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Abstract
The naked mole-rat (Heterocephalus glaber) is famous for its longevity and unusual physiology. This eusocial species that 
lives in highly ordered and hierarchical colonies with a single breeding queen, also discovered secrets enabling somewhat 
pain-free living around 20 million years ago. Unlike most mammals, naked mole-rats do not feel the burn of chili pepper’s 
active ingredient, capsaicin, nor the sting of acid. Indeed, by accumulating mutations in genes encoding proteins that are only 
now being exploited as targets for new pain therapies (the nerve growth factor receptor TrkA and voltage-gated sodium chan-
nel, NaV1.7), this species mastered the art of analgesia before humans evolved. Recently, we have identified pain insensitivity 
as a trait shared by several closely related African mole-rat species. One of these African mole-rats, the Highveld mole-rat 
(Cryptomys hottentotus pretoriae), is uniquely completely impervious and pain free when confronted with electrophilic 
compounds that activate the TRPA1 ion channel. The Highveld mole-rat has evolved a biophysical mechanism to shut down 
the activation of sensory neurons that drive pain. In this review, we will show how mole-rats have evolved pain insensitivity 
as well as discussing what the proximate factors may have been that led to the evolution of pain-free traits.
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Abbreviations
AITC	� Allyl isothiocyanate
ASIC	� Acid-sensing ion channel
CGRP	� Calcitonin gene-related peptide
CIP	� Congenital insensitivity to pain
DRG	� Dorsal root ganglia
GPCR	� G-protein coupled receptor
NaV	� Voltage-gated sodium channel
NALCN	� Sodium leak channel non-selective protein
NGF	� Nerve growth factor
NK1R	� Neurokinin-1 receptor
PRDM12	� PRDI-BF1 and RIZ homology domain-con-

taining protein 12

SP	� Substance P
TG	� Trigeminal ganglion
TRPA1	� Transient receptor potential cation channel 

subfamily A member 1 channel
TRPV1	� Transient receptor potential vanilloid 1 

channel
TWIK1	� Two-pore-domain weakly Inward rectifying 

K+ channel

Introduction

Pain is so central to our personal experience that we as 
humans assume that all non-human animals experience 
pain in a similar way to ourselves. Indeed, when we observe 
rodents that are injured, they exhibit behaviors and even 
facial expressions (Langford et al. 2010) that give us the 
feeling that their pain experience is similar, if not identical 
to ours. Indeed, it makes sense that pain should be a univer-
sal mechanism that enables all animals to avoid injury as 
well as contact with things and substances that can harm the 
organism. The universality of nociception (Smith and Lewin 
2009) makes it all the more surprising when one encounters 
absence of pain behavior in distinct species. In this review 
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we will concentrate on some recently described instances of 
pain insensitivity in vertebrates. We will discuss the mecha-
nisms underlying loss of pain sensation, but also examine the 
possible proximate causes that may have led to the evolution 
of distinct pain insensitivities.

Examining pain-related behavior is a challenging task 
even in conventional laboratory rodent models like Mus 
musculus and Rattus rattus. Typically, pain behaviors are 
assessed by measuring reflex withdrawal from a noxious 
stimulus which may be radiant heat, mechanical force or 
cold. Such parameters are hard to measure and compare 
between different species. However, it has long been known 
that naturally occurring chemical substances, called algo-
gens evoke painful sensations or avoidance in animals and 
humans. One of the best characterized algogens is capsaicin, 
a natural substance and the active ingredient of chili peppers, 
and the substance that confers the burn of hot peppers (Cate-
rina et al. 2000; Caterina and Julius 2001). There is a huge 
literature on capsaicin, characterizing its neurotoxic effects 
in neonatal animals, as well as its use as a substance to pro-
duce acute experimental pain in humans (Jancsó et al. 1977; 
Treede et al. 1992). Capsaicin causes burning sensations in 
humans and is thought to induce a similar sensation in most 
vertebrates, one major exception being all birds, which have 
evolved insensitivity to capsaicin as they are seed carriers 
for capsicum plants (Jordt and Julius 2002). It is not clear 
when capsaicin insensitivity evolved in the bird lineage, 
but it is possible that the ancestors of birds, i.e., non-avian 
dinosaurs, were already insensitive to capsaicin. In 2008, 
we discovered that capsaicin was not a universal irritant in 
mammals as our studies on the nociceptive system of the 
naked mole-rat (Heterocephalus glaber) revealed that this 
unusual subterranean mammal was completely insensitive to 
capsaicin (Park et al. 2008). Naked mole-rats have fascinated 
biologists for several decades as this underground dwelling 
species native to East Africa has a unique biology. Naked 
mole-rats are one of only two eusocial mammals that live 
in very large colonies (up to 300 individuals) with a single 
breeding female who is the queen (Jarvis 1981; Jarvis et al. 
1994). In the late 1970s Dr Jenny Jarvis from the University 
of Cape Town was the first to show that these animals could 
be kept and bred in the laboratory, and today naked mole-
rat colonies are maintained in many labs worldwide. Naked 
mole-rats have so many extreme physiological features that 
we would need an entire review to detail them all. Some 
of their most striking physiological adaptations include an 
extraordinarily long maximum life span of at least 36 years 
(Ruby et al. 2018), apparent resistance to cancer, and resist-
ance to extreme hypercapnia and hypoxia (Park et al. 2017). 
In this review we will examine the questions of how and why 
naked mole-rats lost certain types of pain sensitivity. Since 
the naked mole-rat is a member of a very large group of 

underground dwelling African rodents we will also examine 
if pain insensitivity is a family affair.

The nociceptive system: anatomy 
and physiology

The nociceptive system is highly conserved and any deficit 
in pain sensitivity could in principle be linked to molecu-
lar changes herein. The experience of pain requires that 
specialized sensory neurons that are the primary sensors of 
the nociceptive system are activated. Sensory neurons that 
detect potentially damaging and painful stimuli have their 
cell bodies in the dorsal root ganglia (DRG) and co-exist 
with other sensory neurons specialized to detect innocu-
ous light touch and non-noxious thermal stimuli (Hep-
penstall and Lewin 2000; Lewin and Moshourab 2004; 
Dubin and Patapoutian 2010; Lechner and Lewin 2013; 
Lewin et al. 2014; Smith 2018). Anatomically, sensory 
neurons have been primarily classified according to the 
size and myelination state of the peripheral axon. Sensory 
neurons that mediate the sensation of touch have large 
diameter Aβ-fibers that are thickly myelinated and some 
medium diameter thinly myelinated Aδ-fibers, called 
D-hair receptors (Wang and Lewin 2011; Heidenreich 
et al. 2012; Lechner and Lewin 2013). A larger group of 
sensory neurons with thinly myelinated Aδ-fibers are so-
called nociceptors and alongside unmyelinated C-fibers 
are the primary mediators of the painful sensation (Lewin 
and Moshourab 2004; Smith and Lewin 2009). The cell 
bodies of those sensory neurons innervating most of the 
body are located in the DRG, but those innervating the 
head are located in the trigeminal ganglia (TG). Nocicep-
tive sensory neurons can detect and signal a wide variety 
of different stimuli including heat, cold, mechanical and 
chemical stimuli. Indeed most single nociceptors respond 
to more than one type of noxious stimulus and are often 
classified as polymodal, a fact that has been repeatedly 
confirmed over several decades (Bessou and Perl 1969; 
Lewin and Mendell 1994; Perl 1996; Milenkovic et al. 
2008; Smith and Lewin 2009). Recent molecular analyses 
of nociceptive populations have highlighted the diversity 
of molecular receptors that are expressed by individual 
nociceptors (Usoskin et al. 2015; Li et al. 2016; Hockley 
et al. 2019).

The nociceptive system in naked mole‑rats

The first detailed examination of sensory anatomy in the 
naked mole-rat demonstrated that the skin of this largely 
hairless species is innervated by both myelinated and 
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unmyelinated fibers (Park et al. 2003). In most rodents 
unmyelinated fibers can be subdivided into peptidergic 
and non-peptidergic fibers based upon their expression of 
neuropeptide neurotransmitters such as calcitonin gene-
related peptide (CGRP) and substance P (SP) (Nagy and 
Hunt 1982; Silverman and Kruger 1990; Stucky and Lewin 
1999). However, in the naked mole-rat, unmyelinated fib-
ers in the skin were observed to be virtually devoid of SP 
and CGRP immunostaining; CGRP immunostaining was, 
however, observed in lanceolate endings that surround hair 
follicles, which probably arose from Aβ-fibers. When Park 
and colleagues examined the neuropeptide immunoreactiv-
ity in DRG and TG, unlike in normal lab rats (Rattus rat-
tus), intense CGRP and SP immunoreactivity were essen-
tially absent from small diameter (i.e., likely nociceptive) 
neurons. However, strong CGRP staining was observed in 
some large diameter neurons, which correlated with the 
staining of lanceolate endings observed in the skin (Park 
et al. 2003). In addition, naked mole-rats have visceral 
fibers that are also positive for CGRP (Park et al. 2003; 
Hockley et al. 2020).

The lack of neuropeptide-positive sensory neurons in the 
naked mole-rat raised the question of whether this species 
had lost this sensory population in the course of evolution. 
One way to examine such a question is to quantify the num-
bers of unmyelinated axons in peripheral nerves which is 
normally done with transmission electron microscopy. The 
anatomy of the saphenous and sural nerves have been exam-
ined in a wide range of species as these nerves innervate 
hindlimb hairy skin and contain almost exclusively cuta-
neous axons (Lewin and McMahon 1991). Many groups 
have quantified the numbers of myelinated (A-fibers) and 
unmyelinated (C-fibers) and consistently observed that there 
are always 3–4 times as many C-fibers as A-fibers in these 
nerves (Ochoa and Mair 1969; Alpson and Lal 1980; Scad-
ding 1980; Schwab et al. 1984; Illanes et al. 1990; Stucky 
et al. 2002; Wetzel et al. 2007; Milenkovic et al. 2007; 
Stürzebecher et al. 2010). However, in naked mole-rat, this 
ratio is just ~ 1.5:1 and the low ratio is due to absolute pau-
city of unmyelinated nociceptors and not due to increased 
numbers of A-fiber axons (Park et al. 2008; Smith et al. 
2012; Omerbašić et al. 2016). Thus, naked mole-rats have 
far fewer cutaneous nociceptors than other similarly sized 
mammals, which prompted us to study-related subterranean 
mole-rat species that are phylogenetic neighbors to the naked 
mole-rat. In a comparative study of nerves from six spe-
cies belonging to the Bathyergidae, the naked mole-rat was 
the only species with markedly low cutaneous C to A-fiber 
ratio (Smith et al. 2012). An analysis of the A- and C-fiber 
numbers related to surface area determined that this was 
accounted for by a paucity of C-fibers, rather than an over-
abundance of A-fibers (Smith et al. 2012). It is likely that 
mammals have evolved high density cutaneous nociceptor 

innervation as the skin is constantly exposed to potentially 
damaging stimuli. Consistent with this idea, nerves that 
innervate muscle and joints do not display high ratios of 
C- to A-fibers as is seen in the skin and this is true of all 
mammals examined. Indeed, all bathyergids, including the 
naked mole-rat, and a wide range of mammals typically dis-
play a ~ 1:1 C- to A-fiber ratio in muscle nerves (Jenq et al. 
1984; Jenq and Coggeshall 1984, 1985; Smith et al. 2012). 
A potentially parsimonious explanation for the cutaneous 
C-fiber deficit in naked mole-rats is that they largely lack 
fur, although specialized sensory hairs are present (Crish 
et al. 2003). Compared to most other mammals, humans are 
relatively naked and lack dense body hair; however, human 
cutaneous nerves also show a ~ 4:1 C to A-fiber ratio (Ochoa 
and Mair 1969). To our knowledge no such investigation has 
yet been conducted in other “naked” mammals, such as the 
manatee (Trichechus manatus) or hairless bat (Cheiromeles 
torquatus). We instead examined cutaneous nerves in trans-
genic mice that are born with hair, but lose hair follicles and 
thus partially resemble naked mole-rats, but these animals 
display only a mild decrease in C- to A-fiber ratio indicating 
that loss of hair follicles cannot explain the substantial loss 
of C-fibers in the naked mole-rat (Smith et al. 2012); indeed, 
initial analysis showed that the naked mole-rat epidermis is 
more densely innervated than that of the rat (R. norvegicus) 
and common mole-rat (Cryptomys hottentotus hottentotus) 
suggesting that in the absence of hair follicles sensory axons 
innervate other structures in the skin (Park et al. 2003). In 
normal mice it has been observed that there is ongoing natu-
rally occurring cell death of sensory neurons with C-fiber 
axons in the early postnatal period. This loss of axons is 
reflected in a drop in the C- to A-fiber ratio from ~ 6:1 to 
~ 4:1 in adults. We recently observed a similar, but more 
extreme, process in naked mole-rats, such that postnatal day 
3 naked mole-rat pups have a C- to A-fiber ratio of ~ 6:1 that 
drops to ~ 1:1 in adults (Omerbašić et al. 2016). The fac-
tors that might cause nociceptor loss is discussed below in 
relation to the biology of nerve growth factor (NGF) and its 
receptor tropomyosin receptor kinase A (TrkA).

Nociceptor function and nocifensive 
behaviors in naked mole‑rats

Transgenic mice that lack CGRP and SP show diminished 
pain behaviors (Cao et al. 1998; Salmon et al. 2001) and 
thus the absence of neuropeptides in naked mole-rat nocic-
eptors raised the question of whether or not naked mole-rat 
nociceptors function as in other rodents. This observation 
also prompted us to ask whether naked mole-rats display 
the same repertoire of nocifensive behaviors as observed 
in other rodents. The existence of nociceptors is almost 
completely ubiquitous in the animal kingdom and even 
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the nematode worm Caenorhabditis elegans, with approxi-
mately 300 neurons, has a dedicated set of nociceptors 
(Tobin and Bargmann 2004; Smith and Lewin 2009), the 
fundamental importance of nociceptors is demonstrated 
by humans with congenital insensitivity to pain (CIP), a 
syndrome that can arise due to a complete absence of noci-
ceptive Aδ- and C-fibers (Swanson et al. 1965; Rafel et al. 
1980). The loss of nociceptors observed in some individu-
als with CIP is chiefly due to mutations in nerve growth 
factor (NGF) or its receptor TrkA (Indo et  al. 1996), 
indeed mice in which the gene encoding the NGF receptor 
TrkA also lack C-fibers (Smeyne et al. 1994). Congenital 
insensitivity to pain and nociceptor loss is also associ-
ated with mutations in other genes for example PRDM12 
(PRDI-BF1 and RIZ homology domain-containing protein 
12) (Chen et al. 2015).

Despite the fact that cutaneous nerves in naked mole-rats 
have a depleted number of C-fiber nociceptors, our physi-
ological studies have shown that the receptor properties of 
these neurons do not differ significantly from C-fibers in 
mice (Park et al. 2008). This was the case for saphenous 
nerve Aδ-fibers with nociceptive properties, as well as for 
C-fiber nociceptors as measured using an ex vivo skin–nerve 
preparation (Milenkovic et al. 2008; Moshourab et al. 2013; 
Walcher et al. 2018). The major C-fiber nociceptor popula-
tion is classified as polymodal receptors (i.e., responding 
both to mechanical and thermal stimuli) and they make up 
the majority of C-fibers (60–70%) (Fleischer et al. 1983; 
Lewin and Mendell 1994; Koltzenburg et al. 1997; Lewin 
and Moshourab 2004). The second population are C-fibers, 
which are activated only by intense mechanical stimuli, and 
which make up the remaining functional population and it 
is these fibers that appear to have different mechanosensi-
tive properties compared to polymodal C-fibers (Milenko-
vic et al. 2008; Bishop et al. 2010). Interestingly, these two 
C-fiber populations were present in naked mole-rats with 
receptor properties that were almost identical to those of 
other rodents (Park et al. 2008). Thus, the loss of C-fibers 
in the naked mole-rat does not appear to be due to loss of 
one functional sub-population and the lack of neuropeptides 
in these C-fibers appears to be unrelated to their receptive 
properties.

Nocifensive behaviors, which are often measured as rapid 
limb withdrawal from a mechanical or thermal stimulus were 
broadly similar between mouse and naked mole-rat (Park 
et al. 2008). However, it should be noted that it is almost 
impossible to use the same kinds of behavioral testing and 
conditions to directly compare thresholds across species. 
Comparisons of behavioral responses to innocuous mechani-
cal stimuli have been made using the Schallert tape removal 
test (time taken to remove a square of adhesive tape place 
on a forepaw) and honey test (time taken to wipe the face 
in response to a drop of runny honey dropped on to the face 

between snout and eyes) and here naked mole-rats displayed 
significantly longer latency times than mice (Deacon et al. 
2012). The behavioral significance or relevance of these 
behaviors to the ecological niche of the naked mole-rat are, 
however, unclear.

Naked mole-rats show rapid paw withdrawal from a radi-
ant heat source which is consistent with our observations that 
the naked mole-rat is equipped with noxious heat sensitive 
C-fiber nociceptors (Park et al. 2008). Withdrawal from nox-
ious heat measured using the Hargreaves test (Hargreaves 
et al. 1988; Deuis et al. 2017) is often used to assess changes 
or modulations of pain behavior, e.g., increased sensitivity 
to pain following injury. Some studies have evaluated how 
different compounds modulate naked mole-rat behavioral 
sensitivity to noxious heat. Unexpectedly, morphine caused 
the latency to decrease (i.e., increased sensitivity/pain), 
which was suggested to be due to causing motor hyperex-
citability and when group housed, naked mole-rats exposed 
to morphine became aggressive, attacking and killing each 
other (Kanui and Hole 1990). A similar, pain sensitizing 
effect was observed in naked mole-rats with pethidine in a 
hot plate test, pethidine is, like morphine, a non-selective 
opioid receptor agonist and the effects were prevented by co-
administration of the non-selective opioid receptor antago-
nist naloxone (Towett and Kanui 1993). More recent analysis 
using selective agonists has shown that activation of both 
mu and delta opioid receptors using DAMGO and DPDPE 
respectively, causes hyperalgesia in the hot plate test that 
was reversed by naloxone and by naloxonazine (the latter a 
mu opioid receptor antagonist). In contrast, kappa-receptor 
agonists (U-50488 and U-69593) caused anti-nociceptive 
effects in the same assays (Towett et al. 2006). In contrast 
to morphine, nefopam (an inhibitor of monoamine reuptake 
transporters) produced a dose-related increase in nociceptive 
latency (Kanui and Hole 1990). Lastly, aspirin and indo-
methacin, both inhibitors of cyclooxygenase enzymes and 
thus prostaglandin production, produce analgesia in the hot 
plate test in naked mole-rats (Towett and Kanui 1993).

The differences in nocifensive behaviors between other 
rodents and the naked mole-rat were more dramatic when we 
examined their behavioral response to algogens. Algogens 
are chemicals that directly produce pain sensation in humans 
and animals and often work by directly activating specific 
ion channels or receptors expressed by nociceptors, thereby 
potently activating sensory receptors that initiate pain. Cap-
saicin is a prototypical algogen and is the chemical in chili 
peppers of the genus Capsicum that gives rise to the sensation 
of heat experienced when eating food flavored with chilies. 
When injected into mice, capsaicin evokes a nocifensive lick-
ing response, which is due to its specific activation of the 
transient receptor potential vanilloid 1 channel (TRPV1), 
a heat-, capsaicin- and acid-gated ion channel expressed 
by nociceptors (Caterina et al. 1997, 2000; Tominaga et al. 
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1998). Capsaicin robustly activates naked mole-rat polymodal 
C-fibers as determined by direct electrophysiological record-
ings with the ex vivo skin–nerve preparation and patch clamp 
recordings from isolated DRG neurons (Park et al. 2008; Smith 
et al. 2011; Omerbašić et al. 2016). However, despite the fact 
naked mole-rat nociceptors are activated by capsaicin, foot 
pad injection of capsaicin fails to evoke any licking behavior 
in naked mole-rats (Park et al. 2008; Eigenbrod et al. 2019). In 
addition, whereas administration of capsaicin causes sensitiza-
tion of the response to heat (thermal hyperalgesia), this phe-
nomenon also does not occur in naked mole-rats (Park et al. 
2008). How then is it that capsaicin activation of nociceptors 
does not lead to pain behavior? The majority of nociceptive 
input to the spinal cord terminates in the superficial dorsal 
horn (Todd 2010, 2017) and because DRG neurons are pseu-
dounipolar, proteins that are expressed at the peripheral termi-
nal are also commonly expressed at the presynaptic terminal in 
the dorsal horn. Consequently, one can make recordings from 
spinal cord neurons and apply capsaicin to activate presynaptic 
terminals of TRPV1-expressing nociceptors, which produces 
an excitatory postsynaptic current in the second order neurons 
with which TRPV1 positive nociceptors are connected (Yang 
et al. 1998). In mice, the vast majority of postsynaptic neurons 
that are synaptically driven by TRPV1-positive nociceptors 
are located in the superficial dorsal horn, but in the naked 
mole-rat just as many deep dorsal horn neurons are coupled 
to capsaicin-sensitive nociceptors as are neurons in superficial 
layers (Park et al. 2008). This altered connectivity of TRPV1-
positive nociceptors potentially explains why capsaicin elicits 
a robust nocifensive response in mice, but none in the naked 
mole-rat. Thus, activation of capsaicin-sensitive nociceptors 
in the naked mole-rat simultaneously activates both superficial 
and deep dorsal horn neurons. We speculate that reciprocal 
connections between synaptically driven interneurons in the 
superficial and deep dorsal horn could under such circum-
stances negate a pain signal. Interestingly, when SP was intro-
duced into the naked mole-rat, for example through intrathecal 
injection, capsaicin injected into the paw was newly able to 
evoke a nocifensive licking response and provoked thermal 
hyperalgesia (Park et al. 2008). The neurokinin-1 receptor 
(NK1R) for SP is only present in the superficial dorsal horn of 
the naked mole-rat spinal cord and thus presumably activation 
of nociceptors by capsaicin in the presence of spinal SP leads 
to a stronger activation of superficial layers that may allow 
gating of a nocifensive response (Fig. 1) (Park et al. 2008). 
Administration of SP was also shown to “rescue” histamine-
induced itch in naked mole-rats (Smith et al. 2010) and evoke a 
thermal hyperalgesia that is both NMDA receptor- and NK1R-
dependent (Brand et al. 2010).

Absence of acid‑induced pain in naked 
mole‑rats

In addition, to capsaicin insensitivity, naked mole-rats also 
show no pain behavior in response to foot pad injection of 
acid (Park et al. 2008). Acidic solutions (e.g., pH 3.5 simi-
lar acidity to lemon juice) cause stinging pain in humans 
(Steen and Reeh 1993; Reeh and Steen 1996). Nocifensive 
responses to acid solutions have been observed through-
out the animal kingdom from C. elegans (Sambongi et al. 
2000), to the rainbow trout Oncorhynchus mykiss (Sneddon 
et al. 2003), mice (Price et al. 2001; Park et al. 2008) and 
humans (Reeh and Steen 1996; Ugawa et al. 2002; Jones 
et al. 2004; Schwarz et al. 2017), which makes the lack of 
acid-response observed in naked mole-rats almost unique 
(see below). Moreover, whereas capsaicin activates naked 
mole-rat C-fibers no acid excitation of naked mole-rat 
C-fibers was observed, in mice all acid activated C-fibers are 
normally also capsaicin sensitive (Price et al. 2001). Since 
naked mole-rat nociceptors are not activated by acid it was 
not surprising that intrathecal application of SP in the naked 
mole-rat was unable to “rescue” any acid-induced behavior 
(Park et al. 2008).

Acid, or more specifically protons, can activate sensory 
neurons by the modulation or activation of several different 
classes of ion channels including activation of TRPV1, acid-
sensing ion channels (ASICs) and proton-sensing G-protein-
coupled receptors (GPCR) and inhibition of certain two-
pore K+ channels (Holzer 2009; Pattison et al. 2019). Direct 
electrophysiological studies have shown that naked mole-rat 

Fig. 1   Altered nociceptive circuitry in the naked mole-rat. Functional 
and anatomical data suggest that TRPV1 positive nociceptors in the 
naked mole-rat make synaptic connections with both superficial and 
deep dorsal horn neurons. Yellow circles represent peptidergic releas-
ing C-fibers, blue circles represent C-fibers only releasing glutamate-
containing vesicles. This altered connectivity compared to all other 
species could be one reason why naked mole-rats show no behavioral 
response to capsaicin (Figure reproduced from Park et al 2008)
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DRG neurons display depolarizing currents to proton appli-
cation, indeed both TRPV1-like and ASIC-like inward cur-
rents have been observed (Smith et al. 2011; Schuhmacher 
et  al. 2018) and expression of different ASIC subunits 
appears to be roughly equivalent between mouse and naked 
mole-rat sensory neurons (Schuhmacher and Smith 2016). 
When examining the proton sensitivity of cloned acid-sensi-
tive proteins, naked mole-rat TRPV1, ASIC1a and ASIC1b 
have a similar proton sensitivity to their mouse orthologues 
(Smith et al. 2011); however, the ASIC3 subunit is proton 
insensitive and appears to shift the proton sensitivity when 
present in heterotrimers, which may alter sensory neuron 
acid sensitivity to some extent (Schuhmacher et al. 2018). 
It was thus puzzling that isolated naked mole-rat sensory 
neurons can be excited by protons, but why did we observe 
no acid driven action potentials in nociceptors and no pain 
behavior? The first clue to solving this puzzle came with the 
observation that protons can potently inhibit voltage-gated 
sodium channel (NaV) subunits (Khan et al. 2006). Voltage-
gated sodium channels are necessary for action potential 
initiation and propagation, as demonstrated by the fact that 
pathological mutations in some genes encoding NaV subu-
nits cause CIP with no gross alterations in sensory neuron 
anatomy (Cox et al. 2006; Leipold et al. 2013). Although 
recent work suggests that loss of function mutations in the 
SCN9A gene encoding NaV1.7 do lead to structural changes 
in nociceptors (McDermott et al. 2019) The NaV1.7 subunit 
is particularly important for action potential initiation and 
the naked mole-rat gene encodes amino acid variations that 
when mutated into the human protein considerably enhance 
proton block of NaV1.7 channels at certain pH values that 
excite nociceptors (Smith et al. 2011; Harms et al. 2017). We 
also showed that the low pH is a much more potent inhibitor 
of mechanically evoked nociceptor firing in naked mole-
rat nociceptors than in the mouse. Thus our model predicts 
that at least one major mechanism by which naked mole-rats 
have evolved acid insensitivity is through highly specific 
changes in residues that enhance proton block of the NaV1.7 
channel (Smith et al. 2011). Interestingly, in an ex vivo lum-
bar splanchnic nerve preparation, protons have been shown 
to evoke neuronal activation in naked mole-rats (albeit to 
a lesser extent than in mouse) (Hockley et al. 2020) and 
this can probably be explained by the fact that NaV1.7 is far 
more important in somatic pain than visceral pain (Hockley 
et al. 2017).

Inflammatory pain in naked mole‑rats

In addition to changes in acute nociception, a variety of 
inflammatory stimuli have been used to examine the devel-
opment of hyperalgesia in naked mole-rats. Formalin is a 
substance that evokes acute and late phases of nocifensive 

behaviors, which although occurring in the naked mole-
rat are diminished compared to in mice (Park et al. 2008; 
Eigenbrod et al. 2019). The effects of a variety of analgesics 
and anti-inflammatory agents have been tested in the for-
malin model and the results can be summarized as follows: 
opioid receptor agonists and nefopam decrease both early 
and late phases of the pain response, whereas paracetamol, 
naproxen and dexamethasone only the late phase (Karim 
et al. 1993; Kanui et al. 1993; Towett et al. 2009), i.e., 
compounds whose mechanism of action is predominantly 
anti-inflammatory only affect the late phase. There is also 
evidence that activation of muscarinic receptors, in particu-
lar M1 and M4, reduces formalin-induce pain behavior in 
the naked mole-rat, although the circuitry underlying these 
effects are poorly understood at present (Dulu et al. 2014; 
Jørgensen et al. 2016).

As discussed above, capsaicin fails to evoke thermal 
hyperalgesia in the naked mole-rat and a similar absence 
of thermal hyperalgesia was observed following admin-
istration of complete Freund’s adjuvant (CFA) and NGF, 
although mechanical hyperalgesia was evoked by CFA 
(Park et al. 2008). NGF-induced hyperalgesia is a highly 
relevant physiological phenomenon observed in rodents 
and humans (Lewin et al. 1993, 1994, 2014; Petty et al. 
1994). Increased NGF in inflammation is causative of 
chronic hyperalgesia in animals and humans (Lewin et al. 
2014). NGF-induced thermal hyperalgesia is a TRPV1-
dependent process (Chuang et al. 2001), but as mentioned 
previously, naked mole-rat sensory neurons respond to 
capsaicin, which suggests that loss of function in naked 
mole-rat TRPV1 is unlikely to explain the absence of 
NGF-induced thermal hyperalgesia. Indeed, subsequent 
analysis of naked mole-rat TRPV1 demonstrated that it has 
normal heat, pH, voltage and capsaicin sensitivity (Smith 
et al. 2011). Naked mole-rat sensory neurons also express 
the NGF receptor TrkA, but even in cultured DRG neurons 
NGF fails to induce sensitization of TRPV1 (Park et al. 
2008; Omerbašić et al. 2016). However, NGF sensitizes 
naked mole-rat TRPV1 when expressed in sensory neurons 
from mice that lack TRPV1 and when co-expressed with 
rat TrkA in naked mole-rat fibroblasts, results ruling out 
deficits in naked mole-rat TRPV1 and the naked mole-rat 
cellular environment, respectively. Indeed experiments 
using naked mole-rat TrkA and a chimeric TrkA (extracel-
lular rat/intracellular naked mole-rat) further showed that 
activation of the naked mole-rat TrkA receptor is much 
less efficient at producing NGF-induced TRPV1 sensitiza-
tion, thus indicating that the deficit lies in the intracellular 
domain (Omerbašić et al. 2016). Furthermore, quantitative 
proteomics demonstrated that NGF activation of chimeric 
TrkA receptors is less efficient in engaging downstream 
signaling as shown by reduced abundance of phosphopep-
tides compared to rat TrkA. Thus the lack of NGF-induced 
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thermal hyperalgesia in naked mole-rats is almost certainly 
primarily due to TrkA hypofunctionality (Omerbašić et al. 
2016). Examination of the naked mole-rat TrkA sequence 
shows that between 1 and 3 amino acid substitutions that 
are unique to the naked mole-rat in the kinase domain of 
TrkA are likely responsible for the hypofunctional signal-
ing observed, both with regard to the absence of NGF-
induced thermal hyperalgesia and the loss of cutaneous 
C-fibers in adulthood (Omerbašić et al. 2016). To confirm 
the role of changes in the TrkA kinase domain underly-
ing the phenotypes observed in the naked mole-rat, one 
would ideally make a transgenic naked mole-rat with the 
mouse TrkA sequence, but this is currently not feasible. 
However, we have already generated mice with the criti-
cal residues from the naked mole-rat reengineered into 
the mouse genome. Initial results with these mice indeed 
indicate that they show reduced inflammatory pain pheno-
types (unpublished results). Thus, since the naked mole-rat 
ancestor appeared more than 30 million years ago (see 
Fig. 2) the mole-rat had already blindly discovered the 
analgesic potential not only of reduced NGF signaling, 
but also of modulating sensory specific ion channels like 
NaV1.7. Both NGF signaling and NaV1.7 are actively being 
pursued as analgesic targets in humans with highly promis-
ing results (Lewin et al. 2014; Habib et al. 2015; Luiz and 
Wood 2016; Hefti 2019).

Algogen insensitivity: a family affair

The extraordinary sensory attributes of the naked mole-rat 
recently led us to ask whether pain insensitivity is a com-
monly occurring attribute among African underground 
dwelling rodents. The naked mole-rat belongs to the family 
Bathyergidae, a very species rich group of mole-rats that 
have spread throughout most of Africa. We decided to sys-
tematically test algogen sensitivity of 8 mole-rat species 
and one root rat species from east Africa (Tachyoryctes 
splendens) (Eigenbrod et al. 2019). We used three algogen 
stimuli, capsaicin, acid (pH 3.5 HCl) and AITC (allyl iso-
thiocyanate), the latter molecule is the active pungent ingre-
dient of mustard oil and wasabi and is a highly electrophilic 
molecule that is a specific agonist of the transient receptor 
potential cation channel subfamily A member 1 channel 
(TRPA1) (Story et al. 2003; Jordt et al. 2004; Bandell et al. 
2004; Hinman et al. 2006). So far, not just mammals find 
AITC and related TRPA1 ligands noxious, but also flies, 
planaria, reptiles and birds avoid this substance (Kang et al. 
2010; Saito et al. 2014; Oda et al. 2016; Arenas et al. 2017). 
We also showed that naked mole-rats show robust nocifen-
sive behavior after hindpaw injection of AITC (Eigenbrod 
et al. 2019). Thus, naked mole-rats can display the same 
nocifensive behaviors as all other rodents so far tested.

Fig. 2   Algogen insensitivities in African rodents. Phylogenetic tree 
of the studied rodent species, as calculated on the basis of transcrip-
tomic data. Divergence times were calculated on the basis of pub-
lished and de novo assembled transcriptomes. An “X” indicates an 

insensitivity to the algogen. Mya, million years ago. [Photo credits 
(top to bottom): Karlien Debus, Gary Lewin, Jane Reznick] Illustra-
tion courtesy of Science
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Interestingly, we discovered that one additional mole-rat 
species was also completely insensitive to capsaicin (the 
Natal mole-rat Cryptomys hottentotus natalensis ) and two 
additional species were insensitive to acid (Cape mole-rat 
(Georychus capensis) and East African root rat) (Eigenbrod 
et al. 2019). The mechanisms that might underlie the loss 
of acid- and capsaicin-induced pain in African rodents are 
discussed below. Probably, most surprisingly we also iden-
tified the first case of complete insensitivity to the pungent 
chemical AITC in the Highveld mole-rat. This is a social 
African mole-rat that belongs to the Cryptomys genus and 
like other members of the genus tested (Common mole-rat, 
Mahali mole-rat and Natal mole-rat) all these animals were 
found to harbor variants in the TRPA1 channel that render 
the channel much less sensitive to the AITC ligand (Eigen-
brod et al. 2019). However, the Highveld mole-rat was even 
impervious to 100% AITC and normally displays no licking 
or behavior in the first phase of the formalin test (Eigen-
brod et al. 2019). We carried out large-scale transcriptome 
assemblies from sensory tissues collected from the species 
tested and quantified changes in gene expression across the 
phylogenetic tree (Fig. 2). This analysis revealed a single 
upregulated transcript for Nalcn in the Highveld mole-rat 
that encodes a non-selective leak channel. This transcript 
encodes a voltage insensitive leak channel (NALCN) that 
has been implicated as carrying a background leak current 
in neurons (Lu et al. 2007; Cochet-Bissuel et al. 2014). We 
speculated that in Highveld sensory neurons the hvNALCN 
protein is overexpressed to shunt excitability of nocicep-
tors that detect AITC. Evidence for this idea was provided 
by pretreating Highveld mole-rats with an antagonist of 
the NALCN channel with the hope that this would rescue 
AITC behavioral sensitivity. We used verapamil, which has 
been shown to block NALCN channels (Lu et al. 2007), and 
remarkably, after systemic treatment, the Highveld mole-
rat became transiently sensitive to both AITC and the acute 
effects of formalin (Eigenbrod et al. 2019). Our data indicate 
that the Highveld mole-rat has evolved an unusual and effec-
tive molecular strategy to become impervious to pain and in 
principle such a strategy could be harnessed to develop new 
analgesics. These studies raise the question of what are the 
evolutionary benefits to losing certain types of pain?

What selective pressures have driven 
evolution of pain insensitivity?

Capsaicin insensitivity and inflammatory pain: We now 
know that at least two species of mole-rat have lost sen-
sitivity to capsaicin during evolution. The Natal mole-rat 
and naked mole-rat occupy two very different types of habi-
tat and so it is entirely plausible that both species evolved 
capsaicin tolerance for different reasons. We do know that 

the TRPV1 receptor is expressed in DRG neurons of both 
these species and indeed RNAseq profiling revealed that 
the sensory neurons in both species (and indeed all African 
mole-rats tested) can be classified at the molecular level in a 
similar way to those of mice (Usoskin et al. 2015; Eigenbrod 
et al. 2019). Furthermore, both the Natal and naked mole-
rat TRPV1 are activated by capsaicin (Smith et al. 2011; 
Omerbašić et al. 2016; Eigenbrod et al. 2019). One parsi-
monious explanation could be that both these species have 
adapted to eat underground tubers or roots that are rich in 
vanilloid-like molecules. Unfortunately, there is currently 
no information available about the vanilloid content of roots 
in either habitat. The reduced NGF-dependent inflamma-
tory pain displayed by the naked mole-rat may be unique to 
this species and is strongly associated with reduced TrkA 
signaling and a substantial loss of C-fiber nociceptors. One 
extremely strong factor driving naked mole-rat adaptation 
and possible eusociality is the fact that this species must 
deal with semi-arid conditions where a lot of work must be 
expended to search for sparse food resources. Under such 
conditions, energy efficiency is highly valuable, and it may 
be that the loss of C-fiber nociceptors may save energy as 
it is well known that maintaining neurons is energetically 
costly. Thus loss of nociceptors may be analogous to the loss 
of hair or thermogenesis in this species which may allow the 
naked mole-rat to save on energy expenditure under condi-
tions where burrow temperatures have probably remained 
constant over millions of years (Buffenstein and Yahav 1991; 
Jarvis et al. 1994; Bennett and Faulkes 2000). Another factor 
that could contribute to the reduced pain and hyperalgesia 
seen in naked mole-rats is the robust way in which social 
rank is reinforced through robust shoving behavior in this 
species. The queen especially is known to reinforce colony 
coherence by asserting her dominance physically on colony 
members (Reeve 1992), it may well be that a very long life-
time of such robust encounters may select for increased pain 
tolerance.

Acid insensitivity: By testing a large number of African 
mole-rat species for acid sensitivity we discovered two new 
instances of acid insensitivity, in the Cape mole-rat (Geory-
chus capensis) and the East African root rat (Tachyoryctes 
splendens). The Cape mole-rat and East African root rat are 
subterranean rodents, but are both solitary animals, thus they 
may not be exposed to the hypercapnic environments prob-
ably experienced by the highly social naked mole-rat. Nev-
ertheless, both the East African root rat and the Cape mole-
rat have acquired variants in the domain IV of the NaV1.7 
channel that convert a normally predominantly positively 
charged trio of amino acids (KKV, charged +/+/0 in mouse 
and human) into predominantly negatively charged residues 
(EKD or EKE, both −/+/− in all subterranean African mole-
rats) (Fang et al. 2014; Davies et al. 2015; Eigenbrod et al. 
2019). It should be noted that EKE variant has been shown 



Journal of Comparative Physiology A	

1 3

experimentally to increase the proton block of the NaV1.7 
channel. Interestingly, large-scale sequence analysis of the 
Nav1.7 channel across the animal kingdom revealed multiple 
instances of convergent evolution in the same residues of 
the NaV1.7 channel so that, for example, many hibernating 
species displayed the naked mole-rat-like EKD variant, but 
closely related, non-hibernating species exhibited variants 
resembling the mouse or human sequence (Liu et al. 2014). 
These data provide powerful evidence that the proton sen-
sitivity of the NaV1.7 channel is strongly associated with 
situations of metabolic stress that could produce tissue aci-
dosis (hibernation is associated with metabolic stress). In 
our recent study we found that the acid-insensitive Cape 
mole-rat was the only species that has the identical amino 
acid motif in domain IV of the NaV1.7 channel as the naked 
mole-rat (EKE and not the more common EKD sequence). 
Indeed this is only the second recorded instance of such a 
motif, which is so far the only motif that has been shown 
experimentally to increase the proton block of the channel 
(Liu et al. 2014; Eigenbrod et al. 2019). Indeed detailed anal-
ysis also revealed that a functionally equivalent part of the 
NaV1.7 channel in domain III also has amino acid variants 
that are unique to the acid-insensitive African mole-rats of 
the family Bathyergidae (Eigenbrod et al. 2019). The func-
tional importance of such variants, however, remains to be 
tested. At least in the case of the naked mole-rat it appears 
to be reasonable to assume that exposure to high levels of 
carbon dioxide as consequence of living in crowded colonies 
underground could be one factor driving acid insensitivity. 
Naked mole-rats show an extraordinary resistance to hyper-
capnia which does not produce lung edema in this species 
(Park et al. 2017). We have also shown that naked mole-rats 
switch to glycolytic metabolism that produces lactic acid 
when exposed to extreme hypoxia (Park et al. 2017). It thus 
appears feasible that acid insensitivity evolved as a protec-
tive mechanism to not cause pain under metabolically stress-
ful situations. Indeed, in the brain, naked mole-rats appear 
to have smaller acid-induced currents and decreased acid-
induced cell death, suggesting a further protective mecha-
nism (Husson and Smith 2018). It was recently reported that 
carbon dioxide levels are elevated in naked mole-rat burrows 
(Holtze et al. 2018), but that the level reached is less than 
that generally associated with hypercapnia-induced changes 
in respiration rate. However, the levels of carbon dioxide 
reached in sleeping chambers where the majority of the 
colony sleep together remain to be measured. We routinely 
observe that naked mole-rats assemble in piles of sleeping 
animals to sleep communally every day multiple times, it is 
very likely that animals sleeping at the bottom of such piles 
will be exposed to very low oxygen and high carbon dioxide.

Since the three acid-insensitive species observed here 
appear to occupy different types of habitats it was all the 
more surprising that we could also detect multiple common 

genes that were regulated in the same direction in the DRG 
of all three species. We could show that all three species 
showed reduced levels of transcripts encoding ion channels 
whose activity would be enhanced by protons (Eigenbrod 
et al. 2019). Examples of such proteins included TWIK1 
and ASIC3 (Chatelain et al. 2012; Schuhmacher and Smith 
2016). However, we also discovered multiple new genes 
involved in metabolic processes that may also help all three 
species cope with acidosis.

AITC insensitivity: Only one species, the Highveld mole-
rat was found to be completely insensitive to the pungent 
electrophilic chemical Allyl isothiocyanate (AITC). Never-
theless other members of the Cryptomys genus exhibited a 
variant of the AITC gated channel TRPA1, which renders 
the channel less sensitive to this ligand (Eigenbrod et al. 
2019). We found that one of the food sources for these mole-
rats was the roots of the small matweed (Guilleminea densa) 
and these roots contained substances capable of activating 
TRPA1 channels (Eigenbrod et al. 2019). It is thus conceiv-
able that during evolution this Genus of mole-rats became 
less sensitive to the pungency of their main food source. 
More dramatically, we found that the Highveld mole-rat 
shares its burrow with a highly aggressive stinging ant spe-
cies the Natal droptail ant (Myrmicaria natalensis). These 
ants typically bite with their jaws and then inject a venom 
from abdominal glands into the wound. The venom of the 
Natal droptail ant contains unusual myrmicarin alkaloids 
of largely unknown function (Leclercq et al. 2000). We 
found that extracts from the abdomen of Natal droptail ants 
produced potent nocifensive responses in several mole-rat 
species except the Highveld mole-rat. Interestingly, block-
ade of the NALCN channel in vivo was associated with de 
novo pain-related behavior in the Highveld mole-rat when 
exposed to the ant venom (Eigenbrod et al. 2019). Alto-
gether these data suggest that the Highveld mole-rat evolved 
resistance to the venom of Natal droptail ants in order to be 
able to exploit regions of Africa avoided by other mole-rat 
species. We believe that the high expression levels of the 
NALCN channels allows this species to be impervious to 
the ant’s venom. Overexpression of NALCN in cells tended 
to be very toxic as membrane leakiness especially to cal-
cium leads to cell death. It therefore appears likely that the 
Highveld mole-rat has evolved additional molecular tricks 
to compensate for increased membrane leakiness associ-
ated with high NALCN levels. In mice, recent studies have 
suggested that upregulation of NALCN mediated currents 
is associated with increased neuronal excitability in spi-
nal nociceptive circuits (Ford et al. 2018). The biology of 
NALCN channel is still poorly understood and it is likely 
that the interaction partners of this channel may govern some 
of its cellular effects. Nevertheless, the Highveld mole-rat 
has demonstrated how this channel could be harnessed to 
shut down neuronal excitability.
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In conclusion, studies on African mole-rats have so far 
revealed novel molecular strategies to ameliorate pain. These 
animals are a highly valuable resource to discover how evo-
lution can produce novel solutions that will in the end inform 
us how to best develop therapeutic approaches for a variety 
of human illnesses as well as pain.

Acknowledgements  Open Access funding provided by Projekt DEAL. 
The work in the authors laboratories has been supported by the follow-
ing agencies: ERC advanced Grants to GRL (AdG 789128 and AdG 
294678), a National Science Foundation (Grant 1655494) to T.J.P. and 
a CRUK Grant (C56829/A22053) to ESS.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Alpson D, Lal S (1980) Combined light- and electron-microscopic 
study of the rat saphenous nerve. Cells Tissues Organs 106:141–
149. https​://doi.org/10.1159/00014​5175

Arenas OM, Zaharieva EE, Para A et al (2017) Activation of planarian 
TRPA1 by reactive oxygen species reveals a conserved mecha-
nism for animal nociception. Nat Neurosci 20:1686–1693. https​
://doi.org/10.1038/s4159​3-017-0005-0

Bandell M, Story GM, Hwang SW et al (2004) Noxious cold ion 
channel TRPA1 is activated by pungent compounds and brad-
ykinin. Neuron 41:849–857. https​://doi.org/10.1016/S0896​
-6273(04)00150​-3

Bennett NC, Faulkes CG (2000) African mole rats ecology and euso-
ciality. Cambridge University Press, Cambridge

Bessou P, Perl ER (1969) Response of cutaneous sensory units with 
unmyelinated fibers to noxious stimuli. J Neurophysiol 32:1025–
1043. https​://doi.org/10.1152/jn.1969.32.6.1025

Bishop T, Marchand F, Young ARAR et  al (2010) Ultraviolet-
B-induced mechanical hyperalgesia: a role for peripheral 
sensitisation. Pain 150:141–152. https​://doi.org/10.1016/j.
pain.2010.04.018

Brand A, Smith ESJ, Lewin GR, Park TJ (2010) Functional neurokinin 
and NMDA receptor activity in an animal naturally lacking sub-
stance P: the naked mole-rat. PLoS ONE 5:e15162. https​://doi.
org/10.1371/journ​al.pone.00151​62

Buffenstein R, Yahav S (1991) Is the naked mole-rat Heterocephalus 
glaber an endothermic yet poilkilothermic mammal. J Therm 
Biol 16:227–232

Cao YQ, Mantyh PW, Carlson EJ et al (1998) Primary afferent tachy-
kinins are required to experience moderate to intense pain. 
Nature 392:390–394. https​://doi.org/10.1038/32897​

Caterina MJ, Julius D (2001) The vanilloid receptor: a molecular gate-
way to the pain pathway. Annu Rev Neurosci 24:487–517. https​
://doi.org/10.1146/annur​ev.neuro​.24.1.487

Caterina MJ, Schumacher MA, Tominaga M et al (1997) The capsaicin 
receptor: a heat-activated ion channel in the pain pathway. Nature 
389:816–824. https​://doi.org/10.1038/39807​

Caterina MJ, Leffler A, Malmberg AB et al (2000) Impaired noci-
ception and pain sensation in mice lacking the capsaicin 
receptor. Science 288:306–313. https​://doi.org/10.1126/scien​
ce.288.5464.306

Chatelain FC, Bichet D, Douguet D et al (2012) TWIK1, a unique 
background channel with variable ion selectivity. Proc Natl Acad 
Sci 109:5499–5504. https​://doi.org/10.1073/pnas.12011​32109​

Chen Y-C, Auer-Grumbach M, Matsukawa S et al (2015) Transcrip-
tional regulator PRDM12 is essential for human pain perception. 
Nat Genet 47:803–808. https​://doi.org/10.1038/ng.3308

Chuang HH, Prescott ED, Kong H et al (2001) Bradykinin and nerve 
growth factor release the capsaicin receptor from PtdIns(4,5)
P2-mediated inhibition. Nature 411:957–962. https​://doi.
org/10.1038/35082​088

Cochet-Bissuel M, Lory P, Monteil A (2014) The sodium leak channel, 
NALCN, in health and disease. Front Cell Neurosci 8:132. https​
://doi.org/10.3389/fncel​.2014.00132​

Cox JJ, Reimann F, Nicholas AK et al (2006) An SCN9A channelo-
pathy causes congenital inability to experience pain. Nature 
444:894–898. https​://doi.org/10.1038/natur​e0541​3

Crish SD, Rice FL, Park TJ, Comer CM (2003) Somatosensory organi-
zation and behavior in naked mole-rats I: vibrissa-like body hairs 
comprise a sensory array that mediates orientation to tactile stim-
uli. Brain Behav Evol 62:141–151. https​://doi.org/10.1159/00007​
2723

Davies KTJ, Bennett NC, Tsagkogeorga G et al (2015) Family wide 
molecular adaptations to underground life in African mole-rats 
revealed by phylogenomic analysis. Mol Biol Evol 32:3089–
3107. https​://doi.org/10.1093/molbe​v/msv17​5

Deacon RMJ, Dulu TD, Patel NB (2012) Naked mole-rats: behavioural 
phenotyping and comparison with C57BL/6 mice. Behav Brain 
Res 231:193–200. https​://doi.org/10.1016/j.bbr.2012.03.003

Deuis JR, Dvorakova LS, Vetter I (2017) Methods used to evaluate 
pain behaviors in rodents. Front Mol Neurosci 10:284. https​://
doi.org/10.3389/fnmol​.2017.00284​

Dubin AE, Patapoutian A (2010) Nociceptors: the sensors of the pain 
pathway. J Clin Investig 120:3760–3772. https​://doi.org/10.1172/
JCI42​843

Dulu TD, Kanui TI, Towett PK et al (2014) The effects of oxotremo-
rine, epibatidine, atropine, mecamylamine and naloxone in the 
tail-flick, hot-plate, and formalin tests in the naked mole-rat (Het-
erocephalus glaber). In Vivo 28:39–48

Eigenbrod O, Debus KY, Reznick J et al (2019) Rapid molecular evo-
lution of pain insensitivity in multiple African rodents. Science 
364:852–859. https​://doi.org/10.1126/scien​ce.aau02​36

Fang X, Seim I, Huang Z et al (2014) Adaptations to a subterranean 
environment and longevity revealed by the analysis of mole rat 
genomes. Cell Rep 8:1354–1364. https​://doi.org/10.1016/j.celre​
p.2014.07.030

Fleischer E, Handwerker HO, Joukhadar S (1983) Unmyelinated noci-
ceptive units in two skin areas of the rat. Brain Res 267:81–92. 
https​://doi.org/10.1016/0006-8993(83)91041​-7

Ford NC, Ren D, Baccei ML (2018) NALCN channels enhance the 
intrinsic excitability of spinal projection neurons. Pain 159:1. 
https​://doi.org/10.1097/j.pain.00000​00000​00125​8



Journal of Comparative Physiology A	

1 3

Habib AM, Wood JN, Cox JJ (2015) Sodium channels and pain. Handb 
Exp Pharmacol 227:39–56. https​://doi.org/10.1007/978-3-662-
46450​-2_3

Hargreaves K, Dubner R, Brown F et al (1988) A new and sensi-
tive method for measuring thermal nociception in cutaneous 
hyperalgesia. Pain 32:77–88. https​://doi.org/10.1016/0304-
3959(88)90026​-7

Harms E, Stoetzer C, Stueber T et al (2017) Investigation into the role 
of an extracellular loop in mediating proton-evoked inhibition of 
voltage-gated sodium channels. Neurosci Lett 661:5–10. https​://
doi.org/10.1016/j.neule​t.2017.09.039

Hefti F (2019) Pharmacology of nerve growth factor and discov-
ery of tanezumab, an anti-nerve growth factor antibody and 
pain therapeutic. Pharmacol Res.https​://doi.org/10.1016/j.
phrs.2019.04.024

Heidenreich M, Lechner SG, Vardanyan V et  al (2012) KCNQ4 
K(+) channels tune mechanoreceptors for normal touch sensa-
tion in mouse and man. Nat Neurosci 15:138–145. https​://doi.
org/10.1038/nn.2985

Heppenstall PA, Lewin GR (2000) Neurotrophins, nociceptors and 
pain. Curr Opin Anaesthesiol 13:573–576

Hinman A, Chuang H-H, Bautista DM, Julius D (2006) TRP channel 
activation by reversible covalent modification. Proc Natl Acad 
Sci 103:19564–19568. https​://doi.org/10.1073/pnas.06095​98103​

Hockley JRF, González-Cano R, McMurray S et al (2017) Visceral 
and somatic pain modalities reveal Na V 1.7-independent vis-
ceral nociceptive pathways. J Physiol 595:2661–2679. https​://
doi.org/10.1113/JP272​837

Hockley JRF, Taylor TS, Callejo G et al (2019) Single-cell RNAseq 
reveals seven classes of colonic sensory neuron. Gut 68:633–644. 
https​://doi.org/10.1136/gutjn​l-2017-31563​1

Hockley JRF, Taylor TS, Callejo G et al (2020) Acid and inflammatory 
sensitisation of naked mole-rat colonic afferent nerves. Mol Pain 
16:1–11. https​://doi.org/10.1177/17448​06920​90315​0

Holtze S, Braude S, Lemma A et al (2018) The microenvironment of 
naked mole-rat burrows in East Africa. Afr J Ecol 56:279–289. 
https​://doi.org/10.1111/aje.12448​

Holzer P (2009) Acid-sensitive ion channels and receptors. Handb Exp 
Pharmacol.https​://doi.org/10.1007/978-3-540-79090​-7_9

Husson Z, Smith ESJ (2018) Naked mole-rat cortical neurons are 
resistant to acid-induced cell death. Mol Brain 11:26. https​://
doi.org/10.1186/s1304​1-018-0369-4

Illanes O, Henry J, Skerritt G (1990) Light and electron micros-
copy studies of the ulnar, saphenous, and caudal cutaneous 
sural nerves of the dog. Am J Anat 187:158–164. https​://doi.
org/10.1002/aja.10018​70204​

Indo Y, Tsuruta M, Hayashida Y et al (1996) Mutations in the TRKA/
NGF receptor gene in patients with congenital insensitivity 
to pain with anhidrosis. Nat Genet 13:485–488. https​://doi.
org/10.1038/ng089​6-485

Jancsó G, Kiraly E, JancsÓ-Gábor A (1977) Pharmacologically induced 
selective degeneration of chemosensitive primary sensory neu-
rones. Nature 270:741–743. https​://doi.org/10.1038/27074​1a0

Jarvis JU (1981) Eusociality in a mammal: cooperative breeding in 
naked mole-rat colonies. Science 212:571–573. https​://doi.
org/10.1126/scien​ce.72095​55

Jarvis JUM, O’Riain MJ, Bennett NC, Sherman PW (1994) Mamma-
lian eusociality: a family affair. Trends Ecol Evol 9:47–51. https​
://doi.org/10.1016/0169-5347(94)90267​-4

Jenq CB, Coggeshall RE (1984) Regeneration of axons in tributary 
nerves. Brain Res 310:107–121. https​://doi.org/10.1016/0006-
8993(84)90014​-3

Jenq CB, Coggeshall RE (1985) Numbers of regenerating axons in par-
ent and tributary peripheral nerves in the rat. Brain Res 326:27–
40. https​://doi.org/10.1016/0006-8993(85)91381​-2

Jenq CB, Hulsebosch CE, Coggeshall RE, Perez-Polo JR (1984) The 
effects of nerve growth factor and its antibodies on axonal num-
bers in the medial gastrocnemius nerve of the rat. Brain Res 
299:9–14. https​://doi.org/10.1016/0006-8993(84)90782​-0

Jones NG, Slater R, Cadiou H et al (2004) Acid-induced pain and its 
modulation in humans. J Neurosci  24:10974–10979. https​://doi.
org/10.1523/JNEUR​OSCI.2619-04.2004

Jordt S-E, Julius D (2002) Molecular basis for species-specific sensitiv-
ity to “hot” chili peppers. Cell 108:421–30

Jordt S-EE, Bautista DM, Chuang H-HH et al (2004) Mustard oils 
and cannabinoids excite sensory nerve fibres through the TRP 
channel ANKTM1. Nature 427:260–265. https​://doi.org/10.1038/
natur​e0228​2

Jørgensen KB, Krogh-Jensen K, Pickering DS et al (2016) Investigation 
of the presence and antinociceptive function of muscarinic ace-
tylcholine receptors in the African naked mole-rat (Heterocepha-
lus glaber). J Comp Physiol A Neuroethol Sens Neural Behav 
Physiol 202:7–15. https​://doi.org/10.1007/s0035​9-015-1048-x

Kang K, Pulver SR, Panzano VC et al (2010) Analysis of Drosophila 
TRPA1 reveals an ancient origin for human chemical nocicep-
tion. Nature 464:597–600. https​://doi.org/10.1038/natur​e0884​8

Kanui TI, Hole K (1990) Morphine induces aggression but not anal-
gesia in the naked mole-rat (Heterocephalus glaber). Comp 
Biochem Physiol C 96:131–133. https​://doi.org/10.1016/0742-
8413(90)90057​-g

Kanui TI, Karim F, Towett PK (1993) The formalin test in the naked 
mole-rat (Heterocephalus glaber): analgesic effects of morphine, 
nefopam and paracetamol. Brain Res 600:123–126. https​://doi.
org/10.1016/0006-8993(93)90409​-g

Karim F, Kanui TI, Mbugua S (1993) Effects of codeine, naproxen and 
dexamethasone on formalin-induced pain in the naked mole-rat. 
Neuroreport 4:25–28. https​://doi.org/10.1097/00001​756-19930​
1000-00006​

Khan A, Kyle JW, Hanck DA et al (2006) Isoform-dependent interac-
tion of voltage-gated sodium channels with protons. J Physiol 
576:493–501. https​://doi.org/10.1113/jphys​iol.2006.11565​9

Koltzenburg M, Stucky CL, Lewin GR (1997) Receptive properties of 
mouse sensory neurons innervating hairy skin. J Neurophysiol 
78:1841–1850. https​://doi.org/10.1152/jn.1997.78.4.1841

Langford DJ, Bailey AL, Chanda ML et al (2010) Coding of facial 
expressions of pain in the laboratory mouse. Nat Methods 7:447–
449. https​://doi.org/10.1038/nmeth​.1455

Lechner SG, Lewin GR (2013) Hairy sensation. Physiology 28:142–
150. https​://doi.org/10.1152/physi​ol.00059​.2012

Leclercq S, Braekman JC, Daloze D, Pasteels JM (2000) The defensive 
chemistry of ants. Springer, Vienna, pp 115–229

Leipold E, Liebmann L, Korenke GC et al (2013) A de novo gain-of-
function mutation in SCN11A causes loss of pain perception. Nat 
Genet 45:1399–1404. https​://doi.org/10.1038/ng.2767

Lewin GR, McMahon SB (1991) Physiological properties of primary 
sensory neurons appropriately and inappropriately innervating 
skin in the adult rat. J Neurophysiol 66:1205–1217. https​://doi.
org/10.1152/jn.1991.66.4.1205

Lewin GR, Mendell LM (1994) Regulation of cutaneous C-fiber heat 
nociceptors by nerve growth factor in the developing rat. J Neu-
rophysiol 71:941–949. https​://doi.org/10.1152/jn.1994.71.3.941

Lewin GR, Moshourab R (2004) Mechanosensation and pain. J Neuro-
biol 61:30–44. https​://doi.org/10.1002/neu.20078​

Lewin GR, Ritter AMAM, Mendell LMM et al (1993) Nerve growth 
factor-induced hyperalgesia in the neonatal and adult rat. J Neu-
rosci 13:2136–2148. https​://doi.org/10.1523/jneur​osci.13-05-
02136​.1993

Lewin GR, Rueff A, Mendell LM (1994) Peripheral and central mecha-
nisms of NGF-induced hyperalgesia. Eur J Neurosci 6:1903–
1912. https​://doi.org/10.1111/j.1460-9568.1994.tb005​81.x



	 Journal of Comparative Physiology A

1 3

Lewin GR, Lechner SG, Smith ESJ (2014) Nerve growth factor and 
nociception: from experimental embryology to new analgesic 
therapy. In: Handbook of experimental pharmacology, pp 251–
282. https​://doi.org/10.1007/978-3-642-45106​-5_10

Li C-L, Li K-C, Wu D et al (2016) Somatosensory neuron types identi-
fied by high-coverage single-cell RNA-sequencing and functional 
heterogeneity. Cell Res 26:83–102. https​://doi.org/10.1038/
cr.2015.149

Liu Z, Wang W, Zhang T-Z et al (2014) Repeated functional con-
vergent effects of NaV1.7 on acid insensitivity in hibernating 
mammals. Proc Biol Sci 281:20132950. https​://doi.org/10.1098/
rspb.2013.2950

Lu B, Su Y, Das S et al (2007) The neuronal channel NALCN con-
tributes resting sodium permeability and is required for normal 
respiratory rhythm. Cell 129:371–383. https​://doi.org/10.1016/j.
cell.2007.02.041

Luiz AP, Wood JN (2016) Sodium channels in pain and cancer. In: 
Advances in pharmacology. San Diego, pp 153–178. https​://doi.
org/10.1016/bs.apha.2015.12.006

McDermott LA, Weir GA, Themistocleous AC et al (2019) Defining 
the functional role of Na V 1.7 in human nociception. Neuron 
101:905-919.e8. https​://doi.org/10.1016/j.neuro​n.2019.01.047

Milenkovic N, Frahm C, Gassmann M et al (2007) Nociceptive tuning 
by stem cell factor/c-Kit signaling. Neuron 56:893–906. https​://
doi.org/10.1016/j.neuro​n.2007.10.040

Milenkovic N, Wetzel C, Moshourab R, Lewin GR (2008) Speed and 
temperature dependences of mechanotransduction in afferent fib-
ers recorded from the mouse saphenous nerve. J Neurophysiol 
100:2771–2783. https​://doi.org/10.1152/jn.90799​.2008

Moshourab RA, Wetzel C, Martinez-Salgado C, Lewin GR (2013) 
Stomatin-domain protein interactions with acid-sensing ion chan-
nels modulate nociceptor mechanosensitivity. J Physiol.https​://
doi.org/10.1113/jphys​iol.2013.26118​0

Nagy JI, Hunt SP (1982) Fluoride-resistant acid phosphatase-contain-
ing neurones in dorsal root ganglia are separate from those con-
taining substance P or somatostatin. Neuroscience 7:89–97. https​
://doi.org/10.1016/0306-4522(82)90155​-5

Ochoa J, Mair WG (1969) The normal sural nerve in man. I. Ultra-
structure and numbers of fibres and cells. Acta Neuropathol 
13:197–216. https​://doi.org/10.1007/bf006​90642​

Oda M, Kurogi M, Kubo Y, Saitoh O (2016) Sensitivities of two 
zebrafish TRPA1 paralogs to chemical and thermal stimuli ana-
lyzed in heterologous expression systems. Chem Senses 41:261–
272. https​://doi.org/10.1093/chems​e/bjv09​1

Omerbašić D, Smith ESJ, Moroni M et al (2016) Hypofunctional TrkA 
accounts for the absence of pain sensitization in the African 
naked mole-rat. Cell Rep 17:748–758. https​://doi.org/10.1016/j.
celre​p.2016.09.035

Park TJ, Comer C, Carol A et al (2003) Somatosensory organization 
and behavior in naked mole-rats: II. Peripheral structures, inner-
vation, and selective lack of neuropeptides associated with ther-
moregulation and pain. J Comp Neurol 465:104–120. https​://doi.
org/10.1002/cne.10824​

Park TJ, Lu Y, Jüttner R et al (2008) Selective inflammatory pain insen-
sitivity in the African naked mole-rat (Heterocephalus glaber). 
PLoS Biol 6:e13. https​://doi.org/10.1371/journ​al.pbio.00600​13

Park TJ, Reznick J, Peterson BL et al (2017) Fructose-driven glyco-
lysis supports anoxia resistance in the naked mole-rat. Science 
356:307–311. https​://doi.org/10.1126/scien​ce.aab38​96

Pattison LA, Callejo G, Smith ESJ (2019) Evolution of acid nocic-
eption: ion channels and receptors for detecting acid. Philos 
Trans R Soc B Biol Sci 374:20190291. https​://doi.org/10.1098/
rstb.2019.0291

Perl ER (1996) Chapter 2. Cutaneous polymodal receptors: charac-
teristics and plasticity. Prog Brain Res 113:21–37. https​://doi.
org/10.1016/S0079​-6123(08)61079​-1

Petty BG, Cornblath DR, Adornato BT et al (1994) The effect of sys-
temically administered recombinant human nerve growth factor 
in healthy human subjects. Ann Neurol 36:244–246. https​://doi.
org/10.1002/ana.41036​0221

Price MP, McIlwrath SL, Xie J et al (2001) The DRASIC cation chan-
nel contributes to the detection of cutaneous touch and acid 
stimuli in mice. Neuron 32:1071–1083. https​://doi.org/10.1016/
S0896​-6273(01)00547​-5

Rafel E, Alberca R, Bautista J et al (1980) Congenital insensitivity 
to pain with anhidrosis. Muscle Nerve 3:216–220. https​://doi.
org/10.1002/mus.88003​0305

Reeh PW, Steen KH (1996) Tissue acidosis in nociception and pain. 
Prog Brain Res 113:143–151. https​://doi.org/10.1016/s0079​
-6123(08)61085​-7

Reeve HK (1992) Queen activation of lazy workers in colonies of 
the eusocial naked mole-rat. Nature 358:147–149. https​://doi.
org/10.1038/35814​7a0

Ruby JG, Smith M, Buffenstein R (2018) Naked mole-rat mortal-
ity rates defy Gompertzian laws by not increasing with age. 
Elife.https​://doi.org/10.7554/eLife​.31157​

Saito S, Banzawa N, Fukuta N et al (2014) Heat and noxious chemical 
sensor, chicken TRPA1, as a target of bird repellents and identi-
fication of its structural determinants by multispecies functional 
comparison. Mol Biol Evol 31:708–722. https​://doi.org/10.1093/
molbe​v/msu00​1

Salmon A-M, Damaj MI, Marubio LM et al (2001) Altered neuro-
adaptation in opiate dependence and neurogenic inflammatory 
nociception in αCGRP-deficient mice. Nat Neurosci 4:357–358. 
https​://doi.org/10.1038/86001​

Sambongi Y, Takeda K, Wakabayashi T et al (2000) Caenorhabditis 
elegans senses protons through amphid chemosensory neurons. 
Neuroreport 11:2229–2232. https​://doi.org/10.1097/00001​756-
20000​7140-00033​

Scadding JW (1980) The permanent anatomical effects of neonatal 
capsaicin on somatosensory nerves. J Anat 131:471–482

Schuhmacher L-N, Callejo G, Srivats S, Smith ESJ (2018) Naked mole-
rat acid-sensing ion channel 3 forms nonfunctional homomers, 
but functional heteromers. J Biol Chem 293:1756–1766. https​://
doi.org/10.1074/jbc.M117.80785​9

Schuhmacher L-N, Smith ESJ (2016) Expression of acid-sensing 
ion channels and selection of reference genes in mouse and 
naked mole rat. Mol Brain 9:97. https​://doi.org/10.1186/s1304​
1-016-0279-2

Schwab BW, Arezzo JC, Paldino AM et al (1984) Rabbit sural nerve 
responses to chronic treatment with thalidomide and supidimide. 
Muscle Nerve 7:362–368. https​://doi.org/10.1002/mus.88007​
0504

Schwarz MG, Namer B, Reeh PW, Fischer MJM (2017) TRPA1 and 
TRPV1 antagonists do not inhibit human acidosis-induced pain. 
J Pain 18:526–534. https​://doi.org/10.1016/j.jpain​.2016.12.011

Silverman JD, Kruger L (1990) Selective neuronal glycoconjugate 
expression in sensory and autonomic ganglia: relation of lectin 
reactivity to peptide and enzyme markers. J Neurocytol 19:789–
801. https​://doi.org/10.1007/BF011​88046​

Smeyne RJ, Klein R, Schnapp A et al (1994) Severe sensory and sympa-
thetic neuropathies in mice carrying a disrupted Trk/NGF recep-
tor gene. Nature 368:246–249. https​://doi.org/10.1038/36824​6a0

Smith ESJ, Lewin GR (2009) Nociceptors: a phylogenetic view. 
J Comp Physiol A Neuroethol Sens Neural Behav Physiol 
195:1089–1106. https​://doi.org/10.1007/s0035​9-009-0482-z

Smith ESJ, Blass GRC, Lewin GR, Park TJ (2010) Absence 
of histamine-induced itch in the African naked mole-rat 
and “rescue” by Substance P. Mol Pain 6:29. https​://doi.
org/10.1186/1744-8069-6-29



Journal of Comparative Physiology A	

1 3

Smith ESJ, Omerbasic D, Lechner SG et al (2011) The molecular 
basis of acid insensitivity in the African naked mole-rat. Sci-
ence 334:1557–1560. https​://doi.org/10.1126/scien​ce.12137​60

Smith ES, Purfürst B, Grigoryan T et al (2012) Specific paucity of 
unmyelinated C-fibers in cutaneous peripheral nerves of the 
African naked-mole rat: comparative analysis using six species 
of Bathyergidae. J Comp Neurol 520:2785–2803. https​://doi.
org/10.1002/cne.23133​

Sneddon LU, Braithwaite VA, Gentle MJ (2003) Do fishes have noci-
ceptors? Evidence for the evolution of a vertebrate sensory sys-
tem. Proc R Soc Lond Ser B Biol Sci 270:1115–1121. https​://
doi.org/10.1098/rspb.2003.2349

Smith ESJ (2018) Advances in understanding nociception and neu-
ropathic pain. J Neurol 265:231–238. https​://doi.org/10.1007/
s0041​5-017-8641-6

Steen KH, Reeh PW (1993) Sustained graded pain and hyperalge-
sia from harmless experimental tissue acidosis in human skin. 
Neurosci Lett 154:113–116. https​://doi.org/10.1016/0304-
3940(93)90184​-m

Story GM, Peier AM, Reeve AJ et al (2003) ANKTM1, a TRP-like 
channel expressed in nociceptive neurons, is activated by cold 
temperatures. Cell 112:819–829. https​://doi.org/10.1016/S0092​
-8674(03)00158​-2

Stucky CL, Lewin GR (1999) Isolectin B4-positive and -negative noci-
ceptors are functionally distinct. J Neurosci 19:6497–6505. https​
://doi.org/10.1523/JNEUR​OSCI.19-15-06497​.1999

Stucky CL, Rossi J, Airaksinen MS, Lewin GR (2002) GFR α2/neur-
turin signalling regulates noxious heat transduction in isolectin 
B4-binding mouse sensory neurons. J Physiol.https​://doi.
org/10.1113/jphys​iol.2002.02765​6

Stürzebecher AS, Hu J, Smith ESJ et al (2010) An in vivo tethered 
toxin approach for the cell-autonomous inactivation of volt-
age-gated sodium channel currents in nociceptors. J Physiol 
588:1695–1707. https​://doi.org/10.1113/jphys​iol.2010.18711​2

Swanson AG, Buchan GC, Alvord EC (1965) Anatomic changes in 
congenital insensitivity to pain. Arch Neurol 12:12. https​://doi.
org/10.1001/archn​eur.1965.00460​25001​6002

Tobin DM, Bargmann CI (2004) Invertebrate nociception: behaviors, 
neurons and molecules. J Neurobiol 61:161–174. https​://doi.
org/10.1002/neu.20082​

Todd AJ (2010) Neuronal circuitry for pain processing in the dorsal 
horn. Nat Rev Neurosci 11:823–836. https​://doi.org/10.1038/
nrn29​47

Todd AJ (2017) Identifying functional populations among the 
interneurons in laminae I-III of the spinal dorsal horn. Mol Pain 
13:174480691769300. https​://doi.org/10.1177/17448​06917​
69300​3

Tominaga M, Caterina MJ, Malmberg AB et al (1998) The cloned cap-
saicin receptor integrates multiple pain-producing stimuli. Neu-
ron 21:531–543. https​://doi.org/10.1016/s0896​-6273(00)80564​-4

Towett PK, Kanui TI (1993) Effects of pethidine, acetylsalicylic acid, 
and indomethacin on pain and behavior in the mole-rat. Pharma-
col Biochem Behav 45:153–159. https​://doi.org/10.1016/0091-
3057(93)90099​-f

Towett PK, Kanui TI, Juma FD (2006) Stimulation of mu and delta 
opioid receptors induces hyperalgesia while stimulation of 
kappa receptors induces antinociception in the hot plate test 
in the naked mole-rat (Heterocephalus glaber). Brain Res Bull 
71:60–68. https​://doi.org/10.1016/j.brain​resbu​ll.2006.08.001

Towett PK, Kanui TI, Maloiy GMO et al (2009) Activation of micro, 
delta or kappa opioid receptors by DAMGO, DPDPE, U-50488 
or U-69593 respectively causes antinociception in the forma-
lin test in the naked mole-rat (Heterocephalus glaber). Phar-
macol Biochem Behav 91:566–572. https​://doi.org/10.1016/j.
pbb.2008.09.011

Treede RD, Meyer RA, Raja SN, Campbell JN (1992) Peripheral and 
central mechanisms of cutaneous hyperalgesia. Prog Neurobiol 
38:397–421. https​://doi.org/10.1016/0301-0082(92)90027​-c

Ugawa S, Ueda T, Ishida Y et al (2002) Amiloride-blockable acid-
sensing ion channels are leading acid sensors expressed in 
human nociceptors. J Clin Invest 110:1185–1190. https​://doi.
org/10.1172/JCI15​709

Usoskin D, Furlan A, Islam S et al (2015) Unbiased classification of 
sensory neuron types by large-scale single-cell RNA sequenc-
ing. Nat Neurosci 18:145–153. https​://doi.org/10.1038/nn.3881

Walcher J, Ojeda-Alonso J, Haseleu J et al (2018) Specialized mecha-
noreceptor systems in rodent glabrous skin. J Physiol 596:4995–
5016. https​://doi.org/10.1113/JP276​608

Wang R, Lewin GR (2011) The Cav3.2 T-type calcium channel regu-
lates temporal coding in mouse mechanoreceptors. J Physiol 
589:2229–2243. https​://doi.org/10.1113/jphys​iol.2010.20346​3

Wetzel C, Hu J, Riethmacher D et al (2007) A stomatin-domain protein 
essential for touch sensation in the mouse. Nature 445:206–209. 
https​://doi.org/10.1038/natur​e0539​4

Yang K, Kumamoto E, Furue H, Yoshimura M (1998) Capsaicin 
facilitates excitatory but not inhibitory synaptic transmission 
in substantia gelatinosa of the rat spinal cord. Neurosci Lett 
255:135–138. https​://doi.org/10.1016/S0304​-3940(98)00730​-7

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


