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Abstract
Preclinical drug development for visceral pain has largely relied on quantifying pseudoaffective
responses to colorectal distension (CRD) in restrained rodents. However, the predictive value of
changes in simple reflex responses in rodents for the complex human pain experience is not
known. Male rats were implanted with venous cannulas and with telemetry transmitters for
abdominal electromyographic (EMG) recordings. [14C]-iodoantipyrine was injected during
noxious CRD (60 mmHg) in the awake, nonrestrained animal. Regional cerebral blood flow
(rCBF)-related tissue radioactivity was quantified by autoradiography and analyzed in the three-
dimensionally reconstructed brain by statistical parametric mapping. 60-mmHg CRD, compared
with controls (0 mmHg) evoked significant increases in EMG activity (267 ± 24% vs. 103 ± 8%),
as well as in behavioral pain score (77 ± 6% vs. 3 ± 3%). CRD elicited significant increases in
rCBF as expected in sensory (insula, somatosensory cortex), and limbic and paralimbic regions
(including anterior cingulate cortex and amygdala). Significant decreases in rCBF were seen in the
thalamus, parabrachial nucleus, periaqueductal gray, hypothalamus and pons. Correlations of
rCBF with EMG and with behavioral pain score were noted in the cingulate, insula, lateral
amygdala, dorsal striatum, somatosensory and motor regions. Our findings support the validity of
measurements of cerebral perfusion during CRD in the freely moving rat as a model of functional
brain changes in human visceral pain. However, not all regions demonstrating significant group
differences correlated with EMG or behavioral measures. This suggests that functional brain
imaging captures more extensive responses of the central nervous system to noxious visceral
distension than those identified by traditional measures.
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1. Introduction
The development of novel drugs for functional gastrointestinal disorders has been restricted
by the lack of animal models with high predictive validity [45,46]. Current preclinical
evaluation of drugs for visceral pain relies almost exclusively on measuring pseudoaffective
responses to colorectal distension (CRD) [53] in restrained, and sometimes sedated rodents.
Typically, electromyographic contraction of the abdominal muscles (visceromotor response,
VMR) [12,24,58], or behavioral pain postures [65] are measured. In contrast, experimental
medicine approaches to irritable bowel syndrome (IBS) evaluate patients’ subjective
perception of acutely induced rectosigmoidal pain. To capture more objective markers of the
human visceral pain response, and to assess possible drug effects on this response,
functional magnetic resonance imaging (fMRI) and positron emission tomography (PET)
have been applied successfully to study the human brain response to aversive visceral
stimuli [47]. In view of the multidimensional nature of the human pain experience, it is clear
that pseudoaffective responses in rodents reflect only a small portion of the nociceptive
response. To bridge the gap between preclinical and clinical models, and to evaluate the
relevance of CRD animal models for human conditions, it is imperative to investigate
whether or not CRD activates similar brain regions in animals as has been reported in
humans.

To date, the majority of human studies in this field have used distension of the rectosigmoid
colon [4,5,8,41,44,48,52,62], stomach [37,69], and esophagus [2,3,9,73]. Activation of the
insular and dorsal anterior cingulate cortex (dACC) has been most consistently reported,
with other brain regions, including the prefrontal cortex, thalamus and brainstem being
reported in some, but not in other studies. Collectively, these findings are consistent with the
notion that noxious visceral stimuli activate the homeostatic afferent processing network, a
framework proposed to understand the processing of visceral, somatic, as well as emotional
stimuli in the brain [17,18,47].

Research on brain responses to visceral stimuli in animals has relied predominantly on
measuring c-fos expression [43,49,64,67]. Unlike human studies, c-fos studies typically
require prolonged exposure of the animal to high-intensity visceral stimuli, which may lead
to the integration of a variety of nonspecific stimuli over the duration of pain exposure,
including acute sensitization of the visceral afferent system. Furthermore, analysis is often
limited to a few selected brain regions, lacking the whole-brain level analysis achieved in
human studies. Thus, it is not surprising that no consensus has emerged that allows
comparison between rat c-fos data and human neuroimaging findings. Other region-specific
analysis of neuronal responses to CRD has been carried out using in vivo
electrophysiological recording technique [1,22]. Lazovic et al. conducted the only reported
fMRI study in the rat CRD model [38]. However, the use of sedated animals complicated
data interpretation.

We used the autoradiographic cerebral perfusion method to map brain activation in response
to noxious CRD in conscious, nonrestrained rats. Specifically, we sought to address the
questions: (1) Are changes in regional cerebral blood flow (rCBF) induced by noxious CRD
in the rat similar to rCBF changes reported in humans? (2) Does rCBF correlate with
abdominal electromyography and behavioral pain measures?
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2. Methods
2.1. Animals

Twenty-four adult, male Wistar rats (285–400 g at surgery) were randomized into two
groups: distension and control (n = 12 for each group). Rats were individually housed on a
12 h light/12 h dark cycle with free access to water and rodent chow. All experiments were
conducted under a protocol approved by the Institutional Animal Care and Use Committee
of the University of Southern California. Ethical guidelines for investigations of
experimental pain in conscious animals provided by the Committee for Research and Ethical
Issues of IASP were followed.

2.2. Surgical procedures
Animals were anesthetized (isoflurane 1.5% in 70% oxygen, 30% nitrous oxide). The right
external jugular vein was cannulated with a 5 French silastic catheter, advanced into the
superior vena cava. The port at the distal end of the catheter was tunneled subcutaneously
and externalized dorsally in the region rostral to the scapula. Subsequently, a telemetry
transmitter was implanted to measure abdominal EMG and locomotor activity. Such
implants can be turned on and off with an external magnet, sending a radiofrequency signal
of EMG activity, as well as locomotor activity counts to a receiver platform placed
underneath the rat’s cage. The body of the transmitter (TA10ETA-F20, Data Sciences Intl.,
St. Paul, MN) was implanted subcutaneously on the dorsum of the animal caudal to the
scapula. A skin incision was made on the abdomen and electrodes of the transmitter were
tunneled subcutaneously to the abdominal incision. Tips of the electrodes were bared, placed
in parallel (0.5 cm apart), and stitched into the left external oblique musculature, just
superior to the inguinal ligament [12]. The receiver platform was linked via a data exchange
matrix to a computer. All animals were allowed to recover for seven days before cerebral
perfusion and CRD experiments. The catheter was flushed every 2 days postoperatively to
ensure patency (0.3 ml of 0.9% saline, followed by 0.1 ml of saline with 20 U/ml heparin).
Prior to CRD and cerebral perfusion experiments, animals were habituated to an uninflated
colorectal balloon and the experiment cage for 45 min. per day for 3 days.

2.3. Cerebral perfusion and CRD
The experimental setup allowed barostat-controlled (Distender Series II, G&J Electronics
Inc., Toronto, Canada) application of CRD, telemetric recording of abdominal EMG,
videotaping of behavior, as well as intravenous radiotracer infusion in conscious,
nonrestrained animals (Fig. 1). Under light isoflurane anesthesia (1.5% isoflurane × 3 min),
a flexible latex balloon (length: 6 cm) was inserted intra-anally such that its caudal end was
1 cm proximal to the anus. The silicon tubing connecting the balloon and the barostat was
fixed to the base of the tail with adhesive tape and covered by a stainless steel spring for
protection against animal biting. Animals were allowed to recover for 30 min. in the
experiment cage, the floor of which was covered with bedding from the animal’s home cage.
In the meantime, a piece of tubing was filled with the radiotracer, [14C]-iodoantipyrine (125
μCi/kg in 300 μl of 0.9% saline, American Radiolabelled Chemicals, St. Louis, MO). At the
end of the recovery period, the tubing was connected to the animal’s cannula on one end,
and to a syringe filled with euthanasia agent (pento-barbital 75 mg/kg, 3 M potassium
chloride) on the other. The animal was allowed to rest for 5 min. before receiving one
episode of 60 mmHg, 60-s distension. Thirty-five seconds after the onset of distension,
radiotracer was infused at 2.25 ml/min by a motorized pump, followed immediately by the
euthanasia solution, which resulted in cardiac arrest within ~10 s, a precipitous fall of
arterial blood pressure, termination of brain perfusion, and death [28]. This 10-s time
window provided the temporal resolution during which the distribution of rCBF-related
tissue radioactivity (rCBF-TR) was mapped. Balloons in the control animals remained
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uninflated (0 mmHg). EMG signals were telemetrically recorded and animal behavior was
videotaped. Data were saved on a computer for offline analysis. The experimental cage was
wiped with a cloth dampened with 1% ammonia between animals.

2.4. Brain slicing and autoradiography
Brains were rapidly removed, flash frozen in dry ice/ methylbutane (−55 °C) and embedded
in OCT compound (Sakura Fintek Inc., Torrance, CA). Brains were subsequently sectioned
on a cryostat (HM550 Series, Microm International GmbH, Walldorf, Germany) at −18 °C
into 20-μm-thick coronal slices, with an inter-slice spacing of 300 μm. The sampling did not
include brain stem and spinal cord. Slices were heat-dried on glass slides and exposed for 2
weeks at room temperature to Ektascan Diagnostic Film (Eastman Kodak Co., Rochester,
NY). Images of brain sections were then illuminated on a voltage-stabilized lightbox with
light diffuser (Northern Lights Illuminator, InterFocus Ltd., Linton, England), photographed
with a Retiga 4000R charge-coupled device monochrome camera (QImaging, Surrey,
Canada) equipped with a 60-mm AF Micro Nikkor lens (Nikon, Melville, NY), and
digitized on an 8-bit gray scale through an ATI FireGL V3100 128 MB digitizing board and
QCapture Pro 5.1 software (QImaging) on a computer.

2.5. Abdominal EMG analysis
Electromyographic (EMG) signals were recorded telemetrically at a sampling rate of 1 kHz,
digitized and stored on a computer with Dataquest ART 3.0 (Data Sciences Intl., St. Paul,
MN). Waveforms were lowcut filtered at 20 Hz to eliminate movement interference [58] and
full-wave rectified. To analyze the time course of EMG activity in response to CRD, each
rat’s rectified EMG signal was averaged over consecutive 1-s intervals for the 40 s period
before (baseline) and 40 s after the onset of CRD. The latter 40 s included a final 5 s period
in which the radiotracer infusion had begun but euthanasia had not been initiated. Averaged
EMG signals were further normalized to the average of the 40-s baseline. Area under the
curve (AUC) was calculated for the 40 s period after CRD onset. Control group (0 mmHg)
data were analyzed in the same fashion at equivalent time points but in the absence of CRD.
EMG responses were presented as group mean ± SEM. EMG signals in two control rats
were not recorded due to transmitter failure. The Student’s t-test was used to test statistical
significance (P < 0.05). Pearson’s test was used for correlation analysis (EMG vs. behavioral
pain score, P < 0.05).

2.6. Behavioral analysis of nociception
Animal behavior was recorded with two digital camcorders placed horizontally at a 90°
angle. Video was digitized and stored on a computer using the Observer XT software
(Noldus Inc., Leesburg, VA), which was also used for off-line analysis of behavior. Postures
indicative of visceral pain were defined as in Stam et al. [65]: arching (convex back and
retraction of the abdomen from the floor) and stretching (whole body stretched out on floor).
We quantified the cumulative duration during which the animal assumed either pain posture,
and computed the percentage of time spent in pain postures during the first 40 s of CRD. In
addition, for each animal locomotor activity counts were obtained from the telemetry
recording over consecutive 1 sec. intervals and summed for the 40 s period after CRD onset.
Data were presented as group means ± SEM. The Student’s t-test was used to test statistical
significance (P < 0.05).

2.7. Functional brain mapping data analysis
rCBF-TR was quantified by autoradiography and analyzed on a whole-brain basis using
statistical parametric mapping (SPM, version SPM2, Wellcome Centre for Neuroimaging,
University College London, London, UK), a software package widely used to analyze
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human brain imaging data [21]. Recently, we and others have developed and validated an
adaptation of SPM for use in animal autoradiograph [29,40,57]. In preparation for the SPM
analysis, a 3D reconstruction of each animal’s brain was conducted using 57 serial coronal
sections. Adjacent sections were aligned both manually and using TurboReg, an automated
pixel-based registration algorithm. This algorithm registered each section sequentially to the
previous section using a nonwarping geometric model that included rotations and
translations (rigid-body transformation) and nearest-neighbor interpolation [66]. A typical
reconstructed brain has ~2,750,000 voxels (voxel size: 40 × 40 × 300 μm). After 3D
reconstruction, one “artifact free” brain was selected as reference and smoothed with a
Gaussian kernel (FWHM = 3 × voxel dimension). All brains were spatially normalized to
the smoothed reference brain. The spatial normalization consisted of applying a 12-
parameter affine transformation followed by a nonlinear spatial normalization using 3D
discrete cosine transforms. Normalized images were averaged to create a mean image,
which was then smoothed to create the final rat brain template. Each original 3D
reconstructed brain was then spatially normalized into a standard space defined by the
template. A nonbiased, voxel-by-voxel analysis of whole-brain activation using SPM was
used for the detection of significant changes in functional brain activation between rats
exposed to CRD and controls. Global differences in the absolute amount of radiotracer
delivered to the brain were adjusted in SPM for each animal by scaling the voxel intensities
so that the mean intensity for each brain was the same (proportional scaling). We
implemented a Student’s t-test at each voxel, testing the null hypothesis that there was no
effect of group. We chose to set a significance threshold P < 0.05 for individual voxels
within clusters of at least 100 contiguous voxels (extent threshold). To detect brain regions
showing rCBF correlated with either pain measure, SPM analysis using EMG-AUC and pain
score as individual covariate was run for the group of rats receiving 60-mmHg CRD.
Significance level was set at P < 0.05 for Pearson’s correlation coefficient. Brain regions
were identified using a rat brain atlas [59].

3. Results
Part of the results had previously been reported in abstract form [71].

3.1. Abdominal EMG responses to noxious CRD
Application of a 60-mmHg CRD evoked significant VMRs, measured as abdominal EMG
activity. The EMG activity remained elevated compared to controls during the entire 40 s
period after CRD onset. The response was maximal at onset, declined over the first 20 s, and
reached an elevated, downward sloping plateau level between 20 and 40 s period (Fig. 2A).
Similar responses have been reported by others [58] and may reflect the contractile
properties of the population of abdominal muscle fibers. EMG-AUC was computed for the
40 s period after the CRD onset and normalized to the 40 s baseline period before CRD.
CRD evoked significant increase of EMG-AUC compared with 0-mmHg controls (267 ±
24% vs. 103 ± 8%, n = 12 for CRD group, n = 10 for control, P < 0.0001, Fig. 2B).

3.2. Behavioral responses to noxious CRD
CRD at 60-mmHg evoked behavioral responses indicative of visceral nociception. Pain
score was computed as percentage of time the animal spent in pain postures, defined as
arching or stretching, during the 40 s period after CRD onset. Animals exposed to 60-mmHg
distension spent 77 ± 6% (vs. 3 ± 3% in 0-mmHg controls, n = 12 for each group, P <
0.0001, Fig. 2C) of time in pain postures, predominantly arching, whereas such postures
were rarely observed in control animals in the corresponding time period. We did not
observe other pain postures that have been reported such as writhing or squashing [65].
There was no significant group difference in total locomotor activity counts measured by
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radio-telemetry (control rats 8.4 ± 2.9 vs. CRD rats 6.4 ± 2.1 counts, n = 10 for control, n =
12 for CRD group, P = 0.56) during the 40 s of CRD.

3.3. Correlation between EMG response and behavioral pain score
In the group of rats exposed to 60-mmHg CRD, EMG-AUC and pain score showed trends of
positive correlation without reaching statistical significance (n = 12, R = 0.469, P = 0.124,
Pearson’s correlation coefficient, Fig. 2D). Seven out of the twelve animals had a pain score
of >90%, a ceiling effect that might have affected the results of the correlation analysis. The
lack of significant correlation between EMG and the behavioral pain score suggests that
while both measures may be responsive to increases in pain, they provide different
information about the animal’s response to the nociceptive stimulus.

3.4. Brain responses to noxious CRD
3.4.1. Cerebral cortex—Significant group differences in rCBF obtained by SPM analysis
are shown in the form of significant T-score differences mapped onto selected coronal
sections of the rat brain used for reference (Fig. 3). A comprehensive list of significant
group differences is shown in Table 1 (n = 12 for each group, P < 0.05). Significant
increases in rCBF included the dorsal anterior cingulate (dACC, Cg1), anterior and mid/
posterior insular (I), primary and secondary motor (M1, M2), prelimbic (PrL), primary
somatosensory (S1HL: hindlimb; S1Tr: trunk), secondary somatosensory (S2), temporal
association (TeA), and auditory (Au) cortices. Significant clusters extended through the full
thickness of the cortical layer. Bilateral significant increases whose clusters were noted
mostly in the mid to outer cortical layer included the parietal (PtA: association area),
primary somatosensory (S1FL: forelimb; S1BF: barrel field), primary visual cortex (V1).
Though cortical activations noted in response to CRD in our study were bilateral, there was
a clear lateralization, such that activations were larger in the left hemisphere.

3.4.2. Subcortical regions—Bilateral increases in rCBF included the dorsal caudate-
putamen (CPu), amygdala (CeA: central; LaA: lateral), the amygdalostriatal transition area
(ASt), and inferior colliculus (IC), with left hemispheric activation exceeding right
hemispheric activation. Decreases in rCBF included the lateral caudate-putamen, lateral
hypothalamus (PLH: posterior; PeFLH: perifornical), parabrachial nucleus (PBN),
periaqueductal gray (PAG), red nucleus (RN), pararubral nucleus (PaR), reticular nucleus of
the pons (PnC), substantia nigra (SN), superior colliculus (SC), and thalamus (PF: para-
fascicular; VPPC: parvicellular ventral posterior nucleus; Po: posterior; VM: ventromedial;
VPL: ventral posterior lateral; VPM: ventral posterior medial). Left sided decreases in
activation were noted in the posterior hippocampal CA1 region and trigeminal nucleus
(Pr5VL: sensory, ventrolateral).

3.5. Correlations of rCBF vs. EMG and of rCBF vs. behavioral pain score
We performed regression using EMG-AUC and pain score as individual covariate in SPM
analysis for the group of rats receiving 60-mmHg CRD. rCBF showed significant positive
correlation (n = 12, P < 0.05, Pearson’s correlation coefficient) with both EMG and
behavioral pain measures in the dACC, the insular cortex (anterior, posterior), secondary
motor cortex, primary somatosensory cortex of the hindlimbs, forelimbs, trunk and barrel
fields, lateral amygdala, and dorsal caudate-putamen. rCBF was significantly and negatively
correlated with EMG and pain score in the PAG.

Some discrepancies were noted between the group comparison (CRD vs. controls) and the
correlations of rCBF with EMG, and rCBF with pain score. Compared to non-distended
controls, CRD was associated with significant activation in the central nucleus of the
amygdala, even though there was no significant correlation in this region with EMG or pain
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score. A significant positive correlation was seen in the anterior basolateral amygdala for the
rCBF–EMG correlation, but not for the rCBF-pain score correlation or the group
comparison. In the lateral orbital cortex, a significant positive correlation was noted for both
rCBF–EMG and rCBF-pain score correlations, but not for the group comparison. Group
differences in prelimbic cortex showed a significant positive correlation of rCBF with EMG,
but not with pain score.

4. Discussion
We show that acute noxious CRD in freely moving rats is associated with changes in rCBF
in brain regions previously reported to be responsive to similar stimuli in humans. CRD is
also associated with reflex and complex behavioral responses, which correlated with several
of the activated brain regions. To our knowledge, this is the first report of perfusion mapping
in freely moving rats during the elicitation of visceral pain.

4.1. Are there changes in rCBF induced by noxious CRD in the rat similar to rCBF changes
reported in human studies?

4.1.1. Activations—In our study, CRD evoked bilateral activation in the PrL, dACC and
anterior and mid/posterior insula, as well as S1, S2, M1, and M2. These results are in close
alignment with prior results reported in normal human subjects. In particular, human studies
have identified the insular cortex as the single most consistently activated brain region to
CRD [4,5,19,27,31,41,48,52, 62,63], with the anterior insula proposed to provide the
substrate for a subjective evaluation of the interoceptive state [17]. A majority of studies
have also reported activation of the dACC [4,5,27,31,41,44,52, 62,63], S1/S2
[4,8,27,31,41,63] and prefrontal cortical regions [4,8,27,31,44,52,62,63] in response to
CRD.

The increased activation in motor cortex in response to CRD was unlikely due to locomotion
as activity counts were extremely low during the period of distention, and without
significant group differences. Neuroimaging studies in humans have associated abdominal
contractions with activation of the superolateral precentral gyrus (lateral portion of motor
cortex) and premotor and supplemental motor cortex [10,72]. In addition, focal stimulation
of these areas, either magnetically or electrically, evokes abdominal straining [15,20,34].

Activation in many cortical areas was seen throughout the full thickness of the cortex
(including dACC, insula, M1, M2, PrL, S1HL, S1Tr, S2, Au, Ect, TeA and V2).
Supragranular layers (especially layer III) establish cortico-cortical connections, whereas
most of the connectivity established by the deeper, infragranular layers (layers V and VI) are
of the cortico-fugal type [33]. This suggests that visceral noxious stimulation not only
produces greater activation of cortical neurons, but also produces a powerful output from
localized cortical areas to subcortical structures. Traub et al., examining c-fos expression in
rats after exposure to CRD, have noted similar findings: whereas restrained control animals
showed activation of c-fos only in the supragranular cortical layers, both the supragranular
and infragranular layers expressed c-fos after CRD [67]. Cortical activations noted in our
study were more widespread than those reported in humans. This difference may be
attributable to species differences and to difference in the magnitude of the CRD. In the
current study, the colon was distended to 60 mmHg (associated with EMG changes), while
in human studies, visceral stimuli of less than 40 mmHg are typically applied, resulting in
subjective reports of pain or discomfort, rather than muscle contraction.

Rats exposed to CRD compared to controls also showed activation in several subcortical
regions, including the central (CeA) and lateral (LaA) aspects of the amygdala and the
amygdalostriatal transition area (ASt). The amygdala plays a key role in emotional
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responses to various sensory stimuli [39,51], including nociceptive stimuli [54]. It receives
nociceptive information through the spino-parabrachio-amygdaloid pain pathway, which
connects the spinal cord and the pontine parabrachial area (PBN) with the CeA [6,7].
Nociceptive information may also reach the amygdala as a collateral branch of the
spinohypothalamic path, or as a direct projection from the spinal cord [14]. Polymodal
sensory information reaches the CeA from thalamic and cortical areas through connections
with the lateral and basolateral amygdaloid nuclei [39,60]. The latero-capsular part of the
CeA is now defined as the ‘nociceptive amygdala’ because of its high content of nociceptive
neurons [7,55,56]. Chemical stimulation of the CeA enhances visceromotor responses to
CRD in rats and causes the sensitization of spinal neurons with visceral input [24,61].
Interestingly, it has been suggested that an LaA–ASt pathway may be involved in the
processing of emotional significance and rapid reflexive responses during fear-induced
behavior [30,70].

Prior studies in rats have shown activation of the amygdala by CRD, as measured by
increases in c-fos expression [38,49,67] or fMRI activation [38], while others have reported
no difference between CRD and sham distention [43]. In healthy human subjects, amygdala
activation has been reported in response to gastric dis-tension [42], whereas decrease in
activation has been reported in response to CRD (at least in female subjects) [5,11,52,63],
though these studies have not provided information on subnuclei. In patients with IBS both
increased activation [11] and no change [5,52,63] have been reported in response to CRD.
The discrepancy may be attributable to differences in the experimental design and
differences in CRD delivery parameters. The amygdala’s response to visceral pain may also
be dynamic, as is its response to conditioned fear [13,35]. Preliminary fMRI results from
humans suggest that amygdala activation is only seen during the early phase of noxious
stimulation, and that activation is transient [36]. In addition, the persistent activation of the
amygdala in the current study may reflect a stronger emotional component in the rats due to
higher CRD inflation pressures.

Significant increases in rCBF were seen in dorsal caudate-putamen. Several human studies
also showed activation in the striatum in response to CRD [5,52,63] or gastric distention
[37] in normal subjects. Neuroanatomical evidence suggests that nociceptive information
may reach the basal ganglia through several afferent sources including the medial and
posterior thalamus, amygdala, PBN area, dorsal raphe nucleus, as well as cortical regions.
There is evidence to implicate the basal ganglia in pain processing and modulation,
including the encoding of pain intensity, affective and cognitive aspects, sensory gating of
nociceptive information to higher motor areas, and modulation of pain behavior [16,54].

4.1.2. Decreases in activation—Significant decreases in activation were prominent in
subcortical regions that are targets of the spinothalamic track (STT), including the VPL and
Po, as well as target areas of the spinoreticular and spinomesencephalic afferents (including
the PBN and PAG). In addition, significant decreases in activation were noted in the PF and
VPPC. The PF has been proposed to serve a role in sensory awareness and limbic–motor
functions [68]. The main function of the VPPC has been the transfer of gustatory and
visceral information to the insular cortices [25]. Major ascending inputs to the VPPC are
derived from the PBN. The VPPC, in turn, projects to the LaA and CeA, the
amygdalostriatal transition area, and to more rostral areas of the striatum (typically ventral,
though in our study we observed more dorsal activation). Cortical projections are primarily
directed at the insula (mostly posterior), which, in turn, sends reciprocal efferents back to the
VPPC. This pattern of widespread decrease in thalamic activation is consistent with the
proposal that neurons of the sensory cortex are capable of inhibitory control over the
thalamo-cortical units of STT origin that project to them [23]. Such sensory cortical
inhibition has been proposed to function in the ‘stabilization’ of afferent volleys in order to
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strengthen the signal-to-noise ratio of particular afferent volleys and facilitate discrimination
of sensory input [23,50]. There is also evidence suggesting that network inhibition within
the thalamus, in particular between VPL and the reticular thalamic nucleus, plays a role in
the control of visceral nociception [32].

4.2. Does the activity in these regions correlate with EMG and behavioral pain measures?
We performed correlational analysis in SPM using EMG-AUC and pain score as individual
covariate for the group of rats receiving 60-mmHg CRD. rCBF showed positive correlation
with both EMG and pain score in the dACC, I, M2, S1, lateral orbital cortices, as well as in
the lateral amygdala and dorsal caudate-putamen. rCBF in the PrL was positively correlated
with EMG, but not pain score.

Human neuroimaging studies have identified the dACC [48,62] and caudate [26] as regions
showing the most significant positive correlation of rCBF with patient’s reported pain
intensity during noxious CRD. Trends of positive correlation have been observed in the
prefrontal cortex [26,62], thalamus [62], striatum [62], and supplementary motor cortex
[26]. That EMG and behavioral pain score both correlated with activation of the dACC in
CRD rats validated, in part, the relevance of these pain measures.

The clusters showing significant correlations with either EMG or pain score were noticeably
smaller than those showing group differences in rCBF within a given region. Furthermore,
not all brain regions that showed group differences correlated with EMG or pain score.
These suggest that EMG and behavioral measures are likely to reflect only part of the
animal’s response to the noxious visceral stimulus.

5. Summary and conclusions
Many of the regions that have shown significant rCBF changes during noxious visceral
stimuli in humans demonstrated significant changes in the rat CRD model. Our findings
support the validity of measurements of cerebral perfusion during CRD in the rat as a model
of functional brain changes in human visceral pain. Functional brain mapping in rodents
may therefore be a useful tool for preclinical evaluation of candidate drugs, the results of
which may predict similar changes in humans. Future studies will have to address the
predictive validity of this model.
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Fig. 1.
Experimental setup and protocol. (A) The setup has four major components: (1) a barostat
that controls inflation of the colorectal balloon; (2) a radio-telemetry system that records
abdominal EMG through an implanted transmitter; (3) two digital camcorders that record
animal behavior from front and side for behavior-based analysis of pain; (4) an infusion
pump that controls intravenous infusion of radiotracer. Data are collected and stored on a
computer for offline analysis. (B) Experimental protocol.
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Fig. 2.
EMG and behavioral responses to 60-mmHg colorectal distension. (A) Time course of EMG
activity 40 s before (baseline) and 40 s after the onset of colorectal distension (CRD). Each
data point represents group average of mean amplitude of rectified EMG over a 1-s interval.
Data are normalized to average baseline amplitude (defined as 100%). (B) CRD evoked
significant increase in EMG activity compared with 0-mmHg controls (267 ± 24% vs. 103 ±
8%, AUC ± SEM, n = 12 for distension group, n = 10 for control, P < 0.0001). Area under
curve (EMG-AUC) was computed over the 40 s period after CRD onset and normalized to
baseline. (C) CRD evoked significant behavioral responses indicative of visceral pain (77 ±
6% at 60-mmHg vs. 3 ± 3% at 0 mmHg, n = 12 for each group, P < 0.0001). Pain score was
computed as the percentage of time the animal spent in postures indicative of visceral pain
during the 40 s period after CRD onset. (D) Correlation between EMG-AUC and pain score
in the group of animals exposed to 60-mmHg distension (n = 12). EMG-AUC and pain score
showed trends of positive correlation without reaching statistical significance (R = 0.469, P
= 0.124, Pearson’s correlation coefficient).
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Fig. 3.
Changes in regional cerebral blood flow related tissue radioactivity in rats in response to 60-
mmHg colorectal distension compared to 0-mmHg controls. Depicted is a selection of
representative coronal slices (anterior–posterior coordinates relative to the bregma). Color-
coded overlays show statistically significant positive (red) and negative (blue) differences of
the 60-mmHg distension group compared to 0-mmHg controls (n = 12 each group, P < 0.05
at the voxel level, cluster >100 contiguous voxels). Line drawings have been adapted from
those from the Paxinos and Watson (2005) rat atlas [59]: ASt (amygdalostriatal transition
area), Au (auditory cortex), CA1 (hippocampus CA1 region), CeA (central n. of the
amygdala), Cg1 (cingulate cortex area 1), CPu (caudate-putamen), I (insula), ic (internal
capsule), Ect (ectorhinal cortex), LaA (lateral amygdala n.), M1, M2 (primary, secondary
motor cortex), MD (medial thalamic n.), PAG (periaqueductal gray), PBN (parabrachial n.),
PeFLH (perifornical part of the lateral hypothalamus), PF (parafascicular thalamus), Pn
(Pons), PrL (prelimbic cortex), Po (posterior thalamic n.), PtA (parietal association area),
RN (red n.), S1BF (primary somatosensory cortex, barrel field), S1FL (primary
somatosensory cortex, forelimb), S1HL (primary somatosensory cortex, hindlimb), S2
(secondary somatosensory cortex), SC (superior colliculus), SN (substantia nigra), TeA
(temporal association cortex), V1, V2 (primary, secondary visual cortex), VPL, VPM
(ventral posterior lateral, ventral posterior medial thalamic n.). The left side of each coronal
section represents the left side of the brain of the animal. Rat brain atlas figures were
reproduced with modification from Paxinos and Watson [59] with permission.
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Table 1

Regions showing statistically significant di3erences of functional brain activation during 60-mmHg colorectal
distension compared to 0-mmHg controls

Brain region Left/right

Cerebral cortex

Auditory (Au) +/+a

Cingulate, anterior dorsal (Cg1, dACC) +/+a

Ectorhinal (Ect) +/+

Insular (I), anterior +/+

Insular (I), mid/posterior +/+a

Motor, primary, secondary (M1, M2) +/+a

Parietal, association, posterior (PtA, PtP) +/+

Prelimbic (PrL) +/+

Somatosensory, primary, barrel field (S1BF) +/+

Somatosensory, primary, forelimb (S1FL) +/+

Somatosensory, primary, hindlimb (S1HL) +/+

Somatosensory, primary, trunk (S1Tr) +/+a

Somatosensory, secondary (S2) +/+a

Temporal association (TeA) +/+a

Visual, primary (V1) +/+

Visual, secondary (V2) +/+

Subcortical regions

Amygdala, central n. (CeA) +/+

Amygdala, lateral n. (LaA) +/+a

Amygdalostriatal transition area (ASt) +/+

Caudate-putamen, dorsal (CPu) +/+a

Caudate-putamen, lateral (CPu) −/−

Hippocampus, CA1, posterior −/

Hypothalamus, lateral (PeFLH, PLH) −/−

Inferior colliculus (IC) +/+

Parabrachial n. (PBN) −/−

Periaqueductal gray, (PAG) −/−a

Pontine reticular nucleus, caudal (PnC) −/−

Red nucleus (RN), pararubral n. (PaR) −/−

Substantia nigra (SN) −/−

Superior colliculus (SC) −/−

Thalamus, ventroposterior complex (ventroposterior lateral, ventroposterior medial, parvicellular ventral posterior nuclei, VPL,
VPM, VPPC)

−/−

Thalamus, parafascicular (PF), posterior (Po), ventromedial nuclei, (VM) −/−

Trigeminal nucleus, sensory, lateral (Pr5VL) −/
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Significant increases or decreases are noted with ‘+’ and ‘−’, respectively, for the left and right hemispheres. Significance is shown at the voxel
level (P < 0.05) for clusters >100 contiguous voxels.

a
Significance is shown at the voxel level (P < 0.01). Shaded cells in addition show a correlation between regional cerebral blood flow (rCBF) with

EMG and rCBF with behavioral pain score. Abbreviations are taken from the Paxinos and Watson rat atlas [59].
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