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Abstract

The past year has seen a doubling in the number of heat-sensitive ion channels to six, and four of these channels are from the TRI

family. These channels characteristically h@ig values of >10 above the thermal threshold, very different fron@Qthevalues of 1.5-2.0

seen in most ion channels. Cells expressing TRPV1 show similar temperature sensitivity to small capsaicin-sensitive nociceptor neuror

consistent with these neurons expressing homomers of TRP\8Xilkes exhibit properties that may be explained by TRPV2 containing

channels which is present in large diameter sensory neurons that do not express TRPV1. TRPV3 has a lower temperature threshold :
may contribute to warm-sensitive channels together with TRPV1. Warm sensation may also be transduced by TRPV4 expressing sens
neurons and hypothalamic neurons. We can now look forward to further work defining the properties of the recombinant channels in mor

detail and a re-analysis of endogenadgls; currents in thermosensitive neurons and other cells. Data from the study of mice in which
TRPV2, TRPV3 or TRPV4 have been deleted are also eagerly awaited.
© 2003 Published by Elsevier Science Ltd.

Keywords: TRPV channels; Sensor; Neuron

1. Introduction in current flow withQig values of around 2, whem@gis 42
the change in rate of the reaction resulting from &Q0 43
Temperature sensing is important in all animals. Mam- rise in temperature. However, the heat-sensitive channels
mals require precise assessment of body temperature for setare characterised by having gating mechanisms that showsa
ting internal thermoregulation, while cold-blooded animals much greater sensitivity for heat than standard biochemical
need to sense internal body temperature and to sense warmeactions and hav®;g values much greater than 2. 47
and cool surroundings to regulate their behaviour in seeking Of the six molecularly defined heat-sensitive channelss
warming or cooling environments. In addition, all animals one is a two-pore domain potassium channel, TREK-b
depend on the rapid sensation of noxious heat to activate[2] while the other five are all cation channels from theo
rapid avoidance reflexes. TRP family. The TRPV or vanilloid sub-family, currently s1
In principle, sensitivity to small temperature changes comprising six members, four of which sense tempesz
could be conferred by incorporating any biological reac- atures around and above body temperature. The fifth
tion with high entropy into a signal transduction cascade. temperature-sensitive TRP channel is TRABI&] from the s4
In Caenorhabditis elegans there is evidence that levels of melastatin sub-family which functions as a cold sensor, res
cGMP in a sensory neuron confer thermosensation throughsponding to decreases in temperature below2rhis re- se
their gating oftax4 the C. elegans analogue of the mam-  view summarises recent work on the temperature sensitivity
malian cyclic nucleotide gated channdl]. In mammals of the TRPV family of ion channels and attempts to corress
also, ion channels seem to be the main signal transductionlate these properties with endogenous temperature-sensitive
mechanism for thermosensation, but at least some of thesecurrents in native tissues. 60
mammalian channels are directly gated by heat. The prop-
erties of all ion channels are affected by temperature but ef-
fects are modest, usually resulting in small linear increases2. Properties of recombinant heat-sensitive 61
TRPV channels 62
* Corresponding author. Tek-44-1279-622558; .
fax: +44-1279-622555. The TRPV channels are a sub-group of the TRP famibg
E-mail address: ChristopherD_Benham@GSK.COM (C.D. Benham).  Of cation channel$5,6]. Structurally, these channels shares

0143-4160/03/$ — see front matter © 2003 Published by Elsevier Science Ltd.
doi:10.1016/S0143-4160(03)00063-0
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homology with potassium channels. Each protein sub-unit 3. TRPV1 101
has six trans-membrane domains and recent experimen-
tal work confirms the expectation based on analogy to The expression cloning of the capsaicin-sensitive vaniz
potassium channels that the functional channels are likelyloid receptor was a ground breaking landm#§tk] from 103
composed of tetramel§]. Homologous genes have been which subsequent work on the molecular basis of the other
identified in C. elegans, osm-9 is the most closely related temperature-sensitive TRP channels followed. TRPV11is
gene to mammalian TRPV1. Interestinglgsm9 gene a C&" permeable cation channel activated by exoges
product functions irC. elegans as an osmosensor and plays nous vanilloids such as capsaicin, but also by endogenaus
no part in thermosensation which is performed by a single lipid signalling molecules such as anandamid®] and 108
thermosensitive sensory neuron, the AFD ¢&]l A recent eicosanoidg13]. As suspected, given the co-location abs
functional characterisation of two of four further TRPV ho- vanilloid sensitivity and noxious heat gated currents im
mologues inC. elegans indicated that they too functioned small sensory neurons and the knowledge that capsaicin
as part of the osmosensing pathw8}. Two open reading  evokes a “hot” sensation in humans, VR1 or TRPV1 can he
frames of genes that fall within the TRPV family have been activated by noxious heat with a threshold of about@3n 113
identified in theDrosophila genome[8] but their function rat[11,14] human[15] or by inference in the mouse knockz14
is not known. The exquisite temperature sensitivity of the out[16,17] Rapid temperature jumps show that TRPV1 iss
mammalian TRPVs reviewed here may thus be an adap-activated relatively rapidly with currents reaching a plateais
tation during the more recent evolution of warm-blooded after less than 500 mEL5]. Thus, temperature ramps ofi7
animals. <0.5°Cs™1 will report currents close to the steady states
Assessing the temperature sensitivity of an ion channel values. This may explain the consistent responses repotted
may be approached in an analogous manner to characabove, obtained from ramps or temperature jumps. 120
terising its voltage dependent properties. The steady state The temperature threshold for TRPV1 is not fixed bit
properties of the current at different test potentials can be modulated by chemical ligands and the phosphorylation state
examined using an instantaneous voltage clamp or alterna-of the channel. The various activating ligands have synes
tively, a voltage ramp may be applied to rapidly determine gistic effects, so that any specific chemical ligand concaps
the current flow at a range of potentials. Clearly, the lat- tration will resultin a unique setting of the temperature seins
ter is most useful when channels show little in the way sitivity of the channel. Thus, changes in endogenous lipid
of time dependent changes in gating at different poten- ligand concentration might be expected to vary the thermad
tials. Both temperature ramps and temperature jumps havesensitivity of the channels. The phosphorylation state of the
been used to measure thermal sensitivity (6f10]) but channels is also important. So, for example, phosphoryla-
not usually both techniques in the same laboratory. As the tion of TRPV1 by protein kinase C results in activation ago
TRPV channels show slow time dependent temperaturethe channel at normal body temperat[i8]. This plasticity 131
responses these properties will affect the data generatecbotentially confers a broad range of temperature sensitivity
by the two stimulus protocols. This should be borne in to cells expressing TRPV1. Thus, while responses in recams-
mind when comparing properties of the channels listed in binant expression systems such as HEK293 cells in standasd

Table 1 culture conditions may be quite consistent, there is much
Table 1
Properties ofineat in recombinant systems expressing TRPV subunits
Channel expressed TRPV1 TRPV2 TRPV3 TRPV4
Pseudonyms VR1 VRL-1 VRL-3 VRL-2, VR-OAC,
OTRPCA4, trp12
High expression DRG, TG DRG, TG DRG, TG, skin TG
TRPV heteromers land3 Not 2 and 1 3and 1 ?
Pca/Pna 9.6 2.9 12.1 6.3, 4PPD
iheat 2.6
Heat threshold°(C) >43 >53 >31 >24
>35 >33
>39
Q10 21 ? 25 or 6.6 10 or 19
Effect of prior heating Sensitises/desensitises Strongly sensitises Strongly sensitises Desensitises
Threshold shift after ~—7 -13 —4 +6
pre-heating {C)
iheat IN isolated patches Yes Not tested Yes No
[Ca?t]; Desensitises ? Desensitises Blockgo©.4uM
Ruthenium red Blocks 16 0.6puM IC50 < 1pM Voltage dep block
Capsazepine Blocks Inactive Inactive Inactive
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more potential for a range of responses in native cells. This one further member, TRPV3, which is expressed mainlyiss
must be borne in mind when attempting to explain native the CNS and sensory neurons in humgd.0], but also 1se
currents in molecular terms. in skin and in particular in keratinocytes found at the ins7
ner boundary of the epidermj21]. Applying temperature 188
ramps to CHO or HEK293 cells expressing TRPV3, evoked
4. TRPV2 a temperature-sensitive cation current with moderate perme-
ability to C&" and a highQqo [10,21] To date there is no1e1
An initial search of genomic databases for TRPV1 homo- evidence that TRPV3 can be activated by any chemical ligz
logues yielded vanilloid receptor like protein 1 or VRL1, and. Heating isolated outside out patches from TRPV3 ex
now called TRPV2, that is expressed in a sub-population of pressing cells activated a cation channel of 172 pS unitary
medium to large sensory neurons but also at lower levels conductancg22]. This suggests that direct heating of thes
in other tissues. This family member was not activated by channel protein or at least a membrane delimited pathvusgy
any TRPV1 chemical ligand, but was activated by noxious mediates channel opening. 197
heat >53C resulting in a cation current that was Ca Thermal sensitivity depended on the thermal history of the
permeable. The current showed outward rectification at cell and this may be one reason why there is some variatian
positive potentials, like other TRP channels, but also in- in the reported threshold of activation of TRPV3, rangirago
ward rectification at very negative membrane potentials. from 23°C [10] through 35 C [21] to 39°C [9]. Repeated 201
The temperature-evoked currents were specific to TRPV2warming sensitises the channel to heating, both increasityg
transfected cells whether oocytes or HEK293 cells, and po-the maximum current at the end of the temperature ramp
tently blocked by ruthenium red (g 0.6,M) consistent and shifting the temperature threshold to lower temperatuces.
with current flow through a specific ion channel pathway. The effect of repeated heating to 48 on currents recordeckos
Repeated heating resulted in sensitisation such that the curfrom TRPV1 and -3 expressing HEK 293 cells is shown ive
rent threshold moved to much lower temperature at aroundFig. 1 207
40°C [19]. All three groups used electrophysiological or’Cdluo- 208
This initial description provides a clear role for TRPV2 rescence recording based on a baseline resting temperatare
channels in sensing high threshold noxious heat. The at room temperature. While, all cells will have been inceto
broader distribution suggests other possible functions. Inter-bated at 37C post transfection, the duration held at room:
estingly, the murine form of TRPV2 was shown to be con- temperature before commencing recording probably variesl
stitutively active at room temperature following treatment and might be expected to affect the subsequent tempera-
of TRPV2 transfected CHO cells with insulin-like growth ture sensitivity. Prolonged incubation at 37 might also 214
factor (IGF-1) for a few minutes. The development of a select against cells expressing channels with low tempeta-
functional cation current correlated with the IGF-1 stimu- ture thresholds. Whatever the precise thermal sensitivity2af
lated translocation of the channel protein to the cell mem- the channel, from a parallel comparison of TRPV1 and -3zit
brane. The mouse isoform (79% homology to rat TRPV2 appears that TRPV3 has a lower temperature threshold than
was also sensitive to noxious heat, currents being increasedrRPV1[9]. 219
by 140% compared to currents at room temperafRog A further complexity is the demonstration that TRPVZ2o
Attempts by several laboratories including our own to can heteromise with TRPV1 when expressed in HEK283
measure temperature gated currents in TRPV2 transfectectells. These heteromers may function with many of the potyz
cells have been unsuccessful, indicating that important as-modal properties of TRPV1 including capsaicin and protors
pects of the functional expression of this channel remain to sensitivity. Co-localisation in native DRG cell bodies sugzs
be determined. The recent suggestion that soluble co-factorggests that this may happen in native c§ls Further care- 225
are required to mediate heat responsiveness of TRPV4 (sedul comparison of TRPV1, -3 and -1/3 expressing cells wilts
below) may be a clue to the variable success in evoking heatbe needed to confirm that TRPV1/3 heteromers are func-
gated currents from TRPV2 expressing cells. tional and identify any differences from TRPV1 homomerss
The profound differences between TRPV1 and -3 behaviogyr
(Fig. 1) may allow for heteromeric channels to be robustiyo
5. TRPV3 identified and characterised. 231

Analysis of thermosensation in the TRPV1 null mouse
demonstrated virtually normal thermal nociception in the 6. TRPV4 232
absence of inflammatiofi6,17] Sensing hot temperatures
could be ascribed to TRPV2 but there was clearly a need for TRPV4 is the final member of the TRPV family witfes3
further molecular candidates for warm sensation in addition reasonably close homology to TRPV1. TRPV5 and 6, the
to TRPV1. The virtual completion of the human genome ECAC channels are more distant cousj@l This TRPV4 235
project provided genomic sequence in which to search for channel was originally described as an osmosensor, openiag
any outstanding TRPV homologues. This search yielded in response to hypotonic swelling of the cilB,24] While
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Fig. 1. Heat activation of TRPV1 and -3. (A) Expression of either TRPV1 or TRPV3 receptors alone in HEK293 cells generates heat-activatable i
channels with heat thresholds in the warm (TRPV3) or noxious (TRPV1) temperature ranges. Whole-cell patch clamp recordings of membrane curri
in response to heat application (48, or at room temperature, RT), for the duration of the bar, are shown. These traces typify the slower kinetics of
TRPV3 receptor activation relative to TRP\[®]. It is also noteworthy that the inward heat-gated currents are also accompanied by an increase ir
current noise (variance) which is consistent with the stochastic activation of an ion channel of relatively high single channel conductancasgsboth c
(B) TRPV1 receptors typically desensitise in response to agonist stimulation such as capsaicin or acid. Heat activation of TRPV1 appears to ce
similar effects. Repetitive stimulation of TRPV1 with supra-threshold heat stimuli (48=pled to pronounced receptor desensitisation (even in the
nominal absence of external €3 such that the magnitude of inward current responses after four test stimuli at approximately 1 min intervals were only
51% of the original control response. The behaviour of TRPV3 is quite different since TRPV3 responses actually increase with repeated stimulatior
supra-threshold temperatures (432€J, indicating a marked sensitization of this receptor by heat. TRPV3 responses increased by approximately 1009
at each subsequent stimulus challenge such that current responses increased by about 10-fold (1246%) over the course of the experiment. The
datasets for TRPV1n(= 3-6) and TRPV3 = 4) are shown in panel (C) and experimental conditions are as described pre\ibaslfor TRPV1

and -3, respectively). The scale bars used are calibrated as follows: vertical, 100 pA; horizontal, 500 ms.

240
the initial reports suggested that the channel could not be More detailed examination of the properties of TRP\441

activated solely by a rise in temperature, it was reported thatexpressing cells has shown that TRPV4 also acts as a ther-
responses to osmotic stress increased significantly at bodymosensor. Application of temperature ramps front@2o 243
temperature compared to room temperafar. oocytes or HEK293 cells expressing rat TRPV4 resultedzia
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245 rises in intracellular C& and inward currents with thresh-  during a single heat ram{27], while TRPV2 shows strongz77
246 olds around 34C. [25]. Starting from a lower holding  sensitisatio19]. Detailed information on the activation ki27s
247 temperature of 14C, inward currents were activated with netics of these two channels is awaited. This should perpmit
248 a threshold of 24C in HEK293 cells expressing mouse a more comprehensive comparison with the properties af
249 TRPVA4. Careful comparison of the heat-evoked current native currents and aid identification of further functionadi
250 with that activated in the same cells by the TRPV4 agonist, heteromers. 282
251 4-aPDD [26], supported the conclusion that the heat acti-

252 vated current was through TRPV4 chanri@lg]. In contrast

253 to TRPV1[14] and TRPV3[22] (Table 1), isolated patches 7. Properties of heat-sensitive currents 283
254 that contained functional TRPV4 channels showed no cur- in sensory neurons 284
255 rent activation when exposed to increasing temperature.

256 This suggests that additional soluble factors are required to7.1. In vivo single unit recording 285
257 mediate thermosensation. Either heating produces a soluble

258 ligand or a soluble ligand is required as a co-activ§ia. In vivo recording of the activity of single nerve fibresss
259 Over the range 24-3&, current increased with@19 of in response to heating the skin has identified four types ef

260 19.1 and showed dramatic desensitisation towards the peakhermosensor with specific temperature sensitivitieg.(2) 2ss
.61 Ofthe ramp. A further manifestation of this property was that (reviewed by[28]). Warming skin from around 3@C, the 289
262 repeated heat ramps evoked smaller responses with higheskin temperature if the ambient temperature iS@pfirst 290
263 thresholdg27] in contrast to the properties of the other TR- excites a population of unmyelinated c-fibres which convey
264 PVs (Table ). Temperature sensitivity that spans normal a sensation of innocuous warmthid. 2). This temperature 292
265 body temperature suggests that TRPV4 can respond to smalkensitivity indicates a role for TRPV3 as suggested by Peier
266 Changes in body temperature around'@7ut the rapid de- et al.[21] who believe that the localisation of this channeds
267 Sensitisation properties make extrapolating these results to dn keratinocytes at the inner surface of the epidermis whese
.6 Steady state 37TC hazardous. However, acclimatising cells sensory nerve terminals terminate, is important to warm texs
269 t0 mammalian body temperature and then increasing tem-perature signal transduction. They propose a signalling path-
270 perature with a ramp produced further increases in intracel- way that involves temperature sensation by the keratinocytes
,71 lular C&* indicating that TRPV4 expressing cells can sense that then excite nerve terminals by the release of a transmu-
,72 @ change in temperature as seen in pyréi. ter such as ATP. This neatly explains the lack of warm teme
273 It will be interesting to generate comparative data using perature responsive sensory neurons in DRG isolated from
o74 the same protocols as ffig. 1for TRPV4 and for TRPV2. TRPV1/~ mice[16,17] However, this observation mightoz
o75 Data summarised iffable 1suggests that TRPV4 shows be expected given the low number of warm-sensitive primasy
276 Strong desensitisation of responses after prior heating andafferent fibres and the relatively small sample size in these

F 3
(inflamed) c-polymodal nociceptors
c-warm receptors
[4}]
‘g AS- type Il AMH
£
()]
£ Ad- type | AMH
-
T T T [ "
30 40 Temperature °c 50
TRPV1
TRPV2 —
TRPV3
TRPV4

Fig. 2. Fibre firing rates plotted against temperature of the four types of thermosensors in somatic afferent nerves. For native fibres, temfbecatures r
ambient temperature at the tissue surface, so that temperatures at nerve endings are likely to be a few degrees lower. C-polymodal nociceptors sk
leftward shifts in temperature threshold in response to inflammatory mediators (red line) as do TRPV1 expressing cells. Activation rangesnaintecombi
TRPV channels are indicated by the horizontal bars beteaxis. Note that there is some uncertainty over the activation thresholds for TRPV3 and -4
(seeTable ).



Table 2 o >
Properties of nativeéneat recorded from rat dorsal root ganglion cells in culture 'w w
Classification (references) Tissue Cell diameter Threshold Q1o Pca/PNa iheat Desensitisat-ion Capsazepine blocleat Ruthenium red % :I
mean (um) (°C) of heat response block 1Cso (M) 3 O
Low threshold capsaicif30] 3-5 days rat DRG <25 42 — 1.3 No 3 I_

Sensitive cell§37] 43 17.8 Yes, decrease threshold -
[31], [33] Adult rat DRG 18 45 1.2jcapsaicin 2.4 No effect 2 m
[32] 275 No 1Gp 13puM 25% >5 o —
insensitive g Z

Low threshold capsaicin 3 days rat DRG <20 40 >10 No, decrease threshold, %
insensitive[38] biphasic, respectively w0 'U
LT capsaicin sensitivity Adult rat DRG <30 40 No effect at 1QM No effect at 3 m

n.d. [29] 100pM ~
High threshold[31] Adult rat 25 51 S [T1
Capsaicin insensitivg34] DRG 30 51.6 3.5 ™M blocks 55% only 0.3 Tl_: m
. ()
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studies, which may also explain why there is no detailed de- tailed properties of the native currents which could be exs
scription of warm responsive sensory neurons in dissociatedplained if all the current is not carried by TRPV1 homese
culture. Alternatively, culture conditions, age of neurons or mers. The pharmacology of natiigat currents is variable 3so
the absence of satellite cells might also explain this obser-in capsaicin-sensitive neurons although the ligands usedsate
vation. Study of TRPV3/~ mice will be useful in further not ideal for performing definitive studies. So, for examplss
exploring the role of TRPV3 as will direct recordings of heat capsazepine has been reported as a weak blocker or to bave
activated currents from isolated keratinocytes. The temper-no effect [able 2. Similarly, ruthenium red block was poogs4
ature range in which TRPV4 is activated also fits well with [32] or had no effect up to 100M [29]. Further, in isolated 3e5
sensing warm temperatures, particularly the desensitisationpatches at the single channel level, there is a poor correlatisan

properties as noxious temperatures are approadfigdd). between numbers of capsaicin activated and heat activated

It is tempting to speculate that both channels may contribute channels consistent with some heterogeneity in the natise

in some sensory pathways. signalling units[33]. 369
As skin temperature is elevated beyond®@0) the firing In larger capsaicin insensitive DRG neurons, inward care

rate of these c-fibres declines and a separate population ofents activated by temperatures above’Glwith higher 371
polymodal c-fibres are excited that are also responsive toC&t permeability, are se€f1,34] This sub-type of largers72
noxious chemical and mechanical stimuli. This fibre phe- sensory neurons express TRPV2 protein but are not &
notype correlates well with the behaviour of isolated small munoreactive for TRPV134]. These authors demonstraters
diameter sensory neurons that are responsive to capsaicitthat the high threshold response is a specific current andanot
(see below andable 2, suggesting a role for TRPV1 in  due to non-selective membrane or protein destruction, be-
thermosensation in these nerve endings. Further increasesause the current is reversible, specifically blocked by ruthe-
in temperature successively recruit myelinated fAbres at nium red and only observed in a sub-population of neuross.
thresholds of about 46 and 5B, the latter having a similar ~ Comparing the properties of these currents with those evoked
threshold to TRPV2. These types | and -1l AMH fibres are in HEK293 cells expressing VRL-1 (TRPV2) there are clean
also mechanosensitive resulting in the AMH (A, mechano similarities. In addition to general similarities in the inwareb:
and heat sensitive) nomenclature. In vitro correlates of thesecurrent properties, the temperature threshold:"Qaerme- 3s2
fibre phenotypes are seen in large diameter, capsaicin insenability and block by ruthenium are quantitatively almosts
sitive, sensory neurons, although clear distinction into two identical in the native and recombinant curremalfles 1 3s4
types is less obvious (s@@ble 9. Thus, these precise ther- and J. Taken with the localisation of TRPV2 to these largss
mal sensitivities suggest that multiple thermosensitive sen- diameter cell bodies, the evidence suggests that TRPV2sés
sory transduction elements are involved rather than for ex- a major component of the high threshold current in DRé&sz
ample, graded expression of a single temperature-sensitiveClearly, more work is needed to understand the functions
element that might result in different temperature thresholds expression of TRPV2-mediated currents as a numbers®f

for firing, dependent on expression level. laboratories including our own have failed to replicate the
findings of Caterina et aJ19]. Some unidentified accessorys1
7.2. Invitro single cell studies protein, which was endogenously expressed in the Jubiets

lab, is the most likely explanation. Alternatively, if as o3

Studies on sensory neurons in the late 1990s had sug-seems possible for TRPV4 (see above §2id]), TRPV2 394
gested that there were multiple heat-sensitive channelsthermosensitivity might depend on some endogenous inta-
contributing to noxious thermosensation. While small, cellular ligand acting as a co-agonist. If so, this might als®
capsaicin-sensitive, sensory neurons responded to temperaexplain the lack of response when tested in some expression
tures >45C [29,30], larger diameter temperature-sensitive systems. 398
neurons, also distinguished by being capsaicin insensitive
had temperature thresholds of around6131].

The cloning of TRPV11] and TRPVZ19] rapidly pro- 8. Properties of heat-sensitive currents 399
vided a molecular basis for this diversity and immediately in mammalian ther mostats 400
stimulated more detailed analysis of the properties of sen-
sory neurons. In mammals maintenance of core body temperaturesds

This recent work is summarised ifable 2 A number achieved with the aid of multiple thermosensors presentin
of studies have now provided many details of the prop- the pre-optic anterior hypothalamus (POAH), medulla ofs
erties of currents with activation threshold 4045 that longata and spinal corf85]. Extracellular recording from4o4
can be evoked in dorsal root ganglion neurons that also re-POAH revealed a population of warm-sensitive neurons that
spond to capsaicin (see citations Table 9. The loss of showed thresholds of 3T and firing rates above this tema4oe
such currents in sensory neurons dissociated from TRPV1perature of about 5spikess°C~1. Other neurons eitheraor
null mice [16,17], provides strong evidence for an obliga- showed no temperature sensitivity or were cold sensitige
tory role of TRPV1 in the composition of channels carrying with firing rates that declined on heatif®6]. Voltage clamp 409
these currents. However, there are inconsistencies in the destudies of the warm-sensitive neurons identified a cation cup-
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rent reversing at 0 mV activated by increasing temperature the study of mice in which TRPV2, -3 or TRPV4 have beem
and cell-attached patch recording identified unitary inward deleted are also eagerly awaited. 462
currents that were about 2 pA in amplitude at the resting

membrane potentigB6]. As currents indicative of action

potential firing were seen in these patches, this would sug- References 463
gest the membrane potential was less negative thEmV.

Assuming a membrane potential 40 mV and a reversal [1] I. Mori, Genetics of chemotaxis and thermotaxis in the nematodiet
potential of 0 mV gives a unitary conductance~d50 pS for 2 'Sa,\e/lnc?rhab‘:'tl'sl_e'eg?t‘”s' AR”J“-PR‘;‘VI- Gte’}Et-T;:’élili’?’g) 3;]99;42%- t422
. _ s . Maingret, I. Lauritzen, A.J. Patel, et al., -11s a heat-activate
this tempe_rature sen5|t|v_e channel. . background K channel, EMBO J. 19 (2000) 2483-2491. 467

TRPV4 is expressed in th? ?—ntenor hypothalar{ﬁ@ ~ [3] AM. Peier, A. Mogrich, A.C. Hergarden, et al., A TRP channel thass
and TRPV4 currents have similar temperature sensitivity senses cold stimuli and menthol, Cell 108 (2002) 705-715. 469
[25] to the POAH cell current$36]. Watanabe et al27] [4] D.D. McKemy, W.M. Neuhausser, D. Julius, Identification of a cola7o
found a lower threshold for TRPV4 current activation but receptor reveals a general role for TRP channels in thermosensation,
. . . . Nature 416 (2002) 52-58. 472
interestingly the umta_\ry currents through these recomblna_mt [5] D.E. Clapham, L.W. Runnels, C. Strubing, The TRP ion channeis
channels had a similar conductance (59 pS) to the native family, Nat. Rev. Neurosci. 2 (2001) 387—396. 474
POAH currents. TRPV3 also has appropriate temperature [6] M.J. Gunthorpe, C.D. Benham, A. Randall, J.B. Davis, The diversitys
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