Organ mass Heat production at rest
Organ kg % of body mass kcal h™' (W) % of total
Kidneys 0.29 0.45 6.0 (7.0) 7.7
Heart 0.29 0.45 8.4 (9.8) 10.7
Lungs 0.60 5.08 0.9 7.7 34 (3.9) 44 72.4
Brain 1.35 2.1 12.5 (14.5) 16.0
Splanchnic organs® 2.50 3.8 26.2 (30.5) 33.6
Skin 5.00 78 1.5 (1.7) 1.9
Muscle 27.00 59.97 415 92.3 12.2 (14.2) 156.7 276
Other 27.97 43.0 7.8 (9.1) 10.0
Total 65.00 100.0 78.0 (90.7) 100.0
2 Abdominal organs, not including kidneys.

Table 7.1 Heat production in the major organs of a man at
rest (body mass, 65 kg; heat production, 1872 kcal per day
= 78 Keal perhour = 90.65 W). The main internal organs

weigh about 5 kg but account for 72% of the total heat
production. [Aschoff et al. 1971]

Figure 7.1 Temperature distribution in the body of a person
at room temperatures of 20 °C (left) and at 35 °C (right).
The isotherms, which indicate sites of equal temperature,
show that, at 35 °C room temperature, a core temperature
of 37 °C (shaded area) extends into the legs and arms. At
20 °C room temperature, the temperature gradients in the
shell extend throughout the legs and arms, and the core
temperature is restricted to the trunk and head. [Aschoff

and Wever 1258]
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Figure 22-9 Skin temperature is coded by warmth recep- C N

tors and cold receptors. ToNiC Q“"/( PMSJ\C
A. Static temperatures. Cold receptors and warmth receptors
differ in the range of steady-state temperatures to which they
respond and in their peak temperature sensitivities. Cold recep-
tors respond to steady-state temperatures of 5-40°C. Warmth
receptors are tonically active at steady temperatures of
29-45°C. Cold receptors fire at highest rates at a skin tempera-
ture of 25°C, while warmth receptors are most active at 45°C.
At the normal skin temperature of 34°C, cold receptors are
more active than warmth receptors. (Adapted from Darian-
Smith 1973.)

B. Dynamic temperatures. Both receptors are more sensitive to i
changes in skin temperature than to constant temperatures.
Cooling the skin below the resting level evokes a sharp rise in [
the firing rate of cold receptors and silences warmth receptors.
If the cold temperature is maintained, the firing rates of the
cold receptors adapt. When the skin temperature is rewarmed
to the resting level, cold receptors are briefly silenced, whereas
warmth receptors fire a burst of impulses. Warming the skin
produces the opposite firing patterns in warmth and cold recep-
tors. (Adapted from Hensel 1973.)
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Figure 22-10 The rate and amplitude of cooling the skin is
coded by the firing rates of cold receptors. Action potentials
were recorded from a cold fiber when the skin was cooled
rapidly. Each successive trace shows a smaller cooling pulse.
The cold fiber shows a sharp rise in firing rate when the skin is
cooled by 10° from 34°C to 24°C. Smaller cooling steps (eg,
from 34°C to 30°C) evoke a smaller rise in the firing rate of the
cold fiber. The frequency of discharge of cold fibers is linearly
related to the size of the cooling step. Warming the skin at the
end of the stimulus silences the cold fiber. (Reproduced from
Darian-Smith et al. 1973.)
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The ability to sense environmental temperature as
pleasant or unpleasant is associated with the activity
of thermo-sensitive neurons in the peripheral nervous
system. Differential sensation of pleasant environmental
temperatures (warm and cool) versus unpleasant and
noxious (cold and hot) temperatures requires the defini-
tion of thresholds and temperature ranges for activating
thermonociceptors. In this issue of The EMBO Journal,
a study by Noél et al (2009) entitled “The mechano-activated
K" channels TRAAK and TREK-1 control both warm and
cold perception’ shows that the potassium leak channels
TREK-1 and TRAAK have an important regulatory role in
noxious thermonociceptors to ensure a high-enough activa-
tion threshold that does not interfere with the sensing of
innocuous (warm and cool) temperature, but low enough in
order to avoid tissue damage.

Of the five senses—sight, hearing, smell, taste, and
touch—touch is perhaps the most varied. Touch describes
the ability to sense chemical stimuli, mechanical forces, and
temperature. Temperature sensing comes essentially in two
flavours: pleasant (innocuous) and unpleasant (noxious). In
the peripheral nervous systems, at the level of the skin two
basic classes of innocuous- and noxious-temperature-sensing
neurons have been recognized: myelinated Ad-fibres respon-
sible for the first sharp pain, and C-fibres responsible for the
slow, longer-lasting nociception of noxious temperature
(Kandel et al, 2000).

A major breakthrough in the identification of mole-
cules involved in temperature sensing was the discovery of
temperature-activated transient receptor potential (TRP) ion
channels that were directly gated by a change in temperature.
Four heat-activated TRP ion channels (TRPV1-4) and two
cold-sensitive TRP ion channels (TRPM8 and TRPAl) were
identified. Recently, two studies (Brauchi et al, 2004;
Voets et al, 2004) convincingly have argued that the tempera-
ture-sensing properties of TRPM8 and TRPV1 channels arise
directly from intrinsic thermodynamic channel properties.
Whether this also applies to the other TRP channels is
still a matter of debate (Dhaka et al, 2006). Importantly,

"TRPMS8 and TRPV1 are voltage activated and temperature
shifts the voltage-dependent activation of the channels to
more physiological ranges. The implication of this observa-
tion is that membrane potential plays an important role in the

= -
[N ' -

©2009 European Molecular Biology Organization

temperature-sensing activity of the TRP channels. Given the
sophistication of thermo-sensitivity, it most likely involves
complex interactions of ion channels, receptors, and proteins

TRPV3/V4 om
TREK-1 =
TRAAK =

DRG
{celi body)
TKPV1

TREK-1
TRAAK

i Spinal cord
TREK-1
TRAAK
2

TRPMB8/TRPA1 =
o=

TREK-1

TRAAK Sma
Lkl
Skin

Figure 1 Temperature sensing at peripheral terminals of unmyeli-
nated C-fibres (thin axons) and myelinated Ad-fibres (thick axons)
is transmitted to the spinal cord, and from there onwards to the
cortex via central pathways. The diagram illustrates schematically
ion channel populations in four subgroups of sensory neurons
investigated in the study of Noél et al (2009). One group represented
capsaicin-insensitive, heat-sensitive C-fibres, probably expressing
TRPV3 and TRPPV4 channels, which responded to temperature
increases between 30 and ~48°C (coloured in yellow). The popula-
tion of these neurons was markedly increased in the TREK—/—,
TRAAK—/— double knockout mice. A second group corresponded
to heat-sensitive, capsaicin-sensitive, TRPV1-expressing Ad neurons
(coloured in red), which are normally in charge of signalling high
temperature (>50°C)-induced pain, but were activated within a
significantly lower temperature range. On the cold side, a small
population of neurons (lightly blue coloured, A8 fibres?) sensitive to
menthol, allyl-isothiocyanate (AI) and cold is increased. However,
the major effect concerns the population of menthol- and Al-
insensitive and cold-sensitive C-fibre neurons (coloured in blue)
that are normally active only at temperatures below 12°C.
The question mark indicates that the nature of the cold-sensing
excitatory ion channel is unclear. In the double knockout mice
the population of these sensory neurons is significantly increased
and their response activity is shifted to temperatures between 30
and 12°C.

The EMBO Journal VOL 28 | NO 9 | 2009 1195




From chills to chilis: mechanisms for thermosensation and chemesthesis via thermoTRPs Bandell, Macpherson and Patapoutian 491
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Current Opinion in Naurobiology

Phylogenetic analysis of TRP channels. ThermoTRPs are indicated by blue (cold-activated) and red (heat-activated) circles. Human TRP amino
acid sequences were used for the analysis with the exception of TRPC2 for which the mouse channel was used. Topology models are

shown including several characteristic domains (predicted using http:/www.ebi.ac.uk/InterProScan and/or indicated in [17,19,24,55]).

TRPM2, TRPM4, and TRPM5 are temperature-sensitive; however, evidence for their expression in DRG or skin is lacking [28,72].
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Abstract

‘Temperature is a universal cue and regulates many essential processes rang-
ing from enzymatic reactions to species migration. Due to the profound im-
pact of temperature on physiology and behavior, animals and humans have
evolved sophisticated mechanisms to detect temperature changes. Studies
from animal models, such as mouse, Drosophila, and C. elegans, have revealed
many exciting principles of thermosensation. For example, conserved molec-
ular thermosensors, including thermosensitive channels and receptors, act as
the initia] detectors of temperature changes across taxa. Additionally, ther-
mosensory neurons and circuits in different species appear to adopt similar
logic to transduce and process temperature information. Here, we present
the current understanding of thermosensation at the molecular and cellular
levels. We also discuss the fundamental coding strategies of thermosensation
at the circuit level. A thorough understanding of thermosensation not only
provides key insights into sensory biology but also builds a foundation for
developing better treatments for various sensory disorders.
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Magoun, Harrison, Brobeck e Ranson (1938) hanno studiato 'effetto del riscal-
damento localizzato di varie parti dell'ipotalamo con corrente alternata ad alta fre-
quenza. La fig. 273 dimostra che solo in un breve tratto posto al di sopra del chiasma
ottico si ottiene la tipica risposta al riscaldamento del cane e del gatto: la polipnea
termica. Vi sono dunque in questa regione neuroni o recettori che rispondono in
modo adeguato ad un riscaldamento locale, quale si pud avere in natura solo per
un aumento della temperatura del sangue carotideo.
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Fig. 273. Effetti del riscaldamento localizzato dell’ipotalamo.

Gatto in narcosi di uretano. La figura a sinistra indica le diverse posizioni (aa,bb,cc,dd)
della coppia di elettrodi riscaldanti, a livello della parte dellipotalamo che sovrasta il
chiasma ottico. 4 destra si vede che la ventilazione polmonare aumenta per il riscalda-
mento a livello di b, tuttavia la tipica polipnea termica (linea nera spessa) compare solo
quando il riscaldamento si ha a livello di c. i

CC, corpo calloso; C, nucleo caudato; LV, ventricolo laterale; IC, capsula interna;
S, septum; AC, commissura anteriore; GP, globus pallidus; 3V, terzo ventricolo; OC, chiasma
ottico.

(Da H. W. MaGouN, F. HarrisoN, J. R. BroBeck ¢ S. W, RansoN, in J. Neurophysiol., 1: 101-114, 1938,
fig. 2A e 2B).
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Riciclo di ioni

Cicli

Glicolisi attraverso le citoplasmatici di

citoplasmatica membrane transamminazione
Rilascio via
Fruttosio 6-fosfato canale 2+ Amminoacidi
Ca ATP
--- Calore ---- --- Calore -- ~--- Calore ---
Fruttosio 1,6-difosfato Ca?*  Assunzione Proteina
tramite
(a) (b) pompa (c)

Figura 8.35. Possibili cicli biochimici futili in grado di generare ca-
lore: (a) usato da alcuni insetti endotermi, (b) in alcune cellule ca-

Ciclo di Krebs e
sistema di trasferimento Acil-CoA

di elettroni nei
mitocondri

Glicerolo + S
acidi grassi £
ATP
--- Calore ---
Trigliceridi *
(d) Calore

lorigene di pesce, (d) & probabilmente la via seguita nel tessuto
adiposo bruno (BAT) dei tetrapodi.
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hormone are linked by an ether bond. T, is also produced by removal of

Figure 9-25 The thyroid hormones are produced from iodinated deriv-
one iodide from thyroxine.

atives of the amino acid tyrosine. Condensation of the tyrosine derivatives
yields 3,5,3-triiodothyronine (T,) and thyroxine (T,); the two rings in each
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Membrane

Branch of
chamber trigeminal nerve

B Object in front
stimulates both pits

Object on left
stimulates left pit

Object on right
stimulates right pit

Figure 7-39 The facial pits of rattlesnakes contain extremely sensi-
tive thermoreceptors. (A) Structure of a facial pit in the rattlesnake
Crotalus viridis. (B) The position of the facial pits makes thermoreception
by the pit organs directionally sensitive. [Adapted from Bullock and
Diecke, 1956.]
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