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Abstract Mechanical allodynia (other pain) is a painful sensation caused by innocuous stimuli like light touch. Unlike
inflammatory hyperalgesia that has a protective role, allodynia
has no obvious biological utility. Allodynia is associated with
nerve damage in conditions such as diabetes, and is likely to
become an increasing clinical problem. Unfortunately, the
mechanistic basis of this enhanced sensitivity is incompletely
understood. In this review, we describe evidence for the
involvement of candidate mechanosensitive channels such as
Piezo2 and their role in allodynia, as well as the peripheral and
central nervous system mechanisms that have also been implicated in this form of pain. Specific treatments that block
allodynia could be very useful if the cell and molecular basis
of the condition could be determined. There are many potential mechanisms underlying this condition ranging from alterations in mechanotransduction and sensory neuron excitability to the actions of inflammatory mediators and wiring changes in the CNS. As with other pain conditions, it is likely that
the range of redundant mechanisms that cause allodynia will
make therapeutic intervention problematic.

Summary
Mechanical allodynia (‘other pain’) is a painful sensation
caused by innocuous stimuli like light touch. Unlike inflammatory hyperalgesia that has a protective role, allodynia has
no obvious biological utility. Allodynia is associated with
nerve damage in conditions such as diabetes and is likely to
become an increasing clinical problem. Unfortunately, the
mechanistic basis of this enhanced sensitivity is incompletely
understood. In this review, we describe evidence for the
involvement of candidate mechanosensitive channels such as
Piezo2 and their role in allodynia, as well as the peripheral and
central nervous system mechanisms that have also been implicated in this form of pain. Specific treatments that reverse
mechanical allodynia could be very useful if the cell and
molecular basis of the condition could be determined. There
are many potential mechanisms underlying this condition
ranging from alterations in mechanotransduction and sensory
neurons excitability to the actions of inflammatory mediators
and wiring changes in the CNS. As with other pain conditions,
it is likely that the range of redundant mechanisms that cause
allodynia will make therapeutic intervention problematic.
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Pain is a vast and increasing problem, affecting around a fifth
of the population. This problem is exacerbated by ageing
populations with conditions such as diabetes and osteoarthritis, who suffer an even higher incidence of ongoing pain.
Strikingly, the drug industry has made little progress in developing new classes of analgesics, and many companies have
given up the struggle, making the development of useful
treatments even less likely. Mechanical allodynia is a condition where pain caused by innocuous stimuli like the touch of
clothing may be debilitating, but the condition is little
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addressed in terms of drug development because other pain
syndromes are more common. The phenotypic distinction
between allodynia and hyperalgesia is shown schematically
in Fig. 1.
There have been some recent advances in understanding
the cell and molecular basis of mechanical hyperalgesia. For
example, a critical role for NGF in damaged tissues has been
linked to mechanically evoked pain in osteoarthritis, and this
pain can be reversed in man by the application of neutralising
anti-NGF monoclonal antibodies [21]. At the same time, the
expression of mechanosensitive channels on the surface of
cultured sensory neurons has been shown to be upregulated by
NGF through a transcriptional mechanism, linking sensory
neuron mechanotransducing channels functionally with enhanced mechanical pain [5]. This observation has led to
attempts to characterise intrinsically mechanosensitive ion
channels on sensory neurons and examine their role in
mechanotransduction, hyperalgesia and allodynia.

Peripheral mechanisms linked to mechanical allodynia
Mechanotransducing channels expressed by sensory neurons
in culture have been characterised electrophysiologically
using a technique developed by Jon Levine [26].
Mechanosensitive sensory neurons can be divided into subpopulations according to the mechanically activated current
they generate in response to membrane distension. Rapidly
adapting neurons involved in touch and proprioception are
known to display a low threshold current with fast inactivation
kinetics, consistent with their tonic response to mechanical
stimuli. Mechano-nociceptors in turn show a mixed repertoire
of rapidly, intermediately and slowly adapting currents with

Fig. 1 Sensitization to pain. This graphical representation of the shift in
pain thresholds during a pain state shows both enhanced response to
noxious, normally painful, stimuli (hyperalgesia) and pain triggered by
non-noxious stimuli (allodynia) like the gentle brush of the skin.
These two painful states do not always coexist, and it is increasingly apparent that they are driven by distinct mechanisms in different
sets of sensory neurons
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higher activation thresholds, accordingly to the high intensity
of the stimuli to be detected [6]. It is still unknown whether the
rapidly adapting currents found in nociceptors involve the
same channel(s) as the rapidly adapting current present in
low threshold mechanoreceptors. Evidence of a role for the
rapidly adapting channels Piezo2 and TRPC3/C6 in nonnoxious mechanotransduction by touch sensitive cells, as well
as in light touch sensitivity in vivo, has been obtained [10, 34].
When considering mechano-nociception, the slowly
adapting current found in sensory neurons is of particular
interest. Its slow inactivation kinetics is coherent with the
phasic (slowly adapting) afferent response coded by
mechano-nociceptors. More direct evidence of its contribution
to mechano-nociception has also been established. The
conotoxin NMB-1, shown to be a specific blocker of the
slowly adapting current in sensory neurons of the dorsal root
ganglia, increases mechanical pain thresholds without affecting light touch sensitivity in vivo [8]. Exposure to botulinum
toxin has also been shown to chronically, but reversibly,
impair mechano-nociception in humans. In parallel, the number of sensory neurons expressing a slowly adapting, mechanically activated, current is decreased in mice in vitro when
these neurons are cultured and exposed to botulinum toxin
[30]. The molecular identity of the channel or protein complex
responsible for the slowly adapting current remains unknown.
The TRPA1 channel has been found necessary for the existence of such a current in a subset of peptidergic sensory
neurons [40] and TRPA1 blockade reduces the firing of sensory fibres in response to noxious mechanical stimuli [17]. In
vivo, Trpa1−/−mice were also shown to have a higher mechanical pain threshold when analysed in the von Frey test [20, 32].
These are convincing pieces of evidence for a relatively direct
role of TRPA1 in the transduction of noxious mechanical
stimuli. However, TRPA1 fails to generate mechano-gated
currents when expressed in a heterologous system, showing
that it is not the mechanotransducer itself or that one or more
accessory proteins are required for TRPA1 to be opened by
membrane stretch [35, 40]. As TRPA1 is also expressed in
keratinocytes that are in close contact with nerve terminals in
the skin, an indirect contribution of TRPA1 to noxious
mechanotransduction cannot be excluded.
Furthermore, stretch-activated channels have to be considered as part of the wider transduction machinery involved in
specific tuning of cell excitability. For example, the Kv1.1
potassium channel, whose voltage-gated activation has recently been shown to be facilitated by membrane stretch [13], has
current kinetics that allows it to counter the depolarization
induced by the activation of the slowly-activating, but not the
rapidly-activating, mechano-gated channels present in
nociceptors. As a consequence, Kv1.1 blocking increases
mechanically induced depolarization in nociceptors, as well
as their firing threshold in response to mechanical stimuli, and
Kv1.1 knockout in mice are found to be hypersensitive to
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mechanical stimuli in vivo. Other potassium channels like
TREK-1 and TRAAK, from the K2P family, have been shown
to be important for mechanical pain [2, 29]. However, they are
not specific for this modality and are rather involved in setting
the overall level of nociceptor excitability, whatever their
function may be.
Targeting the channel responsible for the slowly adapting
current, characteristic of noxious mechanotransduction, could
perhaps contribute to reducing pain in people suffering from
mechanical pain hypersensitivity, but rather than inhibiting
noxious mechanosensation, which could eventually lead to
new injuries or to the worsening of the original problem, for
example by aggravating a joint condition, we should aim for
the re-establishment of normal pain sensitivity. This is very
well illustrated by the effect of the anti-NGF treatment
Tanezumab in osteoarthritic patients [21]. NGF is known to
promote the over-expression of mechanosensitive channels
underlying rapidly as well as slowly adapting currents, and
PKC activation by inflammatory factors such as bradykinin
addresses the newly produced channels into the membrane
[5]. Neutralising NGF with Tanezumab has proven successful
in reducing joint pain, however, the induced mechanical analgesia has also been linked in a small number of cases with
rebound inflammation and joint failure in some of the people
treated with anti-NGF monoclonal antibody [44].
Details about the mechanisms leading to mechanical
allodynia, including what are the final effectors, and which
neuronal subtypes are involved, provide a complex picture.
The depletion of Nav1.8-positive sensory neurons in mice by
crossing animals carrying a floxed-stop upstream of the diphtheria toxin A gene with Nav1.8-Cre mice reverses Freund’s
complete adjuvant-induced mechanical hyperalgesia [1].
However, genetic ablation of Nav1.8-positive neurons was
ineffective in reducing neuropathic mechanical allodynia induced by spinal nerve transection. This shows that different
mechanisms, involving different populations of sensory neurons, can cause mechanical hypersensitivity. We made a similar observation on allodynia associated with neuropathic pain
using two models of traumatic neuropathic pain, induced by
spinal nerve transection and chronic constriction of the sciatic
nerve. In the first case, Nav1.7 conditional knock-out in the
whole dorsal root ganglion was sufficient to alleviate mechanical allodynia, but the Nav1.7 knock-out had to be extended to
sympathetic neurons to abolish allodynia in a sciatic chronic
constriction injury [27]. The interplay between the sympathetic nervous system and sensory neurons seems to be an important factor in many types of neuropathic pain. However, there
are examples of mechanical allodynia (e.g. bone cancer pain)
that occur in the absence of Nav1.8-positive nociceptors, or
sodium channel Nav1.7 (considered essential for human pain)
whose mechanisms are completely obscure [27].
Much effort has been put into elucidating the specific
signalling cascades involved in the sensitization of sensory
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neurons by immune mediators, consequently leading to the
development of hyperalgesia. Increasing evidence suggests
that sensitization of both transduction and neurotransmission
in nociceptors is a major cause of inflammatory hyperalgesia
[16, 45]. For example, inflammatory mediators have profound
effects on the heat transducer TRPV1 and voltage-gated sodium channels present in sensory neurons. However, evidence
for the regulation of mechanical transduction in allodynic
states is just starting to emerge. The known pathways involved
are summarised in Fig. 2. The first intracellular messenger
associated with sensory neuron sensitization was cAMP.
Intradermal injections of cAMP analogues induce profound
mechanical hyperalgesia (reduced response thresholds to noxious mechanical stimuli measured with the Randall-Selitto
test) but also increased responses to innocuous mechanical
stimuli (as measured with von Frey hairs), that is characteristic
of allodynia [36]. cAMP signalling has been primarily implicated in the development of pain hypersensitivity in an inflammatory state as many inflammatory mediators signal
through G protein-coupled receptors that are coupled with G
proteins that activate (Gs) adenylate cyclase, whilst other
inflammatory mediators may cause an increase in intracellular
calcium that activates calcium-sensitive adenylate cyclases.
Pharmacological and genetic evidences also suggest a role
for cAMP in the development of mechanical allodynia in
rodent models of neuropathic pain [18, 22, 23]. For example,
the development of mechanical allodynia is severely impaired
in models of neuropathic pain in mice deficient for adenylate
cyclase 5 [18]. Several groups have used pharmacological and
genetic tools to identify whether the downstream cAMP sensor PKA plays a role in mechanical allodynia in neuropathic
pain conditions. However, these studies did not show any
evidence for PKA involvement in such a condition [24, 46].
Yet strong evidence exists for a role of PKA in the development of inflammatory mechanical hyperalgesia and enhanced
neuronal excitability has been linked to PKA mediated phosphorylation of sodium channels [16].
Although increases in intracellular cAMP have been considered to be equivalent to the activation of the cAMP sensor
protein kinase A (PKA), in 2001, the Bos group identified a
separate pathway activated by cAMP, the family of exchange
factors activated by cAMP (Epac). Activation of Epac leads to
subsequent activation of a small G protein: Rap1, that is
upstream of various effector proteins, including adaptor proteins that affect the cytoskeleton, regulators of G proteins of
the Rho family, phospholipases and protein kinases [14]. In
non-peptidergic isolectin B4 positive sensory neurons, Epac
signalling mediates cAMP-to-PKCε signalling, leading to
inflammatory hyperalgesia [15]. We recently showed that
injection of a specific Epac activator also induces hypersensitivity to innocuous mechanical stimuli that is independent of
Nav1.8 nociceptors [10], normally associated with the
development of inflammatory hyperalgesia [1]. In contrast,

136

Pflugers Arch - Eur J Physiol (2015) 467:133–139

Fig. 2 Signalling pathways for the sensitization of mechanosensitive
sensory neurons. Different but interconnected pathways have been shown
to contribute to the sensitization of mechanosensitive neurons, leading to
allodynia. PKA and PKC are known to be important for neuronal excitability, notably through voltage-gated sodium channel modulation [12,
39], but more recently, they were also found to have an effect on
mechanotransduction directly. Indeed, the low threshold mechano-gated
channel Piezo2 has been shown to be positively modulated by PKC, PKA
[9] and by the cAMP sensor EPAC1 [10]. EPAC1, but not EPAC2,
enhances Piezo2 current by activating the G protein Rap1 when activated
by cAMP. cAMP increases can be induced directly by the activation of
GPCR coupled to Gs proteins (PGE2 receptor EP2, histamine H2 receptor,
CALCRL receptor for CGRP, serotonin receptor 5-HT4…) or indirectly
via a calcium increase, induced either by an ion channel (TRPs, ASICs,
P2Xs…) or by IP3-mediated calcium increase following either activation
of a PLC coupled tyrosine kinase receptor (e.g. neurotrophin receptors) or

activation of a GPCR coupled to Gq proteins (PGE2 receptor EP1,
histamine receptor H1, serotonin receptor 5-HT2…). PLC activation will
also result in DAG-mediated activation of PKC, which has also been
shown to positively regulate Piezo2 channels [9]. However, PKA and
PKC activation were found to have no effect on the human Piezo2
channel [10]. Therefore, further work is needed to clarify Piezo2 modulation by these signalling pathways. TRPC3 and TRPC6 channels were
also found to be involved together in the generation of a low threshold
mechanically activated current and to be essential for normal touch
perception [34]. It is not known whether these channels are subject to
the same positive regulation as Piezo2. Mechano-gated channels producing rapidly, intermediately and slowly adapting currents, yet to be identified, are also positively regulated by NGF and PKC [5]. In sensory
neuron cultures, TrkA activation by NGF leads to transcription of new
channels, and activated PKC promotes the insertion of the channels into
the membrane to increase peak currents [2]

activation of the PKA signalling cascade by intradermal injections of a specific PKA agonist also results in reduced
mechanical thresholds, yet this mechanical hypersensitivity
was completely dependent on Nav1.8 neurons. In Epac1
knockout mice, nerve damage induced mechanical allodynia
is impaired, indicating an important role for this cAMP sensor
in the development of mechanical allodynia. Interestingly, in
chronic inflammatory pain, knockdown of Epac1 during already developed persistent mechanical hypersensitivity also
reduces the symptom, whilst acute transient inflammatory
hyperalgesia is unaffected in Epac1 knockout mice [42].
In vitro activation of the Epac signalling cascade sensitises
large diameter neurons that express rapidly adapting mechanically activated currents [10] and that have been linked to
touch sensitivity [43]. The Piezo protein family that includes
Piezo1 and Piezo2 has been shown to mediate some of the
rapidly adapting currents in sensory neurons [5]. In a

heterologous expression system, activation of the cAMP sensor Epac1 enhances Piezo2 currents, whilst specific activation
of PKA using 6-Bnz-cAMP, activation of PKC using PMA or
activation of Epac2 by 8-pCPT does not affect Piezo2 sensitivity [10]. Thus, cAMP-to-Epac1 signalling would specifically sensitises Piezo2 current. Inflammatory mediators are
also capable of sensitising Piezo2 sensitivity. The algogenic
peptide bradykinin produced during inflammation enhances
Piezo2 current in a heterologous expression system [9]. This
effect is blocked by the concomitant use of PKA and PKC
inhibitors, and in parallel, the use of either a cAMP analogue
or a PKC activator were shown to enhance Piezo2 current. In
vivo, we found that sensitization of Piezo2 by Epac1 plays a
role in the development of mechanical allodynia. Partial antisense knockdown of Piezo2 in the dorsal root ganglia of mice
attenuates mechanical allodynia in two different model of
nerve injury. In addition, mechanical allodynia induced by
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intraplantar injection of a specific Epac agonist is attenuated
by Piezo2 knockdown [10]. These findings highlight that the
tuning of Piezo2 current by the cAMP-Epac1 signalling cascade plays an important role in the dysregulation of
mechanotransduction leading to mechanical allodynia.
An important question that arises is whether in chronic
neuropathic pain conditions, continuous driving forces such
as elevated levels of cAMP sustain the sensitization of
mechanotransduction leading to allodynia. Recently, a specific Epac antagonist has been developed and could prove useful
in testing whether it can reverse chronic mechanical allodynia
[3].

Central mechanisms implicated in the development
of mechanical allodynia
A variety of central mechanisms have been implicated in the
establishment of allodynia, including phenotypic changes in
peripheral and central neurons as well as an important role for
cells of the immune system. Perhaps, the most surprising
aspect of nerve damage-related allodynia is the critical role
of activated microglia within the central nervous system in this
phenomenon, at least in rodent models of these conditions [4].
Sensory neurons are known to play an important role in
wound healing through the release of immunoregulatory molecules and mitogens that catalyse the response to injury associated with damaged nerve. One way of thinking about the
role of microglia in neuropathic pain is to imagine that the
same signals are aberrantly released from seriously damaged
nerves both centrally and peripherally, and the recruitment and
activation of microglia centrally may be an unfortunate spinoff from the normal neuro-immune interplay involved in
wound healing in the periphery. Activation of the ionotropic
ATP receptor P2X4 expressed by microglia leads to the release of mediators such as brain-derived neurotrophic factor
(BDNF) that can alter chloride transport in the terminals of
sensory neurons and dorsal horn neurons, leading to altered
patterns of excitability that have been linked to allodynia [4,
38]. Recent evidence suggests that diabetic neuropathy leading to allodynia also involves microglia in animal models
[41].
A surprisingly large number of insults seems to be able to
induce mechanical allodynia, including peripheral activation
of channels that are known to be mechanically insensitive,
such as the heat-sensor TRPV1 [31]. Intriguingly, many peptide mediators associated with small-diameter sensory neurons [calcitonin gene-related peptide (CGRP), substance P,
BDNF], as well as chemokines [25] have been shown to
evoke allodynia when applied intrathecally. Thus, a major
afferent barrage from peptidergic nociceptive neurons may
sensitise dorsal horn neurons that are normally wired for
mechanosensitive input through the possible extra-synaptic
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actions of these mediators. Specific antagonists of TRPV1
can block mechanical allodynia, suggesting that presynaptic
TRPV1 activation is an important element in the release of
pro-allodynic mediators. Thus, afferent barrage leading to
second-order neural depolarization may cause the release of
arachidonic acid metabolites such as 9-HODE that amplify the
release of neuromodulators in the dorsal horn [31]. In this way,
despite the known mechano-insensitivity of peripheral
TRPV1, presynaptic amplification of nociceptive inputs
through this receptor contributes to mechanical allodynia.
In the dorsal horn of the spinal cord, the increased peripheral input from sensitised primary afferent fibres also results in
TRPV1 activation in GABAergic interneurons. TRPV1 opening increases the intracellular calcium concentration which, if
prolonged, will result in long-term depression of these inhibitory interneurons. The GABAergic inhibition exerted on the
spinothalamic tract will be released, resulting in enhanced
nociceptive inputs to the thalamus [19]. Long-term potentiation of spinal nociceptive neurons and long term depression of
inhibitory interneurons together may contribute to setting a
greater ongoing activity of dorsal horn neurons and a to the
increase of the response intensity to noxious mechanical stimuli. Another consequence of glycinergic inhibition removal is
the development of a crosstalk between separate spinal laminae that may be responsible for the rerouting of sensory inputs
within the spinal cord. It has been shown, for example, that in
response to the pharmacological removal of gycinergic inhibition in the trigeminal ganglion, a local dormant circuit
involving PKCγ interneurons is activated, resulting in the
gating of tactile inputs to superficial nociceptive specific
neurons, turning touch into pain [28]. Nociceptive specific
neurons of the spinal cord can furthermore be sensitised
through the phenomenon of wind-up (a type of LTP) through
the release of substance P by myelinated primary afferent
fibres [33]. There is also evidence that myelinated afferent
fibres also undergo phenotypic changes that may contribute to
the appearance and maintenance of mechanical allodynia in,
for example, the expression of potassium channels [37].

Conclusions and future prospects
Strategies for dealing with allodynia fall into four broad
categories. First, identifying and blocking the mediators that
sensitise mechanosensory neurons within the peripheral and
central nervous system has had some success. In particular, a
number of mediators released from activated microglia such
as BDNF, as well as various cytokines and NGF all play a role
in regulating mechanosensitivity and are potential targets.
Secondly, blocking the mechanotransducing channels themselves may be attractive when we finally have a complete list
of the molecules involved. As yet, only Piezo2 has been
shown to have a potential role in allodynia. Thirdly, attacking
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electrical excitability in the peripheral neurons that are implicated in allodynia may be useful. A number of pharmacological treatments have been described that diminish allodynia in
animal models through sodium channel block, including
conotoxin sodium channel-selective blockers that target
Nav1.7 and Nav1.8 and limits mechanical hyperalgesia and
allodynia [11]. Finally, dismantling the aberrant circuitry that
has been linked to allodynia is a potential, if exceptionally
complex approach to the problem. It is clear that allodynia
results from peripheral drive involving subsets of neurons that
are not classical nociceptors, and the sympathetic nervous
system plays an important role in some allodynic syndromes.
However, there is much basic information that is still lacking,
for example, the mechanistic relationship between cold and
mechanical allodynia. In particular, a genetic analysis of the
role of subsets of A-fibre associated sensory neurons in neuropathic allodynia would be a useful first step in unravelling
the circuitry that is involved in the establishment of this
unpleasant condition.
Acknowledgments We thank the MRC and Wellcome Trust for generous long-term support and Arthritis UK for a programme grant (SL,
JNW). We apologise for the failure to cite many important relevant papers
owing to space constraints.
Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References
1. Abrahamsen B, Zhao J, Asante CO et al (2008) The cell and molecular basis of mechanical, cold, and inflammatory pain. Science 321:
702–705. doi:10.1126/science.1156916
2. Alloui A, Zimmermann K, Mamet J et al (2006) TREK-1, a K+
channel involved in polymodal pain perception. EMBO J 25:2368–
2376. doi:10.1038/sj.emboj.7601116
3. Almahariq M, Tsalkova T, Mei FC et al (2013) A novel EPACspecific inhibitor suppresses pancreatic cancer cell migration and
invasion. Mol Pharmacol 83:122–128. doi:10.1124/mol.112.080689
4. Beggs S, Trang T, Salter MW (2012) P2X4R+ microglia drive
neuropathic pain. Nat Neurosci 15:1068–1073. doi:10.1038/nn.3155
5. Coste B, Mathur J, Schmidt M et al (2010) Piezo1 and Piezo2 are
essential components of distinct mechanically activated cation channels. Science 330:55–60. doi:10.1126/science.1193270
6. Delmas P, Hao J, Rodat-Despoix L (2011) Molecular mechanisms of
mechanotransduction in mammalian sensory neurons. Nat Rev
Neurosci 12:139–153. doi:10.1038/nrn2993
7. Di Castro A, Drew LJ, Wood JN, Cesare P (2006) Modulation of
sensory neuron mechanotransduction by PKC- and nerve growth
factor-dependent pathways. Proc Natl Acad Sci U S A 103:4699–
4704. doi:10.1073/pnas.0508005103
8. Drew LJ, Rugiero F, Cesare P et al (2007) High-threshold
mechanosensitive ion channels blocked by a novel conopeptide
mediate pressure-evoked pain. PLoS One 2:e515. doi:10.1371/
journal.pone.0000515

Pflugers Arch - Eur J Physiol (2015) 467:133–139
9. Dubin AE, Schmidt M, Mathur J et al (2012) Inflammatory signals
enhance Piezo2-mediated mechanosensitive currents. Cell Rep. doi:
10.1016/j.celrep.2012.07.014
10. Eijkelkamp N, Linley JE, Torres JM et al (2013) A role for Piezo2 in
EPAC1-dependent mechanical allodynia. Nat Commun 4:1682. doi:
10.1038/ncomms2673
11. Ekberg J, Jayamanne A, Vaughan CW et al (2006) muO-conotoxin
MrVIB selectively blocks Nav1.8 sensory neuron specific sodium
channels and chronic pain behavior without motor deficits. Proc Natl
Acad Sci U S A 103:17030–17035. doi:10.1073/pnas.0601819103
12. Gold MS, Levine JD, Correa AM (1998) Modulation of TTX-R INa
by PKC and PKA and their role in PGE2-induced sensitization of rat
sensory neurons in vitro. J Neurosci 18:10345–10355
13. Hao J, Padilla F, Dandonneau M et al (2013) Kv1.1 channels act as
mechanical brake in the senses of touch and pain. Neuron 77:899–
914. doi:10.1016/j.neuron.2012.12.035
14. Holz GG, Kang G, Harbeck M et al (2006) Cell physiology of cAMP
sensor Epac. J Physiol 577:5–15. doi:10.1113/jphysiol.2006.119644
15. Hucho TB, Dina OA, Levine JD (2005) Epac mediates a cAMP-toPKC signaling in inflammatory pain: an isolectin B4(+) neuronspecific mechanism. J Neurosci Off J Soc Neurosci 25:6119–6126.
doi:10.1523/JNEUROSCI.0285-05.2005
16. Hucho T, Levine JD (2007) Signaling pathways in sensitization:
toward a nociceptor cell biology. Neuron 55:365–376. doi:10.1016/
j.neuron.2007.07.008
17. Kerstein PC, del Camino D, Moran MM, Stucky CL (2009)
Pharmacological blockade of TRPA1 inhibits mechanical firing in
nociceptors. Mol Pain 5:19. doi:10.1186/1744-8069-5-19
18. Kim K-S, Kim J, Back SK et al (2007) Markedly attenuated acute and
chronic pain responses in mice lacking adenylyl cyclase-5. Genes
Brain Behav 6:120–127
19. Kim YH, Back SK, Davies AJ et al (2012) TRPV1 in GABAergic
Interneurons Mediates Neuropathic Mechanical Allodynia and
Disinhibition of the Nociceptive Circuitry in the Spinal Cord.
Neuron 74:640–647. doi:10.1016/j.neuron.2012.02.039
20. Kwan KY, Allchorne AJ, Vollrath MA et al (2006) TRPA1 contributes to cold, mechanical, and chemical nociception but is not essential
for hair-cell transduction. Neuron 50:277–289. doi:10.1016/j.neuron.
2006.03.042
21. Lane NE, Schnitzer TJ, Birbara CA et al (2010) Tanezumab for the
treatment of pain from osteoarthritis of the knee. N Engl J Med 363:
1521–1531. doi:10.1056/NEJMoa0901510
22. Liou J-T, Liu F-C, Hsin S-T et al (2007) Inhibition of the cyclic
adenosine monophosphate pathway attenuates neuropathic pain and
reduces phosphorylation of cyclic adenosine monophosphate response element-binding in the spinal cord after partial sciatic nerve
ligation in rats. Anesth Analg 105:1830–1837. doi:10.1213/01.ane.
0000287652.42309.5c, table of contents
23. Liou J-T, Liu F-C, Mao C-C et al (2009) Adenylate cyclase inhibition
attenuates neuropathic pain but lacks pre-emptive effects in rats. Can J
Anaesth J Can Anesth 56:763–769. doi:10.1007/s12630-009-9149-z
24. Malmberg AB, Brandon EP, Idzerda RL et al (1997) Diminished
inflammation and nociceptive pain with preservation of neuropathic
pain in mice with a targeted mutation of the type I regulatory subunit
of cAMP-dependent protein kinase. J Neurosci Off J Soc Neurosci
17:7462–7470
25. Matsushita K, Tozaki-Saitoh H, Kojima C et al (2014) Chemokine
(C-C motif) receptor 5 is an important pathological regulator in the
development and maintenance of neuropathic pain. Anesthesiology.
doi:10.1097/ALN.0000000000000190
26. McCarter GC, Levine JD (2006) Ionic basis of a mechanotransduction
current in adult rat dorsal root ganglion neurons. Mol Pain 2:28. doi:
10.1186/1744-8069-2-28
27. Minett MS, Falk S, Santana-Varela S et al (2014) Pain without
nociceptors? Nav1.7-independent pain mechanisms. Cell Rep 6:
301–312. doi:10.1016/j.celrep.2013.12.033

Pflugers Arch - Eur J Physiol (2015) 467:133–139
28. Miraucourt LS, Dallel R, Voisin DL (2007) Glycine Inhibitory
Dysfunction Turns Touch into Pain through PKCgamma interneurons. PLoS One. doi:10.1371/journal.pone.0001116
29. Noël J, Zimmermann K, Busserolles J et al (2009) The
mechano-activated K+ channels TRAAK and TREK-1 control
both warm and cold perception. EMBO J 28:1308–1318. doi:
10.1038/emboj.2009.57
30. Paterson K, Lolignier S, Wood JN, et al (2014) Botulinum toxin-a
treatment reduces human mechanical pain sensitivity and
mechanotransduction. Ann Neurol n/a–n/a. doi: 10.1002/ana.24122
31. Patwardhan AM, Akopian AN, Ruparel NB et al (2010) Heat generates oxidized linoleic acid metabolites that activate TRPV1 and
produce pain in rodents. J Clin Invest 120:1617–1626. doi:10.1172/
JCI41678
32. Petrus M, Peier AM, Bandell M et al (2007) A role of TRPA1 in
mechanical hyperalgesia is revealed by pharmacological inhibition.
Mol Pain. doi:10.1186/1744-8069-3-40
33. Pitcher GM, Henry JL (2004) Nociceptive response to innocuous
mechanical stimulation is mediated via myelinated afferents and NK1 receptor activation in a rat model of neuropathic pain. Exp Neurol
186:173–197. doi:10.1016/j.expneurol.2003.10.019
34. Quick K, Zhao J, Eijkelkamp N et al (2012) TRPC3 and
TRPC6 are essential for normal mechanotransduction in subsets of sensory neurons and cochlear hair cells. Open Biol.
doi:10.1098/rsob.120068
35. Rugiero F, Wood JN (2009) The mechanosensitive cell line ND-C does
not express functional thermoTRP channels. Neuropharmacology 56:
1138–1146. doi:10.1016/j.neuropharm.2009.03.012
36. Taiwo YO, Bjerknes LK, Goetzl EJ, Levine JD (1989) Mediation of
primary afferent peripheral hyperalgesia by the cAMP second messenger system. Neuroscience 32:577–580

139
37. Tsantoulas C, Zhu L, Shaifta Y et al (2012) Sensory neuron downregulation of the Kv9.1 potassium channel subunit mediates neuropathic pain following nerve injury. J Neurosci Off J Soc Neurosci 32:
17502–17513. doi:10.1523/JNEUROSCI.3561-12.2012
38. Tsuda M, Masuda T, Tozaki-Saitoh H, Inoue K (2013)
Microglial regulation of neuropathic pain. J Pharmacol Sci
121:89–94
39. Vijayaragavan K, Boutjdir M, Chahine M (2004) Modulation of
Nav1.7 and Nav1.8 peripheral nerve sodium channels by protein
kinase A and protein kinase C. J Neurophysiol 91:1556–1569. doi:
10.1152/jn.00676.2003
40. Vilceanu D, Stucky CL (2010) TRPA1 mediates mechanical currents
in the plasma membrane of mouse sensory neurons. PLoS One 5:
e12177. doi:10.1371/journal.pone.0012177
41. Wang D, Couture R, Hong Y (2014) Activated microglia in the spinal
cord underlies diabetic neuropathic pain. Eur J Pharmacol 728C:59–
66. doi:10.1016/j.ejphar.2014.01.057
42. Wang H, Heijnen CJ, van Velthoven CTJ et al (2013) Balancing
GRK2 and EPAC1 levels prevents and relieves chronic pain. J Clin
Invest 123:5023–5034. doi:10.1172/JCI66241
43. Wood JN, Eijkelkamp N (2012) Noxious mechanosensation—molecules and circuits. Curr Opin Pharmacol 12:4–8. doi:10.1016/j.coph.
2011.10.013
44. Wood JN (2010) Nerve Growth Factor and Pain. N Engl J Med 363:
1572–1573. doi:10.1056/NEJMe1004416
45. Woolf CJ, Ma Q (2007) Nociceptors—noxious stimulus detectors.
Neuron 55:353–364. doi:10.1016/j.neuron.2007.07.016
46. Yajima Y, Narita M, Shimamura M et al (2003) Differential
involvement of spinal protein kinase C and protein kinase A
in neuropathic and inflammatory pain in mice. Brain Res 992:
288–293

