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Summary 

Zusammenfassung 

Ziel der vorliegenden Studie ist eine detaillierte Parzellierung des frontalen Cortex beim 

Makaken, die auf einem multimodalen und quantitativen Analyseansatz (kombinierte 

cytoarchitektonische und Multi-Rezeptoranalyse) beruht. 

Das Gehirn eines adulten Rhesusaffen (Macaca mulatta) wurde in Paraffin eingebettet, 

frontal im Mikrotom geschnitten und histologisch (Zellkörperfärbung) gefärbt. Die Grenzen 

kortikaler Areale wurden durch eine quantitative Methode bestimmt (Messung von 

Änderungen des laminären Zelldichtemusters). Außerdem wurden im Frontallappen von vier 

männlichen adulten Makakkengehirnen (Macaca fascicularis) mit quantitativer in vitro 

Rezeptorautoradiographie die regionalen und laminären Verteilungsmuster von 13 

verschiedenen Rezeptoren bestimmt. In jedem Areal wurden die mittleren (gemittelt über alle 

kortikalen Schichten) Rezeptordichten als „Receptor fingerprints“ erfasst. Um Cluster von 

Arealen nach ihrem Grad an Ähnlichkeiten in ihren Fingerprints zu identifizieren wurde eine 

multivariate Analyse durchgeführt. 

Es konnten 50 cyto- und rezeptorarchitektonische Areale identifiziert werden, von denen 16 

zum motorischen Cortex, 18 zum präfrontalen Cortex, und 16 zum orbitofrontalen Cortex 

gehören. Die cytoarchitektonischen Grenzen wurden rezeptorarchitektonisch durch 

Änderungen in der Dichte und laminären Verteilung multipler Rezeptoren bestätigt. Frühere 

Karten des frontalen Cortex konnten partiell bestätigt werden, aber es wurde auch die 

Existenz einiger, bisher nicht beschriebener Areale nachgewiesen. Area 10, 8B, F7, F5 und 

F4 konnten weiter unterteilt werden. Das resultierende neue Parzellierungsschema wird in 

einer 2-D Oberflächendarstellung. Weiterhin wurden die Dichten jeder der 13 Rezeptortypen 

in 48 der 50 Areale gemessen. Die multivariate Analyse der so ermittelten 

Rezeptorfingerprints ermöglichte strukturell und funktionell relevante Cluster von Arealen zu 

definieren, die ähnliche neurochemische Eigenschaften teilen. 

In der vorliegenden Arbeit wird daher eine detaillierte Parzellierung des Frontallappens beim 

Makaken vorgelegt, die auf einer multimodalen und quantitativen Analyse beruht. Die 

resultierende Hirnkarte stellt ein wertvolles Werkzeug für künftige Studien dar, deren Ziel es 

ist die komplexen Prozesse zu verstehen, die der Kognition, motorischen Funktionen, 

Konnektivität und Evolution des menschlichen Gehirns zugrunde liegen.  
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Summary 

The aim of this study is to create a detailed parcellation of the macaque frontal cortex based 

on a multimodal and quantitative (combined cytoarchitectonic and multi-receptor analyses) 

approach. 

The brain of an adult Macaca mulatta was embedded in paraffin, serially sectioned (using a 

microtome) in the coronal plane and stained for cell bodies. Borders of cortical areas were 

identified by a quantitative method based on the identification of changes in laminar cell 

density patterns. Quantitative in vitro receptor autoradiography was used to analyze the 

distribution patterns of 13 different transmitter receptors in the frontal lobe of four adult male 

Macaca fascicularis monkeys. For each area, mean (averaged over all cortical layers) 

receptor densities were visualized as a receptor fingerprint. Multivariate analyses were 

conducted to detect clusters of areas according to the degree of (dis)similarity of their 

receptor organization.  

Fifty cyto- and receptorarchitectonically distinct areas were identified, of which 16 belong to 

the motor cortex, 18 to the prefrontal cortex, and 16 to the orbitofrontal cortex. 

Cytoarchitectonically identified borders were further confirmed by changes in the densities 

and laminar distribution patterns of multiple receptors. Some previously published 

parcellations could be confirmed, but also the existence of several hitherto undescribed areas 

was also revealed, such as a subdivision of areas 10, 8B, F7, F5 and 4. The ensuing novel 

parcellation scheme was presented in a 2D flat map to enable comparison with previous 

maps. Additionally, the density of each of the 13 receptor types was quantified in 48 of the 50 

areas and multivariate analyses of the ensuing receptor fingerprints revealed structurally and 

functionally relevant clusters of areas which share similar neurochemical and properties.  

The present study provides a detailed map of the monkey frontal lobe, based on a multimodal 

and quantitative approach. This map constitutes a valuable tool for future studies aiming to 

understand the complex processes underlying cognition, motor function,, connectivity and 

evolution of the human brain. 
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1 Introduction 
 

Ever since Korbinian Brodmann (1909) proposed that the cerebral cortex is composed 

of numerous cortical areas with unique cytoarchitecture and functional properties, 

understanding the correlation between the regional structural and functional heterogeneity of 

the brain has become a major question in neuroscience (Kötter and Wanke, 2005). Although 

understanding the human brain is the final goal for any neuroscientific study, this is 

extremely challenging, not only because of the brain‘s complexity, but also because of ethical 

limitations which do not allow all the crucial material and data to be acquired directly from 

human brains. Thus, most of our present knowledge of brain structure, function, and behavior 

aspects has been obtained from animal experiments (DeFelipe, 2015). Research involving 

non-human primates has played a vital role in the medical progress and scientific applications 

in the past century, as they are closely related to humans. Although some researchers argue 

that results obtained from primates cannot be applied on humans due to the small but 

significant differences in brain connections, as long there is a limitation to access human 

brain material, primates will remain the best non-human model (Quigley, 2007). Macaque 

monkeys are currently the most widely used primate species in neurobiological research 

(Zang et al., 2014), as multiple studies showed that the basic architectonic plan is the very 

similar in both primate species, human and macaque monkey, which confirmed macaque 

monkey as a reliable non-human primate model in neuroanatomy research (Petrides et al., 

2012). Furthermore, comparative studies between human and monkey brains in their 

cytoarchitecture and functional connectivity could identify crucial differences responsible for 

the structural and functional divergence of the primate brain (Molnar et al., 2014) and, more 

important, based on data collected from monkey brain studies, could provide strong 

background to test fundamental hypotheses at the level of the human brain (Petrides et al., 

2012).  

Cytoarchitectonic studies of the monkey cerebral cortex began at about the same time 

as those of the human cortex, facing the same problems of method and material limitations, 

as well as the problem of the nomenclature that did not always apply to areas with 

comparable architectonic features and location of areas as within the human brain 

parcellation scheme. Brodmann’s map of the human brain from 1909 is one of the most 

famous parcellation schemes and many modern neuroanatomists still refer to it, however his 

map of the monkey (Cercopithecus) cortex (1905) did not accomplish the same success. Even 
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Brodmann himself expressed considerable uncertainty about his subdivision of the frontal 

cortex and noted that the numbers he used did not always refer to the homologous areas in 

different species. This all led to a question of reliability and the abandonment of his monkey 

map. Later, Walker (1940) published a new cytoarchitectonic map of the prefrontal cortex of 

the macaque monkey with the numerical nomenclature used by Brodmann in the human 

brain, although he did not compare the cytoarchitecture of the human and macaque monkey 

frontal lobes. 

 

Figure 1 Walker’s parcellation scheme (1940) of the monkey frontal lobe, medial, lateral and orbital 

overview. 

 

Walker (1940) marked the frontopolar cortex of the monkey as area 10 and added areas 

46 and 45, which were not labelled in Brodmann’s map of the monkey frontal cortex. 

Walker’s (1940) (Fig. 1) parcellation scheme became the basis for future microparcellation 

and anatomical-connectional studies (Barbas and Pandya, 1989; Petrides and Pandya, 2006; 

Carmichael and Price, 1994; Preuss and Goldman-Rakic, 1991, Morecraft et al., 2012; 

Caminiti et al., 2017) (Fig. 2) on macaque monkeys with various anterograde and retrograde 

tracers, and also in physiological microstimulation studies for the location of recording sites 
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and the analysis of the effect of different lesions within the frontal cortex on primate 

behavior, which was a beginning of the golden era of the experimental neuroanatomy. 

Various neuroanatomists focused on the microparcellation of a specific region of interest 

(ROI) in the monkey brain, such as mapping the motor areas  (Matelli et al., 1985, 1991; 

Barbas and Pandya, 1987) (Fig. 2), the orbitofrontal areas (Barbas, 2007; Carmichael and 

Price, 1994; Morecraft et al., 1992), the dorsolateral prefrontal areas (Petrides, 2005; Preuss 

and Goldman-Rakic, 1991), and the ventrolateral prefrontal areas (Gerbella et al., 2007; 

Petrides and Pandya, 2002; Preuss and Goldman-Rakic, 1991).  

Although cytoarchitectonic studies provide detailed insight into the microstructural 

organization of the cerebral cortex, they do not provide information concerning functional 

aspects of the neural system. Implementing neuroimaging methods, e.g. functional magnetic 

resonance imaging (fMRI), positron emission tomography (PET), electroencephalography 

(EEG), magnetoencephalography (MEG), and, lately, functional connectivity studies, helped 

neuroanatomists to begin unwrapping the complex relationship of functional connectivity 

between different areas in the human brain. Additionally, quantitative in-vitro multi-receptor 

autoradiography has recently been shown to be a powerful tool to reveal important aspects of 

the brain’s molecular and functional organization, since neurotransmitters and their receptors 

constitute key molecules in signal transduction (Zilles and Amunts, 2009). Furthermore, this 

method can also be applied to the brains of non-human species to reveal evolutionary trends 

at the receptor architectonical level (Zilles and Palomero-Gallagher, 2017). The 

heterogeneous distribution of transmitter receptors in the cerebral cortex enables the 

identification and characterization of principal subdivisions such as primary sensory, primary 

motor, and hierarchically higher sensory or multimodal areas (Palomero-Gallagher and Zilles, 

2017; Zilles and Palomero-Gallagher, 2017). The cerebral cortex functions in a hierarchical 

manner. Progressively higher areas support functions that are more integrative. The three 

prefrontal regions, i.e. medial, lateral and orbital, together with (pre)motor areas, have strong 

reciprocal connections with other brain structures, both cortical and subcortical, constituting 

the highest level of cortical hierarchy responsible for the behavioral analysis and execution of 

actions (Fuster, 2002). Executive functions allow higher mammals, such as primates, to select 

actions based on internal plans and motivations, rather than impulsively responding to 

possibly harmful environmental stimulus. Despite the important role of this region in 

regulating behavior, it is still not understood how different frontal areas functionally 

cooperate (Koechlin and Summerfield, 2007). 
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Figure 2 Distinct parcellation maps of the monkey frontal lobe or of a particular ROI in the frontal 

region. a) Preuss and Goldman-Rakic (1991), display the whole frontal lobe; b) Morecraft et al. 

(2012), display the whole frontal lobe; c) Petrides and Pandya (2006), display the whole frontal lobe; 

d) Barbas and Pandya (1989), display the prefrontal region; e) Caminiti et al. (2017), display the 

whole frontal and parietal lobe, f) Carmichael and Price (1994), display the orbito-medial prefrontal 

region; g) Barbas and Pandya (1987), display the motor region; h) Matelli et al. (1985, 1991), display 

the motor region. 

 

Aim of the project 

The aim of the present study is an independent cytoarchitectonic evaluation of 

previous subdivisions in the macaque frontal cortex using a multimodal approach. The 

project is twofold:  

1) Mapping of frontal areas, i.e. prefrontal cortex and (pre)motor region, in the adult 

macaque monkey brain using quantitative cytoarchitectonic and multi-receptor analyses (the 
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distribution patterns of 13 different transmitter receptor binding sites in defined cortical 

areas) to provide a solid non-human model with which to better understand the complexity 

and evolution of the healthy primate brain. The quantitative balance between the different 

receptor types in each area (“receptor fingerprint”) is an indicator of the receptor organization 

underlying the regionally specific functions (Palomero-Gallagher et al., 2009; Zilles et al., 

2002).  

2) Conduct hierarchical cluster analysis to detect grouping of defined areas according to the 

degree of similarity of their multi-receptor architecture. In the hierarchical cluster analysis, a 

set of cortical areas is grouped into clusters in such a way that areas in the same cluster are 

similar with respect to their receptor-architecture, and more different from areas in other 

clusters (Palomero-Gallagher et al., 2009).  

The emphasis of the research is on areas in the frontal lobe, with the exception of the 

cingulate cortex as a part of the limbic system, to reveal the relationship between 

cytoarchitecture (which highlights the microstructural heterogeneity) and neurotransmitter 

receptor distributions (which emphasize the molecular aspects of signal processing) in the 

healthy nonhuman primate brain with the aim to create an atlas to be used in future studies 

applying the macaque monkey as a model for the human brain. Studies like this show that 

architectonic methods have become more objective and reliable during last decades through 

the use of multivariate statistical tools for analyzing and describing new cytoarchitectonic 

areas and subareas allowing to test differences among distinct areas for their significance 

(Amunts and Zilles, 2001). Since the area-specific balance of different receptors (“receptor 

fingerprint”) is linked to distinct functional properties of the each area, applying a 

hierarchical cluster analysis that is based on the receptor fingerprints, highlights primary 

neuronal connections of a functionally significant grouping of cortical areas along the cortex 

(Zilles and Amunts, 2009; Zilles and Palomero, 2017), indicating that grouped areas belong 

to the same neural network. This approach is an independent and reliable way for introducing 

new parcellation maps, providing an additional information of functional networks and 

precisely defined anatomical structures (Zilles and Amunts, 2009). Thus, studies like this are 

crucial to review previous cortical subdivisions and to objectively identify a unique 

parcellation scheme that will serve as a fundamental tool for the analysis of functional 

imaging data and thus lead to a better understanding of the complex relationship between 

microstructure, function and molecular organization of the neural system.   
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2 Material and Methods 
 

2.1 Material 

 The brain of an adult macaque monkey (Macaca mulatta; brain ID: DP1) obtained as 

a gift from Professor Deepak N. Pandya was used for cytoarchitectonic analysis. The monkey 

was deeply anesthetized with sodium pentobarbital, transcardially perfused with cold saline 

followed by 10% buffered formalin and stored in a buffered formalin solution until further 

processing. The brains of three adult male macaques (Macaca fascicularis; 6±1 years of age) 

were obtained from Covance Laboratories (Münster, Germany) for receptor architectonical 

experiments. Monkeys were sacrificed by means of a lethal intravenous injection of sodium 

pentobarbital. The brains were immediately removed from the skull together with meninges 

and blood vessels, since removing them could damage cortical layer I. Due to the delicate 

nature of the receptor proteins, only unfixed, deep frozen tissue can be used for receptor 

autoradiography (Herkenham et al., 1990; Zilles et al., 2002). Brains were separated into 

hemispheres and cerebellum with brainstem and then each hemisphere was further divided 

into an anterior and a posterior slab at the height of the most caudal portion of the central 

sulcus. In the present study, only the left hemispheres were examined. The slabs were placed 

flat on an aluminum plate to avoid any further deformation and slowly immersed in N-

methylbutane (isopentane) at -40°C, where they were left for 10 - 15 minutes, after which 

they were stored in air-tight plastic bags at -80°C until sectioning. Animal care was provided 

in accordance with the NIH Guide for Care and Use of Laboratory Animals and the European 

local Committees, and complied with the European Communities Council Directive. 

2.2 Methods 

2.2.1 Cytoarchitecture 

 After a dehydration step in ascending graded alcohols (70% to 100% propanol) 

followed by chloroform, the brain of the monkey processed for cytoarchitectonic analysis 

was embedded in paraffin and serially sectioned in the coronal plane with a large-scale 

microtome, resulting in 3305 20-µm-thick whole-brain sections. Every fifth section was 

mounted on gelatin coated slides. The paraffin was removed and sections rehydrated by two 

washing steps (each of 10 minutes) with Xem-200 („Xylol-Ersatz-Medium“, Vogel, Diatec 

Labortechnik GmbH) followed by graded washes in alcohol (10 minutes each in 100%, 96% 
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and 70% propanol) and a final rinse in pure water. Sections were then stained for the 

visualization of cell bodies with a modified silver method (Merker, 1983; Palomero-

Gallagher et al., 2008) that provides a high contrast between cell bodies and neuropil. 

Sections were first pretreated for 4 hours with 4% formic acid diluted in distilled water, then 

left overnight in a solution of 10% formic acid/30% peroxide diluted in distilled water. 

Before immersing sections twice for 5 minutes each in 1% acetic acid, it was important to 

wash them carefully under running water and to rinse them in distilled water. After being 

placed in a physical developer under constant movement, sections becoma grayish in 

approximately 10 minutes, but the developing step sometimes took longer and it was 

necessary to observe sections under the microscope until cell bodies were dark gray/black. 

The developer was prepared immediately before use by mixing three stock solutions (Tab. 1) 

in a specific order: first 30 ml of stock solution B, and then 70 ml of stock solution C are 

slowly added to 100 ml of stock solution A under constant stirring. To stop the developing 

process, stained sections were washed in 1% acetic acid for two 5-minute periods and finally 

fixed for 5 minutes in a T-Max fixative (Kodak; 2 parts of T-Max and 7 parts of distilled 

water). Finally, sections were dehydrated in ascending graded alcohols (70%, 96% and 

100%) for 5 minutes in each dilution, followed by two 5 minutes immersions in Xylene 

before coverslipping with DePex mounting medium.  

Table 1 Composition of stock solutions used for the silver cell-body staining. 

 

Observer-dependent mapping procedure (qualitative cytoarchitectonic analysis). 

Classical cytoarchitectonic studies of the macaque frontal cortex (Walker, 1940; 

Carmichael and Price, 1994; Petrides, 2005; Preuss and Goldman-Rakic, 1991; Rizzolatti and 
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Luppino, 2001) were based on the visual, microscopical inspection of histological sections 

and identification of the laminar distribution pattern of neurons which is characteristic of a 

cortical area and which is different from the laminar pattern of the neighboring ones. In 

general, the layers of the neocortex are defined based on packing density of neural cell 

bodies, the proportion and spatial organization of different neuronal cell types, as well as cell 

sizes and shapes. Important features in cytoarchitectonic mapping are (i) the absolute 

thickness of cortical layers, (ii) the proportionate thickness of a layer relative to the other 

cortical layers and to the total cortical depth, (iii) the presence of clearly recognizable laminar 

borders and vertical columns, (iv) the packing density and size of neuronal cell bodies, (v) the 

homogenous or clustered distribution of cell bodies throughout the layers, and (vi) the 

presence of special cell types such as Betz cells (Betz, 1874), which are unique to 

Brodmann’s area 4 (primary motor cortex) and cannot be found in any other cortical area, or 

of distinctive laminar differentiations such as the subdivision of the internal granular layer 

(layer IV) of the primary visual cortex (BA 17) into three sublayers, of which sublayer IVb 

corresponds to the macroscopically visible Gennari stripe (Gennari, 1782).  

In a first step, previously published cytoarchitectonic criteria (e.g., Walker, 1940; 

Petrides and Pandya, 1994; Preuss and Goldman-Rakic, 1991, Rizzolatti et al., 1998; 

Carmichael and Price, 1994; Morecraft, 2004, Zilles et al., 2002) were applied to analyze the 

macaque prefrontal cortex by pure qualitative and visual inspection. However, since existing 

maps differ in terms of number, localization and shape of cortical areas, in the present study 

the validity of observer-dependent observations were then confirmed with a quantitative and 

statistically testable approach to cytoarchitectonic analysis (Schleicher and Zilles, 1990; 

Schleicher et al., 1999, 2000, 2005; Zilles et al., 2002).  

Observer-independent mapping procedure (quantitative cytoarchitectonic 

analysis).  

The most important feature of cortical architecture is the organization of cell bodies 

into layers oriented parallel to the cortical surface. Areal borders are located at the transition 

of the laminar pattern of one area to that of the neighboring area, assuming that each area has 

a unique, specific laminar pattern. The quantitative approach relies on the most basic 

stereological parameter, the volume density of cell bodies, to quantify the laminar pattern 

characteristic of a cortical area. This parameter has a long tradition in quantitative 

neurobiology and is defined as the volume fraction of a phase (i.e. the neuronal cell bodies) in 
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relation to the reference volume. A first quantitative application to cortical microstructure 

using the “gray cell coefficient” was described by Haug (1956), who extended a previous 

concept of von Economo and Koskinas (1925). Volume density offers several advantages 

(Schleicher et al., 1986). One of these advantages is that estimates of volume density are not 

affected by variations of staining intensity. In addition, it is independent on the degree of 

anisotropy (deviation from directional randomness in three dimensions; Weibel, 1979). These 

are major requirements for stereological analysis of the cerebral cortex, which takes place in 

histological specimens with varying staining intensity and in a highly anisotropic structure. 

Light microscopical estimates of the volume density of neurons from relatively thick 

histological sections are biased due to overestimation caused by projection (Reed and 

Howard, 1998). Using TV-based image analyzers (for a first application see Adhami, 1973), 

volume densities of neurons are further biased by the contribution of non-neuronal elements 

like glia and endothelial cells, which cannot be reliably identified using automated image 

analyzing procedures in silver (or Nissl) stained sections. Both effects were studied by Wree 

et al. (1982). According to their findings in various brain regions and cortical areas, the areal 

fraction of cell bodies as measured with an image analyzer is highly correlated with the 

volume density of neurons, since the density of endothelial and glial cells does not vary 

significantly throughout the cortical layers, and therefore represents a relatively constant, 

additive contribution to the volume density of neurons. This volume density of neurons 

measured as an areal fraction of all stained cellular profiles in square measuring fields of 20–

30 µm was defined as grey level index (GLI; 0≤GLI≤100%; Schleicher and Zilles, 1990). 

This procedure requires the digitization of histological sections, computation of GLI images, 

extraction of GLI profiles and their statistical analysis for identification of cortical borders.  

Digitization of histological sections and generation of GLI images. To gather data 

for quantitative cytoarchitectonic studies it was necessary to first digitize the visually 

identified regions of interest (ROI) at microscopic resolution. Each ROI was automatically 

scanned with a light microscope (Axioplan 2 imaging, ZEISS, Germany) equipped with a 

motor-operated stage controlled by the KS400® and Axiovision (Zeiss, Germany) image 

analyzing systems applying a 6.3 x 1.25 objective (Planapo®, Zeiss, Germany), and a CCD 

camera (Axiocam MRm, ZEISS, Germany) producing frames of 524 x 524 µm in size, 512 x 

512-pixel spatial resolution, and eight-bit grey resolution. Digitalized images have an in-

plane resolution of 1 µm per pixel and allow the calculation of the GLI using the KS400-

system and in-house scripts in MatLab (The MathWorks, Inc., Natick, MA). The GLI is 
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defined as the volume density of neurons measured as an areal fraction of all stained cellular 

forms in square measuring fields of 20-30 µm. This measuring field size was chosen because 

it ensured a representation of the total cortical width by not less than 64 pixels. This 

guarantees that none of the six cortical layers will be sampled with substantially less than ten 

pixels, which is the minimum requirement for object size in image analysis (Hougardy, 

1975). The fraction of cell bodies is determined in a binary image generated by adaptive 

thresholding (Castleman, 1979). In this application, the thresholding uses the local gray value 

differences between the background (neuropil) and darker stained cell bodies and modified 

the changes in background staining within each image. This way the GLI is not affected by 

local changes in staining intensity within and between sections. For each area examined here, 

GLI images were generated from three neighboring sections. 

Extraction of GLI profiles. GLI profiles were extracted by measuring the changes in 

grey values along traverses defined perpendicular to the cortex in the GLI images. 

Specifically, two lines were interactively defined, an outer contour (OC) along the border 

between layers I and II and an inner contour (IC) following the border between layer VI and 

the white matter using the edit-tool of the image analyzer toolbox in MatLab. Then, 

equidistant traverses were calculated between both contour lines based on a physical model 

of electric field lines (Jones et al., 2000) and the grey values along these traverses were 

measured to create GLI profiles of each ROI. A GLI profile can be parametrized, i.e. 

presented as a frequency distribution, to quantitatively describe the laminar distribution of the 

volume fraction of the cell bodies (Dixon et al., 1988; Schleicher et al., 2009; Zilles et al., 

2002): meany.o as the mean GLI across cortical layers; meanx.o as the mean cortical depth 

and indicates the x- coordinate of the center of gravity of the area beneath the profile curve; 

std.o the standard deviation, skew.o the skewness, and kurt.o the kurtosis of the frequency 

distribution. Following five parameters (meany.d, meanx.d, std.d, skew.d, kurt.d) were 

extracted from the absolute value of the differential quotient of the same profile, where the 

differential quotient is an approximation of the first derivative of the profile and quantifies its 

local incline. Furthermore, the length of each profile was normalized using linear 

interposition to a cortical thickness of 100% (0% = border between layers I and II; 100% = 

border to white matter). Thus, these ten parameters constitute a feature vector of each profile 

and can be standardized using different scales to set equal weight to each of the values used 

for multivariate analyses (Zilles et al., 2002). 
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Observer-independent definition of areal borders. The Mahalanobis distance (MD; 

Mahalanobis et al., 1949) was used to quantify differences in the shape of two profiles 

(Schleicher and Zilles, 1990; Schleicher et al., 1999, 2000, 2005; Zilles et al., 2002). Hereby, 

the MD is defined as the absolute distance between the two centroids of the two 10-

dimensional clusters (one dimension for each parameter in the feature vector describing a 

profile), and is influenced by the degree of dispersion within each cluster. Thus, the MD 

decreases with increasing cluster dispersion, even if the distance between the centroids 

remains constant (Mahalanobis et al., 1949). In the Results chapter we will show only newly 

defined borders, i.e. hitherto not previously described subdivisions within areas 10, 8B, F5, 

F7 and 4. To detect the position of a border, 8 to 32 adjacent profiles were grouped into 

blocks and the MD between immediately adjacent blocks was calculated. Then both blocks 

were shifted along the cortical ribbon by the distance of one profile, and the MD was also 

determined at this position. Distances were calculated by this sliding window procedure 

between all pairs of neighboring cortical sectors and all block sizes, and resulting MD values 

were plotted as a function of the sector’s position. Each ROI was analyzed repetitively with 

the same set of profiles, but with systematically increasing block sizes because distance 

functions depend on the spatial resolution of the analyzing procedure, which is defined by the 

width of the cortical sectors (i.e., by the number of profiles in each block). If two blocks 

belong to the same area, MD values are expected to be small, since their laminar pattern is 

similar. However, maxima of distance functions were accepted as architectonically relevant 

borders only after they had been confirmed as statistically significant by applying Hotelling’s 

T2 test for each value of the MD (Bartels, 1981). This is a major advantage of the MD, and 

this test was applied in combination with a Bonferroni adjustment of the P-values for multiple 

comparisons (Schleicher and Zilles, 1990; Schleicher et al., 1999, 2000, 2005; Zilles et al., 

2002). Maxima which were found to be significant (P < 0.05) revealed local changes in 

cortical architecture if they were not affected by another significant maximum within a block 

size. Main maxima identified with numerous block sizes in one histological section were 

biologically evaluated by comparison with corresponding maxima in three consecutive 

sections to exclude biologically meaningless maxima which may be caused by artifacts (e.g. 

ruptures, folds) or local discontinues in microstructure due to blood vessels or untypical cell 

clusters.  



 

15 

 

2.2.2 Visualization of the 2D parcellation scheme  

 The microstructural parcellation of the cerebral cortex has been a challenge for 

generations of neuroanatomists, along with the problem of how to present the parcellation of 

the cerebral cortex in a 2D brain scheme which displays potential areas within sulci, since 

this part of the brain includes approximately two thirds of the cortical surface (Zilles et al., 

1988). Instead of using only a general brain scheme, a 2D framework (Fig. 3) was created 

based on the macroanatomical landscape of the brain processed for the visualization of cell 

bodies (brain ID: DP1). The position of sulci and dimples of every 40th section from brain 

DP1 were transferred to a simple geometrical pattern by means of Adobe Illustrator CS6, thus 

creating a “scaffold” on which the position of cytoarchitectonic borders could be traced 

relative to the macroscopical landmarks while depicting areas located within sulci. Each area 

was labeled with a specific color. Areas from neighboring sections were connected, creating a 

continuous shape of each area. Although very simple, this ‘individual’ approach to create a 

2D parcellation scheme shows some general advantages: (i) visualization of areas and borders 

inside of sulci, (ii) interhemispheric differences were not ignored, (iii) comparable with other 

‘individual’ parcellation maps, without interfering with intersubject variability, (iv) provides 

information about brain cutting angle.   

 

Figure 3 Example of how the 2D parcellation scheme was created. Macroanatomical landscape of 

two serial sections (levels 2091 and 2131) transferred into the flat geometrical “scaffold”; arcs – 

arcuate sulcus, lf – lateral fissure, sts – superior temporal sulcus, cgs – cingulate sulcus.  

2.2.3 Receptorarchitecture 

 Neurotransmitters and their receptors are essential molecules of brain function, and 

can be visualized with various methods. Quantitative in vitro receptor autoradiography 

enables visualization of the binding sites of native receptors expressed on the cell membrane 
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of neurons and glia cells. Furthermore, it can be applied to a very large number of sections, 

e.g. sections through entire human or monkey hemispheres, and offers the possibility of 

precise quantification, with a high specificity of the radioactively labelled ligand binding to 

receptor types (Schleicher and Zilles, 1988; Zilles et al., 2002, 1988; Palomero-Gallagher and 

Zilles, 2018). Tritiated ligands were used, since this isotope is more stable and permits a 

better spatial resolution compared with other isotopes such as 125I and 14C. Finally, analysis of 

multi-receptor density distribution patterns throughout the cerebral cortex provides an 

independent approach to validate the distinction between areas or subareas defined during 

cytoarchitectonic mapping by identifying the unique neurochemical features and creating a 

‘receptor fingerprint’ based on receptorarchitecture.  

Binding experiments. The unfixed frozen slabs were coronally sectioned in a 

cryostat (section thickness 20µm) at -20°C, and sections were thaw-mounted on gelatin-

coated glass slides. Sections were air dried and then stored overnight in air-tight plastic bags 

at -20°C. Serial sections were used for the visualization of receptors for glutamate (AMPA, 

kainate, NMDA), gamma-aminobutyric acid - GABA (GABAA, GABAB, GABAA associated 

benzodiazepine binding sites-BZ), acetylcholine (M1, M2, M3), noradrenalin (α1, α2) and 

serotonin (5HT1A, 5HT2), or were processed for silver cell body staining (Merker, 1983). 

Before beginning of the binding process, sections were placed on the work bench to slowly 

reach room temperature without opening the air-tight bags. The binding procedure was 

carried out following previously published protocols (Zilles et al., 2002; Palomero-Gallagher 

et al., 2009; see Tab. 2), which require three steps: a preincubation, a main incubation and a 

rinsing step. During the preincubation sections are rehydrated and endogenous ligands that 

could block the binding sites are removed. In the main incubation, sections were incubated in 

a buffer solution with tritiated ligand to identify total binding of each ligand type. In parallel 

experiments, neighboring sections were incubated in another buffer solution containing the 

tritiated ligand with a receptor type-specific  displacer in a  1000-fold  higher  concentration 

to visualize  non-specific binding of  the  
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Table 2 In-vitro receptor autoradiography binding protocols. 
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same ligand. Specific binding ability for each ligand is defined by the difference between 

total and non-specific binding. In this study, non-specific binding was less than 5% of the 

total binding site. Through the rinsing step, the binding process was stopped; free ligand and 

buffer salts were removed. The radioactively labelled sections were then air-dried and co-

exposed with plastic tritium-standards, calibrated for protein density and with known 

increasing concentrations of radioactivity, against β radiation-sensitive films for 4-18 weeks 

depending on the analyzed ligand (Hyperfilm®, Amersham). 

Image acquisition. After films were developed, the measurement of binding site 

concentrations in the autoradiographs was carried out by densitometric analysis (Zilles et al., 

2002). Autoradiographs were digitized with an image analysis system consisting of a source 

of homogenous light and a CCD-camera (Axiocam MRm, Zeiss, Germany) with an S-

Orthoplanar 60-mm macro lens (Zeiss, Germany) corrected for geometric distortions, 

connected to the image acquisition and processing system Axiovision (Zeiss, Germany). 

Spatial resolution of the resulting images was 3000x4000 pixels; 8-bit gray value resolution). 

For details of calibration, see Zilles et al. (2002). Since the gray values of the digitized 

autoradiographs code for concentrations of radioactivity, a scaling (i.e. a linearization of the 

digitized autoradiographs) had to be performed in which the gray values were transformed 

into fmol binding sites/mg protein. This process required two steps and was carried out with 

in house developed Matlab (The MathWorks, Inc. Natrick, MA) scripts. First, the gray value 

images of the plastic tritium-standards were used to compute the calibration curve, which 

defines the non-linear relationship between gray values and concentrations of radioactivity. 

Radioactivity concentration R was then converted to binding site concentration Cb in fmol/mg 

protein using following equation 1:  
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=                                         (1) 

 

where E is the efficiency of the scintillation counter used to determine the amount of 

radioactivity in the incubation buffer (depends on the actual counter), B is the number of 

decays per unit of time and radioactivity (Ci/min), Wb the protein weight of a standard (mg), 

Sa the specific activity of the ligand (Ci/mmol), KD the dissociation constant of the ligand 

(nM), and L the free concentration of the ligand during incubation (nM). The result was a 

linearized image in which the gray value of each pixel in the autoradiograph is converted into 



 

19 

 

a binding site concentration in fmol/mg protein. For details see Zilles et al. (2002), and 

Palomero-Gallagher and Zilles (2018). Pseudo-color coding of autoradiographs was applied 

solely for visualization purposes, by means of linear contrast enhancement, which preserves 

the scaling between gray values and receptor concentrations. A specter of eleven colors to 

equally spaced density ranges was used, assigning red color for highest and black for lowest 

receptor concentration levels. 

 

Measurement of binding site concentrations. Measurement of receptor binding sites 

was performed by computing the surface below receptor profiles, which were extracted from 

the linearized autoradiographs using in house developed scripts for Matlab (The MathWorks, 

Inc. Natrick, MA) in a manner analog to the procedure described above for GLI profiles. For 

receptor profiles the outer contour line was defined following the pial surface, and not the 

border between layers I and II. Thus, for each of the three hemispheres examined, mean 

densities (i.e., averaged over all cortical layers) of each of the 13 different receptors in 48 of 

the 50 cytoarchitectonically defined areas were calculated. It was not possible to measure 

densities in areas 13a and 14c due to technical limitations associated with the cutting angle of 

the coronal sections. The precise sampling for the measurements of each microscopically 

defined area was verified by comparing autoradiographs with the adjacent sections which had 

been processed for the visualization of cell bodies. For each of the examined areas, the mean 

densities of all receptors averaged over all three hemispheres in that area were then visualized 

simultaneously as “receptor fingerprints”, i.e., as polar coordinate plots which reveal the 

specific balance of different receptor types within a cytoarchitectonic entity (Zilles et al., 

2002). 

 

2.2.4 Statistical analysis 

 The receptor fingerprints of each area were treated as a feature vector characterizing 

that area and used to carry out hierarchical clustering and principal component analyses, 

which enable grouping of areas based on similarities in their receptor architecture (Palomero-

Gallagher et al., 2009). Before carrying out multivariate statistical tests, receptor densities 

were normalized by computation of z-scores, since this approach maintains the relative 

differences in receptor densities among areas. Thus, the mean density of a given receptor 

across all examined areas was subtracted from the mean density of that receptor in a given 

area and divided this value by the standard deviation of that receptor over all areas. This 
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approach is crucial, because the values of absolute receptor densities vary between receptors 

and by normalizing those values, each receptor contributes with equal significance to the 

statistical analyses. Without normalization, receptors with high absolute density values would 

dominate the calculation of the Euclidean distance between areas, or of the principal 

component analysis, and would cancel the multivariate approach in the present analysis. For 

the hierarchical cluster analysis, the Euclidean distance was applied as a measure of 

(dis)similarities between receptor fingerprints, since it accounts for differences in the size and 

shape of the fingerprints. The Ward linkage algorithm was chosen as the linkage method 

because, in combination with the Euclidean distances, it yielded a higher cophenetic 

correlation coefficient than any other combination of alternative linkage methods and 

measurements of (dis)similarity. The cophenetic correlation coefficient quantifies how well 

the dendrogram represents the true, multidimensional distances within the input data. The k-

means clustering identified 8 as the highest acceptable number of clusters. 
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3 Results 
 

3.1 2D parcellation scheme 

Fig. 4 and 5 show the 2D parcellation scheme of 50 areas defined in the frontal lobe 

of the macaque monkey brain processed for cytoarchitecture (ID DP1). The frontal lobe can 

be subdivided into two parts: an anterior part, known as the prefrontal cortex (PFC), and a 

posterior part, which is separated by the central sulcus (cs) from the parietal lobe, and 

includes areas involved in movement, i.e., the motor cortex (MC) and the premotor cortex 

(preMC). The PFC is separated from the motor areas by the well-defined arcuate sulcus 

(arcs), which branches dorsally into the superior arcuate sulcus (sas) and ventrally into the 

inferior arcuate sulcus (ias), thus forming a letter Y on the dorso-lateral surface of the 

hemisphere. On the ventro-lateral side, the PFC is limited caudally by the lateral fissure (lf), 

which represents the border with temporal areas. Medially, the PFC is separated by the 

cingulate sulcus (cgs) from the limbic cortex. A further significant feature on the lateral 

aspect of the PFC in the macaque monkey brain is the well-defined principal sulcus (ps), 

which caudally ends within the arcuate sulcus (Fig. 4). The ventral surface is characterized by 

a variable orbital sulcal complex which is, in the brain studied here, constituted by two 

parallel, sagittally oriented sulcii in the left hemisphere, while in the right hemisphere these 

sulcii are connected forming a letter H (Fig. 5). Other prominent macroanatomical features, 

though not as deep as sulcii, are dimples, e.g. the superior precentral dimple (spcd) in the 

dorsal part of the motor cortex, the anterior dimple (aspd) in its rostral part, and more 

caudally, the posterior dimple (pspd) in the dorsal PFC. Ventral to the ps the inferior pricipal 

dimple (ipd) was recognizable only in the right hemisphere. Lateral areas inside and around 

the sulcus principalis as well orbital and ventrolateral areas represent mostly granular 

neocortex, with a well-developed internal granular layer IV, although few areas, e.g. areas 13 

(13m, 13l, 13b), 14r, 12r and 12o have a thin, discontinuous layer IV and are thus 

characterized as being dysgranular. Furthermore, layer IV is surrounded by the pyramids of 

layers III and V, that in some areas show a characteristic gradual increase in size, with the 

largest cells being close to layer IV, as for example in areas 9 and 8B. The motor region is 

composed of agranular cortex (lacks a layer IV, but has a well recognizable outer granular 

layer II) with prominent pyramidal cells in layers III and V. Another gradient of pyramid size 

can be observed in the motor region along anterior-posterior direction, as pyramids in layer V 
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become larger toward the posterior frontal areas. The most caudal area of the frontal lobe, i.e. 

the primary motor cortex (area 4), is characterized by huge pyramids in layer V, called Betz 

cells (Betz, 1874).  

 

Figure 4 2D flat map depicting all identified areas on the medial and dorsolateral cortical surfaces 

(total of 39 subareas). Microanatomical features are marked on the right hemisphere, i.e. ps – 

principal sulcus, sas – superior arcuate branch, ias – inferior arcuate branch, arcs – arcuate sulcus, lf – 

lateral fissure, sts – superior temporal sulcus, cgs – cingulate sulcus, ros – rostral sulcus, aspd – 

anterior (superior) prinicipal dimple, pspd – posterior (superior) principal dimple, ipd – inferior 

prinicapl dimple, spcd – superior precentral dimple, ips – inferior parietal sulcus. Black dashed line 

marks midline. Section numbers indicated between the hemispheres. 
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Figure 5 2D flat map depicting all identified areas on the medial and orbital cortical surfaces (total of 

14 subareas). Microanatomical features were marked on the right hemisphere, morb – medial orbital 

sulcus, lorb – lateral orbital sulcus. Black dashed line marks midline. Section numbers indicated 

between the hemispheres. 

 

3.2 Cytoarchitectonic mapping (qualitative and quantitative analysis) 

 Cytoarchitectonic analysis is based on the identification of cortical areas by visual 

inspection of every 20th coronal histological section of the macaque brain (ID DP1) and 

criteria described in the literature, followed by the observer-independent confirmation of 

borders between areas. Nomenclature and starting point of the present analysis were the 

following studies: 

• Parcellation scheme of motor areas (i.e., primary motor cortex, areas F2, F3, F4, F5, 

F6 and F7) was based on studies of Brodmann (1909; primary motor cortex, area 4) 

and Matelli et al. (1985, 1991), though incorporating more recent  modifications 

(Rizzolatti and Luppino, 2001; Schlag and Schlag-Rey, 1987; Matelli et al., 1998; 

Belmalih et al., 2009).  
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• Analysis of the orbital cortex, including ventro-lateral areas (i.e., areas 11, 12, 13 and 

14), was based on the parcellation scheme proposed by Charmichael and Price (1994).  

• Remaining areas of the frontal lobe (i.e., areas 10, 9, 8B, 8A, 46, 45) were studied 

based on Walker’s (1940) original parcellation scheme, although integrating the more 

recent descriptions, e.g. of Preuss and Goldamn-Rakic (1991), Petrides and Pandya 

(1999, 2002, 2006), Bruce et al. (1985), Morecraft et al. (2012), Caminiti et al. 

(2017).   

 

3.2.1 Prefrontal regions 

Fronto-polar region (subdivisions of Walker’s area 10; Fig. 6; Fig. 7). Four 

different subareas were identified within the fronto-polar region: 10d (dorsal), 10md 

(mediodorsal), 10mv (medioventral) and 10o (orbital). Area 10d is located on the dorsolateral 

surface of the frontal pole, areas 10mv and 10md on its medial surface, and 10o on its most 

ventral aspect, occupying the rostral portion of the ventromedial gyrus. The cortex in all 

subdivisions of area 10 is granular, with a very well-developed layer IV, but with slight 

differences in its thickness between defined subareas. Area 10d has wider and more densely 

packed layers II and IV than area 10md, with small-sized pyramidal cells in layers III and V, 

and a more blurred border between layers V and VI. Medial areas 10md and 10mv show a 

thinner layer IV and less prominent border between layers II and III due to the lower cell 

packing density of layer II, which in 10md is slightly better recognizable than in the 

neighboring area 10mv. Both areas show horizontal columns in layer IV, but only in 10md 

can the same columnar organization also be seen in layers III and V. Layer III is more dense 

in 10md than in 10mv, but layer V is less packed with pyramids, which makes the border 

between layers V and VI clearer in 10md than in 10mv. Area 10o can be distinguished from 

10mv by its more prominent layer II and wider layer IV (Fig. 6). These newly identified 

borders within the fronto-polar region 10 were also confirmed by the observer-independent 

analysis, as shown in the Fig. 7. 
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Figure 6 Visualization of the cortical layers in subdivisions of Walker’s (1940) area 10; 10d (dorsal), 

10md (dorso-medial), 10mv (ventro-medial), 10o (orbital). Roman numerals indicate cortical layers. 

Scale bar 1 mm.  
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Figure 7 Positions of significant maxima in the Mahalanobis distance functions (abscissa) plotted 

against blocksize b (ordinate). The location of the significant maxima does not depend on the 

blocksize, but remains stable over large block size intervals and confirms the cytoarchitectonic 

subdivisions of Walker’s (1940) area 10, 10d (dorsal), 10md  (dorso-medial), 10mv (ventro-medial), 

10o (orbital) identified by visual inspection; ps – principal sulcus, morb – medial orbital sulcus. 

 

Orbitofrontal region (subdivision of Walker’s area 14, Fig. 8; Walker’s area 13, 

Fig. 9; Walker’s area 11, Fig. 10).  

Subdivisions of area 14 (14r and 14c), located on the ventromedial gyrus and of area 

13 (13b and 13a), found on the medial wall of the medial orbital sulcus (morb), show rostro-

caudal differences as described by Charmichael and Price (1994). Areas 14r (rostral) and 14c 

(caudal) differ by the appearance of their layer IV; area 14r is dygranular, whereas area 14c is 

agranular (Fig. 8). Thus, areas 14r and 14c can be easily distinguished from neighboring 

areas 10mv, 13b and 13a, located on the medial side of the hemisphere. 10o has recognizable 

granular layers II and IV, as well as bigger pyramids in layer V than in 14r. On the other 

hand, 13b has horizontal columnar organization only in layer V, whereas same pattern can be 

recognized in layers IV and V in 14r. 14c does not have continuous layer V like areas 13b 

and 13a.  
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Figure 8 Visualization of the cortical layers in subdivisions of Walker’s area 14; 14r (rostral), 14c 

(caudal). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

Areas 13m and 13l are part of the dysgranular cortex rostral to the agranular insular 

region. Area 13l has more prominent pyramidal cells in the lower part of layer III, and a 

weakly subdivided layer V, whereas a subdivision of layer V is not visible in area 13m. Area 

13b can be distinguished by its strong horizontal organizational pattern in layer V, as well as 

by its weak, discontinued layer IV, from caudally neighboring agranular area 13a. Area 13a 

has a sublaminated layer V with densely stained pyramids in the Va sublamina (Fig. 9).  

Rostral to areas 13m and 13l, is granular cortex encompassing areas 11m and 11l. 

Characteristic of these areas is the clear sublamination of layer V, which distinguishes them 

from surrounding areas 13b, 13m and 10o. The main difference among the subdivisions of 

area 11 is the pattern of cells in sublaminas Va and Vb, which are continuous in area 11m and 

broken into aggregates of cells in area 11l. Moreover, 11m has bigger pyramids in the lower 

part of the layer III, whereas in 11l cells are similar size through layer III (Fig. 10). 
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Figure 9 Visualization of the cortical layers in subdivisions of Walker’s area 13; 13m (medial), 13l 

(lateral), 13a (caudal), 13b (rostral). Roman numerals indicate cortical layers. Scale bar 1mm. 
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Figure 10 Visualization of the cortical layers in subdivisions of Walker’s area 11; 11m (medial), 11l 

(lateral). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

Ventrolateral (rostral) region (subdivision of Walker’s area 12, Fig. 11). In the 

present study we could confirm the parcellation scheme by Charmichael and Price (1994), 

which subdivides Walker’s area 12 into four different areas: 12r (rostral), 12m (medial), 12o 

(orbital), 12l (lateral). Areas are distinguished by the degree of granularity of layer IV, and 

the size and distribution pattern of the pyramids in layers III and V. The most rostral area on 

the medioventral surface of the PFC, 12r, is a dysgranular cortex with characteristic vertical 

striations of pyramidal cells in layers III and V. Unlike medially neighboring area 11l, there 

is no subdivision of layer V. Area 12m, located within the lateral orbital sulcus (lorb), has a 

bipartite layer V and a well-developed layer IV. This feature distinguishes 12m from 

surrounding areas 12r, 13l and 12o. The compact and darkly stained sublayer Va in 12m is 

much more prominent than in caudally neighboring area 13l. Area 12o, located on the ventral 

surface medially from 12l on the caudal medioventral convexity, has a thin and weakly 

stained layer IV, and no obvious sublamination in layer V. Area 12l is granular cortex with 

clear subdivisions in layer V. Pyramids in lower part of the layer III are smaller than the 

medium- to large-size pyramidal cells in dorsally neighboring area 45A (Fig. 11).   
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Figure 11 Visualization of the cortical layers in subdivisions of Walker’s area 12; 12r (rostral), 12m 

(medial), 12o (orbital), 12l (lateral). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

Medial and dorsal (rostral) region (subdivisions of Walker’s area 9, Fig. 12). The 

present analysis confirms previous subdivision of Walker’s area 9 into two subareas (Preuss 

and Goldman-Rakic, 1991; Petrides and Pandya, 1994, 2002; Caminiti et al., 2017): 9m 

(medial) and 9d (dorsal). Both areas are characterized by the low packing density and width 

of layer III, and the subdivision of layer V, which distinguishes both subdivisions from 

neighboring areas. Subdivision of layer V into a prominent Va, with large pyramidal cells 

closer to the well-defined layer IV, and a Vb, with a low cell packing density, clearly 

separates it from layer VI. Area 9m occupies the medial part of the PFC, and is located 

between areas 10md rostrally and 8Bm caudally. Area 9d is limited rostrally by area 10d and 
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caudally by areas 8Bd and 8Bs on the dorsal surface and by area a46dr on the dorso-lateral 

aspect of the hemisphere. The most recognizable feature of area 9d, that is not visible in area 

9m, is the gradual increase in size of the pyramids in layer III (largest cells are closer to the 

layer IV) (Fig. 12).  

 

Figure 12 Visualization of the cortical layers in subdivisions of Walker’s area 9; 9d (dorsal), 

9m (medial). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

Dorsolateral region within the principal sulcus (subdivision of Walker’s area 46, 

anterior areas, Fig. 13, and posterior areas, Fig. 14). A new parcellation scheme of the 

dorsolateral granular subdivisions of area 46 within the ps is presented here. Areas on the 

anterior portion (Fig. 13) of the ps are labelled as a46dr (dorsorostral), a46d (dorsal), a46v 

(ventral), a46vr (ventrorostral) and, on the posterior portion (Fig. 14), p46dr (dorsorostral), 

p46d (dorsal), p46v (ventral), p46vr (ventrorostral). Although the cytoarchitecture of both 

regions is very similar, differences can be recognized in the cell body size of pyramids in 

layers III and V, which are medium to large in anterior areas, and smaller in posterior areas, 

particulary in p46d and p46v. Whereas in p46dr and p46vr medium- to large-sized pyramids 

in layers III and Va are recognizable. This rostro-caudal subdivision along the ps is further 

confirmed by differences in neurotransmitter receptor densities (see below). Dorsal 

subdivisions of area 46 have a wider and more prominent granular layer II than the ventral 

areas, which, on the other hand, have more a prominent layer IV, and larger cells in layers V 

and VI. Areas located around the fundus of the ps, i.e. areas a46d, a46v, p46d, and p46v, 

have clear border between layer VI and the white matter, unlike the areas located on the 

superficial portion of the sulcus, i.e. a46dr, a46vr, p46dr, and p46vr. Differences between 
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ventral areas a46v/ p46v and a46vr/p46vr can be recognized by a prominent vertical 

columnar organization of cells in layer IV and deep layer III of a46vr/p46vr, whereas in 

a46v/p46v similar columnar pattern is visible only in layer IV. Unlike a46d/p46d, the border 

between layers V and VI is hardly visible in a46dr/p46dr (Fig. 13 and 14).  

 

Figure 13 Visualization of the cortical layers in subdivisions of Walker’s area 46; anterior areas, 

a46dr (dorsorostral), a46d (dorsal), a46v (ventral), a46vr (ventrorostral). Roman numerals indicate 

cortical layers. Scale bar 1 mm. 
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Figure 14 Visualization of the cortical layers in subdivisions of Walker’s area 46; posterior areas, 

p46dr (dorsorostral), p46d (dorsal), p46v (ventral), p46vr (ventrorostral). Roman numerals indicate 

cortical layers. Scale bar 1 mm. 

 

Medial and dorsolateral (caudal) region (subdivision of Walker’s areas 8B and 

8A, Fig. 15 and Fig. 16). The most posterior part of the PFC is occupied by subdivisions of 

Walker’s (1940) areas 8A and 8B, which represent a transitional zone between granular 

cortex of the PFC and agranular cortex of the motor areas. Area 8A is located on the dorsal 

wall of the superior branch of the arcuate sulcus in the macaque. The present analysis of this 

area resulted in the confirmation of previous subdivisions (Bruce et al., 1985; Petrides and 

Pandya, 2006), i.e. 8Av (ventral) and 8Ad (dorsal), as well as in the identification of new 

subareas, i.e. 8Bm (medial), 8Bd (dorsal) and area 8Bs (sulcal). 8Bm is part of the medial 

posterior portion of the PFC, bordering caudally with medial premotor area F6 and rostrally 

with prefrontal medial area 9m. Area 8Bd is found on the dorsal surface of the hemisphere 
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rostral to the sas, and 8Bs is located on the dorsal wall of the sas. Subdivisions of area 8B are 

dysgranular, whereas subdivisions of area 8A constitute the granular part of the frontal eye 

field region, located within both arcuate sulcus branches and surrounding the posterior part of 

area 46 located inside the ps. Area 8Bm is weakly laminated, with small-sized pyramids  in 

layers III and V. A thin layer IV is  

 

 

 

 

 

 

 

 

Figure 15 Visualization of the cortical layers in subdivisions of Walker’s area 8B; 8Bm (medial), 

8Bd (dorsal), area 8Bs (sulcal), and Walker’s area 8A; 8Av (ventral) and 8Ad (dorsal). Roman 

numerals indicate cortical layers. Scale bar 1mm. 

hidden behind scattered pyramidal cells of the layer V, which creates a prominent stripe that 

cannot be visualized in neighboring area F6. In area 8Bd layer II is more dense and 

prominent than in 8Bs. The pyramids in layers III and V of 8Bd increase from medium to 

large sizes, which is not characteristic of surrounding areas 8Bm and 8Bs, that share similar 
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cytoarchitectonic traits. The main difference between them is that 8Bs displays a few 

scattered medium-size pyramids in layer V (Fig. 15). New subdivisions of area 8B are 

confirmed by observer-independent analysis, as shown in the Fig. 16. Area 8Ad is located on 

the ventral wall of the sas. Areas 8Ad and 8Av have a clear laminar structure, with a well-

developed layer IV, which is especially wide and dense in 8Av. They are also characterized 

by a high cell packing density in superficial layers II and III. 8Ad has medium-sized 

pyramids in layer III, while 8Av has numerous small-sized pyramids, with large ones 

scattered equally through its layer III (Fig. 15).  

 

 

Figure 16 Positions of significant maxima in the Mahalanobis distance functions (abscissa) plotted 

against blocksize b (ordinate). The location of the significant maxima does not depend on the 

blocksize, but remains stable over large block size intervals and confirms the cytoarchitectonic 

subdivisions of Walker’s (1940) area 8B, 8Bm (medial), 8Bd (dorsal), 8Bs (sulcal) identified by 

visual inspection. cgs – cingulate sulcus, sas – superior arcuate sulcus, ps – principal sulcus. 

 

Ventrolateral (caudal) region (subdivision of Walker’s area 45 and 44, Fig. 17). 

Dysgranular area 44 can be recognized along the deeper portion of the ventral wall, and 

encroaching onto the dorsal wall, of the inferior branch of the arcuate sulcus. Area 44 is 

distinguished from the neighboring area 45B, located close to the fundus on the dorsal wall of 

the inferior branch of the arcuate sulcus, by dysgranular cortex and darkly stained pyramids 

in layer V, but without the characteristic clusters of pyramidal cells in the deeper part of layer 

III, as in granular area 45B. On the other hand, rostral to 45B on the prearcuate convexity, 

continuous, prominent pyramidal cells can be visualized in layers III and V that are located 

closer to the wider layer IV within area 45A than in 45B (Fig. 17).  
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Figure 17 Visualization of the cortical layers in subdivisions of Walker’s area 45, 45A (rostral), 45B 

(caudal); and area 44. Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

3.2.2 Motor regions  

Medial and dorsal (rostral) premotor region (subdivision of areas F6 and F7, 

Fig. 18 and Fig. 19). Previous studies identified two areas, i.e., F6 and F7, in the rostral 

portion of the premotor cortex (Matelli et al., 1985, 1991). Agranular premotor area F7 is 

characterized by the subdivision of layer VI into the pale, cell-sparse VIa and the cell-dense, 

darkly stained VIb sublaminas. This area was divided into three subareas according to 

differences in layer VI. Area F7d is located on the dorsal aspect of the hemisphere and abuts 

area F6, found on its medial aspect, and rostrally neighboring area 8B. Lateral to F7d is 

intermediate area F7i, occupying the rest of the dorsal surface above sas, and ventral area F7s 

that encompasses the middle part of the dorsal bank within the sas. Areas F7d and F7i have 

an evidently sublaminated layer VI, which is not clearly visible in F7s. Sublamina VIa is 

much wider in F7d than in F7i. Subarea F7s can also be distinguished from the other two 

areas by its more prominent layer II. Area F6 does not have a sublaminated layer VI, which 

has an overall low cell body density in contrast to superficial layers, including the larger 

pyramids in layer V. Caudally neighboring area F3 can be distinguished from area F6 by the 

prominent pyramids in layer V due to lower cell-packing density in layer III unlike F6 (Fig. 

18). New subdivisions of area F7 were also confirmed by observer-independent analysis, as 

presented in Fig. 19. 
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Figure 18 Visualization of the cortical layers in subdivisions of area F6 and F7 (Matelli et al., 1985, 

1991), F7d (dorsal), F7i (intermediate), F7s (sulcal). Roman numerals indicate cortical layers. Scale 

bar 1 mm. 
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Figure 19 Positions of significant maxima in the Mahalanobis distance functions (abscissa) plotted 

against blocksize b (ordinate). The location of the significant maxima does not depend on the 

blocksize, but remains stable over large block size intervals and confirms the cytoarchitectonic 

subdivisions of  area F7 (Matelli et al., 1985, 1991), F7d (dorsal), F7i (intermediate), F7s (sulcal). cgs 

– cingulate sulcus; spcd – superior precentral dimple, sas – superior arcuate branch. 

 

Medial and dorsal (caudal) premotor region (subdivision of areas F3 and F2, Fig. 

20). Area F3 is located on the medial side of the hemisphere, caudal to area F6, and 

subdivisions of area F2 are found on the dorsal surface, caudal to F7 (Matelli et al., 1985, 

1991). Latest parcellation maps show distinct subareas recognized in area F2 (Matelli et al., 

1998; Rizzolatti and Luppino, 2001). This was also confirmed in the present analysis. The 

superior precentral dimple (spcd) constitutes the border between F2d and F2v, which extends 

ventrally to the fundus of the arcuate sulcus. Area F3 is characterized by the medium- to 

small-sized pyramids in layer III and the small-sized pyramidal cells in layer VI, which 

makes layer V more prominent with various scattered larger cells than in neighboring areas 

rostrally and caudally, F6 and 4m respectively. Pyramidal cells in layer III of area F2d are 

comparable in size to those of F3. However, in F2d layer V is thinner and with some bigger 

aggregate cells than in F3. Layer V of F2d is more prominent than that of F2v. In F2v 

pyramids are scattered in layer V, which has similar cell body-packing density to that of the 

other layers, making this subarea to appear less laminar than F2d. The difference between 

these to two subdivisions within F2 can be recognized by the wider layer II in F2v than in 

F2d (Fig. 20). 
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Figure 20 Visualization of the cortical layers in subdivisions of area F3 and F2 (Matelli et al., 1985, 

1991), F2d (dorsal), F2v (ventral). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

Ventral (rostral) premotor region (subdivisions of area F5; Fig. 21 and Fig. 22). 

Although former study identified three areas within the ventral rostral premotor area 

(Belmalih et al., 2008) as well, we were able to confirm only two previous subdivisions, i.e. 

areas F5a and F5c (Belmalih et al., 2008), which correspond to the location of areas F5s and 

F5d, respectively, identified in the present study. Additionally, a ventral subdivision was 

identified on the postarcuate convexity, area F5v. Area F5s is located along the ventral wall 

of the ias, and is abutted ventro-rostrally by F5d, which is located on the dorso-caudal portion 

of the lateral convexity below the ias. Area F5s has a prominent layer Va with a high cell 

packing density and scattered medium-sized pyramids in layer Vb which is much thinner than 

in the lateral subdivisions F5d and F5v. There is no distinct border between layers V and VI, 

but layers II and III can be clearly distinguished from each other. The main difference with 

neighboring area 44 on the ventral wall of the inferior branch of the arcuate sulcus is the lack 

of inner granular layer IV in F5s. Laterally neighboring area F5d is characterized by darkly 

stained small-sized pyramids with horizontal organization pattern in the lower part of layer 

III, and prominent medium-sized pyramids in layer V. As mentioned, both subareas F5d and 

F5v have subdivisions of layer V, but in F5v border between Vb and VI is clearer than in F5d. 

Moreover, F5v lacks horizontal organization in the lower part of the layer III (Fig. 21). This 

new subdivision of area F5 is also confirmed by observer-independent analysis, as presented 

in the Fig. 22. 
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Figure 21 Visualization of the cortical layers in subdivisions of area F5 (Matelli et al., 1985, 1991), 

F5s (sulcal), F5d (dorsal), F5v (ventral). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

 

Figure 22 Positions of significant maxima in the Mahalanobis distance functions (abscissa) plotted 

against blocksize b (ordinate). The location of the significant maxima does not depend on the 

blocksize, but remains stable over large block size intervals and confirms the cytoarchitectonic 

subdivisions of  area F5 (Matelli et al., 1985, 1991), F5s (sulcal), F5d (dorsal), F5v (ventral). cgs – 

cingulate sulcus, sas – superior arcuate branch, ias – inferior arcuate branch, lf – lateral fissure, sts - 

superior temporal sulcus. 

 

Ventral (caudal) premotor region (subdivision of area F4; Fig. 23). In previous 

maps (Matelli et al., 1998; Rizzolatti and Luppino, 2001), caudal ventral premotor area F4 

has been presented as a homogeneous region. However, in the present study three distinct 

subareas could be defined: F4s (sulcal), F4d (dorsal) and F4v (ventral) (Fig. 23). Unlike F5, 

this area does not have sublaminated layer V nor huge Betz cells. Area F4s occupies the 
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ventral wall of the arcuate sulcus caudal to areas 44 and F5s, and is characterized by a higher 

cell body-packing density in the upper part of the layer III, at the border with layer II, 

compared to the lower part, closer to the layer V. Furthermore, a horizontal organization of 

cells in layer VI is visible. Laterally neighboring on the dorsal portion of the lateral convexity 

is area F4d. This subarea has smaller cells over all layers than in F4s, with various large 

pyramids scattered in layer V. Unlike F4s and F4v, F4d has a more vertical cell organization 

in layer VI. F4v, unlike F4d, does not have large pyramids in layer V and, therefore, borders 

between layers are less clear, with exception for well recognizable layer II that is not so 

prominent in F4d.  

 

 

 

 

 

 

 

 

Figure 23 Visualization of the cortical layers in subdivisions of area F4 (Matelli et al., 1985, 1991), 

F4s (sulcal), F4d (dorsal), F4v (ventral). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

Medial and dorsal primary motor region (subdivisions of Brodmann’s area 4; 

Fig. 24 and Fig. 25). Three areas were defined within the primary motor cortex: 4m 

(medial), 4d (dorsal) and 4s (sulcal). The main difference between motor cortical area 4 and 

rostrally adjacent premotor areas is the presence of the unusually large pyramidal cells 

(known as Betz cells; Betz, 1874) in sublayer Vb of all subdivisions of area 4. Area 4m is 

found on the medial aspect of the hemisphere, whereas 4d and 4s are found on its lateral 

aspect. Area 4s is located mainly within the cs, though it encroaches onto the surface of the 

hemisphere, where it is followed rostrally by area 4d. Area 4m is recognizable by the vertical 

cell organization in layer Vb. In comparison to the adjoining area 4d, pyramids in Va are 

smaller in 4m, thus the border between layers III and V is not clear as in 4d. Moreover, 4m 

has wider layers I and V than 4d. Area 4d has the clearest lamination of all subareas 4, 

especially in comparison to the 4s. Area 4s occupies the rostro-dorsal wall of the cs, and the 
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border with caudally neighboring area 3a is located in the sulcus fundus. Within this part, 

only darkly stained layer II and the Betz cells in layer Vb can be clearly recognized (Fig. 24). 

Subdivisions of area 4 were confirmed by observer-independent analysis, as presented in the 

Fig. 25.  

 

 

 

 

 

 

 

 

 

Figure 24 Visualization of the cortical layers in subdivisions of area 4 (Brodman, 1909), 4m 

(medial), 4d (dorsal), 4s (sulcal). Roman numerals indicate cortical layers. Scale bar 1 mm. 

 

 

Figure 25 Positions of significant maxima in the Mahalanobis distance functions (abscissa) plotted 

against blocksize b (ordinate). The location of the significant maxima does not depend on the 

blocksize, but remains stable over large block size intervals and confirms the cytoarchitectonic 

subdivisions of  area 4 (Brodman, 1909), 4m (medial), 4d (dorsal), 4s (sulcal). cgs – cingulate sulcus, 

spcd – superior precentral dimple, cs – central sulcus, ips – inferior parietal sulcus, lf – lateral fissure, 

sts - superior temporal sulcus. 

 

3.3 Receptorarchitectonic analysis 

 The regional and laminar distribution patterns of 13 different receptor types were 

characterized, and their densities quantified in each cytoarchitectonically identified area (with 
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the exception of 13a and 14c, due to technical limitations) by means of receptor profiles 

extracted perpendicularly to the cortical surface. Although not all receptors show each areal 

border, and not all borders are equally clearly defined by all receptor types, if a border was 

detected by, at least, five (or sometimes by all) receptor types, this happened at the same 

position for all of these receptors at a given rostro-caudal level. Furthermore, the position of 

this border is reproducible in neighboring rostro-caudal levels. Regional and laminar 

differences in receptor densities confirmed cytoarchitectonically identified areas. 

In general terms, most receptors are present at higher densities in the superficial than 

in the deeper areas, with maxima in layers I-II for 5HT1A or II-IV for AMPA, NMDA, 

GABAA, GABAB, GABAA/BZ, M1, M3, 1 and 2. The opposite holds true for kainate 

receptors. Highest 5HT2 receptor densities are reached in layer III. The distribution of the 1 

and the 5HT1A receptors is of particular note because of their bimodal distribution: 1 

receptors present a local minimum in layers I-III and second lower maxima in layer V, 

whereas 5HT1A receptors show extremely high densities in layers I-II and a second (lower) 

maximum in layers V-VI. Thus, each receptor, with the notable exception of the M2 receptor, 

presented a distinct laminar distribution pattern, which remained constant throughout all 

examined areas. The M2 receptor presents highest densities in layers III and V, separated by a 

local minimum in layer IV in all subdivisions of areas 10, 9, 46, F5, and of orbitofrontal 

areas, as well as in 8Ad, 8Av, 45A, 44, F4v. In areas 8m, 8Bd, 8Bs, F6, F3, F4d, as well as in 

subdivisions of F7 and F2, the M2 receptors reach an absolute maximum in layer III, followed 

by a second, though lower one in layer V. Finally, subdivisions of the primary motor cortex 

are characterized by highest M2 receptor densities in layer III.  

 

3.3.1 Prefrontal regions 

Fronto-polar region (subdivision of Walker’s area 10, Fig. 26 and Fig. 27, Tab. 

3). The laminar distribution pattern of the examined receptors within the fronto-polar region, 

including the receptor fingerprint of four different subareas identified in the area 10, is shown 

in Fig. 26. Changes in laminar pattern of GABAB, GABAA/BZ, 5HT1A and M2 highlight the 

most clear cytoarchitectonic borders within area 10. Additional differences in the laminar 

distribution pattern are visible in M1, kainate and α1 between dorsal, 10md, and ventral, 

10mv, subdivisions of the most rostro-medial part of the prefrontal cortex. Absolute receptor 

concentration (Tab. 3) measures show a higher level of AMPA, NMDA, GABAA, GABAB, 
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5HT1A and M3 receptors in ventral areas 10mv and 10o than in the dorsal areas 10md and 

10d, which have a slightly higher concentration of α1 receptors regarding ventral parts. In the 

dorsal areas, concentrations of the AMPA, NMDA,  GABAA,  GABAB, GABAA/BZ,  M2, 

5HT1A  and  5-HT2 receptors  are higher in 

 

Figure 26 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

10. Scale bars code for receptor densities in fmol/mg protein. 

 

10md than in 10d. Only the kainate, M1 and M3 receptors show a trend toward higher 

concentrations in 10d than in 10md. In the ventral areas, absolute concentrations of AMPA, 

NMDA, GABAB, GABAA/BZ and 5HT1A are higher for area 10mv than 10o. Whereas all 

other receptor concentrations were higher in 10o than in 10mv, with the biggest difference in 

M1 receptor concentration. The fingerprints of dorsal (10d and 10md) and ventral (10mv and 

10o) subdivisions are visualized separately. Although differences between compared areas do 

not show significant difference in size, there are slight distinctions in shape of fingerprints, 
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especially for dorsal areas that have the most difference in NMDA and GABAB receptors 

(Fig. 27). Kainate, M2 and α2 receptors do not reveal significant cytoarchitectonic borders 

within frontopolar area 10.  

 

Figure 27 Receptor fingerprints of the subdivisions of Walker’s area 10. Axis in polar coordinate 

plots code for receptor densities in fmol/mg protein. 

 

Table 3 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area 10; s.d. 

(standard deviation). 

 

 

Orbitofrontal region (subdivision of Walker’s areas 14, 11 and 13, Fig. 28,  Fig. 

29 and Fig. 30, Tab. 4). The best delineation of rostral orbital areas 11m, 11l, 13b, and 14r is 

presented by the difference in laminar distribution patterns of GABAA, GABAB, 5HT1A, 

kainate, M1 and M3 receptors (Fig. 28). Whereas for the caudal orbital areas 13m and 13l, 

laminar distribution of kainate, GABAA, α1, M2, M3 and 5HT1A receptors most clearly reveals 

cytoarchitectonic borders (Fig. 29). 11l showed higher concentration levels for AMPA, 

NMDA and especially for GABA receptors (GABAA, GABAB and GABAA/BZ) in regard to 

the adjacent area 11m. These differences can be noted as well by the comparison of their 

receptor fingerprints (Fig. 30). It is interesting to remark that similar concentration levels in 

11m and 11l were recorded for M2 and serotonin receptors, 5HT1A and 5HT2. On the other 
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hand, the best difference between neighboring 11m and 13b was revealed by higher 

concentration levels of AMPA, NMDA, GABAA, GABAB, GABAA/BZ, M1 and M3 recorded 

in 11m opposite to 13b. However, level of M2 receptor in 13b is similar to values recorded for 

subareas 11. Although most receptors showed lower concentration levels in 14r, i.e. AMPA, 

NMDA, GABAA, GABAA/BZ, M2, M3 and α1, than in all other orbital areas, only for GABAB 

receptors levels were higher in 14r than surrounding areas. Dysgranular areas 13 have the 

highest levels of AMPA, M2 and α2 in regard to all other orbital areas. The most significant 

difference between 13m and 13l was recorded for NMDA, GABAB, GABAA and GABAA/BZ, 

whose concentration levels were higher in 13l. On the other hand, kainite and M3 receptors 

were higher in 13m than in 13l (Tab. 4). Same distinction in the concentration levels between 

13m and 13l is revealed by comparison of their fingerprints as they differ in size more than 

the shape. Furthermore, fingerprints of neighboring areas 13b and 14r were compared. They 

differ in both traits, i.e. shape and size, confirming previous defined distinction between these 

areas (Fig. 30). 

Ventrolateral (rostral) region (subdivision of Walker’s area 12; Fig. 28, Fig. 29 

and Fig. 31, Tab. 5). Rostral ventro-lateral areas 12m and 12r are best delineated by the 

difference in laminar distribution patterns of GABAA, GABAB, 5HT1A, kainate, M1 and M3 

receptors (Fig. 28), whereas laminar distribution pattern of kainate, GABAA, α1, M2, M3 and 

5HT1A receptors best identify cytoarchitectonic borders of the caudal subareas 12o and 12l of 

the ventro-lateral cortex (Fig. 29). Parcellation is visible in other receptor distributions too, 

but not so clear. However, changes in the absolute concentration levels, represented in Tab. 5, 

reveal more detailed  differences in this  region. Rostral  areas 12r and 12m  have higher  

concentration levels  
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Figure 28 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

11, 11m (medial), 11l (lateral); Walker’s area 14, 14r (rostral); Walker’s area 13, 13b (rostral); 

Walker’s area 12, 12r (rostral), 12m (medial). Scale bars code for receptor densities in fmol/mg 

protein. 

 

measured for GABAA, M1 and M3 than in 12o and 12l. However caudal areas have higher 

levels for AMPA and 5HT1A receptors compared to rostral subdivisions. Thus, rostral areas 

have distinct shape of the receptor fingerprint from caudal ones (Fig. 31). For most receptor 

types concentration levels were higher in 12m than in 12r, especially significant were values 

for NMDA receptor levels. In 12r concentration levels were higher for kainate, GABAA, 

GABAB, GABAA/BZ and 5HT1A than in 12l, and these differences are reflected in the sizes of 

the receptor fingerprints. The absolute receptor concentration values were compared between 

12l and 12o as well. The values were higher for almost all receptor types in 12o than in 12l, 

with exception in slightly higher concentration levels for kainate and α1 in 12l. Receptor 

fingerprints showed difference in size when compared between these areas (Fig. 31). 
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Figure 29 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

13, 13m (medial), 13l (lateral); Walker’s area 12, 12o (orbital), 12l (lateral). Scale bars code for 

receptor densities in fmol/mg protein. 

 

 

Table 4 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area 11, 14 and 

13; s.d. (standard deviation). 
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Figure 30 Receptor fingerprints of the subdivisions of Walker’s areas 11, 14 and 13. Axis in polar 

coordinate plots code for receptor densities in fmol/mg protein. 

 

 

 

Figure 31 Receptor fingerprints of the subdivisions of Walker’s area 12. Axis in polar coordinate 

plots code for receptor densities in fmol/mg protein. 
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Table 5 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area 12; s.d. 

(standard deviation). 

 

 

Medial and dorsal (rostral) region (subdivision of Walker’s area 9, Fig. 32 and 

Fig. 33, Tab. 6). Area 9 of Walker has clear subdivisions, not just cytoarchitectonically, but 

also by the difference in receptor laminar patterns between subareas 9d and 9m. Almost all 

receptors show a clear border (Fig. 32). Area 9d showed considerably higher concentrations 

for the NMDA, GABAA, GABAB, GABAA/BZ M1 and M3, although slightly higher 

concentration can be  

 

Figure 32 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 9. 

Scale bars code for receptor densities in fmol/mg protein. 
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Figure 33 Receptor fingerprints of the subdivisions of Walker’s area 9. Axis in polar coordinate 

plots code for receptor densities in fmol/mg protein. 

 

Table 6 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area 9; s.d. 

(standard deviation). 

 

 

noticed for M2, α1, α2, 5HT1A and 5HT2 too. On the other hand, higher concentrations 

are found only for AMPA and kainate receptors in area 9m (Tab. 6). The same trend can be 

recognized when comparing the shapes of the receptor fingerprints, where a difference is 

noted in the size but not in the shape (Fig. 33).  

 

Region within the principal sulcus (subdivision of Walker’s area 46; Fig. 34, Fig. 

35 and Fig. 36, Tab. 7). Along the principal sulcus, anterior and posterior portions of 

Walker’s area 46 were defined. The dorsal wall is occupied by areas a46dr, a46d (Fig. 34), 

p46dr and p46d (Fig. 35), the ventral one by areas a46vr, a46v (Fig. 34), p46vr and p46v 

(Fig. 35).  Changes in the laminar distribution patterns of AMPA, GABAA, GABAB, 

GABAA/BZ, kainate and M3 receptors most clearly reveal delineation of subdivisions within 

Walker’s area 46 for both, anterior and posterior subareas. Higher concentration levels were 

recorded for AMPA, NMDA, GABAA and GABAB receptors in areas closer to the fundus of 

ps, a46v/p46v and a46d/p46d, especially for the ventral part. Only kainite levels were higher 
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for areas extending on the free lateral surface around ps, a46vr/p46vr and a46dr/p46dr. When 

comparing anterior and posterior concentration levels, higher concentration levels were 

recorded for NMDA, GABAA, M1, M2, M3 and α1 in anterior portion. All posterior subareas 

had higher levels only for GABAA/BZ with highest concentrations measured in p46v (Tab. 7). 

Receptor fingerprints of anterior and corresponding posterior areas (Fig. 36) were compared 

to demonstrate that the most prominent differences in the shape of the receptor fingerprints 

are similar between areas within ps in regard to areas on the surface of the ps. However 

bigger differences are recognized in ventral areas, i.e. for GABAA/BZ, NMDA and M1 

receptors in a46v and p46v, and kainite, NMDA, GABAA and M1 in a46vr and p46vr.  

 

Figure 34 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

46, anterior areas. Scale bars code for receptor densities in fmol/mg protein. 
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Figure 35 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

46, posterior areas. Scale bars code for receptor densities in fmol/mg protein. 

 

Table 7 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area 46; s.d. 

(standard deviation). 
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Figure 36 Receptor fingerprints of the subdivisions of Walker’s area 46. Axis in polar coordinate 

plots code for receptor densities in fmol/mg protein. 

 

Medial and dorsolateral (caudal) region (subdivision of Walker’s areas 8B and 

8A, Fig. 37 and Fig. 38, Tab. 8). Area 8B was subdivided into areas 8Bm, 8Bd and 8Bs, 

which were visible not only from cytoarchitectonic analysis, but also by differences in the 

laminar receptor distribution patterns of AMPA, kainate, M1, M3 and 5-HT1A (Fig. 37), as 

well as in absolute concentration receptor levels (Tab. 8). Area 8Bd presented higher kainate, 

GABAA/BZ, M1, M2 and α1 receptor densities than did 8Bs. Both areas presented comparable 

5-HT2 receptor densities. 8Bm showed the highest concentration of AMPA and kainate 

receptors of all three subdivisions of area 8B and the lowest densities of GABAA, GABAB, 

GABAA/BZ, M1, M3 and α2 receptors. Most prominent differences in the laminar receptor 

pattern between subdivisions of area 8B and area 8Ad were visible for α1, 5-HT1A, 5-HT2, 

kainate and M1 receptors. On the other hand, the laminar receptor distribution pattern of 

NMDA, α1, α2, GABAB, AMPA, M3, and 5-HT1A receptors revealed clear differences 

between 8Av and neighboring areas, i.e., 46 dorsally and 45A ventrally. Area 8Av presented 

clearly lower AMPA, NMDA, GABAB, M1, M2, M3, α1, α2, 5-HT1A and 5-HT2 receptor 
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densities than subareas 8B or 8Ad. In 8Ad the highest concentrations were measured for 

NMDA and GABAB receptors, whereas GABAA/BZ densities were the lowest in this area. 

Subdivisions of areas 8B and 8A show slight differences in shape and size of their 

fingerprints (Fig. 38). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

8B and 8A. Scale bars code for receptor densities in fmol/mg protein. 
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Figure 38 Receptor fingerprints of the subdivisions of Walker’s area 8B and 8A. Axis in polar 

coordinate plots code for receptor densities in fmol/mg protein. 

 

Table 8 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area 8B and 

8A; s.d. (standard deviation). 

 

 

Caudal ventrolateral region (subdivision of areas 44 and 45; Fig. 39, Fig. 40 and 

Fig. 41, Tab. 9). The cytoarchitectonic border between areas 44 and 45B can be clearly 

recognized by changes in the laminar distribution pattern of kainate, GABAB, GABAA/BZ, 
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M1, M2, M3, α1, 5-HT1A and 5-HT2 receptors (Fig. 39). In contrast, AMPA, NMDA, GABAA, 

M3 and α2 receptors do not clearly reveal this border. Whereby the borders between area 45A 

and neighboring areas 12l and p46vr were best recognized by α1, AMPA, GABAB, 5HT1A, 

M1 and M3 laminar distribution patterns (Fig. 40). Area 44 had higher concentration levels 

recorded for NMDA, GABAB, α1, α2, 5HT2 and 5-HT1A receptors in regard to areas 45A and 

45B. The most prominent differences between 45A and 45B were recorded for NMDA, M1, 

α1 and 5HT1A where concentration levels were higher in 45B than in 45A. Area 45A had 

highest levels of kainite and GABA receptors in regard to areas 44 and 45B (Tab. 9). Fig. 41 

demonstrates differences in the shape of the receptor fingerprints between subareas 45, where 

fingerprints area similar in size and partly in shape, with most prominent differences in 

kainate, NMDA and GABA receptors, and area 44 that has the shape of the fingerprint more 

similar to the 45B than 45A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

45, 45B (caudal); and area 44. Scale bars code for receptor densities in fmol/mg protein. 
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Figure 40 Regional and laminar receptor distribution patterns of the subdivisions of Walker’s area 

45, 45A (rostral). Scale bars code for receptor densities in fmol/mg protein. 

 

 

Figure 41 Receptor fingerprints of the subdivisions of Walker’s area 45 and 44. Axis in polar 

coordinate plots code for receptor densities in fmol/mg protein. 
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Table 9 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area 45 and 44; 

s.d. (standard deviation). 

 

 

 

3.3.2 Motor regions  

Medial and dorsal (rostral) premotor region (subdivision of areas F6 and F7, 

Fig. 42 and Fig. 43, Tab. 10). Changes in the laminar distribution patterns of kainate, α1, 

GABAA, 5HT1A, AMPA, M1 and M3 mirror the cytoarchitectonic parcellation of dorso-rostral 

and medial premotor areas F7 and F6 (Fig. 42). The border between areas F7i and F7s was 

difficult to recognize in α2, GABAA/BZ, GABAB, 5HT2 and M2 receptor autoradiographs. 

However, absolute receptor concentrations for AMPA, NMDA, GABAA, GABAB, M1, M3 

and α2 showed lower receptor levels in F7i than in F7s. Only for kainate were higher 

concentration levels measured in area F7i with regard to levels in F7s. Medial area F6 

differed from both subdivisions of area F7 with regard to the AMPA, kainate, NMDA, 

GABAA, GABAB, M1, α1, α2 and 5HT1A receptors, whereby mentioned receptors showed 

higher concentration levels in F6. Area F7d had significantly higher concentration of 

GABAA/BZ binding sites, as well as higher concentrations of M2, M3 and 5HT2 receptors, in 

contrast to neighboring areas. Lowest concentrations were recorded in AMPA, NMDA and α1 

receptor levels for this area (Tab. 10). Comparison of receptor fingerprints shows the most 

significant differences for GABAB receptor levels among areas (Fig. 43). However, the shape 

of the receptor fingerprint for F6 vary the most in 5HT1A, kainate and NMDA levels in regard 

to subdivisions of area F7. F7d shows difference in GABAA/BZ levels in compare to 

surrounding areas, whereas the most prominent difference between F7i and F7s receptor 

fingerprints can be recognized in NMDA, M1 and AMPA receptor levels.   
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Figure 42 Regional and laminar receptor distribution patterns of the subdivisions of area F6 and F7 

(Matelli et al., 1985, 1991). Scale bars code for receptor densities in fmol/mg protein. 

 

Table 10 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area F6 and 

F7 (Matelli et al., 1985, 1991); s.d. (standard deviation).  
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Figure 43 Receptor fingerprints of the subdivisions of area F6 and F7 (Matelli et al., 1985, 1991). 

Axis in polar coordinate plots code for receptor densities in fmol/mg protein. 

 

Medial and dorso-caudal) premotor region (subdivision of areas F3 and F2; Fig. 

44 and Fig. 45, Tab. 11). Almost all receptor types show clear changes in their densities 

throughout all layers of F2d and F2v, thus clearly highlighting the border between these two 

areas (presented in Fig. 44). Absolute concentration levels measured (Tab. 11) in F2v were 

considerably lower than those of F2d for 11 different receptor types, i.e. AMPA, kainate, 

NMDA, GABAB, GABAA/BZ, M1, M2, M3, α1, α2 and 5-HT1A. Conversely, differences 

between F2d and F3 are mainly restricted to the GABAA, GABAB, GABAA/BZ, and M1, 

receptors, which were higher in F2d, as well as the NMDA receptors with higher densities in 

F3. Receptor fingerprints showed (Fig. 45) similarity in shape for F3 and F2d, but slight 

difference in the size. However, F2v had highly distinct fingerprint in shape and size in 

regard to F2d and F3. 

 

Table 11 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area F3 and 

F2 (Matelli et al., 1985, 1991); s.d. (standard deviation).  
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Figure 44 Regional and laminar receptor distribution patterns of the subdivisions of area F3 and F2 

(Matelli et al., 1985, 1991). Scale bars code for receptor densities in fmol/mg protein. 

 

Figure 45 Receptor fingerprints of the subdivisions of area F3 and F2 (Matelli et al., 1985, 1991). 

Axis in polar coordinate plots code for receptor densities in fmol/mg protein. 

Ventral (rostral) premotor region (subdivision of area F5; Fig. 46 and Fig. 47, 

Tab. 12). Differences in the density of GABAA/BZ, GABAB, M3, α1, 5HT1A and NMDA 
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receptors across all layers reveal the cytoarchitectonic borders defined for the three different 

subareas of F5, in particular that between F5d and F5v (Fig. 46). The concentration of almost 

all receptors (Tab. 12) was highest in F5v, except for 5HT2 receptors, that did not show any 

significant difference regarding dorsally neighboring area F5d, and AMPA receptors, that 

showed slightly 

 

Figure 46 Regional and laminar receptor distribution patterns of the subdivisions of area F5 (Matelli 

et al., 1985, 1991). Scale bars code for receptor densities in fmol/mg protein. 

 

higher values in F5d than in F5v. The border between F5d and F5s was revealed only by 

differences in mean AMPA, kainate and GABAA/BZ densities, which were higher in F5d than 
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F5s. Subdivisions of the area F5 showed differences in the size of the receptor fingerprints 

(Fig. 47). This was especially recognizable between F5d and F5v. 

 

 

Figure 47 Receptor fingerprints of the subdivisions of area F5 (Matelli et al., 1985, 1991). Axis in 

polar coordinate plots code for receptor densities in fmol/mg protein. 

 

Table 12 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area F5 

(Matelli et al., 1985, 1991); s.d. (standard deviation).  

 

 

Ventral (caudal) premotor region (subdivision of areas F4; Fig. 48 and Fig. 49, 

Tab. 13). Almost all receptor types show the border (Fig. 48) between areas F4d and F4v, 

because of the prominently higher concentrations for all 13 receptors in F4v (Tab. 13). 

Conversely, the border between areas F4s and F4d is revealed by more subtle changes in 

receptor densities, restricted to only some layers and found mainly for α1, AMPA, 

GABAA/BZ, GABAA, GABAB, M1 and M3 receptors. Thus, the absolute receptor 

concentration levels between F4s and F4d do not show significant differences at the mean 

(averaged over all layers) receptor concentration level. Whereas high differences in size of 

the receptor fingerprints between F4d and F4v is demonstrated in the Fig. 49.  
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Figure 48 Regional and laminar receptor distribution patterns of the subdivisions of area F4 (Matelli 

et al., 1985, 1991). Scale bars code for receptor densities in fmol/mg protein. 

 

Figure 49 Receptor fingerprints of the subdivisions of area F4 (Matelli et al., 1985, 1991). Axis in 

polar coordinate plots code for receptor densities in fmol/mg protein. 
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Table 13 Absolute receptor concentrations (fmol/mg protein) measured in subareas of area F4 

(Matelli et al., 1985, 1991); s.d. (standard deviation).  

 

 

Medial and dorsal precentral motor region (subdivision of Brodmann’s area 4; 

Fig. 50 and Fig. 51, Tab. 14). Receptor architectonic differences between the 

cytoarchitectonically identified subdivisions of area 4 are mostly subtle and restricted to only 

a few cortical layers (Fig. 50). Areas 4d and 4s can be delineated by the lower NMDA and 

GABAA/BZ but higher GABAB densities (mainly in the infragranular layers) in 4s than in 4d. 

Measured receptor concentration levels (Tab. 14) show that area 4m can be distinguished 

from area 4d by its higher AMPA, GABAB, and GABAA/BZ, but lower M1 and M3 densities in 

the supragranular layers as well as by its higher kainate, 1, 2, and 5HT1A, but lower 5HT2 

concentrations in the infragranular layers. 4m and 4d show similarity in the shape and size of 

the receptor fingerprint with slight differences (Fig. 51). On the other hand, dorsal 

subdivisions 4d and 4s differ in size and shape, especially in regard to GABAA/BZ, GABAB 

and NMDA receptors.  
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Figure 50 Regional and laminar receptor distribution patterns of the subdivisions of Brodmann’s 

area 4. Scale bars code for receptor densities in fmol/mg protein. 

 

Table 14 Absolute receptor concentrations (fmol/mg protein) measured in subareas of Brodmann’s 

area 4; s.d. (standard deviation).  
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Figure 51 Receptor fingerprints of the subdivisions of Brodmann’s area 4. Axis in polar coordinate 

plots code for receptor densities in fmol/mg protein. 

 

3.4 Hierarchical cluster analysis  

 In order to reveal similarities between receptor fingerprints of the different areas in 

the frontal lobe, a hierarchical cluster analysis was conducted (Fig. 52).  

A fundamental separation is found between the most caudal areas, and all other 

cortical areas studied here, as well as a dorso-ventral trend of grouping within main cluster 

groups with occasional similarities between areas that do not share borders and occupy 

different regions of the frontal lobe. Three main groups of clusters with similar receptor 

distributions were identified within frontal areas defined here: 

(i) “Rostroventral” cluster (group A, Fig. 53): comprises all subdivisions of fronto polar 

area 10 (cluster 2; Fig. 52 and Fig. 53), as well as orbital areas, ventrolateral prefrontal 

area 12, and all subdivisions of area 46 which are located in the depths of the principal 

sulcus (i.e. a46d, p46d, a46v and p46v). Areas 13m and 13l (cluster 1; Fig. 52 and Fig. 

53) are clearly segregated from all the other orbitofrontal areas 13b, 11m and 11l, which 

most closely resemble all subdivisions of ventrolateral prefrontal area 12 and the 

subdivisions of area 46 located in the depths of the principal sulcus (cluster 3; Fig. 52 

and Fig. 53).  
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Figure 52 Hierarchical cluster analysis of the macaque monkey lobe (k-mean clustering represented 

8 as the most acceptable number of clusters). 
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Figure 53 Schematic drawing of a macaque brain showing the extent and location of areas contained 

within cluster A in the dendrogram depicted in Fig. 52.  

 

(ii) “Intermediate” cluster (group B, Fig. 54): encompasses mainly premotor and 

verntrolateral prefrontal areas. Group B also contained all subdivisions of prefrontal area 

8, which were closely associated with premotor areas F7d, F4v and F2d, as well as with 

supplementary motor area F3 and pre-supplementary motor area F6 (cluster 6; Figs. 52 

and 54). Rostroventral premotor areas F5d and F5v showed greater similarity to 

ventrolateral prefrontal area 12l, dorsomedial prefrontal area 9m, and orbital area 14r 

(cluster 4; Figs. 52 and 54) than to neighboring premotor areas. Finally, the subdivisions 

of area 46 located within the outer portion of the iar, i.e. areas a46dr, p46dr, a46vr, and 

p46vr, clustered with areas of Broca’s region, and with premotor areas (cluster 5; Figs. 

52 Fig. 54). 

(iii) “Caudal” cluster (group C, Fig. 55): the three subdivisions of the primary motor cortex 

(i.e. areas 4d, 4s and 4m) are clearly separated from lateral premotor areas (cluster 8; 

Figs.52 and 55). Premotor areas (cluster 7; Figs.52 and 55) present a dorso-ventral 

segregation around the arcuate sulcus, with a dorsal group comprises areas F2v, F7i and 

F7s, while premotor areas F4s and F4d, together with prearcuate area 8Av, build the 

ventral group. 



 

71 

 

 

Figure 54 Schematic drawing of a macaque brain showing the extent and location of areas contained 

within cluster B in the dendrogram depicted in Fig. 52.  

 

 

Figure 55 Schematic drawing of a macaque brain showing the extent and location of areas contained 

within cluster C in the dendrogram depicted in Fig. 52.  
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3.5 Principal component analysis  

A principal component analysis was carried out to reduce the 13-dimensional space 

resulting from the analysis of 13 different receptors area to a 2-dimensional plot depicting the 

Euclidean distances between the fingerprints of each area, which explained 79.664% of the 

variance in the sample of areas examined. As presented in Fig. 56, differences in the 1st 

principal component confirmed the existence of three main cluster groups as revealed by the 

hierarchical cluster analysis (dashed red lines in Fig. 56). Within group B, the 2nd principal 

component segregated supplementary motor area F3, pre-supplementary motor area F6 and 

premotor area F2d from remaining premotor and lateral prefrontal areas (dashed black line 

within cluster B in Fig. 53). Finally, differences in the 2nd principal component segregated 

orbital areas 13m and 13l as well as the subdivisions of frontopolar area 10 from the 

remaining areas of group A.  

 

Figure 56 Principal component analysis  
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4 Disscusion  
 

In the present study, 50 different areas were identified in the macaque frontal lobe, of 

which 16 belong to the motor cortex, 18 to the prefrontal cortex, and 16 to the orbitofrontal 

cortex. For the first time, a microstructural analysis of the macaque frontal lobe is provided 

based on quantifiable tools such as a statistically testable cytoarchitectonic approach and 

multi-receptor autoradiography (specifically, the areal distribution of 13 different receptor 

types was examined), to create detailed parcellation map of the macaque frontal lobe. Each 

cortical area was thus characterized by distinct cyto- and receptorarchitectonic properties. 

Cytoarchitectonic borders between areas were determined first by visual inspection, and their 

position was subsequently confirmed by a quantitative and statistically testable approach 

(Schleicher et al., 1986; Zilles and Schleicher, 1991). The position of these borders was 

further confirmed by changes in the laminar distribution pattern of at least 5 different 

receptors compared to the neighboring areas, as well as by differences in absolute receptor 

concentration levels. Based on this approach, some previously published parcellation 

schemes could be confirmed. It also revealed the existence of several frontal areas that had 

not been described in previous maps, such as a subdivision of areas 10, 8B, F7, F5 and 4. The 

ensuing novel parcellation scheme was presented in a 2D flat map (Fig. 4 and Fig. 5), in 

order to compare delimitation results from the multivariate analysis to the ones in previous 

microparcellations (Walker, 1940; Preuss and Goldman-Rakic, 1991; Morecraft et al., 1992; 

Carmichael and Price, 1994; Barbas and Pandya, 1989; Petrides and Pandya,1994, 2002; 

Caminiti et al., 2017). Finally the density of each of the 13 receptor types was quantified in 

48 of the 50 areas. Multivariate analyses of the ensuing receptor fingerprints revealed 

structurally and functionally relevant clusters of areas which share similar neurochemical and 

properties. 

 

4.1 Comparison among different parcellation maps 

Orbitofrontal and ventrolateral region in the prefrontal cortex.  

The first parcellation scheme of the macaque orbito-medial prefrontal cortex was 

proposed by Walker (1940), who identified 5 relatively large cytoarchitectonic areas: area 10 

on the frontal pole, area 11 on the rostral orbital surface, areas 13 and 12 on the medial and 
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lateral orbital surface, and area 14 located on the ventromedial convexity (Fig. 1). These 

findings were largely replicated by Barbas and Pandya (1989) and Morecraft et al. (1992), 

whereas Preuss and Goldmann-Rakic (1991) carried out a further parcellation of the orbito-

medial region, recognizing subdivisions in area 13, i.e. 13L and 13M, and in area 14, i.e. 

14M, 14A, 14VL and 14L, but no subdivisions were identified in areas 10 and 11. Moreover, 

these parcellation maps did not counterpart with the connectional diversity of this region 

(Charmichael and Price, 1994).  Thus, Charmichael and Price (1994) published a more 

detailed map of this region based on the analysis of nine different histochemical and 

immunohistochemical stains, recognizing over 20 distinct subareas.  

The present parcellation scheme largely confirms that of Charmichael and Price (1994), 

except for the frontal pole region (area 10). They subdivided rostral granular area 10 into 

areas 10m, extending on the medial and dorsal surface of the hemisphere, and 10o, on the 

orbital surface of the medioventral gyrus, which is caudally replaced with area 14r 

(Carmichael and Price, 1994). The present analysis confirmed the location and extent of 

subarea 10o on the orbital portion of the frontal pole, but detected three subdivisions within 

10m, i.e. on the medial surface, dorsal portion 10md and a ventral 10mv, and a distinct 

subarea on the dorsal surface of the frontal pole, 10d. All subdivisions of area 10 are 

granular, with very-well developed layers II and IV, but with slight differences in its 

thickness between defined subareas. Area 10d has a wider layer IV and blurry border 

between layer VI and white matter in comparison to the medial subareas 10md and 10mv. 

Medial areas are characterized by horizontal pattern in layer IV, however only in 10md can 

the same pattern be recognized in layers III and V as well. Area 10o can be distinguished 

from 10mv by more prominent granular layers II and IV. This cytoarchitectonic parcellation 

was further confirmed by the receptor architectonic analysis, which clearly revealed the 

existence of newly defined subareas 10. Differences in absolute concentrations were noted 

for GABAA, GABAB, GABAA/BZ, M1 and NMDA receptors, as higher levels were recorded 

in 10mv than in 10md, whereas hierarchical dendrogram showed clear distinction between 

10d and all other subareas 10.  

Area 10 was delimited caudally on the ventromedial convexity by area 14, which was 

subdivided into rostral dysgranular and caudal agranular parts, 14r and 14c respectively 

(Carmichael and Price, 1994). The location and extent of both areas could be confirmed with 

the present cytoarchitectonic analysis (Fig. 5), but it was not possible to quantify receptor 

densities in 14c due to tangential sectioning at that rostro-caudal level.  
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Walker’s (1940) areas 11 and 13 occupy the rostral and caudal portion of the orbital 

gyrus, respectively. Both areas have been subdivided into medial and lateral parts, i.e. 11m, 

11l, 13m and 13l (Carmichael and Price, 1994). Overall, areas 11m and 11l are granular, 

whereas areas 13m and 13l are part of the dysgranular cortex rostral to the agranular insular 

region. The main difference between the medial and lateral subdivisions of areas 11 and 13 is 

found in their layer V. Areas 11m and 11l differ in sublaminas Va and Vb, which are 

continuous in area 11l and broken into aggregates of cells in area 11m, whereas area 13l has 

blurry sublamination of layer V that cannot be seen in 13m. Receptorarchitectonic analysis 

revealed differences in the concentration levels of GABAergic (GABAA and GABAB 

receptors as well as GABAA/BZ binding sites) receptors, which were higher in the lateral than 

in the medial subdivision of 11. On the other hand, 13m had higher level of kainate receptors 

than 13l. On the medial bank of the medial orbital sulcus, at a site included in area 14 by 

Walker (1940), two more areas were classified based on their connectivity patterns as being 

further subdivisions of area 13, i.e. rostral dysgranular area 13b and caudal agranular 13a 

(Amaral and Price, 1984). The location and extent of both areas could be confirmed with the 

present cytoarchitectonic analysis (Fig. 5), but it was not possible to characterize the receptor 

architecture of 13a due to tangential sectioning at that rostro-caudal level. Interestingly, the 

hierarchical cluster analysis revealed that area 13b differed considerably from adjacent area 

14r and orbital subdivisions of area 13, but was more similar to areas 11m and 11l.  

Finally, the lateral orbital cortex is occupied by area 12, which can be subdivided into 

four areas. Areas 12r and 12o occupy the rostral, whereas 12l and 12m are on the caudal 

portion of the lateral orbital surface and on the ventrolateral convexity. Unlike neighboring 

areas, 12r has dysgranular cortex, whereas area 12m can be distinguished by its well-

developed layer IV and bipartite layer V. Area 12o has a thin and weakly stained layer IV, 

and no obvious sublamination in layer V. Finally, most posterolateral area 12l is granular 

cortex with clear subdivision in layers III and V, whose pyramids are smaller than in dorsally 

neighboring area 45A. All borders could be confirmed by the observer-independent 

cytoarchitectonic approach, as well as by differences in receptor architecture. GABAA/BZ, 

GABAB, GABAA concentrations were higher in 12r than in 12m, whereas kainate levels were 

higher in 12m. Areas 12o and 12l differed mainly in their GABAA/BZ, NMDA and AMPA 

densities, which were higher in 12o than in 12l. 
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Dorsal and ventrolateral region of the prefrontal cortex.  

This region encompasses dorsal prefrontal areas 8 and 9, lateral area 46, as well as 

ventrolateral areas 45 and 44.Walker (1940) identified and labeled area 9 on the rostral 

portion of the medial and dorsal surface of the prefrontal cortex neighboring rostral with area 

10 and caudal with area 8B. Whereas some authors confirmed this parcellation scheme (e.g., 

Barbas and Pandya, 1989; Carmichael and Price, 1994), others (e.g., Preuss and Goldman-

Rakic, 1991; Petrides and Pandya, 1994, 2002; Caminiti et al., 2017) described dorsal (9d) 

part, located on the convexity superior to the principal sulcus, and a medial (9m) subdivision 

on the medial surface of the hemisphere, dorsal to the cingulate sulcus. In the present 

quantitative cytoarchitectonic analysis the existence of dorsal and medial subdivisions of area 

9 could be confirmed, both of which are granular in nature, although layer IV was more 

prominent in 9d than in 9m. The receptor analysis further confirmed this subdivision. 

Receptor fingerprints did not show much difference in shape but rather in size, thus 

indicating comparable specific balances between the different receptors in both areas (Zilles 

et al., 2002).  

Walker (1940) defined area 46 within and around principal sulcus on the lateral surface 

of the prefrontal cortex caudal to area 10, while on the most posterior end of principal sulcus, 

area 46 was replaced by area 8A. Area 46 could be identified along entire principal sulcus. 

This location of area 46 in the macaque monkey has been confirmed in various anatomical 

studies (Preuss and Goldman-Rakic, 1991; Petrides and Pandya,1994, 2002; Caminiti et al., 

2017), however it was widely acknowledged that this large region is not homogenous and 

distinct subdivisions with many discrepancies among parcellation schemes were made by 

different authors. Preuss and Goldman-Rakic (1991) identified four subareas along the 

principal sulcus. Two areas within the sulcus on the dorsal and ventral wall close to the 

fundus (inner subareas), areas 46d and 46v respectively, and two areas on the dorsal and 

ventral shoulders of the sulcus and extending onto the free surface of the hemisphere (outer 

areas), areas 46dr and 46vr, respectively. Other authors (Petrides and Pandya, 2006; 

Morecraft et al., 2012, Caminiti et al., 2017) identified rostro-caudal differences within 

Walker’s area 46, but only described a dorso-ventral segregation in the caudal portion, thus 

resulting in a parcellation with a rostral area 46 and caudal areas 9/46d and 9/46v located on 

the dorsal and ventral banks of the principal sulcus, respectively, and extending onto the free 

surface of the hemisphere. The existence of dorso-ventral subdivisions along the entire length 

of the principal sulcus (i.e., the parcellation proposed by Preuss and Goldman-Rakic (1991)) 
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could be corroborated by the present quantitative cytoarchitectonic analysis. However, based 

on the receptor architectonic analysis, we could also confirm the existence of differences 

between the anterior and posterior portions of the principal region, which were especially 

prominent along the ventral bank of the sulcus. Higher concentrations of GABAA/BZ binding 

sites, but lower M1 receptor densities were measured in posterior subareas as compared with 

anterior subareas. Therefore, a new parcellation scheme for Walker’s area 46 is proposed 

which results in its subdivision into 8 areas: a46d, a46dr, p46d and p46dr, located from 

rostral to caudal and from the fundus to the surface along the dorsal wall of the principal 

sulcus, as well as a46v, a46vr, p46v and p46vr, located from rostral to caudal and from the 

fundus to the surface along the ventral wall of the principal sulcus.  

Further on the caudal portion of the medio-dorsal prefrontal surface, Walker (1940) and 

Petrides and Pandya (1994) delineated dysgranular area 8B as a transitional region between 

granular prefrontal and agranular premotor areas, as well as the granular area 8A on the 

prearcuate convexity. Preuss and Goldman-Rakic (1991) and Morecraft et al. (2012) 

recognized within area 8B two distinct areas 8Bm and 8Bd, which is supported by the results 

of the quantitative cyto- and receptorarchitectonic analysis as well. However, area 8Bd was 

further subdivided into two areas, 8Bd and 8Bs. Moreover, unlike previous maps, in the 

present parcellation scheme the location of 8B has been defined more caudally, occupying the 

medial and dorsal surface above sas, that was previously identified as the most rostral part of 

premotor areas F6 and F7, respectively. Area 8Bd and 8Bs are found on the dorsal surface of 

the hemisphere rostrally and above the sas, and 8Bs extends onto the dorsal wall of the sas. 

Cytoarchitectonically 8Bm differs from dorsal subdivision 8Bd by its weak lamination and 

smaller pyramids in layers III and V. 8Bm and 8Bs share similar cytoarchitectonic traits, 

however, the main difference between them is that in 8Bs has more prominent pyramids 

scattered in layer V. Receptor analysis further confirmed the border between 8Bd and 8Bs, 

with higher kainate, NMDA and GABAA/BZ densities in 8Bd than in 8Bs. Area 8Bm differed 

from 8Bd by its higher AMPA and kainate, but lower M1 receptor densities. On the other 

hand, granular area 8A, located within prearcuate region, is separated from the premotor 

representation of the forelimb and mouth by the arcuate sulcus (Bruce et al., 1985; Stanton et 

al., 1989), while rostrally neighboring with area 46 and area 45A ventrally.  

Area 8A has been associated with the frontal eye field (FEF), originally investigated by 

Bruce et al. (1985) and Stanton et al. (1989), in monkeys. FEF corresponds to an 

architectonically defined area (Stanton et al., 1989) where intracortical microstimulation with 
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low current intensities evokes saccades (Bruce et al., 1985). Dorsally larger-amplitude 

saccades were evoked, whereas smaller-amplitude was represented more ventrally (Bruce et 

al., 1985), indicating dorso-ventral differences within the region. Walker’s area 8A has been 

subject of numerous architectonic analyses, resulting with the maps that differ in the number 

and extent of areas depicted. Preuss and Goldman-Rakic (1991) marked the rostral part of 

Walker’s 8A as a single area 8Ar occupying the dorsal and ventral surface of the prearcuate 

convexity, which is delimited caudally by 8Am within the ventral wall of the sas, and area 

8Ac within the posterior part of the dorsal wall of the ias. Furthermore, their area 8Ar extends 

ventrally on the cortical surface rostral to the ias, where it was delimited rostrally by area 

12vl. This parcellation scheme, however, differs from those proposed by Petrides and Pandya 

(1999), who identified dorsal (8Ad) and ventral (8Av) subdivisions, or Gerbella et al. (2007), 

who described a rostro-caudal segregation (area 8r located rostral to area 8/FEF). The results 

of the present quantitative multimodal analysis are in accordance with the map of Petrides 

and Pandya (1999). An area 8Ad was defined on the ventral bank of the sas and extending 

ventrally onto the free surface of the prearcuate convexity, and an area 8Av on the anterior 

wall of the ias and extending dorsally onto the convexity. Furthermore, in the present 

parcellation scheme, and contrary to the map of Preuss and Goldman-Rakic (1991), areas 

8Av and 12l share no common border, since area 8Av could no longer be identified on the 

cortical surface adjoining the most rostral portion of the ias, since it had been replaced at this 

position by area 45A. Cytoarchitectonic differences were further confirmed by the receptor 

architectonic analysis, that revealed lower levels of AMPA, NMDA, GABAB, M1, M2, M3, 

α1, α2, 5HT1A and 5HT2 receptor densities in 8Av than in 8Ad.  

Finally, the ventrolateral region encompasses areas 44 and 45, which are thought to be 

the homologs of Broca’s region in humans (Petrides and Pandya, 2002). Walker (1940) 

identified his area 45 within the lower limb of the arcuate sulcus. Petrides and Pandya (2002), 

however, found area 45 to extend rostrally onto the adjacent lateral surface of the hemisphere 

for a considerable distance, reaching as far as the ipd. This is also in contrast with the 

parcellations proposed by (Walker, 1940) and (Preuss and Goldman-Rakic, 1991), who 

described area 45 mainly within the ias, and only encroaching onto the free surface, where it 

was replaced dorsally by area 46 and ventrally by area 12 (in the map of Walker, 1940), or 

rostrally by area 8Ar (in the map of Preuss and Goldman-Rakic, 1991). Furthermore, Petrides 

and Pandya (1994, 1999, 2002) subdivided monkey area 45 into areas 45A and 45B, which 

was confirmed in the present analysis as well. Area 45A occupies the ventral portion of the 
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prearcuate convexity ventral to area 8Av, and extends rostrally into the ipd where is 

substituted by 12r dorsal to ipd, and by 12l ventral to the dimple. Caudally 45A is delimited 

by 45B, which occupies the rostro-dorsal wall of the ias. The subdivision of area 45 is based 

primarily on the differences in development of layer IV. This layer is wider and more 

prominent in area 45A that in area 45B. The results of the present quantitative multimodal 

approach not only support the presence of an area 45, and not of area 12, on the prearcuate 

convexity, but also confirm the existence of areas 45A and 45B. Area 45A presented higher 

kainate, GABAA and GABAA/BZ, but lower 5HT1A and NMDA densities than 45B. In the 

same time, area 44 has also been subject of controversy. Area 44 has now been described as 

the dysgranular area between the caudally adjacent agranular premotor cortex and granular 

area 45 (Petrides and Pandya, 1994; Petrides et al., 2005), and this view could be confirmed 

by the present analysis. Walker (1940) and Preuss and Goldman-Rakic, (1991a) did not 

identify an area 44 in their maps, because they considered that area 45 not only occupied the 

rostral, but also the caudal wall of the ias. Matelli et al. (1985, 1991) did not identify area 44 

either, since they thought that their area F5 continues rostrally into the ias, where it was 

followed by area 45. Thus, cortex on the posterior wall of the ias was considered to constitute 

a specialized region of the premotor cortex for orofacial movements (Deacon, 1992; Preuss, 

1995).  

Motor region.  

The motor region in the frontal lobe was originally subdivided into two 

cytoarchitectonic distinct areas. Precentral motor area 4, characterized by giant pyramidal 

cells (Betz cells) in layer V, and premotor area 6, lacking these pyramids (Brodmann, 1909). 

Functionally, area 4 represents the primary motor cortex (Brodmann, 1909), whereas area 6 

consists of the supplementary (SMA) and pre-supplementary (pre-SMA) motor areas 

(Penfield and Welch, 1951; Woolsey et al., 1952) on the mesial surface, and the premotor 

cortex (Fulton and Sheehan, 1935) on the lateral cortical convexity. The development of new 

and more powerful anatomical and functional techniques revealed that this cortical region, 

particularly the premotor areas, is a complex mosaic of structurally and functionally distinct 

areas responsible for processing different aspects of motor behavior (Rizzolatti et al., 1987; 

Wise, 1985; Barbas and Pandya, 1987; Preuss and Goldman-Rakic, 1991; Matelli et al., 

1985, 1991, 1998; Dum and Strick, 2002; Geyer et al., 2000). The present results will be 

discussed in the framework of the map of Matelli et al. (1985, 1991, 1998), since it is the 

currently most widely accepted subdivision of the motor region in the macaque brain. They 
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defined a primary motor area F1, and subdivided Brodmann’s area 6 into a supplementary 

motor area F3, a pre-supplementary motor area F6 (both located on the mesial cortical 

surface), dorsal premotor areas F2 and F7 on the dorsolateral premotor convexity, as well as 

ventral premotor areas F4 and F5 on the ventrolateral premotor convexity.  

Previously published maps of this region differ considerably in the number and extent 

of areas depicted, as well as in nomenclatures used. On the mesial surface caudal to area 8B, 

Preuss and Goldman-Rakic (1991) identified a large area 6M, which has been subdivided into 

a rostral part (area F6 of Matelli et al., 1985, 1991 and Caminiti et al., 2017, pre-SMA of 

Morecraft et al., 2012) and a caudal (area F3 or SMA of Matelli et al., 1985, 1991 and 

Caminiti et al., 2017, area 6m of Morecraft et al., 2012). The existence of these two areas 

was confirmed by histochemical, cytoarchitectonic and functional data (Matelli et al., 1985, 

1991; Luppino et al., 1993; Rizzolatti et al., 1996; Geyer et al., 1998), and is further 

corroborated by the results of the present study. A characteristic cytoarchitecture could be 

identified, with densely packed medium size pyramids in the superficial layers in area F6 

unlike deeper layers V and VI. On the other hand, area F3 has more prominent layer V in 

compare to adjacent layers III and VI, which gives visual appearance as if F3 is more 

laminated then F6. Areas F3 and F6 showed high similarity in the shape and size of the 

receptor fingerprint. However, differences in the absolute concentration levels were recorded 

for NMDA and M1 receptors, which were higher in F6 than in F3. Furthermore, lower 

concentration levels for GABAA/BZ were noted in F6 in regard to F3 levels.  

Laterally to area F6, rostral premotor area F7 (Matelli et al., 1985, 1991), or 6DR 

(Petrides and Pandya, 2006; Morecraft et al., 2012), was subdivided into three subareas, i.e. 

dorsal area F7d, intermediate area F7i and ventral area F7s, based on distinct receptor 

fingerprints and on cytoarchitectonic differences, mainly, in layer VI. Area F7d is found at a 

position comparable to that of the rostro-dorsal oculomotor area SEF (supplementary eye 

field, Schlag and Schlag-Rey, 1987). Preuss and Goldman-Rakic (1991) referred to the entire 

dorsolateral premotor cortex as area 6D, they described distinct specializations within the 

dorsal wall of the sas, which could partly correspond to the present area F7s. Layer VI is 

sublaminated in F7d and F7i, but not in F7s, whereby the sublamina VIa is much wider in F7d 

than in F7i. Area F7d had higher GABAA/BZ, M2, M3 and 5HT2 receptors, in contrast to 

neighboring areas F7i and F6. For the densities of AMPA, NMDA, GABAA, GABAB, M1, 

M3 and α2 receptors were lower in F7i than in F7s. Only for kainate receptor densities were 

higher in F7i than in F7s.  
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Further caudally to F7, within area F2 (Matelli et al., 1985, 1991), also referred to as 

6DC (Petrides and Pandya, 2006; Morecraft et al., 2012), distinct cytoarchitectonic and 

receptor distribution patterns could be identified enabling its subdivision into dorsal F2d and 

ventral F2v parts with regard to the superior precentral dimple (prcd).  A comparable 

subdivision of area F2 was made based on SMI-32 immunohistochemical (Geyer et al., 1998, 

2000), cytoarchitectonic and functional (Matelli et al., 1998) analyses. Both subdivisions of 

F2 were poorly laminated and presented some big pyramids in layer V, which have 

rostrocaudal gradient in size, in particular, closer to the border with area 4, where pyramids 

are bigger, but still not as prominent as in area 4. Layers II and V were thinner and more 

prominent in F2d then in F2v. A for receptorarchitecture, absolute concentration levels 

measured in F2v were lower for 11 different receptor types, e.g. AMPA, kainate, NMDA, 

GABAB, GABAA/BZ, M1, M2, M3, α1, α2 and 5HT1A compared to F2d, further confirming 

obvious subdivision within caudal premotor cortex.  

The ventral surface of the rostral premotor region, that encompasses area F5, was 

recently subdivided into three distinct subareas based on cyto-, myelo- and chemoarchitecture 

(Belmalih et al., 2008). Two of these areas occupy the ventral wall of the inferior arcuate 

branch, F5p posteriorly and F5a anteriorly, and area F5c is located on the ventral convexity 

below the inferior arcuate branch (Belmalih et al., 2008). However, Maranesi et al. (2012) 

consider area F5p of Belmalih et al. (2008) to be a part of area F4, based on the results of a 

study with intracortical microstimulation and extracellular recordings. This would be in 

agreement with the present results, since no rostro-caudal subdivision was found in the 

portion of area F5 buried within the ias, which was marked as subarea F5s. However, the 

most caudal portion of the present area F5d partly corresponds to F5p of Belmalih et al. 

(2008) as the authors specified that this area also occupies a small part of the lateral surface 

in the most caudal part of the postarcuate convexity. Thus, most of area F5v, together with 

area F5d, both identified in the present study, are found within area F5c of Belmalih et al. 

(2008). Furthermore, the dorsal part of area F5c of Belmalih et al. (2008) (F5d of the present 

study), is reported to have different connections than its ventral part of the F5c (which could 

correspond to F5v of the present study) (Gerbella et al., 2011). Areas F5d and F5v of the 

present study can be distinguished based on their distinct cyto- and receptor architecture. 

Area F5d is characterized by darkly stained small-sized pyramids in the lower part of layer 

III, and prominent medium-sized pyramids in layer V. Subdivisions of layer V and the poor 

staining of pyramids in layer III differentiate F5v from F5d. Furthermore, higher NMDA, 
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GABAB, GABAA and GABAA/BZ densities were measured in F5v than in F5d. Additionally, 

AMPA, kainate and GABAA/BZ densities were higher in F5d than in F5s. The receptor 

fingerprints of the F5d and F5v are comparable in shape, but distinct in size, indicating 

similar receptor balance of these F5 subdivisions. On the other hand, areas F5s and F5d have 

similar size of the receptor fingerprints, with most prominent difference in shape between 

subareas in AMPA and GABAA/BZ receptors.  

Further, on the ventral surface, three cytoarchitectonically distinct subareas were 

identified within caudal area F4, i.e. area F4s occupying the ventral wall of the arcs and two 

areas on the free surface of the hemisphere, F4d dorsally and F4v ventrally. A similar 

subdivision of the precentral convexity was reported by Maranesi et al. (2012) who identified 

functionally distinct areasF4d (comparable in position and extent to area F4d of the present 

study) and F4v (comparable in extent and location to area F4v of the present study). Area F4d 

is involved in forelimb (reaching and grasping) and mouth movements, and integrates 

different types of visual properties (Maranesi et al., 2012). Area F4s, which is located in a 

cortical region which is visually responsive and  represents eye movements, as well as eye 

position-related movements (Boussaoud et al., 1993; Fujii et al., 1998, 2000) is characterized 

by aggregates of pyramidal cells in layer V and deeper part of layer III, a horizontal striation 

is visible in layers II, VI and III. In area F4d the horizontal striation is only visible in layer 

VI. Area F4v has a denser layer V with smaller pyramids than does F4d. Furthermore, results 

from the receptorarchitectonical analysis confirmed clear subdivision on the lateral convexity 

as the densities of all 13 examined receptors were higher in F4v than in F4d. Receptor 

concentration differences were more subtle when compared between F4s and F4d. The most 

distinctive measure was noticed in higher kainate receptor density of F4s than of F4d.  

In the macaque monkey, the primary motor cortex (F1, Brodmann’s area 4) covers the 

rostral wall of the central sulcus, as well as the rostrally adjacent cortex on the precentral 

convexity (where it reaches the superior precentral dimple) and on the medial surface is 

characterized by an overall low cell packing density, a poor lamination, the lack of a visible 

layer IV, and the presence of prominent giant pyramids (Betz cells; Betz, 1874) in layer V. 

To date, maps of the monkey brain depict area F1 as being a cytoarchitectonically 

homogenous region (Caminiti et al., 2017; Matelli et al., 1985, 1991, 1998; Preuss and 

Goldman-Rakic, 1991; Petrides and Pandya, 2006; Morecraft et al., 2012) although some 

authors have proposed that it may be composed of architectonically and functionally distinct 

areas (Gould et al., 1986; Preuss et al., 1997; Rathelot and Strick, 2009; Strick and Preston, 
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1982; Stepniewska et al., 1993), as is the case for the human (Geyer et al., 1996) and  New 

World owl monkey (Aotus trivirgatus) (Stepniewska et al., 1993) primary motor cortex. It 

has been proposed that two distinct subregions can be defined within the primary motor 

cortex based on the location of the cortico-motoneuronal (CM) cells as identified by 

retrograde tracking experiments (Rathelot and Strick, 2009). On the other hand, the present 

quantitative multimodal analysis revealed the existence of three distinct subdivisions within 

the macaque primary motor cortex: area 4m on the medial surface, area 4d occupying the 

precentral convexity, and area 4s, located mostly within the central sulcus where, in the 

fundus, it abuts somatosensory area 3a. When compared with the previous proposed 

subdivision by Rathelot and Strick (2009), most CM cells were found within the central 

sulcus, at a location comparable to that of 4s of the present study, whereas the surface of the 

precentral gyrus, where area 4d was identified, only presented a few scattered CM cells. 

Another reason for noticed differences in cyto- and receptor architecture detected in the 

present study of the precentral region could be due to somatotopical representations of 

different body parts. However, this is not considered to be reliable parcellation criteria 

because regions are overlapping and have multiple representation locations (Park et al., 

2001). Nevertheless, in monkeys, the somatotopical map of the primary motor cortex shows 

that the medial surface (where area 4mwas identified) is mostly occupied by the 

representation of the trunk and tail region, whereas the leg and hand regions are overlap on 

the precentral convexity (where area 4d was identified), and the hand region extends along 

the dorsal wall of the central sulcus (where area 4s was identified) (Graziano and Gandhi, 

2000). Area 4s had the poorest lamination, and only layer V could be clearly identified due to 

the presence of numerous Betz cells. Areas 4d and 4m were clearly laminated with strong 

vertical striations, particularly in area 4d, in layer VI. The position of cytoarchitectonic 

borders identified here was paralleled by changes in receptor architecture. Area 4s presented 

lower AMPA, kainate, NMDA, GABAA, GABAA/BZ, M2 and α1, but higher, GABAB densities 

than areas 4d or 4m. In comparison to other frontal areas, all three subdivisions of area 4 

were characterized by their very low receptor densities.  This is comparable to the situation in 

the human brain, where the primary motor cortex was found to have significantly lower 

receptor densities than any other neocortical area (Zilles and Palomero-Gallagher, 2017; 

Palomero-Gallagher and Zilles, 2017). 
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4.2 Hierarchical organization of the frontal lobe 

Receptor fingerprints not only segregate allocortical and isocortical areas, but also vary 

between cortical types (e.g., primary or multimodal association areas) and functional systems 

Palomero-Gallagher and Zilles, 2017; Zilles and Palomero-Gallagher, 2017). It is important 

to note that receptor densities do not necessary correlate with cell packing densities (volume 

density of cell bodies in a specific region or cortical layer), because one cell can express 

many different receptors on its surface (Zilles et al., 2002). Rather, differences in the size and 

shape of receptor fingerprints are related to the hierarchical structure of cortical functional 

organization (Zilles et al., 2002; Zilles and Amunts, 2009). Indeed, the fact that cortical areas 

have stronger reciprocal connection with neighboring than with distantly located areas, and 

up to 94% of all cortical connections tend to be predominantly local (Averbeck and Seo, 

2008), is reflected by the present hierarchical cluster analyses. Macroanatomically related 

areas often clustered together as they share similar neurochemical and cytoarchitectonic 

properties, and the most rostral and caudal areas within the frontal lobe are significantly 

different regarding their molecular organization.  

The similarities or differences of the multivariate receptor fingerprints between 48 of 

the 50 frontal areas identified in the present study were analyzed using hierarchical cluster 

and principal component analyses. It was not possible to include the fingerprints of areas 14c 

and 13a in this analysis since, due to their macroanatomical location, there were not enough 

non-tangentially sectioned sites to enable quantification of receptor densities. The k-means 

clustering identified 8 as the highest acceptable number of clusters, which segregated the 

examined areas into three main cluster groups following both rostro-caudal and dorso-ventral 

streams (Fig. 52 and Fig. 56). The distinct cytoarchitecture and molecular structure of each 

area is accompanied by their particular connections with other cortical areas, as well as with 

different subcortical structures. Microparcellation studies like the present one reveal the 

numerous distinct areas involved in the different aspects of cognition control and guided 

behavior, as well as their well-tuned reciprocal neural networks at the molecular, micro-, and 

macroscopic levels. Studies in both, human and monkeys, revealed a rostro-caudal distinction 

of functional organization within the lateral frontal cortex. Based on the fMRI studies in 

human, it was suggested that three distinct processes occur in the frontal lobe: (i) preparation 

and execution of movements by the motor areas as action is selected based on the sensory 

inputs; (ii) gathering of contextual information by the posterior prefrontal areas; and (iii) 
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selection by the most rostral prefrontal areas of reliable information from the posterior 

prefrontal areas, based on the inputs from the temporal region (Koechlin et al., 2003; 

Koechlin and Summerfield, 2007). Furthermore, there are two gradual direction trends in the 

functional organization of the premotor cortex: (i) posterior - anterior direction, where 

posterior areas are active during more “simple” movements (when the task is routine) and 

anterior areas control more “complex” movements (tasks with additional or new 

motor/cognitive inputs); (ii) dorsomedial - ventrolateral direction, where dorsomedial areas 

are active in movement guidance based on internal inputs (the internal feedback loops and/or 

proprioception), whereas, activation of the ventrolateral areas is guided by the external inputs 

(visual or auditory stimuli; Passingham, 1993; Rizzolatti et al., 1998; Geyer et al., 2000). 

This counterparts with the present multivariate analyses, that show a rostro-caudal trend with 

a grouping of areas into three main groups, i.e., rostroventral (group A; see Fig. 53), 

intermediate (group B; see Fig. 54) and caudal (group C; see Fig. 55), which present further 

clusters segregating areas in a dorso-ventral direction (clusters 1-8; see Fig. 52 and Fig. 56). 

Rostroventral cluster (group A, Fig. 53).  

The rostroventral cluster group includes posterior orbitofrontal areas 13l and 13m in 

one cluster (cluster 1), all subdivisions of frontopolar area 10 (areas 10d, 10md, 10mv, 10o) 

and the dorsal portion of area 9 (9d) in a second cluster (cluster 2), and all remaining orbital 

areas except for 12l and 14r (i.e., areas 11l, 11m, 12r, 12m, 12o, 13b) together with the 

subdivisions of area 46 located close to the fundus of the principal sulcus (areas a46d, p46d, 

a46v, p46v) in cluster 3 (Fig. 52 and Fig. 56). Detailed studies on the connectivity revealed 

that distinct subareas of the orbito-frontal and medio-ventral region can be separated into two 

different functional networks, i.e. orbital and medial prefrontal network (Carmichael and 

Price, 1996), while in the same time, being part of two distinct connectional trends in the 

prefrontal cortex, i.e. basoventral and mediodorsal trend (Barbas and Pandya, 1989). 

Interestingly, clusters of the group A encompass areas that mainly belong to the basoventral 

trend, with exception of the dorsally located areas 9d and the dorsal subdivisions of area 46, 

that are part of the mediodorsal trend. At the same time, areas found within clusters 1 and 3 

are part of the orbital prefrontal network, whereas areas in cluster 2 mostly belong to the 

medial prefrontal network. ‘Orbital’ areas receive inputs from distinct sensory regions and 

appear to be involved in sensory integration (Charmichael and Price, 1996). Furthermore, 

they are more sensitive to external, environmental-related information (visual stimuli). On the 

other hand, ‘medial’ areas, which are the main target for the descending projections from the 
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hypothalamus and brainstem, are more sensitive to internal, subject-related information (self-

initiated behavior) (Bouret and Richmond, 2010).  

All the here identified subdivisions of Walker’s area 10 were located within a single 

cluster (Fig. 52 and Fig. 56). Area 10 is thought to be at the top of the functional hierarchy, 

and highly evolved in humans, where it mediates the most complex and abstract cognitive 

tasks (Medalla and Barbas, 2014). Macaque area 10 corresponds only to the ventromedial 

part of the human frontal pole (Carmichael and Price, 1996; Sallet et al., 2013), that plays 

major role in the monitoring of outcomes expected for the ongoing course of action 

(Koechlin, 2014). Furthermore, within the frontal region, area 10 presents the densest 

reciprocal connections with auditory association areas and together with dorsolateral areas 46 

and 9, makes a central node in the working memory system (Medalla and Barbas, 2014). This 

could be related to the present results too, where subarea 10d showed the highest similarity 

with dorsally neighboring area 9d in regard to other subdivisions of area 10. On the other 

hand, functional distinction of the structural subdivisions in area 10 that were recognized in 

present study require further studies in order to understand detailed role of each of them in 

overall functional organization of the prefrontal cortex. Though, it is interesting to notice that 

subareas 10mv and 10o had very similar shape and size of the receptor fingerprint, but 

hierarchical analysis showed more difference among them than expected. 10o and 10md 

showed most similarity and together they grouped with 10mv.  

Area 11m has dense reciprocal connection to the neighboring area 11l (Charmichael 

and Price, 1996), with which is also closely related from the neurochemical point of view 

(Fig. 52 and Fig. 56). Moreover, area 11m receives strong afferents from the posterior 

cingulate gyrus (Öngur and Price, 2000), which is reciprocally connected to numerous 

cortical areas associated with vision and eye movements. These include prefrontal area 46 

(Barbas and Mesulam, 1985), posterior parietal association cortex (Cavada and Goldman-

Rakic, 1989; Andersen et al., 1990), supplementary eye field (Huerta and Kaas, 1990) and 

frontal eye field (Barbas and Mesulam, 1981; Leichnetz and Goldberg, 1988), regions that are 

specialized for spatial information. On the other hand, areas 11m and 11l were found to show 

highest similarity to the mediolateral subdivision of the area 13, 13b, and with rostral 

ventrolateral area 12r. Area 12r receives strong projections from the rostral cingulate cortex 

(Öngur and Price, 2000), that plays a crucial role in the neural network underlying decision 

making in primates (Walton and Mars, 2007). Visual neurons of 12r are active during an 

object identification and it is suggested its role in working memory for object identity 
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(Wilson et al., 1993). Moreover, neurons that are linked to the hand-related activity have also 

been recorded in this area (Simone et al., 2017; Bruni et al., 2015). Therefore, it seems that 

area 12r plays role in control of object-orientated hand action (Caminiti et al., 2017).  

Moreover, information from 11m is further projected to the medial network areas, 

while the adjacent area 11l innervates posterior orbital areas, such as area 13, which are part 

of the orbital network as well. Studies revealed that areas 13 and 11 seem to be the earliest 

sites at which visual information about objects congregates with olfactory, auditory, gustatory 

and visceral inputs (Barbas, 2007). Object-related information comes from the perirhinal 

cortex to the granular orbitofrontal areas (e.g., areas 11 and 12), whereas visceral inputs, that 

provide information about internal body status, are projected via the agranular orbitofrontal 

cortex (i.e., areas Ial and Iapm) (Kringelbach and Rolls, 2004; Rudebeck and Murray, 2014) 

to dysgranular areas 13 and, if necessary, based on this projection, orbitofrontal cortex 

modulates behavior and internal body reaction to alter undesirable action (Nauta, 1971). Area 

13 is considered to be a functionally higher area in the hierarchical organization of 

motivational/reward system within the prefrontal cortex (Goulas et al., 2014) due to dense 

projections from the amygdala that additionally contribute to emotional and motivational 

integration of different stimuli (Barbas 2007; Ghashghaei et al. 2007; Murray and Izquierdo, 

2007). This is reflected in the dendrogram where cluster 1 (Fig. 52 and Fig. 56), that includes 

subdivisions 13m and 13l, is segregated from the all other orbitofrontal areas. The distinction 

of these areas is even more clearly visible in the 2-dimensional plot of the principal 

component analysis (Fig. 56). 

Intermediate cluster (group B, Fig. 54).  

The intermediate cluster includes mostly posterior prefrontal areas and some premotor 

areas. Additionally, a dorso-ventral trend is visible within this main cluster, with smaller 

clusters, that grouped areas located mostly dorsally (cluster 6), around the principal sulcus 

(cluster 5) or ventrally (cluster 4) within the frontal lobe. Cluster 6 includes medial premotor 

areas F3 and F6 closely grouped with the dorsal subdivision of area F2 (i.e., F2d), and areas 

associated with the frontal oculomotor system, i.e. dorsal portion of area F7 (i.e., area F7d), 

all subdivisions of area 8B, area 8Ad (dorsal part of the FEF). Interestingly, the most ventral 

portion of caudal premotor area F4 (area F4v) is also found within cluster 6, although it 

doesn’t share any common border with clustered areas. The subdivisions of area 46 located 

on the walls of the principal sulcus and extending onto the free surface of the hemisphere 
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were all found within cluster 5, together with both subdivisions of area 45, as well as with 

area 44 and the most rostral subdivision of area F5 (F5s). Finally, the lateral subdivisions F5d 

and F5v, which occupy the postarcuate convexity clustered with medio-ventral areas 12l and 

14r, and with the medial portion of area 9, 9m (cluster 4) (Fig. 52 and Fig. 56).  

The lateral prefrontal cortex in primates is an anatomically and functionally 

heterogeneous region that plays a crucial role in executive functions, such as planning, 

organizing, selecting and modulating behavior based on context and social environment 

(Rozzi and Fogassi, 2017). Functional dorso-ventral segregation in the lateral prefrontal 

cortex has been suggested by Barbas and Pandya (1989) and Goldman-Rakic (1996) based on 

the anatomical, physiological, and behavioral evidence. Visual system sends an object’s 

identity information (e.g. the color, shape and texture of the visual stimuli) to the prefrontal 

areas via the ventral stream, which includes mainly inferior temporal areas, while dorsal 

stream is responsible for object spatial location information, which is processed in posterior 

parietal and superior temporal areas. Therefore, dorsolateral prefrontal region is involved in 

working memory for spatial information, whereas non-spatial (e.g., object-related 

information) working memory is coded in the ventrolateral prefrontal region. Similar 

segregation of the frontal areas is constructed in the dendrogram (Fig. 52) by the separation 

of areas within intermediate cluster B into a dorsal, a periprincipal and a ventral cluster.  

Functionally distinct areas on the medial premotor surface, F3 and F6, have strong 

reciprocal connections with each other (Matelli et al., 1998), and also show a great similarity 

of their receptor fingerprints, as they are grouped together with the dorsal subdivision of F2, 

i.e. F2d. Whereas, rostral to F2d is the dorsal subdivision of F7, i.e. F7d, that has more 

similarity to the posterior prefrontal areas, i.e. all subdivisions of area 8B and subarea 8Ad, as 

well as to ventral part of the premotor area F4, i.e. F4v, than to the other subdivisions of F7, 

i.e. F7i and F7s. Electrical stimulation of SMA (area F3) in monkeys revealed a complete 

somatotopical map of the body motor representation, in addition to the one in the primary 

motor cortex (Woolsey et al., 1952), whereas movements in pre-SMA (area F6) are mostly 

arm-related (Mitz and Wise, 1987; Luppino et al., 1991), and involved in target localization 

(Hoshi and Tanji, 2000, 2004). F3 is the source of dense, topographically organized 

corticospinal projections and strong corticocortical connections to F1 and other premotor 

areas (F2, F4 and F5; Luppino and Rizzolatti, 2000). On the other hand, rostral premotor 

areas F6 and F7 cannot control movement directly, but serve as the major transmitting point 

for limbic and prefrontal information to all caudal and rostral premotor areas. While the area 
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F2d corresponds to the previously described dimple area F2dc (Matelli et al., 1998) that 

receives projections from areas PEip and PEc, two higher-order areas involved in 

amplification of the somatosensory stimuli, in order to plan and coordinate, mostly, hindlimb 

movements (Matelli et al., 1998). These three areas (F3, F6 and F2d) are closely grouped in 

the clustering analyses, reflecting a similar molecular organization, which may underlie the 

functional synchronization required to plan voluntary limb movements based on visual and/or 

somatosensory guidance, when the animal moves toward the object to accomplish the 

reaching distance.  

As mentioned before, further grouped areas in cluster 6 include areas 8B and 8Ad of 

the posterior dorsolateral prefrontal cortex, as well as the dorsal portion of the rostral 

premotor area F7 (F7d), all of which are associated with oculomotor and visuospatial 

functions and receive main inputs from inferior parietal, e.g. area PG, which encodes eye 

orientation (Sakata et al., 1980) and intraparietal, e.g. area LIP, which encodes eye movement 

(Cavada and Goldman-Rakic, 1989; Andersen et al., 1990; Snyder et al., 1997; Huerta and 

Kaas, 1990). These frontal areas are densely interconnected, therefore, it was not surprising 

to see them clustered together (cluster 6) in the present multivariate analyses. Previous 

studies suggest that area 8B may be called premotor ear-eye field (PEEF; Lanzilotto, 

Perciavalle and Lucchetti, 2015) as intracortical stimulation in this area evoked eye and ear 

movements (Mitz and Godschalk, 1989; Bon and Lucchetti, 1994; Schall et al., 1995). 

Distinct neurons found in this area encode different auditory environmental stimuli (Lucchetti 

et al., 2008; Lanzilotto et al., 2013) and neuronal activation is modulated by eye movement, 

regardless of the presence of a visual target (Mitz and Godschalk, 1989; Schlag et al., 1992), 

suggesting that 8B is involved in visual and acoustic processing for the control of orienting 

movements in space. Thus the subdivisions of area 8B (8Bd, 8Bs and 8Bm), defined in the 

present study, may imply different coordination mechanisms for this ear-eye orientation 

process.  

Area 8A is subdivided into dorsal and ventral parts based on cytoarchitectonic studies 

(Petrides and Pandya, 1999; present study see Results) and previous electrostimulation 

experiments, i.e. frontal eye field (FEF; Bruce et al., 1985). Differences in receptor 

architecture were identified as well, which not only confirm the location of the 

cytoarchitectonic border between areas 8Ad and 8Av, but also result in their differential 

clustering pattern: 8Ad clusters with 8Bm (cluster 6), whereas 8Av showed higher similarity 

posterior premotor areas F2 and F4 (cluster 7) as well as with primary motor area 4. The 



 

90 

 

dorsal part of FEF (8Ad) has been connected to areas involved in peripheral vision, i.e. areas 

MSTd and PO (Lanzilotto et al., 2013). And compare to ventral portion of the FEF (8Av), 

neurons located in dorsal FEF have larger receptive fields (RF) (Suzuki and Azuma, 1983).  

Similar to the visual system, the auditory cortical system is organized in two different 

streams, i.e. dorsal and ventral, projecting to the prefrontal cortex in non-human primates 

(Romanski et al., 1999). The dorsal stream originates from caudal auditory belt and directly 

targets area 8A (Romanski et al., 1999), bringing information about sound spatial 

localization. On the other hand, the ventral stream, that provides information about the nature 

of the auditory stimulus, originates from rostral auditory belt and rostral auditory parabelt, 

projecting indirectly to area 8A through the ventral prefrontal cortex (Romanski et al., 1999; 

Gerbella et al., 2010). Based on the present data, it is possible to speculate that the auditory 

dorsal stream rather influences area 8Ad than area 8Av (Fig. 52 and Fig. 56) due to the 

similarity of 8Ad and areas 8B (PEEF), that have direct connection to the caudal auditory belt 

as well through the dorsal auditory stream (Romanski et al., 1999).  

Interestingly, the present receptorarchitectonic analysis revealed that subarea F4v is 

closely related to areas grouped in cluster 6 than to any other surrounding (Fig. 52). 

Although, this relationship has to be further investigated, previous electrostimulation data 

showed that the population of mirror neurons recorded in area F4v activates during an 

observation of communicative mouth movements (Ferrari et al., 2003), thus, could play role 

in the evolution of speech functions in humans. Additionally, the majority of projections to 

the caudal ventral premotor cortex are nonvisual, somatosensory and memory-related signals 

(Gregoriou and Savaki, 2003), that are reciprocally exchanged between the rostrally 

neighboring area F5c (areas F5d and F5v identified here) (Gerbella et al., 2011) and lateral 

subdivisions of F4, especially area F4v, as they share strong connections. Finally, it may be 

concluded that areas 8A and 8B play a crucial role in visual and auditory spatial localization, 

as well as, in the transforming those signals into motor commands, therefore, we can see in 

present hierarchical cluster analysis, a grouping with certain premotor areas (cluster 6).  

Furthermore, area 46, together with area 9, is part of the prefrontal region that plays a 

major role in spatial working memory processes (Goldman-Rakic, 1996; Petrides, 1996; 

Fuster, 1997). However, lesion studies within 46 not only cause impaired performance in 

spatial working memory tasks, but also in non-spatial working memory ones, indicating that 

this region also plays role as complex module for the high-level tasks monitoring and 



 

91 

 

guidance of different cognitive representations (Petrides, 1991, 1995; Petrides and Pandya, 

1999). In particular, the most caudal part of area 46 has also been associated with the 

modulation and control of visually-guided and memory-guided saccades (Funahashi et al., 

1993; Takeda and Funahashi, 2002; Kuwajima and Sawaguchi, 2007), as well as in 

controlling eye accommodation (Gamlin and Yoon, 2000). Therefore, it has been considered 

as a part of the oculomotor network and is referred as so-called prefrontal eye field (Lynch 

and Tian, 2006). Conversely, the rostral portion of area 46 is densely interconnected with the 

auditory association cortex that responds to complex auditory stimuli and is considered 

crucial for language functions (Medalla and Barbas, 2014).  

The subdivisions of area 8 (i.e., microanatomical components of the FEF) were located 

in cluster 6 and subdivisions of area 46 built cluster 5 together with areas 44, 45, which are 

considered as homolog to the human Broca's language region (Petrides and Pandya, 1999, 

2002; Petrides et al., 2005), and the rostral part of ventral premotor area F5, which have been 

associated with audio-visual working memory (Romanski, 2012) and sequence processing 

(Wilson et al., 2015). Thus, it may be speculated that although area 46 can be considered a 

multimodal association area, it is more strongly involved in the processing of complex 

auditory stimuli than in the control of saccades. Moreover, recent electrophysiological 

experiments have shown that this region plays a crucial role in cognitive control of 

vocalizations in the monkey (Hage and Nieder, 2013, 2015), indicating that in the primates it 

represents an evolutionary pre-modified region for language functions that later developed in 

humans (Gavrilov et al., 2017).  

The most dorsal subdivision of the area 46, i.e. p46dr, showed the strongest similarity 

to the area 45A (Fig. 52 and Fig. 56). Area 45 is subdivided into 45A and 45B based on the 

development of the layer IV (Petrides and Pandya, 2001; present study see Results) and on 

differences in receptor architecture (present study see Results). Functional studies have 

revealed that area 45A is involved in the multisensory processing of vocal stimuli (Romanski 

and Averbeck, 2009) and activates during action and face observation (Nelissen et al., 2005; 

Tsao et al., 2008; Kuraoka et al., 2015) as well as during eye movement (Premereur et al., 

2015), whereas area 45B is connected with the lateral intraparietal area LIP associated with 

eye movements (Luppino et al., 1999), and is activated during the execution of saccades 

(Premereur et al., 2015) as well as in the observation of the objects and faces (Denys et al., 

2004; Tsao et al., 2008). Therefore, area 45A is important for gaze direction in 

communication behavior and social interactions, and 45B represents a preoculomotor area 
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involved in guiding the survey of visual space for the perception of objects, actions, and faces 

(Gerbella et al., 2010). Stimulation of neurons in area 44 triggered orofacial movements and, 

to lesser extent, hand movements, but not oculomotor movements (Petrides et al., 2005).  

Area F5a (Belmalih et al., 2008) (located within area F5s identified here), which shares 

dense reciprocal connections with the adjacent prefrontal area 44 (Matelli et al., 1986), and is 

also relatively similar from the neurochemical point of view, has been proposed to be an 

integration site for parietal sensory-motor inputs with projections from prefrontal and 

premotor areas (Gerbella et al., 2011). Finally, several studies have confirmed the presence of 

afferents from orbitofrontal areas to premotor area F5 (Barbas and Pandya, 1987; Morecraft 

et al., 1992; Carmichael and Price, 1995), which are also associated with a similarity in the 

neurochemical composition of areas in these two regions, as  seen in the present hierarchical 

cluster analysis, in particular, within cluster 4 (Fig. 52), where areas F5d and F5v clustered 

with orbital area 12l, that belongs to the orbital neural network, and areas 14r and 9m, which 

are part of the medial neural network. In general, area F5 is related to hand and mouth 

movement. Hand movements are represented mostly in its dorsal parts, while mouth 

movements tend to be more ventral (Rizzolatti et al., 1995), thus supporting the subdivision 

of area F5 into dorso-ventrally arranged areas as proposed in the present study. Area F5 is 

thought to use information from the prefrontal areas to coordinate distal arm movements and 

goal-related motor act based on motivationally meaningful visual stimuli (Gentilucci et al., 

1988; Rizzolatti et al., 1988). Interestingly, area 14r is actually one of the intermediate areas 

in the orbital region and has direct connection with both networks, thus, providing 

communication between the sensory-receptive orbital and visceromotor medial network, 

serving as bridge for sensory-motor linkage (Charmichael and Price, 1996). Moreover, areas 

12l and 14r receive a substantial projection from visual areas in the inferior temporal cortex 

(Carmichael and Price, 1995; Öngur and Price, 1996), whereas area 9m projects to lateral 

prefrontal area 46 and orbitofrontal areas 10, 11, and 12 (Eradath et al., 2015), and plays role 

in the goal-based action selection and prediction of the error regarding action value (Eradath 

et al., 2015).  

Caudal cluster (group C; Fig. 55).  

The caudal cluster encompasses the three subdivisions of the primary motor cortex (i.e., 

4d, 4s, 4m) in one cluster (cluster 8), as well as the lateral premotor areas abutting the arcuate 

sulcus dorsally (F2v, F7i and F7v) and ventrally (F4s, F4d, and 8Av, i.e. the ventral part of 
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the FEF) in a second cluster (cluster 7) (Fig. 52). Lesion studies have shown that the most 

caudal region of the frontal lobe, which includes the primary motor cortex (areas 4) and 

caudal premotor areas, e.g. F2 and F4, is involved in fine motor control and direct 

transformation of sensory (mainly somatosensory and visual stimuli) inputs into goal-directed 

motor actions such as reaching, grasping or any manipulation of objects (He et al., 1993; 

Rizzolatti and Luppino, 2001). The primary motor cortex (Brodmann’s area 4, F1) is the only 

motor area whose projections are directly connected to the motor neurons in the spinal cord, 

allowing it to control and perform the finest movements, such as independent finger 

movements (Porter and Lemon, 1993).  

The uniqueness of area 4 in regard to all other frontal areas is reflected in its molecular 

composition, since the fingerprints of the subdivisions of area 4 were the smallest of all 

examined areas. In particular, as also observed in humans (Zilles and Palomero-Gallagher, 

2017), in macaques the densities of almost all examined receptor types were lower in the 

primary motor areas than in any other prefrontal area, resulting in an early segregation in the 

hierarchic cluster analysis. Indeed, areas 4d, 4s and 4m were found in a separate cluster from 

all other areas of the main caudal cluster (cluster C). However, the group of areas (cluster 7 in 

Fig. 52), closely clustered with the subdivisions of area 4, share a common functional profile 

related to visuo-motor coordination, especially to the hand orientation and movement. 

Furthermore, the cluster analysis showed a clear segregation of the subdivisions within 

areas F2 and F7, since only the subdivisions ventral to the superior precentral dimple (i.e. F2v 

and F7i/F7s, respectively) were part of the caudal cluster (cluster C), whereas the most dorsal 

parts F2d and F7d were in the intermediate cluster (cluster B). Therefore, we here provide 

further results demonstrating that areas F2 and F7 each consist of at least two functionally 

distinct sectors, as suggested by Rizzolatti et al. (1998). Thus, only the ventral part of F7 

(corresponding to areas F7i and F7s identified here) uses information from medial parietal 

area PGm to locate the object in space for orientation, as well as to coordinate arm-body 

movements (Matelli et al., 1998; Luppino and Rizzolatti, 2000), whereas the ventral part of 

F2 (corresponding to area F2v identified hiere) is involved in planning and executing arm 

movements guided by somatosensory as well as visual stimuli (Luppino and Rizzolatti, 

2000).  

Premotor areas F4s and F4d clustered with 8Av. Neuronal activity recorded within and 

around arcuate sulcus, i.e., at a position occupied by areas 8Av (ventral part of the FEF), F4s, 
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F2v and F7s, showed that this region is visually responsive and represents eye movements, as 

well as eye position-related movements (Boussaoud et al., 1993; Fujii et al., 1998, 2000). The 

FEF has a strong reciprocal connection with the forelimb region in the area 4, indicating that 

the FEF not only plays an essential role in the control of eye movements per se, but also in 

the control of eye-hand coordinative behaviors (Miyachi et al., 2005). Furthermore, area 8Av 

is the only part of the FEF which integrates information from both the dorsal and ventral 

visual streams (Passingham and Wise, 2012). Area F4d identified in the present study is 

comparable in location extent to the functionally defined area F4d by Maranesi et al. (2012), 

which represents forelimb and mouth movements (Maranesi et al., 2012), and in particular is 

involved in reaching movements under visual guidance (Gregoriou and Savaki, 2003;Kurata 

and Tanji, 1986; di Pellegrino and Wise, 1993). In general, area F4 is the main target of 

intraparietal area VIP (Colby et al., 1993; Luppino et al., 1999) which has been suggested to 

be involved in defensive movements of the head and arm to protect the head (Cooke et al., 

2003). F4 and VIP share many functional properties and, together, play crucial role in 

transforming object locations into appropriate movements within peripersonal space. Visual 

neurons clustered in receptive fields in F4d are independent of eye position, which means that 

these neurons encode space using a body part-centered frame of reference (Graziano et al., 

1994; Fogassi et al., 1996; Luppino and Rizzolatti, 2000; Rizzolatti et al., 1998). Therefore, 

subarea F4d (also called F4d in the present study) is likely to be involved in the control of the 

hand, as well as eye movements (Kurata and Tanji, 1986; di Pellegrino and Wise, 1993).  
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5 Conclusion 
 

The present work revealed a detailed parcellation of the macaque frontal lobe into 50 

areas based on quantitative multimodal analysis integrating macrostructural, microstructural 

and neurochemical aspects of cortical organization in the macaque monkey. Receptor 

densities could be measured in 48 of these 50 areas, and hierarchical cluster and principal 

component analyses were conducted to reveal similarities and dissimilarities between them. 

As a result, an obvious segregation was found between the most caudal areas and all other 

cortical areas studied here, as well as a dorso-ventral trend of grouping within main cluster 

groups with sporadic similarities between areas that do not share borders and occupy 

different parts of the frontal lobe. 
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7 Abbreviations 
 

2D  two dimensional  

NMDA N-methyl-D-aspartate 

5HT1A   5-hydroxytryptamine 1A, serotonin receptor 

5HT2  5-hydroxytryptamine 2, serotonin receptor 

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

arcs  spur of the arcuate sulcus 

aspd  anterior superior principal dimple 

cgs  cingulate sulcus 

CM  cortico-motoneuronal neurons 

cs  central sulcus 

EEG  electroencephalogram 

FEF  frontal eye field 

fMRI  functional magnetic resonance imaging 

GABAA γ-aminobutyric acid A 

GABAA/BZ γ-aminobutyric acid A, associated benzodiazepine binding sites 

GABAB γ-aminobutyric acid B 

GLI  grey level index 

ias  inferior arcuate branch   

IC  inner contour 

lf  lateral fissure 

LIP  lateral intraparietal area 

M1  muscarinic acetylcholine receptor M1 

M2  muscarinic acetylcholine receptor M2 

M3  muscarinic acetylcholine receptor M3 

https://en.wikipedia.org/wiki/5-hydroxytryptamine
https://en.wikipedia.org/wiki/5-hydroxytryptamine
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MC  motor cortex 

MD  Mahalanobis distance 

MEG  magnetoencephalography 

OC  outer contour 

PEc  parietal area PEc 

PEEF  prefrontal eye-ear field 

PEip  parietal area PEip 

PET  positron emission tomography 

PFC  prefrontal cortex 

PG  parietal area PG 

preMC  premotor cortex 

preSMA presupplementary motor area 

ps  principal sulcus 

pspd  posterior superior principal dimple   

ROI  region of interest 

sas  superior arcuate branch   

SEF  supplementary eye field 

SMA  supplementary motor area 

spcd  superior precentral dimple 

sts  superior temporal sulcus 

α1  α1 adrenergic receptor 

α2  α2 adrenergic receptor  
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