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ABSTRACT

The human and macaque sensorimotor cortex was subdivided into numerous areas by a correlative analysis
based on cytoarchitectonics, myeloarchitecture and the distribution of transmitter receptors. Receptor
densities and laminar distribution patterns differ not only between motor and somatosensory regions, but
also between different areas within these regions of the cortex. Changes in receptor distribution often match
architectonically defined borders. Receptor findings provide new criteria for a more detailed mapping in the
human brain which cannot be achieved by cytoarchitectonic analysis alone. Morphological data on these
areas were integrated with functional data from positron emission tomography (PET) on the basis of a
recently developed computerised brain atlas. The central sulcus marks the border between (1) the agranular
motor cortex with a generally low density of glutamatergic, muscarinic, GABAergic and serotoninergic
receptors, and (2) the granular somatosensory cortex with higher densities of these receptors. Rostral to the
primary motor cortex, 2 isocortical areas are found on the mesial cortex which probably represent the
functionally defined supplementary motor areas (SMA) SMA-proper (caudally) and pre-SMA (rostrally).
Below SMA-proper the areas 24d (macaque) and the caudal cingulate motor area cmc (human) are located
in the cingulate sulcus. Both regions correspond to the posterior cingulate motor areas’ of recent PET
studies and to the posterior part of the agranular cingulate cortex of architectonic studies. Below pre-SMA
the area 24c¢ (macaque) and the rostral cingulate motor area cmr (human) are located in the cingulate
sulcus; they correspond to the ‘anterior cingulate motor areas’ of recent PET observations and to the
anterior part of the agranular cingulate cortex of architectonic studies. Homologous sensorimotor areas can
be defined in both species on the basis of common architectonic features.

Key words: Motor cortex; somatosensory cortex; receptor autoradiography; cytoarchitectonics; myeloarchitectonics.

INTRODUCTION

More than 130 years ago the cerebral cortex was
demonstrated to be a centre of motor activity by
Jackson’s (1863, 1870) careful clinical observations of
patients with focal epilepsy or stroke. Fritsch & Hitzig
(1870), Ferrier (1866) and Griinbaum & Sherrington
(1903) identified a region surrounding the central
sulcus in primates and a comparable region in
nonprimate mammals as the sensorimotor cortex.

They had already concluded by critically discussing
the techniques available at the time, that this region
may be subdivisible into functionally different areas.
Krause (1911) and Foerster (1936) elicited motor
responses and somatosensory sensations by stimu-
lating a large cortical region in front of and behind
the central sulcus in human subjects. They published
detailed maps illustrating the somatotopy of different
motor activities in the precentral gyrus.

The later studies by Penfield & Rasmussen (1950)
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expanded our knowledge on the representation of
motor functions in the human cortex considerably.
These authors suggested that the motor representation
might be organised as a ‘motor homunculus’
representing a schematic summary of the somatotopic
aspects of their stimulation studies. Although they
always emphasised that the homunculus represents
motor activities and not muscles, this scheme led to
conceptual confusions, because the homunculus was
interpreted by many successors in original reports and
in textbooks to represent anatomical entities such as
muscles or fingers. Consequently, the observation, e.g.
that 1 finger is represented several times in the area
covered by the motor homunculus, seemed to be
puzzling and a challenge for the original scheme.

Recent hypotheses (Lemon, 1988; Schieber, 1990)
again emphasised the functional aspects of maps of
motor representations. According to these hypotheses
the motor cortex programs movements and thus
the multiple representation of a single finger means
that it can be activated from different locations in the
motor cortex, depending upon the complex patterns
of movement in which it is involved. Clearly the
homunculus schenie also includes anatomical somato-
topy, since under standard conditions the hand is
never represented, e.g. in the leg area of the cortex.
The various functional and anatomical aspects of
movement are therefore the driving forces behind
the organisation of the sensorimotor cortex into
numerous areas. Considering the technical restrictions
in spatial resolution and specificity of electro-
physiological, PET or functional MR imaging, the
anatomical analysis of sensorimotor areas is necessary
in order precisely to locate PET and MR data or
interpret the structural features behind functional
observations.

Cytoarchitectonic and myeloarchitectonic studies
by Brodmann (1903, 1905/06, 1909), Campbell (1905),
Cecile and Oscar Vogt (1910, 1919, 1926) and von
Economo & Koskinas (1925) showed that the func-
tional inhomogeneity of the sensorimotor region is
paralleled by a structural inhomogeneity. Although
their maps differ in many aspects, they all have one
feature in common: the. central sulcus subdivides the
adult sensorimotor cortex into two large regions: (1)
a caudally located, 6-layered granular cortex with a
clearly delineable layer IV and (2) a more rostrally
located, 5-layered agranular cortex lacking a layer IV.

The agranular region represents the motor cortex.
It covers the posterior half of the frontal lobe and is
bordered rostrally by the granular, 6-layered pre-
frontal cortex. The agranular part of the isocortex is
delineated from the adjoining allocortex on the mesial

surface of the hemisphere by the cingulate sulcus,
where Brodmann’s area 24 is located. Brodmann
(1903, 1905/06, 1909) further subdivided the
agranular cortex into an area 4, primary motor cortex,
and a rostrally adjoining premotor area 6, secondary
motor cortex. Area 4 is found mainly in the rostral
wall of the central sulcus and encroaches on the free
surface of the precentral gyrus in its dorsal part. Area
6 was further parcellated by Vogt & Vogt (1919) into
several subareas, 6aa, 6af, 6ba and 6bf. Brodmann
(1909) subdivided the granular cortex of the post-
central gyrus into the primary somatosensory areas 3,
1 and 2 (rostrocaudal sequence), which all display a
layer IV (koniocortex). Layer IV appears to be less
densely packed in the caudally adjoining parietal
‘association’ regions, which contain areas 5 and 7 of
Brodmann, than in the 3 areas immediately in front of
them.

Despite the rather good agreement on the principal
subdivision into agranular motor and granular
somatosensory regions, it becomes evident when
comparing the maps of the different authors, that the
positions of the borders between the areas vary
considerably (for review see Zilles 1990). Dis-
crepancies are particularly large for the border
between areas 4 and 6. It is not yet clear to what extent
these inconsistencies are due to methodological prob-
lems inherent to the highly observer-dependent evalu-
ation of conventional cytoarchitectonic and myelo-
architectonic sections, or if they reflect individual
variability in the size of cortical areas. The importance
of reliable and detailed maps becomes even more
evident if the experimental findings in subhuman
primates, the clinical observations after lesions in
different locations and the PET studies carried out
during various motor and somatosensory tasks are to
be compared with the architectonic parcellations. All
these functional investigations revealed many more
areas than shown in the classical architectonic maps.

Analysis of cytoarchitectonic and myeloarchi-
tectonic specimens should therefore be based on
more reliable criteria than those achieved by pure
visual inspection. They should also be supplemented
by more functionally oriented observations. Since
functional differences between cortical areas are at
least partially reflected in the distribution patterns of
transmitter receptors, we have used quantitative in
vitro receptor autoradiography for characterizing
cortical, especially visual areas (Zilles, 1991; Zilles &
Schleicher, 1993). In summary, the parcellation of the
human sensorimotor cortex is still far from being
complete and does not yet present an areal pattern
integrating functional and anatomical findings.
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Our present results from quantitative architectonic
and receptor autoradiographic studies on postmortem
brains extend our knowledge about the precise topo-
graphy and positional variability, the architecture and
neurochemical characteristics of the different areas
of the human and macaque sensorimotor cortex. PET
data have been added by integrating the data from the
different approaches and modalities on the basis of a
computerised brain atlas (Roland & Zilles, 1994). The
following questions will be considered. (1) Is it
possible to define the structural features of the
different sensorimotor areas objectively by quanti-
tative architectonic analyses? (2) Do the patterns of
transmitter receptor distribution differ among the
motor and somatosensory areas? (3) Are the cyto-,
myelo- and receptorarchitectonic features of the
human sensorimotor areas comparable with those of
the macaque?

MATERIAL AND METHODS
Architectonic techniques

Nissl and myelin-stained serial sections (20 pm)
through formalin or Bodian-fixed and paraffin-
embedded total hemispheres or brains from 10 human
subjects of both sexes were available for architectonic
observations. Three of these brains were scanned with
a 3D flash sequence in an MR scanner before
embedding. The MR images were used for correcting
the inevitable histological shrinkage and distortions in
the Nissl and myelin-stained sections from these
brains (Schormann et al. 1993, 1995), for 3D
reconstructions, for the spatially correct transfer of
data into the computerised brain atlas (Roland &
Zilles, 1994; Roland et al. 1994) and for studying
intersubject variability in cortical maps. Quantitative
cytoarchitectonic and myeloarchitectonic studies were
performed according to previously published tech-
niques (Schleicher et al. 1986). In summary, cell-
packing densities and densities of myelinated fibres
were measured in Nissl and myelin-stained sections,
respectively. Both types of measurements were carried
out with an IBAS 2000 image analyser using an
automated scanning procedure. The results were
presented as profile curves extending from the pial
surface (cortical depth 0%) to the cortex/white-
matter border (cortical depth 100 %).

Quantitative in vitro receptor autoradiography

For quantitative receptor autoradiography, unfixed
tissue blocks from 5 human brains and an entire

hemisphere were frozen in isopentane at — 50 °C and
stored at —70 °C until sectioning. There was no
history of neurological or psychiatric disease. Three
macaque brains were processed in the same manner.
The animals were killed with an overdose of bar-
biturate. After serial sectioning (10-30 um thickness)
with a cryostat microtome for large sections in
coronal, horizontal (axial) and sagittal planes, the
tissue was processed according to standard procedures
for receptor autoradiography (Zilles et al. 1988,
19914, b, 1993, 1995). Cholinergic muscarinic M1 and
M2, GABA,, serotoninergic 5-HT, and 5-HT,, nor-
adrenergic o, and o, receptors, L-glutamate binding
sites, glutamatergic NMDA, AMPA and kainate
receptors were labelled with the respective tritiated
ligands ([*H]pirenzepine, [*H]oxotremorine-M, [*H]-
muscimol, [*H]5-hydroxytryptamine creatinine sulp-
hate, [*H]ketanserin, [*H]prazosin, PHJUK 14304,
[PH]L-glutamic acid, FH)MK801 in the presence of
unlabelled spermidine and glycine, PHJAMPA, [*H]-
kainate). In addition, alternating sections were Nissl
and myelin stained. After 6-12 wk exposure of the
sections together with brain paste or plastic standards
of known radioactivity (to correct for the nonlinear
relationship between optical densities and concentra-
tions of radioactivity) against Hyperfilm (Amersham),
the regional distributions of receptors were visualised
and measured with an IBAS 2000 image analyser
(Schleicher & Zilles, 1988). With this procedure,
specific receptor binding can be measured in fmol/mg
protein and colour-coded images of regional and
laminar distribution patterns compiled.

After identifying the areal borders in the Nissl-
stained sections, they were copied onto prints of
contrast enhanced images of autoradiographs
displaying the distribution patterns of the various
receptors. Since the autoradiographic sections were
always located very close to the Nissl-stained sections,
no major shifts in the positions of the cyto-
architectonically defined borders needed to be taken
into account. In some cases it was not possible to
define a specific areal border reliably on the basis of
cytoarchitecture or myeloarchitecture; here we used
the receptor autoradiographs for delineation. In other
cases, in which the border of a larger area could be
defined at exactly the same location in cyto-, myelo-
and receptor architectonic observations, the larger
area could be further subdivided on the basis of
receptor data.

Observations on postmortem human brains and the
MR and PET studies were performed with the
understanding and consent of each subject and
conform with the Declaration of Helsinki.
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RESULTS

Cytoarchitectonics and myeloarchitecture of the
human and macaque sensorimotor cortex

Human sensorimotor cortex. The absolute thickness
of the cortex in the motor region (areas 4 and 6) is
about double that of the somatosensory region (areas
3, 1 and 2). The proportions between the widths of
supragranular (I-III(IV)) and infragranular (V-VI)
layers show clear differences between both regions
with ratios of approximately 1:2 for all motor and 2: 1
for all somatosensory areas (Fig. 1a). The functional
difference between motor and somatosensory regions
is therefore reflected in simple measurements of
cortical or laminar dimensions. The relative widths of
the single layers also vary between the different motor
and somatosensory areas (Fig. 1b). However, the
variations between the different areas within a region,
either motor or somatosensory, are much smaller than
between the two regions. Therefore, the measurement

80 —
- area 6
3\: 7l areas
B area3a
» 60 1 B areadb
H  areat
£ [0 area2
L
= 40 1
-
o
>
=
© 201
[
1 5
0 - i
I-11(1V) V-VI
1a cortical layers
50 1
area 6
-y |
E. 40 1 ~ area 4a
LA
a . area 4p
g .
£ 301
o
£ - area 1
20 |
¢>’ - area 3b
= area 3a
© |
1 10 1 area 2
e
0 r T . T r -
| I 1 IV v Vi
1b cortical layers

Fig. 1. Relative thicknesses of supragranular and infragranular (a)
and single (b) layers in 6 different sensorimotor areas of the human
cortex. The relative thicknesses are calculated as percentages of the
total thickness (100 %) of the respective area.

of the widths of single layers is not an adequate tool
for parcellation of the different motor or somato-
sensory areas, but it is very effective for separating
motor from somatosensory regions.

The isocortex in the anterior bank of the central
sulcus displays the typical architectonic features of
Brodmann’s area 4, i.e. agranular (lack of layer IV)
cortex and presence of Betz cells in layer V (Fig. 2d).
These cells tend to form clusters, which are more
frequently found deep in the sulcus than in the more
superficial parts of the bank or on the free surface of
the precentral gyrus. The part of the precentral gyrus
completely buried in the central sulcus corresponds to
the posterior part of Brodmann’s area 4; it is therefore
called subarea 4p. The more rostrally located part of
the anterior bank and the superficially exposed part
represents the anterior portion of area 4 and is called
here subarea 4a. Since the distance between single
Betz cells increases towards subarea 4a, the border
between area 4 and the rostrally adjoining part of the
agranular cortex (area 6 of Brodmann) is sometimes
difficult to define precisely on the basis of the Betz cell
criterion alone. By contrast, the posterior border of
area 4 is visible by the incipient layer IV (Jones &
Porter, 1980) in the caudally neighbouring area 3a
of the somatosensory cortex (Fig. 2¢). Area 3a
is followed caudally by area 3b showing all
characteristics of a typical primary sensory area,
especially a well developed layer IV (Fig. 25). Areas 2
(not shown) and 1 (Fig. 2a) are difficult to differentiate
from each other on the basis of pure visual inspection
of Nissl or myelin-stained sections. The measurement
of packing densities of perikarya or myelinated fibres
objectifies and extends the above described dis-
tinctions between sensorimotor areas. The densities
were measured from the pial surface to the border
between cortex and white matter. About 80-180
measuring fields in one brain were the basis for the
curves shown in Figures 3-7. The standard deviations
of the profile curves are less than 10 %. The resulting
profile curves allow a quantitative characterisation of
the architectonic features in the different areas. The
maximal cortical widths and the mean cell packing
densities or densities of myelinated fibres (grey level
index GLI) of the different areas were standardised to
100% (cortical depth in percentages and GLI in
percentages, respectively), in order to compare areas
of different absolute dimensions and cell or myelin
densities directly (Figs 3-9). Area 6 reaches a maximal
cell packing density in upper layer V, whereas areas 4a
and 4p show maxima in the middle of layer V and in
the upper part of layer VI (Figs 3—4). The somato-
sensory area 1 reaches its maximal cell packing
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density in the middle of the cortex (upper layer IV),
area 3b in the centre of layer IV and area 2 in the
lower part of layer IV (Fig. 5). Area 3a has a second
maximum in layer V, which reflects — together with
the maximum in layer IV —its transitional character
between the motor and somatosensory regions (Jones
& Porter, 1980). In addition, the extremely high
absolute cell packing density in area 3b separates it
from the rostrally adjoining area 3a and the caudally
adjoining area 1. The quantitative differences in
cytoarchitecture between the motor and somato-
sensory regions are shown in Fig. 6. The relative
density of myelinated fibres in the motor areas
increases from a minimum in lower layer I and layer
II to layer V (Fig. 7a). Area 4p has a higher myelin
density in layers V-VI than areas 4a or 6. This
underlines the difference between the subareas 4a and
4p of the primary motor cortex and can be even more
clearly demonstrated by receptor labelling (see below).
All somatosensory areas show a first clear maximum
in myelin density in layer IV, which reflects the
‘external stripe of Baillarger, and the areas 3band 1 a
second maximum in lower layer V, which reflects the
internal stripe of Baillarger (Fig 75). The 3 primary
somatosensory areas (3b, 2 and 1) show — in contrast
to the transitional area 3a—a further increase in
myelin density from upper layer IV to the cortex/
white matter border. Especially the clearly measurable
stripes of Baillarger delineate the somatosensory
region from the motor region in myelin-stained
sections.

Comparable measurements of the cytoarchi-
tectonics and myeloarchitecture of the mesial agranu-
lar cortex, including the cingulate areas, are still
lacking. We have therefore relied on the classical des-
criptive approach for the cyto- and myeloarchitectonic
parcellation of this region. Since the areal borders
found in the receptor studies (see below) match the
borders defined by visual inspection of Nissl and
myelin-stained sections, the results provided by the
classical approach were confirmed by an independent
and quantitative method. The mesial part of area 6,
which may represent the supplementary motor area
(SMA) of Penfield & Rasmussen (1950), differs from
the lateral part of area 6, the putative premotor
cortex, because of its slightly higher mean density.
The caudal part of the mesial area 6 (Fig. 2g) can be
distinguished from the respective lateral part (Fig. 2¢)
by an increased cell density in its lower layer III and
Va. This caudal mesial area 6, the putative SMA-
proper (see below) can be further delimited from the
rostral mesial area 6, the putative pre-SMA (Fig. 24),
by the more pronounced lamination and the clearer

demarcation of layer III from layer V in the latter area
(Fig. 2j). The pre-SMA is bordered laterally by the
rostral part of Brodmann’s area 6, which is probably
area 6ap (Fig. 2f) of Vogt & Vogt (1919).

Several cingulate areas, which may represent the
cingulate motor areas of recent PET studies, are also
definable in our architectonic sections. The human
anterior cingulate cortex (areas 24 and 32 of
Brodmann) is agranular and differs because of this
from the dysgranular to granular posterior cingulate
cortex (areas 23 and 31 of Brodmann). The primate
anterior cingulate region shows a gradual change in its
cytoarchitecture from a true isocortical (area 32 of
Brodmann), through a proisocortical (dorsal part of
area 24 of Brodmann), a periallocortical (lower part
of area 24 of Brodmann) and finally to a true
allocortical structure (area 33 of Brodmann). The
dorsal part of area 24 in the cingulate sulcus can be
further subdivided into a rostral area 24c and an
adjoining caudal area 24d. Area 24d contains a
architectonically distinct subarea (cmcl), which is
characterised by very large pyramidal cells in layer V
(Fig. 2i). These cells are smaller in the more rostral
part of area 24d, which is therefore termed cmc2 (Fig.
2j). Area 24c is apparently also not a single field, but
for the definition of subareas further cytoarchitectonic
studies are necessary. Area cmc2 of 24d can be
delineated from area 24 c by the thicker layer V and
an intermediate band of lower cell density within layer
V in the latter area (Fig. 2/). Area 24c can easily be
delineated from the ventrally adjoining cingulate
proisocortex (area 24b) by the clear separation of
layers V and VI in 24b (Fig. 2k), which leads to a
more ‘periallocortical’ appearance of area 24b.

Macagque sensorimotor cortex. The cytoarchitecture
of the macaque frontal agranular cortex has already
been described in detail by Matelli et al. (1991). Only
the most important criteria for areal parcellation and
comparison with the human cortex will be repeated
here. Area 3b shows an extremely dense packing of
perikarya in layer IV and a slightly lower density in
layer III. It is a koniocortical area with the typical
appearance of the primary somatosensory cortex in
primates. The rostrally adjacent area 3a has an
incipient layer IV, a relatively high cell density in layer
Va and a clear demarcation of layer V from layer VI.
A few giant pyramidal cells in layer Vb are
occasionally found in the border region to area 4.

Area 4 (area F1 of Matelli et al. 1991) is
characterised by the absence of layer IV, the presence
of Betz cells arranged in multiple rows in layer Vb and
by poor lamination (Fig. 2m).

The caudal and laterodorsal part of area 6 (area F2
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Figs 3-6. Profile curves through the cortex of different sensorimotor areas and subareas in Nissl-stained sections as quantitative descriptions
of cytoarchitecture. The x-axis shows the position of each measurement relative to the pial surface, whereby the total cortical thickness of
each area is defined as 100 % (pial surface = 0% ; cortex/white matter border = 100 %). The y-axis shows the packing density of perikarya
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shows a densely packed layer V, well demarcated from
layers III and VI. All these features together lead to
the impression of a clearly laminated area. No
subdivisions of layer V can be observed and the
overall cell density of F6 is less than in F3.

The laterodorsal and rostral parts of area 6 (area F7
of Matelli et al. 1991) have a prominent layer V, which
is less dense than in F6. Layer VI is subdivided into 2

8b

Fig. 8. Maps of the motor areas in the human (@) and macaque
(b) cortex.

sublayers and lamination is clear. The rostral part of
F7 has an incipient layer I'V and shows no subdivision
of layer V.

Area 24d (Fig. 2q) of Matelli et al. (1991), which
could be the homologue of the human caudate
cingulate motor area cmc according to its topology,
has a thinner layer V than the rostrally adjacent 24c.
Area 24c is the putative homologue of the human
rostral cingulate motor area cmr. Area 24d shows a
relatively clear-cut border between layers III/V. The

estimated as GLI (see Material and Methods) in each measuring field ; this measure is given as relative density (GLI %), whereby the average
density in a given cortical area is defined as 100 %. The positions and extents of the cortical layers (Roman numerals) are indicated by bars
in each figure. In order to make comparisons easier, the profile curves of two topographically adjoining areas are presented in the left
figures, and the difference between these curves is shown to emphasise the differences in cytoarchitectural pattern between the areas (areas
4aand 6, Fig. 3a, b; areas 4a and 4p, Fig. 44, b; areas 3b and 1, Fig. 54, b; motor (areas 4p+4a+ 6) and somatosensory (areas 3a+3b+1)

areas, Fig. 6a, b) in the right figures.
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cells in layers III, VI and especially in layer V of 24d
are larger than those in area 24c.

Comparison of human and macaque sensorimotor
cortices. The cytoarchitecture and the topological
relationships between the different areas of the human
sensorimotor cortex show so many similarities to
those of the macaque monkey that a common
structural organisation can be assumed. In both
species, areas 3b and 4 display practically identical
cytoarchitectonic features. Only the overall cell pack-
ing density is higher in the macaque than the human
cortex. This holds true not only for these two areas,
but for the whole cortex. A minor difference between
the two species seems to be the invasion of im-
mediately adjacent parts of the neighbouring areas 3b
and F3 (SMA-proper) by a few scattered giant
pyramidal cells, which are restricted to area 4 in the
human brain. The medium-sized to large pyramidal
cells in areas F2 and F3 of the macaque are also found
in the human SMA-proper (mesial part of area 6ac of
Vogt & Vogt, 1919) and the caudal-laterodorsal
premotor cortex (laterodorsal part of area 6aa of
Vogt & Vogt, 1919). Whereas these cells are seen in a
single row in the macaque cortex, they are more
scattered in the human areas. Area 24d of the
macaque has large pyramidal cells in layer V and
precisely this is one of the characteristic features of the
caudal cingulate motor area cmcl in the human brain.
The increase in the width of layer V from the human
area cmc (macaque area 24d) to area cmr (macaque
area 24c) is also common to both species. Fur-
thermore, the clear demarcation of layers V and VI in
the medially adjacent proisocortex of area 24b is an
important cytoarchitectonic criterion for the separ-
ation of the proisocortical cingulate motor areas
from the periallocortical cingulate area 24 b in both
species.

The mapping of the motor areas shows the same
topological pattern in human and macaque brains
(Fig. 8a-b). Area 4 (F1) is located in the central sulcus
and on the precentral gyrus. The putative supplemen-
tary motor field is found on the mesial surface of the
hemisphere and can be subdivided into caudal and
rostral areas, which represent the SMA-proper (F3)
and pre-SMA (F6), respectively. The dorsal parts of
the premotor areas 6aa (F2) and 6aP (F7) are located
in a caudal-to-rostral sequence on the laterodorsal
surface of the hemisphere. The areas cmc (24d) and
cmr (24c) are bordered dorsally by the SMA-proper

and the pre-SMA, respectively. The mesial border of
cmc and cmr is represented by the periallocortical
anterior cingulate cortex (area 24b).

Transmitter receptors in the different motor and
somatosensory areas of the human and macaque brain

Human sensorimotor cortex. The motor areas 4 and
6 can easily be separated from the somatosensory
areas 3b and 1 and from the traditional area 3a on the
basis of absolute receptor densities. The L-glutamate
binding sites, GABA ,, M2 and 5-HT, receptors show
much higher densities in the somatosensory areas than
in the motor areas (Fig. 9a-d). This difference in
receptor densities is especially pronounced between
the primary motor cortex and the primary somato-
sensory area 3b.

Within the group of frontal agranular motor fields
all areas can be identified and separated from each
other by differences in mean receptor densities. This
has recently been demonstrated in detail (Zilles et al.
1995). Area 4 has the lowest mean densities of
GABA,, muscarinic M1 and M2, kainate, 5-HT,, a,
and a, receptors. The putative pre-SMA has higher
densities of M2, NMDA, o, and 5-HT, receptors than
the laterally adjoining premotor cortex (laterodorsal
part of area 6ap). The inverse relationship between the
receptor densities in both areas is found for AMPA
and 5-HT, receptors. The density of M2 receptors is
lower in cmr than in pre-SMA, but higher in the
medially adjoining cingulate periallocortex; the
NMDA, AMPA, o, and 5-HT, receptors, however,
show higher densities in cmr than in pre-SMA. Fig.
10a-/ shows examples of these quantitative data and
of the patterns of laminar receptor distribution in
colour coded autoradiographs.

The analysis of differences in laminar distribution
patterns of receptors provides further evidence for the
characterisation of the different motor areas. This
approach corroborates and extends the parcellation
based on cytoarchitectonic or myeloarchitectonic
observations and on the measurements of mean
receptor densities. Although most of the receptors
show clear differences between their laminar patterns
in the different motor and somatosensory areas, we
will focus here, as an example, on the laminar patterns
of 5-HT, receptors only. The motor areas 4 and 6
display the relatively highest densities in the more
superficial layers I-II1. Only area 4 reaches receptor

Fig. 9. Absolute densities (fmol/mg protein) of specific binding in different sensorimotor areas (areas 1, 3b, 3a, 4 and 6) of the human cortex.
(a) shows the density of L-glutamate binding sites, (b) for GABA , receptors, (c) for muscarinic M2 receptors and (d) for serotoninergic 5-

HT, receptors.
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Fig. 10. For legend see opposite.
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Fig. 11. Laminar distribution patterns of 5-HT, receptors in areas
4 and 6 of the human cortex (a). The total cortical thicknesses and
receptor densities were transformed into relative scales (x-axis:
total thickness of each area=100%, pial surface =0%,
cortex/white matter border = 100 % ; y-axis: mean receptor density
in each area = 100%). This transformation of data gives the
clearest impression of interareal differences in laminar distribution
patterns and allows direct comparison by excluding deformations
of the profile curves caused by different absolute measures. (b)
shows the difference between the two profile curves of (a). Places of
greatest variations in relative receptor densities between areas can

be precisely assigned to their relative location within the cortical
depth.

densities above the mean value of 100 % (Fig. 11a) in
layer VIB. If the profile curve of the lateral area 6
(premotor cortex) is subtracted from that of area 4,
the differences in laminar patterns between both
motor areas are clearly visible (Fig. 115). Area 6
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Fig. 12. Laminar distribution patterns of 5-HT, receptors in areas
3b and 1 of the human cortex (a) and the resulting difference curve
(b). For further explanation, see Figure 11.

surpasses area 4 in receptor density in layers II, upper
layer III and layer VIA, whereas area 4 surpasses area
6 in deeper layer I11, layer V and VIB. The comparison
of the laminar patterns of 5-HT, receptors between
the somatosensory areas 3b and 1 also reveals clear-
cut differences (Fig. 124, b): area 3b surpasses area 1
in layers I-II and layer IV to upper layer VI, whereas
the characteristic gap in lower layer I1I and upper layer
IV seen in area 3b is colocalised with a peak in
receptor density at this cortical depth in area 1. The
comparison between motor areas (mean of areas
4+ 6) and somatosensory areas (mean of areas 3b+1)

Fig. 10. Colour-coded autoradiographs of receptor distributions in motor areas of the human brain. The total binding of GABA, (a),
muscarinic M1 (b) and M2 (c, k), serotoninergic 5-HT, (d) and 5-HT, (/), noradrenergic a, (e, /) and a, (f) and glutamatergic NMDA (g),
AMPA (h) and kainate (i) receptors is shown. Changes in receptor densities are found precisely at the borders between the architectonically

defined areas.
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Fig. 13. Laminar distribution patterns of 5-HT, receptors in motor
(4+6) and somatosensory (3b+ 1) areas of the human cortex (a)
and the resulting difference curve (b). For further explanation, see
Figure 11.

demonstrates (Fig. 134, b), that the motor areas have
the higher receptor densities in layers I-1II and VIB,
whereas the somatosensory areas reach higher values
in layer IV. The relative receptor densities are
approximately equal in layer V of both regions. In the
same manner as shown here for the 5-HT, receptor all
the other laminar distribution patterns of receptors
were analysed.

Clear-cut differences were found between areas 3b
and 1 in a, receptors and between ares 1, 3b, 4 and 6
in 5-HT, and M2 receptors. The other receptors
(especially GABA, and MI1) show only minor

"differences in laminar pattern between these areas.
Kainate receptors are localised preferentially in the
deeper layers of all motor areas. AMPA receptors
show highest densities in a superficial and a deep

cortical band and NMDA receptors are found in the
upper cortical layers.

Macaque  sensorimotor  cortex. Comparable
differences between receptor densities as described
above for the human sensorimotor areas can be found
in the macaque brain. The somatosensory areas
display higher absolute densities of L-glutamate
binding sites, GABA, (Fig. 145), M2 (Fig. 14a),
kainate (Fig. 14¢), 5-HT, and AMPA (Fig. 144d)
receptors than the motor areas. The muscarinic M2
(Fig. 14a), serotoninergic 5-HT, and glutamatergic
AMPA (Fig. 14d) receptors show the most distinctive,
i.e., the most heterogeneous distribution patterns in
the lateral and mesial frontal agranular cortex. In
most cases the cytoarchitectonic borders match
precisely the places in which changes in density and
laminar distribution pattern of these receptors occur.
The term ‘laminar distribution pattern’ is used for the
differential distribution of receptor densities over all
layers of the cortex and not for the receptor densities
in single layers; e.g. if the receptor densities are similar
or identical in the upper cortical layers of two
neighbouring areas, but different in the deeper layers
a difference in the complex laminar pattern is reported.
The border between areas 3a and F1 (area 4) is
characterised by an abrupt decrease in GABA,, M2
and kainate receptors in the lower (M2, kainate) or
upper (GABA ,) layers of F1 (Fig. 14a—c). The borders
between F1 and F2 (part of the premotor cortex) or
F2 and F3 (SMA-proper) are marked by an increase
in M2 (F1/F2) and AMPA (F2/F3) receptors in the
deeper layers. The border between F3 and F6 (pre-
SMA) is definable by further increases in M2 and
AMPA receptors in F6 (not shown).

Intersubject variability of human sensorimotor areas

By comparing the localisation and extent of the
primary motor area 4 and the primary somatosensory
areas 1+2 in 3 human brains in the computerised
brain atlas, a first impression of the intersubject
variability of human sensorimotor areas can be gained
(Fig. 15a—c). On the basis of cytoarchitectonic criteria
the areal borders of areas 4, 3b, 1+2 together and 5
were identified first in histological sections and then
transferred and delineated in MR images of the same
brains. This procedure allows correction for his-
tological artifacts (shrinkage, distortions during
embedding, sectioning, mounting, etc.) on the basis
of MR images taken during the life or post-
mortem (Schormann et al. 1993, 1994), i.e. before
histological procedures were begun. Afterwards, 3D
reconstructions and surface rendering of each of these
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brains were performed using the MR images with the
labelled borders. Data on each of these brains can
now be transformed to the format of the standard
brain of a computerised brain atlas (Roland & Zilles,
1994). The resulting reconstructions are shown in
Figure 15(a—c). Thus all structures of the 3 brains
including the borders of cortical areas can be
visualised and compared directly in the format of the
standard brain of the atlas without being affected by
differences in absolute brain size or overall brain
shape. Only the intersubject variability in size and
position of cortical areas contributes to the results.
Figure 16 shows a first step towards a probability map
of cortical areas by matching the single maps displayed
in Figure 15(a—c). The darkest areas represent the
places in which area 4 or areas 1+2 in all 3 brains
coincide. These are the places, in which the respective
cortical areas are located with highest probability in
this small sample. The medium dark area indicates the
places in which the respective cortical ares of only 2
brains coincide, and the light area where the cortical
areas of only 1 of the 3 brains are encountered. Since
the atlas database is open for any addition, this
preliminary probability map will grow into a more
representative map as the size of the sample increases.

Fig. 15d—f shows the results of a PET experiment
with *O-butanol as tracer. The subject was asked to
execute simple movements of the index finger (Fig.
15d, e) or a sequential motor task (Fig. 15f). Details
of the experiment are described in Schlaug et al.
(1994) and Seitz & Roland (1992). The PET images
(horizontal sections) represent data from a single
subject and were coregistered with MR images from
the same subject. This allows the macroscopic ana-
tomical localisation of the brain regions active in the
PET images. These images were then compared with
the corresponding horizontal sections in the com-
puterised brain atlas. Since the cytoarchitectonically
defined areas are registered in the brain atlas, it is
possible to compare the functional image with the
cortical map in the atlas. The foci of activation in
Figure 154, e) coincide with area 4p of the primary
motor cortex and area 3b of the primary soma-
tosensory cortex contralateral to the active hand.
Figure 15(f) shows the foci of activation in a
sequential finger movement. The sequence was learned
before the experiment. In addition to the previous
areas, the supplementary motor cortex is active, in
this case, on both sides of the brain. Figure 15(g, k)
shows PET images (**O-butanol as tracer) in the
sagittal plane. In these cases the data of 10 subjects
were averaged. The subjects were asked for tactile
exploration of objects during PET recording (Fig.

15g) or to point, with eyes closed, to 7 randomly
arranged targets after a cue (with open eyes) and delay
period (Fig. 15h). The targets consisted of white spots
on a blue background projected on a screen in front of
the subjects. Details of both experiments are discussed
in Kawashima et al. (1994) and Seitz et al. (1991). The
first task involves mainly motor and somatosensory,
the second task relies mainly on motor and visual
modalities. The PET images were transferred to the
computerised brain atlas. The activated brain regions
in Fig. 15a are located in the motor areas 4p and 6
and in the somatosensory and parietal areas 1, 2 and
5. In Fig. 15h the activated areas match the
cytoarchitectonically defined motor areas 4p and 6
and the parietal area 5.

DISCUSSION

Since many invasive techniques (e.g. tracing of long
fibre tracts, detailed electrophysiological mapping)
applicable in animal experiments cannot be used in
studies on the human brain, we rely on cyto-, myelo-
and chemoarchitectonic approaches for a sufficiently
detailed anatomical mapping of the human cortex.
Comparisons between the cytoarchitecture of monkey
and human brains are also important for detecting
morphologically comparable areas for evaluating the
nonhuman primate cortex as a model for the human
cortex. Descriptive data collected on the human brain
could then be evaluated by comparisons with ex-
perimental findings in the macaque.

Some differences in architectonic features of cortical
areas were found between macaque and man. The cell
density is generally higher in the monkey than in the
human cortex. Betz cells as the extreme of a
continuum of cell sizes were found to be restricted to
area 4 in the human brain, but not distinctively so in
the monkey cortex. The borders between many
cortical areas seem to be more clearly recognisable in
Nissl-stained sections or receptor autoradiographs of
the human than of the macaque brain. Another
example is the caudal cingulate motor area (area 24d
in macaque brain), which shows large pyramidal cells
in both species, but these cells reach nearly the size of
giant pyramidal cells only in the human brain. All
these observations argue for a more advanced
differentiation and specialisation of isocortical areas
in man than in the macaque. Despite these differences,
the present findings also reveal great architectonic
similarities between the sensorimotor cortices of both
species. Above all, the topology of the sensorimotor
areas is identical in both species. The distribution
patterns of many receptors in the sensorimotor areas
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14c

14d

Fig. 14. Colour-coded autoradiographs of receptor distributions (a, muscarinic M2 receptor; b, GABA , receptor; ¢, glutamatergic kainate
receptor; d, glutamatergic AMPA receptor) in sensorimotor areas of the macaque brain. Total binding is shown. M2, kainate and AMPA
receptors show a more differentiated regional heterogeneity than GABA , receptors. Changes in receptor densities are found precisely at the
borders between the architectonically defined areas. C, cingulate cortex; M, motor cortex; S, somatosensory cortex.

of both species also have many features in common. A Although many receptor studies in the human
sufficient interspecies comparability is therefore given,  cortex (e.g. Araujo et al. 1988; Biegon et al. 1986;
at least in the region of the sensorimotor cortex. Cowburn et al. 1988; Lin et al. 1986; Richards et al.

Fig. 15. Sensorimotor areas (areas 1 and 2 yellow; area 3b blue; area 4 red; area 5 green) in 3 human brains mapped by cytoarchitectonic
and receptor autoradiographic criteria (a—c, left side) and transformed into the standard brain of the computerised brain atlas (a—c, right
side). Areas 1, 2, 3b, 4p, 5, 6 and SMA are visible in PET images after activation in different motor and somatosensory tasks (d-h). In
addition to the activation of areas 4 and 3b in a simple movement task, the supplementary motor cortex is revealed in a learned motor
sequence task (f). The sagittal sections (g—h) are PET images after activation in tactile exploration and reaching tasks. The sections are 29 mm
from the midline of the left hemisphere. (g) shows the average extent of activated areas in 10 subjects matching tactile shapes. By combining
this image with the standard brain of the computerised brain atlas the activated areas can be identified as cytoarchitectonic areas 4p (part
of the primary motor cortex), 1 and 2 (parts of the primary somatosensory cortex) and 5 (part of the posterior parietal cortex). (k) shows
the average extent of activation in 10 subjects reaching out, with their eyes closed, to point to targets. By combining this image with the
standard brain of the computerised brain atlas the activated areas can be identified as cytoarchitectonic areas 6, 4p and 5.
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Fig. 16. Probability map of the localisation and extent of areas 4 and 1+2 in the human brain. (d) shows the representation of these areas
on the dorsal surface of the standard brain after transfer from 3 individual brains (e—c) and adaptation to the standard brain of the atlas.
Black indicates the extent to which the respective areas of all 3 brains are represented, grey and white indicate the extent to which only 2
or 1 brains, respectively, are found. The arrows in (d) mark the border between areas 4 and 1+2.

1987; Young & Chu, 1990) have enlarged our  analysis. Only rough anatomical identifications like
knowledge of its neurochemical aspects, almost none  ‘frontal’ or ‘parietal’ are given. In addition, some
of these studies is based on a rigorous architectonic  authors (Pazos et al. 19874, b; Jansen et al. 1989,
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1991; Gross-Isseroff et al. 19904, b) have stated that
all receptor binding sites, with the exception of those
for 5-HT, are more or less homogeneously distributed
throughout the sensorimotor areas.

Our present and earlier studies (Zilles, 1991; Zilles
& Schleicher, 1993 ; Zilles et al. 1993, 1995), however,
show that many areal borders can be more clearly
seen in the receptor autoradiographs than in
cytoarchitectonic or myeloarchitectonic observations.
This is only possible if receptor distribution is not
homogeneous but heterogeneous. Obviously not all
receptors are differentially distributed, but an ap-
proach using protocols for the simultaneous and
quantitative demonstration of many different
receptors in adjacent serial sections, as used in the
present study, provides reliable data for cortical
parcellation and evaluation of putative areal borders.

GABAergic cell bodies and synapses are most
densely packed in layer II of the primary motor
(Hendry et al. 1987) and in layers II and IV in the
somatosensory areas of macaque monkeys (Hendry
et al. 1987; Chudler et al. 1988). Immunohisto-
chemistry of GABA, receptors revealed highest
densities in layers II-IV and VI of an undefined
area of the cerebral cortex (Richards et al. 1987). On
autoradiography layer V contains 26 % less GABA
receptors than layers II-1II in an undefined area of
the human isocortex (Young & Chu, 1990). Benzo-
diazepine receptors (Zezula et al. 1988) show the
following density sequences in area 4 (II> VA
>I>III>VB>VI) and areas 3, 1, 2 (IIl > IV
> [+1I > V > VI) of the human brain. The laminar
distribution of GABA , receptors as visible in Figures
10 and 14 of the present report is therefore in
accordance with the preferential localisation of
presynaptic GABAergic structures in the more
superficial part of the isocortex. GABA is important
for the regulation of spatiotemporally organised
ensembles of muscle activity in the primary motor
cortex and to a lesser degree in the premotor cortex
(Matsumara et al. 1991). The receptive field size of
rapidly adapting neurons in the primary
somatosensory cortex is defined by GABAergic
inhibition. Loss or restriction of this inhibitory
mechanism leads to an increase in receptive field size
(Alloway & Burton, 1991). This difference between
GABAergic function in motor versus somatosensory
regions is paralleled by a quantifiable difference in
GABA, receptor densities between both regions with
a generally higher density in the somatosensory areas.

Choline acetyltransferase (ChAT) activity does not
differ significantly between human frontal and parietal
cortices (Araujo et al. 1988). However, the density of

muscarinic M1 and M2 receptors does differ between
both regions with 84% and 29 % higher densities in
the frontal cortex (Araujo et al. 1988). Other data (Lin
et al. 1986), however, do not corroborate this regional
difference for M1 receptors. For the first time we have
seen a regional inhomogeneity of muscarinic M1 and
M2 receptors not only between somatosensory and
motor regions, but also between the different motor
areas. Especially the M2 receptor densities and
laminar patterns differ significantly between
cytoarchitectonically defined areas. Probably the
transmitter-mediated effects of the regionally
homogeneously distributed cholinergic axons are
differentiated by the inhomogeneously distributed
receptors.

L-glutamate binding sites show a similar mean
density in frontal and parietal human cortices
(Cowburn et al. 1988). However, Jansen et al. (1989)
reported on a 57 % lower density of such sites in the
somatosensory than in the motor cortex; the laminar
pattern in the motor cortex is I+II4+III > V+VI
and in the somatosensory cortex V+ VI > I +II+1II.
Here we have presented for the first time data defining
the regionally inhomogeneous distributions of
NMDA, AMPA and kainate receptors in the human
and macaque sensorimotor areas. The differential
laminar distribution of NMDA and non-NMDA
receptors and the regional heterogeneity of these
receptors are apparently functionally important be-
cause recent data (Shima & Tanji, 1993) have shown
that NMDA and glutamatergic non-NMDA receptors
are differentially involved in motor task-related
neuronal activity in the various agranular motor areas
of macaques. The blockade of NMDA receptors
preferentially suppressed spontaneous discharge,
whereas the blockade of non-NMDA receptors
suppresssd more selectively movement-related
functions. The suppression of both classes of
glutamate receptors affected set-related neuronal
activities.

The precentral and postcentral gyri belong to those
regions in the human cortex with the highest serotonin
levels (Herregodts et al. 1991). Serotonin-
immunoreactive fibres are the most densely packed in
layer I followed by layers II to upper III, very low in
deeper III and IV and moderate in layers V and VI in
the macaque primary somatosensory cortex (DeFelipe
& Jones 1988); in the motor cortex layers V and VI
show a low density. Serotonin (5-HT)-containing
varicosities are more frequent in the somatosensory
than in the motor and premotor areas of the macaque.
The varicosities are evenly distributed throughout the
cortical layers with the exception of a low density in
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deep layer III of area 4 (Berger et al. 1988). Biegon et
al. (1986), Gross-Isseroff et al. (1990b) and Pazos et
al. (19874, b) reported a fairly homogeneous regional
distribution of 5-HT, and 5-HT, receptors throughout
the human cortex. The present data, however, clearly
showed that 5-HT, and 5-HT, receptor densities are
not evenly distributed. These discrepancies may be
reconciled by the fact that different techniques were
used and receptor data was not correlated with
cytoarchitectonically defined parcellations in the
earlier studies. Many of the regional differences in
receptor densities are visible only after contrast
enhancement with an image analyser, and
measurements of densities are only reliable in an
architectonic context if the cortical area is defined by
correlated cytoarchitectonics. The description of
macroscopic features such as gyri and sulci does not
seem to be sufficient for the analysis of areal
inhomogeneities. 5-HT, receptors show the highest
densities in layers I-II of area 4 and much lower
densities in the deeper layers (Pazos et al. 19875). 5-
HT, receptors in the precentral and postcentral gyri
show the highest concentrations in the middle and
much lower concentrations in the other layers (Gross-
Isseroff et al. 1990b; Pazos et al. 1987b). These
findings are corroborated by the present data.

The highest densities of noradrenaline-containing
nerve fibres occur in the human primary motor and
somatosensory cortices (Gaspar et al. 1989) with a
slight preponderance in layers III and V. The
adjoining premotor and parietal association areas
display lower densities when compared with the
precentral and postcentral gyri. a,-Adrenoceptors are
slightly more concentrated in the postcentral than in
the precentral gyrus (Gross-Isseroff et al. 19904); in
both regions they are much more densely packed in
the outer third of the cortex than in the inner two
thirds. The present data corroborate and extend these
findings in the human sensorimotor cortex.

The mesial part of the macaque area 6 contains the
supplementary motor field, which can be subdivided
into at least a caudal (SMA-proper) and a rostral part
(pre-SMA) (Tanji et al. 1980; Macpherson et al. 1982;
Wiesendanger & Wiesendanger, 1985; Mitz & Wise,
1987; Luppino et al. 1990, 1991, 1993 ; Mushiake et al.
1990; Matelli et al. 1991 ; Matsuzaka et al. 1993). The
lateral part of area 6 represents the premotor cortex,
which has also been subdivided into several areas
(Vogt & Vogt, 1919, 1926 ; Muakkassa & Strick, 1979;
Sessle & Wiesendanger, 1982; Wise & Strick, 1984;
Fries, 1985; Matelli et al. 1985, 1986, 1989, 1991;
Wise, 19854, b; Barbas & Pandya, 1987; Okano &
Tanji, 1987; Wise & Godschalk, 1987; Strick, 1988;

Tanji & Kurata, 1989; Rizzolatti et al. 1990; Dum &
Strick, 1991; He et al. 1993). In addition, two motor
areas in the upper part of the anterior cingulate cortex
have been described in the monkey (Luppino et al.
1991; Matelli et al. 1991) as areas 24d and 24c. The
present cytoarchitectonic results on the macaque
cortex are in agreement with these reports, especially
with the observations of Matelli et al. (1985, 1986,
1989, 1991) and Luppino et al. (1990, 1991, 1993), and
the receptor autoradiographic data show the same
locations of borders as defined in the correlative
cytoarchitectonic delineations on neighbouring Nissl-
stained sections.

The evidence for parcellation of the human sen-
sorimotor cortex comes mainly from architectonic
studies, observations of patients with lesions and PET
imaging (Brodmann, 1903, 1905/06, 1909; Vogt,
1910; Economo & Koskinas, 1925; Fulton, 1935;
Penfield & Welch, 1949, 1951; Sarkissov et al. 1955;
Sanides, 1962, 1964 ; Braak, 1976, 1979, 1980; Roland
et al. 19804, b, 1982; Mazziotta et al. 1985; Freund,
1987, 1991; Halsband & Freund, 1990; Seitz et al.
1990; Colebatch et al. 1991 ; Deiber et al. 1991; Fried
et al. 1991; Frith et al., 1991; Grafton et al. 1992;
Kurata, 1992; Seitz & Roland, 1992; Matelli et al.
1993; Paus et al. 1993; Roland, 1993; Kawashima et
al. 1994; Schlaug et al. 1994). The cytoarchitectonic
maps of some of these authors, however, do not pre-
sent a sufficiently consistent pattern and neither can
they be directly integrated with recent PET studies.
This is because they are highly schematic and not repre-
sentative (evidence from only one or a few brains; data
summarised in schematic drawings) and because the
authors lacked tools for integrating images from
different modalities. By contrast, the present quan-
titative cytoarchitectonic analysis of the human
primary somatosensory motor, SMA-proper, pre-
SMA, cingulate motor areas and the dorsolateral part
of area 6 can be integrated with receptor distributions
by alternatingly processed sections and with PET data
on the basis of a recently developed computerised
brain atlas and software for integrating data from
MR images and histological sections (Schormann et
al. 1993, 1994; Roland et al. 1994; Roland & Zilles,
1994). This results in good agreement between the
data from different modalities. Moreover, the
computerised brain atlas is a system open to new
spatially definable observations (Roland & Zilles,
1994), which allows the permanent integration of
additional data and thus the creation of a database
with increasing representativity.
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