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Abstract
Pharmacological imaging provides great potential both for evaluating the efficacy of new
candidate compounds in the treatment of gastrointestinal symptom-based disorders, and for
furthering our understanding of the underlying pathophysiology of such disorders. By combining
evaluation of symptoms, behavior, and brain responses to relevant stimuli, use of neuroimaging is
able to move the study of brain-gut disorders away from more subjective outcomes and emphasize
the underlying neural networks involved in symptom generation and treatment. This chapter
reviews the state of the art in pharmacological imaging studies, both in human subjects and in
animal models of brain gut interactions.
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Introduction
The application of different neuroimaging techniques to drug discovery and candidate
compound evaluation has great potential for many symptom based disorders, including
functional GI disorders.[1] Such techniques include molecular imaging with Positron
Emission Tomography (PET) and PET ligands, functional magnetic resonace imaging
(“pharmacological fMRI”) , and conventional techniques to study neural activity in animal
models.[2-5] TABLE 1 In addition to providing information about structure, function, and
molecular signaling within the brain, this combined approach may improve the translation
from animal models of these disorders to the human syndrome[6], potentially expediting the
decision making process for candidate compounds likely to be effective in human patients.
By evaluating a compound’s effect on brain function in both animal models and human
patients, this translational imaging approach avoids the difficult challenge of linking a
particular animal behavior to a human subjective symptom.

The assessment of symptoms and their improvement with therapeutic interventions in
patients with functional GI disorders depends currently on the subjective patient reports
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obtained in lengthy and expensive phase II and III clinical trials. The need for large patient
numbers in these studies, requiring many participating centers, often in different parts of the
world, further increases the variability of subjective data. The use of functional imaging
techniques, in particular fMRI, has the potential to provide sensitive and specific biomarkers
(or endophenotypes) relevant to the symptom complex of functional GI syndromes, such as
primary visceral afferent hypersensitivity, increased activity in central arousal systems,
compromised endogenous pain inhibition systems and other pain amplification mechanisms.
Functional brain imaging can provide information about both the activity of the functional
connectivity within central autonomic networks, and about the effect that candidate
compounds may have on these parameters.[7]

The ability to sample a specific neurobiological substrate (e.g., a specific brain region or
nucleus) hundreds of times in the same subject, greatly reduces the intra- and inter-
individual variability of the measure. Thus, neuroimaging-based evaluation of drug effects
in small samples of patients has the potential to identify significant drug effects on a specific
biomarker of the disorder, while much larger patient numbers are required to detect
significant effects on subjective symptoms. Since fMRI can be applied to animal models as
well, identification of drug effects in preclinical studies may have predictive validity for
finding such effects in human studies as well. Several studies outside of the field of
Gastroenterology have reported the ability of functional brain imaging to detect changes in
brain activation induced by various pharmacological (as well as non-pharmacological)
therapeutic interventions, ranging from antidepressants,[8] anxiolytics,[9, 10] opioids,[11]
and gabapentin[12]to hypnosis,[13] placebo,[14-16] and cognitive behavioral therapy.[17]
These results have demonstrated that several of these interventions affect activity within the
homeostatic afferent processing network,[18] as well as specific circuits in the brain that
play a role in arousal and in endogenous pain modulation. A particularly interesting example
supporting the concept of dACC as a region involved in affect and motivational responses to
painful stimuli is the biofeedback training of subjects to increase or decrease the activation
of the dorsal anterior cingulate cortex (dACC), using real time fMRI.[19] Healthy subjects
were successfully trained to increase or decrease pain perception to an experimental
stimulus based on their volitional control of dACC activity and chronic pain patients were
able to decrease their spontaneous pain by decreasing dACC activity.

Human pharmacological imaging in patients with functional GI disorders
Despite the lack of consensus regarding brain responses to rectal stimuli in healthy controls
and group differences between irritable bowel syndrome (IBS) patients and control subjects,
several studies have been reported using functional brain imaging to identify changes in
cerebral activation associated with various treatment modalities, including
pharmacological[20, 21] and non-pharmacological treatments.[16, 22] In contrast to the
emerging publications in the somatic pain and psychiatric literature,[7, 10, 12, 23] only a
few of the reported studies are of sufficient quality (statistical power, blinding,
homogeneous study populations) to allow any conclusions from the results.

The effect of antidepressant treatment on brain activity in IBS patients
Morgan et al reported an effect of low-dose amitriptyline treatment (compared with placebo)
on rectal distention–induced brain activation combined with a psychological stressor using
fMRI. [24] Although the drug had no effect on symptoms or distentions alone, decreased
activation in the rostral ACC (rACC) and the left posterior parietal cortex was observed
during distention when associated with the psychological stressor.
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5 Hydroxytryptamine (5-HT) receptor modulating drug effects on brain
activity and connectivity

Berman et al reported a double-blind, randomized, placebo-controlled study in 49 IBS
patients (26 women; nonconstipated) who underwent H2 15O-PET scanning before and after
a 3-week course of the 5-HT3 receptor antagonist, alosetron. [21] Active treatment was
associated with reduced blood flow in the amygdala and the ventral striatum, ventromedial
PFC, and a pontine region, but not with significant changes in the homeostatic afferent
network (insula, dACC, thalamus). Significant reductions were only seen at baseline and
during the expectation condition, but not during the rectal distention, suggesting that the
main effect of the drug was on brain networks engaged during expectation, rather than input
from the gastrointestinal tract (visceral afferent pathways) during rectal distension.
Supporting this interpretation was the finding that IBS symptom improvement was
correlated with activity in regions of the brain associated with response to arousal
(amygdala, ventral striatum, and dorsal pons) rather that from those associated with sensory
input.

In a preliminary report, Kilpatrick et al used fMRI to characterize the effect of another 5-HT
modulating drug, the partial 5-HT4 receptor agonist tegaserod (vs placebo) on brain
responses to rectal distention in a crossover study of 10 female IBS patients. [25] Effective
connectivity analysis revealed a distention-activated network of regions associated with the
medial thalamus that functioned differently during tegaserod and placebo treatment. This
treatment-dependent medial thalamic network included the homeostatic afferent network
(insula, dACC), as well as a cortico-limbic network (amygdala, ventral ACC, and prefrontal
cortices). Thus, despite the small sample size, the study results suggest drug-induced
differences in the functioning of a spinal-thalamic-cortico-limbic circuit operating both
during expectation and during the experience of noxious visceral stimuli.

An additional effective connectivity analysis of the data revealed symptom-related networks
that functioned differently during tegaserod and placebo treatment. During expectation of a
rectal distention, patients demonstrated stronger cortical dampening of the limbic system (as
seen by greater influence of the medial orbitofrontal cortex (mOFC) on amygdala activity).
Additionally, while taking tegaserod patients showed more active negative feedback on
emotional arousal as evidenced by a greater negative influence of infragenual ACC (iACC)
on rACC activity relative to placebo. During actual delivery of a painful rectal distention,
tegaserod (relative to placebo) altered the coupling among regions central to the processing
of information from the GI tract (reduced thalamic influence on rACC activity and more
negative thalamic influence on mOFC and insula activity) and emotional arousal (more
negative influence of iACC on rACC activity). Overall, the findings suggest that in addition
to its known prokinetic effects, the drug’s beneficial effect on IBS symptoms may also
involve effects on brain circuits during both expectation and experience of acute rectal
discomfort.

Neurokinin-1 receptor modulating drug effects on brain activity and
connectivity

A double blind, placebo-controlled pilot study in women with IBS (n=10) used chronic
administration of a neurokinin-1 receptor antagonist (NK1Ra), evaluating brain responses to
both emotional and visceral stimuli.[26, 27] As IBS patients were hypothesized to have
altered processing of emotional information, the subjects were instructed to view negative
emotional faces and label the faces with the correct emotion. It has previously been reported
that in this task, IBS patients compared to healthy control subjects, have decreased
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activation of the ventrolateral prefrontal cortex (vlPFC).[28] These findings suggested that
IBS patients show a compromised ability to down regulate the emotional response and to
recruit prefrontal inhibitory regions.[29] When comparing drug versus placebo condition,
patients showed significantly greater activation of the vlPFC compared to placebo condition,
suggesting a normalization of prefrontal activation by the drug. A second task tested the
drug’s effect on response to a painful rectal balloon inflation compared to a non-painful
inflation. In the drug group, subjects showed decreased pain ratings during rectal aversive
distension, as measured by the McGill Total Pain Scale, and these subjective findings were
associated with reduced activation of the dACC. Activity in the dACC during painful stimuli
is associated with the motivational and cognitive response to pain. No differences in brain
stem or insular cortical activations were seen, suggesting that the drug did not have a
significant effect on afferent sensory input. The fact that significant differences in drug-
placebo conditions were noted in the brain in this small sample, when many more subjects
would need to be studied to show significant symptom changes, supports the use of fMRI
methods for initial compound screening (phase IIa studies) prior to beginning large scale
clinical trials.

Functional brain imaging in rodents and its potential for pharmacological
imaging

Current preclinical evaluation of candidate compounds for visceral pain relies primarily on
measuring pseudoaffective responses to colorectal distension (CRD) [30] in restrained, and
sometimes sedated rodents. Typically, electromyographic (EMG) contraction of the
abdominal muscles [31-33], or behavioral pain postures [34] are measured. 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 capture
more objective markers of the animal visceral pain response, and to assess possible drug
effects on this response, functional brain imaging has begun to be applied to compare the
brain response in rodents to that in humans. Until recently, research of brain responses to
visceral stimulation at the whole-brain level in rodents has relied largely on measurement of
c-fos protein expression [3, 4, 35]. Results, however, have been variable between studies
and without consistent parallels to human brain imaging findings. In theses studies, to elicit
a robust c-fos signal, high-intensity visceral stimuli (e.g., CRD at 80 mmHg) are typically
used with inflation/deflation cycles occurring repeatedly over long durations (usually more
than one hour). It is likely that a variety of non-specific brain responses become integrated
in the c-fos signal during this time. Furthermore, brain responses are dynamic and
susceptible to such processes as habituation and sensitization that can occur with prolonged
stimuli. Hence, a comparison between results from c-fos brain imaging in rodents and those
from fMRI or PET imaging in humans (with a temporal resolution of milliseconds to
seconds) is difficult. It is noteworthy that studies examining increases in c-fos expression in
response to CRD in the lumbosacral region of the spinal cord have reported more consistent
results [36-39], but parallels to human imaging have not been explored extensively. Lazovic
et al. [40] conducted the only reported fMRI study in the rat CRD model. fMRI scans were
acquired in anesthetized rats during acute application of CRD (45 to 80 mmHg). Significant
activation were seen in limbic and paralimbic areas, including the amygdala, hypothalamus,
thalamus, and hippocampus, with variable responses in the cerebral cortex (e.g. CRD evokes
insular activation in 4 out of 9 animals). This variable cortical activation may be attributable
to the use of anesthetized animals. Importantly, the authors compared regional brain
activation measured with fMRI and that measured with c-fos expression, and showed that
these techniques reveal largely different regional brain activation.

More recently, Ohashi et al. [41] reported a microPET study assessing CRD-induced brain
activation in a rat model of visceral hypersensitivity. Regional brain activation was
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quantified by measuring 18F-fluorodeoxyglucose (FDG) uptake after CRD. CRD of a
subthreshold intensity (0 to 35 mmHg) produced pain postures in rats treated with 2,4,6-
trinitrobenzene sulfonic acid, as well as increases in FDG uptake in the thalamus and
primary sensory cortex. Morphine attenuated activation in both brain regions in response to
CRD in the sensitized rats. Since imaging of brain metabolism using FDG typically takes
place after tracer uptake is complete and relatively imperturbable, this method is suitable for
neuroimaging in nontethered, ambulatory subjects. The primary drawback of FDG is that the
duration of the uptake and capture of the tracer is around 25-45 minutes, which requires
prolonged CRD stimulation protocols. Furthermore, the spatial resolution, with micro-PET
and advanced image reconstruction software, remains at best ~1.2 mm at the center of the
field of view. This represents ~7% and 13% of the width of the rat and mouse brain,
respectively and is poorly suited for the detection for all but the broadest changes in regional
cerebral blood flow or metabolism.

Wang et al. have recently begun to examine functional brain activation in rats in response to
noxious CRD with perfusion mapping, in which radiotracer (14C-iodoantipyrine) is injected
in the awake, nonrestrained animal during CRD and brain mapping is achieved by analyzing
changes in regional cerebral blood flow (rCBF)-related tissue radioactivity using statistical
parametric mapping [42]. This autoradiographic method allows one to examine regional
brain activation across the entire brain, with a spatial resolution (~100 microns) appropriate
for the rat or mouse brain, and a temporal resolution (seconds) sufficient for capturing acute
brain changes. Results showed that many of the regions implicated in nociceptive processing
of visceral stimulation in humans demonstrate significant changes in rCBF in the rat CRD
model. Noxious CRD at 60 mmHg in male rats elicited significant increases in rCBF in
sensory (insula, somatosensory cortex), as well as limbic and paralimbic regions (including
ACC and amygdala). Significant decreases in rCBF were seen in the thalamus, parabrachial
nucleus, periaqueductal gray, hypothalamus and pons. Correlations of rCBF with
simultaneously measured EMG and with behavioral pain scores were noted in the anterior
cingulate, insular, somatosensory and motor cortices, as well as in the lateral amygdala and
dorsal caudate putamen. However, not all regions demonstrating significant group
differences correlated with EMG or behavioral measures, suggesting that functional brain
imaging captures more extensive nociceptive responses to noxious visceral stimulation than
those identified by traditional measures. Ongoing work exploring sex-differences of this
response, in parallel with studies in humans [43-45], shows that male rats have a broader
cortical activation in response to noxious CRD than females, while females have a more
widespread activation of subcortical structures, in particular in limbic/paralimbic regions
[46]. In addition, early work suggests that brain regions implicated in visceral pain
processing and modulation in human subjects are also activated in expectation of CRD in
rats in a step-down passive avoidance paradigm [47]. Possibilities exist in the future for
applying connectivity analysis to these data sets to understand brain responses as the
network level [48].

Functional brain mapping in rodents likely will complement behavioral measurements in
animal models of visceral pain. Brain mapping in rodents is beginning to validate the
relevance of animal models to human conditions at the brain level. Brain mapping in
transgenic and knockout mouse models holds promise for improving our understanding of
the role genes play in modulating the brain’s response to visceral pain. Early work suggests
that imaging may be a useful tool for preclinical evaluation of candidate drugs [41, 49], the
results of which may predict similar changes in humans. Future studies will have to address
the predictive validity of this premise.
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Summary and conclusions
The information gained from a small number of published neuroimaging studies of brain
activity associated with treatment responses in IBS patients has to be considered as
preliminary. The finding of selective effects of alosetron treatment on limbic, but not
primary pain regions, and the correlation of these limbic effects with IBS symptom ratings
demonstrates the potential strength of this technique to understanding the action of new IBS
treatments. Well-designed treatment studies, with adequate sample size, homogeneous study
populations, and reproducible study paradigms are needed to confirm the validity of this
approach to monitor treatment effects, and predict possible clinical outcomes. However, the
potential benefit of the pharmacological brain imaging approach to drug discovery and
evaluation is considerable.[50] Candidate compounds aimed at ascending and descending
modulatory influences on the homeostatic afferent processing network can be evaluated in
their effectiveness and pharmacokinetics on animal models, and on their clinical relevance
in small early phase II studies.

REFERENCES
1. Schweinhardt P, Bountra C, Tracey I. Pharmacological fMRI in the development of new analgesic

compounds. NMR Biomed. 2006; 19:702–711. [PubMed: 16986120]

2. Monnikes H, et al. Differential induction of c-fos expression in brain nuclei by noxious and non-
noxious colonic distension: role of afferent C-fibers and 5-HT3 receptors. Brain Res. 2003; 21:253–
264. [PubMed: 12618348]

3. Stam R, et al. Long-lasting changes in central nervous system responsivity to colonic distention after
stress in rats. Gastroenterology. 2002; 123:1216–1225. [PubMed: 12360483]

4. Traub RJ, et al. Noxious colorectal distention induced-c-Fos protein in limbic brain structures in the
rat. Neurosci Lett. 1996; 215:165–168. [PubMed: 8899739]

5. Kozlowski CM, et al. The 5-HT 3 receptor antagonist alosetron inhibits the colorectal distention
induced depressor response and spinal c-fos expression in the anaesthetised rat. Gut. 2000; 46:474–
480. [PubMed: 10716675]

6. Mayer EA, Collins SM. Evolving pathophysiologic models of functional gastrointestinal disorders.
Gastroenterology. 2002; 122:2032–2048. [PubMed: 12055608]

7. Furmark T, et al. Cerebral blood flow changes after treatment of social phobia with the neurokinin-1
antagonist GR205171, citalopram, or placebo. Biol Psychiatry. 2005; 58:132–142. [PubMed:
16038684]

8. Fu CH, et al. Attenuation of the neural response to sad faces in major depression by antidepressant
treatment: A prospective, event-related functional magnetic resonance imaging study. Arch Gen
Psychiatry. 2004; 61:877–889. [PubMed: 15351766]

9. Abbadie C, et al. Spinal cord substance P receptor immunoreactivity increases in both inflammatory
and nerve injury models of persistent pain. Neuroscience. 1996; 70:201–209. [PubMed: 8848125]

10. Paulus MP, et al. Dose-dependent decrease of activation in bilateral amygdala and insula by
lorazepam during emotion processing. Arch Gen Psychiatry. 2005; 62:282–288. [PubMed:
15753241]

11. Wise RG, et al. Combining fMRI with a pharmacokinetic model to determine which brain areas
activated by painful stimulation are specifically modulated by remifentanil. Neuroimage. 2002;
16:999–1014. [PubMed: 12202088]

12. Iannetti GD, et al. Pharmacological modulation of pain-related brain activity during normal and
central sensitization states in humans. Proc Natl Acad Sci U S A. 2005; 102:18195–18200.
[PubMed: 16330766]

13. Rainville P, et al. Pain affect encoded in human anterior cingulate but not somatosensory cortex.
Science. 1997; 277:968–971. [PubMed: 9252330]

14. Wager TD, et al. Placebo-induced changes in fMRI in the anticipation and experience of pain.
Science. 2004; 303:1162–1167. [PubMed: 14976306]

Tillisch et al. Page 6

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 November 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



15. Petrovic P, et al. Placebo and opioid analgesia - imaging a shared neuronal network. Science. 2002;
295:1737–1740. [PubMed: 11834781]

16. Lieberman MD, et al. The neural correlates of placebo effects: A disruption account. Neuroimage.
2004; 22:447–455. [PubMed: 15110038]

17. Goldapple K, et al. Modulation of cortical-limbic pathways in major depression: Treatment-
specific effects of cognitive behavior therapy. Arch Gen Psychiatry. 2004; 61:34–41. [PubMed:
14706942]

18. Mayer EA, Naliboff BD, Craig AD. Neuroimaging of the brain-gut axis: From basic understanding
to treatment of functional GI disorders. Gastroenterology. 2006; 131:1925–1942. [PubMed:
17188960]

19. deCharms RC, et al. Control over brain activation and pain learned by using real-time functional
MRI. Proc Natl Acad Sci U S A. 2005; 102:18626–18631. [PubMed: 16352728]

20. Mertz H, et al. Amitriptyline reduces visceral sensitization and limbic activation induced by stress
in IBS and improves symptoms. Gastroenterology. 2002; 122:A310.

21. Berman SM, et al. Condition-specific deactivation of brain regions by 5-HT3 receptor antagonist
alosetron. Gastroenterology. 2002; 123:969–977. [PubMed: 12360456]

22. Lackner JM, et al. Psychological treatments for irritable bowel syndrome: A systematic review and
meta-analysis. J Consult Clin Psychol. 2004; 72:1100–1113. [PubMed: 15612856]

23. Pattinson KT, et al. Pharmacological fMRI: Measuring opioid effects on the BOLD response to
hypercapnia. J Cereb Blood Flow Metab. 2006

24. Morgan V, et al. Amitriptyline reduces rectal pain related activation of the anterior cingulate cortex
in patients with irritable bowel syndrome. Gut. 2005; 54:601–607. [PubMed: 15831901]

25. Kilpatrick L, et al. A course of tegaserod treatment modulates CNS processing of visceral afferent
information. Gastroenterology. 2006; 130:A-289–A-290.

26. Tillisch K, et al. The effects of neurokinin-1 receptor antagonism on central responses to visceral
pain in irritable bowel syndrome (IBS): A pilot study. Gastroenterology. 2008; 134:A545.

27. Bueller J, et al. Effects of NK-1 receptor antagonist AV608 on emotional circuitry and affect in
female IBS patients. Gastroenterology. 2008; 134:A276.

28. Bueller J, et al. Alterations of emotional modulation in irritable bowel syndrome: An fMRI study.
Gastroenterology. 2007; 132:A-72.

29. Lieberman MD, et al. Putting feelings into words: affect labeling disrupts amygdala activity in
response to affective stimuli. Psychol Sci. 2007; 18:421–428. [PubMed: 17576282]

30. Ness TJ, Gebhart GF. Colorectal distension as a noxious visceral stimulus: physiologic and
pharmacologic characterization of pseudaffective reflexes in the rat. Brain Res. 1988; 450:153–
169. [PubMed: 3401708]

31. Bradesi S, et al. Repeated exposure to water avoidance stress in rats: a new model for sustained
visceral hyperalgesia. Am J Physiol Gastrointest Liver Physiol. 2005; 289:G42–53. [PubMed:
15746211]

32. Greenwood-Van Meerveld B, et al. Stereotaxic delivery of corticosterone to the amygdala
modulates colonic sensitivity in rats. Brain Res. 2001; 893:135–142. [PubMed: 11223001]

33. Nijsen MJ, et al. Telemetric animal model to evaluate visceral pain in the freely moving rat. Pain.
2003; 105:115–123. [PubMed: 14499427]

34. Stam R, van Laar TJ, Wiegant VM. Physiological and behavioural responses to duodenal pain in
freely moving rats. Physiol Behav. 2004; 81:163–169. [PubMed: 15059696]

35. Monnikes H, et al. Differential induction of c-fos expression in brain nuclei by noxious and non-
noxious colonic distension: role of afferent C-fibers and 5-HT3 receptors. Brain Res. 2003;
966:253–264. [PubMed: 12618348]

36. Kozlowski CM, et al. The 5-HT(3) receptor antagonist alosetron inhibits the colorectal distention
induced depressor response and spinal c-fos expression in the anaesthetised rat. Gut. 2000;
46:474–480. [PubMed: 10716675]

37. Zhai QZ, Traub RJ. The NMDA receptor antagonist MK-801 attenuates c-Fos expression in the
lumbosacral spinal cord following repetitive noxious and non-noxious colorectal distention. Pain.
1999; 83:321–329. [PubMed: 10534605]

Tillisch et al. Page 7

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 November 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Traub RJ, Stitt S, Gebhart GF. Attenuation of c-Fos expression in the rat lumbosacral spinal cord
by morphine or tramadol following noxious colorectal distention. Brain research. 1995; 701:175–
182. [PubMed: 8925281]

39. Traub RJ, Herdegen T, Gebhart GF. Differential expression of c-fos and c-jun in two regions of the
rat spinal cord following noxious colorectal distention. Neuroscience letters. 1993; 160:121–125.
[PubMed: 8247340]

40. Lazovic J, et al. Regional activation in the rat brain during visceral stimulation detected by c-fos
expression and fMRI. Neurogastroenterol Motil. 2005; 17:548–556. [PubMed: 16078944]

41. Ohashi K, et al. MicroPET detection of regional brain activation induced by colonic distention in a
rat model of visceral hypersensitivity. J. Vet. Med. Sci. 2008; 70:43–49. [PubMed: 18250571]

42. Wang Z, et al. Regional brain activation in conscious, nonrestrained rats in response to noxious
visceal stimulation. Pain. 2008 in press.

43. Berman SM, et al. Sex differences in regional brain response to aversive pelvic visceral stimuli.
Am J Physiol Regul Integr Comp Physiol. 2006; 291:R268–276. [PubMed: 16614061]

44. Naliboff BD, et al. Longitudinal change in perceptual and brain activation response to visceral
stimuli in irritable bowel syndrome patients. Gastroenterology. 2006; 131:352–365. [PubMed:
16890589]

45. Kern MK, et al. Gender differences in cortical representation of rectal distension in healthy
humans. Am J Physiol Gastrointest Liver Physiol. 2001; 281:G1512–1523. [PubMed: 11705757]

46. Guo, Y., et al. Digestive Disease Week: Abstract #436695. San Diego, CA: 2008. Sex differences
in regional functional brain activation elicited by colorectal distention in conscious, nonrestrained
rats.

47. Wang, Z., et al. Digestive Disease Week: Abstract #437215. San Diego, CA: 2008. Assessment of
functional brain activation in expectation of visceral pain in a rat step-down passive avoidance
model.

48. McIntosh AR, Gonzalez-Lima F. Large-scale functional connectivity in associative learning:
interrelations of the rat auditory, visual, and limbic systems. J Neurophysiol. 1998; 80:3148–3162.
[PubMed: 9862913]

49. Borsook D, et al. CNS response to a thermal stressor in human volunteers and rats may predict the
clinical utility of analgesics. Drug Dev. Res. 2007; 68:23–41.

50. Wise RG, Tracey I. The role of fMRI in drug discovery. J Magn Reson Imaging. 2006; 23:862–
876. [PubMed: 16649197]

Tillisch et al. Page 8

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 November 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tillisch et al. Page 9

TA
B

LE
 1

C
om

pa
ri

so
n 

of
 b

ra
in

 im
ag

in
g 

m
od

al
iti

es
 u

se
d 

fo
r 

dr
ug

 d
ev

el
op

m
en

t i
n 

br
ai

n-
gu

t d
is

or
de

rs

Im
ag

in
g

m
od

al
it

y
M

et
ho

d
M

ea
su

re
m

en
t

A
dv

an
ta

ge
s

D
is

ad
va

nt
ag

es

H
U

M
A

N
 S

T
U

D
IE

S

PE
T

M
ea

su
re

s 
em

is
si

on
s

fr
om

 r
ad

io
la

be
le

d
ch

em
ic

al
 in

je
ct

ed
 in

to
th

e 
bl

oo
ds

tr
ea

m

H
2O

15
 –

 b
lo

od
 f

lo
w

F18
 F

lu
or

od
eo

xy
gl

uc
os

e 
(F

D
G

)
– 

ce
llu

la
r 

m
et

ab
ol

is
m

• 
C

an
 d

ir
ec

tly
 s

ho
w

 b
lo

od
 f

lo
w

 (
H

2O
15

) 
or

 
gl

uc
os

e 
m

et
ab

ol
is

m
 (

FD
G

) 
in

 b
ra

in
 ti

ss
ue

s
• 

V
ar

ia
bl

e 
te

m
po

ra
l r

es
ol

ut
io

n 
(t

ra
ce

r
 

de
pe

nd
en

t)
• 

R
ad

ia
tio

n 
ex

po
su

re

PE
T

 li
ga

nd
R

ad
io

la
be

le
d 

dr
ug

/m
ol

ec
ul

e 
of

in
te

re
st

• 
C

an
 o

bs
er

ve
 r

eg
io

na
l r

ec
ep

to
r 

oc
cu

pa
nc

y
• 

L
ig

an
d 

av
ai

la
bi

lit
y

• 
R

ad
ia

tio
n 

ex
po

su
re

fM
R

I
M

ea
su

re
s 

m
ag

ne
tic

va
ri

at
io

ns
 d

ue
 to

 th
e

am
ou

nt
 o

f 
ox

yg
en

at
ed

an
d 

de
ox

yg
en

at
ed

he
m

og
lo

bi
n

B
lo

od
 o

xy
ge

n 
le

ve
l d

ep
en

de
nc

e
(B

O
L

D
),

 w
hi

ch
 c

or
re

la
te

s 
w

ith
bl

oo
d 

fl
ow

• 
N

on
in

va
si

ve
• 

G
oo

d 
sp

at
ia

l r
es

ol
ut

io
n

• 
G

oo
d 

te
m

po
ra

l r
es

ol
ut

io
n

• 
B

O
L

D
 is

 a
n 

in
di

re
ct

 m
ea

su
re

 o
f 

bl
oo

d
 

fl
ow

• 
So

m
e 

re
gi

on
s 

of
 th

e 
br

ai
n 

ar
e 

po
or

ly
 

vi
su

al
iz

ed
 d

ue
 to

 te
ch

ni
ca

l a
rt

if
ac

ts

A
N

IM
A

L
 S

T
U

D
IE

S

fM
R

I
M

ea
su

re
s 

m
ag

ne
tic

va
ri

at
io

ns
 d

ue
 to

 th
e

am
ou

nt
 o

f 
ox

yg
en

at
ed

an
d 

de
ox

yg
en

at
ed

he
m

og
lo

bi
n

B
lo

od
 o

xy
ge

n 
le

ve
l d

ep
en

de
nc

e
(B

O
L

D
),

 w
hi

ch
 c

or
re

la
te

s 
w

ith
bl

oo
d 

fl
ow

• 
G

oo
d 

sp
at

ia
l a

nd
 te

m
po

ra
l r

es
ol

ut
io

n
• 

A
bl

e 
to

 a
cc

om
m

od
at

e 
re

pe
at

ed
 s

tu
di

es
 in

 a
 

si
ng

le
 a

ni
m

al

• 
R

eq
ui

re
s 

se
da

tio
n 

an
d 

re
st

ra
in

t o
f 

th
e

 
an

im
al

 to
 a

vo
id

 m
ov

em
en

t

m
ic

ro
PE

T
M

ea
su

re
s 

em
is

si
on

s
fr

om
 r

ad
io

la
be

le
d

tr
ac

er
s 

in
je

ct
ed

 in
to

 th
e

bl
oo

ds
tr

ea
m

H
2O

15
 –

 b
lo

od
 f

lo
w

18
F 

Fl
uo

ro
de

ox
yg

lu
co

se
 (

FD
G

)
– 

ce
llu

la
r 

m
et

ab
ol

is
m

• 
U

pt
ak

e 
of

 r
ad

io
tr

ac
er

 m
ay

 ta
ke

 p
la

ce
 in

 
am

bu
la

to
ry

 a
ni

m
al

s 
(F

D
G

)
• 

A
bl

e 
to

 a
cc

om
m

od
at

e 
re

pe
at

ed
 s

tu
di

es
 in

 a
 

si
ng

le
 a

ni
m

al

• 
Po

or
 s

pa
tia

l r
es

ol
ut

io
n 

fo
r 

br
ai

n
 

im
ag

in
g 

in
 s

m
al

l a
ni

m
al

s
• 

R
eq

ui
re

s 
se

da
tio

n 
an

d 
re

st
ra

in
t o

f 
th

e
 

an
im

al
 to

 a
vo

id
 m

ov
em

en
t

c-
fo

s
E

va
lu

at
es

 e
ar

ly
re

sp
on

se
 g

en
es

c-
fo

s 
m

R
N

A
 o

r 
pr

ot
ei

n
• 

Sp
at

ia
l r

es
ol

ut
io

n 
at

 th
e 

ce
llu

la
r 

le
ve

l
• 

Po
or

 te
m

po
ra

l r
es

ol
ut

io
n

• 
Po

or
 a

bi
lit

y 
fo

r 
3D

 m
ap

pi
ng

• 
R

eq
ui

re
s 

an
im

al
 s

ac
ri

fi
ce

 s
o 

re
pe

at
ed

 
st

ud
ie

s 
ca

nn
ot

 b
e 

pe
rf

or
m

ed

A
ut

or
ad

io
gr

ap
hy

In
je

ct
io

n 
of

 r
ad

io
tr

ac
er

an
d 

ex
po

su
re

 o
f 

th
e

cr
yo

se
ct

io
ne

d 
br

ai
n 

to
ph

ot
og

ra
ph

ic
 f

ilm
 o

r 
a

ph
os

ph
or

 im
ag

er

C
er

eb
ra

l b
lo

od
 f

lo
w

,
C

er
eb

ra
l m

et
ab

ol
is

m
• 

G
oo

d 
sp

at
ia

l a
nd

 te
m

po
ra

l r
es

ol
ut

io
n

• 
Im

ag
in

g 
in

 n
on

re
st

ra
in

ed
, n

on
se

da
te

d 
an

im
al

s
• 

R
eq

ui
re

s 
an

im
al

 s
ac

ri
fi

ce
 s

o 
re

pe
at

ed
 

st
ud

ie
s 

ca
nn

ot
 b

e 
pe

rf
or

m
ed

.

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 November 05.


