tha
ko is always pamllel to the unique axis [001],
imespective of the dircction off B, The emergence
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of P pempendicular o both &g (001 ]) and the
transverse cone axis (B strongly suggesis that
the spin-current model holds tor FEL

In order 1o clarify the relationship between P
and the conical or other long-period spin strue-
tures propagating along [001 ], we studied the B
dircction dependence of P under rotating B val-
ucs of 30 mT, 0.1 T, and 1 T within the plancs
normal 1o [001] (horizontal rotation; Fig. 3, A
to D) and normal to | 120] (vertical rotation; Fig.
3, E 1o H). Before the measurements, # was [irst
set 1o | Tand then increased o a positive value
for FE1 (<30 mT), FE2 (~0.1 T), or FE3 (-1 T).

First, we noticed from Fig, 3, B and F, that in
8= 30 mT both the - and O-dependent P values
follow nearly sinusoidal curves. Given that the
applied ficld and the magnetic anisotropy are
weak, the cone axis should follow the direction of
B while keeping the spin helicity intact, Then, on
the basis ol the spin-cumrent model, the direction
of Pis expected o be perpendicular to both 8 and
kg (Fig. 3A), and its magnitude is proportional to
sinb (Fig. 3E), in agreement with the observed
feature. The slight deviation from the sinusoidal
curve reflects the weak but finite magnetic

Fig. 3. (A) Schematic con-
figurations for the measure-
ments of ME polarization
under the horizontally rotat-
ing B and (E) that under the
vertically rotating B.  and 0
are defined as the relative
angles between B and [120]
and between B and [001],
respectively. (B) to (D) & and

A

(00111l ks E

anisotropy that drags the cone axis slightly away
trom the direction of B and causcs the hysterctic
behavior, as observed in the angle-incrcasimg and
-decrcasing muns,

The sing dependence of P with almost no
hysteresis can also be observed in 8 = 1 T (Fig.
D). This behavior is essentially the same as that
reported for BSZFO (I7). Actually, MM, for
FE} is quite closc to that for the imermediate-
ficld (~1 T) ferroclectric phase of BSZFO with
the noncollinear femrimagnetic structure with &y =
(0, 0, 372) In the case of 0 dependence, on the
other hand, P suddenly vanished around B = 707,
and it never recovered 1o the initial staie afterwand,
indicating the occurrence of a tmnsition o the
collincar fanmagnetic PE phase (Fig. 3H). Simui-
larly, although P under the horrzontally motatng
B of 0.1 T showed the neary sinusoidal behavior
(Fig. 3C), that for the vertical one was quite
different, and its magmitude tended 1o be reduced
as the external B motated across the [001] axis
(Fig. 3G). These results highlight the robust
stability of FE1 against the all-dircctional B, or
conversely that the P veetor in FEL is highly tun-
able by a rotating small B.
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Next, we show evelic oscillation of the dis-
placement cumrent in BMFO under the small os-
cillating 8 applied along [ 100] at 5 K. As shown
in Fig. 4. A and B, the displacement curent and
P oscillate with changing its sign and keeping
dlmost the same amplitude, This behavior re-
sembles the case of a conical magnet CoCry(y
(16), which exhibits the reversal of P upon the
reversal of the magnetization M (or the cone
axis). This feature has been interpreted in terms
ofclamping between the £ and M domains across
the Bloch-type domain walls. However, BMFO
shows quite a different mechanism ol the mag-
netic reversal of P While £ oscillates, the longi-
tudinal conical spin struciure tends 1w appear
around B = 0, as shown schematically in the
upper part of Fig. 4: Due 1w the presence of this
longitudinal (M ky) conical state at 8 = (0, the
spin helicity as defined as ZklS; = §;) should be
preserved on raversing the B = 0 point, This
process leads o the reversal of Pwith the reversal
ol B( LAg). [Note that the two states with M kg
are degenerate at B = 0. Nevertheless, the spin
helicity around B = 0 is the same, leading 1o the
identical consequence about the P reversal,

120] _[001
[ ':1@[ ]

(F) to (H) 0 dependence of % 12 ' 1
the ME polarization under (5 10
the rotating 8 of [(B) and 2 g
(A130mT, [(Dand (G] 0.1T, 5 a
and [(D) and (H)] 1 7. The &
polar plots of Pof (F) FEL, (G) N -5
FE2, and (H) FE3 are .g-wa
appended to the right of @ 45| : .
each panel The polar plots
for (G) and (H) were made by C
symmetrical operations of a'g 40 T : !
the data in the angular = |
region, =90 < 0 < 0, high- E:L 20r 1
lighted by shadows. The - k
arrows with numbers indiate 2 0
the direction of experimental & _ [ 2".
sequences, (1) Schematics of E -20p
the configuration for thepoling £ [
process (E denotes the poling -40 . : i
electric field). All the data
were collected at 5 K. o 80 ] ! '
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Fig. 4. (A) Oscillating  [100] v i
displacement current, (B) [001] :\ o '_-_h""‘ \ / mnr?u?'{sgll [T20))
cydic reversal of the fer- [4o5]  transver o N\ [ L=
roelectric polarization, and 20 — | -y
{C) periodically changing Bl 1100 l . s
B parallel to [100] plotted HoR . 2 cmmaHP:}
as a function of time. The g I' l
drawings at the top sche- : N
matically show the tem- adr "T=5K 7
paral change of the spin E oL
cone and helicity while 2
oscillating B. E 0
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similar w0 the case of B rotation around [120)
(Fig. 3F)|

We have found the magnetically indueed
ferroeleetne phases at low B in a hexalerrite
BasMgaFeya(3, and succeeded in (lexibly

7Y

VUV VY

Time (sec.)

controlling the P wvector in the trnsverse
conieal spin phase by handling the cone axis
with rotating B ol several tens of mT.
Considering the high helimagnetic ordering
temperature of Y-type hexaferrites (up to

above room temperiture), our results offer a
possible route w0 eld-wnable room-temperature
multilermoncs.

References and Notes
]. Wang erf of., Science 299, 1719 (2003).
. M. Fiebig, | Phys. D 38, R123 (2005).
. Y. Tokura, Sclence 312, 1481 (2004).
. T. Kimura ef of., Noture 426, 55 (2003).
. G, Lawes ef al,, Phys Rev. Left. 95, 087205 (2005).
. 1. Kimura, ). . Lashley, A P. Ramirez, Phys. Rev. B 73,
220401 {2006},
7. 5, Park, . ], Choi, C. L Zhang, 5.-W. Cheong,
Phys. Rev. Letl. 98, 057601 (2007).
B. T. Arima, . Phys. Sec. jon. T, 073702 (2007).
9. H. Katsura, N. Nagaosa, A. V. Balatsky, Phyx Rev. Left.
95, 057205 {2005).
10. L A Sergienko, E Dagotio, Phys Rev 8 73, 094434 (2004).
11. M. Meostovoy, Phys. Rev. Lefi. 96, 067601 (2006).
12. A B. Harris, T. Yildinm, A, Aharony, 0. Entin-Wohlman,
Phys. Rev. B 73, 184433 (2006).
13. Y. Yamasaki et al,, Phys. Rev. lett. 98, 147204 (2007).
14. M. Kenmimarn ef ol, Phys Rew Lett 95, 087206 (2005).
15. 1. Arima ef of., Phys, Rev. Lett. 96, 097202 (2006).
16. Y, Yamasaki et al., Phys. Rev. lett. 96, 207204 (2006).
17. T. Kimista, G. Lawes, A, P. Ramirez, Phys. Rev. Lett 94,
137201 {2005}
18. . Momazawa, Y. Yamaguchi, J. Phys. Soc, Jon. 62, 1292
(1993},
19. Materials and Methods are available on Science Online,
20. M. Momozawa, Y. Yamaguchi, M. Mita, L Phys. Soc Jpa.
55, 1350 {1986),
21. N Memozawa, Y. Nagao, 5. Utsumi, M. Abe, Y. Yamaguchi,
L Phys Soc. Jpn 70, 2724 (2001).
22. The authors thank M. Magaosa and 7. Arima far useful
comments and Y. Tokunaga for experimental support and
discussions.

E-lﬂﬂ-whdt—i

Supperting Online Material

waw.sciencemag. onglegifcontentfull319SET0/ 164 3D
Materials and Methods

Relerences

21 December 2007; accepted 14 February 2008
10.1126/science. 1154507

Observation of Giant Diffusivity
Along Dislocation Cores

Marc Legros, 't Gerhard Dehm,? Eduard Arzt,® T. John Balk®

Diffusion of atoms in a crystalline lattice is a thermally activated process that can be strongly
accelerated by defects such as grain boundaries or dislocations. When carried by dislocations,
this elemental mechanism is known as “pipe diffusion.” Pipe diffusion has been used to explain
abnormal diffusion, Cottrell atmospheres, and dislocation-precipitate interactions during creep,
although this rests more on conjecture than on direct demonstration. The motion of dislocations
between silicon nanoprecipitates in an aluminum thin film was recently observed and controlled
via in situ transmission electron microscopy. We observed the pipe diffusion phenomenon and
measured the diffusivity along a single dislocation line. It is found that dislocations accelerate the
diffusion of impurities by almost three orders of magnitude as compared with bulk diffusion.

clects such as vacancies, impuntics, dis-
Dhu;miunn grain boundaries, and precipi-

tates control several material propenics
(e, resistivity, magnetic coercivity, and strength),
OF these defeets, dislocations have motivated nu-
merous studies, because their intninsic ability w
multiply and 10 propagate determings many me-
chanical propertics of metals and alloys, In ad-
dition, dislocation lines can act as fast paths for

21 MARCH 2008 WOL 319 SCIENCE

diffusing moms, and this elemental phenomenon,
known as pipe diffusion (), is thought to orgi-
nate from the disordered core region that lowers
the activation energy for diffusion (2, 21 This con-
cept of a fast diffusion path i erysalline solids
has been extended 1o screw or mixed-chamcter

dislocations ([, 4) and, collectively, w armys of

dislocation (1.c., gmin boundarics) (3, 6). By
creating a short cireuit pathway, pipe diffusion

can potentially affect various types of material
behavior involving dislocations, impuritics, and
precipilates [e.g.. creep (7). dynamic sirain aging
(4, 91, erystal nucleation (/) or Ostwald ripening
(/1]. tbecomes entical when diffusion paths are
short, as in thin films and nanocrystals (12, 13).

The measurement of diffusion through the
core of a single dislocation was performed by
Volin er al, (J4)., with the use of ex silu trans-
mission clectron microscopy (TEM) to study the
trnsler of vacancics between a void and the sur-
faces of an aluminum foil, Aside rom this casce,
the phenomenon s either indirectly confimed
(/3) or al best measured through grain bounda-
rics treated as arrays of dislocations (/6),
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Fig. 1. Typical configuration of 5i
precipitates and dislocations observed
by in situ TEM to study pipe diffusion.
{A) TEM micrograph showing precip-
itates Py and P, connected by a dis
location segment dy in an aluminum
grain at 623 K. (B} Three-dimensional
sketch of the configuration observed
in (Ak The dislocation segments d;
to d; connect the precipitates to the
free surfaces or the boundary of the
grain (GB1 and GB2) and do not par-
ticipate in the diffusion of 5i from
Py to Ps. The larger arrow in (B) in-
dicates the direction of the 5i atom

REPORTS I

flux The corresponding video (movie 51) and crystallographic information (fig. S1) are available as supporting material on Science Online.

Diflusion is a thermally activated process, and
the pipe diffusivity Dy can be described by the
lfollowing equation

PN
Dp = Dy, expl T (1)
where £ is the Boltzmann constant, T is abso-
lute temperature, and Dp, and Op are the pre-
exponential factor and activation energy for pipe
diffusion that we want 1o determine.

TEM samples were thinned down as cross-
sectional wedges until the Al laver containing the
precipitates and the underlving Si substrate was
200 1o 300 nm thick. The Al layer remiains as a
100- 10 300-pm-long electron-transparent thin
beam (/7 consisting of columnar grins (“bam-
boo structure™). The goal of our in siw TEM
heating experiments is o stabilize, within an Al
wrin, a dislocation between two Si precipitates of
different size (see dy, Py, and P in Fig. 1) and o
maintain this configuration at a constant temper-
ature. Dislocation motion is controlled via the
difference in coeflicient of thermal expansion be-
tween the Al film and the Si substrate. The drving
fiorce for Si atom diffusion from smaller o larger
precipitates [Ostwald ripening (/&)] s the differ-
ence between the Gibbs free enengy of cach pre-
cipitate: that is, their chemical potential p; due o
surface curvature

2 0y
Wy =— (2)
L]

Here, r; 15 the mdius of precipitane 1, £2 s the
atomic volume of Si, and ¥ s the surface energy,

In Fig. 2, five precipitates labeled Py Pgand
two dislocation segments dy and da are monitored
during an experiment at 623 K. Precipitates Py
and Py are conneeted by the dislocation segmient
dy. whereas dy links precipitates P, and Ps, the
latter precipitate being located just undemeath the
free surface of the Al film. This configuration
remained stable for abowut | hour, allowing us 1w
observe the evolution of the Si precipitates in the
Al matrix. As compared with others of similar
shec (e.g., Pa), precipitate Py dissolves much faster
(Fig. 2, A 10 D), This is because 1s Si atoms
channel quickly toward precipitte Py through

A B

-] ﬁ ABDd 1500 3000 2500 3OO0

Fig. 2. In situ TEM observation of precipitate dissolution through a dislocation. T = 623 K. (A to D) Still
micrographs: Py to P are Si precipitates, and dy and d; are dislocation segments. Only Py dissolves abnormally
fast, because dy acts as a short circuit for diffusion. In (D}, dy is released once Py has completely dissolved. (E)
Evolution of precipitate volume for Py and P; as a function of time, F) Sketch of the evolution of Py, P, dy, and
d, size and position from (A) to (D).

dislocation scgment dy. The volume evolution of  dislocation d; is released and moves to the closest
precipitates Py and P s ploted in Fig. 2E. Once  surface (Fig. 2, D and F). Figure 2F summarizes
all the Sioatoms are wransferred from Py to Pe, the posiions and dimensions of Py, Py, Ps, d,,
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Fig. 3. Evolution of diffusivity (D) as a function of temperature, (A} Comparison
of pipe and bulk diffusivity for Si in Al between 573 and 773 K. Curves composed
of open squares (lattice self-diffusion of Al), open dircles (lattice diffusion of Siin
All, and open triangles (Al pipe self-diffusion) are plotted according to previows

and dy from the micrographs in Fig. 2, A 10 D.
The size of all precipitates, except Py, remained
apparently constant, and precipitate Py, while fixed
in place, dissolved Faster on the side connected 1o
the dislocation. We conclude from this thm Si
diffusion around the panticle surlace s not rate-
limiting for pipe diffusion.

The atomic ux density Jp simply denves
from the volume evolution o Vy/dr ol the smallest
precipitate participating in pipe diffusion (i.c., Py}

ol |l
Jp = —— (3)
ot Lvp
The “pipe cross section” sp 15 usually caleulated
trom the dislocation Burzers veetor b, The atomic
lux density 15 also relaved 1 the pipe dittisivy Dp

Dp Ap

R L 4
P = kT Al g

with Ap being the difference in chemical poien-
tial between precipitates Py and Pp and with A
being their distance. This equation explains why
the volume reduction of Py accelerates at the end
of dissolution (Fig, 2E): As the radius of Py
diminishes, the gradient of chamical potential be-
tween Py and P5 increases, accelerating diltusion
(Fig. 2E). Combining Egs. 2 w 4 leads o an
expression for Op that depends only on Py, g,
ra, and Af

r_an;
28ysp ol

1 17!
Dy = —=| Al (5
o

This relation for Dp results from the simple fonm
of Gibbs free energy (Eq. 2) in which we have
neglected the strain energy of Si precipitates, The
absence of notable stain gradients near the Si
precipitates can be venlied by analyang the TEM
bright-lield contrast around the spherical precipi-
tates (/91 (Fig. 2) and the neighboring dislocation
displacements and bowing. This lack of stmin

21 MARCH 2008 VOL 319

gradicnts durng the pipe diffusion process is more
understandable in the thin-foil geometry ol this
study: The growth of large precipitates should
occurnommal w the TEM thin foil { 200 1o 300mm
thick, in generaly—that 15, in the direetion where
potential elastic strains are lowest. This is because
a free surface is always close to the larger precip-
itates, which have a diameter of about 100 nm.
As a result, the monitored arca of larger precip-
itaes is not expected o vary significamly during
insitu experiments, which is indeed the case (/7).

Altogether, live suceessiul expenments were
carmed out: two at 623 K (Figs. 1 and 2) and one
each at 673 K, 693 K (movie 51), and 723 K. At
623 K, the experiment deseribed in Fig. 2 leads o
avalueof Dp=12x= 107" em®'s whereas that in
Fig. | gives Dp =82 = 107" cm®/s. This shows
that consistent results are reached for experiments
repeated at the same wmperare, even with dis-
similar precipitaie and disbocaton configurations,
Figure 3, A and B, presents the four values of Dy
resuliing from these experiments, plotied as filled
red circles. The error bars correspond to the SD,
primarily resulting from the tenm o e (7). For
cach temperature, this SD never exceeded 50%%
of the calculated median values of Dy,

The surface energy ¥ of the precipitates and
the pipe cross section sp can also alter the value of
Dp. We choose v = 1.2 Jm®, a mean value lying
between (1) the experimentally measured surface
cnergy of pure 51 (20) and of AUSI mterface
(=1 Jw®) (21 and (i) the theoretically predicted
Si {111} surface energy (115 < y < 1.9 J/m?)

22, 23), These studies also indicate that the close-
packed planes of Si have similar surface energies.

The pipe cross seclion sp characlerizes the
higher diffusivity core region of the dislocation,
Rocent observations of Cotirel] atmospheres around
dislocations via atoam probe tomography give an
upper limit of the radial extent of impuritics
(24, 230, but these diameters (1.5 10 3 nm) cannot
be dircetly related 1o sp. Picu and Zhang (26)
simulated the pipe ditfusion of Mg in dissociated

SCIENCE

experimental data (14, 29). Filled red circles represent the pipe diffusivity found
in the present study. Error bars calculated from the SD found on Dy values were
added to these filled circles as vertical bars, (B) Logarithmic plot of Dp versus 117,
The fitted line is used to determine the pipe diffusion activation energy (17).

dislocations in Al and found that diffusion was
confined within a region bounded by two adja-
cent {111} planes and by the dissociation width
(i.e.. within arcas of 0.28 1o 0.68 nm?), depending
on the character and splitting of the dislocation.
This means that most ol the accelerated diffusion
does not permeate bevond the first atomic neigh-
bors around the dislocation core. The actual core
structure ol a2<1 10> dislocations in Al is still
under debate (27), and high-resolution TEM
images show compact cores with spreading less
than 2b (2X). For the pipe cross section, we
therefore considered a disk with radius equal 1o
the Burgers vector of a perfeet a2 <1105 dis-
location (b = 0.2% nm), vielding sp = 025 nm’.
This value corresponds 1o diffusion confined
inside the compact core of a perfect a2 <1 10>
dislocation and also w the value adopted in the
review by Ballufli and Granato (16), which al-
lows for relevant comparison. Finally, we have
not sysiematically detenmined the dislocation char-
acter, which could also influence the value of (.
A dislocation analysis of ihe configuration de-
scribed in Figs. | and 2 is shown in figs S1 and
52 and shows that the dislocation responsible for
pipe diffusion (dy) has mixed chamcter in this case.

Forcomparison, the graph in Fig. 3A includes
the bulk diffusivity of Siam Al (29), the sl
diffusivity of Al, and the pipe diffusivity of va-
cancies m Al (/4). In the temperature mnge
investigated, the pipe diffusivity is about three
orders of magnitude higher than that for bulk and
15 similar in magnitude to the Al vacancy pipe
diffusion deduced from Nolin e al. (/4) by a
nondirect experdmental method. The logarthmic
plot of Pp as a function of 1/7T in Fig. 3B allows
the calculation of both the pre-exponential actor
Dpg and the activation energy Op Tor pipe dil-
fusion via Eg. 1. A lincar curve fit of the four
points in Fig. 3B viclds Dp, = 7 em™'s and Op =
108 kVmol. This encrgy is very close to the sim-
ulated value of O = 1088 Kl'mol for Mg diflu-
sion throwgh 607 dislocations ( 26), For companson,
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the n:mwimcnl:tlpulk values for diffusion of 51 in
Alare D, =2 em™sand 0= 136 KVmol (29). The
pre-exponential factor Dpg 15 thus larger than
those found in the literature (14, 29), but the ac-
tivation energy, which indicates how casily pipe
dilfusion occurs, is 200 smaller than that for
bulk diffusion of 5110 Al (29). Also, the actva-
tion energy for interstitials (108 kK)mol) is higher
than that for vacancies (82 K)maoly (14), indicat-
ing casier diflusion of vacancies (7).

Conlinning previous theoretical studies, the
present in situ TEM experiments establish that
dislocations can transport atoms at mtes orders of
magnitude faster than bulk diffusion in a crvstal,
Quantifving the diffusivity and activation energy
for a single dislocation should help 1o understand
low-angle grin boundary diffusion, aceelerated
precipitate growth, and high-lemperature creep in
many alloys, A more fundamental insight into the
detailed interactions between a dislocaton and
migrating vacancies interstitials s also expected.
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Titan’s Rotation Reveals an Internal
Ocean and Changing Zonal Winds

Ralph D. Lorenz* Bryan W. Stiles,” Randolph L. Kirk,* Michael D. Allison,* Paolo Persi del Marmo,?
Luciano less,® Jonathan 1. Lunine,® Steven ]. Ostro,? Scott Hensley?

Cassini radar observations of Saturn’s moon Titan over several years show that its rotational period is
changing and is different from its orbital period. The present-day rotation period difference from
synchronous spin leads to a shift of ~0.36 per year in apparent longitude and is consistent with
seasonal exchange of angular momentum between the surface and Titan's dense superrotating
atmosphere, but enly if Titan's crust is decoupled from the core by an internal water ocean like that

on Europa.

itan’s massive atmosphere modifies its

I surface in many ways—notably by acoli-
an fransport forming sand dunes and by
Tuvial erosion forming river channels—and it
has been predicted (1) that angular momentum
exchange between the surface and atmosphere
might lead 1o scasonal variations in Titans spin
rate or length of day (LoD). Changes i wind
patterns lead 1o a scasonal change (2, ) o Earth’s
LoD of ~1I ms, superimposed on longer-ienm
variations in LoD due to gravitational tidal torque
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from the Moon., On Mars, a seasonal vanation in
LoDy of =1 ms measured by lander radio tracking
() occurs as a result of the redistribution of mass
in the CO4 frost cvele. Also, a gravitational -
bration of Mercury revealing a liquid core was
recently observed by planetary radar (3). These
clleets are gquite subtle, but on Titan, a small body
with a massive atmosphere, the changes can be
substantial: Global Circulation Model (GOM) pre-
dictions of scasonal changes in LoD (f) are of
some tens 1o hundreds of seconds (Titan's side-
real LoD is nominally equal to the orbit period of
1.377.684 5, or ~15.945 solar Eanth days). This
change keads o displacements ol surface (eatures
from their expected positions by tens 1o hundreds
of kilometers over time scales ol a Titan scason
{about one-founth of the 293y ear Satum orbital
period), casily detectable by mdar mapping.

The high spatial resolution (<0.5 km) of
images from the Cassini radar instrument, coupled
with the geometric precision relative 1o an extemal

reference frame alforded by mdar imaging, has
recently allowed Titan's spin state 1o be deter-
mined with great accumey (6-8). In synthetie
aperture radar (SAR) muaging acquired by Cissini
between October 2004 and May 2007, there are
19 regions on Titan that are observed in more
than one swath. Two independent analyses

one (A using 130 manually determined landmark
featres, which are displaced by up 10 30 ki
between swaths il the locations are compuned
with the previously assumed pole position and a
synchronous rotation, and another (7) using nu-
merical correlation of four overlapping images

both indicate a spin mte of 22.3781° per day, or
0.36° per vear [aster than synchronous spin.
These analvses also determine the pole position,
indicating an obliquity of Tian’s pole from ns
orbital plane around Satum of 0.3%, This is small
enough o be metcorologically  unimporiant
relative 1o the Saturn system obliquity that drives
Tatan's seasons (the ring plane, sl inclined by
~0.3% 10 Tians orbital plane about Saturn, 15
nchned o Sawum’s orbit around the Sun by some
20.7%, closc 1o the present obliquities of Mars and
Earth of 25 2% and 23.3°, respectively ). Although
the pole position (expected o precess on cenlury-
to-millennium time scales because of gravitation-
al wrques in the satumian system) may provide

constraints on Titan's intemal structure, notably if

Titan is in a dvnamically relaxed spin-orbit equi-
librium [a so-called “Cassini State,” eg., (911,
we focus here on the spin rate,

First, we note that Titan's spin-down time is
shont (<10" vears) relative to the age of the solar
system, so i the absence of external wngues i
should be in an asympiotic end state with syn-
chronous maation (12). Indeed, less accurate
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determinations (/3, 74 of Tilan’s spin arc
consistent with synchronous or near-synchronous
spin. However, tmnsfer of angular momentum
bretween the atmoesphere and surlace can causc
short-term (scasonal) variations about this long-
term synchronous baseline that have cluded
detection by prior methods, Overall nonsyn-
chroneity of Titan’s aimosphere, surface, and in-
terior would require extemal forcing via an
implausibly large recent impact and would be
difficult 1o reconcile with the combined constraints
of our measurements and prior determinations (8),

It Titan were a solid, uniform undifferentiated
baody, it would have a moment of inertia about its
rotation axis € = 3.4 = 10% kg m® = 04MR,
where M s the planctary mass and £ 15 the adius.
IF it differentiated inwo a rocky core with an ice
miantle (15), then C~ 2.7 = 10° kg m? ~ 0.33/MR2,
On the other hand, the moment ol inertia of an ice
crust alone, mechanically decoupled from the
deep interior ol silicates and high-pressure ice by
a liguid layer of waler or walker-ammonia, is
much lower, only ~2.2 = 10™ kg m® for a crust
70 km thick. These possibilities may be com-

1[?5: —yy ¥ ¥
Crustal 70 150 300 km MO DCEAN 2
Thickness | | |
Huygens Doppler Wind
GCM 2005 Prediction

Angular Momentum (kgm?s™')
b

L -
1[?1[}3‘

OCEAN

0.3 0.4
—_

Mel Factor

10

Surface Moment of Inertia (kgm2)

Fig. 1. The radar determination of spin rate offset from synchronous rotation (shaded diagonal
line) is equivalent to a determination of the ratio between angular momentum deposition
(ordinate) and the moment of inertia attached to the surface (abscissa). The observed rate requires
either that the crust is decoupled from the interior or that exceptional variations in atmospheric
angular momentum occur. The GCM prediction s from (). The Huygens Doppler Wind Experiment
profile assumes that the atmosphere rotates as a solid body; a more probable cosine-latitude
dependence would drop the angular momentum by a factor of 2, Atmospheric angular momentum
values are for motion relative to Titan's surface. Mol, moment of inertia.

Fig. 2. Solid circle plus arrow
shows our measured longitude
drift {relative to assumed syn-
chronous rotation) and its rate
of change as measured on

10—

2
in

Cassini flybys TA to T28. Pre- & |
dicted drift rates are much ? 5
smaller (dotted line) if Titan is 2 00
a solid body. The drift and its .E
rate of change are the same
magnitude and sign, but lag- £
ging by ~2 years, the predicted 005

rotation if Titan's crust is de-
coupled from the interior (solid
line). Further observations in the
2008-2010 time frame, during

the proposed extended mission
of Cassini, may confirm the pre-
dicted decline and reversal of
the drift (dashed line).
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pared with the moment of inetia of the atmo-
sphere Ly, taken as a sphencal shell using the
surface air density of 5.3 kg m 3 and scale herght
of =25 km: fam = 4.9 » T kg m”. In other
words, the moment of inertia of the crust may be
only 400 tmes that of the atmosphere (by
contrast, this ratio is ~10° for Earth),

Although all models, wlescopic observations,
and the measurements by the Huygens probe
(16} indicate consistently prograde winds in the
upper levels of the atmosphere, the lowest scale
height of the atmosphene may expencnce a
seasonal reversal at some latitudes. This reversal
is predicted () to almost balance the rest of the
atmosphere, such that the toml angular momen-
tum budget relative 1o the surlace varies by ~80%%
about a mean of ~1.5 = 10%° ke m? 57! (in an
inertial frame the angular momentum varies only
by = 10%%, dominated by the rotational velocity of
Titan itself). The cffeet on the LoD relates to the
rmtio of this angular momentum change o the
crustal moment of inertia (Fig. 1): I the angular
momentum change is as predicted, it is clear that
Titan's crust must be decoupled from its interior.
The same conclusion can be drawn even il the
atmospheric angular momentum observed by the
probe (adopting a wind speed proportional to co-
sine of latitude) were complately exchanged with
the surface. Only if the atmospheric angular nw-
mentum were o change by almost an onder of mag-
nitude welative 10 what was measured (for which
there is no observational support) could a solid
Titan be accommaodated; this scenano might also
require unphysical changes in todal Kmetic encrgy.

The existence of an intemal waler-anumonia
ocean that mechanical ly decouples the crust from
the interior has been long predicted by cosmo-
chemical and thenmal models (7, 18) and has
cven been considered 10 be potentially habitable
(%), Intemal occans have been detected magnet-
ically on Europa and Callisio (26 and are also
presumed to exist on Ganymede.

We note that the present magninde of our
drift is slightly smaller (0.36% per vear) than the
~0.6% per vear predicted (f). This difference
points o one or more model assumptions that
might be adjusied 10 achieve better agreement;
for example, gravitational coupling between the
crust and a possibly nonspherical solid core could
affeet the rotation history, or the ice crust may be
thicker than the 70 km assumed. A factor of -2
increase in thickness can be readily accommo-
dated in thermal models by uncenaintics in
internal heat flow. Indeed. other evidence points
tor the crust not being thin: The 440-km-diameter
impact structure Menmva (26) docs not appear o
have penetrated the crust in the manner of ice-
breaching impacts on Europa. This implics that
the crust was thicker than one-thind the diameter of
the transient cavity (about two-thinds of the final
diameter) when the crater formed, orat least 100 km.

The spin rate also appears o be accelerating,
relative to synchronous spin, by 0,05° per day
every 100 vears (Fig, 2) The mere existence of
observable change suppons the thin-crust inter-
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pretation above, This change s similar o that
predicted (4) but is apparently delaved by -2
years, which suggests that GOMs may merit
refinement. An unavordable deficiency in present
Titan GOMs is the lack of surface wpography, so
atmospheric twmue is assumed o be atributable
only to skin frction. However, it is known that
there are kilometer-high mountain chains on
Titan (22} and that a pressure feld can exent a
torque on the surface via pressure differences
across mountain chains [e.g., (2 23)]. Another
assumption that bears funher examination ks that
of complete decoupling from the ocean. Friction
at the bottoam of the ke layver would allow the
occan 1o act as another H-IlgU'i.ll' MeIMeTLm
reservorr, generally providing a higher apparcnt
momen of ineria than the ice crust alone, but
likely increasing the complexity of the spin history,

Regardless of the details, an imporant and
robust conclusion of this study 15 that the spin
penod can be expected 1o vary substantially over
time scales of a few years, and indeed other data
{8 show that the rate of change of spin rate must

have been different over the past couple of

decades. Taking the phase-lagged model as a
guide, Tian's spin should peak during the pro-
posed extended mission (2008-2010) and then
begin to decline. We predict that other anticipated
Cassini results, such as detenmination of the tidal
Lowve number £ (12) from mdio trmcking (24),

will be consistent with an internal agueous ocean.
Induced magnetic liclds in such an ocean, which
might mdependently constram the ice thickness
and ocean conductivity (25), will be difficult 1©0
deweet on Cassini flybys, although a future dedi-
cated Titan orbiter/ Tander mission could sucoced.
Such a mission would itsell provide new rotation
measurcments of this body, which combines the
astrobiological appeal of a subsurface water
ocean on an organic-rich icy satellite with solid-
body rotation effects driven by atmospheric
dynamics that are more profound than those
observed on the wemestrial planets,
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Chloride-Bearing Materials in the
Southern Highlands of Mars

M. M. Osterloo,™ V. E. Hamilton,! ]. L. Bandfield,’t T. D. Glotch,? A. M. Baldridge,*t
P. R. Christensen,” L. L Tornabene,* F. 5. Anderson®

Chlorides commonly precipitate during the evaporation of surface water or groundwater and during
volcanic outgassing. Spectrally distinct surface deposits consistent with chloride-bearing materials
have been identified and mapped using data from the 2001 Mars Odyssey Thermal Emission
Imaging System. These deposits are found throughout regions of low albedo in the southern
highlands of Mars. Geomarphologic evidence from orbiting imagery reveals these deposits to be
light-toned relative to their surroundings and to be polygonally fractured. The deposits are small
(< ~25 km?) but globally widespread, occurring in middle to late Noachian terrains with a few
occurrences in early Hesperian terrains. The identification of chlorides in the ancient southern
highlands suggests that near-surface water was available and widespread in early Martian history.

n Eanh, chlorides are formed by precip-
O'rtallim] from evaporating surfaces (c.g.,

saline lakes) or groundwater/hydro-
thermal brines, as volcanic sublimaies (c.g., ai
fumaroles) and by efMorescence (direct crystalli-
aation onto sediment grins forming crusts) (/).
Typically. chloride deposits produced by precip-
itation have large surface reliel and polygonal 1o
blocky morphologies, whereas efflorescence
tends 1o produce thin crusis (/). For termestrial
evaponte systems, the most imporant variable
for the wesultant brine composition and saline
mincril assemblages 15 the composition of the
dilute water at the onsct of concentration (evap-

omtion) (2). Generally, chlorides in teresirial
seitings occur in alkaline environments and are
the last minerals 1o precipitate out of saline
brines, preceded by vanous carbonates, sulfaies,
and silica. On Mars, saline minerals (including
varous chlorides) are predicted w0 form from
acidic Muids derived from basaltic weathering
(.3} Geologic environments that contain saline
minerals are of key interest 1o the exobiology

community because they are potentially arcas of

biclogical activity and chemical sedimentation,
which is optimal for the preservation of bio-
logical signatures and a high prionty for future
explortion by orbiting and landed missions (4).

Using Mars Odyssey Thermal Emission Tm-
aging System (THEMIS) data (5), as well as
supporting data from the Mars Global Surveyor
(A) and Mars Reconnaissance Orbiter (7), we
have identified a compositional unit on Mars that
conains a mineralogical component likely attrib-
uiable o chloride salis. We initially identificd
these deposits because of their spectral distine-
tiveness in false-color. decorrelation stretched
(DCS), THEMIS davtime infrared radiance images
{#). The deposits range in arca from ~1 km® o
~25 km® and generally are wpographically lower
than the immediate surrounding termin. The spoc-
trally distinct deposits commonly exhibit irmeg-
ular outlines (Fig. 1A) and occur less commonly
in small craters and sinuous channels (Fig. 1. B to
D). Our examination of the THEMIS daytime in-
frared data set has revealod ~200 of these deposits
throughout the low albedo, mid-to-low latiude
southem highlands (Fig. 2), comesponding to mid-
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Fig. 1. All images are THEMIS 87/5 DCS radiance images. (A) 108831002 (~221.0° E, =38.8° N} showing
spectrally distinct materials in blue. Red boxes indicate areas averaged for spectral analysis, and the black
box indicates HiRISE coverage. (B) 107808003 (-205.5°E, —=32.7 “N) showing spectrally distinct materials
following sinuous paths, abutting Sirenum Fossae, and occurring in lowlying areas near craters. (C)
107815002 (~4.1° E, —28.0° N) showing spectrally distinct materials filling a small crater, as well as occurring
as patches. (D) Spectrally distinct materials following sinuous path in 107830004 (-290.8° E, —34.0" N).

80" N

180° W o 180° E

Fig. 2. Global distribution of spectrally distinct materials overlain on TES Lambert albedo and MOLA
shaded relief.

Noachian [=3.9 w0 3.8 billion years ago (Gya))
terrains and the Hespenan ridged plains unit (-3.7
te ~3.5 Giya) (9).

THEMIS surface cmissivity spectra (/) of
the deposits show that they have a spectral shape
that 15 unlike any previously studied surface type
(114, Whereas the regional matenals (Fig, 3A)
exhibita basaltic spectral shape, the distinet depos-
its are charmctenizod by higher emissivity across
the 1260 10 %00 cm ' range and exhibit a feature-
less spectrml slope toward lower wave numbers,
Higher speciml resolution (10 em™ sampling)
Thermal Emission Spectrometer (TES) data can
be used o further constrain the mineralogy of
these surfaces, although at lower spatial resolution
(=3 = 6 kim minimum) (&), In Terra Sirecnum, the
spectrum ol the spectrally distinet material s
similar to that of the surrounding termin in that it
exhibits a shape similar to that of a basalt, but it
differs in having a negative spectral slope (Fig.
3B). The basaltie shape 1s attnbutable to the large
spatial arca measured by TES relative to THEMIS,
which leads 1o subpixel mixing and dilution of the
spectrally distinet matenial by the regional basaltic
malenals. Spectral ratios were used 1o remove fea-
tures comimon to both spectra and derive a residual
spectral shape that represents the dilference be-
tween the two materials (/5) The resulting mtio
spectrum s relatively  featurcless and  slopes
ward lower wave numbers, as shown in Fig.
3B. A slight residual “hump™ in the mtio spectrum
between ~1330 and 830 em™' resembles the
basaltic shape (inverted) and is atiributable © a
difference in spectral contrast between the two
spectra, both of which include basaltic matenals.
Theretore, we conclude that the spectral charae-
ter of the spectrally distingt deposits is nearly fea-
turcless and inconsisient with previously derived
TES surface shapes (8, 1114, Quamitative lincar
deconvolution and factor analysistarget transfor-
miation analyses of the TES data also indicate tha
phases with weak speciral features and negative
slopes are candidates for the componemt that is
responsible for the specirally distinet maienals,
although there is no phase in our speciral hi-
brary [which contains =200 rock and mineral
phases, including phyllosilicates and sulfates,
(/)] that results in a good model it (8).

A negative spectral slope in mid-inlrarcd
cmissivity spectra can arise from errors in the
denvation of temperature in the process of con-
vering radiance (a tempermture-dependent pa-
rameler) o anissivity (which is independemt of
temperature) (8, 7). The sepamtion ol iemper-
ature and emissivity relics on the assumption that
the observed radiance represents a single or nar-
row range of lempemtures (e.g., a few degrees K)
and that the emissivity of the matenals is unity al
some point in the spectal range. We find no
evidence for large wemperature varimions at the
1000 ' pixel scale of the THEMIS instrument tha
would introduce such temperture crrors (8), How-
ever, if the observed matenals do not exhibit unit
emissivity (as assumed at some point in the wave-
number rnge used to determine the target Wwmper-
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ature), incommect temperatures may be derived
dunng the conversion of mdiance to enuissivity
(4}, For materials having a maximum cmis-
sivity less than unity, the target temperature will
be undercstimated and a slope will be imparted
to the resulting emissivity spectrum (/7).

Virtually all silicate phases (and most carbon-
ate, sulfine, and oxide phascs) exhibit near-unit
emissivily at some point in the 1350 1o 300 cm ™
range uscd for the TES emperature-cmissivity
separation (/&) however, some chlondes have rel-
atively eatureless spectra in this mnge (8, 19, 20),
One or more chlorides as a component of the
Mantian materials would reduce emissivity, caus-
ing incorrect temperature derivation and introduc-
ing a slope in the emissivity spectrum, Chlorde
salts have been identilied on Earth in infrared
multispectral data on the basis of similar obser-
vations; for example, the presence of halite was
accurately inferred in Death Valley, Calitornia,
by a lack of spectral features i high-resolution
MODIS (Modemite Resolution Imaging Spectro-
radiometer) ASTER ( Advanced Spacebome Ther-
mal Emission and Rellection Radiometer) Aibome
Simulator (MASTER) which covers a similar wave-
length range as the THEMIS instrument (8, 2/).
Based on the observed Martian spectra, the sssump-
tion of unit emissivity during TES and THEMIS
data reduction, the laboratory measurcments of the
behavior ol chloride salts, and similar 1amestrial
identifications, we interpret these spectrally dis-
tinet materials to be chloride-bearing deposits,

Further insight into the nature and origin of
the putative chloride-beanng deposits 15 provided
by visible mages from THEMIS (5), the High
Resolution Imaging Science Experiment (HIRISE)
(7, and the Mars Orbiter Camera (MOC) (6),
topography from the Mars Orbiter Laser Aliimeter
(MOLA)Y (220, and thermal inertia from THEMIS
nighttime data (23). MOC images (~2.95 m/pixel)
of the Term Sirenum deposit and other deposits
across the southem highkmds show that the
chiloride-beanng materials are light-toned: in ad-
dition, they exhibit pattemed-ground and etched-
terrain morphologics. Higher spatial resolution
(=253 cm/pixel) FIRISE images of the maienals
in Terra Sirenum also show the putative chloride-
bearing matenials w0 be light-tonad and highly
frctured and to have an ached morphology that
miy indicate cemented acolian bedfonms (Fig, 4, A
and B). The chlorde-bearing materials appear o
have been exposed by crosion of dark matenals,
which are obscrved bordering the light-toned
deposit (Fig. 4A).

The pervasive polygonal fracturing observed
in the HIRISE image is irregular, with variable
diameters (Fig. 4B.). The fraciures defining the
polveons crosseul ndges and valleys and occur
along ridge crests, indicating that the surface is an
indurated matenal (Fig. 4C) Thermal inertia
derived from THEMIS nighttime infrared obser-
vations indicates that the chloride-bearing
material m Term Sircnum has a thermal mertia
close 10 400 Jm K '™, whereas values for the
surrounding temain are substantially lower (180

10 2807 ( 23). The values for the putative chloride-
beanng deposits are consistent with a mean par-
ticle size of Tine gravel (2 o4 mm) (24). However,
thermal inertia is not a uniquely  interpretable
parameter, and values in this range also are
consistent with smaller-grained particles that arc
cemented together (25) The latter s consistent
with the generally crusty to indurated apparance
for the chloride-bearing deposits observed in the
MOC and HIRISE imagery,

The relationship between the putative chloride-
bearing materials and craters is complex, A
number of small (<300 m diameter), highly
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degradad craters appear o predate the chloride-
bearng materials in Terra Sirenum, indicated by
polveonal fractures crosscuting the crater nms
and sidewalls (Fig, 4C), Larger craters (=300 to
900 m ) in the same arca appear to have excavated
through the materials, covering them with ¢jecta
(Figs. 1A and 4A) In other locations, chloride-
bearing materials il the oors of degraded
craters but do not Gll nearbw, less degraded craters
(Fig. 1) In Terma Sirenum, asmall crater =500 m
in diameter shows the light-toned, putative chloride-
bearing materials in cross-section and reveals
that the stmtigraphic unit containing the putative
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1.0 ‘-\\‘\
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087
0 Riglonal terrain
0.
1430 1230 1030 B30 B30 230
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Fig. 3. (A) THEMIS surface spectra from image 108831002 in Terra Sirenum. (B) TES data for the
spectrally distinct materials and the surrounding terrain. The ratio of the spectrally distinct surface to

the surrounding terrain i shown at top.

Fig. 4. (A) HiRISE image PSP_003160_1410, which includes the location of color data; locations of
color inset images are indicated by red boxes. Crater ejecta overlie the light-toned materials, as
indicated by the red arrows. (B) Polygonal fractures. (C) Chloride-bearing material appears to post-date
small, degraded craters. (D) Small patches of chloride-bearing material with ambiguous stratigraphic
relationships. (E) Light-toned materials are visible in the wall of this ~500-m-diameter crater.
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chloride-beanng materials has a substamial thick-
ness (Fig. 4E) (5).

On a global scale, the chlonde-beanng mate-
rials occur at a wide mnge of clevations, mnging
from roughly -3 0 3 km. MOLA gridded cle-
vation data show  that individual deposits not
located in crater floors commonly occur i local
topographic lows relative to the immediate sur-
rounding temain. As described previously, many
of the deposits occur as small, isolated patches; in
conjunction with their locally low clevations, this
suggests they most likely represent incontiguous
units. Additionally, within a region containing sev-
eral deposits, the putative chlonde-bearing mate-
rials may occur at different elevations relative 1o
cach other, indicating that the formation postdates
the stratigraphy, although 1 may also suggest the
presence of multiple units in the stratigraphy.

On the basis of our observations, a number of
mlerences can be drawn about how the putative
chloride-beanng deposits might have formed on
the Martan surdace. The widespread distnbution
of the deposits suggests that the climatological
hydrological conditions that facilitated their dep-
osition were global in scale. However, occan-scale
bodies of water would appear 10 be inconsistent
with the deposits” concentration in the cratered
southern highlands, Alone, local-scale processes
such as fumarolic activity are unlikely o produce
the observed global distnbution and differing
morphologies of the deposits, Similarly, efflones-
cence alone does not account for the observed
polygonal momphologies of the deposits, which
are more consistent with desiccation cracks in
thick sall deposits forming through precipitation.
The ocewrences of putative chlorde-beanng
miaterials in crater Doors and in association with
sinuous channels suggest that many ol the puta-
tive chloride-beanng materials were precipitated
from brnes. Crater oors are ideal locations for

ponding and evaporation of brines impped from
surface unoll or by the intersection of ground-
water with the surface. Addinonally, impact melt-
ing and mobilization of subsurface groundwater
{or ground ice) could also be a viable mechanism
for the production of chlorides, Based on our ob-
servations, we believe that the majority of the
deposits were formed by chloride precipitation
processes, although it is likely that in varous lo-
cations, some of the matenals are elllorescent sals
or voleanic sublimates or were precipitated from
hydrothermal brines (). Locations where the sirat-
igraphic relationship between the putative chloride-
beanng materials and surrounding temain is not
clear(Fig, 413 may be candidates for reactivation
and'or modification of the original deposits by
elMorescence.

The abundance of these deposits indicates
that the formation of chlonde salts on Mars has
been an imporant process (26, 27). The deposi-
tion of widespread chlonde-beanng materials
the ancient southem highland termins of Mars is
further evidence of the presence of exiensive
reservoirs of surface and/or subsurface ground-
water in the planct’s early history (8).
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Sulfur and Chlorine in Late Cretaceous
Deccan Magmas and Eruptive Gas Release

Stephen Self,” Stephen Blake, Kirti Sharma, Mike Widdowson, Sarah Sephton

Large-volume pahoehoe lava flows erupted 67 to 65 million years ago, forming the Deccan Traps, India.
The impact of these flood basalt eruptions on the global atmosphere and the coeval end-Cretaceous
mass extinction has been uncertain, To assess the potential gas release from this volcanism, we measured
sulfur and chlorine concentrations in rare glass inclusions inside crystals and on glassy selvages preserved
within lavas. Concentrations range from ~1400 parts per million of 5 and 900 parts per million of Cl in
inclusions down to a few hundred parts per million in the lava, These data indicate that eruptions of Deccan
lavas could have released at most 0.103 weight % of S, yielding up to 5.4 teragrams of 50, per cubic
kilometer of lava. A more conservative estimate is 0.07 weight % of 5 and 0.04 weight % of Cl, yielding 3.5
teragrams of 50z and 1 teragram of HCl for every cubic kilometer of lava erupted. The flows were very large
in volume, and these results imply that huge amounts of 5 and Cl gases were released. The environmental
impact from even individual eruptions during past flood basalt activity was probably severe,

arth’s most voluminows subacrial voleanic
eruptions, both individual events and groups

of closcly spaced cruptions, happened dur-
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ing the formation of flood basalt provinees (1, 2).
These cruptions would have had a widespread

environmental impact only through the release of

gases, primarily S and Cl and possibly F (3). OF
these, S gos releases are important in modem
basaltic cruptions for causing atmospheric sulfate
acrosol clouds, with well-documented climatic,
weather, and other environmental effects (4), the
distribution and severity of which have been rep-
licated by modeling (5). By contrast, amounts of
C0y released o the amosphere even by ood
basalt volcanism are thought to have been msul-
ficient, when compared 1o the natual aimospheric
reservoir, 1o have cavsed noticcable mdiative cf-
feets (2, 6y, However, missing from these con-
siderations have been directly measured data from
the lavas that would constrain the amount of gas
added 1o the atmosphere. The S and Cl contents
of the magmas can be assessed indirectly by
using a petrologic method (7, &) that has been
vallidated by satellite-based measurements of S0,
from recent cruptions ol basaltic magma (Y),
Here, we present direct detenminations of S
and Cl in glass inclusions in crystals in ancient
basaltic lavas of the lae Mesozoic, ~67 10 65
million years ago (Ma), Deccan ood basal
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province, India (f0) (able S1) and discuss the
potential amounts of degassed volatiles released
by these cruptions. We examined phenocryst- or
microphenocryst-bearing tholeiitic Deccan basalt
lavas (Fig, 1) in thin section to identify those that
contained glass (melt) melusions i which the
onginal, pre-cruption, volatile conent might be
preserved (9, 1), Only one partial major-clement
analysis of a Decean glass inclusion |including
HyO by Fourder transtorm infrared (FTIR) spec-
troscopy, but excluding 5] has been published
(123, Adter scrutinizing some 150 thin sections
spanning all major main Deccan stratigraphic
formations, we found only lour samples that
contained crystals with glass inclusions lree of
cracks, bubbles, or crystallites and that gave elec-
tron microprobe analvses with acceplable wotals
[958 1o 101 weight (wih %),

The four samples are from lava lobes posi-
tioned in three stratigraphic units exposed in the
Matheran-MNasik area northeast of Mumbai: the
Jawhar, Neral, and Thakurvadi Formations of

Volcano Dynamics Group, Department of Earth and Enwvi-
ronmental Sclences, Open Unbversity, Milton Keynes MK7
oAa, UK.

*To whom correspondence should be addressed. E-mail:
stephen.self@open. ac.uk

Fig. 1. Photo of 500-m-high stack of Deccan lava flows in the Mahabaleshwar

the Kalsubai Subgroup (table S0 The glass inclu-
sions are in (1) microphenocrysts of olivine (Fig
1A} n a group of small pahochoe e (Fig. 1B)
and plagioclase crystals from a thicker sheet lobe
Iving above the toes (possibly both are from the
same lava ow fickd) i the Naal Formation,
collected near Nerl (samples MG and MGSY; (i)
phenocrysis of plagiockse from the altered ghssy
sclvage of a lava lobe within the Thakurvadi For-
mation, colleated near lgatpun (sample Blgl )k and
(iii) @ phenocryst of plagioclase from a lava lobe
in the upper pant of the Jawar Formation, col-
lected mear Masik (sample The3). Only lobes
from which sample MG4 came had quenched
glassy sclvages sufficiently well preserved for
residual volatile contents 10 be measured, Similar
samples from outer selvages of modern basalue
lavas (13, 14) represent magma that has degassed

at the vent and has undergone a small amount of

crystallization w a few millimeters beneath the
quenched lava surface. The ranty of glassy mate-
rial is wnsurprising considering the age and the
tropical environment of the Decean lavas.

The whole-rock compositions of our samples
(table 53) are typical of those of their respective
formations. Analveed glass compositions are
slightly more evolved than the whole rocks due

i B

{20to 50 um across) in euhedral olivine crystal (200 um across) from Deccan

REPORTS

tor in situ crystallization, Results (table 53 and fig.
51) indicate that the pre-cruption magmatic melt
phase comtamed <1400 parts per million (ppm) of
5. However, some mclusions have lower S con-
centrations, 400 to SO0 ppim, suggesting that they
were trapped moerystals that grew afier the mag-
mia had already partially degassed, possibly in the
conduit dunng transpon to the surface [compare
with inclusions in olivines from basaltic lavas
formed in the ongoing activity st Kilauea vol-
cano, Hawaii ( 13)]. The highest chlorine contem
of the inclusions is 200 ppm, and, within one
lava, Cl content appears to be more variable than
the contents of S, The averge degassed concen-
trtions of S and C1in the one lava selvage glass
(MG = 33) are 370+ TU(| o) (range of 550
v 2500 and 2200+ B0 ppm, respectively. The
highest S contents are comparable 10 those of
undegassed midocean ridge basalt (MORB)
samples displaying the same FeOy,y (Fig. 2).
The S content of the degassed MG mainx 15
comparable with values in degassed subaerial,
modern-historic  tholeiitic basalic lavas and
pyroclastics ( 7-9).

Amounts of § and Cl degassed from the
magma durdng eruption can be estimated by
comparing the S and Cl contents ol glassy lava

area; dark bands are cores of large pahoehoe sheet lobes. [Photo, M. lava sample MG4. (B) Neral Formation pahoehoe lobes from which sample

Widdowson.] (A) Back-scatter electron image of rounded glass inclusions

MG4 came; tape is extended 10 cm. [Photo, 5. Sell]
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selvages, representing degassed magma, and glass
inclusions n crystals, representing melts trapped
brelore and'or duning degassing. The difference
between the highest S concentration in an in-
clusion (1400 ppm) and the average lava selvage
in MG (370 ppm) amounts o 1030 ppm ol §,
cquivalent o the release of about 3.4 Tg of SO,
ki of lava erupted. However, the matrix glass
in MG4 is more evolved than that found in glass
inclusions (table 53), indicating that the dif-
ference in volatile content includes the effects of
variable degrees of syn- and posteruptive erystal
growth, not just degassing, This result agrees
with findings from glass inclusions and matrix
glasses in tholeiic lavas of the Columbia River
Basalts (/1) and leeland (7).

A more-accurate estimate of the amount of
S and Cl released can be caleulated by taking
account of amounts of crysiallization between
inclusion entrapment and quenching of the glass
matrix ([f, 16). By using the approach in (/6), we
found the mass of sullur released as a percentage
of the mass of lava crupted to be 0.071% -
0.007% i the case of MG4 and 0.039%, -
(L005% in the case of MGS, il'this lava degassed
to the same extent s MG4, a reasonable as-
sumnption given the uniformly low S contents of
slasses from basaltic lava selvages (8). These
values translate to 3.3 to 3.8 Te of SO, km ™ of
Lva cmitted. For CLL the mean concentration in
MG4 matrix is 0.02 wt %o; comparing the highest
Cl concentration in a glass inclusion (0,09 wi %)
£y imiplics that 0.04 wi %% of C was lost, a vield
of 1 Tg of HCI km ™ of lava. Actual amounts
depassed likely varied between the values esti-
miated by these two approaches.

Dececan values for S release are slightly less
than those infemed during eruption of the Miocene-
age i~ 15 Ma) Roza lava in the Columbia River
province, United States (/1), which are <1500
ppm ol S (average of 1370 ppm) and <110 ppm
of Cl, equating to a maximum SO» release of 7.7
(averge of 7.0) Tg per km® of lava crupted. The

Roz magma had higher Fe than the Deccan
examples and is thus expected to have had higher
concentrations of dissolved S, but the Deccan
magmas ovidently released more Cl gas per unit
volume of magma crupted.

Observations and measurements of S degass-
ing from historic basaltic cruptions (7, &) imply
that 75% of the gas released from the magma
escapes al the vents and is lofied 0 the mid- 1©0
high troposphere and to the lower stratosphere,
especially when vigorous fire-lountaining occurs
(). The remaining 25% ol lost gas escapes from
the lava as it ows over the ground to form a low-
Iving sullme acrosol cloud or “vog,”

Our estimates are most applicable w erup-
tions that generated the lower Deccan lava forma-
tions but may be appropriate for many cruptions
dunng emplacement of the main provinee, Be-
tween 1= 10% and 2 = 10° km? [recently esti-
mated o be 1.3 = 10° km® (/7)) of lava was
erupled over 0.5 w0 08 mullion years (f&, [9).
However, long-term time-averaged gas release
rales are meaningless in regard 1o atmosphenc
perturbations because of the pulsatory nature of
voleanism. Durations of pulses of Deccan erup-
tive activity are not known, but the eruptions
were huge, vielding up to several 1000 km® of
lava (20). An eruption of 1000 km® would have
released between 5.4 = 107 and 3.6 = 107 Tg of
SO This amount would have been released, by
analogy with the Rown eruption, over time pe-
ricdds of vears o decades (27) Accordingly, an
cruptive volume twice that emplaced over the
same time penod would yvield annual releases up
toand exceadmg 1000 Te of S0,. Thus, a semi-
persistent gas release of hundreds w thousands of
tergrams of 805 per year can be envisaged for
cach Deccan eruption. The values for Cl, and
possibly S, may be minima because of the possi-
bility of an excess gas phase coexisting with the
meli at precrystallization pressures (22

Annual gas-relesse mtes for ood-basalt ac-
tivity proposed here are several times larger than

Fig. 2. Plot of 5 versus 020
FeQ,y for Deccan inclu-
sions and matrix glass el B & =
data; MORE data is from e -
(28). ® 8o
014 = LHim o
L
012 | ommDo ©
&= I o
g 0.10 = o a4 A
A
008 |- = = MG4 inc
" .l. O MG4 matix
g + " o £ MGS inc
0.04 | % 2 BIg1 inc
® Thgd ine
0.02 |- ' © MORB
um | | | ) |
B 0 10 1" 12 12 14 18

21 MARCH 2008 VOL 319

FeO,,.J/wt %

SCIENCE

reeent anthropogenic emissions of 501, =80 Tg
of 5, and more than an order of magnitude
greater than the current global background vol-
canic S04 emission mte, ~10 Tg of § (23, 24).
The climatic and hazardous effects of massive
Diecean gas discharges via acrosols, acid rain, or
ozone depletion should form important topics
for future studies, Current models do not permit
analysis of the formation of acrosols or their at-
mospheric circulation and potential mdiative cf-
fects 65 Ma Morcover, extrapolation from changes
caused by modern silicic Plinian eruptions such
as Pinatubo 1991 may be misleading because of
differences in duration of the injections and in
factors such as nse heights of voleanic plumes
and formation mies and lifetimes of acrosols in a
Late Cretaccous atmosphere. 1 the effects of the
S-month-long Laki 1783 eruption (505 vield of
~1 20 Tg) can be used as a guideline (4, 5, 23, 246),
then maintained releases of 1000 Tg of S0,
year ! would cause damaging atmospheric pertur-
bations, These results provide a quantitative basis
lor future modeling of the environmental impact
of lood basalt voleanism and its role in major
biospheric changes during Earth history (2, 27).

References and Notes
1L 5 Self, A E Jay, M. Widdowson, L P. Kesrthelyd, | Valeanal,
Geothermal Res., in press,
2. P B, Wignall, Earth 54. Rev. 53, 1 (2001).
3. ML M. Halmey, H.-L. Schmincke, H.-F. Graf, } Volcanol
Geothermal Res, 115, 511 (2002).
4, Th. Thardarsen, 5. Self, J. Geaphys. Res 108,
10.1029/2001] 0002042 (2003).
5. L Oman et al,, | Geophys. Res. 111, D1220%
10.1029/2005] DO06BSS (2006).
6. 5 Self, Th, Thardarson, M. Widdowson, Elements 1, 283
(2005).
7. Th. Thardarson, 5. Self, N. Oskarsson, T. Hulsebosch,
Bull. Voleanol. 58, 205 (199¢),
B. Th. Thardarson, 5. Self, D. |. Miller, G. Larsen,
E. G. Vilmundardattir, in Valcanic Degassing,
C. Oppenheimer, D. M. Pyle, |. Barclay, Eds,, val. 213
ol Geological Society of Londan Special Publications
iGeslogical Society of London, Londan, 2003),
pp. 103-123.
9. K Sharma, 5 Blake, 5. Self, A. Krueger, Geophys.
Res, Letr, 31, L13612 10.102% 200461019688
(2004).
10. Materials and methods are available on Scence Online.
11. Th. Thardarsan, 5. Self, J. Volcanol. Geothermal Res. 74,
49 (19946).
12, T. Sana, T, Fujii, 5. 5 Deshmukh, T, Fukuoka, 5. Aramaki,
L Perral. 42, 2175 (2001). Thess authors reported
0.6 wt % water in a glass inclusion, by FTIR. We have
obtained an FTIR analysis of 0.5 wt % water in an
alivine-hosted glass inclusion in sample MG4,
13, C Oze, |. D. Winter, | Volcanol Geathermal Res 142,
285 (2005).
14. M.-N. Guibaud, 5. Blake, T. Thordarson, 5. Self, L Petral,
48, 10.109 Hipetrology/egm0l7 (2007).
15. C. B, Thomber, Con. Miveral. 39, 239 (2001},
16. For a total mass of magma erupted, M, the mass of
5 released during degassing is
Mg i = ML = KenambodStamber = (1 = KinadSisa] (1D
WHeTe Sisumber 3Nd S are the S concentrations in
the melt at depth, before any degassing as measured in
the glass inclusions, and in the degassed matrix glass
in the lava, respectively. X is the mass fraction of crystals
present and 15 estimated by the amount of enrichment of
an incompatible element with respect to the whole-rock
concentration such that (1 = Xaunbed = holling, where
Iy @nd /,y are the concentrations of a highly

WWW.SCiencemag.ong




incampatible element in the whole rock and in any
nondegassed inclusion in which the sulfur value
Sihamber s been measured. Similarly, (1 - X0
is equal to /.. and we obiain by substiution

My = Hfm':s'cmmﬂ:mm w suu”uu' (2
Of the components analyzed by electron microprobe,
Ti, K:0, and PO, are candudates for the incompatible
species, However, KO is vanable in the MG4 matrix and
may have been affected by weathering and alieration.
By contrast, Ti(h, and PO, are immabile and, because
TiQy is much more abundant than P,0y and can be more
precisely measured, it has been chosen as 1. Co-genetic
inclusions that have not degassed will share the same
Sinambsed fynumier ratio if a sulfide phase ks absent or
minar, For example, data on MORB from the Juan de
Fuca ridge (26) show near-constant S/Ti0, despite
being S-saturated. In fig. 51, three MGS indusions share
the highest STi0; ratio (00664 + 0.0019), and two of

these have hagh (1. MGA matrix glass has ST0; =
0.0207 + 0.0032 (n = 33). The whole-rock TiD, contents
are 155 wt % bor MG4 and 1.29 wi % for MGS;
see lable 53.
17, A E Jay, M. Widdowson, ] Geol. Soc. 165, 177 (2008),
18. V. Courtillot, P, Renne, C 8. Geescl. 335, 113 (2003).
19. A-L Chenet, X. Quidelleur, F. Fluteau, V. Courtillot,
S. Bajpai, Earth Planet Sci Lett, 263, 1 {2007).
20. 5. Self, M. Widdowson, T. Thoerdarson, A E. Jay,
Earth Manet, Sci. Lett. 248, 517 (2006).
21 1. Thardarson, 5. Self, | Geophys Rex 103, 27411 (1998),
22. B, Scalled, R. Macdonald, [ Petrol 47, 1413 (2006).
23. H-F. Graf, B, Langmann, ], Feichter, Chem. Geol 147,
131 (1998).
24, ). Haywaod, 0. Boucher, Rev. Geophys 38, 513 (2000).
25. |. Grattan, Lithos 79, 343 (2005).
26, A-L Chenet, F, Fluteau, V. Courtillot, Farth Plaast. Sel Lett.
236, 721 (2005).

REPORTS

27, V. Courtillod, Evolutionary Cotestrophes; The Science of Moss
Extinctions (Cambridge Univ. Press, Cambridge, 199%9).

28. E A Mathes, J. Geophys. Res. B1, 4269 (1978).

29. We thank UK Natural Environment Research Council for
funding this work (grant NER/B/S2003/00246), A, Jay for
help with sample collection and geochemical analyses, and
5. Sethna for general support of our fidldwoek in india. We
thank the four anonymous reviewers for thar helphl
comments,

Supporting Online Material
waw.sciencemaq.ongiogiicontentTull31HSET0/ 1654001

Materials and Methods
Fig. 51

Tables 51 to 54
References

9 November 2007: accepted 1 Febiuary 2008
10.1126/5cience. 1152830

Atmospheric Hydroxyl Radical
Production from Electronically
Excited NO, and H,0

Shuping Li, Jamie Matthews, Amitabha Sinha*

Hydroxyl radicals are often called the “detergent” of the atmosphere because they control the
atmosphere's capacity to cleanse itself of pollutants. Here, we show that the reaction of electronically
excited nitrogen dioxide with water can be an important source of tropospheric hydroxyl radicals.
Using measured rate data, along with available solar flux and atmospheric mixing ratios, we
demonstrate that the tropospheric hydroxyl contribution from this source can be a substantial fraction
(50%) of that from the traditional O(*D} + H,0 reaction in the boundary-layer region for high

solar zenith angles. Inclusion of this chemistry is expected to affect modeling of urban air quality, where
the interactions of sunlight with emitted NO, species, volatile organic compounds, and hydroxyl radicals
are central in determining the rate of ozone formation,

vdroxyl radicals are the single most im-
Hpnrlmu oxidant in the atmosphere bocause

they are the agent pnmarily responsible
fior removing the majority of gases emitted into
the atmosphere by natural and anthropogenic
activity (f-6). Hence, accurate modeling of the
oxidizing (or cleansing) capacity ol the atmo-
sphere requires knowledge of all substantial
sources of these madicals. Studics of the upper
troposphere and polar regions have reported
discrepancies between mode] predictions and
measured HO, (whene HOL = OH + HOL) con-
centrmbions associaled with chemistry specilic
to high solar zenith angles ( 7-9). These differ-
ences nol only highlight the difficulty of mea-
suring atmoespherie OH concentrations but also
the potential varability arising from incomplete
accounting of all major sources and sinks of the
radical. Recently, several unconventional photo-
dissociative sources of HO, have been neported
(20, 11}, Here, we show that the bimolecular re-
action of electronically excitad nitrogen dioxide
{denoted by NO2* and generated by the absorp-
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tion of visible light) with water molecules can
lead o substamial OH mdical production. The

tact that the reaction is mmiated by the ponon of

the solar fux that readily pencurates o the
lower atmosphere over a broad mange of wenith
angles, combined with the relatively large con-
centrations of NO, and waier in the troposphere,
sugeesis that this source will be an imporiant
addition to the ropospheric OH budget,

The primary production mechanism of tro-
pospheric OH rmdicals is through the photolysis
of ozone, which generates Of 'D: atoms al wave-
lengths & = 320 nm. Although most of these
excited atoms are deactivated through collisions

with background gases, a small fraction of

them are able to react with water to form QH
radicals (6, [2).

O3 + Iv(=320nm) — O('D) + 05 (1)

oD} + M — OCP) + M (2)
(where M is N; or0s)

O('D) + H,0 — 20H (3)

In reaction 2, & 15 Planck’™s constant, and v is
the wave's frequency. When a steady-state ap-
proximation is applicd 1o the O('D) atoms, a
kinctics analysis of the above rcaction sequence

gives the production mie for OH (Rgyq) by this
mechanism as
Ro = 2jiks HIOJOs) (ks H30] + ko[ M])  (4)

In Eq. 4, j; is the O3 photolysis mie to form
O('D), & is the rate constant for collisional de-
activation of O('D) by “air.” ks is the mte con-
stant for the reaction of O('D) with water, and
[ Hz0] is the concentrtion of Ha0. An important
constraint associnted with the above mechanism
is that i1 requires the absorption of ultraviolat
{UWV ) light. There are situations, however, such
as those comesponding o high ropospheric solar
zenith angles, where the sunlight mverses an
extended optical path through the atmosphere,
resulting in the incoming solar Mux being
greatly depleed of s UV component because
ol scattening and absoaption. For these scenanos,
aliemate OH production mechamsms involving
photochemical processes ocouwrnng at longer
wavelengihs can become imponant. Electronic
excitation of NOs by visible light provides the
molecule with suflicienm encrgy 1o overcome the
=38 keal'mol endothermacity associated with
the NO; + HaO reaction (f3). Thus, the reac-
tion of NOL.* with water can be a major source
of tropospheric O mdicals,

To better appreciate the OH-generating  po-
tential of this mechanism, we note that NO, has a
broad absorption spectrum batween 250 and 650

nm with a mascimum near 410 nm. Absomption of

rdtion by MO at wavelengths shorter than
=420 nm leads o photodissociation and the for-
mation of O P) atoms in the atmosphere (13, 14).
In comrast, exciation at longer wavelengths (4 =
420 nm) leads w0 the formation of NO»* with
Muoreseence lifetimes of 40 1o 60 ps (15), The
long lifetimes of these states ardse rom the mixing
of the B*By and A*B, excited electronic states with
the X*A, ground eectronic state ( 16).

Upon photoexcitation 1o these long-lived elec-
tronic states, most of the excited NO; will be
quenched by collisions with Ns and O for which
the quenching mate constants are known 1o be
2.7 107" and 3.0 < 107" em® molecule ™ 57!
respectively (1 7-19), However, because water is
a tropospheric trace gas of relatively large abun-
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dance, some of the photoexcited NO» molecules
can also collide with water. Water quenches
W* u.lhuu:nl]\ W Lth 1 rate constant of ~1.7 =
107" em® molecule™ L7 {9 however, there
has been no previous n.|1'l11"l of any OH radical
formation from the reaction of NOs* and H,0
(21, 11 a substantial fraction of the NO»* reacts
with water, then the following mechanism for
OH formation becomes possible

NOx + hy (A= 420 nm) — NO* (3
MOR* + M — NGO, + M ()
(where M is Na, Oq, or H2O)

NOL* + HaO — OH + HONO (N

Apant from OH madicals formed directly
through reaction 7, photolysis of the HONO reac-
tion product can also give rise to additional OH

HONO + <390 nm) — OH + NO - (8)

Applving a steady-state  approximation 1o

NO5* in the above reaction sequence produces a

rate of OH formation through this mechanism of

Row = 2isks NOJ[H0)(ks[H,0] + kg[M])
()

In the above expression, fs is the pholo-
excitation rale constant for NOs, &g 15 the total
collisional quenching rate constant ol NO.* by
air, and &5 15 the rawe constant lor the NO,*
Ha( reaction. A comparison of Egs. 9 and 4
shows tha il &5 is sulliciently large and the
HONO molecule formed in reaction 7 is also
photolyzed, then the vield of O from the
NOs* ¢ HaO reaction can be a sizable fraction
of that arising from the O'D) + H0 reaction,
especially under conditions of low UV flux.

To test the viability of the above mechanism,

we camied out laboratory studies consisting off

rate measurement for the NO»® + HaO reaction in
conjunction with laser-induced fluorescence (LIF)
detection of the OH product. The experimental
apparatus we used has been described previously
{24y and, along with the procadure for the kinetics
mcasurcment, 1s detailed further in the supponing
online matenal (SOM)Y (22,

Although long-lived NOs* can be fommed by
means ol excitation over the entire region be-
tween 420 and 640 nm, we locused our study
between 560 and 640 nm This region was chosen
because NO2 is known to have relatively strong
sequential muliiphoton trositions over the 420010
540 nm rmnge, which can result in the production
of electronically excited oxygen atoms (20, 23).
Furthenmore, studies of collisional energy transfer

froum NOL® sugeest that the avermge amount of

energy trnsforred from NOS* 10 s collision
partners increases as the intemal energy of the
NO-* 15 increased (24), This, in twm, can poten-
tially increase the effective wmperature of the
reaction #one,
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We minimized these problems by working at
the longer wavelengths, The formation of OH
radicals from reaction 7 was continmed by s
chamctenstic LIF spectrum, Figure 1A shows the
OH spectrum generted by exciting the reaction
mixture with light a1 390 nm while scanning the
probe laser wavelength, As shown in Fig. 1B,
replacing HaO with D50 gives the OD signal. To
conlinm that the OH was indeed from reaction 7,
we carried out several diagnostic measuncments
(22} that, taken together, conlirmed our hypoth-
esis, First, the time dependence of the O product
appearance, relative w the excitmtion-laser pulse,
was measured and found 10 be consisient with
that expected for a bimolecular reaction and not
prompt photodissociation. This linding ruled out
the possibality that the detected OH anses tom
photolysis of impurnitics such as HONO or nitnic
acid that can form in NOy'water mixtures through
heterogencous chemistry (25, 26). In sepamle

expenments (223, we conlimmed the absence of

these species in our starting reaction mixture,
Second, excitation-laser power-dependenee mea-
surements at 565 and 590 nm conlirmed that
the OH product yield varies lincarly with laser
power over the range ol 4.5 to 50 mJ. This
finding is consistent with a single-photon ex-
citation process involving the absorption ol a
visible photon by NO; o form NOS®, followed
by its reaction with HzO o form OH radicals. It
also suggests that a contribution to the OH sig-

creized water molecules (produced through
collision with NO-*) s not substantial, as this
would require a squared dependence on the
laser power. As a final diagnostic, we recorded
Ny action speetra (Fig, 1C) The spectra were
generated by scanning the excitation laser over
the region (rom 360 1o 640 nm while monitor-
ing the vield of OH products in the indicatd
quantum state. The photoacoustic spectum of
NOy was simuliancously recorded with a portion
of the excitation laser. As shown in Fig. 1C, the

ciks and valleys in the action specta match well
with those in the photoacoustic spectrum as well
as the reference absorption spectrum (27), thus
establishing that the OH signal is due w the
reaction of photoexcited NO3. Subsequently, we
ivestigated the dependence of the O signal on
H-0 concentration and measured the rmte of ne-
action or reaction 7.

We camied out the mte measurements under
shon time conditions using pscudo- lrst-order
kinctics, md the analysis and assumptions made
are outlined in the SOM (22). Briefly, the Kinet-
ics associated with OH formation from reaction
7 can be expressed as

d|OH]3/dt = k3| NO2* ][ H,0] (10}

When the reaction time Af is kept short, the

above differential equation becomes

nal from a secondary reaction of NO,* with en- AJOH]; = k[ NOL*|[H,0] 0 (1
Fig. 1. (A} Partially re-
_A OH [2l1y5, v=0] | B IDD [*114, v=0]|| laxed product OH radical
a LIF spectra from the reac-
a,@ M@ a2 D@ O | tion of NO,* with H,0.
Q) Q,(4) 1o *I13 is the OH spin-orbit
I ! . state, v is the OH vibra-
i tional level, and Qyln) is
- the rotational branch. (B)
| ; Partially relaxed OD tran-
3078 3080 3082 308.4 073 307.4 3075 3076 ﬂ::gzgsﬂ[ragﬁé
Wavelength, i [nm] Wavelength, A [nm] Comparion ‘of M0 pho-
C - : . T r 1 T T toacoustic and action spec-
= tra. The action spectrum
QH 0,01 is obtained by monitoring
—— Photoacoustic the indicated OH product
—— Hitran quantum state as a func-
tion of the excitation-laser
M wavelength. A reference
NO; absorption spectrum
|F| from the HITRAN database
't. "'l (27} is also shown for
M&*NMW comparison.
\’l\.‘. H Avrl"
"Ja j'n
565 575 5B5
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Further, assuming that the stafing concentra-
tion of Ha(d 15 in excess over NOw*, the above
cquation can be witten in tenms of a pscudo
first-order rate constant &' = k[Ha0)] giving (22)

A[OH]; = &7[NOS*JAr (12)

Figure 2 shows a plot of the measuned pscudo
first-order reaction rate constant &' versus H;0
concentration, the slope of which yields the
bimolecular rate constant &7 = 1.7 = 107" em?
molecule ™ 57", This value was confirmed at
three scparate wavelengths (363, 590, and
6125 nm), all of which gave similar raes. We
estimated the uncertainty in our rate constant
o be =50%,

Fig. 2. Plot of the pseudo-first-order rate 10
constant k;' versus H,;0 concentration. The
line's slope gives the bimolecular rate g -
constant k;. Ermor bars indicate the precision
of the data. We estimate the overall un- =—
certainty in the rate constant to be +50%. g

E'S

1]

Having determined the mte constant, we
could then estimate the tropospheric OH coniri-
bution from the NCw* + Ha0 source. For this
analysis, we assumed that the reaction occurs
over the entire region from 420 10 640 nm with
the same mite constant, Figure 3A shows plots
of the me of OH production from the NO0,* +
H20O reaction as a function of alitude for var-
iows solar zenith angles. For this analysis, we
used Eq. 9, in which the vanation in solar (Tux
is taken into account using the computer code
of (28). The variation in reaciant concentration
with altitude 55 from the data of {29, associated
with a fairly clean region of the North Amer-
ican continent. The dashed lines in Fig. 3A
comespond 1o ground-level MO, concentrations

NO} + H,0 — OH + HONO

K.~ (1.7 £ 0.2) x 10" [em® molec.” 5]

T T T T T

1 2 3 4 5 &
[H20] [10"° molec. em™)

Fig. 3. (A) Rate of production
of OH solely from the NO,* +
H.0 reaction as a function of
altitude and various solar ze-
nith angles. The rates were
calculated from Eg. 9. In this
analysis, we assume that the
HONO formed in reaction 7 is
also photolyzed. The dashed
lines correspond to a ground-
level MO, concentration of
~400 ppt (29), whereas the
solid lines correspond to a more
polluted situation with an NO,
concentration of ~1 ppb. The

Rom::] [10° molec. em™ s™]

[NO.] - 1 ppb
—a—SZA=TT"
—-e- SZA=85"

[NO,] ~ 0.4 ppb

-e- SZA=TO"
—d= SZA=TT"
-e- SZA=85"

ground-level water concentra-
tion was taken to be 10 torr.

(B) Comparison of relative tro-
pospheric OH production rates
from the NO;* + Hz0 reaction
versus the 0(*D) + H,0 reac-
tign. The ratio of rates from
these two sources, calculated
by taking the ratios of Eqs. 9
and 4, is plotted as a function
of altitude and solar zenith
angle.

[NO,] - 1 ppb

—4—SZA=TT"
-8~ S7A=85"

[NO,] - 0.4 ppb

-8~ SZA=TO"
-d- SFA=TT"
-8~ SZA=85"

4 5

2 3
Height [km]
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of =400 parts per tnllion (ppt), whereas the
solid Iines correspond to concentriations of | pan
per billion (ppb). As the ligure illustrates, the re-
action’s mfluence s largest near the boundary
laver. where the concentrations of water and
NOy are highest, We found that the OH pro-
duction rate from this reaction can reach as high
as 5000 10 40,000 molecules em ™ 57", Urban en-
vionments typically are even more polluted,
and their ground-level NO, concentrations can
readily exceed 10 ppb, resulting in a concom-
ilant increase in the contributions from reaction
7. It is also ineresting to compare the relative
OH production mes from the NO.* + Ha0 pe-
action versus that from the OC'D) + Ha0 re-

action [considered 1o be the pomary source of

atmosphenic OH (A)] by kg the mno of Egs, 9
and 4. These results illustrate that the contribution
From the NO.* + HLO reaction is largest nelative
to the O('D) + Hy0 source for high solar zenith

angles, reaching anywhere from 11 1o 52% of

that from the O'D) source (Fig. 3B).

The present lindings demonstrate that NO,*
can react with water molecules 1o fomm OH rd-
icals. The measured rate for this reaction is sul-

liciently fast for it o be an important source of

O in the wopospherc boundary layer. Inclusion
ol this previously unrecognized source chemisiry
will impact models addressing urban air pollu-
ton where the concentration ol ground-level
ozone, 4 major component of smog, is dictated
b a complex sat of reactions involving volatike
organic compounds (VOCs) and MO, (NO, =
MO, + NOpspecies generated from motor-vehicle
exhavst and industnal emissions, along with vis-
ible sunlight-driven photochemistry (2, 6). The
efliciencies of these ground-level ozone-gencration
schames depend on the concentration of O rad-
icals present w initiate reactions involving VOCs
(7). Finally, the NOs* + HaO reaction may also
help 1o explain discrepancics between measured
and predicied HO, concentrations reported in
arctic regions (). The clevated levels of OH and
HONO observed from arctic snowpacks under
conditions of high solar #enith angles are con-
sistent with the products expected from the NOL*
H-0) reaction,
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Synchronous Aggregate Growth
in an Abundant New Ediacaran

Tubular Organism

Mary L. Droser™ and James G. Gehling®

The most abundant taxon of the Neoproterozoic soft-bodied biota near Ediacara, South Australia,
occurs as clusters of similarly sized individuals, which suggests synchronous aggregate growth by
spatfall. Tubes of Funisia dorothea gen. et sp. nov. were anchored within the shallow, sandy sea
bed and lived in dense, typically monospecific concentrations. Tubes were composed of modular,
serially repeating elements. Individuals grew by adding serial elements to the tubular body and by
branching of tubes. Their construction and close-packed association imply likely affinity within the
Porifera or Cnidaria. These data suggest that several of the most successful marine invertebrate
ecological strategies known today were in place in Earth’s oldest known metazoan ecosystems
before the advent of skeletonization and widespread predation,

oth the structure and associations of Neo-
Bpmmrw.uic Ediacaran fossils from near

the Flinders Ranges, South Austiralia,
provide information on the complex ecological
makeup of Eanh’s first metazoan habitats (1), The
tossil-bearing Ediacara Member of the Rawnsley
Quarnzite lies 30 1o 5300 m below a basal Cambran
disconformity and consists of shallow marine thin-
o mediom-bedded quarte sandstone (7). We
excavated beds within the Ediacara Member of
the Rawnsley Chanzite af the Edincar Conscrva-
tion Park (South Ediacara) and on Nilpena Station
of South Australia (fig. S1) 0 reveal details of the
tomm, diversity, and distmbution of these taxa,

A large diversity of fossils i original growth
position occurs on successive bedding plancs
within the more than 150 m” excavated. Tubular
fossils, representing an undescribed  siruciural
organization, are more abundant than any other
previously  described element of the Ediacara
biota (/). They occur on nearly all excavated
beds and densely on 3 ofthe 10 beds excavated at
Nilpena and 2 of the beds s South Ediacara,
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Terrace, Adelaide, South Australia 5000, Australia,
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Funisia dorothea gen. el sp. nov. (see sup-
poriing online material) is preserved exclusively
on the base of beds, as are neardy all fossils in
these strata (Fig. 1). Unlike most elements ol the
Ediacara Biota (3), Funisiv is preserved in posi-
tive reliel, either as flattened casts formed when
sand entered the body cavity (Fig, 1, A and D), or
as casts ol the collapsed body that was impressed
into the underlying biomat (Fig. 1, E and G),
Collapse and casting is the most common pres-
ervation mode because sand rarcly fills more than
a few centimeters of cach tubular body (Fig. 1A).
Removal of intemal casts leaves an extemal mold
in the overlving bed. In the best-preserved
specimens, individual serial unis show faint, off=
sl concentric wrinkles that suggest collapse of a
thin integument during burial, mther than orna-
mentation (Fig. 1, E and G).

Frenisia 15 up 10 30 ¢cm long and 12 mm in
diameter and is divided longitudinally into serial
units & 1o & mmin length throughout the length
of the wbe (Figs. 1 and 2). The serial units are
defined by constrictions perpendicular or gently
oblique o the axis of the whe, Particularly when
tubes are bent or curved, constrictions give the
tube the appearance of being a spiral, but exami-
nation of matenal preserved nearly in three di-
mensions (3D) (Fig. 1, D, E, and G) confirms
sertal segmemed construction. In compacted and

version 4 (National Center For Atmospheric Research,
Boulder, €O, 2006).

29. H. B. Singh & al, . Geophys. Res. 112, D12504
{2007},

30. We thank the Donors of the Amevican Chemical Sodiety
Petroleum Research Fund and NSF Chemistry for partial
sipport of this research,

Supporting Online Material
ww.sCiEncemayg.ongegifcontentfull 3195 AT0165 7D

Materials and Methods

Figs. 51 to 54
References and Motes

9 October 2007; accepted 30 January 2008
10.1126/5cience. 1151443

poorly preserved tubes, or external molds, a
scalloped-shaped tube outline, rather than the
impression of individual segments, is typically
preserved (Fig, 1, AL L and 1) Where £ dorothea
covers the surface, the degree of ovedapping 15
such that individual tubes are detormed by com-
posite preservation (Figs. 1, [ and 1), and under
very poor preservation, the sides of the tbe
appear as parallel lines (Fig. 1A).

Tube widths range from 2 to 12 mm and are
consistent on individual bedding surfices, These
structures were originally interpreted 1o be strings
ol fecal pellets (), but this has since been dis-
counted on the basis of the presence of branching
and orientation of specimens (5 ). Units within the
tube taper progressively inowidth wowand the axis,
suggestive of growth by terminal addition (6)
(Fig. 1. E and G). Individuals can occur within
dense assemblages, sometimes greater than
1000/m?® (Fig. 1. 1 and J). Here, individual wbes
ol similar size may mdiate from a single arca of
ongin (Fig. 11} In such dense assemblages, wbes
completely cover the surface and may overlap or
crisscross in a felied manner (Fig. 1, Tand 1) bu
most commonly occur in parallel. close-packed
groups of 5 10 15 individuals (Fig. 1. A and C).
Such groups do not show alignment with curmem
lineations or ripple ¢rests that occur on top of the
beds, which suggesis that the position of these
fossils is not a reflection of transport or reori-
entation by currents. Rather, they are the result of
smothering by sandy event beds in the wake off
storm activity (7). Branching is rare, but in such
nstances, the last common serial unit is expanded
and branches remain tghtly packed (Fig. 1H).

Tube attachment structures ranging in diqm-
eter from 1 o 8 mm are preserved as invaginate
bosscs on bed soles (Fig. 1, B, C, D, and I).
Serally constricted tubes are directly connected
1o attachment structures (Fig. 100, The marked
modality of size and morphology suggest that
differem developmental cohorts are preserved
(Fig. 1C). Atachment structures of a similar size
and developmental stage are spatially clustered
within individual bedding surfaces (Fig, 1C).
Clustered atachment points are not typically
closcly packed, but three-dimensionally preserved
examples necording the basal severml millimeters
of the whe demonstrate a hexagonal close packing
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within millimeters of vertical growth (Fig. |, B
and F) Individual attachments occur without
close neighbaors but are not common. The siae and
morphology of attachments mnge from small
knobs 1 10 3 mm in width 1o well-developed
structures that arc casts of wbe ends with concave
hollows (Fig. 1, B, C, D, and I). These struc-

and molds. Cross sections are confined 1o broken
three-dimensionally cast specimens within a bed.
Furthermaore, there would be some ellipses pre-
served, and it would not be possible for the wbe
to be sectioned and still cast by sand,

Like the well-known Ediacaran fronds (7).
Funisia wbes are typically preserved without

hold fasts attached. In life position { Fig, 2), attach-
ment structures are interpreted 10 have been
situated within or beneath a microbial mat, Where
they are cast by sand, the cormesponding wbe was
ripped ofT by stonm activity, allowing sediment 1o

tures occur on both ripple crests and troughs and
onginally extended below the interface between
water and substrate. They are clearly atachment
dises rather than cross sections through the wibes,
Ediacara preservation consists entirely ol casts

Fig. 1. Funisia dorothea gen. et sp. nov. preserved as external casts, internal casts, and external
molds on bed bases. {A)} Holotype set of subparallel tubes SAM P40725, internal casts, external
mold where casts have separated, and as convex casts of collapsed specimens demonstrating
various taphonomic variants, including well-preserved serial units, scalloped edge outlines (arrow),
and parallel edged outlines. (B) Close-packed set of attachment points (lower left) showing typical
convex rim and indented center with or without boss, one with cast of part of tube (arrow); SAM
Pa2681. (C) Growth by branching; SAM P40726. (D) Attachment points with serially constricted
tubes; field specimen ESOS. (E and G) Specimens showing growth by terminal addition; SAM
P41508. (F) Two sets of attachment points demonstrating different stages of development. (H)
Enlargement of lower right part of surface in Fig. 21 showing crossed tubes with serial constrictions
(arrows). (I} Layered, close-packed specimens radiating from clusters of attachment points
(examples marked by arrows); SAM P40309. (J) Densely packed surface with both scalloped and
parallel edge preservation; part of very large field specimen, Nilpena. Scale bars, 2 cm.

REPORTS

enter the hollow holdist (Fig, 1C), Allernatively,
the holdlast was molded below the mat-bound
sediment, and the tube was cast within the over-
lying sediment or preserved as a collapsed im-
pression at the base of the sediment that engulfed
the specimen (Fig, 1B),

The phylogenctic aflimity of’ £ dovothea 1s
problematic. The morphology 15 consistent
throughout all well-preserved specimens and seral

units are a 3D chameter rther than feaunes of

extemal omamentation. However. the lack of evi-
dence for polypoid openings or pores in the body
wall limits our understanding of s taxonomic
affinities. Although it is dilficult 10 place these
fossils within Metaeoa, the morphology and ceol-
ogy are suggestive ol stem-group enidanans or
portferans. The nghtly packed nature of the tubes
and attachment structures (Fig, 1), as well as the
rrity ol branching, ¢liminates an algal origin
because these characteristics are inconsistent with
the maxmuzation of surace arca crucial for a
photosynthetic habit.

The branching pattems and rarity of branch-
ing of Funisia is consistent with melazoan asex-
ual budding. The consistency of tube widths on
individual bedding surfaces (Fig. 1, A, 1, and J),
the densely packed nature of the attachment
structures, and the clustering pattern ol develop-
mental stages of attachment structures on indi-
vidual bedding plancs suggests that the juveniles
settled as aggregates ina series ol limited cohorts.

These solitary organisms thus exhibit growth
by addition of serial units o whes and by the
division of twbes, and dispersed propagation by
the production of spats. Among living organisms,
spat production is almost ubiguitously the result
of sexval reproduction but 15 known 1o occur
rarcly in association with asexuval reproduction
(&), Hence, despite its morphological simplicity
the Neoproterozoic F doothea provides evi-
dence of a variety of growth modes and a com-
plex armngement for the propagation of new
individuals. In living organisms, synchronous

aggregaie growih may result from a variety of

factors—including response 1o competition, sed-
iment disturbance. and heterogencity of the
substrate—and has the advantage of reducing
competition for space between clones and can
also decrease gamete wastage (9, 717 It may also
reduce vulnerbility o predation (%), Borings in
the calcified Clonding may demonstrate preda-
tion in the lavest Ediacara { £ ). Futhemore, close

Fig. 2. Reconstruction of Funisia in life position
with holdfast beneath mat substrate.
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packing also imparts protection from current
damage and'or high-encrgy cvents and allows
for selection of most Favomble sites Tor attach-
ment and growth 1o adulthood (/2)
Aggrepation s NolL UNCOMIMON AMENE SOMe
clements of the Ediacam biota and is present in
the frond holdfast Aspidelfa. These typically
occur in dense assemblages, but in contrast 1o
E dorothea, their size distribution is consistent
with continuous recruitment (f, 13, 14) rather
than periodic cohon growth, The terminal Neo-
proterozoic calcified wbes Cloweding and Nanra-
catdathies also show evidence ol aggregation (/15),
but there is no indication of distinet cohons,
These dam demonstrate that even momphiolog-
ically simple Ediacaran organisms had multiple

modes of growth and propagation, reminiscent of

several of the most successtul marine mverchrite
ccological strategies today (/6). These svsiems
were in place in Eanth’s oldest known metaeoan
ceosyslems belore the ecological pressures that

accompanied the advent of skeletonization and
extensive predation,
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Orrorin tugenensis Femoral
Morphology and the Evolution of
Hominin Bipedalism

Brian G. Richmond™?* and William L. Jungers®

Bipedalism is a key human adaptation and a defining feature of the hominin clade. Fossil femora
discovered in Kenya and attributed to Orrorin tugenensis, at 6 million years ago, purportedly provide
the earliest postcranial evidence of hominin bipedalism, but their functional and phylogenetic
affinities are controversial. We show that the Q. tugenensis femur differs from those of apes and
Homao and most strongly resembles those of Australopithecus and Paranthropus, indicating that 0.
tugenensis was bipedal but is not more closely related to Homo than to Australopithecus. Femoral
morphology indicates that 0. tugenensis shared distinctive hip biomechanics with australopiths,
suggesting that this complex evolved early in human evolution and persisted for almost 4 million
years until medifications of the hip appeared in the late Pliocene in early Homo.

ipedalism is one of very few human char-
B acteristics that appears o have evolved at

the base of the hominin clade |specics
more closcly related o modern humans than to
any other living species (£)]. Recent fossil dis-
coveres have apparently pushed back the ongin
ofthe hominin clade into the late Miocene, w6 o
7 million years ago (Ma), The oldest known
potential hominin fossils, attnbuted o Safelon-
thropny fohadensis, come from Toros-Menalla in
Chad and are biostratigraphically dated 1o -7 Ma
(20 Cumently, Salefantliropus 15 only known
from cramiodental evidence, and although the
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Department of Anthropology, The George Washington
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position of the foramen magnum suggests that it
was bipedal (3), postcranial fossils are needed o
confinm this conclusion. The next oldest potential
hominin remains were discovered in 20000 by
Senut, Picklond, and collcagues (4) from local-
mes (3.7 o 6,0 Ma) in the Lukeino Formation in
Kenva (3, ) and antributed W Cvrovin fgenonsis.
Of the fossils assigned 10 € fugenensis, three
fragmentary femom (BAR 1002700, 100300,
and 1215°00) are entical pieces of evidence be-
cause they are interpreted as having denved char-
acteristics indicating bipedalism (7). However,
some of these features are also found in non-
bipedal primates and are therelore inconclusive
(&) Similarly, a study of the femor based on
computerized tomogrphy () sulfered from poor
image resolution and docs not provide convine-
ing evidence of bipedality (/0), The discoverers
have also cited the femor in formulating hypothe-
ses about carly hominin phylogenctic relation-
ships (4), but these have bean disputed (8, 11, 12),
Thus, the morphology of the €, fugencnsis femora

is entical to our understanding of the ongin of
bipedalism and phylogenctic relationships of the
earlicst hominin taxa, yet the functional and
phylogenetic implications ol their morphology
remain highly controversial. We present here a
quantitative, momphometric (shape) companson
ol the most complete € ugencnsis fomur, BAR
1002700, of & yvoung adull.

When compared o the proximal femaora of a
large and diverse sample ol great apes, modem
humans {(including small-bodied adult individu-
als from Adncan Pygmy and Andaman Island
populations), as well as Plhio-Pleistocene hominin
femora (13), the O mgenensiv fomur (BAR
1002°00) more closely resembles femom attri-
buted to carly hominin taxa (Australopidects and
Paranthropes ) than do those of extant apes, lossil
Homo, and modem humans. Multivariate analy-
ses of shape (canonical variates, cluster analysis,
and principal components analysis) reveal than
maodem human proximal femora are distinet from
those of extant great apes primanly in having a
relmively lange head and shon distance between
the head and lesser rochanter, Canonical variates
axis | (Fig. IA) s a contrast vector driven by
these distinguishing features of shape (lable S1),
and the non=-Homeo fossil hominins (including
BAR 10027000 occupy an intermediale position
in this part of multivarate space. The second axis
separaics omngutans from African apes, modem
humans, and all the fossils. Orangutans have
relatively large femorml heads (related to mobility
rather than more pronounced weight support)
combined with namow femoral shafis, a combi-
nation of fawres not seen in modem or fossil
hominin femora, The third axis, driven by neck
length and breadth, and shalt breadih, serves o
separate carly hominin femom from those of
cxtant apes, modem humans, and fossil Howe
taxa. BAR 100200 resembles the carly hominin
femorn, which are charmcterized in this and
previous analyses by a combination of long and
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Great apas

Fig. 2. Hominin hip
biomechanics. Distinctive
features of the early
hominin hip (left) are
part of a biomechanical
complex in which the
tendency of the body
weight force (BW) to pull
down the trunk during
gait is counteracted by
the gluteal muscle force
acting on the pelvis. Com-
pared to modern humans
{right), the wider iliac
blade and longer femoral
neck of the early haminin
hip (left) result in greater
moment arms for the
gluteal muscle force (M).

Early hominins

KNLLER 1503
L B}.H 1002'00

wida ilium & longer femoral neck =
higher gluteal moment arm, higher

bending moments

B
4
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Fig. 1. Multivariate analysis of femoral shape among species. (A}
Canonical variates (CV} analysis of proximal femur shape completely
separates modern humans, great apes, and early hominins. BAR
100200 most closely resembles KNM-ER 1503. (B) Cluster analysis

(UPGMA of Mahalanobis D? distances) shows three distinct clusters: a
great ape cluster, a cluster of modern and fossil Homo, and a cluster of BAR 1002'00 and early hominins. The early hominin femoral morphology
exhibited by BAR 1002°00 appears to persist for more than 4 million years, with a major change in hip structure in early Homo.

ghorter femoral neck =
weaker gluleal moment amn, lower
bending maments \

bending
moments
smaller

nding
moments

larger

{

Australopithecus afarensis

L il |

Modern human

They also result in greater femoral shaft bending moments from the joint reaction force (]), which in turn
are related to greater mediolateral shaft robusticity to withstand the elevated compressive stresses along
the medial side of the proximal femoral shaft. Thus, the long femoral neck, wide proximal shaft, and
possibly the small femoral head are part of a biomechanical complex. (Vector and bending moment

illustrations not to scale.)

anteroposterionly constricted necks, mediolateral-
Iy broad shalis, and smaller heads (relative
modern humans) (f4- /7). This morphological
complex is not merely an allometric consequence
of the small size of many of the fossils (lig, 531,
imcluding AL, 285-1 and BAR 1002700 (/). as
the small-bodied modern humans and apes in this
sample do not resemble the cardy hominins, Three
distinet clusters summanze these affinities (Fig,
1B): modern humans and [ossil Homo form a
group that is linked o a cluster of Awstralopithecus,
Paranthropus, and €. tugenensis, and these two

groups are joined by a more distant cluster of

extant apes,

The featres (long, namow neck and broad
proximal shatt) characterzing €2 fugenensis and
australopith ( /%) femorm are not biomechanically
independent, and reflect differences in hip
momphology related o gait mechanics., Modem
humans gait is distinet from the Kinomatics of
bipedalism in other primates in several ways,
including very lile lueral displacement and a
shight drop in the contmlaterl hip dunng stance
phase (M, 27 These characienstics are made
possible in pan by the lared, shont iliac blade and
by the recruitment of the lesser gluteal muscles
on the ipsilaeml side, which countermct the
tendency of the body weight force o lower the

contralateral hip (Fig. 2). The very Naring ilia and
long femoral necks ol austrmlopiths improve the
gluteal muscle lever arm and thus counter the
torque of body weight (/7), but the long necks
also inercase the bending moment on the proxi-
mal femoral shaft, These elevated bending mo-
ments are resisted by the greater modiolateral
width of the femoral diaphysis, especially proxi-
mially where bending moments are highest (22).

€ mgenensiv shares this uniguely archaic
hominin momphological patiern, thus providing
strong evidence that €. fugenensis was adapied
to bipedalism 6 million vears ago (Fig. 3). This
evidence is lunctionally consistem with other
moaphological features believad to be linked 1o
bipedalism in the O fgenensis femora, includ-
ing a marked obturator externus proove, the
presence of an intertrochantenc line, vertical
gluteal tuberosity (third rochanter), and a slighily
enlarged head (7). BAR 1002700 bears distinet
markings for the medial and lateral extents of the
vastus musculature, but it lacks the prominent,
ruscd hinea aspera that is distinctive of modem
and fossil Heme femore In this manner, BAR
[002°00 resembles some australopith femora
[ee, AL, 288-lap (23)). The relative femoral
head size off BAR 1002700 is intermediate

between, and overlaps with, the distibution of

Pan and Homeo femor; the femonal head of BAR
L2000 s large compared o Awstralopitiieons,
Paranthopns, and African ape femora, b
relatively smaller than those of orangutans and
Tossil and modern Home (fig. 56), Furthenmore,
the difference between BAR 1002700 and
Avstralopithecns and Paranthropus in relative

femoral head size is within the expected level of

intraspecific vanation based on extant standands,
To investigate how proximal femur shape has
changed over the course of human evolutionary
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my of BAR 1002"0 indicates bipedality, but is
also consistent with a locomolor repertoire n-
volving an appreciable scansorial  component
(33, 34),

The swmlanty between €4 migenensis and
australopith femom weakens support for scenar-
105 i which €2 sueenesis 1s ancestral 1o Home o
the exclusion of A, afarensis (4). Instead, the
overall primitive hominin morphology of the €
fgentensis femur, along with pamitive dental
anatomy, is consistent with the more parsimo-
nious hypothesis that it is a basal member of the
hominin clade. In sum, the comparative biome-
chanical anatomy of O pegenensis femora sug-
gosts that O sgenensis is a basal hominin adapted

to bipedalism, and current evidence suggests tha
an Awseralopithecns-like bipedal morphology
evolvad carly i the homimm clade and persisted
successtully for most of human evolutionary

Fig. 3. Morphological comparisons among femora of or attributed to (A) P. froglodytes, (B) O.
tugenensis (BAR 1002'00), (C and D) Paranthropus robustus (SK 97 and SK B2, reversed), (E) A,
afarensis (A.L 288-1ap), (F} Paranthropus boisei (KNM-ER 1503, reversed), (G} early Homo (KNM-ER
1481), and (H) modern H. sapiens. Like other early hominin femora (C to F), BAR 1002°00 (B) is distinct
from those of modern humans (H) and great apes (A) in having a long, anteroposteriorly narrow neck
and wide proximal shaft. Early Homo femora (G) have larger heads and broader necks compared to
early hominins. In addition to these features, modern human femora (H) have short necks and

history.
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Activation of FOX01 by Cdk1 in Cycling
Cells and Postmitotic Neurons

Zenggiang Yuan,'*t Esther B. E. Becker,™ Paola Merlo,” Tomoko Yamada,' Sara DiBacco,’
Yoshiyuki Konishi,® Erik M. Schaefer,® Azad Bonni't

Activation of cyclin-dependent kinase 1 (Cdk1) has been linked to cell death of postmitetic neurons

in brain development and disease. We found that Cdk1 phosphorylated the transcription factor FOX01
at Ser®*? in vitro and in vivo. The phosphorylation of FOXO1 at Ser®*? disrupted FOXO1 binding with
14-3-3 proteins and thereby promoted the nuclear accumulation of FOXO1 and stimulated FOXO01-
dependent transcription, leading to cell death in newrons. In proliferating cells, Cdk1 induced FOX01
Ser**” phosphorylation at the G,/M phase of the cell cycle, resulting in FOXO1-dependent expression
of the mitotic regulator Polo-like kinase (Plk). These findings define a conserved signaling link
between Cdkl and FOXO01 that may have a key role in diverse biological processes, including

the degeneration of postmitotic neurons.

he protein kinase Cdkl is a key medimor
I ol neuronal cell death that is relevant o
brain development and degencration (F-6),
As a major apoptotic kinase, Cdkl might be
expected w o orchestrate a program ol gene ex-
pression that activates the cell death machinery.
Because Cdk 1 resides in the evtoplasm in neu-
rons (1, 5, 6), we reasoned that Cdk 1 might regu-
late gpene expression through proteins that shutle
between the eyvtoplasm and nucleus. The FOXO
transcriplion factors underzo nucleocytoplasmic
shutiling and control cell death (7, ). We there-
fore investigated the role of FOXO proteins in
propagating the Cdkl cell death signal 1o the
nucleus in postmitotic neurons.

FOXO! comains a conserved putative Cdk 1
phosphorylation site within the forkhead domain
atSer fig. STA)L Cdk 1 catalyzed the phospho-
rvlation of FOXO1 in vitro (Fig. 1A) (%), Cdkl
also phosphorylated the FOXO1 forkhead do-
main (FOXOIFD) in vitro, but failed 1o phos-
phoryvlate a FOXOIFD mutant in which Ser™?
was replaced with alanine (FOXOIFD 5249A)
(fig. SIB). We generated an antibody that spe-
cifically recognizes FOXO1 that s phosphoryl-
ated at Ser™ (9). The phosphoS249-FOX0]
antibody recognized recombinant FOXO or
FOXOIFD that was phosphorylaied by Cdkl in
vitro but did not recognize unphosphory lated
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FOXO1 or the FOXOIFD 5249A mutant that
was incubated with Cdkl in vitro (Fig, 1B and
fig. S1C) We expressed cyelin B and Cdkl in
203T cells weether with FOXO1 or a S240A
FOXO! mutant. Immunobloting of wtal lysates
or FOXO! immunoprecipitates ol trnsficted cells
revealed that Cdk | ineressed the amount of phos-
phorylated FOXO1 at Ser™ incells (Fig. 1€ and
g S1D). In other expenments, depletion ol endog-
enous Cdk 1 by BNA mterlerence (RNAG) reduced
the FOXOI1 phosphorylation in cells (Fig. 1D

and fig. SIE), which suggested a requirement for
endogenous Cdkl in the FOXO!1 phosphoryl-
ation at Se”™® in cells.

We tested whether the activation of endoge-
nous Cdk 1 induced the phosphorylation of endog-
enous FOXOI at Ser™ in neurons. Endogenous
Cdkl is activated in cercbellar granule neurons
upon inhibition of membrane depolanzation (1, 3).
We found that the amount of FOXO1 Ser™”
phosphory lation was higher in neurons deprived
of membrane-depolanzing concentrations of KCl
(5 mM KCl than in neurons maintained in de-
polarizing medium (30 mM KCD (Fig. 1E). The
Cdkl inhibitor roscovitine reduced the FOXO]
Ser® phosphorylation in neurons deprived of
depolarization (Fig. 1E). Thus, endogenous Cdk|
appears o mediate activity deprivation-induced
phosphorylation of endogenous FOXO1 at Ser™
i NCUrons.

The identification ol Cdkl-induced phospho-
rylation of FOXOI at Ser™*? led us 10 test wheth-
er the FOXOI phosphorylation mediated the
ability of Cdk1 to wigger cell death in newrons.
Because endogenous Cdk1 s required for apo-
plosis of actvity-deprived neurons (1, 3, we de-
termined the role of FOXOI in apoptosis of
neurons  deprived ol activity. We  transfected
neurons with the Us/Toxo RNAL or control UG
plasmud. FOXO RNAI reduced the expression ol
FOXOI in primary granule neurons and

A C
GST-FOXO1 GST GSTFOKN FOXO1 _ WT __S248A
BiCdR1 -+ BICdkt - + - + ey
WY : -
100- -pFOXO1 b - _psz“'“'mc“ - pS246-FOXO1
60- . - L - FOXO1
® - P s [P Fig. 1. Cdk1 phosphorylates
60- - FOXO1 at Ser”™®. (A) Recom-
binant cyclin B, Cdk1, and full-
- =k length glutathione S-transferase
25 ==  lgGsT (GST}-FOXO1 were subjected
" to an in vitro kinase assay (9).
D % E (B) Recombinant G5T or G5T-
g § KSI E"ﬂ""'? w 5 5 5 FDKGL mﬂelhfr 'W'itl'_l tﬁlin B
GFPIP -pS245-FOXO Fose - - - + and Cdkl, were subjected to
EI [ sl == -+ |-pS249FOXO1  an in vitro kinase assay and
i E'EFP'me o= == B=)-Foxor were immunablotted with the

= -caar

phospho$249-FOX01 or G5T
antibody. Asterisks indicate GST-

FOX01 degradation products. (€} Lysates of 293T cells transfected with cyclin B and Cdk1 or the control
vector, together with the green fluorescent protein (GFP) fusion protein GFP-FOXO1 or the GFP-FOX0S249A
mutant, were immunoblotted with the phospho5249-FOX01 antibody or a mouse monoclonal FOXO01
antibody. (D) Lysates of Neuro2A cells transfected with the control U6 or Ué/cdk RNAI plasmid and GFP-
FOX01 were immunoprecipitated with the GFP antibody and immunoblotted with the phospho5249-
FOX01 antibody. Lysates were also immunoblotted with the GFP or Cdk1 antibody. (E) Lysates of granule
neurons maintained in membrane-depolarizing medium (30 mM KCU or in which depolarization was
inhibited (5 mM KCl) in the presence of the Cdk1 inhibitor rescovitine (10 uM) or its vehicle [dimethyl
sulfoxide (DMSO0)] were immunoblotted with the phosphoS$249-FOXOL or FOXO01 antibody,
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Fig. 2. Cdk1-FOXO1 signaling mediates activity deprivation—induced neuronal A s B &
death. (A} Granule neurons transfected with the Us/foxo RNAI or control Ué R g %
plasmid were placed in membrane-depolarizing medium (30 mM KC) or & ﬁ 2
deprived of membrane depolarization (5 mM KCL for 30 hours and subjected to i o g @ 71
analysis of cell death (9). FOXO RNAi attenuated activity deprivation—induced o0l 1 2 30
neuronal cell death [mean = SEM, n = 4; P < 0.005, analysis of variance E‘ 15 2
{ANOVA) followed by Fisher's PLSD post hoc test] but not cell death in 10 i
depolarized neurons (see also fig. 52C). (B) Granule neurons transfected with 5

the Ué/foxo RNAi or control U6 plasmid, together with cyclin Band Cdklorthe o, W 8™ ™55 w
control vector, were analyzed as in (A). FOXO RNAi inhibited cyclin B and Cdk1- us UB'toxo

induced cell death (mean = SEM, n = 3; P < 0.005, ANOVA followed by Fisher's %0

Veclor B/CHK1 Vestor B/Cdki
UGforo

UG

PLSD post hoc test). (C) Lysates of COS cells transfected with the Ud/foxo RNAT ¢ D a5
or control Ué plasmid together with FOXO1 or an RNA#-resistant rescue form of — a0
FOXO1 (FOXO1-Res) were immunoblotted with a FOXO1 or 14-3-3 antibody FOXO1 FOXO1-Res % 5
(9), (D) Granule neurons transfected with the Ué/foxo RNAI plasmid together ug + - - E: 0
with FOXO1-Res or the FOXO1-ResS249A mutant were analyzed as in (n), US%@ — * - = -3 i
FOXD1-Res, but not FOXO1-Res5249A, induced cell death in activity-deprived [= = =]-roxor s f‘;
neurons in the background of FOXO RNAi (mean + SEM, n = 3; P < 0.05, ] - 1433 10
ANCOVA followed by Fisher’s PLSD post hoc test), 5
KCl [m!?n
USfSoxo + - . »
FOXO1-Res £l L3 .
FOXOH FesS2404 - + -
Fig. 3. FOXO1 Ser**® phospho- A B/Cdk1 - + - + B
rylation disrupts the FOX01-14- WT-FOXO1 + + -
3-3 interaction and promotes So40A-FOXO1 - - + +
nucl:lear ar:turl‘mlaltmn of FOX0L, - 14-3-3 KCl{mM) 30 5 5
leading to activation of transcrip- GFP IP Rosc - - +
tion. (A) Lysates of 293T cells - : E e
translected with GEP-FONOL or = PREASTORYE  BOKOHTP a2
GFP-FOXO15249A, together with |- GEP-FOXO1 [ = ]-pS249-FOXO1
cyclin B and Cdkl or the control Input | = - input E-M-B-B
vector, were immunoprecipitated o - { 4-3-3
with the GFP antibody and im-

munoblotted with the 14-3-3 or

phospho5249-FOX01 antibody.
Lysates were also immunoblotted
with the GFP or 14-3-3 antibody.
(B} Lysates of granule neurons
maintained in depolarizing medi-
um (30 mM KCU) or deprived of
depolarization (5 mM KCI), in the
presence of the Cdkl inhibitor
roscovitine (10 pM) or its vehicle
(DMSO), were immunoprecipitated
with the FOXO1 antibody and im-
munoblotted with the 14-3-3 an-
tibody, Lysates were immunoblotted
with the phospho5249-FOX01 or
14-3-3 antibody. (C) Granule neu-
rons transfected with GFP-FOXO1
together with the Usfcdkl RMAG or

ative images are shown (left, GFP-FOX01; center, Hoechst;
right, merged). Arrowheads indicate neurons displaying nu- |- - - 4—Erk1 2
clear localization of GFP-FOXOL. Scale bar, 10 um. (D) 0.00

Lysates of granule neurons transfected with GFP-FOXO1, ---4—FD}(G1 ue ue/
GFP-FOX015249A, or the control vector and depolarized cdk1
(30 mM KCl or deprived of depolarization (5 mM KCL were

control Ué plasmid maintained in

depolarizing medium (30 mM KCl) D Kkci(mM) 305 305 305 _—

or deprived of depolarization (5 WT-FOXO01 - - + + - - @ @

mM KCl) were analyzed by fluo- S248A-FONOY = = = =+ + B 075 g

rescence microscopy. Represent- - ‘mn e @b == ==|-5|M B o080 -§
@ 025 =
= o

[
3
=

1.00
0.75
0.50
0.25

i

U Us/
cdk1

immunoblotted with the BIM, Erk1/2, or FOX0O1 antibody. (E) Granule neurons  deprived of depolarization and subjected to luciferase assays. Cdkl knockdown
transfected with the U&/cdkl RNAT or control Us plasmid together with the  reduced the expression of the 3xIRS (mean £ SEM, n = 3; P < 0.001, f test) and
FxIRS-luciferase (left) or BIM-luciferase (right) reporter gene and tk-renilla were  BIM-luciferase (mean = SEM, n = 3; P < 0.005, ¢ test) reporter gene.
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protected neurons against cell death induced by
suppression of depolanzation (Fig. 2A and fig,
S2A) (9. FOXO RNAIL also suppressed the
ability of expression of cvelin B and Cdkl 1o
induce cell death in neurons (Fig. 2B). To
determinge the importance of the phosphorylation
of FOXO! at Ser™ in activity deprivation
induced newronal apoptosis, we constructed an
expression plasmid encoding an RNAd-resistant
form of FOXO! (FOXO1-Res) (9). Whereas
FOXO BNAIG induced depletion of FOXO! en-
coded by wild-type cDNA, FOXO RNAI failed
o induce efficient depletion of FOXO1-Res
(Fig, 2C) Expression of FOXO1-Res inggered
apoptosis in FOXO-depleted neurons deprived of
activity (Fig, 2D). By contrast, a FOXO[I-Res
mutant in which Ser™®” was replaced with alanine
(FOXO1-ResS5249A) faled 1o effectively induce
neuronal cell death in the back ground of FOXO
RNAi (Fig. 2D). Thus, the Ser™ phosphoryl-
ation appears o be required for the abality of
FOXO1 o mediate activity deprivation-induced
neuronal apoplosis,

We characteriaed the mechanism by which
the Cdk l-induced phosphorylation of FOXO1 at
Ser”™ stimulates FOXO I -dependent neuronal cell
death. Ser®* lies within a conserved short FOXOI
peptide motil that includes the Akt site of phos-
phorylation, Ser™ (fiz. SIA). Because Ser™-
phosphorylated FOXO!1 imeracts with 14-3-3
proteins, leading to FOXO s evtoplasmic seques-
tration and inhibition (7, 8), we tested whether
phosphorylation of FOXO1 at Ser™ might reg-
ulate FOXO1s imeraction with 14-3-3 prodeins.
Although FOXOI or its forkhead doman in-
teracted etliciently with 14-3-3 prodeins, expres-

sion of Cdk | reduced these interactions (Fig. 3A
and fig. S3A). However, Cdkl failed o inhibit
the meracton of FOXO1S249A with 14-3-3 pro-
teins (Fig, 3A) Cdk1 did not affect Sert® phaos-
phoryvlation in FOXOI or its forkhead domain
(fig. 3. A and B), which suggests that the Ser™?
phosphorylation inhibits the interaction of Ser”™-
phoshorylated FOXO! with 14-3-3 proteins,

To ascenain whether endogenous Cdk L might
regulate the ineraction of endogenous FOXOI
with 14-3-3 proweins in neurons, we assayed the
association of these proteins in granule neurons
in the presence or absence of membrane depo-
larnzation. In depolarized neurons, endogenous
FOXO1 intermcted with endogenous 14-3-3 pro-
teins (Fig, 3B). However, withdrawal of depolar-
eation, which stimulates the activity of endogenous
Cdk 1 in peurons (/. 31, reduced the mierction
{Fig. 3B). The Cdk | mhibitor roscovitine hlockad
the ability of activity deprivation to disrupt FOXO1's
association with 14-3-3 proteins (Fig. 3B). These
findings suggest that endogenous Cdk 1-induced
phosphorylation of FOXO1 at Ser™? releases
FOXOI from sequestration by 14-3-3 proteins in
NCLONS,

Because 14-3-3 proteins sequester FOXO
proteins in the cytoplasm (7, 8}, we charactenized
the consequences of the Ser " phosphorylation
on the subcellular localization of FOXOT, Whercas
FOXOT was localized predominamtly in the cvto-
plasm in depolarized neurons, FOXO1 accumu-
lated in the nucleus in neurons deprived of
activity (Fig. 3C and lig. 54, A to C), Depletion
of endogenous Cdk 1 by RNAG reduced the nu-
clear accumulation ol FOXO | in activity-deprived
neurons (Fig. 3C and Og. 54, A o C). In other

A NIH3T3 B
Cl Moc Cl_Noc pS249- MNoc
fo% " FOXO1 &
-Plk E—FOKD1
T | - CyclinB [ =-p-s249-FOXO1
5% || 14% - FOXO1 [ &d-sp1
-Erk1/2 [=]-14-33
Pl PI
F
aFOXO1 U6 Ué/foxo FOXO1-Res
B WT S249A
3 8 ¢ . 8 E Pk
= = 0 = s e - Plk
= | -FOXO1
T o [ —1
| I Yo —— == - FOXO1-Res
bl | | p-actin -E-Emw
ir'lput ChiP — - ETk1/2

REPORTS

expeniments, expression of cyclin B and Cdkl
tnggered the nuclear accumulation of wild-type
FOXO bt not FOXO IS249A in nowrons (g, 35).
These results suggest that Cdkl-induced phos-
phorvlation of FOXO1 Ser®™ stimulates the nu-
clear accumulation of FOXO1 in neurons,

The finding that Ser**-phosphorylated
FOXOI accumulates i the nucleus led us to et
whether Cdk1-FOXO1 signaling might activate
FOXO-dependent transcription. COverexpression
of Cdk] augmented the ability of FOXO1, b
not ol FOXOTS249A, o stimulate the expression
of a luciferase reporter gene controlled by a
FOXO-responsive promoter ( 3 TRS-luciferase) in
granule neurons (fig, S6)(¥), Withdrawal of mem-
brane depolarization induced the endogenous
expression of the FOXO-responsive apoptotic
gene BIM in granule newrons (Fig, 3D). Expres-
sion ol FONOTS249A, but not of FOXOL, reduced
the induction of endogenous BIM expression
upon activity deprivation (Fig. 3D} Depletion
of endogenous Cdkl by RNAI in neurons re-
duced the expression of both the 3xIRS-luciterase
reporter gene and a reporter gene controlled by
the BIM promoter (Fig. 3E). Together, these
results suggest that endogenous Cdk l-induced
phosphorylation of FOXO1 at Ser™ stimulates
FOXO-dependent transcription, leading 1o BIM
expression and consequent neuronal cell death,

Overexpression of the Cdk | -related protein
kinase Cdk2 was reporied o phosphorylate FOXOI
at Ser™ | thereby inducing the nuclear exclusion
and inhibition of FOXO1 in prostate cancer cells
(1), We found that overexpression ol Cdk2 or
Cdk 1 stmulated FOXO I-dependent transenption
and failed 1w promote the nuelear expon ol

D E i
5 3
L T ]
g' e
8 27 3 27
(%] . .|
2 7] T
2 1+ x 1
& _H &
'—
@

0~=¢ Noc i a T

Fig. 4. Endogenous Cdk1-FOXO1 signaling stim-
ulates Plk expression in proliferating cells. (A to F)
NIH 373 fibroblast cells were synchronized by
contact inhibition (CI) or treatment with nocoda-
zole (Noc) as described (#) and were analyzed for
DNA content by flow cytometry, (A) Representative
profiles. (B} Lysates of synchronized NIH 373 cells
were immunoblotted with phospho5249-FOX01,

Plk1, cyclin B, FOXO1, or Erk1/2 antibody. (C) Lysates of NIH 373 cells synchronized in Ga/M were fractionated into cytoplasmic and nuclear components and
immunoblotted with the FOXO1, phospha5249-FOX01, SP1, or 14-3-3 antibody. The 14-3-3 and SP1 proteins indicate the cytoplasmic and nuclear
compartments, respectively. (D) NIH 373 cells transfected with 3xIRS-luciferase reporter gene and synchronized as in (A) were subjected to luciferase assay.
FOXO-dependent reporter expression was increased in GyM-enriched relative to Gp/Gy-enriched NIH 373 cells (mean £ SEM, n = 5; P < 0,01, t test). (E) The
amount of Plk mRNA was induced in GoM-enriched relative to Gy/Gi-enriched NIH 373 cells (mean + SEM, n = 3; P < 0.001, ¢ test). (F) Chromatin
immunoprecipitation analysis of synchronized NIH 373 cells, using a rabbit immunoglobulin G control or a FOXO1 antibody. (G} NIH 373 cells transfected with
U6-GFP/foxo RNAI or Us-GFP control RNAI plasmid were sorted on the basis of GFP expression. Lysates of sorted cells were immunoblotted with the Plk, FOXO1,
or ERK1/2 antibody. (H} NIH 373 cells transfected with U6-GFP/foxo RNAi plasmid and FOXO1-Res or FOXO1-Res5249A were sorted on the basis of GFP
expression. Lysates of sorted cells were analyzed as in (G).
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FOXO! in diverse cell tvpes, including prostate
cancer cells (figs. ST and S8) (%) We continmed
that overcxpression of Cdk2 induced phospho-
rylation of FOXO] a SLTN“lIig_ S9A). However,
the FOXO! Ser™ phosphory lation was not re-
duced m Cdk2-deficient fibroblasts (fig. 89, B
and C)(¥), which suggests that endogenous Cdk2
may not be uniquely required for the FOXO
Ser™ phosphorylation in proliferating cells.

To determine the consequences of endoge-
nous FOXO1 Ser™ phosphorylation in pro-
liferating cells, we characierized the FOXO|
phosphorylation in distinet phases of the cell
evele inwhich Cdk | activity 15 low (G or Gy or
high (G2/M) in synchronized DU 45 prostate
cancer cells (fig. S1O), NIH 3T3 fibroblasts (Fig. 4),
and numne anbeyonic ibmoblsts (MEFs) (g, 511,
Endogenous FOXO1 phosphorylation was low
in cells enriched for the Gy or Gy phase and high
in cells enriched for the Go'M trmnsition of the
cell eyvele (Fig. 4B and figs. S10B, S1IB, and
512). These findings sugpest that phosphoryl-
ation of endogenous FOXO! at Ser® coincides
with endogenous Cdk 1 activity in the eell evele.

We assessed the elfect ufj‘ﬂluhplmrylﬂlbl'l of
endogenous FOXO1 at Ser™*” on the subcellular
localization of FOXOI in proliferating cells. In
subeelhlar ractonation assavs, endogenous FOXO]
and Ser”*-phosphorylated FOXO! in particular
were associaed with the nuclear fraction in Ga/M-
enriched cells (Fig. 4C and Ges. S10C and S11C).
We also assessed the effect of phosphorylation of
endogenous FOXO1 at Se™ on FOXO-dependent
trnscription in proliferating cells. Expression of

the FOXO-responsive reporer gene was higher
in Ca'M-enniched cells than i Ge/Gy-enriched
cells (Fig. 4D and figs. S10D and S11D).

The gene promoter of the mitotic regulator
Polo-like Kinase (PIk) harbors conserved FOXO
binding sites, and Pk transcription is induced by
FOXO3 at the Go/™ transition (/7). We therefore
tested whether the gene encoding Plk might rep-
resent a direet target of FOXOL in proliferating
cells. PIk mRNA and protein levels were higher

at the GxM tramsition than in the Gg/'Gy phase of

the cell evele (Fig. 4, B and E, and figs. 510, B
and E, and S11, B and E). In addition, FOXOI
occupied the PIK gene promoter at Ga/M but not
at Gig'Ciy (Fig, 4F and fig. S10F), FOXO RNAI
reduced endogenous PIk levels in cells (Fig. 4G,
Expression of the RNARresistam FOXO! -Res,
but not FOXOL-ResS249A, restored Plk expres-
sion in cells in the background of FOXO RNAG
(Fig. 4H and fig. S13) These results suggest that
the gene encoding PIK represents a Ga/M-spealic
target gene of Ser™-phosphorylated FOXO1 in
prolilerating cells,

Owr study reveals an intimate and conserved
signaling link between the protein kinase Cdk |
and the trmnscription factor FOXO1. Cdkl phos-
phorylates FOXO1 at Ser”* and thereby disrupts
FOXOs imeraction with 14-3-3 proteins, driv-
ing FOXOL imo the nueleus o activate a cell
death program of gene expression in neurons.
Cdk I-FOXOI signaling also operates at the Ga™M
transition of the cell evele in proliferating cells
and thereby stimulates the expression of the mi-
totic regulator PIE. The Cdk 1-FOXOI1 signaling

TDP-43 Mutations in Familial and
Sporadic Amyotrophic Lateral Sclerosis
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Boris Rogelj," Steven Ackerley,? Jennifer C. Durnall,” Kelly L. Williams,® Emanuele Buratti,’
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Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disorder characterized pathologically by
ubiguitinated TAR DNA binding protein (TDP-43) inclusions. The function of TDP-43 in the nervous
system is uncertain, and a mechanistic role in neurodegeneration remains speculative. We
identified neighboring mutations in a highly conserved region of TARDBP in sporadic and familial
ALS cases. TARDBP y337, seqregated with disease within one kindred and a genome-wide scan
confirmed that linkage was restricted to chromosome 1p36, which contains the TARDBP locus.
Mutant forms of TDP-43 fragmented in vitro more readily than wild type and, in vive, caused
neural apoptosis and developmental delay in the chick embryo. Our evidence suggests a

pathophysiclogical link between TDP-43 and ALS.

myotrophic lneral sclerosis (ALS, also
Akmm n as Lou Gehrig's disease) is a

relentlessly progressive and  ultimately
fatal adult-onset disorder chamcterized patho-
logically by the degencration of motor neurons
in the brain and spinal cord (). ALS 15 familial
in 5 to 107 of cascs (FALS) with an autosomal
dominant pattem of inheritance, Mutations in

21 MARCH 2008 WVOL 319 SCIENCE

CuZn superoxide dismutase (SQDJ) are known

o cause ALS, and are detected in 200 of

FALS and 3% of sporadic ALS (SALS) cascs
(2, ). Mice imnsgenic for mutant human 500/
develop selective motor neuron  degeneration
because of a toxic gan of function (4). Pure
FALS Kindreds have been linked to chromo-
some 18g (5), 16q (6), and 20p (7). Other dom-

pathway may thus have diverse lunctions in
cellular homeostasis, including regulaition of new-
ronal death and degencration i brun develop-
ment and discasc.
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inant kindreds that have a phenotypic spectnum
ranging from pure ALS w pure frontotemporal
lobar dementia (FTLD) and individuals who
have features ol both disorders have been linked
to chromosome Yp and % (8- 100, but no patho-
genic mutations have been identified in these
kindreds.

The presence of ubiquitinaed  inclusions
(UBIs) in the perikaryon and proximal axon of
surviving spinal motor neurons is the patholog-
ical hallmark of ALS and indicates a failure of
the proteasome to recvele damaged proteins
(/1. UBls are also prominent i corical neu-
rons within the fromtal and tempoml lobes in
paticnts with t=ncgative  frontoiemporal lobar
dementia (FTLD-U). Many individuals who pre-
sent with a pure ALS phenotype will have path-
ological features of FTLD-U and vice versa,
which also provides a circumstantial link be-
tween FTLD and ALS (/2). The TAR DNA
binding protein (TDP-43) is the major protein
in UBls in FTLD-U and ALS (f3, M) A
phosphorylated 25-kD C-terminal fragment of
TDP-43 and high-molecular-mass ubiquitinaed
aggregates are enniched in detergem-resistan
fractions of FTLD-L! and ALS brains, It is note-
worthy that those neurons with eytoplasmic in-
clusions have a substantial loss of nuclear TDP-43,
which riscs the possibility that cleavage of tull-

WWW.SCIencemag.org




length TDP-43 and cvioplasmic sequestration
might play a mechanistic role in neurodegencra-
tidl. TDP<43 inclusions are scen in gha, and its
deposition has been observed in many different
neurodegenerative disorders (13-18) however,
claims of a pathophysiological mole for TDP-43
ageregation in ALS have been challenged (19),

To investigate the mole of TDP-43 in ALS
pathogenesis we screened 154 index FALS
cases lor mutations in TARDEP, the gene
encoding TDP=<43 (20, SODI, VAPB, ANG,
Dviacrin, and CHMP2E mutations had been
excluded from these cases. We idemtilied o mis-
sense mutation in exon 6 of TIRDEP in the
index case from kindred ALSRS (Fig. 1A), a
Caucasin family of English descent. The muta-
tion 1s predicted o result m substation of valine
for methionme at codon 337 (M337V) (21) and
resides in a strongly phy logenetically conserved
region of TDP-43 (Fig. 1C). The mutation seg-
regated with disease and was present in four other
affected individuals in three branches and two
generations of the extended kindred and was
absent from nine unaflected siblings.

Family ALSSS demonstrated autosomal
dominant inheritance with male-to-male trans-
mission apparenl. Fourofthe alfected individuals
had definite ALS by the El Escorial criteria ( 22),
and another recently symptomatic individual had
probable ALS. Three had limb-onset ALS, and
two had bulbar-onset ALS. The mean age of
symplom onsel was 47 vears (range 44 10 32),
Muean disease duration was 5.5 vears (range 4 10 7)
o symiptom onset to death. The obligate camier
{who died aged 54 from severe coronary athero-
mia) was reported by Eumily members o have had
wait disturbance and declining upper limb sirength
consistent with ALS. There was no history of de-
mentia or any atypical features in the kindred.

We next conducted a genome-wide scan in
this kindred. DNA was available from 23 mem-
bers of the kindred, including 5 affected indi-
viduals (4 males and | female). By analysis of
single-nucleotide  polvmorphism  (SNP) geno-
types, we identilied linkage 10 chromosome
1 p36, which contains the TARDEP locus, with a
parameiric multipoint logarthm of the odds ra-
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tio for linkage (lod) score of 2.04 (Fig. 2A).
Fine mapping across the region with micro-
satellite markers conlinmed linkage with a maxi-
mal two-point lod score of 2.73 at D1S450 (mble
S1yand a highly significant multipoint lod score
of 2,93 (Fig. 2B). These lod scorss approach the
simulated maximum power to detect linkage in

this kindred (simulated maximal lod score of

2.98). Only one other locus on chromosome 15
generated a lod score of =1 (fig. S1) but fine
mapping with microsatellite markers conlidemly
excluded linkage o this region (table S1) Anal-
yais of the microsatellite markers spanning the
chromosome 1p36 region revealed a clear haplo-
tvpe that segregated with the mutation and dis-
case (Fig. 20). Recombinant events in two
unatlfected mdividuals (IE4 and [1:¥) defined the
telomene limit as DIS2795, Recombination in
one allected individual (1E:X) defined the centro-
menie limit as D1S228, This linked region span-
ning 16,5 ¢M (-8.2 Mb) contans 97 genes in otal
mcluding TARDEF and the 1009 A=G mulation.

We next sought to determine the frequency
of TDP-43 muations by sequencing all six
exons in a cohort of 200 British SALS cases.
We identificd a missense mutation in exon 6
(991 C=A) which is |8 base pairs upstream
of the familial mutation and predicted 1o be a
substitution of lysine for glutamine (Q331K)
(Fig. IB). This mutation was found in a man
who developed limb-onset ALS at age 72 with a
disease duration of 3 vears. No mutations were
detected in a screen of Al six exons of TIRDEP
fom 300 British Coavcssian controls, which em-
phasiaes the high degree of evolutionary conser-
vation scen. Becawse Q331K and M337V ane
unlikely 10 be benign polymophisms, we pro-
coeded 1o study the functioml efiect of these two
mulaions.

REPORTS

We screened all six exons of TARDER in two
turther cohonts: 172 Austmban Caucasian SALS
cascs and 172 controls, as well as 200 Bnnsh
Caucasin controls, A lurther mutation was
detected m exon 6 m an Australian SALS case
(881 G=C); the mutation was predicted w0 be a
substitution of alanine for glyeine (G294A) (Fig.
IB). The patient was a man who developed
limb onset ALS at age 65, with a discase
dumtion of § years and no atypical eatures, One
nonsynonymous change in a single control was
identified in exon 3 (2069 C=T), predicted 1o be a
substiiuion of valine for alanine (A90V) (fig.
821 This individual was a healthy 33-vear-old

Caucasian male, Last, we sequenced exon 6 of

TARDEP in an additional 390 Bntsh and Aus-
trlan Caucasian controls and found no muta-
tons. Mutations were detected i oexon 6 i 3
out of 326 ALS cases and 0 oul of 1262 con-
trols (P = 0.025 by Fischer’s exact test)

In order o assess the functional signilicance
of these mutations, we expressed tageed TDP-
-I-_IIWT. 1-DP--I30_13|H, and T[]P"I;?ﬁi_’-l?'i" in
Chinese hamster ovary (CHO) eells. Immuno-
Muorescent staining ol cells 48 hours after trans-

fection demonstrated abundant expression of

transtected TDP-43, No obvious dilferences in
subcellular distribution or aggregation were ob-
served between wild-type and mutant proteins.
Using the lactate dehvdrogenase (LDH) assay,
wie saw no significant incrcase in cell death in
CHO cells imansfected with either TDP<43 mu-
tant when compared with wild tvpe. Probing
immunoblots of the eytoplasmic fraction Tor the
Natermunal Mye g revealed numerous fragments
varying i molecular weight from ~14 1 ~435 kD
i(Fig, 3A) Quantitative analysis of the most proms-
inent bands demonstrated a nonsignificant in-
crease in the 14-kD band in the mutants and a

B
g2 ACT AGBGCGLCA GCAGAGHN GGG T G
i: | |
il | e
el [} T | d)
'_ll : | |lI I-..J!I1
AL E JTI .r
R b
’ 11N
i { ”"-!urii
Familial mutation Sporadic mutation Sporadic mutation
1009 A=-G 991 C=A B81 G=C
E 287 347
Human
Orangutan
Housa
Opossum
Chicken
Frog
Zebrafish

Fig. 1. Identification of three missense mutations in exon 6 of TARDBP. (A) DNA sequence demonstrating
a single base substitution (asterisk) changing the wild-type adenine at 1009 to guanine, valine
substituting for methionine (M337V). (B) Two additional mutations were found in sporadic ALS cases: 991
C=A, lysine substituted for glutamine (Q331K); and 881 G=C, alanine substituted for glycine (G294A). (C)
A sequence alignment of amino acids 287 to 347 of TDP43 from diverse vertebrate species is shown,
Identical amino acids have a black background, similar amino acids are gray, and mutation sites are red.
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significant increase in the 18-kD band when com-
pared with wild-type TDP43 (Fig. 3B, WT ver-
sus Q331K, P < 001, and WT versus M33TV,
P < 0.05).

We next investigated the effects of TDP-43
mutants in chick embryos, This model allows
DNA to be efficiently delivered dircetly into the
neural wbe by electropomtion, which permits
in vivo analysis ol neural tissue expressing

transfected genes (23), We expressed tagged
TDP-43wr. TDP-43gank. and TDP-43nmaa7v
i the spimal cords of Hamburger Hamilton (HH)
stage 14 chick embryos (Fig. 4, Dto F) SOD1wr
and the ALS-linked SOD goga mutant were usad
as controls, Embryos expressing TDP-Bgaak
and TDP43,n3py showed a dramatic reduction
in maturation compared with TDP=43yp, with a
failure to develop normal limb and tail buds

(Fig. 4. A w C) Chick embrvo development
prococded nommally over 48 hours with TDP<b3ywr,
SOD 1w, and SOD 1 Geza but at 24 hours only
5 10 15% of those embryos expressing mutant
TDP-43 had reached the normal stage of matu-
ration (Fig. 41, P < 107", Terminal deoxy-
nucleotidy] transferase mediated deoxyuridine
triphosphate biotin nick end labeling (TUNEL)
staining demonstrated a significant increasc in

Fig. 2. Mutation in TARDEP B ss; TaROEP
TARDBF cosegregates 4 1 l 30 l
with disease in kindred 2 £ 5
ALS8S. (A) Linkage anal- % o 3 : : § S0
ysis of Affymetrix 10K o '
20 100 200 300 =} ]
SNP array data demon- § g. o
strated linkage to chromo- -4 1 < 10;
some 1p36. (B) Linkage R % 0.5 4
to the region containing E_ -8 4 2 00
TARDBP was confirmed | .40 3 05 4
by using microsatellite = = 104 I
markers. (C) The ALS85 =12 4 zné 22 !EM ”é 43 [ 20 !_ st
pedigree s shown. Af- 144 § 5 5 S 3 53
fected individuals are cM from 1pter S i oa8 B :*
indicated by black sym- Intermarker distance (cM)
bols, The proband is in-
dicated by the arrow. C "./
Unaffected individuals 1 -2
have open symbols. lI:1 Merker e  Mb {3]'.' & [
: DiG468 1103 38 14} & 4)
{'II'E!TI(B[ ba'r} W’E.IS an DIS2MAY 1378 45 (5] (] 73] i
obligate carrier with an D1SE7E5 1567 55 @[] @ =) R
anecdotal history of ALS, "‘:”" JoiT: Al % g: ::; g:
: D153663 2004 7.2
Slashed symbols indicate Difesed 2041 7.3 mllll e =
ased subjects. Gen- D15450 2497 B ] = E(
g:ﬁ'ﬂ! suﬁmeg?w 1000 AB 27 Mo [LY L] ) @
b‘-'E‘ T G DIS2667 2077 114 @] & e
confidentiality. Microsat- DiG48s 2983 120 % gp g; EI
ellite markers are shown ~ 015%8 ®=® s ' '
: DIBZE3 M6 142 | & =0
in chromosomal order, DI53680 4120 175 E g: Eg E}
H z i DiS3sed 4533 148 [ ]
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types for each indi- k o <|> 0
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e Ghibos e l1:1 I1:2 1:3 I iI:5 1:6 11:7 I8
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Fig. 3. Immunoblots of cytoplasmic fractions from A

CHO cells transiently transfected with wild-type
and mutant TDP-43, (A} Probing for the N-terminal
Myc tag shows numerous fragments that were
absent in controls (NT, nontransfected, and CAT,
chloramphenicol acetyl transferase—transfected).
The dominant bands were at 40, 18, and 14 kD. (B)
Quantitative analysis of Myc-immuneoreactive
bands. Densitometry of bands was conducted using
Odyssey. Results are means = SEM for eight
experiments,

Fig. 4. Mutant TDP-43 causes chick embryonic develop-
mental delay. Chick embryo spinal cords were transfected
with plasmids encoding wild-type TDP-43 (A, D, and G);
mutant Q331K (B, E, and HY; or M337V (C, F, and 1),
Embryo images and sections shown were taken 24 hours
post electroporation. Embryos expressing TDP43yr devel-
oped normal limb (black arrows) and tail buds (A); those
expressing mutant TDP-43 did not (B and C). Magnified
images of upper limb buds are shown in insets. (D) to (F)
Transverse sections of chick spinal cord double-stained
with hemagglutinin (HA)—specific (green) and Myc-<specific
(red) antibodies to the tags on transfected TDP-43 con-
structs. Unilateral TDP-43 construct expression in spinal
cord neural cells occurs after embryo electroporation. The
majority of the cells in the transfected region have the
characteristic phenotype of neuroepithelial cells. (G) to (1)
TUNEL staining of sections shown in (D) to (F) demon-
strates apoptotic nudlei (blue arrows). (]} The percentage of
embryos that matured normally (reached HH stage 15 or
17 after 24 hours and 48 hours, respectively) is shown.
Data were generated from analysis of 49 embayos in each
treatment group. (K} Quantification of apoptosis. TUNEL-
positive cells in five sections per embryo (two embryos per
transfection) were counted.
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the number of apoptotic nuclel in embryos
expressing either mutant TDP-43 when com-
prarcd with wild type (Fig. 4, G to | and K, P~
(L0 T) These results suggest a toxie gan of
function or dominant negative effect of mutant
TDP-43,

TDP43 s a ubiguitously expressed nuclear
protein capable of binding DNA and RNA,
which regulates wanseription and splicing but
may also be involved in microRNA biogenesis,
apoptosis and cell division (24), The C-terminal
domain binds heterogencous  rbonuclear pro-
teins and inhibits splicing of the cystic fibrosis
tmnsmembrane conductance regulmor mRNA
(231, The accumulation of hyperphosphory lated
TDP-43 fragments i the penkarvon of neurons
im FTLD-U and ALS 15 accompanicd by a sub-
stantial loss of TDP=43 trom the nuclews (13, 14).
The sequestration of TDP-43 would be predicted
to disrupt the regulation of transcription and
splicing, which may account for the 1.5-fold
merease m TDP<43 mRNA seen m FTLD-U
brains (26). The identification of TDP=43 muta-
tions that result in increased lrmgmentation and
toxicity 1o newral cells strongly supports a patho-
physiological role for TDP-3 misaccumulation
in ALS. Robust linkage 1o the TARDBP locus in
kKindred ALSES adds crucial evidence that the
M33TV mutation is pathogenic,

The G294A, Q3K and M33TV mutations
are all localized 1o a highly conserved region of
the C tenminus of TDP3 known to be involved
in prowin-protein interactions (25). The Q331K
mutation in paticular creates a new protein ki-
nase A sie, which may result in abnomal phos-
phorvlation. The G294A mutation interrupls a
alyeine-run motil’ characteristic of all beieroge-
neous nuclear nbonucleoproteins and may inter-
fiere with RNA binding and gene suppression (27),

Three other studics have failed 1o identily
TARDEP mutations in FTLD and ALS (2830,
Owr lindings suggest that although mutations are
rarc they may be pathogenically linked 1o ALS.
Parallels exist with other neurodegencrative
disorders where the iemification of mre familial
mutations in the B-amyloid precursor protein in
Aldhcimer's discase and a-synuclein in Parkinson's
discase has dramatically advanced studics inlo
the pathogencsis of a predominamly spordic
discase, Elucidating the biochemical processes
responsible for the increased ragmentation of
TDP-43 and its toxicity 10 peural lissues may
provide imponant insights inmo discase mecha-
nisms that underlic ALS.
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A Nitric Oxide-Inducible Lactate
Dehydrogenase Enables Staphylococcus
aureus to Resist Innate Immunity

Anthony R. Richardson,* Stephen ). Libby,* Ferric C. Fang"z'

Staphylocaccus aureus is one of the most successful human pathogens, colonizing 2 billion individuals
worldwide and causing invasive infections even in immunocompetent hosts. 5. oureus can evade
multiple components of host innate immunity, including the antimicrobial radical nitric oxide (NO")
produced by activated phagocytes. We show that 5. aureus is capable of metabolically adapting to
nitrosative stress by expressing an NO™inducible 1-lactate dehydrogenase (ldhl, SACOL0222)
divergently transcribed from the NO™-detoxifying flavohemoglobin (hmp). 1-Lactate production allows
5. aureus to maintain redox homeostasis during nitrosative stress and is essential for virulence.
NO™-inducible lactate dehydrogenase activity and NO" resistance distinguish 5. aureus from the closely
related commensal species 5. epidermidis and 5. soprophyticus.

nzymatic generation of mdical nitrie oxide
E! NO%) by NO synthase is one of the mosl
broad-spectum mechanisms of host resist-
anee to pathogenic microorganisms (/). NO'
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synthesis is observed in patients with staphy lo-
coccal infections (2), and 8 arrews stimulates
NO" production by human phagocytes (3), More-
over, high NO concentrations are found in the

nasopharynx (). the pnmary site of 8 aurens
colonization. NO” and its congeners can modify a
vanety of cellular targets, including heme and
nonheme ron, protein thiols, tyrosine residues,
lipids, and DNA (5-9). Despite the abundance of
potential NO™ targets, 5. aurens is able 1o resist the
antimicrobial actions of NO™ through a coordi-
nated nitrosative stress response that includes the
Hmp Navohemoglobin and cneymes mvolved i
hypoxic or anacrobic metabolism (), Muanm
strains lacking a two-component regulatory sys-
tem, SrAB, which conrols the transition o
hypoxic/anacrobic metabolism, are extremely
sensitive 1o nitrosative stress (1),

The ability to replicate in the presence of NO®
distinguishes 5 arerens from many other bacterial
pathogens (lig. S1), inclhding the commensal
species S, epidermndis and S, sapropintices (Fig.
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1A NO resistance is a general trait of S, aurenes
observed m methicillin-susceptible (MSSA) and
methicillin=resistant (MESA)Y chimeal isolates
from both hospital and commumity-acquired
(CA-MRSA) sctungs (Fig. 1A)

To gain insights into the metabolic state of
S, awrens growing under nitrosative stress, we
assessod end-product exerction for 4 hours afier
exogenous NO™ treatment. Under acrobic condi-
tions, S awrews primarily excreted acctate,
whereas fermenting cells produced a mixture of
mainly t-lactate, cthanol, and formate (Fig. 1B).
However, upon NO™ exposure, respiring cells
ceased acetate production and fermenting eclls
no longer excreted mepsurable amownts of ctha-
nol or formate (Fig. 1B). Morcover, NO expo-
sure resulted in almost exclusive production of
t-lactate from both respiring and fermenting
S aurens (Fig. 1B), which suggests that nitro-
sative siress restricts available glucose eatabolic
pathways, These results are consistent with in-
creased lactate dehydrogenase gene expres-
sion observed in 8. anrens exposed to NOT or
anacrobiosis (Fig, 1C) (16, 17). Interestingly, al-
though both 8. epidermidis and 8. saproplvticns
exhibited increased lactate dehydrogenase activity
under anacrobic conditions, neither species dis-

Fig. 1. Metabolic adaptation of 5. oureus to
nitrosative stress. (A) Growth rate p (hour™) of
5. aureus strains COL (blue circles), Newman (blue
diamonds), and MW2 (blue squares); 5. epidermidis
strains 6293 (cyan circles) and 6903 (cyan
diamonds); and 5. saprophyticus strains C1L3 (red
circles) and C1L4 (red diamonds) in PN medium
{10) after NO" exposure. (B) Metabolite excretion
profile of 5. aurews COL and derivatives grown in
PN medium aerobically {(+0;) or anaerobically
{(—05) in the presence or absence of NO". Data
represent average rates of acetate (red), -lactate
(dark blue), o-lactate (light blue), ethanol (orangel,
or formate (cyan) production {hour™*-10% CFU)
during 4 hours of NO stress. (C) o- and 1-lactate
dehydrogenase activity in cell-free extracts from
cultures grown in PN medium aerobically (Aer),
aerobically with NO”, or anaerobically (Anaer). (D)
Pyruvate metabolism in 5. aureus. Glucose (Glc) is
oxidized to pyruvate (Pyr), which can be converted
to o= or i-lactate (o-Lac, -Lac) or oxidatively
decarboxylated, generating CO; and acetyl-CoA
(Ace-CoAl. Acetyl-Cod is converted to acetate (Ace)
te generate ATP. Anaerobically, pyruvate can be
converted to 2,3-butanediol (2,3-But) or to formate
(For) and acetyl-CoA, the latter of which can be
reduced to ethanol (EtOH).
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plaved lactate dehwvdrogenase activity alter treat-
ment with NO™ (Fig. 1C). Thus, NO™-inducible
lactate dehydrogerase activity & spocilic oS, aureis
and comelates with the ability to replicate during
nitrosative stress (Fig, 1, A and C).

NO® can inhibit acrobic respiration by com-
petitively binding 0 evtochrome hemes of the
terminal oxidases (12), Indeed, exposure of S,
arens o NOT completely inhibited oxygen con-
sumption until Hmp-mediated scavenging low-
ered NO™ to submicromolar levels (Fig, 2A).
Therefore, reducing equivalents generated from
glucose oxidation during nitrosative stress must
be handled in a respirmtion-independent manner,
as occurs by the reduction of pyruvate 1o lactate

(Fig. 1D). Although NO -dependent inhibition of

resparation poscs a redox stress leading o m-
creased L-lactate exeretion, this cannot account
for the absence of acetate production during
nitrosative stress. To investigate this phenome-
non, we determined enezyme activities in cell-lree
extracts in the presence or absence of increasing
NOT concentrations (Fig. 2B). Both t- and -
lactate dehydrogenase activities were found o be
tesistant o NO°, but pyruvate dehydrogenase
(PDH} activity was extremely NO -sensitive.
Inhibition of PDH limits the generation of acety!
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cocnzyime A (CoA), thereby nestricting acetate
production (Fig, 1), Thus, in addition to over-
coming the redox stress created by impairad res-
piration, NO'-treated 8 anrens must adapt to a
lower overall adenosine triphosphate (ATP) yvicld.

In glucose-fermenting 5 aurens, pyruvale
can serve s an electon acceplor, gencrating
lactate from three differemt lactate dehydro-
genases (Fig, D) Accyl-CoA production pro-
cceds via the pyruvate formate-lvase (PFL)
reaction, which convens pyruvate 1o formate rather
than CO and thus does not consume oxidized
nicotinamide adenine dinucleotide (NAD) (Fig.
1), Excess acetyl-CoA is converted o ethanol
by an iron-comaining alcohol dehydrogenase
(ADH), regencrmting twice as much oxidizing
power as lactate production (Fig. 1D). The tend-
ency of fermenting cells to forzo the additional
ATP vield from accetate production in lavor of
NAD -gencrating cthanol synthesis underscores
the importance of redox balance i nonrespiring
cells (Fig. 1, B and D). PFL is inhibited at physio-
logically relevant NO™ concentrations (Fig. 2B),
therchy limiting acetyl-CoA production and ac-
counting for the absence of cthanol exeretion
despite the NO' resistance of ADH (Fig. 1B and
Fig. 2B). By limiting ethanol production, NO°
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climinates an efficient mechanism off NAD” regen-
cration, forcing fenmenting cdls o rely on L-lactate
debvdrogenase o mamtan redox homoostasis
(Fig. 1D).

The importance of lactate dehydrogenase
activity in maintaining redox homeostasis in both
acrobically and anacrobically cultured cells un-
derzoing nitrosative stress 15 demonstrated by

the inability ofan &l (a2 mutant to mainiain a
physiological balance of NAD™ and its reduced
form NADH in the presence of NO (Fig. 20).
Thus, the NO™-resistant metabolic state achieved
by 8 arrens growing under nifrosative sincss re-
quires the induction of L-lactate dehydrogenase
actvity. Transeript levels of a2 (SACOL261 )
were relatively abundamt under acrobic growth

A

Log[relative transcript abundance]

Idh1 Idh2

6 B
[NAD*MNADH] Ratio

Fig. 2. Physiological consequences of NO™ expesure in 5. aureus. (A) NO inhibition of staphylococcal
respiration. Oxygen consumption was measured in cell suspensions in sealed vessels as loss of dissolved
oxygen (red) by means of a Clark-type electrode. The presence of NO® (blue} was simultaneously
monitored via an NO™specific probe and was enzymatically scavenged from the cell suspension in a Hmp-
dependent manner; compare top trace (wild type, WT) with the bottom trace from imp mutant cells. (B)
Percent enzyme activity in cell-free extracts as a function of NO" concentration. PDH, pyruvate
dehydrogenase; LDH, -lactate dehydrogenase; DDH, p-lactate dehydrogenase; ADH, alcohol de-
hydrogenase; PFL, pyruvate formate lyase. Enzymatic activity assays are described in {17} and fig. 53.
{C) Redox state of cells measured as NAD*/NADH ratio during aerobic and anaerobic growth in the
presence or absence of NO®, Nucleotide extraction and quantification were performed as described in
(17). (D) Transcript levels of ldh1 and fdh2 under varying environmental conditions. We used quantitative
real-time reverse transcription polymerase chain reaction to compare ldhl and [dh2 transcript levels via a
AAG algorithm outlined in (17). Values represent transcript levels relative to those of rpoD, encoding the
sigma-70 subunit of RNA polymerase,

A

Fig. 3. Role of «-lactate dehydrogenase activity
in 5. aureus NO resistance. (A) Growth rate p
{hour™) of 5. aureus COL and derivatives grown
aerobically (left) or anaerobically (right} in PN
medium in the presence of NO. (B) Comple-
mentation of observed NO” sensitivity in [dh1 and
ldhl Idh2 S. aureus Newman, with pldhl har-
boring the !dhl allele from 5. aureus expressed
from its endogenous promoter.,

Growth Rate, i (")
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and were modestly induced by anacrobiosis, but
remained unchanged during mitrosative  stress
(Fig. 2D). In contrast, &bl expression was
virtually undetectable o acrobic culiures b
predominated upon NO' exposure (Fig. 2D and
fig. 521 Accordingly, inactivation of /il
measumably mmpaired staphylococcal growth
during nitrosative siress in both acrobically and
anacrobically cultured cells (Fig, 3A). Both Ldhl
and Ldh2 are resistant to NO© (fig. 52); thus,
constitutive Ldh2 activity can panially compen-
sate for the loss of Ldhl. However, the complete
loss of t-lactate production in an &dh 1 fdh2
mutant climinated the ability of 8, airens
grow in the presence of NO™ (Fig. 1B and Fig.
A ) Furthermore, providing the fdh] gene i
trans significantly enhanced the growth mte of
both fdfi] and Ll &662 mutants i the presence
of NO® (Fig. 3B). Collectively, these data show
that adaptation o the metabolic constraints -
posed by NO" under both acrobic and hypoxic
condiions is cntcal for S awrens nesistanee o
nitrosative stress, NO - inducible fdh 1 appears o be
primarily responsible for the metabolic adaptation
of 5 awrens 10 nitrosalive siress in vitro and is
presentin all 8. arrens genomes sequenced o date.

To determine the imponance of NO™ adapta-
tion in staphylococcal pathogencsis, we com-
parcd the vinlence of wild-type S arrens and
isogenic t-lactte dehydrogenase-deficient mu-
tants in a murine sepsis model. Intravenous (iv)
injection of CSTBLG mice with § < 107 colony-
forming units (CFUY of wildaype 5. amrens
induced arthntic symptoms by day 3, [ollowed
by 2 weeks ol progressive disease (Figo 4A).
Whereas an &62 mutation alone had no diseem-
able effeet on vimlence, strains lacking the NO'™-
inducible falr] gene were measurably attenuated,
and & 1 2 muanis were essentially avinulem
(Fig. 4A). Funthermonre, the ffil and lfhd ldh2
mutant strains exhibited competitive disadvan-
tages (by a factor of 4 and a factor of 67.
respectively) when coadministered with wild-
type S anrens (Fig, 4A, inset).

Histological examination of infected renal
tissuc 3 days afier inoculation revealed massive
abscesses surrounding bacterial microcolonies
(Fig. 4B8). By day 5, abscesses were significantly
larger and more numerous i omice inoculated
with wild-type 5 aurens relative to fdlrl or kil
a2 munants (Fig. 4B and iz, S4). The reduced
moriality, decreased abscess [ormation, and
competitive disadvantage exhibited by the il

55
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mutan were not apparent in congenic C3TBL/G
iNOST mice lacking the ability to produce
inflammatory NO" (Fig. 4 and fig. $4). Addition-
ally, t-lactate dehydrogenase activity is nocessary
for S, arrvies to resist the eytostatic effects of host
NO" in cultured murine macrophages (fig, S3).
Thus, NO™inducible A1 allows S, aurens w
evade host-derived NO™, Although the attenua-
tion ol fdfi ] fdh2 mutants was partially abrogated

iniNOS ™ mice. virulence was not fully restored
(Fig. 4A). Together, these data suggest that an
NO™-independent requirement for t-lactate de-
hydrogenase activity dunng infection can be met
by cither fdirl or fdh2. but NO" resistance spe-
cifically requires high-level L-lactate dehydrogen-
ase activity provided by /],

This work has identificd novel creymatic
targets of NO7 and provided insights into the

Fig. 4. Role of NO™induced -lactate dehydrogenase activity in 5. aureus virulence. (A) Survival of 6-week-
old female C57BL/6 and isogenic iNOS ™~ mice inoculated iv with 5 x 107 CFU of 5. aureus strain Newman
and mutant derivatives. Inset: Competitive indices [C.l. = (mutantoyr:wild-typegur)/(mutantyy:wild-
typey)] of ldh1 or Idh1 [dh2 mutants coinfected iv with wild-type S. aureus strain Newman. Mice were
injected with 107 CFU of 1:1 mixtures of mutant and wild-type bacteria; kidneys were harvested at 5 days
after infection, homogenized, sonicated to disrupt 5. aureus aggregates, and plated to determine viable
CFU counts. Colonies were patched onto selective medium to determine the ratio of mutant to wild-type
bacteria in renal tissue. (B} Histology of infected murine renal tissue. Female C57BL/6 mice were
inoculated iv with 107 CFU of 5. aureus strain Newman or indicated derivatives; tissue was harvested
5 days after infection, formalin-fixed, paraffin-embedded, then stained with hematoxylin and eosin. Scale

bar, 1 mm.
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metabolic state of 5. awrewes growing in the
presence of host-derived NO. NO" inhibits
respiration as well as acetyl-CoA generation by
PDH and PFL. Although the mcchanism by
which NO" inhibits PDH and PFL is uncertain,
preferential reactivity of NO® with sullhvdryl
groups and metals (£2) suggests several possible
moleeular targets. The PDH complex requires the
sulhydryl-containing cofactor lipoamide and the
coordinate activity of four redox-active thiols 1o
catalvee the oxidative decarboxylation of pyru-
vate { [4). PFL is an oxygen-labile eneyvme whose
active site contains both glyey] and thivl radical
moicties during catalysis (/5). Moreover, PFL
activation requires an additonal cnevime, PIA,
which contains an iron-sullur cluster (/16),

Mewmbolic adaptation to circumvent NO'-
mediated eylostasis is essential for the full
virulence of 8, aurens in an immunocompetent
host. Whether 5. anrens 15 residing wathin an
acrobic or hypoxic niche within the host, NO®
restricts available options to regenerate oxidizing
power A key adaptive response of 8 awrens
during nitrosative stress is the induction of .
encoding the dominant L-lactate dehydrogenase
{Fig. 2D and fig. S2). Interestingly, NO' induc-
tion of falil is independent of the SoAB two-
component system, thereby implicating other
miechanisms for the NO™ sensitivity of the sid8
mutant (/). The &l allele &5 absent from
coagulase-negative 5. epidermidis and 8. sapro-
pinticns (Nig. S6), and consequently neither
specics exhibits NO™inducible L-lactate dehydro-
genase activity nor grows under nitrosative stress
(Fig. 1, A and C). Thus, 8 amrens has evolved
NO-inducible L-lactate dehvdrogenase activity
through the acquisition of fdll, which is diver-
pently transeribed from the NO-scavenging flavo-
hemoglobin encoded by g,

The fmp-ldhi 1 locus comprises a 8. aurens:
specific NO™-resistance cassette that both detoxi-
fies host-derived NO™ and circumvents its detri-
mental metabolic consequenees. The pathogenic
mature of 8 awrews hinges on a previously un-
appreciated feature of s redox metabolism-—the
ability to induce homolactic fermemation during
nitrosative stress,
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Oncogenic CARD11 Mutations in Human
Diffuse Large B Cell Lymphoma

Georg Lenz,"* R. Eric Davis,™ Vu N. Ngo,* Lloyd Lam,* Thaddeus C. George,?

George W. Wright,? Sandeep S. Dave,” Hong Zhao,” Weihang Xu,* Andreas Rosenwald,?
German Ott,* Hans Konrad Muller-Hermelink,® Randy D. Gascoyne,® Joseph M. Connors,®
Lisa M. Rimsza,” Elias Campo,® Elaine S. Jaffe,” Jan Delabie,® Erlend B. Smeland,**?
Richard 1. Fisher,’®* Wing C. Chan,’® Louis M. Staudt’t

Diffuse large B cell ymphoma (DLBCL) is the most common form of non-Hodgkin's lymphoma. In the least
curable (ABC) subtype of DLBCL, survival of the malignant cells is dependent on constitutive activation
of the nuclear factor—«B (NF-xB) signaling pathway. In normal B cells, antigen receptor—induced
NF-«B activation requires CARD11, a cytoplasmic scaffolding protein. To determine whether CARD11
contributes to tumorigenesis, we sequenced the CARDIT gene in human DLBCL tumors. We detected
missense mutations in 7 of 73 ABC DLBCL biopsies (9.6%), all within exons encoding the coiled-coil
domain. Experimental introduction of CARD11 coiled-coil domain mutants into lymphoma cell lines
resulted in constitutive NF-xB activation and enhanced NF-xB activity upon antigen receptor stimulation.
These results demonstrate that CARD11 is a bona fide oncogene in DLBCL, providing a genetic rationale
for the development of pharmacological inhibitors of the CARD11 pathway for DLBCL therapy.

iffuse large DLBCL is the most com-
Dnmn tvpe of non-Hodgkin's lvmphoma,

accounting for 30 1o 40% of cases (/).
DLBCL consists of three subtypes: germinal
center B cell-hike (GCB) DLBCL, activated B
cell-like (ABC) DLBCL, and primary medias-
tinal B cell lymphoma (2-3). Although more
than hall' of DLBCLs are curable (6). the ABC
DLBCL subtype. which accounts for roughly
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one-third of the cases, has an inferior progno-
sis (3),

A charactenstic feature of ABC DLBCLs is
constitutive activation ol the NF-xB pathway,
which plays a pivotal role m prohiferation, ditfer-
entiation, and survival of nomal lymphoid cells
{ 7). It was previously shown that survival of ABC
DLBCLs depends on NF-xB function; inhibi-
tion of the NF-xB pathway was wxic 0 ABC
DLBCL but not to GCB DLBCL cell lines (7).
In an RNA interference screen, small haimin
RNAs (shRNAs) wrgeting CARD ST (also known
as CARMA T or Bimp3) were toxic o ABC but not
GOB DLBCL cell lines (8). Dunng antigen stim-
ulation of normal lymphocyies, CARDII func-
tions as a signaling scaffold protein 1o coordinate
the activation of kB Kinase B (IKK). a positive
regulator of the NF-xB pathway (9).

Aldthough these studies showed that CARDII

is required for the constiwtive actvation of

NF-xB in ABC DLBCL, they did not address the
mechanism of CARDI activation in these lvme-
phomas. Nomal B cells requine “tonic” B cell
receptor { BCR) signaling to the NF-xB pathway
for survival (f, £1), and CARDI1 is required
for the differemiation and‘or survival of discrete
B cell subpopulations (/2-15). Thus, ABC
DLBCLs might “inherit™ their dependence on
CARDI from their normal cellular counterpans,
Alternatively, addiction of ABC DLBCLs 1w
CARDII signaling might stem from oncogenic
mutations in this pathway. To address this 1ssue,

we initially resequenced all coding exons of

CARDI in 16 ABC DLBCL biopsies and four

ABC DLBCL cell lines; we discoverad missense
base substiltions in three biopsies and one cell
line. All substitutions affected the coiled-coil
domain, which mediates CARDI oligomeriza-
tion and NF-xB pathway activation ( /4, 16). We
next resequenced the cotled-coil domain exons in
136 addinonal DLBCL biopsics, In all, we
detected missense substitutions atfedmg amino
acids in or immediatcly adjacent 1o the coiled-
coil domain in 9.6% (7/73) of ABC DLBCL
biopsics but inonly 3.8% (3790l GCB DLBCL
biopsies (Fig. 1A) As a control, we analyaed 19
mucosa-gssociated lvmphoid tissue (MALT) lym-
phoma biopsics because MALT lymphomas can
also have constitutive NF-xB activation; no
coiled-coil domain substitutions were detected.

T test whether these base substitutions rep-
resent acquired tumor-specilic mutations or rare
CARDI polyvmomhisms, we sequenced the genm-
line CARDI locus in the four cases lor which
constitutional DNA was available (eases 4, 5, 10,
and 11). Each of these nomal samples was wild
type for the CARDIT coiled-coil region, and thus
the base substitutions in the tumors were somatic
mutations. In a fifth case, some alleles cloned
from the wmor DNA had wo separmte base
substitutions (92 and 9b) but other alleles had
only one of these (Ya). We conclude that base sub-
stitution Yh occurmed as a somatic muitation that was
acquired by the wmor afier 9a. Together, these
data make it likely that all of the coiled-coil do-
mein substilutions epresent sonate mutations—a
view supported by their functional activity, as
detailed below.

A gene expression signature of NF-xB path-
way aclivity was highly expressed in all ABC
DLBCL biopsies, irmespective of CARDY S muta-
tional status, as expected (7) (Fig. 1B). Notably,
this signature was higher in GCB DLBCLs with
mutant CARDIS than in those with wild-type
CARDI . mdicating activation of the NF-xB path-
way by these mutations (7 = 0.046),

To explore the functional consequences of the
CARD mutations, we expressed mutant or wild-
type CARDIL proteins in a vanant of the Jurkat
human Teell line that lacks endogenous CARDI
expression and harbors an NF-xB-driven en-
hanced green Muorescent protein (EGFP ) reporter
(7). Six of [ CARDT mutants (numbers 2, 3,
507, 9, Sab, and 10) produced strong NF-xB
activity without any exogenous stimulation, which
was not observed with wildaype CARDI I even
though wild-tvpe and mutant CARDI 1 proteins
accumulated to comparable levels (Fiz. 2A and
fig. 51, A and B), The five remaining mutants
(numbers 4, 6, 8, 9b, and 11) produced a more
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modest degree of constitutive NF-xB activation,
which was nonetheless greater than that of wild-
tyvpe CARDIL. In response to T cell receptor
activation, cells expressing wild-type CARDI |
showed a moderate increase in NF-xB activity,
but the induction was more pronounced in cells
bearing the CARDIT mutants (Fig. 2A) In the
BJAB human B cell line, these mutans induced
expression of NF-xB tanget genes, including
CD83, w0 a much greater degree than wild-type
CARDIL, both with or withowt BCR stimulation
(fig. 81, C 1w E). We expressed the CARDII
isoforms as fusion proteins with EGFP and mon-
itored CDE3 expression as a function o CARDI |
expression by flow cviometry. The CDE3 re-
sponse o increasing expression of the CARDI|
mutants was much steeper than observed with
wild-type CARDI (Fig. 2B and fig. S1F). Thus,
at comparable protein levels, the CARDIL mu-
tants were consistently more eflective than wild-
tvpe CARDI L in activating NF-xB.

To determune whether the CARDL T mutants
functionad wpstream of IKK in the NF-xB path-
way, we measured TKK activity with the use ol a
B cell line expressing a fusion protein between
Photinis lucilemse and the KK subsirate IkBa,
as described (8, 18). Whereas wild-type CARDI
did not alter the IvBo-luciferase level all CARDIL
muitants produced a time-dependent decrease in
the reporter, indicating IKK activation (Fig. 2C),
Mutants 3, Ya, 9ab, and 10 produced the strongest
IKK activation, in accord with their greater abil-
ity to induce NF-xB in other cell lines,

We next examined the subcellular localization
pattems of the EGFP-CARDI solons expressad
i BIAB cells by Nuoresecence microscopy. In
unstimulated cells, wild-type CARDIL was lo-

A
GLK
domain
sH3 p
F
-
s
PDZ
domain
CARD11
lirker coill
domain

Fig. 1. CARD11 mutations in DLECL. (A} General domain structure of CARD11 and a schematic of the coiled-
coil domains, showing the amino acids mutationally altered in DELCL. Mutations from ABC DLBCLs (blue) and
GCB DLBCLs (orange) are shown. Mutants 7 and 9 both cause two amino add substitutions. Abbreviations for NEaB
amino acid residues: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn;  signaure °%
P, Pro; Q, Gln; R, Arg; 5, Ser; T, Thr; V, Val W, Trp; Y, Tyr. (B} NF-xB target gene signature expression in ABC

calized diffusely in the cvioplasm, whereas
CARDI mutants were concentrated in cyvtosolic
aggregates (Fig. 200, To quantify the aggregation
of CARDI mutamts, we used a mulispectml
imaging low cytometer that obtains o micro-
scopic image of cach MNow-sorted cell (g, 52, A
and B) (48, 19) Fewer than 3% of cells ox-
pressing wild-type CARDI] had aggregates,
whercas 38 to 88% ol the cells expressing
CARDI muwtants showed aggregate Tommation
(fig. S2C). The degree of aggregation by cach
mutant correlated with its ability to spontancous-
Iv activate the NF-xB pathway, as judged by
degrmdation of the IkwBa-luciferase reponer (/2
0.0059; Fig. 2E), The CARDI mutant aggre-
gates colocalized with 1ol and phosphory lnted
IKK as well as MALTI, a signaling protem re-
quired for IKK activation by CARDILL (24, but
in cells with wild-type CARDI L. IKK and MALTI
were diffusely evtoplasmic (fig. S2D) We con-
clude that the CARDI mutations confer a gam-
ol-function phenotype, which is characterized by
constitutive IKK activity, enhanced NF-xB re-
sponse 1o exogenous stimulation, and a propen-
sity to form cvtoplasmic structures that colocalize
with NF-xB signaling components.

One ABC DLBCL cell line, OCI-Ly3, had a
single mutated CARDIT allele (g, S3), but three
others (HBL-1, U2932, and OCI-Ly 111 had wild-
type CARDIT alleles, all of which nonetheless
depend on CARDIL for survival (8 We devised
a complementation experiment 1o test whether
OCI-Ly3 cells require mutated CARDIL for
survival, or whether wild-type CARDI would
suflice. OCI-Ly3 cells wene first engineered o
express the coding region for wild-type CARDII
or CARDIT mutam 2 (denved from OCT-Ly3).
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These cells were then transduced with a shRNA
targeting the CARD! Famtrnslated region to
knock down the expression of the endogenous
CARDI gene but spare the exogenously intro-
duced CARDID coding regions. Exogenous
CARDI mutamt 2 protected OC-Ly 3 eells from
CARDI shRNA woxicity, but exogenous wild-
type CARDII did not (Fig. 3A) Other CARDII
mutants that strongly activated NF-xB were able
to rescue OCT-Ly3 from CARDI] shRNA tox-
icity, but mutants with moderate ability o con-
stitutively activate NF-xB only partially rescued
the cells. Conceivably, these less active CARDI
mutants may have been selected 1o enhance the
NF-%B response of the malignant clone 1o stimuli
from the microenvironment or © other endoge-
nows stimuli. Unlike the results seen for OC-Ly3
cells, wildtvpe CARDIIL was able o rescue
OCI-Ly 10 cells from the wxicity of CARDII
shBNA, as could mutamt CARDI] (Fig. 3B).
These lindings demonstrate that some ABC
DLBCLs become addicted 1o the action of mu-
tant CARDII, whereas others have aliernative
mechanisms to activate wild-type CARDI 1 that
are not present (or needed) in ABC DLBCLs
with mutated CARDILL

Our results firmly establish CARDIY as a
bona fide oncogene in DLBCL. Previous repons
described the dependence of ABC DLBCLs on
CARDI I signaling 10 NF-xB (7, X), but they did
not address whether this represems tonic BCR
signaling ( /0, [1) or is a feature of the stage of B
cell differentiation from which ABC DLBCLs
denve. We have now shown that a subset of ABC
DLBCLs acquire activating CARDI I mutations
that nduce NF-xB constitutively, providing ge-
netic evidence that addiction 10 the CARDII
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DLBCL and GCB DLBCL cases with either wild-type (WT) or mutant CARD11. Means and SEs are shown.,
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Fig. 2. CARD11 coiled-coil mutants constitutively activate the NF-xB pathway
and enhance antigen receptor signaling to NF-xB. (A) Expression of wild-type
CARD11 or CARD11 mutants in the Jurkat human T cell line JPM50.6, which
lacks endogenous CARD11 and harbors an NF-xB—driven expression EGFP
reporter. Shown are EGFP levels in unstimulated cells (left) or in cells stimulated
by cross-linking with antibodies to €03 and CD28 (right). (B) Linear regression
analysis of EGFP-CARD11 levels (in decile bins) and CD83 expression in the
GCE DLBCL cell line BJAB expressing either exogenous wild-type or mutant
EGFP-CARD11 isoforms. (C) Cell-based assay of IKK activation by exogenous
CARD11 isoforms. The GCB DLBCL cell line OCI-Ly19 was engineered to express
an IxBoa—Photinus luciferase fusion protein, a control Renilla luciferase, and
doxycycline-inducible constructs for CARD11 isoforms. Values represent |xBo—

B 10000
A
cbea 1000
{mizan
fluar- 100
escance
intensity)
L 10 100 1000 10000 1 10 100 1000 10000
EGFP-CARD11 EGFP-CARD11
(Fluorescence intensity decile) (Fluomescence intensity decile)
= WT -Mut. 2 8=Mutl. 5| [9=WT Mul.8 -8=Mut. Sab
ol Mut. 3 “@=Mut. & =ehut. Ba -@=Mut. 10
4 Mut. 4 =§=hut. 7 HMut. 5b =§=Mut. 11

E 120
100
1B
luciterase
inducad 9h, g0
I:umndmd }
20
GFP- r=-0.68 p=0.0059
CARD11 090 20 30 40 50 60 70 @ 90100
mutant 3

Calis with GFP-CARD11 aggregates
(%)

Phatinus ludiferase/Renilla luciferase ratios in doxycycline induced cells, nor-
malized to ratios in uninduced cells. A decrease in the ratio indicates increased
degradation of the |xBou—Photinus luciferase reporter, attributable to increased
IKK activity. (D) Aggregate formation by CARD11 coiled-coil domain mutants.
Composite fluorescence photomicroscopy of BJAB cells expressing EGFP-tagged
wild-type CARD11 or mutant 3, with 4,6 -diamidino-2-phenylindole nudear
counterstain (bluel; scale bar, 10 um. (E) Corelation between CARD11 ag-
gregate formation [as measured in (C)] and IKK activation, showing percent
decrease in the IxBo-luciferase reporter in OCl-Lyl9 cells after 9 hours of
doxycycline induction of wild-type or mutant CARD11. A regression line rep-
resenting the inverse correlation of the variables is shown (Pearson correlation
coefficient = —=0.694; P = 0.0059). Ctrl., EGFP control.
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pathway is a phenotype that is positively selected
during evolution of these Ilymphomas. CARDI |
mutations may allow the lvmphoma cells to en-
gage the NF-x B pathway in the absence of antigen
receplor signals. In this regand, it is notable that
CARDIT coiled-coil domam mutants were con-
stitutively active in OCT-Ly 19 and OC1-Ly3 cells,
both of which lack detcctable PKC-B protein (fig,
541 (21 which phosphorvlaes and activates
CARDI during nonnal BCR signaling (22, 23).

The fact that the CARDI1 mutations in ABC
DLBCL are confined 10 the coiled-coil domain
highlights the central imponance of this domain
in CARDI function. That the mutations are
activating suggests that the coiled-coil domain
keeps CARDIL in a latent site, which can be
disrupted physiologically by antigen receptor sig-

naling or pathologically by mutation. Several of

the CARDIT mutations that we uncovered in-
troduce helix-breaking prolines, whercas others
affect charged ammo acids, which can regulate
the oligomerization ol coiled-conl domams as pan
of “trigger sites” and can contribute 1o the sta-
bility of coiled-coil interactions (24). These ob-
servations suggest that coiled-coil interactions
may actually be a feature ol inactive CARDI1L.
How might CARDII be auacked therapeu-
tically? Expression of the isolated CARDII

coiled-coil domain was toxic 10 both OC]-Ly3
and OCI-Ly 10 cells, but not 1o the GCB DLBCL
cell hime BJAB (Fig. 300, This result shows that
DLBCLs with activating mutations in CARDIY
are just as vulnerable o interference with coiled-
coil function as those with wild4ype CARDIY,
Together, our results provide a compelling genet-
ic and functional rationale for the development
of molecular inhibitors aimed at the coiled-coil
domain of CARDILI, which could have activity
in ABC DLBCL, the subtype of DLBCL that is
least curable by our current therapics (23),
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Drosophila Egg-Laying Site
Selection as a System to Study Simple
Decision-Making Processes

Chung-hui Yang, Priyanka Belawat,” Ernst Hafen,” Lily Y. Jan,* Yuh-Nung Jan™*

The ability to select a better option from multiple acceptable ones is important for animals to
optimize their resources. The mechanisms that underlie such decision-making processes are not
well understood. We found that selection of egg-laying site in Drosophila melanogaster is a
suitable system to probe the neural circuit that governs simple decision-making processes. First,
Drosophila females pursue active probing of the environment befare depositing each egg,
apparently to evaluate site quality for every egg. Second, Drasophila females can either accept or
reject a sucrose-containing medium, depending on the context. Last, communication of the
“acceptability” of the sucrose-containing medium as an egg-laying option to the reproductive
system depends on the function of a group of insulin-like peptide 7 (ILP7)-producing neurons.
These findings suggest that selection of egg-laying site involves a simple decision-making process
and provide an entry point toward a systematic dissection of this process.

ccision-making, in onc view, is the
process by which animals deliberate
whether 1o invest in one action or not by

taking into account the values and costs associated
with available oplions, Selection of egg-laving site
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by Dvosophile provides a plausible system o in-
vestigale such decision-making processes. Egg
production is costly; thus, the ability to weigh cgg-
laying options might have been selocted to ensure
better survival of offSpring in an uncertain en-
vironment, Drosophile females are known 1o be
selectivetoward egge-laving sites and will withhold
eeps when there are no appropriate sites (/60 It is
less clear, however, whether Drosophila females
value a given ege-laying site differemly according
to the availability of other layving options. We
examined the selection of an ege-laying site by
individual Dyvosophila females, in an atiempt 1o

14, |. E Jun erf al,, Immunity 18, 751 (2003).

15. K. Newton, V. M. Didt, Curr. Bisd 13, 1247 (2003).

16. M ]. Tanner, W. Hanel, 5, L. Galfen, X. Lin, J. Biol. Chem,
282, 17141 (2007).

17. D. Wang ef ol.. Not Immunol. 3, 830 (2002),

168. See supporting material on Scence Online.

19. T.C. George et al., L immunal. Methods 311, 117 (2006).

20. M. Thome, Nat. Rev. Immunal. 4, 348 (2004).

2L T. 1. Su et al., Mot Immunol. 3, 780 2002).

22. . Matsumoto ef al., Immunily 23, 575 (2005).

23. K Sommer &f ol., immonify 23, 561 (20035).

24, P. Burkhard, ). Stelelﬂd, 5 V. Strelkow, Trends Cetl Brol
11, 82 (2001

25. L M. Staudt, 5. Dave, Adv. immunol. 87, 163 (2005).

26. We thank M. Thome for kindly providing the CARD11 cDMA,
]. Cohen for use of an ImageStream cytometer, Y. Tagaya for
assttance with micrescopy, and U Siebential for helpiul
comments. Supported by a Deutsche Forschungsgemeinschatt
reseanch grant (G.LY by the Intramural Research Program of
the NIH, Mational Cancer Institute, Cenfer for Cancer Research;
and by NCI Derector’s Challenge grant U0 1-CABA9ET.
This project was performed under the auspices of the
Lymphomafeukemia Molecular Profiling Project of the NCIL

Supporting Online Material
www.sciencemag.anglegicontentfull 11536 29001
Materials and Mathods

Figs. 51 to 54

Table 51

References

30 Movember 2007; accepted 5 February 2008
Fublished onlne & March 2008;

10,1126/ ience. 1153629

Include this information when citing this paper.

find a genctically ractable svstem to study the
molecular and cellular basis of simple decision-
making processcs.

The first indications that egg-laying site
selection may employ a simple decision-based
process emerged from our observations ol fe-

males as they lay epes. For consistent viewing off

epg-laying events, we deprived females of egg-
laying for 24 hours before placing them in a
chamber filled with grape agar, an attractive egg-
laying subsirate (Fig. 1. A and B). By reviewing
hundreds of ege-laving events, we found than
immediaiely before cach physical cgg expulsion,
females stereotypically bend the abdomen down-
ward uniil it is nearly perpendicular to the sub-
strate surface o extrude and insent the ovipositor
into the substae (Fig. 1C) before initiming 2
serics of back-and-forth movements 1o expel and
insert a single cgg into the substrte (Movie S1).
This behavioral component always accompanics
the physical deposition of an cge and typically
lasts about 6 s (Fig. 11) on grape agar. We called
this behavioml component the “ovipositor motor
program’” because it s reminiscent of the “ovi-
position motor progam” of grasshopper cog-
laying (7). We next found two more behavioral
components that regularly follow the ovipositor
progrum: An animal always grooms its ovipos-
itor with its hind legs (Fig, 1D and Movie S1) for
a few seconds and then stavs immobile for a
while as though it is resting (Fig, 11, Afler the
“clean and rest program™ and before the imiation
of the next ovipositor progrum, the animals pre-
sumably have the opportunity 1o locate an ap-
propriate site Tor the next cgg (Fig, 1H). Indeed,
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Fig. 1. The egg-laying behavioral sequence of Drosophila females. (A)
The grape-agar chamber used for observing egg-laying behavior. (B) Top
view of the chamber through the camcorder. (C) Animal performing the
ovipositer motor program. Note the downward-bending of the abdomen.
Red arrow, ovipositor. (D) Animal cleaning the ovipositor (red arrow) with
its hind legs. (E) Animal probing the substrate with its proboscis (red
arrow). (F and G) Animal probing the substrate with its ovipositor (red
arrow), (H) Eqg-laying temporal sequence. The physical deposition of an
egq starts from "A" and continues to “B." Between the end of "B” and the
beginning of the next "A” is period "C," in which animals are consistently
seen displaying the probing actions described in [(E), (F), and (G)]. Ovi,
ovipositor motor program. (1) Time spent on each of the programs
described above. "A": 6.7 £0.255; "B" 101 £4.75;"C": 113.2 £18.9 5.
For programs “A” and “B,” N = 50 egg-layings displayed by four
animals from four chambers. For program “C," N = 77 egg-layings
displayed by four animals from four chambers. Error bars indicate SEM. A
comparison of behaviors between CantonS and W1118 is shown in fig.

51. (]) Distribution of time spent on the searchlike program. N = 77 A B C A B
individual egg-layings displayed by four animals from four chambers. o | icicin & st el ovil Clean & rest] *=°***
Unless otherwise mentioned, all quantifications in this work were
conducted by using CantonS animals or transgenic animals in Canfons
background.
I J,
oA B c < B
8: §
£ 3
an [ =
' q,%%., N, R I I TTI IR
2
g, Time (sec
N (sec)
Fig. 2. Drosophils avoid laying eggs on media containing high levels of
sucrose. (A to E} Representative outcomes of various two-choice tests. Single- ]
female assay was used in (C), the rest were three-female assays. 5, sucose; L, L .
lobeline; P, plain. The same designations will be used throughout the figure
legend. (F) Animals extending their proboscis onto the sucrose medium S

(arrows) for foraging. (G) Preference index (P} of various two-choice

conditions (see supporting online material for derivation). N, NaCl; [, agar

with 15% grape juice; h, agar with 45% grape juice, "Single” indicates that -
single animals were used in this assay; no difference was found between !

Pl from single- versus three-female assay (P = 0.5, Mann-Whitney Test), L

Significant deviations from O were found for all conditions tested (P = 0.01 for
L/P, P = 0.0001 for the rest, Wilcoxon Signed Rank Test). All box-whisker
plots in this work display median, 25/75%, and 10/%0% quartiles of each G :q SBL &P BN UP BL A

e

5-il-llllplll-a‘

data set. The last entry shows that females prefer agar with less grape juice
for eng-laying. The number of assays used and the mean Pl are (29, —0.82), = 1

(26, —0.79), (10, —0.89), (34, —0.27), (50, —0.83), and (34, —0.62). (H) Females ?

avoid sucrose medium less as its concentration drops in the sucrose versus g

plain two-choice assays and even showed a slight preference at the 0.5 mM é
setting (P = 0.0116, Wilcoxon Signed Rank Test). No significant avoidance T % é é

can be found at 1 mM (P =0.095, Wilcoxon Signed Rank Test). The rest of
the entries all show significant avoidance of sucrose medium (P <

0.0001, Wilcoxon Signed Rank Test). The number of assays used and the | J “' - y
mean Pl are (49, 0.18), (34, ~0.102), (36, ~0.33), (34, —0.56), (34, —0.83), and o‘g"» ﬁ‘ﬁ ‘3,5;"3fl

K
{35, —0.90). {1} For each egg deposited on the lobeline medium in two-choice ] S -
chambers, animals pay 1.51 £ 0.17 and 1.61 +0.15 respective previous visits | ' .
to each substrate. N = 185 eqg-depositions by eight females. (J and K) | - T E
Hyperpolarizing Gr5a neurons decreases egg-laying bias against the sucrose- ] -n T
containing medium. The difference between animals carrying Grsa-GAL4 with :

or without UAS-Kir2.1 is significant (Mann-Whitney Test). Number of assays S L = #
used and mean Pl are (38, —0.52), 140, =0.79), (41, -0.09). ****F < 0.001. L I 1 |
The exact causels) for the reduction of Pl of Gria-GAL4/4+ animals is unclear; a i
however, these animals contain two insertions of Gria-GALS transgenes, so.an
excess of GAL4 proteins in these neurons alone could potentially contribute
somewhat to reduction of neuronal function.

singhe

# of visits
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despite being placed in a relatively attractive
grape-agar environment, the animals in vinually
all cases display a “scarchlike™ behavior by walk-
ing around and probing the substrates with their
proboscis and ovipositor (Fig. 1. E o G, and
Movie S1). Because the proboscis, legs, and
ovipositor all contain sensory receptors (8), this
scarchlike program should aid the animals in
identifying appropriate cgg-laying sites, In 199
out of the 200 cases that we observed (-20 cgg-
layings cach by 10 animals), we detected the
scarchlike behavior preceding the ovipositor
program (Fig. 1J), although it duration varied.
Thus, Dvosepdrila females deposit their eggs one

at a time and nearly always follow the evele of

search, oviposit, and clean and rest, with the
searchlike program lasting from a few scconds
to severml minutes (Fig. LJ), whereas the other
progrms remain relatively constant in duration
(Fig. Il and fig. S1),

We next examined what the females seek by
presenting them with different cge-laying options
in the behavioral chamber. We placed in the
chamber a sweet (sucrose-containing ) and a bitter
(lobeline-containing) (%) sofl agarose medium
separated by a region of hard agarose that deters
egg-laving and prevents simullancous detection

of the two soft media. Unexpoctedly, animals con-
sistently laid more eggs on the lobeline side of the
chamber (Fig. 2. Ao C and G, and fig. 52} This
baas against sucrose medium was not Gused by
intrinsic attraction to the lobeline medium for
ceg-laying, however, because animals tended 10
avoid lobeline when the other option was a plain
medium (Fig. 2, E and G), consistent with pre-
vious findings on quinine avoidance in cpg-
laving (/0 Furthermore, females avoided laying
eggs on the sucrose-containing medivm in our
chambers no matter whether the allemative was
lobeline-containing, plain, or a substmte contain-
ing sodium chloride at the same concentration as
the sucrose (Fig. 2, A to D and G),

To determine whether females actually en-
countered both options before laving an egg on
the Jobeline medium, we next tmcked ndinvidual
animals for 2 hours and lound that for each ege
deposited on the lobeline side, the animals had
pad an avermge of LS previous visits o the
sucrose option (Fig. 211 Amimals ofien probed
the sucrose substrate actively but mrely activated
the ovipositor program while they were aill in
contact with this medivm { Movie 82); in contrast,
activation of the ovipositor program was Ire-
quently seen when the animals were probing the
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lobeline medium (Movie $2). Thus, lack of sub-
stantial cgg-laying on the sucrose medium is not
due o amimals” not making regular contacts with
this medium, General repulsion to the sucrose-
containing medium in our chamber is not the
cause cither —animals were offen seen actively
feeding on the sucrose medium by extending
their proboscis onto it (Fig, 2F and Movie 53).
Moreover, the avoidance of egg-laying on the
sucrose medium (when it is paired with a plain
one) is concentration dependent: It anenuates and
can even wm into mild atraction as the con-
centrtion of sucrose decreases (Fig. 21

The reliance on neuronal activities of the
sweet wste receptor (Gorda) neurons (1) 15 ovi-
dent in the experiments employing the GAL4-
LAS method o express n these CGria-expressing
neurons a hypepolarizing Kir. | potassium chan-
nel (127, This manipulation signilicantly increased
cag-laving on the sucrose-contamning moedinm
iFig. 2, ) and K}, which suggests thal sucrose
detection through the Grfa neurons 13 important
lor the low egg-laying on this medium in the two-
choice chamber,

To detenmine whether the desirability, or
“value,” of the sucrose-containing medium for
egg-laving might change according 1o context,

(= BB

Fig. 3. Avoidance of sucrose-containing medium is context-
dependent. (A to €) Comparable numbers of eggs were laid in
the two single-choice (sucrose versus lobelined chambers, £ =
0.5, Mann-Whitney Test. Number of assays used and sample
means are (39, 67.6) and (38, 67.6). (D and E) Pairing the same
sucrose medium (100 mM, 5) with different options alters the
number of eggs deposited on (D) and the Pl against this medium
{E). 25, 200 mM sucrose. Assay number and sam ple mean for (D}
are (29, 7.3), (35, 4.9), (39, 33.26), and (36, 40.89). For (E),
(29, —0.82), (35, —0.82), (39, —-0.00), (36, 0.37). ***P <
0.0001, **P <= 0.005, Mann-Whitney Test. (F} Comparison of the
Pl shows that animals avoided the sucrose-containing medium
less when distance between the sucrose and lobeline media
increased. Single females were used. White bars, without food
deprivation; gray bars, 24-hour food deprivation before
experiments. In both treatments, there were significant differ- o
ences between 1X and 3X and between 3 and 10X. Food
deprivation did not significantly impact Pl for all three distances
tested. Assay number and mean Pl are: (52, —0.84), (23, —0.84),
(47, —0.5), (55, —0.46), (31, —0.002), and (35, —0.08), **P =
0.005, ***P < 0.001, Mann-Whitney Test. (G) Exposure assay
set-up, Animals were placed in two-choice “exposure” chambers
for 1 hour before being transfemed into sucrose-only or
lobeline-only single-choice chambers. (H) Despite robust
preference for lobeline medium in the exposure chambers (51
versus L1), the difference in egg numbers between the two
single-choice chambers [S2(a+b) versus L2(a+h)] is less,
although still significant. Number of assays used and the sample
means are (69, 2.15), (69, 25.54), (34, 30.09), and (35, 36.16).
*P = 0.05, ****P < 0.0001, Mann-Whitney Test.
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we examined cgg-laving in single-choice cham-
brers that contain cither only the sucrose-containing
medium or only the lobeline-contaming medium,

Interesting by, females lay comparable numbers of

eges in the two single-choice chambers (Fig. 3, A
to C); thus, i the absence of other options, le-
males readily aceept the sucrose-contaming me-
dium for cgg-laying. Furthermore, the same
sucrose-containing medium can even become a
preferred oplion for ege-laving il it is paired with
a more repulsive medium that contains twice the
amount of sucrose (Fig. 3, D and E).

To explore funher how context alfects the
valluation of sucrose medium, we vanad the pliys-
ical separmtion between the sucrose- and lobeline-
containing media in the two-choice chamber, We
found tha when the distance between the two
chotees was increased by a actor of 3 1o 10, cog-
laving on the suerose medium progressively in-
creased (Fiz 3F), and some of the individual
aminels tested actually lmd more cges on the
sucrose-contamng modm than on the lobeline
medium (Fig. 3F) This result suggests that the
preference of sucrose medium over lobeline is not
absolute and that animals can weigh the “desir-
ability™ ol egg-laving sites versus the “effon il
takes to locate themy'™ in making their decisions,
Imterestingly, this distance-dependent response

to sucrose-containing medium was not altencd
by food deprivation belore assays (Fig. 3F), sug-
gesting that ege-laying and foraging are distine-
tive tasks with distinetive substrate preferences.
Sequential placement of the same animals first
in a two-choice chamber and then i a sucrose
medim-only single-choice chamber (Fig. 3G)
revealed speady recovery of egg-laying interests
on the sucrosc-containing medium (Fig, 3H),
suggesting that the substrate evaluation process is
efficiem and performed predominantly on an egg
by cgg (search by search) basis, However, com-
pared with the number of cges deposited in a
lobeline medium- only chamber, there were fewer
cges in the sucrose medium-only chamber (52
versus L2, Fig, 3H). whereas no difference was
observed when natve lics were inroduced to the
single-choiee chambers (Fig. 3C): it thus appears
that previous experience may exert some influ-
ence in cgg-laving docisions. Taken together, our
results sugpest that Drosapdiila [emales possess
acceptability™
or “value™ 1o a given ege-laving substrate by

some neural process that assigns

taking readily into account the availability of

other options, Such “value™ can then be used by
the motor output systems 1o decode whether a
particular option is appropriate 1o trigeer the
physical cog-laving action in the given context,

To begin discerning the neural circuitry that
underlies cge-laving site sclection, we first sough
1o identily specific neurons that regulate the cgg-
laving rate as they mught be engaged by the
“value system™ 1o control cgg-laving on a given
substrate. Neurons that express an insulin-like
neuropeptide, ILP7, are of interest because [LP7
shares some homology with Relaxin, an impaor-
tant reproductive hormone in mammals (£3, 14).
Our antibodics revealed that ILPT is present in
only very few cells in the larval and adult central
nervous system (Fig, 4, A and B, and fig. 56).
with some cells sending projections 1o the sub-
esophageal ganglion (SO and distinet positions
in the ventral nerve cond (Fig. 4A, B), which are
all sies where gustatory mformation relay might

oceur, Morcover, projection of ILP7 to the fe-
miale internal reproductive traet can also be found
(Fig. 4C). in support of the notion that ILP7 may
be the Drosopdiila Relaxin, Interestingly, many of
the ILP7-neurons are also positive for froidess
expression in adult males (hg. 87§ This result
suggests a potential role of these newrons in male
reproductive behavior, because fruitless has been
shown to be a master regulator of male courtship
behavior in Dvosopdiifa (15).

We next created an ILP7-GALA o specifically

alter JLP7-neurons” function (Fig, 4, F w N, and

Fig. 4. Adequate level of ILP7 is important for normal egg- | o B ' C ol
laying and proper bias in egg-laying site selection. (A to C) ILP7 yar. ¥ 4 i
antibody staining in adults. (A) LP7-neurons send projection i N 2 i - g
into SOG (red arrow) in the brain. (B) ILP7 is present in very few S o

cells (blue bracket), with distinctive projection in the thoracic 4 4

segments in ventral nerve cord {red arrow). (C} ILP7 is also L £ !

present on the female internal reproductive tract. (D and E) ?\ 3 1,]',54' i

Specificity of ILP7 antibodies was confirmed by the reduced - \‘- o1

signal in animals that overexpress an [LP7-RNAP construct (E). ) t '

(D} Staining control. (F to H) ILP7-GAL4 specificty was con-
firmed by the colocalization of signals from ILP7 staining (F) D : E
and UAS-nuclear-RFP expressed by ILP7-GAL4 (G) in the same '
cells (H). (1) Reducing neuronal function of ILP7-neurons through :
Kir2.1 overexpression causes a loss of ovipositor program. For
the two control groups, number of eggs laid was used to sub- o
stitute for the number of ovipositor program. The number of
assays and the sample means are (20, 59.7), (20, 67.2), and
(10, O). ****P = 0.0001, Mann-Whitney Test. (]} Animals
carrying an H5-ILP7 construct or overexpressing UAS-ILPT by s
ILP7-GAL4 avoided sucrose medium significantly less than con-
trol animals in sucrose versus lobeline two-choice assays. Num-
ber of assays used and sample means are (21, —0.87), (23, -051),
(15, =0.73), (20, —0.86), and (20, =0.11). ****P = 0.0001,
Mann-Whitney Test. H5-ILP7 animals that were raised at 18°C
show comparable sucrose avoidance to control animals in su-
crose versus plain two-choice assays (P = 0.5, Mann-Whitney
Test), Number of assays used and sample means are (14, —0.88)
versus (34, —0.9).
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fig. 54). Using the GALS-UAS approach, we
found that females with hypempolarized [LP7-
neurons showed no discemable developmental
detects but displaved virally no ovipositor mo-
tor programs and are thus sterile (Fig. 41). To
distinguish between the possibility thay JLP7-
neurons are required mercly for houscheeping
processes 10 push the ege through the inemal
reproductive tract [which could account for the
fully penctant egg-jamming phenotype due 1o
silencing fLP7-neurons (lig. S3)] and the possi-
bility that FLP7-neurons also participate in convey-
ing the “acceptability™ of potemial layving options
to the reproductive system (e.g., the reproductive
tract and the ovipositor moor program), we ex-
amined the eftect of devated [LP7 level —in JLP7-
neurons or uhiquitously—on ege-laymg choice
(Fig. 4 and fig. S6). In both cases, the elevation
of ILPT level caused the animals 1o be more
receplive 1o layving czes on the sucrose modium
in the “regular” two-choice chambers (Fig. 47},
These resulis are consistent wath the idea that
ILPT might participate in the relay of the ap-
propriateness of a given oplion o the reproduc-
tive systems o execute cgg-laving on that option.

Dynsoplils females can accepl or avoid a
given sucrose-containing medium for egg-laying
depending on context. Whereas such context-
dependent avoidance of high-sucrose medium
shows litthe discernable advantage in the labora-
tory sctting [embryvo hatching rate on sucrose-
containing and lobeline-containing media are
comparable (g, 53)), it could have been selected
by virtue of predation avoidance and larval dictary

balance (protein/carbohydrate ratio), Our linding
that Dvesegalrila employs a simple decision-making
precess in selecting cgg-laving sites raises the
possibility that the fum Iy has the capacty o
compae and assess available options by pedomming
mtegrations and amplifications n s nervous svs-
tem. Dopamine and octopamine are both candi-
dates for madiating such amplification/integration
processes: The fommer is impontant lor decision-
making in primates and ies ( 16-18) and is used
1o signal the unconditional stimulus of “punish-
ment’” during kaming tasks in Ovosopfiila (19, 260
the latter is a reinforcing signal For appetitive
conditioning in both Drosophila and honevbees
(1920 and an important regulator of egg-laying
in Drasapifa (22). In additon, our work suggests
that the JLP7-cxpressing neurons are important lor
proper execution of cpg-laying decisions, thus
providing an additional anatomical and molecular
entry pomt into dissecting the decision-making
processes durmg czg-laying site selection.
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Protein Synthesis and
Neurotrophin-Dependent Structural
Plasticity of Single Dendritic Spines

Jun-ichi Tanaka,*®* Yoshihiro Horiike,»?* Masanori Matsuzaki,»*** Takashi Miyazaki,*%?

Graham C. R. Ellis-Davies,® Haruo Kasai**4

Long-term potentiation (LTP) at glutamatergic synapses is considered to underlie learning and
memory and is associated with the enlargement of dendritic spines. Because the consolidation of
memary and LTP require protein synthesis, it is important to clarify how protein synthesis affects
spine enlargement. In rat brain slices, the repetitive pairing of postsynaptic spikes and two-photon
uncaging of glutamate at single spines (a spike-timing protocol) produced both immediate and
gradual phases of spine enlargement in CALl pyramidal neurons. The gradual enlargement was
strongly dependent on protein synthesis and brain-derived neurotrophic factor (BDNF) action,
often associated with spine twitching, and was induced specifically at the spines that were
immediately enlarged by the synaptic stimulation. Thus, this spike-timing protocol is an efficient
trigger for BDNF secretion and induces protein synthesis—dependent long-term enlargement at the

level of single spines.

he consolidation of memory and long-

I term potentiation (LTP) require protein
synthesis (£, 2), Therelore, it is important

to clanfy whether protein synthesis can regulate
synaptic plasticity at the level of asingle synapsc
and how it affects synaptic structure. The spine

WWwW.science mag.org

enlargement associated with LTP can be im-

madiately induced by intensive stimulation of

postsynaptic N-methyl-p-aspartaie (NMDA)

sensitive glutamate receplors (the conventional
protocol) in CAL pyramidal neurons (3-5). This
spine enlargement can be induced even in the

absence of postisynaptic spikes (), although i

synaptic stimulation is closely followed i time
by postsynaptic spikes (a spike-timing protocol),
a more robust form of LTP is induced that plays
an imporant role in the development and leam-
ing of neuronal networks (6). In mat brain slices.
we examined the structural plasticity of dendritic
spines induced by the simulation of single
spines, using two-photon uncaging of glutamate
(7) in the absence or presence of postsynaplic
spikes in CAl pyramidal neurons (uncaging is
photorelease from a biologically inert precursor).

CAl pyramidal neurons in slice culture were
subjected 10 whole-cell perfusion with a solution
containing the fuorcscent dye Alexad9d (50 pM)
and f-actin (3 pM) (¥). The later prolein was
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Fig. 1. Spine-head enlargement induced by uncaging of
glutamate with or without the application of postsynaptic
spikes for single identified spines of CA1 pyramidal neurons
in hippocampal slice culture. (A and E) Time-lapse z-integrated
(z-stack) images of spines stimulated at time 0 by uncaging plus
spikes in the absence (A} or presence (E) of anisomycin. Arrows
indicate spots of two-photon uncaging of MNI-glutamate; open
symbols indicate neighboring spines. (B and F) Time courses of

=3 min

6 min

61

21 min

min

20 40 60
Time (min)

4=

changes in Al for the stimulated (solid symbols) and neigh- ® Uncaging plus spikes

baring (open symbols) spines shown in (A} and (E), respectively, & 200 - 2 = bonng spines D 200- : m&w

(C and D) Averaged time courses of changes in AV for spines 1504 ®APS

stimulated by uncaging plus (O or without (D) spikes in the  _ "597 ' = |

absence (solid circles) or presence (solid squares) of APS. Open #1004 ! ‘fiim'

circles represent data from neighboring spines in the absence -_;_.I 50- - = 50 i

of APS (open drcles). Uncaging without spikes was performed = | 8-k -
in a Mg®*-free solution. Data are means = SEM (n = 10 to 27 1 | [ = i

spines). The control trace shown in (C) and (G} was the average -50 T T T T : t T T T

of 27 experiments performed in the same batches of slice prep- e 5 m_:' {m;iu = - ¢ 1-..,2.: w,,;m e
arations used for the test experiments. (G and H) Averaged time E ® Uncaging plus spikes
courses of changes in spine-head volume for spines stimulated -4 min & min 21 min &1 min Anisomycin

by uncaging plus (G) or without (H) spikes in the absence {dircles)
or presence of anisomycin (red squares) or cycloheximide (green
triangles). Data are means £ SEM (n = 7 to 27 spines).

Fig. 2. Spine-neck plasticity induced by glutamate uncaging plus or
without postsynaptic spikes. (A and B) Images of spines before (left) and
after (right) uncaging of MNI-glutamate with (A) or without (B} spikes.
Arrows indicate the spine necks. (€} Changes in spine length induced
either by uncaging plus spikes in the absence (black circles) or presence
{red squares) of anisomycin or by uncaging without spikes (blue circles).
*P =005, **P = 0.01 (Mann-Whitney U test). (D} Correlation between
the increases in spine-neck fluorescence intensity and ALy, induced by
uncaging plus (black circles; Spearman’s correlation coefficient = 0.37,
P = 0.013) or without (blue circles, P = 0.16) spikes. Data correspond to
the increases observed at the time of maximal spine-head enlargement.
(E and F} Time courses of changes in spine-neck fluorescence intensity
for spines stimulated by uncaging plus (E} or without (F) spikes in the
absence or presence of anisomycin. Data are means + SEM (n = 10 to 41
spines).
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included because we found that it delaved the
washout of plasticity (3) (fig. S1 and supporting
online text). We detected marked (=500%) -
creases n spine-head volume (AFy) i most
(37 of 41) small spines stimulated by repetitive
(80 umes at 1 Hz) uncaging of 4-methoxy-7-
nitroindoliny ] (MNI) - glutamate paired with post-
syraptic spikes within 20 ns (spike-timing protocol
or uncaging plus spikes) (Fig. 1, A w C), Spine
enlargement was not induced by repetitive
glutamate uncaging (1.6 + 6.6%, n = 9 spines,

A e Uncaging plus spikes

o K252a

T

20 40 60
Time (min)

a Anti-TrkB

b

20 40 60

Time (min)

ad TR L . iR

rhrrach
LS d”a‘g{ &

in the presence of Mgl‘r or spike application
alone (3.0 = 2.6%, n = 34). It was also not
induced when spikes were tnggered =50 ms after
uncagmg (3.9 + 34%, n = 10} Spine enlange-
ment was restricted to stimulated spines; it did
not spread 1o neighboring spines (Fig, 1, A w C),
The NMDA receptr blocker of - )-2-aminog-3-
phosphonopentancic acid (AP3, 50 uM) pre-
vented spine enlargement induced by uncaging
plus spikes (i = 9y (Fig, 1C), as well as conven-
tional enlargement (3) induced by uncaging

B * Uncaging without spikes

O K252a

Time (min)

_ & Anti-TrkB

]
50 ' . ; :
20 0 20 40 60
Time (min)

F

2001 ¢ TrkB-Fc
2100
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0 l l
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Fig. 3. Dependence of the gradual long-term enlargement of spine heads on BDNF-TrkB signaling.
{A to F) Effects of inhibitors of BONF-TrkB signaling, including K252a [(A)} and (B]), an antibody to
TrkB [(C) and (D)], and TrkB-Fc [(E} and (F)] on the time course of spine-head enlargement induced
by glutamate uncaging plus [(A), (C), and (E)] or without [(B), (D), and (F})] postsynaptic spikes. The
control traces are the average of 14 and 20 experiments for uncaging plus and without spikes,
respectively, performed in the same batches of slice preparations used for the test experiments.
(G and H) Mean enlargement of spine heads measured 40 to 60 min after the onset of uncaging plus

(G) or without (H) spikes in the absence (control)

or presence of inhibitors of protein synthesis or

BONF-TrkB signaling. All data are means = SEM (n = 8 to 20 spines). ***P < 0.001 versus
corresponding control value (Mann-Whitney U test). NS, not significant.
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without spikes in a Mgl' -free solution (Fig, 1D)
(%), Subscquent experiments were perfonmed
with small spines (Fy = 0.1 pmj ), most (95%)
of which underwent enlargement in response o
uncaging plus spikes (g $2). The enlargement
wals associated with an increase in postsynaptic
glutamate sensitivity (g, 53, A 10 D),

We found critical differences between spine
enlargement induced by uncaging plus spikes
and that induced by uncaging without spikes
(Figs. | 10 3). First, the former protocol induced a
secondary long-tenn phase (Fig. 1. B and C).
unlike the latter one (Fig. 1D). The ol Ay
apparent after a 60-min recording period was
132 + 22% (n = 27) (Fig. 1C) Tor uncaging plus
spikes as compared with only 45,7 © 9.6% for
uncaging without spikes (0 = 20) (Fig. 1D). A
similar difference was apparent in the increases in
the amplitude of glutamate-induced currents
evoked at the spines. which were 162 = 38%
in = 12) (fig. S3B) and 36 =+ 7% (n = 9 for
uncaging plus or without (3) spikes, respectively.
The larger long-termm enlanzement was not simply
ascribed to the strength of stimulation, because
the immediate enlargement produced by uncag-
ing plus spikes (67.5 £ 11.2%, mean + SEM)
(Fig. 1C) was smaller than that induced by un-
caging without spikes (3) (92.4 = 10.7%, P <
001y (Fig. 1D).

The gradual long-term phase of spine-head
enlargement was entirely dependent on protein
synthesis. Pretrcatment of hippocampal slices
with the protein synthesis inhibitors anisomycin
{n = 10 spines) or eveloheximide (n = 8) abol-
ished this secondary phase (Fig. 1, E 10 G) with-
out substantially affecting the immediae phase
(Fig. 1, F and G). Anisomycin also blocked the
gradual long-tenn increase in the size of glutamate-
induced curmrenis ot the stimulated spines (fig. 83,
E and F). In contrast, spine enlargement elicited
by uncaging without spikes was unallected by
anisomyein (n = 11) (Fig. 1H and fig. 54, C and
D) or eycloheximide (n = T). This was the case
even when the number of repetitive stimulation
was further increased (up to 80 times, 1 = 18).

Uincaging plus spikes ofien induced shori-
ening of the spine length, or spine twitching
(Figs, 1A and 2A). Apparent shonening of spines
was detected in 23 out of 41 spings (mean = -9.9 ¢
3.2%) (Fig, 2C), and in the remaining spines, i
appeared 1o be canceled out by the enlargement
of the spine heads. In contrast, spine twitching
was rarely (2 out of 200 induced by uncaging
without spikes (Fig. 2B and fig. 54A) miher.
such spines ofien clongated as a result of spine-
head enlargement (6.7 + 4.9%) (Fig. 2C). To
examine the spine-neck plasticity and its time

course, we measured the Muorescence intensity of

the spine neck (8), because it was difficult w
delinepte the spine-neck  unambiguously, par-
ticularly when spines twitched, We detecied
pronounced increases in spine-neck Muorescence
procduced by uncaging plus spikes (128 = 19%,
mean + SEM. n = 41) (Fig. 2D), but far less
Nuonescence was produced by uncaging without
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spikes (43 = 12%, i = 200, The increase in spine-
neck Muorescence was not correlated with that
m AFy i uncaging without spikes (Fig. 2D},
mdicating that the mercase n spine-neck fluo-
rescence did not simply represent spine-head
enlargement, The inercase in spine-neck Nuones-
cence occurred gradually in parallel with spine-
head enlargement (Figs. 1A and 2E) and was
inhibited by anisomyein (Figs. 1E and 2E), as
was spine twitching (2.0 & 1.9%) (Fig. 2C). In
contrast, the smaller increase in neck fuores-
cence induced by uncaging without spikes was
unaflected by anisomycin (Fig. 2F), The spine
twitching may involve the spine apparatus (¥)
and translation machinery in the spine necks
(10, 1) Tor protein synthesis-dependent spine-
head enlargement.

A late phase of LTP has been shown 1o
require BDNF (12 44), although the nature of
this requirement vanes depending on the indue-
tion protocol (J5-18). We therefore investigated
whether BDNF might play a role in the gradual

# Uncaging without spikes
D = BONF
8 BDNF+Ansomycin

Time (min)
oL
Sl
200= = BDNF+Anisomycin
H15EI-' i
£100
=" 50
ﬂ -
.D.. -
-m : L] L L]
-20 0 20 40 &0
Timea (min)

long-term spine enlargement induced by uncaging
plus spikes. K252a (200 nM), a tyrosine kinase
mhibitor that blocks BDNF-TrkB signaling,
abolished long-term enlargement of spine heads
(n = 13) (Fig. 3, A and G), whercas it had no
elteet on the immiedinte enlargement induced by
uncaging plus spikes (Fig. 3A) or without spikes
(n=13) (Fig. 3, B and H). The long-term en-
largement of spine heads was also blocked by an
antibody w0 TrkB (n = 9) (Fig. 3, C and G),
whereas the same antibody did not affect the
immediate enlargement induced by uncaging
plus spikes (Fig. 3C) or without spikes (0 = 8)
(Fig. 3, Dand H). Activation of TrkB induced by
uncaging plus spikes was dependent on the se-
cretion of BDNF, given that the long-term en-
largement of spine heads was also abolished by a

TrkB-Fe fusion protein that acts as a scavenger of

BDNF in = 10) (Fig. 3, E and (). Again, the
immediate spine-head  enlargement induced by
uncaging without spikes was largely unaflected
by the scavenger (n = 10) (Fig. 3, F and H).

B BONF (20 ng/mi)

20pA|

108

61 min

21 min

E o
|
] *
1 NS
|
i I
}
o wa g X
{P{& W5 « -&'ﬁ‘ 10 4.,-4‘
¥ o w
g o 2

Fig. 4. Effects of exogenous BDNF on spine plas-
ticity. (A and B) Effects of BDNF (blue bar) on Al
(A) and whole-cell current (B} in the absence of
stimulation. Data in (A) represent Al relative to
time 0 and are means + S0 {(n = 30 spines). (C) Time-
lapse z-stack images of a spine stimulated by gluta-
mate uncaging without spikes in the presence of
BDNF. The arrow indicates the spot of two-photon
uncaging of MNI-glutamate. (D) Time courses of Al
for spines stimulated by uncaging without spikes in
the absence (black circles) or presence of BDNF

either alone (solid blue squares) or together with anisomycin (red squares). The effect of BDNF on neigh-
boring spines (open blue squares) was also determined. Data are means + SEM (0 = 11 to 20 spines).
(E) Spine-head enlargement induced by uncaging without spikes in the absence or presence of BONF
during the indicated time periods after the offset of synaptic stimulation (0 min). Data are means = SEM
{n = 10 to 20 spines). *P < 0.05 versus control value (Mann-Whitney U test). (F) Spine-head enlargement
induced by uncaging plus spikes in the absence or presence of exogenous BONF and anisomycin as in (D).
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Muoreover, the increase in spine-neck  (huornes-
cence nduced by uncaging plus spikes was
abolished by K252a, the antibody o0 TikB, or
TrkB-Fe (fig. 55). The gradual long-term plas-
ticity of spine structures wis thus strongly de-
pendent on the endogenous secretion of BDNF,
and postsynaptic spikes were required for the
seeretion,

Finally, we examined whether exogenous
BDNF might be able 10 replace postsynaptic
spikes in the induction of protein synthesis
dependent spine-head enlargement, Bath applica-
tion of a low concentration (20 ng/ml) of BDNF
did not by itsell induce spine-head enlargement
in = 300 (Fig. 4A) or inward curments (0,5 = 1.2 pA.,
n = 5) (Fig. 4B) /9, 2(h. However, uncaging
without spikes in the presence of BONF (20 ng/'ml)
resulted in marked enhancement in the long-term
phase of spine-head enlargement (0 = 16) as
compared with that observed in the absence of
BDNF in =200 (Fig. 4, C and D, and supporting
online text). BDNF also nduced gradual -
creases inspine-neck Nuorescence (1100= 21%,
P < 0.05) (Fig. 4C). The effect of BDNF was
selective for stimulated spines. was not observed
for neighboring spines (n = 16) (Fig. 4D), and
was blocked by anisomycin (nr = 11y (Fig. 4.
BDNF thus induced additional spine-head on-
largement that was dependent on protein synthe-
sis and specific to stimulated spines. BDNF
could induce spine-head enlargement even when
applied 0.5 min (n = 17) alter the offset of stim-
ulation, but it did not do so when applicd 10 min
after stimulation (o = 10) (Fig. 4E). Exogenous
BDNF did not further augmem the spine-head
enlargement induced by uncaging plus spikes
in = ) (Fig. 4F), suggesting that a sulliciem
amount of BDNF was released i response 1o
sviaptic stimulaion paired with postsynaptic
spikes. The spine-head enlargement induced by
uncaging plus spikes was blocked by anisomycin
even in the presence of BDNF (1= 9) (Fig. 4F).
indicating that protein synthesis is required for
the action of BDNF.

We have shown ihat synaptic stimulation
pairad with postsvnaptic spikes induces a gradual
long-term enlargement of spine heads that s
mediated by BDNF and dependent on protein
synthesis (g, ST) In contrast, synaplic stimula-
ton alone was not suflicient o ngger BDNF
seerction (fiz. 87), even though it induces a
marked inerease in the intracellular calcium con-
centrtion 1|!‘.':|3‘|i: (=10 pM) of spincs via
NMDA receplors (2/). Because BDNF secre-
tion s not induced by a 1-Hz spike tmin alone
122, 23), our data suggest that the seeretion of this
nearotrophin is responsive 1o the synchrony of
synaptic input and postsynaptic spikes, Given
that such synchronous events result in only a
short-lasting influx of Ca®* through NMDA
receplors during cach spike (<2 pM) (24, 235),
postsynaplic spikes must play the key role in the
cxocylosis of BDNF; for example, mvolving
[Ca®" | increases in the dendritic shafl via voltage-
gited Ca®" channels. Thus. BDNF secretion is
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finely regulated by correlated activities in a
neuronal network and may consolidate nearby
stimulated synapses by autocrine or paracnne
mechanisms. BONF action was selective on the
spincs that showed immediate enlargement,
which may act as the structural @g for selective
trapping (26) of the protein-synthetic machinery
(4. 27y and the capture of plasticity proteins
(2, 285 for long-term spine-head enlargement,
Thus, BDNF acts as an associative messenger for
the consolidation of synaptic plasticity, and the
protein-synthetic process can regulate dendritic
structures at the level of single spines,
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Spending Money on Others
Promotes Happiness

Elizabeth W. Dunn,** Lara B. Aknin,* Michael I. Norton?

Although much research has examined the effect of income on happiness, we suggest that

how people spend their money may be at least as important as how much money they earn.
Specifically, we hypothesized that spending money on other people may have a more positive
impact on happiness than spending money on oneself. Providing converging evidence for this
hypothesis, we found that spending more of one’s income on others predicted greater
happiness both cross-sectionally (in a nationally representative survey study) and longitudinally
(in a field study of windfall spending). Finally, participants who were randomly assigned to
spend money on others experienced greater happiness than those assigned to spend money

on themselves,

an money buy happiness? A large body
of cross-sectional survey rescarch has
demonstrated that income has a reliable,
but surprisingly weak, effect on happiness within
nations ( /-3). particularly once basic needs are
met (4). Indeed, although real incomes have
surged dematically in recent decades, happiness
levels have remained largely Mat within devel-
oped countrics across tme (5) One of the most
intriguing explanations for this counterntuitive
finding 15 that people oficn pour their increased
wealth into pursuits that provide little in the way
of lasting happiness, such as purchasing cosily
consumer goods (6). An emerging challenge, then,
i to identify whether and how disposable inconx:
might be used to increase happiness,
Ironically, the polential for money 1o inerease
happiness may be subvened by the Kinds of

'Depanment of Psychology, 2136 West Mall, the University of
British Columbia, Viancouver, BC V6T 124, Canada. “Market-
ing Unit, 189 Morgan Hall, Harvard Business School, Soldiers
Field Road, Boston, MA 02163, USA.

“To whom correspondence should be addressed. E-mail:
edunni@psych.ubc.ca

choices that thinking about money promotes; the
mere thought ofhay ing money makes people less
likely to help acquaintances. to donate 1o charity,
or o choose 1o spend time with others (7}, pre-
ciscly the kinds of behaviors that are strongly
associated with happiness (5720 At the same
time, although thinking about money may drive
people away from prosocial behavior, money can
also provide a powerful vehicle for accomplish-
ing such prosocial goals. We suggest that using
maoney in this fashion—investing income in others
rather than oncsell™—may have measurable bene-
s for one’s own happiness.

As an mitial test ol the relation between spend-
ing choices and happiness, we ashed a nationally
representative sample of 632 Americans (33%
female) o rate their general happiness, 1o repon
their annual income, and 1o estimate how much
they spent in a typical month on (i) bills and
expenses, () gifts for themselves, (i) gifts for
others, and (iv) donations o charity (/3). The
first two categones were summed o crcate an
index of personal spending [mean (W)= 5171391,
SD = 1895.65), and the latter two categorics were

summed to ereate an index of prosocial spending
(M = 514596, SD = 306.06). Entering the per-
sondl and prosocial spending indices simultancous-
ly into a regression predicting general happiness
revealed that personal spending was unrelated
happiness (standardized regression coeflicient 3 =

0,02, NS), but higher prosocial spending was
associaled with significantly greater happiness
(=011, <001 When we included meome
in this regression. we found that the effcets of
income (B = 011, P < 001) and prosocial
spending (f = 0,10, P < 0.03) were independem
and similar in magnide, whercas personal
spending remained unrelated 1o happiness (f =

0.04, NS). Although the correlational nature
of this design precludes causal inferences, this
study provides initial evidence that how people
spend their money may be as important for their
happiness as how much money they eam—and
that spending money on others might represent a
more effective route 1o happiness than spending
money on oneselt (/.3).

Il this nterpretation is correct, then people
who receive an economic windfall should experi-
cnee greater happiness afier receiving the windfall
i they spend it on others mther than themselves,
even controlling for happingss betore the windfall,
Wi tested this prediction by examining the hap-
pincss of 16 cmployees before and afier they
received a profit-sharing bonus from their compa-
ny (/7). One month before receiving this bonus
(M= 5491864, SD = 181698}, the emplovees
reported their general happiness as well as their
annual income. Approximately 6108 weeks alter
receiving the bonus, panicipants again reported
their general happiness and then reported whan
percentage of their bonus they had spent on (1)
bills and experses, (i) rem or morgage, (i) buy-
ing something for themselves, (iv) buying some-
thing for someonc else, (v) donating to charity,
and (viy other, The lirst three categorics were
summad to ereate an index of personal spending
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(M= 6344, 5D = 38200, and the fourth and fifth
categories were summed to crcate an index of
prosecial spending (M = 12,19, 5D = I8.35).
Entering Time | happiness and our twio spend-
ing indices o a regression predicting Time 2
happiness revealed that prosocial spending was
the only significant predictor of happiness al
Time 2 (f = 081, P < (L02), With income in-
cluded as an additional predictor in this Regression
(= 0,03, NS), the cffixt of prosocial spending
remained significant ([ = 0.96, P < 0,02). Simi-
larly, the prosocial spending effect was significant
(= 081, P < 0.03) when controlling Tor bonus
amount (p = 0,00, X5) Thus, employvees who
devoted more of their bonus o prosocial spending
expenenced greater happiness after receiving the
bonus, and the manner in which they spent that
bonus was a more important predictor of their
happiness than the size of the bonus itsell (1.3},
Building on our correlational and longindinal
evidence that spending on others may promote
happiness, we next demonstrated the causal im-
pact of prosocial spending, using expenmental
methodology (13). Participants (N = 46) mted
their happiness in the morning and then were
given an envelope that comained either 85 or
520, which they were asked 1o spend by 5:00
pon. that day, Participants mndomly assigned 1o
the personal spending condition were instructed
tospend the money on a bill, an expense. ora gifi
for themselves, whereas participants assigned 1o
the prosocial spending condition were instructed
to spend the money on a gilt for somcone else or
chamable donation. Participants were called afler
5:00 pomy. that day and agan reponed ther hap-
piness. We submitted postwindiall happiness to a
2 (windfall siee: 85 versus 820) = 2 {spending
direction: personal versus prosocial) between-
subjects analysis of covariance (ANCOWA), with
prewindiall happiness included as a covarate,
This analvsis revealed a significant main effiect
of spending instructions [Fyq = 439, P < (L4,
elfieet size estimate (5,7) = 0.10], whereby partic-
ipanis in the prosocial spending condition (M =
(L18. 5D = 0.62) reported greater postwindiall
happiness than did paricipanis in the personal

21 MARCH 2008 VOL 319

spending condition (M = - 0.19, 5D = 0.66).
Neither the main effect of windfall size (Fra =
0.08, NS) nor the Windfall S = Spending
Dircetion interaction (7 41 = 0,12, NS)approached
significance, These experimental results provide
direet suppon for our causal argument that spend-
ing moncy on others promotes happings more
than spending money on onesell,

In moving away from the waditonal focus on
income toward an examination ol spending
choices, our perspective dovetails with recent
theorizing by Lyubomirsky, Sheldon, and Schkade
(¥} on the architecture of sustainable changes in
happiness. According to Lyubomirsky er al. (8,
the histoncal focus on life circumstances (¢.g..
mcome, gender, and religious aftiliation) as pre-
dictors of happmess may be somewhar mis-
placed: because people readily adapt to the stable
circumstances of their Iives, circumstantial fclors
tend o have mther limited long-term effects on
happiness levels, Thus, imentional activities
practices in which people actively and effortfully
chose 1o engage —may represent a more prom-
ising route 1o lasting happincss. Supporting this
premise, our work demonstrates that how people
choose to spend their money is at least as im-
portant as how much money they make,

Finally. despite the observable benefits of

prosocial spending, our panicipants spent rela-
tively little of their income on prosocial ends;
participants in our national survey, for example,
reported devoting more than 10 times as much
money for personal as for prosocial spending

cach month. Although personal spending s of

necessity likely o exeeed prosocial spending for
most North Americans, our findings suggest that
very minor alierations in spending allocations

as litle as 35 in our final study—may be suf-
licient 1o produce nontrivial gains in happiness
on a given day. Why, then, don’t people make
these small changes? When we provided descrip-
tions of the four experimental conditions from
our final study 1o a new st ol studenis at the
same university (N = 108) and asked them 10
sclect the condition that would make them hap-
picst, Fisher's Exact Tesis revealed that partic-

SCIENCE

ipants were doubly wrong about the impact of
moncy on happiness; we found that a significanm
majonty thought that pesonal spending (1 = 69)
would make them happier than prosocial
spending (1 = 400 (P < 0,01) and that $20 (n =
94} would make them happicr than 85 (n = 15)
(7= 0.00035). Given that people appear 1o over-
look the benefits of prosocial spending, policy
imerventions that promote prosocial spending
encouraging people 1o invest income in others
rather than in themselves—may be worthwhile
in the service of tanslating increased national
wealth ino increased national happiness,
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LIFE SCIENCE TECHNOLOGIES

New Products
High Throughput Cellular Analysis

The Cell Lab Quanta SC MPL Flow Cytometer can be integrated into a cell culture
system to provide data and cellular growth parameters for the evaluation of clone
selection, cell expansion, and protein expression results. The Quanta SC MPL can
be integrated online with other peripheral devices and a robotic arm that moves
cell culture plates to the flow cytometer for analysis. Data from the analysis is
automatically captured by the instrument’s software for real-time and subsequent
analysisand interpretation. The integration of this advanced flow cytometer provides
an expanded range of measurements for high throughput, walkaway cell analyses,
including cell count and viability, apoptosis, cell cycle, and cell surface marker. The
Quanta SC features three-color fluorescence, side scatter, electronic volume, and
absolute count measurements along with easy-to-use software, automated color
compensation, and multiple excitation wavelengths, including ultraviolet. It can

analyze a sample in as little as 30 seconds.

Beckman Coulter
Forinformation 714-993-8955
www.heckmancoulter.com

Waterborne Contamination Prevention

The AquaTec water preservation cell is for prevention of waterborne
contamination in carbon dioxide incubators and water baths. The
AquaTec provides up to six months of protection from more than
600 types of bacteria, viruses, molds, and fungi without the use of
harsh chemicals. It is designed for all types of laboratory water and is
suitable for use in equipment from any manufacturer across a broad
range of biological research temperature environments. One three-
inchAquaTec cell placed into the water reservoir provides long-lasting
disinfection without the need for mixing or measuring potentially
hazardous materials. Self-regulation maintains the correct level of
anti-microbial concentration regardless of waler level, negaling the
need for constant monitoring and testing, The AquaTec has optional
suction cups for fixation in the water bath or incubator reservair.
ThermaoFisher

For information 828-365-1208

wwnw. thermofisher.com

PCR Competent Cells

The ExCyto PCR (polymerase chain reaction) Competent Cells
express a thermostable DNA polymerase, offering a reliable, fast,
and inexpensive way Lo screen transformed colonies. The user sim-
ply transforms ExCyto PCR Cells using any E. coli vector, plates and
incubates overnight, picks colonies, adds them to the provided reac-
tion mix with primers, and cycles. ExCyto PCR eliminates minipreps
and the need for a purified, exogenous DNA polymerase for single-
colony PCR. Amplification is robust even with single-copy vectors.
Amplicons up to 5 kb can be directly sequenced without purification.
Lucigen

For information 608-831-9011

www. lucigen.com

Nucleic Acid Purification Automation

The epMotion is an automated liquid handling system with ready-to-
go methods for automated nucleic acid purification. The epMotion
Plug'n'Prep technology offers pretested methods for walkaway
DMA and RNA purification using a choice of more than 25 different
protocols. The instrument gives researchers freedom to choose
any purification technology: Invitrogen, Promega, Macherey-Nagel,
Invitek, and 5 Prime have all developed epMation methods. Mew
userscan simply select their preferred brand and type of extraction kit,
download the method from epMation.com, and transfer the method
data file to the epMotion. Mo further adaptation is needed, and setup
time is less than an hour. A wide range of applications is available,

www.sciencemag.org/products
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including genomic DNA extraction from blood, tissue cultured cells,
and bacteria; isolation of total RNA, viral DNA, and RNA; plasmid
purification; and polymerase chain reaction cleanup.

Eppendorf

For information +49 40 538 01 640

www.eppendorf.com

Thermocycler Workstation

The BLM-TC Planar Lipid Bilayer Thermocycler Workstation is a Peltier-
driven platform that provides tight and reproducible temperature
control to facilitate the measurement of single-channel events at
temperatures between 5% and 50°C. This device heats and cools at
an average rate of 3°C per minute and can maintain a temperature to
within 0.2°C of the sel temperalture.

Warner Instruments

For infarmation 800-599-4203

www.warnerinstruments.com

Thermostable Polymerase

The PyroPhage 3173 DNA Polymerase is cloned from thermophilic
phage infecting boiling hot springs thermophiles. Itis available as the
Wild Type enzyme and as an Exonuclease Minus mutant. It is more
effective than polymerase chain reaction (PCR) enzymes inamplifying
certain templates. Its efficient reverse transcription activity enables
single-tube, single-enzyme reverse-transcription PCR, and potent
strand-displacing activity allows for isothermal DNA synthesis
through double-stranded DNA. The enzyme initiates efficiently at
nicks; therefore, DMA synthesis can be initiated either with primers
or at a nick introduced by site-specific nicking enzymes.

Lucigen

For information 608-831-9011

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
maore information,

Mewly offered instrumentation, apparatus, and laboratory materials of
interest to researchers in all disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materials.
Endorsement by Science or AAAS of any products or materials mentioned
is not implied. Additional information may be obtained from the manufac-
turer ar supplier,
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EXODUS TO ASIA:

RESEARCH OPPORTUNITIES ABOUND

Asia is enjoying enormous investment in science and technology, and is proving a
major attraction in the scientific jobs market. By Julie Clayton

scientists wishing to return home after training in the West—especially to
China—attracted to full- or part-time positions in both academia and industry.

Promoting the eastward migration is a strong government push-—particularly
in China, Singapore, Korea, and Japan—to become global players in science and
technology, and massive investment from the pharmaceutical industry. The resultis a
heady mix of new R&D opportunities.

Yel the “returnees” are anly one side of the story. Also finding new opportunities
are Western scientists wishing to work in Asia—including academics taking up
professorships at Chinese universities. At the same time, scientific institutions in the
West are keen Lo seize the new opportunities for research collaboration in Asia.

All of this means that Asia is now enjoying a significant brain-gain.

S cience and technology is booming in Asia, and acting as a magnet for Asian

The Road to China

Several major international pharmaceutical companies are expanding their research
and development in China. The city of Shanghai, which has become a mecca for
science generally, is now home to both a growing local pharmaceutical industry as
well as international companies like Roche, Novartis, Novo Nordisk, GlaxoSmithKline,
and AstraZeneca. Consequently, research opportunities go beyond the R&D pipeline
to include drug manufacturing, clinical research, quality assessment, and quality
control.

Roche was the first multinational pharmaceutical company to arrive at the
Zhangjiang Hi-Tech Park in 1994. It opened a new research center in 2004 followed
by a development center in 2007, and aims to bridge the gap between basic research
and China's “huge resource in clinical research.” The goal is to identify new disease
diagnostic markers and develop new therapies, according to the company's head of
R&D in China, Andreas Tschirky. and chief scientific officer Li Chen.

Chen, who returned to China after training in the United States, notes, “For many
years there was a brain drain to the United States and Europe, but now there is a
reversal because of the attractiveness of the job market for highly qualified people.”

According to Tschirky, scientific enterprise in China is being actively welcomed by
the Chinese government and local authorities, who are showing “strong leadership”
and are “more proactive” than in the United States or Europe in listening to the
views of scientists on the need for scientific innovation. To capture this momentum,
Roche aims to provide a platform for local innovation to be transformed into
marketable products.

Besides actively recruiting, the company is striving to team up more with Chinese
academics, clinicians, and local biotech as well as providing basic research grants —
no strings attached —to promote understanding of disease processes,

Movartis also has an existing research facility at the Zhangjiang Hi-Tech Park
in Shanghai with approximately 100 scientists. This will be superceded by a new,
larger facility on which construction begins this spring, with a capacity for around
400 scientists.

"Shanghai is clearly emerging as a new epicenter of global science, continued ?

66 Shanghai is clearly emerging

as a new epicenter of global
science, and is a magnet for top

research scientists. 99

Upper: A*Star's diverse community

Lower: En Li, vice president and head of
the new Novarlis facility in Shanghai

UPCOMING FEATURES
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and is a magnet for top research scientists,” says Enm Li, vice
president and head of the new facility, which provides “a significant
opportunity for Novartis to develop life-saving treatments,” with
particular regard to cancers that are endemic to the region.

Denmark-based Novo Mordisk, which focuses on diagnosis and
treatment of diabetes and other conditions, is actively expanding its
R&D base in Beijing. “China is a grossly underestimated scientific
force,” says chief scientific officer Mads Krogsgaard, pointing
to China's current world ranking as fourth in publications output
{according to National Science Foundation Science and Engineering
Indicators 2008).

The company is recruiting graduates from local universities into
scientific posts at its R&D center, while looking mainly to Chinese
expatriates from Europe and the United States to fill managerial
positions. The latter have the advantage of “an international mindset
but are still culturally Chinese,” says Krogsgaard, highlighting,
in particular, analytical skills and the ability to collaborate with
people of different backgrounds as particular strengths of Western
trained scientists,

The Novo Mordisk R&D center was first established in 2002 to
optimize recombinant protein production, but is now moving on to
do “real project work and be more innovative,” including developing
new drug targets. To complement the R&D expansion, the company
is also creating a new research foundation, in partnership with the
Chinese Academy of Sciences (CAS), to fund new research projects,
scholarships, and exchanges for scientists working in protein
science, particularly diabetes—a condition affecting around 40
million Chinese.

In contrast, China's biotech industry is in a fairly fledgling stage,
according to Zailin Yu, a Chinese biologist who has returned to
China from California. He took up a position as an adjunct professor
at Peking University College of Life Sciences, and sel up two
companies. Despite owning the patent to a new technology for the
production of recombinant protein-based drugs, he has not found it
easy to attract private investment within China, and has had to turn
to Chinese government grants and venture capital from the US, to
fund his startups.

“In China it's hard to find [a venture capitalist] who is patient
enough to wait for animal testing, clinical trials, and then a product.”
But he expects this to change in future as the market for new drugs
is rapidly growing,

Scientists returning to China are also finding attractive positions
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in academia. Mu-ming Poo, director of the Institute of Neuroscience
(ION) in Shanghai, part of CAS, is actively recruiting from abroad
to the institute. He knows well the experience and skills that such
researchers can bring to China, having spent nearly 30 years working
in the US when he took up the directorship in 1999,

When Poo was about to accept a professorship at the University
of California, Berkeley, in 1998, he was asked by president Lu
Yongxiang of CAS to help promote Chinese neuroscience. Poo
felt that he would not have the right impact if his task were just
to “renovate old institutes.” Instead, he proposed a brand new
Institute of Meuroscience with a modern infrastructure, “in other
words merit-based rather than seniority-based promotion and
resource allocation.”

Poo, now director of ION, spends one week per month there, while
at the same time maintaining his position as Paul Licht Distinguished
Professor in Biology in the Department of Molecular and Cell
Biology at Berkeley. He is proud that the institute has made its
name with a high quality of scientific output. "In the last few years,
our smallinstitute [now with 17 principal investigators|is publishing
at least one-third of all high profile papers in the biological sciences
from China.”

Most of the scientists moving to China are returning expatriates,
as the culture and bureaucracy means that itis easier continued
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for Chinese speakers to gain positions in the country, according to
Poo. All documentation regarding work permits, contracts, and grant
applications, for example, are in Chinese,

He and others at ION are trying to make it easier for non-Chinese
researchers by employing office staff who can speak and write in
English, and by conducting seminars and lab meetings in English.
“We now have a few non-Chinese students and postdocs. Our plan
is that in a few years we are ready to accommodate non-Chinese
principal investigators. Our goal is to be an international research
institute, with a substantial fraction of non-Chinese Pls, similar to
the Brain Science Institute of Riken in Tokyo, which now has 20
percent to 30 percent non-Japanese research staff.”

Scientists returning to China are having a strong impact,
comments Nancy lp, director of the Biotechnology Research
Institute (BRI) at Hong Kong University of Science and Technology
(HKUST). “These returnees enhance the innovation capabilities
of China as they bring back with them a wealth of overseas
experience such as exposure to cutting-edge research, knowledge
of international standards, and a broad international network,”
she says.

In Hong Kong, in contrast, the biopharmaceutical industry is more
in its infancy, according to Ip, Most of the cutting-edge research
is university based, and is thriving in all areas of life sciences and
medicine as well as in the physical sciences, particularly analytical
and synthetic chemistry.

Jobs Galore in Singapore

Meanwhile Singapore is altltracting considerable attention with
the establishment of two Magship R&D centers by the government
Agency for Science and Technology Research (A*STAR). The first
is Biopolis, opened in 2003 to develop biomedical sciences.
The second is Fusionopolis, devoted Lo creating the next generation
of technologies, materials, and devices and due to open later
this year.

The two megacenters currently employ around 3,000 researchers
across 14 separate research institutes and are overseen by
the Biomedical Research Council (BMRC) and the Science and
Engineering Research Council (SERC). They are intended to improve
the visibility of Singapore's RRD, foster multidisciplinary research,
create new commercial spinoffs, and partner with local industries.
They are attracting local and returning Singaporeans and scientists
from other countries.
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“It is a truly international research community, embracing all
nationalities, all faiths, and all ethnic groups,"” says Andre Wan
of BMRC.

“A lot of things are happening at a very fast pace,” says Jackie
Ying, who was a professor for 11 years at MIT in Cambridge,
Massachusetts, before moving to Singapore in 2003 as executive
director of the Institute for Bioengineering and Nanotechnology,
“and Singapore has tremendous research opportunities, especially
in the biomedical areas.”

Around 80 percent of the institute's scientists are either returning
Singaporeans or foreign-born—mostly from the United States,
Europe, Australia, and Asia—and include chemists, biologists,
computer scientists, electrical and mechanical engineers, and
medical doctors, “They come over because they are excited about
the research,” says Ying.

In comparison to when she was in the US, Ying feels she has more
funding options and more flexibility about research directions in
Singapore, However, she still maintains an adjunct position at MIT.

Singapore's legacy as a former British colony means that Englishis
the official working language, making the recruitment of scientists,
for example, from North America, Europe, and Australia relatively
easy compared to elsewhere in Asia.

For Victor Nurcombe, coming Lo Singapore after working in Europe,
the United States, and Australia was “a revelation.” He arrived four
years ago from the Universily of Queensland to work at the Institute
of Cell and Molecular Biology. “It's the easiest place to work I've ever
been. Facilities, resources, and money are amazing. conlinued °
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fee| vourself in a strange land, it

will inevitably limit vour horizons.”

And the drive to accomplish something world class is breathtaking!™
he enthuses. “To be relieved of all the burdensome administration, to
be just left alone to do the best science, not constrained by endless
grant writing or budgets—what's not to like?"

Certainly, if the investment is anything to go by, then Singapore
is well on the way to its aim of becoming a major scientific hub in
Asia. A*STAR gets a five-year budget of US%3.6 billion, and this for a
population of anly 4 million people,

The multiethnic makeup of Singapore (particularly Chinese,
Indian, and Malay communities) together with good health care
infrastructure is attracting pharmaceutical companies wishing to do
clinical trials— for example GlaxoSmithKline, Novartis, Eli Lilly and
Company, Pfizer, Merck, and 5chering-Plough.

Elsewhere in Singapore existing links with the West are
already strong, and getting stronger. For example at the Nanyang
Technological University (NTU), recruitment of international
faculty is occurring across a wide range of subject areas, including
engineering and science, with special emphasis on its Nanyang
Assistant Professorship scheme, awarding 10 to 12 distinguished
young faculty eachyear witha competitive salary and up to $1 million
startup funds over the first three years. And at the postdoctoral level,
NTU is working through the SINGA Scheme with A*STAR to recruit
candidates from Eastern Europe, Russia and Ukraine, and the Middle
East as well as to bring in Singaporean students.

Similarly, the National University of Singapore (MUS) is thriving in
many areas. “We recruit both locally and overseas, and particularly
like to ‘attract back' overseas Singaporeans who have distinguished
themselves in research,” says Barry Halliwell, deputy president
(research and technology). NUS also has links with leading overseas
partners and international education alliances,

East Meets West
Meanwhile, scientific institutions in Europe and Morth America are
forging international partnerships spanning East and West. The
German Research Foundation (DFG) is encouraging links between
its scientists and collaborators in China, Korea, and Japan. This
is most advanced in China, where the Sino-German Center for
Research Promotion in Beijing, funded jointly with the Mational
Natural Science Foundation of China, supports cooperation between
Chinese and German scientists doing basic research in the natural,
life, engineering, and management sciences.

“We would warmly encourage scientists to [come to Chinal,
because China's science system is becoming increasingly interesting
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and offers a growing number of opportunities,” says the center's
German director Armin Krawisch.

At a more preliminary stage, bul also promising, is the
promotion of new ties between DFG and the Japan Society for the
Promotion of Science (JSPS), illustrated by a joint symposium in
Hamburg in January 2008 for young researchers on global climate
change science.

Along similar lines, the umbrella organization for the UK's research
councils —RCUK —opened an office in Beijing in October 2007, with
a view to enabling the research councils to offer UK-China funding
opportunities (ideally in conjunction with Chinese funding agencies)
and make it easier for individual researchers to develop contacts
with key partners in ather countries, according to the office director,
Chris Godwin.

Current plans include several small schemes for facilitating
research and travel, while four major projects are also under way
involving different UK academic institutions, to promote research
into urban sustainability.

Other links between Europe and Asia include plans by the European
Science Foundation and the Korea Research Foundation to create
new exchange and research initiatives. The Korean gowvernment
has invested heavily in R&D, for example, in both the private and
academic sectors, having increased spending between 2000 and
2004 from 2.4 percent to 2.9 percent, and is looking to forge links
with other countries. But Korea has yet to see the influx of trained
scientists that Chinais enjoying, and increasing numbers of students
are opting to study abroad, particularlyin the US, and may not return
to Korea.

Tips for Travelers
So what tips are there for all the foreign scientists in the West who
are considering packing their bags for Asia?

Scientists heading for China should “be willing to adapt to, or at
least accept, the different conditions in work life, habits, salaries,
structures and hierarchies, decision making, equipment, and so
on,” says Krawisch. He adds that “cultural training on Chinese
characteristics and—for those who stay longer—some Chinese
language skills are highly recommended.”

In Singapore, Nurcombe advises, “Use the opportunities given to
you as best you can. The island is developing its research foci and its
research style so, because it's very compact, you can have a major
effect on how things happen.”

British researcher Jonathan Hobley at the Institute of Materials
Research and Engineering recommends that foreign scientists begin
networking as soon as they arrive —taking advantage of the high
density of labs. “It is valuable and pays rapid dividends if you let
people know what you are doing and where you can work with them,”
But, he warns, “Don’t flock with your own kind too much. Although
you may be tempted to work preferentially with fellow countrymen,
especially if you feel yourselfin a strange land, it will inevitably limit
your horizons.”

Julie Clayton, a freelance science writer and journalist, works out of
Bristol, UK.

DOl: 10.1126/science opms.r0B00050
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