
Direct Cortical Representation of Drawing To examine how the shape of drawing is 
re~resented in the motor cortex. two mon- 
keys were trained to make smooth, graceful 

Andrew B. Schwartz movements on a touch-sensitive screen. 
Single cells were recorded (n = 349) from 

How the intention to act results in movement is a fundamental question of brain organi- the proximal arm area of the motor cortex. 
zation. Recent work has shown that this operation involves the cooperative interaction of After each cell potential was isolated, the 
large neuronal populations. A population vector method, by transforming neuronal activity animal performed the "center->out" task 
to the spatial domain, was used to visualize the motor cortical representation of the hand's from a center position to one of eight 
trajectory made by rhesus monkeys as they drew spirals. Hand path was accurately targets spaced equally around a circle (6-cm 
reflected by a series of population vectors calculated throughout the task. A psychophysical radius) so that the cell's preferred direction 
rule relating speed to curvature, the "power law," was found in this cortical representation. could be calculated (7). Spirals (7.5-cm 
The relative timing between each population vector and the corresponding portion of the outside radius, 1.5-cm inside radius, three 
movement was variable. The population vectors only preceded the movement in a pre- cycles) were then drawn (8). 
dictive manner in portions of the spiral where the radius of curvature was greater than 6 Neuronal population vectors calculated 
centimeters. These results show that the movement trajectory is an important determinant from single-unit activity (9) recorded dur- 
of motor cortical activity and that this aspect of motor cortical activity may contribute only ing the spiral task are hypothesized to 
to discrete portions of the drawing movement. represent the hand's trajectory. Spike data 

recorded for each cell were divided into 
100 bins over the duration of the task. For 
each bin starting from movement onset, a 

Detecting a coherent signal that might its path. This relationship has been termed population vector summed across all cells 
represent the control of behavioral output the "% power law" and its more precise was generated. Finger trajectory data re- 
from a system as complex as the central relation is corded as each neuron was studied were 
nervous system (CNS) is a difficult task. 

A(t) = kC(t)'I3 normalized into 100 values corresponding 
Cells in many different brain structures to the spike bins and averaged across cells. 
change their firing rates in relation to some where A(t) is angular velocity and curvature is Population and tangential velocity vectors 
aspect of movement. Motor cortex cells C(t) (5, 6). This law and others defined are compared in Fig. 1A. The time series 
change their rate of discharge in a way that through psychophysics describe rules that are start on the left and the origins are aligned 
is dependent on the direction of movement thought to be "invariant," with the implica- vertically. Although local shifting along 
(1 ) .  Although each cell fires maximally for tion that these features are important to the the time axis would increase their corre- 
movements made in a single "preferred motor system. The presence of these laws in spondence, the lengths and directions of 
direction," the relation between discharge the activity of different CNS structures can be the population and movement vectors are 
and direction is coarse because a given cell's indicative of the route used to assemble the nearly identical. This finding supports pre- 
dynamic range encompasses all movement motor control signal. vious sinusoid drawing results (4) and 
directions. The population vector algo- 
rithm, by combining the activity of many 
cells, ~ields a vector sum of preferred direc- Fig. 1. The time series of population A 
tions weighted by each cell's discharge rate vectors closely reflects the path of Outside-> ~n 
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(2). This vector points in the direction of the finger. Tangential velocity vet- 
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the physical movement, has a length that 'OrS (MOv) for each bin are 'Om- 

corresponds to the movement speed, and pared to the inside->Out 
lation vectors (Pop) in (A). The ori- pop -,,,--\I///-,-\\I/H- may also represent aspects of the intention gins of the vectors are evenly -\\\ I / / / L \  Mov A,,, ,,-,y\\\\,N 

to move (3, 4). spaced along the abscissa. The 
The experiments in this report were comparison on the top is for the B " s f ,  Outside- In 

designed to investigate how movement gen- spiral that was drawn from outside- 
eration operates within a behavioral task. >in, whereas that shown in the bot- Population 
Drawing tasks were used because the trajec- tom was for the spiral drawn from 
tory of the hand is constrained behaviorally inside->out. The vector directions $ 0.25 0.50.75 1.0 

throughout the task. Motor cortical cell best if there was .- 
a 

activity was recorded and a series of popu- a Shift along the abscissa for local 
regions of the display. (B) Scatter lation vectors calculated at equal time in- plot of angular velocity versus cur- ~overnent 

tervals as the figure was drawn. This set of vature2,3, Angular velocity, the rate 
vectors is hypothesized to be a central of change in direction of each vet- 

= i / , ,  ],<, 
curvaturem (cm-') 

representation of the figure to be drawn and tor (radiansis), and curvature (cm), C 
should have the same spatial and temporal the change in direction divided by Outside ->In Inside->Out 
characteristics as the trajectory of the hand. arc length, were calculated for 
Psychophysical studies have shown that the each bin. The scale is the same for 
rate at which a figure is drawn depends on each Plot. The first 10 and the last 
its shape, so that the hand slows in portions points were Omitted in this anal- Population 

of the figure with higher curvature. Gener- ySiS to avoid 
effects when starting and stopping 

ally, as the arm moves through space, its the task, (C) The population and 
speed is inversely related to the curvature of movement were treat- 

Movement 
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shows that a time series of population 
vectors can represent the tangential veloc- 
ity or trajectory of the movement. 

To test the power law, curvature to the 
% power was plotted as a function of 
angular velocity (Fig. 1B) (1 0). The rela- 
tion was linear (r > 0.91) for both the 
population and the movement vectors. 
This shows that the kinematic-figural rela- - 
tion dictated by the power law in humans is 
also present in monkeys and that it is 
represented in motor cortical activity. 

To better visualize this trajectory represen- 
tation, the paths represented by these vectors 
were constructed. The movement and the 
population vectors were connected tip-to-tail, 

Flg. 2. Comparison of direction be- 
tween population and movement 
vectors. (A) The population vector 
directions are represented with the 
dashed line and the solid line rep- 
resents the movement vector di- 
rections. The bin width was deter- 
mined by taking the average dura- 
tion of the task and dividing by the 
number of bins (99). The average 
duration of the outside->in spiral 
was 2485 ms and for the inside- 
>out task it was 2564 ms. The time 
between corresponding directions 
of the population and movement 
vectors was calculated for each 
time bin. This is the difference 
along the abscissa between the 
dashed and solid lines. This time 
difference, A t ,  tended to increase 
for the outside->in spiral and de- 
crease for the opposite spiral. (8) 
When At is compared to curva- 
ture, a steep increase in At is 
evident when curvature was about 
0.16 cm-I. 

resulting in the paths shown in Fig. 1C. 
Comparison to the actual path again confirms 
the usefulness of the population vector algo- 
rithm in generating an isomorphic represen- 
tation of the trajectory. 

These data can also be used to better 
understand how the information represented 
at the motor cortex may be incorporated into 
the movement. Magnitudes and directions of 
both the movement and population vectors 
changed continuously during the drawing of 
each spiral. The directions of the population 
vectors are very similar to those of the velocity 
vectors (Fig. 2A). However, there is a small 
but consistent difference between the move- 
ment and population vectors. At the begin- 
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tion in time and space. 
The red path is formed 
from the population 
vectors, the blue from 
the movement vectors. 
Time is represented 
vertically and the other 
two dimensions are the 
horizontal and vertical 
directions of the draw- 
ing surface. The time 
axis of the spiral on the 
left is scaled in even 
increments. The time 
increments of the right spiral are adjusted by A t .  This results in a closer alignment of the red and 
blue paths, especially in the middle of the spiral where the curvature is highest. This spiral was 
drawn from the outside->in. 

ning of the outside->in spiral, the directions 
of the population and movement vectors are 
almost identical. As more of the spiral was 
drawn, the time difference (distance between 
traces along the abscissa) became greater. The 
reverse effect is observed for the spiral drawn 
from inside->out. 

This time difference, At, between corre- 
sponding vectors was calculated by finding 
the time value of the movement direction 
that corresponded to each population vec- 
tor direction. A distinctive pattern be- 
comes evident when curvature is plotted as 
a function of At directly (Fig. 2B). For both 
spirals, At begins to increase steeply at 
about the same value of curvature (0.16) 
'that is equivalent to a 6-cm radius. Below 
this value, the time difference is small or 
even negative. The finding that the popu- 
lation vector direction occurs simultaneous- 
lv with or after movement in that direction 
suggests that motor cortical activity does 
not contribute to direction specification in 
the straighter portions of the movement. 
The population vectors only predict move- 
ment direction for curves with radii of less 
than 6 cm. When the curvature is in this 
range, the population vector direction pre- 
cedes that of the movement by 100 to 120 
ms. When the curvature of the drawing 
exceeds a threshold value, the motor corti- 
cal representation leads the movement by a 
large interval and may be causal in this 
portion of the movement. 

This temporal shift affects the spatial rep- 
resentation of the motor cortical prediction. 
Each vector's magnitude can be thought of as 
speed (4) and therefore as a combination of 
space and time (Fig. 3). The helix on the left 
is a comparison of the neuronal representation 
(red) to the actual (blue) outside->in spiral. 
At the bottom of the figure, the spiral is of low 
curvature and the two paths are very similar. 
At the top, however, this time difference 
leads to a distinct d&rence between the 
actual and neural trajectories. When At is 
added to each bin along the time axis, the 
match is better in the region of higher curva- 
ture, as represented in the helix on the right. 

The neuronal population vectors calcu- 
lated during this task obeyed the power 
law derived from psychophysical experi- 
ments. Processing responsible for this re- 
lation occurs before this information 
leaves the motor cortex and suggests that 
the motor cortex or structures that provide 
afferents to it (or both) generate this 
kinematic relation. In contrast, the direc- 
tions encoded by the motor cortex only 
contribute to the drawing movement 
when the path to be generated surpasses a 
minimum curvature. This likely means 
that the movement information generated 
by other brain structures follows a route 
that bypasses the motor cortex for 
straighter portions of the movement. 
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These findings provide evidence that ce- 
rebral processing operates dynamically in a 
distributed manner as in other vertebrate 
and invertebrate motor systems (I I ) .  

The finding that neurons coarsely encode 
a given parameter also supports a distributed 
organization. Individual neurons cannot accu- 
rately encode individual parameters, and this 
condition has generated population theories 
in which many neurons participate simultane- 
ously. The resolution of the population code 
is better than a comparable code composed of 
individual neurons with narrow, discrete tun- 
ing. Coarse coding also makes it possible for a 
cell to encode more than one parameter si- 
multaneously. Thus, a given neuron can par- 
ticipate in multiple populations representing 
different parameters. 
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Endothelial NOS and the Blockade of LTP by 
NOS Inhibitors in Mice Lacking Neuronal NOS 
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Long-term potentiation (LTP) is a persistent increase in synaptic strength implicated in 
certain forms of learning and memory. In the CAI region of the hippocampus, LTP is 
thought to involve the release of one or more retrograde messengers from the postsyn- 
aptic cell that act on the presynaptic terminal to enhance transmitter release. One 
candidate retrograde messenger is the membrane-permeant gas nitric oxide (NO), 
which in the brain is released after activation of the neuronal-specific NO synthase 
isoform (nNOS). To assess the importance of NO in hippocampal synaptic plasticity, LTP 
was examined in mice where the gene encoding nNOS was disrupted by gene targeting. 
In nNOS- mice, LTP induced by weak intensity tetanic stimulation was normal except 
for a slight reduction in comparison to that in wild-type mice and was blocked by NOS 
inhibitors, just as it was in wild-type mice. lmmunocytochemical studies indicate that in 
the nNOS- mice as in wild-type mice, the endothelial form of NOS (eNOS) is expressed 
in CAI neurons. These findings suggest that eNOS, rather than nNOS, generates NO 
within the postsynaptic cell during LTP. 

Although the induction of LTP in the thought to also contribute to the enhance- 
CAI region of the hippocampus occurs ment of synaptic strength (I) .  Thus, LTP at 
postsynaptically, presynaptic changes are these synapses requires the release of a 

retrograde messenger that acts on the pre- 
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