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Abstract As volunteers can easily communicate quality
and intensity of painful stimuli, human pain models appear
to be ideally suited to test analgesic compounds, but also to
study pain mechanisms. Acute stimulation of nociceptors
under physiologic conditions has proven not to be of partic-
ular use as an experimental pain model. In contrast, if the
experimental models include sensitization of the peripheral
or central pain processing they may indeed mimic certain
aspects of chronic pain conditions. Peripheral inflammatory
conditions can be induced experimentally with sensitization
patterns correlating to clinical inflammatory pain. There are
also well-characterized models of central sensitization,
which mimic aspects of neuropathic pain patients such as
touch evoked allodynia and punctate hyperalgesia. The
main complaint of chronic pain patients, however, is spon-
taneous pain, but currently there is no human model avail-
able that would mimic chronic inflammatory or neuropathic
pain. Thus, although being helpful for proof of concept
studies and dose finding, current human pain models cannot
replace patient studies for testing efficacy of analgesic com-
pounds.
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Introduction

Basic research has provided detailed molecular mecha-
nisms for nociception including the crucial steps of trans-
duction processes, spike initiation, action potential
conduction, processing in the spinal cord, and finally cen-
tral processing. Clinical research on the other hand tries to
link information on the basic mechanisms to the actual pain
patients trying to identify crucial steps linking them to the
clinical symptoms and provide targets for therapeutic inter-
vention. Human pain models in healthy volunteers have
been developed to facilitate this translational process. Ini-
tial approaches to simply use acute noxious stimulation try-
ing to assess analgesic properties of candidate drugs
basically failed (Chapman et al. 1965). This early failure
has been a major setback for the development of human
pain models as it questioned the rationale of the general
approach and delayed their development for decades.
Meanwhile it has become clear that sensitization of noci-
ceptive processing is one major mechanism that leads to
chronic pain conditions. Thus, experimental pain models
have been successfully developed that mimic sensitization
of primary afferent nociceptors (primary hyperalgesia) and
sensitization of spinal processing (secondary hyperalgesia)
(Petersen and Schmelz 2008).

Pain models of nociceptor activation

These models activate nociceptors to induce pain without
creating peripheral or central sensitization. The simplest
approach to assess the pain response is psychophysics:
stimuli of controlled intensity are applied to the subjects
and their subjective ratings of quality and intensity of the
induced sensation are used for the analysis. Most widely
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used for mechanical stimulation of the skin are calibrated
nylon filaments (von Frey hairs) or metal pins with identi-
cal tip, but different weight (Rolke et al. 2006). For phasic
mechanical pain, stimulators providing velocity-controlled
impact stimuli have been developed (Kohlloffel et al.
1991). In deeper tissues, pressure algometers with larger
contact surface are applied, whereas for visceral pain bal-
loon with controlled pressure are in use. For temperature
stimulation, well-controlled Peltier systems are available,
providing both graded heat and cold stimuli, but their appli-
cation is mainly restricted to the skin. In contrast to these
well-controlled physical stimuli, chemical activation of
nociceptors is more problematic. Not only concentration of
the algogenic substance, but also area, time course and
mode of application are crucial parameters for the activa-
tion of nociceptors and the ensuing pain sensation. Com-
mon application techniques include injection (intradermal,
subcutaneous, and intramuscular), infusion, microdialysis,
iontophoresis, epicutaneous application, and blister base
application. Advantages of the simple injection technique
are well-controlled volume and concentration of the applied
substance; however, the injection itself causes pain and
might induce unwanted local inflammatory responses.
Moreover, for many substances rapid onset and transient
time course of nociceptor activation complicates the psy-
chophysical assessment. Prolonged application of sub-
stances can be provided by epicutaneous application
(Petersen and Rowbotham 1999), which can be facilitated
by iontophoresis (direct current enhanced transcutaneous
transport) (Hamilton et al. 2000). However, topical applica-
tion is restricted to small molecules able to penetrate the
skin (Hosogi et al. 2006); application results in cutaneous
concentration gradients, which are hard to predict and thus
absolute local concentrations at the nociceptive endings are
basically unknown. Microdialysis or dermal infusion tech-
niques can be used to apply algogens for a prolonged period
with a better control of local concentration (Blunk et al.
2004; Eisenbarth etal. 2004; Fairweather etal. 2004,
Ikoma et al. 2004); however, both techniques involve local
trauma by inserting a needle, which might interfere with the
psychophysical assessment of pain.

For cornea and nasal mucosa combined mechanical,
chemical and temperature stimulators have been designed
using flow of different gases and temperature (Chen et al.
1995; Mohammadian etal. 1997). Flow of CO, causes
pulses of low pH-induced chemical pain, whereas heated or
cooled air provides temperature stimuli and high flow
pulses produce mechanical stimulation.

Application of specific agonist provides an interesting
tool to test “target engagement”: injection of the TRPV1
agonist capsaicin has been reduced by a systemic TRPV1
blocker (Chizh et al. 2007). Albeit some specific agonists
can be used in human (Eisenbarth et al. 2004) often endog-
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enous non-specific mediators are used such as ATP
(Hamilton et al. 2000) or low pH (Hosogi et al. 2006).

Pain models of neuronal sensitization

Pain models can be classified according to their presumed
mechanism (inflammatory vs. neuropathic), the involved
tissue (skin vs. muscle vs. viscera), and their time course
(acute vs. subchronic). However, mechanistically the most
important categories are peripheral or central sensitization.
Peripheral sensitization implies that endogenous or exoge-
nous mediators lower excitation thresholds and increase
suprathreshold firing in the primary afferent nociceptors. In
contrast, central sensitization implies that spinal processing
of afferent information is sensitized such that normally non-
painful input is causing pain (allodynia) or normally
slightly painful stimuli are felt more painful (hyperalgesia).
Conceptually, the two forms of sensitization are strictly
separated; however, most of the actual pain models are
characterized by a combination of peripheral and central
sensitization. As an example, topical application of capsai-
cin will lead to primary sensitization to heat, as measured
by lowered heat pain detection thresholds within the stimu-
lated skin (primary hyperalgesia). In addition, the nocicep-
tive barrage to the spinal cord will induce central
sensitization, evidenced by mechanical allodynia and
hyperalgesia in an area surrounding the stimulation site
(secondary hyperalgesia).

Acute peripheral sensitization

Peripheral sensitization can be caused by endogenous or
exogenous mediators. Among the exogenous mediators,
topical capsaicin application is most commonly used. Cap-
saicin application activates TRPV1 receptors and sensitizes
the local nociceptive endings to heat stimuli. Sensitization
of TRPV1 has been extensively studied in animals and can
be mediated by phosphorylation of the channel, transloca-
tion, use dependent pore widening and increased expres-
sion. Human studies did not contribute much to uncover
these mechanisms mainly because of their inherent limita-
tions.

A similar sensitization pattern as provoked by capsaicin
can be induced by mustard oil application, which suppos-
edly also excites TRPAI1 receptors. In contrast, topical
menthol application acting on TRPMS receptors has been
used to sensitize cold and cold pain sensation (Wasner et al.
2004). The induced thermal sensitization in menthol mod-
els is extensive and robust; however, it is not clear which
endogenous mechanism of sensitization is being modelled.
Thus, use of these models is basically limited to target
engagement studies.
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Local sensitization can also be induced by endogenous
mediators. Tonic pressure of a skin fold provokes a local
inflammatory response such that repetition of the pressure
causes increased pain (Forster et al. 1992; Kilo et al. 1995)
(Fig. 1). It is unclear as to whether the increased pain of
pinching is a true mechanical hyperalgesia or a combina-
tion of mechanical stimulation and local ischaemia
(Schmelz et al. 1997). Anyway, it is a simple and robust
model to test analgesic effects of NSAIDs (Forster et al.
1992; Kilo etal. 1995). Interestingly, the time course of
pain induced by a pinch stimulus in human skin correlates
to activity in mechano-insensitive C-nociceptors rather than
classic polymodal nociceptors (Fig. 1).

Subchronic peripheral sensitization

The pinch model is one of a few causing acute mechanical
sensitization, whereas primary mechanical hyperalgesia in
other models involving endogenous mediators develops
gradually over several hours [e.g. UVB-burn (Gustorff et al.
2004; Hoffmann and Schmelz 1999; Koppert et al. 2004)
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Fig. 1 Activity in different nociceptor classes (a) and pain ratings (b)
and during a 2-min pinch stimulus: activity in single C-nociceptors as
assessed by microneurography increased during a 2-min pinching
stimulus in mechano-insensitive nociceptors (a, leff), whereas classic
polymodal nociceptors showed an adaptation (a, right). Time course of
pain ratings (b) correlated to activity in the mechano-insensitive noci-
ceptors, but not to the polymodal nociceptors. For details, see Schmidt
et al. (2000)
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Fig. 2 Reduction of mechanical hyperalgesia following UVB burn by
ibuprofen, but not k-opioid agonist. Impact stimuli of 5, 9 and 13 m/s
were applied on UVB burns 24 h post-irradiation. Pain ratings were re-
duced by systemic ibuprofen (600 mg) for the painful stimuli of 9 and
13 m/s velocity. For details, see Bickel et al. (1998)

and the freeze lesion (Kilo et al. 1994; Lotsch and Angst
2003)] (see Fig.2). While irradiation with UVB is pain
free, the application of a —20°C stimulus in the freeze
model is painful. It is generally held that these inflamma-
tory models cause mainly local sensitization of nociceptive
endings (primary hyperalgesia) restricted to the inflamed
tissue. However, with more intense stimulation or larger
UVB burns, spontaneous activity in nociceptors can arise
leading to increased afferent input and central sensitization
(see below) (Gustorff et al. 2004). Mechanistically, among
the endogenous inflammatory mediators, prostaglandin E2
may be responsible for early heat hyperalgesia (Miller et al.
1994), whereas longer lasting mechanical hyperalgesia
nerve growth factor may be involved (Bishop et al. 2007,
2009).
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Fig. 3 Pregabalin, but not the NK1 antagonist aprepitant reduces elec-
trically induced area of punctate hyperalgesia nicely correlating to the
analgesic effects of pregablin and the lack of analgesic effects of NK1
antagonists in chronic pain patients. For details, see Chizh et al. (2007)
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Mechanical hyperalgesia induced by endogenous mecha-
nisms can also be provoked in skeletal muscle by controlled
eccentric exercise leading to the delayed onset muscle sore-
ness (DOMS). The exact mechanism leading to hypersensi-
tivity in this microinjury model is unclear und controlled
mechanical stimulation of the muscle required more elabo-
rate stimulation techniques. Moreover, pain adapts upon
repetitive stimuli in this model which does not mimic most
clinical muscle pain states. Anyway, it has been used in
pharmacological trials with an analgesic effect being shown
for NSAIDs and morphine (Tegeder et al. 2003).

Central sensitization

Central sensitization is a hallmark of neuropathic pain. Sev-
eral studies have suggested that noxious input from injured
nociceptors in the periphery drive the central sensitization
process (Devor and Seltzer 1999; Petersen et al. 2000).
Indeed, secondary mechanical hyperalgesia to brushing
(touch allodynia) or to punctate stimuli (pin prick hyperal-
gesia) has been shown to vary in spatial extent with the
intensity of ongoing pain in neuropathic pain patients
(Koltzenburg et al. 1994). In healthy volunteers, activation of
nociceptors can induce reversible central sensitization; var-
ious stimulation methods have been proposed using electri-
cal (Koppert et al. 2001), chemical (Simone et al. 1989;
Simone et al. 1985) or heat stimuli (Cervero et al. 1993;
Moiniche et al. 1993; Pedersen and Kehlet 1998; Petersen
and Rowbotham 1999). The goal is long-lasting sensitiza-
tion without tissue-injury. The most commonly used model
is injection of capsaicin, which not only can locally sensi-
tize to heating stimuli (peripheral sensitization; see above),
but also provokes strong, but transient nociceptor activa-
tion, which in turn induces punctate hyperalgesia and touch
allodynia as a result of central sensitization. Heating of the
skin similarly activates nociceptors and the noxious barrage
to the spinal cord leads to central sensitization depending
on stimulus intensity and duration (in addition to the
peripheral inflammation described above) (Moiniche et al.
1993). Stimulation with 47°C for 5 min (originally 49°C for
5 min) leads to long lasting sensitization, but about 25% of
subjects develop blisters. The brief thermal sensitization
model (BTS; 45°C for 3 min) provides short lasting sensiti-
zation and can be induced 2-3 times at hourly intervals
without skin injury. The heat/capsaicin sensitization model
combines non-injurious levels of these two stimuli to
induce long-lasting central sensitization (Petersen and
Rowbotham 1999).

Heating of the skin to 45°C for 5 min activates and sen-
sitizes peripheral nociceptors and is sufficient to induce
short lasting central sensitization. This is followed by
immediate application of topical capsaicin (0.075%) to fur-
ther activate and sensitize nociceptors to enhance and pro-
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long the central sensitization. Then mild heating stimuli
(40°C for 5 minutes) can be repeated every 40 min to acti-
vate the peripherally sensitized nociceptors and provoke a
nociceptive barrage to the spinal cord sufficient to maintain
the central sensitization for up to 4 h.

Electrical stimuli would appear ideal to provoke nocicep-
tor activation; however, high-current densities are required
to excite the high threshold mechano-insensitive C-nocicep-
tors, which are crucially involved in the induction of central
sensitization (Schmelz et al. 2000). Using high-current den-
sity stimulation pain and central sensitization can be main-
tained at a stable level for few hours (Angst et al. 2003;
Chizh et al. 2007; Koppert et al. 2001; Troster et al. 2006)
(Fig. 3). The molecular mechanism for central sensitization
using heat, capsaicin or electrical stimulation is not yet
clear. However, it appears that a subpopulation of NK1-pos-
itive spinothalamic projection neurons is particularly impor-
tant for the induction of central sensitization (Ikeda et al.
2003; Sandkuhler 2009). On the level of primary afferent,
mechano-insensitive nociceptors have been suggested to be
crucial for providing the input to cause allodynia and punc-
tate hyperalgesia (Schmelz et al. 2000).

Also, high-frequency stimulation at high-current density
for short bursts (five 1-s bursts at 100 Hz at 2 mA, 2 ms)
has been used to induce secondary mechanical hyperalgesia
(Klein etal. 2004). First, pharmacological tests in this
model revealed antihyperalgesic effects of NMDA blockers
against electrical stimulation, but not to pin prick hyperal-
gesia or touch allodynia (Klein et al. 2007).

It should be noted that all the above-mentioned models
involve painful stimulation of nociceptive afferent fibres for
induction. However, once hyperalgesia is induced, severe
ongoing spontaneous pain, which is the main complaint of
neuropathic pain patients, is no longer present in most of
the models.

Gaps between clinics and models: perspectives

Human pain models have been developed that mimic cen-
tral sensitization and also peripheral inflammatory sensiti-
zation. There is major progress in our understanding of
sensitization of transduction proteins occurring especially
in inflammatory pain: direct activation and sensitization of
sensory proteins by phophorylation can be combined with
translocation of transduction proteins and increased expres-
sion level.

The link between sensitization in inflammatory models
such as UVB burn and clinical inflammatory conditions is
considerably good. However, even those models only refl-
ect part of the disease. Still we lack information about the
role of trophic factors for the long-term modulation of
nociceptor structure and sensitivity. Moreover, the exact
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mechanism of impulse generation and determinants of peak
frequency and number of action potentials for a given depo-
larization of the sensory ending are still unknown. There is
a complex interaction of voltage-gated sodium and potas-
sium channels with calcium-activated sodium and potas-
sium channels, hyperpolarization induced currents (HCN),
sodium potassium pump, and possibly voltage-gated chlo-
ride channels. Albeit all these channels and pumps may
contribute to spike initiation for the clinical perspectives it
needs to be clear as to whether a mechanism is also cru-
cially involved in the generation of pain. Thus, target vali-
dation needs to be done in the patients as only the crucial
targets can be expected to generate analgesia.

A new development of human pain models with aspects
of peripheral and central sensitization without inflammation
has emerged recently: intracutaneous injection of nerve
growth factor is known to produce mechanical and heat
hyperalgesia lasting for several weeks (Dyck et al. 1997);
latest results (Rukwied et al. 2008) more clearly character-
ize the mechanical hyperalgesia as being a combination of
lasting static, but not dynamic allodynia (Ochoa and
Yarnitsky 1993), cold hyperalgesia and hyperalgesia to
mechanical impact and punctate stimuli (Rukwied et al.
2008). The sensitizing effects of NGF include phosphoryla-
tion, translocation and upregulation of TRPV1 (Stein et al.
2006; Zhuang et al. 2004) which might be linked to heat
hyperalgesia. The molecular mechanisms for mechanical
and cold hyperalgesia, however, remain unclear.

Albeit the NGF human pain model appears to generate a
combination of symptoms similarly found in pain patients,
still it is incomplete as the most relevant symptom of the
pain patients, i.e. spontaneous pain, is not mimicked in the
NGF model or other human pain models. This essential gap
is based on ethical limitations of human models according
to which no healthy volunteer can be turned into a chronic
pain patient. Irrespective of this limitation, the mechanism
leading to spontaneous pain is unknown and even the site of
origin is debated. Thus, there would not even be a defined
mechanism that could be modelled. In summary, human
pain models can mimic certain aspects of chronic pain
patients including peripheral and central sensitization,
whereas other aspects, such as spontaneous pain and struc-
tural changes of the nervous system can only be investi-
gated directly in the pain patients.
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