
	
 

 
 

Scientific Background 

Discoveries of receptors for temperature and touch 

 
The 2021 Nobel Prize in Physiology or Medicine is 
awarded to David Julius and Ardem Patapoutian 
for their discoveries of thermal and mechanical 
transducers. The question of how we sense the 
physical world through somatic sensation has 
fascinated humankind for millennia. During the 
first half of the 20th century, it became clear that 
temperature and pressure activate different types 
of nerves in the skin. However, the identity of the 
molecular transducers responsible for detecting 
and converting heat, cold and touch into nerve 
impulses in the sensory nervous system remained 
a mystery until the discoveries awarded with this 
year’s Nobel Prize. David Julius wished to 
identify the cellular target of capsaicin, the 
pungent ingredient of chili peppers, as he believed 
this could provide fundamental insights into 
mechanisms of pain. He used a cDNA library from 
sensory neurons in a functional screen to look for 
a gene that could confer capsaicin sensitivity to 
cells that were normally unresponsive. The screen 
identified a cDNA encoding a novel ion channel 
(now called TRPV1) belonging to the family of 
transient receptor potential ion channels. 
Importantly, TRPV1 was shown to be activated by 
temperatures perceived as painful. Following the 
discovery of TRPV1, David Julius and Ardem 
Patapoutian independently made another 
important advance with the discovery of TRPM8, 
a related cold-sensitive receptor. Several 
additional TRP-receptors were subsequently 
identified and shown to transduce thermal 
information in the somatosensory system. Thus, 
the seminal discovery of TRPV1 by David Julius 
opened the door to a molecular understanding of 
thermosensation. Ardem Patapoutian used a 
functional screen of candidate genes expressed in 
a mechanosensitive cell line to identify ion 
channels activated by mechanical stimuli. Two 
mechanically-activated ion channels, named 
PIEZO1 and PIEZO2, were identified and shown 
to represent an entirely novel class of ion channels 
functioning as mechanical sensors. Importantly, 
Patapoutian also demonstrated that PIEZO2 is the 
major mechanical transducer in somatic nerves 
and is required for our perception of touch and 
proprioception. In further work, he uncovered 
central roles of PIEZO1 and PIEZO2 for many 
additional physiological functions. The work by the 

two Laureates has unlocked one of the secrets of 
nature by explaining the molecular basis for 
sensing heat, cold and mechanical force, which is 
fundamental for our ability to feel, interpret and 
interact with our internal and external environ-
ment. 
 
 
From moving particles to nerve conduction 
Somatic sensation has fascinated humankind for 
millennia. In an attempt to explain how we react to 
heat, the 17th century philosopher René Descartes 
depicted that particles of fire pulled a thread 
between the skin and brain [1]. In the 1880s, 
distinct sensory spots on the skin were shown to 
react to specific stimuli, such as touch, heat or 
cold, indicating that different stimuli activate 
different types of nerves [2, 3]. Three previous 
Nobel Prizes in Physiology or Medicine have 
significantly advanced our understanding of the 
somatic sensory nervous system. In 1906, Camillo 
Golgi and Santiago Ramón y Cajal received the 
Nobel Prize for their work on the structure of the 
nervous system, which included an anatomical 
description of the somatosensory system. Sir 
Charles Sherrington and Edgar Adrian received 
the Nobel Prize in 1932 for their discoveries 
regarding the function of neurons, including a 
description of somatosensory neurons. In 1944, 
Joseph Erlanger and Herbert Spencer Gasser 
received the Nobel Prize for their discoveries 
related to the differentiated functions of single 
somatosensory nerve fibers. These discoveries 
established important principles for the 
propagation of action potentials along skin and 
muscle sensory nerve fibers. The discovery of 
different nerve fiber types with distinct conduction 
velocities, activation thresholds and refractory 
periods, made it possible to link specific nerve 
fiber types to different somatosensory modalities, 
such as proprioception (the sense of our body’s 
movement and position in space), touch and 
temperature sensation. However, fundamental 
questions remained unsolved: What is the nature 
and molecular identity of the receptors that can 
sense temperature and touch and how can those 
sensors convert stimuli into action potentials 
within the somatosensory nerve fibers?  
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Sensing the environment 
The ability to sense and adapt to the environment 
is essential for survival in all organisms. For 
example, bacteria adapt to changes in osmotic 
force through the activation of mechanosensitive 
ion channels enabling them to survive when 
trapped in rainwater [4, 5]. In humans and other 
animals, somatic sensation arises from the body 
surface or internal organs and endow us with the 
sense of touch, proprioception, pain and 
temperature. These are vital functions allowing 
organisms to continuously adapt to changes in the 
external and internal environment.  

Somatic senses involve peripheral sensory 
pathways that detect and convert objective 
information about the physical properties of 
various stimuli (e.g. mechanical and thermal) into 
electrical signals that are conveyed to the central 
nervous system. The sense of touch, initiated by 
the detection of mechanical force, provides us with 
the recognition of texture, size and shape of 
objects as well as tactile and vibration sensitivity. 
This sense, for example, allows us to recognize 
the softness of a pillow, gentle caress of the skin 
or the feeling of a breeze. The capacity of 
discrimination of perceptual qualities arises from 
unique functions of a variety of sensory neurons 
involved in touch sensation. Thus, different stimuli, 
such as skin indentation, skin stretch, hair 
deflection or vibration, activate different types of 
sensory neurons [6]. The somatosensory system 
also conveys information on limb movement and 
position in space (i.e., proprioception), allowing us 
to sense when an arm or a leg is stretched or 
folded.   

Another aspect of somatic sensation relates to 
pain induced by noxious stimuli that activate a 
class of polymodal nerve fibers (called 
nociceptors) in response to strong mechanical 
force and painful heat [7, 8]. These nociceptors 
transmit information on potentially harmful 
changes in our physical environment, e.g. when 
touching a hot stove or holding a hand in ice water. 
Accordingly, pain represents an essential pro-
tective mechanism that prevents tissue damage 
through reflex reactions.  
	
Apart from providing conscious awareness about 
our body and its surroundings, the somatosensory 
system is also essential for tasks that we perform 
effortlessly and without much thought. For 
example, when drinking a glass of water, sensory 
neurons convey information about the weight, 
size, texture and temperature of the glass so that 
an appropriate grip strength can be applied and 
movements coordinated when taking a sip. 
Similarly, the seemingly simple task of walking 
also requires a continuous flow of sensory infor-

mation to coordinate and correct limb move-ments 
and maintain balance.  
 
Through their ground-breaking work the 2021 
Nobel Prize Laureates have identified the long 
sought molecular transducers for sensing 
temperature and mechanical force. Their 
discoveries have unlocked one of the remaining 
mysteries of how somatic sensation enables us to 
feel and interact with the physical world. 
 
The discovery of thermosensitive ion channels 
for thermal sensation 

A prelude  
Capsaicin (8-methyl-N-vanillyl-6-nonenamide), 
the active component of chili peppers, gives the 
burning sensation when eating spicy food. Studies 
on the chemical provided important insights that 
opened for the discovery of the first heat-sensitive 
receptor. Studies in the 1950s showed that 
sweating of the head is induced when hot peppers 
are in contact with the mouth or lips, a 
phenomenon called gustatory sweating [9].  
During the following decades, capsaicin was 
found to act on sensory nerves [10] and to induce 
ionic currents [11-14]. In parallel, it was also 
shown that noxious heat produced activation of ion 
channels in sensory neurons [15, 16]. However, it 
was not fully clear if the channel itself was the 
transducer of thermal energy. 

  
The discovery of TRPV1 as a thermosensitive 
ion channel in sensory neurons 
In the late 1990s, David Julius at the University of 
California, San Francisco, pursued a project to 
identify the receptor for capsaicin. He thought that 
understanding the action of capsaicin could 
provide insights into pain signaling. Together with 
a postdoctoral fellow, Michael J. Caterina, Julius 
decided to conduct an unbiased functional screen 
based on the assumption that a single gene can 
confer capsaicin sensitivity in cells that are 
normally insensitive to capsaicin. To find this 
putative gene, Julius and coworkers made a cDNA 
library from rodent dorsal root ganglia that contain 
the cell bodies of the capsaicin-activated sensory 
neurons. Capsaicin-insensitive cells were 
transfected with batches of these cDNAs and 
eventually a single cDNA clone was isolated that 
could confer responsiveness to capsaicin [17] 
(Figure 1A). The isolated gene was predicted to 
encode an integral membrane protein with six 
transmembrane domains and a homology search 
revealed that it belonged to the superfamily of 
transient receptor potential (TRP) cation channels 
[18, 19].  Julius continued to functionally charact-
erize the TRPV1 receptor (at the time 
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Figure 1. From Caterina et al., 
1997 [17]. A)  HEK293 cells 
transfected with pools of cDNA 
clones. In pool DRG-11 some 
cells responded to capsaicin.  
After iterative assaying, a clone 
corresponding to TPRV1 (VR1) 
was identified. B) Expression of 
TRPV1 in dorsal root ganglion 
neurons. C) The temperature 
sensitivity of TRPV1 expressed in 
oocytes is in the noxious range, 
above 40°C. 
 

 
 
called vanilloid receptor 1, VR1) by ectopic 
expression in cells and found that the capsaicin-
evoked electrophysiological properties resembled 
those of channels found in native sensory 
neurons. He also noted that the transfected cells 
became sensitive to cytotoxic effects induced by 
capsaicin and that the capsaicin-evoked 
responses could be blocked with an antagonist. 
Further characterization showed that TRPV1 was 
expressed in nociceptive dorsal root ganglion 
neurons, thus providing an explanation for the 
selective actions of capsaicin on these cells 
(Figure 1B). While exploring the physiology of 
TRPV1, Julius examined its sensitivity to elevated 
temperature and found a pronounced activation by 
heat leading to cellular Ca2+ influx. Direct meas-
urement of currents using patch-clamp recordings 
revealed a specific heat-evoked membrane 
current with properties similar to those of sensory 
neurons. Furthermore, TRPV1 had an activation 
threshold (above 40°C) close to the psycho-
physical threshold for thermal pain (Figure 1C).  
 
Shortly after identifying TRPV1, Julius went on to 
show that heat directly activates this channel in the 
absence of other factors, and that it acts as a 
molecular integrator of painful heat stimuli and 
chemical stimuli [20]. TRPV1 was expressed in 
unmyelinated nociceptive neurons, but not in 
neurons involved in proprioception, touch and 
pressure sensation, consistent with its role as a 
transducer of noxious heat. The role of TRPV1 as 
the only receptor activated by capsaicin and its 
essential role for transducing the nociceptive, 

inflammatory and hyperthermic effects of 
capsaicin was subsequently established in mice. 
TRPV1 is also required for inflammatory heat 
hyperalgesia in mice [21, 22]. Recent clinical 
studies of selective TRPV1 antagonists confirms a 
major role for this ion channel for sensing noxious 
heat in humans [23, 24]. The seminal discovery of 
TRPV1 as the capsaicin- and heat-activated ion 
channel in 1997 opened the field and represented 
a landmark achievement in our quest to under-
stand the molecular and neural basis for thermal 
sensing.  
 
The overall transmembrane topology and subunit 
architecture of TRPV1 and other TRP channels is 
similar to voltage-gated sodium and potassium 
channels [25, 26]. The structure of TRPV1 has 
been determined by cryo-electron microscopy in a 
collaboration between the Julius and Yifan Cheng 
laboratories. TRPV1 seems to have two gates that 
form two prominent physical constrictions at either 
end of the cation-conducting pore [27, 28]. 
Capsaicin binds a pocket in TRPV1 located deep 
in the membrane close to the cytoplasmic side. A 
recent structural study showed that noxious heat 
produces two conformational gating transitions in 
capsaicin-bound TRPV1 channels [29]. The first 
transition primes the channel for opening, while 
the second leads to channel opening. The 
structural studies of TRPV1 channels have 
provided important insights into mechanisms for 
their ion permeation, ligand recognition and 
gating, but the mechanisms for their activation by 
heat are not fully understood at the structural level. 
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Figure 2. The discovery of TRPV1 using a gain of function screen of genes expressed in sensory neurons 
for reconstitution of capsaicin responsiveness in a non-responsive cell line. This paved the way to the 
unravelling of additional temperature-sensing TRP receptors, which together code for temperature 
sensation. 

The sensation of noxious heat  
Whereas TRPV1 was found to have a critical role 
for the increased sensitivity to heat during 
inflammation, it was evident that other heat 
sensitive receptors must exist because animals 
lacking Trpv1 showed only a minor loss of acute 
noxious heat sensation [21, 22, 30, 31]. In 2011, 
Voets’ group identified TRPM3 as a second 
sensor for noxious heat in Trpv1 knockout mice 
[32]. However, the inactivation of both Trpv1 and 
Trpm3 in mice blunted, but did not eliminate, reflex 
responses to noxious heat. The attention therefore 
turned to a third TRP channel, TRPA1, which had 
been discovered in 2004 as a transducer for 
pungent chemicals independently by Julius and 
Patapoutian laboratories [33, 34]. TRPA1 is 
involved in the detection of a wide variety of 
noxious external stimuli, such as active com-
pounds in mustard oil, horseradish, cinnamon, 
garlic, cloves, and ginger, as well as lipid 
compounds, environmental irritants and other 
chemicals [33-38]. The TRPA1 ion channel is 
polymodal and can be activated by various 
chemical substances, as well as by cold and heat 
in a way that differ between mammalian species 
[39]. Because of this complexity, the role for 
TRPA1 as a thermosensor in mammalian sensory 
neurons was debated [36, 40-43]. The question of 
which ion channels contribute to noxious heat 
sensation in mice was resolved when Voets` 

group showed that it depends on a triad of ion 
channels, namely TRPV1, TRPM3 and TRPA1 
[44].  
 
The sensation of cold 
Non-noxious cold sensation in humans and mice 
starts around 28°C and has a remarkable 
precision detecting changes as small as 0.5°C in 
skin temperature [43, 45, 46]. In 2002, the sensory 
transducer for cold was independently discovered 
by the Julius and Patapoutian laboratories [47, 48] 
in functional screens based on the assumption 
that menthol, a natural compound that elicits the 
sensation of innocuous coolness in humans, binds 
an ion channel that is activated by low 
temperature. Both groups identified TRPM8, yet 
another member of the TRP superfamily, and 
found that it is activated by low temperature in a 
heterologous expression system at a temperature 
range at which humans perceive innocuous cold 
[47, 48]. Consistent with these findings, Julius, 
Patapoutian and other groups independently 
found that deletion of Trpm8 in mice causes clear 
deficits in sensation of innocuous cold [49-51]. The 
discovery of TRPM8 as a cold sensor placed the 
TRP superfamily at the center stage of thermal 
somatosensation and paved the way to the 
identification of additional TRP channels 
responsible for thermal sensation.  
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Figure 3. From Coste et al., 2010 [64]. A) Mechanosensitive currents in Neuro2A cells. B) Average 
amplitude of currents in Neuro2A cells with knockdown of candidate genes. C) Expression of PIEZO2 in a 
subset of dorsal root ganglion sensory neurons. D) Loss of responsiveness to mechanical stimulation 
following knockdown of PIEZO2 expression in dorsal root ganglion neurons. 
 
The sensation of warmth 
The detection of changes in skin temperature is 
very precise, with changes of warmth detected 
with perceptual thresholds of around 1°C in 
humans [45, 52]. Similar to humans, mice also 
detect subtle changes of temperature in the warm 
range and this remarkable sensitivity to changes 
in temperature relies on TRP channels. While 
TRPV1 was initially considered only as a receptor 
for noxious heat, subsequent studies unexpect-
edly found that TRPV1 also contributes to 
detection of innocuous warmth [43].  Furthermore, 
Peter McNaughton’s group identified another TRP 
channel, TRPM2, as a potential warmth sensor. 
Deletion of the gene for this channel in mice 
resulted in deficits in the sensation of innocuous 
warm temperatures in the range (33-38°C) [53]. 
Recently, it was found that discrimination between 
warm and cool temperatures depends on the 
simultaneous activation of warmth-sensing and 
inhibition of cold-sensing nerve fibers [54]. The 
emerging picture is that TRPV1, TRPA1, TRPM2 
and TRPM3 ion channels collectively act as warm 
sensors, but that the warmth sensation is reliably 
signaled only when the activity in TRPM8 
containing cold-sensing nerve fibers is 
simultaneously suppressed by warm tempera-
tures [54]. 
 
In conclusion, the seminal discovery of TRPV1 
initiated intense investigation that has now firmly 
established the critical role of TRP channels for 
thermal sensation (Figure 2). The findings show 
that several TRP channels gated at different 
temperature ranges act together to code for 
temperature and heat-induced pain in the 
somatosensory nervous system. At present, 
important roles for TRPV1, TRPA1, TRPM3, 
TRPM2 and TRPM8 in temperature sensing have 
been experimentally established. Future studies 
will likely provide additional insights in this active 
research field.  
 

The discovery of a vertebrate mechano-
sensitive ion channel  

A prelude  
The existence of a vertebrate mechanosensitive 
ion channel was suggested more than 40 years 
ago based on data showing rapid membrane 
depolarizations following mechanical stimulation 
of cochlear hair cells in frogs [55]. However, the 
existence of mechanosensitive channels was not 
firmly established until the late 1980’s when Ching 
Kung and Boris Martinac identified and 
characterized such channels in Escherichia coli [5, 
56, 57]. The identified channels act as force 
sensors for adaptation to environmental changes 
and have an essential role as even a mild change 
in osmolarity cause bacteria to lyse in the absence 
of mechanosensitive channels [58].  

The finding of a mechanosensitive ion current in 
rat dorsal root ganglion neurons suggested that 
touch sensation in vertebrates also rely on 
activation of a mechanosensitive ion channel [59]. 
However, orthologs of candidate channels 
previously identified in Caenorhabditis elegans 
and Drosophila melanogaster did not seem to play 
key roles for touch sensation in vertebrates [60]. 
Furthermore, several potentially mechano-
sensitive channels identified in vertebrates were 
not confirmed as critical touch receptors in 
functional experiments [60-63]. The identity of the 
receptors for somatic mechanosensation in 
mammals thus remained an enigma. 

The discovery of PIEZO2 as a 
mechanosensitive ion channel for touch and 
proprioception 
Ardem Patapoutian at Scripps Research, 
California developed a novel screening approach 
to search for the elusive receptor for mechano-
sensation in mammals. Together with the post-
doctoral fellow Bertrand Coste, he identified an 
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intrinsically mechanosensitive cell line, called 
Neuro2A, by using brief and rapid indentation of 
the plasma membrane in combination with patch-
clamp recording to detect any possible current 
induced by the mechanical force (Figure 3A) [64]. 
Once the mechanosensitive Neuro2A cell line was 
identified, Patapoutian performed global expres-
sion analysis and identified 72 candidate genes 
predicted to encode proteins with at least two 
membrane-spanning domains, which included 
known ion channels and proteins of unknown 
function. The candidate genes were silenced one-
by-one by RNA interference and the transfected 
cells were tested to determine whether the 
application of mechanical force resulted in a 
current that could be recorded using patch-clamp. 
Knockdown of the final gene on the list, previously 
known as FAM38A, eliminated the mechanically-
activated current and the corresponding protein 
was named PIEZO1 from the Greek word “piesi” 
meaning pressure (Figure 3B, red data point). 
Patapoutian proceeded to show that ectopic 
expression of PIEZO1 made human embryonic 
kidney cells (HEK-293) mechanosensitive, as 
pressure applied to the plasma membrane 
induced a large current in these cells. A second 
mechanosensitive channel, named PIEZO2, was 
subsequently discovered by sequence homology. 
The newly identified PIEZO channels belonged to 
a previously unknown protein family present in 
vertebrates and many other eukaryotes. PIEZO2, 
but not PIEZO1, was found to be expressed in 
dorsal root ganglion sensory neurons (Figure 3C) 
and knockdown of PIEZO2 abolished the 
mechanosensitivity of these sensory neurons 
(Figure 3D). 
 
Direct evidence that PIEZO2 is the sensor for light 
touch was established in 2014, when Patapoutian 
and other researchers demonstrated that Merkel 
cells display a PIEZO2-dependent current evoked 
by fast touch- and that this current is sufficient to 
sustain action potential firing in tactile sensory 
afferents [65-67]. However, consistent with a “two-
receptor-site hypothesis” [68], stating that both 
Merkel cells and innervating sensory neurons are 
mechanosensitive, major components of touch 
sensation remained in the absence of Merkel cell 
activity. In a later study in 2014, Patapoutian 
engineered mice that lack PIEZO2 in both Merkel 
cells and adult sensory neurons. These mice were 
profoundly deficient in light touch sensation 
without impairment of thermosensation [69]. 
Consistent with these findings, humans with loss-
of-function mutations in PIEZO2 also display 
profound deficits in touch sensation, including 
texture discrimination, hair deflection as well as 
tactile and vibration sensitivity  [70-73].  
 

The Patapoutian group also demonstrated that 
PIEZO2 is the principal transduction channel for 
proprioception in mice as its absence results in 
severely uncoordinated body movements and 
abnormal limb positions [74]. Similar observations 
were also made in humans lacking functional 
PIEZO2 [70, 72]. The groundbreaking discovery of 
PIEZO proteins as excitatory ion channels directly 
gated by mechanical force has revolutionized the 
field of neuroscience by providing a molecular 
basis for mechanosensation. 
 
PIEZO proteins represent an entirely new class of 
vertebrate mechanosensitive channels without 
any resemblance to previously known ion channel 
families. They are the largest transmembrane ion 
channel subunits identified to date, composed of 
2,500 amino acids and display a unique 38-
transmembrane helix topology. Work from 
Patapoutian and other laboratories has revealed 
the high resolution structure of PIEZO1 and 
PIEZO2 and has shown that these channels form 
homotrimeric structures with a central ion-
conducting pore and three peripheral large 
mechanosensing propeller-shaped blades [75-
78]. The three blades curve out and up creating a 
nano-bowl configuration in the surface of the cell 
membrane [77-79]. When a mechanical force is 
applied to the membrane, the curved blades 
flatten out and lead to the opening of the central 
pore. The propeller-like structure with curved 
blades generate a large in-plane membrane area 
expansion, which likely explain the exquisite 
mechanosensitivity of PIEZO channels [77, 80]. 
However, the exact mechanisms whereby 
mechanical force opens the central pore are still 
not completely understood. Through their 
mechanosensitivity, PIEZO channels serve as 
versatile mechanotransducers in many cell types 
and convert mechanical force into electrochemical 
signals (Figure 4).  
 
PIEZOs as mechanosensors in internal organs 
In 1938, the Nobel Prize in Physiology or Medicine 
was awarded to Corneille Heymans for 
discovering the sensory function of the vagus 
nerve in reflexes, including the respiratory reflex 
as described by Hering and Breuer. In a 
collaboration with other research groups, the 
Patapoutian lab showed that deletion of Piezo2 in 
visceral nodose (vagal) sensory ganglion neurons 
of adult mice led to impairment of the Hering-
Breuer reflex and increased the respiratory tidal 
volume. Furthermore, deletion of Piezo2 during 
development caused respiratory distress and 
death at birth [81]. Thus, these studies show that 
PIEZO2 channels present on pulmonary stretch 
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Figure 4. The discovery of PIEZO channels using gene silencing of 72 candidate genes in a 
mechanosensitive cell line and searching for a loss of mechanoreception. This paved the way to the 
unravelling of PIEZO2 as the mechanoreceptor for touch and proprioception, senses used for example in 
a hug.  

receptors in the wall of bronchi and bronchioles 
are activated by large inspirations and initiate a 
reflex protecting the lung from over-inflation. 

Studies of the glossopharyngeal and vagus 
nerves by Corneille Heyman also identified the 
baroreflex. Patapoutian and collaborators 
demonstrated that the arterial baroreflex, which 
continuously monitors and maintains blood 
pressure, relies on both PIEZO1 and PIEZO2 
present in nodose (vagus) and petrosal 
(glossopharyngeal) sensory neuron ganglia. Mice 
lacking Piezo1 and Piezo2 display a labile 
hypertension and have increased blood pressure 
variability, similar to the finding in humans with 
baroreflex failure [82, 83]. 
 
PIEZO2 is also important in the gastrointestinal 
tract where the enterochromaffin cells are 
inherently mechanosensitive and release 
hormones and paracrine signaling molecules in 
response to mechanical stimulation by 
gastrointestinal luminal content [84, 85]. 
Furthermore, PIEZO2 is the mechanosensor in 
urothelial cells and bladder sensory neurons. Mice 
and humans lacking functional PIEZO2 therefore 
have impaired urinary bladder control [86]. 
 

PIEZO1 plays an important role as a sensor of 
mechanical forces in endothelial cells, red blood 
cells, and osteoblasts in mice. The sensing of 
shear-stress in endothelial cells is important for 
the formation of blood vessels during 
development, for angiogenesis in adult tissues as 
well as for the regulation of vascular tone [87-91]. 
In addition to its role in blood vessel integrity, 
PIEZO1 is also present in red blood cells where it 
is involved in cell volume homeostasis. Piezo1 
deletion in mice leads to overhydration of red 
blood cells whereas a chemical compound called 
Yoda1 that activates PIEZO1 leads to dehydration 
of red blood cells [92]. Strain induced by 
mechanical forces is linked to skeletal remodeling, 
and in mice the mechanical load-dependent bone 
formation relies on PIEZO1 in osteoblasts, where 
it functions as a mechanotransducer [93-95]. 

Relevance for humans and medicine 
Behavioral studies of animal models have been 
critical for our understanding of the molecular 
mechanisms underlying temperature and touch. 
However, it is impossible to fully recapitulate 
human somatic sensations in animals and we 
cannot truly know whether a rodent is sensing 
touch or proprioception by merely studying its 
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reactions. Studies in human subjects with genetic 
mutations in TRP and PIEZO channels have 
therefore provided significant insights into the 
roles of these channels in transducing 
temperature, pain, touch, vibration and proprio-
ception. 
 
Human genetics and temperature sensing TRP 
channels 
There are several genetic “TRP channelopathies” 
in humans. Among the temperature sensing TRP 
channels, an autosomal dominant TRPA1 
channelopathy named Familial Episodic Pain 
Syndrome type 1 is caused by a point mutation in 
TRPA1 and manifested by episodes of debilitating 
upper body pain triggered by cold, fasting and 
physical stress [96]. Several studies have 
investigated the role of single nucleotide 
polymorphisms (SNPs) in TRP channel genes and 
identified an association of TRPA1 710G>A with 
neuropathic pain and a paradoxical heat 
sensation. In addition, TRPV1 1911A>G has been 
associated with cold hypoalgesia [97], while 
several other SNPs in TRPV1 alters the sensitivity 
to capsaicin.  
 
Mutations in PIEZO2 profoundly impact the 
sense of touch, vibration and proprioception 
Patapoutian and several other researchers have 
reported that mutations in the PIEZO2 gene 
underlie several genetic disorders manifested by 
altered sensations of touch, vibration and 
proprioception. Whereas mice lacking PIEZO2 die 
at birth due to respiratory distress, humans with 
biallelic loss-of-function mutations survive. Loss-
of-function mutations in the PIEZO2 gene result in 
an autosomal recessive condition named distal 
arthrogryposis (DA) with congenital contractions in 
multiple joints of fingers, feet and toes along with 
impaired proprioception and touch (DAIPT) [70-
72, 98]. As more families with DAIPT from different 
parts of the world have been reported and the 
phenotypic manifestations are better understood, 
the alternative name PIEZO2 deficiency syndrome 
has been coined. Patients with PIEZO2 deficiency 
syndrome exhibit greatly attenuated proprio-
ception, sense of touch and vibration. This results 
in sensory ataxia, dysmetria, gait difficulties, 
muscle weakness and atrophy, scoliosis, hip 
dysplasia and progressive skeletal contractures. 
These patients also have deficiencies of 
interoceptive sensations from the lung leading to 
perinatal respiratory distress and the bladder 
causing impairments in urination [86]. These 
patients fail to develop sensitization and painful 
reactions to touch after skin inflammation, 
suggesting a critical role for PIEZO2 is tactile 
allodynia [99]. However, patients with PIEZO2 
deficiency syndrome have intact sense of 

innocuous deep pressure [100] and noxious 
mechanical pain responses [70, 99, 101].  
 
Gain-of-function mutations of PIEZO2 cause 
autosomal dominant DA type 5, a form with 
prominent oculomotor symptoms [102, 103]. Other 
autosomal dominant mutations cause DA type 3, 
also called Gordon syndrome [103, 104], which is 
distinguished from other distal arthrogryposes by 
the presence of short stature and cleft palate. 
PIEZO2 gain-of-function mutations have also 
been reported in Marden-Walker Syndrome, a DA 
form characterized by psychomotor retardation, 
micrognathia and kyphoscoliosis [103].  
 
Mutations in PIEZO1 impair physiological 
functions of red blood cells and the 
development of the lymphatic system 
Mice lacking PIEZO1 die embryonically, whereas 
humans with biallelic loss-of-function mutations 
survive. Patapoutian and several other 
researchers have shown that biallelic loss-of-
function mutations or compound heterozygous 
mutations in PIEZO1 causes an autosomal 
recessive, unique form of generalized lymphatic 
dysplasia, known as lymphatic malformation 6 
[105, 106]. It is characterized by general facial and 
limb lymphoedema and indicate that PIEZO1 is 
involved in the development of the corresponding 
lymphatic structures.  
 
Gain-of-function mutations in PIEZO1 leads to an 
autosomal dominant hemolytic anemia named 
dehydrated hereditary stomatocytosis (DHS) or 
hereditary xerocytosis [107-109]. This anemia is 
characterized by macrocytosis, the presence of 
stomatocytes and dehydration of red blood cells. 
The dehydration is caused by a defect in cellular 
cation content and some patients have a 
pseudohyperkalemia. Point mutations underlying 
DHS have been found at highly conserved 
residues in the C-terminal half of the PIEZO1 
protein.  

Patapoutian has shown that a gain-of-function 
E756del PIEZO1 allele causes dehydration of red 
blood cells and decrease the risk for severe 
Plasmodium falciparum infection [110, 111]. This 
allele is highly prevalent and enriched in Africans, 
raising the possibility that it is under positive 
selection due to malaria. The E756del PIEZO1 
allele is also linked to increased red blood cell 
turnover and elevated serum iron in African 
individuals [112].  
 
Concluding remarks 
The groundbreaking discoveries of the TRPV1, 
TRPM8 and PIEZO channels by this year’s Nobel 
Laureates have allowed us to understand how 
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Figure 5. TRPV1 and PIEZO2 channels endow us with the sensation of temperature, heat pain, touch and 
proprioception. Numerous additional physiological functions rely on the temperature and mechanically 
sensitive TRP and PIEZO channels. 
 
heat, cold and mechanical force are sensed and 
transformed into nervous impulses that enable us 
to perceive and adapt to the world around us. The 
TRP channels are central for our ability to perceive 
temperature. The PIEZO2 channel endows us 
with touch and proprioception. TRP and PIEZO 
channels also contribute to numerous additional 
physiological functions depending on sensing 

temperature or mechanical stimuli (Figure 5). 
Intensive ongoing research originating from this 
year’s Nobel Prize awarded discoveries are 
focused on elucidating the functions of these 
receptors in a variety of physiological processes 
and to develop treatments for a wide range of 
disease conditions, including chronic pain.
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