REVIEW

S. Rose — Cell adhesion, glucocorticoids and memory

Acknowledgements
Experiments
described here were
carried out under
grants from the ESF
programme on the
neural mechanisms
of learning and
memory and the
Medical Research
Council. I am
grateful to Elisabeth
Bock, Radmila
Mileusnic, Ciaran
Regan, Carmen
Sandi, Susan Sara
and Melitta
Schachner for
discussions and
collaborative
experiments.

Apostolos P.
Georgopoulos is at
the Brain Sciences

Center, Veterans
Affairs Medical
Center (11B), One
Veterans Drive,
Minneapolis,

MN 55417, and
the Depts of
Physiology and
Neurology,
University of
Minnesota Medical
School,
Minneapolis,

MN, USA.

506

2 Stewart, M.G. (1991) in Behavioural and Neural Plasticity: The Use
of the Domestic Chick as a Model (Andrew, R.J., ed.), pp. 305-328,
Oxford University Press

3 Edelman, G.M. (1985) Annu. Rev. Biochem. 54, 135-169

4 Doherty, P. et al. (1995) J. Neurobiol. 26, 437-446

5 Wong, E.V. et al. (1995) Trends Neurosci. 18, 168-172

6 Matthau, G. (1994) Biochimie 76, 304-311

7 Routtenberg, A. et al. (1974) Behav. Biol. 12, 461-475

8 Bogoch, S. (1968) The Biochemistry of Memory, Oxford
University Press

9 Popov, N. et al. (1981) Neuroscience 5, 161-167

10 Mayford, M. et al. (1992) Science 256, 638-644

11 Shashoua, V.E. (1985) Cell. Mol. Neurobiol. 5, 183-207

12 Schmidt, R. (1995) Behav. Brain Res. 66, 65-72

13 Canonico, P.L. et al., eds (1994) Protein Kinase C in the CNS.
Focus on Neuronal Plasticity, Masson

14 Rose, S.P.R. (1991) Trends Neurosci. 14, 390-397

15 Sukumar, R. et al. (1980) J. Neurochem. 34, 1000-1006

16 Bullock, S. et al. (1992) J. Neurochem. 58, 2145-2154

17 Jork, R. et al. (1986) in Learning and Memory: Mechanisms
of Information Storage in the Nervous System (Matthies, H-]., ed.),
pp. 223-228, Pergamon

18 Rose, S.P.R. and Jork, R. (1987) Behav. Neural Biol. 48, 246-258

19 Ng, K.T. and Gibbs, M.E. (1991) in Behavioural and Neural
Plasticity: The Use of the Domestic Chick as a Model (Andrew, RJ.,
ed.), pp. 351-369, Oxford University Press

20 Rosenzweig, M.R. et al. (1991) in Behavioural and Neural
Plasticity: The Use of the Domestic Chick as a Model (Andrew, R.].,
ed.), pp. 394-418, Oxford University Press

21 DeZazzo, J. and Tully, T. (1995) Trends Neurosci. 18, 212-218

22 Scholey, A.B. et al. (1993) Neuroscience 55, 499-509

23 Scholey, A.B. et al. (1995) Learn. Mem. 2, 17-25

24 Pohle, WM. et al. (1979) Acta Biol. Med. Germ. 38, 53-63

25 Sandi, C. et al. Neuroscience (in press)

26 Crowe, EF. et al. (1994) Behav. Neural Biol. 61, 206-213

27 Freeman, FM. et al. (1995) Neurobiol. Learn. Mem. 63,
291-295

28 Sandi, C. and Rose, S.P.R. (1994) Brain Res. 647, 106-112

29 Mileusnic, R. et al. (1995) J. Neurochem. 64, 2598-2606

30 Doyle, E. et al. (1992) J. Neurochem. 59, 1570-1573

31 Doyle, E. et al. (1992) J. Neurosci. Res. 31, 513-523

32 Alexinsky, T. et al. (1995) Proc. Int. Behav. Neurosci. Soc. 4, 53

33 Ronn, L.C.B. et al. (1995) Brain Res. 677, 145-151

34 Cremer, H. et al. (1994) Nature 367, 455-459

35 Linneman, D. and Skarsfelt, T. (1994) Neurobiol. Aging 15,
651-655

36 Doyle, E. et al. (1990) Neurosci. Lett. 115, 97-102

37 Fazelli, D.S. et al. (1994) Neurosci. Lett, 169, 77-80

38 Luthi, A. et al. (1994) Nature 372, 777-779

39 von Bohlen und Halbach, F. et al. (1992) Eur. J. Neurosci. 4,
896-909

40 Appel, F. et al. (1993) J. Neurosci. 13, 4764-4775

41 Cahill, L. et al. (1994) Nature 371, 702-704

42 McGaugh, J.L. (1989) Annu. Rev. Neurosci. 12, 255-287

43 Sandi, C. and Rose, S.P.R. (1994) Eur. J. Neurosci. 6, 1292-1297

44 Mondadori, C. et al. (1994) Proc. Natl Acad. Sci. USA 91,
2041-2045

45 Mondadori, C. (1993) Behav. Brain Res. 59, 1-9

46 Gouliaev, A.H. and Senning, A. (1994) Brain Res. Rev. 19,
180-222

Current issues in directional motor control

Apostolos P. Georgopoulos

Many studies during the past 15 years have shown that the direction of motor output (movement

or isometric force) is an important factor for neuronal activity in the motor cortex, both at the

level of single cells and at the level of neuronal populations. Recent studies have investigated sev-
eral new aspects of this problem including the effect of posture, the relations to time-varying
movement parameters (for example, position, velocity and acceleration) and the cortical repre-
sentation of memorized simple movements and complex-movement trajectories. Furthermore,

the neural correlates of directional operations, such as mental rotation and memory-scanning of

visuomotor directions, have also been investigated. In addition, neural networks have been used

to model dynamic, time-varying, spatial motor trajectories.

Trends Neurosci. (1995) 18, 506-510

ESEARCH INTO THE ROLE of brain structures in

the control of motor output in behaving animals
was focused initially (from around 1965 to 1980) on
the control of the magnitude of force, usually within
the framework of a single joint or a precision grip (for
review, see Ref. 1). There were two notable exceptions
during that period. First, one study documented the
sequential (that is, proximal-to-distal) activation of
arm-related motor-cortical cells during reaching
towards and manipulating an object?, and this was
amplified in a later study®. Second, Mountcastle and
colleagues* suggested that reaching movements could
be coded in the patterns of cell activity in the CNS and
proposed a major role for the posterior parietal cortex
in ‘command functions for operations within extra-
personal space’. However, an investigation of motor-
cortical activity in relation to joint motion and
muscle activity during reaching did not yield clear cut
results®.
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A reaching movement is a vector in space that can
be described fully by its direction and amplitude.
Studies on the neural coding of these parameters were
initiated in the early 1980s (for review, see Ref. 6). In
1982, the first systematic study of the relationship of
the activity of motor-cortical cells to the direction of
reaching was published’, and this was complemented
11 years later by a comprehensive investigation of
the relationship of cell activity to the amplitude of
movement®®,

Directional tuning of motor cortical cells

The activity of single cells is tuned directionally; cell
activity is highest for a given direction (‘preferred
direction’) of movement (for review, see Ref. 10) or
isometric force'"'?, and decreases gradually as the
direction becomes farther away from the preferred one.
Typically, the frequency of cell discharge is a linear func-
tion of the direction cosines of the movement vector

© 1995, Elsevier Science Ltd
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(relative to its origin), or, equivalently, of the cosine of
the angle formed between the direction of a particular
movement and the preferred direction of the cell.
These relationships have been documented for planar
pointing movements”', free pointing movements in
three-dimensional (3D) space'*'®, continuous planar
movements'® and isometric force pulses''. Changes in
cell activity relate to the direction but not to the end-
point of the movement'. Directional tuning is
observed for cells with different types of resting firing
patterns, including cells with low-rate, regular-spike
trains, cells with bursting patterns and cells with high
frequency of discharge'®. Preferred directions differ for
different cells and are uniformly distributed in 3D
space'*'®. They are represented many times on the cor-
tical surface and tend to cluster in columns'®. The pre-
ferred direction is very similar for movements of dif-
ferent amplitudes®, although it can change when the
origin of the movement" or the posture of the arm®
change. Finally, cells with similar preferred directions
tend to have excitatory synaptic interactions, whereas
cells with opposite preferred directions tend to have
inhibitory interactions™.

Relationship between cell activity and movement parameters

An analysis of the timecourse of cell activity” was
used to assess the relationship of ongoing single-cell
activity to evolving movement parameters, including
position, velocity and acceleration, and to the direc-
tion of the target®. It was found that cell activity was
related to all of these parameters, but that target direc-
tion and movement velocity were the most important
determinants of cell activity. The importance of the
signal provided by ongoing movement velocity was
also indicated by neural studies of continuous move-
ments'®. It is reasonable to suppose that these effects
reflect motor-control signals as well as the effects of
peripheral inputs. A contribution of feedback is sup-
ported by the known inputs to the motor cortex from
the somatic periphery (for review, see Ref. 23). A feed-
forward signal could relate to the length- tension state
of the muscles®, in which case this signal could be
tailored to the current states of the muscles to be
controlled.

This combination of afferent and efferent signals
could be quite complex, given the appreciable diver-
gence of corticospinal axons at the spinal level, the
wide distribution of motor-cortical output signals to
various cortical and subcortical structures, and the
convergence of peripheral inputs to cortical areas (for
example, areas 2 and 5) that provide major inputs to
the motor cortex. If one adds the known inputs from
subcortical structures (basal ganglia and cerebellum)
and considers the large divergence® and conver-
gence® of the thalamic projections to the motor cor-
tex, then a picture emerges in which the motor cortex
occupies a nodal point at the cross-section of many
interacting circuits. The pattern of convergence of
local and distant projections determines the complex-
ity of the structure. This complexity is reflected in the
fact that several other factors have been shown to be
important for the activity of motor cortical cells,
including the direction of an upcoming movement?,
the direction of a visual target?®, joint stabilization?,
instructed delay*®, memorized delay*!, memorized
complex-movement trajectory®?, and specific task con-
ditions (for example, see Ref. 33). With respect to
movement co-ordination, motor-cortical activity

seems to be involved in muscle selection and co-ordi-
nation during accurate, visually guided locomotor
movements (for review, see Ref. 34), rather than dur-
ing just an increase in muscle activity®.
Control of visually guided reaching movements

Visually guided reaching movements and visually
guided locomotor movements share several common
features®. For example, they involve drastic changes
in arm posture and musculoskeletal conditions during
their execution and are usually aimed accurately at
targets in space. Moreover, they are under continuous
visual control and can change direction very quickly
when their target changes®’. In addition, their trajec-
tory can be influenced by subtle factors (for example,
repetition of the same movement® and cognitive
loads*). Therefore, it comes as no surprise that reach-
ing movements are associated with a high activation
of the motor cortex. However, it is remarkable that
discharge of motor-cortical cells varies in such an
orderly fashion with the direction of movement in
space (or the direction of multidimensional isometric
force). This suggests that direction comprises a multi-
tude of factors and that motor-cortical cells, in turn,
provide a simplified representation of a number of
visuomotor variables through an orderly relation to a
single variable, namely direction. This might enable
other structures involved in motor control to address
motor cortex through that representation, thus
simplifying the overall problem of control.

This idea is analogous to the different levels of con-
trol of computer hardware through the use of com-
puter languages of varying complexity. For example,
actual instructions at the lowest level can be given in
assembly (machine) language, but higher-order com-
puter languages enable the execution of a number of
such instructions through a single statement.
Continuing the analogy, if the peripheral hardware
changes, then a particular higher-order language
might no longer be appropriate, or might need to be
modified to accommodate the new situation.
Similarly, if conditions within the motor system
undergo drastic changes (for example, microgravity or
strange posture), a period of motor learning might be
necessary to re-code for the new conditions so that
efficient motor control can be restored.

This example illustrates how a ‘higher-order’ motor-
cortical ‘language’ might operate with respect to a
‘lower-order’ musculoskeletal system. In fact, the
results of a recent study showed that the ability of a
monkey to make wrist movements in a direction
(higher-order ‘directional language’) that requires the
coactivation of different muscles (lower-order ‘muscle
machine language’) is permanently lost after a lesion
of the contralateral-arm area of the motor cortex®.
This result demonstrates the critical role of the motor
cortex in directional motor control; it selects and co-
ordinates muscle activity*"** rather than controlling
single muscles alone. A scheme for the translation of
directional motor-cortical commands to multi-muscle
activation has been described elsewhere*>*.

Directional coding by neuronal populations

An unambiguous signal from a population of neur-
ons that are tuned broadly can be defined by the ‘popu-
lation-vector’ hypothesis**. The population vector is a
vectorial summation of a population of cell vectors
pointing in their preferred direction with a strength
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proportional to the change in their firing rate, for a
particular movement. This weighted vector sum has
been found to point in the direction of move-
ment™*¥, and in subsets of cells recorded in the
upper or lower cortical layers®. It has been shown that
the population vector will point in the direction of
movement if the following conditions apply: (1) the
directional tuning is symmetric; (2) the preferred
directions are uniformly distributed; and (3) there is
no statistically significant association between the
amplitude of tuning and the preferred direction*.
Although the second condition is quite robust, and a
variety of distributions will enable correct prediction
by the population vector, it does not apply when there
is a bimodal distribution of the preferred directions*.
Advantages of the population-vector analysis

Three aspects of the population-vector analysis are
remarkable. First, the ongoing calculation of the popu-
lation vector is a simple procedure since it (1) assumes
the directional selectivity of single cells, which is
apparent, (2) involves weighting of vectorial contribu-
tions by single cells on the basis of the change in cell
activity, which is reasonable, and (3) relies on the vec-
torial summation of these contributions, which is
practically the simplest procedure to obtain a unique
outcome. Second, the population vector is a robust
measure, for it can still convey a good directional sig-
nal with only 100 cells*, or much fewer***°, Third, the
population vector is a directional measure, isomorphic
to the direction of movement in space. Indeed, the
population analysis transforms aggregates of purely
temporal spike trains into a directional signal.
Furthermore, the population-vector analysis is quite
general, and can be applied to other problems beyond
the motor system. Indeed, it was applied recently with
success to the coding of faces in the inferotemporal
cortex*.
Effect of posture

The effect of posture on the population vector is
still under investigation. It has been observed previ-
ously that the population vector is a good and un-
biased predictor of movement direction even for
movements of different origin in space*-*?, that is, for
movements associated with different arm postures. In
all of these cases, monkeys moved their arm freely in
3D space and in a natural, unconstrained posture.

Further evidence for this robustness has been pro-
vided by a recent preliminary study in which a mon-
key was forced to abduct its arm by 80° in order to
move a handle in eight directions on a plane (from
the center to eight targets on a circle); control move-
ments were also made with the natural posture of the
arm®. The population vector was calculated from the
average cell activity during the reaction and move-
ment time and plotted together with plots of the
movement trajectories for both control and abducted
postures (see Fig. 2 of Ref. 20). To compare the direc-
tions of the population vectors obtained for different
movement directions in the two postures, we
measured the directions (polar angles) of the 16 popu-
lation vectors directly from this figure. These direc-
tions are plotted against each other in Fig. 1, which
demonstrates that the two sets of population-vector
directions are highly correlated. Moreover, the slope
does not differ significantly from unity (Student’s ¢
test, P > 0.2). Hence, the directions of the population
vectors are very similar and do not differ significantly
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as a group between the two postures. This conclusion
was confirmed by the results of a paired Student’s t
test, which showed that the directions of the popu-
lation vectors did not differ significantly between the
two groups (t = -0.15, P = 0.88).

Finally, a qualitative observation added further
weight to the hypothesis that the population vector
predicts the direction of the movement. The obser-
vation pertains to the systematic change observed in
the direction of two movement trajectories under the
abducted posture. In the lower panel of Fig. 2 of Ref.
20, the trajectories in the upper-right and upper-left
directions are both observed to shift in the abducted
posture towards 12 o’clock; remarkably, the directions
of the two corresponding population vectors also
shifted towards the 12 o’clock direction.

These simple quantitative and qualitative analyses
show that the population vector remains a robust pre-
dictor of the direction of movement even under con-
ditions in which ‘the intrinsic kinematics and kinetics
of the movement were dramatically different’?.

Monitoring directional information in time

The population vector can be caiculated at short
time intervals (for example, 10 or 20ms) as a time-
varying signal'®. In this mode, it has served as a useful
monitor of the directional tendency of the neuronal
ensemble under various experimental conditions.
There have been two main fields of application of this
analysis.

The first series of applications deals with the rep-
resentation of trajectories of ongoing, continuous
tracing movements***: the time-varying population
vectors are strung tip-to-tail and provide a ‘neural’ tra-
jectory*. It was determined that this neural represen-
tation of the trajectory is very similar to the trajectory
of movement, and that it conforms to the ‘2/3 power
law’®, which describes the relationship between speed
and curvature in continuous, curved movements®.

The second series of applications deals with the pro-
cessing of directional information during operations
that unfold for a period of time in the absence of an
immediate motor output. The time-varying popu-
lation vector has been observed to point in the direc-
tion of the upcoming movement during the reaction
time'*, during an instructed delay period® and dur-
ing a memorized delay period®'. In all of these periods,
the changes in neural activity precede the execution
of the movement, and, therefore, the population vec-
tor provides a temporally predictive directional signal.

In other tasks, the population vector identified the
nature of dynamic processes that operate on central
representations of direction, namely mental rota-
tion**® and context-recall memory-scanning®. The
first case involved a directional transformation by
requiring the generation of a movement in a direction
orthogonal and counterclockwise from a stimulus
direction: the population vector rotated counterclock-
wise during the reaction time, from an initial direc-
tion close to the direction of the stimulus to the direc-
tion of the movement®’®, The second case involved
the selection of a movement direction out of a set, on
the basis of the serial position of a stimulus on a list:
after three stimuli were presented successively at dif-
ferent positions on a circle, one of them (not the last)
changed color (test stimulus); this required the monkey
to move in the direction of the stimulus that followed
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the test one in the sequence. It was observed that the
population vector changed direction very abruptly
(within 40-60 ms) from the direction of the stimulus
anticipated to the direction of the ensuing movement®.
Thus, two very different processes were visualized, one
of which involved a continuous transformation of
direction whereas the other involved a discrete selection
of a direction from a set. This hypothesis was supported
further by the observation that cells with preferred
directions that are intermediate between the direction
of the stimulus and that of the response were activated
in the mental rotation®-* but not in the context-recall®
task.

360°-

300 -

240 o

180

Abducted posture

Memorized trajectories of complex movements 120
The studies summarized above dealt with motor-

cortical activity during tasks requiring a directional 60

transformation®”*® or selection®, or during memoriz-

ation of simple pointing movements®. A different

question concerns the neural mechanisms subserving 0 ] . , . ] : _ : ] :

memorized trajectories of complex movements. This 0 60 120 180 240 300 3600

problem was investigated in a recent study in which

two monkeys were trained to perform from memory

an arm movement with an orthogonal bend, up and

to the left, following a waiting period®. They held a

2D manipulandum over a spot of light at the center of

a planar working surface. When this light went off,

Control posture

Fig. 1. The directions of population vectors obtained for control and abducted arm postures.
Data were measured from the graph of Fig. 2 A and B of Ref. 20, and are polar angles with 0°
pointing towards 3 o'clock and the angle increasing counterclockwise (n = 8 movement directions).
The linear correlation coefficient in the data plotted is r = 0.995 (P < 0.00005); the circular

the animals were required to hold the manipulandum
there for 600-700 ms and then move the handle up
and to the left to receive a liquid reward. There were
no external signals concerning the go time or the
trajectory of the memorized movement.

Following 20 trials of the memorized movement
trajectory, 40 trials of visually triggered movements in
radially arranged directions were performed. The
activity of 137 single cells in the motor cortex was
recorded extracellularly during performance of the
task. A high percentage (62.8%) of cells changed activ-
ity during the waiting period. Other cells did not
change activity until after the 600 ms minimum wait-
ing time was ovet, and, occasionally, cell activity
changed almost exactly at 600ms after the center
light was turned off. However, the most interesting
observation was that a few cells changed activity
exclusively during the execution of the memorized
movement; these cells were completely inactive dur-
ing performance of similar movements in the visually
guided control task. These findings suggest that per-
formance of a movement trajectory from memory
might involve a specific set of cells, in addition to the
cells activated during both visually guided and mem-
orized movements.

Neural-network modeling of dynamic directional
operations

The time-varying directional operations sum-
marized above have been modeled recently using a
massively interconnected artificial neural network
that consists of neurons that are tuned directionally
and produces the neuronal population vector as the
final outcome'***¢!, This network has reproduced many
of the experimental findings accurately, and has led to
a novel hypothesis on how memorized trajectories of
complex movements could be stored in the synaptic
connections of overlapping neural networks®.

It is proposed that there is a general-purpose net-
work that is involved in all kinds of movements, both

correlation coefficient* is p, = 0.979 (P < 0.00005; bootstrap sample size = 1 million).

memorized and not memorized; it does not carry any
information about memorized trajectories of specific
shapes (for example, circles, ellipses and scribbles)
and, if activated alone, it would produce straight-line
trajectories. It is now hypothesized that there are also
networks highly specific for a particular trajectory (for
example, clockwise circle) that are interconnected
with the general-purpose network: when a specific
trajectory needs to be performed, the appropriate
specific network fuses with the general-purpose net-
work and, as one network, produces the desired
trajectory. The specific network need only be less than
5% of the size of the general-purpose network for the
desired trajectory to be stored and reproduced effec-
tively®2. This is in accord with the low proportions of
very specific cells that have been observed in neuro-
physiological recordings during performance of
memorized trajectories®, as discussed above.

The idea of the existence of very specialized net-
works raises the question of the degree of specializ-
ation and of how such networks are created in the first
place. We can only speculate on these issues. It is
reasonable to assume that the general-purpose net-
work is present at birth, since it is assumed to subserve
all movements. There are several possibilities concern-
ing the specialized networks.

First, a number of small-size networks that are
specific for basic shapes (for example, straight lines,
curves and some combinations thereof (‘motor shape
primitives’)] might be present at birth; motor learning
for complex motor acts would then consist of adjust-
ing the strengths of connections between the general-
purpose and specific networks. This idea implies that all
of the specialized primitives are used routinely, although
not as frequently as the general-purpose network.

A second possibility is that innate specific networks
code for more complicated shapes and are large in
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number. The mechanism of motor learning would
then be similar to that described above, but only a
small number of the specialized networks would be
used. This means that a number of the complex, spe-
cialized networks might never be used. This situation
would be analogous to that encountered in the
immune system in which there is potential for making
a large number of antibodies, but only certain anti-
bodies are made, depending on the exposure of the
organism to specific antigens. In both cases there is
a selection: selection of a specialized trajectory or
selection of an antibody, both from a large ensemble
available.

Finally, an intermediate hypothesis suggests that we
start with networks for motor shape primitives, but
that the more complex trajectories resulting from the
combination of these primitives with the general-pur-
pose network become themselves very specialized and
behave as such in the formation of other trajectories
in novel associations.

Note added in proof

In a recent study®, the population vector was cal-
culated every 10ms in the premotor cortex during a
task in which a movement was made either in the
direction of an attended stimulus (‘compatible condi-
tion’) or in a constant direction irrespective of the
direction of the attended stimulus (‘incompatible con-
dition’). In the compatible condition, the population
vector pointed in the direction of the attended stimu-
lus, which was the same as the direction of the move-
ment. However, in the incompatible condition, the
population vector rotated from an initial direction
neat the stimulus to the direction of the movement.
This rotation and the initial offset in the direction of
the population vector were remarkably similar to
those observed in the mental rotation task described
above®. Moreover, the rotation of the population vec-
tor was observed for the various stimulus-response
angles used, including +45, +90, £135 and 180°.

Selected references
1 Evarts, E.V. (1981) in Handbook of Physiology (Sect. 1, Vol. 2)
(Brooks, V.B., ed.), pp. 1083-1112, American Physiological
Society
2 Porter, R. and Lewis, M.M. (1975) Brain Res. 98, 21-36
3 Murphy, J.T., Wong, Y.C. and Kwan, H.C.
J. Neurophysiol. 53, 435-445
4 Mountcastle, V.B. et al. (1975) ]. Neurophysiol. 38, 871-908
5 Murphy, J.T. et al. (1982) Brain Res. 246, 141-145
6 Georgopoulos, A.P. (1990) in Attention and Performance XIII
(Jeannerod, M., ed.), pp. 227-263, Lawrence Erlbaum
7 Georgopoulos, A.P. et al. (1982) J. Neurosci. 2, 1527-1537
8 Fu, Q-G., Suarez, ]J.I. and Ebner, T.J. (1993) J. Neurophysiol. 70,
2097-2116
9 Fu, Q-G. et al. (1995) ]. Neurophysiol. 73, 836-854
10 Georgopoulos, A.P., Taira, M. and Lukashin, A. (1993) Science
260, 47-52
11 Georgopoulos, A.P. et al. (1992) Science 256, 1692-1695
12 Wise, S.P. (1993) Trends Neurosci. 16, 46-49
13 Kalaska, ]J.F. et al. (1989) J. Neurosci. 9, 2080-2102
14 Schwartz, A.B., Kettner, R.E. and Georgopoulos, A.P. (1988)
J. Neurosci. 8, 2913-2927
15 Caminiti, R., Johnson, P.B. and Urbano, A. (1990) J. Neurosci.
10, 2039-2058
16 Schwartz, A.B. (1992) J. Neurophysiol. 68, 528-541
17 Georgopoulos, A.P., Kalaska, J.F. and Caminiti, R. (1985) Exp.
Brain Res. Suppl. 10, 176-183
18 Taira, M. and Georgopoulos, A.P. (1993) Neurosci. Res. 17,
39-45
19 Georgopoulos, A.P. et al. (1984) in Dynamic Aspects of
Neocortical Function (Edelman, G.M., Gall, W.E. and Cowan,
W.M,, eds), pp. 501-524, John Wiley & Sons
20 Scott, S.H. and Kalaska, J.F. (1995) /. Neurophysiol. 73,
2563-2567

(1985)

TINS Vol. 18, No. 11, 1995

21 Humphrey, D.R., Schmidt, E.M. and Thompson, W.D. (1970)
Science 170, 758

22 Ashe, J. and Georgopoulos, A.P. (1994) Cereb. Cortex 6,
590-600

23 Porter, R. and Lemon, R. (1993) Corticospinal Function and
Voluntary Movement, Clarendon Press

24 Fromm, C. (1983) Pfliigers Arch. 398, 318-323

25 Shinoda, Y. and Kakei, S. (1989) Neurosci. Lett. 96, 163-167

26 Darian-Smith, C., Darian-Smith, I. and Cheema, S.S. (1990)
J. Comp. Neurol. 299, 17-46

27 Thach, W.T. (1978) J. Neurophysiol. 41, 654-676

28 Alexander, G.E. and Crutcher, M.D. (1990) . Neurophysiol. 64,
164-177

29 Humphrey, D.R. and Reed, D.J. (1983) Adv. Neurol. 39,
347-372

30 Georgopoulos, A.P., Crutcher, M.D. and Schwartz, A.B.
(1989) Exp. Brain Res. 75, 183-194

31 Smymmis, N. et al. (1992) Exp. Brain Res. 92, 139-151

32 Ashe, ]. et al. (1993) Exp. Brain Res. 95, 118-130

33 Muir, R.B. and Lemon, R.N. (1983) Brain Res. 261, 312-316

34 Drew, T. (1991) Curr. Opin. Neurobiol. 1, 652-657

35 Armstrong, D.M. and Drew, T. (1984) J. Physiol. 346, 471-495

36 Georgopoulos, A.P. and Grillner, S. (1989) Science 245,
1209-1210

37 Georgopoulos, A.P. et al. (1983) Exp. Brain Res. 49, 327-340

38 Georgopoulos, A.P., Kalaska, J.F. and Massey, J.T. (1981)
J. Neurophysiol. 46, 725-743

39 Frens, M.A. and Erkelens, C.J. (1991) Exp. Brain Res. 85,
682-690

40 Hoffman, D.S. and Strick, P.L. (1995) J. Neurophysiol. 73,
891-895

41 Schmidt, E.M., Jost, R.G. and Davis, K.K. (1975) Brain Res. 83,
213-223

42 Georgopoulos, A.P. (1988) FASEB J. 2, 2849-2857

43 Georgopoulos, A.P. (1994) Neuron 13, 257-268

44 Georgopoulos, A.P. et al. (1983) Exp. Brain Res. Suppl. 7,
327-336

45 Georgopoulos, A.P., Schwartz, A.B. and Kettner, R.E. (1986)
Science 233, 1416-1419

46 Georgopoulos, A.P., Kettner, R.E. and Schwartz, A.B. (1988)
J. Neurosci. 8, 2928-2937

47 Caminiti, R. et al. (1991) /. Neurosci. 11, 1182-1197

48 Mussa-Ivaldi, F.A. (1988) Neurosci. Lett. 91, 106-111

49 Salinas, E. and Abbott, L.F. (1994) J. Comp. Neurosci. 1, 89-107

50 Levi, R. and Cambhi, ].M. (1994) Soc. Neurosci. Abstr. 20, 1025

51 Young, M.P. and Yamane, S. (1992) Science 256, 1327-1331 .

52 Kettner, R.E., Schwartz, A.B. and Georgopoulos, A.P. (1988)
J. Neurosci. 8, 2938-2947

53 Fisher, N.I. and Lee, AJ. (1983) Biometrika 70, 327-332

54 Schwartz, A.B. (1993) J. Neurophysiol. 70, 28-36

55 Schwartz, A.B. (1994) Science 265, 540-542

56 Viviani, P. and Terzuolo, C.A. (1982) Neuroscience 7, 431-437

57 Georgopoulos, A.P. et al. (1989) Science 243, 234-236

88 Lurito, J.L., Georgakopoulos, T. and Georgopoulos, A.P.
(1991) Exp. Brain Res. 87, 562-580

59 Pellizzer, G., Sargent, P. and Georgopoulos, A.P. (1995)
Science 269, 702-705

60 Lukashin, A.V. and Georgopoulos, A.P. (1994) Neural Comput.
6, 19-28

61 Lukashin, A.V. and Georgopoulos, A.P. (1994) Biol. Cybern. 71,
79-85

62 Lukashin, A.V., Wilcox, G.L. and Georgopoulos, A.P. (1994)
Proc. Natl Acad. Sci. USA 91, 8651-8654

Reference added in proof

63 Wise, S.P., Di Pellegrino, G. and Boussaoud, D. Can, J. Physiol.
(in press)

Book Reviews

Publishers
Trends in Neurosciences welcomes books for review.
Please send books or book details to:
Editor, Trends in Neurosciences, 68 Hills Road,
Cambridge, UK CB2 ILA.

Reviewers
If you are interested in reviewing books for Trends in
Neurosciences, please contact the Editor,
Dr Gavin Swanson, with your suggestions.
Tel: +44 1223 315961; Fax: +44 1223 464430.




