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Abstract The caudal part of the macaque ventrolateral

prefrontal cortex (VLPF) is part of several functionally

distinct domains. In the present study we combined a cyto-

and a myeloarchitectonic approach with a chemoarchitec-

tonic approach based on the distribution of SMI-32 and

Calbindin immunoreactivity, to determine the number and

extent of architectonically distinct areas occupying this

region. Several architectonically distinct areas, completely

or partially located in the caudal VLPF, were identified.

Two areas are almost completely limited to the anterior

bank of the inferior arcuate sulcus, a dorsal one—8/FEF—

which extends also more dorsally and should represent the

architectonic counterpart of the frontal eye field, and a

ventral one—45B—which occupies the ventral half of the

bank. Two other areas occupy the ventral prearcuate con-

vexity cortex, a caudal one—area 8r—located just rostral

to area 8/FEF and a rostral one—area 45A—which extends

as far as the inferior frontal sulcus. Area 45A borders

dorsally, in the proximity of the principal sulcus, with area

46 and, ventrally, with area 12. The present data show the

existence of two distinct prearcuate convexity areas (8r and

45A), extending other architectonic subdivisions of the

caudal VLPF and providing a new, multiarchitectonic

frame of reference for this region. The present architec-

tonic data, together with other functional and connectional

data, suggest that areas 8/FEF, 45B and 8r are part of the

oculomotor frontal cortex, while area 45A is a distinct

entity of the VLPF domain involved in high-order pro-

cessing of nonspatial information.
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Introduction

The caudal part of the ventrolateral prefrontal cortex

(VLPF) of the macaque brain, bordered dorsally by the

principal sulcus (PS), caudally and ventrally by the inferior

arcuate sulcus (IAS) and rostrally by the inferior frontal

sulcus (IFS), is part of at least three functionally distinct

domains. While its caudalmost part, the frontal eye field

(FEF), is involved in oculomotor functions (Bruce and

Goldberg 1984; Bruce et al. 1985), its dorsal part, close and

within the PS, has been considered to play a role in visu-

ospatial information processing (see, e.g., Levy and

Goldman-Rakic 2000). Finally, the remaining rostral and

ventral part is commonly included into a larger VLPF

region involved in high-order processing of nonspatial

information (Levy and Goldman-Rakic 2000; Passingham

et al. 2000; Romanski 2004).

Architectonic studies of this region have resulted in

markedly different parcellation schemes, in which both the

number and the extent of the identified areas vary, raising

conflicting interpretations on the architectonic definition of

functionally different fields. For example, several investi-

gators have quite consistently subdivided the prearcuate

cortex into a dorsal and a ventral subdivision, designated

by Walker (1940) as areas 8A and 45 (Fig. 1a), by Barbas

and Pandya (1989) as dorsal and ventral area 8 (Fig. 1b)

and by Preuss and Goldman-Rakic (1991) as areas 8A and

45 (Fig. 1c), respectively. However, Stanton et al. (1989)
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have shown that the FEF, as functionally and cytoarchi-

tectonically defined, occupies only a relatively small

prearcuate sector, confined to the prearcuate bank and

straddling over the caudalmost part only of both Walker’s

areas 8A and 45. Accordingly, Walker’s area 45 (as well as

ventral area 8 of Barbas and Pandya and area 45 of Preuss

and Goldman-Rakic) is functionally and architectonically

not homogeneous.

More recently, Petrides and Pandya (1994, 1999, 2002)

have designated the caudalmost part of the prearcuate

cortex as area 8, subdivided into a dorsal (8Ad) and a

ventral (8Av) part (Fig. 1d). No distinction, however, was

made between the prearcuate bank, where the FEF is

located, and the adjacent convexity cortex. Furthermore,

they designated as area 45 a cytoarchitectonic area, located

ventral and rostral to area 8Av, characterized by the pres-

ence of large pyramidal cells in layer III. This area

occupies the ventral part of the prearcuate bank, extending

also rostrally and dorsally on the inferior frontal convexity.

Accordingly, area 45, as defined by Petrides and Pandya,

includes not only the ventral part of Walker’s area 45, but

also an inferior frontal convexity sector of controversial

architectonic attribution, assigned by Walker (1940) to

areas 46 and 12, by Preuss and Goldman-Rakic (1991) to

area 12 and by Barbas and Pandya (1989) to areas 8 ventral

and 46. Although considered as a unitary cytoarchitectonic

entity, Petrides and Pandya designated as 45B the sector

buried in the prearcuate bank and as 45A the sector located

on the inferior frontal convexity.

On the basis of a comparative cytoarchitectonic analy-

sis, Petrides and Pandya (1994, 2002; see also Petrides

2005) have proposed that area 45 is the putative homolog

of the corresponding language area of the human brain.

This proposal found support in connectional data (Petrides

and Pandya 2002), showing that area 45, as a whole, is

connected with auditory-related areas of the superior tem-

poral gyrus (STG) and with multimodal areas of the upper

bank of the superior temporal sulcus (superior polysensory

area, STP). Recent electrophysiological data appear fully in

line with this hypothesis, showing that in area 45 there are

neurons with auditory responses to vocalization stimuli or

integrating auditory and visual communicative information

(Romanski et al. 2005; Sugihara et al. 2006).

Indirect evidence, however, suggests that area 45 is not

homogeneous. Firstly, auditory-related areas of the

STG (Petrides and Pandya 1988; Romanski et al. 1999a,

b) and area STP (Seltzer and Pandya 1989) appear to

project in the location of 45A, but not of 45B. Indeed,

Fig. 1 Architectonic maps of

the prefrontal cortex of the

macaque monkey. The figure

shows four different

architectonic maps as proposed

by: a Walker (1940); b Barbas

and Pandya (1989); c Preuss and

Goldman-Rakic (1991); d
Petrides and Pandya (1994,

2002). AI inferior arcuate

sulcus, AS superior arcuate

sulcus, P principal sulcus
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neurons responsive to communicative stimuli were

recorded in the location of 45A, but not in 45B (Ro-

manski et al. 2005; Sugihara et al. 2006). In contrast,

tracer injections in the FEF (Huerta et al. 1987; Stanton

et al. 1993), supplementary eye field (SEF) (Huerta and

Kaas 1990; Luppino et al. 2003; Wang et al. 2005) or in

motion sensitive visual areas of the caudal superior tem-

poral sulcus (Maioli et al. 1998) produced labeling denser

or almost exclusively located in the ventral prearcuate

bank, in the location of 45B. Second, a recent functional

magnetic resonance (fMRI) study in awake monkeys

(Nelissen et al. 2005) has shown that observation of

shapes or of actions made by others produced three

anatomically segregated activation foci in the caudal

VLPF, one observed in the location of 45B, another one

in the location of 45A and the third close and within the

PS. All together, these data suggest that: (a) 45B is

functionally distinct from 45A; (b) 45A is a distinct entity

and not part of areas 46, 12 or 8.

To resolve the question of whether the caudal VLPF

comprises distinct cortical areas, possibly corresponding to

the two sectors of area 45 of Petrides and Pandya (1994,

2002) and to the prearcuate convexity located rostral to the

FEF, a thorough investigation of the neurophysiological

and connectional features of this region is required. In

order to analyze, report and correlate data from such

experiments, a detailed preliminary analysis of the archi-

tectonic organization of the caudal VLPF is needed, so to

obtain reliable structural maps which could subsequently

be used as a frame of reference.

The present study was therefore undertaken in order to

facilitate a more complete architectonic analysis of the

caudal VLPF. To this end, we have combined the classical

cyto- and myeloarchitectonic approaches with a chemoar-

chitectonic one, based on the distribution of SMI-32 and

Calbindin immunoreactivity, which reveal different sub-

populations of pyramidal and nonpyramidal cortical

neurons (Campbell and Morrison 1989; Hendry et al.

1989). This last approach, by revealing regional differences

in the organization of some aspects of the efferent and

intrinsic components of the cortical circuitry, has been used

in other studies as an architectonic tool to obtain additional

support or independent evidence for the delineation of

subdivisions in different cortical regions such as the pre-

frontal cortex (Carmichael and Price 1994; Dombrowski

et al. 2001). Preliminary data have been presented in

abstract form (Luppino et al. 2006).

Methods

Eighteen adult macaque monkeys (ten Macaca nemestrina,

six M. fascicularis and two M. mulatta) of both sexes

weighing between 5 and 8 kg were used in the present

study. We did not observe any architectonic differences

consistently related to either the species or the gender. In

five monkeys (PR11, PR17, PR18, PR19 and PR20), brains

were used only for the purposes of architectonic studies.

M3 and M4 had been used as subjects in fMRI experiments

(Nelissen et al. 2005). The remaining monkeys had been

used in tract-tracing studies in which neural tracers were

injected in different premotor or posterior parietal areas

(see, e.g., Galletti et al. 2001; Luppino et al. 2001; Rozzi

et al. 2006). Animal care and all experimental procedures

were performed according to protocols approved by the

Veterinarian Animal Care and Use Committee of the

University of Parma and complied with the European law

on the care and use of laboratory animals.

Histological procedures

Each animal was anesthetized with ketamine hydrochloride

and subsequently received an i.v. lethal injection of sodium

thiopental. Intracardial perfusion was initiated through the

left cardiac ventricle with saline solution, followed by 3.5–

4% paraformaldehyde. In all animals, but Cases PR18 and

PR19, the perfusion was continued with 5% glycerol. All

solutions were prepared in phosphate buffer 0.1 M, pH 7.4.

The brain was then exposed, in case blocked on a stereo-

taxic apparatus, removed from the skull and photographed.

All brains, but Cases PR18 and PR19, were placed in 10%

(3 days) and then in 20% (3 days) buffered glycerol for

cryoprotection. The right hemisphere of Case PR18 and the

left hemisphere of Case PR19 were embedded in celloidin

and cut at 50 lm tangentially to the IAS and parasagittally,

respectively. All the other brains were cut frozen, at

60 lm, for a total number of 14 hemispheres coronally, 9

parasagittally, and 1 perpendicularly to the IAS. Table 1

summarizes the cases used for this study.

The tangential and the perpendicular to the IAS plane of

sectioning were used in order to obtain optimal views of

the architecture of the prearcuate bank, often poorly dis-

criminated in the standard coronal plane, because of the

oblique or almost vertical direction of the sulcus. In addi-

tion, sections cut tangential or perpendicular to the IAS

offered optimal views of different rostro-caudal levels of

the prearcuate bank and of the inferior frontal convexity,

respectively, for the identification of boundaries between

rostro-caudal subdivisions.

In all hemispheres, but Case M4, every fifth section was

stained with the Nissl method (thionin, 0.1% in 0.1 M

acetate buffer, pH 3.7). In Case M4, every third section of

both hemispheres was processed for this staining. In nine

animals (12 hemispheres, 7 of them cut coronally, 4

parasagitally, and 1 perpendicular to the IAS), sections
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adjacent or close to those stained with thionin (see Table 1)

were stained for myelin (Gallyas 1979).

The chemoarchitectonic study of the caudal VLPF was

based on the analysis of the distribution of the immuno-

reactivity (ir) for the antibody SMI-32 and for the calcium-

binding protein Calbindin (CB). SMI-32ir was analyzed in

11 animals (14 hemispheres, 4 of them cut coronally, 9

parasagitally, and 1 perpendicular to the IAS) and CBir in 5

animals (7 hemispheres, 2 of them cut coronally, 4 para-

sagittally, and 1 perpendicular to the IAS). In these

hemispheres, every tenth section (Case 13l, SMI-32ir and

Case 12, CBir) or every third section (Case M4) or every

fifth section (all other hemispheres), adjacent or close to

those stained with thionin (see Table 1) was immunore-

acted as described in detail in previous studies (Geyer et al.

2000; Calzavara et al. 2005). Briefly, immediately after

cutting, sections were rinsed in phosphate-buffered saline

(PBS) for 10–15 min. Endogenous peroxidase activity was

eliminated by incubation in a solution of 0.6% H2O2 and

80% methanol for 15 min at room temperature. Sections

were rinsed in PBS for another 10–15 min and incubated in

a solution of one of the following primary antibodies:

mouse monoclonal SMI-32 (Sternberger Monoclonals,

Baltimore, MA, USA) dilution 1:5,000 in 0.3% Triton

(Sigma, St Louis, MO, USA), 2% normal horse serum

(Vector, Burlingame, CA, USA), in PBS or monoclonal

anti-calbindin D-28K (Swant, Bellinzona, Switzerland),

dilution 1:5,000 in 0.3% Triton, 5% normal horse serum in

PBS. After incubation and rinsing in PBS (15 min), sec-

tions were processed with the avidin–biotin method by

using a Vectastain ABC kit (Vector) and 3,30-diam-

inobenzidine (DAB, Sigma) as a chromogen. The reaction

product was intensified with cobalt chloride and nickel

ammonium sulphate. Immunoreacted sections were then

mounted from saline, dehydrated in graded alcohols, and

coverslipped. In order to avoid possible sources of

Table 1 Summary of cases

studied

a Number in parentheses

indicate the distance in

micrometers from the Nissl-

stained section

Case Species Hemisphere Cut Staininga

PR17 Nemestrina Right Perpendicular to IAS Nissl, Myelin (120), SMI-32 (60),

CB (60)

PR18 Nemestrina Right Tangential to IAS Nissl (celloidin)

PR19 Nemestrina Left Parasagittal Nissl (celloidin)

PR11 Nemestrina Left Parasagittal Nissl, SMI-32 (60)

PR20 Nemestrina Right Parasagittal Nissl, Myelin (120), SMI-32 (60),

CB (60)

M4 Mulatta Left Parasagittal Nissl, Myelin (60), SMI-32 (60)

Right Parasagittal Nissl, Myelin (60), SMI-32 (60)

M3 Mulatta Right Parasagittal Nissl, Myelin (120), SMI-32 (60),

CB (60)

Left Coronal Nissl, Myelin (120), SMI-32 (60),

CB (60)

MEF16 Fascicularis Right Parasagittal Nissl, SMI-32 (120), CB (60)

Left Parasagittal Nissl, SMI-32 (120), CB (60)

MEF17 Fascicularis Left Parasagittal Nissl, SMI-32 (60)

MEF18 Fascicularis Left Parasagittal Nissl, SMI-32 (60)

Case 12 Nemestrina Right Coronal Nissl, Myelin (120), SMI-32 (120),

CB (60)

Case 18 Nemestrina Right Coronal Nissl, Myelin (120), SMI-32 (60)

Left Coronal Nissl, Myelin (60)

Case 13 Fascicularis Right Coronal Nissl

Left Coronal Nissl, SMI-32 (60)

Case 14 Nemestrina Right Coronal Nissl

Left Coronal Nissl

Case 20 Nemestrina Right Coronal Nissl

Left Coronal Nissl

Case 23 Fascicularis Left Coronal Nissl, Myelin (60)

Right Coronal Nissl

Case 29 Fascicularis Left Coronal Nissl, Myelin (60)

Case 38 Nemestrina Left Coronal Nissl, Myelin (60)
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variability among sections from the same case, all sections

selected for one type of immunostaining were processed all

together in the same solutions.

Data analysis

Qualitative architectonic analysis

The cytoarchitectonic analysis was carried out with a Wild

M420 Universal macroscope equipped with Apozoom

objective for low-power observations, and with a Nikon

Optiphot-2 and a Zeiss Axioscop 2 microscope for medium

and high power observations. At least four researchers

independently evaluated the material under study. The

position of cytoarchitectonic borders between different

areas, assigned by the different researchers, was in close

agreement and only occasionally would differ by not more

than 500 lm. In each section, the outer and inner cortical

borders (pial and white matter borders) and the location of

the boundaries between the various identified cytoarchi-

tectonic areas were plotted with the aid of a software

developed in our laboratory. By using inductive displace-

ment transducers, mounted on the X and Y axes of the

microscope stage, the Cartesian coordinates of points

located along the outer and inner cortical borders and in

correspondence with cytoarchitectonic boundaries were

acquired and digitalized separately through a computer

board. These coordinates were then graphically visualized

all together as section outlines, gray–white matter borders

and cytoarchitectonic borders. The qualitative analysis of

myelin-stained and SMI-32 and CB immunoreacted sec-

tions was carried out independently from the

cytoarchitectonic analysis, by using the same procedures.

Myelo- and immuno-architectonic borders were then cor-

related with cytoarchitectonic borders, by using a camera

lucida attached to the microscope. The boundaries between

cortical layers, traced from Nissl-stained sections were

transferred to the immunostained sections by using a

camera lucida attached to the microscope.

Quantitative analysis of SMI-32 and CB immunoreactivity

The distribution of SMI-32ir in the caudal VLPF was

analyzed quantitatively in three hemispheres (PR17, C18r,

and MEF16l), from three monkeys of two different maca-

que species and cut in three different planes of section.

This analysis was aimed to evaluate the density of immu-

nopositive cells in different cytoarchitectonic areas and

cortical layers. By using the above mentioned computer

based charting system, immunopositive neurons were

plotted, at a magnification of 200·, in cortical transverses

250 lm wide from the pial surface through the entire

cortical thickness. In each hemisphere, eight transverses

were plotted for each of five different caudal VLPF areas,

as cytoarchitectonically defined. Thus, this analysis was

based on a total number of 40 transverses from each

hemisphere and a total number of 24 transverses (8 trans-

verses per case) for each area. The plotted transverses were

selected from different sections and different parts of each

area. By using a camera lucida attached to the microscope,

borders between different cortical layers were transferred

on the plots from adjacent Nissl-stained sections.

For each area, the density of the SMI-32 immunoposi-

tive cells was analyzed separately for layers II/III and V,

where virtually all these neurons were observed. Density

was defined in terms of number of immunopositive cells,

plotted in a given layer, divided by the thickness of that

layer expressed in millimeters, for a transverse 250 lm

wide. Although in the supragranular layers SMI-32 im-

munopositive cells were all located in layer III, layer II and

III were considered together because of the difficulty in

setting the border between them. The obtained data were

tested with a two-way ANOVA for repeated measures

(factors: Area, Layer, 5 · 2 ANOVA), followed by post

hoc Bonferroni correction for multiple comparisons.

The distribution of CBir in the caudal VLPF was ana-

lyzed quantitatively in three hemispheres (PR17, M3l, and

MEF16l), from three different macaque species and cut in

three different planes of section, in terms of density of

immunopositive cells in different cytoarchitectonic areas

and cortical layers. As reported in other studies (for review,

see Hof et al. 1999), CB immunopositive neurons included

two main populations of cells. One, by far the most rep-

resented, consisted of darkly and more lightly stained

nonpyramidal cells, the other of pyramidal cells, most of

them only lightly stained. All CB immunopositive nonpy-

ramidal and pyramidal cells were plotted separately, at a

magnification of 400·, in cortical transverses 250 lm wide

from the pial surface through the entire cortical thickness.

The total number of transverses analyzed and the criteria

for their selection were the same as in the analysis of SMI-

32ir described above.

Two types of analyses were carried out in order to

compare the distribution of CB immunopositive cells across

different areas. The first analysis aimed to evaluate the

density of the two different subpopulations of CB immu-

nopositive cells (nonpyramidal and pyramidal neurons) in

the studied areas. To this purpose, the total number of each

of these two types of cells, plotted in transverses 250 lm

wide, was divided by the cortical thickness expressed in

millimeters. According to the plane of sectioning, the bor-

der of layer VI with the white matter was sometimes

difficult to draw with precision, because of an oblique cut of

the cortex (e.g., the prearcuate bank in coronal sections).
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Thus, we considered for this and the following analysis the

cortical thickness from the pial surface to the border

between layers V and VI. In this respect, it should be noted

that in all areas under study, layer VI CB immunopositive

neurons were very sparse and homogenously distributed.

The obtained data were tested with a two-way ANOVA for

repeated measures (factors: Cell type, Area, 2 · 5

ANOVA) followed by post hoc t test with Bonferroni cor-

rection for multiple comparisons. The second analysis

aimed to obtain an estimate of the differences in the laminar

distribution of CB immunopositive nonpyramidal neurons

in each area. To this purpose, the number of these cells,

plotted in a given layer of a cortical transverse 250 lm

wide, was divided by the thickness of that layer expressed in

millimeters. Given that the distribution of CB immuno-

positive nonpyramidal cells in supragranular layers was

highly heterogeneous, with a much higher concentration in

layer II and the uppermost part of layer III, layers II and III,

considered as a whole, were subdivided into four sublami-

nae of equal thickness. Thus, six different layers/sublayers

were analyzed: the four layer II/III sublaminae, layer IV and

layer V. The obtained data were tested with a two-way

ANOVA for repeated measures (factors: Area, Layer/Sub-

lamina, 5 · 6 ANOVA), followed by post hoc Bonferroni

correction for multiple comparisons. The distribution of CB

immunopositive pyramidal neurons was not analyzed in

terms of laminar distribution. These cells were mostly

located in the lower half of layer III and their laminar dis-

tribution was similar across different areas.

Architectonic maps

In all cases used in the present study, architectonic maps of

the caudal VLPF were obtained by reporting the location of

architectonic borders on drawings of dorso-lateral views of

the studied hemispheres.

Furthermore, in order to obtain more realistic views of

the location and extent of the identified architectonic

areas, data from individual sections, spaced 600 lm,

obtained with the above-mentioned computer based

charting system, were imported into a 3D reconstruction

software (Bettio et al. 2001). By using this software, the

individual sections were firstly manually translated or

rotated for their alignment. The alignment was based on

the location of the track left in the white matter by a

needle inserted orthogonally to the plane of sectioning

and of several cortical and subcortical anatomical land-

marks. Furthermore, local non-linear transformations were

applied to correct distortions due to the histological pro-

cessing. Finally, a 3D rendering of the cortical surface

was created showing the extent of the identified archi-

tectonic areas. The obtained 3D reconstructions could be

also re-sliced in any desired plane, for comparing data

from hemispheres cut with different planes of sectioning,

or dissected to expose cortical surfaces buried within

sulci. The location of areas lying on the VLPF cortical

convexity was visualized in standard dorso-lateral views

of the hemispheres. Areas located in the prearcuate bank

were visualized in non-standard views of the hemispheres

in which the bank was exposed with appropriate dissec-

tion of the 3D reconstruction.

Finally, to have an estimate of the interindividual

variability and the average location of the identified

architectonic areas with respect to the IAS, the PS and

IFS, an average architectonic map of the caudal VLPF

was created as follows. Firstly, in the drawings of dorso-

lateral views of 20 hemispheres from 7 M. nemestrina and

3 M. fascicularis we measured the total length of the IAS

and of the superior arcuate sulcus (SAS). For each

hemisphere, the SAS and the IAS were divided in ten

segments of equal length. The coordinates of the end

points of each of these segments, the tip of the PS and the

end points of the IFS were introduced in a Cartesian

space with the zero centered on the genu of the arcuate

sulcus (GAS) and the X axis running over the tip of the

PS. A template hemisphere was then created, based on the

averages of the coordinates of each of these points,

measured in all the considered hemispheres (Fig. 2a). The

IFS was included in the template, although present only in

70% of the hemispheres analyzed. Finally, architectonic

maps obtained from ten representative hemispheres cut

coronally (seven M. nemestrina and two M. fascicularis),

were warped in order to fit with the template hemisphere.

To this purpose, we used a Matlab script to apply a

deformation to each of the ten reconstructions, based on a

linear interpolation of a triangle mesh formed by the four

corners of the image and other reference points defined by

the user, using the Matlab ‘‘griddata’’ function (Watson

1992). This method is based on a Delaunay triangulation

of the data. In each case and in the template hemisphere

three groups of reference points were set for the warping

procedure, in addition to the four corners of the images

and the GAS (Fig. 2b). The first group included the tip of

the SAS and two other points, located at 1/3 and 2/3 of

the sulcus. The second group included the tip of the IAS

and two other points, located at 1/3 and 2/3 of the sulcus.

The third group included the tip of the PS and two other

points, located at 1/3 and 2/3 of the distance between the

tip of the PS and the GAS. In this way, composite

architectonic maps were generated, providing information

on the reliability of the architectonic maps, obtained in

ten different hemispheres, and on the interindividual

variability of the location and extent of the identified

architectonic areas, with respect to the major anatomical

landmarks of the caudal VLPF.
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Photographic presentation

Photomicrographs shown in the present study were

obtained by capturing images directly from the sections

with a digital camera attached to the macroscope or to the

microscope. Individual images were then imported in

Adobe Photoshop, in which they were assembled into

digital montages and reduced to the final enlargement.

Image brightness and contrast were adjusted, if necessary,

to reproduce the original histological data.

Results

Several architectonically distinct areas were identified,

totally or partially located in the VLPF region delimited

caudally by the fundus of the IAS, rostrally by the IFS,

dorsally by the ventral crest of the PS and ventrally by the

reflection of the dorso-lateral convexity onto the orbital

surface.

Two of these areas are almost completely limited to the

anterior bank of the IAS, at different dorso-ventral levels.

One more dorsal area partially extends also in the superior

prearcuate bank and should represent the architectonic

counterpart of the FEF. This area has been referred to as

area 8/FEF. One more ventral area occupies the ventral half

of the anterior bank of the IAS and has been referred to as

area 45B. Two other areas lie on the ventral prearcuate

convexity cortex. One is located just rostral to area 8/FEF

on the caudalmost part of the prearcuate convexity cortex

and has been referred to as rostral area 8 (8r). The other,

located rostral to area 8r and dorsal to area 45B, extends in

the caudal VLPF as far as the IFS. This area has been

referred to as area 45A. Area 45A borders dorsally, in the

proximity of the PS with area 46 and, ventrally, in the

proximity of the orbifrontal cortex, with area 12.

The identification of these areas has been primarily

based on the analysis of Nissl-stained material. In this

respect, it should be noted the following (see also Grego-

riou et al. 2006). First, very often architectonic features

change gradually from one region to another, usually in the

range of about 0.5 mm. Accordingly, borders between

areas, shown as arrows in the photomicrographs, indicate

the intermediate points of these transitions. Second, some

general and primary architectonic features, e.g., cell den-

sity and size, often show some interindividual variability.

Accordingly, in the present study the definition of the

cytoarchitectonic areas was mostly based on relative

changes in single layer characteristics and in individual

histological elements, observed within individual cases,

which could be reliably and consistently observed across

different cases. By employing this approach and by using

different planes of sectioning, we were able to set reliable

cytoarchitectonic criteria, despite the interindividual vari-

ability of cytoarchitectonic features.

To seek a possible additional and independent validation

of the presently proposed subdivision of the caudal VLPF,

the cytoarchitectonic approach has been combined with the

Fig. 2 Construction of a template caudal VLPF and warping

procedure for the generation of average architectonic maps. a
drawing of the arcuate, principal and inferior frontal sulcus of the

template caudal VLPF, represented in a Cartesian space centred on

the genu of the arcuate sulcus, with the X axis connecting the genu

with the tip of the principal sulcus. Dots represent the reference points

used to generate the template. The X–Y coordinates of each dot were

obtained by averaging the X–Y coordinates of the corresponding

points of 20 different hemispheres. b Drawing of the template caudal

VLPF showing the reference points used for warping each hemisphere

onto the template hemisphere. The reference points are indicated by

squares located at the four corners of the image, on the genu of the

arcuate sulcus and at different locations along the arcuate sulcus and

the line connecting the genu with the tip of the principal sulcus

(dashed line), as described in the methods. d dorsal, G genu of the

arcuate sulcus, IF inferior frontal sulcus, r rostral. Other abbreviations

as in Fig. 1. Scale bar = 5 mm in a (applies also to b)
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myeloarchitectonic and two different and complementary

chemoarchitectonic approaches. This multiarchitectonic

analysis has been very helpful in providing independent

and complementary criteria for the characterization of the

various identified caudal VLPF areas.

The analysis of myelin-stained material, in spite of some

variability in the quality of fiber staining from one section

to another, showed that, in general, the various cytoarchi-

tectonic areas differed also in their myeloarchitectonic

features. These differences, mostly based on the presence

and staining intensity of the inner and outer horizontal fiber

plexi (‘‘bands of Baillarger’’), provided further support to

the cytoarchitectonic subdivision of the caudal VLPF.

Changes in myeloarchitectonic features, however, were

rather more gradual with respect to changes the cytoar-

chitectonic features. Thus, this approach was less effective

than the cytoarchitectonic one, for a precise delineation of

architectonic borders.

SMI-32 is an antibody which reveals in the primate

neocortex subpopulations of layers III and V pyramidal cell

bodies and proximal portions of their apical and basal

dendrites (Campbell and Morrison 1989). SMI-32ir dis-

plays specific regional and laminar distribution patterns and

is an effective architectonic tool in the macaque for the

delineation of occipito-parietal (e.g., Hof and Morrison

1995), temporal (Cusick et al. 1995), agranular frontal (e.g.,

Geyer et al. 2000), cingulate (Nimchinsky et al. 1996) and

prefrontal (Carmichael and Price 1994) areas. We found

SMI-32ir very helpful for a precise delineation and further

characterization of the different caudal VLPF areas. In this

respect, it should be noted that, likely because of slight

differences in the fixation and immunostaining procedures,

some variability was observed, from one case to another, in

the absolute staining intensity of the immunopositive cells

and neuropil. Nevertheless, qualitative analysis based on

relative changes, within individual cases, in the number of

immunopositive cells and laminar position and intensity of

cell and neuropil immunostaining, showed that the various

caudal VLPF cytoarchitectonic areas very well corre-

sponded to different chemoarchitectonic fields. These

observations were supported by quantitative analysis of the

density of immunopositive pyramids in layers II/III and V.

CBir is present in a subpopulation of cortical nonpyra-

midal and pyramidal neurons (e.g., DeFelipe et al. 1989;

Hendry et al. 1989). Other studies have shown that CBir

displays regional differences in the distribution of immu-

nopositive nonpyramidal or pyramidal cells and can be used

for the characterization of different sensory (Kondo et al.

1999), temporal (Kondo et al. 1994, 1999) and prefrontal

(Carmichael and Price 1994; Condé et al. 1994; Dom-

browski et al. 2001) areas. In agreement with these studies,

we found that also in the caudal VLPF immunopositive

nonpyramidal neurons were by far more represented than

the immunopositive pyramidal ones. In general, all over the

caudal VLPF, immunopositive nonpyramidal neurons were

highly concentrated in layer II and in the uppermost part of

layer III, less concentrated in the remaining part of layer III

and relatively sparse in layers IV–VI. These neurons

showed a high variability in staining intensity, from very

dense to very light, and the proportion of densely stained

cells appeared to be related to the overall staining intensity

of the immunoreacted material. In contrast, immunopositive

pyramidal cells were virtually all weakly stained and mostly

distributed in layer III. Qualitative and quantitative analysis

of the CB immunoreacted material showed that, in spite of a

similar general pattern of CBir distribution, differences in

the number and laminar distribution of CB immunopositive

cells can be very helpful for the characterization of different

caudal VLPF regions and areas.

In the next sections, the architectonics of each caudal

VLPF area will be firstly described in terms of cyto- and

myeloarchitectonic features and distribution of SMI-32ir.

The distribution of CBir in the various caudal VLPF areas

will be described comparatively in a separate section.

Area 8/FEF

Area 8/FEF was identified in the caudalmost part of the

prearcuate cortex. In coronal sections (Fig. 3a, a1), this

cortical sector is cut almost tangentially to the cortical

surface, so that its architecture was poorly delineated.

Nevertheless, it was evident, even at a very low power

view, that this sector hosts a cytoarchitectonic area char-

acterized by the presence of numerous, relatively large

layer V pyramids. Parasagittal, perpendicular to the IAS

and tangential to the arcuate sulcus sections (Figs. 4, 5, 6,

7), provided optimal and complementary views of the

architectonics of this sector. The combined analysis of

these three types of sections showed that the presence of

Fig. 3 Cytoarchitecture of the caudal VLPF. a–e Low-power pho-

tomicrographs of a series of Nissl-stained coronal sections, in a caudal

to rostral order, taken from Case 18r. a1–e1 Low-power photomi-

crographs of a series of Nissl-stained coronal sections, taken from

Case 12r at AP level similar to those shown in a–e. In all

photomicrographs, arrows indicate the borders between cytoarchi-

tectonic areas. Scale bar = 1 mm in a (applies to all

photomicrographs). Section orientation in a1, applies to all photomi-

crographs and section drawings. The levels at which the sections were

taken are indicated by dashed lines on the drawings of the dorso-

lateral views of the hemispheres. Dashed boxes on the section

drawings indicate the locations of the photomicrographs. Dashed
boxes in b–d indicate the location of the higher magnification views

of Fig. 15. Dashed boxes in b1 and d1 indicate the location of the

higher magnification views of Fig. 8. C central sulcus, Cg cingulate

sulcus, IP intraparietal sulcus, l lateral, LF lateral fissure, LO lateral

orbital sulcus, Lu lunate sulcus, MO medial orbital sulcus, ST superior

temporal sulcus. Other abbreviations as in Figs. 1 and 2

c
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large layer V pyramids is a unifying and identifying

architectonic feature of a cytoarchitectonic area almost

completely buried in the caudalmost part of both the dorsal

and the ventral prearcuate bank. Though varying in abso-

lute size across different cases (see, e.g., Figs. 4c, d, 6a,

7b), within each individual case these large layer V pyra-

mids were: (a) usually larger than those in layer III; (b) the

largest layer V pyramids observed anywhere in the caudal

VLPF; (c) comparable in size with the large layer V pyr-

amids observed in the caudally adjacent rostral premotor

cortex. Additional architectonic features of area 8/FEF

(Fig. 8a) were a barely discernible layer II and a layer III

displaying relatively larger pyramids in its lower part,

larger and more numerous in the ventral part of this area.

Layer IV was evident, but relatively thin. Comparison of

parasagittal and tangential sections with similar sections

presented by Stanton et al. (1989) showed that the archi-

tectonic features and the location of this area were very

well coincident with those of the FEF as cytoarchitecton-

ically and functionally defined.

The analysis of myelin-stained sections (Fig. 9a),

showed that area 8/FEF was the heaviest myelinated area

seen anywhere in the caudal VLPF. In particular, this area

(Fig. 10a, a1) was characterized by very close and con-

spicuous vertical bundles of fibers, extending up to the

superficial cortical layers and a dense and course plexus of

mixed vertical and horizontal fibers, which represented an

identifying myeloarchitectonic feature of this area.

Area 8/FEF could be very clearly delineated with SMI-

32ir. Low-power photomicrographs from coronal, para-

sagittal and perpendicular to the IAS (Figs. 11, 12, 13)

sections and higher magnification views in Figs. 12c, e,

13d, and 14a, show the presence, in layer III, of dense,

darkly stained immunopositive pyramids of different size

and dense. Immunopositive apical dendrites were darkly

stained and mostly confined to the lower half of this layer.

Layer V displayed a band of immunopositive neuropil and

many, relatively large, darkly immunostained pyramids.

Although comparisons with Nissl-stained sections sug-

gested that, within each individual case, these

immunopositive pyramids do not represent the entire

population of large layer V pyramids, area 8/FEF was, in

any case, the only caudal VLPF area displaying a consis-

tent population of large, darkly stained, layer V

immunopositive cell bodies. The observation of a relatively

richness in immunopositive layer V pyramids in this area

was confirmed by the quantitative analysis. The two-way

ANOVA performed on the values of laminar density of

SMI-32 immunopositive cells showed a significant main

effect of Area [F(4;68) = 29.438, p \ 0.001] and Layer

[F(1;17) = 23.242, p \ 0.001] and a significant interaction

effect (Area · Layer) [F(4;68) = 17.474, p \ 0.001]. Post

hoc analysis showed that the density of layer V immuno-

positive pyramids in area 8/FEF was significantly higher

(p \ 0.001) than that of all the studied areas, but area 8r

(Fig. 14g).

Area 45B

Area 45B was identified in the ventral prearcuate bank,

rostro-ventrally to area 8/FEF, only slightly extending on

the convexity cortex (Fig. 3b, b1, c, c1). The major iden-

tifying cytoarchitectonic feature of this area was the

presence of large and deeply stained pyramids in the lower

part of layer III, evident even at very low power view.

Higher magnification views (Figs. 4c, d, 6b, c, 8b) show

that these cells were relatively sparse, clearly standing out

against an overall population of layer III pyramids rela-

tively homogeneous in cell size and density. Most of them

were located in the lowest part of layer III, in the proximity

of the border with layer IV. Although varying in number

and size across different individuals, within each case these

outstanding pyramids were always larger than those in

layer V and of a size at least comparable, if not larger, than

that of the large layer V pyramids observed in area 8/FEF.

Area 45B was also characterized by a thin, but definable

layer II and a well developed, cell dense layer IV (Fig. 8b).

Layer V was cell sparse, not clearly sublaminated and

virtually all populated by small pyramids, with only

occasional larger cells in its lower part.

The border between areas 8/FEF and 45B run roughly in

the coronal plane at about 1–2 mm caudal to the tip of the

PS. Accordingly, it was better defined in parasagittal,

perpendicular and tangential to the arcuate sulcus sections,

where the appearance of very large pyramids in layer IIIc

and the virtual disappearance of large layer V pyramids

represented reliable criteria for the definition of the tran-

sition from area 8/FEF to area 45B (Figs. 4c, d, 6b, 7b).

Fig. 4 Cytoarchitecture of the caudal VLPF. a Low-power photo-

micrographs of a Nissl-stained parasagittal section taken from Case

M4l. b Low-power photomicrograph of a Nissl-stained parasagittal

section taken from PR20, shown as from a left hemisphere. Scale
bar = 1 mm in a (applies also to b). Section orientation in b, applies

also to a. In both a and b, a 3D reconstruction of the hemisphere

shows the level at which the section was taken and a drawing of a

coronal section, re-sliced from the 3D reconstruction, shows the AP

level of the border between areas 8/FEF and 45B. The thin dashed box
on the 3D reconstruction indicates the level of the re-sliced coronal

section. The thin dashed box on the section drawing indicates the

mediolateral level of the photographed parasagittal section. c Higher

magnification view of the cytoarchitectonic transitions between areas

8/FEF and 45B, taken from the sections shown in A. d Higher

magnification view of the cytoarchitectonic transitions between areas

8/FEF and 45B, taken from the sections shown in b. The location of

the photomicrographs in c and d is indicated by dashed boxes in a and

b, respectively. Scale bar = 1 mm in c (applies also to d). c caudal;

other abbreviations and conventions as in Figs. 1 and 3

b
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The analysis of tangential sections showed that this border

very well coincided with the rostral border of the FEF,

defined by Stanton et al. (1989). Area 45B occupied vir-

tually the entire extent of the prearcuate bank ventral to

area 8/FEF (Fig. 4a, b, 7a). For most of its extent, it bor-

dered ventrally, in close correspondence with the fundus of

the IAS, with an agranular or dysgranular cortical area,

which extended caudally in the ventral premotor cortex

(Fig. 3b, c). In correspondence with the ventralmost part of

the IAS, area 45B bordered ventrally with a granular area

which, in most cases, occupied the very rostralmost part of

the ventral postarcuate cortex, slightly invading the pre-

arcuate bank (Figs. 4a, 7a, c). This granular area was

considered to be part of area 12 and may correspond to area

12l, as defined by Carmichael and Price (1994).

Myeloarchitectonic analysis showed that area 45B

(Fig. 9b, c) was relatively heavily myelinated, though less

than area 8/FEF. In particular, this area displayed dense

vertical bundles of fibers, thinner than in area 8/FEF, tending

to stop at the level of a very dense and clearly delimited outer

band of Baillarger (Fig. 10b, b1). The upper cortical layers

were much less myelinated than in area 8/FEF.

SMI-32ir was relatively high in area 45B (Figs. 11b, b1,

c, c1, 12a, b, 13b, c), especially in the lower part of layer

III, where immunopositive pyramids were relatively

numerous and immunopositive apical dendrites were

mostly confined. The lowest part of this layer displayed

many quite large immunopositive pyramids (Figs. 12d, f,

13f, 14b), which may correspond to the large, darkly

stained pyramids, observed in Nissl-stained material. In

layer V, neuropil immunostaining was weaker than in area

8/FEF. This layer virtually lacked the large, darkly stained

immunopositive pyramids, clearly evident in area 8/FEF

and only sparse, small immunopositive cell bodies could be

observed. The density of immunopositive pyramids in this

layer (Fig. 14g) was significantly lower than that in area 8/

FEF (p \ 0.001).

Area 8r

Area 8r was identified in the caudalmost part of the pre-

arcuate convexity cortex, at AP levels caudal to the tip of

the PS, dorsal to area 45B (Fig. 3b, b1). Area 8r (Fig. 8d)

was characterized, in general, by a relatively small overall

thickness. Layer III was relatively thin, dense and homo-

geneous, layer IV was thin and difficult to demarcate and

layer V was populated by densely packed small pyramids,

only slightly larger in its ventral part. These features

clearly distinguished this area from areas 45B (Fig. 15a)

and 8/FEF (see, e.g., Fig. 6a). In rostral direction, area 8r

extended, in all cases, at least as far as the caudal end of the

PS, and, in several cases, also in the caudalmost part of this

sulcus (Figs. 4a, 5a).

Area 8r was considerably less myelinated than areas 8/

FEF and 45B (Fig. 9b) and characterized by relatively thin

vertical bundles of fibers, a faint, but evident, outer band of

Baillarger and a more densely labeled inner band of Bail-

larger (Fig. 10d, d1).

SMI-32 immunostaining was lower in area 8r than in

areas 8/FEF and 45B, especially in layer III, mostly

because of a much smaller amount of immunopositive

apical dendrites (Figs. 11b, b1, 12a, b, 13a). Layer III

pyramids (Figs. 13e, 14d) were relatively small, confined

to the lower part of this layer. These cells appeared to be

sparser than in areas 8/FEF and 45B, though no significant

differences were observed in the quantitative analysis

(Fig. 14g), likely because of the lower thickness of layer III

in area 8r, with respect to areas 8/FEF and 45B. Layer V

displayed a neuropil immunostaining denser than in area

45B and almost comparable to that observed in area 8/FEF

and was populated by very small immunopositive cells.

Their density (Fig. 12g) was higher than in all the other

analyzed areas (p \ 0.001), but 8/FEF.

Area 45A

Area 45A was identified rostral to area 8r on the caudal

VPLF convexity cortex. Its major identifying cytoarchi-

tectonic feature was the evident increase in cell size from

the upper to the lower part of layer III, which, however,

lacked the outstanding layer III pyramids typical of area

45B (Figs. 3c, c1, d, d1, 5b, c, 8c). This feature clearly

distinguished this area from area 45B (Figs. 6b, c, 15b).

Additional cytoarchitectonic features of area 45A (Fig. 8c)

were a poorly defined layer II, a well-developed layer IV

and a relatively dense layer V populated by small

pyramids.

Area 45A was heavily myelinated (Figs. 9c, d, 10c, c1)

and characterized by relatively thin and very close vertical

bundles of fibers and a relatively high myelin content in the

superficial layers. Both the outer and the inner bands of

Baillarger were relatively thin, but quite evident. The outer

band, however, was thicker and more labeled than the inner

one.

Fig. 5 Cytoarchitecture of the caudal VLPF. a–c Low-power pho-

tomicrographs of three Nissl-stained perpendicular to the IAS

sections, in a dorsal to a ventral order, taken from Case PR17. Scale
bar = 1 mm in a (applies to a–c). Section orientation in a, applies to

a–c. The levels at which the sections were taken are indicated by

dashed lines on the drawing of the dorso-lateral view of the

hemisphere. Dashed boxes on the section drawings indicate the

locations of the photomicrographs. Dashed boxes on the photomi-

crographs indicate the location of the higher magnification views of

Fig. 6. Other abbreviations and conventions as in Figs. 1, 2, and 3

b
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Fig. 6 Cytoarchitecture of the

caudal VLPF. Higher

magnification views of areas 8/

FEF and 8r (a), 45B (b), and

45A and 12 (c). The location of

the photomicrographs is

indicated by dashed boxes in the

sections shown in Fig. 5.

Arrows mark the intermediate

points of cytoarchitectonic

transitions. Scale bar = 1 mm

in a (applies to a–c)
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SMI-32ir was very helpful for distinguishing area 45A

from the dorsally adjacent area 46 and the ventrally and

rostrally adjacent area 12 (Figs. 11c, c1, d, d1, 13b, c). In

area 45A (Fig. 14c) layer III displayed dense, relatively

small immunopositive pyramids, concentrated in lower

layer III and immunopositive apical dendrites, in many

cases ascending to more superficial layers. Quantitative

analysis (Fig. 14g) showed that immunopositive layer III

pyramids were denser than in the adjacent areas 45B

(p \ 0.05) and 46v (p \ 0.001). In layer V, neuropil

immunostaining was slightly denser than in area 45B.

Immunopositive cell bodies were sparse, relatively small

and less dense than in areas 8/FEF and 8r (p \ 0.001).

Areas 46 and 12

Area 45A was completely located on the caudal VLPF

convexity, extending rostrally as far as the IFS, when

present. Dorsally, it bordered with the ventral part of area

46 (46v) at about 2–3 mm from the sulcal crest (Figs. 3c,

c1, d, d1, 5b). Area 46v (Fig. 8e) was characterized by a

thin, but evident, layer II and a cell dense layer III almost

homogeneously populated by relatively small pyramids,

which distinguished this area from area 45A (Fig. 15c).

Layer IV was well developed and cell dense and layer V

was densely populated by small pyramids. Layer VI, was

rather homogeneous in the proximity of the border with

area 45A, but showed an evident sublamination within the

lower bank of the PS. Except for this different layer VI

organization, area 46v appeared cytoarchitectonically quite

homogeneous as far as the fundus of the PS.

Myelin staining was relatively light (Fig. 9c, d) in area

46v, which clearly distinguished it from area 45A. In

particular, the vertical bundles of fibers were dense, but

very fine-caliber and both bands of Baillarger were evident,

but lightly labeled (Fig. 10e, e1).

SMI-32ir was considerably lower in area 46v than in

areas 45A (Figs. 11c, c1, d, d1, 13b) and 8r (Fig. 12a, b).

In layer III immunopositive apical dendrites were rela-

tively poor and immunopositive pyramids relatively

sparse and small (Fig. 14e). The density of these cells was

the lowest among all the analyzed areas and significantly

different from all areas (p \ 0.001), but 45B (Fig. 14g).

An evident band of immunopositive neuropil was

observed in layer V which was very poor in immuno-

positive cell bodies.

Rostral to area 45B, area 45A was bordered ventrally

by a sector of area 12 (Fig. 3d, d1), which appears to

correspond well to area 12l of Carmichael and Price

(1994). This border run almost obliquely from the rostral

end of the IAS in rostro-dorsal direction. This area 12

sector displayed a size gradient in layer III, in which,

however, layer IIIc pyramids were considerably smaller

than in area 45A (Figs. 6c, 15d). Additional cytoarchi-

tectonic features were a relatively thick layer I, a thin, but

evident layer II, a well developed layer IV and a subla-

minated layer V with somewhat larger pyramids in layer

Vb (Fig. 8f).

The myeloarchitecture of area 12 was similar to that of

area 45A and characterized by thin and close vertical

bundles of fibers and by evident outer and inner bands of

Baillarger (Fig. 10f, f1). However, the overall myelin

staining was, in general, lighter than in area 45A.

In SMI-32 immunostained material, area 12 (Figs. 11d,

d1, 13h, 14f) presented, in layer III, small, sparse, but

darkly stained, pyramids in the lowest part and a very low

content of immunopositive apical dendrites in the lower

half. In the infragranular layers, neuropil immunostaining

tended to be fainter than in area 45A.

Rostral to area 45A (Fig. 3e, e1) the cortical con-

vexity was occupied dorsally by area 46v and ventrally

by an area with cytoarchitectural characteristics similar

to those of area 12. In SMI-32 immunostained material

this more rostral part of area 46v (Fig. 11e1) displayed a

gradual decrease in overall immunostaining intensity,

without any clear chemoarchitectonic border. In contrast,

an increase in SMI-32ir was observed, more evident in

coronal sections from Case 12r (Fig. 11e1), in this more

rostral area 12 sector, possibly corresponding to area 12r

of Carmichael and Price (1994), characterized by the

presence of numerous darkly stained cell bodies in the

lower part, a very low content of immunopositive apical

dendrites and a very weak immunostaining in the infra-

granular layers.

Distribution of CBir in the caudal VLPF

Figure 16a–e, shows representative CB immunostained

fields of areas 8/FEF, 45B, 8r, 45A, and 46v. In general, the

distribution pattern of CBir was quite similar all over the

caudal VLPF, lacking any sharply distinguishable chem-

oarchitectonic border. Nevertheless, some differences were

observed, at a qualitative level of analysis, which allow

one, first of all, to distinguish two main caudal VLPF

regions, a caudal one, including areas 8/FEF, 45B, and 8r

and a rostral one, including areas 45A and 46v. In areas 8/

FEF, 45B, and 8r (Fig. 16a, b, c) the darkly stained non-

pyramidal cells were highly concentrated in layer II and in

the uppermost part of layer III, where immunopositive

neuropil was densely stained. These cells were much

sparser in the remaining part of layer III, especially in area

8/FEF, rare in layer IV and very sparse in layers V and VI.

Neuropil staining in these layers was quite weak except for

a faint band of immunopositive neuropil in layer V. In
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contrast, both areas 45A and 46v (Fig. 16d, e) were char-

acterized by a much higher overall CB immunostaining.

Darkly stained nonpyramidal cells, though highly concen-

trated in the most superficial layers, were very numerous,

though with some variability across cases, through the

entire extent of layer III, where immunopositive neuropil

was quite densely stained. Furthermore, both these areas

displayed a relatively higher concentration of darkly

stained immunopositive cells in layer V, where a band of

neuropil, denser than in areas 8/FEF, 45B, and 8r was

clearly visible even at low power view. A similar pattern of

CBir was observed rostral to area 45A, in areas 46v and 12.

In contrast, in the area 12 sector ventral to area 45A, CB

immunostaining was much stronger and similar to that

observed in the orbitofrontal cortex. A small population of

CB immunopositive pyramidal cells was identified in all

the studied areas. These cells, virtually all lightly stained,

were relatively more frequently encountered in area 45A.

The quantitative analysis of the density of CB immu-

nopositive nonpyramidal and pyramidal neurons in each of

the five studied areas confirmed the general subdivision of

the caudal VLPF into a caudal and a rostral neurochemi-

cally different region.

A two-way ANOVA for repeated measures showed a

significant main effect of both Cell type [F(1;17) = 15627,

p \ 0.001] and Area [F(4;68) = 95.398, p \ 0.001] and a

significant interaction effect (Cell type · Area)

[F(4;68) = 45.359, p \ 0.001]. With respect to the density

of nonpyramidal immunopositive cell (Fig. 17a), post hoc

analysis showed that: (a) the density in areas 45A and 46v

was significantly higher (about 20%) than that in areas 8/

FEF, 45B, and 8r (p \ 0.001); b) the relatively small dif-

ference between areas 45B and 8r (about 5%) was

significant (p \ 0.05). With respect to the density of im-

munopositive pyramidal cells (Fig. 17b), the post hoc

analysis revealed that: (a) the density in area 45A, where

they represented about 10% of the whole population of CB

immunopositive cells, was significantly higher than in

areas 8/FEF and 45B (p \ 0.001); (b) the density in area 8/

FEF was significantly lower than in areas 8r, 45A, and 46v

(p \ 0.001).

The two-way ANOVA performed on the values of

laminar density of CB immunopositive nonpyramidal cells

showed a significant main effect of Area

[F(4;68) = 27.083, p \ 0.001] and Layer/Sublamina

[F(5;85) = 475.63, p \ 0.001] and a significant interaction

effect (Area · Layer/Sublamina) [F(20;340) = 6.5724,

p \ 0.001]. In spite of a general similarity across the five

studied areas, some significant differences were observed

in the second sublamina of layer II/III and in layer V

(Fig. 17c). In the second sublamina of layer II/III, post hoc

analysis showed that the density in areas 8r, 45A, and 46v

was higher than in areas 8/FEF and 45B (p \ 0.001). This

difference was evident also at a qualitative level of analysis

(Fig. 17d, e). In layer V the density in areas 45A and 46v

was higher than in areas 8/FEF (p \ 0.001 and p \ 0.01,

respectively).

All together, these data indicated that areas 8/FEF and

45B are different from areas 45A and 46v in terms of both

general and laminar (second layers II/III sublamina) den-

sity of CB immunopositive nonpyramidal cells. Moreover,

area 8r was similar to areas 8/FEF in terms of overall

density and differed from areas 8/FEF and 45B in the

laminar distribution in the second sublamina of layers II/

III.

Location and extent of areas 8/FEF, 8r, 45B, and 45A

Table 2 summarizes the major architectonic features rec-

ognized and successfully used for the identification of the

above-described caudal VLPF areas in all the examined

hemispheres, independently of the macaque species used.

To obtain an estimate of the distribution of these areas, a

3D reconstruction was generated from the individual sec-

tions for each case studied. The location and the extent of

areas 8/FEF, 8r, 45B and 45A are shown in two recon-

structed hemispheres (Cases 18r and 12r) in Fig. 18a. For

each hemisphere, the frontal lobe is shown from a dorso-

lateral view and from a caudolateral view in which the

anterior bank of the IAS was exposed with dissection of the

3D reconstruction along the fundus of the arcuate sulcus.

Both location and extent of the four areas are quite con-

sistent and the areal distribution was very similar in the rest

of the cases studied.

Moreover, in order to have an estimate of the interin-

dividual variability in location and extent of the identified

areas, 2D reconstructions of the frontal lobe and of the

identified architectonic areas of ten hemispheres have been

warped to fit with an ‘‘average’’ frontal lobe. Panels B1–B4

in Fig. 18b show the degree of overlap of the ten archi-

tectonic maps, separately for each area. In each panel, the

cortical surface where at least nine individual maps over-

lapped is shown in red, while that occupied by no more

Fig. 7 Cytoarchitecture of the caudal VLPF. a Low-power photo-

micrograph of a Nissl-stained tangential to the arcuate sulcus section,

taken from Case PR18. The upper 3D reconstruction of a right
hemisphere shows in darker grey the brain sector dissected in order to

expose the approximate level of the section, shown in the lower 3D

reconstruction. The dashed box on the reconstruction indicates the

locations of the photomicrograph. Scale bar = 1 mm. b Higher

magnification view of the cytoarchitectonic transitions between areas

8/FEF and 45B. c Higher magnification view of the cytoarchitectonic

transitions between areas 45B and 12. The location of the photomi-

crographs is indicated by the dashed boxes on the section shown in a.

Scale bar = 1 mm in c (applies also to b). Conventions and

abbreviations as in Figs. 1 and 3

b
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Fig. 8 Cytoarchitecture of the caudal VLPF. Higher power photomi-

crographs of representative fields of cytoarchitectonic areas 8/FEF (a),

45B (b), 45A (c), 8r (d), 46v (e), and 12 (f), taken from Case 12r. The

location of all the photomicrographs, but that in a, is indicated by

dashed boxes in Fig. 2b1, d1. The photomicrograph of area 8/FEF has

been taken from a section 600 lm rostral to that shown in Fig. 2a1.

Scale bar = 500 lm in a (applies to a–f)
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than two of them is shown in blue. In panel B5, the cortical

surfaces occupied by areas 8/FEF, 8r, 45B, and 45A in at

least nine maps and in at least seven maps (the areal core)

are shown in red and orange, respectively. These data

indicate that, in spite of some interindividual variability,

the location and the extent of these areas was quite similar

across different cases and species.

All together, the 2D and 3D reconstructions of Fig. 18

thoroughly describe the brain location and extent of areas

8/FEF, 8r, 45B and 45A, as well as their relationships

with neighboring cortical areas. A few points are worth

noting: (a) in agreement with Stanton et al. (1989), area 8/

FEF is limited to the prearcuate cortex and the crest of

the arcuate sulcus. The ventral border of its core is

located at about 53% of the total length of the IAS; (b)

area 8r extends for about 9 mm in dorso-ventral direction

and 2–3 mm in rostro-caudal direction, always reaching

the tip of the PS and, in many cases, occupying the

caudalmost part of this sulcus; (c) the core of area 45B

extends for about 4–5 mm along the anterior bank of the

IAS and does not include its very ventralmost part; (d) the

core of area 45A extends for about 6 mm in dorso-ventral

direction and about 4 mm in rostro-caudal direction,

reaching the caudal part of the IFS, which can be con-

sidered as a macroscopic landmark for the rostral border

of this area. It should be noted however, that an evident

IFS was observed only in about 70% of the hemispheres

used for the generation of the average hemisphere, with-

out any bias in favor of one of the two macaque species

used for this purpose.

Discussion

In the present study we have provided a detailed descrip-

tion of the architectonic organization of the caudal VLPF

of the macaque monkey by using a combination of cyto-,

myelo-, and chemoarchitectonic criteria. In this way, we

have defined several architectonically distinct areas, com-

pletely or only partially located in the caudal VLPF. Two

of these areas—8/FEF and 45B—are almost completely

buried in the anterior bank of the IAS. Area 8/FEF occupies

about the dorsal half of this bank, extending also dorsally

in the superior prearcuate bank, while area 45B occupies

virtually the entire extent of the ventral half of it. Two

other areas—8r and 45A—are located on the VLPF con-

vexity cortex. Area 8r occupies the caudalmost part of both

the dorsal and the ventral prearcuate convexity cortex,

extending rostrally as far as the caudalmost part of the PS.

Area 45A occupies most of the cortical convexity located

Fig. 9 Myeloarchitecture of the

caudal VLPF. a–d Low-power

photomicrographs of a series of

myelin-stained coronal sections,

in a caudal to rostral order,

taken from Case 29r at AP

levels comparable to the

sections taken from Case 12r,

shown in Fig. 2a1–d1. Arrows
on the photomicrographs

indicate the location of

cytoarchitectonic borders

reported from adjacent Nissl-

stained sections. Dashed boxes
indicate the location of the

higher magnification views of

Fig. 10b–e. Scale bar = 1 mm

in a (applies to a–d). Section

orientation in a applies to a–d.

Abbreviations as in Figs. 1, 2,

and 3
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between the IAS and the PS, extending rostrally as far as

the IFS. Finally, area 45A borders dorsally with area 46v,

which extends up to the fundus of the PS, and ventrally

with area 12, which extends into the lateral part of the

orbitofrontal cortex.

The present data, showing the existence of two distinct

prearcuate convexity areas—8r and 45A—extend other

architectonic subdivisions of the caudal VLPF and provide

a new multiarchitectonic frame of reference for this pre-

frontal region.

Architectonics of the caudal VLPF

The entire extent of the prearcuate bank and of the adjacent

convexity cortex was originally considered by Brodmann

(1905) as a single cytoarchitectonic area, designated as

area 8. A different subdivision of the macaque prefrontal

cortex was subsequently proposed by Walker (1940), so far

followed by most of the electrophysiological and connec-

tional studies of this region. In Walker’s map the

prearcuate bank is made up of a dorsal and a ventral area,

designated as 8A and 45, respectively, extending onto the

prearcuate convexity and replaced rostrally by prefrontal

area 46. Although using different nomenclatures, von Bo-

nin and Bailey (1947), Barbas and Pandya (1989) and

Preuss and Goldman-Rakic (1991) basically agreed with

the dorso-ventral subdivision of Brodmann’s area 8, or at

least of the prearcuate bank, proposed by Walker (1940).

The discovery of a functionally distinct frontal eye

field—the FEF—located in the prearcuate cortex (Bruce

and Goldberg 1984; Bruce et al. 1985), seriously chal-

lenged the possible functional validity of these

architectonic subdivisions. In fact, the FEF, defined as the

cortical sector from which eye movements can be evoked

with low-current intracortical microstimulation, is confined

to the caudalmost part of both the superior and inferior

prearcuate bank. Accordingly, this field would not have an

architectonic counterpart, partially overlapping with both

the ventral and the dorsal subdivisions of the prearcuate

bank (e.g., areas 8A and 45 of Walker). This issue was

successfully addressed by Stanton et al. (1989) in a com-

bined functional and cytoarchitectonic study. This study

showed that the FEF corresponds to a distinct cytoarchi-

tectonic field, characterized by the presence of large layer

V pyramids, limited to the prearcuate bank and straddling

over the caudal parts of Walker’s areas 8A and 45. Thus, as

far as the caudal VLPF is concerned, these data clearly

demonstrated that Walker’s area 45 is not homogeneous.

Petrides and Pandya (1994, 1999, 2002) have read-

dressed the issue of the organization of the caudal VLPF in

a series of cytoarchitectonic studies. These authors agreed

with Stanton et al. (1989) that the dorsal part of Walker’s

area 45 corresponds to the ventral part of the FEF (Cadoret

et al. 2000). This field—area 8Av—was, however, exten-

ded onto the convexity cortex as far as the caudal tip of the

PS. Ventral to area 8Av, Petrides and Pandya (1994, 2002)

identified a cytoarchitectonic area displaying very large

layer III pyramids, a well developed layer IV and lacking

large layer V pyramids. This area—area 45—occupies the

ventral part of the prearcuate bank, and the convexity

cortex rostral to area 8Av. The anterior part of this area was

designated as area 45A, while the posterior part, lying in

the prearcuate bank was designated as area 45B. Accord-

ingly, area 45 as defined by Petrides and Pandya (1994,

Fig. 10 Myeloarchitecture of the caudal VLPF. Higher magnification

views of representative myeloarchitectonic fields of areas 8/FEF (a),

45B (b), 45A (c), 8r (d), 46v (e), and 12 (f), taken from Case 29r. The

location of b–e, is indicated by dashed boxes in Fig. 9b–d. The fields

shown in a and f are from sections close to those shown in Fig. 9a and

d, respectively. Higher magnification views of representative myel-

oarchitectonic fields of areas 8/FEF (a1), 45B (b1), 45A (c1), 8r (d1),

46v (e1), and 12 (f1), taken from Case 38. iB inner stria of Baillarger,

oB outer stria of Baillarger. Scale bar = 500 lm in a (applies to all

photomicrographs)
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2002), is a completely newly defined area, which, in the

prearcuate bank, corresponds only to the ventral part of

area 45 of Walker (1940). Moreover, onto the caudal VLPF

convexity, this area occupies a cortical sector of highly

controversial architectonic attribution, considered by

Walker (1940) as part of area 46, by Barbas and Pandya

(1989) as part of areas ventral 8 and 46 and by Preuss and

Goldman-Rakic (1991) as part of area 8Ar, 12 and, pos-

sibly, 46.

The present data strongly support the architectonic dis-

tinctiveness of a caudal VLPF sector—area 45—with

respect to areas 8, 46, and 12, in agreement with Petrides

and Pandya (1994, 2002), but also provide robust, multi-

modal evidence that area 45 is made up of two distinct

architectonic areas, designated as areas 45A and 45B. In

this respect, it should be noted that a similar subdivision of

area 45 was already set by Petrides and Pandya (1994,

2002). These authors, however, did not describe the criteria

used for distinguishing these two sectors and, from their

cytoarchitectonic and connectional studies, it seems quite

clear that area 45, as a whole, was considered as a single

architectonic entity.

In Nissl-stained material, we found that the evident size

gradient in layer III and the virtual lack of very large and

deeply stained layer III pyramids clearly distinguished area

45A from area 45B. In spite of some interindividual vari-

ability, these cytoarchitectonic differences have been

constantly and reliably observed in all hemispheres analyzed

in the present study, including hemispheres from different

monkey species and cut along different planes of sectioning.

Although it is possible that architectonic differences between

areas 45A and 45B were noticed by Petrides and Pandya

(1994, 2002), but not considered as a reliable and sufficient

criterion for setting a cytoarchitectonic border, in the present

Fig. 11 Distribution of SMI-

32ir in the caudal VLPF. a–d
Low-power photomicrographs

of a series of SMI-32

immunostained coronal

sections, in a caudal to rostral

order, taken from Case 18r.

Section in a is adjacent to that

shown in Fig. 3a. Sections in b,

c, and d are close to those

shown in Fig. 3b, c, and d,

respectively. a1–e1 Low-power

photomicrographs of a series of

SMI-32 immunostained coronal

sections, in a caudal to rostral

order, taken from Case 12r.

Sections in a1 and b1 are

adjacent to those shown in

Fig. 3a1 and b1, respectively.

Sections in c1, d1, and e1 are

close to those shown in

Fig. 3c1, d1, and e1,

respectively. No material was

available for case 18r at the

level shown in e1 for Case 12r.

Arrows on the

photomicrographs indicate the

location of cytoarchitectonic

borders reported from Nissl-

stained sections. Scale
bar = 1 mm in a (applies to all

photomicrographs). Section

orientation in a, applies to all

photomicrographs. Dashed
boxes in b–d indicate the

location of the higher

magnification views of Fig. 12.

Abbreviations as in Figs. 1, 2,

and 3
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study we provided independent architectonic evidence in

favor of the distinctiveness of these two areas.

First, in myelin-stained sections, although both areas

45A and 45B are relatively heavily myelinated, an evident

inner band of Baillarger clearly distinguished area 45A

from area 45B. A myeloarchitetonic sector corresponding

to area 45A was not recognized by Preuss and Goldman-

Rakic (1991), likely because of its myeloarchitectural

pattern relatively similar to that of area 12. In a previous

study, however, Preuss and Goldman-Rakic (1989) have

suggested that a myeloarchitectonic field, likely corre-

sponding to area 45A, could represent an additional

subdivision of area 46 or area 12.

Second, our chemoarchitectonic data further support

the presently proposed subdivision. In particular, SMI-

32ir was very helpful for a clear definition of area 45A,

relatively rich in immunopositive pyramids and dendrites

in layer III, against areas 46 and 12, where cells and

dendrites immunostaining is considerably poorer. Fur-

thermore, although similar in their general pattern of

SMI-32ir, areas 45A and 45B differed in terms of density

and size of layer III immunopositive pyramids and in

terms of density and laminar distribution of layer III

immunopositive dendrites. Finally, areas 45A and 45B

showed significant differences in their distribution pat-

terns of CB immunopositive nonpyramidal cells,

suggesting the existence of a different organization of the

intrinsic cortical circuitry in these two areas, as well as of

CB immunopositive pyramids. In this respect, it is inter-

esting to note that, on the basis of the absolute number

and laminar distribution of CB immunopositive nonpyra-

midal cells, area 45A appears quite similar to area 46v

area, while 45B appears quite similar to area 8/FEF.

As Stanton et al. (1989) and Petrides and Pandya (1994,

1999, 2002), we also found clear evidence for setting an

architectonic border at about half of the ventral prearcuate

bank and were able to define a distinct architectonic field—

area 8/FEF—which appears to exactly correspond to the

FEF as defined by Stanton et al. (1989). Furthermore,

although this area displays a gradient in the number and

size of layer III pyramids from the dorsal to the ventral

part, in agreement with Stanton et al. (1989) we did not find

consistent changes, which could justify a dorso-ventral

subdivision of this field. Finally, the ventral border of area

8/FEF was set in a location closely corresponding to the

ventral border of the FEF (Stanton et al. 1989) or of area

8Av of Petrides and Pandya (1994, 2002). The present data

extend the observation of these authors in providing addi-

tional, independent myelo- and chemoarchitectonic criteria

useful for the localization of this border.

Finally, a further major finding of the present study has

been the definition of a distinct architectonic area—8r—

lying onto the caudalmost prearcuate convexity cortex,

rostral to area 8/FEF and caudal to area 45A. In this

Fig. 11 continued
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respect, it should be noted that Preuss and Goldman-Rakic

(1991) were able to define in myeloarchitectonic material

an area—8Ar—which appears to largely overlap with area

8r of the present study. Furthermore, in a recent study

based on unbiased stereological analysis (Medalla and

Barbas 2006) the prearcuate bank and the prearcuate con-

vexity were found to differ in terms of overall neuronal

density. In the present study, we confirm and extend these

observations, providing multiarchitectonic evidence in

favor of the architectonic distinctiveness of this prearcuate

sector. This finding fits well with the observations of

Stanton et al. (1989) that the FEF, as cytoarchitectonically

and functionally defined, do not extend onto the prearcuate

convexity for more than 1–2 mm.

Functional considerations

The present study indicates that the architectonic organi-

zation of the macaque caudal VLPF is more complex than

that proposed in other architectonic studies. The possible

functional validity of the presently proposed subdivision is

an issue that certainly needs to be addressed in future

studies, in which connectional and electrophysiological

data are correlated with architectonics. Nevertheless, the

present data appear quite promising in clarifying some

apparently controversial data related to the connectional

and functional organization of area 45 and of the caudal-

most prearcuate convexity.

Until its identification by Petrides and Pandya (1994), no

studies have specifically focused on the connectional and

functional properties of area 45. In fact, likely because of

its controversial architectonic definition, most of the cor-

tical sector corresponding to area 45A has been commonly

considered, in the functional literature, as part of a larger

VLPF region, mostly overlapping with Walker’s area 12,

playing a role in object and faces encoding in working

memory (Wilson et al. 1993; O Scalaidhe et al. 1997, 1999;

Levy and Goldman-Rakic 2000) or in conditional learning

based on object identity (Passingham 1993; Passingham

et al. 2000). Furthermore, very likely for the same reasons,

connectional studies have been mostly focused on area 12

Fig. 12 Distribution of SMI-

32ir in the caudal VLPF. a Low-

power photomicrograph of a

SMI-32 immunostained

parasagittal section taken from

Case M4l, at a level close to that

shown in Fig. 4a. b Low-power

photomicrograph of a SMI-32

immunostained parasagittal

section taken from Case M3 at a

level slightly medial to that

shown in a and shown as a left
hemisphere. Arrows on the

photomicrographs indicate the

location of cytoarchitectonic

borders reported from adjacent

Nissl-stained sections. Scale
bar = 1 mm in a (applies also to

b). Section orientation in a,

applies also to b. Dashed boxes
in a indicate the location of the

higher magnification views

shown in c and d. Dashed boxes
in b indicate the location of the

higher magnification views

shown in e and f. Higher

magnification views of areas 8/

FEF (c) and 45B (d) taken from

the section shown in a. Higher

magnification views of areas 8/

FEF (e) and 45B (f) taken from

the section shown in b. Scale
bar = 500 lm in c (applies to

c–f). Abbreviations as in Figs. 1

and 2
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and its subdivisions (e.g., Barbas 1988; Barbas and Pandya

1989; Carmichael and Price 1995a, b) or on area 46

(Barbas and Mesulam 1985; Barbas 1988; Preuss and

Goldman-Rakic 1989). Petrides and Pandya (2002) pro-

vided the first description of the cortical connectivity of

area 45 on the basis of relatively large tracer injections,

likely involving both areas 45A and 45B, considered, as

mentioned above, all together as a single area. Their results

showed that area 45 is a target of rich projections origi-

nating from auditory-related areas of the STG and from

multimodal areas of the upper bank of the superior tem-

poral sulcus (area STP). These observations were

considered by Petrides and Pandya (2002) as a strong

argument in favor of the notion, based also on comparative

cytoarchitectonic analysis, that the monkey area 45 is the

possible homolog of the corresponding area of the human

brain, that, in the left hemisphere, corresponds to the rostral

part of the Broca’s region (see also Petrides 2005). This

hypothesis found strong support in electrophysiological

studies (Romanski and Goldman-Rakic 2002; Romanski

et al. 2005; Sugihara et al. 2006) showing that area 45

contains neurons responsive to auditory, visual or com-

bined auditory and visual communication stimuli,

suggesting an integration, in this area, of communicative

information from the auditory and the visual domains.

The study of Petrides and Pandya (2002), however,

showed that area 45 displays strong connections also with

different subdivisions of area 8, including the FEF and with

a rostral sector of the dorsal premotor cortex, likely cor-

responding to SEF. Considering that in humans the

Fig. 13 Distribution of SMI-

32ir in the caudal VLPF. a–c
Low-power photomicrographs

of SMI-32 immunostained

perpendicular to the IAS

sections, in a dorsal to a ventral

order, taken from Case PR17,

adjacent or close to the sections

shown in Fig. 5. Arrows on the

photomicrographs indicate the

location of cytoarchitectonic

borders reported from adjacent

Nissl-stained sections. Scale
bar = 1 mm in a (applies to a–

c). Section orientation in b
(applies to a–c). Dashed boxes
indicate the locations of the of

the higher magnification views

shown in d–h. Higher

magnification views of

representative fields of areas 8/

FEF (d), 8r (e), 45B (f), 45A

(g), and 12 (h), taken from the

sections shown in a–c. Scale
bar = 500 lm in d (applies to

d–h). Abbreviations as in

Figs. 1, 2, and 3
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language-related Broca’s region is not involved in oculo-

motor functions (see, e.g., Connolly et al. 2007), these

connections of area 45 with oculomotor related fields

appear at odds with the proposed homology of this area

with the corresponding area of the human brain.

The present data, showing that area 45 of Petrides and

Pandya (2002) consists of two distinct architectonic enti-

ties—45A and 45B—appear helpful for clarifying this

apparent discrepancy. Indeed, connectional evidence indi-

cates that both the two frontal oculomotor fields, the FEF

and the SEF (Huerta et al. 1987; Huerta and Kaas 1990;

Luppino et al. 2003; Stanton et al. 1993; Wang et al. 2005),

though with some variability across different studies,

appear to be more densely connected with a ventral sector

of the prearcuate cortex (area FV of Huerta et al. 1987; area

FDi of Stanton et al. 1989), very likely corresponding to

area 45B, than with area 45A. The same appears to be true

also for the projections from motion sensitive visual areas

FST and MST of the caudal superior temporal sulcus

(Maioli et al. 1998). Furthermore, a combined 2-deoxy-

glucose and transneuronal tracing study (Moschovakis

et al. 2004) has suggested that the cortical sector activated

by the execution of saccadic eye movements and oligosy-

naptically connected with extraocular motorneurons,

extends ventrally to the FEF in the location of area 45B,

but not on the convexity cortex, in the location of 45A.

Conversely, projections from auditory belt cortex (Ro-

manski et al. 1999b), STG (Petrides and Pandya 1988), and

STP (Seltzer and Pandya 1989) appear to target area 45A,

but not area 45B. Moreover, Romanski et al. (1999a)

observed labeling in auditory cortex following an injection

involving areas 12 and 45, but not following an injection in

Fig. 14 Distribution of SMI-

32ir in the caudal VLPF. Higher

magnification views of

representative SMI-32

immunostained fields of areas 8/

FEF (a), 45B (b), 45A (c), 8r

(d), 46v (e), and 12 (f), taken

from 18r. The location of all the

photomicrographs, but that in a,

is indicated by dashed boxes in

Fig. 11b–d. Borders between

cortical layers have been

reported from adjacent Nissl-

stained sections. Scale
bar = 500 lm in a (applies to

a–f). g Mean (±SD) values of

the density of SMI-32

immunopositive pyramids in

layer II/III (left) and V (right) of

areas 8/FEF, 45B, 8r, 45A, and

46v of three Cases (PR17, C18r,

and MEF16l). The values are

referred to 24 cortical

transverses 250 lm wide per

area. Double and single
asterisks indicate a significance

level of p \ 0.01 and p \ 0.05,

respectively
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the ventral prearcuate bank (likely 45B). Furthermore: (a)

auditory and/or visual neurons coding communicative

stimuli were recorded just caudal to the IFS, i.e. in area

45A, but not in 45B (Romanski and Goldman-Rakic 2002;

Romanski et al. 2005; Sugihara et al. 2006) and (b) face or

object selective neurons appear to be located in a sector

encompassing both areas 45A and 12, but not 45B (Wilson

et al. 1993; O Scalaidhe et al. 1997, 1999). Although,

definitive functional and connectional evidence is still

needed, all together these data suggest that areas 45B and

45A are not only architectonically, but also functionally

and connectionally distinct: area 45B would be a distinct

entity of the oculomotor frontal cortex, while area 45A

would be a prefrontal area playing a role in the control of

communicative behavior. Support in favor of the distinc-

tiveness of area 45A with respect to both areas 45B and

46v has come from recent fMRI data in awake monkeys

(Nelissen et al. 2005) showing that observation of shapes

and of actions made by others produced three anatomically

segregated activation foci in the VLPF, localized in areas

45B, 45A, and 46v.

One further issue raised by the present data relies on

the identification of an architectonic area—8r—located in

the caudalmost prearcuate convexity. Most connectional

studies of this sector have been based on injections lim-

ited to the FEF, functionally identified (Huerta et al.

1987; Stanton et al. 1993; Schall et al. 1995; Stanton

et al. 1995), or on large injections involving both the

prearcuate bank and the adjacent convexity cortex (Barbas

and Mesulam 1981; Barbas 1988; Barbas and Pandya

1989). However, Medalla and Barbas (2006) have

recently observed that the cortical sector corresponding to

area 8r displays a pattern of connectivity with the lateral

intraparietal area LIP, different from that of a prearcuate

sector corresponding to area 8/FEF. These data suggest

that the prearcuate bank and the prearcuate convexity

(likely 8/FEF and 8r, respectively) differ not only in terms

of overall neuronal density, but also, at least in part, in

their cortical connections.

In the functional literature, this cortical sector has been

often included into a larger caudal prefrontal region,

extending also into caudal area 46, considered to be

involved in visuospatial functions and in spatial working

memory (see, e.g., Levy and Goldman-Rakic 2000; Ro-

manski 2004). Recent data, however, have shown that the

caudal prearcuate convexity: (a) similarly to area 45B, is

activated by the execution of saccadic eye movements and

is a source of oligosynaptic projections to the extraocular

muscles (Moschovakis et al. 2004); (b) appears to be

selectively involved in vergence and ocular accommoda-

tion, and in the sensorimotor transformations required for

these eye movements (Gamlin and Yoon 2000); (c) con-

tains a class of direction selective visually responsive

neurons which appear to play an important executive role

during the execution of a direction discrimination task in

which the sample and test stimuli were separated by a brief

Fig. 15 Cytoarchitectonic transitions between caudal VLPF areas. a
Higher magnification view of the cytoarchitectonic transition between

areas 45B and 8r, taken from the section shown in Fig. 3b. b Higher

magnification view of the cytoarchitectonic transition between areas

45B and 45A, taken from the section shown in Fig. 3c. c Higher

magnification view of the cytoarchitectonic transition between areas

45A and 46v, taken from the section shown in Fig. 3d. d Higher

magnification view of the cytoarchitectonic transition between areas

45A and 12 taken from the section shown in Fig. 3d. Scale
bar = 1 mm in a (applies also to a–d)

Fig. 16 Distribution of CBir in

the caudal VLPF. Higher

magnification views of

representative CB

immunostained fields of areas 8/

FEF (a), 45B (b), 8r (c), 45A

(d), and 46v (e), taken from

Case PR17. Scale
bar = 500 lm in a (applies to

a–e)

b
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Fig. 17 Distribution of CBir in

the caudal VLPF. Mean (±SD)

values of the density of CB

immunopositive layers I–V

nonpyramidal (a) and pyramidal

(b) neurons and laminar density

of CB immunopositive

nonpyramidal neurons (c) of

areas 8/FEF, 45B, 8r, 45A, and

46v of three Cases (PR17, M3l,

and MEF16l). The values are

referred to 24 cortical

transverses of 250 lm width per

area. For the analysis of the

laminar density, layers II plus

III have been subdivided into

four sublaminae of equal

thickness. Double and single
asterisks indicate a significance

level of p \ 0.01 and p \ 0.05,

respectively. Higher power

photomicrographs centred on

the second layer II/III sublamina

of areas 45B (d) and 45A (e).

Scale bar = 100 lm in d,

applies also to e

Table 2 Salient architectonic features of the caudal VLPF areas

Area Nissl Myelin SMI-32ir

8/FEF Many medium sized layer

III pyramids

Many large layer V

pyramidsa

Highly myelinated.

Dense and wide horizontal

fiber plexusa

Layer III rich in positive apical dendrites and cell

bodies

Large, layer V positive cellsa

High layer V positive cell densityc

45B Large, deeply stained layer

III pyramidsa

Relatively cell sparse layer

V with rare large pyramidsb

Highly myelinated

Dark outer band of

Baillargerb

Layer III rich in positive apical dendrites and cell

bodies

Large, layer III positive cellsb

Small layer V positive cell

Low layer V positive cell densityc

8r Thin, homogeneous layer

IIIb

Prominent layer V with

densely packed small

pyramidsa

Moderately myelinatedb

Outer band of Baillarger;

lighter than the inner oneb

Relatively small amount of positive apical

dendrites and sparser positive cells in layer

IIIb

Small layer V positive cells

High layer V positive cell densityc

45A Dense medium sized

pyramids in lower layer

IIIa

Relatively dense layer V

Highly myelinatedb

Dark outer and inner bands

of Baillagerb

Layer III rich in positive apical dendrites and

medium sized pyramids

Cell density in layer III higher than in area 45Bc

Low layer V positive cell densityc

46v Dense, homogeneous layer

IIIb

Cell dense layers IV and V

Lightly myelinatedb

Both bands of Baillarger

evidentb

Lower content of positive dendrites in layer III

and of positive cells in layers III and Va

Low layers III and V positive cell densityc
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memory delay (Zaksas and Pasternak 2006). These data

suggest that area 8r represents a further independent field

of the frontal oculomotor cortex, distinct from the FEF and

the caudal part of area 46.
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Table 2 continued

Area Nissl Myelin SMI-32ir

12 Cell dense layer III with

slight increase in cell size

in the lower partb

Sublaminated layer Vb

Moderately myelinatedb

Both bands of Baillarger

evident

Sparse, darkly stained cells in lower layer IIIb

Very low content of positive apical dendrites in

layer IIIb

a Identifying architectonic feature
b Distinguishes area from some of its neighbor
c Based on quantitative analysis

Fig. 18 Location and extent of

caudal VLPF areas. a 3D

reconstructions of the frontal

lobe of Cases 18r and 12r. For

each case, the frontal lobe is

shown from a dorso-lateral view

(scale bar = 5 mm, for both

reconstructions) and from a

caudolateral view in which the

anterior bank of the IAS was

exposed with dissection of the

3D reconstruction along its

fundus. b Average location of 8/

FEF (B1), 45B (B2), 8r (B3),

and 45A (B4) obtained by

warping 2D reconstructions of

ten cytoarchitectonic maps from

seven Macaca nemestrina and

two M. fascicularis to fit with a

template frontal lobe. The

degree of overlap of the

individual maps is shown with a

color scale from red (overlap of

at least nine maps) to blue
(overlap of no more than two

maps). Scale bar = 5 mm in B1
(applies to B1–B4). B5 shows an

overall view of the convexity

cortex occupied by areas 8/FEF,

45B, 8r, and 45A in at least nine

(red) or seven (orange, the areal

core) maps. Scale bar = 5 mm.

Dashed box on the brain

drawing indicates the area

shown enlarged in B1–B5.

Abbreviations as in Figs. 1, 2,

and 3
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