
nate dehydrogenase. Co-expression of the
sdhB and rps14 coding sequences, followed
by alternative splicing of the resulting
mRNA, gives rise to two different proteins
having the same mitochondrial targeting
signal8,9.

Further studies have yielded evidence of
comparably high and variable rates of loss of
a majority of 13 other mtDNA-encoded
ribosomal protein genes during angiosperm
evolution (K. Adams, Y.-L. Qiu and J. D.
Palmer, personal communication). In con-
trast, only two of a sample of 13 genes
involved in energy generation showed a sim-
ilarly high rate of loss from angiosperm
mtDNA. A particularly striking point is that
in many plants the relative rate of ribosomal-
protein gene loss actually exceeds the rate of
nucleotide substitution at a single silent site
(a site at which a mutation does not result in
an amino-acid change): this is a conclusion
that Adams et al. (and I) find astonishing.

In other eukaryotes (animals,for instance),
further transfer of genes from mitochondria to
the nucleus has effectively been blocked by
changes in the mitochondrial genetic code:
essentially, mitochondrial gene content has
been frozen. In plants, mitochondrion-to-
nucleus gene relocation is undoubtedly facili-
tated by the fact that there is no genetic code

The idea of driving robotic limbs with
what effectively amounts to the mere
‘power of thought’ was once in the

realm of science fiction. But this goal is edg-
ing closer to reality, thanks in part to two
decades of studies that have revealed a close
match between the activity of neurons in the
brain’s cerebral cortex and the movements of
the hand1. Now, writing on page 361 of this
issue2,Wessberg and colleagues describe how
they have used electrical signals from five
regions in the cerebral cortex of monkeys to
drive the movement of robotic arms.

Such ‘brain–computer interfacing’3 has
clear-cut clinical aims. The ambitious goal is
to provide amputees and patients suffering
from a variety of severe motor disorders —
such as paralysis and amyotropic lateral scle-
rosis — with the means to act and communi-
cate by replacing the control of muscles with
the control of artificial devices by brain
activity.

The idea of using signals from the cere-
bral cortex to drive artificial limbs was pio-
neered 30 years ago4,when these signals were

used to predict the movement of the wrist in
real time. But only since the motor cortex
region of the brain has been studied in detail5

have researchers begun to explore the possi-
bility of reproducing the full complexity of
arm movements6. To do so one requires the
ability to extract — in real time — the infor-
mation concerning arm movements that is
hidden within the activities of large groups
of neurons7.

Researchers are gradually developing the
hardware and software needed to connect
brains to robotic limbs. The hardware
includes ‘conic electrodes’8, an innovative
development based on the idea of inducing
nerve growth within small, hollow elec-
trodes containing nerve growth factor. This
technique establishes stable, long-lasting
electrical contacts between brain cells and
electrodes.

Wessberg et al.2, meanwhile, have been
working on the software. They provide a
simple solution to the problem of extracting
‘movement information’from neural signals
detected by microelectrodes implanted in
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barrier to such transfer: the systems for trans-
lating RNA into protein use the same genetic
code in both mitochondria and the cytosol.
Even so,we could hardly have imagined the rel-
ative ease with which angiosperms seem to be
able to shuttle mitochondrial genes into the
nucleus and activate them there. Unravelling
the genetic and biochemical workings of this
highly efficient rapid-transit system will
undoubtedly provide further surprises down
the road. n
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Neural engineering

Real brains for real robots
Sandro Mussa-Ivaldi

Neural signals from the brains of monkeys have been used to drive the
movement of robotic arms. The ultimate objective of such work is to
design controllable prosthetic limbs.

100 YEARS AGO
A simple method of recording the speed of
motor cars and other vehicles has been
devised by M. L. Gaumont, and accounts of
the device appear in Cosmos and La Nature
of November 3. The instrument consists
simply of a camera with a double shutter, by
which two exposures are made of the same
plate, separated by a known interval of time.
On developing the photograph, two images
are obtained of the moving object, and, by
measuring the distance between them, the
dimensions of the car being supposed
known and also measured on the plate, it is
easy to calculate the speed of the car at the
instant when the photograph was taken. The
object is to assist the authorities in
regulating the speed of these vehicles and
checking furious driving.
From Nature 15 November 1900.

50 YEARS AGO
In 1925, Prof. Dart announced the discovery
of a new type of higher primate that seemed
to be somewhat intermediate between ape
and man. This was the skull of the Taungs
child which he called Australopithecus
africanus. For some years there was
considerable dispute between those of us
who regarded the little skull as that of a
being closely allied to the ancestor of man,
and those who considered it only a variety of
ape, allied to the chimpanzee, which by
parallelism had come to resemble man in
many characters. Since 1936 we have made
a large number of new discoveries, and this
group of higher primates is now known by
many skulls and skeletal remains of adults
of a considerable variety of forms which we
think should be placed in different genera
and species. In the past two years we have
discovered a number of nearly complete
skulls which give us a new picture of the
origin of man. When the only known skulls of
our so-called ‘ape-men’ had brains of
between 450 and 650 c.c., those who said
they were only apes and had no close
relationship to man seemed to have some
case. But now that we have skulls with
brains of 750, 800 and possibly 1,000 c.c, we
seem to be dealing with beings that have
some claim to be human…Possibly we are
correct in assuming that there lived in South
Africa a million or perhaps two million years
ago a family of higher primates, not closely
related to the living anthropoids, but perhaps
evolved from a very early anthropoid or even
a pre-anthropoid by a different line...
From Nature 18 November 1950.
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different regions of the cerebral cortex of liv-
ing owl monkeys (Fig. 1). The neural signals
determine the next position to be assumed
by an artificial arm. At each instant, a com-
puter program developed by Wessberg et al.,
running in real time, determines the next
position of the artificial hand on the basis of
the neural signals collected during the past
second. As this process is continuously
repeated, the program generates a sequence
of hand positions to create an entire trajecto-
ry of hand movement.

In this computer program, the relation-
ship between neural firing and hand position
is of the simplest linear kind. The activity
of each neuron — measured in impulses
per second — is multiplied by a numerical
coefficient, and the outcome is added to
the outcomes from other neurons. The
authors determined the coefficients at the
beginning of the experiment by matching
neural activities with the movements of each
monkey’s own hand. Wessberg et al. tried
several computational schemes of varying
complexity, using a repertoire of models.
Remarkably, the simplest linear approach
turned out to perform as well as the more
complex methods.

In this way, the authors solve the problem
of generating natural movements of a robotic
arm in just one direction (left or right) or in
three dimensions. They also find that the

coefficients derived from the analysis of nat-
ural hand movements towards targets on the
right side of the monkey can be used to guide
the robot arm in different movements
towards targets on the left side. This ‘general-
ization’is an important property of Wessberg
et al.’s method.It will be important to explore
further the ability of this approach to gener-
ate movements of the robot arm over a wide
region of space, but this work represents a
first, innovative step.

However, the creation of interfaces
between neural tissue and machines has
implications beyond the development of
controllable prosthetics.It will also help us to
understand how the brain works.

For example, the use of ‘neurorobotic’
systems may prove invaluable in working
out which regions in the cerebral cortex con-
trol which features of limb movements.
Wessberg et al. placed signal-recording
microelectrodes in five different areas in the
cerebral cortex, including the left primary
motor cortex, the posterior parietal cortex,
and the premotor cortex of both left and
right hemispheres.The dorsal premotor cor-
tex is believed to plan the general spatial and
temporal features of movements. The left
motor cortex presides over the generation of
movement commands for the right arm.
And the posterior parietal cortex is thought
to integrate visual, sensory and motor infor-

mation to determine the location of a move-
ment target (such as a piece of food), and
how to reach it. When the authors analysed
the efficiency of their program in extracting
arm-movement information from these dif-
ferent areas, they found — somewhat unex-
pectedly — that the best place to put the elec-
trodes was in the left dorsal premotor cortex.
It seems that we still have much to learn
about the functions of the cerebral cortex.

In addition,earlier work9,10 showed that it
is possible to train cortical neurons in mon-
keys and in rats to control simple devices.
Neural populations that would normally
activate the muscles of a limb learn to acti-
vate an external motor. Remarkably, after
learning was completed, these neurons
stopped producing the natural movement of
the limb — disproving the view that there is a
fixed, unchangeable pattern of connections
between cortical neurons and muscles.

As we study the brain using the metaphor
of computers — and computers using
the metaphor of the brain — we face the
question of whether and how biological
neurons can be ‘programmed’ to carry out
specific computations such as those needed
to control a robotic arm.Achieving this goal,
which would give us direct access to the
unsurpassed computational power of
the brain, would represent a huge step for-
wards. The use of artificial devices to test the
learning ability of networks of real neurons
may also help us to understand the mecha-
nisms inherent to any form of biological
learning, such as long-lasting increases and
decreases in signal transmission across neu-
ronal synapses. Harnessing these mecha-
nisms is perhaps the greatest challenge in
building prosthetic devices controlled by
brain activity. n
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Daedalus

David Jones
David Jones, author of the Daedalus
column, is indisposed.
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Figure 1 Controlling robotic arms with real neurons. Using live owl monkeys, Wessberg et al.2 placed
several microwire electrodes in different areas of the cerebral cortex that are involved in controlling
natural arm movements (a). PMd, dorsal premotor cortex; M1, primary motor cortex; PP, posterior
parietal cortex. b, From the signals detected by each electrode, a computer program extracted the
activities of individual nerve cells. c, The activity of each cell at each instant of time was multiplied by
numerical coefficients (a1, a2, and so on). d, The results of this operation for all the neurons were
added together to determine the position of the robot hand (e). To derive the hand position at a given
instant of time, the program combined the neural data collected during the preceding period of
about one second. The movements of the robot arm reproduce the natural arm movements made by
the monkey during the experiment.
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