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ABSTRACT

The language network is a well-defined large-scale neural network of anatomically and
functionally interacting cortical areas. The successful language process requires the
transmission of information between these areas. Since neurotransmitter receptors are
key molecules of information processing, we hypothesized that cortical areas which are
part of the same functional language network may show highly similar multireceptor
expression pattern (“receptor fingerprint”), whereas those that are not part of this network
should have different fingerprints. Here we demonstrate that the relation between the
densities of 15 different excitatory, inhibitory and modulatory receptors in eight language-
related areas are highly similar and differ considerably from those of 18 other brain regions
not directly involved in language processing. Thus, the fingerprints of all cortical areas
underlying a large-scale cognitive domain such as language is a characteristic, functionally
relevant feature of this network and an important prerequisite for the underlying neuronal
processes of language functions.
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction semantic and verbal working memory processes identified

circumscribed activations located within the two classical
Recent functional neuroimaging studies on language language regions, i.e., Broca's region in the inferior frontal
(Friederici, 2011; Vigneau et al., 2006) investigating syntactic, gyrus (IFG) and Wernicke's region in the superior temporal

* Corresponding author. Institute of Neuroscience and Medicine (INM-1), Wilhelm Johnen Str., 52425 Jiilich, Germany.
E-mail addresses: k.zilles@fz-juelich.de (K. Zilles), mareike.bacha-trams@aalto.fi (M. Bacha-Trams), n.palomero-gallagher@fz-juelich.
de (N. Palomero-Gallagher), k.amunts@fz-juelich.de (K. Amunts), friederici@cbs.mpg.de (A.D. Friederici).
1 Authors contributed equally to the manuscript.

http://dx.doi.org/10.1016/j.cortex.2014.07.007
0010-9452/© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/3.0/).


http://creativecommons.org/licenses/by-nc-nd/3.�0/
http://creativecommons.org/licenses/by-nc-nd/3.�0/
mailto:k.zilles@fz-juelich.de
mailto:mareike.bacha-trams@aalto.fi
mailto:n.palomero-gallagher@fz-juelich.de
mailto:n.palomero-gallagher@fz-juelich.de
mailto:k.amunts@fz-juelich.de
mailto:friederici@cbs.mpg.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cortex.2014.07.007&domain=pdf
www.sciencedirect.com/science/journal/00109452
www.elsevier.com/locate/cortex
http://dx.doi.org/10.1016/j.cortex.2014.07.007
http://dx.doi.org/10.1016/j.cortex.2014.07.007
http://dx.doi.org/10.1016/j.cortex.2014.07.007
http://creativecommons.org/licenses/by-nc-nd/3.�0/
http://creativecommons.org/licenses/by-nc-nd/3.�0/

80 CORTEX 63 (2015) 79-89

gyrus. Within Broca's area the dorsal part of the left pars
opercularis (44d) processes hierarchically structured syntax
(e.g., center-embedded relative clauses), whereas the left
inferior frontal sulcus at the junction with the precentral
sulcus (IFS1/IF]) is involved in syntactic verbal working
memory (Makuuchi, Bahlmann, Anwander, & Friederici, 2009).
An involvement of 44d was also reported for the processing of
complex sentences in other studies (Friederici, Fiebach,
Schlesewsky, Bornkessel, & von Cramon, 2006; Grewe et al.,
2005). The pars triangularis within Broca's area, which was
subdivided into a more posterior part (45p) and a more ante-
rior part (45a) (Amunts et al., 2010), is involved in processing
semantic aspects both at the word (Fiez, 1997; Heim et al,,
2009; Thompson-Schill, D'Esposito, Aguirre, & Farah, 1997)
and sentence levels (Newman, Ikuta, & Burns, 2010) as well as
for sentence comprehension in general (Saur et al., 2008). The
posterior superior temporal gyrus and sulcus (pSTG/STS) play
a significant role in sentence processing (Friederici, Makuuchi,
& Bahlmann, 2009), and in the brain-based decoding of human
voice and speech (Formisano, De Martino, Bonte, & Goebel,
2008). These different regions of the inferior frontal and
temporal cortex are known to be structurally connected by
short-range connections (Makuuchi et al., 2009; Upadhyay
et al.,, 2008) and by long-range fiber bundles (Catani, Jones, &
ffytche, 2005; Friederici et al., 2006; Saur et al, 2008).
Thereby the different areas constitute a large-scale fronto-
temporal language network for sentence comprehension
(Friederici, 2009, 2011).

Neurotransmitters and their receptors are key molecules of
neuronal function. Within a given brain region, different re-
ceptor types are expressed at largely varying densities. Thus,
the balance between the densities of different receptors in a
single brain region, and not the mere presence or absence of a
single receptor type, results in a regional specific receptor
pattern, ie., a “receptor fingerprint’ (Zilles et al., 2002).
Consequently, receptor fingerprints represent the molecular
default organization of the regionally specific local informa-
tion processing in each cortical area. Differences between the
fingerprints of unimodal sensory, motor, and multimodal as-
sociation areas of the human cerebral cortex (Caspers,
Schleicher, et al, 2013; Eickhoff, Rottschy, Kujovic,
Palomero-Gallagher, & Zilles, 2008; Zilles, Palomero-
Gallagher, & Schleicher, 2004) underlined the regional di-
versity of multireceptor expression levels. E.g., cortical areas
belonging either to the dorsal or ventral visual streams have
similar fingerprints within each of the streams, but differ be-
tween streams (Eickhoff et al., 2008). Connectionally distinct
areas within inferior parietal lobule (IPL) also differ in their
receptor fingerprints (Caspers, Schleicher, et al., 2013). Since
the cortical areas of the dorsal or ventral streams, as well as
those of the inferior parietal cortex are immediate neighbors,
it could be argued, that the similarities in receptor fingerprints
resulted merely from the close spatial relation of areas within
each of the three regions, and not from their common affili-
ation to a given functional system. It is currently not known,
whether widely distributed areas of the same cognitive
network have similar fingerprints despite of their spatial dis-
tance. Therefore, we here investigated whether areas
belonging to the large-scale fronto-temporal language
network for sentence comprehension differ in their receptor

fingerprints or share a common multireceptor expression,
despite the fact that the areas are widely distributed between
the temporal and frontal lobes. In each of these areas, multi-
ple excitatory, inhibitory and modulatory transmitter re-
ceptors subserve the local computational processes. Here we
hypothesized, that areas constituting the fronto-temporal
language network may not only be characterized by similar
receptor fingerprints, but also that their fingerprints differ
from those of areas subserving non-language functions, i.e.,
different unimodal sensory, motor or multimodal functions.

2. Material and methods

Brain regions were examined in the left and right hemispheres
of brains obtained from individuals (two males and two fe-
males; 77 + 2 years of age) with no clinical records of neuro-
logical or psychiatric disorders, who participated in the body
donor program of the Department of Anatomy, University of
Diisseldorf. Causes of death were pulmonary edema, multi-
organ failure, bronchial cancer, or sudden cardiac death.

Brains were removed from the skull within 24 h after
death. Each hemisphere was dissected into five or six slabs in
the coronal plane (25—30 mm thickness), frozen in isopentane
at —40 °C and stored at —70 °C. Using a large-scale cryostat
microtome, each slab comprising a coronal section through
the complete human hemisphere was cut into continuous
series of coronal sections (20 pm thickness), which were thaw-
mounted onto glass slides.

2.1. Brain regions

Cortical areas studied here could be divided into two major
groups, i.e., areas involved in language, particularly in sen-
tence comprehension, and “non-language” related areas,
which do not belong to this fronto-temporal language
network.

2.1.1. Language-related areas

Three regions (44d, IFS1/IF], and pSTG/STS, Fig. 1A) were
functionally (IFS1/IFJ, pSTG/STS; Friederici et al., 2006, 2009;
Grewe et al., 2005; Makuuchi et al., 2009) and additionally re-
ceptor architectonically (44d; Amunts et al., 2010) defined.
These three regions were found to be activated during pro-
cessing of syntactically complex, embedded sentences
(Friederici et al., 2009; Makuuchi et al., 2009). An involvement
of 44d was also reported for the processing of non-canonical
object first sentences (Friederici et al., 2006; Grewe et al.,
2005). These regions were localized in the postmortem
brains using their characteristic anatomical landmarks (i.e.,
sulci and gyri). Five further language-related regions (44v, 45a,
45p, 47 and Te2, Fig. 1A) were defined based on cyto- and re-
ceptor architectonical criteria. Area 44v is the ventral part of
the left pars opercularis of Broca's region, and can be archi-
tectonically segregated from its dorsal counterpart 44d and
from the rostrally adjoining area 45 (Amunts et al., 2010, 1999).
Areas 45a and 45p (Amunts et al., 2010) were included as the
complete region has been reported to be activated during
processing of semantic aspects at both the word (Fiez, 1997;
Heim et al, 2009; Thompson-Schill et al.,, 1997) and the
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sentence level (Newman et al., 2010). Area 47 can be localized
cytoarchitectonically (Brodmann, 1909) and by its position
ventral to 45a and 45p, from which it is separated by the
horizontal branch of the lateral fissure (Fig. 1A). Functional

Fig. 1 — Localization of examined cortical regions.
Localization of examined cortical regions projected on the
lateral (A) and medial (B) surfaces of the single subject MNI
template brain (Evans et al., 2012): 3b (primary
somatosensory cortex, part of BA 3); 4 (primary motor
cortex); 7 (BA 7); 9 (BA 9); 32 (BA 32); 44d (dorsal BA 44); 44v
(ventral BA 44); 45a (anterior BA 45); 45p (posterior BA 45);
46 (BA 46); 47 (BA 47); FG1 and FG2 (cytoarchitectonically
defined extrastriate visual areas on the fusiform gyrus);
IFS1/IFJ (areas in the inferior frontal sulcus and at the
junction between the inferior frontal and precentral sulci);
PF, PFm, PFcm, PFop and PFt (areas located within BA40);
PGa and PGp (areas located within BA 39); pSTG/STS (areas
of the posterior superior temporal gyrus and sulcus); Tel
(primary auditory cortex, BA 41); Te2 (auditory belt area, BA
42); V1 (primary visual cortex, BA 17). BA: Brodmann areas
(Brodmann, 1909). Red indicates language-related brain
regions with similar fingerprints (see Fig. 4). Dark blue,
dark green, yellow and black encode the primary
somatosensory, auditory and visual cortices, and the hand
representation region of the motor cortex, respectively.
Light blue encodes IPL areas, whereas light green
represents prefrontal, superior parietal, cingulate, and
extrastriate fusiform areas.

studies have demonstrated its involvement in language
comprehension (Dronkers, Wilkins, Van Valin, Redfern, &
Jaeger, 2004; Turken & Dronkers, 2011). The temporal area
Te2 was defined cyto- and receptor architectonically
(Morosan, Schleicher, Amunts, & Zilles, 2005), and its function
in speech stimuli and language processing was reported
(Amunts et al., 2010; Kubanek, Brunner, Gunduz, Poeppel, &
Schalk, 2013; Morosan et al., 2005).

2.1.2.  Non-language related areas

Eighteen cyto- and/or receptor architectonically localizable
cortical areas, which are not associated with sentence
comprehension, were included in order to compare the mul-
tireceptor expression of language-related versus that of non-
language related areas (Fig. 1A and B): primary auditory cor-
tex Tel (Morosan et al., 2005), hand (4d) and mouth (4v) rep-
resentation regions within the primary motor area 4 (Geyer
et al., 1996), primary visual area V1 (Amunts, Malikovic,
Mohlberg, Schormann, & Zilles, 2000; Eickhoff, Rottschy, &
Zilles, 2007), extrastriate higher visual areas FG1 and FG2 on
the fusiform gyrus (Caspers, Zilles, Amunts, et al., 2013,
Caspers, Zilles, Eickhoff, et al., 2013), primary somatosensory
area 3b (Geyer, Schleicher, & Zilles, 1997), prefrontal areas 9
and 46 (Brodmann, 1909), area 7 of the superior parietal lobule
(Scheperjans, Palomero-Gallagher, Grefkes, Schleicher, &
Zilles, 2005), areas PF, PFcm, PFm, PFop, PFt, PGa, and PGp of
the IPL(Caspers, Schleicher, et al., 2013), and cingulate area 32
(Palomero-Gallagher et al., 2009). These areas are mainly
involved in motor control, visual and somatosensory percep-
tion, higher visual functions, and various cognitive or
emotion-related functions (Caspers, Zilles, Amunts, et al.,
2013, Caspers, Zilles, Eickhoff, et al., 2013, Caspers, Zilles,
Laird, & Eickhoff, 2010; Corbetta, Patel, & Shulman, 2008;
Eickhoff et al., 2007; George et al., 1995; Jakobs et al., 2009;
Keysers & Gazzola, 2009; Kross, Davidson, Weber, &
Ochsner, 2009; Smith et al., 2011).

2.2. Experimental procedure

The regional distribution of 15 different neurotransmitter re-
ceptor binding sites (AMPA, kainate, NMDA, GABA,, GABAg,
benzodiazepine binding sites of the GABA, receptor (BZ), M;,
M,, M3, nicotinic a/By, a1, da, 5-HT14, 5-HT,, D) for glutamate,
y-amino butyric acid (GABA), acetylcholine, noradrenaline,
serotonin and dopamine were visualized, and their concen-
trations [fmol/mg protein] were measured in 26 brain regions
of four left and four right human hemispheres by means of
quantitative in vitro receptor autoradiography (Zilles,
Schleicher, Palomero-Gallagher, Amunts, 2002). These recep-
tor types were selected because they occur at relatively high
concentrations in all regions of the cerebral cortex, and have
been proven to contribute considerably to the segregation of
cortical areas based on regional and laminar expression pat-
terns (Caspers, Schleicher, et al., 2013; Eickhoff et al., 2008;
Palomero-Gallagher et al., 2009; Zilles, Palomero-Gallagher,
et al., 2002, Zilles et al., 2004).

Autoradiographic labeling of the sections with tritium [*H]-
labeled ligands was performed according to standardized
protocols (Zilles, Schleicher, et al., 2002; Supplementary Table
1). The experimental procedure included three successional


http://dx.doi.org/10.1016/j.cortex.2014.07.007
http://dx.doi.org/10.1016/j.cortex.2014.07.007

82 CORTEX 63 (2015) 79—89

steps: 1) Pre-incubation to rehydrate the tissue and remove
endogenous ligands and other substances which potentially
bind to the receptors. 2) Main incubation to label the receptors
with only the respective tritiated ligands in nM, or with the
tritiated ligands in presence of the respective non-labeled
competitors in pM. By comparing these two experimental
conditions, the specific binding could be calculated: The in-
cubation with only the tritiated ligand denoted the total
binding, whereas the incubation with the additional non-
labeled competitor showed the non-specific binding. The
specific binding was calculated as the difference between total
binding and non-specific binding. It was less than 5% in all
cases. 3) Final rinsing to stop binding and remove superfluous
radioactive ligands.

Radioactively labeled sections were co-exposed with [*H]-
plastic scales of known radioactivity against [*H]-sensitive
films for 4—18 weeks. The developed films were digitized using
a CCD-camera.

2.3. Densitometric analysis

Gray values of the digitized images were transformed into
radioactivity concentrations by a non-linear transformation
computed from the gray values of the co-exposed plastic
standards of known radioactivity concentrations. These line-
arized autoradiographs were contrast enhanced, and color
coded in a spectral color sequence for a better visualization of
regional differences.

Regions of interest were selected and defined using cyto-
and receptor architectonical as well as landmark-based
identification as described in the literature (Amunts et al.,
2010, 1999; Brodmann, 1909; Caspers, Schleicher, et al., 2013;
Caspers, Zilles, Eickhoff, et al., 2013, Eickhoff et al., 2007;
Friederici et al.,, 2009; Geyer et al.,, 1997; Makuuchi et al,,
2009; Morosan et al., 2005; Palomero-Gallagher et al., 2009;
Scheperjans et al., 2005; Zilles & Amunts, 2010). Receptor
densities were extracted from the regions of interest based on
a previously described densitometric analysis (Zilles,
Schleicher, et al., 2002). For each of the examined receptor
types, profiles oriented vertically to the cortical surface and
covering the full cortical width were extracted from the line-
arized autoradiographs (Zilles, Schleicher, et al., 2002). The
area below the profile quantifies the mean areal density in
fmol/mg protein. Densities were averaged over three sections
and four hemispheres, and provided the mean value for each
receptor in each area. These values were registered for each
area separately in a polar plot. The resulting graph is the re-
ceptor fingerprint of each area. It allows the visualization of
the densities of multiple receptors within and between
different cortical regions. For subsequent statistical analyses,
the mean densities of each region were normalized to the
grand mean over all examined regions for each receptor
separately.

2.4. Statistical analysis

The degree of (dis)similarity between receptor fingerprints
was determined by means of multivariate statistical analyses
in which the receptor fingerprints of each area were treated as
feature vectors describing their multi-receptor balance

(Palomero-Gallagher et al., 2009). A hierarchical cluster anal-
ysis (Euclidean distances and Ward linkage) describes group-
ings of regions according to the degree of similarity of their
receptor architecture. Thus, the smaller the Euclidean dis-
tance between two ROIs, the greater the similarity in shape
and size of their fingerprints. Regions within a cluster have a
similar balance between receptors, which is different from
that of regions in other clusters. Additionally, a multidimen-
sional scaling analysis was performed to reduce the 15-
dimensional space (15 different receptor types) into two di-
mensions for graphical representation of the Euclidean dis-
tances between cortical regions.

A discriminant analysis was carried out to determine
which receptor types contributed most and which least, to the
grouping of areas revealed by the hierarchical cluster analysis.

3. Results and discussion

Quantitative analysis of the densities of the different excit-
atory, inhibitory and modulatory receptors revealed a varia-
tion by two orders of magnitude in the examined brain
regions. The laminar distribution of the various receptor types
in the left hemisphere is exemplarily shown in color coded
images of eight of the 26 examined cortical regions (Fig. 2).
Most receptors are present in highest densities in the supra-
granular layers, with the notable exception of the gluta-
matergic kainate receptors, which reach the highest densities
in the infragranular layers. Within a given receptor type,
laminar distribution patterns varied to different degrees be-
tween cortical areas. For example, layer IV of the primary vi-
sual cortex (V1) differs from that of the language-related areas
by its extremely low kainate, GABAg, and a; receptor densities
in its sublayers IVb and IVc, but high «, receptor densities in
its sublayer IVa. Furthermore, higher NMDA, GABA, receptor
densities are found in sublayer IVc of V1 than in contrast to
layer IV of the language areas. Area V1is also characterized by
an extremely high M, receptor density throughout all cortical
layers and a very high Mj receptor density in supragranular
layers when compared with the language-related areas 44d,
45, IFS1/IFJ, and pSTG/STS (Fig. 2).

The variety of multireceptor expression in the different
cortical areas can be visualized by receptor fingerprints (Zilles,
Palomero-Gallagher, et al., 2002; Zilles, Schleicher, et al., 2002).
The fingerprints of the left hemisphere (Fig. 3) show similar-
ities and dissimilarities between the 26 regions. Although the
emphasis of the present study is on the left hemisphere,
because the functional imaging data of the language
comprehension studies revealed left-lateralized activations in
areas 44d, IFS1/IF] and pSTG/STS (Friederici et al., 2006, 2009;
Grewe et al., 2005; Makuuchi et al., 2009), we also acquired
data from the right hemisphere (Fig. S1).

The similarities or differences of the multireceptor finger-
prints between all 26 areas were analyzed using hierarchical
cluster and multidimensional scaling analyses separately for
data obtained from the left and right hemispheres (Fig. 4 and
Fig. S2). The cluster analysis of receptor densities measured in
the left hemisphere demonstrates that areas 44v, 44d, 47, 45a,
45p, IFS1/IFG, pSTG/STS, 47 and Te2 cluster together and have
similar receptor fingerprints, which differ from those of the
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IFS1 pSTG
[IFJ ~/STS

Fig. 2 — Laminar distribution of receptors in selected cortical areas. Color coded receptor autoradiographs visualizing the

laminar distribution of glutamate (AMPA, kainate, NMDA), GABA (GABA,, GABAg, GABA, associated benzodiazepine (BZ)

binding sites), acetylcholine (M;, M,, M3, nicotinic a4/B,), norepinephrine (o4, «,), serotonin (5-HT,4, 5-HT,) and dopamine
(D,) receptors in 8 of the 26 examined brain areas. Color coding indicates receptor densities in fmol/mg protein.
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Fig. 3 — Receptor fingerprints of the examined brain regions in the left hemisphere. Absolute densities (in fmol/mg protein)
of 15 receptors shown as fingerprints of the 26 examined brain regions. The positions of the different receptor types and the
axis scaling are identical in all polar plots, and specified in the polar plot at the top left corner of the figure. The colored area
represents the mean absolute receptor densities; SEM is given by the dashed lines. Color coding as in Figs. 1, 4A and B.
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Fig. 4 — Hierarchical cluster tree and multidimensional
scaling of receptor fingerprints in 26 cortical brain regions.
(A) Hierarchical cluster tree of receptor distribution
patterns in the left hemisphere. (B) Multidimensional
scaling resulting in a 2D display of the 15-dimensional
receptor feature vectors of the receptor fingerprints of 26
cortical regions measured in the left hemisphere.

three primary sensory areas (V1, 3b, and Tel), particularly
concerning the 5-HT;4, M, and kainate receptors, as revealed
by the discriminant analysis. Interestingly, a separate analysis
of the mouth (4v) and hand (4d) representation regions within
the primary motor cortex revealed a closer relationship of
area 4v than of area 4d to the language-related areas (Fig. 4A).
The language-related regions (all regions coded in red in Fig. 1)
in addition to the three regions that were functionally defined

to support the processing of syntactically complex sentences
(44d, IFS1/IF], pSTG/STS in Fig. 1) certainly contribute to lan-
guage processing. The three syntax-related regions were
defined by subtracting activation for syntactically simple
sentences from syntactically complex sentences (Friederici
et al., 2009; Makuuchi et al., 2009), thereby subtracting away
all those regions possibly activated for both simple and com-
plex sentences. Area 45 (subdivided in the present analysis
into receptor architectonical areas 45a and 45p; (Amunts et al.,
2010) in the IFG has been shown to support semantic pro-
cesses during sentence comprehension (Newman et al., 2010).
Area 47 in the IFG has also been shown to be activated in
language comprehension (Dronkers et al., 2004; Turken &
Dronkers, 2011), and the clustering of the temporal area Te2
with pSTG/STS and the other language-related areas also
correlates with its involvement in speech and language pro-
cessing (Kubanek et al., 2013).

In the left hemisphere, the multimodal association areas of
the IPL (PF, PFcm, PFm, PFop, PFt, PGa and PGp), superior pa-
rietal lobule (area 7), cingulate region (area 32), prefrontal
cortex (areas 46 and 9), and ventral extrastriate cortex (areas
FG1 and FG2) are clearly segregated from the primary sensory
areas (V1, 3b and Te1l), the hand representation region of the
primary motor cortex (4d), and the language-related regions
(labeled in red in Fig. 4). The discriminant analysis showed,
that differences in M;, a4, and 5-HT;s receptor densities
contributed most, and in nicotinic a4/, and kainate receptors
contributed least to the separation of areas 7, 9, 46, 32, FG1 and
FG2 from the cluster containing the language-related areas.
Segregation of the IPL areas was driven mainly by differences
in the densities of GABA,4, a, and a; receptors. In the right
hemisphere (Fig. S2), only the areas of the Broca region (44d,
44v, 45a, 45p and IFS1/IF)) cluster together and are separated
from the mouth motor representation area 4v, the prefrontal
area 47 and the temporal areas pSTG/STS and Te2. This
segregation was due mainly to differences in M,, 5-HT, and
NMDA receptor densities, and may reflect a difference be-
tween the language dominant left hemisphere and the right
hemisphere.

Areas7,9,46,32,FG1 and FG2 build a separate cluster in the
left hemisphere (Fig. 4) and have been demonstrated to be
involved in a variety of cognitive functions. Although area 46
was described as being part of a language processing network
(Turken & Dronkers, 2011), while area 9 was demonstrated to
be involved in idiom comprehension (Romero, Walsh, &
Papagno, 2006) and in fronto-temporal interactions for stra-
tegic inference processes during language comprehension
(Chow, Kaup, Raabe, & Greenlee, 2008), both are also involved,
as is area 7, in the neural network associated with working
memory, planning, and reasoning-based decision making
(D'Esposito, Postle, & Rypma, 2000; Levy & Goldman-Rakic,
2000; Marshuetz, Smith, Jonides, DeGutis, & Chenevert,
2000). Interestingly, deactivations of left areas 9 and 46 were
found to correlate with activations of left area 32 during a task
involving the processing of self-reflections during decision
making (Deppe, Schwindt, Kugel, Plassmann, & Kenning,
2005). Although areas 46 and 9 are involved in language and
memory processes, the fact that their receptor fingerprints
build a cluster with those of other areas involved in memory
functions (areas 7 and 32; Garn, Allen, & Larsen, 2009;
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Hernandez, Martinez, & Kohnert, 2000; Kan & Thompson-
Schill, 2004; Whitney et al., 2009) may highlight the prefer-
ential involvement of the prefrontal areas 46 and 9 in
memory-related processes. The extrastriate visual areas FG1
and FG2 are associated with cognitive functions such as word
form (left hemisphere) and face (right hemisphere) recogni-
tion, visual attention, and visual language perception
(Caspers, Zilles, Amunts, et al., 2013; Dehaene & Cohen, 2011).

Although some of the IPL areas of the left hemisphere may
belong to the functionally defined wider Wernicke region,
they differ from 44v, 44d, 45a, 45p, IFS1/IF], and pSTG/STS in
that they are not necessarily activated during sentence
comprehension, but during semantic expectancy, preferen-
tially in degraded speech (Obleser & Kotz, 2010; Obleser,
Zimmermann, Van, & Rauschecker, 2007) and in semantic
and phonological processing (Gernsbacher & Kaschak, 2003;
Geschwind, 1970; Price, 2000). Furthermore, Obleser and Kotz
(Obleser & Kotz, 2010) described these regions as “postsensory
interface structure that taps long-term semantic knowledge/
memory”, and thus did not consider them to be directly
involved in sentence comprehension. Area PFcm is compa-
rable by its location and extent to area Spt, which supports
auditory-motor integration for speech (Hickok et al., 2003).
Although areas PFcm and pSTG/STS are assigned to different
branches in the cluster tree (Fig. 4A), the multidimensional
scaling analysis reveals that, out of the inferior parietal areas,
the fingerprint of PFcm is the nearest neighbor of the pSTG/
STS (Fig. 4B). This relationship could be caused by the fact that
area Spt is known to be connected with the language area
pSTG (Hickok and Poeppel 2007). The difference between the
results of the hierarchical cluster tree and the multidimen-
sional scaling analyses reflects different perspectives on the
similarity criteria used for the analyses of multireceptor fin-
gerprints. Whereas the hierarchical cluster analysis is based
on a recursive algorithm which minimizes the total within
cluster variance, the multidimensional scaling presents the
best 2-dimensional representation of the distances between
the fingerprints of the examined areas in a 15-dimensional (15
different receptors representing a fingerprint) space without
applying any linkage between areas during the calculation
process.

Concluding, the tight clustering of the receptor fingerprints
of all language-related areas in the left hemisphere is
impressive despite their cytoarchitectonical diversity and the
fact that they are topographically widely distributed
throughout the brain from the IFG to the posterior part of the
superior temporal gyrus. The multireceptor fingerprint anal-
ysis provides the first evidence for a common molecular basis
of interaction in the functionally defined sentence compre-
hension network. Cortical areas distinct by their multi-
receptor expression and defined by their function in encoding
and decoding of words, and syntactically complex, verbal
working memory demanding sentences interact in this
network. Note, that on the basis of these data we are not
claiming any language specificity of molecular fingerprints.
We rather suggest that brain regions which work togetherin a
functional network are characterized by a similarity in their
fingerprints, which differ from those of other networks.
Interestingly, we found a higher similarity of the receptor
fingerprints in the frontal and temporal language regions

extracted from the left, language dominant hemisphere, as
compared to the right hemisphere.
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