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Moving Through the Landscape

David Bradley

composed of proteins, lipids, and car-

bohydrates. It is made of cells, which
have membranes, organelles, and nuclei. It
has connective tissue and vasculature, and
consumes oxygen. And yet the brain pos-
sesses an extraordinary property that no
other organ has: It thinks. It computes.

Computational neuroscience is a brand
of neurobiology that tries to understand
how the brain computes. Although mathe-
matical modeling is an important discipline
within computational neuroscience, solid
experimental work is also essential. With-
out it—without new information—compu-
tational theories tend to spin circles around
their own logic. Unfortunately, experimen-
tal work is sometimes perceived as being
less creative, less intellectual, than theory.
On the contrary, experimental design often
requires highly creative and logical thought.
A good example of this is the study report-
ed by Froehler and Duffy (/) on page 2462
of this issue. These authors have devised a
difficult experiment to demonstrate that
neurons in the visual cortex of the primate
brain monitor locomotion through the envi-
ronment in a variety of ways.

In the early 1950s, Gibson suggested that
heading perception—the moment-to-mo-
ment sense of where we are going—is based
on a mental analysis of image expansion (2).
Less intuitive than the idea of reckoning with
visual landmarks, Gibson’s theory proposes
that we derive our heading by extracting in-
formation about the origin (focus) of the ex-
panding image that falls upon the retina as
we move through the environment (see the
figure). Decades after Gibson’s original sug-
gestion, carefully controlled psychophysical
experiments showed that humans do in fact
sense their heading by tracking the image fo-
cus (3). Around the same time, cortical neu-
rons that respond selectively to image expan-
sion were discovered (4). These cells, which
are clustered in a region of the brain called
MST (medial superior temporal), also detect
the position of the expansion focus and even
correct for the displacement of that focus
each time the eyes move. Several years ago,
it was shown that monkeys trained to report
their direction of heading can be biased to-
ward a certain direction by electrical stimu-
lation of their MST cells (9).

The brain, like any other organ, is
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These findings leave little doubt that
MST is crucial for heading perception. But,
as Froehler and Duffy now show, the behav-
ior of MST neurons appears even more so-
phisticated than previously thought. The in-
vestigators put monkeys on a motorized
sled that moved them in a circular trajecto-
ry. The monkeys were always facing the
front of the room, and the walls were illu-
minated with small white lights. As the
monkeys moved on their circular paths,
they had two kinds of information available
to them: visual (from the retina) and
vestibular (from the vestibular apparatus of
the inner ear, which senses acceleration).
From these cues, one could po-

and location could not be due to the correla-
tion between location and heading.

The authors also showed that for cells
whose activity depended on heading direc-
tion, location could not have been a con-
founding factor. They demonstrated this by
holding animals in a single spot while dis-
playing a video simulation of what the mon-
keys would have seen during a circular move-
ment. In that case, neuronal activity still de-
pended on the (simulated) direction of head-
ing. Therefore, correlations between cell ac-
tivity and heading direction were not the indi-
rect consequence of location in the room.

Although early evidence suggested that
MST neurons encode our direction of head-
ing, the Froehler and Duffy results indicate
that MST encodes much more than this. As
we move through the environment, we can
think of the raw information available to us
as a distribution of events over space and
time. For example, the variation in location

tentially compute the instanta-
neous direction of heading, the
instantaneous location in the
room, or the path. In these tests,
the path was always circular but
could be either in the clockwise
or counterclockwise direction.
While all of this was hap-
pening, microelectrodes record-
ed electrical discharges, called
spikes, from the monkey’s MST
neurons. The frequency of
spikes is a measure of a neu-
ron’s activity. The activity of
many MST neurons increased
when the monkey moved in a
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certain direction, regardless of
its path or location in the room.
But in some cases, neuronal ac-
tivity also depended on the way
a given direction was ap-
proached—that is, whether the
path was clockwise or counter-
clockwise. Finally, some neu-
rons had quite different activi-
ties depending on the monkey’s
location in the room.
Conceivably, the effects driving neuronal
activity could confound one another. For ex-
ample, as a moving object’s location must
depend on its direction in the preceding mo-
ments, perhaps the apparent effect of loca-
tion on MST activities was in reality due to
the neurons’ sensitivity to heading direction.
The investigators addressed this potential
problem with separate experiments where
monkeys sat ‘stationary in different parts of
the room. Some cells responded differently,
depending on the monkey’s location, and
this dependence was consistent with loca-
tion effects during circular motion. There-
fore, the relation between neuronal activity

Path and place. When we move through the environment,
the image falling on our retina expands, although we rarely
notice this. The expanding image has a point of origin, or fo-
cus, from which all image motion seems to radiate. The fo-
cus, marked by the yellow cross on the tree, corresponds to
our direction of heading. Neurons in a region of the brain
called MST are responsible for encoding information about
heading, path, and place, which is combined with visual cor-
tex inputs to provide perception of heading during self-
movement.

of a stimulus on the retina over time tells us
about its motion. From these basic events
we can compute other things, such as our
direction of heading, our location, and the
shape of our path. Different derivations
may be useful at different times. For exam-
ple, if we move in a straight line, our head-
ing is sufficient to tell us where we will
soon be. But if we are turning, instanta-
neous heading alone is not sufficient; in
this case our path—the change in our head-
ing as we go along—must be known.

Of course, different events could be com-
puted in different parts of the brain. Notably,
the hippocampus is thought to keep track of
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our position in the environment. If similar in-
formation appears in MST, it is not necessar-
ily redundant; instead it may reflect the need
to combine positional information with in-
formation about heading or path. In fact,
MST neurons may be informed about posi-
tion through connections with the hippocam-
pus. Conversely, hippocampal cells may
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compute location by integrating path infor-
mation, derived from MST, over time. What-
ever the case, the involvement of MST in our
ability to move about is clearly at a more so-
phisticated level than previously thought.
The work of Froehler and Duffy suggests
that our exploration of computational mech-
anisms in MST is only just beginning.
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Deformation of Nanostructures

I.A. Ovid'ko

aterials based on nanometer-sized
IVI structural elements exhibit unique

electronic, optical, magnetic, and
mechanical properties, opening up a range of
new applications (/, 2). The mechanical be-
havior of nanocrystalline materials—solids
composed of nanometer-scale crystallites di-
vided by interfaces (see the figure)—is of
particular interest. Such materials are often
extremely hard and brittle, but several exam-
ples of substantial ductility under mechani-
cal load have been reported (3). Some
nanocrystalline metals, ceramics, and alloys
even exhibit superplasticity—the ability of a
solid to endure large elongations (100% or
more) without failure—at relatively low tem-
peratures and high strain rates (4, 5).

These remarkable mechanical properties
of nanocrystalline materials are highly desir-
able for structural applications. To optimize
the mechanical behavior, it is important to
identify its underlying mechanisms. One of
these mechanisms has now been revealed in
an atomic-level experiment. On page 2433 of
this issue, Murayama ef al. (6) provide evi-
dence for a rotational deformation mecha-
nism (see the figure), considered in theoreti-
cal models (7, &), which resembles turbu-
lence in fluids as well as the formation of ro-
tational vortices in liquid crystals, superflu-
ids, and magnetic and biological systems (9).

The appearance of rotational phenome-
na in deformed nanocrystalline materials
can be understood in terms of their struc-
tural peculiarities. The materials are com-
posed of nanometer-scale crystallites
(grains) divided by interfaces (grain bound-
aries) (see the figure). Each crystallite is in-
termediate in size between individual atoms
and conventional microstructures, leading
to distinct properties. In addition, each
crystallite is so small that a large fraction of
its atoms (up to 50%) are located at inter-
faces. These combined nanometer-scale
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Rotational deformation in nanostructures.
Nanocrystalline solid, consisting of nanometer-
scale grains (hexagons) divided by grain bound-
aries, under mechanical tension. Rotational de-
formation occurs via motion of dipoles of
disclinations (triangles), causing crystal lattice
rotation behind them.

and interface effects are responsible for the
unique properties of nanocrystalline mate-
rials (/, 2) and give rise to their rotational
deformation.

The primary carriers of the rotational
plastic deformation in solids are believed to
be dipoles of grain boundary disclinations
(7, 8). A disclination is a line defect charac-
terized by a rotation of the crystalline lat-
tice around its line (7). A disclination
dipole consists of two disclinations causing
crystal lattice rotation between them; such
dipoles are energetically permitted only for
disclinations that are close to each other.

Motion of a disclination dipole along
grain boundaries causes plastic flow accom-
panied by crystal lattice rotation behind the
disclinations (see the figure). The disclina-
tion dipole motion has been suggested to be
intensive in nanocrystalline materials, where
the volume fraction of grain boundaries is
high and disclinations are close to each other
(8). Murayama et al.’s atomic-level observa-
tion of disclination dipoles in deformed
nanocrystalline materials (6) provides exper-
imental support for this suggestion.

In addition to the rotational deformation,
other deformation mechanisms can occur ef-
fectively in nanocrystalline materials that usu-
ally do not play an important role in conven-
tional materials. Examples are grain boundary
sliding and stress-induced mass transfer,
which occurs via enhanced diffusion along
grain boundaries (/0—12). These mechanisms

are conducted by grain boundaries and com-
pete effectively with conventional dislocation
slip (shear) in crystallites, the mechanism that
dominates in conventional materials.
Unusual deformation mecha-
nisms also occur in strained semi-
conductor nanocrystallites, called
quantum dots, whose deformation
behavior is essential for their func-
tional stability as laser elements
(13). For instance, as a result of nanoscale
and interface effects, nonconventional, ex-
tended dislocations cause effective strain
relaxation in such nanocrystallites ({4).
Different deformation mechanisms,
most of which only occur in nanostructured
matter, thus compete in mechanically load-
ed nanocrystalline materials. This competi-
tion causes the unique deformation behav-
ior of nanocrystalline materials. Further re-
search focusing on the fundamental laws
that govern the competition is crucial for
progress in fabrication, design, and process-
ing of nanocrystalline materials with en-
hanced mechanical characteristics. Some of
the remaining experimental and theoretical
challenges include identifying (new) defor-
mation mechanisms, elucidating the influ-
ence of plastic deformation on structural
transformations (including structural stabil-
ity against grain growth), and understand-
ing the role of distinct structural elements
of grain boundaries in deformation process-
es in nanocrystalline materials.
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