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Abstract

Mechanoreceptor cells of the somatosensory system initiate the perception of touch and pain.
Molecules required for mechanosensation have been identified from invertebrate neurons, and
recent functional studies indicate that ion channels of the transient receptor potential and
degenerin/epithelial Na* channel families are likely to be transduction channels. The expression of
related channels in mammalian somatosensory neurons has fueled the notion that these channels
mediate mechanotransduction in vertebrates; however, genetic disruption and heterologous
expression have not yet revealed a direct role for any of these candidates in somatosensory
mechanotransduction. Thus, new systems are needed to define the function of these ion channels
in somatosensation and to pinpoint molecules or signaling pathways that underlie
mechanotransduction in vertebrates.

Introduction

The senses of touch, pain and proprioception (see glossary) enable an organism to respond
to physical stimuli such as pressure, temperature changes and stretch. In vertebrates, these
senses are mediated by somatosensory neurons of the trigeminal and dorsal root ganglia
(DRG). The sensory afferents of these neurons terminate in the skin and other target tissues
(Figure 1), where they transduce sensory stimuli into electrical impulses that are sent to the
central nervous system. Somatosensory neurons fall into three groups: touch receptors that
react to benign pressure; nociceptors that respond to harmful mechanical, thermal and
chemical stimulation; and proprioceptors that detect muscle tension and joint position. These
groups can be further divided on the basis of morphology, electrical properties and sensory
thresholds (Table 1).

Given the range of stimuli detected by somatosensory neurons, their functional diversity is
likely to be matched by a variety of transduction mechanisms. For example, thermosensitive
ion channels of the transient receptor potential (TRP) family activate at different
temperature thresholds [1], and probably act as transduction channels that span the
physiological range of thermosensation. By contrast, little is known about the diversity and
identity of molecules that mediate mechanotransduction in somatosensory neurons.
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Corresponding author: Lumpkin, Ellen A (lumpkin@itsa.ucsf.edu).



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lumpkin and Bautista

Page 2

The prevailing model of mechanosensory transduction has emerged from studies of hair
cells and invertebrate mechanoreceptors. The speed of signaling in these cells (<1 ms;
[2,3,4+]) suggests that transduction channels are directly activated by mechanical stimuli.
This model postulates that transduction channels are tethered to the cytoskeleton or
extracellular matrix, and force changes the tension between tethers and transduction
channels to regulate gating. Genetic screens in Drosophila and C. elegans have identified
candidate mechanotransduction molecules that fit with this model, including cytoskeletal
elements, extracellular matrix proteins and ion channels of the TRP and degenerin/epithelial
Na* channel (Deg/ENaC) families (Figure 1).

Recent attempts to elucidate the molecular basis of mechanotransduction in mammals have
largely focused on homologs of these candidates. Here, we review advances in our
understanding of the mechanisms of mechanotransduction in invertebrates, summarize
studies of vertebrate ion channels that have been implicated in mechanotransduction, and
highlight experimental models that promise to shed light on mammalian somatosensory
signaling.

Invertebrate and mammalian Deg/ENaC subunits

The MEC-4 complex

C. elegans body touch neurons have been extensively characterized at the molecular level
(reviewed by Syntichaki and Tavernarakis [5]). Genetic and heterologous expression studies
have identified the MEC-4 complex (see glossary): a putative mechanotransduction
assembly composed of the Deg/ENaC subunits MEC-4 and MEC-10, and the accessory
subunits MEC-2 and MEC-6. Channel activation has been proposed to depend on links to
microtubules, which are made up ofMEC-7 and MEC-12 tubulins, and extracellular
proteins, which include MEC-1, MEC-5 and MEC-9 [6].

In the past two years, physiological approaches have directly tested this model. In situ
whole-cell recordings [4e¢] and in vivo imaging [7] have shown that null mutations in mec-4,
mec-6 and mec-2 specifically abolish mechanotransduction in body touch neurons. These
studies strongly argue that the MEC-4 complex is the transduction channel in these cells. An
important next step is to determine whether or not force directly activates these channels.

What about putative tethers? Mutations in mec-7, which alter microtubules, attenuate but do
not abolish mechanotransduction currents [4e¢]. Contrary to model predictions, this finding
suggests that cytoskeletal attachments are not required for activation. By contrast, the
prediction that the MEC-4 complex associates with extracellular proteins is bolstered by a
study showing that fluorescently tagged MEC-4 protein colocalizes in vivo with MEC-1 and
MEC-5 [6]. Moreover, mec-1, mec-5 and mec-9 mutations disrupt the punctate distribution
of the MEC-4 complex [6]. These data suggest that one important role of the extracellular
matrix is to localize transduction channels; the role of extracellular links in channel
activation remains to be determined.

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.
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ENaC subunits

Based on their similarity to MEC-4 and their expression patterns, mammalian 3-ENaC and
v-ENaC have been proposed to act in touch reception and in the mechanical control of
cardiovascular function ([8]; reviewed by Syntichaki and Tavernarakis [5]). Because genetic
disruption of these channels causes neonatal lethality, tissue-specific knockouts are
necessary to test these hypotheses.

ASIC subunits

Three members of the acid-sensing ion channels (ASICs), a related subfamily, have also
been linked to mechanotransduction. ASIC2 (the ion channel formerly known as BNCL1,
BNaC1 and MDEG1) and ASIC3 (DRASIC) are coexpressed in medium and large-diameter
DRG neurons [9]. In cutaneous mechanoreceptors, ASIC2 [10,11] and ASIC3 [12] are found
in peripheral terminals, where transduction occurs. Interestingly, brain-derived neurotrophic
factor restriction, which decreases touch-receptor sensitivity [13], reduces ASIC2 levels in
cultured somatosensory neurons [14].

If ASIC2 and ASIC3 are essential components of a transduction channel, gene disruption
should eliminate mechanotransduction, as is observed in mec-4 mutants [4e¢]. Instead, the
firing rate of touch-evoked responses is modestly decreased in ASIC2 knockout mice [10]
and increased in ASIC3 knockout animals [12]. In both cases, mechanical thresholds are not
affected. Moreover, an independently generated ASIC2 knockout strain shows no
deficiencies in cutaneous and visceral mechanoreception [15]. Taken together, these studies
indicate thatASIC2 and ASIC3 are not required for transduction in these neurons.

ASIC1 (BNaC2) is expressed in most somatosensory neurons [9]. In ASIC1 knockout mice,
visceral mechanoreceptors have higher mechanically evoked firing rates, and gastric
emptying is delayed, consistent with increased visceral mechanoreceptor activity in vivo
[16]. By contrast, cutaneous mechanoreception appeared normal in knockout animals.

The broad expression of ASICs in the nervous system [17] and their pH-sensitivity have led
to other proposed functions (reviewed by Krishtal [18]), including modulation of synaptic
transmission and long-term potentiation. In somatosensory neurons, ASICs have been
suggested to contribute to acid-evoked pain in cardiac ischemia and cutaneous nociception
(see glossary).

Given these disparate functions, it is possible that ASIC subunits play a general role in
neuronal excitability rather than a direct one in mechanotransduction. Alternatively, ASIC
subunits could associate with other molecules to accomplish specialized tasks in different
neuronal populations. To distinguish between these possibilities, new techniques will be
needed to analyze mechanotransduction currents in intact and reduced preparations. For
example, recent recordings from dissociated somatosensory neurons indicate that ASIC2 and
ASIC3 do not mediate mechanically evoked currents in vitro [19].

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.
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Invertebrate and mammalian TRPV ion channels

OSM-9 and OCR-2

lon channels of the vanilloid TRP (TRPV) subfamily are likely to function as transduction
channels in numerous sensory modalities (reviewed by Moran et al. [20]). Osm-9 and ocr-2
are required for avoidance of osmotic shock, nose touch and repulsive chemicals in C.
elegans[21,22]. Similar to touch, osmotic shock is a mechanical stimulus because it can
change membrane tension by inducing cell shrinking or swelling. In polymodal sensory
neurons that mediate these responses, OSM-9 and OCR-2 localize to sensory cilia. Thus,
these TRPV isoforms are excellent candidates for sensory transduction channels.

NAN and IAV

TRPV4

Similarly, the Drosophila TRPV isoforms Nanchung (NAN) and Inactive (IAV) could serve
as mechanotransduction channels [23¢,24]. Mutant phenotypes and electrophysiological
recordings demonstrate that both genes are essential for hearing and proprioception.
Moreover, NAN and 1AV are detectably expressed only in mechanosensitive chordotonal
organs, where both subunits localize to sensory cilia. Finally, heterologously expressed
NAN and IAV are activated by hypotonic solutions, indicating that they can transduce
mechanical stimuli in non-native cell types.

Hypotonic activation was first described for mammalian TRPV4, which was examined as a
candidate mechanotransduction channel because of its similarity to OSM-9 [25-27]. Indeed,
TRPV4 rescues mechanosensory and osmoreceptive defects in osm-9 mutants, suggesting
that these channels are orthologous [28]. Consistent with a role in mechanotransduction,
TRPV4 is expressed in hair cells, some nociceptors, and neurons that regulate osmotic
balance [25,29,30]; however, it is expressed at higher levels in non-sensory tissues [25—
27,31]. In non-sensory epithelial cells, TRPV4 has been proposed to mediate responses to
mechanical load [32].

Several studies support a role for TRPV4 in osmotically evoked responses. For example,
two independently derived knockout strains show that TRPV4 contributes to systemic fluid
balance [29,33]. At the cellular level, TRPV4 activity has been linked to the regulatory
volume decrease that follows hypotonicity-induced cell swelling [34]. Moreover, TRPV4
has been implicated in nociceptive responses to hypotonic solutions [30,35].

TRPV4 has been proposed to play two additional roles in somatosensation. First, TRPV4
could act in cutaneous mechanotransduction; however, disrupting TRPV4 expression
modified responses to noxious pressure in some studies [29,36] but not in another [30].
Second, recent evidence indicates that TRPV4 is involved in responses to warm
temperatures [1,37¢].

Is TRPV4 directly activated by physical stimuli such as temperature and cell swelling? This
is unlikely because TRPV4 activates over tens of seconds, which suggests the involvement
of second messengers [25,26]. Consistent with this hypothesis, hypotonic activation of

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.
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TRPV4 has been shown to occur via arachidonic acid metabolites [38¢], which directly
stimulate TRPV4 (reviewed by Nilius et al. [39]). Although these studies suggest that
TRPVA4 is involved in cellular responses to swelling, the osmotic sensor remains to be
discovered.

Another mammalian TRPV subunit that has been hypothesized to participate in
mechanotransduction is TRPV2. Hypotonic stimulation, direct suction and radial stretch
activate TRPV2 in vascular myocytes and cells expressing exogenousTRPV2 [40].
Moreover, this channel is expressed in medium and large-diameter sensory neurons,
including the TrkC-positive population that is enriched in low-threshold mechanoreceptors
[41]. Despite these intriguing results, there is no direct evidence that TRPV?2 is required for
mechanosensation, and other roles are possible. For example, TRPV2 has been proposed to
transduce high-threshold heat responses in Ad afferents. Indeed, heterologously expressed
TRPV?2 is activated by noxious heat [1].

Yet more TRP channels

Two TRP subfamilies that have been implicated in somatosensation are distinguished by
numerous ankryin repeats. Drosophila TRPN1 (NompC) was identified through a forward
genetic screen as a putative transduction channel in touch reception and proprioception [3].
Based on this finding, zebrafish TRPN1 has been examined as a component of the hair-cell
mechanotransduction channel [42]. The ankryin repeats of TRPN1 are posited to be
involved in force-dependent gating [43]. Drosophila TRPAL is required for thermotaxis (see
glossary) [44] and TRPA (Painless) [45] is necessary for normal avoidance of harsh
prodding and heat.

Mammalian TRPAL has also been proposed to function in mechano- and
thermotransduction. For example, TRPA1 is found in hair cells and inhibiting expression
attenuates mechanical responsiveness ([46]; see Gillespie, this issue [47]). TRPAL is also
found in small-diameter nociceptors [48-50], which includes high-threshold
mechanoreceptors and thermoreceptors. Intriguingly, TRPA1 protein localizes to
somatosensory terminals in the bladder and cornea, both of which are predominately
innervated by nociceptors [50].

Although TRPA1 has been proposed to be a detector of physical stimuli, an alternative
possibility is that this channel is a modulator of sensory signaling. TRPAL is activated by a
variety of pain-producing compounds such as isothiocyanates, the pungent ingredients in
mustards [48,49]. TRPAL is also activated downstream of PLC-coupled receptors, including
those stimulated by inflammatory agents such as bradykinin. Thus, TRPAL could have a
general role in pain and inflammation. Genetic disruption of TRPAL is required to define its
function in sensory signaling.

TRPCL is a canonical TRP channel that has been implicated in mechanotransduction.
Whereas most studies have focused on whether TRPC1 is store-operated or receptor-
operated (see glossary), Maroto et al. [51¢] proposed that TRPC1 is activated by membrane
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stretch. Because stretch activation is preserved following protein reconstitution in
liposomes, mechanosensitivity is likely to be an intrinsic property of the channel, similar to
some two-pore domain K* channels, yeast TRPY1, and the bacterial channels MscS and
MscL (see [52] this issue). Whether TRPC1 contributes to mechanotransduction in
somatosensory neurons is unknown.

In vitro approaches for studying mammalian somatosensation

Touch reception and nociception have been extensively studied using a skin—-nerve
preparation, which enables mechanical stimulation of the skin and extracellular recordings
from sensory afferents. This has been invaluable for determining response properties of
mechanosensory neurons; however, understanding the molecular events underlying
transduction requires the direct analysis of transduction currents. This is most easily
accomplished with in vitro systems that approximate the biological activities of sensory
neurons.

Towards this end, several groups have begun to study mechanotransduction in dissociated
somatosensory neurons. Currents can be elicited by pressure applied through a recording
pipette [53,54] or by directly touching the cells [55,56]. Similar to mechanosensitive
neurons in situ, cultured sensory neurons display distinct activation thresholds and
adaptation properties. Although additional experiments are required to relate these responses
to touch reception in vivo, this is a promising system for dissecting mechanisms of
mechanotransduction.

Non-neuronal cells are also likely to participate in somatosensory mechanotransduction. For
example, Merkel cell-neurite complexes detect light touch. Gene-expression profiling and
live-cell imaging have demonstrated that Merkel cells (see glossary) are excitable cells that
express voltage-activated Ca2* channels and molecules that are required for synaptic vesicle
release [57]. An important unanswered question is whether Merkel cells transduce touch or
modulate the activity of touch-sensitive neurons.

Conclusions

Several ion channels identified in invertebrate mechanoreceptor cells and hair cells are
excellent candidates for transduction channels. A crucial question is whether or not the
channels that carry receptor currents are themselves mechanosensitive. Many putative
mechanotransduction channels have proved difficult to express or mechanically activate in
heterologous systems. Thus, answering this question will require novel expression systems
in addition to studies of genetically modified candidates in native cell types.

Although candidate gene approaches have yielded several ion channels that are expressed in
mammalian somatosensory neurons, none of these channels has been shown to be essential
for mechanotransduction. Moreover, the diversity of mechanosensitive cells suggests that
multiple mechanisms underlie transduction. Techniques that enable high-resolution studies
of mechanotransduction are needed to define the roles of TRP and Deg/ENaC subunits in
sensory neurons. Existing in vitro approaches could be enhanced by high-throughput

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.
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methods, which will facilitate the discovery of mechanotransduction molecules and much-
needed pharmacological probes.

Identifying molecules that mediate mechanotransduction is an essential step in elucidating
mechanisms that initiate touch and pain. This will also promote an understanding of how
sensory signaling is altered under conditions of inflammation and chronic pain.

Acknowledgments

We thank P Tsuruda, O Bloom, R Piskorowski and D Julius for comments on the manuscript, and members of the
Lumpkin and Julius laboratories for helpful discussions. The authors are supported by the Sandler Family
Foundation (EA Lumpkin) and the National Institutes of Health (DM Bautista, and grant # AR051219 to EA

Lumpkin).

Glossary

Ankyrin repeat

MEC-4 complex

Nociception
Proprioception

Receptor -oper ated
channel

Store-operated
channel

Thermotaxis

Merkel cells

a common protein—protein interaction motif that contains ~33
amino acids and that often occurs in tandem

a multiprotein complex comprising MEC-4, MEC-10, MEC-2 and
MEC-6. These proteins, which form ion channels when co-
expressed in Xenopus oocytes, are proposed to make up the
mechanotransduction channel in six touch receptor neurons that
innervate the body in C. elegans.

the ability to detect harsh physical, chemical and thermal stimuli
that have the potential to cause tissue damage

the ability to sense muscle tension and joint position. This ability
enables coordinated limb movements

an ion channel that opens or closes when a second messenger
cascade is triggered by the activation of a transmembrane receptor

an ion channel that opens when intracellular calcium stores are
depleted. These channels are not directly gated by calcium, but by
an unknown mechanism that detects calcium-store depletion

directed movement in response to changes in temperature

vertebrate skin cells that are found in areas of skin that are
particularly touch sensitive such as fingertips, whisker follicles, and
touch domes

References and recommended reading

Papers of particular interest, published within the annual period of review, have been

highlighted as:

» of special interest

«s of outstanding interest

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lumpkin and Bautista

Page 8

1. Tominaga M, Caterina MJ. Thermosensation and pain. J Neurobiol. 2004; 61:3-12. [PubMed:

15362149]

2. Corey DP, Hudspeth AJ. Response latency of vertebrate hair cells. Biophys J. 1979; 26:499-506.

[PubMed: 318064]

3. Walker RG, Willingham AT, Zuker CS. A Drosophila mechanosensory transduction channel.

Science. 2000; 287:2229-2234. [PubMed: 10744543]

4. O’Hagan R, Chalfie M, Goodman MB. The MEC-4 DEG/ENaC channel of Caenorhabditis elegans

touch receptor neurons transduces mechanical signals. Nat Neurosci. 2005; 8:43-50. [PubMed:
15580270] This study presents the first whole-cell recordings of mechanotransduction currents from
C. elegans sensory neurons. The authors characterize the speed (<1 ms), conductance (25 pS) and
selectivity (Na™) of transduction channels in body touch neurons. Recordings from mutants
demonstrate that the MEC-4 complex carries the transduction current. See also Suzuki et al. [7] for
in vivo imaging of touch-evoked responses.

. Syntichaki P, Tavernarakis N. Genetic models of mechanotransduction: the nematode

Caenorhabditis elegans. Physiol Rev. 2004; 84:1097-1153. [PubMed: 15383649]

. Emtage L, Gu G, Hartwieg E, Chalfie M. Extracellular proteins organize the mechanosensory

channel complex in C. elegans touch receptor neurons. Neuron. 2004; 44:795-807. [PubMed:
15572111]

. Suzuki H, Kerr R, Bianchi L, Frokjaer-Jensen C, Slone D, Xue J, Gerstbrein B, Driscoll M, Schafer

WR. In vivo imaging of C. elegans mechanosensory neurons demonstrates a specific role for the
MEC-4 channel in the process of gentle touch sensation. Neuron. 2003; 39:1005-1017. [PubMed:
12971899]

. Drummond HA, Gebremedhin D, Harder DR. Degenerin/epithelial Na+ channel proteins:

components of a vascular mechanosensor. Hypertension. 2004; 44:643-648. [PubMed: 15381679]

9. Alvarez de la Rosa D, Zhang P, Shao D, White F, Canessa CM. Functional implications of the

10

11.

12.

13.

14.

15.

16.

17.

18.

localization and activity of acid-sensitive channels in rat peripheral nervous system. Proc Natl Acad
Sci USA. 2002; 99:2326-2331. [PubMed: 11842212]

. Price MP, Lewin GR, Mcllwrath SL, Cheng C, Xie J, Heppenstall PA, Stucky CL, Mannsfeldt AG,

Brennan TJ, Drummond HA, et al. The mammalian sodium channel BNC1 is required for normal
touch sensation. Nature. 2000; 407:1007-1011. [PubMed: 11069180]

Garcia-Anoveros J, Samad TA, Zuvela-Jelaska L, Woolf CJ, Corey DP. Transport and localization
of the DEG/ENaC ion channel BNaC1lalpha to peripheral mechanosensory terminals of dorsal root
ganglia neurons. J Neurosci. 2001; 21:2678-2686. [PubMed: 11306621]

Price MP, Mcllwrath SL, Xie J, Cheng C, Qiao J, Tarr DE, Sluka KA, Brennan TJ, Lewin GR,
Welsh MJ. The DRASIC cation channel contributes to the detection of cutaneous touch and acid
stimuli in mice. Neuron. 2001; 32:1071-1083. [PubMed: 11754838]

Carroll P, Lewin GR, Koltzenburg M, Toyka KV, Thoenen H. A role for BDNF in
mechanosensation. Nat Neurosci. 1998; 1:42-46. [PubMed: 10195107]

Mcllwrath SL, Hu J, Anirudhan G, Shin JB, Lewin GR. The sensory mechanotransduction ion
channel ASIC2 (acid sensitive ion channel 2) is regulated by neurotrophin availability.
Neuroscience. 2005; 131:499-511. [PubMed: 15708491]

Roza C, Puel JL, Kress M, Baron A, Diochot S, Lazdunski M, Waldmann R. Knockout of the
ASIC2 channel in mice does not impair cutaneous mechanosensation, visceral
mechanonociception and hearing. J Physiol. 2004; 558:659-669. [PubMed: 15169849]

Page AJ, Brierley SM, Martin CM, Martinez-Salgado C, Wemmie JA, Brennan TJ, Symonds E,
Omari T, Lewin GR, Welsh MJ, et al. The ion channel ASIC1 contributes to visceral but not
cutaneous mechanoreceptor function. Gastroenterology. 2004; 127:1739-1747. [PubMed:
15578512]

Paukert M, Sidi S, Russell C, Siba M, Wilson SW, Nicolson T, Grunder S. A family of acid-
sensing ion channels from the zebrafish: widespread expression in the central nervous system
suggests a conserved role in neuronal communication. J Biol Chem. 2004; 279:18783-18791.
[PubMed: 14970195]

Krishtal O. The ASICs: signaling molecules? Modulators? Trends Neurosci. 2003; 26:477-483.
[PubMed: 12948658]

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lumpkin and Bautista

19

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 9

. Drew LJ, Rohrer DK, Price MP, Blaver KE, Cockayne DA, Cesare P, Wood JN. Acid-sensing ion
channels ASIC2 and ASIC3 do not contribute to mechanically activated currents in mammalian
sensory neurones. J Physiol. 2004; 556:691-710. [PubMed: 14990679]

Moran MM, Xu H, Clapham DE. TRP ion channels in the nervous system. Curr Opin Neurobiol.
2004; 14:362-369. [PubMed: 15194117]

Colbert HA, Smith TL, Bargmann CI. OSM-9, a novel protein with structural similarity to
channels, is required for olfaction, mechanosensation, and olfactory adaptation in Caenorhabditis
elegans. J Neurosci. 1997; 17:8259-8269. [PubMed: 9334401]

Tobin D, Madsen D, Kahn-Kirby A, Peckol E, Moulder G, Barstead R, Maricq A, Bargmann C.
Combinatorial expression of TRPV channel proteins defines their sensory functions and
subcellular localization in C. elegans neurons. Neuron. 2002; 35:307-318. [PubMed: 12160748]
Gong Z, Son W, Chung YD, Kim J, Shin DW, McClung CA, Lee Y, Lee HW, Chang DJ, Kaang
BK, et al. Two interdependent TRPV channel subunits, inactive and Nanchung, mediate hearing in
Drosophila. J Neurosci. 2004; 24:9059-9066. [PubMed: 15483124] This study shows that NAN
and 1AV, the only two TRPV channels in Drosophila, are co-expressed in mechanosensory cilia,
and that the localization of each depends on the other. Interestingly, the distribution of NAN and
IAV in sensory cilia differs from that predicted by a widely held model of mechanotransduction.
Thus, either these channels are activated downstream of a mechanosensitive protein or new
mechanical models are needed.

Kim J, Chung YD, Park DY, Choi S, Shin DW, Soh H, Lee HW, Son W, Yim J, Park CS, etal. A
TRPV family ion channel required for hearing in Drosophila. Nature. 2003; 424:81-84. [PubMed:
12819662]

Liedtke W, Choe Y, Marti-Renom MA, Bell AM, Denis CS, Sali A, Hudspeth AJ, Friedman JM,
Heller S. Vanilloid receptor-related osmotically activated channel (VR-OAC), a candidate
vertebrate osmoreceptor. Cell. 2000; 103:525-535. [PubMed: 11081638]

Strotmann R, Harteneck C, Nunnenmacher K, Schultz G, Plant TD. OTRPC4, a nonselective
cation channel that confers sensitivity to extracellular osmolarity. Nat Cell Biol. 2000; 2:695-702.
[PubMed: 11025659]

Wissenbach U, Bodding M, Freichel M, Flockerzi V. Trp12, a novel Trp related protein from
kidney. FEBS Lett. 2000; 485:127-134. [PubMed: 11094154]

Liedtke W, Tobin DM, Bargmann Cl, Friedman JM. Mammalian TRPV4 (VR-OAC) directs
behavioral responses to osmotic and mechanical stimuli in Caenorhabditis elegans. Proc Natl
Acad Sci USA. 2003; 100(Suppl 2):14531-14536. [PubMed: 14581619]

Liedtke W, Friedman JM. Abnormal osmotic regulation in trpv4_/_ mice. Proc Natl Acad Sci
USA. 2003; 100:13698-13703. [PubMed: 14581612]

Alessandri-Haber N, Yeh JJ, Boyd AE, Parada CA, Chen X, Reichling DB, Levine JD.
Hypotonicity induces TRPV4-mediated nociception in rat. Neuron. 2003; 39:497-511. [PubMed:
12895423]

Guler AD, Lee H, lida T, Shimizu I, Tominaga M, Caterina M. Heat-evoked activation of the ion
channel, TRPV4. J Neurosci. 2002; 22:6408-6414. [PubMed: 12151520]

Andrade YN, Fernandes J, Vazquez E, Fernandez-Fernandez JM, Arniges M, Sanchez TM,
Villalon M, Valverde MA. TRPV4 channel is involved in the coupling of fluid viscosity changes
to epithelial ciliary activity. J Cell Biol. 2005; 168:869-874. [PubMed: 15753126]

Mizuno A, Matsumoto N, Imai M, Suzuki M. Impaired osmotic sensation inmice lacking TRPV4.
Am J Physiol Cell Physiol. 2003; 285:96-C101.

Arniges M, Vazquez E, Fernandez-Fernandez JM, Valverde MA. Swelling-activated Ca2* entry
via TRPV4 channel is defective in cystic fibrosis airway epithelia. J Biol Chem. 2004; 279:54062—
54068. [PubMed: 15489228]

Alessandri-Haber N, Dina OA, Yeh JJ, Parada CA, Reichling DB, Levine JD. Transient receptor
potential vanilloid 4 is essential in chemotherapy-induced neuropathic pain in the rat. J Neurosci.
2004; 24:4444-4452. [PubMed: 15128858]

Suzuki M, Mizuno A, Kodaira K, Imai M. Impaired pressure sensation in mice lacking TRPV4. J
Biol Chem. 2003; 278:22664—22668. [PubMed: 12692122]

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lumpkin and Bautista

37

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

Page 10

. Lee H, lida T, Mizuno A, Suzuki M, Caterina MJ. Altered thermal selection behavior inmice
lacking transient receptor potential vanilloid 4. J Neurosci. 2005; 25:1304-1310. [PubMed:
15689568] This study supports a role for TRPV4 in responsiveness to warmth and noxious heat in
vivo. When placed on a thermal gradient, TRPV4~~ mice displayed a preference for warmer
temperatures and showed reduced behavioral responses to moderate heat compared with wild-type
animals.

Vriens J, Watanabe H, Janssens A, Droogmans G, Voets T, Nilius B. Cell swelling, heat, and
chemical agonists use distinct pathways for the activation of the cation channel TRPV4. Proc Natl
Acad Sci USA. 2004; 101:396-401. [PubMed: 14691263] The authors use pharmacology and
mutational analysis to demonstrate that heat and hypotonic shock activate TRPV4 through distinct
signaling cascades. They conclude that hypotonic shock activates TRPV4 through phospholipase
Ao-dependent release of arachidonic acid, which is converted by cytochrome P450 epoxygenase
into compounds that directly activate the channel.

Nilius B, Vriens J, Prenen J, Droogmans G, Voets T. TRPV4 calcium entry channel: a paradigm
for gating diversity. Am J Physiol Cell Physiol. 2004; 286:C195-C205. [PubMed: 14707014]
Muraki K, Iwata Y, Katanosaka Y, Ito T, Ohya S, Shigekawa M, Imaizumi Y. TRPV2 is a
component of osmotically sensitive cation channels in murine aortic myocytes. Circ Res. 2003;
93:829-838. [PubMed: 14512441]

Tamura S, Morikawa Y, Senba E. TRPV2, a capsaicin receptor homologue, is expressed
predominantly in the neurotrophin-3-dependent subpopulation of primary sensory neurons.
Neuroscience. 2005; 130:223-228. [PubMed: 15561438]

Sidi S, Friedrich RW, Nicolson T. NompC TRP channel required for vertebrate sensory hair cell
mechanotransduction. Science. 2003; 301:96-99. [PubMed: 12805553]

Howard J, Bechstedt S. Hypothesis: a helix of ankyrin repeats of the NOMPC-TRP ion channel is
the gating spring of mechanoreceptors. Curr Biol. 2004; 14:R224-R226. [PubMed: 15043829]
Rosenzweig M, Brennan KM, Tayler TD, Phelps PO, Patapoutian A, Garrity PA. The Drosophila
ortholog of vertebrate TRPAL regulates thermotaxis. Genes Dev. 2005; 19:419-424. [PubMed:
15681611]

Tracey WD Jr, Wilson RI, Laurent G, Benzer S. Painless, a Drosophila gene essential for
nociception. Cell. 2003; 113:261-273. [PubMed: 12705873]

Corey DP, Garcia-Anoveros J, Holt JR, Kwan KY, Lin SY, Vollrath MA, Amalfitano A, Cheung
EL, Derfler BH, Duggan A, et al. TRPAL is a candidate for the mechanosensitive transduction
channel of vertebrate hair cells. Nature. 2004; 432:723-730. [PubMed: 15483558]

Gillespie PG. Have we found the hair cell’s tip link, transduction channel, and gating spring? Curr
Opin Neurobiol. 2005; 15 this issue.

Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM, Hogestatt ED, Meng 1D, Julius
D. Mustard oils and cannabinoids excite sensory nerve fibres through the TRP channel ANKTM1.
Nature. 2004; 427:260-265. [PubMed: 14712238]

Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus MJ, Earley TJ, Patapoutian A.
Noxious cold ion channel TRPAL is activated by pungent compounds and bradykinin. Neuron.
2004; 41:849-857. [PubMed: 15046718]

Nagata K, Duggan A, Kumar G, Garcia-Anoveros J. Nociceptor and hair cell transducer properties
of TRPAL, a channel for pain and hearing. J Neurosci. 2005; 25:4052-4061. [PubMed: 15843607]
Maroto R, Raso A, Wood TG, Kurosky A, Martinac B, Hamill OP. TRPC1 forms the stretch-
activated cation channel in vertebrate cells. Nat Cell Biol. 2005; 7:179-185. [PubMed: 15665854]
The authors combined detergent solubilization and liposome reconstitution with a candidate gene
approach to identify TRPCL1 as a likely component of a stretch-activated ion channel in Xenopus
oocytes. Disrupting TRPC1 expression reduced endogenous, suction-evoked channel activity in
oocytes, and heterologous expression increased activity in oocytes and Chinese hamster ovary
cells. The authors speculate that TRPCL1 serves as a channel gated by membrane tension in many
vertebrate cell types.

Kung C. Microbial mechanosensation. Curr Opin Neurobiol. 2005; 15 this issue.

Cho H, Shin J, Shin CY, Lee SY, Oh U. Mechanosensitive ion channels in cultured sensory
neurons of neonatal rats. J Neurosci. 2002; 22:1238-1247. [PubMed: 11850451]

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lumpkin and Bautista

54.

55.

56.

57.

Page 11

Takahashi A, Gotoh H. Mechanosensitive whole-cell currents in cultured rat somatosensory
neurons. Brain Res. 2000; 869:225-230. [PubMed: 10865079]

Drew LJ, Wood JN, Cesare P. Distinct mechanosensitive properties of capsaicin-sensitive and -
insensitive sensory neurons. J Neurosci. 2002; 22:228.

McCarter GC, Reichling DB, Levine JD. Mechanical transduction by rat dorsal root ganglion
neurons in vitro. Neurosci Lett. 1999; 273:179-182. [PubMed: 10515188]

Haeberle H, Fujiwara M, Chuang J, Medina MM, Panditrao MV, Bechstedt S, Howard J, Lumpkin
EA. Molecular profiling reveals synaptic release machinery in Merkel cells. Proc Natl Acad Sci
USA. 2004; 101:14503-14508. [PubMed: 15448211]

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 June 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Lumpkin and Bautista

Page 12

(a)

(b)

(c)

N G C
N
Deg/ENaC TRPV
OSM-9 MEC-4
OCR-2 MEC-10

V\

UNC-8 & UNC-105 (proprioception)

NAN
IAV

Pickpocket1 (proprioception)

Skin DRG Spinal cord

Figure 1.

Cation channels implicated in mechanosensory transduction. (a) Proposed topology of Deg/
ENaC and TRP channels; cylinders indicate predicted transmembrane domains and bold
loops indicate putative pore regions. TRP channels have a variable number of amino-

terminal ankyrin repeats (see glossary; red). (b) In C. elegans,

TRPV channels (purple) are

thought to transduce nose touch and hypertonic shock. Deg/ENaC subunits (cyan) have been

proposed to transduce body touch and to act in proprioception

[5]. In Drosophila, TRPV,

TRPN (orange) and TRPA (orange) subunits are candidate mechanotransduction channels in
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bristles, which mediate touch and proprioception, in chordotonal organs, which mediate
hearing and proprioception, and in multidendritic neurons, which respond to harsh
mechanical and thermal stimuli. The Deg/ENaC channel Pickpocketl has been implicated in
larval proprioception [5]. (c) A schematic of the mammalian somatosensory system shows
DRG neurons projecting to skin and spinal cord. Deg/ENaC and TRP channels are
expressed in different classes of somatosensory neurons, the cell bodies of which are
indicated by circles in the DRG. C nociceptors (green) and A8 afferents (pink) have free
nerve endings; light touch receptors (AB; black) include Merkel cell-neurite complexes
(red), lanceolate endings around hair follicles (gray), and Pacinian corpuscles (dark blue
spiral).
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Table 1

Classification of mammalian somatosensory mechanoreceptors.
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Modality Conduction velocity Myelination Somadiameter  Subclasses
Proprioceptors Aa Thick Large Muscle spindle
Golgi tendon
Touch receptors (low- AB Thick Large Slowly adapting type | (Merkel cell-neurite
threshold complex)
mechanoreceptors) Slowly adapting type Il
Rapidly adapting (e.g. Pacinian corpuscle)
Nociceptors AS Thin Medium Low-threshold mechanoreceptor (D-hair)
High-threshold mechanoreceptor
Polymodal (e.g. mechanoheat, mechanocold)
Nociceptors c None Small Mechanoreceptor

Polymodal (e.g. mechanoheat, mechanocold)

Somatosensory mechanoreceptors can be grouped according to sensory modality and conduction velocity of action potentials, which correlates
with myelination and soma diameter. Classes can be further divided by their terminal morphologies, adaptation properties and activation

thresholds.
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