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REVIEW

Transmitter receptors and functional anatomy of the
cerebral cortex
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Abstract

The currently available architectonic maps of the human cerebral cortex do not match the high degree of cortical
segregation as shown by functional imaging. Such functional imaging studies have demonstrated a considerable
number of functionally specialized areas not displayed in the architectonic maps. We therefore analysed the
regional and laminar distribution of various transmitter receptors in the human cerebral cortex, because these sig-
nalling molecules play a crucial role in cortical functions. They may provide a novel and functionally more relevant
insight into the regional organization of the cortex, which cannot be achieved by architectonic observations in cell
body- or myelin-stained sections. Serial cryostat sections through whole human hemispheres were used for quan-
titative receptor autoradiography. The regional and laminar densities of numerous receptors of classic transmitter
systems were analysed. Alternating sections were stained for comparisons based on cyto- or myeloarchitectonic
criteria. Our results demonstrate that the regional distribution of transmitter receptors reflects well-established
cyto- and myeloarchitectonically defined borders of cortical areas, but in addition enables the identification of
more cortical areas than previously demonstrated. Moreover, the laminar distribution patterns of a given receptor
type in different cortical areas as well as those of different receptor types in the same cortical area reveal novel
and functionally relevant data concerning the intracortical organization in the human cerebral cortex.
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et al. 1997; Amunts et al. 1999, 2000; Geyer et al. 1999,

Introduction 2000; Grefkes et al. 2001).

Most of the anatomical interpretations of functional
imaging data are based on the cytoarchitectonic map
of Brodmann (1909). The interpretation is based on the
assumption that macroscopic landmarks (e.g. fundi or
openings of sulci, crowns of gyri) are precise indicators
of the borders of cytoarchitectonic areas. This assump-
tion was already doubted by the pioneers of architectonic
studies (Brodmann, 1909; Vogt & Vogt, 1919). Moreover,
recent studies demonstrate in detail that macroscopical
landmarks are not reliably associated with cytoarchi-
tectonically defined borders of cortical areas (Zilles
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Even if we do accept this uncertain method of local-
izing established areal borders, there remain a number
of severe problems with most of the classic cyto- and
myeloarchitectonic studies, for a variety of reasons.
(1) They are based on a highly observer-dependent,
statistically untestable procedure for the identification
of often subtle differences between neighbouring corti-
cal areas. (2) They do not take intersubject differences
in both the macroscopic and the microscopic (architec-
tonic) structure of the cerebral cortex into account.
(3) They differ significantly from the detailed parcellation
of the macaque cerebral cortex, which was performed
using functionally relevant techniques (axonal tracing
or electrophysiology, e.g. the posterior parietal cortex;
Cavada & Goldman-Rakic, 1989a,b, 1993; Duhamel et al.
1998; Luppino et al. 1999). (4) They do not explain the
detailed functional segregation of the human cerebral
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cortex as revealed by modern functional imaging tech-
niques (Roland & Zilles, 1998). For instance, functional
imaging studies have revealed subdivisions within BA
44 (Friederici & Kotz, 2003), and distinct functional
areas have been identified in the human intraparietal
sulcus (Bremmer et al. 2001; Grefkes et al. 2002), which
cannot be found in any of the previous cyto- or mye-
loarchitectonic maps.

Recently, observer-independent and statistically test-
able procedures for architectonic mapping were intro-
duced (Schleicher et al. 1999, 2000; Zilles et al. 2002b),
successfully applied to the microanatomical mapping
of the human cerebral cortex (Rademacher et al. 1993,
2001; Geyer et al. 1996, 1999; Amunts et al. 1999, 2000;
Grefkes et al. 2001; Morosan et al. 2001) and integrated
into functional imaging observations (Zilles et al. 1995;
Geyer et al. 1996; Larsson et al. 1999; Bodegard et al.
2000; Binkofski et al. 2000; Young et al. 2003). These
advances have not only enabled the determination of
hitherto undetected borders (e.g. the further subdivi-
sion of BA4, Geyer et al. 1996), but also revealed the
extent of intersubject variability in the microscopic
structure of the human cerebral cortex (Rademacher
et al. 1993, 2001; Geyer et al. 1996, 1999; Amunts et al.
1999, 2000; Grefkes et al. 2001; Morosan et al. 2001).
This possibility of integrating data from microanatom-
ical and functional imaging studies has created a
powerful tool for the mapping of the cerebral cortex
(Roland & Zilles, 1994; Mazziotta et al. 2001).

Despite all of these improvements, a brain tissue
preparation of higher functional relevance than that
provided by simple cell body- or myelin-staining appears
to be necessary to gain novel insights into the func-
tional and structural organization of the human cere-
bral cortex. The mapping of different receptor binding
sites seems to be such an approach, and has recently
become a powerful tool to reveal the (receptor-) archi-
tectonic organization of the cerebral cortex (Zilles et al.
1995, 2002a,b; Geyer et al. 1996, 1997; Zilles & Palomero-
Gallagher, 2001; Morosan et al. in press; Zilles, in press).

The aim of the present study was to determine
whether: (1) changes in the laminar distribution patterns
and/or mean (averaged over all cortical areas) densities
of neurotransmitter receptors reflect areal borders
that have previously been defined based on cyto- or
myeloarchitectonic criteria; (2) different receptor types
present different laminar distribution patterns within a
given cortical area; (3) the same receptor type presents
varying laminar distribution patterns in different

cortical areas; (4) a single receptor type reveals all inter-
areal borders in the cerebral cortex; and (5) changes in
the laminar distribution patterns and/or mean densi-
ties of neurotransmitter receptors enable the definition
of borders that have not been described in the classical
cyto- or myeloarchitectonic maps.

In order to clarify the first three points, we examined
the distribution of glutamatergic, GABAergic, serot-
oninergic and cholinergic receptors at a particularly
conspicuous and widely accepted border of the human
cerebral cortex, i.e. the border between the primary
(V1, BA 17) and the secondary (V2, BA 18) visual cortex
(Brodmann, 1909). This border is the microstructural
counterpart of a functionally important landmark, i.e.
the vertical meridian of the visual field. Cytoarchitec-
tonically, the V1/V2 border is characterized by abrupt
changes in layer IV, which becomes considerably
thinner when moving from area V1 to V2 and abruptly
loses the subdivision into three sublayers (i.e. layers
IVA, IVB and IVC of area V1). The V1/V2 border is also
visible in myelin-stained sections due to the unique
presence of a heavily myelinated sublayer within V1
but not V2, i.e. the stripe of Gennari (Brodmann, 1909;
Fig. 1c). The myelo- and cytoarchitectonic borders are
found at precisely the same location (Zilles et al. 2002a),
and Gennari’s stripe corresponds to the cytoarchitec-
tonic layer IVB.

In order to determine further whether the laminar
distribution pattern of a given receptor varies between
cortical areas, we not only examined the laminar distri-
bution patterns of glutamatergic receptors in the visual
areas V1 and V2, but also in area 4p, which is the
posterior part of the primary motor cortex (BA 4, Geyer
et al. 1996) and in the entorhinal cortex.

Finally, the distribution patterns of 16 different
receptors were analysed in sections obtained from seri-
ally sectioned whole human hemispheres and compared
with the cell-body and myelin stainings carried out
on adjacent sections, in order to determine whether a
given receptor reveals all known as well as hitherto
unknown interareal borders in the cerebral cortex.

Materials and methods

The results of receptor autoradiography may be influ-
enced by the pre- and post-mortem conditions of the
brain tissue (for a detailed discussion see Zilles et al.
2002b). Consequently, brains (n =4) obtained from
patients with no record of neurological or psychiatric
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Fig. 1 Lateral view of a three-
dimensional reconstruction of a human
brain (a). The grey plane marks the
position of the MRI section shown in (b).
The rectangular frame in (b) highlights
the position of the two sections depicted
in (c) and (d), which are adjacent to each
other. (c) Photomicrograph of a myelin-
stained section containing the primary
(V1; Brodmann Area (BA) 17) and
secondary (V2; BA 18) visual cortices.
V1 is characterized by the myelin-dense
stripe of Gennari in layer IVC (c), which
disappears at the border with V2
(arrowheads), located dorsally and
ventrally of V1. (d) Colour-coded
autoradiograph in which the regional
and laminar distribution of the inhibitory
GABA, receptor was visualized by means
of [*H] muscimol. Highest receptor
densities (fmol/mg protein) are encoded
by red, lowest receptor densities by blue
(cf. Figs 5 and 6). The border between
V1 and V2 is recognizable by the
disappearance of layer IVC of V1, which
displays a very high GABA, receptor
density. The areal border between V1
and V2 of the autoradiograph (d) precisely
matches the location of this border in
the myelin-stained section (c). Note that
the small receptor-sparse layer VB (d)
corresponds to Gennari's stripe (c).

|

e

diseases (age between 45 and 77 years; three males,
one female) were used in the present study. The post-
mortem delay was between 8 and 13 h, which is well
within the limits described in the literature (e.g. Burke
& Greenbaum, 1987; Kontur et al. 1994).

Because chemical or physical fixation of the brain
impairs the structure of receptor proteins, and conse-
quently alters the normal binding characteristics of
receptors (Zilles & Schleicher, 1995), we used unfixed
human brains, which were cut into slabs (2—3 cm thick)
at autopsy, frozen and stored at —-80 °C. All subjects had
given written consent before death and/or had been
included in the body donor programme of the Depart-
ment of Anatomy, University of DUsseldorf, Germany
(three brains), or the body donor programme at the
UCLA, USA (one brain). Serial cryostat sections (20 um)
were prepared, each comprising the complete cross-
sectional area of a hemisphere, using a large-scale cryostat
microtome. Adjacent glass-mounted sections were
processed for quantitative in vitro receptor autoradio-
graphy (visualization of glutamatergic AMPA, kainate
and NMDA receptors; GABAergic GABA, and GABA;
receptors; cholinergic nicotinic as well as muscarinic M1
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and M2 receptors; serotoninergic 5-HT,, and 5-HT,
receptors) and for histological staining procedures
(Nissl and myelin staining). The determination of spe-
cific binding site densities requires the undertaking
of two parallel incubation procedures. In one of these,
the total binding of a given receptor type is visualized by
incubating the sections in a solution containing a spe-
cific tritiated receptor ligand. In the other, non-specific
binding was determined in adjacent sections by incuba-
tion with the tritiated ligand in the presence of an
unlabelled compound. Non-specific binding was less
than 5% of total binding in all cases. A detailed descrip-
tion of the binding protocols has previously been
published (Zilles et al. 2002a,b).

The AMPA receptors were labelled with [*HJAMPA
(10 nm) in 50 mm Tris-acetate (pH 7.2) containing 100 mm
KSCN for 45 min at 4 °C in the presence of or without
quisqualate (10 um) as unlabelled compound for the
determination of non-specific or total binding, respec-
tively. This procedure was followed by four rinses in
the buffer (4 s each) at 4 °C. Finally, the sections were
dipped twice in 100 mL acetone containing 2.5 mL glu-
taraldehyde, and dried under a stream of cold air. The
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sections were dried under a stream of warm followed
by cold air.

The NMDA receptors were labelled with [PH]MK 801
(5 nm) in 50 mm Tris—HCI (pH 7.2) containing 30 um
glycin and 50 pm spermidine for 60 min at 22 °C in the
presence of or without (+)MK 801 (100 um) as unla-
belled compound. The incubation was terminated by
washing in the buffer (2 x 5 min) and one dip in distilled
water at 4 °C. The sections were dried under a stream
of cold air.

The kainate receptors were labelled with [*H]kainate
(8 nm) in 50 mm Tris—citrate (pH 7.1) containing 10 mm
Ca-acetate for 45 min at 4 °Cin the presence of or with-
out kainate (100 um) as unlabelled compound. This pro-
cedure was followed by washing in the buffer (3 x 4 s)
and two dips in 100 mL acetone containing 2.5 mL glu-
taraldehyde. The sections were dried under a stream of
warm followed by cold air.

The muscarinic M1 receptors were labelled with
[*H]pirenzepine (1 nm) in a modified Kreb’s buffer
(pH 7.4) containing 7 mm K* and 37 mm Na* for 60 min
at 22 °Cin the presence of or without unlabelled piren-
zepine (10 um), followed by two washing steps in the
buffer for 1 min each and a dip in distilled water at 4 °C.
The sections were dried under a stream of cold air.

The muscarinic M2 receptors were labelled with
[®H]oxotremorine-M (0.8 nm) in 20 mm HEPES—Tris buffer
(pH 7.5) containing 10 mm MgCl, for 60 min at 22 °Cin
the presence of or without carbachol (1 um) as unla-
belled compound. This procedure was followed by two
washing steps with the buffer for 2 min each and one
dip in distilled water at 4 °C. The sections were dried
under a stream of cold air.

The nicotinic receptors were labelled with [*H]epiba-
tidine (0.5 nwm) in 15 mm HEPES buffer (pH 7.5) contain-
ing 120 mm Nacl, 5.4 mm KCl, 0.8 mm MgCl, and 1.8 mm
CaCl, for 90 min at 22 °C in the presence of or without
(-)nicotine-dihydrogentartrate (100 um). The incuba-
tion was terminated by washing in the buffer for 5 min
and one dip in distilled water at 4 °C. The sections were
dried under a stream of cold air.

The GABA, receptors were labelled with [*H]musci-
mol (6 nm) in 50 mm Tris—citrate buffer (pH 7.0) for 40 min
at 4 °C in the presence of or without y-aminobutyric-
acid (10 um) as unlabelled compound followed by three
washing steps with the buffer for 3 s each at4 °Cand
drying under a stream of cold air.

The GABA; receptors were labelled with [*H]CGP
54626 (1.5 nm) in 50 mm Tris—HCl buffer (pH 7.2) plus

2.5 mm CaCl, for 60 min at 4 °C in the presence of or
without CGP 55845 (100 um) as a competitor followed
by three washing steps with the buffer for 2 s each and
a short dip in distilled water at 4 °C. The sections were
dried under a stream of cold air.

The serotonin 5-HT,, receptors were labelled with
[*H]8-OH-DPAT (1 nm) in 170 mm Tris—=HCl buffer (pH 7.7)
plus 4 mm CaCl, and 0.01% ascorbate for 60 min at 22 °C
in the presence of or without 5-hydroxytryptamine (1 pm)
as unlabelled compound followed by washing in the
buffer for 5 min and three short dips in distilled water at
4 °C. The sections were dried under a stream of cold air.

The serotonin 5-HT, receptors were labelled with
[PHlketanserin (0.5 nm) in 170 mm Tris—HC| buffer (pH 7.7)
for 120 min at 22 °C in the presence of or without
mianserin (10 um) followed by two washing steps with
the buffer for 10 min each and three short dips in dis-
tilled water at 4 °C. The sections were then dried under
a stream of cold air.

After drying, the sections were exposed to tritium-
sensitive films (Hyperfilm, Amersham) for 4-12 weeks
depending on the actual ligand. After developing the
films, the laminar concentrations of radioactivity were
measured by using a previously published procedure
(Zilles & Schleicher, 1995; Schleicher et al. 2000; Zilles
et al. 2002b). In summary, (1) the autoradiographs were
digitized with a digital camera; (2) plastic standards of
known radioactivity were used to compute a transfor-
mation curve representing the relationship between
grey values in the autoradiographs and concentrations
of radioactivity in the tissue; (3) these concentration
values were transformed into B,,,, values; and (4) the
grey values in the autoradiographs were transformed
into B, values (e.g. images were linearized). Laminar
receptor density profiles, orientated vertically to the
cortical surface and layers, and extending from the pial
surface (0% cortical depth) to the border between
layer VI and white matter (100% cortical depth) were
extracted from the linearized images (Schleicher et al.
1999, 2000). Each profile was 210 um wide. Addition-
ally, linearized autoradiographs were linearly enhanced
and contrast colour coded for the sole purpose of visu-
alizing the regional and laminar distribution patterns
of the examined receptors.

Results

The neurotransmitter receptors examined show dis-
tinct laminar distribution patterns as well as varying
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absolute mean (averaged over all cortical layers) densi-
ties in the primary (V1) and secondary (V2) visual corti-
ces. These differences allow the border between both
areas to be seen clearly.

The laminar distribution patterns in areas V1 and V2
of the GABA, receptor, the major cortical inhibitory
transmitter receptor, are shown in Fig. 1(d). Both areas
show drastically different laminar distribution patterns.
V1 contains high GABA, receptor densities in layers
IIHIVA and IVC, which are interleaved with low densities
in layers |, IVB and V-VI. These alternating bands of high
and low receptor densities are also reflected in the
shape of the density profile depicted in Fig. 2(a). Con-
versely, V2 shows a more homogeneous distribution of
the GABA, receptors, with highest concentrations in
layer lll and continuously decreasing densities through-
out layers IV-VI. A comparison of the GABA, autoradio-
graph with the immediately adjacent, myelin-stained
section (Fig. 1c) demonstrates that the GABA, laminar
receptor pattern changes abruptly at the same positions
at which the myeloarchitectonic V1/V2 border is located.

The border between V1 and V2 is also revealed by
other receptor types, such as the glutamatergic kainate
(Fig. 3a) and the cholinergic muscarinic M2 (Fig. 4)
receptors, which are visualized in two adjacent coronal
sections through a whole human occipital lobe. The
dorsal and ventral borders between V1 and V2 are
revealed at exactly the same position by both receptor
types (see arrows in Figs 3a and 4).

Although all examined receptors revealed the V1/V2
border at exactly the same position, there are pro-
nounced differences in the laminar distribution
patterns of each of these receptors within a given area.
Thus, one and the same cortical layer of a certain area
can contain highest densities of one receptor, but
lowest concentrations of another receptor. A more

Fig. 2 Profile curves showing the laminar distribution patterns
of the GABAergic GABA,, and GABA; (a), serotoninergic 5-
HT,, and 5-HT, (b), cholinergic muscarinic M1 and M2 (c), and
cholinergic nicotinic (d) receptors in human V1. The receptor
density is expressed in fmol/mg protein, the depth of the
cortex is normalized between 0% (pial surface) and 100%
(cortex/white matter border). The profile curves represent
mean receptor densities averaged over a total of 60 single
profiles obtained from three neighbouring sections of a single
brain, and dotted lines indicate standard deviations. Roman
numerals indicate the position of the respective cortical layers.
The receptors examined not only differ considerably in their
absolute concentrations (with nicotonic receptors showing
the lowest and GABAergic receptors showing the highest

© Anatomical Society of Great Britain and Ireland 2004

Receptors and human cortex, K. Zilles et al. 421

Primary visual cortex

* IVA VB a

1200

1000
800
sco f/
s00 |

200

Receptor density [fmol/mg protein]

1200
1000
800
800
400

200

Receptor density [fmolimg protein]

1800

1600

g

1200

g

soo| |/
goo|!
400|

Receptor density [fmal/mg protein]

200

120

100

a0

nicotinic

60

40

20

Receptor density [frmol/mg protein]

o 10 20 30 40 50 80 70 BO a0 100
Cortical depth [%]

densities), but also show relative maxima and minima in
different cortical layers. Therefore, several receptor types
within a given region can differ in their mean densities
(averaged over all cortical layers) and their laminar
distribution patterns.
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EED

Fig. 3 (a) Regional and laminar distribution patterns of the
glutamatergic kainate receptor in a coronal section through
the human occipital cortex. The white arrows indicate the
dorsal and ventral borders between V1 and V2. For colour
coding see legend to Fig. 1. V1 differs from V2 by a lower
kainate receptor density in the granular and supragranular
layers (layers 1-IVC), and by a higher kainate receptor density
in the infragranular layers (layers V-VI). Further regional and
laminar variations of kainate receptor densities are visible in
this section. These local variations of the kainate receptor
expression indicate additional borders (white lines) of
hitherto unidentified cortical areas (cf. Fig. 4). The position of
(b) is indicated by the rectangle in (a). (b) Detailed laminar

245 322
fmol/mg protein

Fig. 4 Coronal section through the occipital part of a human
hemisphere showing the distribution pattern of the
cholinergic muscarinic M2 receptor. The primary visual cortex
V1 is characterized by significantly higher M2 receptor
densities than the secondary visual cortex V2. Further local
changes of the M2 receptor expression indicate additional
borders (white lines) of hitherto unidentified cortical areas.
A comparison of these tentative borders with those in the
kainate receptor distribution shown in Fig. 3(a) demonstrates
again that a single receptor does not show all cortical borders,
but when a comparable border is indicated by two or more
different receptors, this border is found at precisely the same
position.

distribution of the kainate receptor in V1. The profile curve
within the inset (bold white line) represents measurements
of the kainate receptor densities in V1 from the pial surface
to the cortex/white matter border. Dotted lines indicate the
standard deviation (cf. Fig. 1). The Roman numerals indicate
the position of the cytoarchitectonically defined (by
comparison with adjacent cell body-stained sections)
cortical layers.
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detailed analysis of the laminar distribution of differ-
ent receptors in the human primary visual cortex V1 is
shown in Figs 2(a—d) and 5(a).

The neurotransmitter GABA mediates inhibitory
effects in the cerebral cortex via its major receptor sub-
types GABA, and GABA;. The laminar distribution pat-
terns of these two binding sites in human area V1 are
shown in Figs 1(d) and 2(a). Both binding sites exhibit
by far the highest absolute densities of all receptors
studied in the present observations, but differ slightly
in their laminar distribution patterns within V1. Whereas
GABA, shows local maxima in layers II-IVA and IVC,
highest GABA; concentrations are reached in layers |-
Il and V. Both receptors show an interleaved local min-
imum in layer IVB (Fig. 2a).

The serotoninergic 5-HT,, receptor reaches an abso-
lute maximum in layer Il (Fig. 2b), which is followed by
significantly lower densities (approximately ten times
lower) in the deeper layers IlI-VI. Conversely, the sero-
toninergic 5-HT, receptor shows a homogeneous
distribution over all cortical layers (Fig. 2b). Therefore, 5-
HT, . receptor densities in layer Il are approximately five
times higher than those of the 5-HT, receptors, whereas
in layers llI-VI the density of the 5-HT,, receptors is half
that of the 5-HT, receptors.

The cholinergic muscarinic M1 receptor is the clearly
prevailing cholinergic subtype in human area V1 (Fig. 2¢)
when compared with the muscarinic M2 (Fig. 2c) and
the nicotinic subtype (Fig. 2d). The M1 receptor reaches
an absolute maximum in the supragranular layer lll and
a second but approximately 50% smaller local maxi-
mum in layer V. The M2 subtype is more equally distrib-
uted over the cortical layers, whereas the nicotinic
receptor displays two distinct maxima in layers Il and
IVC, respectively. The absolute density of the nicotinic
receptor is, however, much lower than that of the
muscarinic M1 and M2 subtypes.

Glutamate is the major excitatory neurotransmitter
in the human cerebral cortex. Here, we studied its three
ionotropic subtypes, i.e. the AMPA, NMDA and kainate
receptors (Figs 3b and 5a). The NMDA receptor is the

Fig. 5 Laminar distribution patterns of the glutamatergic
NMDA, AMPA and kainate receptors in different cortical areas
(a, primary visual cortex V1; b, secondary visual cortex V2; c,
primary motor cortex 4p, i.e. posterior part of BA 4; d,
entorhinal area). The expression of the NMDA receptor
reaches highest levels in all four areas relative to the other
two glutamatergic receptors, but varies considerably between
the areas. The AMPA receptors show higher densities in V1
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and 4p, but lower densities in V2 and in the entorhinal cortex
when compared with the kainate receptors. Note that the
difference in the shape of the kainate receptor density
profiles depicted in Fig. 3(b) and in Fig. 5(a) is due solely to
differences in the scaling of the y-axis.
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prevailing subtype in human area V1, followed by the
AMPA receptor. The kainate receptor shows the lowest
densities. The AMPA and NMDA receptors reach high-
est densities in layers II-lll, with the maximum of the
AMPA receptor located slightly more superficially than
that of the NMDA receptor. Both receptors show a local
minimum in layer IVB. The laminar distribution of the
kainate receptor differs significantly from that of the
NMDA and AMPA receptors (Fig.5a). The kainate
receptor shows three maxima along its density profile
(Fig. 3b). The maximum located in layers IVC-VI con-
tains clearly higher receptor densities than those found
in layers I-1l and IVA. Kainate receptor densities reach
an absolute minimum in layer IVB. Thus, in the overall
picture, kainate densities are clearly higher in the infra-
granular than in the supragranular layers of V1.

The analysis of laminar receptor patterns has shown
so far a differential distribution of different receptors
in one and the same cortical area, i.e. BA 17, the primary
visual cortex. What is the picture when the laminar
patterns of the same receptors are compared between
different areas? Figure 5(a—d) shows such a comparison
of the glutamatergic NMDA, AMPA and kainate recep-
tors between the primary visual cortex V1 (Fig. 5a; see
previous paragraph), the secondary visual cortex V2
(Fig. 5b), the primary motor area 4p (Fig. 5¢) and, finally,
the allocortical entorhinal area (Fig. 5d). The NMDA
receptor is the prevailing subtype in all four cortical
areas. The AMPA receptor displays the second highest
density in V1 and 4p, whereas the kainate receptor
reaches the second place in this ranking in V2 and in
the entorhinal cortex. Thus, the balance between
different receptor subtypes of one transmitter changes
between different architectonically and functionally
defined areas. The laminar distribution patterns of
NMDA and AMPA receptors remain relatively constant
and similar if the three neocortical areas V1, V2 and 4p
are compared. In all three areas, maxima are found in
the supragranular layers and decreasing densities are
seen towards the infragranular layers. The kainate
receptor reached highest densities in layers IVC-VI of
V1, but within V2 and 4p, the highest densities of
this subtype are found in layers I-lll. The allocortical
entorhinal area (Fig. 5d) shows a completely different
laminar distribution when compared with the neocor-
tical areas. Although the cytoarchitectonically defined
layers of the allocortex are not comparable with those
of the neocortex, the profile curves shown in Fig. 5
nevertheless provide an impression of the completely

different receptorarchitecture of the entorhinal area
when compared with visual and motor areas of the
neocortex.

Do different transmitter receptors demonstrate all
interareal borders — and at the same position — in the
cerebral cortex? Figure 6(a—d) shows neighbouring
coronal sections through the central region of a com-
plete human hemisphere in which the muscarinic M2
receptor (Fig. 6a), the nicotinic receptor (Fig. 6b) and
the kainate receptor (Fig. 6¢) have been visualized. In
each of these three different receptor images, local
changes of the mean (averaged over all cortical layers)
receptor density and its laminar distribution have been
identified and labelled by arrows.

It is immediately apparent that the three receptors
reveal different aspects of the neurochemical organiza-
tion of the cerebral cortex, i.e. a single receptor does
not reveal all known cortical borders. The M2 receptor
displays the relatively highest densities in the primary
somatosensory area 3b and the primary auditory area
41, as well as in the mediodorsal thalamic nucleus (MD)
and the caudate and putamen. Contrastingly, the kai-
nate receptor reaches the relatively lowest densities in
the primary sensory areas 3b and 41 as well as in the
motor cortex (areas 4p and 4a), but the highest densi-
ties in the polymodal association areas (BA 21 and BA 20)
of the temporal lobe. The nicotinic receptor shows a
small band of relatively high receptor densities in the
primary sensory areas (BA 41 and area 3b) and in the
motor cortex, which, at this level of sectioning, consists
of the primary motor areas 4a and 4p, the supplementary
motor area (SMA) and a part of the cingulate motor
cortex.

The most interesting aspect of the differential regional
receptor distribution patterns is the fact that numerous
borders of the receptorarchitectonically definable areas
are found at precisely the same sites irrespective of the
receptor type under consideration. This match of bor-
der localization based on different receptors corrobo-
rates the above described match of the borders of area
V1 as determined by GABA, (Fig. 1¢), kainate (Fig. 3a)
and M2 (Fig. 4) receptors as well as myelo- and cytoar-
chitecture. Therefore, although a single receptor type
cannot reveal all borders, the ‘combination’ of borders
detected by different receptors does reveal all known
borders, as can be seen by a comparison of the receptor-
specific borders in Fig. 6(a—c) with the summary
sketch of all detectable borders in Fig. 6(d). In this
sketch, all borders of cortical areas are labelled, even if
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Fig. 6 Adjacent coronal sections through the central part of a human hemisphere in which the cholinergic muscarinic M2 (a), the
cholinergic nicotinic (b) and the glutamatergic kainate (c) were visualized by means of [*H]oxotremorine-M, [*H]epibatidine and
[*H]kainate, respectively. Local changes in the regional and laminar distribution patterns enable the receptor-based delineation
of borders (white arrows in a—c) between cortical areas. None of the single receptor images shows all borders (as displayed in d),
but when a given border is revealed by two or more different receptors, this border is found at precisely the same position. If all
areal borders detected by autoradiographs of 12 different transmitter receptors are summarized, a complete receptor-based
cortical segregation can be presented (as shown in d). This multireceptor map shows all borders demonstrated by the previous
cytoarchitectonic observations of Brodmann (1909), but in addition a considerable number of novel areas (e.g. 3a, 3b, 4a, 4p,
SMA, cmc, three S Il areas, two insular areas) not visible in the classic cytoarchitectonic maps. 1, unimodal somatosensory cortex
(BA 1); 2, multimodal parietal cortex (BA 2); 3a, cortical representation of proprioceptive input; 3b, primary somatosensory cortex;
4a and 4p, two subareas of the primary motor cortex; 20, multimodal inferior temporal cortex (BA 20); 21, multimodal middle
temporal cortex (BA 21); 22, unimodal acoustic cortex (BA 22); 41, primary auditory cortex (BA 41); 42, secondary auditory cortex
(BA 42); 52, parainsular cortex (BA 52); cing, two different areas of the cingulate cortex; cmc, cingulate motor cortex; IN, two
different areas of the insular cortex; MD, mediodorsal thalamic nucleus; pallo, two different areas of the periallocortex; S I, three
different areas of the secondary somatosensory cortex; SMA, supplementary motor cortex; snigra, substantia nigra.

they are revealed by only one of the three different kainate receptors (Fig. 6a—c). The most powerful indi-
receptors. For instance, the border between the sec- cator of interareal borders is the M2 receptor, followed
ondary auditory area 42 and the laterally adjacent area by the kainate receptor. The weakest indicator is the
BA 22 is defined by the M2 but not by the nicotinic or nicotinic receptor in these three selected examples.
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The last question in this study was whether transmit-
ter receptor distributions only demonstrate interareal
borders already established by means of cyto- or mye-
loarchitectonic studies, or whether they also detect
borders that have not been not described in the classi-
cal cyto- or myeloarchitectonic maps? Examples for the
ability of receptorarchitectonic studies to detect novel
cortical areas or subareas hitherto unknown from cyto-
or myeloarchitectonic studies can be found in Figs 3,
4 and 6. In Figs 3 and 4, numerous interareal borders
(besides those of areas V1, V2d and V2v) are visible in
the occipital and superior parietal cortex, which have
not been identified in the map of Brodmann (1909) or
in other cyto- or myeloarchitectonic studies of the human
cerebral cortex. In Fig. 6, three areas can be delineated
within the secondary somatosensory cortex (S Il), which
have not been described until now in the published
cytoarchitectonic maps of the human cerebral cortex.

Discussion

The present results demonstrate that changes in the
laminar distribution patterns and the mean (averaged
over all cortical layers) densities of transmitter recep-
tors not only visualize the cortical borders described
in the classical cyto- or myeloarchitectonic maps, but
also reveal hitherto unknown interareal borders in the
human cerebral cortex. However, none of the exam-
ined receptors revealed all known cortical borders.
Rather, the distribution patterns of transmitter recep-
tors reveal different aspects of the neurochemical
organization of the cerebral cortex, since they enable
the determination of ‘'neurochemical families’ of areas.

The laminar distribution patterns of two or more
receptor types can differ within a given cortical area.
Furthermore, the same receptor type can also present
varying laminar distribution patterns in different
cortical areas. It is important to stress that the laminar
density profiles of receptors do not simply reflect the
laminar distribution of the packing density of cell bod-
ies. Such a correlation may have been suggested by the
significantly higher mean densities of some receptors
in the cell-dense primary sensory areas of the cortex
than in the adjacent secondary areas: for instance, the
densities of GABA, or M2 receptors in the primary and
secondary visual cortices (V1/V2, Figs 1d and 4), or the
densities of the M2 receptors in the primary and sec-
ondary auditory cortex (BA 41/BA 42, Fig. 6a). Further-
more, the laminar distribution pattern of the GABA,

receptors, which reached local maxima in the cortical
layers with the highest cell density (Figs 1d and 2a),
could further support such a supposition. Should such
a correlation between receptor density measured by
quantitative in vitro receptor autoradiography and cell
packing density measured by counting cell bodies per
volume unit really exist, then receptor density values
would only reflect cytoarchitecture. However, regional
and laminar receptor densities, as revealed by receptor
autoradiography, do not consistently correlate with
differences in cell body density in normal brain tissue;
for instance, the laminar pattern of the kainate recep-
tor shows, in sharp contrast to that of the GABA, recep-
tor, intermediate to low densities in the cell-dense
supragranular layers, but higher densities in the rela-
tively cell-sparse layer V. The neurobiological basis for
this lack of correlation is the fact, that by far the largest
number of native receptor complexes, which are
demonstrated by their ligand binding sites, are found
on dendrites, i.e. in the neuropil, and only to a minor
degree on cell bodies. This is in contrast to the visuali-
zation of transcripts using in situ hybridization for the
demonstration of receptor subunits, or to some of the
immunohistochemical observations of receptor sub-
unit expression. These latter techniques detect cellular
functions occurring completely or preferentially in the
cell bodies, and do not necessarily reflect the laminar
distribution of the native receptor complex with its
binding site (Hall et al. 1997). The independence of the
receptor binding sites from the packing densities of
neuronal cell bodies is also demonstrated in the present
observations. Whereas the densities of GABA, and nic-
otinic receptors reach highest values in the most cell-
dense layer IVC of the human primary visual cortex V1,
the AMPA, NMDA, kainate, GABA;, M1 and 5-HT,,
receptors show highest densities in the other, less cell-
dense layers of V1 (Figs 3 and 4). Similar results can be
obtained by comparisons between the kainate recep-
tor densities (Fig. 5¢) of cortical areas of higher (e.g.
BAs 41 or 3b) with those of lower cell body densities
(e.g. BAs 20 or 21). Thus, the regional and laminar den-
sities of ligand binding sites of native receptor com-
plexes indicate the neurochemical and putative functional
segregation of the cerebral cortex independently of
cell body or myelin density.

The glutamatergic AMPA receptor is the key mole-
cule for eliciting fast excitatory responses of cortical
neurons. The GluR1 subunit of the AMPA receptor has
been demonstrated mainly in pyramidal (70%) and
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non-pyramidal neurons (29%) of the human prefrontal
cortex (He et al. 1996). Most GABAergic interneurons
(90%) express the GIuR1 subunit. Other subunits of the
AMPA receptor are also found preferentially localized
in pyramidal neurons of the human prefrontal granu-
lar, parietal and temporal association cortex (Vickers
et al. 1995). In the present autoradiographic observa-
tions, the [*H]JAMPA binding sites of the AMPA recep-
tor show a typical bilaminar distribution in the primary
visual area V1 with highest densities in layers lI/11l, inter-
mediate densities in layers V-VI, and low densities in
deeper layer lll and layer IV. This is in agreement with
a previous autoradiographic study (Jansen et al. 1989).
In the present study, the AMPA receptors in the second-
ary visual area V2 and the motor area 4p do not show
the bilaminar appearance of V1, but a maximal recep-
tor density in layers I1/11l followed by a steady decrease
down to the lowest densities in layer VI.

Glutamatergic NMDA receptors are found in both
pyramidal and non-pyramidal neurons of the human
neocortex (Huntley et al. 1997). These receptors play an
important role in excitatory synaptic activity and long-
term potentiation, although they do not transmit
monosynaptic thalamo-cortical input (Salt et al. 1995).
NMDA receptors are co-localized with different types
of non-NMDA receptors resulting in a large variety of
receptor combinations at glutamatergic synapses with
different proportions of ionotropic glutamate recep-
tors. mRNAs for NR1, NR2A, NR2B and NR2D receptor
subunits were found in pyramidal cells, whereas
interneurons express the NR2C subunit (Scherzer et al.
1998), indicating a considerable cell-type-dependent
variability of the subunit composition of NMDA receptor
complexes.

The [*H]MK-801 binding sites of the NMDA receptor
show highest densities in the supragranular layers l1-lll
and intermediate to low densities in granular and
infragranular layers of the cortical areas V1, V2, 4p and
the entorhinal cortex (Fig. 4). This is in agreement with
a previous autoradiographic (Jansen et al. 1989), and
immunohistochemical study of the NR1 subunit distri-
bution of the NMDA receptor (Huntley et al. 1997) in
the neuropil of the monkey or human neocortex, and
an in situ hybridization study of the NR1 subunit mRNA
in human primary visual area V1 and primary motor
cortex 4p (Scherzer et al. 1998). The NR2A subunit
mRNA is most densely packed in neuronal cell bodies of
layers llI, V and VI of the motor cortex, and layers I, Ill
and VI of the visual cortex. The NMDA receptor subunit
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NR2B mRNA reaches the relatively highest levels in
layer Il of the primary motor and visual areas. The NR2C
subunit mRNA is not detectable in pyramidal neurons,
but in glial cells and non-pyramidal neurons. At the
lowest absolute level of all NMDA receptor subunits,
the NR2C mRNA is most densely accumulated in layers
I1I-VI of the motor and layers Il, IVC, V and VI of the vis-
ual cortex. Finally, the NRC2D mRNA reaches maximal
densities in layers I, V and VI of the motor, and layers
IVB and V of the visual cortex. Despite these detailed
data regarding the lamina-specific NMDA receptor
subunit expression (Scherzer et al. 1998), it is not suffi-
ciently clear from in situ hybridization how the native
NMDA receptor complexes are composed, particularly
with respect to pyramidal or non-pyramidal cell types
in the human neocortex.

Glutamatergic kainate receptors of the human cere-
bral cortex are encoded by the GluR6, GIuR7 and KA2
genes (Porter et al. 1997). GIuR6 and KA2 mRNAs are
found mainly in layers lI-lll and V-VI (Porter et al. 1997),
whereas a GIuR 5/6/7 antibody (Vickers et al. 1995) and
the GIuR7 transcript (Porter et al. 1997) prevail in layers
V-VI and are less dense in the superficial layers. In the
present observations, the [*Hlkainate binding sites
show the relatively highest densities in the infragranu-
lar layers V-VI of area V1, and in the deeper layers of
the entorhinal area. The distribution of kainate recep-
tors in the primary motor area 4p, however, is com-
pletely different from that of the other cortical areas as
demonstrated in the present paper (Fig. 4). Highest
densities are reached in layers |-l of area 4p. Compar-
able laminar patterns were described by Jansen et al.
(1989) both in area V1 and the motor cortex. Thus, both
binding and in situ hybridization studies show a similar
laminar distribution of kainate receptors with some
regionally specific variations (e.g. V1 vs. primary motor
cortex).

GABA is the major inhibitory transmitter in the human
brain. Its binding to the ionotropic GABA, receptor
leads to rapid intracortical inhibition (Alger, 1985). This
receptor is present in very high densities in the cerebral
cortex (Bowery et al. 1987). GABAergic interneurons
are most frequently found in layers II-IVA and IVC of
the human primary visual cortex (Blimcke et al. 1990).
In previous (Zilles & Schleicher, 1993) and the present
observations using [*Hlmuscimol binding to GABA,
receptors, highest densities of these binding sites are
found accordingly in the supragranular layers II-IVA
and layer IVC of the human primary visual cortex
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(Figs 1d and 3c). The similar laminar distribution of
GABA interneurons and GABA, receptors is in accord-
ance with a localization of these receptors within the
limits of terminal fields of GABAergic axons and syn-
apses. A study using a benzodiazepine binding site lig-
and (Zezula et al. 1988) could not demonstrate high
GABA, receptor densities in human layer IVA. This
contrasts not only with previous (Rakic et al. 1988) and
present observations of [*H]muscimol binding in human
and monkey cortex, which demonstrated high GABA,
receptor densities throughout layers II-IVA, but also
with a detailed immunohistochemical study of the
GABA, receptor subunits a1, f2/3 and y2, which dem-
onstrated high densities of these subunits, particularly
of the B2/3 subunits in layer IVA of the human visual
cortex (Hendry et al. 1994).

Metabotropic GABA; receptors occur as postsynaptic
receptors and as presynaptic autoreceptors on GABA
terminals and also as heteroreceptors on glutamate
terminals in the human cerebral cortex (Bonanno et al.
1997). Via presynaptic receptors, GABA inhibits its own
release and that of glutamate with similar potencies
(for a review see Bonanno & Raiteri, 1993). The [*H]CGP
54626 binding sites of the GABA; receptors reach high-
est densities in the cortical layers I-1ll and much lower
densities in the granular and infragranular layers (Fig. 3c),
which is similar to earlier findings in the human granular
prefrontal cortex (Chu et al. 1987).

Muscarinic receptors were demonstrated immuno-
histochemically in pyramidal and non-pyramidal
neurons of the human neocortex (Schréder et al. 1989a),
on which they exert an excitatory effect (for review see
Van der Zee & Luiten, 1999). About 30% of the human
cortical cholinoceptive neurons express both muscarinic
and nicotinic receptors (Schroder et al. 1989a). Using
the subtype non-selective (Van der Zee & Luiten, 1999)
muscarinic receptor antibody M-35, layers Il/lll and V
show most of the immunoreactive pyramidal cell
bodies, whereas layers IV and VI contain a moderate
number of round and ovoid immunolabelled cell
bodies (Schroder et al. 1989a).

The distribution of M-35 immunoreactive structures
is best reflected by the laminar pattern of muscarinic
M1 receptors in previous (Rodriguez-Puertas et al.
1997) and the present autoradiographic study. The M1
receptors, which can be located pre- and postsynapti-
cally (Levey, 1996), reach highest densities in layers 11—
IVA of human V1, with a second, but absolutely lower
local maximum in layer V (Fig. 3b). This laminar pattern

is in agreement with a previous study of Cortés et al.
(1986). M1 receptors are known to be expressed at a
more than two-fold higher density than the muscarinic
M2 receptor subtype in V1 (Zilles et al. 2002a).

The M1 receptors have a similar laminar distribution
patternin V1 as found for the NMDA receptor (Fig. 4a).
Although the spatial resolution of receptor autoradio-
graphy does not allow observations at the single cell
level, this strikingly similar laminar distribution may
suggest a co-localization of both NMDA and M1 recep-
tors. M1 receptors can also influence the dopaminergic
neurotransmission and potentiate the GABAergic
inhibitory effects of interneurons via pre- and/or post-
synaptic mechanisms (Zhong et al. 2003).

Muscarinic M2 receptors are thought to be localized
presynaptically as autoreceptors or postsynaptically as
heteroreceptors. M2 autoreceptors inhibit cortical
acetylcholine release or regulate synaptic transmission
as heteroreceptors (Quirion et al. 1994; Douglas et al.
2001; for review see Lucas-Meunier et al. 2003). Previ-
ous (Zilles et al. 2002a) as well as the present observa-
tions (Figs 5a and 6) demonstrate significantly higher
[*H]oxotremorine-M binding site densities in the pri-
mary sensory (visual, somatosensory, and auditory)
neocortical areas compared with all other neocortical
areas. This seems to be an evolutionary conservative
aspect of cortical organization, given that a particularly
high M2 receptor density was also found in primary
sensory areas of non-human primates (Mash et al.
1988). It has been shown that cholinergic function is an
important factor of the cortical modulation of sensory
input by controlling the signal-to-noise ratio in sensory
processing (Sillito & Kemp, 1983; for a recent review see
Lucas-Meunier et al. 2003). Cholinergic neurotransmis-
sion facilitates the detection and discrimination of
tones in the primary auditory cortex, enlarges receptive
field size in the somatosensory cortex, and increases
orientation and direction selectivity in the primary vis-
ual cortex (Sillito & Murphy, 1987; Delacour et al. 1990;
Sarter & Bruno, 1997). Although we cannot detect the
localization of M2 receptors at the cellular or synaptic
level of spatial resolution, the high density of this
receptor in the primary sensory areas suggests that
the distinct cholinergic effects on thalamo-cortical
input may be effected via M2 and nicotinic (see below)
receptors.

Nicotinic receptors are present in human cortical
pyramidal and non-pyramidal neurons (Schréder et al.
1989b). [*H]Epibatidine, which was used in the present
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study, is a high-affinity agonist of central nicotinic
acetylcholine receptors (Perry & Kellar, 1995), which
labels the 04p2-like subtype in the human neocortex
(Houghtling et al. 1995). Nicotinic receptors show a
preferential localization in layers Il and IVC of the
primary visual cortex V1 (Fig. 3d). Their relatively high
density in the primary target region of the geniculo-
cortical input (layer IVC) may be explained by the
important role of acetylcholine in the modulation of
sensory input (see above). Postsynaptic receptors of
the o7-like and o4p2-like subtype are located in the
somatodendritic domain of human cortical interneurons
(Alkondon et al. 2000). These nicotinic receptor sub-
types trigger GABA release, and thus increase the inhi-
bition of pyramidal cells contacted by the interneuron,
which leads to an improved signal-to-noise ratio. It has
also been demonstrated that presynaptic nicotinic
receptors (04p2-like nAChRs) are present on the axonal
segment or terminal of human cortical GABAergic inter-
neurons synapsing onto a second GABAergic interneu-
ron. These presynaptic nicotinic receptors trigger the
GABA release from the first interneuron, and thus
increase the inhibition of the second interneuron. This
can lead to a disinhibition of postsynaptic pyramidal
neurons, and thereby strengthen the thalamo-cortical
input (Alkondon et al. 2000). These results emphasize
that, depending on its position within intracortical and
interregional connectivity, a given receptor type can cause
modulations of neurotransmission in opposite directions.

[*H]8-OH-DPAT is a selective 5-HT,, receptor agonist.
In the neocortex, this receptor is localized postsynapti-
cally (Radja et al. 1993). The [*H]8-OH-DPAT binding to
5-HT,, receptors shows a clear preference for layers Il
in previous reports (Pazos et al. 1987a; Hall et al. 1997)
as well as in the present study. This is not in agreement
with the results of in situ hybridization studies in the
human neocortex, where 5-HT,, receptor mRNA was
found in layers 1I-VI (Pasqualetti et al. 1996) and
pyramidal cell bodies particularly in layer 1l (Burnet
et al. 1995) were heavily labelled. This lack of corre-
spondence between receptor autoradiography and in
situ hybridization data can be explained by a preferen-
tial localization of the native receptor complex with
its binding site on the peripheral parts of dendrites,
because the neurons of the deeper cortical layers show
an intensive dendritic arborization in the most superfi-
cial cortical layers (Pasqualetti et al. 1996).

5-HT, receptors are located postsynaptically within
the cerebral cortex (Fischette et al. 1987), preferentially
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on the large apical dendrites of pyramidal cells, and at
lower densities on GABAergic interneurons of rhesus
monkeys (Jakab & Goldman-Rakic, 1998, 2000). Presyn-
aptic localization of these receptors has also been
described using immunocytochemistry (Jakab & Goldman-
Rakic, 1998). The 5-HT, receptors facilitate excitatory
firing of pyramidal neurons.

The in situ hybridization studies of Burnet et al.
(1995) and Pasqualetti et al. (1996) demonstrated the
presence of 5-HT, receptors in layers llI-V of the human
cerebral cortex. The binding sites of the 5-HT, receptor
antagonist [*H]ketanserin were found to be relatively
equally distributed throughout the human cortical lay-
ers with some preference of layers lll and V (Pazos et al.
1987b). This is in agreement with immunocytochemical
observations in rhesus monkeys (Jakab & Goldman-Rakic,
1998). In the present observations, slightly higher 5-HT,
receptor densities were registered in layers llI-IVC com-
pared with layers V-VI of the human primary visual cor-
tex V1. This is in agreement with a previous study in this
cortical area of monkeys (Rakic et al. 1988; Lidow et al.
1989).

There is a clear spatial dichotomy of the serotonin
innervation of the primary visual cortex. The 5-HT,,
receptor shows a clear preference for layers I-ll, and
therefore focuses a major part of the serotoninergic
innervation onto these cortical layers. Conversely, the
5-HT, receptor is not only more homogeneously distrib-
uted over all cortical layers, but reaches approximately
a 100% higher density in layers llI-VI than the 5-HT,,
receptor. As a result, there is a major 5-HT,,-mediated
influence in layers I-ll, and a dominating 5-HT,-mediated
influence in layers IlI-VI.

In conclusion, our present observations demonstrate
that the regional distribution patterns of transmitter
receptors not only reflect well-established cyto- and
myeloarchitectonic borders between cortical areas, but
also indicate additional borders not visible in cyto- or
myeloarchitecture. Thus receptorarchitectonic studies
provide a powerful tool to study the microstructural
and neurochemical organization of the cerebral cortex
and will lead to a more detailed map of the human cer-
ebral cortex, which can be compared with functional
imaging data. Because a single receptor does not
reveal all borders, only a multireceptor approach is
adequate in order to analyse the complex regional seg-
regation of the cortex. Finally, the analysis of the lam-
inar distribution patterns of several receptor types in
different cortical areas may provide a link to receptor
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and functional data provided by observations at the
single cell level, and thus can contribute to a better
understanding of the neurochemical organization of
intracortical circuitry.
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