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Cortical Networks for Ethologically Relevant Behaviors in Primates
JON H. KAAS!, OMAR A. GHARBAWIE , AND IWONA STEPNIEWSKA
Department of Psychology, Vanderbilt University, Nashville, Tennessee

Parietal–frontal networks in primate brains are central to mediating actions. Physiological and
anatomical investigations have shown that the parietal–frontal network is consistently organized
across several branches of primate evolution that include prosimian galagos, New World owl and
squirrel monkeys, and Old World macaque monkeys. Electrical stimulation with 0.5-sec trains of
pulses delivered via microelectrodes evoked ethologically relevant actions from both posterior pari-
etal cortex (PPC) and frontal motor cortex (FMC). Reaching, grasping, defensive, and other complex
movement patterns were evoked from domains that had a characteristic organization in both FMC
and PPC. Although a PPC domain (e.g. reaching) may be connected with other PPC domains (e.g.
grasping and defensive), its connections with FMC are preferential for a matching domain (reaching).
Similarly, electrical stimulation of a PPC domain and concurrent optical imaging of FMC, showed
activation patterns consistent with the preferential connectivity of PPC and FMC domains. The evi-
dence for similar arrangements of interconnected functional domains in PPC and FMC of members of
three major branches of the primate radiation suggests that the parietal–frontal networks emerged
early in the evolution of primates. The small size of PPC in the close relatives of primates including
lagomorphs, rodents, and tree shrews, suggests a limited involvement of PPC in motor behavior before
archaic primates emerged. However, functional domains may have evolved in motor cortex before the
emergence of archaic primates. Am. J. Primatol. 00:1–8, 2012. C" 2012 Wiley Periodicals, Inc.
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INTRODUCTION
This review addresses the general question of

how motor behaviors are generated. As in other
mammals, primates are characterized by many be-
haviors that are conducted in the same way across in-
dividuals within the species, and even across species
in larger taxonomic groups [Platt & Ghazanfar,
2010]. Many of these behaviors seem to require lit-
tle or no experience to be performed, although this
can be difficult to evaluate when nervous systems
take a long time to mature, as is the case in hu-
mans. This long development time may be one of
the reasons that researchers in psychology have long
emphasized the role of learning in human behav-
ior [Elsner & Hommel, 2004], and have discounted
the importance of neural networks for adaptive be-
haviors that emerge in brain development without
considerable relevant experience [Pinker, 2002]. In
addition, there are a number of specific motor se-
quences and skills that humans and other primates
acquire only with great difficulty and practice. Thus,
it is common to characterize cortical motor systems
in primates and other mammals as general-purpose
systems that are organized to produce simple move-
ments that can be combined in any number of ways
to produce a great range of motor behaviors. This

impression is reinforced by the depictions of the or-
ganization of motor cortex as highly somatotopically
organized so that neurons capable of moving spe-
cific body parts or muscles, the twitch of a finger for
example, are arranged in an orderly pattern. Thus,
inputs could activate various parts of the motor map
in any pattern [Leyton & Sherrington, 1917; Pen-
field & Boldrey, 1937; Woolsey et al., 1952], much as
any number of tunes can be played on the orderly
arrangement of keys on a piano [Schieber, 2001].

However, in order to reconsider this view, it is
important to recognize that the most detailed motor
maps in primary motor cortex (M1) and elsewhere
are based on electrical stimulation of cortical neu-
rons with microelectrodes with low levels of current
for very brief periods of time. These detailed maps
are produced with penetrating microelectrodes, with
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the tip in or near cortical layer 5 so that only a
few neurons are activated and only for a small frac-
tion of a second [Schieber, 2001]. In earlier stud-
ies, motor cortex was often stimulated with higher
levels of current, for longer periods, and with sur-
face electrodes that activated more neurons. Under
these conditions, more complex movement sequences
were produced that were difficult to interpret, and
were not fully explored. The summary map of the
organization of motor cortex in the chimpanzee by
Leyton and Sherrington [1917] was a map of the first
movement evoked at each stimulation site, and not
the full sequence of movements. These early motor
maps, as for subsequent sensory maps of somatosen-
sory cortex, emphasized the orderly arrangement of
body parts, as the hindlimb, trunk, forelimb, and
face were consistently represented in a mediolat-
eral sequence in primary motor cortex. However,
when the subsequent results of more detailed mi-
crostimulation maps of motor cortex were consid-
ered, even when the stimulation of neurons was brief
and at threshold levels, so that only “first move-
ments” were observed, the motor maps were only
globally somatotopic. Locally, they were disordered,
quite unlike the sensory maps. Thus, in the fore-
limb portion of primary motor cortex of various pri-
mates, stimulation sites evoking movements of fin-
gers were mixed with sites evoking wrist, elbow, or
shoulder movements, and sites for different finger
movements were scattered and mixed [Donoghue
et al., 1992; Gould et al., 1986; Qi et al., 2010,
2000; Wu et al., 2000]. Consistent with such micros-
timulation results, corticospinal neurons that con-
trol a single muscle of the hand are broadly dis-
tributed in M1, and form multiple “hot spots,” and
are mixed with neurons for controlling other muscles
such as those for shoulder, wrist, and elbow move-
ments [Rathelot & Strick, 2006]. What could account
for this puzzling difference in sensory and motor
maps?

Recently, Graziano and co-workers challenged
the traditional view of the organization of motor cor-
tex in primates by stimulating motor cortex in awake
macaque monkeys for longer times with slightly
higher levels of current. This change in stimula-
tion parameters produced sequences of motor move-
ments that seemed ethologically relevant, and the
sequences differed according to where in motor cor-
tex neurons were stimulated. Using a behaviorally
relevant stimulation time of 0.5 sec, Graziano and
co-workers divided motor and premotor cortex into a
patchwork of zones, with each zone devoted to a dif-
ferent sequence of movements [Graziano & Aflalo,
2007; Graziano et al., 2005; 2002b]. Microstimula-
tion sites within each functional zone evoked sim-
ilar movements, with slight variations depending
on location. More medially in motor cortex, coordi-
nated movements of the forelimbs and hindlimbs
were evoked as if the monkey were climbing or leap-

ing (which was not possible as the stimulated mon-
keys were in monkey chairs with the head fixed).
More laterally in motor cortex, sites evoked defen-
sive movements of the face and forearm as if to
protect the head from a blow. Nearby sites evoked
chewing and licking, while sites in zones between
these more lateral and more medial zones evoked be-
haviors such as hand-to-mouth, reach-to-grasp, and
grasping to manipulate. This evidence that different
parts of motor cortex were involved in specific, use-
ful behaviors, and that these zones were similarly
located in different monkeys, provided strong evi-
dence that motor cortex is not a general-purpose or-
gan. Elements of movements are not represented in a
series of distributed columns of neurons to be played
like a piano by a distant player to form any com-
plex sequence called upon. Instead, motor cortex has
functionally distinct territories that intrinsically or-
ganize movements into adaptive sequences. Because
the functional zones are similarly distributed across
individuals, they likely form early in development,
possibly before the behaviors are first needed, but at
least with minimal experience.

Our own research was motivated by these
findings of Graziano and co-workers. We had two
main questions. First, is frontal motor cortex (FMC)
similarly organized into functional zones (domains)
in other primates? Using similar stimulation pro-
cedures, but in anesthetized primates, we found
functionally distinct domains in motor and premotor
cortex of two species of New World monkeys, owl
monkeys (Aotus nancymaae) and squirrel monkeys
(Saimiri sciureus), and in prosimian galagos (Otole-
mur garnetti). We also replicated some of the findings
of Graziano and co-workers in FMC of macaque
monkeys (Macaca fascicularis, mulatta, and
radiata).

Second, we wondered whether similar or even
matching functional domains exist in posterior pari-
etal cortex (PPC), and if so, if they are arranged in
a similar manner in all primates. There was already
considerable evidence that such domains might exist
in the PPC of macaque monkeys, as much of PPC of
macaques is thought to be involved in the planning
and initiation of specific behaviors. Thus, neurons in
an anterior region of PPC were found to be activated
during grasping [Sakata et al., 1995], and neurons
in a posterior parietal reach region (PPC) are active
during reaching [Snyder et al., 1997]. Also, electrical
stimulation of a lateral region, the lateral intrapari-
etal area (LIP) evoked eye movements [Constantin
et al., 2007; Their & Andersen, 1998], as did electri-
cal stimulation of the frontal eye field (FEF) [Bruce
& Goldberg, 1985; Huerta et al., 1987], a subdivi-
sion of motor cortex. As LIP and the FEF are in-
terconnected, they appear to work together to direct
eyes toward objects of potential interest. Most im-
portantly, when part of PPC, the ventral intrapari-
etal area (VIP), was stimulated with 0.5-sec trains of
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electrical pulses in awake monkeys, defensive hand
and head movements were produced [Cooke et al.,
2003], much like those produced by stimulating mo-
tor cortex. Thus, we included PPC in our stimulation
studies of anesthetized owl monkeys, squirrel mon-
keys, and galagos.

We were fortunate to find that domains for spe-
cific behaviors could be revealed in PPC, as well as
in FMC, in anesthetized primates where neurons are
generally less responsive. However, the use of anes-
thetized primates allowed us more control within our
experiments. Given our success in activating func-
tional domains in motor cortex and PPC, we deter-
mined cortical and thalamic connections of these do-
mains, used optical imaging to see how domains in-
teract during electrical stimulation, and investigated
the function of the roles of behaviorally matched do-
mains by stimulating one while another was inac-
tivated. Collectively, these experiments provide the
beginning of an understanding of the properties of
the cortical networks involving domains in PPC and
FMC.

Functional Domains in Galagos
We started our experiments in galagos (O. gar-

netti), a primate in the prosimian radiation that has
been separate for over 70 million years from the an-
thropoid radiation that includes monkeys [Purvis,
1995; Steiper & Seiffert, 2012]. Earlier studies es-
tablished that the major frontal motor areas of mon-
keys are also present in galagos [Wu et al., 2000],
but not much was known about PPC. Microstim-
ulation results from galagos are summarized in
Figure 1. PPC was most fully explored, and a surpris-
ingly large number of domains were revealed. Most
medially in PPC a domain was found where stim-
ulation produced coordinated movements of both
hindlimbs, usually with both forelimbs, as if at-
tempting to climb or run. More laterally and some-
what more posterior, a domain produced reaching
movements. A domain for forelimb defensive move-
ments was slightly more anterior. More laterally, we
found cortical domains for hand-to-body movements,
and for grasping. Face-defensive, face-aggressive,
and eye-movement domains were located most later-
ally in PPC. In motor and premotor cortex, these do-
mains were arranged in a similar mediolateral man-
ner, relating somewhat to the overall somatotopy of
motor cortex as revealed by movements evoked with
short trains of pulses and threshold levels of cur-
rent (hindlimb medial and face lateral). The evoked
movements appeared within 50 msec of when the
train of electrical pulses started, and were completed
by the end of the stimulation or soon thereafter
[Stepniewska et al., 2009b]. When tracers were in-
jected into PPC domains identified by microstimula-
tion, connections were with other PPC domains, and
functionally matched domains in FMC [Stepniewska

Fig. 1. Functional domains for ethologically relevant behaviors
in prosimian galagos. Sensory and motor areas are outlined on
a flattened view of the cortical surface of the brain. The medio-
lateral array of movement domains in the anterior half of pos-
terior parietal cortex (PPC) is interconnected with matching do-
mains in motor and premotor cortex (not shown). The domain
for grasping (G) is partly or largely in area 2 of anterior pari-
etal cortex, suggesting that part of this region is closely aligned
with PPC. Domains for defensive movements of the face and
arm (D) and reaching (R) are also shown. Motor areas include
primary motor cortex (M1), dorsal and ventral premotor areas
(PMD and PMV), the supplementary motor area (SMA), and the
frontal eye field (FEF). Somatosensory areas include the pri-
mary area (S1 or area 3b), area 3a, area 1–2 (as separate areas
1 and 2 have not been distinguished), the second somatosen-
sory area (S2), and the ventral parietal area (PV). Visual areas
include V1, V2 and V3, dorsomedial (DM), dorsolateral (DL),
middle temporal (MT), middle temporal crescent (MTc), mid-
dle superior temporal (MST), and inferior temporal (IT) areas.
Representations of upper (+) and lower (#) visual quadrants are
indicated for some visual areas. The auditory region includes pri-
mary auditory cortex (A1), the rostral area (R), and the auditory
belt (AB). A dorsolateral view of a galago brain is on the lower
left.

et al., 2009a]. Functional domains in frontal cortex
sometimes overlapped premotor and primary motor
cortex, thereby involving both fields, and sometimes
they were clearly separate in premotor and motor
cortex.

The visual inputs to the functional domains in
the anterior half of PPC were largely those relayed
from the posterior half of PPC that has dense visual
inputs, but where no movement domains were ob-
served. However, some inputs to PPC domains were
directly from visual areas. The somatosensory in-
puts to PPC domains were largely from secondary
somatosensory areas located in the upper bank and
fundus of the lateral fissure. Domains in FMC re-
ceived inputs from other frontal motor areas, so-
matosensory areas, and PPC [Fang et al., 2005; Step-
niewska et al., 2009a].

When we used optical imaging to reveal acti-
vation sites in motor and premotor cortex while
electrically stimulating sites within PPC domains,
only functionally matched domains in frontal
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cortex were activated at levels above thresholds
for imaging [Stepniewska et al., 2011]. When the
stimulus trains were reduced in length so that no
movements were evoked, the same frontal domains
were activated, but less intensively and for less
time. Thus, we have evidence that electrical stim-
ulation of PPC domains produces highly specific ac-
tivation patterns in FMC, and that the movement
patterns depend on the duration and intensity of
electrical stimulation in PPC. In addition, we know
from related experiments, that movements cannot
be evoked from PPC domains when the activity of
matching domains in premotor and especially in pri-
mary motor cortex is chemically blocked. Thus, the
functions of PPC domains depend on their activat-
ing connections with frontal motor and premotor
cortex.

Functional Domains in New World Monkeys
Most of the functional domains found in PPC and

FMC of galagos were also found with the same stimu-
lation methods in both New World owl monkeys and
squirrel monkeys. These monkeys were included in
our study as much was already known about cortical
organization in these primates from previous inves-
tigations. Most importantly, motor and sensory ar-
eas had been identified. Our studies of functional do-
mains in New World monkeys are ongoing, and many
questions remain. Initially, we focused on determin-
ing the locations and connections of the domains for
grasping, forearm defensive movements, and reach-
ing. The locations of these domains in PPC and FMC
are shown for owl monkeys and squirrel monkeys in
Figure 2. Note that in both these New World mon-
keys, the arrangement of these three domains in PPC
is the same with the grasping domain most lateral,
the forearm defense more medial, and the reaching
domain most medial [Gharbawie et al., 2011a]. Also,
the arrangement of domains in PPC has a rostrocau-
dal slant, with the grasp domain largely in area 2,
and the reach domain most caudal in PPC. A simi-
lar arrangement of domains was found in prosimian
galagos (Fig. 1). Thus, the cortical organization of
PPC domains is remarkably similar in nocturnal
(crepuscular) prosimian galagos, nocturnal owl mon-
keys, and diurnal squirrel monkeys. The connections
of these domains are also similar across these pri-
mates, with matching PPC and FMC domains prefer-
entially interconnected, and with PPC domains hav-
ing visual and somatosensory inputs, while FMC do-
mains having connections with other frontal motor
areas, prefrontal cortex, and somatosensory areas
[Gharbawie et al., 2011a]. The thalamic connections
are also similar, with PPC having more connections
with the somatosensory thalamus and FMC having
more connections with the motor thalamus [Ghar-
bawie et al., 2010].

Fig. 2. Functional domains in (A) owl monkeys and (B) squirrel
monkeys. Domains for reaching defense, and grasping have been
identified in posterior parietal and frontal motor cortex. Other
domains are under investigation. Conventions as in Figure 1.

Functional Domains in Old World Macaque
Monkeys

While the motor cortex of Old World macaques
is harder to explore with microelectrodes as much
of M1 is located in the anterior bank of the central
sulcus [Qi et al., 2000], a number of domains have
been identified by Graziano and co-workers in the
parts of motor and premotor cortex that is exposed
on the dorsal surface of the frontal lobe [Graziano
et al., 2005, 2002a]. We have obtained compara-
ble, but less extensive results from frontal cortex of
macaque monkeys [Gharbawie et al., 2011b]. This
cortex includes the rostral part of M1, and the dor-
sal and ventral premotor areas, PMD and PMV. We
transposed some of the domains onto a dorsolateral
view of the brain of a macaque monkey, where we
also illustrate the locations of a grasping domain, a
defensive domain, and a reaching domain in PPC
(Fig. 3). The posterior grasping domain, which is
largely or completely located along the caudal mar-
gin of area 2, was identified by long trains (0.5 sec) of
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Fig. 3. Functional grasp (G), defense (D), and reach (R) domains
in macaque monkeys. Other domains have been demonstrated
for motor and premotor cortex, and the reach domain in PPC
is based on microelectrode recordings, as microstimulation re-
sults have not been reported. Based on Gharbawie et al. [2011b];
Graziano et al. [2002a, 2002b]; Cooke et al. [2003]. Conventions
as in Figure 1.

electrical pulses in our recent microstimulation ex-
periments [Gharbawie et al., 2011a, 2011b]. While
the stimulation of other nearby regions of cortex
in area 2 and PPC did not produce grasping move-
ments, neurons along the lateral bank of the anterior
tip of the intraparietal sulcus, the anterior intrapari-
etal area, AIP, and adjoining cortex in the 7b region
are also involved in grasping behavior, as the area 2
grasping domain has connections with these regions,
and neurons in these regions are activated during
grasping [Sakata et al., 1995]. Thus, in macaques
at least, we proposed that the grasping network in-
cludes several parallel pathways from PPC to FMC
in addition to the pathway from the area 2 grasping
domain to matching domains in premotor and motor
cortex [Gharbawie et al., 2011b].

The existence of other functional domains within
PPC is suggested by the results of other studies. Pre-
viously, Cooke et al. [2003] found that 0.5-sec trains
of pulses in the VIP, of PPC of macaque monkeys
evoked defensive movements of the forearm and face.
This defensive domain is located just caudal and
slightly medial to our area 2 grasping domain. While
microstimulation has not yet been used to identify
a domain for reaching in PPC, this domain would
be expected from the results in galagos and New
World monkeys to be caudal and medial to the de-
fense domain in VIP. Cortex in this region was called
the posterior parietal reach region (PPR) by Ander-
son and Buneo [2002] because neurons are active
in this cortex just before and during a reach. While
the evidence is incomplete, it appears that grasp-
ing, defensive, and reaching domains exist in PPC of
macaque monkeys in the same spatial arrangement
as in galagos and New World monkeys. Matching do-
mains, as well as other domains, exist in FMC. The

LIP, where electrical stimulation evokes saccadic eye
movements [Constantin et al., 2007; Keating et al.,
1983; Kurylo & Skavenski, 1991; Shibutani et al.,
1984; Thier & Andersen, 1998] can be considered an-
other domain of PPC of macaques that is shared with
other primates, and projects to a matching domain
in the FMC, the FEF.

We conclude from these results that most or all
primates have cortical networks that involve subre-
gions of PPC and FMC in producing common use-
ful behaviors. It seems likely that these networks
emerge early in brain development and require little
or no experience to be functional, although they may
be modified by experience. The functional domains in
M1 and premotor cortex are not quite cortical areas,
as they are embedded in larger cortical areas. PPC
and FMC domains are specialized for specific move-
ment sequences that are important for survival, and
would be costly to be learned by trial and error.

Similar arrays of functional domains in PPC and
FMC likely exist in humans. A wealth of data, from
functional imaging studies in humans, supports the
conclusion that PPC has separate regions for reach-
ing, grasping, defensive, and eye movements [e.g.
Davare et al., 2007; Serano & Huang, 2006; Vesia
et al., 2010]. But there is also considerable evidence
that PPC in humans has expanded and further dif-
ferentiated so that regions with new functions, such
as promoting tool use, have evolved [Durand et al.,
2009; Frey, 2007; Orban et al., 2006; Peeters et
al., 2009]. Thus, the constellation of functional do-
mains has expanded in humans, and perhaps even
in macaques, but this premise awaits further study.

The Evolution of Functional Domains in PPC
and FMC

It seems likely that functional domains in FMC
emerged sometime in the early eutherian ancestors
of primates, while PPC domains emerged more re-
cently in the immediate ancestors of modern pri-
mates. M1, PMD, and PMV in primates have a
mosaic or fractured type of functional organization
where vertical arrays of neurons next to each other,
produce different small movements, or no move-
ments when stimulated briefly with threshold lev-
els of current [Gould et al., 1986; Qi et al., 2002;
Schieber, 2001; Wu et al., 2000]. The region of M1
that represents the hand, for example, has rerep-
resentations of finger movements in different parts
of the region, along with rerepresentations of wrist,
elbow, and shoulder movements. This type of orga-
nization would seem necessary if several different
functional zones were to coexist but be spatially sep-
arate in M1. There is no evidence yet of functional
domains in motor cortex of nonprimate mammals,
but in tree shrews [Remple et al., 2006] and squirrels
[Cooke et al., 2011], M1 has a fractured mosaic rep-
resentation of movements in threshold maps, much
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like those in primates. Thus, specialized domains for
different movement sequences could have evolved in
M1 of early eutherian mammals.

Present-day monotremes and marsupials do not
appear to have a separate motor region of frontal
cortex, but instead motor functions of cortex are me-
diated by somatosensory cortex [Kaas, 2007]. Thus,
we can infer that early mammals also lacked a region
of motor cortex that was separate from somatosen-
sory cortex. However, the high degree of somato-
topy in somatosensory cortex would seem to con-
strain the development of functionally independent
motor domains within somatosensory cortex. Thus,
the structures promoting ethologically relevant be-
haviors in early mammals could have been subcor-
tical. Although, the evolution of cortical domains for
complex behaviors could have evolved in mammalian
evolution with the emergence of motor cortex in eu-
therian (placental) mammals, similar domains prob-
ably did not exist in PPC. Rodents, lagomorphs, and
tree shrews, the closest living relatives of primates
that have been studied, all have very little PPC
(Fig. 4), and this cortex may do little more than
provide sensory information to motor cortex. In ro-
dents and tree shrews, more direct sensory projec-
tions to FMC come from visual and somatosensory
areas [Cooke et al., 2011; Remple et al., 2007].

The Significance of Cortical Networks
for Ethologically Relevant Behaviors

The finding of cortical domains and networks for
adaptive, innate movement sequences is in many
ways quite surprising. While there is a long tradi-
tion in neuroethology of describing neural “centers”
where the interactions of groups of neurons produce
a stereotyped sequence of movements, these behav-

Fig. 4. Posterior parietal cortex and frontal motor cortex in tree
shrews. Although tree shrews are closely related to primates,
they have little posterior parietal cortex. Thus, functional do-
mains may not exist in PPC, but they may in M1. TP, TD, and
TA are posterior, dorsal, and anterior divisions of temporal vi-
sual cortex. Most of the rest of temporal cortex is visual. A small
premotor area (PM) is medial to M1. FST is the fundal visual
area of the superior temporal sulcus. Arrows indicate connec-
tions from visual areas to M1, from posterior parietal cortex to
M1, and somatosensory areas to PPC and M1.

iors have often been described in animals with lit-
tle or no neocortex [Ewert, 1980], or otherwise have
been attributed to or identified with neuron groups
or centers of the brainstem [Bignall & Schramm,
1974; Randall, 1965]. The microstimulation results
not only demonstrate that neocortex is intimately
involved in many such behaviors in primates, but in
initiating and maintaining such behaviors, rather
than inhibiting them, a role that has been often
attributed to cortex. Moreover, the behaviors have
been evoked from three divisions of neocortex that
are relatively new additions to mammalian neocor-
tex. The primary motor area, M1, appeared with
the emergence of placental mammals more than 100
mya, but long after the first mammals appeared
[Kaas, 2007]. Areas of premotor cortex have been
identified in members of two of the major branches of
placental mammals, Laurasiatheria and Euarchon-
toglires, but not in two others, Afrotheria and Xe-
narthra. This may reflect limited efforts to demon-
strate the existence of such areas, but this lack of
information allows for the possibility that premotor
cortex evolved well after the emergence of M1 in pla-
cental mammals. Finally, PPC is greatly enlarged in
primates, but not in the close relatives of primates.
The occupation of much of PPC by sensorimotor do-
mains suggests that these domains are one of the
main reasons for the expansion of PPC in primates.

Another surprise is that the domains are not
centers in the traditional sense, as matching do-
mains are interconnected to form in three hierar-
chical stages in PPC, premotor cortex, and primary
motor cortex. While the three stages are function-
ally related, stimulation of domains in M1 can evoke
the behaviors without contributions from the other
two stages. Of course, motor cortex projections bring
other groups of neurons into the network, including
brainstem and spinal cord motor neurons, as well as
neurons in the basal ganglia, and the motor thala-
mus. As the actions and connection patterns of PPC
are not completely necessary, it is important to de-
termine what they add. As postulated for prefrontal
cortex, PPC at least adds complexity to the move-
ment planning process.

Our results raise several important research
questions. We can evoke behaviors with electrical
stimulation of domains, but what is the nature of
the afferent inputs that select and trigger the behav-
iors? Domains at each of the three stages of cortical
processing receive different feedforward activating
inputs, so we can now start to formulate hypothe-
ses of how these networks are activated, and test
these hypotheses. For example, both visual and so-
matosensory inputs dominate the domains in PPC,
whereas premotor cortex receives major inputs from
prefrontal cortex. Primary motor cortex receives ma-
jor inputs from the motor thalamus, which is acti-
vated by projections from the cerebellum and basal
ganglia, and movements can be evoked by electrical
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stimulation of the motor thalamus. A related ques-
tion is how do different domains in the same corti-
cal region interact? Do they mutually inhibit each
other so that one behavior dominates? A third set
of questions concerns the neural interactions within
a domain. Are they critical to the production of the
movement sequence? Do the domains have the ca-
pacity to produce variations in behavior? Does ex-
perience modify their activity or enlarge their terri-
tory? In addition, how does the feedforward output of
each domain affect the domains and neuron groups
that they activate? Are the outputs of domains mod-
ified by sensory feedback? How do the functions of
the domains and their networks vary across primate
taxa? Finally, the most difficult research question
concerns what the parietal–frontal components of
each network add to the behavioral sequences that
are similar in mammals without the same cortical
components? We hope to answer at least some of
these questions.
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