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Abstract

Temperature is one of the key parameters that controlled the origin and evolution of
life on earth and it continues to be a principal regulator of the functions of organisms.
Some aspects of the response of simple and complex organisms to temperature vari-
ations are encoded in the physical properties of the cell components, with the all-
important plasma membrane playing a principal role. Other responses to temperature
are more specific and through evolution, specialized receptors with particular temper-
ature sensitivities have appeared to mediate this signaling. While some of these recep-
tors are ancient and can be found in very primitive organisms, it seems that the
mechanisms used by prokaryotes and eukaryotes are very different, indicating that tem-
perature sensitivity has evolved in more than one occasion during evolution.

1. INTRODUCTION

Ambient temperature is one of the most important parameters that
make life on earth possible. At the same time, the existence of temperature
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gradients is also a determinant of an organisms’ adaptive power and of bio-
logical diversity. At the scale of an individual, temperature changes are
important clues for phenomena as varied as metabolic rate, migration, repro-
duction, harmful temperature avoidance, nutrient seeking behaviors, etc.
(Angilletta, 2009).

In thermodynamic terms, temperature is a measure of the energy of a
system. As such, it is a generalized property that by necessity affects all mo-
lecular processes (Feynman, Leighton, & Sands, 2013).

In the context of a cell, it is well known that temperature affects all
metabolic reactions, through such mechanisms as changes in the diffusion
constant of soluble components, control of enzymatic rates, changes in the re-
sistivity of electrolytic solutions, the fluidity of the plasma membrane, just to
name a few (Sharkey & Schrader, 2006; Willmer, Stone, & Johnston, 2009).

For these reasons it is of paramount importance that organisms, from sin-
gle cells to the multicellular, be able to sense and respond to temperature
gradients or steep changes, both external and internal. As a result, several
mechanisms have evolved to function as thermal receptors, allowing organ-
isms this fundamental interaction with their environment.

In this chapter, I will briefly review the response of model organisms to
temperature changes and some of the general and fundamental effects of
temperature in cellular parameters such as membrane composition and
electrical properties and excitability of cells, and only mention when rele-
vant, those processes involving specific thermal receptors, which are the
main scope of this tome.

2. RESPONSE OF ORGANISMS TO CHANGES
IN TEMPERATURE

2.1 Worms and flies
Most organisms, regardless of any ability to control their internal

temperature, thrive in a preferred range of ambient temperatures. This is
especially true in environments where this variable shows large fluctuations.
For example, marine snails living in mud flats in tropical areas are subject to
large daily variations in temperature between approximately 16 �C at night
to 40 �C at midday. Accordingly, both in laboratory and natural conditions,
these organisms exhibit temperature-stimulated motor behavior that drives
them to seek a shelter region with their preferred temperature (Bertness &
Schneider, 1976; Cameron, 1970; Cox & Rutherford, 2000). This temper-
ature preference is generally related to other complex behaviors, such as
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feeding and egg laying and these are promoted when the organisms reach
their preferred temperature ranges (McMahon & Russell-Hunter, 1977).
In both vertebrates and complex invertebrates, the temperature seeking
and avoidance behaviors are regulated by specialized sensory and motor
neurons and their corresponding neuronal circuits (Wittenburg & Baumeister,
1999), and can be very complicated. For this reason, simpler organisms have
been used as more tractable models in sensory physiology.

The nematode Caenorhabditis elegans has been extensively used to study
these and other behaviors, because genetic mutants are readily available
and neurons can be identified and selectively stimulated or disrupted (Li,
Kang, Piggott, Feng, & Xu, 2011; Tobin & Bargmann, 2004; Wittenburg &
Baumeister, 1999). It has been discovered that C. elegans responds quickly
and efficiently to temperature changes even as small as a fraction of a degree
centigrade. This organism has a preferred temperature of around 27 �C and
displays a stereotyped heat avoidance behavior, orchestrated by several indi-
vidual neurons acting as thermal receptors and which are located in the ante-
rior, posterior, and mid-body regions of the worm. The use of mutant
worms has identified some of the molecular regulators of this behavior
mainly as thermally activated Transient Receptor Potential (thermoTRP)
ion channels and glutamate receptors (Glauser, 2013; Glauser et al., 2011;
Mohammadi, Byrne Rodgers, Kotera, & Ryu, 2013).

The fruit fly Drosophila melanogaster is another important model organism
where similar insights have been garnered from physiological and genetic
studies (Hoffmann, Sørensen, & Loeschcke, 2003; Patapoutian, Peier, Story,
& Viswanath, 2003; Rosenzweig et al., 2005). Drosophila has a preferred
temperature around 24 �C and shows remarkable heat avoidance responses
that are initiated by specialized temperature sensitive organs located in
the head antennae. Even in the larval stage this organism displays heat avoid-
ance responses mediated by specialized thermosensitive neurons (Liu,
Yermolaieva, Johnson, Abboud, & Welsh, 2003; Sayeed & Benzer, 1996),
an indication of the importance of the role played by temperature in insect
differentiation. Heat-sensitive channels also mediate these thermal responses
in the fly. The molecules responsible for heat sensation are TRPA1 cation
channels, which in the case of D. melanogaster are very diverse, especially
through alternative splicing (Neely et al., 2011; Zhong et al., 2012).

Both D. melanogaster and C. elegans also respond to decreases in temper-
ature. The response of organisms to low temperatures is less well under-
stood, but at least in these model organisms it seems to also be mediated
by specialized receptor ion channels. In the larval stage of the fly, the
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TRP and TRPL channels have been implicated in the avoidance response to
low temperatures (<18 �C) (Rosenzweig, Kang, & Garrity, 2008). Adult
cold sensitivity seems to involve a completely different set of proteins,
perhaps not even ion channels (Gallio, Ofstad, Macpherson, Wang, &
Zuker, 2011).

2.2 Bacteria
The exquisite responses to temperature found in flies and worms are also
present in much simpler organisms, such as bacteria. The Gram-negative
Escherichia coli displays a response to temperature that is very similar to their
chemotactic behavior. In general, E. coli displays two modes of motion,
smooth, directed swimming and random tumbling. When the cells
encounter a chemoattractant gradient, they bias their movement to favor
swimming, while tumbling provides a better way to randomly sample as
much space as possible when the chemoattractant is not present (Berg &
Brown, 1972). The behavioral response to a temperature gradient is very
similar and cells will swim towards and aggregate at a particular, preferred
temperature in the gradient (Maeda, Imae, Shioi, & Oosawa, 1976). The
change in the pattern of movement is mediated by a change in the rotation
direction of the flagellar motor. Directed swimming occurs when the motor
turns in a counter clockwise direction and the movement of the three or
more flagella is coordinated, while tumbling occurs when the motor turns
clockwise and the flagella become uncoordinated and propel the cell in
random directions (Turner, Ryu, & Berg, 2000).

How E. coli modulates its motor behavior in relation to temperature has
been explored both in populations of bacteria and in single, immobilized
bacilli. Using this last approach, it was demonstrated that this bacteria
respond to temperature changes by increasing the probability of directed
swimming, by means of coordinating the movement of their multiple
flagella, in a similar fashion to the chemotactic response. It was also observed
that the response to a very brief pulse of temperature as well as chemoattrac-
tant concentration (the impulse response), has the same temporal course and
is compatible with the bacteria performing a differential measurement of the
stimulus, that is, the cell is actually sensing the rate of change of the stimulus,
not its absolute value (Block, Segall, & Berg, 1982; Paster & Ryu, 2008;
Segall, Block, & Berg, 1986).

In accordance with this shared behavioral response, a very interesting
observation in E. coli and presumably several other prokaryotes is that the
molecular substrate of temperature sensing and chemotaxis seems to
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be the same. That is, the same chemoattractant receptors function as
thermoreceptors.

Two of the main amino acid receptors, Tar and Tsr (Falke & Hazelbauer,
2001; Sourjik & Wingreen, 2012), have been shown to also act as thermo-
receptors and mediate a behavioral response that is the same for high tem-
perature and high amino acid concentration. In these conditions cells will
swim, while in the opposite condition cells will tumble (Maeda & Imae,
1979; Maeda et al., 1976). Other chemoreceptors such as Trg and Tap,
responsible for sensing ribose and galactose, respectively, have also been
shown to display thermal sensitivity, although their physiological role as
thermoreceptors has not been demonstrated (Nara, Lee, & Imae, 1991).
These membrane proteins have an extracellular (periplasmic) receptor
domain, and transmembrane and cytoplasmic domains that are responsible
for signaling. They generally function as arrays and their mechanism is prob-
ably highly cooperative (Hazelbauer, Falke, & Parkinson, 2008). It should be
noted that the molecular mechanism responsible for the special thermal
sensitivity of these receptor molecules is unknown, as is the mechanism of
coupling to the flagellar motor.

3. GENERAL THERMAL DEPENDENCE OF MEMBRANE
PROPERTIES

3.1 Role of membrane fluidity
As can be gleaned from the previous section, thermal responses in very

different organisms, from bacteria to vertebrates, seem to be mainly medi-
ated by the specific heat activation of specialized receptor proteins. Howev-
er, temperature variations are felt not only by these receptors but also by the
medium surrounding the cell, formed by both the plasma membrane and the
cytoplasmic and extracellular electrolytes. So, an intriguing question is, what
are the contributions of these to the thermoreceptive event?

Like all phospholipid bilayers, the plasma and intracellular membranes of
cells undergo temperature-driven phase transitions between at least three
states. At low temperatures, the bilayer can adopt a highly ordered structure
known as the gel or Lo phase, which is characterized by reduced diffusion
coefficients of lipids and by low fluidity and increased rigidity. At higher
temperatures, the membrane is in a liquid, less ordered phase, LL, which is
the common state of biological membranes, since the LL phase generally
occurs at temperatures above 20 �C. At even higher temperatures
>40 �C, the bilayer can exist in a nonlamellar hexagonal phase. The exact
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temperature (the transition temperature) at which each phase transition
occurs is highly dependent on the lipid composition of the specific mem-
brane. Since the survival and function of the cell is fundamentally dependent
on the fluid state of the membrane, the lipid composition is strictly
controlled to maintain the bilayer in the LL state.

This phenomenon is readily observed in bacteria and plants. In E. coli and
other bacteria of the Bacillus genus, it has been observed that a 10 �C reduc-
tion in the temperature from that at which cells are optimally grown reduces
the fluidity of the membrane, which in these organisms is detected mainly by
a membrane-associated histidine kinase denominated DesK (Albanesi et al.,
2009; Cybulski et al., 2002; Mansilla, Albanesi, Cybulski, & de Mendoza,
2005; Mansilla, Cybulski, Albanesi, & de Mendoza, 2004). In plants, a
similar mechanism for responses to lowered temperature has been proposed
(Murata & Los, 1997). The activation of the histidine kinase results in the
activation of enzymatic pathways that lead to unsaturation of the fatty acids
in membrane phospholipids, which ultimately results in a decreased temper-
ature for the Lo�LL phase transition and in an increased fluidity of the mem-
brane (Klein, Weber, & Marahiel, 1999).

The response of these organisms to an increased temperature is the exact
opposite. At least in cyanobacteria, the degree of unsaturation of fatty acids
of the membrane phospholipids is reduced at temperatures higher than the
optimal growth temperature (Sato & Murata, 1980).

In poikilothermic eukaryotic organisms, similar biochemical responses
have been observed. For example, in membranes from hepatocytes of the
trout (Oncorhynchus mykiss) that has been cold acclimated to a temperature
15 �C below their normal growth temperature, the phase transitions to
the Lo, ordered phase and to nonlamellar phases occur at lower temperatures
than in fish grown at normal temperature, indicating that the composition of
the plasma membrane has been enriched in fluidity-maintaining polyunsat-
urated phospholipids (Hazel, McKinley, & Gerrits, 1998; Hazel & Williams,
1990).

The cell membranes of animals have cholesterol, which in a high con-
centration, generally increases the order of the lipid bilayer and reduces its
fluidity (Cooper, 1978; McIntosh, Magid, & Simon, 1989). The plasma
membrane content of cholesterol has also been demonstrated to be regulated
during prolonged temperature challenges and it has been shown to be
reduced in cold acclimated organisms (Robertson & Hazel, 1995), with
the consequence that membrane fluidity is maintained at lower temperatures
and the functional characteristics of the membrane are preserved.
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An immediate hypothesis derived from the previous description of the
physical chemistry of the response of membranes to temperature, is the pos-
sibility that the fluid state of the membrane itself could act as a temperature
sensor and transmit the information encoded in the fluid state of the bilayer
to effector proteins. This mechanism has been documented in bacteria and
plants, but not in animals. In Bacillus subtilis, the thermosensitive DesK
histidine kinase senses changes in the thickness of the membrane, which
are associated with the altered fluidity of the lipid bilayer and contributes
to lipid content remodeling as an adaptation to cold temperatures (Cybulski,
Martin, Mansilla, Fernandez, & de Mendoza, 2010; Mansilla et al., 2005). In
rice, a calcium-dependent protein kinase related to DesK becomes auto-
phosphorylated in response to cold and it is speculated that this activation
occurs as a response to the altered fluidity of the membrane (Martin &
Busconi, 2001).

In animals, especially endotherms, the physiological range of responses to
temperature changes, coincides with the range of temperatures in which the
membrane remains in its liquid state. This observation seems to indicate that
phase transitions in the plasma membrane do not play a role in the percep-
tion of temperature changes at the cellular level. Even though drastic
changes in the structure of the membrane may not play a role in temperature
sensitivity, the fluid state of the membrane will change in the range of tem-
peratures experienced by sensory cells. If and how this contributes to tem-
perature perception remains unclear. Many temperature receptors
are proteins modulated by direct interactions with lipids or by the local me-
chanical state of the membrane (Christensen & Corey, 2007; Hardie, 2007;
Ramsey, Delling, & Clapham, 2006). The interplay between the physical
state of the membrane, its lipid composition, and temperature promises to
be a fertile area of research.

3.2 Membrane electrical properties and temperature
Ever since the first quantitative description of cellular excitability, re-
searchers have been interested in the temperature dependence of electrical
phenomena (Adrian, 1921; Lorente de No, 1947). Very early it was
observed that there exists an optimal temperature for the firing of action po-
tentials and that this temperature is highly correlated with the environment
of the particular organism. In the case of the squid giant axon, the magni-
tude of the action potential increases at lower temperatures, being maximal
at the preferred temperature of the squid. At higher temperatures,
the magnitude of the action potential is reduced, perhaps because the extent
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and speed of sodium (Naþ) channel inactivation is increased with temper-
ature (Hodgkin & Katz, 1949; Ishiko & Loewenstein, 1961).

The resting membrane electrical properties of excitable cells of
exothermic or poikilothermic organisms show small but significant depen-
dence on changes in temperature. Measurements in lizard muscle of mem-
brane resistance, Rm, cell input resistance, Rin, cytoplasmic conductivity, Ra

and membrane length constant, l as well as membrane capacitance, Cm,
have shown that as a general rule, resistive parameters tend to decrease
with increasing temperature (Adams, 1987). Similar results have been
obtained in muscle cells and synaptic terminal of a crustacean neuromuscular
junction (Stephens & Atwood, 1982).

A practical way to express the temperature dependence of these quanti-
ties is the Q10.

The fold-change in the value of any parameter P as a function of a 10 �C
temperature change, can be expressed as the temperature coefficient or Q10

value, defined as:

Q10 ¼
�
P2
P1

�10=ðT2�T1Þ

In the case of the membrane electrical parameters described above, all of
them have measured Q10 values between 1 and 2 (Davenport, 1992;
Schmidt-Nielsen, 1975). It should be noted that the Q10 of a diffusive pro-
cess in water is approximately equal to 1 (Sidell & Hazel, 1987), which
explains why quantities such as the membrane resistive parameters, which
fundamentally depend on ionic diffusion in water, have similar Q10 values.

Contrary to resistances, the value of the membrane capacitance Cm in-
creases with temperature in muscle (Adams, 1987) and in erythrocyte cell
membranes (Bao, Davis, & Schmukler, 1992). Since the relationship be-
tween Cm and the membrane area A, thickness d, and dielectric constant
ε is: Cm ¼ εεo

A
d ; the increased value of Cm at higher temperatures implies

that heat reduces the thickness of the membrane or increases its dielectric
constant, or both (but see below, Section 5).

In the case of mammals, the thermal sensitivity of passive electrical prop-
erties is more heterogeneous than in invertebrates and lower vertebrates. It
has been shown that in some preparations, like rat diaphragm muscle, resting
membrane resistance also decreases as a function of increased temperature,
with a Q10 w 1 (Palade & Barchi, 1977), in a manner similar to reptilian
muscle, while other muscles, like goat intercostal, show an opposite temper-
ature dependence (Lipicky & Bryant, 1972). These differences might be due,
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at least in part, to different contributions from chloride (Cl�) and leak
potassium (Kþ) channels to the resting conductance, because these channels
have a large temperature dependence (see chapters by Pusch and Zifarelli
and Qneibi et al. in this tome).

The described changes induced by high temperature in passive electrical
properties have direct implications for the physiology of excitable cells; the
reduced input and membrane resistances will tend to reduce the excitability
by increasing the threshold for action potential firing and the magnitude of
synaptic currents needed to excite the cell. Similarly, since the length con-
stant, l, is equal to:

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rm

Ra þ Ro

r

where Ro is the extracellular bath resistance, the implication is that the
length constant will be also smaller at higher temperature, contributing to
the decrease in cell excitability.

The increased capacitance, on the other hand, will contribute to a reduc-
tion of the speed of propagation of an action potential, due to the increased
voltage needed to charge the augmented capacitance and to slow down de-
polarization by increasing the time constant of the membrane (Adrian, 1975;
Fernandez, Taylor, & Bezanilla, 1983).

It should be noted that the changes in electrical properties that we have
reviewed in the previous section are observed for temperature variations that
occur in a range in which the plasma membrane remains in its liquid phase,
in such a way that its fluidity should not be a factor.

4. PYROELECTRICITY

Pyroelectricity is a characteristic of certain highly ordered polar crystals
that have a polarization charge when whole crystals are dilated or contracted
by heating or cooling, respectively. The result of this charge separation is the
generation of a transient voltage (Whatmore, 1991). In pyroelectric crystals
of minerals such as tourmaline, the voltages generated can be very large. Py-
roelectric phenomena are generally observed in highly organized crystals
with a permanent dipole moment, which also makes these crystals piezo-
electric (Kepler, 1978).

Pyroelectricity has been demonstrated to be present in vertebrate bone
and tendon and it is thought to arise as a consequence of the highly ordered
mineral crystal arrays present in these tissues. Voltages generated by the
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pyroelectric effect in bone are very small, usually less than 1 mV (Lang, 1969;
Williams & Breger, 1975). Pyroelectricity might play a role in the modula-
tion of bone regeneration and growth by alternating magnetic fields and
fixed electric fields (Bassett, 1987; Bassett, Pawluk, & Pilla, 1974).

Interestingly, the existence of pyroelectricity has been also demonstrated
in the integument of insects. In the case of the cockroach, heating produces a
negative voltage in the inner surface of the integument and the magnitude of
the generated voltage transients is about �6 mV for a few degrees temper-
ature change. These pyroelectric voltage transients are of potential interest
for insect thermal receptors, since they can occur in the integument sur-
rounding sensitive organs associated with “hairs” or vibrissae in the antennae
(Athenstaedt & Claussen, 1981; French, 1985; Hoger & French, 1999),
which have been shown to increase action potential firing frequency as a
consequence of increased temperature. Temperature sensation in Drosophila
and possibly other insects has been demonstrated to depend on thermally
activated TRP channels (Hamada et al., 2008; Kang et al., 2012) and so it
is unlikely that a pyroelectric effect is directly responsible for insect temper-
ature sensitivity. Nonetheless, the pyroelectric effect could potentially make
an important contribution to the overall response of thermal receptor
neurons in these organisms. It should be noted that the potential contribu-
tion of pyrolectricity to thermal sensation in insects or other organisms is still
in need of demonstration.

5. INFRA RED RADIATION AND CAPACITANCE

Heat can be delivered to matter in several ways. A very effective
manner that does not require contact between a hot and a cold body is to
provide energy in the form of radiation. A hot body will generally emit
heat in the form of infrared radiation (IR), which is defined as the band in
the electromagnetic spectrum between approximately 700 nm and 1 mm.
Most molecules absorb infrared radiation through interaction of their dipole
moment with the Poynting vector of the radiation and this leads to an in-
crease of the rotational and vibrational moments of the molecule (Bohren &
Huffman, 2008; Feynman et al., 2013). Heat absorption by water is impor-
tant since it is a major constituent of biological systems. Water is mostly trans-
parent to visible light but capable of absorbing red and IR radiation and
responding by increasing its temperature (Falk & Ford, 1966).

Water IR absorption has been long used as a mechanism to produce local
increases in temperature (Waynant, Ilev, & Gannot, 2001), but recently it
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has been shown to have important effects in membrane electrical properties
by producing increases in the membrane capacitance, just as temperature was
shown many years ago to increase the capacitance of nerve membranes (as
discussed in section 3.2).

It is known that IR radiation is capable of producing excitatory responses
in several tissues including hair cells, embryonic heart cells, auditory
neurons, to name a few (Jenkins et al., 2010; Littlefield, Vujanovic, Mundi,
Matic, & Richter, 2010; Rajguru et al., 2011). Several possibilities exist to
explain the molecular origins of these responses and none are exclusive.
Thermosensitive ion channels or transporters could be activated or deacti-
vated by the increased temperature produced by the IR radiation, leading
to ionic fluxes that can produce depolarization and action potential firing.
This mechanism will be shown to be viable and will be briefly reviewed
in the following section.

Another possibility is that IR could alter physical properties of the mem-
brane. As it turns out is has been recently established that IR radiation in-
creases the membrane capacitance, Cm of cells. Capacitive current in an
idealized cell without ionic flux pathways is given by:

Ic ¼ CmðtÞ dVdt
If the capacitance is a time-varying function and the membrane potential

V is constant, we expect to see a time varying capacitive current. In the case
of the cell types tested, the HEK 293 cell line and Xenopus frog oocytes, the
reversal potential of this current is positive, leading to inward currents that
produce membrane potential depolarizations (Shapiro, Homma, Villarreal,
Richter, & Bezanilla, 2012). If we think of the plasma membrane as a clas-
sical capacitor, the charge in the charged “plates” is provided both by fixed
charge present in the phospholipid head groups and other charge present in
membrane proteins, and a diffuse double layer formed by the electrolyte
solution bathing the membrane (McLaughlin, 1989). It has been suggested
that the to 6–10% capacitance increase induced by IR heat changes, is due to
perturbations of this double layer and not to changes in the dielectric con-
stant or thickness of the lipid bilayer. The change in capacitance is physio-
logically relevant, since the capacitive current induced by the change in
temperature is enough to produce a depolarization sufficiently large to elicit
action potentials (Shapiro et al., 2012). A different group also working with
HEK293 cells has reported the same changes in membrane capacitance
elicited by IR radiation (Okunade & Santos-Sacchi, 2013).
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More recently it was demonstrated that the capacitance change induced
by IR heating can be seen in native C. elegans neurons and be very large,
enough to produce sufficient depolarization to elicit action potential firing.
It was also shown that the magnitude of the capacitive effect is proportional
to the rate of change of temperature and not to the absolute temperature
(Liu, Frerck, Holman, Jorgensen, & Rabbitt, 2014).

6. ACTIVATION OF SPECIFIC CHANNELS BY IR

It has been known for some time that electromagnetic radiation pro-
vided by laser emission is capable of exciting individual neurons in mollusks
(Fork, 1971) and several isolated nerve preparations (Izzo et al., 2008). Apart
from the direct effects of infrared radiation on the plasma membrane dis-
cussed above, which are ultimately a consequence of temperature changes,
IR stimulation produces a global increase in temperature in the irradiated
area. These changes in temperature can be very substantial, rising tempera-
ture beyond 60 �C (Liljemalm, Nyberg, & von Holst, 2013; Yao, Liu, &
Qin, 2009). It is now very well established that increased temperatures acti-
vate several ion channels, especially some belonging to the thermoTRP
variety. So it is not surprising that recent experimental work that has begun
to unravel the mechanisms of IR-induced neuronal excitability, is showing
that specific thermoTRPs are involved.

A recent study (Albert et al., 2012) demonstrated that the excitatory
effects of IR radiation on sensory neurons is mediated by the ability to acti-
vate the thermoTRP ion channel TRPV4 by increasing the temperature
around the cell. IR radiation-induced heating has been elegantly used as a
tool to study thermoTRP channels. Yao et al. (Yao, Liu, & Qin, 2010;
Yao et al., 2009) utilized an IR laser system to induce very rapid and con-
stant temperature changes that are capable of activating the prototypical
heat-activated TRPV1 channel, along with other heat-activated channels,
like TRV3, TRPV2, and TRPV4 (Yao, Liu, & Qin, 2011).

Infrared-elicited temperature increases have a distinct physiological
importance. It has been demonstrated that the special IR sensitivity of
pit-bearing snakes is mediated by the activation of heat-activated TRPA1
channels; most likely due to an increased temperature caused by IR. In a
similar fashion, heat-activated TRPV1 channels mediate the IR detection
present in certain vampire bats (Gracheva et al., 2010, 2011).

It can be concluded from the last two sections that the effects of infrared
radiation on excitable cells are all mediated by increases of temperature and
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are excitatory. On the one hand, increased temperature increases the capac-
itance, a fundamental property of membranes. Infrared produces substantial
increases in temperature that result in specific activation of heat sensitive ion
channels.

7. CONCLUSIONS

Thermal relationships of organisms with their environment are of
fundamental importance. These interactions are mediated by a myriad of
mechanisms, from simple temperature-dependence of physicochemical var-
iables to the more sophisticated and specialized receptor/channel mediated
signal transduction systems.

The research into the molecular mechanisms of temperature sensitivity
has focused mainly on identifying molecules with especial temperature
sensitivity. It is the aim of this chapter to provide a wider view of the mech-
anisms involved, with the hope of attaining a unified understanding of ther-
mal sensation.
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