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Abstract

Motor cortex in the primate brain was once thought to contain a
simple map of the body’s muscles. Recent evidence suggests, how-
ever, that it operates at a radically more complex level, coordinat-
ing behaviorally useful actions. Specific subregions of motor cortex
may emphasize different ethologically relevant categories of behav-
ior, such as interactions between the hand and the mouth, reaching
motions, or defensive maneuvers to protect the body surface from
impending impact. Single neurons in motor cortex may contribute
to these behaviors by means of their broad tuning to idiosyncratic,
multijoint actions. The mapping from cortex to muscles is not fixed,
as was once thought, but instead is fluid, changing continuously on
the basis of feedback in a manner that could support the control of
higher-order movement parameters. These findings suggest that the
motor cortex participates directly in organizing and controlling the
animal’s behavioral repertoire.
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INTRODUCTION

This review describes the cortical motor sys-
tem from an ethological perspective. The
monkey motor system is emphasized, al-
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though work on other animals is also con-
sidered. Certain actions may be typical of
an animal’s motor repertoire, such as reach-
ing to grasp an object, manipulating an ob-
ject with the fingers, putting an object in
the mouth, or making defensive movements
to block an impending object. How are
these behavioral needs reflected in the motor
circuitry? One potential risk in studying
complex actions is that it might hinder a
mechanistic or reductionist understanding of
movement control. Traditionally, motor
control is studied by examining simple
components of movements. This review,
however, argues that much greater insight can
be gained about specific mechanisms when the
motor system is considered in the context of
meaningful behavior. The animal’s behavioral
repertoire is diverse, different behaviors re-
quire different control strategies, and at every
level the motor networks are built and trained
to produce those actions important to the ani-
mal. The topography of motor cortex, the spe-
cialized functions of cortical subregions, the
properties of single neurons, and the connec-
tivity between cortex, spinal cord, and muscles
are all more approachable from an ethological
perspective.

The review begins with a brief account of
past and present views of motor cortex. The
subsequentsections then outline the hypothe-
sis that behavioral repertoire is systematically
represented within motor cortex. Three levels
of analysis are discussed:

1. Cortical topography: Motor cortex may
be organized at least partly along etho-
logical lines, in which subregions of cor-
tex emphasize different categories of
behaviorally useful actions.

2. Properties of single neurons: Individual
neurons in motor cortex may be broadly
tuned to idiosyncratic, complex patterns
of motor output that reflect the animal’s
behavioral repertoire.

3. Mapping from cortex to muscles: The
mapping from cortex to muscles is not
fixed as was once thought, but instead is
fluid, constantly changing on the basis



of feedback from muscles and joints.
This feedback remapping may allow
neurons in motor cortex to control al-
most any combination of high-level and
low-level motor parameters needed to
produce the diverse actions in the ani-
mal’s repertoire.

EVOLVING VIEWS OF MOTOR
CORTEX

One hundred and thirty-five years ago, Fritsch
& Hitzig (1870) borrowed Frau Fritsch’s
dressing table, lay an anesthetized dog on the
tabletop, and electrically stimulated its cere-
bral cortex (Taylor & Gross 2003). They de-
scribed an apparent map of muscles arranged
in the frontal lobe. Shortly thereafter, Fer-
rier (1873) obtained a similar motor map in
the monkey brain. By 1905, Campbell pro-
posed that the primate cortex contained two
motor areas, including a higher-order premo-
tor area that controlled the lower-order mus-
cle map. The cortical muscle map, in turn,
controlled the spinal cord. This concept of
a premotor area and a primary motor mus-
cle map became the dominant view of the
early twentieth century (e.g., Fulton 1938).
(See Figure 14.)

In some respects this early view has not
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Early and recent views of the cortical motor system in the primate brain.

A: One premotor area and one primary motor map of the body’s muscles
(e.g., Fulton 1938). B: A more modern view incorporating many premotor
areas. A variety of terminology schemes are used including the F4 and F5 of
Matelli et al. (1985), to designate the divisions of ventral premotor cortex,
and the PMDc and PMDr of Preuss et al. (1996), to designate the divisions

changed. Figure 1B outlines a modern view,
showing some of the cortical motor areas that
investigators have described in the monkey
brain (e.g., He etal. 1995, Luppino etal. 1991,
Matelli et al. 1985, Matsuzaka et al. 1992,
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Preuss etal. 1996). In this scheme, the map in
primary motor cortex controls movement at
a simple level, perhaps controlling individual
joints or small groups of muscles. This body
map is influenced by many premotor areas
that serve a range of higher-order functions.
The premotor areas include ventral premotor
cortex (sometimes divided into F4 and F5),
dorsal premotor cortex (divided into a cau-
dal and rostral division, PMDc and PMDr),
the supplementary motor cortex (SMA), the
pre-SMA, and three distinct motor areas in
the cingulate sulcus on the medial wall of the

of the dorsal premotor cortex.

hemisphere. The functions of these many pre-
motor areas are debated. For example, Mushi-
ake et al. (1990) suggested that SMA encodes
sequences of movements. Wise (1985) sug-
gested that PMDc participates in the planning
and preparation of movement. Rozzolatti
et al. (1988) suggested that F5 encodes a li-
brary of complex hand actions. Some premo-
tor areas, including pre-SMA and PMDr, do
not project directly to the primary motor cor-
tex and thus may be less closely related to
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F4: field 4 in motor
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supplementary
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Pre-SMA: region of
cortex just anterior
to supplementary
motor cortex
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motor output (Dum & Strick 2005, Lu et al.
1994, Tachibana et al. 2004).

The modern view includes a greater num-
ber of premotor areas than does the tradi-
tional view of the early twentieth century.
Yet both views are similar in that they in-
volve a cortical hierarchy in which premo-
tor areas control various high-order aspects
of movement, primary motor cortex decom-
poses movement into simple components in a
body map, and these simple movement com-
ponents are then communicated to the spinal
cord for execution. Several lines of evidence
suggest, however, that this basic hierarchi-
cal conception of the cortical motor system,
which has persisted for more than a century,
may require major modification. In particular,
primary motor cortex may serve a more com-
plex function than originally hypothesized,
and some of the premotor areas may be on
a similar hierarchical level as primary motor
cortex.

First, the somatotopic map in primary mo-
tor cortex is overlapping, intermingled, and
fractured, which suggests that it is organized
to promote coordination among muscles and
joints rather than to separate movements into
constituent muscles and joints (Donoghue
etal. 1992, Park et al. 2001, Sanes & Schieber
2001, Schieber 2002). Second, a high pro-
portion of neurons in primary motor cortex
are tuned to higher-order movement parame-
ters and even sequences of movements, which
suggests that it contains a more abstract code
than a simple body map (Crowe et al. 2004;
Georgopoulos et al. 1986, 1989; Kakei et al.
1999; Lu & Ashe 2005; Reina et al. 2001).
Third, the distinction between primary mo-
tor cortex and some premotor areas has be-
come blurred given that many of these areas
projectin parallel to the spinal cord (Bortoff &
Strick 1993; Dum & Strick 1996, 2002, 2005;
He et al. 1993; Wu et al. 2000). Fourth, the
spinal cord itself controls movement at a level
of complexity that far exceeds the map of mus-
cles or joints proposed for primary motor cor-
tex (for review of high-level spinal control of
behavior see Bizzi et al. 2000 and Fetz et al.
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2002). These findings have led to some uncer-
tainty about the role of primary motor cortex
and its relationship to premotor cortex.

An alternative way to understand the rela-
tionship among the cortical motor areas was
recently suggested by a set of electrical stim-
ulation experiments. We stimulated sites in
the primary and premotor cortex of monkeys
(Cooke & Graziano 2004a; Graziano et al.
2002a, 2003, 2004, 2005). Rather than use
brief, 10- or 20-ms trains of electrical pulses
that evoke muscle twitches, we used half-
second trains, matching the approximate time
scale of a monkey’s reaching and grasping.
The movements that unfolded during these
long stimulation trains did not resemble mus-
cle twitches or segregated joint rotations. In-
stead they were complex, involved many joints
in coordination, and often resembled mean-
ingful actions such as putting the hand to the
mouth and opening the mouth, making a de-
fensive gesture as if to ward off an impend-
ing impact, or reaching outward and shaping
the hand as if to grasp an object (Figure 2).
These different categories of movement
tended to be evoked from different regions of
cortex (Figure 3). Furthermore, the primary
motor cortex and the caudal sectors of premo-
tor cortex appeared to be at a similar hierar-
chical level, coordinating different but equally
complex movements. Movements could not
be consistently evoked from rostral premotor
cortex.

These results suggest a new framework in
which (#) the primary motor cortex is elevated
from a map of muscles or joints to a represen-
tation of complex actions and (b) some of the
caudal premotor areas currently recognized in
the monkey brain are on a similar hierarchical
level as primary motor cortex but emphasize
different categories of complex movement. In
this view, a mosaic of areas lies at the output
stage of the cortical motor system, projecting
directly to the spinal cord, influencing each
other through lateral connections and repre-
senting the movement repertoire of the an-
imal at a relatively high level. Other areas,
such as the rostral premotor areas or parietal
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Figure 2

Five categories of movements evoked by electrical stimulation in motor cortex. Figure is drawn from
video frames. Drawings represent the final posture obtained at the end of the stimulation-evoked
movement. A: defensive-like posture of face. B: hand to mouth. C: manipulation-like shaping of fingers
(precision grip) and movement of hand to central space. D: outward reach with hand opened as if shaping
to grasp. E: climbing- or leaping-like posture involving all four limbs.

® Hand-to-mouth

® Defensive

® Central space/manipulation

® Reach

+ Other outward arm movements
O Climbing/leaping

* No movement

Arcuate
sulcus

Figure 3

Topographic arrangement of stimulation effects in an example monkey. Rectangle on schematic brain
shows approximate location of studied cortex, spanning the arm and hand representation in the
medial-lateral extent and spanning the precentral gyrus in the anterior-posterior extent. Diagonal line in
map indicates lip of central sulcus, and the area left of the line indicates unfolded cortex in the anterior
bank of sulcus. Curved line indicates approximate location of arcuate sulcus. Sites are color-coded
according to type of complex movement evoked. Adapted from figure 10 of Graziano et al. (2005).
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motor areas, may serve other even higher-
order functions.

ELECTRICAL STIMULATION
ON A BEHAVIORAL TIMESCALE

Much of the evidence discussed below in-
volves cortical stimulation. This section
therefore briefly outlines the history of stim-
ulation on a behavioral time scale and its use
in probing motor function.

Widespread Use of Long Stimulation
to Probe Function

Ferrier (1873) was the first to apply long
stimulation trains to the motor cortex of
monkeys and obtained complex “purpo-
sive” movements including a hand-to-mouth
movement. Ferrier’s observations, however,
were not pursued, and most subsequent stim-
ulation studies of motor cortex used brief
stimulation to probe the somatotopic map
(e.g., Foerster 1936, Fulton 1938, Penfield
& Boldrey 1937, Woolsey 1952). Although
Penfield reported spectacular and complex ef-
fects of cortical stimulation in humans, includ-
ing some apparently meaningful movements
evoked from the supplementary motor cor-
tex, he continued to view the lateral motor
cortex as a body map from which only muscle
twitches could be evoked. In 1954 he wrote,
“It would seem that the awkward gross move-
ments produced by stimulation of the hand,
tongue, and leg areas of the precentral gyrus
give no more than an indication of the periph-
eral connexions of those portions of the gyrus.
There is no suggestion that the acquired skills
which are at the disposal of man have any form
of true representation there.”

These early studies used surface stimula-
tion, a spatially crude technique. By the 1960s,
surface stimulation was largely replaced by
more focal stimulation through microelec-
trodes. This improved technique of micro-
stimulation was used to study a diversity of
brain systems. Stimulation trains up to 3 min
in duration were used to evoke eating, drink-
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ing, sex, and aggression from specific regions
of the hypothalamus (e.g., Caggiula & Hoebel
1966, Hoebel 1969). In these experiments,
the duration of the train was criticial for al-
lowing the full behavior to unfold because
when the stimulation ended, the evoked be-
havior stopped. Stimulation trains on the time
scale of a normal saccade (30-80 ms) were
used to probe maps of evoked eye movements
in cortical and subcortical oculomotor struc-
tures (e.g., Bruce et al. 1985, Robinson 1972,
Robinson & Fuchs 1969, Schiller & Stryker
1972, Tehovnik & Lee 1993, Thier & Ander-
sen 1998). Stimulation in these oculomotor
areas on a time scale shorter than a normal
saccade, such as for 20 or 10 ms, resulted in a
truncated saccade (Stanford et al. 1996). Stim-
ulation for up to 500 ms evoked coordinated
head and eye movements in the superior col-
liculus and the SMA (Chen & Walton 2005,
Freedman et al. 1996, Martinez-Trujillo et al.
2003). Stimulation in the arcuate sulcus for
1000 ms evoked smooth pursuit eye move-
ments (Gottlieb et al. 1993). Stimulation of
visual and somatosensory cortex for 1000 ms
was used to alter perceptual judgments of sen-
sory stimuli (e.g., Romo et al. 1998, Salzman
et al. 1990). In each of these studies, stimula-
tion helped establish the behavioral role of the
tested brain area. In most cases, stimulation
provided the initial insight into the function
of the studied area, thereby pointing the way
for the use of other techniques such as single
neuron recording.

In motor cortex, stimulation on a behav-
ioral time scale was not widely used until
recently. Asanuma and colleagues used micro-
stimulation to study the motor cortex of cats
and monkeys (e.g., Asanuma 1975, Asanuma
et al. 1976), but these experiments were lim-
ited to brief stimulation trains, typically less
than 20 ms. The purpose of the experiments
was to evoke muscle twitches and study the
somatotopic map in motor cortex. Micro-
stimulation on a behavioral time scale was
not used until Huang et al. (1989) obtained
rhythmic, chewing movements in monkeys by
applying 3-s stimulation trains in the mouth
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representation. The method was then rela-
tively neglected in the motor system until
our stimulation studies in monkeys suggested
a possible mapping of complex movements
in the precentral gyrus (Cooke & Graziano
2004a; Graziano et al. 2002a, 2003, 2004,
2005). We found that short stimulation trains
evoked muscle twitches as previously re-
ported; however, when the stimulation train
was extended to 500 ms, the muscle twitches
unfolded into complex, multijoint movements
that appeared to have a behavioral meaning.
We chose to stimulate for 500 ms because neu-
rons in motor cortex typically have elevated
activity throughout a movement, and a 500-
ms time scale matches the duration of a mon-
key’s normal reaching and grasping.

Stimulation on a behavioral time scale
has now been used to evoke complex, ap-
parently meaningful movements from a va-
riety of species. In the parietal lobe of
prosimians, stimulation for 500 ms evoked a
range of complex movements including hand-
to-mouth movements, defensive-like move-
ments, reaching movements, and aggressive
displays (Stepniewska et al. 2005). These dif-
ferent categories of movement were clustered
in separate cortical regions in a manner simi-
lar to the clustering we obtained in the motor
cortex in monkeys.

In the rat motor cortex, stimulation of even
a single neuron was able to evoke oscilla-
tory movements of the whiskers (Brecht et al.
2004). In one subregion of the whisker rep-
resentation, stimulation for 500 ms evoked
rhythmic, exploratory-like whisking move-
ments, whereas stimulation of an adjacent
cortical subregion evoked a retraction of the
whiskers and a possible defensive-like closure
of the eye, contraction of the facial muscu-
lature, and lifting of the forepaw (Haiss &
Schwarz 2005). These findings suggest rat
motor cortex may be similar to monkey mo-
tor cortex in being organized partly around
ethologically relevant functions.

Stimulation of cat motor cortex for 500 ms
evoked reaching movements of the forepaw
(Ethier et al. 2004), which suggests that cat

motor cortex may also be partly organized
around ethologically relevant movements.

Spread of Signal Through Connected
Networks

Injecting a train of current pulses into the
brain is artificial. This artificiality by itself
is not a fatal flaw. Most experimental tech-
niques involve artificial manipulation. The
lesion technique, for example, is particularly
invasive. Can useful insight be gained from the
stimulation technique, despite (or perhaps be-
cause of) the artificiality of the manipulation?
Its track record, discussed above, suggests that
wherever it is used in the brain it results in
critical insight into function.

The standard microstimulation technique
involves a train of low amplitude pulses de-
livered through the electrode tip. The pulses
are brief (e.g., 0.2 ms) and are presented at
a high frequency (typically ranging from 50-
500 Hz). The amplitude varies depending on
the brain area or behavior under study but
is typically below 500 microA. Most studies
use biphasic pulses (a negative followed by
a positive phase) to balance the charge and
thus eliminate electrolytic damage to the neu-
ral tissue. Stimulation is thought to activate
physiologically relevant brain circuits. In this
view, the directly stimulated neurons around
the electrode tip do not have any specific func-
tion by themselves; rather, their function is a
consequence of their connections with and in-
fluence on a wider network.

Using microstimulation in the study of
the motor cortex of cats and monkeys,
Asanuma and colleagues attempted to iso-
late the most direct, descending pathway from
cortex through the spinal cord to the mus-
cles (e.g., Asanuma 1975, Asanuma et al.
1976). Unfortunately, each point in motor
cortex has widespread connections. In addi-
tion to the direct descending pathway to the
spinal cord, motor cortex neurons have lateral
connections to neighboring cortical neurons,
connections to other cortical areas, and con-
nections to a variety of subcortical structures.
Many of these targets of the motor cortex also
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project directly to the spinal cord. Thus stim-
ulation of motor cortex does not only activate
the descending pathway to the spinal cord, but
also activates other, diverse pathways through
the motor network. Asanuma and colleages
used brief stimulation trains hoping to limit
the spread of signal through lateral networks,
but they could not eliminate the possibil-
ity. Jankowska et al. (1975) showed that brief
stimulation trains, and even single stimulation
pulses, evoked signal spread laterally through
the cortex as well as downward to the spinal
cord.

The problem of isolating the most direct
descending pathway from cortex to the mus-
cleswas notsolved until Cheney & Fetz (1985)
measured the latency between the onset of
cortical stimulation and the onset of muscle
activity. They obtained latencies as short as
5 ms, presumably reflecting the most direct
pathway.

These stimulation studies in motor cortex
therefore focused on anatomical tract tracing
and moreover focused on isolating the spe-
cific, most direct pathway from cortex to the
spinal cord and to the muscles. For these rea-
sons the experimenters were generally con-
cerned with the “problem” of signal spread
through lateral networks. However, the lat-
eral connections through the motor network
are not artifacts. They are presumably criti-
cal for normal function. When stimulation is
used on a behavioral time scale, the signal is
assumed to spread through the pre-existing
connections, thereby partially mimicking the
function of the directly stimulated tissue.

Does the stimulation signal actually spread
through pre-existing circuits, or is it so un-
natural that it spreads in a meaningless jum-
ble? Tolias et al. (2005) addressed this ques-
tion by stimulating primary visual cortex (V1)
in monkeys and measuring the signal spread
with functional magnetic resonance imag-
ing. Because the connections of V1 are well-
known, the spread of activity evoked by stim-
ulation could be compared with the spread
expected from pre-existing connections. The
results suggested that stimulation, even of
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long duration (4000 ms) and high amplitude
(1400 microA), activated surrounding and dis-
tant cortex in a specific pattern that closely
matched the known pre-existing anatomi-
cal connectivity. Thus even though stimu-
lation is artificial, driving the neurons near
the electrode tip at high frequency in a sus-
tained fashion, it results in a spread of sig-
nal through physiologically meaningful path-
ways. It is presumably this recruitment of
physiological circuits that allows stimulation
to roughly mimic the function of the directly
stimulated tissue.

The strength of the stimulation technique
is thatitis causal. The evoked movement pro-
vides an immediate hypothesis about the func-
tion of the activated tissue. In this sense it
is more powerful and direct than single neu-
ron recording, which depends on interpret-
ing correlations. One of the weaknesses of the
stimulation technique is that it is not spatially
precise. The electrode directly stimulates a
ball of tissue that can be a millimeter or more
in diameter. The technique provides a rough
sense of function, perhaps averaged over the
neurons near the electrode tip. It may help
to orient researchers in the right direction for
the use of other experimental techniques. The
most convincing experimental approach is to
combine techniques, such as stimulation, sin-
gle neuron recording, and chemical activation
and inactivation. In some regions of motor
cortex this combining of techniques has been
employed, greatly strengthening the case for
the representation of complex, ethologically
relevant movements.

MOTOR CORTEX
TOPOGRAPHY IS ORGANIZED
PARTLY AROUND
ETHOLOGICAL CATEGORIES

This section describes in detail the hypothe-
sized parcellation of the macaque motor cor-
tex into subregions that emphasize different
categories of action. It also describes the pos-
sible incorporation of these subregions into
an overarching topographic map.
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Defensive Movements

Stimulation within a restricted zone in the
precentral gyrus (red dots in Figure 3) evoked
a coordinated set of movements that resem-
bled a defensive reaction to an impending
impact or an unexpected touch (Figure 24).
The movements were mainly contralateral to
the stimulating cortex and included a blink, a
squint, lifting of the upper lip in a facial gri-
mace, folding of the ear against the side of
the head, shrugging of the shoulder, turning
aside of the head, a blocking movement of the
arm, and a distinctive, defense-related center-
ing movement of the eyes (Cook & Graziano
2004a, Graziano et al. 2002a). These move-
ments matched the components of a normal
defensive reaction such as when the monkey’s
face is puffed with air (Cooke & Graziano
2003).

To probe further the relationship between
this cortical area and the control of defensive
movements, we chemically manipulated the
brain region and tested the animal’s defensive
reactions to an air puff (Cooke & Graziano
2004b). When the region of cortex was in-
jected with muscimol, a gamma-aminobuteric
acid (GABA) agonist that inhibits neuronal
activity, the monkey exhibited a specific re-
duction in its defensive reactions. In contrast,
injections of bicuculline, a GABA antagonist
that disinhibits neuronal activity, caused an
enhancement in the defensive reactions.

In further support of the interpretation
that this cortical zone contributes to the de-
fense of the body surface, neurons in this
region of cortex typically respond to tactile
stimuli on the face and arms and to visual
stimuli looming toward the tactile receptive
fields (Fogassi et al. 1996, Gentilucci et al.
1988, Graziano et al. 1997, Rizzolatti et al.
1981). Some of the neurons are trimodal, re-
sponding also to auditory stimuli in the space
near their tactile receptive fields (Graziano
et al. 1999). Because of these distinctive sen-
sory properties, we refer to this cortical region
as the polysensory zone (PZ). Although all
monkeys tested have a PZ, it varies among an-

imals in size and precise position (Graziano &
Gandhi 2000). It is typically located just pos-
terior to the bend in the arcuate sulcus. In the
terminology scheme of Matelli et al. (1985),
it probably corresponds to the dorsal part of
premotor area F4, where similar polysensory
neurons have been reported (Fogassi et al.
1996, Gentilucci et al. 1988, Matelli et al.
1985).

PZ probably receives its sensory input
from the posterior parietal lobe and may re-
ceive a particularly dense projection from
the ventral intraparietal area (VIP) (Lewis &
VanEssen 2000, Luppino et al. 1999). Indeed,
VIP and PZ have nearly identical properties.
Just as in PZ, neurons in VIP have tactile re-
ceptive fields typically on the face or arms,
and a high proportion of neurons also respond
to visual and auditory stimuli in the space
near the tactile receptive fields (e.g., Colby
etal. 1993, Duhamel et al. 1998, Schlack et al.
2005). Electrical stimulation of VIP evokes
defensive-like movements that resemble those
evoked from PZ, although higher currents are
required in VIP and the movements are less
consistent (Cooke et al. 2003, Thier & An-
dersen 1998). We suggest that a major em-
phasis of this distinct parieto-frontal circuit is
the construction of a margin of safety around
the body and the selection and coordination
of defensive behavior, although it may con-
tribute to other behaviors as well (Graziano
& Cooke 2005).

Hand-to-Mouth Movements

In another cortical zone within motor cor-
tex (light blue dots in Figure 3), stimulation
evoked a characteristic hand-to-mouth move-
ment (Figure 2B). The grip aperture closed
during stimulation, bringing the forefinger
against the thumb; the forearm supinated and
the wrist flexed such that the grip was aimed
at the mouth; the hand moved precisely to
the mouth; and the mouth opened. These
four movement components occurred simul-
taneously in a smooth, coordinated fashion
resembling the monkey’s own voluntary

www.annualreviews.org o Motor Cortex

PZ: polysensory
zone (in the
precentral gyrus)

VIP: ventral
intraparietal area

113



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

114

hand-to-mouth movements. The hand speed
followed a distinctive bell-shaped velocity
profile in which the speed rose to a single
peak near the middle of the movement and
then decelerated smoothly to the end of the
movement (Graziano et al. 2005). This bell-
shaped velocity profile is typical of normal
voluntary hand movements (Flash & Hogan
1985). When a weight was fixed to the hand,
the stimulation-evoked movement apparently
compensated for the added load and usu-
ally brought the hand to a similar final po-
sition as without the weight (Graziano et al.
2005). Thus the evoked movements had a cer-
tain complexity and sophistication of control.
However, if an obstacle was placed between
the hand and the mouth, the hand bumped
against the obstacle and pressed against it
without moving intelligently around the ob-
stacle. Thus the evoked movements had lim-
ited flexibility. Once the hand reached the
mouth, it remained at that location with
no further movement until the end of the
stimulation train. Similar movements could
be evoked in awake or anesthetized ani-
mals, although the movements were weaker
and required greater current in anesthetized
animals.

In all monkeys tested, the hand-to-mouth
sites were clustered in a zone lateral and
sometimes anterior to PZ. In the terminol-
ogy scheme of Matelli et al. (1985), these sites
may lie within ventral area F4 or caudal area
F5. Neurons in F5 respond during grasping
with the hand and mouth and during interac-
tions between the hand and mouth (Murata
etal. 1997; Rizzolatt et al. 1988).

Central Space/Manipulation

Stimulation of another cluster of sites (green
dots in Figure 3) caused the hand to move
into a restricted region of central space within
~10 cm of the chest and the fingers to shape
in a specific manner (Figure 2C). These fin-
ger movements included an apparent preci-
sion grip (thumb against forefinger), a power
grip (fist), or a splaying of the fingers ac-
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companied by a turning of the palm toward
the face. The movements resembled the types
of actions that monkeys typically make when
manipulating or examining objects in central
space (Graziano et al. 2003). These sites were
clustered in a posterior zone that lay partly
on the gyral surface and partly on the ante-
rior bank of the central sulcus. This cluster
probably corresponds to the traditional pri-
mary motor hand representation. It may also
correspond to the core region in the motor
cortex maps of Kwan et al. (1978). In these
maps based on brief stimulation trains, Kwan
et al. found a posterior region of cortex that
emphasized the fingers and hand, surrounded
by a belt region that emphasized more prox-
imal musculature. This core hand region has
since been confirmed by others (e.g., Park
etal. 2001). In our studies, using longer stim-
ulation trains, we found that stimulation of
the core region not only caused movement of
the fingers, but also often caused movement
of the arm that brought the hand into a large
region of central space. We suggest that this
cortical zone may represent a “manual fovea,”
a repertoire of movements that is related to
the manipulation of objects and heavily bi-
ased toward hand locations in a central region
of space in front of the chest (Graziano et al.
2003).

Reach

For some cortical sites (dark blue dots in
Figure 3), stimulation evoked an appar-
ent reach in which the wrist straightened,
the fingers opened as if to grasp, and the
hand extended outward to a region of space
distant from the body (Figure 2D). For
these movements, again, the hand speed fol-
lowed a distinctive, natural bell-shaped pro-
file. Also when a weight was fixed to the hand,
the stimulation-evoked movement apparently
compensated for the added load, usually
bringing the hand to a similar final posi-
tion as achieved without the weight (Graziano
et al. 2005). These apparent reaching sites
tended to be located on the gyral surface just
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anterior to the central space/manipulation
zone and dorsal to PZ. Because of this rel-
ative location, the reach-related sites prob-
ably lay within the dorsal premotor cortex,
within its caudal division (PMDc), where a
high proportion of neurons respond in rela-
tion to reaching movements (e.g., Crammond
& Kalaska 1996, Hocherman & Wise 1991,
Johnson etal. 1996, Messier & Kalaska 2000).
Typically stimulation of more rostral sites did
not evoke reliable or clear movements.

On the basis of connectional anatomy and
using brief stimulation trains to probe so-
matotopic maps, Strick and colleagues (Dum
& Strick 2002, 2005; He et al. 1993) de-
scribed three hand-related zones in the lat-
eral motor cortex: a primary motor hand area,
a ventral premotor hand area, and a dor-
sal premotor hand area. Our results using
longer stimulation trains match this proposed
set of three hand areas. We find a central
space/manipulation zone, a hand-to-mouth
zone, and a reach zone, all three emphasiz-
ing movement of the fingers in addition to
movement of the arm. We suggest that these
hand-related areas differ from each other, at
least partly, by emphasizing different behav-
ioral functions.

Climbing/Leaping

In a large medial and anterior region (open
circles in Figure 3), stimulation evoked espe-
cially complex movements that involved the
arm and leg. These movements were often
bilateral. Because the monkey was anchored
in a primate chair, these full-body move-
ments were constrained and difficult to in-
terpret. Subjectively, the movements resem-
bled climbing or leaping postures. Whether
this functional interpretation is correct, it is
clear that this medial, anterior region is qual-
itatively different from the more lateral re-
gions because it involves an integration of
movements of both sides of the body and
of the arms, hands, legs, and feet. It is not
yet clear whether this region of cortex lies
within the most dorsal part of dorsal premo-

tor cortex, or within the SMA, or both. Neu-
rons that respond bilaterally during reaching
have been reported in dorsal premotor cortex
(Cisek et al. 2003), and brief stimulation of
SMA evokes complex multilimb movements
(e.g., Luppino etal. 1991, Mitz & Wise 1987,
Wu et al. 2000).

Other Outward Arm Movements

In addition to the reaching movements de-
scribed above, at many sites (small black dots
in Figure 3) stimulation drove the hand to a
distal location but without evoking any clear
opening of the grip. In the sense that there was
no obvious specific behavioral purpose, this
type of stimulation-evoked movement was the
most general and vague of the responses we
obtained. These sites were not clustered in a
single zone but instead were scattered, sur-
rounding the reaching sites and the central
space/manipulation sites.

Stimulation-Evoked Movements
Reflect Movement Repertoire, Not
a Single Movement Parameter

Stimulation of motor cortex usually drives the
arm to a specific final posture regardless of the
starting posture. As a result, the hand usu-
ally moves toward a goal position in space
(Figure 4). Here we suggest two possible ex-
planations for this convergence of the arm to a
posture. The second hypothesis is more likely
than the first.

One hypothesis is that the stimulation-
evoked postures reflect a fundamentally
posture-based strategy for movement con-
trol. Such posture-based control strategies, in
which movements are coordinated by first de-
termining the desired final posture and then
planning the trajectory to that posture, have
been proposed by many other investigators
(e.g., Desmurget & Prablanc 1997, Feldman
1986, Giszter et al. 1993, Rosenbaum et al.
1995). Initially, we also interpreted the stimu-
lation results as evidence for a posture-based
control strategy that might be generally used
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Mock stimulation

116

Figure 4

Examples of hand movements evoked by microstimulation in motor cortex. A: The monkey drawing
indicates the approximate size and location of the monkey within the square frame. The height of the
frame represents 50 cm. B-G. Stimulation-evoked hand movements from 6 typical stimulation sites.
Movement measured in 3-D at 14.5-ms intervals by using tracking markers. Fach thin black line shows
the path of the hand during a stimulation train. The red + indicates the start of the movement. The blue
dot indicates the end of the movement. In a small number of trials, the tracking markers were transiently
blocked from the view of the camera because of the specific posture of the limb. In these cases, the trace
is interrupted. For all stimulation sites, the hand tended to move from a range of initial positions toward
a more restricted final region of space. H: result of mock stimulation in which the wires to the electrode
were disconnected but all other aspects of the testing were the same. Adapted from figure 1 of Graziano

etal. 2005.

for all movement (Graziano et al. 2002b).
However, given the diversity of movements
in the animal’s repertoire, and the diversity of
movements evoked by stimulation, it seems
increasingly likely to us that the motor cortex
does not use one fundamental control strategy
but rather controls any parameter needed to
guide behaviorally useful actions.

A second possible explanation is that stim-
ulation tends to evoke movements common
in the monkey’s normal repertoire. In this in-
terpretation, moving the arm to a posture in
order to stabilize the hand is a common action
for monkeys and therefore is often evoked by
stimulation. Our observations of monkeys in
the home cage and monkeys in group-housed
z0o environments are consistent with this sec-
ond hypothesis. We videotaped monkeys and
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analyzed the videos frame by frame (Graziano
et al. 2003). The arm spent most of its time
stabilizing the hand in a region of space while
the hand performed an action. For example,
the arm often stabilized the hand at the mouth
while the fingers and wrist moved to act on a
food item. During the manipulation of ob-
jects in central space, the arm stabilized the
hand in front of the chest. During the groom-
ing, the arm maintained a narrow range of
postures while the hand and fingers acted on
the fur of another monkey. The arm often
supported the monkey’s weight by maintain-
ing a posture in which the hand was braced
on the floor or a branch or a part of the
cage. These results suggest that moving the
arm to a posture and maintaining that posture
within narrow limits while the hand performs
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Distribution of hand location during spontaneous behavior in the home cage. 4: On each video frame,
the location of the hand was determined within an imaginary 3 x 3 grid around the monkey’s body. This
spatial assessment was made relative to the midpoint of the chest. Each square in the grid was 12 cm
across. B: Blue bars show the proportion of times that the hand entered each spatial zone during
spontaneous behavior. Red bars show the proportion of stimulation sites in the precentral gyrus for
which stimulation drove the hand into each spatial zone. The two distributions are significantly
correlated (regression analysis, F = 119.13, P = 0.0004).

an action is a common, behaviorally useful
strategy.

To further probe whether the stimulation-
evoked movements reflect the monkey’s nat-
ural repertoire, we compared the distribution
of hand positions evoked by stimulation with
the distribution of hand positions observed
during spontaneous behavior (Graziano et al.
2003). As shown in Figure 5, the space in
front of the monkey was divided into nine
imaginary zones. The red bars in the graph
show the percentage of stimulation sites that
caused the hand to move into each spatial
zone. Zone 5, just in front of the chest, and
zone 2, near the mouth, were particularly
well represented. The blue bars show the re-
sults for the monkey’s spontaneous behavior
in the home cage. The spontaneous behavior
closely matched the stimulation-evoked be-

havior. Those hand positions common in the
monkey’s spontaneous repertoire were also
commonly evoked by stimulation of motor
cortex. These results add further support to
the hypothesis that the stimulation-evoked
movements reflect the monkey’s normal be-
havioral repertoire.

Recently researchers have proposed that
the motor system uses an optimal control
strategy (Scott 2004, Todorov & Jordon
2002). In this hypothesis, if a specific task re-
quires fine control of a particular movement
parameter, then the control strategy will tar-
get that parameter. For example, in hitting
a nail with a hammer, the final position of
the hammer head is of critical importance
and is highly conserved across trials, whereas
other variables such as the exact trajectory of
the hand or the speed of rotation of the arm
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joints are less important and are more variable
across trials. In the optimal control hypoth-
esis, there is no single, preferred parameter
for motor control, such as direction or end
posture or joint speed. Instead, the parame-
ters being controlled depend on the task be-
ing performed. Studies involving a directional
reaching task may tend to reveal a directional
control strategy (e.g., Vindras et al. 2005),
whereas studies involving more posture-based
tasks tend to reveal a more postural control
strategy (e.g., Desmurget & Prablanc 1997,
Rosenbaum et al. 1995). We suggest the rea-
son why stimulation of motor cortex tends to
evoke a final posture of the arm is because the
animal often engages in tasks in which end
posture is of particular importance.

Consider, for example, a hand-to-mouth
movement evoked by stimulation. The move-
ment of the arm to a goal posture might reflect
the specific requirements of this behaviorally
useful action. The stimulation also evokes an
opening of the jaw and lips, a grip-like move-
ment of the fingers, and a speed profile of the
hand that approximately matches the speed
of a natural hand-to-mouth movement. Stim-
ulation therefore does not merely specify an
arm posture; it specifies the set of parameters
relevant to that particular action. As another
example, in the rat motor cortex, stimulation
of a specific region evokes rhythmic whisking
movements that match the rat’s natural move-
ments (Haiss & Schwarz 2005); in this case,
the behaviorally useful action does notinvolve
movement to a posture but rather involves a
fundamentally different set of movement pa-
rameters.

If motor cortex reflects the monkey’s
behavioral repertoire, then will training the
animal on a different repertoire result in a
different organization of motor cortex? This
question remains to be explored. There is
some evidence that the primary motor cor-
tex in neonatal kittens contains a segregated
somatotopy and that, during experience, the
map develops the overlapping and intermin-
gled topography characteristic of the adult
(Martin et al. 2005). Thus the organization
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of motor cortex by ethological function may
be at least partly entrained through experi-
ence, modifying a simpler, original somato-
topic map.

Overarching Maps Within Motor
Cortex

The previous sections describe a possible par-
cellation of motor cortex into separate sub-
regions, each one emphasizing a different
category of movement. Do these subregions
fit together into a larger topography?

Kohonen (1984) suggested that cortical
maps may self-organize on the basis of the
pattern of inputs and activity of local cir-
cuitry. The self-organization tends to opti-
mize nearest neighbor relationships such that
neurons that process similar information are
located near each other in cortex and are
therefore more interconnected and require
shorter transmission delays. Self-organization
can lead to fractured or apparently disordered
maps in certain cases, owing to the fact that the
cortex is two dimensional, yet the relevant pa-
rameter space may be of higher dimensional-
ity. This concept of self-organizing maps was
used to explain the complex organization of
primary visual cortex (Durbin & Mitchison
1990) in which line orientation, ocular dom-
inance, and retinotopy interact to produce a
complicated and irregular pattern of cortical
swirls (Obermayer & Blasdel 1993). Likewise,
some of the apparent disorder in the map in
primary auditory cortex has been attributed to
a self-organization influenced by many com-
peting parameters (Schreiner 1995). Motor
cortex may also be influenced by several com-
peting parameters resulting in a fractured,
complex topography.

The large-scale organization of motor cor-
tex is somatotopic. Most studies describe a
rough body map with some overlap between
the representations of different body parts,
some fractures in the representations, and
some rerepresentations (e.g., Donoghue et al.
1992, Ferrier 1873, Foerster 1936, Fritsch
& Hitzig 1870, Fulton 1938, Gould et al.
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1986, Kwan et al. 1978, Park et al. 2001,
Penfield & Boldrey 1937, Strick & Preston
1978, Woolsey 1952).

Embedded within this larger somatotopy,
within the arm and hand representation, lies
a rough map of hand location that can be ob-
tained with electrical stimulation (Graziano
etal. 2002a,b). An example map for one mon-
key is shown in Figure 6. Lateral sites cor-
respond to hand locations in upper space,
such as hand-to-mouth sites; sites more me-
dial along the central sulcus correspond to
hand locations in mid-level space; and the
most medial sites correspond to hand loca-
tions in lower space, sometimes resembling a
bracing of the hand on the floor to support
the body’s weight and sometimes resembling
a reach into lower space. There is also some
topographic order in an anterior-posterior di-
mension, in which more anterior sites corre-
spond to more distal and lateral hand positions
and more posterior sites correspond to hand
positions closer to the midline of the body.
Stimulation deeper in the central sulcus some-
times drives the hand across the midline to
the opposite side of space. This rough map of
hand location seems to unify the primary mo-
tor cortex and the caudal parts of premotor
cortex into one supermap. However, though
we find the map of hand location in every
monkey, it is variable and noisy within as well
as between animals. Different hand locations
overlap considerably in cortex, as attested by
the size of the error bars in Figure 6. Like the
somatotopic map, the hand-location map is
statistical.

A third type of organization emerged from
our stimulation results: the ethological or-
ganization described in the preceding sec-
tions in which specific movement categories
are evoked from specific regions of cortex
(Figure 3).

The three types of organization, () by so-
matotopy, () by the spatial location of the
hand, and (¢) by ethological function, are not
fully compatible with each other. They con-
flict in specific instances, resulting in some
disorder within each type of organization. For
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Figure 6

Map of stimulation-evoked hand locations in the precentral gyrus of an
example monkey. The nine points show the mean location of cortical sites
associated with nine spatial zones around the body. Upper space = red,
mid-height space = green, lower space = blue. For definition of the nine
zones, see Figure 54. Error bars = standard deviation showing scatter in
the cortical location of the stimulation sites. For spatial zones represented
by three or fewer stimulation sites, no error bars were plotted. These zones
include zone 1 (N = 1) and zone 7 (N = 3). Dotted lines show location of
lip of central sulcus and lip of arcuate sulcus. Area to the left of the lip of the
central sulcus represents the anterior bank of the sulcus. Adapted from
figure 4 of Graziano et al. 2003.

example, any complex, behaviorally relevant
movement combines muscles from many parts
of the body, effectively scrambling the so-
matotopic map. This noisy intermeshing of
three different maps in one region of cor-
tex suggested to us a possible dimensional-
ity reduction. In this hypothesis, during the
development or experience-dependent orga-
nizing of the map, the different mapping prin-
ciples described above and possibly others
compete for nearest neighbor relationships on
the two-dimensional surface of the cortex, re-
sulting in a fractured and somewhat multiply-
organized region of cortex. Thus itis possible
to discern each of these types of topographic
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organization in the data, but each one is noisy
and statistical.

This multiplexed organization presents a
problem to both splitters and lumpers. Does
the lateral motor cortex fit within a single
large map of the body, albeit a noisy one, such
as Woolsey (1952) suggested? Is the arm and
hand representation unified by a single rough
map of hand position in space, such as we orig-
inally suggested (Graziano et al. 2002a,b)? Or
is there a collection of separate cortical ar-
eas with fuzzy borders (e.g., Dum & Strick
2002, Preuss etal. 1996, Rizzolatti & Luppino
2001)? Both the splitters and lumpers may be
correct. Our stimulation results suggest that
subregions with distinct properties do exist
but that they also fit into larger overarching
organizations (something like the European
Union).

NEURONS IN MOTOR CORTEX
MAY BE TUNED TO
IDIOSYNCRATIC MOTOR
OUTPUT PATTERNS

As described above, electrical stimulation of
motor cortex can evoke complex, apparently
meaningful movements. However, stimula-
tion is a relatively crude probe, activating a
ball of neural tissue around the electrode tip.
How do single neurons in motor cortex en-
code movement?

Georgopoulos et al. (1986) studied mon-
keys performing a reaching task in which
the hand started at a central location and
moved to peripheral targets. They found that
each neuron was broadly tuned to a preferred
direction of reach. By averaging over a popu-
lation of neurons it was possible to extract pre-
cise information about the direction of reach.
Subsequent studies suggested that direction
tuning may be only one part of a more com-
plex tuning function. For most neurons, when
the initial position of the hand was shifted
to different parts of the workspace, or when
the posture of the arm was altered, the pre-
ferred direction of reach changed (Caminiti
et al. 1990; Scott & Kalaska 1995, 1997; Ser-
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gio & Kalaska 2003). Thus a single preferred
direction of the hand in space could not ac-
count for the behavior of the neurons, and
other variables such as joint angle and arm
posture must have contributed. Neural corre-
lates have been found for a range of variables
including speed, force, joint angle, and mus-
cle activity (e.g., Cheney et al. 1985, Evarts
1968, Georgopoulos et al. 1992, Holdefer &
Miller 2002, Kakei et al. 1999, Li et al. 2001,
Reina et al. 2001). It seems increasingly likely
that the neurons are tuned to any combina-
tion of movement parameters that is useful to
the animal.

Recently we examined neuronal tuning
during a naturalistic and diverse set of arm
movements (Aflalo & Graziano 2006). The
monkey moved its limb freely, reaching for
pieces of fruit, manipulating objects, putting
items in its mouth, scratching and groom-
ing itself, and engaging in other spontaneous
behavior across the entire workspace of the
arm. We measured the position of the hand
in space, seven joint angles in the arm, and
grip aperture. At the same time we recorded
the activity of neurons in motor cortex. In
this diverse and unconstrained movement set,
the activity of the neuron was presumably in-
fluenced by many movement variables, and
each variable was expected to contribute only
a small percentage to the total variance. We
asked how much of a neuron’s variance could
be attributed to direction tuning, tuning to a
preferred final hand position, and tuning to a
preferred final arm posture.

We first found that the direction-tuning
model accounted for almost none of the vari-
ance in neuronal activity (Figure 74, black
bars). For most neurons, the r-squared value
obtained with the direction tuning model was
less that 0.1. In our experiment, the move-
ments involved a range of starting positions of
the hand and starting postures of the arm. A
neuron’s directional tuning can change unpre-
dictably when the starting position of the hand
or the starting posture of the arm is changed
(Caminiti et al. 1990; Scott & Kalaska 1995,
1997; Sergio & Kalaska 2003); therefore, we
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Figure 7

Single neurons in motor cortex are partially tuned to end posture. A: Frequency histogram of r-squared
values obtained for 55 neurons. Black bars show r-squared values for a direction-tuning model (standard
cosine tuning) tested over a diverse and naturalistic movement set. Green bars show 7-squared values for
a limited subset of movements that originated within a 5-cm radius sphere and were between 6 and 15 cm
in length. B: Comparison of 7-squared values obtained from motor cortex neurons using four different
models. Direction-tuning model is the same as shown in A. In the preferred end-point model, firing rate
was modeled as a Gaussian function of the position of the hand at the end of each movement, with the
peak of the Gaussian located at the preferred end point. In the preferred end-posture model, firing rate
was modeled as a Gaussian function of the end state of the arm in 8-dimensional posture space, with the
peak of the Gaussian located at the preferred end-posture. In the preferred end-posture + trajectory
model, an extra regressor was added to the end-posture model. In this posture + trajectory model, if the
movement vector in eight-dimensional posture space was aimed directly at the preferred posture, the
neuron fired more, and if the movement was aimed away from the preferred posture, the neuron fired
less, with firing rate proportional to the cosine of the angular error. C: For each neuron, postures evoked
by stimulation of all sites across motor cortex were ranked according to how well they matched the
preferred posture for that neuron. Stimulation of the same cortical site as the neuron typically matched
the neuron best, ranking between the 80th and 100th percentile.
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did not expect to find a single preferred direc-
tion that could account for the neuron’s ac-
tivity. When we sorted through the monkey’s
recorded movements and selected a subset
of movements that began at a similar loca-
tion and extended a similar distance, approx-
imating the limited center-out reaching task
used by Georgopoulos et al. (1986), we ob-
tained a significant degree of direction tuning
(Figure 74, green bars). Thus the neurons
appeared to be direction tuned over a lim-
ited, carefully selected set of movements.
They were locally, but not globally, direction
tuned.

Which tuning function, if any, could ac-
count for a cell’s global behavior? We tested
whether the neurons were tuned to a preferred
position in space to which the hand moved.
In this preferred-end-point model, a neuron
should fire more during a movement that ter-
minates near the preferred hand position and
fire less during a movement that terminates
far from the preferred hand position. For most
neurons, this preferred-end-point model ac-
counted for almost none of the variance in
firing rate (Figure 7 B, blue bars).

Finally we tested whether the neurons
were tuned to a preferred end posture in
the eight-dimensional (8-D) joint space of
the arm. In this preferred-end-posture model,
the neuron should fire more during a move-
ment that terminates near the preferred pos-
ture and fire less during a movement that
terminates far from the preferred posture,
where “near” and “far” are defined by dis-
tance in 8-D joint space. This preferred-end-
posture model provided a better match than
did the preferred-direction or preferred-end-
point models (Figure 7B, yellow and red
bars). Most neurons showed a significant de-
gree of preference for movements that termi-
nated near a specific posture. However, much
of the variance remained unexplained even
by the preferred-end-posture model. These
results therefore do not show that neurons
in motor cortex are primarily posture tuned.
Rather, they show that the neurons have a sig-
nificant component of tuning to end-posture
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but are presumably influenced by many other
factors as well.

Further support for the partial tuning of
neurons to a preferred end posture was ob-
tained with electrical stimulation. Immedi-
ately after recording from a neuron, when we
electrically stimulated the same cortical site
through the same electrode, the arm was typ-
ically driven to a posture that closely matched
the preferred posture of the neuron. A ranking
analysis showed that a neuron’s preferred pos-
ture was generally closer to the posture evoked
by stimulation of the same cortical site than to
the postures evoked by stimulation of other
cortical sites (Figure 7C). Although not all
stimulation-evoked movements matched the
single neuron properties, the match was statis-
tically significant across the population. Thus
in this experiment the correlational technique
of single neuron recording converged with the
causal technique of electrical stimulation to
suggest a significant though limited compo-
nent of end posture coding.

Our results suggest that direction tuning
or any other single type of tuning may be too
simple a model to account for the behavior
of motor cortex neurons. Rather, the neurons
may be hypertuned in a complex, multidimen-
sional space, and some degree of tuning to
single parameters can be extracted from that
multidimensional tuning profile. Perhaps the
significant component of end-posture tun-
ing found here reflects the fact that monkeys
spend a high proportion of time maintaining
an arm posture to stabilize and orient the hand
while the hand performs an action (Graziano
etal. 2003). In this view, neurons in motor cor-
tex are tuned to motor patterns thatreflect the
monkey’s behavioral repertoire.

We hypothesize that the code for move-
ment in motor cortex may be analogous to
the code for visual object recognition that has
been described in the inferior temporal (IT)
cortex. Each neuron in I'T cortex responds to
a range of complex visual stimuli and has an
idiosyncratic tuning function across those
stimuli (Desimone et al. 1984). If any one
stimulus parameter is systematically varied,
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such as orientation, size, color, position, or
even the number of spokes radiating out of
the stimulus, then most I'T neurons will ex-
hibit a smooth tuning curve along that pa-
rameter (Schwartz et al. 1983). These simple,
one-dimensional tuning curves, however, do
not capture the essential property, namely that
the neurons are tuned to arbitrary complex
patterns that are useful to the animal and that
probably reflect the experience of the animal.
For example, if an animal is overtrained to
distinguish artificially created stimuli, then a
disproportionate number of neurons in I'T be-
come tuned to those stimuli (Logothetis et al.
1995). Likewise, the disproportionate number
of neurons tuned to faces probably reflects the
importance of faces to the animal’s behavior.
We hypothesize that neurons in motor cor-
tex may be tuned in a similar fashion to a vast
set of motor patterns that may be entrained
through experience and that may reflect the
behavioral needs of the animal. In this view,
the code is a population one as first suggested
by Georgopoulos et al. (1986), but the ba-
sis set is idiosyncratic and constantly shifting
through use.

THE CORTICAL MAP OF
MUSCLES IS CONTINUOUSLY
REMAPPED BY FEEDBACK

The previous sections summarize the findings
that electrical stimulation of motor cortex can
produce complex postures that appear to re-
flect the monkey’s behavioral repertoire and
that single neurons in motor cortex are at least
partially tuned to the same postures evoked
by stimulation. The question arises how such
complex properties can be represented in a
cortical area that is relatively directly con-
nected to the periphery. This section consid-
ers the possible connectional pattern between
cortex and muscles and how this wiring may
sustain complex motor behavior.

One-to-One Mapping

Figure 84 shows a traditional view in which
points in cortex map in a one-to-one fash-

ion to muscles in the periphery. In this view,
the spinal cord acts as a relay and does lit-
tle or no processing of its own. This view
of motor cortex was common in the early
twentieth century (e.g., Foerster 1936, Ful-
ton 1938). More recently, Asanuma and col-
leagues argued for a similar view (Asanuma
1975, Asanuma et al. 1976). Their work was
based on brief, low-current stimulation of
motor cortex and observation of the evoked
movements. They found that by lowering the
current to threshold, they could sometimes
evoke a flexion or extension of a single joint,
suggesting that only one muscle was stimu-
lated. This work, however, left an alternative
explanation. Each stimulation point in cor-
tex could be connected to a range of mus-
cles in a complex pattern of excitation and
inhibition. Dropping the current to “thresh-
old” would effectively reduce the output un-
til only the strongest excitatory connection to
a muscle would result in any visible move-
ment. In this alternative view, Asanuma and
colleagues may have been looking at the
most active muscle in a complex, multimuscle
ensemble.

Subsequent experiments supported this
second, multimuscle hypothesis. When mus-
cle activity was directly measured with elec-
tromyograms (EMG), electrical stimulation at
a point in cortex was found to evoke a pat-
tern of excitation and inhibition across a set
of muscles that actuated many joints (Cheney
et al. 1985; Donoghue et al. 1992; Park et al.
2001, 2004). Not just electrical stimulation of
a point in cortex, but also the spiking of a sin-
gle neuron in cortex, was correlated with in-
creases and decreases in the activity of many
muscles (Cheney & Fetz 1985, Holdefer &
Miller 2002).

Many-to-Many Mapping

Figure 8B shows a more modern view in
which each cortical point connects to many
muscles, and each muscle receives input from
many cortical locations. This many-to-many
connectivity is achieved because of the lateral
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One-to-one Many-to-many Feedback
mapping mapping re-mapping

Spinal cord

Figure 8

Three schematic wiring diagrams for the connectivity of cortex, spinal cord, and muscles. 4: Traditional
view of a one-to-one map in which the spinal cord acts as a relay. B: More complex view of a
many-to-many map in which divergent connections and lateral connections allow each neuron in cortex
to affect many muscles and each muscle to be affected by many cortical neurons. C: Architecture in which
feedback from muscles and joints can change the specific mapping from cortical neurons to muscles. This
feedback architecture allows for the control of a greater range of higher-order movement parameters.

connections and divergent projections at ev-
ery stage in the pathway.

The lateral connections within cortex (e.g.,
Baker et al. 1998, Gatter et al. 1978, Ghosh
& Porter 1988, Huntley & Jones 1991, Kwan
et al. 1987, Matsumura et al. 1996) may con-
tribute to the linking of different joints and
body parts into more complex movements
such as we find on electrical stimulation. Some
of this functional linking of disparate sites in
cortex has been studied recently in the cat mo-
tor cortex (Schneider et al. 2002).

Within the spinal cord, the interneu-
ron circuitry can link different motoneuronal
pools into larger units or muscle synergies
(e.g., Bizzi etal. 2000, Jankowska & Hammer
2002). These muscle synergies have been
studied particularly in the frog but appear
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to operate in mammals as well (e.g., d’Avella
& Bizzi 2005, d’Avella et al. 2003, Hart &
Giszter 2004, Krishnamoorthy et al. 2003,
Ting & McPherson 2005). In this modular
or muscle synergy view of spinal cord func-
tion, a neuron in cortex projecting down-
ward to the spinal cord will not typically map
to a single muscle in the periphery; rather,
the cortical neuron will excite interneurons
in the spinal cord and thus recruit muscle
synergies. Some cortical neurons, especially
those involved in the control of the fingers
and wrist, project directly to the motoneu-
ron pools in the spinal cord, bypassing the
spinal interneurons (Bortoff & Strick 1993;
Landgren etal. 1962; Lawrence 1994; Lemon
et al. 1998, 2004; Maier et al. 1997, 2002,
Murray & Colter 1981). Even in that case, the
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projections tend to be divergent, and thus it is
unlikely that a single cortical neuron will map
to a single muscle. Indeed neuronal record-
ing studies suggest that, within the cortical
representation of the fingers, each neuron
can contribute to the control of more than
one finger (Schieber 2002). Because animals
do not generally need to contract individual
muscles to perform any useful behavior, but
rather need to contract muscles in specific,
coordinated ensembles, why any level of the
system should be organized to separate out
the control of individual muscles is not clear.
Thus, the view of a one-to-one map shown
in Figure 84 is not generally accepted, and
the view of a many-to-many map shown in
Figure 8B is more commonly accepted (e.g.,
Cheney et al. 1985; Donoghue et al. 1992;
Holdefer & Miller 2002; Park et al. 2001,
2004).

The architecture shown in Figure 8B,
however, is still fundamentally a linear and
feed-forward one. In that architecture, each
neuron in cortex ultimately affects a set of
muscles, exciting some and inhibiting others
in a fixed pattern.

Feedback Remapping

The mapping from motor cortex to muscles
can change gradually with experience (for a
review see Sanes & Donoghue 2000). It is less
well appreciated that the mapping can change
instantaneously depending on feedback from
the limb (Armstrong & Drew 1985, Graziano
et al. 2004, Kakei et al. 1999, Lemon et al.
1995, Rho et al. 1999, Sanes et al. 1992).
Figure 8C shows a diagram of an architec-
ture that incorporates feedback.

Figure 94 shows an especially simple ex-
ample of feedback remapping from a recent
experiment (Graziano et al. 2004). Here we
collected data from an anesthetized monkey
whose elbow was fixed at several different an-
gles. Stimulation pulses applied to a site in
primary motor cortex resulted in a short la-
tency activation of the triceps. The amount of
triceps activation was modulated in a mono-

tonic, roughly linear fashion by the angle at
which the elbow joint was fixed. The more
flexed the elbow was, the greater the evoked
muscle activity was.

This experimental protocol probed a
short-latency (~7 ms) neuronal pathway from
the stimulated site in cortex to the muscle.
The modulation caused by elbow angle oc-
curred along this relatively direct pathway.
The proprioceptive feedback could have mod-
ulated various steps along this pathway, such as
altering the stimulation threshold of the neu-
rons in cortex near the electrode tip, altering
the circuitry within the spinal cord, or both.
This example demonstrates that the wiring
from a location in cortex to a muscle is not
necessarily fixed but rather feedback depen-
dent; the state of the limb can modulate the
strength of the descending pathway.

This simple, seemingly trivial modulation
by feedback may be used to construct arbi-
trarily complex codes for movement. One ex-
ample is shown in Figure 9B. Here again
a point in primary motor cortex was stim-
ulated. When the elbow was fully extended,
stimulation caused short latency excitation of
the biceps and little or no activity in the tri-
ceps. When the elbow was fully flexed, stim-
ulation of the same site in cortex caused the
opposite pattern, exciting the triceps and not
the biceps. Essentially, that point in cortex
was mapped to the biceps or to the triceps,
switching back and forth depending on feed-
back about whether the elbow lay to one or
the other side of a specific intermediate an-
gle. Indeed, when this site in cortex was stim-
ulated with an extended train of pulses, the
elbow moved to that intermediate angle and
then remained there. Thus, a relatively sim-
ple use of feedback can allow for the control
of higher-order movement parameters, in this
case a possible code for a goal elbow angle.

Another example of feedback remapping
was provided by Kakei et al. (1999). They
recorded from neurons in the motor cortex of
monkeys performing a wrist movement task.
For one type of neuron, if the forearm was
supinated (palm up), activity of the neuron
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Figure 9

Cortico-muscle connectivity modulated by proprioceptive feedback. 7op: The arm was fixed in four
possible locations in an anesthetized monkey while biphasic stimulation pulses were applied to points in
cortex (30 microamps, 15 Hz, 0.2 ms width per phase, negative phase leading). 4: EMG activity in triceps
evoked by stimulation of one point in primary motor cortex. Vertical line on each histogram indicates
time of biphasic pulse delivered to brain (time from 0.2 ms before to 1.5 ms after the pulse is removed
from the EMG data to avoid electrical artifact). Each histogram is a mean of 2000-4500 pulses. The
stimulation-evoked activity was modulated by the angle of the joint. B: EMG activity in biceps and
triceps evoked by stimulation of a second example point in primary motor cortex. Stimulation of this
point in cortex could activate the biceps or the triceps depending on the angle of the joint. Adapted from

Graziano et al. 2004.

was correlated with, and presumably helped
to drive, the muscles that flex the wrist, re-
sulting in the hand rotating upward. If the
forearm was pronated (palm down), activity
of the neuron was correlated with the muscles
that extend the wrist, again resulting in the
hand rotating upward. In this example, a sin-
gle neuron in cortex encoded upward move-
ment of the wrist regardless of the orientation
of the limb. The underlying computation in
this example is exactly the same as in the ex-
ample in Figure 9B. In both cases, a point
in cortex was connected primarily to the flex-
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ors or to the extensors of a joint, depending
on feedback about the angle of a joint. In the
example from Kakei et al. (1999), the remap-
ping resulted in a code for the direction of
movementin extrinsic space. In the example in
Figure 9B, the remapping resulted in a code
for a goal joint angle.

Feedback remapping could in principle be
used to construct other complex codes for
movement. Dynamic stretch receptors in the
muscles detect the speed of joint rotation; re-
ceptors in the skin detect the pressure be-
tween the fingertips and an external object;
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and receptors in the tendons detect the ten-
sion on muscles. These signals, feeding back
into the spinal and cortical circuitry, could
continuously remap the relationship between
cortex and muscles, resulting in cortical neu-
rons whose firing regulates any parameter or
combination of parameters useful for move-
ment. A feed-forward architecture, such as
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that in Figure 84 and B, does not allow for
this level of complexity. If motor cortex has
a feed-forward architecture, then a higher-
order brain area must be postulated that con-
trols complex movements by playing on the
muscle map in the motor cortex. A feedback
architecture, such as that in Figure 8C, can
itself regulate and control complex actions.
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SUMMARY POINTS

1

. Motor cortex may be divisible into zones that emphasize different behaviorally rel-

evant categories of movement. This ethological organization may intermesh with
other, competing types of organization including a somatotopy and a map of hand
location in space.

. Single neurons in motor cortex may be tuned in an idiosyncratic fashion to com-

plex, behaviorally useful patterns of motor output that reflect common actions in the
monkey’s repertoire. These tuning functions may include a significant component of
end-posture tuning.

. The connectivity between motor cortex and muscles is not fixed but fluid, changing

constantly on the basis of feedback from the periphery. This feedback remapping
may underlie the ability of the network to regulate almost any high-level or low-level
movement parameter, flexibility needed to encode behaviorally relevant actions.

FUTURE ISSUES TO BE RESOLVED

1.

More extensive electrical stimulation experiments are needed to determine whether
other cortical areas, such as the medial motor areas, show any specialization for specific
classes of behavior. Stimulation experiments in other species may also help address
the question of how closely the evoked movements reflect the behavioral repertoire
of the animal.

. The possible hierarchical organization, or lack thereof, among the cortical motor

areas is not understood and requires more work directly comparing the properties of
different areas.

. Motor cortex cannot be understood without a better understanding of spinal function,

including the complex feedback circuitry within the spinal cord, the intercoordination
of muscles that cross many joints, and the experience-dependent adaptability of spinal
circuits.

www.annualreviews.org o Motor Cortex

127



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

128

LITERATURE CITED

Aflalo T, Graziano MSA. 2006. Partial tuning of motor cortex neurons to final posture in a
free-moving paradigm. Proc. Natl. Acad. Sci. USA. In press

Armstrong DM, Drew T. 1985. Forelimb electromyographic responses to motor cortex stim-
ulation during locomotion in the cat. 7. Physiol. 367:327-51

Asanuma H. 1975. Recent developments in the study of the columnar arrangement of neurons
within the motor cortex. Physiol. Rev. 55:143-56

Asanuma H, Arnold A, Zarzecki P. 1976. Further study on the excitation of pyramidal tract
cells by intracortical microstimulation. Exp. Brain Res. 26:443-61

Baker SN, Olivier E, Lemon RN. 1998. An investigation of the intrinsic circuitry of the motor
cortex of the monkey using intra-cortical microstimulation. Exp. Brain Res. 123:397-411

Bizzi E, Tresch MC, Saltiel P, d’Avella A. 2000. New perspectives on spinal motor systems.
Nat. Rev. Neurosci. 1:101-8

Bortoff GA, Strick PL. 1993. Corticospinal terminations in two new-world primates: further
evidence that corticomotoneuronal connections provide part of the neural substrate for
manual dexterity. 7. Neurosci. 13:5105-18

Brecht M, Schneider M, Sakmann B, Margrie TW. 2004. Whisker movements evoked by
stimulation of single pyramidal cells in rat motor cortex. Nature 427:704-10

Bruce CJ, Goldberg ME, Bushnell MC, Stanton GB. 1985. Primate frontal eye fields. II. Phys-
iological and anatomical correlates of electrically evoked eye movements. 7. Neurophysiol.
54:714-34

Caggiula AR, Hoebel BG. 1966. “Copulation-reward site” in the posterior hypothalamus.
Science 153:1284-85

Caminiti R, Johnson PB, Urbano A. 1990. Making arm movements within different parts of
space: dynamic aspects in the primate motor cortex. 7. Neurosci. 10:2039-58

Campbell AW. 1905. Histological Studies on the Localization of Cerebral Function. New York:
Cambridge Univ. Press

Chen LL, Walton MM. 2005. Head movement evoked by electrical stimulation in the supple-
mentary eye field of the rhesus monkey. 7. Neurophysiol. 94:4502-19

Cheney PD, Fetz EE. 1985. Comparable patterns of muscle facilitation evoked by individ-
ual corticomotoneuronal (CM) cells and by single intracortical microstimuli in primates:
evidence for functional groups of CM cells. 7. Neurophysiol. 53:786-804

Cheney PD, Fetz EE, Palmer SS. 1985. Patterns of facilitation and suppression of antagonist
forelimb muscles from motor cortex sites in the awake monkey. 7. Neurophysiol. 53:805-20

Cisek P, Crammond D], Kalaska JF. 2003. Neural activity in primary motor and dorsal premo-
tor cortex in reaching tasks with the contralateral versus ipsilateral arm. 7. Neurophysiol.
§9:922-42

Colby CL, Duhamel JR, Goldberg ME. 1993. Ventral intraparietal area of the macaque:
anatomic location and visual response properties. 7. Neurophysiol. 69:902-14

Cooke DF, Graziano MSA. 2003. Defensive movements evoked by air puff in monkeys. 7.
Neurophysiol. 90:3317-29

Cooke DF, Graziano MSA. 2004a. Sensorimotor integration in the precentral gyrus: polysen-
sory neurons and defensive movements. 7. Neurophysiol. 91:1648-60

Cooke DF, Graziano MSA. 2004b. Super-flinchers and nerves of steel: defensive movements
altered by chemical manipulation of a cortical motor area. Neuron 43:585-93

Cooke DF, Taylor CSR, Moore T, Graziano MSA. 2003. Complex movements evoked by
microstimulation of area VIP. Proc. Natl. Acad. Sci. USA 100:6163-68

Graziano



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

Crammond DJ, Kalaska JF. 1996. Differential relation of discharge in primary motor cortex
and premotor cortex to movements versus actively maintained postures during a reaching
task. Exp. Brain Res. 108:45-61

Crowe DA, Chafee MV, Averbeck BB, Georgopoulos AP. 2004. Participation of primary motor
cortical neurons in a distributed network during maze solution: representation of spatial
parameters and time-course comparison with parietal area 7a. Exp. Brain Res. 158:28-34

d’Avella A, Bizzi E. 2005. Shared and specific muscle synergies in natural motor behaviors.
Proc. Natl. Acad. Sci. USA 102:3076-78

d’Avella A, Saltiel P, Bizzi E. 2003. Combinations of muscle synergies in the construction of a
natural motor behavior. Nat. Neurosci. 6:300-8

Desimone R, Albright TD, Gross CG, Bruce C. 1984. Stimulus-selective properties of inferior
temporal neurons in the macaque. 7. Newrosci. 4:2051-62

Desmurget M, Prablanc C. 1997. Postural control of three-dimensional prehension move-
ments. 7. Neurophysiol. 77:452-64

Donoghue JP, LeiBovic S, Sanes JN. 1992. Organization of the forelimb area in squirrel
monkey motor cortex: representation of digit, wrist, and elbow muscles. Exp. Brain Res.
89:1-19

Duhamel JR, Colby CL, Goldberg ME. 1998. Ventral intraparietal area of the macaque: con-
gruent visual and somatic response properties. 7. Neurophysiol. 79:126-36

Dum RP, Strick PL. 1996. Spinal cord terminations of the medial wall motor areas in macaque
monkeys. 7. Newrosci. 16:6513-25

Dum RP, Strick PL. 2002. Motor areas in the frontal lobe of the primate. Physiol. Behav.
77:677-82

Dum RP, Strick PL. 2005. Frontal lobe inputs to the digit representations of the motor areas
on the lateral surface of the hemisphere. 7. Neurosci. 25:1375-86

Durbin R, Mitchison G. 1990. A dimension reduction framework for understanding cortical
maps. Nature 43:644-47

Ethier C, Imbeault M, Ung VR, Capaday C. 2004. Vectorial addition of motor cortical outputs
in the cat. Soc. Neurosci. 30:872.14. (Abstr.)

Evarts EV. 1968. Relation of pyramidal tract activity to force exerted during voluntary move-
ment. 7. Neurophysiol. 31:14-27

Feldman AG. 1986. Once more on the equilibrium-point hypothesis (lambda model) for motor
control. 7. Mot. Bebav. 18:17-54

Ferrier D. 1873. Experimental researches in cerebral physiology and pathology. West Riding
Lunatic Asylum Med. Rep. 3:30-96

Fetz EE, Perlmutter SI, Prut Y, Seki K, Votaw S. 2002. Roles of primate spinal interneurons
in preparation and execution of voluntary hand movement. Brain Res. Brain Res. Rev.
40:53-65

Flash T, Hogan N. 1985. The coordination of arm movements: an experimentally confirmed
experimental model. 7. Newrosci. 5:1688-703

Foerster O. 1936. The motor cortex of man in the light of Hughlings Jackson’s doctrines. Brain
59:135-59

Fogassi L, Gallese V, Fadiga L, Luppino G, Matelli M, Rizzolatti G. 1996. Coding of periper-
sonal space in inferior premotor cortex (area F4). 7. Neurophysiol. 76:141-57

Freedman EG, Stanford TR, Sparks DL. 1996. Combined eye-head gaze shifts produced by
electrical stimulation of the superior colliculus in rhesus monkeys. 7. Neurophysiol. 76:927-
52

Fritsch G, Hitzig E. 1870. Ueber die elektrishe Erregarkeit des Grosshirns. Trans. by G. von
Bonin. In The Cerebral Cortex, ed. WW Nowinski, pp. 73-96. Springfield, IL: Thomas

www.annualreviews.org o Motor Cortex

129



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

130

Fulton JF. 1938. Physiology of the Nervous System. New York: Oxford Univ. Press.

Gatter KC, Sloper JJ, Powell TP. 1978. The intrinsic connections of the cortex of area 4 of
the monkey. Brain 101:513-41

Gentilucci M, Fogassi L, Luppino G, Matelli M, Camarda R, Rizzolatd G. 1988. Functional
organization of inferior area 6 in the macaque monkey. I. Somatotopy and the control of
proximal movements. Exp. Brain Res. 71:475-90

Georgopoulos AP, Ashe J, Smyrnis N, Taira M. 1992. The motor cortex and the coding of
force. Science 256:1692-95

Georgopoulos AP, Lurito JT, Petrides M, Schwartz AB, Massey JT. 1989. Mental rotation of
the neuronal population vector. Science 243:234-36

Georgopoulos AP, Schwartz AB, Kettner RE. 1986. Neuronal population coding of movement
direction. Science 233:1416-19

Ghosh S, Porter R. 1988. Morphology of pyramidal neurones in monkey motor cortex and the
synaptic actions of their intracortical axon collaterals. 7. Physiol. 400:593-615

Giszter SF, Mussa-Ivaldi FA, Bizzi E. 1993. Convergent force fields organized in the frog’s
spinal cord. 7. Neurosci. 13:467-91

Gottlieb JP, Bruce CJ, MacAvoy MG. 1993. Smooth eye movements elicited by microstimu-
lation in the primate frontal eye field. 7. Neurophysiol. 69:786-99

Gould HJ 3rd, Cusick CG, Pons TP, Kaas JH. 1986. The relationship of corpus callosum
connections to electrical stimulation maps of motor, supplementary motor, and the frontal
eye fields in owl monkeys. 7. Comzp. Neurol. 247:297-325

Graziano MSA, Aflalo T, Cooke DF. 2005. Arm movements evoked by electrical stimulation
in the motor cortex of monkeys. 7. Neurophysiol. 94:4209-23

Graziano MSA, Cooke DF. 2006. Parieto-frontal interactions, personal space, and defensive
behavior. Neuropsychologia. In press

Graziano MSA, Cooke DF, Taylor CSR, Moore T. 2003. Distribution of hand location in
monkeys during spontaneous behavior. Exp. Brain Res. 155:30-36

Graziano MSA, Gandhi S. 2000. Location of the polysensory zone in the precentral gyrus of
anesthetized monkeys. Exp. Brain Res. 135:259-66

Graziano MSA, Hu XT, Gross CG. 1997. Visuo-spatial properties of ventral premotor cortex.
7. Neurophysiol. 77:2268-92

Graziano MSA, Patel KT, Taylor CSR. 2004. Mapping from motor cortex to biceps and triceps
altered by elbow angle. 7. Neurophysiol. 92:395-407

Graziano MSA, Reiss LA, Gross CG. 1999. A neuronal representation of the location of nearby
sounds. Nature 397:428-30

Graziano MSA, Taylor CSR, Moore T. 2002a. Complex movements evoked by microstimula-
tion of precentral cortex. Neuron 34:841-51

Graziano MSA, Taylor CSR, Moore T, Cooke DF. 2002b. The cortical control of movement
revisited. Neuron 36:349-62

Haiss F, Schwarz C. 2005. Spatial segregation of different modes of movement control in the
whisker representation of rat primary motor cortex. 7. Neurosci. 25:1579-87

Hart CB, Giszter SF. 2004. Modular premotor drives and unit bursts as primitives for frog
motor behaviors. 7. Neurosci. 24:5269-82

He SQ, Dum RP, Strick PL. 1993. Topographic organization of corticospinal projections
from the frontal lobe: motor areas on the lateral surface of the hemisphere. 7. Neurosci.
13:952-80

He SQ, Dum RP, Strick PL. 1995. Topographic organization of corticospinal projections
from the frontal lobe: motor areas on the medial surface of the hemisphere. 7. Neurosci.
15:3284-306

Graziano



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

Hocherman S, Wise SP. 1991. Effects of hand movement path on motor cortical activity in
awake, behaving rhesus monkeys. Exp. Brain Res. 83:285-302

Hoebel BG. 1969. Feeding and self-stimulation. Ann. NY Acad. Sci. 157:758-78

Holdefer RN, Miller LE. 2002. Primary motor cortical neurons encode functional muscle
synergies. Fxp. Brain Res. 146:233-43

Huang CS, Hiraba H, Murray GM, Sessle BJ. 1989. Topographical distribution and func-
tional properties of cortically induced rhythmical jaw movements in the monkey (Macaca
fascicularis). 7. Neurophysiol. 61:635-50

Huntley GW, Jones EG. 1991. Relationship of intrinsic connections to forelimb movement
representations in monkey motor cortex: a correlative anatomic and physiological study.
7. Neurophysiol. 66:390-413

Jankowska E, Hammar I. 2002. Spinal interneurones; how can studies in animals contribute to
the understanding of spinal interneuronal systems in man? Brain Res. Rev. 40:19-28

Jankowska E, Padel Y, Tanaka R. 1975. The mode of activation of pyramidal tract cells by
intracortical stimuli. 7. Physiol. 249:617-36

Johnson PB, Ferraina S, Bianchi L, Caminiti R. 1996. Cortical networks for visual reaching:
physiological and anatomical organization of frontal and parietal lobe arm regions. Cereb.
Cortex 6:102-19

Kakei S, Hoffman D, Strick P. 1999. Muscle and movement representations in the primary
motor cortex. Science 285:2136-39

Kohonen T. 1984. Self Organization and Associative Memory. Berlin: Springer

Krishnamoorthy V, Latash ML, Scholz JP, Zatsiorsky VM. 2003. Muscle synergies during
shifts of the center of pressure by standing persons. Exp. Brain Res. 152:281-92

Kwan HC, MacKay WA, Murphy JT, Wong YC. 1978. Spatial organization of precentral
cortex in awake primates. II. Motor outputs. 7. Neurophysiol. 41:1120-31

Kwan HC, Murphy JT, Wong YC. 1987. Interaction between neurons in precentral cortical
zones controlling different joints. Brain Res. 400:259-69

Landgren S, Phillips CG, Porter R. 1962. Cortical fields of origin of the monosynaptic pyra-
midal pathways to some alpha motoneurones of the baboon’s hand and forearm. 7. Physiol.
161:112-25

Lawrence DG. 1994. Central neural mechanisms of prehension. Can. 7. Physiol. Pharmacol.
72:580-82

Lemon RN, Baker SN, Davis JA, Kirkwood PA, Maier MA, Yang HS. 1998. The importance of
the cortico-motoneuronal system for control of grasp. Novartis Found. Symyp. 218:202-15

Lemon RN, Johansson RS, Westling G. 1995. Corticospinal control during reach, grasp, and
precision lift in man. 7. Neurosci. 15:6145-56

Lemon RN, Kirkwood PA, Maier MA, Nakajima K, Nathan P. 2004. Direct and indirect
pathways for corticospinal control of upper limb motoneurons in the primate. Prog. Brain
Res. 143:263-79

Lewis JW, Van Essen DC. 2000. Corticocortical connections of visual, sensorimotor, and
multimodal processing areas in the parietal lobe of the macaque monkey. 7. Comzp. Neurol.
428:112-37

Li CS, Padoa-Schioppa C, Bizzi E. 2001. Neuronal correlates of motor performance and motor
learning in the primary motor cortex of monkeys adapting to an external force field. Neuron
30:593-607

Logothetis NK, Pauls J, Poggio T. 1995. Shape representation in the inferior temporal cortex
of monkeys. Curr: Biol. 5:552-63

Lu X, Ashe J. 2005. Anticipatory activity in primary motor cortex codes memorized movement
sequences. Newuron 45:967-73

www.annualreviews.org o Motor Cortex

131



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

132

Lu MT, Preston JB, Strick PL. 1994. Interconnections between the prefrontal cortex and the
premotor areas in the frontal lobe. 7. Comzp. Neurol. 341:375-92

Luppino G, Matelli M, Camarda RM, Gallese V, Rizzolatti G. 1991. Multiple representations
of body movements in mesial area 6 and the adjacent cingulate cortex: an intracortical
microstimulation study in the macaque monkey. 7. Comzp. Neurol. 311:463-82

Luppino G, Murata A, Govoni P, Matelli M. 1999. Largely segregated parietofrontal connec-
tions linking rostral intraparietal cortex (areas AIP and VIP) and the ventral premotor
cortex (areas F5 and F4). Exp. Brain Res. 128:181-87

Maier MA, Armand J, Kirkwood PA, Yang HW, Davis JN, Lemon RN. 2002. Differences in
the corticospinal projection from primary motor cortex and supplementary motor area to
macaque upper limb motoneurons: an anatomical and electrophysiological study. Cereb.
Cortex. 12:281-96

Maier MA, Olivier E, Baker SN, Kirkwood PA, Morris T, Lemon RN. 1997. Direct and indi-
rect corticospinal control of arm and hand motoneurons in the squirrel monkey (Saimiri
sciureus). 7. Neurophysiol. 78:721-33

Martin JH, Engber D, Meng Z. 2005. Effect of forelimb use on postnatal development of
the forelimb motor representation in primary motor cortex of the cat. 7. Neurophysiol.
93:2822-31

Martinez-TrujilloJC, Wang H, Crawford JD. 2003. Electrical stimulation of the supplementary
eye fieldsin the head-free macaque evokes kinematically normal gaze shifts. 7. Neurophysiol.
89:2961-74

Matelli M, Luppino G, Rizzolatti G. 1985. Patterns of cytochrome oxidase activity in the
frontal agranular cortex of the macaque monkey. Behav. Brain Res. 18:125-36

Matsumura M, Chen D, Sawaguchi T, Kubota K, Fetz EE. 1996. Synaptic interactions between
primate precentral cortex neurons revealed by spike-triggered averaging of intracellular
membrane potentials in vivo. 7. Neurosci. 16:7757-67

Matsuzaka Y, Aizawa H, Tanji J. 1992. A motor area rostral to the supplementary motor area
(presupplementary motor area) in the monkey: neuronal activity during a learned motor
task. 7. Neurophysiol. 68:653-62

Messier J, Kalaska JF. 2000. Covariation of primate dorsal premotor cell activity with direction
and amplitude during a memorized-delay reaching task. 7. Neurophysiol. 84:152-65

Mitz AR, Wise SP. 1987. The somatotopic organization of the supplementary motor area:
intracortical microstimulation mapping. 7. Newurosci. 7:1010-21

Murata A, Fadiga L, Fogassi L, Gallese V, Raos V, Rizzolatti G. 1997. Object representation
in the ventral premotor cortex (area F5) of the monkey. 7. Neurophysiol. 78:2226-30

Murray EA, Coulter JD. 1981. Organization of corticospinal neurons in the monkey. 7. Comzp.
Neurol. 195:339-65

Mushiake H, Inase M, Tanji J. 1990. Selective coding of motor sequence in the supplementary
motor area of the monkey cerebral cortex. Exp. Brain Res. 82:208-10

Obermayer K, Blasdel GG. 1993. Geometry of orientation and ocular dominance columns in
monkey striate cortex. 7. Neurosci. 13:4114-29

Park MC, Belhaj-Saif A, Cheney PD. 2004. Properties of primary motor cortex output to
forelimb muscles in rhesus macaques. 7. Neurophysiol. 92:2968-84

Park MC, Belhaj-Saif A, Gordon M, Cheney PD. 2001. Consistent features in the forelimb
representation of primary motor cortex in rhesus macaques. 7. Newrosci. 21:2784-92

Penfield W. 1954. Mechanisms of voluntary movement. Brain 77:1-17

Penfield W, Boldrey E. 1937. Somatic motor and sensory representation in the cerebral cortex
of man as studied by electrical stimulation. Brain 60:389-443

Graziano



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

Preuss TM, Stepniewska I, Kaas JH. 1996. Movement representation in the dorsal and ventral
premotor areas of owl monkeys: a microstimulation study. 7. Comzp. Neurol. 371:649-76

Reina GA, Moran DW, Schwartz AB. 2001. On the relationship between joint angular velocity
and motor cortical discharge during reaching. 7. Neurophysiol. 85:2576-89

Rho MJ, Lavoie S, Drew T. 1999. Effects of red nucleus microstimulation on the locomotor
pattern and timing in the intact cat: a comparison with the motor cortex. 7. Neurophysiol.
81:2297-315

Rizzolatti G, Camarda R, Fogassi L, Gentilucci M, Luppino G, Matelli M. 1988. Functional
organization of inferior area 6 in the macaque monkey. II. Area F5 and the control of distal
movements. Exp. Brain Res. 71:491-507

Rizzolatti G, Luppino G. 2001. The cortical motor system. Neuron 31:889-901

Rizzolatti G, Scandolara C, Matelli M, Gentilucci M. 1981. Afferent properties of periarcuate
neurons in macaque monkeys. II. Visual responses. Bebav. Brain Res. 2:147-63

Robinson DA. 1972. Eye movements evoked by collicular stimulation in the alert monkey. Vis.
Res. 12:1795-808

Robinson DA, Fuchs AF. 1969. Eye movements evoked by stimulation of the frontal eye fields.
7. Neurophysiol. 32:637-48

Romo R, Hernandez A, Zainos A, Salinas E. 1998. Somatosensory discrimination based on
cortical microstimulation. Nature 392:387-90

Rosenbaum DA, Loukopoulos LD, Meulenbroek RG, Vaughan J, Engelbrecht SE. 1995. Plan-
ning reaches by evaluating stored postures. Psychol. Rev. 102:28-67

Salzman CD, Britten KH, Newsome WT. 1990. Cortical microstimulation influences percep-
tual judgements of motion direction. Nature 346:174-77

Sanes JN, Donoghue JP. 2000. Plasticity and primary motor cortex. Annu. Rev. Neurosci.
23:393-415

Sanes JN, Schieber MH. 2001. Orderly somatotopy in primary motor cortex: Does it exist?
Neuroimage 13:968-74

Sanes JN, Wang J, Donoghue JP. 1992. Immediate and delayed changes of rat cortical output
representation with new forelimb configurations. Cereb. Cortex 2:141-52

Schieber MH. 2002. Motor cortex and the distributed anatomy of finger movements. Adv. Exp.
Med. Biol. 508:411-16

Schiller PH, Stryker M. 1972. Single-unit recording and stimulation in superior colliculus of
the alert rhesus monkey. 7. Neurophysiol. 35:915-24

Schlack A, Sterbing S, Hartung K, Hoffmann K-P, Bremmer F. 2005. Multisensory space
representations in the macaque ventral intraparietal area (VIP). 7. Newrosci. 25:4616-25

Schneider C, Devanne H, Lavoie BA, Capaday C. 2002. Neural mechanisms involved in the
functional linking of motor cortical points. Exp. Brain Res. 146:86-94

Schreiner CE. 1995. Order and disorder in auditory cortical maps. Curr: Opin. Neurobiol. 5:489—
96

Schwartz EL, Desimone R, Albright TD, Gross CG. 1983. Shape recognition and inferior
temporal neurons. Proc. Natl. Acad. Sci. USA 80:5776-78

Scott SH. 2004. Optimal feedback control and the neural basis of volitional motor control.
Nat. Rev. Neurosci. 5:532-46

Scott SH, Kalaska JF. 1995. Changes in motor cortex activity during reaching movements with
similar hand paths but different arm postures. 7. Neurophysiol. 73:2563—67

Scott SH, Kalaska JF. 1997. Reaching movements with similar hand paths but different arm
orientations. I. Activity of individual cells in motor cortex. 7. Neurophysiol. 77:826-52

Sergio LE, Kalaska JF. 2003. Systematic changes in motor cortex cell activity with arm posture
during directional isometric force generation. 7. Neurophysiol. 89:212-28

www.annualreviews.org o Motor Cortex

133



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

134

Stanford TR, Freedman EG, Sparks DL. 1996. Site and parameters of microstimulation: ev-
idence for independent effects on the properties of saccades evoked from the primate
superior colliculus. 7. Neurophysiol. 76:3360-81

Stepniewska I, Fang PC, Kaas JH. 2005. Microstimulation reveals specialized subregions for
different complex movements in posterior parietal cortex of prosimian galagos. Proc. Natl.
Acad. Sci. USA 102:4878-83

Strick PL, Preston JB. 1978. Multiple representation in the primate motor cortex. Brain Res.
154:366-70

Tachibana Y, Nambu A, Hatanaka N, Miyachi S, Takada M. 2004. Input-output organization
of the rostral part of the dorsal premotor cortex, with special reference to its corticostriatal
projection. Neurosci. Res. 48:45-57

Taylor CSR, Gross CG. 2003. Twitches versus movements: a story of motor cortex. Newurosci-
entist 9:332-42

Tehovnik EJ, Lee K. 1993. The dorsomedial frontal cortex of the rhesus monkey: topographic
representation of saccades evoked by electrical stimulation. Exp. Brain Res. 96:430-42

Thier P, Andersen RA. 1998. Electrical microstimulation distinguishes distinct saccade-related
areas in the posterior parietal cortex. 7. Neurophysiol. 80:1713-35

Ting LH, Macpherson JM. 2005. A limited set of muscle synergies for force control during a
postural task. 7. Neurophysiol. 93:609-13

Todorov E, Jordan MI. 2002. Optimal feedback control as a theory of motor coordination.
Nat. Neurosci. 5:1226-35

Tolias AS, Sultan F, Augath M, Oeltermann A, Tehovnik EJ, et al. 2005. Mapping cortical
activity elicited with electrical microstimulation using FMRI in the macaque. Neuron
48:901-11

Vindras P, Desmurget M, Viviani P. 2005. Error parsing in visuomotor pointing reveals inde-
pendent processing of amplitude and direction. 7. Neurophysiol. 94:1212-24

Wise SP. 1985. The primate premotor cortex: past, present, and preparatory. Annu. Rev. Neu-
rosci. 8:1-19

Woolsey CN, Settlage PH, Meyer DR, Sencer W, Hamuy TP, Travis AM. 1952. Patterns
of localization in precentral and “supplementary” motor areas and their relation to the
concept of a premotor area. Res. Pub. Assoc. Res. Nerv. Ment. Dis. 30:238-64

Wu CW, Bichot NP, Kaas JH. 2000. Converging evidence from microstimulation, archi-
tecture, and connections for multiple motor areas in the frontal and cingulate cortex of
prosimian primates. 7. Comzp. Neurol. 423:140-77

Graziano



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

Contents

Adaptive Roles of Programmed Cell Death During Nervous System
Development
Robert R. Buss, Woong Sun, and Ronald W. Oppenbeint ..........................ccoi.. 1

Endocannabinoid-Mediated Synaptic Plasticity in the CNS
Vivien Chevaleyre, Kanji A. Takabashi, and Pablo E. Castillo ............................. 37

Noncoding RNAs in the Mammalian Central Nervous System
Xinwei Cao, Gene Yeo, Alysson R. Muotri, Tomoko Kuwabara,

and Fred H. Gage ...............o0 i 77
The Organization of Behavioral Repertoire in Motor Cortex

Michael GFAZianmo ............ ..o 105
TRP Ion Channels and Temperature Sensation

Ajay Dbaka, Veena Viswanath, and Avdem Patapoutian ................................. 135
Early Events in Olfactory Processing

Rachel I. Wilson and Zachary - Mainen .........................ccccciiiiiiiiiiiiin, 163
Cortical Algorithms for Perceptual Grouping

Pieter R. RoelfSemna .................c o 203
Deep Brain Stimulation

Joel S. Perlmutter and Fonathan W. Mink ...............................c.cc....... 229
RNA-Mediated Neuromuscular Disorders

Laura PW. Ranum and Thomas A. Cooper .......................ccccciiiiiiiiiiiiii.... 259
Locomotor Circuits in the Mammalian Spinal Cord

Ole Kiehn ... 279
Homeostatic Control of Neural Activity: From Phenomenology to

Molecular Design

Graeme W Davis ............ .o 307

Organelles and Trafficking Machinery for Postsynaptic Plasticity
Matthew 7. Kennedy and Michael D. Eblers ........................ccccccoiiiiiiin.. 325

Noncanonical Wnt Signaling and Neural Polarity
Mireille Montcouguiol, E. Bryan Crenshaw, 111, and Matthew W. Kelley ............... 363

i
Annual Review

of Neuroscience

Volume 29, 2006



Annu. Rev. Neurosci. 2006.29:105-134. Downloaded from arjournals.annualreviews.org
by Michael Graziano on 06/29/06. For personal use only.

vi

Pathomechanisms in Channelopathies of Skeletal Muscle and Brain
Stephen C. Cammon ......... ... 387

Imaging Valuation Models in Human Choice
P. Read Montague, Brooks King-Casas, and Fonatban D. Coben ......................... 417

Brain Work and Brain Imaging
Marcus E. Raichle and Mark A. Mintum ........... ... e, 449

Complete Functional Characterization of Sensory Neurons by System
Identification

Michael C.-K. Wu, Stephen V. David, and Fack L. Gallant .............................. 477
Neurotrophins: Mediators and Modulators of Pain

Sophie Pezet and Stephen B. McMahbon .............................ccciiiii 507
The Hedgehog Pathway and Neurological Disorders

Tammy Dellovade, Fustyna T. Romer, Tom Curran, and Lee L. Rubin .................. 539
Neural Mechanisms of Addiction: The Role of Reward-Related

Learning and Memory

Steven E. Hyman, Robert C. Malenka, and Eric §. Nestler .............................. 565
INDEXES
Subject Index ... ... 599
Cumulative Index of Contributing Authors, Volumes 20-29 ........................... 613
Cumulative Index of Chapter Titles, Volumes 20-29 .................................... 617
ERRATA

An online log of corrections to Annual Review of Neuroscience chapters (if any, 1977 to
the present) may be found at http://neuro.annualreviews.org/

Contents



