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Abstract. Recent advances in anatomical techniques have produced new 
information about thalamocortical , corticocortical, and cortical-subcortical 
connections. These new facts are changing our views of cortical organization 
and providing a basis for cortical modeling and physiological investigations. 

INTRODUCTION 

Development of neurobiological techniques over the past two decades has 
made possible unprecedented advances in knowledge about the nervous 
system. Not the least among these advances has been the ability to trace 
precisely connections in complex structures like the cerebral cortex. It might 
seem that the technical advances in circuit mapping have meant merely the 
confirmation or elaboration of knowledge already known from earlier, Jess 
definitive, methods. On the contrary , the new methods have provided 
genuinely new insights into the organization and function of the cortex and 
its relationship with the rest of the brain. They have allowed examination 
of the laminar origins and terminal fields of projection neurons , specification 
of many of the neurotransmitters and neuropeptides in afferent or efferent 
cell classes, and analysis of the degree of collateralization, reciprocity, 
convergence , and divergence of neural circuits. With intracellular injection 
of tracer substances in physiologically identified neurons or injections in 
physiologically mapped cortical sites, it has become possible to establish 
relationships between the anatomical location, morphology , connections, 
and computational properties of specific cells or cell classes. These advances 
have made possible the understanding of areal and synaptic circuitry at a 
level of resolution approaching that achieved in simpler structures. In this 
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background paper, I will discuss some general principles that have emerged 
from the study of three major classes of cortical circuitry: thalamocortical , 
corticocortical, and cortico-subcortical fiber systems of the association 
cortices. The subject of local neuronal circuits within cortical areas will be 
reviewed in the background paper by E .G . Jones (this volume). Since the 
cerebral cortex does not contain a single molecule or transmitter that cannot 
be found in other structures of the same brain or in brains of many other 
mammals and nonmammals, we must look to features of its areal and 
synaptic organization for answers to the question of what it is that makes 
the cortex uniquely qualified to regulate the highest functions of language , 
perception , representational memory, and logic. 

ORGANIZATION OF THALAMOCORTICAL CIRCUITRY 

Multiple Innervation and Convergence 

The application of retrograde axonal transport techniques to the analysis of 
cortical afferents has brought about some fundamental changes in our way 
of thinking about thalamocortical organization . Prior to the advent of 
axonally transported tracers , most studies using retrograde degeneration 
methods indicated that each cytoarchitectonic area of the cortex received 
input from one and only one major "specific" thalamic nucleus. Only the 
intralaminar ("nonspecific") nuclei were thought to provide a diffuse 
projection to the cortex. However , in a reinvestigation of the thalamic 
connections of the monkey frontal lobe , Kievet and Kuypers (1977) reported 
that large injections of HRP into major regions and gyri of the frontal 
cortex labe led longitudinal bands of cells that extended anteroposteriorly 
across several thalamic nuclei including the ventral anterior nucleus (VA), 
the mediodorsal (MD) , the medial pulvinar , limitans, and suprageniculate 
nuclei . The results of more recent studies with smaller inj ection sites confirm 
multiple thalamic inputs to the same areas (Baleydier and Mauguiere 1985 ; 
Goldman-Rakic and Porrino 1985) . For example, we placed HRP injections 
in seven different , widely separated cytoarchitectonic subdivisions of 
prefrontal cortex and the anterior cingulate cortex (Goldman-Rakic and 
Porrino 1985). The results of retrograde tracing showed that for every 
injection site, large or small, retrogradely labeled cells were present along 
virtually the entire anterior-posterior ex tent of the thalamus , e.g., in the 
anteromedial, ventral anterior , mediodorsal , and medial pulvinar nuclei 
(Fig. 1). These findings were confirmed by placing anterograde trace rs into 
specific thalamic nuclei . For example , injections of tritiated amino acids or 
WGA-HRP into the medial pulvinar nucleus anterogradely label axons in 
prefrontal areas long thought to receive their input exclusively from the 
mediodorsal nucleus (Baleydier and Mauguiere 1985; Giguere and Goldman-
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Rakic 1985) . If the medial pulvinar were the only other thalamic nucleus 
to project to the prefrontal cortex, one might consider whether the boundaries 
of the mediodorsal nucleus should be extended to include the medial pulvinar. 
However, the multiple inputs from other nuclei as diverse and distinct as the 
anteromedial and nucleus limitans argues against redefinition . 

The prefrontal association cortex of the frontal lobe is not unique with 
respect to multiple thalamic innervation and is not a special exception to 
the classical one-to-one thalamocortical scheme. It is well accepted that area 

MEDIAL PULVINAR NUCLEUS 

Fig. !- Summary of topographic relationships between VA , MD, and medial pulvinar 
and selected cytoarchitectonic subdivisions of the prefrontal cortex. The diagram 
shows that each subdivision of these major thalamic nuclei projects to one and only 
one cytoarchitectonic area of cortex and correspondingly, that each cortical area 
receives a unique though multiple thalamic input (from Goldman-Rakic and Porrino 
1985) . 



180 P.S. Goldman-Rakic 

17 receives afferents from the pulvinar as well as the lateral geniculate body 
(e.g., Ogren and Hendrickson 1977; Rezak and Benevento 1979). A recent 
reexamination of the thalamic relationships of the second somatosensory 
cortex and neighboring somatosensory fields indicates that each of these 
areas also receives input from more than one thalamic nucleus (Friedman 
and Murray 1986). Other cortical regions, such as Brodmann's area 7 of 
the parietal cortex (Asanuma et al. 1985; Stanton et al. 1977) and also the 
anterior and posterior cingulate cortex (Baleydier and Mauguiere 1985; Vogt 
et al. 1979) , are all targets of afferents from multiple thalamic nuclei. 
Convergent thalamic input is not unique to the primate neocortex. Area 17 
in cat has long been known to receive a joint innervation from the lateral 
geniculate and pulvinar complex (Rosenquist 1985) . 

The nature and degree of the convergence from different thalamic nuclei 
and even from cells of a given nucleus have not been fully worked out. In 
area 17 it seems clear that the pulvinar and LGd innervate different layers. 
For other regions, such as prefrontal cortex, it is not known whether two 
thalamic nuclei actually innervate the same patch of cortex or different 
layers within cortical columns, or whether their terminal fields a re mutually 
exclusive or totally overlapping. For example , do the terminals of the medial 
pulvinar that project to prefrontal cortex converge with the terminations of 
other thalamic input, e.g., the mediodorsal nucleus , to these same areas? 
Preliminary findings from double anterograde labeling experiments in 
my laboratory indicate that they do (Giguere and Goldman-Rakic, in 
preparation) . Given the enlargement and elaboration of the pulvinar complex 
that has occurred in primate evolution (Harting et a!. 1972), large species 
differences may be expected among the diversity of mammalian species in 
the number of converging thalamic nuclei and degree of their convergence 
in specific cortical areas. 

Several studies have indicated that thalamic terminal fields are disjunctive 
in association cortex (Giguere and Goldman-Rakic 1985 ; Jones et al. 1982) 
as they are in sensory regions (Jones 1985 ; Jones et a!. 1982). Furthermore , 
Arikuni et al. (1983) have provided some evidence that the reciprocal 
cortico-thalamic projection neurons in layer VI of prefrontal areas are 
clustered in .5 mm-wide territories, approximately, alternating with similar 
size areas that do not contain or contain fewer corticothalamic projection 
neurons . These findings add to those from the analysis of sensory areas to 
raise the possibility that the thalamo-cortico-thalamic system is organized in 
modules such that specific groups of cells in the thalamus proj ect upon and 
receive input from specific columns of cortical cells. The terminal distribution 
of thalamocortical fibers does not necessarily reveal the neat geometric 
pattern of half-millimeter-wide territories interweaving with eq ually wide 
unlabeled zones characteristic of corticocortical connections in the same 
prefrontal territories (Goldman-Rakic and Schwartz 1982) . On the contrary, 
the distribution of thalamocortical terminals appears more coarse and 
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irregular, sometimes spreading in layer 4 over 2-3 mm in the tangential 
plane. However, it is hard to say whether the spread of thalamic afferents 
in our tracing studies is due to the precise site or size of thalamic injections 
that cannot at present be placed, as would be ideal, into one and only one 
thalamic cell cluster. On the other hand, it is possible that in association 
regions, thalamic afferents engage a set of side-by-side cortical modules or 
hypercolumns rather than alternating sets of modules similar to ocular 
dominance columns (Goldman-Rakic and Schwartz 1982). Although the 
nature of interaction between converging thalamocortical fiber systems in 
the primate brain awaits further analysis, it seems clear that a new principle 
of thalamocortical relations has emerged. This principle emphasizes the 
convergence of multiple thalamic inputs to a given cytoarchitectonic area 
and the need to redefine areas by a unique set of thalamic inputs rather 
than by a relationship with a single thalamic nucleus (Goldman-Rakic and 
Porrino 1985; Kievit and Kuypers 1977). Of course, each thalamic input 
could be expected to have a distinctive role in cortical function, and multiple 
thalamic innervation does not rule out the fact that one nucleus could still 
be the primary nucleus, as LGD is to area 17, for example. 

Divergence of Thalamocortical Innervation 

Just as a given cortical area may receive afferents from more than one 
thalamic nucleus, a given thalamic nucleus may project to more than one 
cortical area . However, these projections are not necessarily divergent in 
the sense that one or several cells have multiple targets. Indeed, evidence 
from single and double retrograde labeling studies supports the idea that 
thalamocortical neurons are organized in cell clusters (Asanuma et al. 1985; 
Goldman-Rakic and Porrino 1985) or rods (Jones et al. 1979, 1982), and 
that different groups or types of cells within a given nucleus project to 
different cortical areas (Asanuma et al. 1985 ; Goldman-Rakic and Porrino 
1985; I Iinsky et a!. 1985). The projections of the mediodorsal nucleus to 
portions of supplementary motor, anterior cingulate, temporal , and parietal 
cortex appear to originate from distinct clusters of neurons within MD 
(Giguere and Goldman-Rakic 1985; Goldman-Rakic and Porrino 1985; 
Ilinsky et al. 1985; Selemon and Goldman-Rakic 1987). Likewise, different 
clusters of cells in the medial pulvinar appear to project to multiple targets 
in the parietal , orbital, and dorsolateral prefrontal cortex; superior temporal 
sulcus (STS); and posterior cingulate, retrospenial , and parahippocampal 
cortex (Asanuma et al. 1985 ; Balaydier and Mauguiere 1985; Goldman­
Rakic and Porrino 1985; Trojanowski and Jacobson 1974) (see Fig. 4). Yet 
since these cell clusters are confined within the borders of a defined thalamic 
nucleus like the MD or pulvinar , a new important principle of thalamocortical 
organization may be that certain thalamic nuclei , taken as a whole, can 
activate an entire network of cortical areas that we shall see are linked via 
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corticocortical connections (Fig. 4). Paradoxically, this role was once reserved 
for the intralaminar nuclei. Recent studies have demonstrated that the 
projections of these nuclei have topographically organized cortical termin­
ations. Thus rigid distinctions between specific and nonspecific thalamic 
nuclei may no longer be appropriate (see Macchi and Bentivoglio 1986 for 
excellent review). 

ORGANIZATION OF CORTICOCORTICAL CONNECTIVITY 

Heterogeneity of Posterior Association Cortex 

A major contribution of pathway tracing has been the parcellation of the 
large "association" cortical regions into subdivisions according to patterns 
of connectivity with the remaining cortex. For most of this century, the 
parietal and frontal (and to a lesser extent the temporal) association areas 
of the neocortex have often been treated as more or less homogeneous 
regions. However, closer scrutiny by modern anatomical and physiological 
techniques has revealed a relatively high degree of compartmentalization in 
these areas. Further, the most recent data do not fully support the classical 
concept of association cortical areas as zones of increasing intersensory 
convergence. In fact, the large association areas, at least in nonhuman 
primates, can be divided into smaller specialized information centers that 
retain a large measure of modal specificity, at least as interpreted from 
anatomical considerations. 

A case in point is the posterior parietal cortex (Brodmann's area 7), 
which has been variously conceived of as a polysensory cortex, a major 
relay of somatic information to prefrontal cortex, a center for directed 
attention, and a visuomotor center. Recent analyses of the connections of 
the separate subdivisions of this area indicate that each subfield is 
characterized by unique sets of connections with sensory and limbic systems 
(Cavada and Goldman-Rakic 1986) . For example, area 7a, situated caudally 
and medially on the lateral surface, receives visually related inputs from a 
recently described visual area (area PO) in the parieto-occipital sulcus (Colby 
et al. 1988) and from the dorsal bank of the superior temporal sulcus (STS) , 
but few afferents from somatosensory or somatosensory association cortices 
(Cavada and Goldman-Rakic 1986; Mesulam et al. 1977; Stanton e t al. 
1977) . In contrast, area 7b, the more rostral and lateral part of the posterior 
parietal cortex, receives a heavy projection from SI but little imput from 
visual-related cortices (Cavada and Goldman-Rakic 1986; Seltzer and Pandya 
1980; Stanton et al. 1977). Parietal cortex in the intraparietal sulcus , 
variously designated as POa (Seltzer and Pandya 1980) , 7ip (Cavada and 
Goldman-Rakic 1986), and LIP (Asanuma et al. 1985), and cortex on the 
medial wall of the hemisphere (area 7m in Fig. 2), also receives 
topographically distinct inputs. For example, 7ip is the target of afferents 
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from the ventral bank of the superior temporal sulcus, including the 
visuospatia l area , MT (Cavada and Goldman-Rakic 1986; Ungerleider and 
Desimone 1986 ; Van Essen and Maunsell 1983; Cavada and Goldman­
Rakic, in preparation). Based on the anatomical connections with sensory 
cortices, it would appear that separate subdivisions of posterio r parietal 
cortex, by virtue of their distinctive connections, may be specialized for 
different , though possibly parallel, information processing fun ctions. This is 
consistent with avai lable e lectrophysio logical data summarized by Hyvarinen 
(1982) and Mountcastle et al. (1984). In essence , cellular activity in area 7h 
may be related more to somatic stimuli while that in area 7a is more re lated 

Fig. 2-Diagram of the lateral view of the macaq ue brain illustrating topography , 
parallelism, and reciprocity of connections between four subdivisions of posterior 
parietal cortex and four distinguishable targets in the principal sulcus. Thus areas 
7m, 7a , and 7b project to the dorsal rim , lower half of both banks , and ventral rim 
of the principal sulcus respecti ve ly. Area 7ip projects to the caudal end of the sulcus 
(Go ldman-Rakic 1987a). 
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to visuospatial and visuomotor mechanisms. Within 7b is a weak somatotopy 
with cells related to mouth located more rostrally than those related to head 
(Hyvarinen 1982; Robinson and Burton 1980). In addition, the predominant 
type of neuron so far recorded from 7a and 7ip has been a visually responsive 
cell, e.g. , visual fixation neurons or neurons that fire during reaching 
movements toward desired visuospatial targets (Mountcastle et al. 1984). 

Heterogeneity of Prefrontal Cortex: Parieto-Prefrontal Projections 

The existence of specialized centers within association cortex is further 
supported by the connections between the posterior parietal and prefrontal 
areas (Cavada and Goldman-Rakic 1985). Thus , each sector of parietal 
cortex described above (7a, 7b, 7ip, and 7m) terminates in a different and 
nonoverlapping part of the principal sulcus (Walker's area 46) . For example, 
area 7m selectively terminates in the dorsal rim and upper half of the dorsal 
bank of the principal sulcus; area 7a projects to the fundus of this sulcus 
and area 7b to the rim of the ventral bank (Cavada and Goldman-Rakic 
1985) (Fig. 2). Further, these projections terminate in a "feed forward" 
pattern, i.e., parietal axons terminate in layers I, IV, and VI of prefrontal 
cortex, whereas prefrontal axons in parietal cortex avoid layer IV but 
terminate in layers I and VI (Selemon and Goldman-Rakic 1983), i.e., in 
a "feedback" pattern. On the basis of these studies, we can state that the 
connections between frontal and parietal association areas are characterized 
by topographic relationships, reciprocity, and parallelism. Furthermore, the 
specializations of the posterior parietal subdivisions based on distinctive 
sensory and limbic input are presumably transposed to the prefrontal areas 
with which each is selectively connected. Although similarly detailed studies 
do not yet exist for the superior and inferior posterior temporal gyri, 
common principles of connectivity and function may apply to these regions 
as well. 

Interconnected Networks: Revelations of a Double Labeling Paradigm 

In the study of connections, as in other areas of research, the results and 
the overview or conception of brain organization that they generate are 
greatly dependent on the methods and strategies used. Accordingly , for 
more than a century, our ideas about cortical circuitry have relied on 
reconstructions of circuits from the study of individual cases with, by current 
standards, large lesions or large injections of tracers . By necessity, the 
connections of each area had to be examined in one animal at a time. It is 
from such analyses that our knowledge of brain circuitry has evolved in terms 
of source and sink conceptions, i.e., parietoprefrontal , occipitotemporal, 
prefronto-cingulate, etc. Of course, the limitations of technique have never 
inhibited the construction of flow diagrams, but these are no substitute for 
direct determination of how many specific populations of cells are directly 
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linked with one another. This issue can now be addressed more directly 
with the strategy of double anterograde labeling of two cortical areas that 
are connected to each other in the same hemisphere (see Fig. 3; Selemon 
and Goldman-Rakic 1985a, b, 1988). We asked the question of whether two 
areas that project to each other (e.g., posterior parietal and principal sulcus) 
also project to other cortical areas in the same hemisphere. If they do, are 
the connections divergent or convergent? If convergent, do they overlap 
totally or partially , and what is their relationship to the columnar architecture 
of the target structures? 

The results of our double label study revealed that posterior parietal and 
dorsolateral prefrontal cortex project in common to virtually the same targets 
in over a dozen distinct cytoarchitectonic areas: e.g., the supplementary motor 
area (Brodmann's area 6), the anterior cingulate cortex (Brodmann's area 
24) , the posterior cingulate cortex (area 23), the presubiculum , the 
parahippocampal gyrus (area TF), the orbital prefrontal cortex (area 11), 
the prearcuate area (area 8), the premotor cortex (area 6), the frontoparietal 

DOUBLE-LABEL PARADIGM 

Fig. 3- Double anterograde paradigm for study of cortical networks. One anterograde 
tracer , tritiated amino acids , is placed in the prefrontal cortex; another , WGA-HRP, 
is placed in the posterior parietal cortex (and the reverse). Alternate sections are 
processed for autoradiography and histochemistry. Adjacent sections are charted 
and superimposed for determination of convergence or lack thereof in potential 
target areas . In our study, virtually every cortical region innervated by the posterior 
parietal cortex also received a projection from the posterior prefrontal cortex 
(Selemon and Goldman-Rakic 1988). 
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operculum (SI and SII), the superior temporal sulcus (area 20), the medial 
parietal area (7m), and the medial prestriate cortex (area PO or area 19) 
(see Fig. 4; Selemon and Goldman-Rakic 1985b, 1987). Moreover, the 
prefrontal and parietal axons within these "third party" targets terminate in 
one of two characteristic modes: either as interdigitated, spatially alternating 
fiber columns or in complementary layers within a single column or set of 
columns (Fig. 5). In anterior and posterior cingulate cortices , for example , 
the mode of termination is an interdigitated pattern, i.e., prefrontal and 
parietal terminals formed adjacent cortical columns, whereas in the 
parietal operculum and superior temporal sulcus, the pattern was that of 
complementary laminae (Fig. 5). In the latter case, parietal axons terminate 
predominantly in layers IV and VI and prefrontal projections are highly 
concentrated in layer I and much less densely in layers III and VIVI of the 
same column. The two different patterns of cortical termination suggest that 
the integration of prefrontal and parietal information differs accordingly. In 
the cingulate regions, for example , parietal and prefrontal axons probably 
terminate on different sets of cells whereas in temporal lobe and parietal 
operculum, it is possible that prefrontal and parietal afferents terminate 
upon different parts of the dendritic arbor of the very same cells, much as 
hippocampal inputs are distributed on proximal and distal dendritic segments 
of pyramidal neurons in Ammon's horn. These anatomical findings open up 
new issues and possibilities for physiological analysis of cortical networks. 

Thus, neurons in a large number of target areas are interconnected with 
the prefrontal and parietal cortex. These widespread areas are also unified 
by their thalamic input from the medial pulvinar (e .g., Asanuma et a!. 1985 ; 
Baleydier and Mauguiere 1980, 1985; Giguere and Goldman-Rakic 1985; 
Goldman-Rakic and Porrino 1985; Kievit and Kuypers 1977 ; Selemon and 
Goldman-Rakic 1987; Trojanowski and Jacobson 1974; Vogt et al. 1979). 
As mentioned previously, the medial pulvinar projects to the anter.ior and 
posterior cingulate and retrosplenial cortices - the paralimbic areas - and 
also to the superior temporal and frontoparietal operculum as well as to the 
principal sulcus and parietal area 7a (see Fig. 2) . This thalamic nucleus , 
which is particularly prominent in primates , is thereby in position to recruit 
an entire neural system defined by corticocortical connectivity and possibly 
by common dedication to the complex function of being oriented in time 
and space. 

Distributed Parallel Networks versus Hierarchical Models of Cortical 
Organization 

The conclusion traditionally reached in most studies of association cortex 
connections is that they are organized in a step-wise, hierarchical sequence 
proceeding from relatively raw sensory input at the primary sensory cortices 
through "successive stages of intramodality elaboration allowing progressively 
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Fig. 4-The results of a double labeling study in which WGA-HRP (or 3-H leucine 
and proline) was placed in area 7a, and tritiated amino acids (or WGA-HRP) were 
placed in area 46 in the same hemisphere of the same animal. Alternate sections 
were processed for HRP histochemistry and autoradiography. Paired sections were 
superimposed and analyzed. Area 46 and area 7a project over a dozen targets in 
common (although only five are illustrated). Cross hatched regions represent areas 
that have been reported to receive afferents from the medial pulvinar. (Baleydier 
and Mauguiere 1985 ; Cavada and Goldman-Rakic 1986; Giguere and Goldman­
Rakic 1985 ; Goldman-Rakic and Porrino 1985; Trojanowski and Jacobson 1974). 

more complex discriminations of the features of a particular stimulus . Then, 
by a series of further connections, this sensory information, now in a highly 
complex form, is conveyed to polymodal zones for cross-modal interchange 
of information, to paralimbic and limbic areas for investment with emotional 
tone and placement in memory , and to the frontal association areas where 
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Fig. 5- Modes of distribution of area 7a and area 46 terminals in '' third '' party 
targets . In anterior cingul ate (and oth er medially situated) cortex, parietal and 
prefrontal fibers terminated in the same laye rs of adjace nt columns; in the superior 
temporal sulcus, and also the frontoparietal operculum , the two areas of cortex 
project to different layers of the same columns - prefrontal cortex mainly to layer 
I and less densely to layers III and V. 
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both sensory and limbic data are integrated in preparation for the organism 
to respond to sensory stimuli by an appropriate response" (Pandya and 
Seltzer 1982). According to hierarchical models of cortical function, sensory 
signals are progressively elaborated in sensory association cortices, and 
information flow is mainly unidirectional, i.e., from sensory through 
associational to motor. Further, some sort of convergence occurs and 
increases at each stage along the hierarchy such that integration of the 
different sensory inputs takes place in key polymodal areas like the posterior 
parietal (Mesulam et a!. 1977) , the superior temporal polysensory area 
(Bruce et a!. 1981) and/or the prefrontal (Bignall and lmbert 1969; Nauta 
1971; Pandya and Kuypers 1969) cortex. One has the sense of a pyramidal 
organization with the areas furthest removed from sensory receptors receiving 
the most information from convergent sources. However, without denying 
that some convergence occurs in association cortex, considerations discussed 
in the present chapter lead toward a different view - one which focuses 
on the distribution of function in parallel systems with perhaps coequal 
functions. Some examples of such systems are discussed below. 

Parallel Circuits for Guidance of Eye and Hand Movements 

As mentioned , the posterior parietal cortex is reciprocally connected with 
the posterior prefrontal cortex and with at least twelve other cortical areas, 
as well as with the medial pulvinar of the thalamus. Both prefrontal and 
posterior parietal areas have been associated with spatial abilities, and 
physiological studies in these areas suggest possible functional collaborations 
between them. For example, neurons in the frontal eye field (Walker's 
area 8a) increase their activity when a monkey withholds eye movements 
while remembering a target location (Bruce and Goldberg 1985). According 
to a recent preliminary report of Gnadt et a!. (1986) neurons in the lateral 
bank of the intraparietal sulcus (area 7ip) behave in exactly the same way 
in delay paradigms. Thus, we may speculate that parietal area 7ip and 
prefrontal area 8A are part of a common circuit and that both have a role 
in the guidance of eye movements by visuospatial information. From clinical, 
neuropsychological , and physiological studies we can surmise that the parietal 
component may be important for sensorimotor integration and the formation 
of spatial representations, while the prefrontal component is necessary for 
the utilization of these representations to generate eye movement commands. 

It has occurred to me that the guidance of hand movements by visuo­
spatial representations might similarly be a "distributed" function of a 
parallel neural circuit - one involving the connections between certain 
subdivisions of the principal sulcus and posterior parietal subarea 7a (Fig. 
3). Neuronal activity recorded from cells in and around the principal sulcus 
(area 46) has been linked to delayed-response performance primarily in 
tasks requiring manual responses (cf. Funahashi eta!. 1985). Principal sulcus 
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neurons exhibit spatially coded, enhanced firing rates during the delay 
period of a manual delayed-response trial, i.e . , discharging more to a left 
(or right) visual target when that target is no longer in view (Funahashi et 
at. 1985; Fuster and Alexander 1971; Kojima and Goldman-Rakic 1982; 
Kubota and Niki 1971). The discharge pattern of these prefrontal neurons 
has variously been related to short-term memory (Fuster 1973; Goldman­
Rakic 1987a), to intention to move in a particular direction (Niki et at. 
1972), or to a sensory representation of visuospatial coordinates (Goldman­
Rakic 1987a; Niki and Watanabe 1976). 

There is little corresponding information on neuronal activity in area 7a 
(or any other subdivision) of the posterior parietal cortex on memory tasks, 
though many neurons in this subarea are strongly related to movement of 
the hand (Mountcastle et at. 1984). However, in a previous study from this 
laboratory, we recorded from area 7a in the posterior parietal cortex in 
one-year-old and adult rhesus monkeys performing the conventional delayed­
reponse task and found cells there that discharged during the delay of a 
delayed-response trial (reported in Rakic and Goldman-Rakic 1982) . 
Although the percentage of delay-related neurons in this region of parietal 
cortex was lower than in prefrontal cortex and in several other structures , 
their presence in parietal cortex was at the time surprising. We did not 
know then what to make of the fact that the activity in parietal neurons 
resembled that of prefrontal cells. Today, we might conclude that the similar 
profiles of activation in parietal and prefrontal cortex indicate a commonality 
of function and shared circuitry. Again, we may speculate that the parietal 
contribution is presumably to form and maintain the spatial coordinates of 
an object in space, and the prefrontal contribution is to access and use that 
knowledge to guide a response, in this case , a hand movement (Goldman­
Rakic 1987a). More data would be welcome on the distinctive features of 
prefrontal and parietal neurons in visuospatial paradigms . 

The behavioral contribution of other cortical components of the neural 
networks defined in anatomical studies are much less obvious and more 
difficult to infer. Neuronal recording in behaving monkeys has not been 
attempted in many of the cortical areas connected to prefrontal and parietal 
cortex, e.g., the anterior or posterior cingulate cortex or parahippocampal 
cortex. Further, in cortical regions like the superior temporal sulcus that 
have been studied physiologically , delay tasks have not generally been 
employed (e.g., Bruce et at. 1981) . However , it must be noted that delay­
enhanced discharge during delayed-response tasks has been reported in 
several key structures with which posterior parietal areas , the principal 
sulcus, and frontal eye fields are connected, e.g., the hippocampus (Watanabe 
and Niki 1985), the head of the caudate nucleus (Niki et at. 1972) , and the 
mediodorsal nucleus of the thalamus (Alexander and Fuster 1973) , though 
not from the cholinergic system of basal forebrain nuclei (Richardson and 
DeLong 1986). Also, results from 14C-2-deoxyglucose studies of monkeys 
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performing delayed-response tasks show elevated metabolic act1v1ty in 
prefrontal cortex (Bugbee and Goldman-Rakic 1981) , in the hippocampus 
proper (Friedman and Goldman-Rakic 1985) , and the mediodorsal nucleus 
of the thalamus (Friedman et al. 1987) compared with animals performing 
other types of memory tasks. Thus, while not necessarily revealing the 
functional specialization of each structure in the network , these physiological 
and metabolic studies are consistent with the supposition of a distributed, 
richly interconnected system of neural st ructures engaged in spatial 
information processing. In such systems, integrative functions may emerge 
from the dynamics of the entire network and from its interactions with 
similarly constructed networks rather than from linear computations 
performed at each nodal point in the circuit (e.g., Edelman 1979; Goldman­
Rakic 1988) . 

Parallel Circuits for Spatial (Where) and Object (What) Memory 

Behavioral and electrophysiological studies support still another division of 
labor between prefrontal areas. While monkeys with bilateral principal sulcus 
lesions exhibit profound and selective deficits on spatial delayed-response 
tasks that require memory for the location of objects in space (e .g. , Blum 
1952 ; Butters et al. 1972; Goldman and Rosvold 1970; Goldman et al. 1971; 
Gross and Weiskrantz 1964; Mishkin 1957) , lesions of the orbital prefrontal 
cortex produce deficits on tasks requiring memory for visual features (e.g., 
color and shape) of objects and not for their location (Bachevalier and 
Mishkin 1986; Goldman 1971; Mesulam 1981; Mishkin and Manning 1978; 
Pandya and Seltzer 1982; Passingham 1972, 1975; Richardson and DeLong 
1986 ; Rosenkilde et al. 1981). Electrophysiological studies support this 
division of labor in prefrontal areas. For example, neurons expressing delay­
activated neuronal activity in spatial delay tasks are found mainly in the 
area of the principal sulcus, while neurons related to nonspatial memory 
tasks (e.g ., matching-to-sample) are found in the inferior convexity and 
orbital 'prefrontal cortex (Rosenkilde et al. 1981). The conclusion drawn 
from these studies is that the dorsal (principal sulcus, Walker's area 46) and 
ventral (Walker's areas 11-13) subdivisions of prefrontal cortex may be 
specialized for working memory of spatial and nonspatial knowledge, 
respectively, i.e., each area is engaged by different classes of information 
(Goldman-Rakic 1987a; 1988)). Given that each prefrontal area represents 
one node in a different distributed circuit, it appears possible that parallel 
cortical networks subserve spatial and nonspatial mnemonic processing. 

Parallel Distributed Functions in Human Cortex 

Studies of cerebral blood flow in normal subjects performing pyschological 
tasks support a parallel distributed processing model of cortical functions 
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(Roland and Friberg 1985). The act of thinking increases blood flow in 
multiple cortical fields in homotypical cortical zones outside the immediate 
sensory association areas, and, predictably , the constellation of cortical areas 
activated differs with different " types" of thinking or internal operations. 
Spatial thinking in the form of a mental route-finding task activates the 
superior occipital, the posterior parietal, and the posterior inferotemporal 
cortex, as well as several zones within prefrontal cortex; mathematical 
thinking activates overlapping but some distinctive sets of cortical areas of 
posterior and anterior association cortex; and linguistic thinking appears to 
activate still other sets of areas (Roland and Friberg 1985). One cannot 
escape the conclusion that the constellation of areas activated by spatia l 
thought processes in these studies represents the same type of circuitry that 
is interconnected by corticocortical and thalamocortical connections described 
in the nonhuman primate and that mathematical and linguistic thinking 
engage similarly organized parallel circuits . If this is so, then traditional 
ideas of hierarchical processing which may apply within some systems is not 
the dominant or only mode of functional organization of the association 
cortex. Rather , higher cortical functions seem to be carried out by a finite 
number of dedicated networks of reciprocally interconnected areas. Further, 
since we already know that different features of the visual world are 
processed in parallel in visual cortical areas (e.g., Hubel and Livingstone 
1985; Shipp and Zeki 1985) , it seems possible that this segregation of input 
is "respected" and maintained in the association networks . For example, 
area MT projects mainly to area 7ip while area 7b receives its input primarily 
from somatosensory association cortex . The opportunity would seem to be 
at hand for linking the sensory and executive processes of the cerebral 
cortex. 

Integration across Systems 

If parallel systems of circuits subserve various distinct information-processing 
tasks as the foregoing analysis suggests, it is appropriate to raise the issue 
of integration across cortical networks . The field of cortical systems research 
will have to address the mechanisms by which knowledge of the color or 
form of an object is integrated with knowledge of its position in space , as 
such knowledge would appear to involve crosstalk between two different 
functional systems. If there is a central executive mechanism in the prefrontal 
cortex as cognitive studies in humans have suggested (Shallice 1982) , then 
its essence may be elucidated further by taking into account the nature of 
the interconnections between neural networks. This could take the form of 
local corticocortical connections between, for example, subdivisions of 
posterior parietal or prefrontal (Barbas and Mesulam 1981 , 1985) cortex 
(Seltzer and Pandya 1986) or possibly the multiple innervation of all 
components of a network by a thalamic nucleus. As previously mentioned , 
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the medial pulvinar nucleus projects to the posterior parietal, prefrontal , 
anterior cingulate , superior temporal sulcus , and other areas of the cortex 
in primates , i.e., it proj ects to a system of cortical areas that are 
interconnected. The question of how the brain organizes its subsystems to 
produce integrated behavior is perhaps the most challenging one that can 
be posed. In the last section of this review, we consider this issue again as 
we take up the motor control and effector mechanism of the cerebral cortex. 

ORGANIZATION OF CORTICAL-SUBCORTICAL CIRCUITRY 

Motor Control Functions of the Cortex 

Are there general principles governing the motor command functions of the 
cortex? The role of cerebral cortex in motor control is generally considered 
to involve three major " motor" areas: primary motor cortex (Brodmann's 
area 4) , the premotor cortex (lateral area 6), and the supplementary motor 
cortex (medial area 6). The functional and anatomical relationships among 
these areas, as well as between these areas and sensory association cortex, 
hold one key to understanding the regulation of voluntary motor behavior. 

In the study of cortical output, as in the analysis of thalamic innervation , 
new principles have emerged. An important concept that has evolved in the 
study of motor control is that the descending corticostriatal pathways are 
organized in parallel loops rather than as convergent projections (for review 
see Goldman-Rakic and Selemon 1986; Alexander et a!. 1986). Thus, 
modern anatomical tracing studies affirm that the projections from the 
dorsolateral prefrontal, orbital prefrontal, frontal eyefields, supplementary 
motor , and anterior cingulate cortex terminate in topographically segregated 
areas within the caudate-putamen, and this segregation is presumably 
maintained in the return pallidal-thalamo-cortical loop to the cortex (Fig. 
6). This new knowledge of the organization of the extrapyramidal system 
raises the question of why these systems should be organized in parallel and 
whether or where communication takes place among them. 

A second new insight into the motor control functions of the cortex comes 
from analysis of corticocortical connections among the motor centers of the 
frontal lobe . For example, Muakassa and Strick injected physiologically 
identified regions of motor cortex with HRP and found that hand, leg, and 
mouth areas of motor cortex were each connected with four more or less 
distinct premotor areas. Other studies of premotor cortex indicate that 
subsets of these premotor centers are interconnected, i.e ., the postarcuate 
mouth area is interconnected with the postarcuate hand area and vice-versa 
(Matelli eta!. 1986). This type of connection may account for the propensity 
of postarcuate neurons to respond to movement of the hand towards the 
mouth (Rizzolatti 1983). Thus, within premotor cortex, we can speak of 
multiple representations of the arm or hand, though little is known as to 
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whether different aspects of movement or intention to move are coded in 
these separate territories. 

A final important step in understanding the motor control functions of 
the cerebral cortex is the recognition of substantial connections between 
association areas of the cortex, particularly the prefrontal cortex, and various 
motor centers. Small injections of WGA-HRP into prefrontal areas 45, 
46 , or Sa preferentially label several premotor sites including anterior 
supplementary motor cortex (Jouandet and Goldman-Rakic, unpublished 
observations) and ventral parts of area 6 (Arikuni et al. 1980; Barbas and 
Mesulam 1981 , 1985; Preuss and Goldman-Rakic 1985),while area 46 is 
additionally interconnected with SI and SII in the frontoparietal operculum. 
(Preuss and Goldman-Rakic 1985). Two conclusions can be drawn from 
these anatomical observations. First, prefrontal sites are but one synapse 
removed from the primary motor cortex via prefronto-premotor-motor 
connections. Second, these transcortical connections may supplement, in 
ways that are not yet understood, the better known projections of prefrontal 
centers to subcortical " motor" structures via the basal ganglia (Goldman 
and Nauta 1977 ; Selemon and Goldman-Rakic 1985a) and deep layers of 
the superior colliculus (Fries 1984; Goldman and Nauta 1976; Kunzle et al. 
1976) . 

The anatomical and functional evidence supports the thesis that the 
prefrontal association areas have access to and could direct the output of 
several motor centers. It is clear , for example, that the anterior arcuate 
cortex is organized for oculomotor control, and recent behavioral and 
e lectrophysiological studies in my laboratory have demonstrated that the 
caudal principal sulcus can also influence delayed responding in an 
oculomotor task (Funahashi et al. 1985). However, other regions of the 
prefrontal cortex may be organized for output of different muscle groups. 
For example, a projection from the ventral rim of the principal sulcus is 
specifically related to the hand and mouth representation of SI and SII in 
the parietal operculum (Preuss and Goldman-Rakic 1985). These findings 
provide a hint that prefrontal cortex may itself be somatotopically organized 
and that different subareas are concerned with regulation of behavior 
expressed through different regions of the body . Without being able to 
affect directly the performance aspects of a single muscular contraction, 
prefrontal areas nevertheless may regulate motor output by initiating, 
facilitating, and canceling commands to structures directly involved in the 
programming , computational, and performance aspects of specific motor 
acts. 

Somatotopically organized projections to subcortical motor centers also 
a rise from premotor as well as other association cortical areas in the 
pre motor cortex and the parietal and temporal lobes (Lynch et al. 1985; 
Selemon and Goldman-Rakic 1985a ; Yeterian and Van Hoesen 1978). One 
may wonder whether all of these descending control mechanisms operate 



196 P.S. Goldman-Rakic 

in concert and, if not , what rule establishes priority among them . For 
instance , if all areas that had access to the final common path issued 
excitatory motor commands simultaneously, the result might be conflict or 
chaos . The locus of motor control at any given moment is of particular 
interest in view of the evidence described in the preceding section that many 
cortical areas with access to subcortical motor centers form an interconnected 
network . I would like to suggest that the nature of the task to be performed 
might dictate when and where the final common motor command is issued 
within our integrated cortical network. For example, if the task at 
hand involved guidance of a motor act by representational information , 
instructions , or concepts, e.g., delayed-reponse tasks for monkeys and card 
sorting for humans , then prefrontal cortical centers might direct the action. 
If, on the other hand , the task at hand were sensory guided, as in a 
conditional visual discrimination task (monkeys) or obeying traffic lights 
(humans), premotor centers might issue the motor command. Finally , if the 
task was a detection or simple recognition task, the sensory association area 
most directly involved might control the response without further processing 
through premotor and/o r prefrontal centers. 

Neuropsychological investigations in nonhuman primates and in patients 
with cortical lesions strongly support a dissociation in the neural mechanisms 
responsible for sensory-guided versus memory-guided regulation of behavior 
and indicate a prefrontal localization for the latter and premotor involvement 
in the former (for evidence , see Goldman-Rakic 1987a; Passingham 1984) . 
In addition, reaction time (RT) studies of normal human subjects that show 
increasing RTs with increasing processing demands would tend to support 
this view of neural organization and neural cooperativity. The implications 
of this idea for the operations of cortical networks is that they a re functionally 
labile and can adjust neural activity within their various nodes , depending 
upon the task at hand . The largely parallel projection systems of the extra 
pyramidal cortex could then be explained as a mechanism allowing for inde 
pendent initiation of motor activity by several cortical centers, depending 
on the level of analysis required by any given task . 

CONCLUSION 

This chapter has reviewed recent data about the anatomical organization of 
three major classes of cortical connection: the thalamocortical , corticocortical, 
and corticostriatal. Studies of each of these systems of connections have 
led , over the past decade , to remarkable changes in our concepts of the 
organization of the primate central nervous system. The rigid concept of a 
one-to-one relationship between a given thalamic nucleus and a given cortical 
field , which took hold in the 1940's and 1950's, was discussed in light of 
recent evidence that individual dorsal thalamic nucle i project to widespread 
cortical areas and that a given cytoarchitectonic region receives afferents 
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from multiple thalamic nuclei. New evidence was also described for parallel 
networks of intrahemispheric connections that may link numerous separate 
cortical centers in a single closed circuit. Such circuits may be the basis of 
parallel distributed functions in the cortex, and their existence should 
influence our thoughts and experimental approaches to the study of functional 
localization. Finally, parallel efferent cortical and subcortical projection 
systems were reviewed from the point of view of the ordering and priority 
of cortical participation in motor control. 

The picture emerging from the new anatomy is that of a highly integrated 
but distributed cortical machinery whose resources are allocated to several 
basic parallel functional systems that bridge all major subdivisions of the 
cerebrum. This view is supported by recent developmental findings that 
synaptogenesis proceeds at the same rate and reaches peak values at the 
same age in areas of sensory, motor , limbic , and association cortex, indicating 
an unexpected degree of integration in maturational sequence (Goldman­
Rakic 1987b; Passingham 1975). If subdivisions of limbic, motor , sensory, 
and associative cortex exist in developmentally linked and functionally 
unified networks , as the anatomical, physiological, and behavioral evidence 
reviewed here suggests, it may in the future be more useful to study the 
cortex in te rms of information processing functions and systems rather than 
traditional but artificially segregated sensory, motor, or limbic components 
and individual neurons within only one of these components. The new 
detailed knowledge about specific interconnections at the cortical level can 
be used to guide physiological analysis of cortical networks. While it is 
evident that the complexity of the mammalian cortex remains a serious 
impediment to the study of cortical function, it should be encouraging that 
major principles of its anatomical and functional architecture have come to 
light and that the sum of its separate cytoarchitectonic subdivisions can be 
seen to contribute to the integrated activity of the whole. 
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