
Architecture of Connectivity Within a

Cingulo-Fronto-Parietal Neurocognitive
Network for Directed Attention

Robert J. Morecraft, PhD; Changiz Geula, PhD; M.-Marsel Mesulam, MD

\s=b\The spatial distribution of directed attention is coordi-
nated by a large-scale neural network. The three principal
cortical components of this network are located in the re-

gion of the frontal eye fields, posterior parietal cortex, and
the cingulate cortex. We injected a retrogradely trans-
ported fluorescent dye into the frontal eye fields and
another into the posterior parietal cortex of the monkey
brain. Large numbers of neurons in the cingulate cortex
were retrogradely labeled with each of the two fluorescent
dyes. The two types of retrogradely labeled neurons were

extensively intermingled, but neurons labeled with both
tracers constituted less than 1% of retrogradely labeled
cingulate neurons. Other cortical areas that contained ret-
rograde neuronal labeling included the premotor, lateral
prefrontal, orbitofrontal, opercular, posterior parietal, lat-
eral temporal, inferior temporal, parahippocampal, and in-
sular regions. These areas contained neurons labeled with
each of the two dyes but virtually no neurons labeled with
both. In the thalamus, retrogradely labeled nuclei failed to
display evidence of double labeling. The overlap between
the two populations of retrogradely labeled neurons was far
more extensive at the cortical than at the thalamic level.
These observations show that cortical and thalamic projec-
tions to the frontal eye fields and posterior parietal cortex
do not represent axonal collaterals of single neurons but
originate from two distinct and partially overlapping pop-
ulations of neurons.

(Arch Neurol. 1993;50:279-284)

Multifocal neural networks provide anatomical sub¬
strates for cognition and comportment. Under¬

standing the details of connectivity among network com¬

ponents is becoming increasingly more important for
exploring the nature of the underlying information pro¬
cessing architectures.1

Clinical and experimental observations indicate that

the orientation of directed attention to the extrapersonal
space is coordinated by a large-scale neural network con¬

taining three cortical foci, one centered around the frontal
eye fields (FEFs), another around posterior parietal cortex,
and a third around the cingulate-retrosplenial region.2 Di¬
verse observations suggest that the frontal component of
this network is predominantly related to the exploratory-
motor aspects of directed attention, the posterior parietal
component to its sensorial aspects, and the cingulate com¬

ponent to its motivational aspects.1-2
The effective distribution of directed attention to the ex¬

trapersonal space requires the interactive functioning of all
three cortical components. Damage to any one of these
components or to their interconnections can result in the
syndrome of contralesionai neglect. The clinical profile of
the resultant neglect syndrome reflects the functional spe¬
cialization of the primary lesion site within this network.
Exploratory-motor deficits, for example, predominate in
neglect syndromes resulting from frontal lesions, whereas
sensory-representational deficits predominate when ne¬

glect results from parietal lesions.1"7 As in aphasia, neglect
may thus have distinct clinical subtypes associated with
specific anatomical correlates. The right hemisphere plays
a dominant role in the distribution of attention so that se¬
vere and lasting contralateral neglect is seen predominant¬
ly after damage to the right hemisphere.1-8

An attentional network homologous to the one in the
human brain has been identified in the monkey.9"14 Mod¬
ern neuroanatomical experiments have shown that the
three cortical components of this network, area PG (or 7a)
in posterior parietal cortex, area 8 (FEFs) of dorsolateral
frontal cortex, and areas 23 and 24 of the gyrus cinguli are
interconnected by monosynaptic and reciprocal axonal
pathways.15"31

One question that has attracted considerable interest is
whether the projections within this neural network arise
from axon collaterals. A previous study32 had shown that
projections from the medial pulvinar nucleus of the thal¬
amus to the cingulate and parietal components of this net¬
work originate primarily from neurons that project to ei¬
ther the parietal cortex or the cingulate cortex but not to
both. A similar anatomical arrangement was found for the
pulvinar projections to the lateral prefrontal and posterior
parietal cortices.32 It was also reported that cingulate pro-
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Fig 1.—Examples of the three types of labeling. Left, Cytoplasmic labeling with fast blue (FB) dye. Center, Nuclear labeling with diamidino yellow
(DY) dye. Right, A double-labeled cell (DLC) with fast blue dye in the cytoplasm and diamidino yellow dye in the nucleus.

jections to the contralateral prefrontal and ipsilateral pos¬
terior parietal cortex do not represent axonal collaterals of
individual cingulate neurons.22-23'33 The purpose of our

study was to determine the degree of source overlap and
axonal collateralization in the ipsilateral neural inputs of
the posterior parietal and FEF regions in the monkey brain.

MATERIALS AND METHODS
We studied three cynomolgus monkeys (Macaca fascicularis).

Case 1 received an injection of the retrogradely transported
fluorescent dye diamidino yellow in the posterior parietal cor¬
tex and fast blue dye into the FEFs and surrounding cortex.
Injections in cases 2 and 3 involved similar regions, but the
dyes were reversed, ie, fast blue was injected into the posterior
parietal cortex and diamidino yellow into the FEFs. At each
cortical site, the retrogradely transported dye was adminis¬
tered in the form of multiple injections to cover a fairly large
area of cortex. The injections into the FEF region involved the
ventral bank of the arcuate sulcus (area 8) and the posterior
one third of the principal sulcus (area 46). The posterior pari¬
etal injections involved the inferior parietal lobule (area PG)
and the ventral bank of the intraparietal sulcus and extended
posteriorly to involve the dorsal junction of the parietal and
occipital lobes. We deliberately aimed for a wide injection site
to increase the probability of detecting collateralization.

The monkeys were immobilized with ketamine hydrochloride
and anesthetized intravenously with pentobarbital. The skull was
stabilized in a Kopf head-holding device. The skin, underlying
muscle, and fascia were reflected laterally. A craniotomy was
made over the frontal and parietal lobes, the dura mater was in¬
cised, and the cortical surface was exposed. Multiple cortical in¬
jections (approximately 10 in the frontal lobe and 10 in the pari¬
etal lobe) of the fluorescent dyes were made approximately 2 mm
below the pial surface in volumes that ranged from 0.1 µ to
0.4 µ each. Following a survival period of 9 days, the animal was
anesthetized with pentobarbital sodium and was perfused with
a 0.1-mol/L cacodylate buffered solution of 0.9% saline followed
by a similarly buffered solution of 6% paraformaldehyde. Next,
the brain was fixed in a 0.1-M cacodylate buffered solution of 6%
paraformaldehyde-2% dimethyl sulfoxide for 4 days.34 The brain
was then frozen and sectioned at a thickness of 40 µ  on a slid¬
ing microtome. Fifth, ninth, and tenth sections were kept to gen¬
erate three complete series of sections (series A, B, and C, respec¬
tively). They were mounted on glass slides immediately following
sectioning and were allowed to dry. Series A and C were cover-

slipped using Fluromount as the mounting medium and were

evaluated for retrograde labeling, and series  was defatted,
stained with thionin, and coverslipped with Permount as the
mounting medium for cytoarchitectonic analysis. Sections in se¬
ries A and C were examined for labeled neurons, and every other
section in series C was charted using a plotter coupled to a flu¬
orescent microscope. For data reconstruction, the location of the
injection site and retrogradely labeled neurons obtained from the
chartings were transferred onto an image of the brain that was
constructed from surface photographs of the original specimen.
Areas that contained the injection sites and retrogradely labeled
neurons were analyzed for cytoarchitecture using the descrip¬
tions and maps of Bonin and Bailey,35 Barbas and Pandya,36-37 and
Olzewski.38

RESULTS
The retrograde transport of fast blue dye results in

perikaryal cytoplasmic labeling that emits a blue color
when viewed under UV illumination. Retrograde labeling
with diamidino yellow is largely confined to the nuclear
region of the neuron and emits a yellow color when viewed
under similar conditions. Neurons labeled with either
tracer as well as those labeled with both are easily identi¬
fied by fluorescent microscopy (Fig 1). The results from our
three cases were nearly identical and only observations
from case 2 will be described in detail.

We found that the labeling of a single neuron with both
dyes (double labeling) was a rare event. Double labeling
occurred mostly in the vicinity of the injection site (Fig 2).
A few double-labeled neurons were also found in the gy¬
ms cinguli and in the region of the supplementary senso¬
ry area (S2).39-40 In each of these areas, double-labeled neu¬
rons constituted less than 1% of all retrogradely labeled
neurons. Most double-labeled neurons were located in
layer 3, except in the gyrus cinguli, where they were found
in layer 3 as well as layer 5. In the gyrus cinguli, most of
the double-labeled neurons were located in the ventral part
of the posterior cingulate cortex (area 23a).

The gyrus cinguli contained large numbers of neurons
retrogradely labeled with either one of the two tracers.
Neurons labeled by diamidino yellow were intermingled
with those labeled by fast blue. Additional cortical areas
that contained large numbers of retrogradely labeled neu¬
rons included premotor cortex (area 6DR and the rostral
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Fig 2.—Line drawings of the medial (top), lateral (center), and ventral
(bottom) surfaces of the cerebral hemisphere in case 2. Solid black ar¬

eas indicate injection sites; black dots, locations ofdouble-labeled neu¬
rons; RSPL, retrosplenial cortex; MPC, medial parietal cortex; M2, sup¬
plementary motor area; 9, 23, 24, 45, and 46, architectonic divisions of
cortex; OA, architecturic division of occipital cortex; PG and PF, archi¬
tectonic divisions of parietal cortex; 6DR, dorsal premotor cortex; FEF,
frontal eye field; S2, supplementary sensory area; sts, superior temporal
sulcus; TE, TF, and TH, architectonic divisions of the temporal lobe; rs,
rhinal sulcus; and OFC, orbitofrontal cortex.

part of the supplementary motor cortex [M2]), area 45 of
the inferior prefrontal region, lateral and medial prefron¬
tal cortex (areas 46 and 9), orbitofrontal cortex, medial pa¬
rietal cortex, area PF of the inferior parietal lobule, the
supplementary somatosensory cortex (S2), the banks of the
superior temporal sulcus, inferotemporal area TE, para-
hippocampal areas TH-TF, the banks of the rhinal sulcus,
peristriate area OA, and the insula (Fig 3). The rarity of
double labeling in the presence of marked single labeling
led to the conclusion that these cortical areas project both
to the inferior parietal lobule and the FEF region, but not
through axonal collaterals. In many of these cortical areas,
neurons labeled with each of the two markers were inter¬
mingled homogeneously. In others, there was a regional
predominance of one type of labeling over another (Fig 3).
The dorsal part of area OA and parts of TH-TF, for exam-

Fig 3.—Line drawings of the medial (top), lateral (center), and ventral
(bottom) surfaces of the cerebral hemisphere in case 2. The fast blue dye
injection site is centered within area PG (architectonic divisions of pa¬
rietal cortex). Areas that contain only (or an overwhelming predomi¬
nance of) fast blue-labeled neurons are identified by the open triangles.
The diamidino yellow injection is centered around the frontal eye field
(FEF). Areas that contain only (or an overwhelming predominance of)
diamidino yellow-labeled neurons are identified by the open circles.
Cortex that contained neurons labeled with fast blue dye intermingled
with neurons labeled with diamidino yellow dye is identified by the sol¬
id squares. As indicated by the widespread distribution of the solid
squares, nearly all areas that contained neurons projecting to the FEF re¬

gion contained neurons projecting to the posterior parietal cortex, rs in¬
dicates rhinal sulcus; ots, occipital temporal sulcus; cf, calcarine fissure;
ros, rostral sulcus; poms, medial parieto-occipital sulcus; cgs, cingulate
sulcus; ips, intraparietal sulcus; cs, central sulcus; Is, lunate sulcus; as,
arcuate sulcus; ps, principal sulcus; ios, inferior occipital sulcus; If, lat¬
eral fissure; sts, superior temporal sulcus; los, lateral orbital sulcus; and
mos, medial orbital sulcus.

pie, had far more fast blue-labeled neurons than diamidi¬
no yellow-labeled neurons. In contrast, parts of the or¬
bitofrontal cortex had neurons labeled primarily with
diamidino yellow.

Neurons labeled with each type of tracer were also
found in the claustrum, nucleus basalis, thalamus, nucle¬
us locus coeruleus, and brain stem raphe. However, dou¬
ble labeling was detected only in the ventral part of the
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Fig 4.—Line drawings of coronal sections through the ipsilateral thalamus in case 2. Sections A through D are from progressively more caudal levels.
Open circles indicate areas that contain almost entirely diamidino yellow-labeled neurons; open triangles, areas that contain almost entirely fast
blue-labeled neurons; and solid squares, the location where neurons labeled with diamidino yellow dye were intermingled with neurons labeled
with fast blue dye. In this case, we did not detect thalamic neurons labeled with diamidino yellow and fast blue dyes. As indicated by the lack of
solid squares, intermingling of the two populations was not as widespread as in the cerebral cortex. Cdc indicates central densocellular nucleus;
Clc, central latocellular nucleus; Csl, central superior lateral nucleus; Csn, central superior nucleus; Cim, central intermediate nucleus; Cif, central
inferior nucleus; Cld, central lateral dorsal nucleus; Re, reuniens nucleus; AV, anterior ventral nucleus; AM, anterior medial nucleus; VAmc, mag-
nocellular division of the ventral anterior nucleus; VA, ventral anterior nucleus; R, reticular nucleus; LD, lateral dorsal nucleus; VL, ventral lateral
nucleus; PCN, paracentral nucleus; VPLo, oral division of the ventral posterior lateral nucleus; VPI, ventral posterior inferior nucleus; pc, parvicel-
lular division of the medial dorsal nucleus; mc, magnocellular division of the medial dorsal nucleus; mi, multiform division of the medial dorsal nu¬

cleus; VLc, caudal part of the ventral lateral nucleus; CI, central lateral nucleus; VPM, ventral posterior medial nucleus; CnMd, centromedian nu¬

cleus; VPMpc, parvicellular division of the ventral posterior medial nucleus; dc, densocellular division of the medial dorsal nucleus; Hb, habenular
nucleus; Pulm, medial division of the pulvinar nucleus; Pull, lateral division of the pulvinar nucleus; Li, limitans nucleus; Pu//, inferior division of
the pulvinar nucleus; SG, suprageniculate nucleus; and GMpc, parvicellular division of the medial geniculate nucleus.

claustrum and constituted less than 1 % of all retrogradely
labeled neurons in this structure.

In the thalamus (Fig 4), some nuclei, such as the
anterior medial, central lateral dorsal, lateral dorsal, lat¬
eral pulvinar, and the caudal part of the ventral lateral
nucleus, displayed labeling almost exclusively with fast
blue (ie, projected almost entirely to the posterior pari¬
etal site). Other thalamic nuclei, such as the magnocel-
lular division of the ventral anterior nucleus, area X, the
nucleus reuniens, and the magnocellular and multifor-

mis divisions of the medial dorsal nucleus, displayed
labeling almost exclusively with diamidino yellow (ie,
projected almost entirely to the FEF region). Clear-cut
overlap of the two types of labeling was limited to the
latocellular central nucleus, the paracentral nucleus , the
lateral part of the parvocellular medial dorsal nucleus,
the medial pulvinar nucleus, and the nucleus limitans.
Even at the site of greatest overlap, however, labeling of
a single thalamic neuron with both dyes was virtually
nonexistent.
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Thalamus

RSPL^t- TE

CG,

Fig 5.—This diagram summarizes the major findings in the cortex and
thalamus. The posterior parietal cortex and frontal eye field (FEF) region
received input from an identical set of cortical areas. In contrast, a rel¬
atively more limited set of thalamic nuclei were found to project to both
the PG and FEF region. FEF+ and PG+ indicate that tracer injections
were made to involve areas immediately adjacent to FEF and PG. CG
indicates cingulate gyrus; MDpc, lateral part of the parvocellular medi¬
al dorsal nucleus; PULm, medial division of the pulvinar nucleus; X, area
S of the thalamus; MDmc, magnocellular division of the medial dorsal
nucleus; MDmf, multiform division of the medial dorsal nucleus; OA,
architecturic division of occipital cortex; PR, perirhinal cortex; INS, in¬
sula; PMC, premotor cortex; and OFC, orbitofrontal cortex. For expan¬
sion of rest of abbreviations, see legends of Figs 2 through 4.

Fig 6.—Two models of internetwork connectivity. Left, Interconnectiv-
ity based on axonal collateralization. Right, In the absence of collater¬
als, local interneurons are necessary for network integration. Our obser¬
vations rule out the left model and support an arrangement more in line
with that of the right model.

COMMENT
Our findings are consistent with previous single-tracer

studies that have investigated the neural connectivity of
either the FEFs (area 8) or the posterior parietal cortex (area
PG or 7a) in the monkey brain.15"19-21"25'28"31-41-46 Although our

injection sites were centered within these two cortical ar¬
eas, they were also deliberately made to involve surround¬
ing but functionally related cortex to increase the possibil¬
ity of detecting collateralization. The connections that we
have identified are therefore somewhat more extensive
than those previously reported for the FEFs and area PG.

The region of the FEFs and posterior parietal cortex
that we studied received neural inputs from a set of
remarkably diverse cortical and subcortical areas. The
pattern of retrograde labeling obtained in these experi¬
ments confirms the expectation that two cortical foci of
a large-scale network (ie, prefrontal and posterior pari¬
etal cortex) have reciprocal interconnections not only
with each other, but also with an identical set of addi¬
tional cortical areas (Fig 5). This arrangement provides
an architecture of connectivity that is consistent with
parallel processing.1 Some of the interconnected cortical
areas in Fig 5 appear more critical than the others in the
organization of directed attention. For example, unilat¬
eral neglect occurs after damage in the region of the
FEFs, posterior parietal cortex, and the gyrus cinguli but
not to the inferotemporal or orbitofrontal cortex. Figure
5 also indicates that the frontal and parietal regions
investigated in this study have a greater degree of indi-
vidualization in their thalamic than in their cortical pro¬
jections. This adds credence to our previous suggestion
that thalamic nuclei may provide coactivation bound¬
aries for distributed neurocognitive networks.1

Although cortical neurons that projected to the FEFs
almost always overlapped with those that projected to
posterior parietal cortex, few of these neurons projected
to both cortical targets through axonal collaterals. Baley-
dier and Mauguiere32 had previously reported the vir¬
tual absence of collateral projections from the pulvinar
nucleus to cingulate and posterior parietal cortex.
Selemon and Goldman-Rakic47 showed that lateral-
prefrontal and posterior parietal cortex send axonal ef¬
ferente to nearly all of the areas illustrated in our dia¬
gram but also noted that these projections reached
adjacent (rather than overlapping) regions of cortex.
Our findings are therefore complementary to those of
Selemon and Goldman-Rakic and indicate that internet¬
work connectivity is characterized by a lack of overlap
at efferent targets as well as a lack of collateralized
inputs from afferent sources.

The rarity of collateral input into frontal and posterior
parietal cortex and the lack of direct efferent conver¬

gence of the neural outputs emanating from these two
interconnected areas may help to protect the parallelism
of projection channels within the relevant large-scale
network shown in Fig 5. The integration of information
within network nodes (and the resultant parallel-to-
serial conversion) would therefore necessitate the medi¬
ation of intracortical circuitry (Fig 6). This arrangement
allows a greater degree of flexibility than if the cortical
outputs toward the FEFs had been yoked to those
toward the posterior parietal cortex through axonal
collaterals.
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