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ABSTRACT 
The orbitofrontal cortex of the monkey can be subdivided into a caudal agranular sector, a 

transitional dysgranular sector, and an anterior granular sector. The neural input into these 
sectors was investigated with the help of large horseradish peroxidase injections that covered 
the different sectors of orbitofrontal cortex. The distribution of retrograde labeling showed that 
the majority of the cortical projections to orbitofrontal cortex arises from a restricted set of 
telencephalic sources, which include prefrontal cortex, lateral, and inferomedial temporal 
cortex, the temporal pole, cingulate gyrus, insula, entorhinal cortex, hippocampus, amygdala, 
and claustrum. The posterior portion of the orbitofrontal cortex receives additional input from 
the piriform cortex and the anterolateral portion from gustatory, somatosensory, and premotor 
areas. 

Thalamic projections to the orbitofrontal cortex arise from midline and intralaminar 
nuclei, from the anteromedial nucleus, the medial dorsal nucleus, and the pulvinar nucleus. 
Orbitofrontal cortex also receives projections from the hypothalamus, nucleus basalis, ventral 
tegmental area, the raphe nuclei, the nucleus locus coeruleus, and scattered neurons of the 
pontomesencephalic tegmentum. 

The non-isocortical (agranular-dysgranular) sectors of orbitofrontal cortex receive more 
intense projections from the non-isocortical sectors of paralimbic areas, the hippocampus, 
amygdala, and midline thalamic nuclei, whereas the isocortical (granular) sector receives more 
intense projections from the dorsolateral prefrontal area, the granular insula, granular 
temporopolar cortex, posterolateral temporal cortex, and from the medial dorsal and pulvinar 
thalamic nuclei. Retrograde labeling within cingulate, entorhinal, and hippocampal cortices 
was most pronounced when the injection site extended medially into the dysgranular 
paraolfactory cortex of the gyrus rectus, an area that can be conceptualized as an orbitofrontal 
extension of the cingulate complex. 

These observations demonstrate that the orbitofrontal cortex has cytoarchitectonically 
organized projections and that it provides a convergence zone for afferents from heteromodal 
association and limbic areas. The diverse connections of orbitofrontal cortex are in keeping with 
the participation of this region in visceral, gustatory, and olfactory functions and with its 
importance in memory, motivation, and epileptogenesis. 
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A host of neuroanatomical studies, very few of which 
have specifically focused on orbitofrontal cortex, have shown 
that this region of the monkey brain is interconnected with 
the lateral prefrontal cortex, posterior parietal cortex, 
lateral temporal cortex, lateral premotor cortex, cingulate 
gyrus, temporal pole, parahippocampal cortices, hippocam- 
pus, amygdala, nucleus basalis, hypothalamus, claustrum, 
insula, neostriatum, thalamus, substantia nigra, and pons 
(Levin, '36; Mettler, '47a,b; Nauta, '61, '64; Kuypers et al., 

'65; Johnson et al., '68; Pandya and Kuypers, '69; Pandya 
et  al., '71; Van Hoesen et al., '72, '75; Chavis and Pandya, 
'76; Rosene and Van Hoesen, '77; Jones and Powell, '78; 
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Yeterian and Van Hoesen, '78; Potter and Nauta, '79; 
Aggleton et al., '80; Baleydier and Mauguiere, '80; Barbas 
and Mesulam, '81; Pandya et al., '81; Porrino et al., '81; 
Van Hoesen, '81; Mesulam and Mufson, '82b; Porrino and 
Goldman-Rakic, '82; Van Hoesen, '82; Mesulam et al., '83; 
Amaral and Price, '84; Mesulam and Mufson, '84; Barbas 
and Mesulam, '85; Goldman-Rakic and Porrino, '85; 
Markowitsch et al., '85; Barbas and Pandya, '87; Moran et 
al., '87; Vogt and Pandya, '87; Yeterian and Pandya, '88; 
Barbas and Pandya, '89; Barbas and De Olmos, '90). In 
keeping with this set of connections, experimental and 
clinical observations indicate that this part of the brain 
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plays a prominent role in memory, learning, emotion, 
motivation, higher autonomic control, olfactory-gustatory 
functions, and epileptogenesis (Delgado and Livingston, 
'48; Kaada et al., '49; Schneider et al., '64; Butter et al., '70; 
Iversen and Mishkin, '70; Butter and Snyder, '72; Tanabe 
et al., '75a,b; Thorpe et al., '83; Eslinger and Damasio, '85; 
Mesulam, '85; Spiers et al., '85; Damasio et al., '90; Rolls et 
al., '90). 

Walker ('40) subdivided the orbitofrontal cortex of the 
monkey into five sectors which he designated areas 10, 11, 
12, 13, and 14, and Bonin and Bailey ('47) subdivided the 
same region into areas FD, FF, and FL. More recently, 

a8,9, 10, 11, 
12, 13, 14, 
45,46 

AA 
AB 
ac 
AM 
amts 
AS, as 
AV 
BL 

ca 
CA1 
Cdc 
Ce 
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CG 
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c1 
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c o  
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eta 
dc 
EC 
gP 
GR 
hP 
hY 
rap 

Idg 
Ig 
InG 
ils 
IOS, ios 
IPS, ips 
IS 
LD 
LF, If 
Ign 
Li 
LN 
LOS, 10s 
LP 
LS, 1s 
M 
me 
MD 
MDdc 
MDmc 
MDmf 
MDpc 
mf 
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C 

1C 

architectonic divisions according to Walker ( '40) 
anterior amygdaloid area 
accessory basal nucleus of the amygdala 
anterior commissure 
anterior medial nucleus 
anterior medial temporal sulcus 
arcuate sulcus 
anteroventral nucleus 
basal lateral nucleus of the amygdala 
claustrum 
caudate nucleus 
CA1 sector of the hippocampus 
central densocellular nucleus 
central nucleus of the amygdala 
calcarine fissure 
cingulate gyrus 
cingulate sulcus 
central inferior nucleus 
central intermediate nucleus 
central lateral nucleus 
central latocellular nucleus 
central nuclear group of the thalamus 
centromedian nucleus 
cortical nucleus of the amygdala 
central sulcus 
central superior lateral nucleus 
central superior nucleus 
cortical transition area 
densocellular division of the medial dorsal nucleus 
entorhinal cortex 
globus pallidus 
gyrus rectus 
hippocampus 
hypothalamus 
insula, agranular-periallocortical 
internal capsule 
insula, dysgranular 
insula, granular 
induseum griseum 
inferior limiting sulcus 
inferior occipital sulcus 
intraparietal sulcus 
inner cellular stratum 
lateral dorsal nucleus 
lateral fissure 
lateral geniculate nucleus 
nucleus limitans 
lateral nucleus of the amygdala 
lateral orbital sulcus 
nucleus lateralis posterior 
lunate sulcus 
medial nucleus of the amygdala 
magnocellular division of the medial dorsal nucleus 
medial dorsal nucleus 
densocellular division of the medial dorsal nucleus 
magnocellular division of the medial dorsal nucleus 
multiform division of the medial dorsal nucleus 
parvicellular division of the medial dorsal nucleus 
multiform division of the medial dorsal nucleus 
medial geniculate nucleus 

Abbreviations 

MOS, mos 
nbm 

OFap 
OFdg 
OFg 
ois 
0s 
ot 
OTS, ots 
Pa  
Pac 
PC 
Pen 
Pf 
PG, PGa 
PH 
POap 
POB 
POC 
POdg 
POg 
POMS 
Pr 
ps, PS 
Pt  
PU 
Puli 
Pull 
Pulm 
Pulo 
Re 
rn 
ROS 
RS, rs 
RSP 
S 
s 2  
sls 
sn  
sts, STS 
TA, TE, TF, 

TH 
TPap 
TPdg 
TPg 
TPO 

VA, Va 
VAmc 
VLC 
vldb 
VLm 
VLO 

VPI 
WLC 
W L O  
W M  
WMpc 

oc 
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VLps 

vta 
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medial orbital sulcus 
nucleus basalis of Meynert 
optic chiasm 
orbitofrontal cortex, agranular-periallocortical 
orbitofrontal cortex, dysgranular 
orbitof'ronlal cortex, granular 
orbital insular sulcus 
outer cellular stratum 
optic tract 
occipital temporal sulcus 
paraventricular nucleus 
caudal paraventricular nucleus 
parvicellular division of the medial dorsal nucleus 
paracentral nucleus 
parafascicular nucleus 
architectonic divisions of cortex 
parahippocampal gyrus 
paraolfactory cortex, agranular-periallocortical 
paraolfactory gyrus of Broca 
piriform olfactory cortex 
paraolfactory cortex, dysgranular 
paraolfactory cortex, granular 
medial parieto-occipital fissure 
perirhinal cortex 
principal suicus 
parataenialis nucleus 
putamen 
inferior division of the pulvinar nucleus 
lateral division of the pulvinar nucleus 
medial division of thepulvinar nucleus 
oral division of the pulvinar nucleus 
reuniens nucleus 
red nucleus 
rostra1 sulcus 
rhinal sulcus 
retrosplenial cortex 
septa1 area 
supplementary sensory cortex 
superior limiting sulcus 
substantia nigra 
superior temporal sulcus 

architectonic divisions of cortex 
temporal pole, agranular-periallocortical 
temporal pole, dysgranular 
temporal pole, granular 
architectonic division of cortex 
ventricle 
ventral anterior nucleus 
magnocellular division of the ventral anterior nucleus 
caudal division of the ventral lateral nucleus 
vertical limb of the diagonal band 
medial division of the ventral lateral nucleus 
oral division of the ventral lateral nucleus 
postremal division of the ventral lateral nucleus 
ventral posterior inferior nucleus 
caudal division of the ventral posterior lateral nucleus 
oral division of the ventral posterior lateral nucleus 
ventral posterior medial nucleus 
parvicellular division of the ventral posterior medial nucleus 
ventral tegmental area 
area X 
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Fig. 1. Two-dimensional flattened cytoarchitectonic map of the 
monkey orbitofrontal cortex. The open double arrow indicates the 
approximate anatomical border between orbitofrontal cortex and in- 
sula. The star enclosed by a circle indicates the level at  which the 
piriform olfactory cortex extends into the temporal pole (not shown in 
this illustration) along a plane that is orthogonal to the one shown in 
this illustration. The POC provides an allocortical root for the insular, 
temporopolar, and lateral orbitofrontal zones of paralimbic transition. 

Mesulam and Mufson ('82) provided a preliminary cytoar- 
chitectonic description of lateral orbitofrontal cortex and 
identified agranular, dysgranular, and granular zones, des- 
ignated respectively as OFap, OFdg, and OFg. 

The orbitofrontal region provides a zone of cytoarchitec- 
tonic transition between the olfactory piriform cortex and 
the granular association cortex of the dorsolateral frontal 
lobe (Rose, '27; Walker, '40; Bonin and Bailey, '47; Sanides, 
'69; Mesulam and Mufson, '82a). This transitional cytoar- 
chitecture leads to the inclusion of orbitofrontal cortex 
within the paralimbic (mesocortical) group of cortical areas. 
Paralimbic areas can be divided into hippocampocentric 
and olfactocentric groups (Mesulam, '85). The parahippo- 
campal, retrosplenial, cingulate, paraolfactory, and medial 
orbitofrontal areas belong to the hippocampocentric group 
of paralimbic areas where the allocortical root is the 
hippocampus and its induseal rudiment. The insula, tempo- 
ral pole, and lateral orbitofrontal region, on the other hand, 
belong to the olfactocentric group in which the allocortical 
root is the piriform cortex. 

The insular and temporopolar components of olfactocen- 
tric paralimbic areas can be subdivided architectonically 
into an agranular sector abutting piriform allocortex, a 

The medial PO cortex of the gyrus rectus is continuous with two 
allocortical structures: the anterior olfactory nuclei that are shown in 
this diagram and the subcallosal extension of the induseum griseum 
which is not shown because of its location in the medial wall of the 
hemisphere. Each paralimbic zone contains agranular-periallocortical 
(ap), dysgranular (dg), and granular (g) sectors. Walker's terminology 
for the corresponding areas is shown by the numbers in parentheses. 
The insert at  bottom left is included for purposes of orientation. 

granular sector abutting homotypical isocortex, and an 
intermediate dysgranular zone interposed between the two 
(Mesulam and Mufson, '82a; Mesulam and Mufson, '84). 
Each of these cytoarchitectonic subsectors has been shown 
to have a differential pattern of neural connectivity such 
that the agranular sectors have more pronounced limbic- 
paralimbic connections, whereas the granular sectors have 
more isocortical connections (Jones and Burton, '76; Mesu- 
lam and Mufson, '82a,b; Mufson and Mesulam, '82; Mesu- 
lam and Mufson, '85; Moran et al., '87). The purpose of this 
study is to determine whether a similar organization exists 
in the cytoarchitecture and connectivity of the orbitofrontal 
cortex in the monkey. 

MATERIALS AND METHODS 
In four adult monkeys (Macaca mulatta and Macaca 

fuscicularis) horseradish peroxidase (HRP) was injected 
into selected cortical regions of the orbitofrontal cortex. For 
cytoarchitectonic analysis, two additional monkey brains 
were embedded in celloidin, cut on a microtome at a 
thickness of 35 pm and stained with thionin. 



Fig. 2. Brightfield photomicrographs of the (A) agranular orbitofrontal cortex, displaying a simple 
organization consisting of an outer stratum (0s) and an inner stratum (IS) ( x ~ O ) ,  (B) dysgranular 
orhitofrontal cortex (x80), (C) granular orhitofrontal cortex ( ~ 8 0 1 ,  and (D) HRP-labeled cells in the upper 
hank of the superior temporal sulcus in casc 3 ( X  80). 
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Surgical technique 
Each monkey was immobilized with ketamine hydrochlo- 

ride, transported to the operation room, and anesthetized 
with intravenous sodium pentobarbital. The surgical field 
was shaved, cleaned, and the skull was stabilized in a head 
holding device. A U-shaped skin flap with its base attached 
to the zygomatic arch was made and the underlying galea 
aponeurotica and temporalis muscle were incised and re- 
flected laterally. Following an intravenous injection of 25% 
mannitol (10 cc/kg), a craniotomy was performed over the 
prefrontal region. A dural flap was made to expose the 
dorsolateral surface of the frontal lobe. Cottonoid padding 
was inserted between the floor of the anterior cranial fossa 
and the opercular portion of the frontal lobe to expose the 
orbitofrontal cortex. The needle of a Hamilton syringe was 
inserted under microscopic guidance, approximately 2 mm 
below the cortical surface. Since our purpose was to reveal 
broad patterns of organization rather than the details of 
point-to-point connectivity, we deliberately made relatively 
large tracer injections. In cases 1-3, two pressure injections 
of 0.05 pI of a 20% solution of a 1:l mixture of free and 
wheat germ agglutin (WGA)-conjugated horseradish perox- 
idase (HRP) were made into a selected subsector of orbi- 
tofrontal cortex. In case 4, 0.15 p1 of a 30% solution was 
injected. Following the injection, the dura, temporalis 
muscle, and skin were closed using standard surgical 
technique. 

n 

Horseradish peroxidase histochemistry 
Following a post-surgical survival period that ranged 

from 48 to 72 hours, each monkey was reanesthetized and 
perfused transcardially using fixation protocol I1 recom- 
mended by Rosene and Mesulam ('78). Briefly, each mon- 
key was perfused initially with a 0.1 M phosphate-buffered 
saline (0.9%) solution for a period of 5 to 8 minutes. This 
was followed by perfusion for 30 minutes with a fixative 
solution containing 1% paraformaldehyde and 1.25% glut- 
araldehyde, and for another 30 minutes with a solution of 
buffered 10% sucrose. Immediately after perfusion, the 
brain was removed, photographed, and placed in 10% 
sucrose and 2% dimethyl sulfoxide (DMSO) in phosphate 
buffer (0.1 M phosphate, pH 7.4) for 2 days. To enhance 
cryoprotection, the brain was transferred to a buffered 
solution of 20% sucrose and 2% DMSO for 2 additional days 
(Rosene et al., '86). The brain was then frozen with dry ice 
and sectioned on a sliding microtome at  a thickness of 40 
pm. Three complete series of tissue sections (cut in cycles of 
1 in 10) were collected and stored in sequence in a 0.1 M 
phosphate buffer solution. For HRP analysis, two complete 
series of tissue sections were processed histochemically 
according to a tetramethyl benzidine (TMB) procedure 
(Mesulam, '78, '82). Of these two series, one was counter- 
stained with neutral red (1%) and the other was left 
uncounterstained. For cytoarchitectural analysis, a third 
series of tissue sections was stained with thionin (0.5%). 

Data analysis 
For cytoarchitectonic evaluation, tissue sections through 

the orbitofrontal cortex and rostra1 half of the insula were 
charted using a Nikon Fluophot V microscope that was 
electronically coupled to a Hewlett Packard X-Y plotter 
(HP-7045). The anatomical landmarks, white and gray 
matter borders, cytoarchitectonic boundaries, and the loca- 
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Fig. 3. Line drawing of the medial, lateral, and ventral surfaces of 
the cerebral hemisphere in case 1. The HRP injection site is shown in 
solid black and involves the dysgranular and agranular sectors of the 
orbitofrontal cortex. Cortical areas containing labeled neurons are 
indicated by black dots. The temporal pole has been removed to expose 
the posterior portion of the orbitofrontal cortex. The lateral fissure has 
been opened in the lateral view to show the insula. Note the continuity 
of parahippocampal (PHI, retrosplenial (RSP), cinylate (CG), and 
paraolfactory (POB) hippocampocentric areas. 

tion of layer 4 (when present) were plotted in each charting. 
The chartings were then reconstructed, following the gen- 
eral guidelines of Van Essen and Maunsell ('80), to form a 
two-dimensional flattened cytoarchitectonic map of the 
monkey orbitofrontal cortex. For HRP analysis, the perti- 
nent architectonic boundaries, injection sites, and location 
of retrogradely transported label in every other tissue 
section were charted. Our definition of the effective injec- 
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Fig. 4. Ten representative coronal sections through the brain of case 1. The HRP injection site in the 
orbitofrontal cortex is shown in solid black and regions containing labeled neurons are indicated by black 
dots. In section C, note the relationships among the induseum griseum (InG), paraolfactory gyms of Broca 
(POB), and the gyrus rectus (GR). 
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tion site for HRP is described elsewhere (Mesulam, '82; 
Mufson and Mesulam, '82; Moran et al., '87). 
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RESULTS 
The orbitofrontal cortex extends from the frontal pole 

rostrally to the anterior perforated substance (i.e., the 
ventral striatum-substantia innominata region) caudally 
(Fig. 1). The frontal operculum and the ventromedial 
margin of the cerebral hemisphere form its lateral and 
medial borders, respectively, The orbitofrontal cortex con- 
tains three major sulci: a shallow olfactory groove, a deep 
medial orbital sulcus, and a shorter lateral orbital sulcus 
that displays anatomical variants. There are accounts of 
smaller sulci which bridge the medial orbital and lateral 
orbital sulci to form a more complex orbitofrontal fissural 
pattern; however, these sulci are inconsistent in location 
(Mettler, '33; Connolly, '36; Walker, '40; Bonin and Bailey, 
'47). 

The olfactory sulcus forms a shallow groove and lies 
hidden from direct view by the overlying olfactory tract. 
Lateral to the olfactory sulcus is the medial orbital sulcus. 
The medial orbital sulcus is the longest and most consistent 
of the orbital sulci and provides a boundry between the 
medially situated gyrus rectus and the remainder of the 
orbitofrontal cortex. The medial orbitofrontal sulcus and 
the olfactory groove provide a separation of the orbitofron- 
tal region into medial and lateral divisions. The medial 
division (designated as PO cortex) is largely coextensive 
with the gyrus rectus. It constitutes the ventral component 
of Broca's paraolfactory area (POB) and can be conceptual- 
ized as a circumcallosal extension of the cingulate complex. 
The cortex lateral to the gyrus rectus (designated as OF 
cortex) is continuous with the insula and has been included 
within the insulo-orbito-temporopolar group of paralimbic 
areas (Mesulam and Mufson, '82a). 

Orbitofrontal cytoarchitectonics 
The overall plan of cytoarchitectonic organization reveals 

a concentric postero-anterior arrangement of progressively 
more differentiated sectors (Fig. 1). The allocortical root for 
the OF cortex is provided by the piriform cortex (POC), 
whereas the allocortical roots for the more medially placed 
PO cortex of the gyrus rectus can be traced to both the 
induseum griseum and the olfactory nuclei. 

At the junction of the frontal and temporal lobes, the 
POC branches into three limbs. One limb extends ventrally 
into the temporal pole, a second limb extends laterally into 
the insula, and a third limb extends into the orbitofrontal 
surface. The orbital POC is contiguous with the agranular- 
periallocortex sector of lateral orbitofrontal cortex (OFap). 
This agranular-periallocortex sector retains a primitive and 
simple architecture composed of an inner and outer stra- 
tum (Fig. 2A). The inner stratum of OFap is continuous 
with the claustrum and the outer stratum is continuous 
with the POC. This sector lacks discernible groups of 
granule cells (Fig. 2A). At more anterior levels of the lateral 
orbitofrontal cortex, further architectonic differentiation 
occurs, analogous to that reported in the insula (Mesulam 
and Mufson, '82a) and temporopolar cortex (Moran et al., 
'87). This gradual differentiation leads to the formation of a 
five to six layered dysgranular cortex (OFdg) (Fig. 2B). 
OFdg is characterized by an emerging layer 4 which 
consists of a thin sheet of granule cells occasionally inter- 
rupted by the incursion of large pyramidal cells. The poorly 
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Fig. 5. Line drawing of the medial, lateral, and ventral surfaces of 
the cerebral hemisphere in case 2. The HRP injection site is shown in 
solid black and involves the granular and dysgranular sectors of the 
gyrus rectus. Cortical areas containing labeled neurons are indicated by 
black dots. The temporal pole has been removed to expose the posterior 
portion of the orbitofrontal cortex. The lateral fissure has been opened 
to show the insula. 

differentiated layer 2 is difficult to distinguish from layer 3. 
Layers 3 and 5 lack clear evidence of sublamination, 
particularly at  the more caudal levels of OFdg. Layer 6 is 
not well demarcated from layer 5 or from the underlying 
subcortical plate of white matter as occasional stands of 
neurons extend between the deeper cortical layers and the 
claustrum. At more anterior levels, increased granulariza- 
tion leads to the appearance of a six layered granular 
orbitofrontal cortex (OFg) (Fig. 2 0 .  At these levels, layer 2 
is somewhat better developed and layer 4 thickens. Sublam- 
ination of layer 3 is not conspicuous even though there is a 
greater concentration of hyperchromic pyramidal cells in 
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Fig. 6. Ten representative coronal sections in case 2. The HRP injection site in the orbitofrontal cortex 
is shown in solid black and regions containing labeled neurons are indicated by black dots. 
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the deeper parts of this layer. Layer 5 of OFg displays a 
sublamination into an external layer 5a and an internal 
layer 5b and is distinguished from layer 6. Additional 
features which characterize OFg include a sharper demarca- 
tion of layer 6 from the underlying subcortical white matter 
and the appearance of a more discernible radial columnar 
organization. Medial to the medial orbital sulcus, a parallel 
cytoarchitectonic organization can be identified in the PO 
cortex of the gyrus rectus. This region can be parcellated 
into a caudal agranular sector (POap), an intermediate 
dysgranular sector (POdg), and an anterior granular sector 
(POg) with cytoarchitectural features (particularly in POdg 
and POg) that are nearly identical to those of the analogous 
OF sectors. 

HRP injections 
Case 1. The injection site was located in the posterior 

portion of the orbitofrontal cortex. I t  was centered in the 
dysgranular sector of orbitofrontal cortex (OFdg), but the 
halo of the HRP reaction-product extended caudally to 
involve OFap. There was no evidence of POC or OFg 
involvement in the injection site. The core deposit of HRP 
involved layers 1 thru 4. The needle track did not enter the 
subcortical white matter. 

Case 2. The injection site was located in the medial 
portion of the orbitofrontal cortex. Cytoarchitectonically, 
the injection site was located predominately within the 
dysgranular paraolfactory cortex of the gyrus rectus (POdg). 
The halo extended into the immediately adjacent portions 
of POg, OFg, and OFdg. The core deposit of HRP involved 
layers 1 thru 6 and approximately 1 mm of the subjacent 
white matter. A light HRP reaction product, continuous 
with the main body of the injection site, appeared over the 
white matter which lines the medial wall of the hemisphere. 

This injection site occupied predominately the 
lateral portion of the orbitofrontal cortex. The injection was 
situated primarily within the posterolateral part of OFg. 
The injectate spread into the immediately adjacent portion 
of OFdg. The injection site involved layers 1-6 and there 
was no evidence of subcortical white matter disruption. 

Case 4. This injection was almost identical to that of 
case 2 but extended further into the medial wall of the 
hemisphere. 

Case 3. 

Neuronal labeling 
Retrogradely labeled neurons were easily identified by 

the presence of a blue reaction product in the perikaryal 
region (Fig. 2D). The extrinsic neural projections to orbi- 
tofrontal cortex arose from a restricted set of telencephalic 
sources which included the dorsolateral prefrontal cortex, 
lateral and inferomedial temporal cortex, the cingulate- 
paraolfactory complex, the insula, temporal pole, hippocam- 
pus, amygdala, claustrum, basal forebrain, hypothalamus, 
thalamus, and brainstem (see Figs. 3-13). The results from 
cases 1, 2, and 3 will be described in detail. The projection 
pattern of case 4 was virtually identical to that in case 2. 

In all cases, labeled neurons were found in 
areas 46, 12, and 45 of Walker ('40) (Figs. 3-8). Labeling 
was situated on the gyral convexity of dorsolateral prefron- 
tal cortex as well as in the depths of the principal sulcus 
(Figs. 4B, 6B, 6C, 8B, 8C).Only cases 2 and 3 contained 
labeling within area 8 and the frontal pole. Case 1 had the 
most restricted pattern of labeling within the dorsolateral 
prefrontal cortex. Case 3 demonstrated frontal labeling also 

Frontal lobe. 

Fig. 7. Line drawing of the medial, lateral, and ventral surfaces of 
the cerebral hemisphere in case 3. The HRP injection site is shown in 
solid black and involves the granular sector of the lateral portion of the 
orbitofrontal cortex. Cortical areas containing labeled neurons are 
indicated by black dots. The temporal pole has been removed to expose 
the posterior portion of the orbitofrontal cortex. The lateral fissure has 
been opened to show the insula. 

within the superior and inferior portions of the anterolat- 
era1 premotor area and along the frontal operculum, extend- 
ing into what appears to be the gustatory cortex (area G of 
Benjamin and Burton, '68 and Jones and Burton, '76) (Figs. 
7, 8E). 

All cases showed evidence of intrinsic orbitofrontal affer- 
ents. In case 1, the density of labeled neurons was much 
heavier in OFdg and OFap than in OFg (Fig. 4A-E). In case 
2 numerous labeled neurons were found in each of three 
orbitofrontal subsectors (Fig. 6A-El. Case 3 contained the 
most retrograde labeling in OFg and OFdg while no 
perikaryal labeling was detected in OFap (Figs. 7, 8). All 
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Fig. 8. Ten representative coronal sections in case 3. The HRP injection site in the orbitofrontal cortex 
is shown in solid black and regions containing labeled neurons are indicated by black dots. 
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W 
Fig. 9. Line drawings of coronal sections through the ipsilateral amygdala in cases 1 ,2 ,  and 3. The black 

dots demonstrate the location of HRP-labeled neurons. 

three cases displayed labeling in the PO cortex of the gyrus 
rectus. In case 1, POdg labeling was more intense than POg 
labeling, whereas the converse was observed in case 3. 

In all cases labeled 
neurons were seen in the auditory association cortex of the 
superior temporal gyrus (area TA of Bonin and Bailey, '47) 
(Figs. 3, 5, 7). In all cases, numerous labeled neurons 
occupied the upper banks of STS [including areas TAa and 
TPO of Seltzer and Pandya ('7811 but only a few labeled 
neurons were found in the lower bank of this sulcus. In 
cases 1 and 2, STS labeling was concentrated within the 

Lateral and inferior temporal lobe. 

more rostra1 levels of the upper bank. In case 3, STS 
labeling extended further caudally (Figs. 2, 8). In all cases, 
labeled cells were found in anteromedial TE (of Bonin and 
Bailey, '47) and area TF-TH (Figs. 4H-I, 6G-J,8F-I). The 
TF-TH labelingwas particularly prominent in case 2 (Fig. 61). 

Parietal lobe. HRP positive neurons were detected in 
the parietal lobe only in case 3. These neurons, few in 
number, were seen in area S2, the caudal-superior bank of 
the lateral fissure, area PGa of the superior temporal 
sulcus, and area PG of the inferior parietal lobule, including 
the ventral bank of the intraparietal sulcus (Figs. 7-8). 
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Fig. 10. Line drawings of coronal sections through the ipsilateral thalamus in case 1. The black dots 
show the location of HRP-labeled neurons. Note that the various subdivisions of the medial dorsal nucleus 
are represented as dc, me, mf, and pc, respectively. 

Cingulate cortex. In all three cases, labeled neurons 
were found within area 24 of the anterior cingulate cortex 
(Figs. 3 ,5 ,  7) .  In cases 2 and 3,  labeling extended posteriorly 
to involve area 23 and the retrosplenial cortex. Case 2 
displayed the most extensive cingulate and retrosplenial 
labeling. 

Temporal pole. In all experimental cases, labeled 
perikarya were identified in the temporal pole (area TG of 
Bonin and Bailey, '47 and TP of Mesulam and Mufson, 
'82a). In each case, the heaviest temporopolar labeling 
occurred within the cytoarchitectonic subsector analogous 
to that involved in the locus of the orbitofrontal injection 
site. For example, in cases 1 and 2,  where the injection 
involved primarily the dysgranular and agranular sectors of 
cortex, the more prominent labeling was found in the 
dysgranular (TPdg) and agranular (TPap) sectors of tem- 
poropolar cortex (Figs. 4E, 6F). In case 3, where the 
injection was centered within OFg, the greatest number of 
labeled temporopolar neurons were located in the granular 
sector (TPg), less were found in TPdg, and no labeled 
neurons were found in TPap (Fig. 8E). Thus, individual 
subsectors of orbitofrontal cortex are preferentially intercon- 
nected with cytoarchitectonically analogous subsectors of 
temporopolar cortex. 

Insula. All cases showed labeling within the insula. In 
cases 1 and 2, the heaviest density of labeled neurons was 

found in the dysgranular sector (Idg) with some extension 
into the agranular sector (Iap) (Figs. 4G-H, 6F-HI. Case 3 
demonstrated many labeled neurons in the granular sector 
of the insula (Ig), fewer in Idg, and no labeled cells in Iap 
(Fig. 8E-G). These observations suggest that individual 
cytoarchitectonic subsectors of orbitofrontal cortex are 
preferentially interconnected with analogous insular subsec- 
tors. 

Entorhinal cortex, rhinal sulcus, hippocampus, and 
amygdala. In all cases, neuronal labeling was found in the 
entorhinal cortex, depths of the rhinal sulcus, hippocam- 
pus, and amygdala. In entorhinal cortex, labeling was 
observed mostly in the deeper layers. Entorhinal labeling 
was heaviest and most widespread in case 2 and least in case 
3 (Figs. 3, 4G, 5, 6G-H, 7, 8F-G). Hippocampal labeling 
was located within the CAI and prosubiculum sectors and 
was most prominent in case 2 while very few hippocampal 
neurons were labeled in cases 1 and 3 (Figs. 4H, 6H-I, 81). 
Amygdala labeling also occurred in all three cases. The 
most extensive labeling was detected in cases 1 and 2 in 
which the injection sites involved predominately the non- 
isocortical (agranular-dysgranular) sectors of the orbitofron- 
tal cortex (Figs. 4G, 6G, 8F, 9). Amygdala labeling was most 
intense in the basal lateral, accessory basal, and lateral 
nuclei. Some labeled neurons were found in the cortical 
nucleus and cortical transition area in cases 1 and 2 
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Fig. 11. Line drawings of coronal sections through the ipsilateral thalamus in case 2. The black dots 
show the location of HRP-labeled neurons. Note that the various subdivisions of the medial dorsal nucleus 
are represented as dc, mc, mf, and pc, respectively. 

and a few were found in the anterior amygdaloid area in 
case 1 (Figs. 6H, 9). 

Labeled neurons in piriform 
olfactory cortex (POC) were found only in cases 1 and 2 and 
were much more numerous in case 1 (Fig. 4F). The labeling 
occurred in the pyramidal cells of the orbital, insular, and 
temporal extensions of POC. 

Hypothalamus, claustrum, septum, and nucleus basalis. 
HRP-filled neurons were found in the lateral, medial, and 
posterior hypothalamic region and the claustrum in each 
case (Figs. 4,6,8).  In all cases, labeled neurons were located 
in the CH4-nucleus basalis complex (Mesulam et al., '83) 
(Figs. 4G, 6G, 8F). In case 2 a few labeled neurons were 
found in the vertical limb of the diagonal band and in the 
septa1 area, in regions that contain the Chl-Ch2 cholin- 
ergic cell groups (Fig. 6F). 

Thalamus. According to the nomenclature of Olszewski 
('52), thalamic projections in all three cases arose from the 
magnocellular, parvicellular, and densocellular components 
of the medial dorsal nucleus; medial component of the 
pulvinar nucleus; magnocellular component of the ventral 
anterior nucleus; and medial component of the ventral 
lateral nucleus and the central, anteromedial, paraventricu- 
lar, paratenial, paracentral, reuniens, centromediani 
parafascicular, and limitans/suprageniculate nuclei (Figs. 
10-12). Cases 1 and 2 received additional input from the 
subfascicular nucleus and case 3 from the oral component 

Piriform olfactory cortex. 

of the pulvinar nucleus and the multiform component of 
the medial dorsal nucleus (Figs. 12B,C). The relative distri- 
bution of labeling varied from case to case. In case 1, the 
vast majority of thalamic labeling was located in the midline 
and intralaminar nuclei (Fig. lOB-D), whereas medial 
dorsal and pulvinar labeling were most pronounced in case 
3 (Fig. 12F). Case 2 had the most extensive labeling in the 
anteromedial component of the anterior thalamic tubercle 
(Fig. 11A). 

Brainstem. Brainstem structures labeled with HRP 
included the ventral tegmental area, the dorsal raphe 
central superior nucleus, the nucleus locus coeruleus, and 
scattered neurons of the pontomesencephalic tegmentum. 
Some of these pontomesencephalic neurons were embedded 
in the medial longitudinal fasciculus and the superior 
cerebellar peduncle and probably constituted interstitial 
elements of the cholinergic pedunculopontine and laterodor- 
sal tegmental nuclei. 

DISCUSSION 
Our findings show that the medial orbital gyrus and 

olfactory groove separate the orbitofrontal region into two 
major divisions. The medially situated gyrus rectus repre- 
sents a ventral part of the paraolfactory gyms of Broca and 
constitutes an anterior extension of the cingulate-retrosple- 
nial-parahippocampal complex. Compared to the other parts 
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Fig. 12. Line drawings of coronal sections through the ipsilateral thalamus in case :3. The black dots 
show the location of HRP-labeled neurons. Note that the various subdivisions of the medial dorsal nucleus 
are represented as dc, mc, mf, and pc, respectively. 

of the orbitofrontal region, this medial subdivision (desig- 
nated PO cortex) had the most accentuated connections 
with the hippocampus and with additional areas known to 
have strong hippocampal connectivities such as the cingu- 
late, retrosplenial and entorhinal areas, the anterior tha- 
lamic tubercle, and the septal-diagonal band nuclei (Baley- 
dier and Mauguiere, '80; Pandya et al., '81; Van Hoesen, 
'82; Mesulam et al., '83; Vogt et al., '87; Vogt and Pandya, 
'87). These observations support our previous suggestion 
that this medial division of orbitofrontal cortex is closely 
affiliated with the hippocumpocentric group of paralimbic 
areas whose major allocortical root is located in the hippo- 
campus and its induseal rudiment (Mesulam, '85). 

The cytoarchitecture and patterns of connectivity that we 
have observed suggest that the lateral division of orbitofron- 
tal cortex, which we have designated OF, is more closely 
affiliated with the olfuctocentric group of paralimbic areas 
(Mesulam and Mufson, '82a). The OF region contains three 
concentric rings of cortical differentiation emanating from 
the allocortical piriform olfactory cortex (POC) and culmi- 
nating in the granular homotypical cortex of the dorsolat- 
era1 prefrontal region. The most caudal and periallocortical 
sector of OF, OFap, is continuous with POC and has a 
bilaminate, agranular, and relatively undifferentiated orga- 
nization. The most anterior sector, OFg, is nearly isocorti- 
cal in structure and contiguous with dorsolateral prefrontal 
cortex. In between the two, a transitional and dysgranular 
sector (OFdg) can be identified. There are no definite 

boundaries among these three sectors. Instead, a gradual 
and continuous gradient of cytoarchitectonic differentia- 
tion can be identified. An analogous postero-anterior organi- 
zation into POap, POdg, and POg can be identified in the 
medial division of orbitofrontal cortex. These observations 
as well as the connectivity patterns suggest that the 
orbitofrontal region provides a site of confluence for the 
olfactocentric and hippocampocentric groups of paralimbic 
formations. 

Our observations indicate that orbitofrontal cortex de- 
rives its afferents from an anatomically restricted but 
functionally heterogeneous set of structures (Fig. 13). One 
group of afferents originates in limbic structures such as 
the hypothalamus, amygdala, hippocampus, olfactory piri- 
form cortex, and midline and anterior thalamic nuclei. 
Additional afferents originate in paralimbic areas such as 
the insula, temporal pole, cingulate-retrosplenial complex, 
and rhinal cortices. A third group of afferents originates in 
the heteromodal association areas of the dorsolateral fron- 
tal cortex, the inferior parietal lobule, and the banks of the 
superior temporal sulcus. The relatively more downstream 
components of unimodal association areas in the auditory 
(area TAa), visual (areas TE and TF-TH), and somatosen- 
sory (area Ig) modalities also project to orbitofrontal cortex. 
A smaller contingent of inputs originates from the second 
somatosensory area (S2), gustatory cortex (GI, and premo- 
tor cortex. These functionally diverse connections are in 
keeping with studies that have implicated orbitofrontal 
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cortex in the modulation of emotion, memory, autonomic 
control, gustatory-olfactory function, and complex affili- 
ative behaviors (Delagdo and Livingston, '48; Kaada et al., 
'49; Schneider et al., '64; Butter et al., '70; Iversen and 
Mishkin, '70; 'I'anabe et al., '75a,b; Thorpe et al., '83; 
Mesulam, '85; Rolls et al., '90). 

The orbitofrontal area constitutes an important compo- 
nent of prefrontal cortex. Damage to the prefrontal cortex, 
especially in humans, gives rise to extremely complex 
deficits of reasoning, comportment, judgement and creativ- 
ity (Harlow, 1868; Ackerly, '35; Benton, '68; Milner, '82; 
Eslinger and Damasio, '85; Leimkuhler and Mesulam, '85; 
Mesulam, '86; Damasio et al., '90; Price et al., '90). The 
patterns of connections that we describe indicate that the 
orbitofrontal component of prefrontal cortex plays a partic- 
ularly prominent role in providing a site for the integration 
of limbic-paralimbic afferents with those coming from 
high-order association areas. The orbitofrontal component 
of prefrontal cortex may thus play a particularly crucial role 
in aspects of the frontal syndrome related to motivational 
and emotional integration. Its widespread connections with 
the amygdala, hippocampus, temporal pole, insula, cingu- 
late cortex, and the parahippocampal gyrus may also ex- 
plain why orbitofrontal cortex is so frequently involved in 
the origin and spread of temporal lobe epilepsy. 

Individual sectors of lateral orbitofrontal cortex (OF) 
have differential patterns of connectivity that reflect their 
cytoarchitectonic characteristics. The non-isocortical OFap 
and OFdg sectors, for example, receive a heavier input from 
POC, the amygdaloid complex, the midline thalamic nuclei, 
and the non-isocortical sectors of the insula and temporal 
pole. These structures are all characterized by their strong 
limbic and paralimbic affiliations (Turner et al., '78; Rosene 
and Van Hoesen, '77; Mufson et al., '81; Van Hoesen, '81; 
Mesulam and Mufson, '82b; Mufson and Mesulam, '82; 
Moran et al., '87; Yeterian and Pandya, '88; Barbas and De 
Olmos, '90). The more differentiated and isocortical OFg 
component, on the other hand, receives more prominent 
afferents from the granular components of the insula and 
temporal pole, the caudal association cortex of the lateral 
temporal lobe, dorsolateral prefrontal cortex. inferior pari- 
etal lobule, and the medial dorsal and pulvinar nuclei of the 
thalamus, structures that are generally linked to high- 
order associative functions (Fuster, '80; Mesulam, '81; 
Goldman-Rakic, '87; Mesulam, '90). 

An analogous pattern of differential connectivity had also 
been identified in other olfactocentric paralimbic areas, 
such as the insula and the temporal pole (Mesulam and 
Mufson, '82a: Mufson and Mesulam, '84; Moran et al., '87). 
The more non-isocortical agranular and dysgranular compo- 
nents of the insula (Iap, Idg) and of the temporal pole 
(TPap, TPdg), for example, have relatively more intense 
connections with limbic-paralimbic cortices, the amygdala, 
and limbic-midline nuclei of the thalamus, whereas the 
more isocortical and granular sectors of the insula (Ig) and 
temporal pole (TPg) have more extensive connections with 
association isocortex and association nuclei of the thala- 
mus. These similarities in cytoarchitectonic organization, 
overall plan of connectivity and behavioral affiliations, 
further confirm our earlier suggestion that the orbito-insulo- 
temporopolar region should be collectively conceptualized 
as an integrated anatomical and functional system of the 
cerebral cortex (Mesulam and Mufson, '82a). 
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