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Abstract—The sources of ipsilateral cortical afferent projections to regions along both banks of the
principais sulcus in the prefrontal cortex were studied with horseradish peroxidase in macague monkeys. The
principalis cortex receives a substantial proportion of its projections from neighboring prefrontal regions.
However, differences were noted in the distribution of labeled cells projecting to the various principalis
regions. These differences were most marked with respect to the relative proportion of cells originating in
visud, auditory, somatosensory, premotor and limbic cortica areas. The findings indicate that the cauda
ventral principdis region receives projections from both visua and visuomotor regions, whereas the
anterior tip of the principalis appears to be the major target of projections from auditory association
regions. The ventral bank at the middle extent of the principalis was the only case with a significant
proportion of labeled cels in somatosensory association and premotor regions. There was a consistent
increase in the proportion of labeled cdls in limbic cortical areas projecting to more rostral principais
Sites, irrespective of whether the injection was placed in the dorsd or ventral bank.

These findings suggest that the caudal principalis region has a visual-visuomoator and the rostral, an auditory-

limbic bias with respect to the long projectionsthey receive.

The dorsolateral prefrontal cortex of the rhesus monkey
extends from the arcuate sulcus to the frontal pole. Itis
a cytoarchitectonically complex region and in
Walker's” classification it encompasses areas 845,
46,12, 9 and 10 (Fig. 1 A). The dorsolateral prefrontal
cortex may be functionaly divided into peri- and
prearcuate regions. The former is coextensive with the
frontal eye fields (areas 8 and 45); the latter includes
the rest of the dorsolateral prefrontal cortex and will
be the focus of this report.

The prearcuate cortex of the monkey receives a
variety of neura projections from visual, auditory,
polymodd and limbic cortical regions®®% |n ac-
cordance with these anatomic connections, neurons in
the prearcuate region respond to visual and auditory
stimuli and dorsolateral cortical ablation results in
disruption of tasks involving visua and auditory
discrimination. % Because of its anatomic con-
nections and physiologic properties, the dorsolatera
cortex has hitherto been considered as a large poly-
modal region. However, very few dorsolateral neurons
are truly polysensory, with the majority respondinag
either to visual or auditory stimuli, but not both.-*--
In addition to this partiad segregation of modalities at
the single-cell level, there are also regional variations
within the dorsolateral prefrontal  cortex, as
demonstrated by physiologic and behavioral studies.
For example, even though the prearcuate cortex lining
the principal sulcus has been

Abbreviation: HRP, horseradish peroxidase.

considered essentiadd for tasks based on delayed
regponges'1A0BBEE thera s evidence thet it is the middle
third®® and the caudal part® of the banks of the principal
sulcus which are crucial for the performance of these
tasks. Consistent with these behavioral findings, it has
been reported that neurons in the middle and caudal
principalis regions fire in associaion with delayed
response tasks "% % The ahove findings suggest that
the prearcuate cortex is a heterogeneous region but the
anatomic basis of these differences is not known. In a
previous study we showed that subdivisions of the
periarcuate frontal eye fields received markedly different
projections, in a pattern which correlated with the
physiologic properties of the subregions involved.? The
purpose of the present study was to investigate the
organization of afferent input to subdivisions of a
narrow strip of the dorsolateral prefrontal cortex
extending from the caudd tip of the principalis sulcus to
its most rostral extent in the frontal pole employing
small injections of horseradish peroxidase (HRP).

EXPERIMENTAL PROCEDURES

Experimentsinvolving HRPinjections were conducted on five
rhesus monkeys (Macaca mulatta\ anesthetized with sodium
pentobarbital (35mg/kgi.p.). Surgery was performed under
aseptic conditions. The monkey's head was firmly positioned
in a holder which left the cranium unobstructed for surgical
approach. The femora vein was caheterized for infusion of
mannitol (Invenenx, Ohio, 25%) to reduce the volume of the
brain and avoid traumatic edema. A bone defect was made,
the durawas retracted and the cortex exposed.
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Fig. 1. (A) Diagram of the monkey dorsolateral frontal
cortex  showing  Walker's™  cytoarchitectonic
subdivisions. Areas 8 and 45 constitute the frontal eye
fields. The prearcuate dorsolateral cortex includes area
46 and parts of areas 9,10 and 12. (B) Composite of the
core of the HRP injection sitesin the five cases.

Injections of HRP (Miles, 20% agueous solution)
were made with a microsyringe (Hamilton, 75N, 5/il)
mounted on a microdrive which was attached to a carrier
(Kopf). The needle was lowered to the desired site
under microscopic guidance. Small amounts (0.05/il) of
the injectate were delivered 1.5mm below the pia
surface at each of 1-2 adjacent sites separated by 1-2
mm over a 30min period. The frontal regions injected
with HRP extended aong both banks of the principalis
sulcus in a caudorostral direction (Fig. 1B, Z-V).

Following a 40-48 h surviva period the monkeys
were reanesthetized and perfused through the heart
with saline until the blood was cleared. A timed fixation
procedure then followed, during which 2 1 of fixative
(1.25% glutaraldehyde, 1% paraformaldehyde in 0.1 M
phosphate buffer at pH 7.4) were delivered over a 30min
period. The fixative was followed by perfusion with 21
of cold (4°C) sucrose phosphate buffer (10% sucrose in
0.1 M phosphate buffer, pH 7.4). The latter was used to
wash excess, unbound

fixative from the tissue. This procedure allows regulation of
the duration of fixation and prevents loss of HRP activity
asaresult of excessive exposure to aldehydes.”®

The brain was then removed from the skull, photo-
graphed, placed in sucrose buffer and transferred to a
freezing microtome, where,, it was cut at 40 pm. Sections
were collected in a0.1 M phosphate buffer (pH 7.4). Every
10th section was reacted for the visualization of HRP
according to a procedure in which tetramethylbenzidine is
used as the chromogen. The tissue was mounted, dried and
counterstained with neutral red.*-*

Data analysis

Experimental slides prepared according to the method
described above were viewed microscopically under bright-
field illumination. Outlines of brain sections and the lo-
cation of labeled cellsipsilateral to the injection site were
transferred from the dlides onto paper using an X-Y
recorder (Hewlett Packard, 7044A) which was eectronicdly
coupled to the stage of the microscope. The extent of the
injection site was outlined on the same paper. The area
containing dark reaction-product, where neither cells nor
axons were distinguishable, was considered as the injection
core (Fig. 2). The less densely labeled area surrounding this
region was drawn as the halo of the injection site. The
laminar distribution of labeled cells was also noted on the
plotting.

All of the prepared dides were examined but only repre-
sentative sections (usually every other) among those con-
taining labeled neurons were charted. If adjacent sections
differed in the distribution of labeled neurons, then both
sections were charted. Labeled neurons (represented as dots
on the charted hemisphere which was drawn 8.5 times its
actua sze) were counted directly from the charted material
in serid sections.

Procedural variables, such as size of the injection site,
exposure of the tissue to alcohal, etc., inadvertently differ
from case to case. In order to minimize the above extrinsic
factors, the relative afferent input to the injected site from
aparticular anatomic region was assessed by expressing the
number of labeled cortical cells in serial sections through
that anatomic region as a percentage of the total number of
labeled cortical cellsin that case. This andysisis based on
the assumption that histochemica variables underlying
HRP sensgitivity affect all cortical regionsin that casein a
similar manner. It is then possible to demonstrate qual-
itative differences in the pattern of regiona labeling among
cases without making direct statistica comparisons.

Labeled cdls in the immediate vicinity of the injection site
(within 0.5 mm radius from the hao of the injection, extend-
ing up to 1.6mm anterior to the rostral and 1.6mm
posterior to the caudal limits of the injection site) were not
included in the calculation of the total number of labeled
cortical cells for each case. Although neurons in this vicinity
might have been labeled through retrograde transport of
HRP and could thus congtitute local projections, the pres-
ence of a background saturated with reaction-product raised
the possibility of labeling through direct spread of HRP
from the injection site. Anterogradely transported enzyme
was also observed in many cortical sites but this was not
charted for this study.

The projection sites were serially reconstructed using the
sulci as landmarks and were shown on diagrams of the
surface of the cortex. The latter were drawn from photo-
graphs of each brain showing the external morphology of
the experimental hemispheres. The drawings were modified
to represent the relative location of cells buried in sulci.

The determination of cytoarchitectonic boundaries of
regions containing labeled neurons was facilitated by view-
ing the experimental sections with a green filter. To deter-
mine the cytoarchitecture of the segment of the principalis
region injected with HRP, a series of matched sections
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through the injection site was stained with cresyl violet. The
results were compared to those obtained by examining the
cytoarchitectonic features of two norma monkey cerebra
embedded in celloidin, cut in 40 /im sections and stained
with cresyl violet.

RESULTS
Injection sites

The injection sites covered the dorsal and ventral
banks of the principal sulcus at its rostral, middle and
caudal extent. In two monkeys the core of the
injection site was situated in the dorsal and ventral
bank of the posterior quarter of the principal sulcus,
respectively (Fig. 1B, Y and Z). In two other animals
the injection site occupied the dorsal and ventra
bank of the middle third of the principal sulcus,
respectively (Fig. IB, W and X). The injection site
was restricted to only one bank of the principal sulcus
in the above cases. However, in case Z, in an intended
injection into the caudal ventral bank of the prin-
cipalis, there was a dight invasion of the dorsa bank.
In a fifth monkey the injection site encompased the
rostral quarter of the principalis. In this case, where
the banks of the sulcus are shallow, and the cyto-
architecture is uniform, the core of the injection site
occupied both banks (Fig. 1B, V).

Intact axons in the white matter are not thought to
take up HRP.*®" In al cases in this study the needle
tracts were restricted to the cortical mantle and there
was no apparent damage to the underlying white
matter. Thus athough some reaction-product was
noted to extend to the intact white matter underlying
the injection dite, this is not likely to have contributed
to the final pattern of transport.

Cortical projections

Cortica regions where labeled neurons were noted
following HRP injections in the five principalis re-
gions are shown on the surfaces of the brain and in
cross-sections in Figs 3-7. Labeled cortical cells were
noted in peristriate and inferior tempora areas, the
inferior parietal lobule and medial parietal cortex, the
superior temporal gyrus and banks of the superior
tempora sulcus, the parieta operculum, in prefrontal
and premotor regions, the insula, the ventral bank of
the lateral fissure and the cingulate and retrosplenial
cortex. These results are consistent with previous
ﬁndingslo_zs_ze_ztz

The above cortical regions may be included in one
of the following functional classes: visual, auditory,
somatosensory, high-order association, premotor and
limbic. Theinclusion of regions with labeled neuronsin
one of these categories was made on the basis of two
or more of the following criteriaz (1) cyto-
architectonic characteristics; (2) patterns of neural
connectivity based on anatomic experiments; (3) be-
havioral experiments describing deficits in various
tasks following regional damage; and (4) electro-
physiological studies on the properties of neurons in
specific cortical regions.
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There were differences in the distribution of cells
projecting to the five principalis sites. These
differences were most marked with respect to the
relative proportion of labeled cdlls in visua, auditory,
somatosensory, premotor and limbic cortical areas
projecting to esch site. The only site with a significant
proportion of projections from visual association
areas was the ventral bank of the caudal principalis
region (Fig. IB, Z), wheress the rostral site (Fig. IB,
V) had the highest proportion of projections from
auditory association areas. The ventral bank at the
middle extent of the principalis (Fig. 1B, X) was the
only site with a significant proportion of labeled cells
in somatosensory association and premotor (area 6)
regions. There was a consistent increase in the pro-
portion of labeled cells in limbic cortical areas
projecting to more rostral sites, irrespective of whether
the HRP injection was situated in the dorsa or ventral
bank of the principalis. To show the differences and
similarities in the projection pattern in the five cases,
direct comparisons will be made among the cases for
each functional category of regions below.

Visual asociation

Avress 17, 18, and 19 of Brodmann,? or OC, OB and
OA of Von Bonin and Bailey,®® and the inferior
temporal cortex (areas 20, 21 or TE) have been
implicated in visual function on the basis of behav-
ioral, anatomic and electrophysiologic experiments
(for reviews see Refs 88, 89, 95 and 98). In the present
experiment labeled neurons were found in areas OA
and TE. Labeled neurons within peristriate areas
were noted in the banks of the parieto-occipital sulcus
on the medial surface of the brain and the adjacent
cortical regions and anterior to the lunate sulcus on
the dorsolateral surface of the brain. The above
regions areincluded in areas V3 and V4 according to a
more recent dassfication of the visud cortex "%
Within the inferior tempora cortex neurons projecting
to the principalis cortex were situated in the rostral
half of the ventral bank and depths of the superior
temporal sulcus and in the adjacent lateral cortex.

Labeled neurons in peristriate and inferior temporal
visual association regions were noted following
injection in the ventral bank of the caudal (6%) and
ventral bank of the middle (1%) and a few (less than
0.5%) were noted following HRP injection in the
mid-dorsal extent of the principalis. There was no
evidence of labeled cells in visual association regions
when the banks of the rostral tip or the caudal dorsal
bank of the principalis were injected with HRP
(Tablel, Figs 3-7).

Visuomotor

The inferior parietal lobule and the adjacent bank
of the intraparietal sulcus have been considered as a
cytoarchitectonic unit and were designated as area
PG by Von Bonin and Bailey.* Physiologic studies
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Fig. 3. 1, lateral. Il, media and Ill, ventral view, of a brain in which a caudal ventral principals region
was injected with HRP. The core of the injection site is shown in black on the lateral view, and labeled
neurons are shown as black diamonds. The dotted lines represent the banks of sulci and the islands drawn in
uninterrupted lines represent the cortex in the depths of the lateral fissure and the superior temporal
sulcus. The density of the black diamonds represents the relative distribution of labeled neurons in each
cortical region. Coronal sections taken at the level indicated on the dorsolateral surface show the core
(black area) and halo (striped area) of the injection site, and the distribution of labeled neurons. These
conventions apply for Figs 3-7. For quantitative distribution of labeled neurons by region, see Table 1. In
this case there were labeled neurons in visual, auditory, visuomotor (ventral bank of intraparietal sulcus),
in posterior and anterior high-order association and in limbic cortica regions.
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Fig. 4. 1, latera and 11, media view, of a brain in which the caudal dorsal principalis cortex was injected
with HRP. Coronal sections 1-7 were taken at the level indicated on the dorsolatera surface and are
shown below the views of the whole brain. In this case most labeled neurons were noted in rostral high-
order association regions and a few were aso noted in the ventra bank of the intraparietal sulcus, in
cingulate cortex and auditory association regions.
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Fig. 5.1, laterd, 11, medial and I11, ventral views of a brain in which the mid-ventral principalis cortex was
injected with HRP. Corona sections 1-7 were taken at the level indicated on the dorsolatera surface and are
shown below the views of the whole brain. In this case a significant proportion of all projecting neurons
were situated in somatosensory association and in premotor regions. Labeled neurons were also noted in the
inferior parietal lobule, anterior high-order association and limbic cortical regions, including

the cingulate and orbitofrontal cortices.
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Fig. 6. I, lateral, 1, medial and Il1, ventral views of a brain in which the mid-dorsal principalis region
was injected with HRP. Coronal sections 1-8 were taken at the level indicated on the dorsolateral surface and
are shown below the views of the whole brain. In this case labeled neurons were concentrated in
auditory association, anterior and posterior high-order association and limbic cortical regions. A few
labeled cdlls were noted in the ventrd bank of the intraparieta sulcus and very few in the insua and ventra
bank of the superior temporal sulcus (inferior temporal visual association region).
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Fig. 7. 1, lateral, 11, medial and Ill, ventral view of a brain in which the rostral principalis region was

injected with HRP. Coronal sections 1-8 were taken at the level indicated on the dorsolateral surface and are

shown below the views of the whole brain. In this case there were more labeled neurons in auditory

association and limbic cortica regions than in the other four. Labeled neurons were also seen in anterior

and posterior high-order association regions. There was no evidence of labeled neuronsin visual
association areas in this case.



Abbreviations used in figures

arcuate sulcus LO
centrd sulcus MO
cdcarinefissure oT
caudate nucleus P
cingulate sulcus PVT
daustrum Pu
globuspallidus PO
inferior occipita sulcus R
intrgparieta sulcus [S)
lunate sulcus ST
laterdl fissure \Vi

laterd orbita sulcus

medid orbita sulcus
occipitotempora sulcus
principa sulcus

posterior middle tempora sulcus

parieto-occipital sulcus
rhinal sulcus

Subparieta sulcus
superior tempord sulcus
ventride

Fig. 2. Bright-field photomicrograph of coronal section through the core of theinjection site (dark ared) ina

case where the mid-dorsal principalis region wasinjected with HRP.
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Fig. 8. Bright-field photomicrograph of corona section through the superior tempora sulcus (inset),

showing the distribution of labeled neurons in layer |11 (magnified region) in the superior temporal gyms

(auditory association) following HRP injection in the rostral part of the principalis region. In this case

25% of all cortical labeled neurons were in auditory association areas. The extraperikarya reaction-

product around the labeled cells indicates the presence of intradendritic or anterogradely transported
HRP.
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Table . Distribution of labeled neurons in the macaque cortex following injection of
horseradish peroxidase in subdivisions of the principalis region

Injection site
] ) Cauda Middle
Cortical regionsVentra  Dorsdl  Ventral  Dorsal Rostral
05

Visua association 6 0 1 05 0
Visuomotor (ventral bank

of caudal intraparietal sulcus 17 3 0 <0.5 0
Auditory association 5 < 1 1 16 25
Somatosensory association 1 0 19 0 0
Premotor (Area 6) 7 2 17 2 0
Posterior high-order

association 27 1 12 16 5
Anterior high-order

association 26 82 29 50 35
Limbic 1011201435

The total number of cortical labeled cells in the five cases was: caudal dorsal, 2241 cellsin
47 sections; caudal ventral, 4462 cells in 65 sections; middle dorsal, 7504 cells in 57
sections; middle ventral, 3910 cellsin 46 sections; rostral, 2624 cellsin 55 sections.

have shown that neurons within area PG respond to
visual stimuli and in association with eye move-
ment. "™ However, in recent studies it was shown that
the cortex of the caudal ventral intraparietal bank
and the dorsolateral parietal cortex are cyto-
architectonically distinguishable regions® In addi-
tion, the ventral sulcal cortex has monosynaptic
connections with area OA® and is aso reciprocally
connected with the superior colliculus, a pre-
oculomotor center.** On the other hand, the dor-
solateral portion of area PG receives input primarily
from polymoda association regions?® and projects
only sparsdly to the superior colliculus.® On the basis of
these connectional characteristics, we assume that the
cortex of the caudal ventral bank of the intraparieta
sulcus has characteristics more closdly related with
visual-visuomotor functions, whereas the dorsolateral
area PG may be considered a higher order
association area.

The caudal ventral principalis case had the largest
proportion of labeled cells in the ventral bank of the
intraparietal sulcus (17%), followed by the caudal
dorsal case (3%). In a case with a mid-dorsal prin-
cipalis injection less than 0.5% of the labeled cortical
cells were observed in the sulcal parietal cortex (Figs
3, 4 and 6), while in the rostral and mid-ventra cases
there was no evidence of labeled cells in the above
region (Table 1).

Auditory association

Labeled neurons in auditory association areas were
situated in areas TA and TAa®*® The above regions
constitute auditory association regions by virtue of
their monosynaptic connections with the primary
auditory cortex demonstrated anatomically®®® and on
the basis of behaviora®-* and dectro-physidlogic' “**-®
expaiments Area TA encompasses the superior temporal
gyrus and because it is bounded by natural landmarks
it is easily identifiable. On the other hand, area TAa
occupies the superficid part of the dorsal bank of the
superior tempora sulcus and is contiguous with area
TPO, apolymodal

association cortex in the depths of the upper bank of
the superior temporal sulcus® Because there are no
natural boundaries between areas TAa and TPO,
cytoarchitectonic differences between the adjacent
regions were used to specify the location of labeled
neurons. Area TAa is characterized by a predom-
inance in the supragranular layers, prominent Ilic
and Va pyramids, and a clear separation between
layers V and VI. Area TPO is distinguished from TAa
by the less prominent pyramids in layer V and a wider
separation of layersV and V1.%

Labeled neurons in auditory association aress con-
dtituted 5% of all cortical cells projecting to the
caudal ventral, approximately 1% each of those
projecting to the caudal dorsal and to the mid-
ventral, 16% of those projecting to the mid-dorsal
and 25% of cells projecting to the rostral principalis
site (Table 1, Figs 3-8).

Somatosensory association

Labeled neurons in Somatosensory association re-
gions were located in the rostral part of the ventral
bank of the intraparietd sulcus, in the adjacent cortex
laterally (area PF of Von Bonin and Bailey)® in the
parietal operculum (areas 1-2), in the dorsal bank at
the caudal extent of the lateral fissure (SIl) and in the
posterior (granular) insula. The above regions have
been associated with somatic sensation on the basis
of physiologic, anatomic and behaviora experiments
(for reviews see Refs 65 and 96).

The mid-ventral principalis case had 19% of its
labeled cells in Somatosensory association aress. The
only other site with some labeled neurons in somato-
sensory association areas (1%) was the caudal ventra
principais.

Premotor

Labeled neurons in the premotor area 6° were
located in the caudal bank and adjacent cortex
posterior the arcuate sulcus and were observed fol-
lowing HRP injection in the mid-ventral (17%),
caudal ventral (7%), mid-dorsal (2%) and caudal
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dorsal (2%) principalis sites. There was no evidence
of labeled neurons in the premotor cortex after HRP
injection in therostral principalisregion.

High-order association

Labeled neurons were aso seen in regions where
the connectivity and physiologic characteristics are
not confined to one sensory modality, and where
neurons fire in associaion with sensory-motor tasks.
For lack of other descriptive terminology these will
be referred to as high-order association regions.
Posterior high-order association regions with labeled
neurons included the deepest two-thirds of the dorsal
bank of the superior temporal sulcus, the medial
parieta cortex and the dorsolatera part of area PG.*
The inclusion of the above regions in the high-order
association category is based on their neuronal re-
soonse grogertieﬁg-11 and on anatomic connectional
Sucdes, 1VA

The highest proportion of labeled neurons in pos-
terior high-order association regions was in the case
with the most caudal ventra injection (27%) and the
lowest in the case with the most caudal dorsal
injection (1%). The percentage of neurons projecting to
the rest of the principdis dtes under study fell in
between the above two extremes (Teble 1). The two
caudal and mid-ventral principalis sSites received
projections from the depths of the superior tempora
sulcus as well as from the inferior parietd lobule and
media parietal cortex. However, the mid-dorsal and
rogra dStes received more than 95% of thelr posterior
high-order association projections from the depths of
the superior temporal sulcus.

Labeed neurons in fronta high-order association
aress were located in Walker's™ aress 8, 9, 10 and 46.
Neurons in these regions respond to severd sensory
modalities® and receive input from multiple cortical
regions The caudal dor&a} principalisregion

had 82%, the mid-dorsal 50%, the caudal
ventral 26%, the mid-ventral 29%, and the rogtra
case 35% of its labeled neuronsin frontal high-order
association regions (Table 1).
Limbic

Limbic cortical regions as a group share severa
architectonic, connectional, behavioral and physiologic
features. They are cytoarchitectonically characterized
as transitional regions between allocortica regions,
which have a rudimentary laminar arrangement, and
isocortical areas, which are organized into six cortical
laminae. Anatomically limbic cortical regions have
connections with subcortical limbic ~structures.”?-
8167727371 pry5iologically and behav-iorally limbic regions
seem to be involved in auto-nomic responses and the
state of the internal milieu of theorganism -2

Limbic cortica regions where labeled neurons were
observed included the cingulate and retrosplenial
cortex, regions of the caudal orbitofrontal cortex, the
temporal pole and the anterior insula. These regions

H. Barbas and M-M. Mesulam

are included in Walker's™ areas 24, 25, 13 and 14.
The highest percentage of labeled neurons was noted
following injection of HRP in the most rostrd (35%),
the smallest in the most caudd ventral (10%) and
caudal dorsal (11%), while an intermediate per-
centage was noted following HRP injection of the
mid-dorsa (14%) or mid-ventral (20%) principalis
qtes

Over 95% of neurons in limbic cortical regions
projecting to both caudd principais stes, and 59% of
those projecting to the mid-ventrd site were situated
in the cingulate cortex (Figs 3-5). However, the
cingulate contributed a consderably smaller proportion
of the limbic projections to the mid-dorsa (24%) or
rogrd (13%) principdis Stes (Figs 6 and 7). These
latter Sites received most of their limbic projections
from the cauda orbitofrontal cortex and from the
temporal pole.

Laminar distribution of labeled neurons

Labeled corticd cdls were located in cortica layers
111, V and VI. The digtribution of labeled neurons in
the above layers differed from one cortical region to
the other in a manner consistent from case to case.
Because of the similar trend in the distribution of
labeled cdlls by layer in each functiona category in
the five HRP cases, the results were pooled and are
shown graphicaly in Fig. 9. Because of the difficulty
in determining the border between layers V and VI,
labeled neurons in the infragranular layers were
considered together.

Mogt labeled neurons were found in cortical layer
I1l. The supragranular preponderance of labding was
most pronounced in the visual and somatosensory
unimodal association areas, and less marked in audi-
tory, high-order association and limbic cortica re-
gions. This generd trend is consigtent with previous
findings?

i Laminalll a
Laminae V, VI
100
w 80
0
Q 60
b 40
J
20
VA SS P AU PM HOA LI

CORTICAL REGIONS

Fig. 9. Histogram showing the percentage of labelled neu-
rons in lamina Il and in laminae V and VI in visual
association (VA), somatosensory (SS), ventral bank of
intraparietal sulcus (1P), auditory (AU), premotor (PM),
high-order association (HOA) and limbic (LI) corticd re-
gions. The black (lamina I11), and white (laminae V, VI)
bars in each region add up to 100%. Note that the per-
centage of neurons in layer HI decreases from visud asoci-
ation to high-order association to limbic cortical regions.
For description of regionsinduded in each category seetext.
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Cytoarchitectonic characteristics

The caudal and middle pr| ncipalis reglons are
within area 46 and the rogtrdl is within area 10 The
caudal regions show the most developed laminar
organization. They have a greater cell density in the
supragranular layers than in the infragranular layers.
They are further characterized by a well-developed
granular layer 1V, medium-sized pyramida cdls in
layers | He and Va and a discernible separation
between layers V and VI and between layers |l and
I11. The neuronsin the cauda region show a columnar
arangement throughout the sx corticd layers. In
progressively more rostral principalis regions the
pyramids in layer |l are small and the infragranular
layer V is the most prominent layer. The granular
layer 1V is smaller in rogtra than in caudal regions
and the neurons do not show a columnar arrange-
ment. Moreover, the didtinction between layers Il and
111 and between V and VI fades from a mid to rostra
principdisregions (Fig. 10).

DISCUSSION

Theresultsindicate that the cortex aong the banks of
the principalis sulcus receives a substantial proportion of
its projections from neighboring prefrontal regions. In
addition input originating in limbic, pre-motor,
posterior high-order association and in auditory,
somatosensory, visuomotor and visual association
areas also reaches this region. However, neurons
situated in functionally distinct cortical regions project
preferentially to specific sites within the principdis
region. For example, input from the peri-striate visual
association cortices terminates mostly in the caudal-hal f
of the principalis, especialy aong the ventral bank.
Most of the labeled neurons are situated within medial
and laterd  preoccipital  regions  (perhaps
corresponding to areas V3 and V4) WhICh were
recently implicated in visual spatial tasks.>’ Since some
of these neurons fire when monkeys direct their gaze
towards the neuronal visual receptive field, "
perigtriate input to the principais may aso have
visuomotor characteristics. In this context it is
interesting that projections from the ventral bank of
the mtraparletal sulcus, a region associated on
connectional™-* and physiologic grounds® as a vis-
uomotor region, are aso preferentialy directed to the
caudal part of the principalis, particularly to its ventral
bank.” ™ Neurons in the caudal bank of the
intraparietal sulcus also have complex firing properties
in association with eye movements directed at stimuli
which have motivational  significance for the
animal 2% The projection from this caudd intraparietal
cortex to the principalis area may provide an anatomic
basis for the complex and task-related visual
responsesin the caudal principalis regon ® 2% 1A8E

With regard to behavior, subregions of the dor-
solatera prefronta cortex have been associated with
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delayed response and alternation tasks. These complex
tasks, based on the intervention of a delay period
between the presentation of stimuli and the required
response, seem to depend, on a combination of sen-
sory, spa’ual proprioceptive and mnemonic factors

P Further behavioral and physidogic studies have
shown that the middle-third and caudal part of the
prinmg)alls are the critical sites for delayed response
tasks.>-*% The afferent input from peristriate and
intraparietal regions may subserve the visuospatial and
visuomotor aspects of delayed responses. In addition,
projections from somatosensory, premotor and limbic
cortices to the middle and caudal principalis may
contribute to the additional aspects of delayed-
response tasks. Somatosensory association regions
including areas PF, 1, 2, SlI, and the granular insula,
project mostly to the ventral bank at the middle extent
of the principalis. Input from the premotor (area 6)
cortex reaches both banks of the cauda two-thirds of
the principalis and is also preferentially directed to the
mid-ventral principalis region, to the same site which
receives the Somatosensory input. The premotor
cortex, with |ts known reciprocal connections with the
motor cortex,-* may provide a link underlylng the
execution phase of tasks supported by the principalis
cortex. Indeed a distinct class of neuronsin the caudal-
half of the principalis fires in association with the
motor aspect of atask.*"*"® |t is of interest that the part
of the principalis cortex which is most essential for
delayed-response tasks is also the part which prefer-
entialy receives visuomotor, premotor and somato-
SENsory projections.

All principalis sites injected with HRP received
some input from auditory association regions. How-
ever, the relative proportion of labeled neurons in
auditory association regions was much higher in cases
where the projection was directed to the rostral tip, and
to the mid-dorsal bank. All principais sites received
some input from limbic cortical regions, originating in
the cingulate, the orbitofrontal cortex, the anterior
insula and the temporal pole. The proportion of all
projecting neurons from limbic cortical regions
increased from a caudal to rostral extent within the
principalis sulcus, irrespective of whether the HRP
injection was in the ventral or dorsal bank. In addition,
the origin of the limbic input to each principalis site
aso differed. The rostral and mid-dorsal sites, which
were the main targets of projections from auditory
association regions, received the majority of their
limbic projections from the caudal orbitofrontal cortex,
and from the temporal pole and less from the cingulate
cortex. On the other hand, the majority of neurons in
limbic cortical regions projecting to the caudal and
mid-ventral principalis sites were situated in the
cingulate cortex. The significance of the diversity of
origin of limbic input to the two groups of principalis
sites is not known but suggests that the limbic input to
the two groups of sites may subserve different
functions. It
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is possible that input originating in the cingulutc
cortex may underlie mnemonic processes operdtive in
delayed response tasks. It should be noted that
cingulotomy interferes with the acquisition of delayed
aternation tasks™ and that neurons in the anterior
cingulate cortex fire in association with different
aspects of delayed response tasks much like prin-
cipdis neurons do.”

The principalis sites with the heaviest input from
auditory regions received little or none of their
cortical input from visual, visuomotor or somato-
sensory regions. The premotor cortex contributed
only asmall proportion of al neurons which projected
to the mid-dorsal principdis site, while the rostral
region seemed to lack premotor projections.
Moreover, the premotor input to the mid-dorsal site
originated in dorsal area 6, aregion where the trunk is
represented. In contrast, the other principalis sites, and
particularly the ventral bank at the most caudal and
middle extent of the sulcus, received a significant
proportion of their premotor projections from regions
which represent both the trunk and the head and
neck. In addition, input from high-order association
regions to the main auditory recipient principalis
sites originated primarily from the depths of the
superior temporal sulcus. On the other hand the other
principalis sites also received some of their input
from the inferior parietal lobule and from the media
parietal cortex, regions thought to have some role in
spatial performance >

H. Barbas and M-M. Mesulam

Concluding remarks

The data presented suggest that the different prin-
cipalis regions may have different functions. The
caudal and mid-ventral principalis sites may be in-
volved in directing the eyes to sensory stimuli which
are relevant for a specific task and in delayed aterna-
tion tasks. On the other hand the neural processing in
the mid-dorsal and rostral principalis regions, the
main auditory recipient regions, may be different and
difficult to specify at this time. But it should be noted
that impairment on auditory discrimination and de-
layed response tasks following frontal cortical lesions
have long been dissociated ®-* However, because the
lesions were large in earlier studies, no determination
of specific prefrontal sites underlying auditory dis-
crimination could be made. The main auditory recipient
principalis regions may be involved in more
generalized derting mechanisms. The spatially diffuse
but more accessible auditory input, along with a
substantial input from frontal limbic structures, may
subserve this aspect of frontal lobe function.
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