craton, where the pattern matches that
expected from the gas-hydrate model. Fur-
ther, values of strontium isotopes during
the glacial intervals provide no support
for greatly diminished weathering during
glaciation, or for greatly enhanced weather-
ing in its immediate aftermath?’, as required
by the snowball Earth model. But they are
consistent with the gas-hydrate hypothesis.
Both hypotheses involve short-lived
changes in the carbon-isotopic composition
of the ocean. But the gas-hydrate model
avoids some of the obvious difficulties asso-
ciated with huge changes in atmospheric
CO,in the snowball Earth model, such as the
long time (ten million years) required for
such large concentrations to build up. It also
providesabetter explanation of the temporal
variation of carbon isotopes in marine car-
bonates through the late Neoproterozoic.

Neuroscience

But although Kennedy et al. have put for-
ward a powerful case, this is, no doubt, far
fromthe end of the story. m
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Dynamic categories

Michael P. Kilgard

Neuroscientists often study brain function by presenting a stimulus many
times and averaging the neural response. A trick for finding brain activity
in single trials might reveal how animals mentally categorize information.

biology is that of how the brain assigns

meaning to the stimuli it receives. We
naturally divide the world into convenient
categories, but the brain mechanisms that
underlie this ability are poorly understood.
On page 733 of thisissue, Ohland colleagues
report that category formation in animals
is accompanied by fleeting but identifiable
patterns of brain activity. The patterns exist
for only a fraction of a second, and would
be dismissed as noise by more traditional
methods of analysis. Ohl et al.’s powerful
technique may eventually reveal whether
and how similar patterns contribute to our
own cognitive abilities.

Historically, the responses of human and
animal brains to a stimulus, such as a parti-
cular sight or sound, have been analysed
by presenting the stimulus many times and
averaging the neuronal activity that occurs.
But because the responses are averaged, this
approach detects only activity that occurs
reliably at a certain time after every stimulus
(such activity is said to be ‘time-locked’ to
the stimulus). Nonetheless, the technique
has yielded considerable insight into brain
function.

One type of response, called mismatch
negativity (MMN), has been widely used to
study how the brain categorizes similar stim-
uli. This type of brain activity occurs when
an unexpected sound (a mismatch) inter-
rupts a series of identical auditory stimuli.
Categorization is particularly important in

One of the most enduring problems in
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processing spoken language, where a variety
of sounds are given one meaning. For exam-
ple, the gender, age and emotion of the
speaker significantly affect the physical
qualities of speech, but ‘dog’ means ‘dog’
no matter who says it or in what tone. Of
course, speech sounds may have varying
meanings in different languages. The MMN
response has been used to show that native
and non-native speakers of a particular lan-
guage categorize sounds from that language
differently®®. Language-specific representa-
tions of speech sounds develop in infants
between six and twelve months of age’, but
can be altered throughout adulthood with
sufficient practice®.

Although these studies provide a physio-
logical marker of categorization that changes
with learning, the MMN response itself does
not represent specific categories, and the
neural basis for categorization has remained
elusive. To tackle the problem, Ohl and col-
leagues previously trained gerbils to catego-
rize tones as either rising or falling in pitch®.
After a few days of training, the animals
could categorize a new tone instantly, with-
out a need for training with that stimulus.
On hearing a rising tone they moved imme-
diately to another compartment of the box
in which they were housed; after hearing a
falling tone, they stayed where they were.
Lesion of various parts of the brain showed
that the right auditory cortex is required to
discriminate between rising and falling
tones’. Neurons in this region respond dif-
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ferently to tones that are sweeping upwards
and downwards. However, these differences
seem to reflect the physical differences in the
sounds, rather than their behavioural mean-
ing (their category).

Largely on the basis of studies of the olfac-
tory system, Freeman and colleagues sug-
gested that dynamic patterns of brain activity
carry information about the meaning of a
stimulus®. But these patterns are not reliably
time-locked to the stimulus, so they cannot be
detected in averages of neuronal activity. Ohl,
Scheich and Freeman' have now developed
a strategy for identifying unusual activity
patterns in a single trial, and applied it to the
auditory system of gerbils. They find that cer-
tain activity patterns, which they call marked
states, occur in animals that have learned to
distinguish between rising and falling tones
(Fig. 1, overleaf). The authors suggest that
these states might provide a mechanism by
which the animals can recognize the abstract
qualities that define acategory.

Ohletal.! detected the unusual brain states
by using a grid of 18 electrodes, positioned
directly over the auditory cortex, that detect
electroencephalographic (EEG) activity. To
isolate ‘local’ activity patternsthat occur with-
in the auditory cortex, the authors removed
any activity that was common to all elec-
trodes. The patterns of activity that occurred
in response to a single rising tone were then
compared with the averaged pattern from
30 trials with falling tones, and vice versa.
Unusual patterns were considered marked
states if they were more than three standard
deviations away from the average pattern
produced in response to the opposite tone.

As expected®, the rising and falling tones
evoked different patterns of activity in the
auditory cortex in trained and untrained
animals'. Then, as each animal learned to
distinguish the sounds, further marked states
developed within a few seconds of each tone*
(Fig. 1c, black boxes). The crucial finding
is that these dynamic patterns were stabilized
when animals learned that the behavioural
meaning of a stimulus (‘move’ or ‘don’t
move’) was based on the abstract quality of
tone direction. Although this finding was
replicated in only four animals, the discovery
of these activity patterns is an important
step towards identifying the biological basis
of categorization. It appears that the key
to the authors’ success lay in removing the
irrelevant (global) activity to reveal local
patterns that were most closely related to the
behavioural meaning of the stimuli. Future
work will doubtless look at how the patterns
vary from trial to trial and from individual to
individual, and whether marked states are
related in any way to the neuronal patterns
evoked by the two classes of stimulus®.

The marked states developed during the
decision-making period, before each animal
was forced to choose whether to move to
another compartment. It will be interesting
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Figure 1 Detecting the brain activity that underlies the formation of categories. Each rectangle
represents the pattern of activity in the auditory cortex at an instant in time in response to one of
two sounds. Red denotes high activity. The black dots mark the locations of the electrodes recording
neuronal activity. a, Brain activity can be very noisy, making it hard to identify patterns. b, Ohl et al.*
have developed a technique for identifying the unique patterns that arise at some point after each of
the sounds is heard. The strategy involves averaging the responses to stimulus 2 (or 1), and comparing
them with individual responses to stimulus 1 (or 2). ¢, Additional patterns develop when animals
learn to categorize the stimuli. Black boxes mark the patterns of brain activity that can be identified

in a single trial using this technique.

to find out how the timing of these states
changes when the task contingencies (such
asthe length of the decision-making period)
are altered, and whether similar states
develop during other categorizations. Ohl
et al.* have already shown that marked states
do not develop in the visual cortex during
this auditory task. We now need to know
whether they develop in the visual cortex
during the categorization of visual stimuli.
Can this new technique be used to study
how humans form categories? The number
of EEG electrodes used in human studies
has been increasing rapidly, yielding higher
spatial resolution. So far, most groups have
analysed only averaged brain responses. More
sophisticated analysis of high-resolution
EEG data will probably reveal complex local
patterns in humans. The greater challenge
will be in making sense of these patterns. Ohl

Planetary science

et al.’s technique may not lead to mind read-

ing, but it does suggest a variety of new tools

that may yet reveal the cognitive processes

that give meaning to our world. m
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A new model Moon

Jay Melosh

The most sophisticated simulations yet of the Moon’s birth show that it
could have been created from an impact of a large body with a fully

formed, rather than half-formed, Earth.

astupendous collision between the early

Earth and a Mars-size protoplanet has
been considered respectable science for more
than a decade. It is now the consensus view,
for no other theory reconciles so many facts
about the Earth and Moon (Fig. 1) and pro-
videsarelatively seamless explanation of how
our large satellite came to be. But there have

The idea that the Moon is a by-product of
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been few attempts to directly model the com-
plex physical processes occurring during a
planetary impact. Cameron? was one of the
first people to suggest the giant impact theo-
ry, Hartmann? being the other principal pro-
ponent of the idea in the early days. Cameron
and hiscollaborators havessince led the efforts
to model the impact numerically, and their
view of events has been highly influential.
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Now, however, thanks to the advance of
computer technology and the development
of better impact algorithms, other groups
are also able to simulate collisions between
planets. On page 708 of this issue, Canup
and Asphaug usher in this new era by
describing the outcome of the giant impact
in terms that in many respects differ from
Cameron’s latest results®.

Computer simulation of aplanetary-scale
impact is not a task for faint-hearted, point-
and-click computer modellers. Not only
does such a collision involve all the details of
shock physics, melting and vaporization, but
the mutual gravitational interactions of all
those hot fluids squirting around in space
also have to be taken into account. Further-
more, to impart the angular momentum that
keeps the Moon in orbit, the impact must
have been glancing, nothead on, so the prob-
lem must be treated in three dimensions. It
has taken squadrons of physicists in the
United States, Russia and elsewhere nearly
50 years to come up with computers and
three-dimensional computer codes that can
adequately treat the effects of impacts and
explosions under relatively simple condi-
tions in which self-gravity is not important.
Adding self-gravity to these codes therefore
posed a formidable challenge.

A solution recently arose from an
approach® called SPH (smooth particle
hydrodynamics), which can, in principle,
treat both shock physics and gravity. Benz
and Cameron were the first’ to apply this
method to the origin of the Moon. Other
early models®® relied on conventional
‘hydrocodes’ that used central gravity, but
not self-gravity, and so could accurately
model only the early phases of the impact.

The SPH method involves splitting the
proto-Earth and the object it collided with
into many small computational lumps called
‘particles’ then computing the interactions
between these entities. The results of this
procedure become more accurate as more
particlesare used. Because of computer limi-
tations, the early simulations used only a
few thousand particles. It was several years
before users recognized that the SPH
method requires many more of these parti-
cles than originally anticipated. One of the
reasons that Canup and Asphaug’, who also
use an SPH code, achieved results that differ
from those of Cameron et al. is that they use
at least 20,000 particles and so resolve the
shock waves and other collision phenomena
with much higher accuracy.

Based on his latest simulations®,
Cameron has held that the collision that
created the Moon occurred when the Earth
was only about half-formed, about 30 mil-
lion years after the formation of the first
meteorites, asitgrew by accretion of material
in the early Solar System. This result makes
it difficult to understand how the Earth con-
tinued to grow without large amounts of
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