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Abstract: The structural and functional organization of the human cingulate cortex is an ongoing focus;
however, human imaging studies continue to use the century-old Brodmann concept of a two region
cingulate cortex. Recently, a four-region neurobiological model was proposed based on structural, cir-
cuitry, and functional imaging observations. It encompasses the anterior cingulate, midcingulate, poste-
rior cingulate, and retrosplenial cortices (ACC, MCC, PCC, and RSC, respectively). For the first time,
this study performs multireceptor autoradiography of 15 neurotransmitter receptor ligands and multi-
variate statistics on human whole brain postmortem samples covering the entire cingulate cortex. We
evaluated the validity of Brodmann’s duality concept and of the four-region model using a hierarchical
clustering analysis of receptor binding according to the degree of similarity of each area’s receptor
architecture. We could not find support for Brodmann’s dual cingulate concept, because the anterior
part of his area 24 has significantly higher AMPA, kainate, GABAg, benzodiazepine, and M3 but lower
NMDA and GABA, binding site densities than the posterior part. The hierarchical clustering analysis
distinguished ACC, MCC, PCC, and RSC as independent regions. The ACC has highest AMPA, kai-
nate, an, 5-HT; o, and D; but lowest GABA 5 densities. The MCC has lowest AMPA, kainate, oy, and D,
densities. Area 25 in ACC is similar in receptor-architecture to MCC, particularly the NMDA, GABA,,
GABAg, and M, receptors. The PCC and RSC differ in the higher M; and oy but lower M3 densities of
PCC. Thus, multireceptor autoradiography supports the four-region neurobiological model of the cin-
gulate cortex. Hum Brain Mapp 30:2336—2355, 2009.  ©2008 Wiley-Liss, Inc.
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INTRODUCTION

The human cingulate cortex has been the subject of
research for over a century. And yet, its structural and
functional organization remains subject to debate. The cin-
gulate gyrus forms a continuous structure along the mesial
surface of the brain and was originally described as
“le grand lobe limbique,” a region thought to be involved
in emotion [Broca, 1878; MacLean, 1990; Papez, 1937].
Brodmann [1909] was the first to propose the concept of a
rostrocaudal cingulate dichotomy of the cingulate gyrus.
Based on cytoarchitectonical observations, he defined a pre-
cingulate subregion, which spans the rostral portion of the
cingulate gyrus, and a postcingulate subregion. The precingu-
late subregion contains areas 24, 25, 32, and 33 and is
mainly agranular in nature (although area 32 has a thin,
dysgranular layer IV), whereas the postcingulate subregion
encompasses areas 23 and 31 and exhibits a prominent
layer IV.

In recent decades, Brodmann's [1909] precingulate subre-
gion was shown to be structurally and functionally inho-
mogeneous [Braak, 1976; Phan et al., 2002; Vogt and
Pandya, 1987; Vogt et al., 2005; Whalen et al., 1998], and
was, therefore, subdivided into two qualitatively distinct
regions [Vogt and Vogt, 2003]: the anterior cingulate cortex
(ACC, the rostral portion of Brodmann’s precingulate subre-
gion) and the midcingulate cortex (MCC, the caudal por-
tion of Brodmann’s precingulate subregion). Structurally,
MCC is characterized by large, neurofilament-expressing
neurons in layer Illc and the presence of large layer Vb py-
ramidal neurons that are not found in other parts of the
cingulate cortex [Braak, 1976, Vogt and Vogt, 2003; Vogt
et al.,, 2003, 2005]. In monkeys ACC is reciprocally con-
nected with the amygdala, whereas MCC receives major
projections from the parietal lobe but only has a modest
amygdalar input, which is restricted to its most rostral
part [Vogt and Pandya, 1987]. ACC receives projections
from areas 9 and 10, whereas MCC receives area 11 effer-
ents [Petrides and Pandya, 2007]. Additionally, MCC con-
tains the cingulate motor areas, which project directly to
the spinal cord [Dum and Strick, 1993]. Functionally, the
ACC primarily subserves emotion and is involved in
visceromotor and endocrine control, whereas MCC is
involved in skeletomotor control including pain processing
[Vogt, 2005]. Thus, MCC is not just a caudal subdivision of
ACC, but shows fundamental differences that enable its
definition as a qualitatively unique region.

The ACC can be further subdivided into a subgenual
(sACC, below the genu of the corpus callosum) and a pre-
genual (pACC, rostral and dorsal to the genu) subregion
[Gittins and Harrison, 2004; Palomero-Gallagher et al.,
2008]. The sACC encompasses not only area 25, but also
the most ventral portions of areas 24, 32, and 33. Subge-
nual components of areas 24 and 32 have a thinner cortex
and a lower glia to neuron ratio than their pregenual coun-
terparts [Gittins and Harrison, 2004]. Subgenual area 24
has a thinner layer III than its pregenual counterpart, and

layer II in subgenual 32 is of particular note because it has
a neuron dense layer Ila and sparse layer IIb [Palomero-
Gallagher et al., 2008]. Electrical stimulation studies have
shown that sACC is involved in the inhibition of auto-
nomic responses via activation of area 25 [Burns and
Wyss, 1985], whereas stimulation of area 32 results in
increased blood pressure [Fernandes et al., 2003]. Behav-
ioral provocation of intense sadness is associated with
acute focal increases in SACC blood flow [Mayberg et al.,
1999]. Thus, the involvement of sACC in affective and au-
tonomic responses would occur via the projections of areas
25 and 32 to autonomic motor nuclei in the brainstem such
as the periaqueductal gray [An et al., 1998; Chiba et al.,
2001; Freedman et al, 2000; Neafsey et al., 1993]. The
pACC is involved in conditioned emotional learning,
vocalizations associated with expressing internal states,
assessments of motivational content, and assigning emo-
tional valence to internal and external stimuli [Phan et al.,
2002; Pool and Ransohoff, 1949; Talairach et al.,, 1973;
Vogt, 2005; Vogt et al., 2003].

The MCC has been further subdivided into an anterior
(aMCC) and a posterior (pMCC) subregion [Vogt et al,
2003]. It mediates motor/cognitive processes via premotor
planning with motivational characteristics [Bush et al.,
2002], functions which are implemented through the cin-
gulospinal projections that arise from the cingulate motor
areas [Strick et al., 1998]. From the cytological point of
view, layer III is less differentiated and contains less neu-
rofilament protein-expressing neurons in aMCC, whereas
layer Va is much more cell dense in pMCC [Vogt and
Vogt, 2003; Vogt et al., 2003, 2005]. The amygdala projects
modestly to aMCC, but not to pMCC [Vogt and Pandya,
1987]. The aMCC contains part of the rostral cingulate
motor area, is active during fear, and plays a larger role in
the reward coding of behavior, whereas pMCC contains
part of the caudal cingulate motor area and does not
appear to be activated by simple emotions, but is more
easily driven by passive movements [Meyer et al., 1973;
Shima and Tanji, 1998; Shima et al., 1991].

Two regions have been defined within the cingulate cor-
tex located caudal to MCC: the posterior cingulate (PCC)
and the retrosplenial (RSC) cortices. The PCC corresponds
to Brodmann’s [1909] postcingulate subregion, encompasses
areas 23 and 31, and is involved in spatial orientation
[Olson et al., 1996; Sugiura et al., 2005]. It has been further
subdivided into the dorsal (dPCC, areas 23d and d23) and
ventral (vVPCC, area v23) subregions based on structural,
connectivity, and functional considerations. Layers II, III,
and V of vPCC are denser and contain larger pyramids
than those of dPCC [Vogt et al., 2005, 2006]. Additionally,
layer III of vPCC is considerably thicker and contains a
substantially higher density of neurofilament protein im-
munoreactive neurons than that of dPCC [Vogt et al,
2005]. Hodological studies in monkeys have shown that
dPCC receives afferents from the dorsal bank of the princi-
pal sulcus, whereas cortex in the rostral tip of both banks
projects to vPCC [Vogt and Barbas, 1988]. Additionally,
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vPCC has reciprocal connections with subgenual ACC
[Vogt and Pandya, 1987] and receives efferents from
medial area 9 [Petrides and Pandya, 2007]. dPCC, but not
vPCC, receives inputs from the central laterocellular, medi-
odorsal, as well as ventral anterior and ventral lateral tha-
lamic nuclei [Shibata and Yukie, 2003]. Functionally, dPCC
has been implicated in visuospatial processing and body
orientation in space and plays a role in polymodal stimu-
lus-response mapping, whereas vPCC is involved in the
assessment of the self-relevance of sensory events and
their contexts [Ferstl and von Cramon, 2007; O’Hare et al.,
2008; Sugiura et al., 2005; Vogt et al., 2006].

The RSC, which comprises proisocortical areas 29 and
30, underlies memory and visuospatial functions [Burgess,
2008; Iaria et al., 2007; Keene and Bucci, 2008; Parker and
Gaffan, 1997; Vogt and Laureys, 2005; Vogt et al., 1987,
2001]. Although Brodmann [1909] described RSC as being
restricted to the most caudal portion of the cingulate gyrus
directly behind the splenium, more recent studies
[Kobayashi and Amaral, 2000; Vogt et al., 2001, 2004] have
shown that it extends further dorsally and rostrally along
the callosal sulcus. Thus, the first undifferentiated parts of
areas 29 and 30 can be seen at the level of PCC area 23d.
Area 29 is characterized by a dense granular layer, can be
subdivided into lateral and medial parts and is buried
within the callosal sulcus, whereas area 30 encroaches onto
the surface of the cingulate gyrus and is dysgranular [Vogt
et al.,, 2001].

The combined results of these findings led to the pro-
posal of a four-region neurobiological model [Vogt et al.,
2003, 2006] that integrates structural, circuitry, and func-
tional organization and comprises the ACC, MCC, PCC,
and RSC regions. The primary difference with the Brod-
mann [1909] view is that MCC is not just seen as a caudal
subdivision of ACC, but shows fundamental differences
which enable its classification as a qualitatively unique
region. Likewise, the four-region neurobiological model
disputes the terms “rostral” and “caudal” ACC, which are
commonly employed in functional imaging studies to des-
ignate the location of activation sites within Brodmann'’s
precingulate subregion [e.g., Botvinick et al., 2004; Davis
et al.,, 2005; Grabenhorst et al., 2007; Holroyd and Coles,
2008; Margulies et al., 2007], because they imply that these
are fundamentally the same region and fail to integrate a
much wider set of observations.

Receptors for classical neurotransmitters are heterogene-
ously distributed throughout the cerebral cortex [Zilles
et al., 2002a] and provide a new approach to analyzing
cingulate organization. Interareal borders revealed by the
neurochemical structure of the cerebral cortex coincide
with cytoarchitectonical parcellations and reflect the func-
tional organization of the brain [Zilles et al., 2004]. Because
receptors have pre- and postsynaptic links in specific cir-
cuits, they tend to reflect variations in circuitry and func-
tion and could provide independent verification of earlier
cytological and connectional observations in the cingulate
cortex. Examples of how receptor groupings have been

used to study the primate cerebral cortex are available in
visual [Eickhoff et al., 2007, in press; Rakic et al., 1988;
Zilles and Clarke, 1997], motor [Geyer et al., 1996, 1998;
Lidow et al., 1989], somatosensory [Lidow et al., 1989], au-
ditory [Morosan et al.,, 2004], prefrontal [Goldman-Rakic
et al., 1990], cingulate [Bozkurt et al., 2005], and parietal
[Scheperjans et al., 2005a,b] cortices.

Recent studies have generally employed 15 receptors for
classical neurotransmitters for which tritiated, high-affinity
ligands are available. The complex codistribution patterns
of various receptors in architectonically defined brain
regions stimulated the introduction of a new analytical
procedure, the receptor fingerprint [Zilles and Palomero-
Gallagher, 2001], which is a polar coordinate plot showing
the mean regional densities of several different receptors
over all cortical layers in a single, architectonically defined
brain region. In this framework, therefore, the multivariate
analysis of 15 receptors provides a marker for the unique
organization of different cortical areas, and a hierarchical
cluster analysis has been used to integrate information
from the multiple transmitter receptor systems and reveal
segregation of cortical areas in the human superior parietal
cortex based on their relations to regions involved in
visual and somatosensory processing [Scheperjans et al.,
2005b].

In this study, we first explore the extent to which the an-
terior and posterior parts of Brodmann’s area 24 differ in
their chemical organization. The null hypothesis states that
no differences should exist if this is a uniform region as of-
ten assumed. Because the null hypothesis was rejected, we
next evaluated the four-region neurobiological model with
a multivariate assessment of patterns of neurotransmitter
receptor binding. Finally, all cingulate areas and regions
are considered individually as defined in the four-region
model. For the first time, this study reports the mean re-
gional densities of single and multiple groups of receptors
in characterizing cingulate areas, subregions, and regions.
Explicit proof is generated confirming that MCC is qualita-
tively different from ACC.

MATERIALS AND METHODS

We examined four brains obtained with a postmortem
delay of 8-13 h from patients with no record of neurologi-
cal or psychiatric diseases (age between 67 and 77 years;
3 males, 1 female). Brains were cut into slabs (2- to 3-cm
thick) at autopsy, frozen in isopentane at —40°C, and
stored in airtight bags at —80°C. All subjects had given
written consent before death and/or had been included in
the body donor program of the Department of Anatomy,
University of Diisseldorf, Germany.

Serial coronal sections were cut 20-um thick using a
large-scale cryostat microtome and adjacent glass-mounted
sections were processed for quantitative in vitro receptor
autoradiography and for a cell-body histological staining
[Merker, 1983]. We examined the laminar and regional dis-
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tribution patterns of 15 receptors for the classical neuro-
transmitters glutamate (AMPA, kainate, and NMDA recep-
tors), GABA (GABA, and GABAg receptors, GABA , asso-
ciated benzodiazepine [BZ] binding sites), acetylcholine
(muscarinic My, My, and M3 as well as nicotinic receptors),
noradrenaline (a; and «, receptors), serotonin (5-HT;4 and
5-HT, receptors), and dopamine (D, receptors).

Labeling of receptor binding sites was carried out
according to standard procedures for receptor autoradiog-
raphy summarized in Table I [Zilles et al., 2002a,b], which
involve three steps: a preincubation, a main incubation,
and a final rinsing. The aim of the preincubation is the
rehydration of sections and removal of endogenous sub-
stances which bind to the examined receptor and thus
block the binding site for the tritiated ligand. In the main
incubation, adjacent sections are incubated in a buffer so-
lution containing either a tritiated ligand, or the tritiated
ligand plus a nonlabeled specific displacer. Incubation of
brain sections with a labeled ligand alone demonstrates
the total binding of this ligand, and incubation with the
tritiated ligand in the presence of a specific displacer is
necessary to determine what proportion of the total bind-
ing sites is occupied by nonspecific, and thus nondisplace-
able binding. Specific binding is the difference between
total and nonspecific binding. Nonspecific binding in this
study was less than 5% of total binding; thus, total binding
closely reflects specific binding. Radioactively labeled
sections were then coexposed with plastic standards of
known radioactivity concentrations (Microscales™, Amer-
sham) against tritium-sensitive films (Hyperfilm, Amer-
sham, Braunschweig, Germany) for 4-18 weeks.

The resulting autoradiographs were processed by densi-
tometry [Zilles et al., 2002b]. In short, autoradiographs
were digitized by means of a KS-400 image analyzing sys-
tem (Kontron, Germany) and a digital camera (ProgRes
C14, Zeiss Jena, Germany) with a resolution of 2600 X
2060 pixels and 8-bit gray resolution, as exemplarily
shown in Figure 1A. Because these images only code gray
values, and not concentrations of radioactivity, a scaling
was carried out, in which the gray values were trans-
formed into fmol binding sites/mg protein. This scaling
was performed in two stages [Zilles et al., 2002b]: (i) The
gray value images of the coexposed Microscales™ were
used to compute a calibration curve, which defined the
nonlinear relationship between gray values in the autora-
diographs and concentrations of radioactivity. (ii) This con-
centration of radioactivity (R) was subsequently converted
to a binding site density (Cp,) using the following equation:

_ R Kp+L
" E-B-Wp,-S, L

Gy

where E is the efficiency of the scintillation counter used
to determine the amount of radioactivity in the incubation
buffer, B is the number of decays per unit of time and
radioactivity, W, is the protein weight of a standard, S, is
the specific activity of the ligand, Kp is the dissociation

constant of the ligand, and L is the free concentration of
the ligand during incubation. The result of this correction
was a linearized image (Fig. 1B) in which each pixel codes
for a receptor density in fmol/mg protein.

Cortical borders were identified by means of an observer
interactive approach based on the quantification of the
neocortical laminar pattern by defining intensity line pro-
files across the cortical layers. Determination of the regions
of interest from which profiles were to be extracted was
based on macroscopical brain landmarks and Brodmann’s
maps [1909]. For example, we expected to find Brodmann’s
areas 24 and 23 on the cingulate gyrus, and areas 29, 30,
and 33 within the callosal sulcus. Thus, profiles were
extracted from sections equidistantly spaced along the ros-
trocaudal axis of the cingulate cortex between the paracin-
gulate and the parieto-occipital sulci and covered the cin-
gulate and superior cingulate gyri as well as the parasple-
nial lobules. Furthermore, autoradiographs were compared
with neighboring cell-body stained sections and areas
were anatomically identified based on criteria described
for existing cingulate parcellation schemes, in particular
those of Brodmann [1909] and Vogt and coworkers [Vogt
and Vogt, 2003; Vogt et al., 1995, 2001, 2003, 2004]. There-
fore, an area located on the cingulate gyrus was consid-
ered as being part of area 24 if analysis of the neighboring
histological section revealed an agranular cortex, whereas
it was classified as being part of area 23 if layer IV was
present.

Equidistant intensity profiles oriented vertically to the
cortical surface (Fig. 1C) were extracted by means of a
minimum length algorithm from the digitized and linear-
ized autoradiographs [Schleicher et al.,, 2000]. Receptor-
profiles quantify the laminar receptor density (in fmol/mg
protein) from the pial surface to the border between layer
VI and the white matter. The shape of a profile can be
expressed by a vector of 10 features based on central
moments (mean receptor density, mean x, SD, skewness
and kurtosis, as well as the analogous parameters from the
absolute values of its first derivative). Differences between
feature vectors indicate differences in the shape of the
profiles (which reflect receptor-architecture), and were
measured by means of the Mahalanobis distance. The set
of profiles extracted from each image was analyzed for ar-
eal borders using a sliding window procedure, under the
assumption that each area reveals a unique, homogeneous
laminar pattern. To increase the signal-to-noise ratio, dis-
tances were calculated between feature vectors from blocks
of n (10 < n < 34) adjacent profiles and were analyzed as
a function of the profile number between the blocks. The
resulting distance function revealed maxima (i.e., borders;
Fig. 1D), at those positions at which the laminar patterns
of the areas covered by the two blocks of profiles differed
most and the significance of these maxima was evaluated
by a Hotelling’s T>test with a Bonferroni-correction for
multiple comparisons (P < 0.01).

Although each receptor does not indicate all areal bor-
ders, there is a perfect agreement in the location of those
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Figure 1.

Summary of the algorithm-based observer interactive method
applied to determine cortical borders. A. Digitized autoradio-
graph of a coronal section through the cingulate gyrus in which
the M, receptors were labeled with [*H]pirenzepine. B. Linear-
ized image shown in A. C. Two contour lines (white) define the
cortical region to be sampled in the image shown in B by pro-
files spanning the ribbon. The outer contour marks the pial sur-
face, the inner contour the layer Vl/white matter border. Each
of the equidistant traverses (red lines) marks the location of a
profile. The green symbols indicate the start (asterisks) and end
(crosses) points of every tenth profile. D. Distance analysis

borders, which are displayed by several receptors [Zilles
et al., 2004]. The superposition of all borders revealed by
all examined receptor types yielded the parcellation
scheme of the cingulate cortex based on its receptor archi-
tecture. For each brain, area, and receptor type, profiles
extracted from three to five sections were averaged and
the surface defined beneath the ensuing mean profile was
computed to yield the absolute binding site densities for
the entire cortical depth in that particular area. This value
will be subsequently referred to as “mean density.”

We evaluated binding in the anterior and posterior parts
of Brodmann’s area 24 to determine whether the examined

based on profiles indicated in C. Asterisks highlight main maxima
with significant P values (P < 0.0l, interareal borders) at posi-
tions 53, 130, 209, and 282. E. Result of the algorithm-based
border detection applied to the section shown in A. Red lines
highlight the profile identified by the distance analysis as an inter-
areal border and numbers in the white circles indicate the num-
ber of the profile in question. Thus, profile 53 defines the bor-
der between areas a24a and a24b'; profile 130 that between
areas a24b' and 24c'v; profile 209 that between areas 24c'v and
24c d; profile 282 that between areas 24c' d and 32'.

receptors are heterogeneously distributed throughout its
rostrocaudal axis. This was done by means of an index
(Aly/p) quantifying the asymmetry between the anterior
and posterior portions of area 24, which was computed for
each receptor type according to the following equation:

Aq— A,

Alyy =32

X 2 X 100

where A, is the concentration of the receptor in question
averaged over the sections covering the rostral third
of area 24 and A, is the concentration of the receptor in
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question averaged over the sections covering the caudal
two-thirds of area 24. We subsequently applied one-sam-
ple t-tests to determine for each receptor type whether its
Al,/p differed significantly from 0 (expected value). Posi-
tive Al,,, values reflect higher receptor densities in the
anterior than in the posterior portion of area 24, whereas
the opposite holds true for negative Al,,, values. Signifi-
cance level was set at P < 0.01.

Receptors were evaluated for a possible heterogeneous
distribution throughout the entire cingulate cortex by
means of an ANOVA with repeated measures (P < 0.01).
This was followed by one-sample t-tests (P < 0.01), which
were carried out for those receptor types found to be het-
erogeneously distributed throughout the cingulate cortex
to determine which area contributed to the significance.
Additionally, we assessed which isocortical areas of ACC
differed significantly in their mean densities from area 25,
because this area clustered with areas in aMCC although
we predicted a clustering with the remaining areas of
ACC (pACC, see Results and Discussion). The ANOVA
with repeated measures (P < 0.01) was followed by one-
sample t-tests (P < 0.05) in which the mean density of a
given receptor in areas 24a, 24b, 24c, or 32 was compared
with the mean density (averaged over all brains) of that
receptor in area 25.

Hierarchical clustering analyses were conducted to
detect putative groupings of cingulate areas according to
the degree of similarity of receptor-architecture using
Matlab Statistics Toolbox (MatLab 7.1; Mathworks, Natick,
MA). In the hierarchical cluster analysis, a set of cortical
areas is grouped into clusters in such a way that areas in
the same cluster are similar with respect to their receptor-
architecture, and different from areas in other clusters. We
applied the Euclidean distance as a measure of (dis)simi-
larity because it takes both differences in the size and in
the shape of receptor fingerprints into account, and the
Ward linkage algorithm as the linkage method. This com-
bination yielded the maximum cophenetic correlation coef-
ficient as compared to any combination of alternative link-
age methods and measurements of (dis)similarity. The
cophenetic correlation coefficient quantifies how well a
dendrogram represents the true, multidimensional distan-
ces within input data.

Receptor densities were normalized before carrying out
multivariate statistical tests by dividing the mean density
of each subregion by the grand mean of the receptors, that
is, the average of mean densities of this receptor across all
subregions under investigation. This normalization has
two advantages: (i) because the absolute levels of receptor
densities vary considerably among receptors (28 fmol/mg
protein, nicotinic receptors; 3,195 fmol/mg protein, BZ
binding sites), normalization assigns equal weight to each
receptor. Without normalization, receptors exhibiting high
absolute density levels would dominate the calculation of
the Euclidean distance between areas, thus introducing a
bias. (ii) Normalization as performed does not rule out the
differences in receptor densities among subregions. The

relative differences are preserved and are used as a valua-
ble parameter in multivariate statistics such as hierarchical
cluster analysis.

RESULTS

Receptor Analysis of the Brodmann Model

The null hypothesis states that Brodmann’s area 24 is a
functionally uniform area, neurotransmitter receptor bind-
ing reflects a neurochemical uniformity and that the MCC
does not exist. Figure 2A presents Brodmann’s map of cin-
gulate areas coregistered to the medial surface of a post-
mortem case and this coregistration was used to assess
binding in each of Brodmann’s areas. The hierarchical
analysis is shown in Figure 2B and reveals that Brod-
mann’s areas from anterior, posterior, and retrosplenial
cortices are associated as predicted; that is, areas in similar
regions have similar binding patterns. However, for this
analysis to be correct, it must be shown that binding
within all areas is homogeneous and that the regions and
their further subdivisions as proposed in the four-region
model are not justified.

A visual review of binding in area 24 shows that the ante-
rior and posterior parts of this area are not the same. The
border between the anterior and posterior area 24 is marked
with an arrowhead in Figure 2A and examples of binding
for two transmitter systems in both parts of area 24 are
shown in Figure 2C. The GABA4 receptors are in lower den-
sities in the anterior than in the posterior portion of area 24,
as clearly revealed by the colour scale; the superficial layers
of anterior area 24 are coded in yellow and pale orange
(mean receptor density of 663 * 129 fmol/mg protein),
whereas red is the predominant colour in posterior area 24
(mean receptor density of 1,227 * 29 fmol/mg protein). In
contrast, the AMPA receptors present the opposite situation
with higher densities in the anterior than the posterior por-
tions of area 24 (Fig. 2C); the predominant colors in anterior
area 24 are red and orange tones (mean receptor density of
582 * 152 fmol/mg protein), whereas green and blue are the
predominant colors in posterior area 24 (mean receptor den-
sity of 336 = 87 fmol/mg protein). The following question
arises from these observations: Are these variations reflected
in statistical differences for many receptors and might this
information force a rejection of the null hypothesis?

To quantitatively evaluate the anterior/posterior area 24
differences for all receptors, the Al,/, ratio was calculated
for each receptor as shown in Figure 2D. Eight receptors
had binding that differed significantly from Al,,, = 0. The
one-sample t-tests revealed that Al,,, values of NMDA
and GABA, receptors, which were negative (Fig. 2D), dif-
fered significantly from the expected value (0, P < 0.01).
Similarly, the Al,/, ratios of AMPA, kainate, GABAg, M3,
and D; receptors as well as of BZ binding sites (Fig. 2D),
which were positive, differed significantly from 0 (P <
0.01). In view of the differences in receptor binding for an-
terior /posterior area 24, we must reject the null hypothesis
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Figure 2.

The cingulate cortex as defined by Brodmann [1909]. A. Sche-
matic drawing showing the regions, subregions and areas defined
by Brodmann within the human cingulate cortex. The precingu-
late subregion encompasses areas 33, 25, 24, and 32; the post-
cingulate subregion areas 23 and 31; the retrosplenial region
areas 29 and 30. The callosal (cas), cingulate (cgs), paracingulate
(pcgs), and splenial (spls) sulci were “opened” to show areas
within them. B. Result of the hierarchical clustering of cingulate
regions defined by Brodmann based on their neurochemical
structure. The length of the branches indicates the degree of
(dis)similarity between the joined clusters. The shorter the
branch, the more similar two elements or groups of elements
are. The mean receptor densities of area 24 used in this analysis
were obtained by averaging all profiles located between white
lines in C. C. Coronal sections through two different rostrocau-
dal levels of area 24 showing the distribution of the GABAA
(top row) and AMPA (bottom row) receptors. Lines indicate the
position of borders detected by the algorithm-based quantifica-

tion of cortical receptor profiles. White lines indicate the bor-
ders of area 24 as defined by Brodmann. Black lines highlight
borders detected within Brodmann’s area 24. The lines are con-
tinuous when the receptor in question reveals the border and
dotted when the border is revealed by other receptors (for
example, receptors shown in Levels | [anterior 24] and 3 [pos-
terior 24] of Fig. 3B). Colour scales code receptor densities in
fmol/mg protein. D. Heterogeneous distribution of receptors
throughout the rostrocaudal axis of area 24 as revealed by the
asymmetry index (Al,;). The mean receptor densities used in
this analysis were obtained by averaging all profiles located
between white lines in C and extracted from sections covering
the rostral third (A, value) or the caudal two thirds (A;) of area
24. Positive Al,, values indicate higher densities of the receptor
in question in the rostral than in the caudal third of area 24. An
Al,;, of 0 (expected value) indicates a homogeneous receptor
distribution. Asterisks indicate those receptors for which Al,,
values differ significantly (P < 0.01) from 0.
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and thus confirm the definition of the ACC and MCC
regions based on differences in mean receptor densities. A
prime is used to identify caudal area 24: area 24 is in
ACC, whereas area 24' is in MCC. Therefore, from here
on, binding will be evaluated in terms of the recent defini-
tion of ACC [Palomero-Gallagher et al.,, 2008] and the
four-region model with the dichotomies expressed in
ACC, MCC, and PCC.

Receptor Analysis of Area Borders in the
Four-Region Model

Receptors for classical neurotransmitters are heterogene-
ously distributed throughout the human cingulate cortex.
The algorithm-based quantification of interareal differences
in regional and laminar receptor distribution patterns
revealed that although a given receptor type does not neces-
sarily indicate all areal borders, there is a very close agree-
ment in the location of those borders when displayed by sev-
eral receptors. The superposition of all borders revealed by
all examined receptor types yielded the parcellation scheme
of the cingulate cortex based on its receptor architecture and
is schematically shown in Figure 3A. Anatomical identifica-
tion of these areas and regions was carried out by comparing
our cell-body stained sections with existing descriptions
according to the four-region model of cingulate cortex.

Subdivisions of area 24

Distribution patterns of receptor binding not only revealed
differences throughout the rostrocaudal axis of area 24, but
also confirmed the existence of subdivisions along its dorso-
ventral axis. In the rostrocaudal dimension, we distinguish
areas 24 (ACC), a24 (anterior subdivision of MCC), and
p24 (posterior subdivision of MCC). Dorsoventrally, there
are three divisions of area 24 based on progressively increas-
ing laminar differentiation: a (located next to area 33), b,
and c/d. As described in detail below, only some of the
examined receptors reveal all subdivisions of area 24.

The algorithm-based quantification of receptor profiles
also confirmed the recently described subdivision of area
24c [Palomero-Gallagher et al., 2008] and enabled the defi-
nition of a hitherto unknown border within area 24c (Figs.
1E and 3B). Each of these areas can be subdivided into a
portion located on the ventral wall of the cingulate sulcus
(24cv and 24c'v) and a portion restricted to the dorsal wall
of the cingulate sulcus (24cd and 24c'd). Area 24cv con-
tains higher AMPA, kainate, M;, oy, and D; but lower BZ
and o, binding site densities than area 24cd (Fig. 3B). Area
24c'v contains higher kainate, NMDA, GABAg, My, M,, a;,
and D; but lower AMPA and a, receptor densities than
area 24c'd (Figs. 1E and 3B).

Subdivisions of area 32

Using the algorithm-based quantification of receptor
profiles, it was confirmed that area 32 is not uniform in

terms of receptor binding. This area has a rostral area 32
located over area 24 and a caudal area 32 which extends
over area a24'. Area 32 contains higher GABAg, BZ, M;,
and 5-HT;5 but lower NMDA and GABA, binding site
densities than area 32'.

Subdivisions of area 23

The heterogeneous distribution of receptors throughout
area 23 enabled the definition of areas 23d, 23c, d23, and
v23 as shown in Figure 3A. The borders between these
areas were confirmed with the algorithm-based quantifica-
tion of receptor profiles and, because the laminar distribu-
tion of a given receptor type remained constant through-
out all subdivisions, they were due to differences in the
mean densities measured in each region. As mentioned
earlier, not all receptors necessarily reveal all cortical bor-
ders. Thus, M, a;, and 5-HT, receptors reveal subdivi-
sions of area 23, whereas nicotinic, D;, and a, receptors
are homogeneously distributed throughout this cingulate
region (Fig. 3B,). The differential distribution of neuro-
transmitter receptors within area 23 corroborates the con-
cept of dorsal and ventral divisions of PCC. The dorsal
subregion contains higher GABAg, M3, and 5-HT;, but
lower M; densities than its ventral counterpart.

Subdivisions of area 29

The algorithm-based quantification of receptor profiles
also confirmed the subdivision of area 29 into a lateral
(291) and a medial (29m) component (Fig. 3B,). Areas 291
and 29m differed in their mean receptor densities but not
in their laminar distribution patterns. Area 29m contains
higher M, and 5-HT, but lower GABA, and nicotinic den-
sities than area 291.

Laminar Distribution Patterns

Receptor binding sites have three laminar distribution
patterns throughout the cingulate cortex (Figs. 1E, 2C, and
3B). (i) Some receptors have higher densities in superficial
than deep layers and these can be highest in either layers
I-I (e.g., 5-HTq14) or II-III and IV when present (e.g.,
GABAg, M;). (ii) Other receptors have the opposite pat-
tern, with highest binding in the deep layers (e.g., kainate).
(iii) Four receptors do not have the same pattern in all
areas and have alternating maxima and minima in differ-
ent layers. This may be because they have a higher expres-
sion by axon terminals, such as M, receptors on choliner-
gic afferent axons.

The laminar distribution of kainate, NMDA, GABA,4,
GABAg, My, M3, a3, ay, 5-HTq4, 5-HT,, and D, receptors
remains constant throughout all cingulate areas. Kainate
receptors (Fig. 3B;) have high densities in layers I-II and
V-VI, which are interleaved with low densities in layer(s)
III (and IV when present). The relatively highest kainate
binding densities are in layers V-VI. NMDA, GABA,, and
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A. Four-Region Model

Figure 3.

A. The four-region neurobiological model and cytoarchitectural
areas [Vogt et al., 2004]. The callosal, cingulate (cgs), paracingu-
late (pcgs) and splenial sulci were “opened” to show areas within
them. The ACC areas (33, 25, 24a, 24b, 24cv, 24cd, and 32) are
coded in red; MCC areas (33, a24a’, a24b', a24c'v, a24c'd, p24d,
p24b', 24dv, 24dd) in green; PCC areas (23d, 23c, d23, v23, 31)
in blue; and RSC areas (291, 29m, 30) in gray. Arrowheads mark
the four levels at which autoradiographs shown below were

obtained. B. Exemplary autoradiographs through four rostrocau-
dal levels of the human cingulate gyrus. Lines indicate the posi-
tion of borders detected by the algorithm-based quantification
of cortical receptor profiles. The lines are continuous when the
receptor in question reveals the border and dotted when the
border is revealed by other receptors. Note, that layer | is par-
tially missing in area 24b, as clearly shown by the o, receptors
(B,: top row of autoradiographs).
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D; receptor densities are significantly higher in the superfi-
cial than in the deep layers (Figs. 2C and 3B;,). GABAg,
M;, M3, oy, and a, receptor concentrations are high in the
superficial layers, with a local maximum in layers II-III,
and low in the deep layers (Fig. 3B;34). 5-HT1A receptors
(Fig. 3B,) are high in layers I-II, followed by low values in
layers III-IV and a second maximum (though much lower
than the superficial one) in layers V-VI. 5-HT, receptor
densities (Fig. 3B,) are high in layer III, intermediate in
layers I-1I, and low in layers V-VL

The four receptor classes with varying laminar patterns
in different areas include the following: AMPA, BZ, M,,
and nicotinic. AMPA receptors (Fig. 2C) are at high den-
sities in the superficial layers, with a local maximum in
layer II and upper layer III, and decreasing concentrations
in the deep layers. However, areas 24b and 32 as well as
subdivisions of area 23 have a local maximum in layer Vb.
BZ binding sites (Fig. 3B,) usually have high densities in
the superficial layers and lower concentrations in the deep
layers. Area 25 in contrast, has a local maximum in layer
V. M, receptors have higher densities in superficial than
deep layers in some areas (p24a', p24b', 23d, d23, v23, 30;
Fig. 3B34), whereas others show the opposite pattern, with
highest binding in the deep layers (areas a24b', 24c'v,
24c'd, 24dv, 31; Fig. 3B;), or have a laminar pattern com-
posed of alternating minima and maxima (areas a24a', 24b,
24cv, 25, 32, 32'; Fig. 3B;y), or are even homogeneously
distributed throughout all cortical layers (areas 24a, 24cd,
24dd, 23c, 291, 29m, 33; Fig. 3B, 4). Nicotinic receptors are
homogeneously distributed throughout all cortical layers
of area 25, present two local maxima in other areas (24a,
a24a', p24d', 24b, a24b', p24b', 24cv, 24cd, 24c'c, 24cd,
24dv, 24dd, 32, 32'; e.g., Fig. 3B3), or a single maximum
in layer IV in a third group of areas (23d, 23c, d23, and
v23).

Absolute Receptor Densities

Mean areal densities vary considerably among the differ-
ent receptor types (see scale axis of each polar plot in Fig.
4), ranging from 28 fmol/mg protein (nicotinic receptors in
area 32) to 3,195 fmol/mg protein (BZ binding in area 291).
The ANOVA test with repeated measures showed that all
receptors were heterogeneously distributed across the
entire cingulate cortex. For a given receptor, some areas
showed mean densities that were significantly higher than
the average receptor density of that receptor across all
areas (e.g., GABA, receptors in area 23c). Other areas
show the opposite situation, with significantly lower mean
densities than the average (e.g.,, GABA, receptors in area
24b). Areas in which the mean density for a given receptor
differed significantly from the mean of that receptor type
are described below.

AMPA receptors were lower than the average in area
24c'd. Kainate receptors were higher than the average in
area 24b, but lower in areas 33, 24c'v, 24cd, and 32'.

NMDA receptors were higher than the average in area 25
and lower in areas 24b, 24cd, and 32.

GABA, receptor densities were higher than the average
in areas 23c, v23, 31, and 29m, but lower in areas 24b,
24cv, and 32. GABAg receptors were higher than the aver-
age in areas 24a and 23c, but lower in areas 25, 24c'v, 32,
and v23. BZ binding site densities were higher than the av-
erage in areas v23 and 291, but lower in areas 32, 33, a24b',
24c'v, 24c'd, 32", and 24dd.

M; receptor densities were higher than the average in
areas p24a’, d23, v23, and 30, but lower in areas 25, a24a’,
and a24b'. M, receptor densities were higher than the av-
erage in area d23. Mj receptor densities were higher than
the average in RSC, but lower in areas a24a’, 24c'v, 24c'd,
and 24dd. Nicotinic receptor densities were higher than
the average in areas 29m and 291, but lower in areas 24b,
24cv, 24cd, and 32. The a4 receptor densities were higher
than the average in areas 24a and p24a', but lower in areas
32 and 291. The o, receptors were higher than the average
in area s24b.

Variations in 5-HT; 4 densities did not reach the level of
significance at P < 0.01, although they showed a clear
tendency to be higher than the average in areas 25 (P =
0.03) and a24a' (P = 0.03), but lower in areas 24cd (P =
0.02), v23 (P = 0.02), and 291 (P = 0.02). 5-HT, receptor
densities were higher than the average in area 23d, but
lower in area p24b'. D; receptor densities were lower than
the average in areas p24a' and 24dd.

Hierarchical Clustering Analysis

Clustering analysis is typically used to find associations
among receptor fingerprints for the full dataset of exam-
ined receptors. However, there is no a priori reason to
believe that our particular group of 15 receptors will pro-
vide the best description among areal plots for the cingu-
late cortex. Thus, we begin with a hierarchical analysis for
all 15 receptors as shown in Figure 5A. It reveals that re-
ceptor binding segregates ACC and MCC (Clusters 1-3)
from PCC and RSC (Clusters 4 and 5). ACC and MCC con-
tain lower GABA,, nicotinic and BZ, but higher 5-HT;5
binding site densities than PCC or RSC. Interestingly, area
25 does not cluster with the remaining areas of ACC (Clus-
ter 1), but is allocated to Cluster 2 and is, therefore, associ-
ated with areas of MCC. Receptor binding sites also segre-
gate the anterior (aMCC, Cluster 2) and posterior (pMCC,
Cluster 3) components of MCC. The pMCC contains
higher GABAg and BZ but lower AMPA, M, and D, bind-
ing site densities than aMCC. PCC (Cluster 4) and RSC
(Cluster 5) differ from each other by the higher M; and o,
but lower M; binding site densities in PCC compared with
RSC.

The fact that area 25 does not cosegregate with ACC,
but rather with aMCC raises an important question about
either the analysis itself, or the hypothesis that area 25 is
part of ACC. There are a number of ways to evaluate this
question. One strategy is to remove areas from the analysis
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Mean binding site densities (fmol/mg protein; values averaged
over all cortical layers) of the 15 receptors displayed as polar
coordinate plots. The thick black line in each polar coordinate
plot shows the average receptor density of that receptor across
all areas. This average value of the a; receptor is indicated by a
dashed-black line. Areas containing receptor densities signifi-
cantly higher or lower than the average density of that across all
areas are highlighted for each receptor type in bold and under-

that have radically different cytoarchitectures and connec-
tions, such as those from RSC. This should remove var-
iance from the model and might show tighter associations
within areas in the frontal cingulate areas. This approach

lined. Highlighted areas in the plot showing o and o, receptors
indicate significances for the «, receptor. In the case of the «;
receptor only densities of area 24b differed significantly from the
average. Although for 5-HT s receptor areal differences from
the mean did not reach significance at P < 0.0l, they showed a
clear tendency to be higher than the average in areas 25 (P =
0.03) and a24a (P = 0.03), but lower in areas 24c'd (P = 0.02),
v23 (P = 0.02) and 29! (P = 0.02).

is shown in Figure 5B and there was no alteration in the
position of area 25 in the plot.

Another strategy to evaluate the position of area 25 in
the plot is to consider each receptor separately in one of
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Figure 5.

Hierarchical clustering of cingulate regions based on their neuro-
chemical structure. A. Result of the clustering analysis carried
out including all receptors and all areas. B. Result of the cluster-
ing analysis carried out with all receptors, but excluding RSC
areas (291, 29m, and 30). C. Result of the clustering analysis car-

ried out using all areas but excluding NMDA, GABA,, GABAg,
and 5-HT,a receptors, because their densities in area 25 differ
significantly from those of all other ACC areas. D. Result of the
clustering analysis carried out using all areas, but only the
NMDA, GABA,, GABAg, and 5-HT) A receptors.
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two ways; as a difference of area 25 from the remaining
areas located within ACC, or by only using those receptors
that are responsible for the segregation itself of area 25.
Figuratively, this involves a review of Figure 4 in looking
for statistically significant differences between area 25 and
all isocortical areas in pACC. This was carried out by
means of an ANOVA with repeated measures followed by
one-sample f-tests as described above. In any instances
where all pACC areas differed significantly from the mean
area 25 density, the receptor was removed from the analy-
sis. Four receptors achieved significance: NMDA, GABA
GABAg, and 5-HT; . Under these conditions, area 25 cose-
gregated with pACC as predicted by the four-region neu-
robiological model (Fig. 5C). Therefore, these four recep-
tors are critical to understanding area 25 in the hierarchical
analysis and its association with aMCC.

Finally, a hierarchical analysis incorporating only these
four receptors was performed as shown in Figure 5D.
With this receptor combination, area 25 cosegregates with
aMCC and confirms the pivotal role of these four receptors
in the analysis. Area 25 and aMCC contain some of the
lowest GABAg but highest NMDA binding site densities
in cingulate cortex. Furthermore, area 25 was characterized
by highest 5-HT;5 receptor densities in cingulate cortex.
This relationship raises the question of the laminar distri-
butions of these four receptors in areas 25 and a24'.

DISCUSSION

The aim of this study was an independent evaluation of
the human cingulate parcellation scheme and of the four-
region model using a multivariate assessment of binding
patterns for 15 neurotransmitter receptors. Statistical analy-
ses of receptor binding revealed that the anterior and pos-
terior portions of Brodmann’s area 24 were significantly
different. The receptor fingerprints of 15 receptors for clas-
sical neurotransmitters distinguished cingulate regions,
subregions, and areas. The hierarchical clustering analysis
revealed that receptor binding sites segregate ACC, MCC,
PCC, and RSC. We were thus able to corroborate the con-
cept of a midcingulate region as an entity which differs
structurally and functionally from the anterior cingulate
region [Vogt et al., 2003]. Therefore, the four-region model,
including MCC, is based on cytological, connectional, func-
tional, and now receptor fingerprint markers. The cytologi-
cally based, receptor confirmed four-region neurobiological
model provides the platform for addressing a wide range
of neuronal diseases that impact cingulate cortex.

Cingulate Parcellation Scheme

Receptors for classical neurotransmitters are heterogene-
ously distributed throughout the human cingulate cortex.
Superposition of all borders detected in all examined re-
ceptor types by the algorithm-based quantification of inter-
areal differences in receptor patterns yielded the parcella-

tion scheme of the cingulate cortex based on its receptor
architecture.

We demonstrated for the first time the existence of a
dorsoventral subdivision of area 24c¢ and confirmed the
recently described subdivision of area 24c [Palomero-Gal-
lagher et al.,, 2008]. Both areas have a portion located on
the ventral wall of the cingulate sulcus (24cv and 24c'v)
and a portion restricted to the dorsal wall of the cingulate
sulcus (24cd and 24c' d). Interestingly, area 24c contains the
face part of the rostral cingulate motor area and projects to
the facial motor nucleus [Morecraft et al., 1996]. Thus, it is
in an excellent position to mediate the expression of facial
emotion [Vogt et al., 2003], and its regulation by specific
transmitter systems is of particular interest. The presence
of a dorsal and a ventral subdivision in human area 24c
implies that these two areas (24cv and 24cd) are differen-
tially involved in the facial expression of emotions.

Area 32 of Brodmann has a dysgranular layer IV and a
similar area was differentiated into multiple parts based
on their adjacent frontal counterparts by von Economo and
Koskinas [1925]. Applying cytoarchitectural methods, we
were able to show that two parts of area 32 reside in ACC
(areas s32 and p32) and one part is found in aMCC (area
32, [Palomero-Gallagher et al., 2008; Vogt, 1993; Vogt
et al.,, 1995]. Additionally, in our recent study of ACC we
demonstrated that areas s32 and p32 differ in their neuro-
chemical structure, as area s32 shows higher AMPA,
GABAg, a1, 5-HT14, and 5-HT, but lower a, receptor con-
centrations than area p32 [Palomero-Gallagher et al., 2008].
Here, it is shown that area 32, located dorsal to area 24,
and a caudal area 32', which extends dorsal to area a24',
are not uniform in terms of receptor binding either, and
this provides important confirmation of the cytology stud-
ies. Area 32 contains considerably higher GABAg, BZ, M;,
and 5-HT;5 but lower NMDA and GABA, binding site
densities than area 32'.

Brodmann’s area 23 has been divided into dorsal and
ventral components using cytological and functional con-
nections [Vogt et al.,, 2005, 2006] and this differentiation
was corroborated in this study, because dorsal PCC was
found to contain higher GABAg, Mj; and 5-HT;a, but
lower M; receptor densities than its ventral counterpart. In
the monkey, the dPCC receives afferents from the dorsal
bank of the principal sulcus, whereas cortex in the rostral
tip of both banks projects to vVPCC [Vogt and Barbas,
1988]. The dPCC, but not vPCC, receives inputs from the
central laterocellular, mediodorsal, as well as ventral ante-
rior and ventral lateral thalamic nuclei [Shibata and Yukie,
2003; Shima and Tanji, 1998]. Additionally, vPCC has
reciprocal connections with subgenual ACC [Vogt and
Pandya, 1987]. Data obtained from imaging studies also
suggest a functional segregation of human PCC, with dif-
ferential involvement of vPCC in spatial representations of
personally familiar places and of the dPCC in episodic
retrieval of personally familiar places and objects [Sugiura
et al., 2005]. Additionally, specification of the dorsal and
ventral divisions of PCC as regions of interest in a resting
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glucose metabolic study showed that they have strikingly
different parietal and intracingulate correlations suggest-
ing, among other things, that sensory information flows
into these subregions differentially via the dorsal and
ventral visual streams [Vogt et al., 2006]. Such differential
correlation patterns are further supported by functional
connectivity analyses of the components of the brain’s
“default mode network,” i.e., the cortical regions shown to
be active at baseline state in functional magnetic resonance
imaging studies [Raichle and Snyder, 2007].

Hierarchical Clustering Analysis and the
Four-Region Model

Cingulate areas differ in their mean receptor densities
(see Fig. 4) and these variations also occur between differ-
ent receptor types for a single neurotransmitter, e.g., gluta-
matergic AMPA and NMDA receptors, or muscarinic M,
and nicotinic receptors. In accordance with previous
reports [Varnds et al., 2004], area 25 was characterized by
highest 5-HT;, receptor densities in cingulate cortex. The
complex codistribution patterns of various receptors in
architectonically defined brain areas indicate the function-
ally specific balances between the different receptors in
each of these different areas [Zilles et al., 2002b]. Further-
more, differences in this site-specific balance between dif-
ferent receptor types and transmitter systems, i.e., the
mean regional densities of several different receptors over
all cortical layers in a single, architectonically defined
brain region, may represent different hierarchical levels
within a functional system.

Analysis of 15 transmitter receptors presents new statis-
tical challenges as well as solutions to assessing the func-
tional organization of cortical regions. In cingulate cortex,
for example, receptor binding sites segregate ACC and
MCC from PCC and RSC. The ACC and MCC contain
lower GABA, and acetylcholine, but higher AMPA, kai-
nate and 5-HT;, binding densities than PCC or RSC. This
data is in accordance with results obtained in the monkey
cingulate cortex [Bozkurt et al., 2005]. In vivo mapping of
cerebral choline acetyltransferase activity [Herholz et al.,
2000; Kuhl et al., 1999] revealed comparable distributions
of this enzyme in the anterior (areas 24 and 32) and poste-
rior (areas 23 and 31) cingulate cortex, which is in agree-
ment with data obtained in postmortem tissue [Selden
et al., 1998]. Choline acetyltransferase is expressed by cho-
linergic neurons for neurotransmitter synthesis and is the
most specific marker of cholinergic activity in the brain.
Thus, the gradual increase in muscarinic acetylcholine re-
ceptor densities in the rostral-to-caudal cingulate areas
indicates that ACC, MCC, and PCC are subject to a differ-
ential modulation via the cholinergic system.

The hierarchical clustering analysis not only segregates
Brodmann’s [1909] pre- and postcingulate subregions, but
clearly shows that the precingulate subregion is not homo-
geneous, and can be further subdivided into two regions,

which we have designated ACC and MCC. This structural
subdivision of Brodmann’s [1909] precingulate subregion
is further supported by numerous functional imaging stud-
ies [Botvinick et al., 2004; Davis et al., 2005; Grabenhorst
et al., 2007, Holroyd and Coles, 2008; Margulies et al.,
2007], because no paradigm has ever resulted in an activa-
tion of this subregion in its entirety. Rather, activations
are restricted to the rostral or caudal portions of the pre-
cingulate subregion and are generally designated with
the terms “rostral ACC” and “caudal ACC,” respectively.
We dispute the use of these denominations because they
imply that these are fundamentally the same region and
fail to integrate a much wider set of observations. Thus,
we do not consider MCC to be a simple caudal subdivi-
sion of ACC, because it shows fundamental differences
which enable its classification as a qualitatively unique
region.

Receptor fingerprints not only support the concept of
ACC and MCC regions, but also distinguish among cingu-
late subregions, such as aMCC from pMCC, further sup-
porting the structural/functional dichotomy within this
region [Vogt et al., 2003]. The midcingulate region itself is
involved in response selection, whether or not skeletomo-
tor activity is required in a task. As anticipation, mismatch
detection, and prediction of behavioral outcomes are rele-
vant to activity in this region, it is involved in premotor
planning and has extensive projections to the ventral horn
of the spinal cord [Bush, 2008; Dum and Strick, 1991;
Morecraft and Tanji, 2008]. Part of the rostral premotor
area is in sulcal aMCC, while part of the caudal premotor
area is in pMCC and both have unique structural features.
Also, aMCC has fear-associated activations, whereas
PMCC has no consistent involvement in simple emotions
[Phan et al.,, 2002; Vogt et al., 2003]. In this framework, it
is important that the receptor fingerprints distinguish
between these subregions and suggest that the level of in-
hibitory control is critical to this dissociation. Although
GABA, binding is similar in both subregions (see Fig. 4),
GABAg binding is significantly lower in aMCC than in
pMCC. This suggests a differential modulation of GABA
release in both subregions. The high level of GABAjg
binding in pMCC is a feature of lateral motor and pre-
motor areas [Zilles and Palomero-Gallagher, 2001] and
we conclude that pMCC shares greater similarities to
motor system processing than does aMCC. This expecta-
tion is confirmed by the shorter interval between cingu-
late neuron activity and muscle contraction and limited
reward coding in contrast to aMCC [Morecraft and
Tanji, 2008].

The Question of Area 25

Interestingly, area 25, a subgenual component of ACC,
clustered with areas of aMCC. We determined which of
the 15 different receptors are critical to understanding the
position of area 25 in the hierarchical analysis and the
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NMDA, GABA, GABAg, and 5-HT;5 receptors were
found to play a pivotal role in its result (Fig. 5D).

The separation of area 25 from the neighboring pACC
by its receptor architecture and clustering with aMCC sug-
gests a common circuit organization for parts of cingulate
cortex that are anatomically dispersed in the cingulate
gyrus. A recent functional imaging study examining the
neurocircuitry involved in the processing of valenced in-
formation revealed a coactivation of sACC and aMCC,
suggesting that they may engage together in particular cin-
gulate functions [Goldstein et al., 2007]. Both area 25 and
aMCC are part of a network which is dysfunctional in
depression [Johansen-Berg et al., 2008; Mayberg et al,
2005] and affected by various antidepressant treatments
[Goldapple et al.,, 2004, Mayberg et al., 2005]. Thus, the
cosegregation of area 25 with aMCC could be informative
in identifying mechanisms of the clinical effects of selective
high frequency chronic stimulation of area 25 recently
piloted as a novel therapy for treatment resistant depres-
sion [Lozano et al., 2008; Mayberg et al., 2005].

It has been known for some time that glucose metabo-
lism in ACC is impaired and serotonin 5-HT; receptor
binding is decreased in major depression [Drevets, 1999;
Drevets et al., 1999]. The selective vulnerability of this
transmitter system in cingulate cortex is demonstrated
with imaging genetics methods in which the short allele of
the 5-HT transporter is associated with reduced volumes
of ACC in prodromal depression [Pezawas et al., 2005].
One of the principal mechanisms of action of the SSRI
(selective serotonin receptor uptake inhibitors) antidepres-
sants is via tonic activation of 5-HT;, receptors [Haddjeri
et al., 1988]. Additionally, polymorphisms in the 5-HT;a
gene have been associated with response to fluoxetine in
major depression [Yu et al.,, 2006]. Area 25 not only con-
tains the highest 5-HT;, receptor densities measured in
the cingulate cortex (present results, [Varnds et al., 2004]),
but connectivity studies in the monkey have shown that it
also has strong projections to the dorsal raphe [Freedman
et al., 2000], which in turn sends serotoninergic projections
to most of the cerebral cortex [Conrad et al., 1974; Stein-
busch, 1984; Vertes, 1991]. Thus, area 25 could play an im-
portant role in the regulation of serotoninergic neurotrans-
mission [Freedman et al., 2000], and this may be critical to
understanding therapeutic responses of depressed patients
[Ressler and Mayberg, 2007].

In summary, the distribution patterns of receptors for
classical neurotransmitters not only demonstrate interareal
borders of cingulate areas described by Vogt and co-
workers [Vogt and Vogt, 2003; Vogt et al., 1995, 2001, 2003,
2004], but enable the further subdivision of areas 24c and
24¢', each of which show a portion located on the ventral
wall of the cingulate sulcus (24cv and 24c'v) and a compo-
nent located on the dorsal wall (24cd and 24c'd) of this
sulcus. The site-specific balance between different receptor
types and transmitter systems support the four-region con-
cept of a structurally and functionally segregated cingulate
cortex, though the separation of area 25 from the neigh-

boring pregenual areas of ACC by its receptor architec-
ture and clustering with the aMCC highlights a more
complex functional organization of this structure that
requires additional investigation. The present strategy
suggests new possibilities for analyzing parts of PCC and
RSC which are known to have cytological and connection
heterogeneities.
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