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DIFFERENT: 
afferents 
spinal organisation 
convergence 
reflexes 
etc. 

Visceral specific changes? 

Visceral pain 



clinical studies 

animal studies 

The approach to visceral pain studies 

experimental human studies 



Confounders in clinical pain 
Job situation 

Psychological: Fear, anxiety 

Fever, malaise 
tiredness, nausea 

Symptoms from other organs 

Previous experience 

Side effects from medication 

Pain intensity 

Drewes et al. Br J Pharmacol 2013 



clinical studies 

animal studies 

The approach to visceral pain studies 

experimental human studies 



Direct placement of brain electrodes Sciatic nerve resection 

Animal models in pain research 



Modulation of 
peripheral/central 
mechanisms 

Exact stimulation 
• Localisation 
• Time 
• Frequency 
• Modality 

Assessment of  
evoked responses 
• Psychophysical 
• Imaging 
• Neurophysiological 

Pain 
system 

The concept for human experimental pain 



Bridging experimental to clinical findings 



One example: mechanisms of pain 
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Mechanisms of pain 

0 

10 • Flickering 
• Quivering 
• Pulsing 
• Throbbing 
• Beating 
• Pounding 



Bag electrodes 

Bag for mechanical stimuli 

Multimodal stimulation – mimicking the clinical situation 

Drewes et al. Am J Physiol 2002; Eur J Pain 2003 

Holes for perfusion of the  
bag with water 

Side hole for acid perfusion 



Heat 

Mechanical Electrical Sensitisation with acid 

Cold 

 
ALTHOUGH SIMPLIFIED: 

Different layers 
Different receptors 

Different nerves 



Sensory/autonomic                 Reflexes, referred pain, resting EEG                                      Brain electrical sources                       Descending control   
 system                                   & evoked brain potentials 

BRAIN IMAGING 

SENSORY SYSTEM  & ELECTROPHYSIOLOGY 

CNS– assessment used at Mech-Sense 
Aalborg University Hospital 

Baseline

Level 1

Level 2

Level 3

100 µV

100 ms

BOLD, arterial spin labelling                 Spectroscopy                                       Diffusion tensor imaging                                   Cortex volumetry  



Animal vs. human pain studies 
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Animal study: Peripheral sensitization 

Gebhart. Am J Physiol 2000 



Gebhart. Am J Physiol 2000 

Animal study: Peripheral sensitization 



Human experimental study: patients 
with inflammation due UC 

Drewes et al. Inflam Bowel Dis 2006  
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Animal study 

skin 

muscle 

bladder distensions 

Häbler et al. J Auton Nerv Syst. 1992 

”receptive field” 



Human experimental study 

Drewes et al. Pain 2003/ Arendt-Nielsen et al. Eur J Pain 2008 

Application of capsaicin 

RP 

C 

Referred pain area 
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Spinal cord research in animals 



Animal brain studies 

• stimulation 
• surgery 
• dissection 
• tracer studies  
• etc 

Rat brain 



Imaging of human pain 

5. Resting stage 
    fMRI 

1. BOLD 

3. Arterial spin labelling 

6. PET 

2. Diffusion tensor imaging 

4. Volumetry 



Direct brain signalling – electrical activity 



Animal studies – an example 

Kaddumi et al. Exp Neurol 2007 
Rickenbacher et al. PNAS 2008 

Bladder distension in rats results in neural hyperactivity in locus coeruleus 
with specific abnormalities in the EEG circuits 
(decreased low frequency and increased theta (6-8Hz) activity) 

weight gain was comparable in sham and obstructed rats (see
Methods). Reduced weight gain over time is a cardinal feature of
chronic stress that endures long after stress termination (29, 30).
This is seen with both physical (29, 30) and social stressors (31) and
is sufficiently sensitive to serve as an endpoint of chronic mild stress
(32). This is in contrast to hyperthermia, which does not consistently
occur with certain chronic physical stressors (33) and habituates
with repeated stress, while reduced weight loss is maintained (30).
It is noteworthy that the elevation in tonic LC discharge produced
by bladder obstruction in this study is not seen with chronic physical
stressors (i.e., repeated shock or chronic cold), which affect stim-
ulated but not tonic LC activity (34, 35). Finally, corticotropin-
releasing factor, the neuropeptide that initiates the stress response
(36) and mediates LC activation during stress (37), has effects on
cortical EEG that are substantially different from those produced
by bladder obstruction, decreasing power in all frequencies from
1–32 Hz (38).

Overactive bladder as a result of partial obstruction is particularly
prevalent in the elderly, a population that is also vulnerable to
neurobehavioral deficits and sleep disturbances (1). The present

findings suggest that this visceral dysfunction may contribute to
both neurobehavioral and sleep deficits in this population. How-
ever, given that overactive bladder affects a diverse population, the
results have relevance to a broad group and emphasize the previ-
ously unrecognized potential for this visceral disorder to affect
cognitive and behavioral functions. Importantly, evidence for a
causal role of the LC–NE system suggests that fine-tuning the
activity of this system may be a useful therapeutic approach for
central sequelae of overactive bladder.

Finally, although this study focused on bladder dysfunction, it
is noteworthy that the results likely can be generalized to
pathologies that arise from other pelvic viscera and engage the
same circuitry. For example, the LC is activated by colonic
distention, and this is mediated by afferents from Barrington’s
nucleus and correlates to cortical electroencephalographic ac-
tivation (12, 14). This circuit may underlie the well documented
comorbidity of psychiatric and colonic symptoms that charac-
terize irritable bowel disorder. The results of this study under-
score the need to consider the impact of visceral dysfunctions on
ongoing cognitive and behavioral status.

Fig. 4. Effect of partial bladder obstruction on the relationship between bladder pressure and cortical EEG. (A) Simultaneous EEG and cystometry recordings
from sham and bladder-obstructed rats. From top to bottom, the traces show the raw EEG, bladder pressure (BP, mmHg), bladder capacity (BC, !l), micturition
volume (MV, ml), and PSD plots (PSD). The urodynamic pattern of an obstructed rat (obstruction 1) is similar to that of the sham rat, with the exception of
spontaneous nonvoiding contractions, but has a distinct EEG pattern characterized by a peak at 7.5 Hz and a smaller peak at 14 Hz. Obstructed rat 2 (obstruction
2) does not exhibit nonvoiding contractions but shows increased micturition frequency. In this case, the EEG is characterized by lower amplitude and a shift
toward higher frequencies. (B) Perievent spectrograms generated from the same subjects as in A, indicating how power in different EEG frequency bands covaries
with bladder pressure during individual micturition cycles. (B1) The traces represent mean bladder pressure over four to five micturition cycles and are centered
at the micturition threshold (time ! 0). The heat map above each trace represents bladder pressure for each micturition cycle. For the sham rat, a uniform increase
in bladder pressure up to micturition threshold can be seen. In contrast, for obstruction 1, nonvoiding contractions are indicated in the heat map as sporadic
episodes (lighter blue blocks interspersed within darker blue) that occur up to the point at which the micturition threshold is reached. Obstruction 2 does not
exhibit nonvoiding contractions. (B2) Heat maps that indicate the mean relative power in different EEG frequency bands (0–20 Hz, ordinate), and these are
time-locked with B1, such that time ! 0 indicates the point of the micturition threshold. Note how the different patterns of bladder activity produced by
obstruction impact the relationship between bladder pressure and cortical EEG activity. In sham rats, a decrease in power in all frequencies (i.e., desynchroni-
zation) precedes the micturition threshold and is maintained. Obstruction 1, which has nonvoiding contractions, exhibits greater power in higher frequencies
(7–10 Hz and 14–15 Hz) that fluctuate like the contractions. In obstruction 2, which has frequent micturition cycles and no nonvoiding contractions, the cortical
EEG is desynchronized throughout the session, and increases in bladder pressure up to the micturition threshold are without effect.

Rickenbacher et al. PNAS ! July 29, 2008 ! vol. 105 ! no. 30 ! 10593
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Drewes et al. World J Gastroenterol 2008  
Olesen et al. Eur J Gastroenterol Hepatol 2011   
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WHAT CAN WE LEARN FROM EEG? 
• Quantification of oscillations 

• Delta (0.5 – 4 Hz):  Generated by the cortex with no sensory input 

• Theta (4 – 8 Hz):  Represents the inhibitory action of GABAergic interneurons 

   Could be  associated with limbic activity 

   Increased in neuropathic pain 

• Alpha (8 – 12 Hz):  Interaction of cortical and thalamic pacemakers 

• Beta (12 – 32 Hz): Cortico-cortical activity 

• Gamma (32 – 80 Hz): Consciousness, associaton of input from different cerebral areas, 

   involved in processing of perception 

A comparable human study 

Slowed EEG rhythmicity was seen in patients  
(N= 31) with painful chronic pancreatitis 
Theta (like in neuropathic pain) was 
independent on opiods and aetiology   



Pain models in drug development 



Brain studies and drug development 
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Nissen et al. Am J Physiol 2013 
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Source localization of human resting EEG 

Figure 2
Click here to download high resolution image

Khodayari-Rostamabad	et	al.	Clin	Neurophysiol	2015	
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Figure 3 
 

 

Frontal and insula oscillated more strongly after remifentanil 
Activity at delta band was correlated with reaction time 



The global outcome      



Graph theoretical solutions    
  

perfect	order	 random	order	

low	path	length	
high	clustering	

Path length 

Clustering 
coefficient 

Small 
worldness 

Remifentanil: 

Networks	after	placebo	and	remifentanil	

)LJXUH�V�
&OLFN�KHUH�WR�GRZQORDG�KLJK�UHVROXWLRQ�LPDJH

Khodayari-Rostamabad	et	al.	Anesthesiol	2015		



Complex assessment of the pain system 



Spinal cord 

Ascending tracts 
Descending tracts, 
primary inhibitory 

3RD 
4. Brain source modelling 

2. Nociceptive reflex 

5. Resting and pain evoked EEG 

1. QST 
3. Spinal potentials 

7. Offset analgesia 

6. CPM/DNIC  

8. MR resting stage networks  & spectroscopy 

Levels of interactive studies in human pain 



Brainstem sensory processing 
opioid vs. antidepressive (& placebo) 

14-18ms	 20-25ms	 30-45ms	 50-150ms	

NRI 

Opioid 

Median nerve –  
twitch threshold 

s"mulus	

C1	 N60-80	

P100-120	

Venlafaxine treatment resulted in changes in 
sensory procession in the brain stem 

Lelic	et	al.	In	preparation	



Multi-voxel spectroscopy 
opioid vs. antidepressive (& placebo) 

 

Opioid treatment decreased glutamate evels in 
the ”pain matrix” 

Journal of Pain Research 2014:7 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress
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Spectroscopy during pain and morphine treatment
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Figure 2 The voxel of interest was placed in the midline in the pregenual anterior cingulate cortex with the inferior border along the anterior-posterior commissure line. 
An example of the metabolite spectrum is shown, along with peaks for the analyzed metabolites.
Abbreviations: mI, myo-inositol; cre, creatine; glu, glutamine; NAA, N-acetylaspartate.

Experimental acute skin pain stimulation
Painful skin stimulations were applied 16 cm proximal to the 
right knee using a contact heat-evoked potential stimulator 
(Medoc Ltd, Ramat Yishai, Israel) with an activation area of 
573 mm2. A tonic noxious stimulus was applied for 5 minutes 
at a fixed stimulation temperature, which was found prior 
to the scan at the first visit for all subjects, hence using the 
same stimulation temperature for both visits. The starting 
temperature was 32 C. To find the stimulation temperature, 
the stimulus was applied outside the scanner for 30 seconds. 
The stimulation was stopped if the subject felt medium pain 
intensity (defined in next section) and the temperature was 
decreased in steps of 0.5 C from 45.0 C until the subject 
tolerated the stimulus temperature for 30 seconds.

During scans, the subjects were able to stop the stimula-
tion in the event of intolerable pain. As the painful stimulation 
was applied twice, before and during treatment, the thermode 
was replaced slightly proximal for the second stimulation 
to avoid repeated stimulation of the same skin area. The 
stimulation paradigm is shown in Figure 1.

Subjective ratings of pain perception
Prior to the scan session, the subjects were instructed to rate pain 
perception on a 0–10 visual analog scale. After each 5-minute 

stimulus, subjects were asked to rate the pain level as an average 
of the entire stimulus. The following anchor words were used to 
assist in using the visual analog scale: 0, no sensation; 1, vague 
perception of mild sensation; 2, definite perception of mild 
sensation; 3, vague perception of moderate sensation; 4, definite 
perception of moderate sensation; 5, pain detection threshold; 
6, slight pain; 7, moderate pain; 8, medium pain; 9, intense pain; 
and 10, unbearable pain.21

Imaging data
Data were acquired on a 3 Tesla GE scanner (General 
 Electric Signa HDxt, GE Healthcare, Milwaukee, WI, USA). 
A standard eight-channel head coil was used and foam 
pads fixed the head. Single voxel PRESS (Point RESolved 
Spectroscopy) MRS was acquired (TR/TE 2,000/30 
msec, 2,048 complex points), scan time was 5 minutes, 
and the total number of scans was 128. Bandwidth was 
5,000 Hz. A 20 20 20 mm voxel of interest was posi-
tioned on a sagittal T2-weighted fast spin echo sequence 
(TR/TE 4,600.0/102.0 msec, matrix 384 256, slice thick-
ness 3 mm, gap 0.3 mm), in the midline in the pregenual 
ACC with the inferior border along the anterior-posterior 
commissure line. The position of the voxel of interest is  
shown in Figure 2. PRESS MRS was also acquired from 

Multiple ROIs 

ACC Insula PFC 

Hansen	et	al.	In	preparation	



Conclusion 



Analgesics and animal studies 

PROS 
1.  Basic physiological studies have 

demonstrated many 
pharmacological mechanisms  
1.  receptor types 
2.  pain mechanisms 
3.  side effects 
4.  tolerance 
5.  combination therapy 
6.  rotation 
7.  etc 

CONS 
1.  Animal studies are mainly based on 

motor reflexes or behavioral 
responses, whereas pain is a net 
result of complex sensory, 
affective, and cognitive processing 

2.  Major differences between the 
effects of drugs across species (and 
even strains), and this limits 
generalization of findings to man 

3.  Many of the models are also 
optimized for success the construct 
validity (translability) is often 
limited 

4.  In fact, only one painkiller 
(ziconotide) has ever gone from 
bench to bedside)  Dolgin. Nature Medicine 2010 
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