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Cortical layers have classically been identified by their distinctive and prevailing cell types and sizes, as well as
the packing densities of cell bodies or myelinated fibers. The densities of multiple receptors for classical neuro-
transmitters also vary across the depth of the cortical ribbon, and thus determine the neurochemical properties of
cyto- and myeloarchitectonic layers. However, a systematic comparison of the correlations between these his-
tologically definable layers and the laminar distribution of transmitter receptors is currently lacking. We here
analyze the densities of 17 different receptors of various transmitter systems in the layers of eight cytoarchi-
tectonically identified, functionally (motor, sensory, multimodal) and hierarchically (primary and secondary
sensory, association) distinct areas of the human cerebral cortex. Maxima of receptor densities are found in
different layers when comparing different cortical regions, i.e. laminar receptor densities demonstrate differences
in receptorarchitecture between isocortical areas, notably between motor and primary sensory cortices, specif-
ically the primary visual and somatosensory cortices, as well as between allocortical and isocortical areas.
Moreover, considerable differences are found between cytoarchitectonical and receptor architectonical laminar
patterns. Whereas the borders of cyto- and myeloarchitectonic layers are well comparable, the laminar profiles of
receptor densities rarely coincide with the histologically defined borders of layers. Instead, highest densities of
most receptors are found where the synaptic density is maximal, i.e. in the supragranular layers, particularly in
layers II-III. The entorhinal cortex as an example of the allocortex shows a peculiar laminar organization, which

largely deviates from that of all the other cortical areas analyzed here.

1. Introduction

Distinct layers of nerve cell bodies or myelinated axons parallel to the
cortical surface were identified more than 175 years ago in the cerebral
cortex. Six distinct layers were first described by Baillarger (1840). He
made his observations in thin tissue sections without a microscope, and
in the absence of any histological staining. He could identify alternating
dark and white layers with the naked eye, or with a loupe under direct
light. In transmitted light, he observed that the former white layers
appear dark, and the dark layers light. Thus, he first described the
intracortical layers containing densely packed myelinated fibers running
parallel to the cortical surface as white stripes in direct light, and dark
stripes in transmitted light, respectively (Fig. 1). Berlin (1858) micro-
scopically identified six layers consisting of cell bodies of different shape
and size using chromic acid and carmine staining. Notably, he could

identify radially oriented fiber bundles, and cell dense as well as cell
sparse layers (Fig. 2). In contrast to modern terminology, his layer 6 is
nowadays called layer I, and our innermost cortical layer VI is his layer 1.
Additionally, he identified large pyramidal cells in layer V (his layer 2).

With the advent of myelin and cell body staining techniques around
the end of the 19th century, the analysis of cortical layering resulted in
several classical monographies on the cerebral cortex (e.g., Brodmann,
1909; Vogt and Vogt, 1919; von Economo and Koskinas, 1925). The
different cortical layers were microscopically defined by differences in
their prevailing cell types (pyramidal cells versus “granular” cells),
packing density of cell bodies, or of myelinated fibers. This led to layering
schemes of the cerebral cortex (Fig. 3), and the delineation of numerous
cortical regions (“areas”) based on cell body staining (cytoarchitecture),
or myelin staining (myeloarchitecture) techniques. This work was done
by serial sectioning of entire human and non-human postmortem brains
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Fig. 1. Illustrations of cortical layers in sections through the isocortex by Baillarger (1840) using direct (A left) and transmitted (A right, B and C) light. A General isocortical laminar
pattern, B Primary visual cortex V1, C Border (arrow) between primary (V1) and secondary (V2) visual cortex. Identifications of cortical areas and white inscriptions by the authors. Note
the inverse sequence of the numbering of cortical layers by Baillarger (1840) compared with the modern nomenclature.

or of hemispheres in the coronal, horizontal (axial), or sagittal planes
using microtomes, followed by histological staining and microscopic
inspection (Brodmann, 1909; Vogt and Vogt, 1919), or by excision of
smaller tissue blocks vertical to the cortical surface to avoid the more
difficult analysis in oblique or tangential sections (von Economo and
Koskinas, 1925). Although these studies resulted in comparable layering
schemes, the parcellation of the cortex into numerous areas differ when
using two modalities (cyto- versus myeloarchitecture), or even within a
single modality. This led to severe criticism of this approach (Bailey and
von Bonin, 1951; Lashley and Clark, 1946), and the conclusion of a lack
of reproducibility of cyto- and myeloarchitectonic mapping. Therefore,
quantitative cytoarchitecture has been introduced which is based on
statistically testable identifications of borders between cortical areas
(Amunts et al., 1999; Palomero-Gallagher and Zilles, 2017; Schleicher
et al., 2005; Zilles et al., 2002b). This method also enables a continuous
measurement of cell and receptor densities from the cortical surface to
the cortex/white matter boundary and, thus, quantitatively based de-
lineations of layers (Schleicher et al., 2000).

Transmitter receptors play a key role in signal processing. Their
varying density throughout the cortical depth results in a laminar pattern
(Zilles et al., 2002b) which, at a first glance, is reminiscent of that found
in the cyto- or myeloarchitectonically defined layering schemes of the
isocortex (Brodmann, 1909; Vogt and Vogt, 1919; von Economo and
Koskinas, 1925). However, the typical six-layered pattern of
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cytoarchitecture cannot be found in most receptor types; consequently,
the borders between receptor-dense and receptor-sparse layers do not
consistently coincide with the borders of layers detectable in cyto- or
myeloarchitectonic studies. Rather, receptor densities seem to show a
type- and region-specific layering pattern (Amunts et al., 2010; Caspers
et al., 2013, 2015; Cortés et al., 1986, 1987; Eickhoff et al., 2007, 2008;
Hoyer et al., 1986a,b; Jansen et al., 1989; Morosan et al., 2005;
Palomero-Gallagher et al., 2008, 2009, 2013, 2015, Pazos et al., 1987a,b;
Scheperjans et al., 2005a,b; Vogt et al., 2013; Zilles et al., 2002a, 2004,
2015a; Zilles and Amunts, 2009; Zilles and Palomero-Gallagher, 2001,
2017). Since most receptors are found on dendrites and not on the cell
bodies of pyramidal cells and interneurons (Kooijmans et al., 2014), and
the dendrites of pyramidal cells cross many cytoarchitectonically defined
layers, the layering pattern of receptors is not bound to a single layer of
cell bodies (cytoarchitecture) or myelinated nerve fibers (myeloarchi-
tecture). Therefore, a multimodal comparison of cyto-, myelo- and
receptorarchitecture can reveal the precise correlation of the different
layering schemes.

The introduction of high-resolution MR-based imaging seems to open
a way to study cortical lamination in vivo (Callaghan et al., 2014; Cohen-
Adad et al., 2012; Deistung et al., 2013; Dick et al., 2012; Dinse et al.,
2015; Geyer et al., 2011; Marques et al., 2017; Polimeni et al., 2010).
This would enable to analyze a larger number of brains and thus reveal
the interindividual variability of cortical layers. Further, quantitative



N. Palomero-Gallagher, K. Zilles

Fig. 2. Myelinated axonal fiber bundles and cell layers in the human isocortex. Illustration
from Berlin (1858). Delineation and identification of cortical layers according to the
modern cytoarchitectonic nomenclature by the authors.

measurements could be performed to obtain an objective analysis of ar-
chitectonic differences between cortical areas, and the time-consuming
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analysis of histological sections could be avoided. However, the inter-
pretation of the MR-based laminar pattern requires a comparison with
the anatomical ground truth of the postmortem studies, since the iden-
tification of “layers” in the MR images poses the question whether these
“layers” are identical with cyto- or myeloarchitectonically defined layers.

The aim of the present study is a comparison of the classical cyto- and
myeloarchitectonic layering with that of multiple transmitter receptors in
the human brain. Primary and secondary visual, primary somatosensory,
motor, and limbic areas, as well as areas of multimodal association
cortices are studied, since they show different layering patterns depen-
dent on the staining or labeling technique. Detailed descriptions of the
primary and secondary visual cortex (areas V1 and V2), primary so-
matosensory area 3b, primary motor cortex (area M1), area 44 of the
Broca region, area 7 of the superior parietal lobule, anterior cingulate
area 24 and of the entorhinal cortex have been reported (Amunts et al.,
1999; Braak, 1972; Braak and Braak, 1992; Clarke and Miklossy, 1990;
Jones, 1986; Lund et al., 1994; Palomero-Gallagher et al., 2008; Peters,
1994; Rockland, 1994; Scheperjans et al., 2008; von Economo and Kos-
kinas, 1925; Zilles and Clarke, 1997). Areas were chosen to encompass
brain regions from different evolutionary backgrounds (archicortex vs.
neocortex), functional systems (sensory vs. motor; somatosensory vs.
visual), and hierarchical processing levels (primary vs. early visual;
unimodal vs. multimodal association). We will further compare the
laminar distribution of the multiple receptors types with synaptic den-
sities in the various layers of the cerebral cortex as reported in the
literature. Finally, the question whether single cytoarchitectonical layers
have similar multi-receptor expression patterns despite the diverse
functional and structural cortical regions under consideration will

Cytoarchitecture Myeloarchitecture
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Fig. 3. Generalized scheme of cortical layering in cyto- and myeloarchitecture modified from Zilles et al. (Zilles et al., 2015b). Roman numbers cytoarchitectonic layers, Arabic numbers

myeloarcitectonic layers.

718



N. Palomero-Gallagher, K. Zilles

be studied.

Laminar distribution patterns of transmitter receptors seem to be
closely associated with cytoarchitectonical layering. However, the
regional and laminar-specific differences in receptor densities do not
simply reflect variations in cell packing densities as found in cytoarchi-
tectonic studies. Rather, we hypothesize that receptor densities may
indicate the laminar distribution of synapses. Furthermore, regional as
well as laminar differences in cyto- and receptorarchitecture may
correlate with their position in the hierarchies of the various functional
networks, and their structural organization regarding classification into
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isocortical and allocortical areas.

2. Material and methods

Brains of four donors without a record of neurological or psychiatric
diseases (age range: 67-77 years; 3 males, 1 female) were removed at
autopsy. Post mortem delays were between 12 and 18 h before the brains
were deep frozen. Details of pharmacological treatments were not
available, but records of long-term drug treatment were not found.
Causes of death were multiorgan failure caused by sepsis and pneumonia,

Table 1

Labelling protocols. GABA, 1, GABA, associated benzodiazepine binding sites. * substance only included in the main incubation.

Receptor Receptor Ligand Displacer Incubation buffer Pre- Main Final rinsing
characteristics (pharmacological [pm] incubation incubation
class)
[nM]
AMPA ionotropic, [*H]-AMPA Quisqualate 50 mM Tris-acetate (pH 3 x 10 min, 45 min, 1D4x4s
excitatory (agonist) [10] 7.2) 4°C 4°C 2) Acetone/glutaraldehyde
[10.0] -+100 mM KSCN* (100 ml + 2,5ml), 2 x 25,4 °C
NMDA ionotropic, [*H]-MK-801 (++)MK-801 50 mM Tris-acetate (pH 15 min, 4 °C 60 min, 1) 2 x 5min, 4 °C
excitatory (antagonist) [100] 7.2) 22°C 2) distilled water, 1x, 22 °C
[3.3] +50 uM glutamate
+ 30 pM glycine*
+ 50 pM spermidine*
kainate ionotropic, [3H]-Kainate SYM 2081 50 mM Tris-acetate (pH 3 x 10 min, 45 min, 1)3x4s
excitatory (agonist) [100] 7.1) 4°C 4°C 2) Acetone/glutaraldehyde
[9.4] +10 mM Ca®"-acetate* (100 ml + 2,5ml), 2 x 25, 22 °C
mGluR2/ metabotropic, [®H]-LY 341,495 L-Glutamate 10 mM phosphate buffer 2 x 5 min, 60 min, 1) 2 x 5 min
3 excitatory (antagonist) [1000] (pH 7.6) 22 °C 4°C 2) distilled water, 1x, 22 °C
[1.0] +100 mM KBr*
GABA, ionotropic, [®H]-Muscimol GABA 50 mM Tris-citrate (pH 7.0) 3 x 5 min, 40 min, 1)3 x3s,4°C
inhibitory (agonist) [10] 4°C 4°C 2) distilled water, 1x, 22 °C
[7.71
GABA,,  ionotropic, [H]-Flumazenil Clonazepam 170 mM Tris-HCI (pH 7.4) 15 min, 4 °C 60 min, 1) 2 x 1 min, 4 °C
inhibitory (antagonist) [2] 4°C 2) distilled water, 1x, 22 °C
[1.0]
GABAg metabotropic, [®H]-CGP 54626 CGP 55845 50 mM Tris-HCl (pH 7.2) 3 x 5 min, 60 min, 1)3x2s,4°C
inhibitory (antagonist) [100] +2,5 mM CaCl, 4°C 4°C 2) distilled water, 1x, 22 °C
[2.0]
M; metabotropic, [®H]-Pirenzepine Pirenzepine Modified Krebs buffer (pH 15 min, 4 °C 60 min, 1) 2 x 1 min, 4 °C
excitatory (antagonist) [2] 7.4) 4°C 2) distilled water, 1 x, 22 °C
[1.0]
M, metabotropic, [*H]- Carbachol 20 mM HEPES-Tris (pH 20 min, 60 min, 1) 2 x 2 min, 4 °C
inhibitory Oxotremorine-M [10] 7.5) 22 °C 22 °C 2) distilled water, 1 x, 22 °C
(agonist) +10 mM MgCl,
[1.7] +300 nM Pirenzepine
M; metabotropic, [*H]-4-DAMP Atropine sulfate 50 mM Tris-HCl (pH 7.4) 15 min, 45 min, 1) 2 x 5min, 4 °C
excitatory (antagonist) [10] +0.1 mM PSMF 22°C 22°C 2) distilled water, 1 x, 22 °C
[1.0] +1 mM EDTA
nicotinic ionotropic, [3H]-Epibatidine Nicotine 15 mM HEPES (pH 7.5) 20 min, 90 min, 1) 5 min, 4 °C
4P excitatory (agonist) [100] +120 mM NaCl 22 °C 22 °C 2) distilled water, 1 x, 22 °C
[0.5] +5.4 mM KCl
+0.8 mM MgCl,
+1.8 mM CaCl,
o metabotropic, [H]-Prazosin Phentolamine 50 mM Na/K-phosphate 15 min, 60 min, 1) 2 x 5min, 4 °C
excitatory (antagonist) Mesylate buffer (pH 7.4) 22°C 22°C 2) distilled water, 1 x, 22 °C
[0.2] [10]
o metabotropic, [®H]-UK 14,304 Phentolamine 50 mM Tris-HCI (pH 7.7) 15 min, 90 min, 1) 5 min, 4 °C
inhibitory (agonist) Mesylate +100 pM MnCl, 22°C 22°C 2) distilled water, 1 x, 22 °C
[0.64] [10]
5-HTq5 metabotropic, [*H]-8-OH-DPAT 5-Hydroxy- 170 mM Tris-HCI (pH 7.4) 30 min, 60 min, 1) 5 min, 4 °C
inhibitory (agonist) tryptamine, +4 mM CaCly* 22°C 22°C 2) distilled water, 3 x, 22 °C
[1.0] [1] +0.01% ascorbate*
5-HT, metabotropic, [®H]-Ketanserin Mianserin 170 mM Tris-HCI (pH 7.7) 30 min, 120 min, 1) 2 x 10 min, 4 °C
excitatory (antagonist) [10] 22 °C 22 °C 2) distilled water, 3 x, 22 °C
[1.14]
Dy metabotropic, [®H]-SCH 23390 SKF 83566 50 mM Tris-HCl (pH 7.4) 20 min, 90 min, 1) 2 x 20 min, 4 °C
excitatory (antagonist) [1] +120 mM NaCl 22°C 22°C 2) distilled water, 1 x, 22 °C
[1.67] +5 mM KCI
+2 mM CaCl,
-+1 mM MgCl,
A metabotropic, [®H]-DPCPX R-PIA 170 mM Tris-HCI (pH 7.4) 15 min, 4 °C 120 min, 1) 2 x 5min, 4 °C
inhibitory (antagonist) [100] +2 Units/l Adenosine 22°C 2) distilled water, 1 x, 22 °C
[1.0] deaminase

+100 uM Gpp(NH)p*
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respiratory insufficiency, sudden cardiac failure, and lung edema. Each
hemisphere was cut into approximately 3 cm thick slabs which were
shock frozen in isopentane at —40 °C and stored at —80 °C in airtight
plastic bags until further processing. Subjects had given written consent
before death and/or had been included in the body donor program of the
Department of Anatomy, University of Diisseldorf, Germany.

Unfixed frozen slabs were serially sectioned in the coronal plane
(section thickness 20 pm) with a large scale cryostat microtome, and
alternating sections were processed for quantitative in vitro receptor
autoradiography (Palomero-Gallagher and Zilles, 2017; Zilles et al.,
2002b), or for cell-body (Merker, 1983) or myelin (Gallyas, 1979)
stainings. Multiple receptors for the classical neurotransmitters gluta-
mate (AMPA, NMDA, kainate, mGluR2/3), GABA (GABA,, GABA,p
associated benzodiazepine [GABA4 1,] binding sites, GABAg), acetyl-
choline (muscarinic My, My, Mg, nicotinic a4fs), noradrenaline (o4, o),
serotonin (5-HTja, 5-HT2), and dopamine (D;), as well as for adenosine
(A;) were labeled according to previously published receptor protocols
consisting of pre-incubation, main incubation and rinsing steps (Table 1;
Palomero-Gallagher and Zilles, 2017; Zilles et al., 2002b). In short, sec-
tions are rehydrated during the pre-incubation, and endogenous sub-
stances which could block the binding site for the tritiated ligand are
removed. In the main incubation, sections are incubated in a buffer so-
lution containing either the tritiated ligand or the tritiated ligand
together with a non-labeled specific displacer. Incubation with the
labeled ligand alone demonstrates its total binding, whereas incubation
with the tritiated ligand and the displacer reveals the proportion of total
binding sites which is occupied by non-specific binding. Thus, specific
binding is the difference between total and non-specific binding, and
amounted to 95% of total binding in the present study.

Radiolabelled sections were exposed against tritium-sensitive films
(Hyperfilm, Amersham, Braunschweig, Germany) together with scales
of known radioactivity concentrations (Microscales®, Amersham). The
autoradiographs were digitized by means of a CCD-camera and the
image acquisition and processing system Axiovision (Zeiss, Germany).
The relationship between the gray value of a pixel in the digitized au-
toradiograph and the binding site concentration (i.e., the Bmax) which
it encodes was defined first by a calibration curve computed based on
the gray values derived from the plastic scales and their known con-
centrations of radioactivity, and then corrected to account for experi-
mental conditions (e.g. specific activity, dissociation constant and free
concentration of the ligand during incubation; see formula 1 and Pal-
omero-Gallagher and Zilles, 2017; Zilles et al., 2002b). Thus, in the
ensuing linearized autoradiographs, which can be color coded for
visualization purposes, each pixel provides the receptor density in fmol/
mg protein.

B R
~ E-B-W,-S,

Kp+L
L

o €9)

where R is the radioactivity concentration in counts per minute (cpm), Cp
is Bmax and thus the binding site concentration in fmol/mg, E is the
efficiency of the scintillation counter (depends on the actual counter), B
is a constant representing the number of decays per unit of time and
radioactivity (Ci/min), W}, the protein weight of a standard (mg), S, the
specific activity of the ligand (Ci/mmol), Kp the dissociation constant of
the ligand (nM), and L the free concentration of the ligand during incu-
bation (nM).

Equidistant receptor profiles oriented vertically to the cortical surface
were extracted by means of a minimum length algorithm from the line-
arized autoradiographs (Schleicher et al., 2000). Receptor profiles
quantify the receptor density from the pial surface to the border between
layer VI and the white matter, and were obtained from regions of
different cytoarchitecture. These receptor profiles were compared with
the layering of cell bodies (cytoarchitecture) and myelinated nerve fibers
(myeloarchitecture) visualized in alternating sections. The surface
defined beneath a receptor profile, or beneath discrete sectors defined by
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the position of borders between cytoarchitectonic layers, can be
computed to yield the absolute binding site densities for the entire
cortical depth, or for cytoarchitectonically defined layers, in that
particular area.

Specifically, we examined laminar distribution patterns of 17
different receptors in isocortical areas M1 (primary motor cortex,
cytoarchitectonical area 4; Brodmann, 1909), 3b (primary somatosen-
sory cortex; Jones, 1986), V1 (primary visual cortex, cytoarchitectonical
area 17; Brodmann, 1909), V2 (secondary visual cortex, cytoarchi-
tectonical area 18; Brodmann, 1909), 44v (receptorarchitectonically
defined ventral portion of area 44 of Broca's region; Amunts et al., 2010),
and 7A (cyto- and receptorarchitectonically identified association area of
the superior parietal lobule; Scheperjans et al., 2005b, 2008), as well as
in allocortical (periarchicortical) areas p24 (Palomero-Gallagher et al.,
2008) and the entorhinal cortex (Stephan, 1975).

3. Results

The present observations are focused on a comparison of myelin and
receptor distributions in layers of representative areas of the human ce-
rebral cortex with classical cytoarchitectonic descriptions of their layer-
ing pattern.

3.1. Primary motor cortex (M1)

The primary motor cortex M1 is the functional equivalent of
cytoarchitectonic area 4 (BA4; Brodmann, 1909) and myeloarchitectonic
area V42 (Vogt and Vogt, 1919). It is a broad cortical ribbon of
approximately 4.2-5.7 mm (shrinkage corrected; Zilles and Amunts,
2015) characterized by the occurrence of the giant pyramidal cells of
Betz and a hardly visible c-layer IV (Fig. 4). The slightly higher cell
density of layer II enables its delineation from layer III, which can be
subdivided into the sublayers IIla-IIIc. IIIb is less cell dense than IIIa, and
Illc contains somewhat larger pyramidal cells than IIIb. Layer V can be
subdivided into sublayers Va and Vb, with the Betz cells in Vb. Also layer
VI is heterogeneous, with a denser layer VIa than VIb.

In myelin stained sections, M1 appears to be heavily myelinated, and
most important for MRI studies, the transition from the white matter to
the cortical ribbon is only gradual (Figs. 4 and 5). Therefore, the real
thickness of this area is sometimes underestimated by more than 50% in
MRI studies (e.g., la Fougere et al., 2011), which are sensitive to myelin
density. Whereas the borders between m-layers 1-3 are revealed by in-
termediate myelin densities in layers 1 and 3 separated by a low density
in layer 2, m-layers 4-6 are hardly delineable from each other (Fig. 4).
Notably, an m-layer 4 was delineated by Vogt and Vogt (1919) by a very
weak outer Baillarger stripe (horizontally running fibers). Thus, m-layer
4 corresponds to the location of small granular cells (c-layer IV) as
recently demonstrated (Barbas and  Garcia-Cabezas, 2015;
Garcia-Cabezas and Barbas, 2014). Layers 4-6 contain mostly vertically
running fiber bundles, and m-layer 1 horizontally and obliquely oriented
nerve fibers.

All examined receptors in M1 present a unimodal distribution pattern
with by far the highest concentrations in the supragranular layers,
particularly in c-layers I-IIIb (Fig. 5). After the maximum in the supra-
granular layers, some receptors (GABAp, GABA, 1,, GABAg, kainate,
mGluR2/3, all cholinergic, 5-HT1, a1, and az) show a sharp decline in
direction to the deepest layers. In contrast, AMPA, NMDA, A;, Dy, and 5-
HT, receptors display a more shallow decrease starting from layer Illc.
Although local maxima of receptor densities can be assigned to c-layers,
the borders of the c-layers do not coincide with a local maximum or
minimum of the density profile. Consequently, the extension and local-
ization of receptor fields do not indicate the precise localization of the
borders between c-layers. Notably, most receptors, particularly the
AMPA receptor, are visible at low densities in the white matter imme-
diately below c-layer VIb (Fig. 5).
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7A BA24 Ento

Fig. 4. Laminar patterns in cyto-(upper row) and myeloarchitecture (lower row). From left to right: primary motor cortex (area BA4/V42; illustration from Vogt and Vogt, 1919), primary
somatosensory cortex (area BA3/V69; illustration from Vogt and Vogt, 1919), primary visual cortex (area BA17/Area striata; illustration from Vogt and Vogt, 1919), secondary visual
cortex (BA18/Area occipitalis; illustration from Vogt and Vogt, 1919), multimodal association cortex of the inferior frontal gyrus (area BA44/V57; illustration from Vogt and Vogt, 1919),
multimodal association cortex of the superior parietal lobule (area BA7/V83; illustration from Vogt, 1911), limbic cortex of the cingulate gyrus (area B24/V19; illustration from Vogt and
Vogt, 1919); entorhinal cortex (area A15d; illustration from Sgonina, 1937). BA nomenclature after Brodmann (1909), V nomenclature after Vogt and Vogt (1919) or Vogt (1911). The
different absolute cortical thicknesses of the various areas have been normalized. Laminar borders were slightly modified by the authors for congruency regarding myeloarchitectonic
details. The illustrations by Vogt (1911), Vogt and Vogt (1919), and Sgonina (1937) show more details than visible in routine myelin stained sections (Figs. 5-12) because Vogt and Vogt
(1919) first hyperstained the sections and then differentiated the intensity by a careful destaining.

3.2. Primary somatosensory cortex (S1, area 3b)

The primary somatosensory cortex is much thinner than the primary
motor cortex. It reaches a thickness of only 2.4-2.7 mm (shrinkage cor-
rected; Zilles and Amunts, 2015). S1 is characterized by a typical
koniocortical appearance with a conspicuously high cell density in
c-layers II-1V (Fig. 4). Layer III is relatively broad, with numerous small
pyramids, particularly at the border with layer II. An increasing number
of isolated medium-sized pyramids appears in layer III when moving
towards layer IV. This feature enables the delineation of sub-
layers IIla-IIlc.

The myeloarchitecture of S1 is characterized by a dense outer Bail-
larger stripe (m-layer 4) and a very dense and clearly visible inner Bail-
larger stripe (m-layer 5b; Fig. 4). The levels of these stripes correspond to
c-layers IV and V, respectively. Thus, the position and extent of c- and m-
layers is well comparable. As in all isocortical areas, the vertical fiber
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bundles are not visible above m-layer 3b. The m-layer 3a/3b border is
defined by this feature. More general, all borders between m-layers are
demarcated in S1 by alternating higher and lower densities of
myelin (Fig. 4).

Most receptors present a unimodal distribution in S1, with higher
densities in the supragranular than in the infragranular c-layers (Fig. 6).
Concentrations of GABAg, AMPA, mGluR2/3, M;, M3, and a; receptors
reach highest values in c-layers II-Illa, gradually decrease through c-
layers IIIb-Illc, and show a plateau over c-layers IV-VIa. Lowest con-
centrations were measured in c-layer VIb. D; and 5-HT; 4 receptors pre-
sent a similar distribution, though their densities reach a plateau in c-
layers Illc and IIIb, respectively. Highest densities of GABAx, GABAA b,
NMDA, My, and 5-HT, receptor binding sites are found in c-layers Illa
and Illb. Furthermore, since the decrease in receptor densities when
moving towards the c-layer VI/white matter border is gradual, they do
not show a plateau at the level of c-layers IV and V. Adrenergic oy
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Fig. 5. Receptor-, cyto-, and myeloarchitecture of the human primary motor cortex (M1, BA4). The absolute receptor concentration (in fmol/mg protein) throughout the cortical depth is
provided by the profile curve overlaid onto each receptor autoradiograph. Note, that the scale has been optimized for each profile to provide the best visualization of changes in receptor
densities throughout the cortical ribbon. The myelin stained section shows less details and fewer fibers than shown in Fig. 4. This is due to the fact that the current section was obtained
from deep-frozen, unfixed tissue, and no differentiation of the staining was performed. Roman and Arabic numerals indicate cyto- and myeloarchitectonic layers, respectively. Positions of

cytoarchitectonic layers were transferred to the neighboring receptor images.

receptor densities are highest in c-layer IIIb and decrease gradually when
moving towards c-layers I or VI. The A; receptors present the least
distinctive distribution pattern of all examined receptor types, with a flat
maximum spanning c-layers II-IV, only slightly lower densities in layers I
and VI and lowest concentrations in layer VIb (Fig. 6). Notably, A; re-
ceptors are visible with low density in the white matter immediately
below c-layer VIb.

Kainate and nicotinic a4fs receptors constitute notable exceptions
due to their bimodal laminar patterns (Fig. 6). Kainate receptors show a
superficial maximum in c-layer II and a second considerably lower one in
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c-layers V-VL Nicotinic a4f2 receptors reach a conspicuous maximum in
c-layer IV and a lower second maximum in c-layer I. Interestingly, the
nicotinic a4f2 receptors are visible at higher concentrations in the white
matter below the cortical ribbon than in c-layer VIb (see profile curve
in Fig. 6).

3.3. Primary visual cortex (V1)

The primary visual cortex V1 is slightly thicker than the primary so-
matosensory cortex (2.5-2.9 mm, shrinkage corrected; Zilles and
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kainate

Fig. 6. Receptor-, cyto-, and myeloarchitecture of the human primary somatosensory cortex (S1, area 3b). For further details see Fig. 5.

Amunts, 2015). It is characterized by a prominent inner granular layer,
which can be subdivided into four sublayers: [Va (superficial internal
granular layer), IVb (intermediate internal granular layer corresponding
to the Gennari stripe), IVca and IVcp (superficial and deep parts of the
deep internal granular layer; Fig. 4). c-layer IVc reaches the highest,
c-layer IVb the lowest cell packing density within the internal granular
layer. Because of the koniocortical character of V1, all superficial layers
are populated by small “granular” cells. The term “granular” cells is
traditionally used in classic cytoarchitectonic descriptions for small more
or less roundish appearing cells as seen in Nissl stained sections (Brod-
mann, 1909; von Economo and Koskinas, 1925). Immunohistochemical
and electron microscopical observations have shown that these “gran-
ular” cells are in fact small pyramidal neurons, spiny and aspiny stellate

cells, as well as other types of interneurons with a small-sized cell body.
The koniocortical structure is typical of primary sensory areas, and
characterized by a significant increase in the number and packing density
of “granular” cells leading to a “granularization” (Sanides, 1962) of the
upper cortical layers, resulting in a difficult delineation of layer II from
layer III in Nissl stained sections.

In myelin-stained sections, the most conspicuous feature of V1 is a
stripe of densely packed myelinated axons running parallel to the surface
of the cerebral cortex. This m-layer 4b is found at the level of c-layer IVb,
and constitutes the so-called stria of Gennari or outer Baillarger-stripe
(Figs. 4 and 7). An inner Baillarger stripe (m-layer 5b) is also visible,
but with a clearly lower density of myelinated fibers, at the level of c-
layer Vb. As in M1 and S1, the vertical fiber bundles end at the border
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between m-layers 3a and 3b.

The examined transmitter receptors show an intricate laminar dis-
tribution pattern in V1 (Fig. 7). Most receptors (with the notable
exception of kainate, D;, and 5-HTja) present a bimodal distribution
pattern, though they differ in the width and location of the maxima
relative to the c-layers. The kainate receptor has a trimodal distribution
with maxima in c-layers I-1I, IVa, and V-VI. Notable is a clearly higher
density in c-layers V-VI than in the two superficial maxima. The D; re-
ceptor density is more or less equally distributed throughout all cortical
layers of V1. The 5-HT; 5 receptor density is clearly unimodal, with high
concentrations in c-layers I to upper III followed by extremely low den-
sities in all other layers. GABAa, GABAA bz, GABAg, NMDA, A;, M, My,
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M3, and 5-HT; receptors reach their first maximum in layers I[I-IVa. The
first maximum of AMPA, mGluR2/3, and a; receptors is restricted to c-
layers II and upper III, whereas that of nicotinic as4py receptors is in c-
layers I-II, and that of ay only covers c-layer IVa. In case of the bimodally
distributed receptors, a second maximum is found in c-layers IVc
(GABAj, GABA4 1, nicotinic a4fz, 5-HT5), IVe-V (NMDA), IVe-VIa (My),
V (GABAg, M3, a1), V-VI (A;, M1, a1), or VI (AMPA, mGluR2/3). The
similarity in the distribution pattern of receptor densities of GABA, and
5-HTj, receptors is remarkable. This may suggest a co-localization of both
receptors at the laminar level. Equally remarkable is the similarity in the
laminar distribution of AMPA and A; receptors. In summary, the highly
differentiated cytoarchitecture of V1 is mirrored by very distinct

Via
= Gt e \/ | D
GABA,,,

Fig. 7. Receptor-, cyto-, and myeloarchitecture of the human primary visual cortex (V1, BA17). For further details see Fig. 5.
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distribution patterns of the different receptors.

3.4. Secondary visual cortex (V2)

The cortical thickness of V2 is 2.0-3.4 mm (shrinkage corrected;
Zilles and Amunts, 2015). The cytoarchitecture of this higher unimodal
sensory area is that of the typical isocortex, with cell dense c-layers II and
IV, increased size of pyramidal cells in Illc, and a relatively cell-sparse Va
(Fig. 4). Layer I thickness is greater in V2 than in V1. The inner granular
layer, which contains densely packed relatively large granule cells, and
can be clearly demarcated from adjacent layers, does not show a differ-
entiation into sublayers. The myeloarchitecture of V2 shows a much
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more prominent inner than outer Baillarger stripe, and a Kaes stripe (see
Fig. 3) in m-layer 3a (Fig. 4). Densely packed vertical fiber bundles
ascend to the 3a/3b border. The most conspicuous cyto- and mye-
loarchitectonical changes occur at the border between V1 and V2. V2
does not have a stripe of Gennari (Fig. 8).

Most of the receptors show a unimodal distribution in V2, with
highest concentrations in the supragranular layers, although they differ
in the sharpness of the maximum (reflecting abrupt or gradual changes in
receptor densities), and/or in the cortical depth at which it is reached
(Fig. 8). Nicotinic a4y and 5-HTj receptors present narrow maxima,
with highest densities in c-layers I and I-1Ila, respectively, followed by
strikingly lower densities in the remaining layers. GABAx, GABA by,

kainate

Fig. 8. Receptor-, cyto-, and myeloarchitecture of the human secondary visual cortex (V2, BA18). For further details see Fig. 5.
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NMDA, and M3 receptor densities increase gradually though c-layers I-1I,
reach maximum values in IIla-Illb, and decrease, again gradually,
through IV-VI. The serotonin 5-HT; receptor differs only slightly from
this laminar distribution pattern, since it reaches maximum values only
in c-layers IIIb and Illc, and the changes towards the pial surface or the
cortical/white matter border are even more gradual. GABAg receptor
densities are maximal in c-layer I; AMPA and M; in II-Illa and I-1Ila,
respectively. Very high densities of A, M3, and D; receptors are found in
all supragranular layers. The M; receptor reaches relatively high den-
sities throughout c-layers Illa-Vb, whereas the oy receptors reach a
maximum in c-layers III-Illc. Kainate and, to a lesser degree, a; receptors
are exceptional, since they present a bimodal laminar pattern. Kainate
receptors reach highest densities in c-layers I and IV-VIa. Lowest con-
centrations are found in c-layers IIIb and Illc. Adrenergic o receptors

I
{ 111a/b

I
Ila/b

la/b

lllc
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present a superficial maximum over c-layers I-Illa separated from the
second, considerably lower maximum in Vb-VIa. The profile curves of
receptor densities are remarkably similar for the mGluR2/3 and «; re-
ceptors by their restricted localization of a first maximum in c-Layers
I-IIIa and a second, much smaller maximum in Vb-VIa.

3.5. Area 44v

We studied here a part of BA44, i.e., area 44v (Amunts et al., 2010).
The cortical thickness of BA44 is 3.0-3.9 mm (shrinkage corrected; Zilles
and Amunts, 2015), and the thickness of 44v does not differ from that of
BA44. The cytoarchitecture of this multimodal association area has a
typical isocortical appearance, with a cell dense c-layer II and conspic-
uously large pyramidal cells in Illc (Fig. 4). Pyramids in c-layer IIla/b are

1l
Ila/b Illa/b Illa/b

Illc lllc

lla/b Illa/b

Illc lllc
I\

\Y
o VIa

I
Ila/b

lllc
I\

llla/b o\ li1a/b
lilc d iiic

Fig. 9. Receptor-, cyto-, and myeloarchitecture of area 44 of the Broca region. For further details see Fig. 5.
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considerably smaller than those in Illc. Layer IV is thin and poorly
developed. Therefore, the cytoarchitecture of this cortical area can be
characterized as dysgranular. Layers Va and Vb can be clearly delineated
from each other by the large pyramids in the former. The myeloarchi-
tecture of BA44 shows a more prominent inner than outer Baillarger
stripe (Fig. 4). Densely packed vertical fiber bundles are relatively long
and reach into the lower part of m-layer 3a.

Most receptors in 44v show a unimodal distribution, but the extent
and localization of the absolute maxima differ between the different re-
ceptors (Fig. 9). Whereas the GABA, GABA, 1, GABAg, AMPA, NMDA,
mGluR2/3, Mj, and Mg receptors display their maximal densities in
supragranular c-layers I-1IIb/c, highest A; and 5-HT- densities are found
in IIb-IIlc, and the oy receptors reach maximal concentrations in c-layers
ITa-11Ib followed by a plateau from IIlc to the lower border of VIa. Thus,
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a receptors seem to be concentrated in layers relevant for the prevailing
cortico-cortical input. A very distinct and restricted distribution of rela-
tively high concentrations of My receptors is visible in layer V, although
this receptor type shows a low absolute concentration in 44v. A bimodal
distribution is found for the kainate, 5-HT;5 and oy receptors, with
highest values in c-layers VIa (kainate and o), and in I-IIIa (5-HT; 4). The
nicotinic asfz and the dopaminergic D; receptors are more or less equally
distributed throughout the cortex if their absolute low densities are taken
into consideration.

3.6. Superior parietal cortical area 7A

We studied area 7A as a representative of BA7 in the superior parietal
lobule. Its cortical thickness is between 2.6 and 4.4 mm (shrinkage

Fig. 10. Receptor-, cyto-, and myeloarchitecture of area 7A of the superior parietal lobule. For further details see Fig. 5.
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corrected) depending on the curvature of the cortical ribbon. The
cytoarchitecture of this isocortical multimodal association area is char-
acterized by a diffuse border between c-layers II and Illa, a low cell
density in IIIb, and the presence of large pyramidal cells in Illc. Layer IV is
visible as a pale stripe between Illc and Va, because the small granular
cells have a small cytoplasmic rim around the clear nucleus in the cell
body stain used in the present observation. A cell dense c-layer Va can be

e e e .‘ g
Cyto- Myelo-
architecture architecture

Il
lla/b
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delineated from the cell sparse Vb. The same holds true for c-layers VIa
and VIb (Fig. 4). The myeloarchitecture of 7A shows equally prominent
inner and outer Baillarger stripes (Fig. 4).

As in 44v, most receptors in area 7A have a unimodal distribution of
their laminar concentrations, with higher densities in the supragranular
than in the infragranular layers (Fig. 10). Only the A; receptors reach a
relatively high density throughout c-layers Illc-Va. GABA,, GABA, by,

Ila/b
Ilc

Fig. 11. Receptor-, cyto-, and myeloarchitecture of area p24 of the cingulate gyrus. For further details see Fig. 5.
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NMDA, M3, and oy receptor binding sites reach maximum densities in c-
layers IIla/b, and decrease gradually through layers Illc to VIb. The 5-HT,
receptors present a similar laminar pattern, but maximum values are
found in IIa-Illc. Highest GABAg, AMPA, and mGluR2/3 receptor den-
sities are found closer to the pial surface, namely in c-layers I-IIIb
(GABAR), II-Illa (AMPA) or II-IIIb (mGluR2/3). The laminar distribu-
tions of Mj, Dy, and 5-HT; receptors are almost restricted to c-layers
[I-IITa. Kainate, My, and o receptors present a bimodal density distri-
bution. Kainate receptors reach two maxima of comparable height, one in
c-layers I-1I, the second in Va-VIa, separated by low concentrations in c-
layer Illc. The M; receptor is expressed at somewhat higher concentra-
tions in c-layers II-1II than in V-VIa. The o; receptor reaches a first
maximum in c-layer II and a second, much lower one in VIa. Finally, the
nicotinic a4fy receptors show a relatively equal distribution throughout
all layers if their low absolute concentrations are taken into account.

3.7. Cingulate area p24

Periarchicortical area p24 is studied here as a representative of BA24.
Its cortical thickness amounts to 3.0-3.5 mm (shrinkage corrected; Zilles
and Amunts, 2015). Area p24 is agranular, i.e., lacks the inner granular
c-layer IV. It is also characterized by a prominent c-layer V, which can be
subdivided into Va with numerous densely packed large pyramids and a
cell sparse Vb which stands out as a pale stripe due to the more cell dense
c-layer VIa (Fig. 4). The myeloarchitecture of BA24 shows a very broad
m-layer 1, an m-layer 4 which is hardly delineable from 5a, and a clearly
visible inner Baillarger stripe in m-layer 5b. Most vertical fiber bundles
are no longer visible above m-layer 4 (Fig. 4).

AMPA receptors are homogeneously distributed throughout c-layers
[I-VI. Many of the other receptors (GABAa, GABA4 bz, GABAg, NMDA,
mGIluR2/3, Mj, M3, Dy, o) show a declining density from c-layers I or I
to the border between VIa and VIb (Fig. 11). Maximal values are reached
in these supragranular layers with the notable exception of kainate, A;,
and M receptors, which reach their maximal density in c-layers VIa-VIb
(kainate, A7) or Va-Vb (My). The nicotinic a4p, receptor has local maxima
in c-layers I and Illc-Va, with minima in c-layers II and VIa. The sharpest
inter-laminar differences are found for the 5-HT;p receptor, which
maximum in c-layers I and II is followed by very low densities in Va-VIb
interrupted by a somewhat higher, but absolutely low density in VIa.
Serotonin 5-HTy and adrenergic oy receptors also present relatively
restricted maxima, which are located within c-layers IlIa-IIlc and Illa/b,
respectively.

3.8. Entorhinal cortex

The cytoarchitecture of the entorhinal cortex is completely different
from that of the isocortex and of area p24. Moreover, the entorhinal
cortex has been subdivided into several subareas by their cyto- and
myeloarchitecture (Sgonina, 1937). As representative for the entorhinal
cortex, we have analyzed subarea 115, which is probably the equivalent
of area Ha of von Economo and Koskinas (1925). The thickness of the
cortical ribbon at this position is approximately 3 mm (shrinkage cor-
rected). The difference between isocortex and the allocortical entorhinal
area has already been highlighted by a different nomenclature (Sgonina,
1937), which is also used in the present study. c-Layer 1 is narrow and
sparsely populated (Fig. 4). It is followed by a c-layer with flat cell islands
called Prea. These islands cannot be recognized in all subareas of the
entorhinal cortex. Below this layer, round islands of high cell density
interrupted by nearly cell-free clefts build c-layer Prep. The following
layers Preyj, Preys, and Pred are delineable by somewhat increased
(Prey;, Pred) and decreased (Preys) cell packing densities. Most charac-
teristic for all entorhinal subdivisions, is c-layer Disa, with a very low cell
packing density. Below Disa, c-layers Disb (high packing density of large
pyramidal cells), Pria (lower cell density than in Disb), and Prip (very low
cell density) can be delineated.

Myelin stained sections reveal three m-layers with a very high (m-
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layer1 and Disa) to moderate (Pria) density of horizontally running fibers
(Fig. 4). The vertical fiber bundles are exceptionally long and reach the
border between m-layer 1 and Prea. The myelin-dense layers may be
comparable by their position to the Cajal-Retzius stripe in m-layer 1, the
outer Baillarger stripe in Disa, and the inner Baillarger stripe in Pria.
However, the cytoarchitecture of Disa differs by the presence of pyra-
midal cells from that of the isocortical inner granular layer (c-layer IV), in
which the outer Baillarger stripe of the isocortex is found. This finding
underlines a principal difference between the isocortical lamination
pattern and that of the entorhinal cortex.

The receptor architecture of the entorhinal cortex differs considerably
from that of isocortical areas. Some receptors (GABAg, AMPA, mGluR2/
3, M3, M3, a1, and ap) reach highest densities in the superficial half of the
entorhinal cortex (Fig. 12). The GABA,, GABA4 1z, and adenosine A;
receptors show highest densities in Prey,, whereas the highest concen-
trations of My and nicotinic a4}y receptors are found in Pred. Similarly
restricted is the highest 5-HT; 5 receptor density, but it is located in c-
layer Prep. The NMDA receptors show a patchy distribution of high and
low concentrations throughout all cortical layers. The kainate receptor is
most densely packed in c-layer Pria and the upper part of Prip followed
by a medium density in Prea and Prefl. Lowest densities of this receptor
are found in c-layer 1 and the lower part of Pref near to the cortex/white
matter transition. The 5-HT> receptor is equally dense through all cortical
layers except c-layers 1 and Prip, where the lowest concentrations are
found. The D; receptor gradually increases from c-layer 1 to the border
between Pria and Prif.

Since the islands in Prep are most conspicuous in cytoarchitecture
(area labeled by asterisks in the cytoarchitectonic image of Fig. 12), we
located the center of such islands in the neighboring receptor autora-
diographic images of the same brain. Their position is indicated by as-
terisks. Most notable is the perfect match of highest 5-HT14, as well as
low ap and M, receptor densities in the centers of such islands in c-layer
Prep. Since we used neighboring sections, and the size of the islands is too
small to be found precisely at the same place in all sections, in some cases
we could identify more or less centers of islands in the different receptors.

Figs. 13-16 show a comparison of the receptor profiles of all cortical
areas studied here. We have arranged the absolute receptor densities
(fmol/mg protein) throughout all cortical layers so that all GABA re-
ceptors and the mGluR2/3 receptor, which reach the highest densities,
the ionotropic glutamate and the adenosine A; receptors, the seroto-
nergic, adrenergic and muscarinic M3 receptors, and the muscarinic M;
and My, nicotinic a4fs and dopaminergic D; receptors are shown in
separate plots because these four groups each reach considerably
different absolute densities. The GABA receptors show higher densities in
the primary sensory (S1, V1) than in the second sensory cortex (V2). By
far the highest densities of mGluR2/3 receptors are found in the allo-
cortical entorhinal and cingulate areas, and the lowest densities in the
visual areas V1 and V2. The highest GABA, receptor density is found in
S1, and the lowest in the allocortical regions p24 and entorhinal cortex,
where the GABAg receptor reaches its highest densities. The highest
AMPA and NMDA receptor densities are found in the entorhinal cortex
and S1, respectively. The kainate receptor is most densely concentrated
in the entorhinal cortex. Highest densities of the nicotinic a4y receptor
are reached in c-layers Illc and IVc of S1 and V1, respectively. The motor
cortex (M1) contains the highest density of muscarinic M; receptors,
whereas the muscarinic M receptor reaches highest values in the allo-
cortical regions p24 and entorhinal area, as well as in the primary sensory
cortices (S1 and V1). The maximal muscarinic M3 receptor density is
several times higher than that of the other muscarinic receptors in all
areas studied here. D; receptors are most prominent in S1, area 7A, and
the allocortical areas, but only reach overall relatively low absolute
densities when compared to those of other neurotransmitter systems. The
adrenergic and serotoninergic receptors show low densities averaged
over all cortical layers, with the notable exception of 5-HT> receptors in
the primary sensory areas. Finally, the exceptionally high density of 5-
HT;a and ap receptors in the allocortical areas is a major difference
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Fig. 12. Receptor-, cyto-, and myeloarchitecture of the entorhinal cortex. For further details see Fig. 5.

between those regions and the isocortex.

To provide an impression of the interindividual variability of the
receptor profiles, we calculated for each lamina and receptor the mean
receptor density over all examined areas except the entorhinal cortex,
which has a laminar organization not comparable with that of all iso-
cortical areas or that of cingulate area p24 (Fig. 17).

4. Discussion

The present observations provide a comparison of the nerve fiber and
receptor distributions in layers of representative areas of the human ce-
rebral cortex with classical cytoarchitectonic descriptions of their layer-
ing pattern (Brodmann, 1909; Vogt and Vogt, 1919; von Economo and
Koskinas, 1925). In most publications, cortical layers were identified in

Nissl (cell body) stained sections. Therefore, most authors correlate MR-
data with the cytoarchitectonic parcellation of layers although high
resolution magnetic resonance imaging is more sensitive to myelin than
to cell bodies. However, the question remains whether the myelo- (m-
layers) and cytoarchitectonic (c-layers) laminar parcellations differ or
coincide. Receptor autoradiography visualizes radioligand binding to
sites in the receptor molecular structures, which are by far more
frequently located on dendrites than on cell bodies. Therefore, the
laminar distribution patterns of neurotransmitter receptors (r-layers) was
studied, and the r-layers of 17 receptors were compared with c-layers in
neighboring cell body stained sections of the same brains. Since cortical
areas differ in their c- and m-layer patterns, regional differences of these
laminations between cortical areas must be taken into account. There-
fore, we analyzed the c-, m- and r-layers of eight cortical areas of which
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Fig. 13. Laminar receptor profiles in the primary motor (M1) and somatosensory (S1) cortices. Receptor densities (y axis) are given in fmol/mg protein. Roman numerals code for c-layers.
Since the different receptor types occur at highly differing absolute densities in cortical areas and layers, the receptors are presented in four different groups with each showing a different

scaling of the y axis.

six have been classified as isocortical, and two as allocortical (Brodmann,
1909; Sanides, 1964; Sgonina, 1937; Stephan, 1975; Vogt and Vogt,
1919). As representative areas of the isocortex, we selected the primary
motor cortex M1, because this area does not have a clearly recognizable
layer IV (Brodmann, 1909; von Economo and Koskinas, 1925), although
the typical “granular” cells of layer IV have been demonstrated (Barbas
and Garcia-Cabezas, 2015; Garcia-Cabezas and Barbas, 2014), the pri-
mary somatosensory cortex S1, and the primary visual cortex V1 as ex-
amples of typically unimodal sensory areas with a well-developed inner
granular layer IV and an invasion of the more superficial layers by
numerous small spiny stellate cells (“granular” cells in cell body stained
sections; koniocortex). Furthermore, we analyzed the lamination of the
secondary visual cortex V2 as an example of a higher unimodal sensory
area, and that of areas 44 (Broca region) and 7A (superior parietal lobule)
as examples of multimodal association cortices. Finally, we studied the
lamination of area 24 (part of the cingulate gyrus) and of the entorhinal
cortex (part of the parahippocampal gyrus) as representatives of the
limbic cortex and the classical allocortex, respectively.

Cortical layers have classically been defined by differences in their
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prevailing cell types, packing density and sizes of cell bodies, or of
myelinated fibers, as well as their connectivity patterns:

e c-layer I is populated by only a few scattered non-pyramidal neurons
(Cajal-Retzius and spiny stellate cells), but mainly contains the ter-
minal ramifications of apical dendrites of pyramidal neurons of
deeper layers, and horizontally oriented axons from M-type thalamic
neurons (Cajal-Retzius stripe in myeloarchitecture) (Jones, 1998;
Rubio-Garrido et al., 2009; Shipp, 2007). Additionally, it receives
input from the amygdala (Amaral and Price, 1984; Freese and Ama-
ral, 2005) and from other cortical layers (e.g., Vogt and Pandya,
1978). The feedback projections from V2 to V1 terminate in layer I,
but also in layers II, III, IVb, V and VI (Burkhalter and Bernardo,
1989).

c-layer II comprises small pyramidal and interneurons. The apical
dendrites of the pyramids reach c-layer I, and their axons extend into
layer Vb, with numerous collaterals to all layers on their way from II
to Vb. Layer II receives input from other isocortical regions.
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Fig. 14. Laminar receptor profiles in the primary (V1) and secondary (V2) visual cortices. For further details see Fig. 13.

e c-layer III, the main source for cortico-cortical connections, contains primary auditory cortex is connected with surrounding belt areas

small and medium-sized pyramids, particularly in IIla-b, and large
pyramidal cells in sublayer Illc of many higher-order associative
areas. The subdivision into sublayers Illa, b, and c is regionally
distinct and not visible in all cortical areas. Numerous non-pyramidal
neurons are also present in this layer. The dendrites of the pyramids
extend up to layer I, and their vertically oriented intracortical axons
extend with numerous collaterals to layers II to VI. Layer III projects
to other hierarchically higher (from deeper layer III) and lower (from
upper layer III) cortical areas, as well as to the striatum (Reiner et al.,
2003; Wilson, 1987). Spreading of the fluorescent tracer Dil in human
post mortem tissue blocks revealed that layer III pyramids are a major
source and target of callosal projection fibers. Within human V1, the
cytochrome oxidase blobs of layer III project to nearby blobs and
avoid interblobs, whereas the interblobs project to nearby interblobs
suggesting a functional parcellation within a cortical layer (Bur-
khalter and Bernardo, 1989). Tangential connections within and be-
tween auditory areas of the human cortex were also described. The
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through intracortical fibers and with thin but relatively long fiber
tracts located between layer VI and the white matter (Tardif and
Clarke, 2001), which probably represent U-fibers. Injections with
biotinylated dextran amine in human post mortem tissue blocks
containing Broca's region revealed horizontal connections within all
layers. Most retrogradely labeled cell bodies were found in the
supragranular layers. Thus, intrinsic connections show a strong
laminar specificity within Broca's region (Tardif et al., 2007).

c-layer IV is populated by spiny and aspiny stellate and pyramidal
cells. It is particularly wide in the primary sensory areas, well visible
in many areas of the isocortex, and hardly visible or completely
lacking in motor and parts of the cingulate cortices. It is the main
target of axons from thalamic C-type neurons, and receives numerous
intra-hemispheric cortico-cortical afferents. The dendrites and axon
collaterals of layer IV pyramids extend up to layer I (Mohan et al.,
2015). The projections from human V1 to V2 terminate in layers III
and IV of V2, those from V2 to V1 terminate in upper and lower layers
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Fig. 15. Laminar receptor profiles in area 44 of the Broca region and of area 7A of the superior parietal lobule. For further details see Fig. 13.

(Burkhalter and Bernardo, 1989). Layer IV in the primary visual e c-layer VI can be subdivided into VIa (densely populated) and VIb

cortex is differentiated into sublayers IVa, IVb and IVc. Layer IVb, but
not layers IVa or IVc, receives input from V2. This backward
connection is probably part of the magnocellular stream (Burkhalter
and Bernardo, 1989). The forward connections from V1 to V2 origi-
nate in layer IVb of V1 and terminate in the thick cytochrome oxidase
stripes of V2, which are probably the source of the above mentioned
feedback connections (Livingstone and Hubel, 1987).

c-layer V mainly contains pyramidal neurons and can be subdivided
into Va and Vb based on differences in the size and packing density of
the neurons they contain. It projects into many subcortical regions
including basal ganglia, thalamus, tectum, pons, and brain stem
nuclei. The giant Betz cells of layer Vb in the primary motor cortex
directly reach the spinal cord. Layer V of human V1 receives input

(low neuronal density) and comprises a few large pyramidal neurons
and many small spindle-like pyramidal and non-pyramidal neurons.
Layer VI is reciprocally connected with the thalamus and sends
efferent fibers to the other cortical areas. Additionally, input from the
amygdala to c-layers V and VI is present (Freese and Amaral, 2005).
The apical dendrites of layer VI pyramids reach the Illa/IIIb border,
with many oblique branches on their way.

4.1. Comparability of c-, m- and r-layers

The borders of c- and m-layers can be found at comparable positions

in each of the various cortical areas studied here despite the completely
different tissue compartments which are highlighted by cell body or
myelin staining, respectively. m-layers characterized by an intermediate
(Kaes stripe in m-layer 3a of V2) or extremely high to intermediate (outer

from V2 (Burkhalter and Bernardo, 1989). Additionally, layer V is a
source of ipsilateral cortico-cortical and callosal projections (Segraves
and Rosenquist, 1982).
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Fig. 16. Laminar receptor profiles in the cingulate area p24 and the posterior entorhinal cortex. For further details see Fig. 13.

stripe of Baillarger in m-layer 4 of V1, or areas 3b and 7A, respectively)
density of horizontally running fibers are found adjacent to those devoid
of or sparsely populated by such fibers. Only in m-layer 1 are further
subdivisions visible, whereas c-layer I does not display a further subdi-
vision of this layer.

At a first glance, the borders between c-layers may seem less sharp
than those of m-layers. This is due to the fact that definitions of c-layers
are based on various features, e.g., packing density of neuronal bodies,
occurrence of various cell types, and differences in shapes and sizes of
cell bodies (Zilles et al., 2002b). c-layers containing pyramidal-shaped
neurons of different sizes (layers III and V) are interleaved with
c-layers containing small (“granular”) neurons (layers II and IV).
Although the visibility of layer IV (granular, dysgranular, “agranular™)
and of the horizontal fiber stripes varies between the different cortical
areas, comparable c- and m-layers can be defined in all isocortical re-
gions. E.g., the horizontally running myelinated fibers which enable the
delineation of isocortical m-layers 1, 4 and 5b are found at a position
occupied by c-layers I (only a few scattered, small neuronal cell bodies),
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IV (densely packed small cells) and Vb. Layer Vb of the isocortex can be
distinguished from Va by a higher packing density of pyramidal neurons
and larger pyramidal cells in Vb.

In contrast to the borders of c- and m-layers, changes in receptor
densities occur mainly in a gradual manner, resulting in blurred receptor
profile curves (Figs. 5-16). As a consequence, the cortical ribbon presents
a smaller number of r- than of c-layers. Furthermore, the width and
localization of r-layers rarely coincide precisely with those of c-layers.
This can be explained by the fact that the majority of receptors are
located on the dendrites of cortical neurons, and not on their cell bodies
(Alonso-Nanclares et al., 2008; Kooijmans et al., 2014; Sacco et al.,
2009). Although a large number of the inhibitory GABA receptors are
also found around the somata and the proximal axonal segment, the
majority of GABA receptors and particularly all the other receptors, are
indeed expressed on dendrites (Alonso-Nanclares et al., 2008; Megias
etal., 2001; Merchan-Perez et al., 2014) Additionally, since the dendrites
of pyramidal cells cross the borders of c- and m-layers (Mohan et al.,
2015), it is important to keep in mind that, e.g., activation of receptors
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Fig. 17. Mean (+/-SE) laminar receptor densities averaged over all cases. Each receptor is separately shown because of the large differences in absolute receptor densities. X axis cortical

area, y axis receptor density in fmol/mg protein.

located within c-layer III may result in an excitation, inhibition or
modulation of pyramidal cells belonging to c-layers V.

A differential laminar degradation of the tissue may be an important
methodical problem in studies of formalin or paraformaldehyde fixed
brains, since the diffusion of the fixative takes a long time from outside to
inside and may result in artifacts of staining intensity. Here, we report
deep freezing of the brain in isopentane (Material and Methods), which
leads to a complete freezing throughout the whole native brain in less
than 5 min. It is impossible that an autolytic degradation occurs along the
freezing gradient within this very short time. Moreover, we describe
differences in laminar densities of receptors which are independently
varying from a presumed general outside-inside-gradient. E.g., some re-
ceptors show high densities in the superficial layers, others show low
densities in these layers compared to deeper layers. Also, a single
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receptor type may reach the same density in superficial and deep layers.
Most importantly, we found the same receptor distribution patterns in
deep frozen whole brains or large blocks of brains compared to deep
frozen slices of 300-500 pm thickness which were sliced and deep frozen
less than 15 min after surgical excision (Graebenitz et al., 2011;
Palomero-Gallagher et al., 2012; Zilles et al., 1999). Particularly the last
findings exclude the possible degradation effect.

4.2. Regional specificities in receptorarchitecture

Whereas the laminar distribution of some receptors remains constant
throughout all isocortical areas (e.g., AMPA, NMDA, GABAergic, or Mg
receptors), other receptors present striking interareal differences. Kai-
nate receptors show maximal densities in layer I of M1, but an additional
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maximum in layer IV of primary sensory areas (S1, V1) and layer V of the
limbic cortex (area p24). Furthermore, kainate receptors present three
maxima in layers I, IIlc and V-VI of the multimodal association cortex
(areas 7A, 44). Cholinergic nicotinic a4f2 receptors reach the highest
density in layer I of V2, nearly equally high densities in layers I and IlIc of
areas 44 and 7A, in upper parts of layer Il of M1, and in layer IV of S1 and
V1. The laminar preference of the muscarinic M, receptors also shows
distinct regional specificities with maximal densities in layers II-1Ila of
M1, layers II-IIIc of the primary sensory areas (S1), two maxima in layers
II-IVa and IVc-V of V1, no clear local preference in V2, a single sharp
maximum in Layer V of area 44 and the limbic area p24, and a shallow
maximum in layers Illa-b of area 7A. In contrast, M3 and M; receptor
distributions are comparable throughout all isocortical areas, with the
exception of M; densities in V1. Interestingly, although all layers of all
cortical areas receive cholinergic innervation, regionally specific differ-
ences in the overall density of cholinergic axons, and in their lamination
patterns have been demonstrated for the human brain (Mesulam et al.,
1992; Mesulam, 2004).

The considerable regional variability in absolute densities is high-
lighted in Figs. 13-16. Despite this variable occurrence of receptors,
some putative trends can be stated: the periarchicortical areas differ from
the isocortical areas by absolute receptor densities and different laminar
preferences of receptor maxima. Furthermore, primary sensory areas
differ from secondary and multimodal association areas as well as from
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the motor cortex, which is clearly distinct from all other isocortical areas.
This hierarchical aspect is demonstrated here only in the visual system,
but may be applicable also to other sensory systems. E.g., hierarchical
organization has also been shown in the somatosensory cortex by using
neurochemical markers, i.e. cytochrome oxidase, acetylcholine-esterase,
and NADPH-diaphorase (Eskenasy and Clarke, 2000). Presently it is not
known whether these differences are caused by regionally distinct
compositions of cortical layers, by the prevalence of different cell types
within comparable layers, and/or by regional and layer specific micro-
circuitries or connectional features.

The distribution of muscarinic My and M3 receptors is not only layer-
and sublayer-specific, but also shows a patchy distribution in primate V1
which is similar to patches with weak or strong cytochrome oxidase
reactivity. Specifically, higher Ms receptor densities are in register with
the weakly reactive cytochrome oxidase interblob regions, whereas
higher M3 receptor densities coincide with the strongly reactive blob
regions (Tigges et al., 1997).

4.3. White matter neurons (WMN)

In general, the border between layer VIb and the white matter is more
clearly recognizable by the sudden decline of receptor densities in the
white matter in receptor autoradiographs compared to cytoarchitectonic
images. Therefore, the occasional appearance of spots of low receptor
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densities in the white matter directly underlying the cortical ribbon is
notable. The present careful comparison between neighboring cell body
stained and receptor autoradiographically processed sections confirms
that these spots are located in the white matter. Thus, we suggest that
these spots of low receptor densities indicate contacts between WMNs
and afferent axons. It is interesting, that this finding was visible in areas
M1, S1, V2, 44, 7A, p34, but not in V1 or the entorhinal cortex, which
also show sharp borders between the cortical ribbon and the white
matter in cytoarchitectonic preparations. In most cases, excitatory
glutamate receptors AMPA, NMDA, kainate and mGluR2/3 (arrows in
Figs. 5, 6, 9-11) are found in the immediately adjacent white matter at a
low concentration, often restricted to small spots. In some cases (arrows
in Figs. 5, 6, 8-10), also patches of nicotinic a4f2, GABAg, My, My, M3, o4,
ag, 5-HTqa, 5-HTy, Dy, and A; receptors were seen. The occurrence of
WNMNSs, which have cortico-cortical and cortico-thalamic connections,
was recently demonstrated in frontal, temporal, and parietal association
regions of the rhesus monkey (Mortazavi et al., 2016), as well as in the
human supratemporal plane (Sacco et al., 2009). WMNs play an essential
role during cortical development (Kanold and Luhmann, 2010; Wang
et al., 2010), and persist at a decreased density postnatally (Kostovic and
Rakic, 1980, 1990). It has been reported that they play a role in psy-
chiatric disorders, since these are associated with altered density and
distribution of WMNs (Connor et al., 2011; Joshi et al., 2012; Kostovic
etal., 2011, 2014). It has been shown that WMNs express the muscarinic
M, receptors, and are found more rarely in the primary visual and tem-
poral cortex (Garcia-Marin et al., 2010; Meyer et al., 1992; Smiley et al.,
1998), but more frequently in frontal (e.g., M1), orbitofrontal (BA11),
and cingulate areas. Here we reported for the first time multiple trans-
mitter receptors with similar regional preference which may be associ-
ated with WMNs in the white matter underlying isocortical areas.

4.4. Comparison between calcium binding proteins and receptors in the
islands

The lamination pattern of the entorhinal cortex obviously differs from
that of isocortical areas. To emphasize this fact, we adhere to the
nomenclature of classical descriptions of the entorhinal area (Braak,
1972; Rose, 1927; Sgonina, 1937), and use, e.g. the term Prea layer
instead of layer II or Pref instead of upper layer III as used in more recent
publications (e.g. Beall and Lewis, 1992). A nomenclature with Roman
numerals should be only used for the c-layers of the isocortex and not for
allocortical structures.

The Prea and Prep layers of the entorhinal cortex contain character-
istic islands of nerve cells (verrucae gyri hippocampi; Retzius, 1896;
Solodkin and Van Hoesen, 1996) which are never observed in the iso-
cortex. The Prep islands of the human and non-human primate brains are
modular structures consisting of spiny stellate, pyramidal and non-
pyramidal cells. The latter cell type of the entorhinal cortex was
demonstrated in detail by parvalbumin and calbindin immunohisto-
chemistry (Beall and Lewis, 1992). The calbindin-immunoreactive
non-pyramidal neurons of these islands are visible to a different degree
depending  on subregions  of  the entorhinal  cortex.
Parvalbumin-immunoreactive non-pyramidal neurons of the islands are
also locally distinct from calbindin-immunoreactive cells, and gradually
increased in the more caudal part of the entorhinal cortex (Beall and
Lewis, 1992). Moreover, parvalbumin-immunoreactive puncta were
frequently found in the islands suggesting the presence of GABAergic
synapses. It is presently not known whether these synapses in the ento-
rhinal cortex are exclusively caused by local GABAergic interneurons,
since  parvalbumin-immunoreactive  synapses from  putative
thalamo-cortical terminals have been demonstrated in the dorso-lateral
prefrontal cortex of monkeys (Glausier et al., 2017; Lewis et al., 2001;
Melchitzky et al., 1999). Since we could show here that metabotropic
GluR2/3 receptors are found at intermediate to low densities in Prea and
Pref, also glutamatergic axons presumably of thalamo-cortical neurons
may terminate in the islands.
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A comparison between the various receptors studied here and the
cytoarchitecture of the entorhinal cortex demonstrates distinct islands
with a high density of 5-HT 4 receptors in Pref. These islands also have
relatively high GABAg, M;, and a;, receptor densities. Contrastingly, the
islands contain very few M; and ay, receptors (Fig. 12). Moreover, some
receptors (e.g., A1, D1) do not specifically label the islands. This indicates
a considerable neurochemical heterogeneity of the islands in the ento-
rhinal cortex and a putative innervation by GABA, acetylcholine,
noradrenaline, and particularly serotonin which use specific receptors for
signal processing.

4.5. Comparison between synaptic and receptor densities in the cortical
ribbon

Although a concurrent synaptic and receptor development in the
cerebral cortex has been proposed (Rakic et al., 1994), a comparison
between laminar distribution of synapses and receptors must take into
account the occurrence of synaptic and extrasynaptic receptor localiza-
tions. Nearly all studies on receptor localization have been performed in
non-human primates and rodents. In general, all receptors studied in the
present observations have been reported to be synaptically and extra-
synaptically localized, but to a different degree in each receptor (Fuxe
et al., 2012; Vizi et al., 2010). AMPA (Anggono and Huganir, 2012;
Derkach et al., 2007), NMDA (Hardingham and Bading, 2010; Papouin
and Oliet, 2014), kainate (Lerma, 2003), mGluR2/3 (Jin et al., 2016),
GABA, (Fritschy and Brunig, 2003; Mortensen et al., 2011), GABAg
(Pham et al., 1998), muscarinic (Groleau et al., 2015; Mrzljak et al.,
1993), nicotinic (Posadas et al., 2013), a7 (Mitrano et al., 2012), o (Aoki
et al., 1998), 5-HT, (Jansson et al., 2001), D; (Smiley et al., 1994), and
adenosine (Abbracchio et al., 2009) receptors have been found with both
localizations. A clear quantitative definition of the proportions between
synaptic and extrasynaptic localizations is not available. Thus, correla-
tions between receptor densities and number of synapses remain an
approach with a caveat. Nevertheless, any correlation between synapses
and receptors is helpful to speculate about the functional meaning of
receptor densities. A further problem for this attempt is the methodical
difficulty in measuring “true” synaptic numbers (DeFelipe et al., 1999;
Huttenlocher and de Courten, 1987; Merchan-Perez et al., 2014; Roberts
et al., 2015). However, the following discussion shows that despite all
caveats regarding the methodical difficulties, surprising similarities be-
tween the laminar distribution patterns of synapses and receptor den-
sities can be demonstrated.

In the primary visual cortex, highest synaptic densities are located in
layers II-III (Huttenlocher and de Courten, 1987). Notably, highest
densities of NMDA, mGluR2/3, A;, GABA, pz, GABAg, M;, M3, and
5-HT; receptors are also found in layers II-III of the primary visual
cortex (Fig. 18). Best estimates of the laminar distribution pattern of
synaptic densities are given by summarizing the receptor densities of
GABA, and GABAg receptors, or by summarizing all glutamate receptors
studied here (Fig. 18A). Interestingly, the majority of GABA, receptors
expressed in the cerebral cortex are found in synapses, not in extra-
synaptic sites (Fritschy and Brunig, 2003). Notably, these receptors are
by far the most prevailing receptor types in V1, and reach highest ab-
solute densities. Since the laminar distribution of glutamate and GABA
receptor densities are most similar to the laminar distribution of syn-
aptic density, we may speculate that the receptors labeled in autora-
diographic experiments are mostly located at synapses, or in their
immediate neighborhood.

Only the GABA, and nicotinic a4fy receptors reach the absolute
highest densities in layer IVc (Fig. 18C, G); interestingly, the oy receptors
have two maxima, the highest in layer IVa and a second in layer IVc
(Fig. 18H), whereas the M; receptors reach highest densities in layers IVc
and V (Fig. 18E). Thus, these four receptors are densely packed in the
target layers IVa and IVc of the lateral geniculate input. A notable
exception from the laminar pattern of most receptors is shown by the 5-
HT; A receptor, which reaches its absolute maximum in layer I (Fig. 18H).
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Fig. 18. Comparison of laminar synaptic and receptor densities in the human primary visual cortex. Synaptic densities were obtained from Huttenlocher and de Courten (1987), who
expressed the original synapse counts in terms of synapses per 100 um? area of section and then calculated the volume density of synapses, which we used in this figure. Synaptic profiles
were stained with ethanolic phosphotungstic acid for electron microscopy. The errors of simple counting of synaptic profiles were corrected after De Hoff (1966) and Aghajanian and
Bloom (1967). Receptor densities are calculated as mean value per layer from the data presented in Fig. 7 and 14. Note, y axis codes both for synaptic and receptor densities. Receptor
densities are given in fmol/mg protein. Synaptic densities are given in n-10° (A and Q), n-10° (E), n-2-10° (D), n-5-10° (B, F), or n-3-107 (G, H) synapses per mm?®.

Finally, the highest similarity in laminar patterns between synaptic
density and that of a single receptor type is found for the GABA, gz
binding sites (Fig. 18C). Whereas nearly all receptors show a decline in
their densities in layer VI, the kainate and mGluR2/3 receptors steeply
increase from layer IVc to layers V-VI (Fig. 18B). Since particularly the
mGluR2/3 receptors are very densely expressed in V1, their increase may
explain the plateau of synaptic density from layer IVc to VI by compen-
sating the decline of most other receptor types in these layers.

In summary, the comparison between synaptic and receptor densities
indicates not only an interesting similarity of the laminar patterns of
GABA and glutamate receptors with the synaptic density, but may pro-
vide an approach to study the neurochemical specificity of synaptic fields
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in the human primary visual cortex.
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