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ARTICLE INFO ABSTRACT

Keywords: In the present study we reevaluated the parcellation scheme of the macaque frontal agranular cortex by imple-
Agranular frontal cortex menting quantitative cytoarchitectonic and multireceptor analyses, with the purpose to integrate and reconcile
Cytoarchitecture the discrepancies between previously published maps of this region.

Receptor architecture
Functional connectivity
Mapping

We applied an observer-independent and statistically testable approach to determine the position of cytoarchi-
tectonic borders. Analysis of the regional and laminar distribution patterns of 13 different transmitter receptors
confirmed the position of cytoarchitectonically identified borders. Receptor densities were extracted from each
area and visualized as its “receptor fingerprint”. Hierarchical and principal components analyses were conducted
to detect clusters of areas according to the degree of (dis)similarity of their fingerprints. Finally, functional con-
nectivity pattern of each identified area was analyzed with areas of prefrontal, cingulate, somatosensory and
lateral parietal cortex and the results were depicted as “connectivity fingerprints” and seed-to-vertex connectiv-
ity maps.

We identified 16 cyto- and receptor architectonically distinct areas, including novel subdivisions of the primary
motor area 4 (i.e. 4a, 4p, 4m) and of premotor areas F4 (i.e. F4s, F4d, F4v), F5 (i.e. F5s, F5d, F5v) and F7 (i.e.
F7d, F7i, F7s). Multivariate analyses of receptor fingerprints revealed three clusters, which first segregated the
subdivisions of area 4 with F4d and F4s from the remaining premotor areas, then separated ventrolateral from
dorsolateral and medial premotor areas. The functional connectivity analysis revealed that medial and dorsolat-
eral premotor and motor areas show stronger functional connectivity with areas involved in visual processing,
whereas 4p and ventrolateral premotor areas presented a stronger functional connectivity with areas involved in
somatomotor responses.

For the first time, we provide a 3D atlas integrating cyto- and multi-receptor architectonic features of the macaque
motor and premotor cortex. This atlas constitutes a valuable resource for the analysis of functional experiments
carried out with non-human primates, for modeling approaches with realistic synaptic dynamics, as well as
to provide insights into how brain functions have developed by changes in the underlying microstructure and
encoding strategies during evolution.

1. Introduction The ensuing maps not only differ in the nomenclature used, but also re-
veal considerable differences in the number of areas identified. The least

The primate frontal lobe encompasses two main architectonically detailed subdivision is that proposed by Brodmann (Brodmann, 1905),

and functionally distinct regions: a caudal part, the agranular frontal
cortex, composed of motor and premotor areas, and a rostral portion
which contains higher associative areas of the prefrontal cortex. The
motor and premotor areas of the macaque monkey brain have been sub-
ject of multiple cytoarchitectonic, connectivity and functional studies.
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where the most caudal area represents the primary motor cortex (Brod-
mann’s area [BA]4, or area F1 of Matelli et al. (1985)), and the rostrally
adjacent cortex is occupied by a single premotor area, BA6 (Fig. 1). Al-
though the primary motor cortex is also described as a homogenous area
in most subsequent maps (Fig. 1; Matelli et al., 1985, 1991; Preuss and
Goldman-Rakic, 1991; Petrides and Pandya, 2006.; Morecraft et al.,
2012; Caminiti et al., 2017), architectonic differences between the por-
tion of BA4 located on the precentral convexity and cortex buried within
the central sulcus have also been reported (Rathelot and Strick, 2009).
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Latter studies agree on the existence of medial, dorsal and ventral sub-
divisions within BA6, but they differ considerably in the number and
location of such subdivisions (Fig. 1). Thus, some maps present a single
premotor area on the mesial surface (Preuss and Goldman-Rakic, 1991)
whereas others define two areas (Matelli et al., 1985, 1991; Petrides and
Pandya, 2006.; Morecraft et al., 2012; Caminiti et al., 2017). Further-
more, whereas some authors subdivide the lateral premotor cortex into
dorsal, intermediate and ventral components (Preuss and Goldman-
Rakic, 1991; Morecraft et al., 2012), others postulate its subdivision
into dorsal and ventral parts (Matelli et al., 1985, 1991; Petrides and
Pandya, 2006.; Caminiti et al., 2017). Finally, existing maps also differ
in the number of areas defined along the rostro-caudal axis of the lateral
aspect of the premotor cortex.

The problematic of controversial results concerning the number, lo-
cation and extent of cortical areas can often be explained by the fact
that single different architectonic features were analyzed (e.g., cytoar-
chitecture or myeloarchitecture), as well as by the lack of objective and
reproducible criteria for identification of cortical borders (for reviews
see Zilles and Amunts, 2010; Palomero-Gallagher and Zilles, 2018). A
crucial step towards overcoming these drawbacks was the development
of a method which enabled the quantification of changes in the lam-
inar distribution pattern of cell bodies and the statistical validation of
such cortical borders (Schleicher and Zilles 1990; Schleicher et al., 2005;
Palomero-Gallagher and Zilles, 2018; Zilles et al., 2002b). The simulta-
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Fig. 1. Schematic drawings of the lateral and medial views of a
macaque monkey hemisphere depicting the parcellation schemes of
the agranular frontal region proposed by (A) Brodmann, 1905;
(B) Barbas and Pandya, 1987; (C) Preuss and Goldman-
Rakic,1991; (D) Morecraft et al.,, 2012; (E) Matelli et al.,1985,
1991; and (F) Caminiti et al., 2017. Note, that in the map of
Caminiti et al. (2017) cortical areas were defined on the basis of both
architectonic and connectional criteria. Red arrow marks a small
portion of area F5p on the surface, whereas black arrows indicate
area F5s buried within the inferior arcuate sulcus.

neous analysis of the regional and laminar distribution patterns of mul-
tiple transmitter receptor types as visualized by means of receptor au-
toradiography provides a further quantitative and statistically testable
method for identification of cortical borders (Schleicher et al., 2005;
Palomero-Gallagher and Zilles, 2018). Indeed, such a multimodal ap-
proach combining analysis of cortical cyto- and receptor architecture
has been successfully applied in mapping studies of the human (e.g.,
Caspers et al., 2015; Caspers et al., 2012; Palomero-Gallagher et al.,
2013) and macaque monkey (Impieri et al., 2019) brains.

In-vivo neuroimaging in the non-human primate is a promising ap-
proach to link between precise electrophysiological and neuroanatomi-
cal studies of the cortex and the large-scale networks observed in human
neuroimaging. Recently non-human primate imaging has been advanc-
ing rapidly, thanks in part to increased collaborating and data-sharing
(Milham et al., 2018, 2020). However, integration of neuroimaging data
with high-quality postmortem anatomical data has been limited by the
two disciplines not reporting results in a common coordinate space. Fur-
thermore, parcellations of macaque cortex that are currently available
to the in-vivo neuroimaging researchers do not have information relat-
ing to receptor densities. Such information is crucial to understanding
the chemical underpinnings of functional activity and connectivity ob-
served in-vivo.

The principal aim of this study is to reassess the organization of
macaque motor and premotor cortex. We provide a new parcellation
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of these regions based on quantitative analysis of their cyto- and re-
ceptor architecture. Finally, we determine the characteristic connec-
tivity fingerprint of each area. All data is made available to the com-
munity in standard Yerkes19 surface (Donahue et al., 2016) via the
via the EBRAINS platform of the Human Brain Project and the BALSA
platform.

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. After being deeply anesthetized with sodium
pentobarbital, the monkey was transcardially perfused with cold saline
followed by 10% buffered formalin. The brain was removed and stored
in a buffered formalin solution. The brain was dehydrated in ascending
graded alcohols (70% to 100% propanol) followed by chloroform, then
embedded in paraffin, serially sectioned (section thickness 20 um) in
the coronal plane with a large-scale microtome, and every fifth section
mounted on a gelatin coated slide. Paraffin was removed by a 10 min in-
cubation in Xem-200 (Vogel, Diatec Labortechnik GmbH), and sections
rehydrated in descending graded alcohols (10 minutes each in 100%,
96% and 70% propanol) followed by a final rinse in pure water. Sections
were stained for cell-body visualization with a modified silver method
(for details, see Merker, 1983; Palomero-Gallagher et al., 2008) that
provides a high contrast between cell bodies and background.

For a combined cyto- and receptor architectonic analysis, we used
the brains of three adult male macaques (Macaca fascicularis; 6 + 1
years of age) which were obtained from Covance Laboratories (Miin-
ster, Germany). Monkeys were sacrificed by a lethal intravenous injec-
tion of sodium pentobarbital and the brain was immediately extracted
together with meninges and blood vessels, since removing them could
damage cortical layer I. Brains were then divided into left and right
hemispheres, and cerebellum with brainstem. Each hemisphere was fur-
ther separated into an anterior and a posterior slab at the height of the
most caudal part of the central sulcus. The slabs were shock frozen in
N-methylbutane (isopentane) at -40°C for 10-15 min, after which they
were stored in air-tight plastic bags at -80°C until further processing.
Slabs were serially sectioned (thickness 20 pm) in the coronal plane in
a cryomicrotome at -20°C, thaw-mounted on gelatin-coated glass slides,
air dried and stored overnight in air-tight plastic bags at -20°C. Alter-
nating sections were processed for the visualization of cell-bodies (for
details, see Merker, 1983; Palomero-Gallagher et al., 2008) or of recep-
tor binding sites (see below).

Macaque fMRI data. A publicly available macaque fMRI dataset from
a data sharing consortium PRIMate Data Exchange (PRIME-DE) was
used in the present study (Milham et al., 2018, 2020). We opted for one
cohort from the Oxford dataset which contains 20 macaque monkeys
and 53.33 min of fMRI scans per animal (TR = 2000 ms, TE = 19 ms,
resolution = 2 X 2 x 2 mm, 1600 volumes; Noonan et al., 2014). All
the macaques were scanned under anesthesia. During the experiment,
atropine (0.05 mg/kg, intramuscular), meloxicam (0.2 mg/kg, intra-
venous) and ranitidine (0.05 mg/kg, intravenous) were used to main-
tain the anesthetic conditions. The details of the scan and anesthesia
protocols were described in Noonan et al. (2014) and on the PRIME-DE
website (http://fcon_1000.projects.nitrc.org/indi/PRIME/oxford.html).

Animal care was provided in accordance with the NIH Guide for Care
and Use of Laboratory Animals or the guidelines of European Commu-
nities Council Directive for the care and use of animals for scientific
purposes.

2.2. Quantitative cytoarchitectonic analysis

Cytoarchitectonic analysis was based on an initial identification of
cortical areas by visual inspection of histological sections and criteria
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described in the literature (Brodmann 1905, 1909; Matelli et al. 1985,
1998, 1991; Petrides and Pandya, 1994; Preuss and Goldman-
Rakic, 1991; Rizzolatti et al., 1998; Belmalih et al., 2009; Schlag and
Schlag-Rey, 1987), followed by the statistical validation of all bor-
ders between areas. Since existing maps also differ considerably in the
nomenclatures used, we here applied that of Brodmann (1909) for the
primary motor cortex and that of Matelli et al. (1985, 1998, 1991) for
premotor areas.

Visually identified regions of interest (ROI) were scanned by means
of 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 objec-
tive (Planapo®, Zeiss, Germany), and a CCD camera (Axiocam MRm,
ZEISS, Germany) producing frames of 524 x 524 pm in size, 512 x 512-
pixel spatial resolution, with an in-plane resolution of 1 pum per pixel,
and eight-bit grey resolution. These digitalized images were used for
computation of the grey level index (GLI), i.e. the volume density of
neurons measured as an areal fraction of all stained cellular forms in
square measuring fields of 20-30 um, by means of the KS400-system and
in-house scripts in Matlab (The MathWorks, Inc., Natick, MA). For each
area examined, GLI images were generated from three following sec-
tions on the same rostro-caudal level. The GLI-transformation required
the superimposition of a grid of square measuring fields (each 16 pm
in size) onto the image of the histological section, so that spatial reso-
lution of the ensuing GLI image was 16 um per pixel (Schleicher et al.,
2009).

Quantification of the laminar distribution of the volume fraction
of cell bodies was carried out by means of GLI profiles extracted per-
pendicularly to the cortical surface (for details of the GLI extraction
see, Zilles et al., 2002b and Palomero-Gallagher and Zilles, 2018). The
shape of a profile can be parametrized as a frequency distribution of
ten features which constitute the feature vector of the profile in ques-
tion, and can be used to measure (dis)similarity in cytoarchitecture
(Schleicher et al., 2000). Specifically, the ten features used are the
mean GLI across cortical layers (meany.o), the mean cortical depth
(meanx.o, which indicates the x coordinate of the center of gravity
of the area beneath the profile curve), the standard deviation (std.o),
skewness (skew.o) and kurtosis (kurt.o) of the frequency distribution,
as well as the corresponding values obtained from the first derivative
of the profile (meany.d, meanx.d, std.d, skew.d, kurt.d,), which its lo-
cal slope (Schleicher et al. 2000; Palomero-Gallagher and Zilles, 2018).
We used the Mahalanobis distance (MD; Mahalanobis et al., 1949)
to quantify differences in the shape of GLI profiles (Schleicher and
Zilles, 1990; Schleicher et al., 1999, 2000, 2005; Zilles et al., 2002b).
Profiles were analyzed for cortical borders using a sliding window pro-
cedure whereby the sliding window consisted of 10-24 adjacent pro-
files grouped into a block of profiles, and was moved along the cor-
tical ribbon in single profile increments. For each block size, the MD
was calculated and plotted as a distance function for all block posi-
tions. This procedure was repeated with increasing block sizes from
10 to of 24 profiles per block to control for the stability of the dis-
tance function depending on the number of profiles in a block. Blocks
of profiles were used instead of single profiles, since the latter were
affected by local structural inhomogeneities such as blood vessels or
cortical columns, which reduced the signal-to-noise ratio of the dis-
tance function (Schleicher et al. 2009). To confirm and accept maxima
of the distance functions as statistically significant borders, we applied
Hotelling’s T2 test in combination with a Bonferroni adjustment of the
P-values for multiple comparisons, and threshold was set at (p < 0.01)
(Schleicher et al., 1999, 2000, 2005; Zilles et al., 2002b). Significant
maxima identified with multiple block sizes in one section were bio-
logically evaluated by comparison with maxima at comparable loca-
tions in three following sections to exclude maxima caused by artifacts
(e.g. ruptures, folds or local discontinues in microstructure due to blood
vessels.
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Table 1
Binding protocols
Pre- Main
Transmitter Receptor Ligand (nM) Displacer (uM) Incubation buffer incubation incubation Final rinsing
Glutamate AMPA [3H]-AMPA Quisqualate 50 mM Tris-acetate (pH 7.2) [+ 3 x 10 min, 45 min, 1)4x4
(10) (10) 100 mM KSCNJ* 4 °C 4 °C 2) Acetone/glutaraldehyde
(100 ml + 2,5 ml), 2 x 2 s,
4°C
NMDA [3H]-MK-801 (+)MK-801 50 mM Tris-acetate (pH 15 min, 60 min, 1) 2 x 5 min, 4 °C
(3.3) (100) 7.2) + 50 uM glutamate [+30 uM 4 °C 22 °C 2) distilled water, 1 x 22 °C
glycine + 50 M spermidine]*
Kainate [3H]-Kainate SYM 2081 50 mM Tris-acetate (pH 7.1) 3 x 10 min, 45 min, 1)3x4s
(9.4) (100) [+10 mM Ca?*-acetate]* 4 °C 4 °C 2) Acetone/glutaraldehyde
(100 ml + 2,5 ml), 2 x 2's,
22 °C
GABA GABA, [3H]-Muscimol GABA 50 mM Tris-citrate (pH 7.0) 3 x 5 min, 40 min, 1)3x35s,4°C
(7.7) (10) 4°C 4°C 2) distilled water, 1 x 22 °C
GABAg [3H]-CGP 54626 CGP 55845 50 mM Tris-HCI (pH 7.2) + 2,5 mM 3 x 5 min, 60 min, 1)3x2s,4°C
(2) (100) CaCl, 4 °C 4 °C 2) distilled water, 1 x 22 °C
GABAp g, [3H]-Flumazenil Clonazepam 170 mM Tris-HCI (pH 7.4) 15 min, 60 min, 1) 2 x 1 min, 4 °C
(1) (2) 4°C 4°C 2) distilled water, 1 x 22 °C
Acetylcholine M, [3H]-Pirenzepine Pirenzepine Modified Krebs buffer 15 min, 60 min, 1) 2 x 1 min, 4 °C
(1) (2) (pH 7.4) 4°C 4°C 2) distilled water, 1 x 22 °C
M, [3H]-Oxotremorine-M  Carbachol 20 mM HEPES-Tris (pH 20 min, 60 min, 1) 2 x 2 min, 4 °C
(1.7) (10) 7.5) + 10 mM MgCl,+ 300 nM 22 °C 22 °C 2) distilled water, 1 x 22 °C
Pirenzepine
M, [3H]-4-DAMP Atropine 50 mM Tris-HCl (pH 7.4) + 0.1 mM 15 min, 45 min, 1) 2 x 5 min, 4 °C
(1) sulfate PSMF + 1 mM EDTA 22 °C 22 °C 2) distilled water, 1 x 22 °C
(10)
Noradrenaline a4 [3H]-Prazosin Phentolamine 50 mM Na/K-phosphate buffer (pH 15 min, 60 min, 1) 2 x 5 min, 4 °C
(0.2) Mesylate 7.4) 22 °C 22 °C 2) distilled water, 1 x 22 °C
(10)
ay [3H]-UK 14,304 Phentolamine 50 mM Tris-HCI + 100 xM MnCl, 15 min, 90 min, 1) 5 min, 4 °C
(0.64) Mesylate (pH 7.7) 22 °C 22 °C 2) distilled water, 1 x 22 °C
(10)
Serotonin 5-HT;4 [3H]-8-OH-DPAT 5-Hydroxy- 170 mM Tris-HCI (pH 7.4) [+4 mM 30 min, 60 min, 1) 5 min, 4 °C
(1) tryptamine, (1) CaCl,+ 0.01% ascorbate]* 22 °C 22 °C 2) distilled water, 3 x 22 °C
5-HT, [3H]-Ketanserin Mianserin 170 mM Tris-HCI (pH 7.7) 30 min, 120 min, 1) 2 x 10 min, 4 °C
(1.14) (10) 22 °C 22 °C 2) distilled water, 3 x 22 °C

* substances in brackets only included in the main incubation, **substances in brackets only included in the pre-incubation

2.3. Receptor architectonic analysis

We followed previously published protocols (Zilles et al., 2002b;
Palomero-Gallagher and Zilles, 2018; see Tab. 1) to conduct the bind-
ing process, which includes three main steps: (i) a preincubation, where
sections are rehydrated and endogenous ligands that may block the
binding site removed, (ii) a main incubation, that consists of two paral-
lel experiments, one to identify total binding of each ligand type and
another to visualize non-specific binding of the same ligand, and fi-
nally, (iii) a rinsing step, where the binding process is stopped and
free ligand and buffer salts are removed. To determine total bind-
ing, sections were incubated in a buffer solution with the tritiated lig-
and, whereas and to determine non-specific binding, neighboring sec-
tions were incubated in another buffer solution containing the triti-
ated ligand with a receptor type-specific displacer in a 1000-fold higher
concentration. Thus, we could calculate specific binding for each lig-
and based on the difference between total and non-specific binding.
In the present study, non-specific binding less than 5% of the total
binding sites, and therefore, total binding is considered equivalent of
specific binding. Finally, the radioactively labelled sections were air-
dried and co-exposed against g radiation-sensitive films (Hyperfilm®,
Amersham) for 4-18 weeks depending on the analyzed ligand with
tritium-standards of known increasing concentrations of radioactivity
(Palomero-Gallagher and Zilles, 2018).

After films were developed, 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 distor-
tions, connected to the image acquisition and processing system Ax-

iovision (Zeiss, Germany), in order to carry out densitometric analy-
sis of binding site concentrations in the autoradiographs (Zilles et al.,
2002b; Palomero-Gallagher and Zilles, 2018). Spatial resolution of the
resulting images was 3000 x 4000 pixels; 8-bit gray value resolution.
Since the gray values of the digitized autoradiographs represent con-
centration levels of radioactivity, a scaling (i.e. a linearization of the
digitized autoradiographs) had to be performed in which the gray val-
ues were transformed into fmol binding sites/mg protein using in house
developed Matlab (The MathWorks, Inc. Natrick, MA) scripts. This pro-
cess required two steps: (i) 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; (ii) radioactivity concentration R was then converted to
binding site concentration C;, in fmol/mg protein using equation 1:

_ R Kp+L
T E-B-W,-S, L

Gy )]
where E is the efficiency of the scintillation counter used to determine
the amount of radioactivity in the incubation buffer (depends on the ac-
tual counter), B is the number of decays per unit of time and radioactiv-
ity (2.226x 1012Ci~min~1), Wy, the protein weight of a standard (mg),
S, the specific activity of the ligand (Ci/mmol), K, the dissociation con-
stant of the ligand (nM), and L the free concentration of the ligand dur-
ing incubation (nM). The result was a linearized image in which the
gray value of each pixel in the autoradiograph is converted into a re-
ceptor density in fmol/mg protein (for details see Zilles et al., 2002b;
Palomero-Gallagher and Zilles 2018). To visualize the distribution pat-
tern of each receptor type throughout the cortex, we applied pseudo-
color coding of autoradiographs by means of linear contrast enhance-
ment, which preserves the scaling between gray values and receptor
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concentrations. Equally spaced density ranges were assigned to a spec-
trum of eleven colors, where red was assigned to highest and black to
lowest receptor concentration levels. If five or more different receptor
types showed transition from higher to lower concentration levels, or
vice versa, at the same cortical position, we confirmed the presence of
a receptor architectonic border.

Measurement of receptor densities was performed by computing the
surface below receptor profiles, which were extracted from the lin-
earized 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. Unlike for cytoarchitectonic analysis,
where the outer contour line was placed at border between layers I and
11, for receptor profiles, the outer contour line followed the pial surface.
We thus calculated mean densities (i.e., averaged over all cortical lay-
ers) of each of the 13 different receptors in all 16 cytoarchitectonically
defined areas for each of the three left hemispheres. The ensuing densi-
ties were visualized as “receptor fingerprints”, i.e., as polar coordinate
plots simultaneously depicting the concentrations of all examined re-
ceptor types within a given cortical area (Zilles et al., 2002a). In order
to perform accurate sampling of each microscopically defined area, we
compared autoradiographs with the adjacent sections which had been
processed for the visualization of cell bodies.

2.4. 2D and 3D maps of the macaque agranular frontal cortex

In order to display the spatial relationship between all defined ar-
eas, including those located deep in sulci, we created a 2D framework
based on the macroanatomical landscape of the brain processed solely
for the visualization of cell bodies (i.e. DP1). Every 40t section was
presented as a simple geometrical pattern by means of Adobe Illustra-
tor CS6, thus creating a “scaffold” on which the position of cytoarchi-
tectonic borders could be traced relative to the macroscopic landmarks
(sulci and dimples). Within a section, each area was labeled with a spe-
cific color, which was further connected to the same color portion on the
following sections, creating a continuous shape of each area. Thus, the
2D parcellation scheme not only enables visualization of areas and bor-
ders even when located inside sulci, but also reveals interhemispheric
differences.

Location and extent of the motor and premotor areas
were delineated in the 3D space of the Yerkes19 surface
(Donahue et al, 2016) by LR, using the connectome workbench
software (https://www.humanconnectome.org/software/connectome-
workbench) by carefully aligning boundaries to macroanatomical
landmarks identified using the cytoarchitecture. This approach is made
possible by the low interindividual variability in sulcal pattern in the
macaque frontal lobe (see Lepage et al., this issue). The location of
all regions on the Yerkes19 surface were independently checked and
verified by MN, SFW and NPG. 3D reconstruction of the hemisphere
was obtained using the Connectome Workbench software. Additionally,
the mean receptor densities of all 13 receptor types have been projected
onto the corresponding area on the Yerkes19 surface for visualization.
Color bars in the ensuing figures code for receptor densities in fmol/mg
protein. Code used for creation of the 3D map has been made publicly
available (https://github.com/seanfw/Rapan_et_al Neurolmage_2020).

2.5. Analysis of functional connectivity

The structural and functional data were preprocessed using the
Human Connectome Project-style pipeline for Nonhuman Primate
and described previously (Autio et al., 2020; Xu et al., 2019). For
each macaque, the structural preprocessing includes denoising, skull-
stripping, tissue segmentation, surface reconstruction and surface reg-
istration to align to Yerkes19 macaque surface template. The func-
tional preprocessing includes temporal compressing, motion, correc-
tion, global mean scaling, nuisance regression (Friston’s 24 motion pa-
rameters, white matter, cerebrospinal fluid), band-pass filtering (0.01-
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0.1 Hz), and linear and quadratic detrending. The preprocessed data
then were co-registered to the anatomy T1 and projected to the middle
cortical surface. Finally, the data were smoothed (FWHM = 3 mm) on
the high-resolution native surface, aligned and down resampled to a 10k
surface (10,242 vertices per hemisphere).

The pre-processed BOLD activity timecourses for each monkey were
demeaned and then concatenated in time. In order to parsimoniously
describe the pattern of functional connectivity across the cortex, we cal-
culated ‘connectivity fingerprints’ of each area. This enabled us to esti-
mate the group functional connectivity maps for each seed region in a
single analysis. Connectivity fingerprints, originally inspired by receptor
fingerprints (Passingham et al., 2002; Mars et al., 2018) aim to describe
the unique pattern of connectivity of each cortical area with other areas
across the cortex.

Here we chose to investigate the connectivity of each of the newly
defined premotor and motor areas with 23 areas of prefrontal, cingu-
late, somatosensory and lateral parietal cortex, as defined by the Lyon
atlas of Kennedy and colleagues (Markov et al., 2014). We calculated
a representative timecourse for each of the 16 newly defined premotor
and motor areas and the 23 prefrontal, cingulate, somatosensory and
lateral parietal areas, giving 39 areas in total. For each of the 39 ar-
eas, we performed a principal components analysis on activity across
all vertices within the area. The first principal component was taken as
the representative activity timecourse for each area.

We used the representative timecourses of each of the 16 mo-
tor/premotor areas as seeds for functional connectivity analysis. The
representative timecourses were correlated with the activity timecourses
for each vertex on the surface using a Pearson correlation. A Fisher’s
r-to-z transformation was then applied to each of the correlation coeffi-
cients. This was visualized on the cortical surface. To quantify the con-
nectivity fingerprint, we performed Pearson correlations between activ-
ity in each of the 16 premotor/motor areas and the 23 prefrontal, cin-
gulate, somatosensory and lateral parietal areas. A Fisher’s r-to-z trans-
formation was also applied to each of the correlation coefficients. This
was then displayed as a spider plot in order to visualize the connectiv-
ity fingerprint. Code used for the implementation and visualization of
the functional connectivity analysis has been made publicly available
(https://github.com/seanfw/Rapan_et_al Neurolmage_2020).

2.6. Statistical analyses

2.6.1. Receptor densities

Statistical testing was used to determine if there were significant dif-
ferences in receptor densities between adjacent regions. Testing was per-
formed using linear mixed-effects models because these can account for
repeated measures within the same subject. Prior to statistical analysis,
receptor density values were normalized within each receptor type. All
statistical analysis was conducted using the R programming language
(version: 3.6.3) (R Core Team, 2020).

A first omnibus test of all regions and receptors was performed to
establish if there were any significant differences in receptor density
between all regions and receptor types. The model consisted of fixed
effects for area, receptor type, the interaction between area and receptor
type. The random effects in the model consisted in a random intercept
for each macaque brain and receptor type (Equation 2).

Ri,b,1 =0+ 1Ai+ 1,bBb+2,1LI 2)

where R is the receptor density, A is motor area, B is macaque brain,
and L is ligand.

A second set of tests were used to determine if pairs of adjacent re-
gions were significantly different from one another over all receptor
types. The linear mixed effect model used for the second series of tests
had the same form as the omnibus test, but was only applied to pairs of
adjacent regions. The p-values for the main effect “area” were corrected
for multiple comparisons using the Benjamini-Hochberg correction for
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false-discovery rate (Benjamini and Hochberg, 1995) and significance
threshold was set at p < 0.05.

Finally, for pairs of areas that were significantly different from one
another in the second level tests after correction for multiple compar-
isons, a third linear mixed-effect model was used to test for a differ-
ence in the density between paired regions for each receptor type, re-
spectively. The model was composed of a fixed effect for area and a
random interceptor for each macaque brain (Equation 3). The p-values
for the fixed-effect “area” from each of these tests were again cor-
rected using the Benjamini-Hochberg correction for false-discovery rate
(Benjamini and Hochberg, 1995) and significance threshold was set at
p < 0.05.

Ri,b =0+ 1Ai+ 1,bBb 3)

where R is the receptor density, A is motor area, B is macaque brain.

Additionally, a multidimensional scaling analysis (MDS) and hierar-
chical cluster analysis were carried out to determine degree of similar-
ity of the receptor fingerprints. Receptor densities were normalized by
z-scores prior to multivariate analyses since absolute densities vary con-
siderably among receptors, and without a normalization step, receptors
exhibiting high absolute densities would dominate the computation of
Euclidean distances. We chose to perform an MDS rather than a prin-
cipal component analysis to reduce the 13-dimensional space (13 dif-
ferent receptor types) into two dimensions for graphical representation
of the Euclidean distances between areas, because the former enables
a more intuitive and immediate interpretation of the resulting dimen-
sions (Merchant et al. 2008). For the hierarchical cluster analysis, the
Euclidean distance was used as a measure of (dis)similarity since it takes
both differences, the size and the shape of receptor fingerprints into ac-
count. The Ward linkage algorithm was chosen as the linkage method,
since in combination with the Euclidean distance it resulted in the maxi-
mum cophenetic correlation coefficient as compared to any combination
of alternative linkage methods and measurements of (dis)similarity. The
number of stabile clusters was determined by a k-means analysis and the
elbow method (Rousseeuw, 1987).

2.6.2. Functional connectivity

Linear mixed-effect models were also used to test if motor regions dif-
fered based on the strength of functional connectivity with other brain
regions. Prior to statistical analysis, connectivity values to a specific re-
gion were normalized by dividing the standard deviation of all connec-
tivity values to that region.

A first omnibus test of all regions and receptors was performed to es-
tablish if there were any significant differences in connectivity strength
between all motor regions. The model consisted of a fixed effect for the
motor areas and a random effect for the macaque brains from which the
connectivity measures were acquired. Similar to the second tests for re-
ceptor density, post-hoc testing was performed by using the same model
as for the omnibus test but only comparing 2 neighbouring regions at a
time (Equation 4). This made it possible to test if any two adjacent re-
gions differed on the basis of the strength of functional connectivity to
a set of target regions. As before, the p-values for the fixed-effect “area”
from each of these tests were corrected using the Benjamini-Hochberg
correction for false-discovery rate (Benjamini and Hochberg, 1995) and
significance threshold was set at p < 0.05.

Ci,b=0+ 1Ai+1,bBb “4)

where C is the connectivity strength, A is the motor area, B is the brain
from which a particular connectivity strength measure was acquired.

Similar to the analysis of the receptor fingerprints, in order to address
the question of (dis)similarity between the connectivity fingerprints, a
multidimensional scaling analysis (MDS) and hierarchical cluster anal-
ysis were carried out.
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3. Results

We identified 16 cyto- and receptor architectonically distinct areas
within the macaque agranular frontal region, three of which were clas-
sified as primary motor areas (4a, 4p and 4m), and 13 as premotor areas
(F2d, F2v, F3, F4d, F4v, F4s, F5d, F5v, F5s, F6, F7d, F7i, F7s). A 2D flat
map scheme (Fig. 2) displays their distribution and location relative to
macroanatomic landmarks on the medial and dorsolateral surfaces of
monkey brain DP1. The main advantage of this map is that it not only
shows the extent of areas found on the brain surface, but also those
located within sulci. Furthermore, it presents the actual spatial relation-
ship between cortical borders and macroanatomic features such as sulci
and dimples in both hemispheres, and highlights the low degree of in-
terhemispheric variability.

The central sulcus (cs) serves as a clear landmark to locate the most
posterior border of the macaque motor cortex, where it abuts the so-
matosensory cortex (Fig. 2). Specifically, the border between primary
motor area 4p and somatosensory area 3a was always found in the fun-
dus of the cs. On the lateral surface, the superior (sas) and inferior (ias)
arcuate sulci, together with the spur of the arcuate sulcus (arcs), form a
letter Y that has the appearance of a physical border between the gener-
ally granular prefrontal cortex and the agranular motor region. The arcs
served as a landmark to separate dorsal and ventral premotor areas. On
the medial surface of the hemisphere, the border between premotor and
motor areas and the ventrally adjacent cingulate cortex is found on the
dorsal bank of the cingulate sulcus (cgs). Other useful macroanatomi-
cal features, though not as deep as sulci, and more prone to individual
variability, are dimples. The most prominent one is the superior precen-
tral dimple (spcd) that extends from primary motor cortex to the rostral
premotor areas on the dorsal convexity in both hemispheres, although
it is longer in the right hemisphere than in left one. Finally, the ante-
rior subcentral dimple (asd) roughly indicates the ventral extent of the
premotor areas.

3.1. Cytoarchitecture

3.1.1. Primary motor cortex

Area 4 is characterized by the presence of unusually large pyrami-
dal cells (known as giant pyramids or Betz cells; Betz, 1874) in sublayer
Vb (Fig. 3). Although the macaque primary motor cortex has generally
been described as a homogenous area, we identified three subdivisions
based on their distinct cyto- and receptor architecture: area 4m on the
medial aspect of the hemisphere, extending ventrally to the mid of the
dorsal bank of the cgs and dorsally, where it reaches dorsal subdivision
slightly above the midline; area 4a located on the dorsolateral surface,
and area 4p extending from the edge of the dorsal surface of the hemi-
sphere along the rostral wall of the cs, and reaching its fundus, where it
abuts somatosensory area 3a (Fig. 2).

Area 4a has the strongest laminar appearance of all subdivisions, due
to a lower cell-body packing density in layers III and VI. This difference
is particularly apparent when compared to 4p, where only layers II and
Vb (due to the presence of Betz cells) are prominent. Additionally, 4a has
a significantly thinner layer I in regard to surrounding areas (Fig. 3A).
Area 4m is distinguishable by a prominent vertical cell organization in
layers Vb and VI. The same columnar pattern is also visible in adjoining
area 4a, but only in layer V. Furthermore, the border between layers III
and Va is not as clear in 4m as in 4a. Fig. 3B provides an example of the
statistical confirmation of visually identified cortical borders.

3.1.2. Medial premotor cortex

On the medial surface of the hemisphere we identified two premotor
areas: F3 (Fig. 4) and F6 (Fig. 5). F3 is found caudal to F6 and shares a
border with area 4m, while F6 is delimited rostrally by prefrontal area
8. Both F3 and F6 expand a little above the midline and encroach onto
the dorsal surface of the hemisphere, where they abut areas F2d and
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Fig. 2. 2D flat map depicting all identified areas on the medial and
dorsolateral premotor surfaces (a total of 13 premotor and 3 motor
areas). Areas are marked on the left hemisphere and microanatomi-
cal features on the right hemisphere. Black full lines mark the sulci
and dimple borders on the surface, whereas dashed black lines rep-
resent fundus. The only dashed black line on the surface marks the
midline, which segregates medial and dorsolateral cortical surface.
Section number (every 40™) indicated between the hemispheres. arcs
- spur of the arcuate sulcus, asd — anterior supracentral dimple, cgs —
cingulate sulcus, cs — central sulcus, ias — inferior arcuate branch, ips
- inferior parietal sulcus, If - lateral fissure, ps — principal sulcus, sas
- superior arcuate branch, spcd — superior precentral dimple.
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Fig. 3. (A) Cytoarchitecture of the medial (4m), anterior (4a) and posterior (4p) subdivisions of the primary motor cortex, area 4. Colored square over the scale
bar indicates the color used in Fig. 2 to code the area in question. (B) Quantitative analysis of cytoarchitectonic borders. The position of each border verified by the
statistical analysis of Mahalanobis distances is highlighted by a red line (and corresponding profile index) on the GLI-image, and the corresponding dot plot (depicted
to the right of the GLI-image) reveals that the location of significant maxima in the distance function (x axis; indicated by each dot) does not depend on the block
size (y axis), but remains constant over large block size intervals (highlighted by the red frame). Roman numerals indicate cortical layers. Scale bars 1 mm. cgs —

cingulate sulcus, cs - central sulcus.
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Fig. 4. (A) Cytoarchitecture of caudal medial premotor area F3, as well as of the subdivisions of caudal dorsolateral premotor area F2 (F2d and F2v). Colored square
over the scale bar indicates the color used in Fig. 2 to code the area in question. (B) Quantitative analysis of cytoarchitectonic borders. For details see Fig. 3. Roman
numerals indicate cortical layers. Scale bars 1 mm. cgs — cingulate sulcus, arcs — spur of the arcuate sulcus, If — lateral fissure, spcd — superior precentral dimple.

F7d, respectively. Finally, ventrally the border between medial premo-
tor areas and the cingulate cortex was consistently found on the dorsal
bank of the of the cingulate sulcus, though very close to the fundus.

Area F3 (Fig. 4A) can be distinguished from area F6 (Fig. 5A) by the
numerous conspicuously large pyramids scattered throughout layer V of
F3, but not of F6. Furthermore, F3 is characterized by an overall lower
cell-packing density than F6, and this is particularly obvious in layers
II, Il and V. Thus, layer VI in F6 has an overall lower cell body density
in regard to the superficial layers. Figs. 4B and 5B provide an example
of the statistical confirmation of visually identified cortical borders for
areas F3 and F6, respectively.

3.1.3. Dorsolateral premotor cortex

We identified five premotor areas on the dorsal convexity of the
hemisphere: areas F2d and F2v (Fig. 4), which abuts the primary motor
cortex, as well as areas F7d, F7i and F7s (Fig. 5), that are delimited ros-
trally and ventrally, at the fundus of the sas, by prefrontal area 8. The
spcd serves as a partial landmark to identify the border between F2d
and F2v, since it does not always cover the entire rostro-caudal extent
of these two areas due to intersubject and interhemispheric differences
in length (e.g., compare left and right hemispheres in Fig. 2). The arcs
constitutes a reliable macroscopic landmark only to identify for the ros-
tral portion of the border between F2v and the ventrolateral premotor
areas (Fig. 2). F2v extends into the most caudal portion of the sas and
close to its fundus is replaced by granular prefrontal cortex (Fig. 2).

Layer II of area F2d is slightly thinner but more densely packed than
that of medially abutting F3. Furthermore, layer V of F2d is thinner than
that of F3, though it seems more prominent due to the presence of cell
aggregates (Fig. 4A). Layer V of F2d is also more prominent than that
of F2v. Indeed, in F2v cell body packing density of layer V is compara-
ble to that of the surrounding layers, making F2v appear less laminar
than F2d. Finally, layer II is wider in F2v than in F2d (Fig. 4A). Sta-

tistical confirmation of visually identified cortical borders between F2
subdivisions is shown in Fig. 4B.

Dorsal premotor area F7 can be clearly distinguished from neigh-
boring areas by the subdivision of its layer VI into a pale, cell-sparse
VIa and a cell-dense, darkly stained VIb (Fig. 5A). Furthermore, dif-
ferences within layers VIa and VIb also enabled the definition of three
subdivisions within this area: F7d is located on the most dorsal aspect
of the hemisphere and is followed laterally by intermediate area F7i,
that occupies the rest of the dorsal surface above sas, and by ventral
area F7s located on the dorsal bank of the sas (Fig. 2). Areas F7d and
F7i have an evidently sublaminated layer VI, which is not as apparent
in F7s (Fig. 5A). Sublamina VIa is much wider in F7d than in F7i. Area
F7s can also be distinguished from the other two areas by its denser
layer II (Fig. 5A). The observer-independent analysis also confirmed the
existence of these novel subdivisions of area F7 as presented in the ex-
emplary section shown in Fig. 5B.

3.1.4. Ventrolateral premotor cortex

We identified three areas occupying the posterior portion of the ven-
trolateral premotor corte, i.e. areas F4d, F4v and F4s (Fig. 6), and three
further areas in its rostral part, i.e. areas F5d, F5v and F5s (Fig. 7). Ar-
eas F4d and F4v are delimited caudally by primary motor area 4p and
rostrally by premotor areas F5d and F5v (Fig. 2). Area F4s is located on
the ventral wall of the arcs, where it reaches the sulcal fundus, and area
F5s occupies the outer half of the ventral wall of ias (Fig. 2), where it
neighbors granular prefrontal cortex.

The cytoarchitecture of F4 (Fig. 6A) can be easily distinguished from
that of neighboring areas due to the absence of Betz cells, as in the pri-
mary motor cortex, and of a sublamination of layer V, as in F5 (Fig. 7A).
Three distinct subdivisions could be defined: F4s (sulcal), F4d (dorsal)
and F4v (ventral; Fig. 6). Layer II and upper layer III of F4s present a
characteristic columnar organization that can’t be recognized in the lat-
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Fig. 5. (A) Cytoarchitecture of rostral medial premotor area F6, as well as of the subdivisions of rostral dorsolateral premotor area F7 (F7d, F7i and F7s). Colored
square over the scale bar indicates the color used in Fig. 2 to code the area in question. (B) Quantitative analysis of cytoarchitectonic borders. For details see Fig. 3.
Roman numerals indicate cortical layers. Scale bars 1 mm. cgs — cingulate sulcus, ias — inferior arcuate branch, If - lateral fissure, sas — superior arcuate branch.

eral subdivisions F4d or F4v (Fig. 6A). Furthermore, F4d and F4v have
smaller pyramids than F4s, and they are particularly small and densely
packed in F4v. Finally, the border between layer VI and the white matter
is sharper in F4s than in lateral areas F4d or F4v. In contrast, F4d has
a noticeable columnar organization in layer VI, thus this layer blends
gradually with the white matter, whereas F4v had slightly clearer bor-
der with the white matter, similar to F4s. Additionally, layer V of F4d
has a lower cell packing density and is much wider than that of F4v,
whereas layer I is thinner in F4v than in F4d (Fig. 6A). Newly defined
borders within area F4 were also confirmed by the observer-independent
analysis as presented in the exemplary section shown in Fig. 6B.

Area F5s has a prominent layer Va with a high cell packing density,
and scattered medium-sized pyramids in layer Vb which is much thin-
ner than in the lateral subdivisions F5d and F5v (Fig. 7A). In F5s 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 between F5
and neighboring prefrontal area 44 on the inner half of the ventral wall
of ias, is the lack of an inner granular layer IV in the former area. Later-
ally neighboring area F5d is characterized by darkly stained small-sized
pyramids with a horizontal organization in the lower part of layer III,
and prominent medium-sized pyramids in layer V. Areas F5d and F5v
also present a subdividable layer V, but in F5v border between Vb and VI
is clearer than in F5d. Moreover, F5v lacks the horizontal organization
in the lower part of the layer III (Fig. 7A). An example of section depict-

ing the confirmation of border positions by the observer-independent
analysis is presented in Fig. 7B.

3.2. Receptor architecture

We characterized the regional and laminar distribution patterns of
13 different receptor types in each cytoarchitectonically identified area
by means of receptor profiles extracted perpendicularly to the cortical
surface (Tab. 2) and identified significant differences in mean densities
(i.e., averaged over all cortical layers) for specific receptors between
bordering areas (Supplementary Fig. 1).

Although not all receptors show each areal border, and not all bor-
ders are equally clearly defined by all receptor types, nevertheless, if a
border was detected by at least five (or sometimes by all) receptor types,
and this happened at a comparable position in at least three neighboring
rostro-caudal levels, we confirmed the existence of a cytoarchitectoni-
cally identified border.

The cytoarchitectonically identified subdivisions of the primary mo-
tor cortex are revealed by differences in the laminar distribution pat-
terns (Fig. 8, Supplementary Fig. 2) and mean absolute densities (Tab. 2)
of multiple receptors. Although there are no significant differences in
mean receptor densities among subdivisions of area 4 (Supplementary
Fig. 8A), normalized receptor fingerprints reveal differences between
the subdivisions of the primary motor cortex. The density of 5-HT, re-
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Fig. 6. (A) Cytoarchitecture of the subdivisions of caudal ventrolateral premotor area F4 (F4s, F4d and F4v). Colored square over the scale bar indicates the color
used in Fig. 2 to code the area in question. (B) Quantitative analysis of cytoarchitectonic borders. For details see Fig. 3. Roman numerals indicate cortical layers.

Scale bars 1 mm. arcs — spur of the arcuate sulcus, cgs — cingulate sulcus, 1If — lateral fissure, spcd — superior precentral dimple.

Table 2

Absolute receptor densities (mean +s.d.) in fmol/mg protein. PMC premotor cortex, SMA supplementary motor area.

Primary motor SMA Pre-SMA  Caudal dorsolateral PMC  Rostral dorsolateral PMC ~ Caudal ventrolateral PMC  Rostral ventrolateral PMC

4a 4p 4m F3 F6 F2d F2v F7d F7i F7s F4d F4v F4s F5s F5d F5v
AMPA 301 289 334 377 440 368 345 338 341 409 344 449 342 563 777 748
s.d. 70 81 60 140 103 51 44 81 101 63 38 118 82 239 - 73
Kainate 292 255 324 709 723 671 575 597 587 568 424 662 424 664 683 776
s.d. 75 76 86 42 79 81 51 94 66 76 41 221 17 22 43 50
NMDA 936 832 924 896 966 825 673 723 743 856 709 1021 728 1176 1153 1455
s.d. 257 228 241 307 302 195 154 299 240 289 62 337 154 257 166 121
GABA, 781 724 795 885 1070 934 920 1015 880 1023 868 1349 881 1292 1198 1359
s.d. 178 237 148 340 128 252 203 141 71 64 133 367 103 70 137 200
GABAg 1116 1255 1084 1749 1839 1910 1442 1776 1512 1580 1476 2095 1522 2078 2065 2450
s.d. 18 37 133 100 67 78 44 135 159 226 264 97 136 412 298 328
GABA,jg, 1606 1489 1597 1554 1492 1804 1429 1892 1475 1470 1639 1931 1632 1802 1983 2087
s.d. 621 432 581 256 173 67 130 241 255 148 430 243 308 300 269 200
M; 488 461 417 815 861 877 808 831 718 807 562 747 456 766 705 849
s.d. 88 174 134 265 304 217 221 215 244 284 198 428 33 440 389 381
M, 85 83 88 188 180 177 171 206 160 165 100 135 133 146 146 168
s.d. 72 60 83 35 44 44 30 44 36 32 24 49 38 33 58 96
M, 563 540 534 564 563 583 534 583 545 579 472 578 492 707 646 736
s.d. 52 15 40 152 212 144 122 172 194 179 69 32 86 215 218 197
ay 352 334 359 489 479 512 448 440 421 422 386 502 377 469 467 504
s.d. 17 18 16 68 86 58 70 76 78 86 17 2 91 78 42 34
a 141 166 141 333 319 362 284 287 292 307 258 326 235 363 348 420
s.d. 53 52 54 43 41 43 50 42 34 55 37 96 8 53 28 17
5-HT;, 194 204 215 566 565 606 393 430 410 425 273 422 320 513 510 611
s.d. 51 25 25 71 134 88 60 60 90 90 7 12 73 140 146 144
5-HT, 275 282 250 342 368 362 352 378 354 366 317 345 314 379 360 361
s.d. 57 53 48 63 83 75 87 76 88 75 89 56 64 67 35 48
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Fig. 7. (A) Cytoarchitecture of the subdivisions of rostral ventrolateral premotor area F5 (F5s, F5d and F5v). Colored square over the scale bar indicates the color
used in Fig. 2 to code the area in question. (B) Quantitative analysis of cytoarchitectonic borders. For details see Fig. 3. Roman numerals indicate cortical layers.
Scale bars 1 mm cgs — cingulate sulcus, ias — inferior arcuate branch, If — lateral fissure, sas — superior arcuate branch.

ceptors is considerably lower than the mean in 4m than in 4a or 4p (Sup-
plementary Fig. 8B). Whereas the density of GABA, p, binding sites is
lower than the mean in 4p than in 4a or 4m, the opposite holds true
for the a, receptors (Supplementary Fig. 8B). Finally, the density of M,
receptors differs less from the mean in 4a than do the values measured
in 4m or 4p. Additionally, the border between areas 4m and 4a is clearly
revealed by the higher kainate and «; receptor densities in the infragran-
ular layers of the former area as well as by the higher NMDA, but lower
M; and M3 densities in the supragranular layers (Fig. 8, Supplementary
Fig. 2). Additionally, area 4p contained a higher GABA receptor density
in the infragranular layers than areas 4a and 4m (Fig. 8, Supplementary
Fig. 2).

Fig. 8. (A) Schematic drawing of a coronal section processed for re-
ceptor labeling at the level of the primary motor cortex showing the
position of its medial (4m;), dorsolateral (4a;) and sulcal (4p;) sub-
divisions. Areal color coding as in Fig. 2. (B) Exemplary sections de-
picting the distribution of NMDA, GABAg, M; and M, receptors. Lines
represent borders between defined premotor areas. Scale bars code for
receptor densities in fmol/mg protein. Distribution patterns of all 13
receptors are shown in Supplementary Fig. 1.

The subdivisions of area 4 can be distinguished from their rostrally
neighboring areas (i.e. F3, F2d, F2v, F4d and F4v; Supplementary Fig.
1) by their significantly lower receptor concentrations in almost all ex-
amined receptors, especially in a, and 5-HT,, receptors.

Figs. 9, 10 and Supplementary Figs. 3 and 4 display the receptor
distribution patterns of medial premotor areas and of their bordering
areas. As revealed by statistical analysis of mean areal densities for me-
dial premotor areas (F3 and F6), inter-area differences were significantly
indicated only by the 5-HT, receptor, with higher levels in F6 compared
to F3. Furthermore, GABA, g, binding site densities are higher in the su-
perficial layers, conversely a; receptor densities are higher in the deep
layers of F3 than in those of F6 (Supplementary Figs. 3 and 4). Area F3
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Fig. 9. (A) Schematic drawing of a coronal section processed for receptor labeling at the level of the posterior premotor region showing the position of medial (F3),
dorsolateral (F2d and F2v) and ventrolateral (F4s, F4d and F4v) premotor areas. Areal color coding as in Fig. 2. (B) Exemplary sections depicting the distribution of
kainate, GABA; and «; receptors. Lines represent borders between defined premotor areas. Scale bars code for receptor densities in fmol/mg protein. Distribution

patterns of all 13 receptors are shown in Supplementary Figs. 2 and 4.
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Fig. 10. (A) Schematic drawing of a coronal section processed for receptor labelling at the level of the anterior premotor region showing the position of medial (F6),
dorsolateral (F7d, F7i and F7s) and ventrolateral (F5s, F5d and F5v) premotor areas. Areal color coding as in Fig. 2. (B) Exemplary sections depicting the distribution
of kainate, GABA and M, receptors. Lines represent borders between defined premotor areas. Scale bars code for receptor densities in fmol/mg protein. Distribution

patterns of all 13 receptors are shown in Supplementary Figs. 3 and 5.

could be distinguished from area F2d most clearly by 5-HT, receptor.
In contrast, rostral medial area F6 has higher concentration levels for
almost all receptors, except for M,, M3 and 5-HT, as well as GABA, jp,
binding sites, when compared to dorsally bordering area F7d. Thus, we
found significantly higher levels of kainate, NMDA and 5-HT,, recep-
tors, but lower of GABA, 5, binding sites, in F6 than in F7d.

Regarding caudolateral premotor areas, the absolute densities of
most receptor types decreased when moving from F2d through F2v to
F4s and then increased when moving further ventrally into F4v (Tab. 2).

As shown in Fig. 9 and Supplementary Fig. 3, F2d has significantly
higher densities of all receptors except AMPA, GABA,, 5-HT,, and M,
compared to F2v. Furthermore, the infragranular layers of F2d presented
higher kainate, NMDA, GABA, 5,, M, a ; and 5-HT,, densities than
those of F2v, whereas the supragranular layers of F2d presented higher
AMPA, a ; and « ,, but lower GABA, 5, densities than those of F2v
(Fig. 9, Supplementary Fig. 3). In contrast to the numerous significant
differences between subdivisions of F2, only a few significant differences
were found when compared to their bordering premotor areas, i.e. F7d,
F7i, F7s and F4s. Here, F2d showed significantly higher concentrations
for the kainate, a1, ay and 5-HT;, receptors and lower concentrations
for the M, receptor as compared with F7d. Significantly lower densi-
ties of NMDA receptor were found in F2v than in F7s. No significant
differences in receptor densities are found between F7i and F2v (Sup-
plementary Fig. 1).

Although F4s and F4d are cytoarchitectonically different, they
present comparable absolute receptor fingerprints, and no significant
differences are found between these two areas regarding their receptor
densities. The normalized fingerprints (Supplementary Fig. 8B), how-
ever, reveal interesting differences: F4d presents higher levels of M, but
lower levels of a, receptors than does F4s. Layer-specific differences be-
tween F4d and F4v were found mainly in the infragranular layers, which
presented lowest densities in F4d and highest in F4v (Fig. 9, Supplemen-
tary Fig. 5). Areas F4d and F4v differ significantly in their NMDA and
GABA, receptor densities, which are higher in the latter subdivision of
F4. Additionally, the subdivisions of area F4 can be easily distinguished
from their rostrally F5 areas (F5s, F5d and F5v) by their lower recep-
tor concentrations in all examined receptors, especially in glutamatergic
(AMPA, kainate, NMDA) receptors, which were statistically significant.

Receptor distribution patterns in the rostrolateral premotor areas
also confirmed the position of cytoarchitectonically identified borders.
Area F7d presented significantly higher GABA, p,, M;, M, and 5-HT,
densities than F7i, especially in the supragranular layers (Fig. 10, Sup-
plementary Fig. 4). As revealed by statistical analysis of mean areal den-
sities, the most obvious differences between areas F7i and F7s appeared
in GABA, receptor. Regarding the laminar distribution, the densities of
GABAergic and a, receptors were lower in the supragranular layers of
F7i than in those of F7s, whereas the opposite holds true for NMDA
receptors. Additionally, kainate and 5-HT; , receptor densities in the in-
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fragranular layers of F7i were higher than those of F7d or F7s (Fig. 10,
Supplementary Fig. 4).

Within subdivisions of area F5, a gradual increase in the densities of
kainate, NMDA, GABAg, M,, a; and 5-HT;, receptors is noticed when
moving from F5s through F5d to F5v (Fig. 10, Supplementary Fig. 6).
These changes were more prominent in the infragranular layers for M,,
a; and 5-HT, 5 receptors and in the supragranular layers for NMDA and
GABAjg receptors (Fig. 10, Supplementary Fig. 6). Area F5s presents
lower AMPA and GABA, /p,, but higher GABA densities than does F5d
(Tab. 2). Area F5d contains significantly lower NMDA, GABAg, M3, a5
and 5-HT; , receptor densities than does F5v (Tab. 2).

3.2.1. Receptor fingerprints in stereotaxic space

Given the close relationship between the position of cortical borders
and macroanatomical landmarks presented in the 2D flat map (Fig. 2),
as well as the extremely low degree of interindividual variability of both
features in the macaque brain, we were able to draw the relative posi-
tion and extent of motor and premotor areas on the Yerkes19 surface
using the Workbench software, and thus provide a spatial visualization
of the parcellation scheme (Fig. 11) and of the differences in receptor
densities throughout the monkey agranular frontal cortex (Fig. 11; Sup-
plementary Fig. 7). These figures not only reveal the clear differences
between the primary motor cortex (4m, 4a and 4p) and the premotor
region, but also the existence of rostro-caudal and dorso-ventral trend
within the premotor cortex. The mean densities of all receptor types
are lower in the primary motor than in the premotor cortex. Areas F4s
and F4d of the lateral premotor surface have generally lower receptor
densities compared to the remaining premotor areas, and are thus more
comparable to the primary motor areas.

Within the lateral premotor region, a; receptors show a rostro-caudal
gradient, with caudal (F3, F2 and F4v) areas containing higher concen-
trations than rostral (F6, F7 and F5) ones (Fig. 11). Furthermore, the
opposite trend has been observed for kainate, a4, 5-HT;, and 5-HT, re-
ceptors, these receptors have rather higher concentrations in the rostral
premotor areas than caudal ones (Supplementary Fig. 7). The GABA,
and M, receptors, on the other hand, present a clear dorso-ventral trend
(Fig. 11). Similar trends are observed for AMPA, NMDA, GABAg, M, and
Mj; receptors as well as GABA, g, binding sites (Supplementary Fig. 7).
Most of the receptors show lower receptor densities in dorsal (subdivi-
sions of areas F2 and F7) than in ventral (subdivisions of areas F4 and
F5) areas, as presented for GABA, in Fig. 11. The opposite trend holds
true for M; and M, receptors (Fig. 11; Supplementary Fig. 7).

Areas on the medial surface (4m, F3 and F6) show for most receptors,
i.e. AMPA, kainate, GABA,, GABAg, M; and 5-HT,, a clear rostro-caudal
gradient in receptor densities, with highest concentrations found in ros-
tral area F6 and lowest ones in caudal area 4m. The opposite trend is
observed only in GABA, p, binding sites (Fig. 11; Supplementary Fig.
7). However, the rostro-caudal trend isn’t present in all receptors. In-
stead, area F3 has higher concentration levels of M,, a; and a, than
surrounding areas 4m and F6, or lower levels, as in case of NMDA re-
ceptors, than areas 4m and F6 (Fig. 11; Supplementary Fig. 7). Finally,
premotor areas F3 and F6 show no significant differences in M3 and
5-HT; receptor concentration levels (Supplementary Fig. 7).

The novel cortical parcellation based on cytoarchitecture
and receptor architecture are available via the EBRAINS plat-
form of the Human Brain Project (https://kg.ebrains.eu/search/
instances/Project/e39a0407-a98a-480e-9c63-4a2225ddfbe4) and the
BALSA neuroimaging site (https://balsa.wustl.edu/study/g7qwN),
along with the receptor data used to make the receptor fingerprints.

3.2.2. Cluster analyses of receptor fingerprints

Finally, for each area and subarea, mean receptor densities (aver-
aged over all cortical layers) were visualized as a ‘receptor fingerprint’
(Supplementary Fig. 8A), which illustrates the specific receptor balance
of the identified area. Receptor fingerprints can vary in shape and size,
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and those of the primary motor cortex are obviously different when com-
pared to those of the premotor areas due to the overall lower absolute
receptor concentration values in areas 4a, 4p and 4m than in premotor
areas.

A hierarchical cluster analysis was conducted in order to reveal
(dis)similarities between receptor fingerprints of the macaque mon-
key motor and premotor areas, and the k-means clustering and elbow-
analysis determined 3 as the optimal number of clusters. A fundamental
branching separated a “caudal cluster” containing areas of the primary
motor cortex, as well as areas F4d and F4s, from all other premotor ar-
eas (Fig. 12A). However, the three primary motor areas and the two
premotor areas are located on separate branches within this cluster. Ar-
eas 4m and 4a are more similar to each other than to 4p, as revealed
by the size and shape of their receptor fingerprints. Additionally, the
normalized fingerprints of primary motor areas, as well as of F4s and
F4d, completely contrast from the rest of the motor region, as the ma-
jority of receptors have negative z-scores regarding the average value
(Supplementary Fig. 8B). The higher density of NMDA and Mj; recep-
tors in the primary motor cortex contributes to the differentiation of its
subdivisions from F4s and F4d.

In a second step further branching resulted in a clear segregation
of ventral premotor areas, grouped into a “ventral cluster”, from those
found on the dorsomedial and dorsolateral hemispheric surfaces, consti-
tuting a “dorsal cluster” (Fig. 12A). Interestingly, within the ventral clus-
ter F4v is more similar to F5s and F5d than does F5v. Within the dorsal
cluster, dorso-medial premotor areas F3 and F6 associate with the most
dorsal portions of areas F2 and F7, i.e. F2d and F7d. Correspondingly,
areas grouped within the ventral cluster show considerably higher nor-
malized densities of almost every receptor type examined here in regard
to areas of the dorsal cluster (Supplementary Fig. 8B).

A multidimensional scaling (MDS) analysis of the areal-specific fin-
gerprints further confirms three main clusters (Fig. 12B), where the seg-
regation of the primary motor areas (4m, 4a and 4p) and the most dorsal
subdivisions of ventral premotor area F4 (F4s and F4d) from the re-
maining premotor areas is indicated by the Dimension 1. Additionally,
Dimension 2 reveals the segregation of ventral and dorsal premotor ar-
eas (Fig. 12B).

3.3. Functional connectivity analyses

Cortical areas not only have a unique cyto- and receptor architec-
ture, but can also be characterized by their distinctive pattern of con-
nectivity. Thus, we analyzed the functional connectivity of each of the
identified motor and premotor areas with areas of prefrontal, cingu-
late, somatosensory and lateral parietal cortex and depicted the result
as connectivity fingerprints (Fig. 13; Table 3; Supplementary Fig. 1) and
as seed-to-vertex connectivity maps (Supplementary Fig. 9).

Functional connectivity fingerprints of primary motor areas 4a and
4m differed significantly from each other, and, in particular, from that
of primary motor area 4p, but resembled those of supplementary (F3)
and pre-supplementary (F6) areas, as well as of dorsolateral premotor
areas (F2d, F2v, F7d, F7i and F7s), and ventrolateral premotor area F4s
(Fig. 13). The connectivity fingerprint of area 4p stands out by its par-
ticularly conspicuous strong connectivity with somatosensory areas, in
particular with area 3, whereas the ventral premotor areas (F4d, F4v,
F5s, F5d and F5v) had stronger connectivity to area 2. However, similar-
ity of their fingerprints is displayed by connectivity with proisocortical
motor area ProM (most notable in the connectivity fingerprint of F5v)
and parietal area 7B, rather than 7A. Interestingly, the functional con-
nectivity fingerprints of areas F2v and F7i are larger than those of their
dorsally located counterparts (F2d and F7d, respectively; Fig. 13).

3.2.2. Cluster analyses of functional connectivity fingerprints
Based on the functional connectivity fingerprints of the macaque
monkey motor and premotor areas, a hierarchical cluster analysis was
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conducted, where the k-means clustering and elbow-analysis deter-
mined 4 as the optimal number of clusters.

The fundamental branching revealed clear differentiation of the
primary motor subdivision 4p, which solely presented cluster 1 (C1,
Fig. 14A) and ventral premotor areas (F5d, F5v, F4d and F4v) grouped
into cluster 2 (C2, Fig. 14A) from the areas located on the dorsolateral
and medial cortical surfaces. Further branching separated areas located
within the arcuate sulcus (F2v, F4s, F7i and F4s) and medial area F3,
which grouped into cluster 3 (C3, Fig. 14A), and areas arranged as clus-
ter 4 (C4, Fig. 14A), i.e. dorsolateral areas (F7d, F7i and F2d) and medial
area F6, grouped together with the primary motor subdivisions 4a and
4m.

As for the multidimensional scaling (MDS) analysis, most notably,
Dimension 1 confirmed the segregation of the ventral premotor areas
(F5d, F5v, F4d and F4v) from the remaining premotor and motor areas
(vertical dashed line in Fig. 14B). Whereas Dimension 2 clearly set apart
area 4p from the all the other cluster groups, emphasizing its unique con-
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Fig. 11. Position and extent of the motor and
premotor areas on lateral and medial views of the
Yerkes19 surface (Donahue et al., 2016). The mean
receptor densities of three exemplary receptor types
(ay, GABA, and M,;) have been projected onto the
corresponding area. Color bars code for receptor
densities in fmol/mg protein. The projections of all
receptor types onto the Yerkes 19 surface are shown in
Supplementary Fig. 7. The files with the parcellation
scheme and coding for the densities of all 13 receptors
in each area are available via the EBRAINS platform
of the Human Brain Project (https://kg.ebrains.eu/
search/instances/Project/e39a0407-a98a-480e-9¢63-
4a2225ddfbe4) and the BALSA neuroimaging site
(https://balsa.wustl.edu/study/g7qwN).

nectivity pattern among motor and premotor areas (horizontal dashed
line in Fig. 14B).

4. Discussion

We conducted a multimodal and statistically testable analysis of the
monkey agranular frontal cortex which resulted in the definition of 16
cyto- and receptor architectonically distinct areas. We identified three
areas within the primary motor cortex (4a, 4p and 4m), and confirmed
the existence of areas F3 and F6 (supplementary motor [SMA] and pre-
supplementary motor [pre-SMA] cortex, respectively). We also propose
a novel parcellation scheme for lateral premotor areas F4 (divided into
areas F4d, F4v, and F4s), F5 (divided into areas F5d, F5v, and F5s),
and F7 (divided into areas F7d, F7i, and F7s). The identified areas were
mapped to the Yerkes19 surface (Donahue et al., 2016) and the mean
density of each of the 13 receptors in a given area was projected onto
the corresponding area in the ensuing parcellation scheme. Thus, we
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Table 3

Dimension 1

Functional connectivity between motor and premotor areas defined in the present study and areas identified by resting state fMRI. Data is presented as the z-score
(following Fisher’s r-to-z transformation) of the correlation coefficients. The full set of inter-regional z-scores is provided in Supplementary Table 1. PMC premotor

cortex, SMA supplementary motor area.

Primary motor SMA Pre-SMA  Caudal dorsolateral PMC  Rostral dorsolateral PMC Caudal ventrolateral PMC Rostral ventrolateral PMC

4a 4p 4m F3 F6 F2d F2v F7d F7i F7s Fad F4v F4s F5s F5d F5v
10 0.001 0.007 -0.002 0.026 0.021 0.030  0.027 0.034 0.036 0.015 0.029 0.025 0.011 0.051 0.063  0.078
9 0.056 0.062  0.021 0.084 0.103 0.066  0.103 0.078 0.095 0.083 0.041 0.047 0.049 0076 0.070 0.102
9/46d 0222 0222 0.150 0310 0.317 0.227  0.327 0217 0317 0339 0212 0136 0293 0305 0.175 0.192
46d 0.163  0.178  0.125 0233  0.216 0.180  0.246 0.152 0222 0265 0.135 0.104 0.231 0220 0.127  0.132
9/46v  0.086 0.119 0.143 0.204  0.206 0.138  0.205 0.192 0212 0.170 0207 0232 0200 0345 0.287 0.263
46v 0.102 0.125  0.088 0.172  0.173 0.128  0.195 0.151 0.173  0.171 0.126  0.122 0.134 0.216 0.182 0.186
8m 0.261 0.295  0.263 0.351 0.293 0.267  0.355 0.231 0.298 0482 0229 0.184 0408 0330 0.150 0.147
8l 0.178  0.231  0.250 0.309  0.269 0.203  0.324 0.192 0276 0317 0276 0273 0341 0435 0266 0.250
8r 0.221 0.255  0.223 0357  0.331 0.246  0.360 0248 0326 0382 0231 0205 0375 0384 0226 0.210
45A 0.010 0.010 0.008 0.048  0.037 0.028  0.077 0.029 0.077 0.053 0.077 0.092 0.065 0.172 0.196 0.155
ProM 0.050 0.015 0.127 0.048  0.046 0.037  0.100 0.048 0.067 0.045 0.194 0246 0.066 0227 0297 0.643
24c 0.090 0.095 0.080 0.159  0.165 0.132  0.159 0.139 0.163 0.158 0.104 0.089 0.131 0.168 0.124 0.134
32 0.049 0.055 0.037 0.114  0.092 0.080 0.112 0.070 0.104 0.098 0.072 0.062 0.083 0.131 0.097  0.102
1 0.211 0.202 0435 0212 0.146 0.158  0.182 0.104 0.111 0.147 0213 0.190 0.183 0.166  0.097 0.113
2 0.131 0.099 0.530 0.119  0.086 0.096  0.144 0.075 0.063 0.130 0341 0450 0.185 0267 0273 0.308
3 0234 0282 0.662 0.261 0.165 0.183  0.222 0.104 0.130 0.243 0.245 0.281 0.273 0225 0.145 0.163
5 0318 0299 0.331 0314  0.233 0.263  0.332 0.170 0203 0312 0170 0.093 0302 0204 0.073 0.101
7A 0.274 0323  0.223 0.348 0.274 0.272  0.366 0.227 0320 0402 0170 0.112 0336 0268 0.113 0.123
7B 0.123  0.163  0.388 0.208 0.170 0.124  0.169 0.135 0.116 0.176 0291 0.293 0.226 0310 0.195 0.195
7m 0279 0361  0.269 0359  0.264 0.257  0.312 0.175 0216 0339 0136 0.077 0318 0.174 0.050 0.064
LIP 0.247 0273  0.298 0.271 0.188 0218  0.295 0.161 0222 0347 0.152 0120 0316 0227 0.081 0.087
MIP 0208 0202 0.171 0.184  0.125 0.170  0.232 0.117 0.152 0239 0.074 0.029 0.200 0.104 0.019 0.042
VIP 0.162 0.176  0.204 0.149  0.095 0.123  0.201 0.082 0.121  0.191 0.091 0.055 0.190 0.108 0.024 0.022

provide for the first time a 3D atlas of macaque motor and premotor ar-
eas in stereotaxic space, which integrates information of their cytoarchi-
tecture, receptor architecture and functional connectivity. Furthermore,
cluster analyses of the receptor fingerprints revealed a closer association
of premotor areas F4d and F4s with primary motor areas than with the
remaining premotor areas, as well as a segregation of ventral from dor-
sal premotor areas based on differences in their receptor fingerprints.
Additionally, we analyzed the strength of the functional connectivity of
each defined area with components of the resting state network. The
functional connectivity fingerprints of areas 4a and 4m were found to
be less similar to that of area 4p than to those of medial or dorsolateral
premotor areas.

As previously described for the human brain (for a recent compre-
hensive review see Palomero-Gallagher and Zilles, 2018), not all recep-
tors reveal all cytoarchitectonic borders, but when the border of a given
area within the macaque agranular frontal cortex was highlighted by
changes in the regional and/or laminar distribution pattern of a spe-

cific receptor type, we found its position to be concordant with that
demonstrated by other receptors, as well as by changes in cytoarchitec-
ture. Analysis of multiple receptor types in neighboring sections through
entire hemispheres enables a multimodal and statistically testable ap-
proach to validate the distinction between areas or subareas defined dur-
ing cytoarchitectonic mapping (Schleicher and Zilles, 1988; Zilles et al.,
2002b; Palomero-Gallagher and Zilles, 2018). Furthermore, receptor
fingerprints provide information on the hierarchical aspect of cortical
functional organization (Zilles et al., 2002a; Palomero-Gallagher and
Zilles, 2018). Finally, each cytoarchitectonic area is characterized by a
unique pattern of local inputs and outputs, i.e. a ‘connectional finger-
print’, that underlies an overall regional connectivity and also subserves
its function (Passingham et al., 2002). In order to understand the spe-
cific role of a cortical area in complex cognitive functions, it is necessary
to integrate insights obtained from structural analyses (cyto- and recep-
tor architecture as well as connectivity patterns) and functional imaging
studies. Therefore, focus of the present discussion is twofold: i) the com-
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Fig. 13. Connectivity fingerprints of each examined area and showing their connectivity strength to areas of the resting state network. Green codes for prefrontal
areas, blue for cingulate, yellow for somatosensory and red for parietal areas. Nomenclature of targeted areas is based on the Kennedy atlas (Markov et al., 2014),
axis scaling is identical in all polar plots and indicates the z-score (following Fisher’s r-to-z transformation) of the correlation coefficients.

parison of our parcellation scheme with existing maps of macaque motor
and premotor cortex, and ii) the interpretation of the results of our mul-
timodal statistical analysis, where we emphasize not just structural, but
also functional aspects of receptor architecture. Branching of hierarchi-
cal clusters has been examined in regard to the framework of previously
published connectivity and electrophysiological studies pertaining the
agranular frontal cortex.

4.1. Comparison with previous subdivisions of macaque motor and
premotor cortex

The macaque primary motor cortex occupies the cortex along the
dorsal wall of the central sulcus, as well as the rostrally adjacent precen-
tral convexity, and extends onto the medial surface of the hemisphere.
It is characterized by the lack of a visible layer IV and the presence of
prominent giant pyramids (Betz cells; Betz, 1874) in layer Vb. The pri-
mary motor cortex is functionally heterogeneous, and representations

of movements in specific anatomical divisions of the body have been
mapped in a somatotopic-like medio-lateral cortical sequence in the hu-
man (Woolsey et al., 1952) and non-human primate (Gould et al., 1986;
Strick and Preston, 1982a,b; Stepniewska et al., 1993) brain. To date,
most maps of the monkey brain illustrate the primary motor cortex as
being cytoarchitectonically homogenous, although it has been assigned
different names: area 4 (Brodmann, 1905; Barbas and Pandya, 1987),
M1(4) (Preuss and Goldman-Rakic, 1991), 4(M1) (Morecraft et al.,
2012), F1 (Matelli et al., 1985), or MI(F1) (Caminiti et al., 2017). How-
ever, some authors have proposed that the primary motor cortex may
be composed of architectonically distinct parts (Preuss et al., 1997;
Rathelot and Strick, 2009; Stepniewska et al., 1993), as is the case for
the human (Geyer et al., 1996). The present analysis revealed three cyto-
and receptor architectonically distinct subdivisions within the macaque
primary motor cortex: area 4m on the medial surface, area 4a occu-
pying the precentral convexity, and area 4p, located mostly within the
central sulcus where, in the fundus, it adjoins somatosensory area 3a.
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Fig. 14. Hierarchical cluster (A) and multidimensional scaling (MDS) (B) analyses of the functional connectivity fingerprints of macaque primary motor and premotor
areas. K-means clustering and elbow analysis showed four as the optimal number of clusters.

Stepniewska et al. (1993) identified a rostral (M1r) and a caudal (M1c)
subdivision of the owl monkey primary motor cortex based on structural
and functional differences. Preuss et al. (1997) identified caudal (area
4c), intermediate (area 4i), and rostral (area 4r) subdivisions within the
lateral portion of macaque area 4 based on differences in the size and
packing density of layer III and layer V SMI-32-immunoreactive pyra-
mids. Area 4c would be equivalent of our area 4p, whereas our area
4a encompasses areas 4i and 4r. The differential distribution of a spe-
cific population of corticospinal neurons innervating forelimb muscles,
the cortico-motoneuronal cells, enabled the definition of two distinct
subregions within the primary motor cortex, i.e. the ‘old’ M1 and the
‘new’ M1 (Rathelot and Strick, 2009). Most cortico-motoneuronal cells
were found within the central sulcus (correspond to the ‘new’ M1), at a
location comparable to that of our area 4p, whereas the surface of the
precentral gyrus, where we identified area 4a, only presented a few scat-
tered cortico-motoneuronal cells (the so-called ‘old’ M1). It is important
to note that Rathelot and Strick (Rathelot and Strick, 2009) refer only
to the hand region within the primary motor area, without additional
supporting data that would demonstrate the same result along the entire
rostral bank of the cs i.e. from the leg area dorsally to the face-mouth
extending ventrally. Nevertheless, our analysis showed clear cyto- and
receptor architectonic differences between dorsal convexity, 4a, and sul-
cal cortex, 4p, along the entire central sulcus. Finally, and although it
was not described by the authors (Matelli et al., 1985), differences in
the intensity of staining for cytochrome oxidase also enable definition
of areas 4a and 4p in the primary motor cortex of Macaca nemestrina.
Within the area identified as F1, staining intensity for cytochrome ox-
idase is clearly weaker in the cortex of the rostral wall of the central
sulcus than in that of the adjoining precentral convexity (see Fig. 1, sec-
tion 34 in Matelli et al., 1985). Finally, previous architectonic studies
have reported consistent medio-lateral variations in the size of layer V
pyramids, with the largest ones found within the medial portion of the
primary motor cortex (Stepniewska et al., 1993; Wiesendanger, 1981),
and our present results confirm these observations.

Although initially described as a single area (i.e. area 6;
Brodmann 1905), the premotor cortex is now known to be a com-
plex mosaic composed of structurally and functionally distinct areas re-
sponsible for processing different aspects of motor behavior, including
the perceptual and motor aspects of higher cognitive functions such as
decision-making (Rizzolatti et al., 1987; Wise et al., 1985; Barbas and
Pandya, 1987; Preuss and Goldman-Rakic, 1991; Matelli et al., 1985,
1991, 1998; Dum and Strick, 2002; Geyer et al., 2000; Mendoza and
Merchant, 2014). The medial portion of area 6 has been subdivided into

caudal (area F3 or SMA of Matelli et al., 1985, 1991 and Caminiti et al.,
2017; area 6m of Morecraft et al., 2012) and rostral areas (area F6
of Matelli et al., 1985, 1991 and Caminiti et al., 2017; pre-SMA of
Morecraft et al., 2012). Similar to the primary motor cortex, electrical
stimulation of SMA in monkeys revealed an additional complete soma-
totopical map of the body motor representation (Woolsey et al., 1952),
whereas movements in area F6 are mostly related to the arm control and
orientation (Mitz and Wise, 1987; Luppino et al., 1991). The existence of
areas F3 and F6 without additional subdivisions was confirmed by his-
tochemical (Matelli et al., 1985; Geyer et al., 1998), cytoarchitectonic
(Matelli et al., 1991; Geyer et al., 1998), connectivity (Luppino et al.,
1993), and electrophysiological data (Rizzolatti et al., 1996), and is fur-
ther supported by the results of the present study. Expanding on a pre-
vious receptor architectonic study (Geyer et al., 1998), we were able to
show that areas F3 and F6 also differ in their GABA, 5, concentration
levels, which were lower in F6 than F3.

Medial premotor areas extend a little over the hemispheric midline
and encroach onto the dorsal premotor convexity, where they are delim-
ited by dorsal premotor area 6D of Preuss and Goldman-Rakic (1991),
which encompasses a caudal (F2 of Matelli et al., 1985, 1991; or 6DC
of Petrides and Pandya, 2006; Morecraft et al., 2012) and a rostral pre-
motor region (F7 of Matelli et al., 1985, 1991; or 6DR of Petrides and
Pandya, 2006; Morecraft et al., 2012). We identified dorsal and ventral
subdivisions of F2, F2d and F2v respectively, with regard to the spcd, and
our parcellation is in accordance with the results of previously published
immunohistochemical (Geyer et al., 2000), connectivity (Caminiti et al.,
2017), cytoarchitectonic and functional (Matelli et al., 1998) analyses.
Within rostral area F7 (Matelli et al., 1985, 1991), we identified three
areas, i.e. dorsal F7d, intermediate F7i and sulcal F7s, based on cytoar-
chitectonic differences mainly in layer VI. Area F7d partly corresponds
in position to that of the rostro-dorsal oculomotor area SEF (Schlag and
Schlag-Rey, 1987), but extends more caudally than does SEF. In addi-
tion, Preuss and Goldman-Rakic (1991) referred to the cortex on the
dorsal wall of the sas as area 6Ds, which largely corresponds to our area
F7s.

Parcellation schemes of the ventral convexity, which is occupied
by ventral premotor area 6V of Petrides and Pandya (2006), differ
considerably from each other, since in some cases it was subdivided
dorso-ventrally (dorsal 6Va and ventral part 6Vb; Preuss and Goldman-
Rakic, 1991; Morecraft et al., 2012; dorsal 6DC, intermediate 4C and
ventral 6V; Barbas and Pandya, 1987) and in others rostro-caudally (ros-
tral F4 and caudal F5; Matelli et al., 1985, 1991). Our results reconcile,
at least in part, these diverging parcellation schemes, since we could
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not only identify areas F4 and F5, but also dorso-ventral distinctions
within them in both cyto- and receptor architecture. Thus, area F4 of
Matelli et al. (1985, 1991) would encompass our areas F4s, occupying
the ventral wall of the arcuate sulcus spur caudal to F5, and two more
areas on the free surface of the hemisphere, i.e. F4d dorsally and F4v
ventrally. Preuss and Goldman-Rakic (1991) reported a differentiation
of their area 6V, with a lighter myelination of the cortex within the arcu-
ate sulcus (occupied by our area F4s) than the adjoining cortex on the
convexity (encompassing our areas F4d and F4v). Furthermore, func-
tionally identified areas F4d and F4v (Maranesi et al., 2012) are com-
parable in extent and location to our areas F4d and F4v, respectively.
Finally, our areas F4s and F4d coincide in location and architecture with
area 4C of Barbas and Pandya (Barbas and Pandya, 1987).

Within area F5 (Matelli et al., 1985, 1991), we identified three sub-
divisions based on differences in cyto- and receptor architecture: area
F5s occupies the outer portion of the ventral wall of the inferior arcuate
branch and is delimited ventro-laterally by F5d, which in turn is located
dorsal to area F5v. Belmalih et al. (2009) also identified three areas
within F5 based on cyto-, myelo- and chemoarchitectonic observations.
However, they describe two areas along the ventral wall of the inferior
arcuate branch, i.e. posterior F5p and anterior F5a, which are encom-
passed by our area F5s, and a single area F5c located on the lateral sur-
face below the inferior arcuate branch, and delimited ventrally by area
DO (Belmalih et al., 2009). The discrepancy concerning the number of
areas identified within the inferior arcuate branch can be explained by
the fact that, unlike the study of Belmalih et al. (2009), our analysis
is based on coronal sections only, making it difficult to identify rostro-
caudal differences due to tangential sectioning through the posterior
portion of the sulcus. The fact that hand movements were only repre-
sented in the most dorsal part of area F5 (Maranesi et al., 2012) supports
our subdivision of the postarcuate ventral convexity into dorsal F5d and
ventral F5v.

4.2. Correlation between cellular, receptor, connectivity and functional
organization

4.2.1. Primary motor cortex

The uniqueness of area 4 with regard to premotor areas is also re-
flected in its molecular composition, since the receptor fingerprints of
the subdivisions of area 4 (see Supplementary Fig. 8) had a clearly dis-
tinct shape and were the smallest of all examined areas. In particular, as
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 premotor area, resulting in an early
segregation in the hierarchic cluster analysis.

We found the receptor and functional connectivity fingerprints of
area 4p to differ conspicuously from those of areas 4a and 4m. Across
all motor and premotor areas, area 4p has the strongest functional con-
nectivity to the somatosensory cortex, in particular to area 3, and to pari-
etal area 7B and the latter area has been associated with somatomotor
responses (Andersen et al., 1990a). Conversely, areas 4a and 4m clus-
tered with dorsolateral premotor areas, and also present a stronger func-
tional connectivity with areas 7A and 7m, which have been associated
with the control of visuomotor coordination (Andersen et al., 1990a,b;
Leichnetz, 2001), than does area 4p (Fig. 13). Interestingly, a tracer
study reported bilateral connections between areas 4 and 7A, as well
as projections between area 4 and the prefrontal cortex (Markov et al.,
2014).

These findings correspond with the two subdivisions defined within
the monkey primary motor cortex, the so-called ‘old’ and ‘new’ M1 (our
4a and 4p, respectively), based on ontogenetic and evolutionary aspects
as well as on differences in the packing density of cortico-motoneuronal
neurons (Rathelot and Strick, 2009). Cortico-motorneuronal cells are
mainly found within ‘new’ M1 (Rathelot and Strick, 2009), thus enabling
control of the finest movements, such as independent finger movements
(Porter and Lemon, 1993), as well as programing novel patterns of motor
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output in order to acquire a new skill (Rathelot and Strick, 2009). Addi-
tionally, functional differences were found between the sulcal and the
surface subdivisions of M1 in regard to mapping a preferred direction
of reaching (Naselaris et al., 2006). A rostro-caudal structural and func-
tional segregation has also been described within the human primary
motor cortex (Geyer et al., 1996; Binkofski et al., 2002). Human 4a is
responsible for maintaining the execution of the motor plan, indepen-
dently of the motor attention, whereas activity of area 4p is modulated
by motor-directed attention. These results indicate that area 4p, though
not 4a, plays a role in the acquisition of new and/or more precise motor
skills that require a higher degree of attention. The lateral portions of
human areas 4a and 4p would be equivalent of our areas 4a and 4p.

Multivariate analyses of receptor fingerprints resulted in a clustering
of lateral premotor areas F4s and F4d with the subdivisions of the pri-
mary motor cortex (Fig. 12). Indeed, out of all premotor areas, F4s and
F4d had the lowest receptor concentration levels for most of studied re-
ceptor types, and thus display a higher similarity with the primary motor
areas. Interestingly, the region occupied by our areas F4s and F4d co-
incides with area 4C of Barbas and Pandya (Barbas and Pandya, 1987),
which they consider to be a subregion of the primary motor cortex, and
not of premotor area 6. However, although the receptor architecture of
F4s resembled that of F4d, these two areas differed significantly in their
functional connectivity.

In order to control movement of limbs and other body parts, area 4
is thought to integrate information from area 5 on the spatial location
of the body parts (Lacquaniti et al., 1995). Our functional connectivity
analysis provides further support for this hypothesis, as all three subdivi-
sions of the primary motor cortex have a strong functional connectivity
with area 5 (Fig. 13), a higher-order somatosensory area involved in
the analysis of proprioceptive information (Bakola et al., 2013), where
most neurons encode the location of the arm in space relative to the
body posture (Lacquaniti et al., 1995). This may underlie the functional
synchronization required within the areas of cluster 4 to plan volun-
tary limb movements based on visual, auditory and/or somatosensory
guidance, when the animal moves toward the object to accomplish the
reaching distance.

We found a relatively strong functional connectivity between sub-
divisions of the primary motor cortex, in particular area 4m, and areas
8m and 8l. Although direct anatomical connections between areas 8l,
8m and 4 have been described (Markov et al., 2014), direct anatomi-
cal connections specifically between area 4m and the frontal eye fields
are not yet known. Although our finding could represent a methodi-
cal artefact, it could also reflect the distributed representation of bodily
parts throughout the motor cortex, which has been described recently
(Willett et al., 2020).

4.2.2. Ventrolateral premotor cortex and coordination of hand-to-mouth
movements

Both ventral premotor areas, F4 (Gentilucci et al., 1988) and F5
(Rizzolatti et al., 1988), have similar motor representations of the hand
and of the mouth. However, F4 neurons are associated with proximal
hand movement, and activation of the hand region in area F5 is related
to distal hand orientation and movement (Gentilucci et al., 1988), guid-
ing the goal-directed hand tasks for reaching or grasping food and bring
it to the mouth (Rizzolatti et al., 1988). Within F5, hand movement was
evoked on the bank of ias and on the dorsal portion of the lateral con-
vexity, where it overlaps with the ventrally located mouth activation
(Kurata and Tanji, 1986; Gentilucci et al., 1988; Rizzolatti et al., 1988;
di Pellegrino et al., 1992, Ferrari et al., 2003; Maranesi et al., 2012),
which seems to extend over the fronto-opercular region (Ferrari et al.,
2003; Maranesi et al., 2012). This is clearly comparable with our three
subdivisions of the rostral ventral premotor cortex, with area F5s within
the ias, followed by F5d on the dorsal portion of the lateral convexity
and F5v (comparable to area DO of Ferrari et al., 2017) on its ventral
portion.
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Area F4d as identified in the present study is comparable in location
and extent to the functionally defined area F4d of Maranesi et al. (2012),
which encodes hand and face movements (Maranesi et al., 2012). The
ventral portion of area F4, i.e. our area F4v, has been associated with
mouth movements, in particular the control of tongue and simple oro-
facial movements (Maranesi et al., 2012). Additionally, compared to
dorsal parts of F4, the ventral sector showed distinct sensory proper-
ties. Most projections were revealed to be nonvisual, i.e. somatosen-
sory and proprioceptive responses were widely represented, receiving
sensory information from the oro-facial body parts (Maranesi et al.,
2012). This is in correspondence with the result of our functional con-
nectivity analysis, as F4v shows stronger connection to the somatosen-
sory cortex than F4d. Furthermore, caudal (F4) and rostral (F5) po-
tions of the ventral premotor cortex share strong reciprocal connections
(Matelli et al., 1998), and receive most prominent projections from areas
involved in somatosensory and somatomotor responses, such as area 7B
(Andersen et al., 1990a) and primary somatosensory cortex (Fig. 13).
However, areas F5, more notably F5v, are strongly connected to area
ProM, which has previously also been associated with the gustatory,
orbitofrontal, insular and somatosensory cortex, and plays role in the
feeding process (Cipolloni and Pandya, 1999), whereas subdivisions of
F4, in particular F4v, have a strong functional connectivity with primary
somatosensory areas 2 and 3. Additionally, mirror neurons have been
identified within area F5 mainly on the postarcuate convexity, although
some have also been found within ias (Rizzolatti and Craighero, 2004;
Rizzolatti and Fogassi, 2014). Interestingly, only a small population of
mouth mirror neurons responds to communicative gestures, such as lip-
smacking, and are not restricted to the ventral portion of F5, but are
also found within F4v (Ferrari et al., 2003). Thus, both areas, F5v and
F4v, could play complementary roles, at different hierarchical levels, in
the control of monkey vocalization, although their main role is thought
to be related to food-processing behavior (Hoshi and Tanji, 2004).

4.2.3. Postarcuate region codes peripersonal space

Neuronal activity recorded within and around the spur of the arcu-
ate sulcus showed that this region is visually responsive and activated
during saccades (Baker et al., 2006; Koyama et al., 2004) and was called
“premotor eye field” (Amiez and Petrides, 2009). The dorsal portion of
the arcuate sulcus, corresponding to our area F2v, contains a forelimb
representation, as well as different types of visually responsive neurons
responsible of coding a peripersonal space, similar to area F4, which has
face, neck, hand and mouth representations (Fogassi et al., 1999). Hence
it has been suggested that areas in the postarcuate region constitute a
somatocentered map used for visual navigation and control of different
actions (Fogassi et al., 1999). Multivariate analysis of functional connec-
tivity fingerprints revealed F4s to cluster with rostral areas F7s (located
in the sas) and F5s (extending along the ias), as well as with caudal
subdivision F2v.

The ventral part of F7 (which encompasses our areas F7i and F7s) is
reported to use information from medial parietal area PGm (or 7m) to
locate the object in space for orientation, as well as to coordinate arm-
body movements (Matelli et al., 1998; Luppino and Rizzolatti, 2000).
Furthermore, our connectivity fingerprints (Fig. 13), associated areas
F7s and F4s with prefrontal areas related to the frontal eye field (area
8) and with parietal areas LIP, 7m and 7A, which are all related to the
saccadic eye movement and visuospatial perception (Andersen et al.,
1990a,b; Leichnetz, 2001).

Area F5s defined in this study encompasses areas F5a and F5p of
Belmalih et al. (2009). This region contains neurons with unique re-
sponses to visual stimuli, so-called ‘canonical’ neurons (Rizzolatti et al.,
1998; Fogassi et al., 2001, Kakei et al., 2001), which are active when
monkeys observe a visual object and execute a hand-based action
(Rizzolatti et al., 1996, Gallese et al., 1996). Furthermore, F5s, together
with F4s, is thought to play an important role in the visuomotor co-
ordination of distal and proximal hand movements, either for execu-
tion of grasping movement (Rizzolatti et al., 1998; Murata et al., 1996;
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Sakata et al., 1995) or for initiating a defensive hand-head mechanism
(Cooke and Graziano, 2003). It is worth noting, that within cluster
3 we find area F2v closely related to area F3, i.e. SMA. F3 is active
when motor task demands certain conditions or retrieval of the mo-
tor memory (Tanji, 1994). Additionally, it plays important role in or-
ganizing movements, especially when action requires performing a set
of serial movements (Tanji, 1994). F3 has strong reciprocal connections
with rostrally neighboring area F6 (Luppino and Rizzolatti, 2000). Al-
though these two areas show a great similarity of their absolute recep-
tor fingerprints, they differ considerably in their functional connectiv-
ity patterns. F3 is the source of dense, topographically organized cor-
ticospinal projections and strong cortico-cortical connections to area 4
and other premotor areas (F2, F4 and F5; Luppino and Rizzolatti, 2000).
Furthermore, SMA projects to the upper segments of the cervical cord
(Martino and Strick, 1987), as does the arcuate premotor region (area
F5p of Belmalih et al., 2009), and these projections originate from the
same parts of F3 and F5p which also project to the ‘arm’ area of the
primary motor cortex on the rostral surface of the precentral gyrus
(Martino and Strick, 1987), a region of the primary motor cortex corre-
sponding to our area 4a.

Area F6 does not control movement directly, but serves as the major
input of limbic and prefrontal information to all caudal and rostral pre-
motor areas (Luppino and Rizzolatti, 2000). This is in accordance with
our functional connectivity findings, where we can see segregation of
these areas into different cluster groups. Indeed, whereas F3 is found in
cluster C3 with caudal lateral premotor area F2v, area F6 is in cluster
C4 with rostral lateral premotor area F7i (Fig. 14).

4.2.4. Dorsal premotor cortex and the integration of different sensory
inputs

Neurons in the dorsal premotor cortex are involved in integrating in-
formation about which arm to use or which target to reach (Hoshi and
Tanji, 2004). Thus, it is no surprise that area F6 correlated with these
areas, as activations in area F6 (or pre-SMA) are mostly related to arm
movements (Mitz and Wise, 1987; Luppino et al., 1991) and target lo-
calization (Hoshi and Tanji, 2000, 2004).

The cluster analysis based on the receptor fingerprints showed a
clear segregation of the subdivisions within areas F2 and F7, since areas
dorsal to the spcd (i.e. F2d and F7d) were revealed to be more simi-
lar from the neurochemical point of view to medial areas F3 and F6,
than to their corresponding ventral subdivisions (i.e. F2v, F7i and F7s)
(Fig. 12). Thus, we here provide further results demonstrating that ar-
eas F2 and F7 each consist of at least two functionally distinct sectors,
as suggested by Rizzolatti et al. (1998). Area F2d, previously described
as dimple area F2dc (Matelli et al., 1998), receives projections from ar-
eas PEip and PEc, two higher-order areas involved in the amplification
of somatosensory stimuli, in order to plan and coordinate, mostly, leg
movements (Matelli et al., 1998). The dorsal portion of rostral premo-
tor area F7 (F7d) has been associated with oculomotor and visuospatial
functions, and receives main inputs from the inferior parietal cortex, e.g.
area PG, which encodes eye orientation (Sakata et al., 1980), and from
the intraparietal cortex, e.g. area LIP, which encodes eye movement
(Andersen et al., 1990b; Snyder et al., 1997; Huerta and Kaas, 1990).

4.3. Integration of in-vivo functional data with post-mortem anatomy

Functional connectivity in many cases reflects direct anatomical con-
nections (e.g. in the attention and default mode networks; Thiebaut de
Schotten et al., 2011; Grecius et al., 2009), but can also reflect indi-
rect connections or input from a common source area (e.g. functional
connectivity between V1 in both hemispheres), and may be affected by
other factors, such as differences in local recurrent excitation across ar-
eas (Chaudhuri et al., 2015). While structural and functional aspects of
brain organization are inherently intertwined, they are not equivalent.
For example, functional connectivity may reflect the temporal dynamics
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and associated brain state (e.g. awake, anesthesia) which cannot be cap-
tured by the tract-tracing approach. In the present study, the availability
of open-access fMRI data (Milham et al., 2018) allowed us to differen-
tiate between areas with similar receptor profiles, such as between the
subdivisions of area 4 (Supplementary Fig. 1), without embarking on a
costly and laborious tracing study. This provides support to the separa-
tion of these areas based on cytoarchitecture, which may be confirmed
in future tracing studies. The development of both in-vivo functional
neuroimaging and invasive tracing in the macaque will soon allow for a
direct quantification of the correspondence between direct anatomical
connectivity and functional connectivity in a brain similar to the human
(Hayashi et al., this issue). Functional imaging of the macaque has great
potential to aid in the translation between cutting edge anatomy and
physiology that is available in the macaque brain, and the in-vivo imag-
ing descriptions of the functional anatomy of the human brain in health
and disease. Several groups have used invasive tract-tracing data to test
and validate diffusion MRI tractography methods (Dauget et al., 2007;
Jbabdi et al., 2013; van den Heuvel et al., 2015). However, integra-
tion of high-quality anatomical data with macaque functional imaging
has been slow, with few exceptions (Scholtens et al., 2015; Froudist-
Walsh et al., 2018). In part this is due to post-mortem anatomical and
in-vivo imaging data not being reported in a common stereotaxic space.
Here, to facilitate future integration of receptor and cytoarchitecture
data with in-vivo studies, we make our anatomical data and novel par-
cellation available in the Yerkes19 MRI cortical space (Donahue et al.,
2016).

5. Conclusions

We here present a 3D atlas of macaque motor and premotor areas
based on a quantifiable and statistically testable analysis of its cyto-
and receptor architecture, and demonstrate how by combining cytoar-
chitecture, receptor architecture and functional imaging data we can
enrich our understanding of cortical anatomy. Multivariate analyses of
the receptor fingerprints revealed the existence of a caudal cluster (en-
compassing primary motor areas and ventral premotor areas F4s and
F4d), a dorsal cluster (encompassing areas F3 and F6 on the medial sur-
face of the hemisphere as well as areas F2d, F2v, F7d, F7i and F7s on
its dorsolateral surface), and a ventral cluster (encompassing area F4v
and all subdivisions of area F5). Interestingly, our functional connec-
tivity analysis revealed that areas of the dorsal cluster show a stronger
functional connectivity with areas involved in spatial processing than do
areas of the ventral cluster. Conversely, areas of the ventral cluster show
a stronger functional connectivity with areas involved in the processing
of somatosensory input than do areas of the ventral cluster.

Finally, we openly share our parcellation scheme, which integrates
and reconciles the discrepancies between previously published maps of
this region, in a standard neuroimaging space order to make it easier for
cytoarchitecture and receptor anatomy to inform future imaging studies.
Furthermore, the receptor fingerprints provide valuable data for mod-
elling approaches aiming to a better understanding of the complex struc-
ture of the neural system, as well as to provide an insight in the evolution
of the healthy primate brain.
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