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Abstract

Anterior cingulate cortex is comprised of perigenual and midcingulate regions based on cytology,
imaging, and connections. Its anterior (aMCC) and posterior (0MCC) parts and transition to posterior
area 23 were evaluated in 6 human cingulate gyri with Nissl-staining and immunoreactions for
neuron-specific nuclear binding protein and intermediate neurofilament proteins (NFP) and their pain
and emotion functions evaluated in standard coordinates. Morphological differences included a
poorly differentiated layer I11 with few NFP-expressing neurons in aMCC and a very dense layer Va
with small and large pyramids intermingled in pMCC. The density of NFP-positive, layer Vb neurons
was higher in pMCC than in aMCC. The junction of pMCC with area 23 had a dysgranular area 23d
with clumps of layer IV neurons and a very dense layer Va. Each case was co-registered to standard
coordinates and the regional borders identified and measured. Although both regions had overall
equivalent activations during noxious cutaneous thermal stimulation, the posterior % of pMCC was
relatively inactive. About 60% of fear-induced activity was in aMCC, sadness and happiness
activated perigenual cortex, and neither were activated with non-emotion tasks. Thus, pain activity
is coupled to fear inaMCC, while other MCC processing is not related to affect. Beyond midcingulate
duality, this is the first report of a very dense layer Va for areas p24’ and 23 and the features of
transitional area 23d. The MCC dichotomy suggests that two circuits differentially regulate the two
cingulate motor areas and involvement of aMCC in pain and fear make it selectively vulnerable to
chronic pain and stress syndromes.
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Use of Brodmann’s map in a standardized human brain (Talairach and Tournoux, 1988) led to
wide acceptance of this view of cortical organization. The nomenclature, however, was not
based on the histology of the atlas case, the original map poorly represented sulcal areas on
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Note on terminology: The designations aMCC and pMCC provide a regional terminology for ease of general discussion; however, a
unique identifier is needed for each cytological area. Since “’” identifies any area in MCC like area 24b’, a means of identifying each
area in both parts of MCC is required and an “a” or “p” antecedent is provided. For example, area a24b’ refers to the anterior division
of area 24b’ in MCC and p24b’ refers to its posterior part, while area 24b is a division of pACC.
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the convoluted surface and many areas were not cytologically uniform. A histological study
of area 2 recently assessed postmortem brains with magnetic resonance imaging (Grefkes et
al., 2002) and emphasizes an important direction for standardizing regions of interest based on
their cytology. In addition, many cytological studies show heterogeneity of Brodmann areas
(1909). Midcingulate cortex (MCC), for example, is the posterior part of areas 24 and 32 and
areas 24 and 23 have dorsoventral subdivisions (Vogt, 1993; Vogt et al., 1995, 2003). In terms
of connections, MCC receives more inferior parietal and less amygdala input than does the
perigenual cortex (Vogt and Pandya, 1987) and MCC contains the cingulate motor areas
(CMAS), including the primitive gigantopyramidal field of Braak (1976; Matelli et al., 1991;
Zilles et al., 1995; Vogt et al., 1995). The CMAs have high densities of glutamate, muscarinic
M1, serotonin 1, and a-adrenoceptors compared to the supplementary motor areas (Zilles et
al., 1995; Roland and Zilles, 1996). In addition, the CMAs project directly to the spinal cord
(Dum and Strick, 1993) and motor cortices (Morecraft and VVan Hoesen, 1998; Van Hoesen et
al., 1993) and they are involved in response selection and reorganizing behavior for changing
rewards (Shima and Tanji, 1998; Bush et al., 2002). Thus, human and experimental animal
findings support a more complex organization of the cingulate gyrus than suggested by
Brodmann’s map.

Three lines of evidence suggest that MCC itself is comprised of two parts. First, there are two
structurally unique CMAs in the cingulate sulcus with different neuronal response properties
and connections. The caudal CMA (cCMA\) has neurons with short latencies to muscle
contractions during passive driving and projects to the same part of the striatum as primary
motor cortex, while the rostral CMA (rCMA) has neurons with long-durations between
discharge and contraction associated with self-paced movements and projections overlap in
the striatum with those from the pre-supplementary motor area (Shima et al., 1991; Takada et
al., 2001). The presence of two motor areas also suggests unique afferent circuits for their
separate engagement. Second, the cingulate gyral surface has different cytologies like cortex
in the sulcus and Smith (1907) and the Vogts (1919) identified anterior and posterior divisions
in this region. Figure 1 shows these maps because so few perspectives beyond Brodmann’s are
considered in imaging research. Third, a unique class of spindle neuron occurs in the anterior
but not posterior parts of MCC (Nimchinsky et al., 1995; their Fig. 3) and this supports the
hypothesis of a functional dichotomy in MCC.

An important issue regarding the midcingulate region is the nature of transition between areas
24 and 23. Area 24 is agranular (i.e., lacks a layer 1V), while area 23 is granular because it has
this layer. If there are two MCC divisions, which one is agranular, does this transition involve
a simple increase in the number of layer IV neurons, and are there unique laminar cytologies
for each subarea? Although Brodmann (1909) placed the border between areas 24 and 23 at a
level approximately half-way between the genu and splenium of the corpus callosum, this
border may be more posterior (Vogt et al., 1995, 1997, 2003). Since Brodmann’s border for
areas 24 and 23 is used in functional imaging, documentation of MCC heterogeneity and
posterior transitions will have a profound impact on localization research.

A striking finding of human imaging research is the consistent activation of MCC during acute
noxious stimulation (Derbyshire, 2000; Peyron et al., 2000). Although noxious activation of
the MCC skeletomotor region suggests a role in motor response selection, particularly as it
relates to recoding of inappropriate behaviors that produce painful outcomes (Vogt et al.,
1996; Davis et al., 1997), it may not explain the affective component of pain processing. Early
positron emission tomography (PET) studies assessed healthy women while they self-
generated sad events and activated perigenual ACC (pACC), however, middle, posterior, and
retrosplenial cortices were not active (George et al. 1995, 1996). Indeed, these sites were quite
distant from the MCC activity reported in the pain literature and a recent analysis of emotion
showed that MCC was virtually inactive (Phan et al., 2002). In spite of these many advances,
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no studies directly link pACC and MCC areas to pain and emotion functions and no joint
analyses of pain and emotion have been correlated with modern morphological findings.

The present investigation evaluates structural heterogeneity within MCC, defines the
transitional features of cortex between anterior and posterior cingulate cortices, and correlates
these areas with activations during pain and simple emotions. The cytology of areas 24 and 23
and transitional features between them was evaluated with Nissl and immunohistochemical
preparations, digital macrophotographs of each medial surface were co-registered to Talairach
and Tournoux (1988) coordinates, regional borders identified, and the average position of each
border from the vertical plane at the anterior commissure calculated. One functional analysis
plotted noxious cutaneous thermal activations in relation to the MCC borders and a second
plotted responses during simple emaotions induced with scripts or facial expressions, while a
control analysis identified active sites using similar stimuli that were content neutral. The joint
pain and emotion analysis resolves some key questions about the unique contributions of the
rCMA and cCMA and reciprocally connected gyral surface areas to behavior.

MATERIALS AND METHODS

Histological Preparations

Five brains were used that had complete cingulate gyrus staining dorsal to the corpus callosum
and the characteristics for each case are provided in Table 1. All brains were obtained from
the Office of the Chief Medical Examiner in cooperation with the Chief of Neuropathology in
the Department of Pathology at Wake Forest University School of Medicine (Winston-Salem,
NC). The brains were part of a family-approved autopsy procedure that included brain
assessment prior to the present analyses. All cases were established as cognitively normal based
on medical records and telephone interviews with close family members to establish the level
of job and family functioning just prior to death. A neuropathological analysis, including
deposition of amyloid beta peptides, neurofibrillary tangles, Lewy bodies, and
neurodegeneration, confirmed that cingulate cortex was normal. A post hoc analysis was
performed on case #6 that was cut in the horizontal plane to view borders identified in the 5
coronal cases. Two months before death case #6 had an unconscious episode, he was a heavy
smoker, and there was diffuse glia in cortex. Neuronal and laminar architectures are normal in
the cingulate gyrus and all thionin-stained neurons were NeuN-positive.

The medial cortex was photographed for all cases, 5 cases were cut coronally into 8-42 blocks
(#1-5) and one was cut in the horizontal plane (#6), and all were re-photographed. The blocks
were immersion fixed in either 10% formalin (Case 1) or 4% paraformaldehyde (Cases 2-6).
Case 1 had been fixed for about 6 months and embedded in celloidin, while the latter five were
fixed for 3-5 days and cryoprotected in sucrose for immunohistochemistry. Every block from
all cases was sectioned into six serial series and one series each used for thionin, NeuN, SM132,
and calretinin. Sections were pretreated with 75% methanol/7.5% hydrogen peroxide, followed
by a 3 min pretreatment with formic acid (NeuN only) and then a washing with distilled water
and two washes in phosphate buffered saline (PBS). Sections were incubated in primary
antibody in PBS (SM132, Sternberger Monoclonals, Lutherville, MD, 1:10,000 dilution,
mouse; NeuN, Chemicon, Temecula, CA, 1:1,000 dilution, mouse; calretinin, 1:3,000 dilution,
mouse, Chemicon) containing 0.3% Triton X-100 and 0.5 mg/ml bovine serum albumin (BSA)
overnightat4°C. Sections were rinsed in PBS and incubated in biotinylated secondary antibody
at 1:200 in PBS/Triton-X/BSA for one hour. Following rinses in PBS, sections were incubated
in ABC solution (1:4; Vector) in PBS/Triton-X/BSA for one hour followed by PBS rinses and
incubation in 0.05% diaminobenzidine, 0.01% H,0, in a 1:10 dilution of PBS for 5 min. After
PBS rinses, sections were mounted, air dried, counterstained with thionin (3 min; 0.05% in
3.7% sodium acetate, 3.5% glacial acetic acid, pH 4.5), dehydrated, and coverslipped.
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Histological Data Analysis

There were four steps for the histological analysis. First, sections at a 1-2 mm interval were
microscopically scanned to assess the structure of gyral areas in terms of progressive
differences in cytoarchitecture and to identify centroid sections for each area. The centroid is
an approximate center for an area that is used to assess cytological features; i.e., the criteria
that define an area and placement of documentary microphotographs. Second, the Talairach
and Tournoux coordinate system and corpus callosum of their case (1988; Figure 42) was fitted
to the medial surface digital photograph of each postmortem case using two separate layers in
Adobe Photoshop 6.0 software (San Jose, Ca). Each case was aligned by reducing the Talairach
and Tournoux image to 50% opacity so the underlying brain could be observed. The case and
coordinate system were then aligned using the anterior commissures and the body, genu and
splenial borders of corpora callosi as fiducials in the z and y dimensions. Third, 2-5
microphotographs were taken from all blocks, depending on their length in the A/P plane,
through layers 111-VI at 150X and they were printed together for each case. Fourth, the
photographs were used to guide a final assessment of where the borders of each region were
located in the co-registrations so measurements from the vertical plane at the anterior
commissure (VCA) could be determined and a population mean+SEM calculated.

Pain Processing

Medline searches were performed using the following key words: imaging, nociception, PET,
functional magnetic resonance imaging (fMRI), pain, and noxious through 2002 in
neurologically and psychiatrically healthy adults. Thirty-four relevant articles were identified
that measured response using PET or fMRI during a noxious heat condition compared to none,
or reduced, sensation baseline condition. References for pain and emotion analyses are
provided in the online edition as “Citations for Functional Studies.” Twenty-five of the 34
articles used phasic stimuli defined as an alternating stimulus temperature or a moving stimulus
lasting for <15 sec. The remaining nine articles used tonic stimuli with stationery stimuli >15
sec. Studies were not segregated according to standards of methodology, i.e., all studies
involving noxious heat and functional imaging were entered into this review because the small
number of studies available, especially for tonic heat, did not facilitate the use of
methodological criteria to exclude reports. Moreover, the process of exclusion would have
minimized assessment of the patterns of activity derived from the accumulated studies, which
was a major aim of the current study. As it was unknown precisely where patterns would
emerge, and whether or where the activation from different studies would cluster, an inclusive
approach was adopted.

Emotion and Non-emotion Processing

Medline searches were performed using the following key words: PET, fMRI, cingulate,
medial prefrontal, emotion, sadness, happiness, anger, fear from 1995 to 2002 in healthy adults.
Studies had to employ tasks that elicited a signal in cingulate cortex (p<0.001 uncorrected and
0.05 corrected for multiple comparisons and z-score equivalents) in response to generating the
simple primary emotions with script driven internally generated emotion or in response to
pictures of emotional faces. Each selected study analyzed the data by either subtracting the
signal from a basal control condition or by using an orthogonal contrast of an emotional
response. Studies that failed to specify the exact emotion and/or analyzed emotion as a main
effect were excluded. Selected studies used either script-driven tasks in which participants
reflected on a previous and personally relevant event or relationship that elicited an emotion
with validation by monitoring self-report of subjective ratings and/or physiological arousal or
subjects responded to pictures of facial expressions that expressed specific emotions. It is
difficult to provide “control conditions” for studies of emotion. For example, in a task requiring
the subject to recall a distant and emotionally significant event, it is almost impossible to
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differentiate between emotion-linked cognition from thought in the absence of emotion and
memory. One way to eliminate potential biases intrinsic to studies is to analyze studies with
similar sensory and cognitive parameters that lack an emotional dimension. Studies that used
non-emational, personally relevant recall of events, persons or relations, and responses to
neutral faces were plotted separately as controls.

Data Extraction for Functional Analyses

RESULTS

All selected studies either transformed images into Talairach and Tournoux (1988) stereotactic
space or normalized images to the Montreal Neurologic Institute’s averaged brain. All
coordinates identifying cingulate activations were included in this analysis, even when studies
attributed cingulate activations to other cortical regions. Conversely, if the coordinates were
described as being in cingulate cortex but they were in medial frontal areas 10, 9, 8, and/or 6,
the activation was not included. The sagittal grid from the Talairach and Tournoux (1988) was
co-registered to each histological case, and Case 2 and the average distance to each of the three
borders was used to guide the summary plots. The different types of stimulation were color-
coded and plotted onto the medial surface and, wherever possible, the positioning was checked
against the original images, the authors’ description, and/or ensured to be within the same or
adjacent area. Inherently, there is a tendency for the images to underestimate the extent of
activation because only the center of each reported region was plotted. Thus, the images may
exaggerate the focal precision of activation but reflect the bias toward certain regional
activations. Clustering of regional activation will be observed because studies will, on average,
tend towards a central focus. This procedure has successfully been used to summarize regional
activation during cognitive (Bush et al., 2000), visceral (Derbyshire, 2003), and somatic pain
(Peyron et al., 2000) processing.

Neurocytology

An overview of the cytoarchitecture of anterior cingulate cortex for Case 2 is in Figure 2 where
the arrows for layers 11, 111, Va, and VI in the “b” division of each section identified with
brackets emphasize key structural differences. Layers Va and V1 are broad but poorly
differentiated in area 24b, thickest and most dense in area a24b’ in anterior MCC (aMCC), and
thin but quite dense in area p24b’ in posterior MCC (pMCC). Layer Il is progressively less
neuron dense and layer Il is progressively thinner in the rostrocaudal or y axis. Figure 3
compares aMCC and pMCC in NeuN and SMI32 preparations for Case 2 at higher
magnification. Critical differences include the thicker layer Va with more total neurons and
more NFP+ neurons in areas p24a’/b’ than in areas a24a’/b’. Both posterior areas have many
deep layer 111 NFP+ neurons that are almost undetectable in aMCC (below double arrows in
Fig. 3). This is not a layer Ilic, however, because a separate layer of large pyramidal neurons
cannot be detected with NeuN.

Identifying the border between area p24’ and posterior cingulate cortex (PCC; area 23) requires
assessment of the transition from the former agranular region and the latter granular region.
This transition is characterized by an intermediate area with a dysgranular layer 1V termed area
23d (d, dysgranular). Although this transition can be shown with all cases, the nature of
dysgranular cortex shown in Figure 4 is for Case 1 because it was prepared with celloidin
embedding and Nissl staining like cases used in classical cytoarchitectural studies. Islands of
layer IV neurons are formed in area 23d as emphasized in Figure 4 with three arrows. On either
side of this neuronal aggregate, the large neurons in layers Ilic and Va intermingle like they
do in dysgranular areas 32 and 30. In contrast, the granular layer IV in area 23b is broad and
continuous and layer Va is very dense with many small neurons as is true for area p24b’. Area
p24b’ also has very large neurons in layer Vb that form small clusters; two are marked with
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arrows in Figure 4. Area a24b’ has consistently smaller neurons in deep layer I11 and generally
small and less dense neurons in layer V.

Cytological differentiation of areas a24’ and p24’ is enhanced at higher magnification and
Figure 5 shows layer V in Case 3 for both parts of MCC. There are many small neurons
intermingled with large pyramids in layer Va of area p24b’. The NeuN preparations (Fig. 5;
p24b’) show most of these small neurons have thin apical dendrites and the SMI132 preparations
show that none express NFP. In contrast, many large and some moderate-sized pyramids in
layers Va and Vb do express NFP. The combination of small, NFP-negative pyramids and
moderate-large NFP+ pyramids in layer Va produces the high density of neurons noted for
Case 2 (Figs. 2, 3). One of the outstanding features of pMCC is the very neuron dense layer
Va in all cases analyzed. There are also many more large pyramids in layer Vb of area p24b’
and these neurons are often NFP+. In contrast, area a24b’ is comprised of moderate to large
neurons throughout layer V, many of which express NFP, and layer Vb is relatively sparse
with some large and NFP+ neurons. Since some cingulate cortex pyramids express calretinin
(Nimchinsky et al., 1997), layer Va of MCC was explored with this antibody. Most activity
was in neurons in layers I-111 of pMCC and no small pyramids in this area and layer Va were
calretinin-immunoreactive.

Horizontal Plane of Section

To evaluate the transition through areas p24’, 23d, and 23b in single sections, case #6 was
analyzed in the horizontal plane and is shown in a NeuN preparation in Figure 6. Interpretation
of this figure is best started with the architecture of area 31 because it has a very thick layer
IV and the relative size and density of large pyramidal neurons emphasizes those in layer Ilic
over layer Va. Area 23b, in contrast, has a layer Va comprised of both large and many small
pyramids that is very dense as noted above, a layer 1V that is thinner than in area 31, and the
largest pyramids in layer Illc about equal in size to those in layer Va. The composition of area
p24a’ in this case is as already described with a dense layer Va and a deep layer 111 that has
diffuse and moderate-sized pyramids.

To demonstrate area 23d in case #6, 3 photographs were taken to bracket a large aggregate of
layer 1V neurons and demonstrate the dysgranular nature of this area. In the center picture
(*“23d, 2), there is a clearly identifiable layer IV, while on each adjacent photograph, layer IV
disappears at the level of the double asterisks and large neurons in layers lllc, and Va
intermingle. The nature of a dysgranular cortex with a variable-thickness layer 1V, therefore,
can be demonstrated in both planes of section.

Standardized Borders

The digital medial surface photograph of each case was co-registered to the Talairach and
Tournoux (1988) coordinate system and corpus callosum and shown in Figure 7A. Once a case
was co-registered, borders were identified in histological sections and a distance calculated
from the VCA to each border for each case. Table 2 provides these distances and the mean
+SEM for all cases.

Pain Processing

Thirty-eight articles reported 69 cingulate activations during noxious thermal cutaneous
stimulation. All sites were plotted onto the Case 2 medial surface after co-registration of the
atlas coordinates and location of the three MCC borders. Eighty-four percent of cingulate
activations were in MCC, while others were in either PCC or pACC (Fig. 7B). Of the 58 MCC
sites in MCC, 26 were in aMCC and 32 were in pMCC. Since long-duration noxious stimuli
could be associated with affective responses like unpleasantness, the activations in Figure 7B
were coded for short (<15 sec; red) or long (>15 sec; blue) durations. Of the 32 sites associated
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with short stimulation, 18 (56%) were in pMCC, while 14 (44%) were in aMCC. The non-
homogeneous distribution of sites in pMCC was amplified by aggregation of activations around
the VAC and a double arrow in Figure 7B emphasizes that only 5 short-duration sites were in
the posterior % of pMCC, while 13 aggregated at the VAC. There were 13 long-duration sites
in both aMCC and pMCC. In pMCC, 5 were in the posterior % and 8 in anterior Y5, rostral to
double arrow. Although the total number of activations was about the same in both divisions
of MCC, aggregation of short-duration sites around the VCA in pMCC emphasizes a
topographic specialization within pMCC not present in aMCC.

Emotion and Non-emotion Processing

Studies of simple emotions were selected that monitored recognition, recall, and retrieval of
emotional material with personally relevant scripts of person and/or events or emotionally
induced, non-personally relevant facial expressions. Figure 7C shows 45 total emotion
activations in cingulate cortex; 10 were to fearful faces and 6 of these were in aMCC, one in
pMCC, two in PCC, and one in pACC. Anger evoked diffuse activity with two sites each in
pACC, pMCC, and aPCC. Sites activated by sadness or happiness were almost completely
separated from those for fear and anger. Sadness activated the ventral portion of the pACC,
mainly areas 24a and 25 and happiness activated the two extreme parts of cingulate cortex; 10
sites were in pACC, rostral to most of the “sad” sites, and 7 sites were in pPCC.

Critical to assessing the extent of a specific role of aMCC in fear is the assurance that it is not
also activated during non-emotional conditions indicating a wider role in brain function.
Personally relevant memory that did not involve emotion consistently activated areas 23 and
31 inventral PCC (vPCC; Fig. 7D). These included most activations to neutral faces. Only two
siteswere in pACC and 3were in pMCC. Thus, vPCC activations during emotion are associated
with a general role in facial recognition and/or visuospatial or personal orientation, rather than
regulation of emotion per se. In contrast, fear activity inaMCC is specifically related to emotion
and not other parameters of facial or verbal recognition as was also true for sadness and
happiness in pACC.

DISCUSSION

The structure of MCC has been defined in terms of the unique cytological characteristics for
its anterior and posterior parts. All cases had a very neuron dense layer Va in pMCC and PCC
and a dysgranular area 23d between pMCC and PCC. These differences were in tissue
processed according to classical methods and current immunohistochemical procedures in two
planes of section and the Brodmann map requires significant alterations to bring it in line with
this cytological organization. Furthermore, the analysis of nociceptive activations provides a
striking confirmation that MCC is a major location of pain processing events, although
heterogeneities in the topography of pMCC activation sites distinguish it from aMCC.
Nociceptive activation emphasizes the role of MCC in response selection and such activity in
aMCC is enhanced by fear and contributes to its vulnerability in chronic pain syndromes.

Neuroanatomical Organization

The most striking finding of this survey of midcingulate histology is the presence of a layer
Va that is dense with both small and large pyramids in areas p24’ and 23. Layer IV has many
small neurons, however, these have mainly intracortical connections (Peters and Jones,
1984) and, until the present analysis, we viewed the granularity of area 23 as typically defined
by layer IV (Vogt et al., 1987, 1997). Although area 23 does have a granular layer IV, a
prominent part of its parvicellular features are due to the composition of layer Va associated
with small pyramidal neurons. In fact, at low magnification, the most prominent layer in area
23 is layer Va, not layer IV (Vogt et al., 2001a). The concept of a layer Va with small and
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densely packed pyramids resolves another issue; localization of the area 24/23 border in MCC.
The presence of many small pyramids in layer Va, dysgranular aggregates in layer IV, or as a
separate layer 1V provide intermediate levels of transition between agranular and granular
cortices and variable processing circuits between afferent inputs from the thalamus and efferent
projections to motor systems and other cortices. The specific roles of each laminar placement
and function of small pyramids in this context are not known.

The nature of transition from agranular area 24 to granular area 23 can be stated for the first
time in primates and it improves understanding of area 23 and MCC. In addition to the high
density of small pyramids in layer Va, there is an intermediate dysgranular layer 1V in area
23d. The concept of a dysgranular cortex has been thoroughly discussed for cingulate (Vogt
etal., 1997, 2001b, 2003), insular (Mufson et al., 1997), and orbitofrontal (Hof et al., 1995)
cortices. In cingulate cortex, however, this has been discussed only for area 32" as it relates to
cingulofrontal transition and for area 30 in relation to differentiation of granular retrosplenial
area 29 and isocortical area 23a (Vogt, 1976; Vogt et al., 2003). Cortical transition along the
cingulate gyral surface involves a high density of small neurons in layer Vain pMCC, formation
of dysgranular aggregates of neurons in layer IV of area 23d, and a fully granular layer IV and
very dense layer Va in areas 23a-c. Thus, a significant revision is required for the Brodmann
map that is generally available for functional imaging because the concept of only two cingulate
regions (i.e., ACC and PCC) is not tenable because they do not represent uniform structural or
functional entities.

Emotion and Pain Processing

Cingulate cortex is one of the most frequently activated regions during acute pain (Derbyshire,
2000; Peyron et al., 2000) and the current functional analyses confirmed the pivotal role of
MCC. As the complexity of cingulate cytology and connections is uncovered, these issues need
reconsideration in the context of the many studies of emotion performed over the past decade.
Most acute nociceptive activations were around the VCA in pMCC and throughout aMCC.
Since the juncture of aMCC and pMCC has enhanced activation during hypnosis when the
intensity and unpleasantness of noxious stimuli is increased (Faymonville et al., 2000), it was
not surprising to see the high density of activations around the VCA. We expected that long-
duration noxious stimulation would increase affect and activity in aMCC because of the high
level of fear activations in this region, however, this hypothesis was rejected because long-
duration stimuli evoked activity that was evenly distributed in MCC. Since aMCC has also
been activated during anxiety related to aversive conditional stimuli (Buchel et al., 1998,
1999) and pain anticipation (Chua et al., 1999; Hsieh et al., 1999; Sawamoto et al., 2000; Porro
et al., 2002), it appears that noxious activation in aMCC is associated with fear and anxiety
that are critical to avoidance behaviors driven by the rCMA. A specific circuit for these
interactions is suggested below.

Although the pain analysis showed that the posterior %5 of pMCC had few pain sites, Bentley
et al. (2003) observed a very early (400-540 msec latency), laser-evoked, positive potential in
the posterior part of pMCC. Since this part of pMCC receives input from the limitans nucleus
of thalamus, which itself receives spinothalamic inputs (Vogt et al., 1987; Vogt et al., 1993),
it seems paradoxical it is least activated in functional imaging studies. The short latency of the
P2 response may be outside the resolution of current imaging methods and the posterior pMCC
may be involved in very early orienting responses to noxious stimuli through the cCMA
(Matelli et al., 1991; Zilles et al., 1995) and its spinal cord and motor cortex projections (Dum
and Strick, 1993; Morecraft and Van Hoesen, 1998). Therefore, the very early, P2 evoked
potential may constitute a third contribution of cingulate cortex to pain processing: a) pMCC
coordinates the earliest skeletomotor reflex responses through the cCMA, b) aMCC
coordinates fear and avoidance with skeletomotor activity through the rCMA, and ¢) pACC
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regulates affect in relation to autonomic functions (Porro et al., 2003). It should also be noted
that neurons in the cCMA are more active during cue-triggered movements than during self-
paced movements and there is a longer pre-movement delay in the anterior than posterior parts
of cingulate sulcal cortex (Shima et al., 1991). These physiological differences of the rostral
and caudal CMAs support differential processing circuits within MCC. These observations
also suggest a progression in cingulate engagement by noxious stimuli beginning in pMCC,
proceeding to aMCC, and ending in pACC to accommodate a progressively larger and longer
duration painful “burden” and coordinated skeletomotor and autonomic processing.

Functional MCC Circuits

The role of MCC in skeletomotor regulation and response selection is well known (Devinsky
et al., 1995), however, this does not address the reasons for two cingulate motor areas and the
dichotomy in MCC organization. This question can be addressed from the perspective of two
intrinsic circuits in aMCC and pMCC. The aMCC circuit is shown in Figure 8 which begins
with two monkeys in which Fast Blue was injected into the rCMA (A.) to retrogradely label
inputs to this region from the cingulate gyrus and tritiated amino acids (B.) to anterogradely
label terminals from this area (Van Hoesen et al., 1993). These cases demonstrate dense and
reciprocal connections between the gyral surface and rCMA and emphasize that inputs to
rCMA are more widespread than are reciprocal, but not equivalent, connections. The aMCC
diagram (C.) suggests that fear, associated memories, and cognitive schemata are stored in
aMCC. Activation of the circuit by nociceptive inputs from the thalamus induces fear and
memories of similar events and triggers outcome prediction. This activity drives the rCMA to
enhance avoidance responses via layer V projections to motor structures. It may also change
behaviors based on new outcomes and changes in the reward properties of particular behaviors
(Shima and Tanji, 1998; Bush et al., 2002).

Why is a second circuit needed in pMCC? A pMCC circuit is not driven by any emotion and
it is poorly engaged, though not inactive, by noxious stimulation and it may receive less input
from thalamic nuclei that receive spinothalamic and spinoreticular inputs. Activity in the
cCMA tends to be more closely linked temporally to motor output (i.e., shorter latency between
neuronal discharge and muscle contractions; Shima et al., 1991), projects to a part of the
striatum that also receives primary motor input (Takada et al., 2001), and may be involved in
the earliest sensorimotor orienting and reflex responses (Bentley et al., 2003) rather than
complex behaviors involving assessment of outcomes. Finally, pMCC and dorsal PCC have
profound inputs from inferior parietal cortex that are much less prominent to aMCC (Vogt and
Pandya, 1987) and this may contribute to orientation in space and spatial guiding of behavior.

Differential Vulnerability of aMCC & pMCC in Chronic Pain Syndromes

The ultimate test of any neurobiological model of structure/function associations is the extent
to which cortical units are selectively vulnerable to neuronal diseases. Studies of chronic pain
syndromes suggest that the two divisions of MCC are differentially impacted by chronic
somatic (pMCC) and visceral (aMCC) pain. Hsieh et al. (1995) reported activity of right pMCC
during ongoing neuralgia pain. This activation was revealed by comparing activity during the
painful state with a lidocaine-nerve-block, pain-alleviated state. The neuropathic response was
caudal to acute tonic activity observed here in the posterior %5 of pMCC. Derbyshire et al.
(2002) reported increased cerebral blood flow in pMCC during phasic pain stimulation in
patients with low back pain close to pMCC that was also more active in patients with atypical
facial pain (Derbyshire et al., 1994). A recent report of relief of trigeminal pain using
electrostimulation revealed correlates of pain relief in pMCC (Willoch et al., 2003). Thus,
chronic pain with a somatic etiology critically involves pMCC and may selectively disrupt
early orientation responses.
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In contrast, noxious visceral stimulation in patients with chronic visceral pain associated with
irritable bowel syndrome (IBS) activate aMCC (Mertz et al., 2000; Naliboff et al., 2001) and
activity in pMCC in IBS is rare (Derbyshire, 2003). These data make a case for selective
vulnerability of aMCC in IBS. Indeed, IBS is associated with numerous psychosocial stress
factors including depression, distress, rape, and/or physical abuse (Leserman et al., 1996;
Drossman et al., 2000) and these factors could enhance fear and engage the same region
activated during fear. Impaired anticipatory actions associated with IBS during visceral
stimulation show a prominent role of aMCC and the circuit above emphasizes the role of aMCC
in cognitive schemata disordered in IBS. The enhanced vulnerability of aMCC to chronic
visceral pain appears to be due to the fact that aMCC uses the nociceptive signal and fear to
modulate avoidance behaviors. Finally, a case of IBS with a history of physical and sexual
abuse not only demonstrated enhanced activation of aMCC during noxious rectal distension,
but this response and persistent visceral pain resolved following cognitive-behavioral therapy
and termination of marriage to an abusive spouse (Drossman et al., 2003). This case emphasizes
the importance of aMCC to chronic visceral pain syndromes, and although pMCC may also
be impacted, targeting cognitive therapies to aMCC must be part of the long-term goal of
objective assessment of treatment outcomes with imaging modalities.
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ABBREVIATIONS

a, A

anterior
aMCC

anterior midcingulate corte
b

body of corpus callosum
BSA

bovine serum albumin
cgs

cingulate sulcus
CMA (r/c)

cingulate motor areas; rostral/caudal
fMRI

functional magnetic resonance imaging
g

genu of corpus callosum
IBS

irritable bowel syndrome
ICC

intracortical circuit
MCC

midcingulate cortex
NeuN

neuron-specific nuclear binding protein

Eur J Neurosci. Author manuscript; available in PMC 2008 September 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vogt et al.

NFP

intermediate neurofilament proteins
p, P

posterior
pACC

perigenual anterior cingulate cortex
PBS

phosphate buffered saline
PCC

posterior cingulate cortex
PET

positron emission tomography
pMCC

posterior midcingulate cortex
RSC

retrosplenial cortex
S

splenium of corpus callosum
spls

splenial sulcus
VCA

vertical plane at the anterior commissure
vPCC

ventral posterior cingulate cortex
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Figure 1.

Two maps of cingulate cortex showing multiple rostrocaudal subdivisions (from Braak,
1980) rather than only anterior and posterior divisions reported by Brodmann. These maps
raise questions about transitional cortex between Brodmann’s areas 23 and 24 and cytological
variations in the dorsoventral orientation. A, anterior and P, posterior divisions of recently
defined MCC.
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Figure 2.
Overview of areas forming the anterior cingulate region dorsal to the corpus callosum in Case

2. The coronal sections were photographed at the asterisks on the medial surface. Each arrow
points to a layer in each “b” division which are marked with parentheses. Profound changes in
laminar thickness and neuron density are apparent. cgs, cingulate sulcus; g, genu; b, body; s,
splenium of the corpus callosum.
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Figure 3.

Features of MCC areas a24’ and p24’ for both “a” and “b” subdivisions in NeuN and SM132
of Case 2. Of particular note are the higher densities of NFP-expressing neurons in deep layer
111 (SM132; below double arrows) and the greater density of neurons in layer Va and their
expression of NFP in area p24’. Since the layers in NeuN and SMI32 sections were exactly
co-registered, they are not relabeled in SMI32.
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Figure 4.

The border between areas p24’ and 23 includes a transition from the agranular anterior to
granular posterior cortices as shown here with thionin-stained Case 1. Area 23b has a
continuous granular layer IV, while area 23d has a dysgranular layer 1V that forms clumps or
islands of neurons between layers Illc and Va; one island is identified with three arrows. Area
23 also has a very dense layer Va with many small pyramids as does area p24b’. Area p24b’
has very large neurons in layer Vb that form small aggregates; two of which are marked with
arrows. Area a24b’ has consistently smaller neurons in deep layer 111 and generally small and
less dense neurons in layer V.
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Layer V differentiation is pivotal to transition in MCC, defining aMCC and pMCC, and it is

magnified here for Case 3. Neuron densities are higher in area p24b’ in layers Va and Vb. The
high density of neurons in layer Va s clear, although the many small neurons do not contribute

to NFP expression (SMI32). The neurons in layer Vb are somewhat larger in this area and more

of them express NFP.

Figure 5.
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Figure 6.

Case #6 was cut in the horizontal plane and reacted for NeuN and shows the features of
transition from area p24a’ to area 31. The macrophotograph has an extension of retrosplenial
cortex (RSC) from the callosal sulcus along the ventral border of the cingulate gyrus and marks
the end of the splenium of the corpus callosum in more ventral sections. Each asterisk in this
latter section shows where microphotographs were taken and the arrows indicate the borders
between adjacent areas. In addition to the architectures of areas in this section, the bottom three
microphotographs are of area 23d. The long double arrows delimit layer IV and adjacent layers
and the double asterisks show points at which there is an intermingling of large layer Illc and
Va pyramidal neurons as is characteristic of dysgranular cortices. spls, splenial sulcus.

Eur J Neurosci. Author manuscript; available in PMC 2008 September 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Vogt et al.

A. Case Co-Registration

1

2

3

dPCC! el \
13 \ pMCC-ﬁ,f .2 pMECJ'aMCC

Page 21

BANoxmus Thermal Activations

f
\ " & VCAs

b | ’1 aMCC/
~ | ! pACC

Figure 7.

A. Cytological borders of each medial surface photograph were co-registered to the Talairach
and Tournoux (1988) coordinate system and corpus callosum as shown here for Case 2. Each
of the borders were identified histologically (3 arrows) and measurements taken to the VCA
as indicated with the double-headed arrows. B.-C. Activation sites in cingulate cortex were
plotted in relation to the average coordinates for each border (dotted lines mark edge of
cingulate cortex). The double arrow in B. suggests a point at which the density of sites
associated mainly with short, noxious stimuli changes in the y axis. There is a striking
localization of nociceptive activity in aMCC with a prominent aggregate around the VCA in
pMCC. C. Most fear activity was in aMCC. D. Although Non-Emotion activity was striking
in VPCC, none was in aMCC and pACC was virtually devoid of it. This suggests the latter
activations are associated with processing specific to emaotion. cgs, cingulate sulcus; g, b, s,
genu, body, and splenium of the corpus callosum.
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Figure 8.

Circuit derived from monkey connection studies to guide understanding of MCC functions.
Retrograde labeling of neurons (A. Fast Blue; dots) and anterograde labeling of axons (B.
Amino Acids; dots mark tritium-labeled terminals; modified from Van Hoesen et al., 1993)
show a dense and reciprocal connection between sulcal rtCMA and gyral cortex and these are
indicated with a double arrow for intracingulate connections (ICC) in “C. aMCC

Circuit” (coronal section from aMCC in Fig. 2). One sequence involves activation of fear/
cognitive schemata in aMCC with noxious stimuli via the midline and intralaminar thalamic
nuclei. This activation leads to changing behavioral responses via motor efferents (V, layer V)
to prevent similar painful outcomes in the future. cgs, cingulate sulcus; Ml, primary motor
cortex; SMA, supplementary motor area.
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Border Coordinates from VCA

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6

Mean+SEM
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Table 2

24b/a24b’ a24b’/p24b’ p24b’/23d
+32 mm +7 mm -16 mm
+29 +7 -28

+32 +6.5 -22

+27 +1.5 -23

+31 +3 -24

+28 +2 -19

y = +30+0.9 +4.5+1.1 -22+41.7
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