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Abstract

In all primates, the cortical control of hand and arm movementsisinitiated and controlled by a
network of cortical regionsincluding primary motor cortex (M1), premotor cortex (PM), and
posterior parietal cortex (PPC). These interconnected regions are influenced by inputs from
especialy visual and somatosensory cortical areas, and prefrontal cortex. Here we discuss recent
evidence showing M1, PM, and PPC can be subdivided into a number of functional zones or
domains, including several that participate in guiding and controlling hand and arm movements.
Functional zones can be defined by the movement sequences evoked by microstimulation within
them, and functional zones related to the same type of movement in all three cortical regions are
interconnected. The inactivation of afunctional zone in each of the regions has a different impact
on motor behavior. Finally, there is considerable plasticity within the networks so that behavioral
recoveries can occur after damage to functional zones within a network.

Introduction

Three regions of cortex have long been known to be involved in the production and
guidance of motor behavior; primary motor cortex (M1), premotor cortex (PM), and
posterior parietal cortex (PPC) (Fig. 1). Primary motor cortex has a somatotopic
organization that can be revealed by electrical stimulation with surface electrodes or
penetrating microelectrodes. Thus, medial stimulation sites evoke leg and foot movements,
more lateral sites evoke arm and hand movements, and the most lateral sites evoke face,
mouth and tongue movements (e.g., 1; see 2 for review. Modern maps or representations of
the motor organization of M1 generally are based on short trains of electrical pulses at low
levels of current delivered with penetrating microel ectrodes with tips close to layer 5
pyramidal neurons (e.g., 3 such that only a barely detectable, brief movement is evoked and
that often involves only afew muscles and a single body part 2. When higher levels of
current, over longer periods of time are used to stimulate, more complex movements are
evoked, but a motor map can be constructed based on the first movement that occursin a
sequence 4.

The threshold or first movement maps of M1 have been puzzling to a certain extent, in that
they are only crudely somatotopic, thereby differing considerably from the more precise
somatosensory, visual, and auditory mapsin early sensory areas. Thus, in the forearm-hand
region of M1 of various primates, sites where movements of specific digits are evoked are
often next to sites where wrist, elbow, and shoulder movements are evoked. Moreover,
similar digit, wrist, elbow, or shoulder movements can be evoked from several separate sites
inM1 511 Gould et a. (1986) initially described M1, not as a single representation, but as a
mosaic of cortical stimulation sites, corresponding to narrow vertical columns of neurons for
different movements, with multiple sites or columns for each type of movement (Fig. 2).
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The movement of asingle digit or afew digits, for example, could be evoked from several
sites distributed in the hand-forearm region of M1. Sitesfor digit movements would be next
to sites for different hand-forearm movements, depending on location within M1. With this
type of organization, short lateral connections 1213 could excite or inhibit adjoining columns
for different movements to produce complex sequences of digit, hand, and arm movements
that would differ according to where in M1 the movement sequence was initiated. Thistype
of interpretation of M1 function, originally based on threshold stimulation maps of M1, is
consistent with more recent results produced when sitesin M1 were stimulated for longer
times (0.5 sec.) with trains of electrical pulses at higher levels of current 1416, Under these
conditions, longer (approximately 0.5 sec.) sequences of movements were evoked from M1,
including those reasonably described as grasping or manipulation by the hand, reaching,
hand-to-mouth, or defensive movements of the arm and/or face. These findings are more
fully discussed in a subsequent section of this review.

Premotor areas, although smaller, with more compressed representations, also contain
mosaics of intermingled movement sites. All primates appear to have dorsal and ventral
premotor areas, PMD and PMV 7, and these dorsal and ventral premotor areas have
functionally distinct subdivisionsin some primates 1719, PMD and PMV have been the
most studied of the premotor areas, and they are the most relevant premotor fields for this
review because they have been most studied within the context of parietal-frontal
sensorimotor networks 20, At threshold levels of current, short trains of microstimulation in
PMD and PMV evoke simple, discrete movements similar to those evoked from M1,
athough typically at higher levels of current 1921, The two premotor fields differ from
each other somewhat somatotopically, with PMD representing hindlimb, forelimb and face
movementsin adorsoventral sequence, and PMV mainly representing forelimb, facial, and
oral movements in more of a dorsorostral to ventrorostral sequence. However, asin M1,
neither of these premotor areas has a precise somatotopy, and different types of movements
aretypically evoked from nearby stimulation sites. Thus, these fields appear to contain
patchworks of narrow motor columns, asin M1. Moreover, both PMV and PMD appear to

have larger functional zones of cortex for more complex movements, much asin
M1, 141522,

The supplementary motor area (SMA) represents body movements from hindlimb to face in
acaudorostral cortical sequence 1:°7:23, Movements elicited with microstimulation from
SMA at near threshold levels of current are often restricted to a single muscle or joint, much
asin M1. Again, each subregion for amajor body part in SMA appearsto contain a
collection of smaller columns of neurons representing different movements during brief
threshold activations. Although movements can be evoked from the cingulate motor

areas /11 the overall somatotopy of motor mapsin these fields have been largely inferred
from the distributions of labeled cells in these fields after injections of tracers into various
levels of the spinal cord 24, In addition, there are still uncertainties about how cingulate
cortex is divided into motor areas and how these areas represent the movements of body
parts (Wu et al., 2000). Finally, stimulation of the frontal eye field produces saccadic eye
movementsin all studied primates 72526 while smooth pursuit eye movements have been
evoked from a caudal subregion of FEF 27.

The other cortical region of major concern in this review is posterior parietal cortex (PPC).
This cortex has been repeatedly implicated in sensorimotor functions by having dense
connections with frontal motor areas together with visual and somatosensory inputs that
could be used for guiding motor functions 1528-32 Many microelectrode recording studies
of single neurons have revealed response properties that are consistent with the concept that
several functionally distinct subdivisions of PPC are yet functionally similar in that they are
involved in the sensory guidance and initiation of various motor behaviors (e.g., 3334, In
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particular, there have been many studies of the cortex of the intraparietal sulcus of macaque
monkeys, and this cortex has been divided into an anterior intraparietal region, AIP, thought
to be particularly involved in grasping behavior 3°, alateral intraparietal region, LIP, with a
major rolein producing eye movements 36, and aventral intraparietal region, VIP, thought
to beinvolved in visually and multisensory guided motor behavior via a representation of
external space 37. More specifically, VIP appears to be involved in defensive behaviors as
microstimulation in V1P produces movements of the face and arm that have been described
as defensive movements 38. More caudally in the intraparietal cortex, investigators have
described a parietal reach region, PRR, where neurons respond during reaching behavior and
the intention to reach 34, Other parts of PPC also contain neurons with response properties
and connections that implicate then in sensorimotor behavior. However, the focus hereis on
regions with direct connections to motor and premotor cortex where microstimulation
evokes a complex sequence of movements.

Long-train microstimulation evokes complex behaviors from motor (M1) and premotor
cortex (PMC)

Simple movements are evoked from microstimulation sitesin M1 when stimulation consists
of brief (~ 60 msec.) trains of ~ 0.2 msec. pulses of current at levels low enough to evoke
just noticeable movements. However, longer (0.5 sec.) trains of pulses at higher levels of
current are long enough to be compatible with longer sequences of movements, and they are
capable of evoking complex movements from motor and premotor cortex. These complex
movements were noticed by early investigators, such that when Leyton and Sherrington
(1917) charted their maps of primary motor cortex in chimpanzees they found that evoked
movements were quite complex, and often involved a sequence of consecutive movements.
To obtain the somatotopic maps similar to those common today, Leyton and Sherrington
(1917) based the maps on the first movements of any evoked sequence. More recently,
Graziano and co-workers have re-introduced the use of longer, more powerful trains of
electrical pulses while stimulating motor and premator cortex in macague monkeys, and
described the more complex movements that resulted 1439, Using 500 msec. trains of
electrical pulses, approximating the time needed for a complex movement, Graziano and co-
workers found separate regions of M1 of macaque monkeys where hand-to-mouth,
defensive, reaching, manipulation or grasping, or climbing movements of forelimbs were
evoked. For hand-to-mouth movements, wherever the hand was located, it moved to the
mouth and the mouth opened when the cortex was stimulated. Defensive movements,
mainly contralateral to the stimulated cortex, included an eye blink and squint, afacial
grimace, and a movement of the arm next to the head asif to block a blow. In evoked
reaching, the shoulder flexed and the arm straightened so that the contralateral hand
extended, while the fingers opened. In manipulation or grasping, the hand grasped asin
making afist, or made a precision grip, or turned the palm toward the face with fingers
spread as if to reveal agrasped object. Climbing movements were those that involved both
arm and leg movements, typically bilateral. Asthe monkeys were constrained in a monkey
chair, it was not clear if these movements represented climbing or perhaps leaping. Other
types of complex movements were also observed.

Our experiments involving long-train microstimulation of motor and premotor cortex in
primates produced similar results. We stimulated frontal cortex in anesthetized prosimian
galagos, owl monkeys, squirrel monkeys and macague monkeys 151640 |n al| these
primates we were able to evoke different complex movements from small zonesin M1, and
often, similar complex movements from small zonesin PMD or PMV. In order to limit the
duration of our stimulation sessions, we usually focused on demonstrating and delimiting the
parts of frontal cortex where reaching, defensive, or grasping movements could be evoked
from M1 and premotor cortex. When the locations of these patches were compared to the
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typical first movements or threshold movement maps of M1 and premotor cortex, it was
clear that complex movements involving the hand or arm were evoked from the hand-
forelimb portions of the maps (Fig. 1), while those that included face movements included
the face portions. The patch-like functional zones of cortex for different complex,
movements revealed by long train electrical stimulation suggest an interpretation of the
functional significance of the mosaic nature of the motor representations in the threshold
maps. We propose that each functional zone of M1 or premotor cortex contains a mixture of
different columns of neurons that together are devoted to initiating the components of a
more complex movement. Thus, there would be shoulder, elbow, wrist, and digit movement
columns within the reaching module, and other combinations of these columns within other
modules for other complex movements (grasping, defense, climbing). We define a
functional zone as the region of cortex where microstimulation evokes a particular class of
complex movement, although slight variations of that movement may occur as different sites
within the zone are stimulated.

The selective projections of functional zones in posterior parietal cortex to matching
functional zones in premotor and motor cortex

Here we describe functional zones in PPC that we characterized by long-train
microstimulation, and the connections of these zones with frontal cortex. Microstimulation
has not been traditionally used to explore the organization of PPC. An exception has been
the LIP region of PPC in macague monkeys. Using moderately long trains of electrical
stimulation via penetrating microelectrodes, a number of investigators have elicited saccadic
eye movements from LIP 41-44, A magjor target of LIP in the frontal lobe is the frontal eye
field, FEF 3645 where saccadic eye movements are also evoked by electrical stimulation.
Thus, the FEF is directly activated by afunctionally matched zone in PPC.

Consistent with the stimulation and anatomical results that demonstrate the relationship of a
functional eye movement zone (L1P) in PPC to a matching eye-movement zone in frontal
cortex (FEF), we have been able to demonstrate that a number of types of functional zones
exist in PPC and frontal cortex of arange of primate species, and that functional zones of the
same type are directly interconnected. Our most extensive work has been with prosimian
galagos, asmall primate that has the advantage of having few cortical fissures so that all of
motor cortex is exposed on the brain surface. Long-train microstimulation in galagos
revealed a series of different zones where aggressive face movements, defensive face
movements, grasping, hand-to-mouth movements, forelimb defensive movements, reaching
movements and bilateral forelimb and hindlimb movements (climbing) were evoked in a
lateromedial sequence across PPC 3246, M1 and PMC were not studied as extensively, but
matching functional zones for most of these PPC zones were found in frontal cortex. As
expected, each functional zone in PPC projected to matching a pair of matching functional
zones, onein PMC and onein M1 40, Additionally, optical imaging of frontal cortex while
different functional zonesin PPC were electrically stimulated demonstrated that only
matching functional zonesin PMC and M1 were highly activated 47. When only short trains
of electrical pulses were applied to the same functional zonesin PPC cortex, matching zones
in PMC and M1 were till activated, but less intensively and for a shorter period, and no
movements or only the initial movements were evoked. Such results suggest that the motor
behavior evoked by stimulating PPC was mediated by these activating connections to PMC
and M1.

We were able to demonstrate the functional relationship of cortical zonesto each other
directly by applying muscimol, a GABA agonist that blocks neural activity reversibly, to
functional zonesin frontal and PPC 48, After injectionsin afunctional zonein M1,
movements could not be evoked from that zone, or from matching functional zonesin PMC
or PPC, although other classes of movements could be evoked from other functional zones.
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Blocking afunctional zonein PMC or PPC produced only minor changes in the movements
produced by stimulating matching functional zonesin M1. Thus, the outputs of M1 were
essential to the behavior, and the effects of PPC and PMC stimulation appeared to be largely
mediated viatheir connections with M 1.

While M1, PMV, PMD, and PPC are clearly the key nodes in the cortical networks for
specific types of common, adaptive complex movements, connections with other structures
are undoubtedly important, but not as critical. PPC is activated by various sensory inputs,
especially higher order visual inputs from dorsal stream visual areas 2, aswell as
somatosensory inputs from area 2, the parietal ventral area, S2 and other fields 1516, Under
certain conditions, these sensory inputs likely activate functional zones in PPC to the extent
that they compete with each other and initiate one type of action while suppressing others 20,
Other connections are with cingulate motor areas and the supplementary motor area, which
also have direct connections with M1 and PMC. PMC also has inputs from prefrontal cortex,
which likely further influences the selection of a mode of response. Additionally, there are
connections with motor nuclei of the thalamus, the basal ganglia, and essential outputsto
pools of motor neurons in the brainstem and spinal cord (see, 224950, A more
comprehensive theory of motor cortex function will need to include the roles of these and
other structuresin the selection, initiation, and production of sequences of motor behavior.

Behavioral deficits and recoveries after damage to frontal motor areas and PPC

Our present understandings of the parallel networks for specific classes of motor behavior
involving M1, PMC, and PPC suggest that lesions involving different functional zones will
lead to different functional deficits. However, the results of a number of recent studies of
cortical plasticity suggest that partial and even extensive recoveries may occur, and these
recoveries may be promoted by behavioral and other therapies. Large lesions of frontal
cortex, such as those produced by a major stroke, can result in extensive and persistent
difficultiesin theinitiation and control of movements of mainly the contralateral half of the
body, although some limited recovery is possible 51. Given the organization of motor cortex
and the frontal-parietal networks, we should also consider the immediate and long-term
conseguences of more restricted damage to nodes in the networks, such as those caused by
ischemic infarcts and focal neura loss. While no one yet has determined the effects of small
cortical lesions of the functional zones that have been identified and defined by long-trains
of microstimulation, the short-term blocking effects of muscimol suggest that impairments
should be greatest after M1 lesions, and less after PMC and PPC lesions 48, This conclusion
is consistent with the differences in the behavioral effects of small, focal lesions of motor
cortex and PPC in monkeys.

The behavioral effects of small lesions of part of the forelimb representation in M1 have
been studied in squirrel monkeys by Nudo and co-workers %254, |n these studies, after the
hand representation in M1 had been defined with short trains of electrical microstimulation,
blood vessels were cauterized so that an ischemic lesion destroyed about one-third of the
hand representation. Skilled use of the contralateral hand in food retrieval tasks was
impaired, and did not spontaneously recover fully after weeks of time, as the monkeys
compensated by using proximal arm and postural adjustments. A remapping of remaining
forelimb cortex with microstimulation revealed a further loss of sitesin M1 for digit
movements as evoked movements at these sites were replaced by shoulder movements.
Thus, the spontaneous reorgani zation of motor cortex that occurs after focal lesions may not
always be adaptive. In addition, very early training on reaching tasks after focal lesions of
motor cortex may extend the damage to adjoining cortex 5. However, training on hand use
tasks in squirrel monkeys with small lesions of the hand region of M1 led to behavioral
improvements and an increased representation of digitsin the remaining hand cortex 3. In
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addition, the organization of PMV changed so that the territory of the hand representation
enlarged 6, and injections of tracersin PMV revealed an increase in connections from the
hand representations in areas 1 and 2 of somatosensory cortex to PMV 57. These and other
studies (e.g., %8 suggest that the motor mapsin M1 and other motor areas reorganize after
partia lesions of M1, and that hand use can influence the reorganization process and the
formation of new connections that promote behavioral recoveries. Asthe motor mapsin M1
and PMC change so that sites formerly representing one type of movement come to
represent another type of movement, the terminal axon arbors of preserved corticospinal
neurons likely expand to reach new motor neuron targets after a cortical lesion removes
competing axon arbors 811, Over time, the new synapses would be activity dependent, and
preserved and shaped by use.

Lessis known about the effects of focal lesions of PPC on manual abilities. However,
Padberg et al. (2010) trained macague monkeys on several hand use tasks and tested them
on these tasks after arestricted lesion of a hand representation region °° of area 5 of PPC.
Thelesions were just caudal to the grasp node in area 2 of macague monkeys (Fig 1), which
likely extendsinto area 5 15, While the lesions produced immediate deficitsin hand use, the
deficits rapidly disappeared over several days. Thus, recoveries were more extensive and
more rapid after PPC lesions than M1 lesions.

Conclusions

These results, and the features of organization of frontal and parietal motor areas, suggest
ways of interpreting the functional impacts and behavioral recoveries that occur after
restricted lesions of motor and motor-related cortex. First, lesions of functional zonesin
parietal-frontal networks for specific motor actions can be expected to impair those motor
functions, while having less or little impact on others, or perhaps even releasing them from
competitive suppression. For example, hand-to-mouth movements might be selectively
impaired by alesion of the hand-to-mouth zone in M1 without impairing grasping or
reaching movements, since these would depend on intact functional zones of M 1. Second,
impairments would be greatest and longest lasting for comparable lesions of M1 than for
PMC, and the least and shortest for PPC. This may be due to connectional plasticity that
provides alternative ways of accessing the appropriate and critical modulesin M1. Third,
partia or nearly complete recoveries of lost motor abilities are possible because of use-
dependent plasticity and alterations in the competition for synaptic space that reform
connection patterns and the functional organization of remaining motor representations.
Such changes are widespread and are distributed across motor and somatosensory areas, and
especially within the partially damaged motor representations. The effectiveness of partially
spared pathways can be greatly enhanced over time 50 as they effectively activate more and
more neurons directly and indirectly viathe formation of new connections. Fourth, behavior
therapies currently provide the most effective way to promote brain reorgani zation and
behavioral recoveries. However, the use of pharmacological treatments that promote the
growth of new connections and synapses has great promise (e.g.,) 6.
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Figure 1.

Motor areas of cortex on adorsolateral view of a Squirrel monkey brain. Primary motor
cortex (M1) represents foot and leg, trunk, hand and forelimb, and face movementsin a
seguence of mediolateral segments. Other motor representations in frontal cortex include the
dorsal premotor area, PMD, the ventral premotor area, PMV, the supplementary motor area,
SMA, and the frontal eyefield, FEF. Within M1, PMV, and PMD, different complex
movements can be evoked by electrically stimulating neurons within small “functional
zones'. The approximate locations of three such zones, for grasping (G), defensive (D), and
reaching (R) movements are shown in M1 and premotor cortex (PMV and PMD). Matching
functional zones (G, D, and R) for these and other motor behaviors are found in posterior
parietal cortex, with the grasping zone extending into area 2. Somatosensory areas (3a, 3b, 1
and 2, aswell as several visual areas, are shown for reference. Based on Gharbawie et al.
(2011a).
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Figure2.

The proposed functional organization of the hand-forearm segment of M1 in monkeys and
other primates. Microstimulation studies have shown that electrical stimulation of a small
number of adjacent pyramidal neuronsin layer 5 with short bursts of near-threshold pulses
evokes simple movements of digits (D), the wrist (W), the elbow (E) or the shoulder (S)
from different sitesin M1, and that sites for each of these body parts are scattered and
repeated within the hand-forelimb segment of M1. Microstimulation with longer bursts of
electrical pulses (0.5 sec.) at higher current levels evokes more complex patterns of
movements, such as that for reaching (R), grasping (G) or defense of the head and body (D)
from larger functional zones (see Figure 1) that would contain a number of motor columns
of different types. The complex movement patterns may depend on the short lateral neuronal
interconnections within afunctional zone that are excitatory or inhibitory. Two pyramidal
neurons with intrinsic connections are illustrated for example. Longer lateral connections
between functional zones may excite mainly inhibitory neurons, suppressing atendency for
adifferent complex movement sequence.
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