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Voluntary	vs.	Involuntary?
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Voluntary	vs.	Involuntary?

Skeletal	muscle

Intentional	movement

Different	from	the	reflex



Movement?

“….	The	physiology	of	movements	is	basically	a	study	of	the	purposive	activity	
of	the	nervous	sytem	as	a	whole.”

-Gelfand et	al.,	1966



Movement?

Basic	for	the	animal	life.



Motor	
cortices



Brain



Brain



Brain



Old	concept	for	cortex

Cortex	only	has	higher cognitive	function.



Break	the	old	concept

John	Hughlings Jackson,	FRS	(4	April	1835	– 7	
October	1911)	was	an	English	neurologist.	He	
is	best	known	for	his	research	on	epilepsy.



Jacksonian	march	(seizure)



Jacksonian	march	(seizure)



Jacksonian	march	(seizure)



Jacksonian	march	(seizure)

Different	brain	regions	control	the	movements	of	different	body	parts.

Central	sulcus

Together	with	Broca and	Wernicke’	studies,	this	study	makes	a	base	of	modern	neuroscience.



Pioneers	in	motor	cortex	study

Eduard	Hitzig (6	February	
1838	– 20	August	1907)	
was	a	German	neurologist	
and	neuropsychiatrist born	
in	Berlin.

Gustav	Theodor	Fritsch	
(5	March	1838	– 12	
June	1927)	was	a	
German	anatomist,	
anthropologist,	
traveller and	
physiologist	from	
Cottbus.

Sir	David	Ferrier	FRS	
(13	January	1843	– 19	
March	1928)	was	a	
pioneering	Scottish	
neurologist	and	
psychologist.



Pioneers	in	motor	cortex	study

A dog cortical map obtained by Ferrier 
using the electrical stimulation of the brain

Stimulate	right	cortex

Left	side	movement



Topographic	map	of	motor	output

Wilder	Graves	Penfield
OM CC CMG FRS (January	26,	1891 – April	5,	
1976)	was	a	pioneering	neurosurgeon once	
dubbed	"the	greatest	living Canadian". He	
expanded brain	surgery's	methods	and	
techniques,	including	mapping	the	functions	of	
various	regions	of	the	brain	such	as	the cortical	
homunculus.





Motor	cortex	– Topographic	map



Motor	Homunculus



But	this	is	too	simplified	model…

Find	the	difference!



Proximal Distal

Some	overlap…
Not	clearly	segregated…



Colors represent orientation of the neurons

Compare	with	visual	cortex
- Ocular	dominance	column

vs.



Think	how	to	move!



Serial	process	for	voluntary	
motor	control

1. Perceptual	mechanisms	generate	a	unified	sensory	
representation	of	the	external	world	and	the	
individual	within	it.

2. Cognitive processes	use	this	internal	replica	of	the	
world	to	decide	on	a	course	of	action.

3. The	selected	motor	plan is	relayed	to	action	systems	
for	implementation.





Motor	cortex

Cortex

Cortical	layer

…

…



Basic	cortical	layer
Basic	cortical	layersFront.	Neuroanat.,	15	August	2014	|	
http://dx.doi.org/10.3389/fnana.2014.00081



Cortical	layer
-Nissl staining



Cortical	layer



Cytoarchitecture
Brodmann areas



Agranular region	in	cortex

Korbinian Brodmann



Internal	granule	cell	layer	in	layer	IV	?

http://www.nature.com/nrn/journal/v16/n7/fig_tab/nrn3950_F1.html



Front. Neuroanat., 14 January 2015 | 
http://dx.doi.org/10.3389/fnana.2014.00165

Agranular area	in	cortex



Front. Neuroanat., 14 January 2015 | 
http://dx.doi.org/10.3389/fnana.2014.00165

Agranular area	in	cortex

We	call	this	area	as	“premotor	cortex”
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Alfred	Walter	Campbell (18	January	1868	– 4	
November	1937)	was	regarded	as	Australia's	
first neurologist.



SMA	stimulation	effect

Brain	stimulation	switch	=>	see	his	left	shoulder	movement!

Less	clear	topographical	map
Often	induce	movement	in	
both	sides

Which	region	did	I	stimulate?



Connections	– motor	plan

The posterior	parietal	cortex (the	
portion	of parietal	neocortex posterior	
to	the primary	somatosensory	cortex)	
plays	an	important	role	in	planned	
movements,	spatial	reasoning,	
and attention.



Internal	capsule

Pyramidal	track

1.	Corticospinal track
2.	Corticobulbar	(medulla)	track



Motor	cortex	to	effectors

The	system	is	called	"extrapyramidal"	
to	distinguish	it	from	the	tracts	of	the	
motor	cortex	that	reach	their	targets	
by	traveling	through	the	"pyramids"	
of	the medulla.









Some	portion	of	fibers	directly	project	to	the	spinal	cord.



Corticomotorneurons



Corticomotorneurons

Prosimian <	monkey	<	ape	<	human
Hand,	finger,	wrist-related



Diverge



Damage	in	Motor	cortex?



Pyramidal	track damage



Single-unit	recording

Edward Vaughan Evarts (1926–1985) 
was an American neuroscientist. He 
pioneered single-unit recordings from the 
brains of awake, behaving monkeys.



Correlation	study	- neuronal	activity	&	behavior



But	motor	cortex	does	not…



Principles	of	motor	cortex	and	movement



Single	unit	recording	from	primary	motor	cortex

http://brain.umn.edu/pdfs/AG009.pdf



Single	unit	recording	from	primary	motor	cortex

1. Not	like	machine;	it	responded	to	several	movements
2. But	the	neuron	has	some	preferential	directions



Single	unit	recording	from	primary	motor	cortex

1. Not	like	machine;	it	responded	to	several	movements
2. But	the	neuron	has	some	preferential	directions

Tuning	curve



trials. Figures 5–7 show that all areas are sensitive to the type of
motor act. This effect, however, is not simply additive: whereas
the red curves (Figs. 5, 6) and the white bars (Fig. 7), depicting
adapted motor act test trials, reveal clear directional selectivity in all
areas, the blue curves (Figs. 5, 6) and the black bars (Fig. 7), showing
non-adapted motor act test trials, show a much weaker (if any) mod-
ulation by test direction. This interaction between the effect of test

direction and the type of motor act differs between areas: in left M1
and the right cerebellum, the blue curve is essentially flat, indicating
that there is no sensitivity to test direction for the non-adapted type
of motor act. In contrast, right PMd and PRR show a substantial
modulation by movement direction also for the non-adapted type of
motor act, suggesting that these areas contain neurons that are sen-
sitive to both types of motor acts.

Table 2. Results of ANOVAs on z-transformed ! values

Adaptation direction Type of motor act Test direction Quadratic trend

Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2

ROIs F(1,12) p F p F(1,12) p F p F(6,72) p F p F(1,12) p F p

M1 LH 0.712 0.415 33.687 !0.0001 15.431 !0.0001 56.360 !0.0001
M1 RH 10.327 0.007 126.069 !0.0001 6.819 !0.0001 13.786 0.003
cer LH 15.216 0.002 108.976 !0.0001 8.079 !0.0001 28.885 !0.0001
cer RH 1.373 0.264 50.921 !0.0001 12.540 !0.0001 25.997 !0.0001
aIPS LH 0.868 0.370 0.653 0.435 53.213 !0.0001 126.884 !0.0001 8.896 !0.0001 9.698 !0.0001 17.915 0.001 15.136 0.002
aIPS RH 1.956 0.187 2.611 0.132 29.005 !0.0001 61.611 !0.0001 20.474 !0.0001 19.511 !0.0001 46.118 !0.0001 35.859 !0.0001
mIPS LH 0.004 0.950 45.887 !0.0001 16.596 !0.0001 51.293 !0.0001
mIPS RH 2.546 0.137 35.419 !0.0001 19.451 !0.0001 29.118 !0.0001
PMd LH 0.372 0.553 2.126 0.170 10.535 0.007 47.372 !0.0001 22.907 !0.0001 21.069 !0.0001 46.757 !0.0001 69.324 !0.0001
PMd RH 0.652 0.435 5.914 0.032 15.178 0.002 30.761 !0.0001 26.986 !0.0001 21.664 !0.0001 26.570 !0.0001 47.209 !0.0001
PRR LH 0.001 0.977 14.128 0.003 28.701 !0.0001 57.590 !0.0001
PRR RH 0.802 0.388 1.001 0.337 7.697 0.017 9.085 0.011 28.299 !0.0001 20.942 !0.0001 34.849 !0.0001 99.048 !0.0001

Adaptationdirection"
typeofmotoract

Adaptationdirection"
testdirection

Typeofmotoract"
testdirection

Adaptationdirection"typeof
motoract"testdirection

Experiment1 Experiment2 Experiment1 Experiment2 Experiment1 Experiment2 Experiment1 Experiment2

F(1,12) p F p F(6,72) p F p F(6,72) p F p F(6,72) p F p

M1 LH 1.694 0.218 2.465 0.073 4.536 0.001 0.794 0.578
M1 RH 0.074 0.790 1.189 0.322 1.790 0.113 0.619 0.715
cer LH 0.187 0.673 4.595 0.001 1.602 0.159 2.059 0.069
cer RH 17.016 0.001 0.941 0.471 3.291 0.006 0.605 0.725
aIPS LH 3.058 0.106 1.823 0.202 0.544 0.773 0.901 0.499 3.207 0.008 8.003 !0.0001 0.555 0.765 1.210 0.311
aIPS RH 0.379 0.550 2.406 0.147 0.648 0.691 1.680 0.138 4.208 0.001 5.921 !0.0001 1.420 0.219 1.043 0.405
mIPS LH 1.697 0.217 0.247 0.959 7.728 !0.0001 1.531 0.180
mIPS RH 3.512 0.085 0.374 0.893 3.075 0.010 0.722 0.633
PMd LH 3.633 0.081 1.071 0.321 0.506 0.802 1.481 0.197 6.620 !0.0001 4.984 !0.0001 1.251 0.291 1.416 0.220
PMd RH 4.158 0.064 0.949 0.349 0.815 0.562 0.882 0.513 4.306 0.001 4.191 0.001 0.739 0.620 0.970 0.452
PRR LH 3.606 0.082 0.493 0.812 8.601 !0.0001 0.875 0.518
PRR RH 1.305 0.276 0.322 0.581 1.706 0.132 4.314 0.491 4.551 0.001 4.314 0.001 0.507 0.801 1.973 0.081

Critical p values were corrected with respect to the number of ROIs ( pcorrected experiment 1: 0.05/10 # 0.005; pcorrected experiment 2: 0.05/7 # 0.007). Same labels as in Table 1.

Figure 6. Gaussian function fitted to ! weights extracted from ROIs in experiment 1. A Gaussian function has been fitted to the data shown in Figure 5 after collapsing over the two adaptation
directions, transforming the resulting values (1 $ x) and shifting the baseline to zero. Labels are the same as in Table 1.
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and the right parietal reach region (PRR), for both movements of
the right and left hand. Activity in these areas was clearly modu-
lated by the type of motor act, with the strongest modulation in
M1 and the weakest effect in the PRR. These results provide an
important extension of our knowledge on how the brain repre-
sents movement direction and furthermore suggest that the PRR
might be well suited for BCI application.

Materials and Methods
Participants
Fourteen volunteers (eight males) took part in experiment 1 (mean age,
28.07; range, 22–34 years). Eight of these participants also took part in
experiment 2. All participants, except one, were right-handed. Thirteen
right-handed volunteers (six male) took part in experiment 2 (mean age,
29.23; range, 22–35 years). Vision was normal or corrected-to-normal
using MR-compatible glasses. All participants except two (including one
of the authors, A.L.) were naive to the purpose of the study.

All of the participants were neurologically intact and gave written
informed consent for their participation. The experimental procedures
were approved by the ethical committee for research involving human
subjects at the University of Trento.

Experiment 1: right-hand movements
The aim of experiment 1 was to determine which areas of the human
brain are tuned to right-hand movement direction and to which degree
directional selectivity in these areas is affected by the type of motor act (to
press vs to grasp).

Experiment 2: left-hand movements
In experiment 1, using right-hand movements, we observed the strongest
directional selectivity in the right hemisphere. This led to the question of
whether the highest directional selectivity is right lateralized or whether it is
specific to the hemisphere ipsilateral to the hand used in the movement. We
therefore performed experiment 2 using the same procedure as in experi-
ment 1 but instructing participants to use the left instead of the right hand.

Procedure and visual stimulation
During each trial, we showed participants an arrow at the center of the
screen for 2 s, followed by an intertrial interval of 1 s (Fig. 2a). Arrows
instructed the participant about the direction of two center-out hand
motor acts (to press vs to grasp). The orientation of the arrow indicated
the direction of the movement participants had to execute using their
right (experiment 1) or left (experiment 2) hand on the device attached to
their chest (Fig. 2b), whereas the color indicated the type of motor act

(red, to press; blue, to grasp).
Within the same scanning run, the same

movement direction was repeated in sequences
of one to eight adaptation trials. After each se-
quence of adaptation trials, a test trial was pre-
sented. During test trials, we parametrically
varied the angular difference between adapta-
tion and test directions, as indicated by the di-
rection of the arrow: 0° (“same”), !45°
(“small”), !90° (“medium”), and !135°
(“large”) (Fig. 2c). In separate scanning runs,
we used two different adaptation directions
(45° or 225°) (illustrated by the straight and
broken arrows in Fig. 2c).

The device consisted of half-spheres of poly-
styrene on a black plastic surface (20 " 20 cm).
They were placed at eight equidistant positions
on an invisible circle (8 cm radius) as well as at
the center of the circle.

During adaptation trials, participants were
adapted to the motor act “to press.” On half of
all test trials, participants were asked to per-
form the motor act “to press” (adapted motor
act test trials) (Fig. 3a), whereas on the other
half of all test trials, they were asked to execute
the motor act “to grasp” (non-adapted motor
act test trials) (Fig. 3b). The two motor acts

only differed in the final part of the movement. In both cases, participants
reached from the starting position at the center of the device to the target
position as indicated by the arrow on the screen. For the motor act “to
press,” they were asked to touch the center of the target with their index
finger as if they were pressing a button. For the motor act “to grasp,” they
were asked to grasp the target with a whole-hand grasp. At the end of each
trial, they released the target and returned to the central starting position.

To ensure that the pattern of adaptation was specific to the movement
direction and not attributable to the repetition of low-level perceptual
features, we varied the visual appearance of the arrow that indicated the
movement direction and the type of motor act on each trial. Arrow width
and length was varied randomly from 0.41° to 1.22° in steps of 0.41°. The
x- and y- center coordinates of the arrow were jittered in a range of
!0.07° in steps of 0.035°.

Stimuli were backprojected onto a screen by a liquid crystal projector
at a frame rate of 60 Hz and a screen resolution of 1280 " 1024 pixels
(mean luminance, 109 cd/m 2). Participants viewed the stimuli binocu-
larly through a mirror above the head coil. The screen was visible as a
rectangular aperture of 17.5 " 14.3°.

Visual stimulation was programmed with in-house software (ASF,
available from jens.schwarzbach@unitn.it), based on the MATLAB
Psychtoolbox-3 for Windows (Brainard, 1997).

Instructions and training
Training was performed outside the scanner. Participants sat in front of
the computer that showed the visual instruction, with the device posi-
tioned on their chest similar to the setup inside the scanner. The experi-

Figure 1. Prediction. a, A voxel containing directionally tuned neurons. b, Neuronal popu-
lations that contain directionally tuned neurons are assumed to show a recovery from adapta-
tion that is proportional to the angular difference between adaptation and test direction.

Figure 2. Setup. a, Example sequence of two trials (direction of the arrow, 45°). b, Participants laid in the scanner with the index
finger on the center of a device attached to their chest and executed a reaching movement on the device in the direction indicated
by the arrow on the screen. The straight arrow illustrates the direction of the movement to be performed on the device (in this
example, 45°; arrow on the device not shown during the experiment). In experiment 1, participants used their right hand, and in
experiment 2, participants used their left hand. c, On the schematic device, the full set of test directions is shown for adaptation
direction 45°, indicated by the straight arrow. On each target half-sphere, the angular difference between adaptation and test
direction and the corresponding label are indicated. The broken arrow indicates adaptation direction 225°, used in separate blocks.
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the RFX GLM contrast between adaptation versus baseline, and
(2) areas that were sensitive to a change in movement direction or
the type of motor act (“change areas”), as revealed by the contrast
between test trials that differed from adaptation trials and test
trials that were identical to adaptation trials.

Figure 4 shows that motor areas (yellow) consist of the left
primary motor area and the right cerebellum (not shown in Fig.
4). Note that there appear to be two additional yellow areas in the
vicinity of PMd and medial intraparietal sulcus (mIPS), but these
are actually part of one larger region, including M1. Change areas
(green) include the medial aspect of the left and right posterior
parietal cortex [parietal reach region (Connolly et al., 2003)],
mIPS and anterior intraparietal sulcus (aIPS), and dorsal premo-
tor cortex.

An overview of the Talairach coordinates of these areas can be
found in Table 1.

The modulation of the BOLD response by the angular difference
between adaptation and test direction
Next we investigated how the BOLD signal is modulated by the
angular difference between adaptation and test direction. Specif-
ically, we asked whether the BOLD response follows the pattern
depicted in Figure 1b: if the examined region contains popula-
tions of neurons that are tuned to hand movement direction, we
expected to see the lowest BOLD signal for test directions that are
identical with the adaptation direction and an increasing BOLD
signal with increasing angles between adaptation and test direc-

tion. To this end, we extracted ! estimates for z-transformed
voxel time courses from the regions of interest shown in Figure 4.

Figure 5 shows the ! estimates as a function of the angular
difference between adaptation and test direction, separately for
the two adaptation directions (45° and 225°, indicated by down-
ward and upward triangles, respectively) and for adapted (red)
and non-adapted (blue) motor act test trials. As can be seen, the
BOLD response in the left primary motor cortex for adapted
motor act test trials (red) follows the pattern expected for areas
that contain directionally tuned neuronal populations: the red
curve is lowest for the test direction that is identical with the
adaptation direction and increases with the angular difference
between adaptation and test direction, to both the left and right of
the adaptation direction.

Visual inspection of the data in the remaining areas suggests that
the BOLD response is modulated by the angular difference between
adaptation and test direction also in the remaining regions of inter-
est, indicating directional tuning beyond primary motor cortex.

Our observations are supported by the corresponding sta-
tistics. Across regions, the BOLD response was affected by the
angular difference between adaptation and test direction
(F(6,72) ! 27.086, p " 0.0001). However, the strength of direc-
tional selectivity differed between regions, as indicated by the
interaction between test direction and ROI (F(54,648) ! 5.299, p "
0.0001). This observation is further explored below (see Varia-
tion of the strength of directional tuning across areas).

The BOLD amplitude did not differ between the two adapta-
tion directions, as indicated by the absence of a main effect of
adaptation direction (F(1,12) ! 0.606, p ! 0.452). We therefore
collapsed data across the two adaptation directions in the follow-
ing analyses. It should be noted, however, that there was an in-
teraction between the type of motor act and adaptation direction
(F(1,12) ! 4.790, p ! 0.049), indicating that the BOLD signal for
the two types of motor acts was different for the two adaptation
directions. The three-way interaction between adaptation direc-
tion, test direction, and ROI (F(54,648) ! 2.056, p " 0.0001) sug-
gests that the two adaptation directions were differently
modulated by test direction across regions.

Separate ANOVAs computed for each ROI revealed that the
effect of test direction as well as the quadratic trend was signifi-
cant in each single ROI (for details, see Table 2).

Variation of the strength of directional tuning across areas
Figure 5 suggests that the increase of the BOLD signal as a func-
tion of the angular difference between adaptation and test direc-
tion becomes steeper from left M1, and right cerebellum, through
bilateral aIPS and mIPS, to bilateral PMd, and bilateral PRR. In
line with this view, our previous analyses revealed a significant
interaction between the effect of test direction and ROI.

To further explore this effect, we transformed the ! weights
extracted from each ROI by subtracting each ! weight from 1.
The purpose of this transformation was to use a visualization that is
similar to the tuning functions known in monkey physiology.
Furthermore, we shifted the baseline of the resulting curves to
zero, separately for the two adaptation directions and the type
of motor acts. Next, we fitted a Gaussian function of the form

f#x$ " Ae%
# x % #$2

2$2 to the resulting values (Fig. 6), where x is the
angular difference between adaptation and test direction, A is the
amplitude, # is the mean, and $ is the half-width of the estimated
tuning curve. Because individual data in some of the regions were
too noisy for Gaussian fitting, we collapsed data across partici-
pants for this analysis, so this analysis serves mainly a visualiza-
tion function.

Figure 4. Statistical map of experiment 1. Motor areas and change areas are shown in yellow
and green, respectively (for details, see Results). Functional data (Bonferroni’s corrected, p "
0.05) are superimposed on the segmented and inflated left and right hemispheres of one of the
participants. Motor areas include left M1 and right cerebellum (not shown in the figure). Change areas
include left and right PRR, left and right aIPS, left and right mIPS, and left and right PMd. White dotted
lines mark the central sulcus (CS) and the intraparietal sulcus (IPS). corr., Corrected.
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Tuning Curves for Movement Direction in the Human
Visuomotor System

Sara Fabbri,1 Alfonso Caramazza,1,2 and Angelika Lingnau1

1Center for Mind/Brain Sciences, University of Trento, 38100 Mattarello, Italy, and 2Department of Psychology, Harvard University, Cambridge,
Massachusetts 02138

Neurons in macaque primary motor cortex (M1) are broadly tuned to arm movement direction. Recent evidence suggests that human M1
contains directionally tuned neurons, but it is unclear which other areas are part of the network coding movement direction and what
characterizes the responses of neuronal populations in those areas. Such information would be highly relevant for the implementation of
brain– computer interfaces (BCIs) in paralyzed patients. We used functional magnetic resonance imaging adaptation to identify which
areas of the human brain show directional selectivity and the degree to which these areas are affected by the type of motor act (to press vs
to grasp). After adapting participants to one particular hand movement direction, we measured the release from adaptation during
occasional test trials, parametrically varying the angular difference between adaptation and test direction. We identified multiple areas
broadly tuned to movement direction, including M1, dorsal premotor cortex, intraparietal sulcus, and the parietal reach region. Within
these areas, we observed a gradient of directional selectivity, with highest directional selectivity in the right parietal reach region, for both
right- and left-hand movements. Moreover, directional selectivity was modulated by the type of motor act to varying degrees, with the
largest effect in M1 and the smallest modulation in the parietal reach region. These data provide an important extension of our knowledge
about directional tuning in the human brain. Furthermore, our results suggest that the parietal reach region might be an ideal candidate
for the implementation of BCI in paralyzed patients.

Introduction
Cells in monkey primary motor cortex (M1) are broadly tuned to
movement direction (Georgopoulos et al., 1982). Arm posture
(Scott and Kalaska, 1997), wrist rotation (Kakei et al., 1999), and
changes in the starting location (Caminiti et al., 1990) modulate
directional selectivity in M1, suggesting that this area contains
neuronal populations that represent movement direction at the
level of parameters such as muscle forces and joint angles
(Todorov, 2003).

Because of the lack of invasive electrophysiological data, little
is known about directional tuning in humans. Using electrodes
implanted in human tetraplegic patients, it has been demon-
strated that activity of cells in M1 permits classification of the
direction of an intended center-out movement with high accu-
racy (Hochberg et al., 2006; Truccolo et al., 2008). These studies
indicate that human M1 contains neurons that are sensitive to
movement direction (for similar results using multivariate pat-
tern analysis, see Eisenberg et al., 2010) and thus suggest that M1
might be a good candidate region for brain– computer interfaces

(BCIs). Although the studies by Hochberg et al. (2006) and Truc-
colo et al. (2008) demonstrate that spiking activity in M1 can
persist even several years after spinal cord injury, there is evidence
that motor cortex and descending motor tracts in patients suffer-
ing from complete spinal cord injury undergo degradation
(Hains et al., 2003; Wrigley et al., 2009). Therefore, characterizing
directional tuning in additional areas that are more closely linked
to the visual system might reveal information that is relevant for
the development of BCIs (Andersen and Buneo, 2002).

Here we used functional magnetic resonance imaging (fMRI)
adaptation (Grill-Spector and Malach, 2001; Krekelberg et al.,
2006) to determine which areas of the human brain are broadly
tuned to hand movement direction. Participants were adapted to
a reaching movement in one specific direction. During occa-
sional test trials, we measured the amplitude of the blood oxygen
level-dependent (BOLD) effect as a function of the angular dif-
ference between adaptation and test direction (for a similar ap-
proach in the number domain, see Piazza et al., 2004). We
hypothesized that areas containing directionally tuned neuronal
populations (Fig. 1a) show a recovery from adaptation that is
proportional to the angular difference between adaptation and
test direction (Fig. 1b).

Because reaching is typically performed in combination with a
grasping movement, we furthermore aimed to explore how di-
rectional tuning is modulated by the type of grasp. To this aim, we
manipulated the type of motor act (to press vs to grasp) orthog-
onally to movement direction.

We observed a gradient of directional selectivity, with highest
directional selectivity in the right dorsal premotor cortex (PMd)
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Question	?

Tuning	curve…
How	to	decide	the	direction?

Georgopoulos et	al.



Then	how	to	encode	the	
direction?

Georgopoulos et	al.



It’s	possible	to	predict	the	movement	direction!

Georgopoulos et	al.





Motor Cortical Activity During Drawing Movements:
Population Representation During Spiral Tracing

DANIEL W. MORAN AND ANDREW B. SCHWARTZ
The Neurosciences Institute, San Diego, California 92121

Moran, Daniel W. and Andrew B. Schwartz.Motor cortical activity
during drawing movements: population representation during spiral
tracing. J. Neurophysiol. 82: 2693–2704, 1999. Monkeys traced spi-
rals on a planar surface as unitary activity was recorded from either
premotor or primary motor cortex. Using the population vector algo-
rithm, the hand’s trajectory could be accurately visualized with the
cortical activity throughout the task. The time interval between this
prediction and the corresponding movement varied linearly with the
instantaneous radius of curvature; the prediction interval was longer
when the path of the finger was more curved (smaller radius). The
intervals in the premotor cortex fell into two groups, whereas those in
the primary motor cortex formed a single group. This suggests that the
change in prediction interval is a property of a single population in
primary motor cortex, with the possibility that this outcome is due to
the different properties generated by the simultaneous action of sep-
arate subpopulations in premotor cortex. Electromyographic (EMG)
activity and joint kinematics were also measured in this task. These
parameters varied harmonically throughout the task with many of the
same characteristics as those of single cortical cells. Neither the lags
between joint-angular velocities and hand velocity nor the lags be-
tween EMG and hand velocity could explain the changes in prediction
interval between cortical activity and hand velocity. The simple spa-
tial and temporal relationship between cortical activity and finger
trajectory suggests that the figural aspects of this task are major
components of cortical activity.

I N T R O D U C T I O N

Recently, studies of multijoint arm movement have shown
that a set of spike trains recorded from motor cortex can be
used to predict the direction and speed of movement (Moran
and Schwartz 1999; Schwartz 1992). In fact, the arm’s trajec-
tory is well represented in this activity when considered as a
population during reaching (Georgopoulos et al. 1988; Moran
and Schwartz 1999) and drawing (Schwartz 1993; Schwartz
and Moran 1999), suggesting that this technique can provide a
detailed prediction of the behavior to take place in the imme-
diate future. Drawing is characterized by a linkage between the
kinematics of the movement and the shape of the figure to be
drawn. In general, as the curvature of a figure increases, the
speed of the hand decreases. Specifically, angular velocity is
proportional to curvature raised to the 2⁄3 power; a relation
known as the “2⁄3 power law” (Lacquaniti et al. 1983), or,
alternatively, that speed is proportional to curvature to the 21⁄3
power. We examined spiral drawing because the radius of
curvature (r) changes linearly with the extent or arc length of
the figure. With the aim of elucidating the predictive behavior

of the cortical-movement system, we used this linear relation to
examine the timing of the directional signal as it changed
within the task. To measure the temporal characteristics of this
process we calculated a “prediction interval” (PI) as the time
interval between the cortical representation of a direction and
the occurrence of that direction in the movement. This interval
increased throughout the spiral as it was drawn from
outside3in and decreased when drawn inside3out. Curvature
(1/r) increases or decreases depending on the direction of
drawing and the PI changed consistently when plotted against
curvature for spirals drawn in either direction, suggesting that
curvature is the primary determinant of the prediction interval.
The ability to use population activity to visualize accurately

the shape of the figure to be drawn suggests a movement plan
in motor cortex. By examining the timing between the direc-
tions specified in this plan and their appearance in the move-
ment, it is possible to infer some of the dynamic principles
used in the control of this type of arm movement. A short
report of these results has been published (Schwartz 1994).

M E T H O D S

The behavioral paradigm, surgical procedures, and general animal
care were approved by the Institutional Animal Care and Use Com-
mittee. The outlines put forth by the Association for the Assessment
and Accreditation of Laboratory Animal Care and the Society for
Neuroscience were followed.

Behavioral task

Monkeys were trained using operant conditioning to draw various
figures with a single finger on a touchscreen (Moran and Schwartz
1999). Each monkey performed a sequence of tasks after each cell was
isolated. A center3out task was followed sequentially by sinusoidal,
spiral, and figure-eight drawing tasks. Drawing tasks began with a
circle (10–11 mm radius) displayed on the screen to indicate the
starting location of the task. The animal placed and held its finger in
this circle for 100–300 ms (hold period). At the end of this interval,
the entire figure to be traced was displayed, and the animated circle
was moved a small increment along the figure away from the animal’s
finger. The animal was required to keep its finger on the screen surface
and move to the newly displaced circle. As soon as the finger touched
the target circle, the circle moved again, following the outline of the
spiral. Repeating this process resulted in an animated sequence with
the circle continuously just ahead of the smoothly moving finger. The
surface of the touchscreen was lubricated daily with mineral oil to
minimize friction with the sliding finger of the monkey. If the animal
lifted its finger from the screen or did not move its finger to the newly
displaced target circle within a 300 ms increment, the trial was
aborted. The rate of the movement was determined by the animal
because the constrained time increment was generous enough to allow
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Paper	presentation



Do	you	have	some	idea?
Application?



https://www.youtube.com/watch?v=sm2d0w87wQE



Do	you	have	some	idea?

http://www.dailymail.co.uk/sciencetech/article-3474790/Monkeys-
taught-drive-wheelchairs-using-just-THOUGHTS-Primates-use-
electrodes-brain-control-device.html



Basic	scientific	question…

How	do	the	neurons	have	tuning	curves?

Population	encoding	for	direction	is	the	best	way	in	our	daily	life?



Question	for	mechanisms

Kinematics	or	kinetics?
Which	one	is	encoded?



Question	for	mechanisms

Kinematics	or	kinetics?

Kinematics is the branch of classical 
mechanics which describes the motion of 
points (alternatively "particles"), bodies 
(objects), and systems of bodies without 
consideration of the masses of those 
objects nor the forces that may have 
caused the motion.

In physics and	engineering, kinetics is	a	term	
for	the	branch	of classical	mechanics that	is	
concerned	with	the	relationship	between	
the motion of	bodies	and	its	causes,	
namely forces and torques.

Which	one	is	encoded?

How	to	examine	it?



How	about	
the	kinematics	&	kinetics?

Same	kinematics	
but	different	kinetics



How	about	the	kinematics	&	kinetics?

e.g.

vs

External	
force

Neural	
activity

Population	activity

No	force	case

Kinetics	and	kinematics!



How	about	the	kinematics	&	kinetics?

e.g.

vs

External	
force

Neural	
activity

What	is	the	advantage	for	BMI?



Mostly	linear

Kinetics Kinematics



Motor	map	
is	dynamic	and	adaptable.



Which	cases?



Which	cases?

Damage

Learning



Which	cases?

Damage

Learning

Compensate	the	functions

Neuronal	plasticity

Motor	skill



Monkey Human

Which	finger	movement	is	most	advanced	one?



Hand	and	finger	
movements	are	directly	
controlled	by	the	motor	

cortex.





Precision	gripLETTER
doi:10.1038/nature11206

Genetic dissection of the circuit for hand dexterity
in primates
Masaharu Kinoshita1, Ryosuke Matsui2, Shigeki Kato3, Taku Hasegawa2, Hironori Kasahara2, Kaoru Isa1, Akiya Watakabe4,5,
Tetsuo Yamamori4,5, Yukio Nishimura1,5,6, Bror Alstermark7, Dai Watanabe2, Kazuto Kobayashi3 & Tadashi Isa1,5

It is generally accepted that the direct connection from the motor
cortex to spinal motor neurons is responsible for dexterous hand
movements in primates1–3. However, the role of the ‘phylogenetically
older’ indirect pathways from the motor cortex to motor neurons,
mediated by spinal interneurons, remains elusive. Here we used a
novel double-infection technique to interrupt the transmission
through the propriospinal neurons (PNs)4–6, which act as a relay
of the indirect pathway in macaque monkeys (Macaca fuscata and
Macaca mulatta). The PNs were double infected by injection of a
highly efficient retrograde gene-transfer vector into their target area
and subsequent injection of adeno-associated viral vector at the
location of cell somata. This method enabled reversible expression
of green fluorescent protein (GFP)-tagged tetanus neurotoxin,
thereby permitting the selective and temporal blockade of the motor
cortex–PN–motor neuron pathway. This treatment impaired reach
and grasp movements, revealing a critical role for the PN-mediated
pathway in the control of hand dexterity. Anti-GFP immunohisto-
chemistry visualized the cell bodies and axonal trajectories of the
blocked PNs, which confirmed their anatomical connection to
motor neurons. This pathway-selective and reversible technique
for blocking neural transmission does not depend on cell-specific
promoters or transgenic techniques, and is a new and powerful tool
for functional dissection in system-level neuroscience studies.

Lesion studies at the level of the brainstem1 in macaque monkeys
showed that the performance of highly fractionated finger movements
primarily depends on the pyramidal tract. Later studies proposed that
the direct corticomotoneuronal connection (the monosynaptic
connection from cortical neurons to motor neurons)2,3, which is
unique to higher primates, is the basis for dexterous hand movements.
In less dexterous animals such as cats, the corticospinal tract (CST) is
not directly connected to hand–arm motor neurons. In these animals,
the shortest pathway from the cortex to motor neurons is disynaptic,
mainly involving spinal interneurons located either in the same
segments as motor neurons (caudal to C6; segmental interneurons)
or in more rostral segments (mainly in C3–C5; PNs)4. Evidence that
the non-monosynaptic pathway is conserved in monkeys was pro-
vided recently5,6. Contribution of this phylogenetically older PN-
mediated pathway has been assessed in behavioural experiments that
determined the effects of specific lesions of the CST at the C5 and C2
segments, thereby leaving the PN axons intact7–10. The results indi-
cated that the PN-mediated pathway could control independent finger
movements. However, because the lesions were irreversible, it is
possible to consider that the indirect pathway was responsible for
the recovery of function, rather than contributing to hand dexterity
in the intact state3. This problem could be solved if it is possible to
block the PNs specifically and temporarily. For this purpose, we com-
bined two viral vectors for the selective and reversible blockade of the
PN-mediated pathway (Fig. 1); first, the highly efficient retrograde

gene transfer (HiRet) lentiviral vector11 carrying enhanced tetanus
neurotoxin light chain (eTeNT)12 (Supplementary Fig. 1) and the
enhanced GFP (EGFP) downstream of the tetracycline-responsive
element (TRE)13; and second, the adeno-associated virus serotype 2
(AAV2) vector carrying the Tet-on sequence, a variant of reverse
tetracycline transactivator (rtTAV16)14 (see Methods) under the
control of the cytomegalovirus (CMV) promoter.

1Department of Developmental Physiology, National Institute for Physiological Sciences, Myodaiji, Okazaki 444-8585, Japan. 2Department of Molecular and System Biology, Graduate School of Biostudies,
Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan. 3Department of Molecular Genetics, Institute of Biomedical Sciences, Fukushima Medical University School of Medicine, Fukushima 960-1295, Japan.
4Division of Brain Biology, National Institute for Basic Biology, Okazaki 444-8585, Japan. 5The Graduate University for Advanced Studies (Sokendai), Hayama, Kanagawa 240-0193, Japan. 6Precursory
Research for Embryonic Science and Technology (PRESTO), Japan Science and Technology Agency (JST), Chiyoda, Tokyo 102-0076, Japan. 7Department of Integrative Medical Biology, section of
Physiology, Umeå University, S-901 87 Umeå, Sweden.
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Figure 1 | The pathway-specific and reversible blockade of synaptic
transmission. a, The design of viral vectors. b, Schematic diagrams of vector
injections and how HiRet-TRE-EGFP.eTeNT and AAV2-CMV-rtTAV16
interact in the double-infected cells. c, The experimental schedule. cPPT,
central polypurine tract; Dox, doxycycline; L- and R-ITR, left and right inverted
terminal repeat; LTR, long terminal repeat; MNs, motor neurons; RRE, Rev
responsive element; PEST, PEST sequence; psi, packaging signal; VAMP2,
vesicle-associated membrane protein 2 sequence; WPRE, Woodchuck hepatitis
virus post-transcriptional regulatory element.
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It is generally accepted that the direct connection from the motor
cortex to spinal motor neurons is responsible for dexterous hand
movements in primates1–3. However, the role of the ‘phylogenetically
older’ indirect pathways from the motor cortex to motor neurons,
mediated by spinal interneurons, remains elusive. Here we used a
novel double-infection technique to interrupt the transmission
through the propriospinal neurons (PNs)4–6, which act as a relay
of the indirect pathway in macaque monkeys (Macaca fuscata and
Macaca mulatta). The PNs were double infected by injection of a
highly efficient retrograde gene-transfer vector into their target area
and subsequent injection of adeno-associated viral vector at the
location of cell somata. This method enabled reversible expression
of green fluorescent protein (GFP)-tagged tetanus neurotoxin,
thereby permitting the selective and temporal blockade of the motor
cortex–PN–motor neuron pathway. This treatment impaired reach
and grasp movements, revealing a critical role for the PN-mediated
pathway in the control of hand dexterity. Anti-GFP immunohisto-
chemistry visualized the cell bodies and axonal trajectories of the
blocked PNs, which confirmed their anatomical connection to
motor neurons. This pathway-selective and reversible technique
for blocking neural transmission does not depend on cell-specific
promoters or transgenic techniques, and is a new and powerful tool
for functional dissection in system-level neuroscience studies.

Lesion studies at the level of the brainstem1 in macaque monkeys
showed that the performance of highly fractionated finger movements
primarily depends on the pyramidal tract. Later studies proposed that
the direct corticomotoneuronal connection (the monosynaptic
connection from cortical neurons to motor neurons)2,3, which is
unique to higher primates, is the basis for dexterous hand movements.
In less dexterous animals such as cats, the corticospinal tract (CST) is
not directly connected to hand–arm motor neurons. In these animals,
the shortest pathway from the cortex to motor neurons is disynaptic,
mainly involving spinal interneurons located either in the same
segments as motor neurons (caudal to C6; segmental interneurons)
or in more rostral segments (mainly in C3–C5; PNs)4. Evidence that
the non-monosynaptic pathway is conserved in monkeys was pro-
vided recently5,6. Contribution of this phylogenetically older PN-
mediated pathway has been assessed in behavioural experiments that
determined the effects of specific lesions of the CST at the C5 and C2
segments, thereby leaving the PN axons intact7–10. The results indi-
cated that the PN-mediated pathway could control independent finger
movements. However, because the lesions were irreversible, it is
possible to consider that the indirect pathway was responsible for
the recovery of function, rather than contributing to hand dexterity
in the intact state3. This problem could be solved if it is possible to
block the PNs specifically and temporarily. For this purpose, we com-
bined two viral vectors for the selective and reversible blockade of the
PN-mediated pathway (Fig. 1); first, the highly efficient retrograde

gene transfer (HiRet) lentiviral vector11 carrying enhanced tetanus
neurotoxin light chain (eTeNT)12 (Supplementary Fig. 1) and the
enhanced GFP (EGFP) downstream of the tetracycline-responsive
element (TRE)13; and second, the adeno-associated virus serotype 2
(AAV2) vector carrying the Tet-on sequence, a variant of reverse
tetracycline transactivator (rtTAV16)14 (see Methods) under the
control of the cytomegalovirus (CMV) promoter.
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Figure 1 | The pathway-specific and reversible blockade of synaptic
transmission. a, The design of viral vectors. b, Schematic diagrams of vector
injections and how HiRet-TRE-EGFP.eTeNT and AAV2-CMV-rtTAV16
interact in the double-infected cells. c, The experimental schedule. cPPT,
central polypurine tract; Dox, doxycycline; L- and R-ITR, left and right inverted
terminal repeat; LTR, long terminal repeat; MNs, motor neurons; RRE, Rev
responsive element; PEST, PEST sequence; psi, packaging signal; VAMP2,
vesicle-associated membrane protein 2 sequence; WPRE, Woodchuck hepatitis
virus post-transcriptional regulatory element.
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Learning	a	motor	skill
changes	the	organization	of	the	motor	map!



Functional	organization	of	the	motor	map	of	a	
rat	changes	rapidly	after	transection	of	the	
facial	nerve.



Different	motor	cortex	neurons	may	contribute	to	
different	aspects	of	adaptation	to	an	external	force	field.

Single	neuron



Anticipatory Activity of Motor Cortex Neurons in 
Relation to Direction of an Intended Movement 

JUN TANJI AND EDWARD V. EVARTS 
Laboratory of Neurophysiology, National Institute of Mental Health, Bethesda, Maryland 20014 

SUMMARY AND CONCLUSIONS 

I. Monkeys were trained to I) hold a handle 
in a central zone midway between “push” and 
“pull” while awaiting 2) an instruction telling 
them how to respond to a subsequent 3) pertur- 
bation, which triggered the instructed movement 
and was followed by4) a reward if the movement 
was correct. 

2. There were two sorts of instructions: push 
and pull. When the pull instruction had preceded 
the perturbation, the monkey responded to the 
perturbation by pulling, whereas after a push 
instruction, the monkey responded to the per- 
turbation by pushing. 

3. Recordings in pre- and postcentral sen- 
sorimotor cortex revealed instruction-induced 
changes of neuronal activity during the period 
intervening between the instruction and the 
perturbation-triggered movement., Effects of the 
instruction were differential depending on which 
of the two instructions was given, such differen- 
tial responses to the instruction being detected in 
61% of precentral pyramidal tract neurons 
(PTNs), 44% of precentral non-PTNs, and 11% 
of postcentral neurons. 

4. Since motor cortex PTN axons end on 
alpha and gamma motoneurons and on interneu- 
rons of the spinal cord, changes of PTN activity 
with “intention” or “motor set” provide a 
mechanism for suprasegmental control and pre- 
setting of spinal cord reflex excitability specific 
to the nature of an impending movement. 

INTRODUCTION 

Studies in man have shown that intention or 
set can profoundly modify even short-latency 
motor responses to kinesthetic inputs. Ham- 
mond (4) found that a 50-ms latency biceps re- 
sponse to an arm displacement involving biceps 
stretch was present or absent, depending on 
whether subjects had been instructed to “resist” 
or to “let go” in response to the displace- 
ment. Subsequent experiments by Hagbarth (3) 
confirmed Hammond’s observations with re- 
spect to the 50-ms latency component of muscu- -I 

lar activity and, in addition, showed that even 
the tendon jerk, occurring at a latency of 20-30 
ms, varied with the intention of the subject. 
Hagbarth’s results, obtained with recordings 
from the triceps muscle, showed that the ampli- 
tude of the extensor stretch reflex changed in the 
“appropriate” way according to the instructions 
given: its amplitude was greater when the sub- 
ject intended to extend than when he intended to 
flex. Hagbarth pointed out that this “presetting” 
of the stretch reflex occurred without visible 
changes in muscle tension or background EMG, 
and proposed that it might depend on centrifugal 
control of dynamic spindle function in muscle. 
The present experiments in monkeys were un- 
dertaken to determine the extent to which activ- 
ity of neurons in sensorimotor cortex might 
change in association with such modifications of 
input-output relations depending on the direc- 
tion of an intended movement. In these experi- 
ments with monkeys, just as in the experiments 
with man, there were no muscular responses to 
the instructions per se; a perturbation of the limb 
delivered a few seconds after an instruction was 
the trigger which elicited the actual motor re- 
sponse. The instruction told the subject how to 
move, whereas the trigger told the subject when 
to move. The period after the instruction but 
before the trigger was one in which the central 
set for the intended movement was being estab- 
lished but was not yet expressed in overt action. 
The results to be presented in this report will 
show that neurons in sensorimotor cortex 
exhibit directionally specific changes of activity 
during this preparatory period prior to overt 
muscular activity. 

METHODS 
Behavioral procedures 

Operant conditioning methods were used to 
establish a pattern of behavior involving: 
PREINSTRUCTIOti HOLDING. The monkey grasp- 
ed a rod and positioned it in a central “‘hold” 
zone (midway between the push and pull 
zones of Fig. 1). Correct positioning was indi- 
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cated by a white lamp. 

Motor Cortical Activity During Drawing Movements:
Population Representation During Spiral Tracing

DANIEL W. MORAN AND ANDREW B. SCHWARTZ
The Neurosciences Institute, San Diego, California 92121

Moran, Daniel W. and Andrew B. Schwartz.Motor cortical activity
during drawing movements: population representation during spiral
tracing. J. Neurophysiol. 82: 2693–2704, 1999. Monkeys traced spi-
rals on a planar surface as unitary activity was recorded from either
premotor or primary motor cortex. Using the population vector algo-
rithm, the hand’s trajectory could be accurately visualized with the
cortical activity throughout the task. The time interval between this
prediction and the corresponding movement varied linearly with the
instantaneous radius of curvature; the prediction interval was longer
when the path of the finger was more curved (smaller radius). The
intervals in the premotor cortex fell into two groups, whereas those in
the primary motor cortex formed a single group. This suggests that the
change in prediction interval is a property of a single population in
primary motor cortex, with the possibility that this outcome is due to
the different properties generated by the simultaneous action of sep-
arate subpopulations in premotor cortex. Electromyographic (EMG)
activity and joint kinematics were also measured in this task. These
parameters varied harmonically throughout the task with many of the
same characteristics as those of single cortical cells. Neither the lags
between joint-angular velocities and hand velocity nor the lags be-
tween EMG and hand velocity could explain the changes in prediction
interval between cortical activity and hand velocity. The simple spa-
tial and temporal relationship between cortical activity and finger
trajectory suggests that the figural aspects of this task are major
components of cortical activity.

I N T R O D U C T I O N

Recently, studies of multijoint arm movement have shown
that a set of spike trains recorded from motor cortex can be
used to predict the direction and speed of movement (Moran
and Schwartz 1999; Schwartz 1992). In fact, the arm’s trajec-
tory is well represented in this activity when considered as a
population during reaching (Georgopoulos et al. 1988; Moran
and Schwartz 1999) and drawing (Schwartz 1993; Schwartz
and Moran 1999), suggesting that this technique can provide a
detailed prediction of the behavior to take place in the imme-
diate future. Drawing is characterized by a linkage between the
kinematics of the movement and the shape of the figure to be
drawn. In general, as the curvature of a figure increases, the
speed of the hand decreases. Specifically, angular velocity is
proportional to curvature raised to the 2⁄3 power; a relation
known as the “2⁄3 power law” (Lacquaniti et al. 1983), or,
alternatively, that speed is proportional to curvature to the 21⁄3
power. We examined spiral drawing because the radius of
curvature (r) changes linearly with the extent or arc length of
the figure. With the aim of elucidating the predictive behavior

of the cortical-movement system, we used this linear relation to
examine the timing of the directional signal as it changed
within the task. To measure the temporal characteristics of this
process we calculated a “prediction interval” (PI) as the time
interval between the cortical representation of a direction and
the occurrence of that direction in the movement. This interval
increased throughout the spiral as it was drawn from
outside3in and decreased when drawn inside3out. Curvature
(1/r) increases or decreases depending on the direction of
drawing and the PI changed consistently when plotted against
curvature for spirals drawn in either direction, suggesting that
curvature is the primary determinant of the prediction interval.
The ability to use population activity to visualize accurately

the shape of the figure to be drawn suggests a movement plan
in motor cortex. By examining the timing between the direc-
tions specified in this plan and their appearance in the move-
ment, it is possible to infer some of the dynamic principles
used in the control of this type of arm movement. A short
report of these results has been published (Schwartz 1994).

M E T H O D S

The behavioral paradigm, surgical procedures, and general animal
care were approved by the Institutional Animal Care and Use Com-
mittee. The outlines put forth by the Association for the Assessment
and Accreditation of Laboratory Animal Care and the Society for
Neuroscience were followed.

Behavioral task

Monkeys were trained using operant conditioning to draw various
figures with a single finger on a touchscreen (Moran and Schwartz
1999). Each monkey performed a sequence of tasks after each cell was
isolated. A center3out task was followed sequentially by sinusoidal,
spiral, and figure-eight drawing tasks. Drawing tasks began with a
circle (10–11 mm radius) displayed on the screen to indicate the
starting location of the task. The animal placed and held its finger in
this circle for 100–300 ms (hold period). At the end of this interval,
the entire figure to be traced was displayed, and the animated circle
was moved a small increment along the figure away from the animal’s
finger. The animal was required to keep its finger on the screen surface
and move to the newly displaced circle. As soon as the finger touched
the target circle, the circle moved again, following the outline of the
spiral. Repeating this process resulted in an animated sequence with
the circle continuously just ahead of the smoothly moving finger. The
surface of the touchscreen was lubricated daily with mineral oil to
minimize friction with the sliding finger of the monkey. If the animal
lifted its finger from the screen or did not move its finger to the newly
displaced target circle within a 300 ms increment, the trial was
aborted. The rate of the movement was determined by the animal
because the constrained time increment was generous enough to allow
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We used retrograde transneuronal transport of rabies virus from
single muscles of rhesus monkeys to identify cortico-motoneuronal
(CM) cells in the primary motor cortex (M1) that make monosyn-
aptic connections with motoneurons innervating shoulder, elbow,
and finger muscles. We found that M1 has 2 subdivisions. A rostral
region lacks CM cells and represents an ‘‘old’’ M1 that is the
standard for many mammals. The descending commands mediated
by corticospinal efferents from old M1 must use the integrative
mechanisms of the spinal cord to generate motoneuron activity
and motor output. In contrast, a caudal region of M1 contains
shoulder, elbow, and finger CM cells. This region represents a
‘‘new’’ M1 that is present only in some higher primates and
humans. The direct access to motoneurons afforded by CM cells
enables the newly recognized M1 to bypass spinal cord mecha-
nisms and sculpt novel patterns of motor output that are essential
for highly skilled movements.

motor system ! movement ! rabies virus ! cerebral cortex ! spinal cord

The primary motor cortex (M1) is a major source of descend-
ing motor commands for voluntary movement. These com-

mands originate, in part, from corticospinal (CST) neurons in
cortical layer V, which have axons that descend to the spinal
cord. CST neurons can be divided into 2 general types. One type
has axons that terminate in the intermediate zone of the spinal
cord, where they contact spinal interneurons. Some of these
interneurons make connections with motoneurons and mediate
part of the descending commands for movement. The second
type of CST neuron has axons that terminate in the ventral horn
of the spinal cord, where they make monosynaptic connections
with motoneurons. These CST neurons are termed cortico-
motoneuronal (CM) cells. CM cells, because of their direct
connection with motoneurons, are thought to have a special role
in the generation and control of highly skilled movements (1).
We used retrograde transneuronal transport of rabies virus from
single muscles of the shoulder, elbow, and finger to define the
overall distribution of CM cells in M1 of rhesus monkeys. Here,
we report the surprising observation that CM cells are almost
entirely restricted to a caudal region of M1. Thus, M1 can be
anatomically subdivided into a region that has direct control over
motor output and a separate region that influences motor output
only indirectly through spinal cord mechanisms.

Results
Location of CM Cells. In 2 rhesus monkeys, we injected virus into
the spinodeltoid (SpD) muscle, which assists in retraction of the
shoulder. In another 2 monkeys, we injected virus into the lateral
head of the triceps (lTri), which assists in elbow extension [for
experimental details of each animal, see supporting information
(SI) Table S1]. We also include additional analyses of material
from a prior study, in which we injected virus into 3 different
intrinsic and extrinsic finger muscles (2). In all of these exper-
iments, the survival time after virus injection was set to allow
retrograde transneuronal transport of virus to label only CM
cells in the motor cortex (i.e., second-order neurons) (2).

We found that the majority of CM cells (82–83%) labeled by

virus transport from the SpD muscle were located in the caudal
portion of M1 on the anterior bank of the central sulcus (CS)
(Fig. 1 Upper, Fig. 2A, and Fig. 3 Upper Left). A few SpD CM cells
also were located in the rostral portion of M1 on the convexity
of the precentral gyrus (5–10%), and in area 3a at the bottom of
the CS (7–13%). Most CM cells (72–88%) labeled by virus
transport from the lTri muscle were located in caudal M1 (Fig.
1 Lower, Fig. 2B, and Fig. 3 Upper Center). A few lTri CM cells
also were located in rostral M1 (4–6%) and in area 3a (6–24%).
The results of virus injections into single finger muscles showed
that most of their CM cells (78%) were located in caudal M1, and
only a small number of these CM cells were located in rostral M1
(5%) and in area 3a (16%) (Figs. 2 and 3; see ref. 2). Clearly, CM
cells that innervate the motoneurons of proximal and distal
forelimb muscles are concentrated in a caudal portion of M1 that
is buried in the CS.

Intermingling of CM Cells for Proximal and Distal Muscles. We
overlapped the maps of CM cells labeled after virus injections
into SpD with the maps of CM cells labeled after virus injections
into finger muscles (Fig. 2 A). We performed the same procedure
with the maps of CM cells for lTri and finger muscles (Fig. 2B).
These ‘‘overlap’’ maps demonstrated that some shoulder and
elbow CM cells were located in the region of the CS that contains
many finger CM cells. Similarly, some finger CM cells were
located in the region of the CS that contains many shoulder and
elbow CM cells (Figs. 2 and 3; see ref. 3).

Somatotopic Organization of CM Cells. Next, we performed a
density analysis of the different populations of CM cells (Fig. 3
Upper). In every case, the peak density of CM cells was located
in the anterior bank of the CS. Overall, SpD CM cells formed a
large medial group and a small lateral group (Fig. 3 Upper Left).
The distribution of lTri CM cells displayed a similar, although
not as distinct, organization (Fig. 3 Upper Center).

We then overlapped maps of the upper 75% density of the
SpD and finger CM cells and the upper 82.5% of the lTri CM
cells (Fig. 3 Lower Left). Even when excluding less dense areas,
the different populations of CM cells remained extensively
intermingled. However, the densest region of finger CM cells was
located lateral to the densest regions of elbow and shoulder CM
cells. Also, the main clusters of elbow CM cells were shifted
lateral to the main clusters of shoulder CM cells. The overlap and
the spatial shift in the cell populations remained even when the
cutoff was altered to include only the upper 50% of each
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