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ABSTRACT

Medial prefrontal cortices in primates have been associated with emotion, memory, and
complex cognitive processes. Here we investigated whether the pattern of cortical connections
could indicate whether the medial prefrontal cortex constitutes a homogeneous region, or if it
can be parceled into distinct sectors. Projections from medial temporal memory-related
cortices subdivided medial cortices into different sectors, by targeting preferentially caudal
medial areas (area 24, caudal 32 and 25), to a lesser extent rostral medial areas (rostral area
32, areas 14 and 10), and sparsely area 9. Area 9 was distinguished by its strong connections
with premotor cortices. Projections from unimodal sensory cortices reached preferentially
specific medial cortices, including a projection from visual cortices to area 32/24, from
somatosensory cortices to area 9, and from olfactory cortices to area 14. Medial cortices were
robustly interconnected, suggesting that local circuits are important in the neural processing
in this region. Medial prefrontal cortices were unified by bidirectional connections with
superior temporal cortices, including auditory areas. Auditory pathways may have a role in
the specialization of medial prefrontal cortices in species-specific communication in non-
human primates and language functions in humans. J. Comp. Neurol. 410:343-367, 1999.
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schizophrenia

The medial sector of the prefrontal cortex in primates
encompasses a set of architectonically diverse areas, ex-
tending from areas surrounding the rostral part of the
corpus callosum to the medial frontal pole. The caudal
medial prefrontal cortices, which form a crescent around
the rostral part of the corpus callosum, are included in the
classic Papez (1937) circuit for emotion. This region encom-
passes architectonic areas 32, 25, and 24, which have in
common a number of functional, connectional, and struc-
tural features. For example, caudal medial cortices have a
common role in vocalization, emitted in response to emo-
tional stimuli (for review see Vogt and Barbas, 1988).
These medial cortices are enriched in opiate receptors, a
feature that is consistent with their involvement in the
affective aspect of pain (Vogt et al., 1979, 1993, 1995;
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Rainville et al., 1997). In addition, posterior medial areas
have a set of connections with subcortical limbic structures
including the hippocampus (for review see Barbas, 1997),
suggesting that they may have a role in mnemonic process-
ing. Finally, all caudal medial cortices lack a well-
delineated granular layer 4 and are considered dysgranu-
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lar (Barbas and Pandya, 1989; Morecraft et al., 1992). The
above characteristics apply to posterior medial areas,
which collectively make up the limbic component of the
medial prefrontal region (Barbas and Pandya, 1989).

There are several additional cortices situated anteriorly
within the medial prefrontal region, including area 9
dorsally, area 14 rostroventrally, and area 10, which caps
the frontal pole. There is comparatively less information
on the functions or connections of anterior medial areas,
although recent studies have provided evidence that area
9 has an important role in the selection of appropriate
responses in complex cognitive tasks (e.g., Petrides, 1995).
Unlike the posterior cortices, areas 9, 10, and 14 have six
cortical layers, including a granular layer 4, and thus are
considered eulaminate areas.

The question arises on whether medial cortices can be
considered a functional unit, or if subareas have special-
ized characteristics. In this article, we addressed this issue
from the perspective of their cortical connections. Previous
studies have provided information on the connections of
some medial areas, most of which focused on specific
posterior areas (Vogt et al., 1979; Baleydier and Maugui-
ere, 1980; Pandya et al., 1981; Vogt and Pandya, 1987,
Barbas, 1988; Morecraft et al., 1992; Carmichael and
Price, 1995; for reviews see Pandya et al., 1988; Barbas,
19954, 1997), but there is little information on the cortical
connections of the anterior medial areas, and in particular
areas 10 and 9. Here we studied the cortical connections of
all medial areas with a goal to determine whether specific
sets of connections could define distinct domains within
the medial prefrontal region. We addressed the following
questions: Do cortical areas associated with mnemonic

H. BARBAS ET AL.

processes target specific sectors within the medial prefron-
tal region? Which are the common and unique inputs from
sensory and other cortices to these areas? Finally, do these
areas have direct access to cortical motor control systems
for executive functions?

MATERIALS AND METHODS
Cases

Experiments were conducted on 10 rhesus monkeys
(Macaca mulatta) according to the NIH Guide for the Care
and Use of Laboratory Animals (NIH publication 80-22,
1987). The detailed topography of intrinsic and distant
corticocortical connections of the cases in this study has
not been previously described. Some of these cases were
used to study the connections of prefrontal cortices with
subcortical structures, including the amygdala, the hippo-
campus, the thalamus, and the hypothalamus (Barbas and
De Olmos, 1990; Barbas et al., 1991; Dermon and Barbas,
1994; Barbas and Blatt, 1995; Rempel-Clower and Barbas,
1998). The use of some of these cases in corticocortical
studies was limited to analysis of the distribution of a
small number of double-labeled neurons (~1% of all corti-
cal neurons; Barbas, 1995b), or the patterns of the laminar
origin and termination of intrinsic connections within the
prefrontal cortex (Barbas and Rempel-Clower, 1997). Case
AE, with an injection of wheat germ agglutinin conjugated
to horseradish peroxidase (WGA-HRP) in area 32, was
previously used to study the distribution of retrogradely
labeled neurons in the cortex (Barbas, 1988; case 5), and
our analysis here is restricted to anterograde label. In

Abbreviations

3a somatosensory area

8D dorsal area 8

8V ventral area 8

A arcuate sulcus

AMT anterior middle temporal dimple

AON anterior olfactory nucleus (olfactory area)

C central sulcus

Ca calcarine fissure

CcC corpus callosum

Cg cingulate sulcus

D6 dorsal area 6

D9 dorsal area 9

DLP dorsolateral temporal pole (dysgranular cortex)

DMP dorsomedial temporal pole (agranular and dysgranular
cortex)

dy diamidino yellow

fb fast blue

G gustatory area

HRP horseradish peroxidase

lag agranular insula

Idg dysgranular insula

Ig granular insula

10 inferior occipital sulcus

IP intraparietal sulcus

L12 lateral part of area 12

LF lateral fissure

LO lateral orbital sulcus

M7 medial area 7

M9 medial area 9

MIl supplementary motor area

MO medial orbital sulcus

012 orbital part of area 12

OLF olfactory area

OPro orbital proisocortex (dysgranular cortex)

oT occipitotemporal sulcus
P principal sulcus

PaAr rostral para-auditory cortex

Pal rostromedial auditory association area

PAII periallocortex (agranular cortex)

PE parietal association area

PGa polymodal area in the depths of the upper bank of superior
temporal sulcus

Pir piriform (olfactory) cortex

PMT posterior middle temporal dimple

PO medial visual association area

ProA medial auditory association area

R46 D rostral part of dorsal area 46

R46 V rostal part of ventral area 46

r rhodamine-labeled latex microspheres

R rhinal sulcus

RM rostromedial region

Ro rostral sulcus

RP rostral auditory parabelt

RT rostrotemporal

RTL lateral rostrotemporal auditory belt

RTM medial rostrotemporal auditory belt

SHl somatosensory association area

ST superior temporal sulcus

TE1-2 temporal visual association areas

TEa temporal visual association area in the lower bank of the
superior temporal sulcus

TF lateral and rostral parahippocampal cortex

TH medial and caudal parahippocampal cortex

TPO polymodal area in the upper bank of the superior temporal
sulcus

TS1-3 temporal auditory association areas

V2 visual association area

V6 ventral area 6

VMP ventromedial pole

WGA wheat germ agglutinin

wm white matter



CORTICAL INPUT TO MEDIAL PREFRONTAL AREAS

TABLE 1. Injection Sites in Prefrontal Cortices and Types
of Analyses Conducted

Area injected Case Tracer type
25 AH WGA-HRP12

32/24 Alb Fast blue®

32 AKy Diamidino yellow?
32 AE WGA-HRP2

32 MDQ [3H] amino acids?
14 AKb Fast blue®

14 DLb Fast blue®

M9 (rostral) AO WGA-HRP23

M9 (rostral) AKr Rhodamine microspheres*
M9 (caudal) AQy Diamidino yellow?
D9 (caudal) AQb Fast blue?

M10 ARb Fast blue®

10 AP WGA-HRP*

1Quantitative analysis of projection neurons outside prefrontal cortices.
2Analysis of anterograde label in temporal auditory and some adjacent cortices.
3Quantitative analysis of projection neurons in all cortical areas.

4Qualitative analysis only; confirmatory cases.

recent articles, cases used to study different connections
have been identified by the same codes for direct reference
(Dermon and Barbas, 1994; Barbas, 1995b; Barbas and
Blatt, 1995; Rempel-Clower and Barbas, 1998).

Surgical procedures

The monkeys were anesthetized with ketamine hydro-
chloride (10 mg/kg, intramuscularly) followed by sodium
pentobarbital administered intravenously through a femo-
ral catheter until a surgical level of anesthesia was
achieved. Additional anesthetic was administered during
surgery as needed. Surgery was performed under aseptic
conditions. The monkey’'s head was firmly positioned in a
holder, which left the cranium unobstructed for surgical
approach. A craniotomy was made, the dura was retracted,
and the cortex was exposed.

Table 1 shows the number of cases, number of sites, and
types of dyes injected. Injections of WGA-HRP (Sigma, St.
Louis, MO) were placed in prefrontal cortices in four
animals and fluorescent dyes (fast blue, diamidino yellow,
or rhodamine-labeled latex microspheres) were injected in
five animals. Another case available for study of antero-
grade label had been injected with [3H] amino acids. All
injections were made with a microsyringe (5 pl; Hamilton,
Reno, NV) mounted on a microdrive. The needle was
lowered to the desired site under microscopic guidance. In
each case, small amounts (0.05 ul, 8% WGA-HRP; 0.3 ul,
3% diamidino yellow, fast blue, or rhodamine-labeled latex
microspheres; 0.5 pl [3H] leucine and [3H] proline, specific
activity 40-80 Ci/mmol) of the injectate were delivered 1.5
mm below the pial surface at each of two adjacent sites
separated by 1-2 mm over a 30-minute period. In cases
with fluorescent dyes, 1-3 different sites were injected
with distinct tracers in each animal.

In the HRP experiments, 40—48 hours after injection the
monkeys were anesthetized deeply and perfused through
the heart with saline followed by 2 liters of fixative (1.25%
glutaraldehyde, 1% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4), followed by 2 liters of cold (4°C) phosphate
buffer (0.1 M, pH 7.4). The brain then was removed from
the skull, photographed, placed in glycerol phosphate
buffer (10% glycerol and 2% dimethyl sulfoxide [DMSO] in
0.1 M phosphate buffer at pH 7.4) for 1 day and in 20%
glycerol phosphate buffer for another 2 days. The brain
then was frozen in —75°C isopentane (Rosene et al., 1986),
transferred to a freezing microtome, and cut in the coronal
plane at 40 pm in 10 series. One series of sections was
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treated to visualize HRP (Mesulam et al., 1980). The tissue
was mounted, dried, and counterstained with neutral red.

In animals injected with fluorescent dyes or [2H] amino
acids, the survival period was 10 days. The animals then
were anesthetized deeply and perfused with 4% or 6%
paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). The
brains in the fluorescent dye experiments were post-fixed
in a solution of 4% or 6% paraformaldehyde with glycerol
and 2% DMSO, frozen, and cut as described above. Two
adjacent series of sections were saved for microscopic
analysis. These series were mounted and dried onto gelatin-
coated slides and stored in light-tight boxes with Drierite
at 4°C. The first series was coverslipped with Fluoromount
7 days later and returned to dark storage at 4°C. The
second series was left uncoverslipped and used to chart the
location of retrogradely labeled neurons. After the second
series was charted it was stained with cresyl violet,
coverslipped, and used to determine cytoarchitectonic
boundaries. The brain of the animal injected with [°H]
amino acids was embedded in paraffin, cut in the coronal
plane at 10 um, and processed for autoradiography accord-
ing to the procedure described by Cowan et al. (1972).

In all experiments, series of sections adjacent to those
prepared to visualize retrograde tracer labeling were
stained for Nissl bodies and acetylcholinesterase (AChE),
or myelin (or both), to aid in delineating architectonic borders
(Geneser-Jensen and Blackstad, 1971; Gallyas, 1979).

Data analysis

Retrograde label. Brain sections prepared according
to the methods described above were viewed microscopi-
cally under brightfield and darkfield illuminations for
HRP cases, or fluorescence illumination in experiments
with dyes. Drawings of cortical areas, the location of
labeled neurons ipsilateral to the injection site, and the
site of blood vessels used as landmarks were transferred
from the slides onto paper by means of a digital plotter
(Hewlett Packard 7475A, Palo Alto, CA) electronically
coupled to the stage of the microscope and to a computer
(Austin 486, Austin, TX). In this system, the analog signals
are converted to digital signals via an analog-to-digital
converter (Data Translation, Marlboro, MA) in the com-
puter. Software developed for this purpose ensured that
each labeled neuron noted by the experimenter was re-
corded only once, as described previously (Barbas and De
Olmos, 1990). Movement of the stage of the microscope
was recorded via linear potentiometers (Vernitech, Deer
Park, NY) mounted on the X and Y axes of the stage of the
microscope and coupled to a power supply. This procedure
allows accurate topographic presentation of labeled neu-
rons within the cortex.

Every other section through the entire cortex in one
series was examined and charted. Labeled neurons were
counted by outlining the region of interest (e.g., one area)
by moving the X and Y axes of the stage of the microscope.
The number of labeled neurons within the enclosed region
was calculated by an algorithm written for this purpose.

Anterograde label. We examined anterograde label in
4 WGA-HRP or autoradiographic cases under darkfield
illumination by using a fiber optic illuminator to ensure
even lighting conditions at low and high magnifications
(Optical Analysis Corp., Nashua, NH). The density of antero-
grade label was evaluated qualitatively on a scale of 1-6, with
ratings of 1-2 assigned for light, 3—4 for moderate, and 56 for
dense label for layers 1, 2-3, 4, and 5-6 for each area in
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Fig. 1.
lateral (B) surfaces of the frontal lobe. The injection sites are
superimposed on an architectonic map of the prefrontal cortex (Barbas
and Pandya, 1989). Dotted lines demarcate architectonic areas indi-
cated by numbers. PAII, medial periallocortex; Cg, cingulate sulcus; fb,
fast blue; dy, diamidino yellow; r, rhodamine-labeled latex micro-
spheres. All other letter combinations refer to cases.

Composite of injection sites shown on the medial (A) and

TABLE 2. Distribution of Labeled Neurons in Prefrontal Cortices
Projecting to Medial Prefrontal Cortices®

Injection site

Area 32/24 32 14 14 M9 M9 L9 M10
Origin Case Alb AKy AKb DLb AO AQy AQb ARb
Area PAIl 1.3 0.2 0.3 -2 —3 - - -
Area OPro 8.1 34 5.6 1.6 0.9 - - 0.7
Area 25 10.7 125 268 131 1.1 - 0.2 1.4
Area 13 2.6 33 6.9 7.1 0.4 0.1 0.2 0.1
Area 24 25.0 9.5 2.2 0.2 183 182 209 149
Area 32 139 254 71 118 6.2 4.8 6.6 8.2
Area 14 0.5 21.4 36.2 33.9 7.8 0.2 2.0 7.2
Area 11 2.4 3.1 15 03 111 - - 5.4
Area 012 8.1 0.7 0.8 1.7 2.6 5.2 29 9.5
Area L12 2.2 - - 0.9 1.0 0.2 0.5 -
Area 10 11.3 149 118 276 23 21 14 225
Area 9 5.7 3.2 0.2 12 348 682 572 125
Area R46 D 1.6 1.3 0 0.1 4.0 - 12 115
Area R46 V 6.7 1.3 0.5 0.8 8.2 - 3.2 4.6
Area 8 D - - - - 0.9 0.7 3.7 1.4
Area 8V - - - - 0.1 0.2 - -

1Data are expressed in percentages; total percent in each column = 100; the total
number of labeled neurons in the prefrontal cortices was: case AKb, 10,002 neurons;
case DLb, 3,930 neurons; case AKy, 18,670 neurons; case Alb, 20,969 neurons; case AO,
12,426 neurons; case AQy, 1,900 neurons; case AQb, 1,201 neurons; case ARb, 3,211
neurons.

2—, no labeled neurons. In cases AO and Alb, some neurons in area 24 were found in a
rostral cingulate motor area.

3 less than 0.1%.
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Fig. 2. Case Alb. A: The distribution of labeled neurons (black
triangles) in coronal sections in rostral to caudal (1-6) cortical areas
after injection of fast blue (fb) in medial prefrontal area 32/24. B: The
topography of all labeled neurons in case Alb is shown on an unfolded
map of the cortex. Dotted lines (top) separate the medial from the
lateral surface (center). The dotted lines below the principal sulcus (P)
and through the temporal pole demarcate the lateral from the basal
surface (bottom). In this and in other maps of the unfolded cortex,
large numbers on top correspond to the levels of the coronal sections
shown in A'in each case. In all unfolded maps, a straight line coursing
from the top to the bottom of the figure represents the unfolded cortex
in any given coronal section, and the cortex represented at the top and
bottom of this line is continuous. The cortex buried in sulci is shaded;
some sulci [e.g., the central sulcus (C) in this figure] were not unfolded
but their relative location with respect to anatomic landmarks is
preserved. Small numbers in the diagrams indicate architectonic
areas. The number of dots in the diagrams represents the relative
density of labeled neurons; for the exact number of labeled neurons in
each area, see Tables 2—4. The above conventions apply for all maps
with labeled neurons. For abbreviations, see list.

each section. If more than one site contained label within a
single architectonic area, then each site was rated sepa-
rately. In addition, density values were obtained with an
image analysis system (MetaMorph, Universal Imaging,
West Chester, PA). This high resolution system uses a CCD
camera mounted on the microscope and captures images
directly from brain sections. Measurements were made
under darkfield illumination at a magnification of 100X.
An initial density measure in each section was taken in an
area with no anterograde label to determine the level of
background. The background density was subtracted from
subsequent density measures to determine the density of
anterograde label. Measurements of density of antero-
grade label represented the mean density taken from
samples distributed throughout each area to avoid retro-
gradely labeled neurons. The cumulative density of label
within the entire extent of each architectonic area was
calculated from serial coronal sections for layers 1, 2-3, 4,
and 5-6, which were subsequently collapsed into upper
(1-3) and deep (4-6) layers. To determine the laminar
pattern of anterograde label, data were normalized so that
the density in the upper and lower layers was expressed
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Fig. 3. Case AK. A: The distribution of cortical labeled neurons in
diagrams of coronal sections in rostral to caudal (1-7) cortical areas
after injection of diamidino yellow (dy) in area 32 (open circles;
injection site is shown in 2, stippled); fast blue (fb) in area 14 (black
triangles; injection site is shown in 2, black); rhodamine-labeled
microspheres (r) in medial area 9 (open triangles; injection site is
shown in 1, stripes). B-D: An unfolded map of the cortex in case AK
shows the distribution of all labeled neurons in the cortex for the 3
injection sites separately. B: The distribution of labeled neurons (open
circles) on the unfolded surface of the cortex which project to area 32
(the injection site, dy, is shown on the medial surface, top). C: (page
350) The distribution of labeled neurons (black triangles) projecting to

area 14 (injection site, fb, is shown on the medial surface, top, arrow,
and the basal surface, bottom, arrow). These surfaces are continuous
on the unfolded cortex, as shown in a cross section (A, 2). D: (page 351)
The distribution of labeled neurons (open triangles) projecting to
medial area 9 (injection site, r, is shown on the medial surface, top). In
this case, the medial, orbital, and basal temporal surfaces were
unfolded separately, using as a starting point the cingulate sulcus to
unfold the medial surface (top), the principalis for the lateral cortex,
the medial orbital for the orbitofrontal cortex, and the occipitotempo-
ral for the basal temporal surface. Double dashed lines in D indicate
that the cortex beyond that point was not opened. For abbreviations,
see list.
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Figure 3 (Continued)
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Figure 3 (Continued)
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Fig. 4. Case DLb. A: The distribution of cortical labeled neurons
(black triangles) in diagrams of coronal sections in rostral to caudal
(1-6) cortical areas after injection of fast blue (fb) in area 14. B: The

as a percentage of the total in that area (total den-
sity = density in upper layers + density in deep lay-
ers).

Reconstruction of cortical injection sites and
projection zones

The cortical regions containing the injection sites were
reconstructed serially by using the sulci as landmarks, as
described previously (Barbas, 1988), and are shown on
diagrams of the surface of the cortex (Fig. 1). The latter
were drawn from photographs of each brain showing the
external morphology of the experimental hemispheres.
Projection areas were shown on representative coronal
sections and on maps of the unfolded cortex, constructed as
described previously (Barbas, 1988). References to architec-
tonic areas of the prefrontal cortex are according to a
previous study (Barbas and Pandya, 1989) modified from
the map of Walker (1940).

H. BARBAS ET AL.

topography of all labeled neurons in case DLb is shown on an unfolded
map of the cortex; the arrow (top) points to the injection site (fb). For
abbreviations, see list.

RESULTS
Injection sites

The medial prefrontal cortex is composed of architec-
tonic area 25, the rostral extent of area 24, area 32, area
14, and the medial parts of areas 9 and 10. Table 1 shows
the areas injected with tracers and the types of tracers
injected in each case, which are also shown in a composite
diagram on the map of the prefrontal cortex in Figure 1.

Intact axons in the white matter are not thought to take
up HRP, though there is less information about fluorescent
dyes in this regard (LaVail, 1975; Mesulam, 1982). In one
of these cases (case Alb), with an injection in area 24 and
the caudal part of area 32, the dye spread to the adjacent
tip of the corpus callosum. In case AP, with an injection in
the frontal pole in area 10, the needle mark extended to the
adjacent white matter. In case AKr, a small injection of
rhodamine-labeled microspheres in medial area 9 was
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Fig. 5. Case AO. A: The distribution of cortical labeled neurons
(dots) in diagrams of coronal sections in rostral to caudal (1-6) cortical
areas after injection of WGA-HRP in the rostral part of medial area 9
(shown in 1). B: The topography of all labeled neurons in case AO on an

restricted to cortical layers 1-5. Cases AP and AKr were
used for general observations but are not included in the
guantitative analyses. In the rest of the cases, the needle
marks and the core of the injection sites were restricted to
the cortical mantle.

Connections: Retrograde label

Distribution of labeled neurons in prefrontal corti-
ces. Detailed quantitative analyses of projection neurons
in prefrontal cortices were conducted in six cases (eight
injection sites; Table 2). The majority of labeled neurons
were found within the prefrontal cortex. On average 85%
of projection neurons were found in prefrontal cortices,
and of these about one-third were intrinsic, i.e., they were
found in the same area as the injection site. Moreover, the
majority of labeled neurons came from neighboring prefron-
tal areas that shared a border with the injected site
(~50-90%).

Ce P
PE
LF LF
ST
0 Jst

unfolded map of the cortex. In this figure, the medial surface was
opened separately with the cingulate sulcus serving as the reference
point. For abbreviations, see list.

Area 32/24. In two cases with injections in area 32
(case AKy) or 32/24 (case Alb), numerous labeled neurons
were noted in area 32, area 25, area 24, area 10, OPro, area
13, and area 9. The main differences in these two cases
were a higher preponderance of labeled neurons in area 46
in case Alb (Fig. 2A,B) than in case AKy, and a very robust
distribution of labeled neurons in area 14 directed to the
central part of area 32 (case AKy; Fig. 3A) but not to its
caudal part and area 24 (Table 2). In addition, labeled
neurons were noted in medial area PAIl in case Alb.
Finally, in case Alb, labeled neurons were noted in area 12,
particularly in its orbital component (Fig. 2B), whereas
only a few labeled neurons were noted in area 12 in case
AKy (Fig. 3B).

Area 14. The prefrontal connections of cases with
injections in area 14 are shown topographically on maps in
Figures 3A, C and 4A, B, and quantitatively in Table 2. In
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addition to a robust and quantitatively comparable intrin-
sic projection from the non-injected parts of area 14 in
these cases, labeled neurons were found mostly in neighbor-
ing areas 25, 32, and 10 and in orbitofrontal areas 13 and
OPro. In both cases, a small proportion of the labeled

neurons was noted in area 24, the rostral part of area 46,
area 11, and area 12.

Area 9. The distribution of labeled neurons in prefron-
tal cortices was similar in cases with injections in area 9
(Figs. 3D, 5A,B, 6). In addition to the preponderance of
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Fig. 6. Case AQ. The distribution of cortical labeled neurons in diagrams of coronal sections in rostral
to caudal (1-5) cortical areas after injection of diamidino yellow (dy; open circles) in medial area 9 (M9;
injection site is shown in 1); fast blue (fb; black triangles) in dorsal area 9 (D9; injection site is shown in 1).

For abbreviations, see list.

labeled neurons in the non-injected parts of area 9, labeled
neurons were noted in the adjacent areas 24, 32, 10, 14,
and 12 in all cases. Only a few labeled neurons were found
in area 13 and in area 8. In cases AO and AQb, there were
labeled neurons in the rostral part of area 46. In addition,
significant numbers of labeled neurons in area 11 were
noted only in case AO, with the most rostral injection in
area 9 (Fig. 5A). A similar distribution of labeled neurons

was noted in case AKr, with a small injection of rhodamine
in the rostral and medial part of area 9 (Fig. 3D).

Area 10. Like other prefrontal cortices, in a case with
an injection in medial area 10, the most robust connections
were intrinsic, emanating from the adjacent parts of area
10 (Fig. 7A,B). In addition, many labeled neurons were
seen in adjacent area 9, the rostral and central parts of
area 46, and particularly its dorsal component. A substan-
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tial proportion of labeled neurons was found in areas 24,
32, 12, 14, and 11. Finally, a few labeled neurons were
noted in area 25, area 8, area 13, and area OPro (Fig. 7B).

Distant connections of medial
prefrontal cortices

Labeled neurons in cortices beyond the prefrontal were
mapped and detailed quantitative analyses were con-
ducted for 9 of the 11 sites injected with tracers (Tables 3,
4). Additional observations were made for another two
sites, which were used as confirmatory cases, as shown in
Table 1. Data in Tables 3 and 4 are expressed as a
percentage of the total number of labeled neurons in
post-arcuate areas.

Terminology of areas in the anterior superior tempo-
ral region. In most cases, the highest incidence of la-
beled neurons outside the prefrontal cortex was noted in
superior temporal cortices. These cortices, which include
auditory association areas, have been mapped using archi-
tectonic procedures (Galaburda and Pandya, 1983). In
recent studies, several investigators have modified earlier
maps with the aid of chemoarchitectonic markers, physi-
ological, and connectional studies (Morel et al., 1993;
Jones et al., 1995; Molinari et al., 1995; Kosaki et al., 1997,
Hackett et al., 1998). References to the terminology of
earlier and recent studies are included wherever possible.
Below we include a brief review of the varied terminology
used in the literature for approximately the rostral half of
the superior temporal region, which included the heaviest
projections to medial prefrontal cortices.

The most rostral parts of the superior temporal region
within the temporal pole belong to the limbic system by
virtue of their structure and connections. These areas are
positive for calbindin and relatively devoid of parvalbumin
immunoreactivity (Kondo et al., 1994; Jones et al., 1995).
The terms dorsolateral pole (DLP) and dorsomedial pole
(DMP) used in this study refer to the agranular and
dysgranular cortex of the dorsal part of the temporal pole.
In previous studies, this portion of the temporal pole has
been referred to as area 38 (Brodmann, 1909), area TG
(Von Bonin and Bailey, 1947), area Pro (Pandya and
Sanides, 1973; Galaburda and Pandya, 1983), the agranu-
lar and dysgranular component of the temporal pole
(TPa-p, TPdg; Mesulam and Mufson, 1982; Moran et al.,
1987), the periallocortical and dorsal proisocortical divi-
sion of the temporal pole (TPpAIll, TPproD; Gower, 1989),
and dorsal area 36 (36d; Suzuki and Amaral, 1994b). The
dorsal dysgranular portion of the temporal pole is continu-
ous caudally with areas TS1 and TS2, and is connected
with them (Galaburda and Pandya, 1983).

The temporal pole, all of area TS1, and most of area TS2
lie anterior to regions considered to be part of the auditory
association region in a recent study (Hackett et al., 1998).
Approximately half of the caudal gyral part of TS2 over-
laps with auditory parabelt area RP of Hackett et al.
(1998). Areas TS1 and TS2 have connections with auditory
association areas (Galaburda and Pandya, 1983; Jones et
al., 1995), even though their strength diminishes in increas-
ingly rostral superior temporal areas (Hackett et al.,
1998). Bidirectional thalamic connections of TS1 and TS2
involve several thalamic nuclei, including the medial
pulvinar, the suprageniculate, and the magnocellular sec-
tor of the medial geniculate nucleus (MGmc) (Pandya et
al., 1994, for review see Jones, 1985). MGmc has neuronal
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responses that are primarily auditory and broadly tuned
and projects diffusely to all auditory cortices (Burton and
Jones, 1976; Morel et al., 1993; Molinari et al., 1995; for
review see Jones, 1985). The above connections suggest
that TS1 and TS2 may have a role in auditory processes,
and a recent study suggested that these areas along with
areas TS3 and Tpt may have a role in auditory memory
(Colombo et al., 1996). However, in view of the paucity of
detailed physiologic studies in anterior superior temporal
cortices, it is not possible to ascertain the functional
attributes of TS1 and TS2 at this time.

Area TS3 of Galaburda and Pandya (1983) is situated
caudal to area TS2 and overlaps extensively with auditory
association areas RP and RTL of Hackett et al. (1998).
Area Pal and ProA (Galaburda and Pandya, 1983) appear
to overlap with area M of Kosaki et al. (1997). Area Pal
overlaps with area RTM and area ProA with area RM of
Hackett et al. (1998). Area PaAr of Galaburda and Pandya
(1983) overlaps with core area RT of Hackett et al. (1998).

In this study, we have used the descriptive terminology
DLP and DMP to refer to the temporal pole (area Pro in the
map of Galaburda and Pandya, 1983). The terminology
used for superior temporal regions beyond the temporal
pole is based largely on the map of Galaburda and Pandya
(1983) and Hackett et al. (1998).

Projections from auditory and adjacent superior
temporal cortices. Table 3 shows the detailed distribu-
tion of labeled neurons in superior temporal and dorsolat-
eral and dorsomedial temporal polar areas after injection
of tracers in medial prefrontal cortices. Projection neurons
were found in several auditory association areas. Using
the terminology of a recent study (Hackett et al., 1998), a
small number of projection neurons were found in a rostral
part of the auditory core (area RT), and to a greater extent
in surrounding auditory belt (areas RTM, RM, and RTL)
and parabelt (area RP) areas which correspond to areas
PaAr, Pal, ProA, and TS3 of Galaburda and Pandya
(1983). In addition, many labeled neurons were found in
the rostrally adjacent areas TS2 and TS1 of Galaburda and
Pandya (1983), and in the dorsal part of the temporal pole.
There were no labeled neurons in posterior auditory
association areas beyond area TS3.

Areas 32, 24, and 25. A substantial proportion of
labeled neurons in auditory association and adjacent
superior temporal cortices projected to area 32 (case AKy;
Fig. 3A,B), area 25 (case AH; Fig. 8), and area 32/24 (case
Alb; Fig. 2A,B). With regard to topography, most of the
labeled neurons projecting to area 25 were found in TS1,
those directed to area 32 were distributed in TS2 and TS1,
and a smaller number were found in TS3 (case AKy; Table
3). Labeled neurons projecting to area 32/24 were found
mostly in TS2, followed by TS1, and a few scattered labeled
neurons were seen in TS3 (RP) (Fig. 2A,B). Some labeled
neurons were noted in area ProA (RM) (case Alb; Fig. 2B)
and in area PaAr (RT) (case AH). In all cases, labeled
neurons were also seen in adjacent dorsolateral and dorso-
medial temporal polar regions, and these were most numer-
ous in case AKy (Figs. 2A,B, 3A,B, 8).

Area 14. In cases with injection in area 14, substantial
numbers of projection neurons were noted in auditory and
anterior superior temporal association cortices (Table 3).
Case DLb, with an injection in the upper part of area 14,
had a substantial number of labeled neurons in auditory
areas Pal (RTM), PaAr (RT), TS3 (RP), as well as in rostral
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Case ARb. A: The distribution of labeled neurons (black
triangles) in diagrams of coronal sections in rostral to caudal (1-7)
cortical areas after injection of fast blue (fb) in area 10 (shown in 1).
B: The topography of all labeled neurons in case ARb on an unfolded

superior temporal cortices TS1 and TS2 (Fig. 4A,B). In
another case, with an injection in the lower portion of area
14 (AKDb), labeled neurons in superior temporal cortices
were most prevalent in areas TS1 and TS2, and sparsely
distributed in areas TS3 (RP) and Pal (RTM) (case AKb;
Fig. 3A,C). In addition, substantial numbers of labeled
neurons were found in dorsolateral and dorsomedial tem-
poral polar regions, particularly in case AKb (Table 3, Fig.
3A,C), and to a lesser extent in case DLb (Fig. 4A,B).

Area 9. A substantial number of labeled neurons in
anterior superior temporal and auditory association areas
projected to area 9 (Table 3). In all cases, most of the
labeled neurons were found in area TS2, followed by area
TS1and TS3 (RP) (Figs. 5A,B, 6). In case AKr, with a small
injection in medial area 9, most labeled neurons were
found in TS2 followed by area TS3 (Fig. 3A,D). In case AO,
some labeled neurons were noted in area Pal (RTM) and
ProA (RM); Fig. 5B). In all of these cases, labeled neurons
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map of the cortex. The medial and orbitofrontal surfaces were un-
folded separately but are otherwise in precise register with respect to
rostrocaudal position. For abbreviations, see list.

were found also in adjacent dorsomedial and dorsolateral
temporal polar cortices (Figs. 5B, 6).

Area 10. In case ARb, with an injection in medial area
10, a large number of labeled neurons were found in
superior temporal cortices, most of which were distributed
in TS1 and to a smaller extent in TS2 (Table 3, Fig. 7A,B).
This case differed from the rest in that it did not have
labeled neurons in superior temporal cortices beyond area
TS2. In addition, labeled neurons were found in dorsolat-
eral and dorsomedial temporal polar regions. Similar
observations with regard to the topography of connections
in auditory and temporal polar areas were made in case
AP, with a small injection in the rostral part of area 10 (not
shown).

Projections from parietotemporal polymodal corti-
ces. In all cases, there were labeled neurons in polymo-
dal temporal cortices, including areas TPO and PGa,
situated in the depths and the upper bank of the superior
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TABLE 3. Distribution of Labeled Neurons in Auditory and Adjacent Superior Temporal Cortices Projecting to Medial Prefrontal Cortices!

Injection site

Area 25 32/24 32 14 14 M9 M9 L9 M10

Origin Case AH Alb AKy AKb DLb AO AQy AQb ARDb
Auditory association and anterior superior temporal gyrus

PaAr (~RT) 1.6 - - - 35 - - 0.4 -

ProA (*RM) - 1.6 - - - 1.1 - - -

Pal (*RTM) - 1.1 0.3 0.7 15.7 1.1 - - -

TS3 (#RP, *RTL) - 0.2 4.3 0.6 35 3.2 3.9 0.3 -

TS2 0.8 4.9 18.8 4.6 28.4 11.8 29.5 23.1 10.2

TS1 16.5 1.9 13.1 8.1 311 7.6 4.1 4.2 51.7
Para-auditory limbic

Dorsolateral pole 2.0 51 7.0 3.9 5.6 3.8 0.8 11 0.8

Dorsomedial pole 2.3 5.0 27.2 39.9 5.6 15 6.9 9.1 10.2

1Data are expressed in percentages of the total number of labeled neurons in post-arcuate areas (for details of total number of labeled neurons in each case see Table 4). Architectonic
designations (in parentheses) are according to Galaburda and Pandya (1983) and Hackett et al. (1998). Areas Pal and ProA appear to overlap with area M of Kosaki et al. (1997).
Approximately half of the caudal gyral portion of area TS2 overlaps with parabelt area RP of Hackett et al. (1998). The rostral part of area TS2 and all of TS1 are found rostral to the
auditory parabelt region of Hackett et al. (1998). Symbols: ~, core; *, belt; and #, parabelt areas in the map of Hackett et al. (1998).

—, no labeled neurons.

TABLE 4. Distribution of Labeled Neurons in Post-Arcuate Cortices Projecting to Medial Prefrontal Cortices!

Injection site

Area 25 32/24 32 14 14 M9 M9 L9 M10
Origin Case AH Alb AKy AKb DLb AO AQy AQb ARb
Auditory and anterior superior temporal? 18.9 9.7 36.5 14.0 82.2 248 375 28.0 61.9
Para-auditory limbic? 4.3 10.1 34.2 43.8 11.2 5.3 7.7 10.2 11.0
Parietotemporal 0.8 2.2 12.2 1.5 3.8 19.1 1.8 46.6 5.2
Visual - 9.3 0.9 0.2 0.1 0.1 - 0.4 3.0
Entorhinal (area 28) 58.3 32.8 3.9 0.2 - 0.3 - - 0.6
Perirhinal (areas 35, 36) 11.8 11.2 5.7 17.3 11 0.8 0.4 - 8.3
Parahippocampal 5.9 - - - - 0.2 2.4 0.4 -
Prostriate - 17 15 - - - - — 0.6
Somatosensory - 0.1 - - - 9.8 - 2.2 1.1
lag, Idg - 12.6 4.0 1.9 15 0.9 - - 0.3
Areas 23, 31, 29 - 75 0.7 0.1 - 314 - - 7.7
Gustatory - 0.1 - - - - - - -
Olfactory - 2.7 0.3 21.0 - - - - -
Premotor - - - - - 7.2 50.1 121 0.3

1Data are expressed in percentages of the total number of neurons in post-arcuate areas, which amounted to: case AH, 254 neurons; case AKb, 1,153 neurons; case DLb, 717 neurons;
case AKy, 670 neurons; case Alb, 3,174; case AO, 1,234 neurons; case AQy, 491 neurons; case AQb, 264 neurons; case ARb, 362 neurons. Total percent in each column = 100. In cases
Alb and AO, some neurons in area 24 were found in a rostral cingulate premotor region according to the map of He et al. (1995).

2Detailed parceling of auditory, anterior superior temporal, and dorsal temporal polar cortices is shown in Table 3.

—, no labeled neurons.

temporal sulcus. In case AQb, with an injection in the
dorsal part of area 9, labeled neurons in parietotemporal
cortices predominated (case AQb, 46.6%; Fig. 6) and in-
cluded a substantial proportion of the projection neurons
directed to rostral area 9 (case AO, 19.1%; Fig. 5A,B, Table
4). A substantial proportion of labeled neurons were also
noted in parietotemporal cortices after injection in area 32
(case AKy, 12.2%; Table 4, Fig. 3A,B). A small number of
labeled neurons in parietotemporal cortices were noted
after injection in medial area 10 (case ARDb, 5.2%; Fig.
7A,B), area 32/24 (case Alb; Fig. 2B), area 14 (cases AKb,
DLb; Figs. 3C, 4A,B), the caudal part of medial area 9 (case
AQYy; Fig. 6), and area 25 (case AH; Fig. 8).

Projections from visual cortices. A significant num-
ber of labeled neurons in visual association cortices were
noted only in one case, with an injection in area 32/24 (case
Alb, 9.3%), and to a lesser extent in a case with an injection
in medial area 10 (case ARb; Table 4). In case Alb, the
labeled neurons were found mostly in the medial part of
area V2 within the medial bank of the calcarine fissure and
the adjacent dorsolateral cortex, followed by medial visual
area PO, in areas representing the peripheral visual field
(Gattass et al., 1981; Colby et al., 1988). Only a few labeled
neurons were noted in ventrolateral cortices TE1, TEZ2,
and TEa (Figs. 2A,B, 7A,B). In cases with injection in area
14, 32, or 9, only a few, if any, scattered labeled neurons
were seen in visual association cortices.

Projections from entorhinal, perirhinal, and parahip-
pocampal cortices. The terminology and borders for the
entorhinal and perirhinal cortices are according to the
maps of Amaral et al. (1987) and Suzuki and Amaral
(1994a), which are based on the classic studies of Brod-
mann (1909) rostrally and Von Bonin and Bailey (1947)
caudally. Labeled neurons were noted in entorhinal (area
28), in perirhinal (areas 35 and 36), and to a lesser extent
in parahippocampal areas (areas TF, TH). A particularly
robust projection from the above cortices was seen in case
AH, with an injection in area 25, which accounted for
three-fourths of all labeled neurons in the post-arcuate
cortices (Fig. 8). Many labeled neurons were also seen in
the entorhinal and perirhinal cortices in case Alb, with an
injection in area 32/24, which accounted for about half of
all labeled neurons in post-arcuate areas in this case
(Table 4, Fig. 2A,B). In both cases, most of the labeled
neurons were found in entorhinal area 28. Labeled neu-
rons in the above cortices were also noted after injection in
area 32 (case AKy), and these were found mostly in area
35, followed by area 28 (Fig. 3A,B). Asignificant number of
labeled neurons were mapped in perirhinal cortices in one
of the cases with injection in area 14 (case AKb; Fig. 3C),
and in case ARb with an injection in medial area 10 (Fig.
7A,B). In cases with injection in area 9, only a few labeled
neurons were seen in the above areas (Table 4).
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Fig. 8. Case AH. The distribution of labeled neurons (dots) in diagrams of coronal sections in rostral to
caudal (1-6) cortical areas after injection of HRP in area 25 (shown in 1). For abbreviations, see list.

Projections from somatosensory cortices. Projec-
tion neurons in somatosensory association cortices were
noted mainly in case AO, with an injection in rostral area 9
(case AO, 9.8%; Table 4, Fig. 5A,B), to a lesser extent in a
case with injection in caudomedial area 9 (case AQb; Fig.
6), and the adjacent dorsomedial part of area 10 (case
ARD). In case AO, most labeled neurons were found in the
granular part of the insula (lg), and to a lesser extent in
parietal association area (PE) and the parietal operculum
(Fig. 5A,B). In cases AQy and ARD, labeled neurons were
distributed in Ig and in the parietal operculum (areas S1,

S2), in medial area PE, and in area 3a (case ARb; Fig.
7A,B).

Projections from caudal cingulate and insular limbic
cortices. Substantial numbers of labeled neurons were
also found in the dysgranular (Idg) and agranular (lag)
parts of the insula, which are contiguous with lateral
somatosensory areas, and in cingulate areas 23, 29, and
31, which lie adjacent to the medial parietal somatosen-
sory cortices. The highest proportion of labeled neurons in
these areas was found in case AO, with an injection in the
rostral part of medial area 9 (Table 4, Fig. 5B). In this case,
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the labeled neurons were distributed mostly in cingulate
areas 23, 31, 29 (31.4%), and only a few were found in the
Idg. The adjacent dorsomedial area 10 also received projec-
tions from these cortices (case ARb), and these were found
mostly in the above cingulate areas as well (7.7%; Fig. 7B)
and fewer were seen in Idg. The caudal part of area 32 and
the adjacent area 24 (case Alb) received projections from a
substantial proportion of labeled neurons from the above
areas (Table 4). Unlike area 9 and medial area 10, labeled
neurons in case Alb were found in substantial numbers in
insular areas Idg and lag (12.6%; Fig. 2A,B). Labeled
neurons were also directed to area 32 from insular areas
lag and Idg and to a lesser extent from area 23 (case AKy;
Fig. 3B, Table 4). Only a few labeled neurons were seen
after area 14 injections and they were distributed mostly
in insular areas lag and Idg (cases AKb, DLb; Table 4).
Scattered labeled neurons in the gustatory area were
found only in case Alb.

Projections from olfactory cortices. Substantial num-
bers of projection neurons in olfactory cortices, including
the prepiriform cortex, the anterior olfactory nucleus, and
the olfactory tubercle, were directed mainly to area 14
(case AKb, 21%; Fig. 3A,C) and to a lesser extent to the
caudal part of area 32/24 (case Alb; Fig. 2B).

Projections from premotor cortices. Only cases with
injections in area 9 had a substantial proportion of labeled
neurons in lateral and supplementary premotor cortices
(case AQy, 50.1%; case AQb, 12.1%; Fig. 6; case AO, 7.2%,
Fig. 5A,B). In cases with injections in caudal area 9 (cases
AQy and AQb), the labeled neurons were found mostly in
the dorsal part of area 6 (Fig. 6). In a case with a rostral
area 9 injection (case AO), the labeled neurons were
distributed in dorsal area 6, the supplementary motor area
(MI11), and to a lesser extent in ventral area 6 (Fig. 5A,B).
In addition, in all cases with injection in area 9, some
labeled neurons in area 24 were found in the rostral
cingulate motor area CMAr of He et al. (1995). These
neurons are included under area 24 in Table 2, and
accounted for 25% of labeled neurons in area 24 in case
AQy, 14% in case AO, and 3% in AQb (Figs. 3B, 5A,B, 6).
Neurons in motor cingulate areas within area 24 were seen
in only one other case (case Alb, area 32/24), and these
accounted for 12% of the neurons listed under area 24 in
this case (Fig. 2A,B). Most neurons seen in area 24 in all
other cases were found anterior to the cingulate motor
areas described in several recent studies (e.g., He et al.,
1995).

Laminar origin of projection neurons. Labeled neu-
rons were found in the upper layers (2-3) as well as in the
deep layers (5-6). The laminar pattern of connections
within prefrontal cortices, or from sensory, motor, and
polymodal areas to prefrontal cortices was the focus of
previous studies (Barbas, 1986; Barbas and Rempel-
Clower, 1997) and will not be described in detail here. Our
observations are consistent with previous findings that
projection neurons in eulaminate cortices with well-
delineated layers were found predominantly, though not
exclusively, in the upper layers, particularly when their
destination in prefrontal cortices was a limbic area, charac-
terized by having fewer than 6 layers (e.g., area 25). This
pattern of connection suggests a predominant role in
feedforward communication. In contrast, projection neu-
rons in temporoparietal limbic cortices originated predomi-
nantly in the deep layers, particularly when their prefron-
tal destination was a eulaminate area (e.g., area 9),
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TABLE 5. Mean Density of Anterograde Label by Layers in Superior
Temporal Cortices After Injection of Anterograde Tracers
in Prefrontal Cortices?

Cortical area Layer 1 Layers 2-3 Layer 4 Layers 5-6
Case AH (area 25)
Dorsolateral pole 3.4(9) 7.1(19) 9.9 (27) 16.9 (45)
TS1 12.6 (23) 14.3 (26) 12.5 (23) 15.2 (28)
TS2 4.6 (15) 5.7 (18) 6.7 (22) 14.1 (45)
TPO 12.3 (49) 4.3(18) 4.0 (16) 4.2 (17)
Case AE (area 32)
TS1 37.6 (24) 49.9 (31) 36.5(23) 35.9 (22)
TS2 15.1 (19) 25.5(33) 17.5 (22) 20.4 (26)
TS3 (RP) 16.1 (23) 29.2 (42) 11.2 (16) 13.6 (19)
TPO 35.1(25) 49.1 (34) 27.7 (19) 30.8 (22)
Case MDQ (area 32)
Dorsolateral pole 11.5 (16) 20.3 (29) 26.1 (37) 12.4 (18)
TS1 30.2 (37) 18.8 (23) 20.1 (25) 12.4 (15)
TS2 33.2 (62) 8.0 (15) 7.1(13) 5.4 (10)
TS3 (RP) 17.6 (63) 4.8 (17) 5.0 (18) 0.7 (2)
Case AO (area M9)
TS2 24.9 (59) 5.1(12) 4.7 (11) 7.5(18)
TPO 24.4 (41) 13.6 (23) 11.3(19) 10.3 (17)

INumbers indicate the mean density of anterograde label measured for all sites in each
cortical area. Numbers in parentheses indicate the percentage of total anterograde label
in each layer for the cortical area. Area TS3 overlaps with parabelt area RP of Hackett et
al. (1998).

suggesting a predominant role in feedback communica-
tion.

Anterograde label: Regional and laminar
distribution of efferent terminals from
prefrontal to auditory and adjacent cortices

Medial prefrontal cortices as a group were distinguished
by their connection with superior temporal association
cortices. To determine the bidirectional relationship of
prefrontal cortices with superior temporal areas, we exam-
ined the termination of efferent fibers in temporal cortices
after injection of anterograde tracers in prefrontal areas
25, 32, and 9 in 4 cases by using a qualitative scale of 1-6
or by measuring density of label with the aid of an imaging
analysis system (as described in Materials and Methods).
Values obtained using the two independent measures were
highly correlated (Pearson r = 0.924, P < 0.001).

The termination of efferent fibers in superior temporal
cortices is shown in Table 5 for layers 1, 2-3, 4, and 5-6.
Moderate to heavy anterograde label was seen in temporal
areas TS1 and TS2 in all cases examined. In addition,
moderate anterograde labeling was noted in TS3 (RP) in
two cases with injections in area 32. Efferent fibers
terminated in both the deep (4-6) and upper (1-3) cortical
layers in all cases, albeit to a different degree. Efferent
fibers emanating from area 25 (case AH) terminated in the
deep and superficial layers of TS1 (in a ratio of about 1:1)
and TS2 (in a ratio of about 7:3). Efferent fibers from area
32 (cases MDQ and AE) terminated within the upper and
deep layers of temporal area TS2, and their density was
somewhat higher in the upper layers, particularly for case
MDQ (Table 5). When the destination was a dorsolateral
temporal polar region, efferent fibers terminated most
densely in the deep layers (layers 4 and 5-6; Table 5, cases
AH, MDQ; Fig. 9A). In contrast, in both cases with area 32
injection, efferent fibers terminated predominantly in the
upper layers of temporal area TS3 (Table 5, Fig. 9B).

In two of the WGA-HRP cases, we compared the distribu-
tion of projection neurons in temporal auditory cortices
that projected to prefrontal cortices. In all projection sites,
when the density of efferent fibers in the temporal cortices
was higher in the upper than in the lower layers, projec-
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Fig. 9. A: Darkfield image of a coronal section showing antero-
grade label (white grain, most dense in layers 3-5) in the dorsolateral
temporal polar cortex after injection of [*H] amino acids in area 32
(case MDQ). B: Anterograde label in cortical area TS3 is most dense in
layer 1 in case MDQ. C: Both labeled terminals (heaviest in layer 1)
and labeled neurons (especially in layer 3, white arrows indicate

tion neurons in temporal cortices were found in higher
numbers in the upper than in the deep layers (Fig. 9C). For
comparison, we measured anterograde label in polymodal
area TPO, situated in the depths of the upper bank of the
superior temporal sulcus (Seltzer and Pandya, 1978). In all
cases, the density was higher in the upper (1-3) than in the
deep (4-6) layers (Table 5).

DISCUSSION

Memory-related structures issue robust
projections to medial prefrontal cortices

Medial prefrontal areas received input from the rhinal
region, confirming and extending previous findings (e.g.,
Vogt and Pandya, 1987; Barbas, 1988; Carmichael and
Price, 1995; Bachevalier et al., 1997). A direct comparison
of the connections of all architectonically distinct medial
prefrontal cortices in this study suggests that they can be
separated into different tiers. Medial prefrontal areas
found caudally, including areas 25 and 24/32, were distin-
guished for their strong connections with the entorhinal
(area 28) and perirhinal cortices (areas 35, 36). In contrast,
a much lower number of projection neurons from rhinal
cortices projected to rostral areas 32, 10, and 14. Area 9
stood apart from other medial prefrontal areas, in that it
received few, if any, projections from perirhinal cortices.

The profile of connections of caudal medial prefrontal
cortices suggests that they may be part of neural circuits
involved in long-term mnemonic processing. Along with
their robust linkage with memory-related rhinal cortices

clusters of neurons) are shown in area TS2 after an injection of
WGA-HRP in medial area 9 (case AO). Numbers indicate cortical layer.
Frames were captured directly from histological brain slides using a
CCD camera and were imported into Adobe Photoshop for assembly
and labeling but were not retouched. wm, white matter. Scale bar =
1 mm.

shown here, the same medial prefrontal areas are robustly
connected with the hippocampal formation (Barbas and
Blatt, 1995), limbic thalamic nuclei, including the midline,
the magnocellular sector of the mediodorsal nucleus
(MDmc), and the caudal part of parvicellular MD (MDpc)
(Baleydier and Mauguiere, 1980; Goldman-Rakic and Por-
rino, 1985; Barbas et al., 1991; Morecraft et al., 1992; Ray
and Price, 1993; Dermon and Barbas, 1994). All of the
above structures have been implicated in long-term
memory and their damage leads to inability to recall
information acquired after the lesion (for reviews see
Markowitsch, 1982; Squire and Zola-Morgan, 1988; Ama-
ral et al., 1990; Squire, 1992; Zola-Morgan and Squire,
1993). Consistent with their connections, damage to me-
dial prefrontal cortices in non-human primates results in
visual recognition deficits (Voytko, 1985; Bachevalier and
Mishkin, 1986) comparable to the classic amnesic syn-
drome seen after hippocampal lesions (Talland et al., 1967;
Alexander and Freedman, 1984). In humans, mnemonic
deficits are often evidenced after vascular lesions of the
anterior communicating artery, which supplies the ventro-
medial prefrontal areas (Crowell and Morawetz, 1977;
D’Esposito et al., 1996), including Brodmann’'s (1909)
areas 25, 24, and 32 around the rostrum of the corpus
callosum.

In contrast, anteriorly situated medial prefrontal areas
received fewer, if any, projections from the above memory-
related structures. Previous studies indicate that area 9,
like adjacent lateral prefrontal cortices, receives thalamic
projections from MDpc and only a sparse projection from
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the hippocampal formation (Dermon and Barbas, 1994;
Barbas and Blatt, 1995). However, like lateral prefrontal
cortices, such as area 46, rostral area 9 and area 10 receive
a substantial projection from posterior cingulate areas
29a—c, 23, and 31, as well as from anterior cingulate area
24. Input from these cingulate areas may have a role in
attentional processes (Mesulam, 1981, 1990; Vogt et al.,
1992), consistent with the involvement of lateral prefron-
tal cortices in cognitive tasks where attention is critical in
keeping stimuli and responses in temporary memory in
order to perform a sequential task (for reviews see Gold-
man-Rakic, 1988; Petrides, 1989; Fuster, 1993). Thus,
whereas lesions of lateral prefrontal cortices do not render
non-human primates or humans amnesic (Milner and
Petrides, 1984; Janowsky et al., 1989; Petrides, 1989),
their damage impairs performance when a stimulus must
be remembered after a short delay in working memory
tasks (Jacobsen, 1936; Fuster, 1973; Bauer and Fuster,
1976; Kubota et al., 1980; Kojima and Goldman-Rakic,
1982; Sawaguchi et al., 1988; Funahashi et al., 1989;
Kubota and Niki, 1990; Sawaguchi and Goldman-Rakic,
1991; for reviews see Goldman-Rakic, 1988; Fuster, 1989).
It is possible that this type of mnemonic processing is
supported, in part, by a pathway linking lateral prefrontal
areas with cingulate areas.

Auditory association and anterior superior
temporal cortices target medial
prefrontal cortices

In contrast to their segregation into distinct domains
with regard to specific aspects of mnemonic processing, all
medial prefrontal cortices received projections from ante-
rior superior temporal and neighboring auditory associa-
tion cortices. These data confirm and extend previous
findings (Jones, 1969; Jacobson and Trojanowski, 1977;
Miuller-Preuss et al., 1980; Vogt and Pandya, 1987; Barbas,
1988; Petrides and Pandya, 1988). A particularly robust
projection from auditory cortices reached the upper part of
area 14. Medial area 10 was distinguished from all other
medial prefrontal areas by robust projections from ante-
rior superior temporal areas TS1 and TS2, which for the
most part lie outside the auditory parabelt area (Hackett
etal., 1998).

The functional significance of projections from auditory
and anterior superior temporal cortices to medial prefron-
tal cortices is not known. The auditory parabelt and belt
areas, which included most neurons from auditory areas
projecting to the medial prefrontal cortices, do not respond
to pure auditory tones, but rather are broadly tuned
(Kosaki et al., 1997) and appear to respond best to complex
species-specific vocalizations in macaque monkeys (Raus-
checker et al., 1995; Rauschecker, 1998). In fact, cingulate
areas situated around the rostrum of the corpus callosum
have a role in vocalization (Smith, 1945; Sutton et al.,
1974; Jurgens, 1976; Muller-Preuss and Jurgens, 1976;
Muiiller-Preuss et al., 1980; Sutton et al., 1985; for review
see Vogt and Barbas, 1988). Although these medial prefron-
tal cortices are not considered speech areas, imaging
studies suggest that they are involved in speech produc-
tion, a role consistent with the classic findings of akinetic
mutism after anterior cingulate lesions in humans (e.g.,
Barris and Schuman, 1953; Nielsen and Jacobs, 1951;
Buge et al., 1975). Electrical stimulation of the cingulate
vocalization cortices decreases the auditory evoked activ-
ity in superior temporal auditory cortices (Muller-Preuss
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et al., 1980; Muller-Preuss and Ploog, 1981). Parallel
evidence from imaging studies in humans indicates that
cognitive tasks involving verbal fluency activate the ante-
rior cingulate region and result in reduction of activity in
superior temporal auditory cortices (Dolan et al., 1995;
Frith and Dolan, 1996). This evidence suggests that when
areas with a role in vocalization or verbal fluency are
active, auditory association areas show a reduction in
activity. These inhibitory effects on auditory cortices may
be exercised by other prefrontal areas as well, because
damage centered in lateral prefrontal areas 9 and 46 in
humans results in an increase in the magnitude of audi-
tory evoked responses in temporal auditory cortices (Knight
et al., 1989). The above evidence suggests that lateral as
well as medial prefrontal cortices exercise inhibitory con-
trol on auditory cortices.

Moreover, there appears to be a functional distinction in
the activity of medial prefrontal and auditory cortices
during monitoring of actual versus inner speech, and these
relationships are altered specifically in those schizo-
phrenic patients who experience auditory hallucinations
(McGuire et al.,, 1995, 1996; Frith and Dolan, 1997).
Medial prefrontal and auditory cortices thus may function
in concert to distinguish external auditory stimuli from
internal auditory representations. The altered pattern of
activity in patients who hallucinate may be due to a
functional breakdown of a feedback pathway from medial
prefrontal to auditory cortices. Our data indicated that
medial prefrontal cortices issued primarily feedback projec-
tions terminating most densely, though not exclusively, in
the upper layers of auditory cortices. The function of this
input may be modulatory, since layer 1, in particular, is
enriched in GABAergic receptors (for review see \ogt,
1991). In contrast to the pattern of termination in auditory
cortices, medial prefrontal cortices issued feedforward
projections to dorsal temporal polar cortices terminating
predominantly in layer 4 and the deep layers, and received
predominantly feedback projections originating mostly
from the deep layers (5-6) of temporal polar cortices. These
specific interactions of medial prefrontal cortices with
dorsal superior temporal polar cortices may encode the
emotional significance of auditory stimuli and may help
explain why auditory hallucinations are generally emotion-
ally charged (for review see Frith, 1996).

Sporadic projections from sensory cortices
to medial prefrontal cortices

Projections from sensory association cortices outside the
auditory were not particularly prominent, and reached
preferentially specific medial prefrontal cortices. The spo-
radic distribution of input from sensory cortices to medial
prefrontal cortices is in sharp contrast to the pattern of
sensory input reaching the orbitofrontal cortices, which is
both rich and diverse (Morecraft et al., 1992; Barbas,
1993). This evidence suggests that the use of sensory
information by any given medial prefrontal area is indi-
rect. Medial prefrontal cortices may share information
from unimodal sensory cortices through their rich intercon-
nections with each other and with orbitofrontal cortices
(e.g., Barbas and Mesulam, 1981, 1985; Barbas, 1988,
1993). The strong interconnections linking medial prefron-
tal cortices suggest that local circuits have a major role in
the neural processing in this region.
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Preferential linkage of area 9 with
motor cortices

Among medial prefrontal cortices, area 9 was distin-
guished by its robust connections with lateral and supple-
mentary premotor areas, as well as with cingulate premo-
tor area CMAr of He et al. (1995). Besides area 9, only area
24/32 had connections with the rostral cingulate motor
area. While afferent neurons from area 24 projected to the
rest of the medial prefrontal areas investigated, most were
found in areas lying anterior to cingulate motor areas
described in macaque monkeys (e.g., Muakkassa and
Strick, 1979; Hutchins et al., 1988; Dum and Strick, 1991;
Luppinoetal., 1991; Shimaetal., 1991; Morecraft and Van
Hoesen, 1992; Galea and Darian-Smith, 1994; He et al.,
1995). Moreover, the connections of area 9 with premotor
cortices are reciprocal (e.g., Pandya and Kuypers, 1969;
Jones and Powell, 1970; Pandya and Vignolo, 1971; Pan-
dyaetal., 1971, 1981, Barbas and Pandya, 1987; Selemon
and Goldman-Rakic, 1988; McGuire et al., 1991; Bates and
Goldman-Rakic, 1993), which may explain, in part, the
prominent role of area 9 in monitoring self-generated
responses in cognitive tasks (Petrides, 1995). Area 9
received projections from all other medial prefrontal corti-
ces, suggesting that signals from other medial prefrontal
cortices may be transmitted to the premotor cortical
system through area 9.

CONCLUSIONS

Anatomic and behavioral evidence suggests that the
medial prefrontal region has functionally distinct sectors.
A caudal sector is connected with medial temporal cortices,
the hippocampus, and limbic thalamic nuclei, and may
participate in networks involved in long-term memory. In
contrast, a rostral sector is affiliated with caudal cingulate
areas associated with attentional processes, and appears
to be aligned with lateral prefrontal cortices that have a
role in working memory. Medial prefrontal areas have
common and reciprocal connections with anterior superior
temporal and auditory cortices. These pathways appear to
be important in species-specific vocalizations and may
mediate the process of distinguishing external auditory
stimuli from internal auditory representations.
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