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Abstract Aim: The aim of the study was to determine

and compare the areas of brain activated in response

to colorectal distention (CRD) using functional mag-

netic resonance imaging (fMRI) and c-fos protein

expression.

Methods: For fMRI study (3.0 T magnet), anaesthet-

ized rats underwent phasic CRD, synchronized with

fMRI acquisition. Stimulation consisted of eight

cycles of balloon deflation (90 s) and inflation (30 s),

at 40, 60 or 80 mmHg of pressure. For c-fos study two

sets of experiments were performed on anaesthetized

rats: comparing (A) brain activation in rats with the

inserted colorectal balloon (n ¼ 5), to the rats without

the balloon (n ¼ 5); and (B) rats with inserted balloon

(n ¼ 10), to the rats with inserted and distended bal-

loon (n ¼ 10). The pressure of 80 mmHg was applied

for 2 h of 30 s inflation and 90 s deflation, alternating

cycles.

Results: Functional MRI revealed significant activa-

tion in the amygdala, hypothalamus, thalamus, cere-

bellum and hippocampus. Significant increase in c-fos

expression was observed in amygdala and thalamus in

the first set of experiments, and hypothalamus and

parabrachial nuclei in the second.

Conclusion: The two methods are not interchangeable

but appeared to be complementary: fMRI was more

sensitive, whereas c-fos had much greater resolution.

Keywords brain, c-fos expression, colorectal disten-

tion, functional magnetic resonance imaging, visceral

pain.

INTRODUCTION

Expression of c-fos protein, an immediate early gene

product, has been widely used to identify many brain

structures involved in the central nervous system

(CNS) processing of abdominal (visceral) pain in

animals.1–3 In contrast, studies in humans use non-

invasive methods such as PET and functional magnetic

resonance imaging (fMRI) to investigate visceral pain

processing by CNS.4–7 In order to successfully translate

findings from animal models to human physiology/

pathology, it is necessary to establish whether c-fos

expression parallels fMRI and/or PET tests results.

Visceral pain is the main feature of irritable bowel

syndrome (IBS) and other functional bowel disorders

(FBD). It is estimated that 10–22% of adults, predom-

inantly women, suffer from IBS or other forms of FBD.

The mechanisms and pathways involved in the CNS

processing of visceral pain remain poorly under-

stood.1,4,5,7–11 Contributing to this are the lack of

generally accepted animal model of IBS, the likely

multifactorial aetiology of the condition, and the fact

that functional disorders of the gut are classified

according to the patient symptoms rather than by

biological markers.8,12,13 Functional MRI, which has

been used to examine CNS activation in patients with

functional bowel diseases, utilizes the increase in

oxygenated blood levels to indirectly reveal areas

specifically activated in response to a certain stimulus.

At present, reports of patterns of CNS activation in

animal studies are limited to c-fos expression.

Increased c-fos expression, in contrast to MRI, is a

direct marker of neuronal cell activation, however

many non-specific stimuli and stress are able to induce
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c-fos and may obscure the specificity of the activation.

A stimulus of short duration results in increase in

oxygenated blood delivery detectable by fMRI in the

range of seconds. In contrast, c-fos expression requires

a stimulus lasting for at least an hour.14

The aims of this study were to examine brain

activation in response to visceral stimuli using fMRI

and c-fos immunohistochemistry in adult anaesthet-

ized rats, and to compare the results obtained by both

methods. We tested the hypothesis that c-fos expres-

sion and fMRI brain activation will occur in similar

brain regions in response to colorectal distention

(CRD) in anaesthetized rats.

Some preliminary results have been presented pre-

viously.15–17

MATERIALS AND METHODS

Procedure

All procedures were approved by the Institutional

Animal Care and Use Committee of the Penn State

College of Medicine. Male Sprague–Dawley rats

(Charles River) weighing 200–450 g were kept in

groups of five in stainless steel cages on a 12 : 12

light/dark cycle at 22–25 �C with 60% humidity.

Water and rodent pellets were available AD LIBITUM.

Anaesthesia

For each experiment, the animals were anaesthetized

with chloral hydrate [400 mg kg)1, intraperitoneally

(i.p.)]. The rats received additional i.p. injections of

chloral hydrate (32 mg) to maintain a level of anaes-

thesia that eliminated the hind limb pinch-withdrawal

reflex. Chloral hydrate was selected because it has an

intermediate effect on c-fos expression, less than

several other anaesthetics used for MRI studies (e.g.

halothane, urethane, a-chloralose, pentobarbital18,19

and it has been used for fMRI studies in children.20

After the induction of anaesthesia, a 4–5 cm long

lubricated, latex balloon was inserted in the rectum

and descending colon, 1–2 cm proximal to the anal

verge. The tubing leading to the balloon was taped to

the base of the tail.

Functional MRI study

After balloon insertion, anaesthetized rats were placed

in a stereotaxic frame and in the imaging coil. The

balloon was attached to the barostat (Distender; G & J

Electronics, Inc., Toronto, Canada) with tygon tubing

(5/16¢¢ outer diameter and 1/16¢¢ wall thickness). The

barostat was interfaced to the MRI system console to

synchronize distention and deflation cycles with image

acquisition. The fMRI paradigm contained eight infla-

tion and deflation cycles consisting of 90-s baseline

period with the balloon deflated, during which time

nine images were acquired, followed by 30 s activation

or inflation period, during which time three images

were obtained, for total 16 min for each of three

pressure levels. The desired pressure levels of CRD

were achieved by rapidly inflating the balloon con-

trolled by the barostat. The pressure levels studied

were 40 mmHg (four rats), 60 mmHg (four rats), and

80 mmHg (nine rats), with some of the rats being

subjected to 40, 60 and 80 mmHg (four rats).

To minimize signal loss because of susceptibility

artefacts at air–tissue interfaces (sinus cavities), the

axial plane was chosen for the fMRI study. Ten axial

(0.5 mm thick) slices were positioned relative to the

bregma. Anatomical T2-weighted images (effective TE/

TR ¼ 147.2/2700 ms, field of view 3 · 3 cm2, matrix

size 256 · 256, 8 averages) were acquired in 6 min

using the RARE imagining sequence. Functional ima-

ges were obtained using a T�
2-weighted echo planar

imaging sequence (effective TE/TR ¼ 35/1250 ms,

128 · 92 matrix size zero-filled to 128 · 128, 8 aver-

ages) 10 s for one image, and with the same slice

position, slice thickness, field of view as the anatom-

ical images.

Postprocessing and analysis of fMRI data were

performed using the CCHIPS software (Cincinnati

Childrens Hospital Image Processing Software/RSI,

Boulder, CO, USA).21 Image co-registration and motion

corrections were achieved with a pyramid co-registra-

tion algorithm.22 Signal intensity in different cerebral

regions acquired during �off� cycles and �on� cycles was

cross-correlated with an idealized wave representative

of the stimulation paradigm.23 The cross-correlation

coefficient (r) value of the pixels between r ¼ 0.4 and

r ¼ 0.7 is considered statistically significant, and is

shown as colour-coded on the image. Coloured areas

(pixels) represent the activated regions. Total numbers

of activated pixels for brain structures that extended

over more than one slice were determined by adding

activated pixels per each slice.

c-fos expression study

Anaesthetized rats were kept unrestrained. Two sets of

experiments were performed. In the first set, �A�, five

rats without balloon insertion, �control A no balloon�,
were compared with five rats that underwent insertion

of the balloon without inflation. After 2 h, rats from

both groups were anaesthetized with Nembutal
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(Abbott Laboratories, Chicago, IL, USA) (100 mg kg)1,

i.p.) and perfused transcardially with 4% paraformal-

dehyde. The brains were removed, and processed for

c-fos protein detection by immunocytochemistry (as

below).

In the second set of experiments, �B�, 10 rats with

balloon insertion without inflation, �control B balloon�
were compared with 10 rats with balloons that were

inserted and inflated using the phasic distention

paradigm. The distention paradigm consisted of 2 h

of CRD during which the balloon was inflated to the

pressure of 80 mmHg (30s) and then deflated (90s),

using a computer controlled barostat, the same as used

in the fMRI study. At the end of 2 h of either CRD or

non-distention, all rats were anaesthetized with Nem-

butal (100 mg kg)1, i.p.) and perfused transcardially

with 4% paraformaldehyde. The brains were removed,

and processed for c-fos protein detection by immuno-

cytochemistry. The brains were postfixed in 4%

paraformaldehyde for 4–24 h at 4 �C and cryoprotected

in 30% sucrose in phosphate buffer overnight. The

brains were sectioned into 50 lm coronal sections that

were subsequently incubated with rabbit polyclonal

anti-c-fos antibody (1 mg mL)1, SC 52, Santa Cruz

Biotechnology, Inc., Santa Cruz, CA, USA), followed

by biotinylated goat anti-rabbit IgG (Zymed, San

Fransisco, CA, USA) and avidin–biotin horseradish

peroxidase complex (Vector Labs, Burlingame, CA,

USA). Reaction product was shown by using 3,3¢-di-

aminobenzidine (Sigma, St Louis, MO, USA) enhanced

by nickel ammonium sulphate and cobalt. The anat-

omy was confirmed using cresyl violet staining, and

control tissue was processed without using anti-c-fos

antibody.

Quantification of the c-fos positive nuclei

Brain sections of interest were digitized from light

microscopic images using a Color Digital Camera

(Hitachi Instruments, Hitachi High Technologies

America, Inc., Schaumburg, IL, USA), and c-fos posit-

ive neurones were counted (Optimas 6.2, Optimas

Corp., Bothell, WA, USA).14 Brain areas were identified

based on the atlas of Paxinos.24 Brain sections with the

highest number of c-fos positive cells for nuclei of

interest [paraventricular nucleus of the hypothalamus

(PVN), central nucleus of amygdala (CeA), paraven-

tricular nucleus of thalamus (PVP), parabrachial

nucleus (PBN), and area postrema (AP)] were chosen

for counting. Cell nuclei were automatically counted

as c-fos positive if the pixel density reached 200% of

the background. The sections were re-counted by hand

to include overlapping c-fos positive nuclei. Values

were presented as mean ± SEM for the control and

experimental rats for the specific nuclei. For statistical

analysis the number of positive nuclei in the control

and experimental animals were compared using

unpaired t-tests at the P £ 0.05 as the level of signifi-

cance.

RESULTS

Functional MRI

No activation in the brain was observed when

40 mmHg balloon pressure was used (Fig. 1A). The

total number of activated pixels in response to a

distention pressure of 60 mmHg, for each region for

each animal, is shown in Table 1, and in response to

B CA

0.4
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0.6

0.7

r

Figure 1 Axial fMRI images of the rat brain with no activation during 40 mmHg CRD (A) and with activated hypothalamus (yellow
circle) and the amygdala (red circles) during the rectal balloon stimulation at the pressures of 60 mmHg (B) and 80 mmHg (C), of the
same animal. Activation of the nucleus of the solitary tract during the 80 mmHg pressure is also shown (blue circle) and activation
of the trigeminal nucleus during 60 and 80 mmHg (white circles). Signal intensity acquired during �off� cycles and �on� cycles at
corresponding areas is cross-correlated with the stimulation paradigm. When the cross correlation coefficient of particular pixel (r)
reaches statistical significance (0.4 < r < 0.7), pixel appears as colour-coded on the image. Colored pixels represent the activated
regions. The colour scale, shown on the right represents different values of the cross-correlation coefficient.
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80 mmHg distention stimulus in Table 2. Rats 1–4 in

Table 1 and rats 1–4 in Table 2 underwent multiple

distentions of 40, 60 and 80 mmHg, while rats 5–9 in

Table 2 underwent 80 mmHg distention only. Exam-

ples of brain areas activated during 60 mmHg disten-

tion and during 80 mmHg distention are shown in

Figs 1 and 2, with greater number of pixels activated

during 80 mmHg distention. Different colours shown

in Figs 1 and 2 represent different values of the cross-

correlation coefficient (see figure legends). All rats

undergoing CRD with 60 and 80 mmHg pressure

exhibited activation in the amygdala and PVN

(Tables 1 and 2; Fig. 1B and C). Additionally, in four

of four rats treated with 60 mmHg CRD and eight of

the nine rats treated with CRD at 80 mmHg pressure,

activation occurred in the hippocampus, cerebellum

and trigeminal nerve (Figs 1 and 2; Tables 1 and 2). The

thalamus was activated in three of four rats treated

with 60 mmHg and seven of nine rats treated with

80 mmHg (Fig. 2; Tables 1 and 2). In the four-five of

nine animals subjected to the 80 mmHg, the caudate,

putamen, periaquaductal grey, and the insular, retro-

splenial, entorhinal, perirhinal, and sensory associ-

ation cortices were also activated (Tables 1 and 2). The

parabrachial nucleus was activated in five of nine

animals subjected to 80 mmHg (Table 2). We have

compared number of pixels activated during 80 mmHg

(for the same brain area) in rats that were subjected to

40, 60 and 80 mmHg (rats 1–4 in Table 1 and rats 1–4

in Table 2) with rats that were subjected to 80 mmHg

only (rats 5–9 in Table 2). There was no statistical

significance (P < 0.05, multiple t-tests) in the number

of activated pixels for hypothalamus, thalamus, amy-

gdala, cerebellum, Nucleus of the solitary tract (NTS),

hippocampus, trigeminal nucleus or any cortical area

except for the caudate/putamen where there was

significantly more activation (P < 0.05) in the rats that

were subjected to multiple distention pressures.

Table 1 Number of pixels in the rat brain areas activated
during CRD at the level of 60 mmHg observed in fMRI

Brain area

Rat no.

1 2 3 4

Caudate/putamen 4 17 5 25
Globus pallidus 3
Hypothalamus 37 20 10 2
Thalamus 15 7 9
Amygdala 40 10 25 12
Hippocampus 9 7 19 5
Piriform cortex 3
Sensory cortex 4 6
Insular cortex 5 3
Temporal lobe 6
Retrosplenial cortex 6
Entorhinal cortex 5 9 4 9
Perirhinal cortex 2 8
Periaquaductal grey 4
Superior colliculus 7 15
Parabrachial n. 2
Trigeminal n. 43 34 33 34
Solitary n. 8 3
Cerebellum 30 79 28 8

Table 2 Number of pixels in the rat
brain areas activated during CRD at the
level of 80 mmHg observed in fMRI

Brain area

Rat no.

1 2 3 4 5 6 7 8 9

Caudate/putamen 8 22 10 25
Globus pallidus 23 10 5
Hypothalamus 75 20 19 6 3 16 15 34 35
Thalamus 53 12 17 10 2 7 2
Amygdala 100 19 25 17 8 13 41 52 67
Hippocampus 24 14 25 7 6 4 15 17
Piriform cortex 2 4 5
Sensory cortex 5 17 2 10
Insular cortex 13 4 4 8
Temporal lobe 7 2
Retrosplenial cortex 15 3 5 15 6 3
Entorhinal cortex 6 26 7 8 4 3 7
Perirhinal cortex 20 8 3
Periaquaductal grey 16 3
Superior colliculus 17 27 22 10
Parabrachial n. 5 3 3 4 7
Trigeminal n. 47 35 45 40 31 39 48 4
Solitary n. 15 10 15 18 2 4
Cerebellum 87 91 41 12 57 23 7 4
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A typical time curve of fMRI signal intensity of all

activated areas is shown in Fig. 3. The percent signal

changes varied from 4.5 to 6.5% among different rats,

which is in accordance with previously published data

for 3 T magnetic field strength.25 Following the rectal

balloon distention there was no significant difference

between signal intensity increase during 60 and

80 mmHg CRD.

c-fos expression

Experiment A: comparison between balloon insertion

(without inflation) and no balloon Specific nuclei

examined and counted included the amygdala, PVP,

PBN, the PVN and the area postrema (AP). These

nuclei were chosen based on our own fMRI data and on

published CNS visceral afferent projections.1 Numbers

of activated c-fos neurones in rats without balloon

inserted, control A, compared with the rats with

balloon inserted (n ¼ 5) but not inflated, are shown

in Table 3. Statistically significant differences were

observed in the PVP, 69.2 ± 12.2 vs 169.4 ± 20.2

(P ¼ 0.003, n ¼ 5); and the central nucleus of amygdala

on the right side (CeA R), 63.8 ± 6.3 vs 136 ± 26.8

(P ¼ 0.05, n ¼ 5). On the left side, at the CeA L, the

difference was not statistically significant (91.8 ± 29.4

vs 120.7 ± 35.7, P ¼ 0.5, n ¼ 5). There was also no

significant difference at the PVN, PBN or AP (Table 3).

Experiment B: comparison of balloon insertion with-

out inflation and balloon insertion with disten-

tion Numbers of activated c-fos neurones in the rats

with an inflated balloon compared with the control rats

with the uninflated balloon, control B, are shown in

Table 4. Statistically significant differences in c-fos

expression between control B and experimental rats

were observed in the left PBN (PBN L), 93.1 ± 11.8 vs

132.3 ± 14.4 (P ¼ 0.05, n ¼ 10) and in the right PVN

(PVN R) 264.1 ± 66.9 vs 487.2 ± 85.5 (P ¼ 0.05,

n ¼ 10), control B vs experimental, respectively. There

were no significant differences at PVN L and PBN R

(Table 4). An example showing c-fos expression indi-

cating activated neurones in PBN and PVN in control B

rats (balloon inserted, not inflated) compared with

experimental rats (balloon inserted and inflated) is

shown on Fig. 4.

In the amygdala, thalamus, and AP, c-fos activation

was not significantly different between experimental

and control B rats. In the amygdala, intense activation

was seen in both control and experimental animals

(Table 4). Similar activation was seen in both control B

0.4

0.5

0.6

0.7

r

A B

Figure 2 Axial fMRI images of the rat brain with activated
thalamus (yellow circle), periaquaductal grey (green circle) and
superior colliculus (red circle) during the rectal balloon sti-
mulation at the pressure of 60 mmHg (A) and 80 mmHg (B), of
the same animal. During 80 mmHg pressure there was addi-
tional activation in the cerebellum (pink circle), hippocampus
(white circle) and prelimbic and infralimbic structures (blue
circle) for the particular animal (B). The colour scale, shown
on the right represents different values of the cross-correlation
coefficient.

Figure 3 A typical time curve of fMRI signal intensity chan-
ges during the rectal balloon stimulation, plotted as the
averaged signal intensity of all activated areas. The x-axis
represents the image number (96 total number of images) and
y-axis represents the averaged signal changes during the rectal
balloon stimulation. The balloon was inflated during the
images: 10–12, 22–24, 34–36, 46–48, 58–60, 70–72, 82–84 and
94–96 as indicated by the dashed line.

Table 3 Number of c-fos like-immunoreactivity (LI) in the rat
brain areas activated during CRD: control rats without the
balloon insertion vs rats with the inserted balloon (no dis-
tention)

Brain
area

Control A,
no balloon

Control B, balloon
not distended

P-value
(n ¼ 5)

PVN L 240.3 ± 83.9 341.1 ± 56.9 0.3
PVN R 316.7 ± 91.7 383.6 ± 82.6 0.6
CeA L 91.8 ± 29.4 120.7 ± 35.7 0.5
CeA R 63.8 ± 6.3 136 ± 26.8 0.05
PVP 69.2 ± 12.2 169.4 ± 20.2 0.003
PBN L 41.7 ± 9.2 80.6 ± 21.5 0.1
PBN R 34.3 ± 16 79.6 ± 25.2 0.1
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and experimental rats in the thalamic PVP, supraoptic

nucleus, piriform cortex, cortical amygdaloid area,

insular cortex, habenula and the thalamic mediodorsal

nucleus.

DISCUSSION

Our study compared two different markers of neuronal

activation, fMRI and c-fos expression, in the brain of

rats subjected to the visceral stimulation. The results

partially support the initial hypothesis that both

methods should detect similar brain nuclei in response

to the same stimulus pressure. Nevertheless, certain

differences are observed. The stimulus could not be

identical because the two techniques require different

time course for the marker of activation to be detected

and represent different physiological events.

The methods detect different aspects of neuronal

activation. In the c-fos method, an activated specific

early gene, c-fos, is expressed as c-fos nuclear pro-

tein which is detected immunohistochemically and

presumably reflects increased somal electrophysio-

logical activity. More than an hour is needed for

the protein expression of c-fos protein to reach the

levels necessary for immunohistochemical detec-

tion,14 whereas in fMRI, the time course for changes

in blood oxygenation level is a matter of seconds. In

fMRI, neuronal activity is assessed indirectly as

changes in blood oxygenation levels. This activation

cannot be specifically assigned to somas or terminal

arborizations.

In this study, the two methods detect different areas

of the brain activated by CRD. Some of these areas

overlap, with more activated areas detected by fMRI.

The different duration of studies and therefore, differ-

ent dose of anaesthesia may contribute to the differ-

ences in the area of activation in the brain.

Some of the rats were subjected to one (80 mmHg)

and some to multiple levels of pressure (40, 60 and

80 mmHg). It is unlikely that the cortical fMRI

response was affected by multiple distension levels

because (i) there was no significant difference in the

number of pixels activated during 80 mmHg CRD in

the cortical areas of the rats that experienced single

80 mmHg stimulus vs those that experienced multiple

distention pressures prior to the 80 mmHg stimulus

and (ii) significantly more pixels activated in caudate/

putamen in rats that underwent multiple distention

pressures did not influence the cortical response

despite the extensive cortical projections of caudate/

putamen.

In our c-fos studies, when comparing a control B

balloon insertion with experimental distention, signi-

ficant CNS activation is restricted to the paraventricu-

lar nucleus of hypothalamus and parabrachial nuclei.

Activation in the thalamic PVP, supraoptic nucleus,

piriform cortex, cortical amygdaloid area, insular cor-

tex, habenula, and the thalamic mediodorsal nucleus is

present but similar in both control and experimental

balloon rats (the results are not shown). It is unclear

whether anaesthesia limits areas in which significantly

increased activation can be seen.

In our fMRI studies, an increased number of pixels

(larger activation area) is consistently observed with

Table 4 Number of c-fos LI in the rat brain areas activated
during CRD: control rats with the inserted balloon (no dis-
tention) vs distended balloon at the pressure of 80 mmHg

Brain
area

Control B, balloon
not distended

Experimental
distention

P-value
(n ¼ 10)

PVN L 250.6 ± 61.7 412.2 ± 66.5 0.09
PVN R 264.1 ± 66.9 487.2 ± 85.5 0.05
CeA L 89.8 ± 24.5 93.6 ± 24.7 0.8
CeA R 93.9 ± 24.6 88.9 ± 20.6 0.9
PVP 110.1 ± 20.1 128.8 ± 18 0.5
PBN L 93.1 ± 11.8 132.3 ± 14.4 0.05
PBN R 72.9 ± 12.2 99.2 ± 9.4 0.1
AP 161.5 ± 28.4 200 ± 32.8 0.4

A

B

C

D

Figure 4 Representative digital micrographs of the brain sections immunolabelled for c-fos protein. Examples of the neurones
labelled for the c-fos are indicated by arrows. Paraventricular nucleus of the hypothalamus (left and right sides) of control animal (A)
(100· magnification), and of an experimental animal (B) and parabrachial nucleus (left and right sides) of control animal (C), and of
the experimental animal (D) (100· magnification).
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increasing distention pressure, suggesting an increase

in the number of neurones involved in visceral noci-

ception. This observation is in accordance with the

study of Sengupta and Gebhart26 where an increase in

mechanoreceptor discharge rate in the gut occurred

with an increase in CRD pressure in the anaesthetized

rat. �High-threshold� nociceptive receptors responded to

mechanical stimuli (CRD) within the noxious range,

while �low-threshold� receptors encoded the stimulus

from innocuous up to the noxious range. When the

number of c-fos positive nuclei was determined2 in

response to different pressures of CRD, an increasing

number of c-fos positive nuclei was observed with

increasing pressures (from 10 mmHg to 40 mmHg and

70 mmHg) in NTS, rostral ventrolateral medulla, nuc-

leus cuneiformis (NC), periaqueductal gray and the

amygdala.

In this fMRI study, the 40 mmHg pressure did not

produce a response, while a response was observed

following a stimulus of 60 mmHg and greater. Our

results are in agreement with another study,27 in

anaesthetized rats, where the threshold for the neur-

onal response was between 25 and 100 mmHg with a

mean pressure threshold of 56 ± 24 mmHg. One

explanation for the lack of activation at 40 mmHg

is that the �lower threshold� receptors are inhibited by

the chloral hydrate anaesthesia. In general, anaesthesia

is considered to reduce number of activated

neurones,28 due to depression of neuronal activity

and metabolism.29

Although rats are anaesthetized, activation of the

amygdala revealed by fMRI might indicate an emo-

tional-affective aspect of visceral stimulation, as exten-

sively demonstrated with somatic stimuli.30 In our

c-fos studies, control animals that underwent balloon

insertion without distention had shown activated

neurones in the amygdala, suggesting that the balloon

insertion is able to activate the amygdala. Stam et al.3

have shown that the alterations in cortico-limbic

response to colonic distention do not necessarily

require conscious affective responses.

Significant activation of the NTS (approximately

3–5 mm in size depending on a section) was observed

when detected using fMRI, whereas the difference

between the number of c-fos-positive cells found in the

central NTS (AP) in experimental rats was not statis-

tically significant compared with control rats. This

may be due to the high within-group variance. In

contrast, significant activation in the PBN was noted

in the c-fos studies, but only in few rats by fMRI. The

limitations of fMRI spatial resolution may hinder

detection of PBN activation in animals brain, because

of the need to perform an analysis in the axial plane in

which the cross-sectional area of the PBN is at its

smallest. The voxel size used during the echo planar

imaging was 234 · 313 · 500 lm3, which is compar-

able with the size of the parabrachial nucleus in the

axial plane �0.2–0.3 mm depending on the section,

thus making detection of the PBN nucleus particularly

difficult. The resolution of fMRI limits the ability to

detect very small nuclei, and is clearly an advantage of

the c-fos method.

Similar studies performed by others in non-anaes-

thetized rats identified c-fos activation in infralimbic

and prelimbic cortices, the mediodorsal thalamic nuc-

leus, the central amygdaloid nucleus, dorsomedial and

ventromedial nuclei of the hypothalamus (DMH and

VMH respectively), NTS, rostral ventrolateral medulla,

NC and periaqueductal gray.1,31 We did not observe

consistent cortical activation using c-fos technique.

This probably resulted from the use of chloral hydrate

anaesthesia that has been reported to hinder cortical

activation.32

The observed cortical fMRI activation in a small

number of animals included insula, retrosplenial,

piriform and perirhinal cortex previously identified to

play a part in the emotional component of a painful

stimulus.33 A reduced cortical bold response to stimu-

lation under anaesthesia (up to 10-fold) has been

observed,34 probably due to decreased metabolism in

the cortex, influence on cerebral blood flow and

cerebral autoregulation. The number of activated

regions differed from rat to rat. A variability in the

cortical activation was observed for the somatosensory

response35 as well. We have also observed activation of

the cerebellum by fMRI in rats. Activation of cerebel-

lum in response to visceral pain has been reported

previously in human fMRI studies.33,36,37

Visceral pain is conveyed by the spinal nociceptive

viscerosensory neurones located in the laminae I, V

and X of the spinal cord to higher brain structures via

spino-parabrachio-amygdaloid and hypothalamic path-

ways.38–40 Although not directly involved in conveying

the painful stimuli, vagal afferents modulate nocicep-

tive processing in the spinal cord.41 There is some

evidence that PBN along with the spino-parabrachio-

amygdaloid pathway play an important role for somatic

and visceral pain processing.42,43 The PBN projects to

the amygdala, the hypothalamus and intralaminar

thalamic nuclei, an important relay to the prefrontal

cortex. How activation of these afferent pathways

becomes perceived as painful or non-painful sensations

is not well understood.31,44

These studies demonstrate advantages and dis-

advantages of two methods of detecting neuronal

activation. Functional MRI is non-invasive, and appli-
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cable for human studies. Functional MRI studies in

animals, however, require use of anaesthesia, which

is hindering activation of certain areas. The superior

spatial resolution of c-fos over fMRI facilitates

detection of activation of very small nuclei and

single neurones involved, but is not applicable to

humans.

CONCLUSIONS

We conclude that the activation observed by fMRI

included brain areas detected by c-fos expression in

addition to brain areas that did not stain differentially

for c-fos compared with controls. These findings

suggest that fMRI is able to detect a larger number of

brain areas activated, therefore making it a more

sensitive method under the given anaesthesia condi-

tions. Some similarities of regional brain activation in

response to gut stimuli do exist when assessed by fMRI

and c-fos expression, despite differences in the resolu-

tion, methodology and physiology of these methods.

The superior resolution of c-fos combined with fMRI

sensitivity would be complementary in evaluating

whether an animal model shows CNS activation that

parallels the altered CNS processing of visceral stimuli

in functional disorders such as IBS. The c-fos and fMRI

data taken together imply the importance of the spino-

parabrachio-amygdaloid pathway in visceral nocicep-

tion, indicating that the inhibition of the specific steps

of the pathway may have potential in the visceral pain

management.
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