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Abstract

Human imaging localizes most visceral nociceptive responses to anterior cingulate cortex (ACC), however, imaging in conscious
subjects cannot completely control anticipatory and reflexive activity or resolve neuron activity. This study overcame these short-
comings by recording individual neuron responses in 12 anesthetized and paralyzed rabbits to define the visceronociceptive response
pattern by region and layer. Balloon distension was applied to the colon at innocuous (15 mmHg) or noxious (60 mmHg) intensities,
and innocuous and noxious mechanical, thermal and electrical stimuli were applied to the skin. Simultaneous recording from multi-
ple regions assured differences were not due to anesthesia and neuron responses were resolved by spike sorting using principal com-
ponents analysis. Of the total 346 neurons, 48% were nociceptive; responding to noxious levels of visceral or cutaneous stimulation,
or both. Visceronociceptive neurons were most frequent in ACC (39%) and midcingulate cortex (MCC, 36%) and infrequent in ret-
rosplenial cortex (RSC, 12%). In contrast, cutaneous nociceptive units were higher in MCC (MCC, 43%; ACC, 32%; RSC, 23%).
Visceral-specific neurons were proportionately more frequent in ACC (37%), while cutaneous-specific units predominated in RSC
(62.5%). Visceral nociceptive response durations were longer than those for cutaneous responses. Postmortem analysis of electrode
tracks confirmed regional designations, and laminar analysis found inhibitory responses mainly in superficial layers and excitatory
in deep layers. Thus, cingulate visceral nociception extends beyond ACC, this is the first report of nociceptive activity in RSC includ-
ing nociceptive cutaneous responses, and these regional differences require a new model of cingulate nociceptive processing.
© 2007 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction ous thermal stimuli activated aMCC [24]; while noxious

heat activated pMCC. Davis et al. [11] activated aMCC

Human pain studies often activate cingulate cortex,
however, the source of the nociceptive signal is poorly
understood. Noxious stimulation with subtraction of
innocuous activity shows regional differences by body
tissue and response onset and duration. Becerra et al.
[4] activated anterior midcingulate cortex (aMCC) and
dorsal posterior cingulate cortex (dPCC) during innocu-
ous and noxious heat and the latter habituated. Innocu-
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with noxious transcutaneous electrical median nerve
stimulation but not innocuous stimulation and Biichel
et al. [8] identified aMCC activity with a pain intensity
function, while dorsal to this there was innocuous acti-
vation. Visceral distension frequently activates anterior
cingulate cortex (ACC; Naliboff et al., 2001) and this site
overlapped with anticipation of visceral pain. Indeed,
anticipation of pain is associated with cingulate cortex
[36,57]. Finally, noxious muscle stimuli activated MCC
more rostrally than did noxious cutaneous stimuli
[46,47] and C-fiber-generated second pain was associ-
ated with pregenual ACC [35].
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The cingulate premotor areas (CPMA) lie in the cin-
gulate sulcus and are driven by noxious stimuli. Hender-
son et al. [18] showed intensity-coded, noxious muscle
activation of the caudal CPMA. Self-paced, sequential
finger opposition activated dorsal pMCC [24] and move-
ment responses were in dorsal pMCC [8]. Finally, Moul-
ton et al. [31] reported innocuous and noxious heat
activity in dorsal pMCC, while dorsal aMCC was driven
by noxious stimuli only. Large activations, however,
preclude excitatory and inhibitory and laminar analyses
and tight control of anticipation and reflexes.

Rabbit studies reported ACC neurons with large,
bilateral cutaneous receptive fields and multimodal
thermal and mechanical nociceptive responses of long
duration [44]. Kuo and Yen [23] compared nociceptive
responses in ACC with somatosensory cortex and
reported longer duration responses in ACC and the
same units in awake and chloralose-anesthetized ani-
mals had similar activity patterns, although baseline
was reduced under anesthesia. This assures that neu-
ron responses under anesthesia reflect nociceptive
activity. There is only one study of ACC neuron
responses during colorectal distension [15]. These neu-
rons were not activated by innocuous distension and
only 22% were nociceptive. Using gastrointestinal sen-
sitization, they activated two times as many neurons
with visceral distension and no changes in cutaneous
driving suggesting some segregation of visceral and
cutaneous afferents.

Problems inherent in conscious human research are
resolved with anesthetized and paralyzed rabbits. Rab-
bit neurons are large and easily isolated for recording
and its ACC, MCC, and retrosplenial cortex are well
differentiated [52,55]. Here, the distribution of cingulate
visceronociceptive neurons was evaluated along with the
structure of each nociceptive layer and their excitatory
and inhibitory characteristics. Simultaneous recordings
in multiple regions negated the effects of fluctuating
anesthetic and reflexes were blocked with pancuronium
to assure pure sensory activity. The proportions of vis-
ceral and cutaneous nociceptive units were defined by
region and layer.

2. Methods

2.1. Animal preparation

Twelve adult male New Zealand rabbits (3 to 4 kg) were
used. They were initially anesthetized with a mixture of Nem-
butal and Xylazine (35 and 5 mg/kg) to allow insertion of a
tracheal tube. The animal was then anesthetized for surgery
with a mixture of Halothane (1.5-2%) and Oxygen (2 1/min,
open system). Temperature was monitored and maintained
at 37 °C with a circulating-water heating pad. The electrocar-
diogram was continuously monitored and recorded for later
analysis (HP 78352a) and hydration was maintained by a sal-
ine drip into an ear vein.

The animal’s head was fixed to the stereotaxic device by
attaching a stainless steel bar to the cranium with skull screws
and dental acrylic. Before hardening, the dental acrylic was
molded into a well which was filled with sterile saline during
the experiment. To minimize pulsation, small openings,
approximately 2 by 5 mm, were made through the bone over
target cortical areas, leaving the dura intact. Using Bregma
as the reference, the anterior cingulate cortex (ACC) was
explored from +4.0 to +7.0 MCC from +2.0 to —2.0 mm,
and the retrosplenial cortex (RSC) from —4.0 to —6.0 mm
[16,42].

After surgery, the anesthesia level was reduced to approxi-
mately 0.5% or until weak withdrawal reflexes could be elic-
ited. At this experimental level of anesthesia, there were no
spontaneous movements, and noxious cutaneous stimulation
produced only short duration reflexive movements of the stim-
ulated appendage with no coordinated movements of other
limbs or any other signs of arousal. Noxious visceral stimula-
tion produced an increase in abdominal tone and slow limb
extension but no other movements. Additionally, heart rate
was continuously monitored during the experiment to insure
that noxious stimulation produced no increase in heart rate.
This level of anesthesia is necessary for cortical responses to
be elicited by noxious stimulation without producing arousal
[44]. These procedures were approved by the Committee for
the Humane Use of Animals, SUNY Upstate Medical
University.

In 10 animals neuromuscular blockade was used to
improve the stability of recordings. After the animal reached
the experimental level of anesthesia, muscle tone and reflex
movements were blocked with a single dose of neuromuscular
blocking agent (Pancuronium bromide 2 mg/kg, i.v.), and the
animal was artificially ventilated (Penlon Nuffield Ventilator
Model 200 with Newton Valve, Abingdon, UK). Since
reflexes cannot be monitored during neuromuscular blockade,
withdrawal reflexes were carefully assessed before injection,
and heart rate was continuously monitored throughout the
period of paralysis ensuring that heart rate did not change
in response to noxious stimulation. This blockade was effec-
tive for about 2 h at which time the level of anesthesia was
reassessed before repeating the blockade. No animals showed
signs of arousal after blockade. At the end of the recording
session, the animal was deeply anesthetized with pentobarbi-
tal (40 mg/kg) and perfused with 4% paraformaldehyde for
histology (see below).

2.2. Neuron recording

Cortical activity was recorded extracellularly as multiunit
activity and resolved into individual neurons with spike sort-
ing. Electrodes were varnish insulated sharpened tungsten
wires (1-4 MQ) in one of two configurations. In the first con-
figuration, four individual electrodes were arranged in a single
row spaced 200 um apart (Fred Haer, Inc., Bowdoin, ME;
Matrix electrode). This electrode array was oriented to sample
across cortical layers simultaneously as shown in Fig. 1b or
along the anterior/posterior axis at some MCC and RSC sites.
In the alternate configuration, two pairs of electrodes were
spaced with one pair in MCC and the other in RSC to allow
simultaneous recording in both regions. Thus, up to 8 elec-
trodes could simultaneously record action potentials with 4
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Fig. 1. Electrophysiological recording and electrode localization. (a) Principal components analysis of two units recorded from a single electrode (#1
in b). These units were differentiated with waveform characteristics shown in (c). A third unit was isolated simultaneously on electrode #2 (arrow
drawn from the electrode tip). (b) Histological section showing four electrode tracks in area 32. The asterisk is the top of layer V and the calibration
bar is for 500 pm. (d) Discharges of all three units during an innocuous and noxious colon distension. Action potentials during four successive trials
are shown (each trial recorded simultaneously) and the period of innocuous and noxious stimulation is shown below (e). Cusum analysis and PSTHs
for each discharge showing the first unit (red) had a strong response to noxious stimulation, the second (green) had no response, and the third (blue)
had a variable but significant response to noxious visceral stimulation. Responses with significant Cusum, p < 0.01, are indicated by an asterisk.

electrodes spanning the cortical layers of ACC and the other
four electrodes either placed at one posterior site or split
between MCC and RSC. Action potentials detected at each
electrode were fed into a multichannel amplifier and digitized
at 40 kHz per channel (Plexon Inc, Dallas, TX — MAP system;
Rasputin software). All waveforms that exceeded 3 times the
baseline noise level were saved for spike sorting and subse-
quent offline analysis with a 600 ps spike window.

The electrode arrays were lowered through the intact dura
mater until action potentials were first detected and then
advanced into area 24b in ACC, area 24b’ in MCC, and area
30 of RSC. Data from sites that postmortem histological anal-
ysis showed to be in area § were not included in the analysis. A
series of cutaneous and visceral stimuli were applied (see
below) and the electrode was then advanced to additional sites
in 0.5 to 1.0 mm steps in ACC and 0.2 to 0.5 mm steps in MCC
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and RSC. After each advance, the electrode was allowed to set-
tle in the tissue for 15-30 min to improve stability. Search stim-
uli (see below) were applied, and if noxious responses were
detected, the electrode position was slightly adjusted to better
isolate the responsive units. The maximum depth explored was
5.0 mm in ACC and 2.0 mm at the posterior levels. Usually 3
or 4 sites were recorded on each probe, and 2 to 4 probes were
made in each cortical area per animal. Probes were generally
spaced 1.0 mm or more apart to assure postmortem identifica-
tion of individual tracks.

A two step spike sorting approach was used to resolve the
multi-unit waveforms recorded at each electrode into wave-
forms from single neurons (Plexon Inc., Offline Sorter soft-
ware). After removal of electrical artifacts, waveforms were
aligned to the maximum negative potential. Then 3D principal
component analysis was used to identify waveform clusters
and generate average waveform templates by automatic sort-
ing methods with additional manual sorting when necessary.
Template matching was then used to refine the sorting so that
the resultant waveforms were statistically significantly different
in principal component space (MANOVA, p=0.01). An
example of spike sorting with principal components analysis
when more than one unit was identified on a single electrode
is shown in Fig. 1a (electrode track #1). The waveform charac-
teristics of each unit are also shown (C.) as well as their dis-
charges generated by noxious stimulation as discussed below.
A third unit recorded simultaneously but on a different elec-
trode is also shown in the figure (electrode track #2). Autocor-
relation interspike interval (ISI) histograms were examined to
further insure that the waveforms represented separate neu-
rons (e.g. no waveforms in cluster with ISI <1 ms), and the
stability of the waveform amplitude and shape was visually
confirmed over the stimulation period. Finally, pair-wise sta-
tistical analysis was used to select units with statistically differ-
ent waveform for inclusion. Simultaneously recorded units
with different responses to noxious stimulation despite statisti-
cally overlapping clusters were also included in the sample
population. Automatic sorting generally identified 2 to 5 clus-
ters per electrode, and pair-wise analysis reduced this to about
2 units per electrode.

2.3. Response analysis

Analysis of peristimulus time histograms (PSTH) was used
to identify neuronal responses to cutaneous and visceral stim-
ulation. Cumulative summation analysis (Cusum; NeuroEx-
plorer software, Nex Technologies, Littleton, MA) was used
to assess the statistical significance of the response and
improve the precision of response onset and offset measure-
ments [10,40,45]. This method plots the cumulative sum of dif-
ferences of PSTH bin count from the overall mean and
constructs 99% confidence intervals to identify significant
changes from the baseline activity. Individual sweeps were also
examined for artifacts to make sure that the responses were
reliably elicited.

Fig. 1 shows three typical unit responses recorded at a sin-
gle site in area 24b of ACC. Two units from electrode #1 were
recorded on the deepest of four electrodes, and the third unit
was recorded on the adjacent electrode. Additionally, a second
non-responsive unit on electrode #2 and single units, both
non-responsive, were recorded on the more superficial elec-

trodes. Fig. la shows the principal component scatter plot
for the first two units. The clusters were distinct and statisti-
cally significant (p = 0.002), and the waveforms of these two
units were clearly different in amplitude when plotted
(Fig. 1c). The responses of these units to visceral stimulation
are shown in Fig. 1d and e. Action potentials are plotted in
Fig. 1d along with a plot of innocuous and noxious visceral
stimulation forces below. Four stimulation trials are shown.
The first unit (red) shows a moderate but variable increase in
firing after the onset of noxious visceral stimulation. The sec-
ond unit (green) has a much lower spontaneous rate and shows
no apparent response to stimulation. The third unit (blue) has
an irregular firing pattern, but appears to modulate weakly
with the noxious stimulation.

Statistical analysis of these responses is shown in Fig. le
where the PSTH shows the excitatory response of the first unit
more clearly, but there is much variability across the bins.
Indeed, only one bin crosses the standard 99% PSTH confi-
dence interval line (CI, red line) which would make classifica-
tion of this response difficult. The more robust Cusum plot is
less influenced by the irregularity of the firing rate and shows a
clear change in firing just after the onset of noxious stimula-
tion. Since this trend continues back into the 99% Cusum CI
oval, the change in activity is statistically significant. In con-
trast, the Cusum plot of the second unit remains within the
99% CI oval and thus has no significant response to visceral
stimulation. The PSTH for the third unit suggests a small
increase in firing rate in PSTH but this is again obscured by
irregular firing. Cusum analysis, however, more clearly shows
a trend away from baseline and a significant increase in activity
after the onset of noxious stimulation. The Cusum plot also
facilitates the detection of the onset and offset of responses
[13,34,45]. When a significant response was detected, the PSTH
was replotted using a 0.1 s bin width to identify the bins corre-
sponding to the beginning and end of the trend from baseline.
Duration was the difference. This approach was again more
robust than the standard 99% CI based on the #-statistic, espe-
cially when applied to irregular firing units and with a small
number of trails.

2.4. Stimulation protocols

Visceral stimulation normally consisted of colorectal dis-
tention (CRD) at innocuous (15mmHg) and noxious
(60 mmHg) levels, while selected cases received higher nox-
ious levels of stimulation (maximum 100 mmHg) to assure
that a response was not being overlooked. The stimulation
device consisted of a thin latex balloon or glove finger,
approximately 5cm long, sealed to a coupler which con-
nected the stimulator through polyvinyl chloride tubing to
a reservoir of water and allowed insertion of a thermal sensor
into the stimulator for measuring rectal temperature. The res-
ervoir was elevated to fixed heights to produce the desired
amount of pressure. Elastic resistance in the latex was
removed by filling the device with water and letting it sit
for 30 min or more before insertion. The external 1cm of
the device was taped to limit perianal expansion. After check-
ing for leaks under pressure, the device was inserted into the
rectum and held in place by taping it to the tail. Pressure was
continuously monitored using a low volume pressure trans-
ducer (Serta Systems, Natick, MA).
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The standard stimulus application trial consisted of 30 s of
colon distention at the innocuous pressure followed immedi-
ately by 30 s at a noxious pressure. All recording sites included
in this study received at least 3 visceral stimulation trials. Most
animals received 3-6 stimuli when a single level of noxious
pressure was used or up to 9 when multiple levels were applied.
After each visceral trial, no stimulation was applied for at least
3 min. Usually visceral trials alternated with cutaneous trials
(see below) so the total time between visceral stimuli was
5 min or more.

Cutaneous stimulation generally followed the procedures
previously described [44]. Two forms of cutaneous stimula-
tion were routinely used; transcutaneous electrical (TCES)
and mechanical pressure. TCES was tested at all sites and
served as the initial search stimulus, since it does not damage
tissue with repeated application. Stimuli were delivered by a
bipolar surface electrode positioned across the shaved ear.
Simulation of the ipsilateral and contralateral ear was alter-
nated. The standard current level was set at 6-10 mA and
single pulses or trains of pulses (1 ms pulses at 100 Hz for
50ms, 10s ISI) were applied to test neuronal responses
and, prior to muscle block, access anesthesia level. In some
cases, lower levels of current were applied to evaluate
threshold.

Qualitative mechanical pressure stimulation was applied at
all sites included in this study. This consisted of a period of 5
or 10s of innocuous mechanical pressure followed immedi-
ately by the same duration of noxious mechanical pressure.
Innocuous pressure consisted of the application of blunt for-
ceps to the ear or folds of skin and lightly brushing or squeez-
ing the appendages. These stimuli, when applied to the
investigators, evoked innocuous, light pressure sensations.
Noxious levels of pressure consisted of stronger pinch of the
ear, folds of skin or appendages with sharp forceps to the point
that elicited withdrawal. When applied to the investigator,
these stimuli were sharply noxious but did not persist more
than a few seconds after termination. Since these stimuli can
damage tissue with repeated application, stimulation sites were
marked and spaced at least 1 cm apart. During each cutaneous
trial, both contralateral and ipsilateral sites were tested. When-
ever possible, the presence of whole body nociceptive receptive
fields [44] was confirmed by stimulating ears, neck, back and
all four limbs. The number of cutaneous stimuli ranged from
3 to 15 trials with interstimulus intervals of 2 min or more.
In some cases, calibrated mechanical stimuli were applied with
a spring-loaded device with a pair of 1 mm probes that con-
tacted the skin. Pressure was controlled by compression of
the spring to fixed lengths calibrated in 2 Newton steps to a
maximum of 8 Newtons. When applied to the investigators,
the pain threshold was 3-4 Newtons and the highest level
was strongly noxious. Stimulation consisted of 5 or 10s of
innocuous stimulation followed by the same interval of nox-
ious stimulation. Finally, some rabbits received stimulations
including thermal stimuli applied with a probe (3 mm diame-
ter) and heated by a Peltier device to 40-60 °C.

2.5. Statistical analysis
Units were classified as nociceptive if they showed a statis-

tically significant change in firing rate during the application
of noxious stimulation when compared to application of

innocuous stimuli (Cusum analysis). There were two main
categories of nociceptive neurons: visceronociceptive and
cutaneous nociceptive. These classes overlap, since some units
respond to both modes of noxious stimulation. Therefore,
nociceptive units were further classified into visceral only,
cutaneous only, and viscerocutaneous units. Additionally,
responses were classified as excitatory or inhibitory based
on an initial increase or decrease in firing rate following nox-
ious stimulation.

x> analysis (SPSS Crosstab analysis, p < 0.05) was used to
determine if the three regions of cingulate cortex differed in
proportions of units within these categories. Statistical differ-
ences between regions and response classifications in mean
onset and duration were determined with analysis of variance
(SPSS Univariate GLM analysis, p < 0.05) with post hoc pair-
wise comparisons (SPSS Bonferroni p < 0.05) and data plots
were made with Neuroexplorer (Nex Technologies) or Matlab
(Mathworks, Natick, MA).

2.6. Histological preparations and localization of electrodes,
areas, and layers

Following cardiac perfusion with about 500 ml of cold 0.9%
saline and about 1000 ml of 4% paraformaldehyde in phos-
phate buffered saline, brains were removed to the same fixative
for several days and then transferred through a series of 10%,
20% and 30% buffered sucrose until they sank. Sections were
cut at 40 pm and stained with thionin (3 min; 0.05% in 3.7%
sodium acetate, 3.5% glacial acetic acid, pH 4.5) for histolog-
ical localization of the electrode tracks. In two animals, alter-
nate sections were processed for neuron-specific nuclear
binding protein (NeuN) and two control cases that received
no surgical procedures were also prepared for NeuN immuno-
histochemistry. These sections were washed in phosphate-buf-
fered saline (PBS), incubated in primary antibody in PBS
(1:1000 dilution, mouse; Chemicon, Temecula, CA) containing
0.3% Triton X-100 and 0.5 mg/ml bovine serum albumin
(BSA) overnight at 4 °C. Sections were rinsed in PBS and incu-
bated in biotinylated secondary antibody at 1:200 in PBS/Tri-
ton X-100/BSA for 1 h. Following rinses in PBS, sections were
incubated in ABC solution (1:4; Vector Labs, Burlingame, CA)
in PBS/Triton X-100/BSA for 1 h followed by PBS rinses and
incubation in 0.05% diaminobenzidine, 0.01% H,O, in a 1:10
dilution of PBS for 5 min. Sections were rinsed in PBS and
mounted, air-dried and counterstained with thionin, dehy-
drated and coverslipped.

To allow multiple uses of the electrode arrays, electrolytic
lesions were not made at the end of each penetration. The mul-
tiple parallel tracks of the array electrodes allowed sufficient
localization of the recording sites along the anteroposterior
(v) and mediolateral (x) axes. Site depths from the dorsal sur-
face were estimated by plotting stereotaxic coordinates of the
sites relative to the coordinates of the first recorded units in
layers II-1IT on the histologically reconstructed track. Given
the large spacing of recording sites, this method allowed accu-
rate determination of the cytoarchitectural region of recording
sites.

To determine the location of electrodes in the superficial
versus deep layers, the paths of individual tracks at each ste-
reotaxic site were traced as they passed through superficial lay-
ers II-IV or deep layers V and VI. Since there was some
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uncertainly on the precise depth of the site from the dorsal sur-
face, only track paths that stayed within a layer for at least
I mm above and below the estimated site location were
included in the laminar analysis. An example of a histological
case stained with thionin and immunoreacted for NeuN is
shown in Fig. 2. Two tracks were located in layer Va of area
32 (Fig. 2b; 1 and 2). Even during the short period of electrical
recording, a glial response can be detected by the thionin-
stained glia along the track interspersed with the NeuN-immu-
noreacted neurons.

The cytoarchitecture of cingulate cortex has been reported
for Nissl-stained material [S5] and the first report of midcingu-
late cortex (MCC) in the rabbit made with Nissl-stained prep-
arations [52]. The ACC had the greatest density of cutaneous
nociceptive neurons in rabbit [44] and MCC is the most active
region during noxious stimulation in human [54]. Since both of
these regions and RSC were analyzed in this report, a series of
five microphotographs are presented at levels marked with
asterisks in the right hemisphere in Fig. 2a. Two levels of
ACC (Fig. 2c) MCC (Fig. 2d) and a rostral one through
RSC (Fig. 2e) show the layers and architecture of each area
in the control hemisphere; i.e., the one not used for neuronal
recording. The red asterisk in each photograph marks the
top of layer Va and it represents the border between superficial
and deep layers. As noted in Fig. 2b, area 32 has a very thin
layer IV (also termed dysgranular) and two electrode tracks

s -
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IV Va Vb VI

were identified in layer Va of this area. Simultaneous record-
ings from MCC and RSC were made in this case as discussed
further below.

A crucial difference between rabbits/rats and primates
occurs in the posterior part of cingulate cortex. The cortical
surface in the former species is comprised of RSC, while that
in the latter is area 23 and 31. In primates, the RSC is
entirely enclosed within the callosal sulcus. Thus, rats and
rabbits do not have a posterior cingulate gyrus per se, while
primates have such a gyrus and it is comprised of RSC in the
callosal sulcus and posterior cingulate cortex on the gyral sur-
face. These comparative differences have been discussed in
detail [60].

In contrast to area 32, area 24 does not have a layer IV. A
few key differences between area 24b in ACC and area 24b’ in
MCC along the rostrocaudal axis include the following: (a)
progressive reduction in neuron density associated with larger
neuron sizes, (b) progressively larger neurons in layers Va and
Vb, (c) progressively thicker layer VI comprised of very small
and granular appearing neurons. Comparison of RSC area 29¢
and 30 shows them to be very distinct as in rodents [60]. Area
30 was the most frequently sampled site in RSC in this study,
and compared to area 29c¢, it has broad layers II and III, a thin
(dysgranular) layer IV, very large neurons in layer Va, a rela-
tively neuron-free layer Vb, and a broad layer VI with small
neurons.

A

Retrosplenial
Cortex

Fig. 2. Immunohistochemical assessment of electrode tracks, areas and layers. (a) Dorsal surface with the recording trenches (boxes) shown
overlying the left hemisphere where simultaneous recordings were made from each region as shown in Fig. 4. The 5 asterisks on the right hemisphere
locate where the photographs of normal cortex were taken below (c—e). The level as “E” is that for the electrode tracks shown in (b). The splenium of
the corpus callosum is at level “S” and the splenial sulcus (spls) is shown with two asterisks in the left hemisphere. “G” and “B” levels refer to the
genu of the corpus callosum and bregma, respectively. Calibration bar 5 mm. (b) Electrode tracks shown in layer Va of area 32. The red asterisk is at
the border between layers IV and Va in this section, between layers III and Va in other ACC and MCC areas, and between layers IV and Va in area

30 (e). All histological calibration bars are 500 pm.
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3. Results
3.1. Nociceptive responses in cingulate cortex regions

The responses of 346 neurons were recorded in cingu-
late cortex, and 166 neurons or 48% showed a significant
response to visceral and/or cutaneous noxious stimula-
tion. The overall percentages of nociceptive units were
similar across regions (Table 1) with a somewhat larger
proportion found in MCC (57.2%) and ACC (50.9%)
while 32.4% of RSC responses were nociceptive. The
proportions differed significantly by region, however,
when the mode of stimulation was included in the anal-
ysis. Overall, noxious visceral stimulation elicited
responses in 32.7% of nociceptive neurons, and noxious
cutaneous stimulation produced responses in 31.8%.
Significantly more visceronociceptive responses were
observed in ACC and MCC (38.9% and 35.7%, respec-
tively), while only 12.2% of RSC neurons responded to
visceral stimulation. The percentages of cutaneous noci-
ceptive neurons were highest in MCC (42.9% vs 31.9%
in ACC and 23% in RSC), but differences were not sta-
tistically significant (3> p = 0.055). Units in all areas had
cutaneous nociceptive receptive fields that encompassed
the entire body with no noticeable difference between
sides. No reliable response was observed to innocuous
levels of visceral or cutaneous stimulation during these
trials.

3.2. Subclasses of nociceptive responses

Nociceptive responses were grouped into three cate-
gories; (a) visceral only with a significant response to
noxious visceral stimulation and no response to cutane-
ous stimulation, (b) viscerocutaneous with responses to
both visceral and cutaneous noxious stimulation and
(c) cutaneous only with significant responses exclusively
to cutaneous noxious stimulation (Table 2). Overall, the
166 nociceptive units were distributed into these catego-
ries in approximately equal numbers (Visceral Only
33.7%, Viscerocutaneous 34.3% and Cutaneous Only
31.9%).

There were significant differences in the response sub-
modalities through cingulate cortex as also shown in
Table 2. In ACC, 37.3% of the neurons responded exclu-
sively to visceral stimulation, while 39.1% of them were

Table 1
Nociceptive responses in cingulate regions

viscerocutaneous. Only 22.6% of ACC neurons
responded exclusively to cutaneous stimulation. In con-
trast, MCC units responded best to cutaneous noxious
stimulation with 37.5% responding exclusively to these
stimuli, while 37.5% responded to both. Noxious vis-
ceral only responses were observed in only 25% of
MCC nociceptive units. The distribution of responses
in RSC had a much higher proportion of cutaneous only
responses and very few viscerocutaneous responses.
Most RSC units responded exclusively to cutaneous
stimulation (62.5%), while 29.2% (7 of 24) responded
exclusively to visceral stimulation, and only 8.3% (2 of
24) had a viscerocutaneous nociceptive response.

Typical examples from the three categories of noci-
ceptive responses in the cingulate cortex regions are
shown in Fig. 3. The ACC visceral only example unit
(Fig. 3-1) shows a strong excitatory response to the
onset of noxious visceral stimulation (latency 5.8s;
duration 22s) and no response to cutaneous stimula-
tion. The viscerocutaneous response (Fig. 3-2) shows a
longer latency visceral nociceptive excitation (latency
13.6 s; duration 18.7 s) and has a less vigorous but sig-
nificant response to cutaneous nociceptive stimulation
with a shorter onset (latency 7.6, duration 11.3). The
cutaneous only response (Fig. 3-3) has a short latency,
moderate response to cutaneous stimuli (latency 1.1 s;
duration 10.8s). While a slight increase in firing rate
can be seen following visceral noxious stimulation in this
unit, this increase was not significantly different from
baseline.

In MCC the excitatory visceral only nociceptive
responses were similar to those in ACC. The example
response in Fig. 3-1 has a moderate increase to visceral
nociceptive stimulation (latency 4.8 s; duration 17.9s)
and no response to cutaneous stimulation. In contrast
to ACC where most viscerocutaneous responses were
excitatory to both types of stimulation, half of the
MCC viscerocutaneous neurons had an inhibitory
response to visceral stimulation and an excitatory
response to cutaneous stimulation (Fig. 3-2). The exam-
ple unit showed strong and very long duration inhibition
to noxious visceral stimulation (latency 3.2 s; duration
132.2 s). The response to noxious cutaneous stimulation
shows a fast early excitation peak followed by an
extended period of increased activity (latency 0.6 s; total
duration 17.95s). The cutaneous only unit (Fig. 3-3)

Response type ACC

MCC

RSC

Total

50.9% (96/216)
38.9% (84/216)
31.9% (69/216)

Nociceptive®
Visceronociceptive®
Cutaneous nociceptive®

57.2% (32/56)
35.7% (20/56)
42.9% (24/56)

32.4% (23/74)
12.2% (9/74)
23.0% (17/74)

48.0% (166/346)
32.7% (113/346)
31.8% (110/346)

Percentage total and count of units for each response within each cingulate region.

2 Significant difference, 3% p < 0.05.
® Not significant, %2, p = 0.055.
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Table 2
Nociceptive response subtypes by region

Nociceptive subtype ACC MCC

RSC Total

Visceral only
Viscerocutaneous
Cutaneous only

37.3% (41/110)
39.1% (43/110)
22.6% (23/110)

25.0% (8/32)
37.5% (12/32)
37.5% (12/32)

29.2% (7/24) 33.7% (56/166)
8.3% (2/24) 34.3% 57/166)
62.5% (14/24) 31.9% 53/166)

Percentage total and count of units for each subtype within each region.

¥* contingency table analysis, p = 0.002 significant difference between regions.

shows a similar short latency onset with an early peak
followed by a lower level of excitation (latency 0.3 s;
total duration 5.0 s) but no significant response to vis-
ceral stimulation.

Visceral responses in RSC were infrequent, weaker
than in ACC and MCC, and inhibitory responses pre-
dominated (see below). The visceral only response
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shown in Fig. 3-1 shows a weak but significant decrease
in firing (latency 5.0 s; duration 47.2 s) following visceral
noxious stimulation with no response to cutaneous stim-
ulation. The visceral response in the viscerocutaneous
example unit (Fig. 3-2) shows a weak long-duration
inhibition to both visceral and cutaneous stimulation
(visceral latency 8.8 s, duration 77.8 s; cutaneous latency
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Fig. 3. Examples of neuron responses in each cingulate region. (1) Visceral only, (2) viscerocutaneous and (3) cutaneous only responses in each of the
cingulate regions; ACC, MCC and RSC. Each PSTH accumulates all trials of (a). Visceral (Visc) and (b). Mechanical (Mech) cutaneous stimulation
for each neuron and were evaluated for a significant response by Cusum analysis (PSTHs with responses significant at p < 0.01 are indicated by an
asterisk). The bar at each response indicates the duration of innocuous (clear) and noxious (shaded) stimulation. Time scales are adjusted to match
noxious stimulation onset for each neuron and when necessary expanded to show long duration responses clearly. Visceral responses predominate in

ACC, while cutaneous responses are more prevalent in MCC and RSC.
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16.6 s, duration 117.8 s). The most vigorous type of nox-
ious response in RSC was the cutaneous only response
(Fig. 3-3). This neuron shows strong inhibition to nox-
ious cutaneous stimulation (latency 1.8; duration 73.2)
and no response to visceral stimulation.

3.3. Simultaneous recordings in all regions

Comparison of separately recorded units in a number
of animals can generate differences that are associated
with a variable level of anesthesia and this always raises
doubts as to the fundamental differences among
response properties. For this reason, recordings were
made in two or three regions simultaneously and an
example of these observations is shown in Fig. 4.

The ACC site is located in area 32 as shown in
Fig. 2b; 5 mm rostral to bregma and at a 2 mm depth.
The MCC unit was in area 24b’; 1 mm rostral to bregma
and at a 1.2 mm depth, while the RSC unit was located
in area 30; 5mm caudal to bregma and at a 0.2 mm
depth. The ACC unit was a visceral only unit with a
strong response to noxious visceral stimulation (latency
2.6 s; duration 16.6s) and no significant response to
innocuous or noxious cutaneous stimulation. The
MCC example shows a viscerocutaneous response. Nox-
ious stimulation produced moderate visceral (latency
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10.6 s; duration 20.4s) and cutaneous (latency 0.6s;
duration 6.2 s) responses. The nociceptive response in
RSC was cutaneous only. The cutaneous noxious stimu-
lation produced a small but significant increase over
baseline (latency 3.0s; duration 5.8 s), while visceral
noxious did not increase firing over baseline. All double
and triple region recordings confirmed the distribution
of subclass response properties observed in single pene-
tration recordings, and thus it was reasonable to com-
bine data from each region for statistical analysis.

3.4. Distribution of excitatory and inhibitory responses

While excitatory and inhibitory responses were elic-
ited by both visceral and cutaneous noxious stimulation,
cingulate regions differed significantly in the proportion
of these response properties (Table 3). In ACC, viscer-
onociceptive  excitatory  responses predominated
(67.9%). In MCC, similar proportions of excitatory
and inhibitory responses were observed (55% vs 45%),
while in RSC visceronociceptive responses were far
more likely to be inhibitory (77.8%). Cutaneous nocicep-
tive responses were primarily excitatory in all regions
(ACC, 88.4%; MCC, 79.2%; RSC, 58.8%).

The majority of nociceptive responses showed a sin-
gle excitatory or inhibitory period following stimulation.

Noxious Cutaneous-Mechanical

10 ON OFF
aI |

Time (sec)

Fig. 4. Simultaneous recordings from neurons in each cingulate region. Each column of PSTHs was simultaneously recorded with three different
electrodes during visceral and cutaneous stimulation (asterisk, significant response; Cusum p < 0.01). The onset and offset of innocuous (clear) and
noxious (shaded) stimuli are marked with a bar above each response. The shift from prominent visceral drive in ACC to prominent cutaneous drive in
RSC is apparent and, therefore, cannot be attributed to variations in the level of anesthesia.
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MCC

RSC

67.9% (57 of 84)
32.1% (27 of 84)

88.4% (61 of 69)

Table 3
Distribution of excitatory and inhibitory responses
Nociceptive type Response ACC
Visceronociceptive
Excitatory
Inhibitory
Cutaneous Nociceptive
Excitatory
Inhibitory

11.6% (8 of 69)

55.0% (11 of 20)
45.0% (9 of 20)

79.2% (19 of 24)
20.8% (5 of 24)

22.2% (2 of 9)
77.8% (7 of 9)

58.8% (10 of 17)
41.2% (7 of 17)

%% — visceronociceptive p = 0.022, cutaneous nociceptive p = 0.017.

A small percentage, however, had a biphasic response,
primarily in ACC where 6 of 84 visceronociceptive units
had an initial excitatory response followed by an inhib-
itory period (4 units) or a second excitatory period (2
units). In contrast, only 1 of 20 MCC units and none
of the RSC units showed biphasic visceronociceptive
responses. For cutaneous nociceptive responses, 5 of
69 ACC units had biphasic excitatory responses with
the second excitation associated with the stimulus offset
— an on/off response. This was also observed in 1 of 24
MCC units and 2 of 17 RSC units.

Most viscerocutaneous units had the same response
to visceral and cutaneous noxious stimulation (75.4%),
but in MCC 50% of the viscerocutaneous units (6 of
12 units) had an inhibitory response to visceral stimula-
tion and an excitatory response to cutaneous stimula-
tion (see Fig. 3). In ACC, this response mismatch
occurred in only 18.6% of the viscerocutaneous units
(8 of 43 units) and in neither of the two RSC viscerocu-
taneous units. Analysis of ACC and MCC viscerocuta-
neous responses by response type did not, however,
show a significant difference (3%, p = 0.110).

3.5. Response latency and duration

Visceral response latencies were longer than cutane-
ous response latencies in all cingulate regions as shown
in Table 4. The response duration was also longer, how-
ever, this may reflect the difference in stimulus duration
(30 s for visceral and 5 to 10 s for cutaneous). It should
be noted that response duration matched stimulus dura-
tion in ACC and MCC better than in RSC and that

cutaneous response duration was significantly longer in
RSC at 359s than in ACC and MCC (14.6 and
10.7 s, respectively).

Additional regional distinctions were revealed when
the excitatory or inhibitory nature of the responses
was factored into the analysis (Table 5). Overall, inhib-
itory responses had significantly longer duration than
excitatory responses; 53.7 s vs. 20.3 s for visceral and
46.8 s vs.10.5 s for cutaneous noxious stimulation. Fur-
thermore, cutaneous inhibitory response duration was
significantly longer in RSC than in ACC and MCC
(63.8 s vs. ACC 43.8 s and MCC 28.0 s), while the excit-
atory response duration was similar across regions.
Response onset did not significantly differ between excit-
atory and inhibitory responses or between the cingulate
regions.

3.6. Deep and superficial neuron responses

Most units that could be definitively assigned to the
superficial or deep layers were in ACC (ACC, 61 units;
MCC, 5 units; RSC, 20 units). Furthermore, due to sam-
pling bias in RSC only 4 of the 20 units were located in
the deep layers. Therefore only data from ACC were
further analyzed for statistically significant laminar
response differences. Of the 5 units that were localized
to specific layers in MCC, 3 had nociceptive responses.
Two superficial units were both viscerocutaneous and
showed an excitatory response to cutaneous stimulation
and an inhibitory response to visceral noxious stimula-
tion (location of one of these units is shown in Fig. 5
and the response in Fig. 3). A deep layer unit had an

Table 4

Response onset and duration by region and stimulus

Stimulus ACC MCC RSC

Visceral, initial response

Onset 574+0.95(N=284) 524+0.75 (N=19) 6.1 +1.72(N=9)
Duration 31.2 4+ 3.08 (N=284) 349 £7.26 (N=19) 473+593 (N=9)
Cutaneous, initial response

Onset 2.3+0.30 (N=169) 1.7+ 047 (N=19) 29+146 (N=)5)
Duration® 14.6 +2.43 (N = 69) 10.7 +2.57 (N = 24) 359+9.54 (N=17)

Mean =+ standard error of mean.
@ Significant difference between regions, one-way ANOVA p < 0.05.
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MCC

RSC

Total

424123 (N=10)
15.2 +£3.38 (N = 10)

62+0.71 (N=9)
56.9+11.02(N=9)

1.7+ 143 (N=19)
6.2+1.02(N=19)

2.9+ 1.46 (N=5)

Table 5

Excitatory and inhibitory onset and durations by region and stimulus
Response ACC

Visceral excitatory resp.

Onset 4.0+ 1.04 (N=157)
Duration 20.8 £ 1.73 (N =57)
Visceral inhibitory resp.

Onset 9.2+ 1.84 (N=27)
Duration 53.1 +7.31 (N=27)
Cutaneous excitatory resp.

Onset 2.1 £1.56 (N=61)
Duration 10.8 £ 1.69 (N =61)
Cutaneous inhibitory resp.

Onset 3.8+0.93 (N=238)
Duration 43.8 +£13.08 (N =8)°

28.0 +8.43 (N =5)°

574545 (N=2)
30.1 £ 5.50 (N=2)

62+1.90 (N=7)
5224638 (N=7)

5.0+2.15 (N = 10)
164 +6.11 (N =10)

424208 (N=7)
63.8 +16.98 (N =7)°

414088 (N=69)
20.3 + 1.54 (N = 69)*

8.1+ 1.21 (N=43)
53.745.16 (N = 43)*

2.3 4 0.30 (N = 90)
10.5 4 1.36 (N = 90)°

3.7 4 0.85 (N = 20)
46.8 4 8.43 (N =20)°

Mean + standard error of mean.

& Visceral duration significantly different between excitatory and inhibitory responses, ANOVA p < 0.001.
® Cutaneous duration significantly different between excitatory and inhibitory responses, ANOVA p < 0.001.
¢ Cutaneous duration significantly different between regions, ANOVA p < 0.005.

excitatory response to only cutaneous stimulation
(Fig. 3-3). Of the 20 units in RSC, only 4 responded
to noxious stimulation. Three of these were located in
superficial layers where one cutaneous only unit had
an excitatory response to noxious stimulation (shown
in Fig. 4). The other superficial units were viscerocutane-
ous and were inhibited by both forms of stimulation
(one shown in Fig. 3-3). Finally, the deep layer unit
(location shown in Fig. 5 and response in Fig. 3-1)
was visceral only with a weak, but significant, inhibition.

a MCC b RSC

Fig. 5. Recording sites in MCC and RSC for units in the circles
showing the high resolution of localization in tissue stained with
thionin. (a) Cutaneous Only unit shown in Fig. 3 located in layer IlIc.
(b) Visceral Only inhibitory response shown in Fig. 3 located at the
junction of layers V and VI in area 30.

In ACC, no significant difference was noted between
superficial versus deep units in the proportion of noci-
ceptive units; 63.2% (12 of 19) of superficial and 61.9%
(26 of 42) of deep units responding to noxious visceral
and/or cutaneous stimulation. Restricting the analysis
to visceral and cutaneous nociceptive responses also
revealed no differences. Of superficial units, 47.4% (9
of 19) were visceronociceptive and 36.8% (7 of 19) were
cutaneous nociceptive. The deep units had similar pro-
portions with 45.2% (19 of 42) visceronociceptive and
38.1% (16 of 42) cutaneous nociceptive. Also, no distinc-
tion could be made in terms of the modality of the
responses with similar proportions of visceral only, vis-
cerocutaneous and cutaneous only responses in each
layer as shown in Table 6.

Laminar differences were seen when the excitatory or
inhibitory nature of the response was contrasted. Many
units in the superficial layers (66.7%; 6 of 9 units)
showed inhibition to noxious visceral stimulation (Table
6). In contrast units in the deep layers were mainly
excited by noxious visceral stimulation (78.9%; 15 of
19) and this difference was significant. A similar ten-
dency was observed with cutaneous nociceptive
responses (Table 6), although the difference was not sig-
nificant (Fisher Exact Test, p = 0.067).

While the response onset to visceral noxious stimula-
tion was similar between layers (mean =+ standard error,
2.5 + 3.5 s superficial versus 4.2 + 2.4 s deep) the dura-
tion of responses was significantly different between
superficial units (38.3+£6.3s) and deep units
(19.44+2.7s; p=0.02). Cutaneous nociceptive
responses showed this pattern to be reversed, but the
mean differences were not significant. For onset the
means were 4.0 1.3 s for superficial and 2.2 +0.6s
for deep units, while the durations were 11.1 £2.7s
for superficial and 22.1 £ 9.0 s for deep units.
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Table 6
Superficial and deep nociceptive responses in ACC

Nociceptive response type Superficial layers Deep layers

All units
Nociceptive 63.2% (12 of 19) 61.9% (26 of 42)
Visceronociceptive 47.4% (9 of 19) 45.2% (19 of 42)

Cutaneous nociceptive 36.8% (7 of 19) 38.1% (16 of 42)

Nociceptive units categories
Visceral only

Visceral & cutaneous
Cutaneous only

41.7% (5 of 12)
33.3% (4 of 12)
25.0% (3 of 12)

38.5% (10 of 26)
34.6% (9 of 26)
26.9% (7 of 26)

Visceronociceptive responses®
Excitatory
Inhibitory

33.3% (3 of 9)
66.7% (6 of 9)

78.9% (15 of 19)
21.1% (4 of 19)

Cutaneous nociceptive responses
Excitatory 57.1.1% (4 of 7)
Inhibitory 42.9% (3 of 7)

93.8% (15 of 16)
6.2% (1 of 16)

Percentage total and count of units for each nociceptive response type
are shown.

# Significant difference, Fischer Exact Test p < 0.05, response type by
layer.

4. Discussion
4.1. Nociception extends beyond anterior cingulate cortex

Affect is often attributed to ACC based on studies of
pain unpleasantness [22], anticipation of pain [36], and
reliance on Brodmann’s cingulate dichotomy. Since pain
evoked-potential studies suggest short-latency activation
in dPCC [5,25,39] and there is a low level of emotion-rel-
evant activation here [53,54], nociceptive activity in
pMCC and dPCC is not likely affective. Since the rabbit
and rat do not have a dPCC, dorsal RSC may perform
similar functions in these species. The present study
reports  single-neuron, visceronociceptive  activity
throughout cingulate cortex and for the first time in
RSC. The visceral and viscerocutaneous units have a
topographic pattern with most in ACC (76.4%), fewer
in MCC (62.5%), and fewest in RSC (37.5%), while cuta-
neous-only nociceptive neurons were twice as frequent
as visceral-only nociceptive neurons in RSC (23% vs
12.2%, respectively) and this was not the case for ACC
(38.9% vs 31.9%, respectively). Thus, the caudal limit
of ACC cannot be based on where the nociceptive signal
is observed.

The conundrum of nociceptive activity in caudal cin-
gulate cortex can be addressed with the midcingulate
concept. This concept emphasizes the response selection,
skeletomotor, and body orientation in space functions
of cingulate cortex, the CPMAs and motor projections
of this region [52,54]. The nociceptive signals in MCC
and RSC are not relevant to affect per se but rather to
premotor orientation of the body and head to noxious
stimulation. A premotor model of cingulate pain pro-
cessing emphasizes body orientation and movement
selection in these regions [59].

4.2. Source and latency of visceral nociceptive signal

Visceral nociceptive signals enter the forebrain via the
dorsal column to the ventral posterolateral nucleus
[14,19,20] and spinal and brainstem afferents to the mid-
line and intralaminar thalamic nuclei (MITN; [1,53]).
Nociceptive afferents to ACC do not appear to arise
from the anterior insula because there are no such pro-
jections in rabbit [55], they are weak in monkey [28,56],
and undercut lesions that remove cortical inputs to ACC
do not block nociception [44], while thalamic lidocaine
does. Thus, the thalamus is a source of nociceptive cin-
gulate inputs during premotor functions beyond simple
emotions and unpleasantness.

The latency of visceral responses in cingulate cortex
(4-6s onset) was longer than those to cutaneous
responses and their duration lasted one minute or more.
Long-duration, viscerocutaneous responses are of inter-
est because they are more likely to contribute to cingulate
plasticities such as paired-pulse facilitation [48] than are
very brief responses such as those of cutaneous origin.
Long-latency and sustained short-latency responses to
colorectal distension last as long as two minutes [33]
and Ammons et al. [1]reported biphasic responses to elec-
trical stimulation of cardiopulmonary inputs to centrolat-
eral neurons with onsets of 6 and 51 ms for some units
again lasting over a minute. Thus, response durations
may indicate a more prominent role of visceral inputs to
cingulate plasticities than for cutaneous responses.

Viscerocutaneous nociceptive responses may be
explained by thalamic afferents that drive cingulate cor-
tex. The midline and intralaminar thalamic nuclei con-
tain  nociceptive neurons [9,12] and receive
spinothalamic input including the reuniens, parafascicu-
lar (Pf) and periventricular nuclei [27]. Ammons et al. [1]
showed that viscerocutaneous spinothalamic tract neu-
rons project to the medial thalamus including the para-
fascicular and centrolateral nuclei and these nuclei
receive input from the pronociceptive subnucleus reticu-
laris dorsalis [51] as does the parabrachial nucleus [7].
Both of these latter nuclei respond to visceral and cuta-
neous nociceptive stimulation [37,50]. Thus, non-soma-
totopic, viscerocutancous nociception in ACC derives
from spinal cord, subnucleus reticularis dorsalis and
parabrachial nuclei via the MITN.

Although the source of viscerocutaneous afferents
likely arises in the MITN, the problem of cutaneous-
only and visceral-only responses originates from present
findings and those of Gao et al. [15] showing visceral
hypersensitization with increased baseline activity and
lowered threshold for visceral activation in ACC that
were not associated with changes in noxious cutaneous
responses. Although it is not known how independent
channels process cutaneous-only and visceral-only pain
in cingulate cortex, the following possibilities are
relevant.
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In terms of cutaneous-only processing, such input
could arise from nucleus cuneatis projections to Pf and
reuniens if this channel remained selective [51]. Along
the same line, there may be some thalamic nuclei that
receive preferential cutaneous input and do not project
to ACC but do project to MCC and dorsal PCC. Tha-
lamic projections following small retrograde tracer injec-
tions in rabbit cortex suggest candidates for a cutaneous
nociceptive pathway [61]. Inputs from nociceptive nuclei
to rostral RSC (area 29d/30) arise from the central, cen-
trolateral, submedial, and parvocellular mediodorsal
nuclei, while in the monkey, the nucleus limitans pro-
jects to dPCC [43,56]. Some nuclei, such as the paraven-
tricular nucleus that are known to receive spinothalamic
afferents [27], have not yet been evaluated for nocicep-
tive processing and could also have a cutaneous selectiv-
ity. It is also possible that posterior sensory association
cortices that project to RSC and MCC contribute to
such signals and were not evaluated in lesion studies
[44]. Finally, visceral-only nociceptive responses could
result from a cortical circuit interaction such as cutane-
ous inhibitory responses that negate excitatory ones.
There are presently no circuitries available whereby each
cingulate area processes nociceptive information.

4.3. Role of superficial and deep layers in nociception

There is a significant difference in the laminar distri-
bution of visceral nociceptive neurons, responses were
mainly excitatory in deep and inhibitory in superficial
layers, and there was a regional shift with excitatory
responses mainly in ACC and inhibitory ones in RSC.
Finally, the inhibitory responses were always longest
(64 s in RSC). In ACC, visceral and cutaneous noxious
responses were primarily excitatory, but laminar analy-
sis showed that deep layer neurons were mainly excited
and superficial neurons inhibited. Although few neurons
in RSC were localized by layer, visceral inhibition in
MCC and RSC was observed mainly in superficial lay-
ers, while noxious cutaneous stimulation produced
excitation.

Laminar projections of cingulate cortex include three
classes and laminar differences in nociceptive responses
may impact pain processing accordingly. First, layer VI
and some layer V neurons project to the thalamus
[6,21]. Second, layer V projects to the periaqueductal
gray [2,26,32], the caudate nucleus [38], and parabrachial
nucleus [63]. These projections regulate the descending
noxious inhibitory system [41,49]. Third, layer II-III
neurons emit corticocortical projections [3,55] and sug-
gest further integration preceding descending outputs.

Monconduit et al. [30] showed that somatosensory
layer VI gates the flow of noxious information into the
cortex. GABA receptor agonists in layer VI enhanced
innocuous processing in the ventral posterolateral tha-
lamic nucleus, while GABA 4 antagonists enhanced pro-

cessing of nociceptive signals. Layer VI may be engaged
in similar functions in cingulate cortex and differences in
the structure of layer VI are notable (Fig. 2): ACC has a
thin layer VI but large neurons; MCC has smaller neu-
rons but thick layer VI; RSC has a thin layer VI but
small neurons. Finally, Yamamura et al. [62] evaluated
nociceptive deep layer neurons in rat area 32 (not area
24 as reported) and showed them to be mainly large pyr-
amids with excitatory responses.

4.4. Cingulate premotor areas are nociceptive

Sulcal cingulate cortex contains the CPMAs and this
subregion has been explored for links to pain processing.
Thalamic projections to ACC were first proposed to
have a role in pain behaviors rather than pain percep-
tion per se [58] and Hatanaka et al. [17] showed a high
proportion of Pf neurons projecting to the rostral
CPMA. A cingulate premotor pain model with an out-
put motor processing stage has been proposed [59]. Hen-
derson et al. [18] showed intensity-coded activation of
the caudal CPMA by noxious muscle stimulation and
Moulton et al. [31] reported innocuous and noxious heat
activation of dorsal pMCC, while dorsal aMCC was dri-
ven by noxious stimuli only; regions that contain
CPMAs. In contrast to primates, rodents and lag-
omorphs do not have a cingulate sulcus or two cingulate
premotor areas, they have a single CPMA to regulate
both skeletomotor and autonomic functions. Cortico-
spinal projections in rat arise mainly from pregenual
area 32 [29]. This area overlaps with autonomic control
cortex (Neafsey et al., 1993) and the cutaneous nocicep-
tive site reported in rabbits [44] and assures direct noci-
ceptive regulation of premotor outputs as in primates.
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