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ABSTRACT
Despite considerable research, effective and safe treatments for human pain disorders remain elusive.
Understanding the biology of different human pain conditions and researching effective treatments
continue to be dominated by animal models, some of which are of limited value. British and European
legislation demands that non-animal approaches should be considered before embarking on research
using experimental animals. Recent scientific and technical developments, particularly in human
neuroimaging, offer the potential to replace some animal procedures in the study of human pain. A group
of pain research experts from academia and industry met with the aim of exploring creatively the tools,
strategies and challenges of replacing some animal experiments in pain research with ethically conducted
studies of human patients and healthy volunteers, in combination with in vitro methods. This report
considers how a range of neuroimaging techniques including functional magnetic resonance imaging,
magnetoencephalography and positron emission tomography, singly and combined, can address human
pain conditions. In addition, microdialysis in human subjects; genome-wide association research, twin
studies and other epidemiological approaches; and in vitro cell and tissue research, are examined for
their replacement potential in combination with neuroimaging. Recommendations highlight further
opportunities to advance the replacement of animal studies with robust methods of relevance to
understanding and treating human pain.
Introduction
Pain is an immensely important biological signal which confers selective advantage by signalling actual or
possible injury. In primates, including humans, pain perception involves the interaction of peripheral and
cortical structures, coloured by environmental and experiential factors. Some of the ways in which central

nervous mechanisms in the spinal cord and the brain modify incoming nociceptive signals and give rise to
different sensations of pain have been described (Dickenson and Suzuki, 2005). Various psychological
factors like arousal, attention, attitudes, and cultural and familial learning can all play a role in modifying
pain perception and the response to analgesics (Craig, 2002).
Clinically, there is a complex spectrum of pain disorders, both acute and chronic, the impact of which can
be devastating. Pain also carries a significant economic burden for the individual and for society as a
whole. There are thus significant incentives not only to develop new therapies for the treatment of acute
and chronic pain, but also to critically assess current approaches to pain research. This paper explores
whether and how some animal experiments that are conducted within this field might be replaced with
alternative methods that could shed more light on human pain syndromes.
A broad range of species, from rodents to primates, is currently used in pain research. Procedures may
be conducted under anaesthesia or, if conscious animals are used, may result in substantial levels of pain
and suffering, as well as death. For ethical reasons such animal procedures are not desirable.
Additionally, while providing an understanding of some of the common ‘pain pathways’ and the role of
neurotransmitters and membrane channels, animal models are insufficiently representative of the
multidimensional aspects of clinical pain (Coghill et al., 2003).
Our understanding of the nature of human pain, especially the more intransigent syndromes, remains
rather basic and dominated by reductionist accounts derived from animal models. Safe and effective
analgesia for chronic pain is still elusive (Raffa, 2006). There is thus a pressing need for more detailed
knowledge of the clinical picture, including the provision of reliable biomarkers of human pain in order to
better understand the plasticity of pain, and to design and monitor more effective pain treatments.
These scientific and ethical concerns about animal-based research, including in the area of pain research
(Le Bars et al., 2001), are reflected both in British and European legislation (EEC, 1986), which requires
the replacement, reduction and refinement of animal experiments wherever feasible. This places a
responsibility on researchers, funders, regulators and policy-makers to implement these concepts in the
planning, design, approval and conduct of research. The advent of powerful neuroimaging and
complementary neurophysiological methods in ethical studies of healthy and patient volunteers (Reilly et
al., 2004) provides tools with significant potential to better understand the central and peripheral
pathways implicated in pain perception (Coghill et al., 2003, Borsook and Becerra, 2006 and Klein et al.,
2005). This could lead to the replacement of certain animal experiments, and potentially provide more
reliable and more cost-effective pathways to drug development and to better treatment regimes.
Focus on Alternatives held an expert workshop to discuss these issues at De Montfort University in 2007.
The aim was to review the potential and challenges of using ethically conducted studies of human
patients and volunteers to replace animals in certain areas in pain research and in the development of
new therapies. Specifically, the remit of the workshop was to consider areas of pain research where
human studies might replace the use of animals; discuss how data from human studies compare and
contrast with data from animal experiments; look at the barriers to wider acceptance of human studies as
robust replacement models in this field; and suggest how progress towards replacing animal experiments
might be enhanced.
Participants were asked to approach the issue creatively and to start from the assumption that humanbased approaches, where ethical and scientifically feasible, are preferable to experiments on animals of
other species. This report reflects the wide-ranging discussions at that meeting and the recommendations
that were reached.

Pain — a multifaceted problem
Timely and accurate perception of painful stimuli is essential for survival. Nociceptive signals are
generated peripherally and are transmitted centrally for further processing. It has become increasingly
clear, over the last twenty years, that many areas of the vertebrate brain are involved in the experience of
pain (Dickenson and Suzuki, 2005 and Toga and Mazziotta, 2000). Evidence shows that there is a
network of brain regions involved in sensory, emotional, cognitive and motor processing. Combined to
varying extents, and dependent upon conditions, these regions interact to generate the unique forms of
pain experienced by different individuals (Tracey and Mantyh, 2007). The full range of human pain
experience also depends upon biological, psychological and environmental factors; and from one person
to the next, variations in traits and past experiences play major roles in how pain is perceived and in the
establishment of effective coping strategies.
An improved understanding of the complexity of human pain perception has been, in part, due to the
revolution in medical imaging which began with the introduction of X-ray computed tomography around
thirty years ago. Powerful neuroimaging devices are now both to clinicians and researchers (Raichle,
2003). For instance, positron emission tomography (PET), magnetoencephalography (MEG), magnetic
resonance spectroscopy (MRS) and functional magnetic resonance imaging (fMRI) allow researchers to
look non-invasively at the brain and other organs within the living human, and also to evaluate their
function (Borsook and Becerra, 2006, Raichle, 2003 and Schweinhardt et al., 2006).
The realisation that pain is intimately linked to neuronal plasticity is due largely to the work of Patrick Wall
(1985). Wall posited that the nervous activity triggered by an insult can itself alter the ways in which pain
is subsequently perceived, with sensitisation occurring either peripherally or centrally (Melzack and Wall,
1965). Such a process explains referred pain, allodynia and phantom limb pain. This basic neuronal
circuitry is influenced by psychological factors, previous history of pain and the role of genes, all of which
may predispose individuals to experience certain kinds of pain syndrome (MacGregor et al., 2004).
Populations of patients reporting symptoms of pain are heterogeneous and complex. Not only do
individual responses to pain vary temporally, but patients also present a wide variety of responses to
analgesic and other therapeutic molecules (Dionne et al., 2005). Drug dose–response effects also vary
across patients experiencing the same or similar kinds of pain (Suri et al., 1997). It is increasingly obvious
that many factors, in addition to the primary cause, are needed for the establishment of chronic pain.
Specific genes are also thought to play a role in the susceptibility to different kinds of pain (Couzin, 2006).
The heterogeneity of patients experiencing pain is not only a major obstacle to understanding the biology
of human pain but also presents a challenge in designing treatments that are tailored to the needs of the
individual.
Animals in pain research
Animals have been widely used to model human pain conditions. Worldwide, rodents are the most
commonly used species, but rabbits, cats, non-human primates, pigs and dogs are also used
experimentally to investigate pain. Animal models have been created in efforts to understand the
fundamental biology of pain and its natural history (including the initiation, continuation and subsequent
termination of the painful signal). Investigations have ranged from looking at the activities of channels and
receptors, through peripheral reception and transmission, to the central processing of stimuli caused by
nociceptive insults. Animals are also used to test the efficacy, potential adverse side-effects and
pharmacokinetics of candidate therapeutic compounds, and more recently to pinpoint the role of genes

and other predisposing factors in chronic pain (Hatcher and Chessell, 2006 and Wilson et al., 2005).
Lastly, studies in animals have been used to provide pointers about the patient sub-groups who may
benefit from a candidate drug.
However, by and large animal models offer very limited insights into the complex clinical picture of pain.
They tend to simulate only one or two simple aspects of human pain conditions; and there are difficulties
in interpretation as behavioural observations are restricted to motor responses (Le Bars et al., 2001).
Current animal models tend to focus on the physiological aspects of pain syndromes where similarities
with humans are found, including the roles of 5-hydroxytryptamine, gamma-aminobutyric acid and the
endogenous opioids. But there are also limitations due to species- and strain-specificities (Shir et al.,
2001), such as differences between humans and rodents in the bradykinin receptors (Hawkinson et al.,
2007). While non-human primates are closest to humans in terms of brain structures, especially the
forebrain and its role in anticipation, there are serious ethical, welfare and economic implications
associated with using primates.
A significant number of chronic pain patients do not have a clearly defined nociceptive origin for their pain
and these patients are thus not easy to represent in animal models. In many cases animal data lack
sufficient translational efficacy for either understanding pain or delivering new treatments, and in animal
models the psychological aspects of pain, so important in patients, are very difficult to recognise and
assess (Karoly and Ruehlman, 2006). As Wilson and colleagues point out: “The substantial investment
in pain research by pharmaceutical companies has failed to deliver novel therapies based on new
mechanisms, despite positive animal model data and a better understanding of the pain generation and
processing pathways. However, pre-clinical and clinical features are seldom reported fully in detail,
making a direct correlation between animal model success and clinical failure difficult to interpret”
(Wilson et al., 2005).
The problem of novel compounds unexpectedly failing in clinical trials or after marketing, due to adverse
effects or lack of efficacy, does need to be robustly examined (Dieppe et al., 2004 and Li, 2004). Animal
models of analgesic efficacy are far from ideal (Lever and Rice, 2007) and different approaches, with
human subjects, hold promise (Borsook et al., 2002). Most analgesic compounds that fail in clinical trials
do so because of unpredicted adverse effects. However, the potential to replace animals in
pharmaceutical toxicology is a separate, complex issue that was outside the scope of our workshop.
In this report, we address current paradigms in pain research and how novel concepts, technologies and
data, especially human models of pain that incorporate neuroimaging, could be combined to offer better
solutions to understanding and treating human pain.
Human volunteers in pain research
Human volunteers, both healthy and from patient populations, have been used to model various forms of
pain (Preston, 2003). Human studies of pain can make use of the ability of the volunteer to report on the
detailed experience of pain. This is a distinct advantage as Klein et al. point out in their study of
neuropathic pain (Klein et al., 2005). In particular, evaluating the form and quality of human pain as well
as its duration and location is more relevant and informative than relying upon motor reflexes in animals.
Additionally, laboratory studies with volunteers using neuroimaging, electrophysiological and other
investigations (genetic, epidemiological and tissue or cell sampling) are more immediately transferable to
patients in terms of species relevance (Klein et al., 2005 and Woolf and Salter, 2000).

Studies of healthy volunteers frequently involve creating a surrogate for the sensory features encountered
in pain. These features include burning and shooting pain, allodynia and paraesthesia. All can be induced
by a variety of electrical and chemical means, and nervous activity monitored using neuroimaging
methods (Borsook and Becerra, 2006). While healthy volunteer studies rely on induced sensory features,
research with volunteer patients offers a means to explore the actual pain states of interest (Raichle,
2003, Moisset and Bouhassira, 2007 and Peyron et al., 2000).
Volunteer studies with potential to replace animal experiments
A current limitation to studying pain and its treatment is the inability to sufficiently define patient subgroups. A more accurate stratification of pain patients would enable volunteer studies to be better focused
and more powerful. One way forward is to shift the emphasis away from classifying pain anatomically or
in relation to a disease, towards a more physiological approach to defining painful conditions, based on
careful studies of human subjects as approved by ethics committees.
Establishing a UK Human Pain Research Network could be an important initiative that would help to
spearhead and coordinate research with human subjects. Pain crosses many disease boundaries, and a
Network would encourage dialogue and consensus between clinical and other researchers; develop
partnerships; facilitate the sharing of a wide range of data (including unpublished and/or negative results);
conduct meta-analyses of the predictivity of animal models of pain; and emphasise the replacement of
animals. A network has been established in Germany for researching neuropathic pain, and the US
National Institutes of Health Pain Consortium similarly promotes collaboration between NIH centres
involved in pain research. A UK Network could also act as a focal point for attracting new funding from
industry as well as private and government funders, for collaborative research. A Human Pain Research
Network would assist in progressing the following range of volunteer studies with potential to replace
some animal experiments.
Neuroimaging approaches to pain research
Recent advances in neuroimaging have revolutionised understanding of how the brain processes
information. The growth in cognitive neuroscience, including studies of memory, attention, language,
motivation, emotion, decision-making and consciousness, owes a great deal to human neuroimaging.
Neuroimaging methods used with healthy and patient volunteers have led to a clearer understanding of
human brain topography and the plasticity of neuronal circuitry in various healthy and diseased states, not
least the central representation of pain perception. Neuroimaging has also been used in conjunction with
painful stimulation in volunteers (by laser, heat or cold, electric shock, capsaicin or pressure) to study
brain areas activated by such modalities of painful stimuli (Flor and Bushnell, 2005, Becerra et al.,
1999 and David et al., 2002). Consequently, there has been an expansion in research articles from
imaging centres throughout Europe and North America, there being around 60 such centres at present
(Borsook and Becerra, 2006 and Raichle, 2003).
Although functional imaging is a relatively young methodology, it has enabled a new and more nuanced
understanding of human pain and offers a number of opportunities to replace the use of animal models in
pain research. Borsook and Becerra, reviewing fMRI and investigations of pain, suggest that human
neuroimaging has opened new approaches to understanding chronic pain, including: “The ability to
evaluate activity and organize active regions into neural circuits that subserve specific pain/analgesia
functions (i.e. sensory, emotional, autonomic, endogenous analgesic circuits) [which] is a step forward”
(Borsook and Becerra, 2006). The authors go on to suggest that several new fMRI approaches will aid a

better understanding of human pain processing including large-scale systems organisation; techniques
that describe circuits and connectivities (Johansen-Berg and Behrens, 2006); and automated parcellation
of brain areas including the thalamus.
Other reviews have also agreed that the use of neuroimaging has contributed new insights into how
certain regions of the brain are involved in the complex processing of experimental pain in humans
(Peyron et al., 2000 and Tracey et al., 2002). For example, neuroimaging of human volunteers can be
used to follow brain activity not only during the application of noxious stimuli, but also in anticipation of
such stimulation (Fairhurst et al., 2007 and Wise et al., 2007). Functional brain imaging is already being
used to compare neural activation patterns related to cutaneous, musculoskeletal, visceral and
neuropathic pain.
Neuroimaging has been applied to investigate pharmacological and non-pharmacological interventions in
the central processing of pain (Flor and Bushnell, 2005 and Pattinson et al., 2007). Taking the case of
opioids as an example, PET has been used to study the changes in regional cerebral blood flow when an
opioid, fentanyl, is administered (Casey et al., 2000). Changes in the occupancy of mu-opioid receptors
were investigated in healthy volunteers by using carfentanil in a PET study during acute muscle pain
(Zubieta et al., 2001). Recently Pattinson and colleagues have applied pharmacological fMRI to
investigate opioid effects on the cerebrovascular circulation. It is not known if opioids alter neurovascular
coupling, or if their effects are purely neuronal. The mu-opioid receptor agonist remifentanil was used in
volunteers given hypercapnic challenges. Similar methodology was recommended by the authors for
evaluating other potentially vasoactive compounds in human volunteers (Pattinson et al., 2007). PET has
also been used to investigate spinal cholinergic activation in response to opiate administration, a marker
for one site of opiate analgesic action. It is increasingly possible to move into fully characterised volunteer
patients to assess opiate activity in painful syndromes. Historically, studies such as these would have
used experimental animals.
fMRI has also been used to monitor analgesic effects on both acute and chronic pain in human subjects
usually following an applied painful stimulus. Such pharmacological fMRI can also lead to the early
assessment of novel drugs and thus reduce reliance upon animal tests and the exposure of patients to
molecules with limited or no therapeutic value (Borsook et al., 2002 and Pattinson et al., 2007). Examples
include studies of cyclooxygenase (COX) inhibitors (Baliki et al., 2005) and amitriptyline in chronic pain
conditions (Morgan et al., 2005) and the effects of drugs on capsaicin-induced hyperalgesia (Borsook et
al., 2003). Thus there is certainly potential for using fMRI for objective evaluation of drug efficacy, which
could reduce reliance upon animal models for some of the pre-clinical stages of drug development.
Several studies have used fMRI to investigate endogenous modulation of pain (Song et al.,
2006 and Borsook and Becerra, 2006) and to map brain regions implicated in the alteration of perceived
pain. Such a focus has been used to study the placebo effect and there are signs that neuroimaging will
bring some resolution to this area, which is of significance to pain treatment (Cavanna et al., 2007).
Electroencephalographic (EEG) and magnetoencephalographic (MEG) recordings, which can measure
brain activity related to painful stimuli, provide direct data on excitatory and inhibitory neuronal processes
and thus can augment concomitant fMRI or PET studies (Langley et al., 2000). EEG and MEG have a
very good temporal resolution and can capture the central processing of pain in real time (Hillebrand et
al., 2005 and Hobson et al., 2006). At the Neuroimaging Research group in Aston University
(Birmingham, UK), Furlong and co-workers have, for the last decade, been looking at visceral pain and its
associated cortical activations to provide a robust model of pain sensitisation in the human viscera
(Hobson et al., 2006 and Hobson et al., 2005). The different strengths of MEG, which provides images of

cortical activity with high spatial (2–3 mm) and temporal (better than 1 ms) resolutions, are combined with
MRS which can show the distribution of targeted neurotransmitters and metabolites throughout the brain.
Neuroimaging has also brought greater clarity to our understanding of primary headache, suggesting that
such primary headache-related pain is triggered by a central event which activates the trigeminovascular
reflex (May, 2006 and Leone et al., 2007). Such studies have lead to significant strides forward in
understanding the mechanisms of head pain in humans.
At present competitive radioligand binding studies are in their infancy but may have the potential to be
used in novel analgesic screening (Song et al., 2005). New small radioligands currently used in animal
studies could, with appropriate safeguards, be used in carefully monitored human neuroimaging studies.
At present there are very few available drugs which selectively modulate human pain that could be used
as pharmacological tools, to study pain mechanisms and to classify patients into sub-groups to enable
more powerful clinical studies. However, there are ‘failed’ drug candidates and withdrawn drugs for
which there are both safety and efficacy data, and such molecules might be very useful in clinical
research. Where ethical issues can be resolved, these could be used in carefully selected patient groups
to tease apart cellular and biochemical aspects of pain, and companies should be approached to consider
making such compounds available.
For example, NK1-receptor antagonists have been evaluated in many pain conditions but are not used
therapeutically since they are ineffective despite showing promise in animal studies (Hill, 2000). These
compounds, for which full pre-clinical data exist, could be used in careful volunteer neuroimaging studies
to identify the role played by pain-related molecules, such as substance P whose transmission function is
primarily mediated by NK-1 receptors. Similarly, enkephalins have opiate receptor-binding activity and are
found in the thalamus and regions of the spinal cord that have been implicated in pain signalling.
Enkephalinase-inhibitors, effective in animal models of pain, were not therapeutically useful but may have
also a value as pharmacological tools in human neuroimaging research (Hughes et al., 2007).
Combining various neuroimaging approaches increases their individual resolution and power in both the
understanding of human pain and the development of new treatments. As a field neuroimaging in humans
is relatively young; however it has already impacted significantly on pain research and has potential to
replace a growing number of animal experiments. Under current research paradigms, results from clinical
studies are sometimes pursued further in animal models. This paradigm is not ideal and would need to
change in order to progressively replace animal experiments. As neuroimaging and related human-based
techniques further develop, this becomes increasingly possible.
Complementary human-based approaches
Human neuroimaging is a key technique in the initiative to replace pain research on animals, but cannot
address all the areas in which animal experiments are currently conducted. The insights obtained from
using neuroimaging techniques can however be extended by combining them with related clinical and
other human-based approaches (Kupers and Kehlet, 2006). These include microdialysis, epidemiology,
human genomics and human cell and tissue studies. Healthy volunteers and patients with painful
conditions have been subjects for a variety of studies involving microdialysis. This technique uses a very
fine probe to repeatedly sample extracellular fluid locally from different tissues. Molecules from the tissue
diffuse through a semi-permeable membrane into the diasylate solution as it passes through the probe.

The collected fluid is then analysed for the concentration and identity of potentially interesting molecules,
and how these fluctuate in real time (Parrot et al., 2004).
Microdialysis has been used to analyse fluid from the skin, muscle, spinal cord and synovium of human
subjects, to investigate neurogenic inflammation, critical limb ischaemia, myalgia, inflammation, complex
regional pain syndrome and various experimentally induced forms of pain. Despite some technical
limitations, microdialysis has provided valuable insight into painful syndromes, especially when combined
with other approaches, such as laser Doppler scanning, infusion of test substances, MEG, analysis of
biopsy samples and stimulation of nociceptive C-fibres (Hogberg et al., 2006 and Tegeder et al., 2002).
Epidemiology can generate new hypotheses, highlight important research questions, identify at-risk
groups for certain conditions (e.g. those with a strong psychological component such as fibromyalgia),
and analyse genetic influences on pain sensitivity and the risks of developing painful conditions.
Genome-wide association research, twin studies and long-term developmental studies should provide
information relevant to understanding susceptibilities to painful syndromes. Research using the TwinsUK
adult registry at St Thomas’s Hospital, London, has already assessed genetic influences on the
progression of osteoarthritis (Zhai et al., 2007). Existing high-quality datasets, such as the Avon
Longitudinal Study of Parents and Children used to follow inherited effects on a variety of conditions
including obesity (Timpson et al., 2007), could be mined for relevant data. National biobank projects, with
information on many thousands of people relating the health effects of genes, lifestyle and environment,
are likely to provide high-quality data useful to pain researchers (Molnar and Bencsik, 2006).
Fertleman and colleagues have investigated paroxysmal extreme pain disorder, an inherited pain
syndrome (Fertleman et al., 2006), by using a genome-wide linkage search followed by a mutational
analysis of the candidate gene SCN9A. This identified eight missense mutations in eleven families. They
then used in vitro functional analysis of three of these mutations to identify the dysfunctional sodium
channel linked to the mutation. Both an understanding of this familial pain disorder and clues as to
treatment have resulted.
DNA microarray technology applied to human tissues, including blood samples and nerve biopsies, is
used for system-wide genomic research and analysis of levels of gene expression. Knowledge of gene
regulation networks in different pain conditions, and gene expression changes in anatomical areas that
process painful stimuli, is highly desirable and potentially achievable in humans.
These examples from a growing literature combine biochemical and genetic tools at the population level
to tease apart the nature of debilitating pain in humans without using animals (Cox et al.,
2006 and Couzin, 2006). Human data from genetic epidemiology may be further explored by some
researchers in genetically modified animal models, therefore this is an area where better non-animal
methods should be sought so as to reduce reliance upon animal studies.
In vitro cell and tissue studies are useful for investigating the molecular and cellular mechanisms of both
acute and chronic pain. Using carefully controlled stimuli and relevant end-points, cellular models can
provide information on certain aspects of in vivo signal transduction between cells or within a nociceptive
cellular receptor array.
There is growing scope to use ex vivo human primary cells and tissues, either post-mortem or donated by
patients undergoing surgery. Relevant human tissues include brachial plexus nerves, brain, neuroma,
dorsal root ganglion, spinal nerve roots and spinal cord ( Facer et al., 2007, Durrenberger et al.,

2006 and Anand et al., 2006). These are increasingly being used for functional assays in early drug
development, in place of efficacy studies in animals; but this work is seriously limited by regulatory and
logistical barriers to obtaining reliable supplies of functional human tissues ( Thasler et al.,
2006 and Sladowski et al., 2005). A network of regional human tissue banks operating within an ethically
robust but research-focused framework, is an urgent necessity for this and many other kinds of research,
both clinical and fundamental.
Conclusions
Animal models cannot faithfully mimic the complex range of phenomena found clinically in the various
manifestations of pain. They provide some pharmacodynamic information during drug development and a
partial picture of some of the processes that follow from an experimental painful insult. But there needs to
be more understanding of the complexity and heterogeneity of human pain and the role of various
genetic, biological and psychological factors in the human perception of and response to pain.
There are strong ethical and legislative obligations to replace animal experiments with alternative
methods, and to refine procedures to cause less suffering and reduce animal use. The focus of this
review is on replacement approaches. Neuroimaging technologies have extended our knowledge of the
complexity and plasticity of the human brain in pain states. Such technologies are being rapidly
developed and should contribute to a better understanding of human pain. Imaging resolutions are not, as
yet, at the single cell level, but nevertheless neuroimaging has the capacity to replace some current uses
of animals in pain research.
An expansion of human-based pain research will aid understanding of pain conditions, improve volunteer
studies and advance replacement of animal experiments in particular areas. More detailed sub-typing of
human pain conditions will enable better focused studies. Data from neuroimaging research can be
augmented by related clinical and other human-based approaches such as microdialysis, epidemiology
and in vitro research using human cells and tissues. Where these human models of pain are ethical,
robust and well characterised they should always be used in preference to animal models.
Recommendations
1. We believe that current paradigms and practices in pain research need reconsideration. A
strategy is now required for how existing and novel concepts, and complementary approaches in
human-based pain research, especially neuroimaging, could offer better solutions than animal
experiments.
2. Researchers and funders should identify areas of pain research, such as acute pain,
psychological aspects, and the genetics of pain, where animal experiments can be prioritised for
replacement by patient-based and related non-animal approaches.
3. Pharmaceutical companies with failed candidate molecules or withdrawn drugs should consider
making these available to researchers where possible. If there are sufficient safety and efficacy
data, such molecules could provide vital pharmacological tools to improve careful human studies
of pain.
4. Neuroimaging data from human studies can be combined with information from microdialysis
research, population data, human genetic studies and in vitro/ex vivo research with human cells
and tissues. These approaches would contribute to an important multi-disciplinary effort to
replace animal experiments.
5. Researchers should prioritise efforts to classify sub-groups of pain patients more accurately and
physiologically, so that volunteer studies can become increasingly focused and powerful. This

6.

7.
8.

9.

would also enable better, early clinical studies of the efficacy and tolerability of novel drug
candidates.
More research is needed, particularly to identify reliable biomarkers of human pain and to
understand placebo effects. This knowledge would provide a valuable resource for improved
human models of pain.
Networks of local human tissue banks for research should be established and adequately funded
to facilitate the availability of suitable human tissues and cells.
More use should be made of human epidemiology data relevant to pain, for example from twin
research, longitudinal child development studies and national biobanks, to identify factors which
underlie pain and its perception. These could be assembled into high-quality datasets which
would be helpful both to researchers and clinicians.
Establishing a UK Human Pain Research Network would encourage dialogue, collaborations and
consensus among researchers, and help develop a strategy for human volunteer studies,
including with a view to replacing animal experiments. It could also act as a focus for attracting
new funding for multi-disciplinary pain research.

Acknowledgments
We are very grateful to the UK Human Tissue Bank, Leicester, UK, for providing organisational help and
premises for the workshop; and to Dr Alan Doyle from The Wellcome Trust, London, UK who attended the
workshop as an observer.
References
Anand, U., Otto, W.R., Casula, M.A., Day, N.C., Davis, J.B., Bountra, C., Birch, R., Anand, P., 2006. The
effect of neurotrophic factors on morphology, TRPV1 expression and capsaicin responses of cultured
human DRG sensory neurons. Neurosci. Lett. 399, 51–56.
Baliki, M., Katz, J., Chialvo, D.R., Apkarian, A.V., 2005. Single subject pharmacological-MRI (phMRI)
study: modulation of brain activity of psoriattic arthritis pain by cyclooxygenase-2 inhibitor. Mol. Pain
1, 32.
Becerra, L.R., Breiter, H.C., Stojanovic, M., Fishman, S., Edwards, A., Comite, A.R., Gonzalez, R.G.,
Borsook, D., 1999. Human brain activation under controlled thermal stimulation and habituation to
noxious heat: an fMRI study. Magn. Reson. Med. 41, 1044–1057.
Borsook, D., Becerra, L.R., 2006. Breaking down the barriers: fMRI applications in pain, analgesia and
analgesics. Mol. Pain 2, 1–16.
Borsook, D., Ploghaus, A., Becerra, L.R., 2002. Utilizing brain imaging for analgesic drug development.
Curr. Opin. Invest. Drugs 3, 1342–1347.
Borsook, D., DaSilva, A.F., Ploghaus, A., Becerra, L.R., 2003. Specific and somatotrophic functional
magnetic resonance imaging activation in the trigeminal ganglion by brush and noxious heat. J.
Neurosci. 23, 7897–7903.
Casey, K.L., Svensson, P., Morrow, T.J., Raz, J., J, one, C., Minoshima, S., 2000. Selective opiate
modulation of nociceptive processing in the human brain. J. Neurophysiol. 84, 525–533.
Cavanna, A., Strigaro, G., Monaco, F., 2007. Brain mechanisms underlying the placebo effect in
neurological disorders. Funct. Neurol. 22, 89–94.
Coghill, R.C.,McHaffie, J.G., Yen, Y.-F., 2003. Neural correlates of interindividual differences in the
subjective experience of pain. Proc. Natl. Acad. Sci. U.S.A. 100, 8538–8542.
Couzin, J., 2006. Unraveling pain’s DNA. Science 314, 585–586.
Cox, J.J., Reimann, F., Nicholas, A.K., Thornton, G., Roberts, E., Springell, K., Karbani, G., Jafri, H.,
Mannan, J., Raashid, Y., Al-Gazali, L., Hamamy, H., Valente, E.M., Gorman, S., Williams, R.,

McHale, D.P., Wood, J.N., Gribble, F.M., Woods, C.G., 2006. An SCN9A channelopathy causes
congenital inability to experience pain. Nature 444, 894–898.
Craig, A.D., 2002. How do you feel? Interoception: the sense of the psychological condition of the body.
Nat. Rev. Neurosci. 3, 655–666.
David, K.D., Pope, G.E., Crawley, A.P., Mikulis, D.J., 2002. Neural correlates of prickle sensation: a
percept-related fMRI study. Nat. Neurosci. 5, 1121–1122.
Dionne, R.A., Bartoshuk, L., Mogil, J., Witter, J., 2005. Individual responder analyses for pain: does one
pain scale fit all? Trends Pharmacol. Sci. 26, 125–130.
Dickenson, A., Suzuki, R., 2005. Targets in pain and analgesia. In: Hunt, S.P., Koltzenberg, M. (Eds.),
The Neurobiology of Pain. Oxford University Press, Oxford. Chapter 8.
Dieppe, P.A., Ebrahim, S., Martin, R.M., Jüni, P., 2004. Lessons from the withdrawal of rofecoxib. Br.
Med. J. 329, 867–868.
Durrenberger, P.F., Facer, P., Casula, M.A., Yiangou, Y., Gray, R.A., Chessell, I.P., Day, N.C., Collins,
S.D., Bingham, S., Wilson, A.W., Elliot, D., Birch, R., Anand, P., 2006. Prostanoid receptor EP1 and
Cox-2 in injured human nerves and a rat model of nerve injury: a time-course study. BMC Neurol. 6,
1.
EEC, 1986. Council Directive 86/609/EEC of 24 November 1986 on the approximation of laws,
regulations and administrative provisions of the Member States regarding the protection of animals
used for experimental and other scientific purposes. Official J. Eur. Comm. L358, 1–29.
Facer, P., Casula, M.A., Smith, G.D., Benham, C.D., Chessell, I.P., Bountra, C., Sinisi, M., Birch, R.,
Anand, P., 2007. Differential expression of the capsaicin receptor TRPV1 and related novel receptors
TRPV3, TRPV4 and TRPM8 in normal human tissues and changes in traumatic and diabetic
neuropathy. BMC Neurol. 7, 11.
Fairhurst, M., Wiech, K., Dunckley, P., Tracey, I., 2007. Anticipatory brainstem activity predicts neural
processing of pain in humans. Pain 128, 101–110.
Fertleman, C.R., Baker, M.D., Parker, K.A., Moffatt, S., Elmslie, F.V., Abrahamsen, B., Ostman, J.,
Klugbauer, N., Wood, J.N., Gardiner, R.M., Rees, M., 2006. SCN9A mutations in paroxysmal extreme
pain disorder: allelic variants underlie distinct channel defects and phenotypes. Neuron 52, 767–774.
Flor, H., Bushnell, M.C., 2005. Central imaging of pain. In: Hunt, S.P., Koltzenberg, M. (Eds.), The
Neurobiology of Pain. Oxford University Press, Oxford. Chapter 13.
Hatcher, J.P., Chessell, I.P., 2006. Transgenic models of pain: a brief review. Curr. Opin. Investig. Drugs
7, 647–652.
Hawkinson, J.E., Szoke, B.G., Garofalo, A.W., Hom, D.S., Zhang, H., Dreyer, M., Fukuda, J.Y., Chen, L.,
Samant, B., Simmonds, S., Zeitz, K.P., Wadsworth, A., Liao, A., Chavez, R.A., Zmolek, W., Ruslim,
L., Bova, M.P., Holcomb, R., Butelman, E.R., Ko, M.C., Malmberg, A.B., 2007. Pharmacological,
pharmacokinetic, and primate analgesic efficacy profile of the novel bradykinin B1 receptor antagonist
ELN441958. J. Pharmacol. Exp. Ther. 322, 619–630.
Hill, R., 2000. NK1 (substance P) receptor antagonists — why are they not analgesic in humans? Trends
Pharmacol. Sci. 21, 244–246.
Hillebrand, A., Singh, K.D., Holliday, I.E., Furlong, P.L., Barnes, G.R., 2005. A new approach to
neuroimaging with magnetoencephalography. Hum. Brain Mapp. 25, 199–211.
Hobson, A.R., Furlong, P.L., Sarkar, S., Matthews, P.J., Willert, R.P., Worthen, S.F., Unsworth, B.J., Aziz,
Q., 2006. Neurophysiological assessment of esophageal sensory processing in noncardiac chest
pain. Gastroenterology 130, 80–88.
Hobson, A.R., Furlong, P.L., Worthen, S.F., Hillebrand, A., Barnes, G., Singh, K., Aziz, Q., 2005. Realtime imaging of human cortical activity evoked by painful esophageal stimulation. Gastroenterology
128, 610–619.

Hogberg, E., Stålman, A.,Wredmark, T., Tsai, J.A., Arner, P., Fellander-Tsai, L., 2006. Opioid requirement
after arthroscopy is associated with decreasing glucose levels and increasing PGE2 levels in the
synovial membrane. Acta Orthop. 77, 657–661.
Hughes, D.I., Scott, D.T., Ridell, J.S., Todd, A.J., 2007. Upregulation of substance P in low-threshold
myelinated afferents is not required for tactile allodynia in the chronic constriction injury and spinal
nerve ligation models. J. Neurosci. 27, 2035–2044.
Johansen-Berg, H., Behrens, T.E., 2006. Just pretty pictures? What diffusion tractography can add in
clinical neuroscience. Curr. Opin. Neurol. 19, 379–385.
Karoly, P., Ruehlman, L.S., 2006. Psychological “resilience” and its correlates in chronic pain: findings
from a national community sample. Pain 123, 90–97.
Klein, T., Magerl, W., Rolke, R., Treede, R.-D., 2005. Human surrogate models of neuropathic pain. Pain
115, 227–233.
Kupers, R., Kehlet, H., 2006. Brain imaging of clinical pain states: a critical review and strategies for
future studies. Lancet Neurol. 5, 1033–1044.
Langley, G., Harding, G., Hawkins, P., Jones, A., Newman, C., Swithenby, S., Thompson, D., Tofts, P.,
Walsh, V., 2000. Volunteer studies replacing animal experiments in brain research: report and
recommendations of a Volunteers in Research and Testing workshop. Alt. Lab. Anim. 28, 315–331.
Le Bars, D., Gozariu, M., Cadden, S.W., 2001. Animal models of nociception. Pharmacol. Rev. 53, 597–
652.
Leone, M., Proietti Cecchini, A., Mea, E., Curone, M.l., Tullo, V., Casucci, G., Bonavita, V., Bussone, G.,
2007. Functional neuroimaging and headache pathophysiology: new findings and new prospects.
Neurol. Sci. 28 (Suppl 2), S108–S113.
Lever, I.J., Rice, A.S., 2007. Cannabinoids and pain. Handb. Exp. Pharmacol. 177, 265–306. Li, A.P.,
2004. An integrated, multidisciplinary approach for drug safety assessment. Drug Discov. Today 9,
687–692.
MacGregor, A.J., Andrew, T., Sambrook, P.N., Spector, T.D., 2004. Structural, psychological, and genetic
influences on low back and neck pain: a study of adult female twins. Arthritis Rheum. 51, 160–167.
May, A., 2006. A review of diagnostic and functional imaging in headache. J. Headache Pain 7, 174–184.
Melzack, R., Wall, P.D., 1965. Pain mechanisms: a new theory. Science 150, 971–979.
Moisset, X., Bouhassira, D., 2007. Brain imaging of neuropathic pain. Neuroimage 37 (Suppl. 1), S80–
S88.
Molnar, M.J., Bencsik, P., 2006. Establishing a neurological–psychiatric biobank: banking, informatics,
ethics. Cell Immunol. 244, 101–104.
Morgan, V., Pickens, D., Gautam, S., Kessler, R., Mertz, H., 2005. Amitriptyline reduces rectal pain
related activation of the anterior cingulate cortex in patients with irritable bowel syndrome. Gut 54,
601–607.
Parrot, S., Sauvinet, V., Xavier, J.-M., Chavagnac, D., Mouly-Badina, L., Garcia-Larrea, L., Mertens, P.,
Renaud, B., 2004. Capillary electrophoresis combined with microdialysis in the human spinal cord: a
new tool for monitoring rapid preoperative changes in amino acid neurotransmitters within the dorsal
horn. Electrophoresis 25, 1511–1517.
Pattinson, K.T., Rogers, R., Mayhew, S.D., Tracey, I., Wise, R.G., 2007. Pharmacological fMRI:
measuring opioid effects on the BOLD responses to hypercapnia. J. Cereb. Blood Flow Metab. 27,
414–423.
Peyron, R., Laurent, B., Garcia-Larrea, L., 2000. Functional imaging of brain responses to pain: a review
and meta-analysis. Neurophysiol. Clin. 30, 263–288.
Preston, G.C., 2003. Surrogate models of pain. In: Bountra, C., Munglani, R., Schmidt,W.K. (Eds.), Pain:
Current Understanding, Emerging Therapies and Novel Approaches to Drug Discovery. Marcel
Dekker, New York. Chapter 11.

Raffa, R., 2006. Pharmacological aspects of successful long-term analgesia. Clin. Rheumatol. 25 (Suppl.
1), S9–S15.
Raichle, M.E., 2003. Functional brain imaging and human brain function. J. Neurosci. 23, 3959–3962.
Reilly, S.C., Cossins, A.R., Quinn, J.P., Sneddon, L.U., 2004. Discovering genes: the use of microarrays
and laser capture microdissection in pain research. Brain Res. Rev. 46, 225–233.
Schweinhardt, P., Lee, M., Tracey, I., 2006. Imaging pain in patients: is it meaningful? Curr. Opin. Neurol.
19, 392–400.
Shir, Y., Zeltser, R., Vatine, J.J., Carmi, G., Belfer, I., Zangen, A., Overstreet, D., Raber, P., Seltzer, Z.,
2001. Correlation of intact sensibility and neuropathic pain-related behaviors in eight inbred and
outbred rat strains and selection lines. Pain 90, 75–82.
Sladowski, D., Coombes, R., van der Valk, J., Nawrot, I., Gut, G., 2005. ESTIV questionnaire on the
acquisition and use of primary human cells and tissues in toxicology. Toxicol. In Vitro 19, 1009–1013.
Song, G.H., Venkatraman, V., Ho, K.Y., Chee, M.W., Yeoh, K.G., Wilder-Smith, C.H., 2006. Cortical
effects of anticipation and endogenous modulation of visceral pain assessed by functional brain MRI
in irritable bowel syndrome patients and healthy controls. Pain 126, 79–90.
Song, J., Hanniford, D., Doucette, C., Graham, E., Poole, H.F., Ting, A., Sherf, B., Harrington, J.,
Brunden, K., Stricker-Krongrad, A., 2005. Development of homogeneous highaffinity agonist binding
assays for 5-HT2 receptor subtypes. Assay Drug Dev. Technol. 3, 649–659.
Suri, A., Estes, K.S., Geisslinger, G., Derendorf, H., 1997. Pharmacokinetic-pharmacodynamic
relationships for analgesics. Int. J. Clin. Pharmacol. Ther. 35, 307–323.
Tegeder, L., Zimmermann, J., Meller, S.T., Geisslinger, G., 2002. Release of analgesic substances in
human experimental muscle pain. Inflamm. Res. 51, 393–402.
Thasler, W.E., Schlott, T., Kalkuhl, A., Plan, T., Irrgand, B., Jauch, K.W., Weiss, T.S., 2006. Human tissue
for in vitro research as an alternative to animal experiments: a charitable “honest broker” model to
fulfil ethical and legal regulations and to protect research participants. Alt. Lab. Anim. 34, 387–392.
Timpson, N.J., Heron, J., Day, I.N., Ring, S.M., Bartosh, L.M., Horwood, J., Emmett, P., Davey-Smith, G.,
2007. Refining associations between TAS2R38 diplotypes and the 6-n-propylthiouracil (PROP) taste
test: findings from the Avon Longitudinal Study of Parents and Children. BMC Genet. 8, 51.
Toga, A.W., Mazziotta, J.C., 2000. Brain mapping. The Systems. Academic Press, San Diego.
Tracey, I., Mantyh, P.W., 2007. The cerebral signature for pain perception and its modulation. Neuron 55,
377–391.
Tracey, I., Ploghaus, A., Gati, J.S., Clare, S., Smith, S., Menon, R.S., Matthews, P.M., 2002. Imaging
attentional modulation of pain in the periaqueductal gray in humans. J. Neurosci. 22, 2748–2752.
Wall, P.D., 1985. Future trends in pain research. Phil. Trans. R. Soc. Lond. B Biol. Sci. 19, 393–405.
Wilson, A.W., Medhurst, S.J., Dixon, C.I., Bontoft, N.C., Winyard, L.A., Brackenborough, K.T., De Alba, J.,
Clarke, C.J., Gunthorpe, M.J., Hicks, G.A., Bountra, C., McQueen, D.S., Chessell, I.P., 2005. An
animal model of chronic inflammatory pain: pharmacological and temporal differentiation from acute
models Eur. J. Pain 10, 537–549.
Wise, R.G., Lujan, B.J., Schweinhardt, P., Peskett, G.D., Rogers, R., Tracey, I., 2007. The anxiolytic
effects of midazolam during anticipation to pain revealed using fMRI. Magn. Reson. Imaging 25, 801–
810.
Woolf, C.J., Salter, M.W., 2000. Neuronal plasticity: increasing the gain in pain. Science 288, 1765–1769.
Zhai, G., Hart, D.J., Kato, B.S., MacGregor, A., Spector, T.D., 2007. Genetic influence on the progression
of radiographic knee osteoarthritis: a longitudinal twin study. Osteoarthr. Cartilage 15, 222–225.
Zubieta, J.K., Smith, Y.R., Bueller, J.A., Xu, Y., Kilbourn, M.R., Jewett, D.M., Meyer, C.R., Koeppe, R.A.,
Stohler, C.S., 2001. Regional mu opioid receptor regulation of sensory and affective dimensions of
pain. Science 293, 311–315.

