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6TM  : six-transmembrane  
5-BT  : 5-benzyloxytryptamine 
5-HT  : 5-hydroxytryptamine 
ATP  : adenosine triphosphate 
ARD  : ankyrin repeat domain 
BAT  : brown adipose tissue 
BCTC :4-(3-chloro-pyridin-2-yl)-piperazine-1-carboxylic acid (4-tert-butyl-

phenyl)-amide 
[Ca2+]i  : intracellular calcium concentration 
Caps  : capsaicin 
CCI  : chronic constriction injury 
CFA  : complete Freund´s adjuvant 
CGRP  : calcitonin gene-related peptide 
CLF   : chloroform 
CMR1  : cold-menthol receptor type 1 
CPZ   : chlorpromazine  :  
DAG  : diacyl glycerol  
DMEM : Dulbecco´s Modified Eagle´s Medium 
DMSO : dimethyl sulfoxide 
DRG  : dorsal root ganglia 
EC50  : half-maximal excitatory concentration  
EGTA  : ethylene glycol tetraacetic acid 
F340  : fluorescence emitted by Fura-2 excited at 340 nm 
F380   : fluorescence emitted by Fura-2 excited at 380 nm 
Fura 2-AM : fura-2-acetoxymethyl ester 
GDNF  : glial cell-line derived neurothrophic factor 
GFP  : green fluorescent protein 
GFRα3 : GDNF family receptor α3 
Gmax  : maximum conductance 
HC30031 : 2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-

isopropylphenyl)acetamide 
HCN  : hyperpolarization-activated cyclic nucleotide-gated  
HEK293 : Human Embryonic Kidney 293 
HEPES : 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HT  : high-threshold 
I  : current 
IB4  : isolectin B4 
I=0  : current-clamp mode at which amplifier current is kept at 0 A 
IC50  : half-maximal inhibitory concentration 
iPLA2  : calcium-insensitive phospholipase A2 
ipRGC´s : intrinsically photosensitive mammalian retinal ganglion cells 
I-clamp : current-clamp 
Ih  : hyperpolarized-activated inward current (Ih) 
Imax  : maximal current 
IP3  : inositol 1,4,5-triphosphate 
I-V  : current-voltage 



 

 

LT  : low-threshold 
MHR  : TRPM homology region 
NET  : neuroendocrine tumor cells 
NOMP-C : NO mechanoreceptor potential C 
PBMC  : 1-phenylethyl-4-(benzyloxy)-3-methoxybenzyl(2-aminoethyl)carbamate 
PCa  : permeability for calcium 
PI(4,5)P2 : phosphatidylinositol 4,5-bisphosphate or PtdIns(4,5)P2 
Pirt  : phosphoinositide interacting regulator of TRP 
PKA  : protein kinase A 
PKD  : protein kidney disease 
PKC  : protein kinase C 
PLC  : phospolipase C 
PNa  : permeability for sodium 
polyP  : inorganic polyphosphate 
Popen  : open probability 
pRGC  : photosensitive retinal ganglion cell 
SAC  : stretch-activated channel 
SKF96356 :1-β[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl-1Himidazole 

hydrochloride 
siRNA  : small interference RNA 
TTXr  : tetrodotoxin-resistant 
TTXs  : tetrodotoxin-sensitive 
TG  : trigeminal ganglia   
TM  : transmembrane domain 
TM5  : transmembrane domain segment 5 
TM6  : transmembrane domain segment 6 
TNP   : trinitrophenol 
Tr   : risetime 
TRP   : transient receptor potential 
TRPA  : transient receptor potential ankyrin 
TRPC  : transient receptor potential canonical  
TRPP  : transient receptor potential polycystic  
TRPM  : transient receptor potential melastatin  
TRPML  : transient receptor potential melastatin-like  
TRPN  : transient receptor potential NOMPC 
TRPV  : transient receptor potential vanilloid  
UCP1  : uncoupling protein 1 
V  : voltage 
V-clamp : voltage-clamp 
Vm  : membrane potential 
Vrev  : reversal potential 
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Para su supervivencia, todos los organismos dependen de su capacidad para 

percibir, interpretar y reaccionar ante cambios en su medio ambiente. La percepción 

de la temperatura es un elemento importante en la fisiología de los animales, puesto 

que posibilita respuestas comportamentales apropiadas frente a cambios en la 

temperatura ambiental, y permite evitar el contacto prolongado con objetos a 

temperaturas dañinas. El sistema sensorial de los mamíferos es capaz de detectar 

variaciones sutiles en la temperatura a través de terminales nerviosas 

termosensibles que representan una fracción de todas las fibras sensoriales. Estas 

terminaciones nerviosas termosensibles expresan una serie de canales iónicos no 

selectivos de la familia TRP (“Transient Receptor Potential”), los cuales responden a 

un amplio rango de temperaturas, desde calor quemante hasta el frío helado. De 

entre estos canales TRP termosensitivos, TRPM8 (“Transient Receptor Potential 

Melastatin 8”) es el principal sensor del frío y también se piensa que pueda estar 

implicado en el desarrollo del dolor al frío en condiciones patológicas. Además, su 

expresión elevada y su función están relacionadas con la transformación maligna en 

varios tipos de cáncer. Finalmente, hay evidencias emergentes que demuestran un 

papel del TRPM8 como agente analgésico en determinadas condiciones. Estos roles 

diversos confieren una perspectiva prometedora al desarrollo de moduladores de 

TRPM8, que podrían constituir una terapia atenuante importante para el tratamiento 

de diversas condiciones patológicas. El estudio de moduladores de TRPM8 es un 

campo emergente y ha permitido entender mejor las propiedades biofísicas de 

TRPM8 y su función, tanto en el organismo sano como en situaciones patológicas. 

Sin embargo, esto representa sólo “la punta del iceberg”, la cual espero que esta 

tesis contribuya a destapar un poco más. 
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For survival, all organisms depend on their ability to perceive, interpret and react to 

changes in their environment. Temperature sensing is an important element in the 

functioning of organisms, allowing for appropriate behavioral responses to changes 

in environmental temperature and the avoidance of prolonged contact with harmfully 

hot or cold objects. The mammalian sensory system is able to detect subtle changes 

in temperature through thermosensitive nerve terminals of primary afferent sensory 

neurons, which represent a fraction of the total of sensory afferents. These 

thermosensitive nerve-endings express a subset of non-selective cationic ion 

channels of the Transient Receptor Potential (TRP) family, which respond to a range 

of different temperatures, spanning the whole range of the perceived temperature 

spectrum from burning hot to ice cold. Of these thermosensitive TRP channels, 

Transient Receptor Potential Melastatin 8 (TRPM8) is the principal cold sensor and is 

believed to be involved in the development of cold pain during pathological 

conditions. Furthermore, its expression and function is linked to several cancerous 

malignancies. Finally, evidence is emerging that activation of TRPM8 might confer an 

anesthetic effect in certain conditions. These diverse roles make for a promising 

therapeutical prospect for the development of TRPM8 channel modulators, in the 

hope that it can offer therapeutic relief from various pathological conditions. The 

study of TRPM8 modulators is an emerging field and has enhanced our 

understanding of the biophysical properties of TRPM8 and, as a tool, helped in 

elucidating the physiological role of TRPM8 in health and disease. However, this is 

only the tip of the proverbial iceberg, of which this thesis hopes to uncover a little 

more.  
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1.1. Ion channels 

Each cell is enclosed by a membrane, consisting of a double layer of phospholipids, 

which holds the essential cellular components together and separates them from the 

external environment. Due to the tight packing of lipid molecules, the bilayer is 

hydrophobic in nature and acts as a barrier to the diffusion of small charged 

molecules and ions such as Na+, K+, Ca2+ or Cl-. For a proper and controlled 

regulation of ion flow, cell membranes contain specialized transmembrane proteins 

such as ion transporters and ion channels. Ion channels allow for the passive 

diffusion of ions, determined by a favorable electrochemical gradient, set up and 

maintained by ATP-driven ionic transporters that actively pump ions across the 

membrane. When an ion channel opens, the ions rapidly diffuse through the channel 

pore, generating a flow of current and changing the membrane potential. Ion 

channels are found in the membranes of all cells, where they fulfill several essential 

functions. These include controlling the resting membrane potential, shaping 

electrical signals in excitable cells and gating the flow of messenger Ca2+ ions (Hille, 

2001).  

Regulated ion flow is the basis for excitation and electrical signaling in the 

nervous system. Opening an ion channel, changing the transmembrane potential 

accordingly, can facilitate the opening of neighboring ion channels that are able to 

sense a change in transmembrane potential. A cascade of voltage-gated ion 

channels can thus propagate an action potential along the nerve, serving as a signal 

in the nervous system. Eventually, the depolarizing electrical signal generates a 

nonelectrical response by opening voltage-gated Ca2+-permeable channels. Ca2+ 

acts as an intracellular messenger, and the change in intracellular free Ca2+ 

generates a versatile response in the cell, depending on the diverse calcium 

signaling pathways and their effectors (e.g. kinases, other ion channels). In this 

fashion, electric signaling controls a host of diverse biological processes like the 

contraction of muscle fibers, neurotransmitters release, hormone secretion, gene 

expression, cellular division and sensory transduction. 

Ion channels open and close their permeation pathway (i.e. pore) because of 

conformational changes of the channel protein, which is referred to as gating. Gating 

occurs by several mechanisms, such as the binding of a specific natural ligand or 

pharmacological compound, transmembrane voltage changes, mechanical 
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perturbation of the membrane, light or temperature changes. A further defining 

feature of ion channels is their pore, the ion conductive pathway, which is selectively 

permeable and so allows only the passage of a certain class of ions. Ion channels 

are classified by their gating mechanism, their ionic selectivity and by filogenetic 

criteria like the homology of their amino acid sequences (Berridge et al., 2000; Hille, 

2001). 

1.2. The TRP ion channel superfamily 

Transient Receptor Potential (TRP) ion channels are an important superfamily of ion 

channels and derive their name from the phenotype of a mutant Drosophila 

melanogaster fly, the Trp-mutant. Measurements of the receptor potential response 

in the fly eye to visual stimuli, known as the electroretinogram, revealed that Trp-

mutant flies display a transient negative receptor potential that quickly returns to 

baseline under continuous illumination, unlike their wild type counterparts in which 

the negative receptor potential is sustained (Cosens and Manning, 1969). Later, the 

Trp gene was cloned and identified to code for a Ca2+-permeable cation channel in 

the rhabdomeres of Drosophila photoreceptors (Montell and Rubin, 1989; Hardie and 

Minke, 1992). Since then, more than a hundred Trp genes were identified in various 

animal species. In humans, twenty-seven have been described (Montell, 2005). 

TRP channels are non-selective cationic ionic channels, mediating the flow of 

Ca2+ and Na+ across the cell membrane. The opening of a TRP channel causes 

membrane depolarization, facilitating the generation of action potentials in excitable 

cells. In non-excitable cells, TRP channels can mediate a large fraction of Ca2+ entry 

upon stimulation. 

The TRP superfamily has been found to display a greater diversity in gating 

mechanisms than any other group of ion channels, and it is this diversity that allow 

them to play critical roles in sensory physiology, which includes vision, hearing, 

olfaction, touch, thermo- and osmosensation, nociception, pheromone signaling and 

taste transduction (Nilius and Owsianik, 2011).  
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1.2.1. TRP nomenclature and filogenetic distribution 

The diverse cation channels that together make up the TRP superfamily vary 

markedly in their ion selectivity and gating mechanisms. However, they share 

significant sequence homology and therefore are classified based upon their protein 

sequence similarity (Montell et al., 2002). The TRP superfamily is subdivided into 

seven subfamilies of which three (TRPC, TRPV and TRPM) are closely related to the 

classical TRP channel, whilst four additional subfamilies (TRPA, TRPML, TRPP and 

TRPN) are more divergent (Figure 1). Dependent on the organism in which they are 

expressed, the number of different TRP channels range from 17 in Drosophila 

melanogaster and Caenorhabditis elegans to 28 in the mouse Mus musculus (Table 

1).  

Briefly, the TRPC (‘Canonical’) subfamily consists of 7 members and is closely 

related to the TRP originally described in Drosophila (Montell and Rubin, 1989; 

Hardie and Minke, 1992). It was the first TRP subfamily reported in mammals (Wes 

et al., 1995). A homolog of the TRPC2 gene exists in humans, but is non-functional. 

The TRPM (‘Melastatin’) subfamily has 8 members and is named after its first 

identified member, TRPM1, which was previously called melastatin (Duncan et al., 

1998). By using the vanilloid compound capsaicin as a ligand, the first member of the 

TRPV (‘Vanilloid’) subfamily was discovered (Caterina et al., 1997). The TRPV 

subfamily includes 6 members. The TRPA (‘Ankyrin’) subfamily consists of only one 

member in mammals, and its name refers to the numerous ankyrin repeats in its N-

terminus. The TRPP (‘Polycystin’) subfamily contains 3 members that are also known 

as polycystic kidney disease (PKD) proteins. Mutations in TRPP1 and TRPP2 

underlie the most common form of hereditary kidney disease (Wu et al., 1998). The 

TRPML (‘Mucolipin’) subfamily encompasses 3 members, and mutations in TRPML1 

are associated with mucolipidosis type IV, a neurodegenerative lysosomal storage 

disorder (Sun et al., 2000). 

Finally, the TRPN (‘NOMP-C’) is named after the NO-mechano-potential C 

channel in Caenorhabditis elegans and is absent in mammals. In vertebrates, the 

only animals known to express TRPN are the zebrafish Danio rerio and the frog 

Xenopus laevis (Sidi et al., 2003; Shin et al., 2005) [As reviewed by (Clapham, 2003; 

Venkatachalam and Montell, 2007; Nilius and Owsianik, 2011)]. 
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Table 1. TRP channels in the fruit fly (Drosophila melanogaster), the worm (Caenorhabditis elegans), the sea 
squirt (Ciona intestinalis), the puffer fish (Fugu rubripes), the zebrafish (Danio rerio), mouse (Mus musculus) and 
human (Homo sapiens). The numbers correspond to proteins with distinct channel properties within each 
subfamily. [From Nilius and Owsianik (Nilius and Owsianik, 2011)] 

 

 

Figure 1. Phylogenetic tree of human TRP channels. Sequence homology analyses show that all TRP 

channels fall into seven subfamilies that comprise proteins with distinct channel properties. Because TRPC2 is a 
pseudogene in humans and TRPNs are not present in mammals, mouse TRPC2 and fish TRPN1 were used to 
show relations between all subfamilies. The TRP subfamilies are represented by different colors. [Adapted from 
Nilius and Owsianik (Nilius and Owsianik, 2011)]. 
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1.2.2. General TRP structure and permeability 

TRP proteins consist of six putative transmembrane (6TM) segments (S1-S6) with 

large intracellular amino- (N) and carboxyl- (C) termini. It is thought that most TRP 

proteins assemble as homotetramers to form cation-permeable pores, just as voltage 

gated K+ channels whose three dimensional structure they resemble (Cao et al., 

2013). Some heteromultimeric channels are reported to form between members of 

the same subfamily or different subfamilies, although their biological relevance 

remains unclear (Schaefer, 2005). The reported interaction between subunits of the 

TRPV1 and TRPA1 ion channel is the latest example of the formation of a functional 

heteromultimeric TRP channel (Fischer et al., 2014).  

In a typical TRP channel, the four centre-facing 2TM elements, S5 and S6, 

form the gate and selectivity filter of the channel. The reentrant loop between S5 and 

S6 forms the pore of the channel, while the extracellular side of the pore loop shapes 

a selectivity filter for the exclusive permeation of certain ions The cytoplasmic ends of 

S6 form the lower gate, which opens and closes to regulate cation entry into the 

channel (Figure 2a,b.). The elements that are outside of the S5-S6 region either 

function as linkers to elements that control gating or are associated with subunit 

association (Cao et al., 2013). A significant number of TRP channels are weakly 

voltage dependent, and gating occurs by the movement of charged elements upon a 

change in the transmembrane potential. The location of the voltage sensor in TRP 

channels remains unclear. In a study of TRPM8, charge neutralizing mutations in S4 

and the S4-5 linker region reduced the gating charge of the channel, suggesting the 

involvement of this region in the voltage sensor (Voets et al., 2007). This is in 

accordance with the location of the voltage sensor in voltage-gated K+ channels. 

However, in a recent structural study of TRPV1, S1 to S4 remain stationary upon 

channel activation, suggesting a less active role in gating (Cao et al., 2013). By 

performing charge reversal mutations, another group concluded that S4 does not 

have a separate role in the gating of TRPM8, but rather that voltage sensitivity 

depends upon an interaction between S3 and S4 (Kuhn et al., 2013).  

 

 

 



9 

  

 

 

 

 

The intracellular N- and C-termini are variable in length and consist of a variety 

of structural domains. For example, the C-terminal of the TRPC, TRPM and TRPN 

subfamily contain a highly conserved region of 23-25 amino acids, which is referred 

to as the TRP-domain. With the exception of TRPM, TRPP and TRPML, the N-

terminus of TRP channels contain multiple ankyrin repeats, which is a short 

sequence motif that typically contains thirty-three amino acid residues. The number 

of repeats within the ankyrin repeat domain (ARD) ranges from 3-4 in TRPCs to 

about 29 in TRPNs. They are implicated in channel tetramerization, and may 

participate in protein-protein interactions and serve as a ligand binding site 

(Clapham, 2003; Clapham et al., 2005; Venkatachalam and Montell, 2007; Nilius and 

Owsianik, 2011).  

Most TRP channels are non-selective cationic channels and are modestly 

selective for Ca2+, with permeability ratios relative to Na+ (PCa/PNa) between 0.3 and 

10. However, TRPV5 and TRPV6 are highly selective for Ca2+ with a PCa/PNa > 100. 

Both TRPM4 and TRPM5 are impermeable to Ca2+ and are only permeable to 

monovalent cations (Owsianik et al., 2006).  

Figure 2 a) All TRP-proteins contain six transmembrane segments (S1 to S6) with a putative pore region (P) 

between S5 and S6. Amino- and carboxyl-termini are variable in length and contain different sets of domains. 
[From Nilius and Owsianik (Nilius and Owsianik, 2011)]. b) The selectivity filter formed by the extracellular side of 

the pore loop (light blue) and the cytoplasmic parts of S6 which shape the lower gate shown in more detail. S5 is 
not shown. [Adapted from Clapham (Clapham, 2003)]. 

a b 
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1.2.3. Gating, expression and function: TRP channels as ideal polymodal 

sensors 

As stated earlier, an enormous variety of gating mechanisms have been described 

within the TRP superfamily. They include voltage-, ligand-, mechano- and 

temperature-gated TRP channels, as well as constitutively active channels. 

Moreover, many TRP channels are polymodal, which means that the channel can be 

gated by several different stimuli. Because TRP channels are expressed in nearly all 

mammalian cell types, they are thought to play important roles in a large variety of 

biological processes. In particular, by virtue of their multiple gating mechanisms, TRP 

channels are highly suited to function in receptor cells and thus in sensory 

physiology. Indeed, they are found to act as sensors to a broad range of 

environmental and endogenous stimuli, such as temperature, chemical irritants, 

osmolarity, pheromones and growth factors.  

In brief, several TRP channels are involved in chemosensation, which is a 

broad class by definition and involves multiple sensory modalities, such as smell, 

taste and the detection of chemical compounds. Chemosensation is important for the 

detection of irritant and poisonous chemicals and as such has a protective or 

defensive function. TRPA1 is a preeminent example of a TRP channel that is 

activated by reactive chemicals, and among its chief ligands are a large variety of 

natural pungent chemicals, such as mustard oil, allicin and cinnemaldehyde. TRPA1 

activation is responsible for the pungent feel of many foods (Viana, 2011). In the 

taste buds of the tongue, TRPM5 is involved in the downstream taste transduction of 

sweet, bitter and umami receptors (Chandrashekar et al., 2006). Furthermore it has 

been implicated in the detection of signaling molecules such as pheromones in 

mouse olfactory sensory neurons (Lin et al., 2007; Oshimoto et al., 2013). 

Christened thermoTRPs (Patapoutian et al., 2003), thermosensitive TRP 

channels, are involved in thermosensation and nociception. Located in 

thermosensory nerve endings that mainly innervate the skin and exposed epithelia 

(e.g. cornea, tongue), they are responsible for the detection of noxious and 

innocuous temperatures. The thermal thresholds of activation for several different 

thermoTRPs range from noxious heat to noxious cold, thereby spanning the entire 

range of temperatures that are sensed by most mammals (Figure 3) (Belmonte and 

Viana, 2008; Almaraz et al., 2014). For example, certain members of the TRPV 
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subfamily are sensitive to temperatures ranging from pleasantly warm to 

excruciatingly hot, whilst TRPM8 and TRPA1 are sensors for temperatures ranging 

from pleasantly cool to noxiously cold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to being thermosensors, thermoTRPs can also respond to chemical 

stimuli. For example, capsaicin, one of the constituents of chili peppers, activates the 

heat sensing TRPV1, thereby evoking a sensation of heat (Caterina et al., 1997).  

Several members of the TRP family have been implicated in 

mechanosensation. An example is TRPC5, which is activated by membrane stretch 

and hypotonic solutions. However, its physiological role in mechano-transduction and 

osmotic regulation is not clarified yet (Gomis et al., 2008). TRPV4 (Strotmann et al., 

2000), TRPC1 (Maroto et al., 2005) and TRPC6 (Spassova et al., 2006) are other 

members of the TRP family that are sensors of mechanically and osmotically induced 

membrane stretch.  

Figure 3. Hypothetical correspondence between activation of TRP channels, body surface temperature 
and evoked sensations. Upper part: Schematic representation of the thermal activation profile of various TRP 

channels when expressed in recombinant systems. All of them have been located in sensory neurons and/or skin 
cells. (Adapted from Patapoutian et al. 2003). Middle part: Schematic representation of impulse activity in various 
cutaneous sensory receptors during application to their receptive fields of temperatures indicated in the thermal 
scale. Lower part: Quality of sensations evoked in humans by application to the skin of different temperature 
values. [From (Belmonte and Viana, 2008)]  
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Furthermore, TRPC3 seems to play a role in the phototransduction cascade of 

intrinsically photosensitive mammalian retinal ganglion cells (ipRGCs). ipRGCs are 

involved in nonvisual photoresponses in mammals and studies suggest that TRPC3, 

the mammalian homolog of the Drosophila phototransduction channel, is involved in 

the light-activation of ipRGCs through melanopsin (Panda et al., 2005; Qiu et al., 

2005). 

Additionally, TRP channels have important signaling roles in the local cellular 

environment. In the developing nervous system they have an active part in growth 

cone guidance, neurite outgrowth and synaptic activity. For example, TRPC3 is 

involved in growth cone guidance, while TRPC5 is implicated in neurite outgrowth (Li 

et al., 2005). TRPC4 and TRPC1 are involved in postsynaptic responses to activation 

of metabotropic receptors, reducing or increasing the postsynaptic response (Kim et 

al., 2003; Munsch et al., 2003). Many TRP channels are expressed in vascular 

endothelial cells and have been implicated in endothelial function. TRPA1 (Earley, 

2012; Meseguer et al., 2014) and TRPC4 (Freichel et al., 2001) are implicated in 

vasorelaxation, while TRPC6 is involved in vascular smooth muscle contractility 

(Dietrich et al., 2005). Secretion of fluids and hormones is also one of the processes 

in which TRP channels play a crucial role. TRPC1 is expressed in salivary gland cells 

and is implicated in the secretion of saliva (Singh et al., 2002; Liu et al., 2007). Four 

members of the TRPM subfamily, TRPM2, TRPM3, TRPM4 and TRPM5 are 

expressed in insulin producing pancreatic β-cells. Reducing their functional 

expression reduces glucose induced insulin secretion (Colsoul et al., 2011). Kidney, 

bladder and bone function also depend on TRP channels. TRPV1 is involved in the 

capacity and emptying of the bladder (Birder et al., 2002). Furthermore, TRPV5 is 

important for Ca2+ reabsorption in the kidney. TRPV5 knockout mice excrete high 

levels of Ca2+ in their urine, owing to a defect in Ca2+ reabsorption. In the same 

animals, calcium reabsorption in the bone is also affected (Hoenderop et al., 2003) 

[for comprehensive reviews, see (Venkatachalam and Montell, 2007; Belmonte and 

Viana, 2008; Damann et al., 2008; Talavera et al., 2008; Nilius and Owsianik, 2011; 

Gees et al., 2012)] 



13 

  

1.2.4. TRP channels and disease 

Mutations and misregulation of some TRP channels have been linked to 

pathophysiology and disease, which is perhaps unsurprising considering their large 

diversity and association with a multitude of biological processes.  

When TRP-related diseases are considered, one can distinguish between 

TRP channelopathies, as diseases caused by channel malfunction are called, and 

diseases in which TRPs are involved due to their nature as targets for irritants, 

inflammation products and toxins. To date, mutations in at least six members of the 

TRP family have been identified as TRP-channel related channelopathies in humans 

(Moran et al., 2011). Misregulation of TRP channels, such as changes in the number 

of expressed TRP channels and channel (de)sensitization, can lead to diminished or 

potentiated responses to stimuli, and may result in disease. Mechanism through 

which misregulation lead to disease include disruptions in calcium signaling, which 

plays an important role in many processes, mistuning of sensory input, disturbances 

in calcium and magnesium homeostasis, disturbed organelle function, trafficking and 

dysfunctions in the control of cell proliferation and growth. Diseases caused by 

dysfunction and misregulation of TRP channels make them promising targets for 

pharmacological modulation. However, the lack of knowledge about the function of 

many TRP channels and the limited number of available selective modulators has 

hindered the development of approved drugs that target TRP channels (Nilius, 2007; 

Nilius et al., 2007; Moran et al., 2011). 

1.2.5. ThermoTRPs 

The ability of an organism to sense ambient temperature and to avoid harmful 

extremes is essential to its survival. Thermosensitive ion channels in free nerve 

endings of peripheral sensory neurons that innervate the skin and mucosa are crucial 

to temperature sensation, the most notable being a small group of TRP channels that 

stand out by their extreme sensitivity to temperature. A way to quantify the 

temperature sensitivity of an ion channel is by measuring the temperature coefficient 

(Q10), which is the change in the rate of gating by a change in temperature of 10°C. 

Typical ion channels have a Q10 around 3, similar to the effect of temperature on 

other enzymatic reactions (Hille, 2001). However, temperature sensitive TRP 

channels have Q10 values ≥ 5. Due to their high temperature dependence, these 

thermosensitive TRP channels were dubbed thermoTRPs (Patapoutian et al., 2003). 
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Using Q10 values as a criterion, at least eleven TRP channels are categorized as 

thermosensitive. These are the heat activated thermoTRPs TRPV1 (Caterina et al., 

1997), TRPV2 (Caterina et al., 1999), TRPV3 (Peier et al., 2002b), TRPV4 

(Watanabe et al., 2002), TRPM2 (Togashi et al., 2006), TRPM3 (Vriens et al., 2011), 

TRPM4 and TRPM5 (Talavera et al., 2005), and the cold activated thermoTRPs 

TRPM8 (McKemy et al., 2002; Peier et al., 2002a), TRPA1 (Story et al., 2003) and 

TRPC5 (Zimmermann et al., 2011). However, the physiological role of several of 

these thermoTRPs (TRPV2, TRPV3, TRPV4, TRPM2, TRPM4, TRPC5) in thermal 

sensing or modulation of temperature-dependent physiological processes is not clear 

(Voets, 2012). In their role as peripheral thermosensors expressed in the nerve 

terminals of thermosensitive neurons, thermoTRPs have distinct temperature 

thresholds of activation, spanning the whole range of the perceived temperature 

spectrum from excruciating cold to burning hot (Figure 3).  

1.2.6. Functional organization of peripheral thermotransduction 

The peripheral nervous system serves as a target for sensory stimuli, communicating 

with the central nervous system and providing it with information about the outside 

world. Peripheral afferent fibers from sensory neurons richly innervate the skin, 

muscle and other tissue where they detect sensory stimuli (Purves, 2008). Their cell 

bodies reside in dorsal root ganglia (DRG), which are node-like structures flanking 

the spinal cord bilaterally from the neck down. DRG central afferents terminate in the 

dorsal horn of the spinal cord from where ascending pathways further relay sensory 

information to the central nervous system. The trigeminal ganglia (TG) are analogous 

in cellular organization to DRG and are located on either side of the base of the 

cranium from where its peripheral sensory afferents innervate the oral cavity and all 

tissues in the head, including the face, the cornea and the meninges. Sensory 

information is relayed to second-order neurons in the spinal cord and to brainstem 

sensory nuclei. From there the information is carried to higher processing centers. 

Peripheral afferent fibers are categorized in three main groups based on their 

conduction velocities. These are the thickly myelinated Aβ fibers, which have a fast 

conduction velocity, the thinly myelinated type Ι and ΙΙ Aδ fibers, which have a lower 

conduction velocity and the unmyelinated slowly conducting C fibers. 

Thermoreception in mammals is mediated by Aδ and C fibers (Basbaum, 2008). 

Among these afferents there exist distinct populations which are activated at different 
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thermal thresholds. Moderate heating is primarily conducted by C-fibers and type ΙΙ 

Aδ-fibers, whereas type Ι Aδ-fibers mainly respond to noxious heat. Painless cold 

sensations are conducted by Aδ-fibers and noxious cold is conducted by C-fibers 

(Julius and Basbaum, 2001).  

1.3. TRPM8  

1.3.1. Identification, structure and permeability 

In 1951, Hensel and Zotterman found that menthol potentiates the cold responses of 

trigeminal sensory fibers by shifting their threshold of thermal activation towards 

warmer temperatures (Hensel and Zotterman, 1951). These and other experiments 

provided the first evidence of a receptor for cold and menthol in nerves. Much later, 

electrophysiological and calcium imaging studies suggested that cold and menthol 

activated unknown calcium-permeable channels in cultured DRG and TG neurons 

(Okazawa et al., 2000; Reid and Flonta, 2001a). It was just after this that the 

molecular identity of the cold and menthol sensor was unknowingly revealed. When 

screening a cDNA library of cancerous prostate cells for upregulated genes, Tsavaler 

and colleagues identified and cloned a novel gene that shared high homology with 

TRP proteins, and designated it trp-p8 (Tsavaler et al., 2001). In an attempt to unify 

the nomenclature of the TRP superfamily, trp-p8 was categorized as part of the TRP 

melastatin (TRPM) subfamily and renamed TRPM8 (Montell et al., 2002; Montell, 

2005). A year after its initial discovery, two groups discovered TRPM8 to be a 

receptor for cold and menthol. The group of David Julius constructed a cDNA 

expression library from cold- and menthol-sensitive rat trigeminal sensory neurons. 

Subsequent functional screening of its protein products revealed a menthol- and 

cold-sensitive receptor that shared high homology with TRPM8 (McKemy et al., 

2002). Independently, and by a different approach, Peier and colleagues found a 

novel TRP channel by scanning genomic databases for sequences that shared 

homology with the previously cloned heat sensitive TRPV1 channel. Subsequent 

amplification and sequencing identified it as TRPM8. Functional studies of 

heterologously expressed mouse TRPM8 demonstrated it to be cold- and menthol-

sensitive (Peier et al., 2002a).  

The human and rodent TRPM8 gene is transcribed into a messenger RNA that 

codes for a protein with a length of 1104 amino acids (Tsavaler et al., 2001; McKemy 
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et al., 2002; Peier et al., 2002a). Like the other members of the TRP superfamily, 

TRPM8 is thought to consist of four subunits that each comprise six transmembrane 

domains with a pore loop between S5 and S6, and on either end intracellular N- and 

C-termini (Dragoni et al., 2006; Stewart et al., 2010; Janssens and Voets, 2011). The 

C-terminus, with 120 residues, is rather short compared to other members of the 

TRPM subfamily. It contains conserved coiled-coil domains, which are structural 

elements in which an α-helix is coiled on itself, and are thought to be involved in 

tetramerization of TRPM8 (Erler et al., 2006; Tsuruda et al., 2006). However, another 

study demonstrated that a mutant of TRPM8 lacking the C-terminus is still able to 

locate to the membrane as a tetramer. Nevertheless, deleting the C-terminus results 

in a non-responsive channel and thus is essential for proper channel functioning 

(Phelps and Gaudet, 2007). Also located in the C-terminus, the highly conserved 

intracellular TRP domain energetically couples ligand-binding to conformational 

changes of the channel protein, and thus is important for channel gating (Bandell et 

al., 2006; Valente et al., 2008). The TRP domain also contains several binding sites 

for PI(4,5)P2, a membrane phospholipid that is required to activate TRPM8 channels 

(Liu and Qin, 2005; Rohacs et al., 2005; Brauchi et al., 2007).  

TRPM8 is a voltage dependent channel, but the exact position of the voltage 

sensor domain remains elusive. Neutralizing positive charges in transmembrane 

domain S4 and the S4-S5 linker suggest this region to be part of the voltage sensor, 

but was not enough to completely abolish voltage dependent gating (Voets et al., 

2007). Later studies suggest that the voltage dependence of TRPM8 depends on an 

interaction between S3 and S4 (Kuhn et al., 2013).  

The mechanism of temperature-dependent gating is also unknown. Swapping 

the C-terminal domains of TRPM8 and TRPV1 revealed a chimeric TRPM8 channel 

that is heat-sensitive, suggesting the involvement the C-terminus in temperature-

dependent gating (Brauchi et al., 2006).  

The N-terminal domain consists of about 700 amino acids. Unlike other 

members of the TRP family, the amino terminals of TRPM channels lack ankyrin-like 

repeats. It contains four so-called TRPM homology regions (MHR) that share 

homology between all TRPM family members (Fleig and Penner, 2004). An important 

function of the N-terminal domain is the proper localization of TRPM8 in the plasma 

membrane (Phelps and Gaudet, 2007) and it has also been suggested to play a role 

in the in vivo stabilization of the channel (Erler et al., 2006). Furthermore, some 
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residues in the N-terminal are protein kinase A-dependent phosphorylation sites 

involved in regulating channel activity (Bavencoffe et al., 2010). 

Post-translational N-glycosylation at residue Asn934, situated near the pore 

entrance of TRPM8, is important role for the segregation of TRPM8 channels in 

cholesterol-rich specialized membrane domains known as lipid rafts, but is not 

absolutely necessary for proper cell surface expression or responsiveness of the 

channel to agonists. However, it is involved in modulating channel activity (Dragoni et 

al., 2006; Erler et al., 2006; Morenilla-Palao et al., 2009; Pertusa et al., 2012). Two 

conserved cysteine residues linked by a disulfide bond flank the glycosylation site at 

positions Cys-929 and Cys-940 and are essential for channel activity (Dragoni et al., 

2006).  

Like most members of the TRP superfamily, TRPM8 is a nonselective cation 

channel. Substituting ions in the extracellular solution while recording current-voltage 

curves revealed modest permeability to calcium and little selectivity among 

monovalent cations (PCa / PNa = 3.2; PK / PNa = 1.1; PCs / PK = 1.2) (McKemy et al., 

2002).    

 

Figure 4. Structure of TRPM8. Schematic representation of human TRPM8 channel subunit topology, showing 

relevant residues for channel gating and modulation. Individual residues involved in particular aspects of TRPM8 
function are highlighted in a color code [From (Malkia et al., 2011)]. 
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1.3.2. TRPM8 gating  

Like many enzymatic reactions, the rate of gating of an ion channel increases with 

temperature (Hille, 2001). However, the cold-sensitive TRPM8 channel is activated 

by cold temperatures and at first glance seems to defy this basic notion. Voets and 

colleagues tried to address this apparent paradox by modeling the gating of 

thermoTRPs (Voets et al., 2004).  

Firstly, a characteristic feature of thermoTRPs is a marked outward 

rectification of the current at positive potentials (Figure 5a). By conducting a tail 

current protocol, they showed that the TRPM8 channel rapidly closes when stepped 

to negative potentials from a channel activating positive pre-pulse of +120 mV 

(Figure 5b). The current-voltage relation right after the step from +120 mV is linear, 

which indicates that open TRPM8 channels display an ohmic current-voltage relation 

(Figure 5c). These data reflect a voltage-dependent mechanism of channel closure at 

negative potentials. In addition, they found that the thermal sensitivity of the channel 

strongly depends on the transmembrane voltage. By measuring current activation at 

different holding potentials during slow cooling ramps, they found current activation at 

depolarized potentials preceding those at more negative potentials. The same 

principle was true for menthol-induced currents as well. From these results they 

concluded that temperature and temperature mimetic compounds cause a drastic 

shift in the voltage dependence of TRPM8 activation towards more negative 

potentials that are closer to physiological levels (Voets et al., 2004).  
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Figure 5. a) ThermoTRP channels are marked by a pronounced outward rectification at positive potentials. In the 

case of the cold-sensitive TRPM8 channel lowering the temperature causes larger inward and outward currents. 
b) By using a tail current protocol it was shown that TRPM8 is activated upon a depolarizing pulse of +120 mV 
and rapidly closes at negative potentials. c) The current-voltage relation obtained immediately after the pre-pulse 

to +120 mV was linear (black circles), indicating an ohmic current-voltage relation for open TRPM8 channels. This 
means that the single channel conductance of TRPM8 is independent of voltage [Adapted from Voets et al.(Voets 
et al., 2004)] 

Temperature sensing by TRPM8 is a membrane-delimited process, as indicated by 

the fact that TRPM8 can still be activated in cell-free membrane patches (Voets et 

al., 2004) and even in artificial bilayers (Zakharian et al., 2010). This precludes a 

temperature dependent binding of second-messengers as a mechanism for channel 

activation. Likewise, the fact that the thermal threshold of TRPM8 activation shifts 

upon changes in transmembrane voltage is not consistent with channel activation by 

temperature-dependent phase transitions in the lipid membrane, or temperature 

dependent changes in the channel protein structure, as these theories would predict 

a single thermal threshold. As an alternative explanation, Voets and colleagues 

considered a simple two-state model of a voltage-gated channel in which 

temperature sensitivity is a consequence of a differential effect of temperature on the 

opening and closing transitions of the channel. The transition from the closed to the 

open state is voltage dependent, making it more likely for the channel to be in an 

open state at more positive membrane potentials. Likewise, the opening and closing 

rates are temperature dependent. In their experiments, Voets and colleagues show 

that the closing rate of TRPM8 has a steep temperature dependence with a Q10 of 

9.4, in contrast to the opening rate which is much less temperature dependent, with a 

Q10 of 1.2. The overall effect is that cooling leads to an opening rate that remains 

constant, but the closing rate sharply decreases, resulting in channel activation 

(Figure 6). 

However, the two-state model is relatively simple and does not properly 

accommodate some experimental findings, including the effect of saturating thermal, 

chemical or voltage stimuli on gating (Matta and Ahern, 2007; Yang et al., 2010). 

a b c 
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Finally, kinetic analysis of single channel data for TRPM8 provide evidence for 

multiple open and closed states, which are not predicted by the two-state model 

(Fernandez et al., 2011). Several allosteric models addressing these limitations have 

been proposed, which are fashioned under the specific assumption that distinct 

domains of the channel allosterically act as voltage, agonist and temperature sensors 

that modulate channel gating (Brauchi et al., 2004; Voets et al., 2007). Nevertheless, 

the number of free parameters to fit increases significantly when using allosteric 

models of gating and as such can lead to large errors in parameter estimation (Voets, 

2012). 

Regardless of the real gating mechanisms, the two-state model is able to 

predict experimental results obtained for TRPM8 within a temperature range of 10°C 

to 45°C, and as such is useful as a close approximation of TRPM8 gating under 

physiological conditions. The thermal activation of the heat-activated TRPV1, 

TRPM3, TRPM4 and TRPM5 were also found to be voltage dependent and their 

gating can also be approximated by the two-state model (Voets et al., 2004; Talavera 

et al., 2005; Vriens et al., 2011).  

  

 

Figure 6. Model for thermal gating of TRP channels. In this simple model, the channel can occupy one of two 

states—closed and open—and transitions between the two states are sensitive to voltage. Thermosensitivity of 
the channel results from an asymmetry in the temperature dependence of opening and closing transitions. For the 
heat-activated channels, the opening transition is more temperature sensitive, whereas for cold-activated 
channels, the closing transition is more temperature sensitive. This model predicts that the probability that 
channels are open (Po) as a function of voltage (V) shifts to the left upon warming for TRPV1 and to the right for 
TRPM8 [adapted from Liman (Liman, 2006)].  
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1.3.3. TRPM8 expression profile  

TRPM8 is mainly found in primary sensory neurons, where its expression is restricted 

to a subpopulation of cold-sensitive neurons of small and medium-diameter in the 

trigeminal and dorsal root ganglia. These neurons are isolectin B4 (IB4)-negative. IB4 

is a characteristic marker for non-peptidergic nociceptive neurons (McKemy et al., 

2002; Peier et al., 2002a; Abe et al., 2005; Takashima et al., 2007; Dhaka et al., 

2008). The peripheral terminals of these neurons innervate the skin, tongue, palate, 

teeth, cornea, colon and bladder (Takashima et al., 2007; Dhaka et al., 2008; 

Hayashi et al., 2009; Parra et al., 2010; Harrington et al., 2011). The partial overlap 

of TRPM8 and certain neurochemical markers indicate that TRPM8 is expressed in 

unmyelinated C-fibers and lightly myelinated Aδ-fibers (Takashima et al., 2007). 

Studies in cultured sensory neurons suggest that TRPM8 is co-expressed with 

several nociceptive markers. About half of TRPM8-postive neurons co-express with 

TRPV1, a marker for nociceptive neurons, as indicated by their response to the 

TRPV1-agonist capsaicin (McKemy et al., 2002; Viana et al., 2002; Xing et al., 2006; 

Hjerling-Leffler et al., 2007). Subsequent neurochemical and functional studies of 

intact fibers corroborated these findings (Takashima et al., 2007; Dhaka et al., 2008; 

Parra et al., 2010; Harrington et al., 2011). Furthermore, twenty to thirty percent of 

TRPM8 expressing somatosensory neurons are immunoreactive for calcitonin gene-

related peptide (CGRP) (Takashima et al., 2007), a neurotransmitter which is 

released from the peripheral terminal upon noxious stimulation of nociceptive 

afferents (Julius and Basbaum, 2001). CGRP release induces vasodilation and 

causes leakage of proteins and fluids from postcapillary venules (Julius and 

Basbaum, 2001). Moreover, there exists an extensive overlap of TRPM8 with the 

GDNF family receptor α3 (GFRα3) (Lippoldt et al., 2013), which is activated by the 

pro-algesic neurotrophic factor artemin. Artemin is implicated in the sensitization of 

nociceptors to temperature and mechanical stimuli (Elitt et al., 2006; Malin et al., 

2006; Lippoldt et al., 2013). The central projections of TRPM8-positive afferents 

primarily terminate in the superficial lamina Ӏ and the outer region of lamina IӀ of the 

spinal cord dorsal horn, which is in accordance with the termination of CGRP-positive 

fibers (Takashima et al., 2007). 

These results indicate that there are two distinct classes of TRPM8-expressing 

neurons, one having non-nociceptive properties, whereas the second class 
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expresses characteristic nociceptive markers. Taken together, these findings suggest 

that a fraction of TRPM8-positive neurons can be neurochemically considered as 

nociceptors (Julius and Basbaum, 2001; Basbaum et al., 2009). Indeed, the nerve 

endings of TRPM8-positive fibers terminate in peripheral structures and zones that 

mediate both innocuous and noxious cold signaling, giving more substance to the 

idea of a functionally distinct population of TRPM8-positive fibers (Takashima et al., 

2007).  

Besides its expression in somatosensory neurons of the dorsal root and 

trigeminal ganglia, TRPM8 is also found to be expressed in vagal afferents 

innervating bronchopulmonary tissue, although expression is low (Fajardo et al., 

2008; Xing et al., 2008). In non-neuronal tissue, TRPM8 is found in the prostate and 

testis, which is the site of its original discovery (Tsavaler et al., 2001). Later, it was 

found to be expressed in the bladder and urogenital tract (Stein et al., 2004), liver 

(Henshall et al., 2003), lungs (Sabnis et al., 2008b) and vascular smooth muscle 

(Yang et al., 2006; Johnson et al., 2009). Additionally, functional TRPM8 has been 

detected in human sperm (De Blas et al., 2009) and more recently in brown 

adipocytes of mice and white adipocytes in human (Ma et al., 2012; Marco et al., 

2013). Furthermore, several cancerous cells like neuroendocrine tumor (NET) cells, 

human melanoma cells and human uveal melanoma cells also express TRPM8 

(Mergler et al., 2004; Yamamura et al., 2008; Louhivuori et al., 2009; Mergler et al., 

2014). The function of TRPM8 in many of these tissues is unknown. 

1.3.4. TRPM8 pharmacology 

Initial studies of TRPM8 showed it to be activated by the natural compounds 

eucalyptol and menthol, a cyclic monoterpene alcohol found in the leaves of the mint 

plant of the genus Mentha. The synthetic cooling compound icilin was also found to 

be a potent TRPM8-agonist (McKemy et al., 2002; Peier et al., 2002a). Later, 

additional natural and synthetic compounds were described as agonists of TRPM8. 

Among them are the natural odorants linalool, hydroxycitronellal and geraniol as well 

as synthetic menthol derivatives used in the cosmetics industry such as Frescolat 

ML, WS-3, frescolatMAG, cooling agent 10, PMD38, WS-23 and CoolactP (McKemy 

et al., 2002; Behrendt et al., 2004; Bodding et al., 2007). WS-12, another synthetic 

menthol derivative, is a specific and most potent agonist of TRPM8 known to date 

(Beck et al., 2007; Bodding et al., 2007). Furthermore, numerous TRPM8-antagonists 
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have been identified. Several known antagonists of TRPV1 were found to inhibit 

TRPM8 activation, of which the most widely used is BCTC (Valenzano et al., 2003; 

Behrendt et al., 2004; Madrid et al., 2006; Malkia et al., 2007). TRPM8-activity is also 

potently inhibited by SKF96365, a non-specific blocker of various calcium-permeable 

channels, and by clotrimazole and econazole, members of the imidazole family of 

antimycotics (Madrid et al., 2006; Malkia et al., 2007; Meseguer et al., 2008).  

As mentioned before, menthol acts on TRPM8 by shifting its voltage 

dependence towards more negative potentials, facilitating TRPM8 opening at 

physiological potentials (Voets et al., 2004; Malkia et al., 2007). A similar, but 

opposite effect has been described for several TRPM8 antagonists (Malkia et al., 

2007). Co-application of agonist and antagonists can titrate the voltage dependence 

of TRPM8 to any preferred potential (Malkia et al., 2007). 

Several binding sites for agonists of TRPM8 have been discovered. Sensitivity 

to icilin is conferred by three residues located in the third transmembrane segment of 

TRPM8, and mutations in either Asn799, Asp802 or Gly805 render the channel 

insensitive to icilin (Chuang et al., 2004). Furthermore, the amino acids that are 

involved in menthol sensitivity are Tyr745, which is located in transmembrane 

segment 2, and Tyr1005 and Leu1009 in the C-terminal of the channel (Bandell et 

al., 2006; Malkia et al., 2009). Icilin activates TRPM8 in a mechanistically distinct 

manner from cold or menthol, and requires a simultaneous rise in intracellular Ca2+ 

for TRPM8 activation (Chuang et al., 2004). Some binding sites for antagonists have 

been uncovered as well, as the menthol binding site at residue Tyr745 is critical for 

the antagonistic effect of SKF96365 (Malkia et al., 2009). 
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Ion channel Agonists Antagonists 

 
 
TRPM8 

natural compounds  
Thio-BCTC

3
, CTPC

6
, ethanol

6
 SB-

452533
6
, BCTC

3,6,7,8
, capsazepine

3,6
, 

SKF96365
8
, 1,10-phenanthroline

8
, 

NADA
9
, anandamide

9
, clotrimazole

10
 

AMTB
11

, PBMC
12

, AMG2850
13,14

 

 
Menthol

1,2,3
, eucalyptol

1
, linalool

3
, 

hydroxycitronallel
3
, geraniol

3
 

 

synthetic compounds 

 
Icilin

1
, Frescolat ML

3
, FrescolatMAG

3
, 

Coolact P
3
, cooling agent 10

3
, PMD 38

3
, 

WS-3
3
, WS-23

3
 WS-12

4,5
, CPS-113

5
, 

CPS-369
5
, WS-148

5
, WS-30

5
 

 
 
References: 1) McKemy et al., 2002 2) Peier et al., 2002 3) Behrendt et al., 2004 4) Beck et al., 2007 5) Bodding et al, 2007 
6) Weil et al., 2005 7) Madrid et al, 2006 8) Malkia et al., 2007 9) De Petrocellis et al., 2007 10) Meseguer et al., 2008 11) 
Lashinger et al., 2008 12) Knowlton et al., 2011 13) Gavva et al., 2012 14) Liu et al., 2013 
 

Table 2. A selection of TRPM8 agonists and antagonists 

 

1.3.5. Modulation of TRPM8 

The thermal thresholds of recombinant TRPM8 channels are found to be consistently 

lower than that of natively expressed TRPM8. Mean threshold temperatures range 

from 27°C to 31°C for natively expressed TRPM8 (Reid et al., 2002; Viana et al., 

2002; Thut, 2003; Madrid et al., 2006) to 21-26°C for recombinantly expressed 

TRPM8 (McKemy et al., 2002; Peier et al., 2002a; Malkia et al., 2007). The large 

discrepancy in the observed thermal thresholds between native and heterologous 

TRPM8 can be explained by a shift in the voltage-dependent activation of 

recombinant channels towards more negative potentials (Malkia et al., 2007). This 

suggests a possible role for endogenous factors that modulate TRPM8 in vivo (de la 

Peña et al., 2005; Malkia et al., 2007).  

Cold-sensitive thermoreceptors slowly adapt to sustained cooling. 

Electrophysiological recordings demonstrate a clear desensitization of cold- and 

menthol-sensitive TRPM8 currents. This is true for heterologously expressed TRPM8 

and TRPM8 expressed in sensory neurons. The desensitization is attributable to an 

increase in intracellular Ca2+, as removing Ca2+ from the extracellular medium or 

chelating intracellular Ca2+ prevents desensitization of the current (McKemy et al., 

2002; Okazawa et al., 2002; Reid et al., 2002). During adaptation, the temperature-

sensitivity of TRPM8 shifts towards lower temperatures. To elicit the same current as 

before, stronger cooling needs to be applied. Raising intracellular calcium levels 
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mimics adaptation (Reid et al., 2002). Rising intracellular Ca2+-levels modulate the 

activity of TRPM8 by the activation of Ca2+ dependent phospolipase C (PLC). This 

enzyme hydrolyzes PI(4,5)P2 to form diacyl glycerol (DAG) and inositol 1,4,5-

triphosphate (IP3). As previously described, TRPM8 contains several PI(4,5)P2 

binding sites and PI(4,5)P2 itself is required for TRPM8 activation. Depleting 

intracellular PI(4,5)P2 results in channel desensitization by shifting the voltage 

dependence of TRPM8 towards more positive potentials (Liu and Qin, 2005; Rohacs 

et al., 2005; Daniels et al., 2009). Brief exposure to high temperatures shifts the 

temperature threshold of TRPM8 to warmer temperatures through an unknown 

interaction with PI(4,5)P2, but this does not require the involvement of intracellular 

Ca2+ (Fujita et al., 2013). Another way in which rising intracellular Ca2+-levels 

modulate TRPM8 is by calcium-dependent protein kinase C (PKC), which initiates 

dephosphorylation of TRPM8 through activating protein phosphatases (Premkumar 

et al., 2005; Abe et al., 2006). Additionally, increases in extracellular calcium have 

been reported to influence the sensitivity of cold sensors (Schafer et al., 1986). This 

effect has been attributed to the effects of surface charge screening, whereby Ca2+ 

binds to negative charges on the extracellular side of the membrane, thereby altering 

the potential difference that is applied to the voltage sensor (Hille, 2001). Affecting 

the TRPM8 voltage sensor by surface charge screening results in a shift towards 

more positive potentials for the voltage dependent gating of TRPM8 (Hille, 2001; 

Mahieu et al., 2010).  

Furthermore, increases in cAMP through activation of G-protein coupled 

receptors leads to the activation of protein kinase A (PKA). Two chemical activators 

of the PKA pathway, forskolin and 8-Br-cAMP, desensitize the response of TRPM8 to 

menthol and icilin. Selectively inhibiting PKA attenuates this desensitization (De 

Petrocellis et al., 2007). Consistent with these results is a study that suggests a 

desensitization of menthol- and cold-induced currents by inflammatory agents that 

activate PKA or PKC (Linte et al., 2007). Also, activation of calcium-insensitive 

phospholipase A2 (iPLA2) positively modulates TRPM8 (Vanden Abeele et al., 2006; 

Andersson et al., 2007). iPLA2 hydrolyzes phospholipids to form polyunsaturated fatty 

acids, usually arachidonic acid, and lysophospholipids (LPL’s) (Akiba and Sato, 

2004). LPL’s positively modulate TRPM8 activity, whereas arachidonic acid 

negatively modulates TRPM8. However, reduction of iPLA2 expression leads to an 

inhibition of TRPM8 and intracellular application of iPLA2 activates TRPM8. Given the 
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overall positive effect of iPLA2 activation, it is likely that the positive effects of 

lysophospholipids prevail over the negative effects of arachidonic acid (Vanden 

Abeele et al., 2006; Andersson et al., 2007).  

Inorganic polyphosphate (polyP) is a polymer consisting of many phosphate 

residues and is present in all eukaryotic cells. PolyP was found to associate with 

TRPM8 to form a stable complex, thereby modulating its activity. Enzymatic 

breakdown of polyP reduces TRPM8 activity (Zakharian et al., 2009).  

Furthermore, intracellular pH modulates TRPM8 activity. Increasing 

intracellular pH enhances icilin and cold activation, whilst lowering the pH decreases 

channel activation. Interestingly, menthol induced activation of TRPM8 is not 

dependent on pH, at least within the tested range of pH 6.5 to 8 (Andersson et al., 

2004).  

The specific localization of TRPM8 in the membrane is also of importance for 

TRPM8 activation. N-glycosylation of residue Asn934 facilitates the segregation of 

TRPM8 into specialized cholesterol-rich membrane domains called lipid rafts. 

Cholesterol-depletion disturbs the preferential localization of TRPM8 into lipid rafts 

and results in a significant potentiation of menthol- and cold-mediated responses in 

heterologous systems and acutely dissociated sensory neurons. This potentiation is 

based on a shift in the voltage dependent activation of TRPM8 towards more 

negative potentials. The mechanisms by which TRPM8 is modulated by its 

localization in lipid rafts are hitherto unknown (Morenilla-Palao et al., 2009).  

Recently, a novel membrane protein was discovered called phosphoinositide 

interacting regulator of TRP (Pirt). It was found to be specifically expressed in 

peripheral sensory neurons, where it modulates TRPV1 (Kim et al., 2008). Later, it 

was discovered to modulate TRPM8 as well. Pirt-knockout mice are less sensitive to 

cooling and when co-expressed with TRPM8, it decreases the cold threshold in 

HEK293 cells (Tang et al., 2013). Supposedly, Pirt regulates TRPV1 function by 

binding to both PIP2 and TRPV1 (Kim et al., 2008). Similarly, Pirt also binds to 

TRPM8 in vitro and it is suggested that the modulation of TRPM8 is mediated by PIP2 

through a physical interaction between the two proteins (Kim et al., 2008; Tang et al., 

2013).  

Finally, activating a Gq-coupled receptor results in decreased TRPM8 activity. 

The activated G-protein subunit Gαq was found to bind directly to TRPM8, preventing 

TRPM8 activity (Zhang et al., 2012).  
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1.3.6. Physiological role of TRPM8 

TRPM8 as a cold sensor 

The main role of TRPM8 in vivo is that of a cold sensor. By creating mouse lines 

deficient in TRPM8, three groups independently showed that TRPM8 is the main 

transducer of innocuous cold (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 

2007). Various behavioral tests demonstrated severely attenuated cold mediated 

behaviors in TRPM8-knockout mice compared to their wild type littermates. The 

involvement of TRPM8 in cold nociception was less clear. Two groups reported no 

difference in pain behavior between wild type and TRPM8-knockout mice in a cold 

plate test (Bautista et al., 2007; Dhaka et al., 2007), whereas another found an 

increased response latency in TRPM8 knockout mice in the same test (Colburn et al., 

2007). A later study found similar results to that of Colburn et al., and suggested that 

the disparity in results obtained between studies is attributable to methodological 

issues with the cold plate test. They argue that using lightly restrained animals, with 

their paws in constant contact with the cold plate, results in less variable responses 

(Gentry et al., 2010). By using different approaches, some recent studies in TRPM8-

knockout and TRPM8-ablated mice strengthen the idea that TRPM8 is involved in the 

detection of noxious cold. Through creating a line of transgenic mice that specifically 

express a diphtheria toxin receptor in TRPM8-positive cells, TRPM8-expressing 

neurons are selectively ablated by the injection of diphtheria toxin into adult 

transgenic mice. Cells that do not express the diphtheria toxin receptor remain 

unharmed, as they do not express a receptor that mediates the uptake of the toxin 

(Knowlton et al., 2013; Pogorzala et al., 2013). Interestingly enough, TRPM8-ablated 

animals demonstrate more profound deficits in noxious cold sensing than TRPM8-

knockout mice. Nevertheless, although noxious cold-induced behavior and cold-

evoked responses in sensory neurons from TRPM8-knockout and -ablated mice are 

attenuated, they do not wholly disappear. This strongly indicates the existence of 

additional molecular cold sensor(s) that contribute to noxious cold sensing. Possible 

alternative molecular cold sensors include the cold-sensitive TRPA1-channel (Story 

et al., 2003), thermosensitive leak or background potassium channels (Reid and 

Flonta, 2001b; Viana et al., 2002; Madrid et al., 2009; Noel et al., 2009) and a thus 

far unidentified rapidly adapting cold receptor (Babes et al., 2006).  
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Briefly, the function of TRPA1 as a noxious cold-sensor in vitro is uncontested, 

yet its role as a physiological noxious cold-sensor in somatic sensory neurons 

innervating the skin remains a topic of controversy (Story et al., 2003; Kwan and 

Corey, 2009). However, evidence for its role in mediating cold hypersensitivity after 

inflammatory or neuropathic injury is overwhelming (Katsura et al., 2006; Petrus et 

al., 2007; da Costa et al., 2010; del Camino et al., 2010; Chen et al., 2011; Nassini et 

al., 2011). Furthermore, a role for potassium channels in cold sensing has been 

established in the peripheral and central nervous system (de la Peña et al., 2012). 

TREK-1 and TRAAK are thermosensitive background potassium channels that are 

normally open at physiological temperatures and close upon cooling (Maingret et al., 

2000; Kang et al., 2005). Furthermore, a rapidly adapting current was uncovered by 

applying a fast (<20 ms) 10-s cooling step from 32°C to 18°C in somatosensory 

neurons. The time course of current adaptation is in the range of a few seconds, and 

closely corresponds to fast adaptation recorded from intact receptors in vivo. As of 

yet, the molecular identity of this receptor is unknown (Babes et al., 2006). 

The involvement of TRPM8 in thermoregulation and thermogenesis 

The aforementioned studies (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 

2007) have demonstrated that TRPM8 mediates the avoidance of innocuous cold, 

which is a form of behavioral thermoregulation. More recently, a number of studies 

also revealed a role for TRPM8 in the regulation and maintenance of core body 

temperature through autonomous physiological thermoeffectors. The TRPM8 

agonists menthol and eucalyptol (also known as 1,8-cineole) enhance thermogenesis 

when injected in mice (Masamoto et al., 2009). Further, it was known that injection of 

the potent TRPM8 agonist icilin results in an increase in core body temperature in 

rats, but a definite role for TRPM8 in this effect was not established (Ding et al., 

2008). However, a recent report demonstrated that a subcutaneous injection of icilin 

does not increase core body temperature in TRPM8 knockout mice, in contrast to 

wild type animals. Intraperitoneal injections with the specific TRPM8 antagonist 1-

phenylethyl-4-(benzyloxy)-3-methoxybenzyl(2-aminoethyl)carbamate (PBMC) 

produces a drop in core body temperature in wild type but not TRPM8-knockout mice 

(Knowlton et al., 2011). This is highly suggestive for a direct role of TRPM8 in the 

autonomous regulation of core body temperature. Further studies by other labs 

corroborate these findings. Orally administering a TRPM8 antagonist produces a 
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decrease in core body temperature in rats and mice (Gavva et al., 2012) and 

intravenous injection of a TRPM8 antagonist produces a decrease in core body 

temperature in rats and mice, but not in TRPM8-knockout mice (Almeida et al., 

2012). The decrease in body temperature is partly due to inhibition of peripheral cold 

signaling which was found to regulate known autonomic thermoeffectors, such as 

vasoconstriction in the tail and nonshivering thermogenesis in brown adipose tissue 

(BAT) (Almeida et al., 2012). Possibly, modulation of thermogenesis through TRPM8 

is mediated by BAT, as in mice the tissue was found to express TRPM8. Activation of 

TRPM8 with menthol leads to the upregulation of uncoupling protein 1 (UCP1), the 

molecular hallmark of BAT activation, in wild-type but not in TRPM8-/- mice (Ma et al., 

2012). Also, TRPM8 has been detected in white adipose tissue in humans. Activation 

of these cells by menthol and icilin leads to a BAT-like phenotype by inducing UCP1 

expression and increasing heat production (Marco et al., 2013).  

Other physiological roles of TRPM8 

As noted before, TRPM8 is also expressed in tissues that are not known to be 

thermosensitive. It is expressed in vascular smooth muscle, where activating TRPM8 

can cause vasoconstriction or vasodilatation, dependent upon the existing degree of 

vasomotor tone. However, its mechanism of activation and physiological significance 

remain undetermined (Yang et al., 2006; Johnson et al., 2009). Its expression in the 

bladder urothelium and afferents innervating the bladder are thought to be involved in 

the voiding reflex induced by cooling (Stein et al., 2004). The presence of TRPM8 in 

the urogenital tract, prostate, testis and even in human sperm are suggestive of a 

possible role in male fertility (Tsavaler et al., 2001; Henshall et al., 2003; Stein et al., 

2004; Yang et al., 2006; De Blas et al., 2009; Johnson et al., 2009). TRPM8 

expressed in a subpopulation of vagal afferent fibers innervating the airways might 

provide the mechanism by which inhalation of cold air causes airway constriction 

(Xing et al., 2008). The role of a truncated variant of TRPM8 expressed in the 

endoplasmatic reticulum of bronchial epithelial cells remains uncertain, but exposing 

these TRPM8-expressing cells to cold and menthol leads to significant increases in 

cytokine gene expression (Sabnis et al., 2008a; Sabnis et al., 2008b). The 

physiological role of TRPM8 in colonic afferent neurons is unknown, but it might be 

the transducer of the anti-nociceptive properties of peppermint oil in the treatment of 

irritable bowel syndrome (Harrington et al., 2011). The absence of menthol induced 
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analgesia in TRPM8 knockout animals after intraperitoneal injections with acetic acid, 

which normally provokes visceral pain, reinforces this notion (Liu et al., 2013). 

Finally, TRPM8 is expressed in the terminals of afferents innervating the cornea, 

where it contributes to regulating basal tear flow (Parra et al., 2010). 

1.3.7. Molecular determinants of thermal thresholds and signal propagation  

TRPM8 is activated by noxious and innocuous cold and is found in nociceptive and 

non-nociceptive neurons. Taken together with the results obtained from TRPM8-

knockout or -ablated animals it suggests that TRPM8 is involved in both innocuous 

and noxious cold sensing. But how does a TRPM8-expressing neuron operate over 

such a wide range of cold temperatures and how does it discriminate between 

innocuous and noxious cooling?  

Mechanistically speaking, opening of TRPM8 provides the receptor potential, 

that is, a local depolarization of the sensory nerve terminal, to initiate the firing of 

action potentials. Independently of TRPM8, other molecular players are present that 

determine the excitability and signal propagation of nerve terminals and afferents 

(Belmonte et al., 2009).  

The reversal potential of potassium ions is negative to the resting membrane 

potential and opening of potassium channels hyperpolarizes this potential, which is 

why potassium channels are crucial regulators of neuronal excitability. (Hille, 2001). 

The first evidence that potassium currents play a role in cold transduction came from 

studies that indicated that cooling inhibits a potassium conductance and therefore 

increases neuronal excitability (Reid and Flonta, 2001b; Viana et al., 2002). 

Moreover, blocking potassium channels rendered previously cold-insensitive neurons 

cold-sensitive (Viana et al., 2002; Roza et al., 2006). 

After the discovery of TRPM8 as the main cold sensor, the contribution of 

potassium channels to cold sensing was explored further. For example, TREK-1 and 

TRAAK, two-pore-domain potassium channels that are constitutively open at warm 

temperatures and act as an excitability break, are temperature sensitive and close 

during cooling (Maingret et al., 2000; Kang et al., 2005). Deleting both TREK-1 and 

TRAAK sensitizes cold- and menthol-sensitive neurons to cold. However, it also 

confers cold, but not menthol-sensitivity to a previously non cold-responding 

population of neurons (Noel et al., 2009). 
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Furthermore, by characterizing low- (LT) and high-threshold (HT) cold-

sensitive neurons, Madrid and colleagues revealed that their respective thermal 

thresholds correlate with a variable expression of TRPM8 and Kv1 potassium 

channels. Dendrotoxin-sensitive Kv1 (e.g. Kv1.1, Kv1.2, Kv1.6) potassium channels 

act as a brake for neuronal excitability. Therefore, a balance between the expression 

of Kv1 subunits and TRPM8 results in a variable thermal threshold of TRPM8 

expressing cold-sensitive somatosensory neurons. LT cold-sensitive neurons are 

characterized by a high functional expression of TRPM8 and a low functional 

expression of Kv1 subunits. The abundance of TRPM8 channels creates a larger 

receptor potential, whereas the low expression of Kv1 subunits ensures a high 

excitability, resulting in a neuron that is readily excited by innocuously cold 

temperatures. The reverse situation presents itself in HT cold-sensitive neurons, with 

a low functional expression of TRPM8 and a high functional expression of Kv1 

subunits, necessitating a more robust thermal stimulus for the few expressed TRPM8 

channels to overcome the excitability brake established by the abundance of Kv1 

subunits (Madrid et al., 2009). Recently, Kv7 potassium channels were also 

implicated in modulating cold transduction (Vetter et al., 2013). Kv7 conducts the M-

current, which is activated upon depolarization and therefore acts as a brake for 

repetitive action potential firing (Delmas and Brown, 2005). Blocking the M-current 

amplifies action potential firing and firing rates in cold-sensitive fibers upon cooling, 

but does not lead to action potential firing in cold-insensitive fibers (Vetter et al., 

2013).  

Additionally, sodium channels, which are crucial for action potential generation 

and propagation, are implicated in cold-sensing (Hille, 2001). In particular, the 

tetrodotoxin-resistant voltage gated sodium channel Nav1.8 has an important role in 

the detection of noxious cold (Akopian et al., 1996). Not because it is a cold sensor 

per se, but because it is unique among voltage-sensitive sodium channels in that it 

does not inactivate at low temperatures (Zimmermann et al., 2007) and is exclusively 

expressed in nociceptive sensory neurons. Thus, a cold-sensitive neuron expressing 

Nav1.8 maintains its ability to generate action potentials at very cold temperatures 

(Zimmermann et al., 2007). Consistent with these findings, earlier and subsequent 

studies demonstrated only minor responses to noxious cold in Nav1.8 deficient mice 

(Akopian et al., 1999; Abrahamsen et al., 2008). A more recent study demonstrated 

that TRPM8-expressing TTX-resistant (TTXr) DRG neurons retain their ability for 
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action potential firing at noxiously cold temperatures, as opposed to TRPM8-positive 

TTX-sensitive (TTXs) neurons. Moreover, the temperature at which TTXs neurons 

started firing action potentials was significantly higher than in TTXr neurons (Sarria et 

al., 2012). 

Furthermore, hyperpolarization-activated cyclic nucleotide-gated (HCN) 

channels giving rise to a hyperpolarized-activated inward current (Ih) are present in 

the majority of sensory neurons (Scroggs et al., 1994; Momin et al., 2008) and are 

one of the defining features of cold sensitive neurons (Viana et al., 2002). Ih currents 

play important roles in membrane potential oscillations and they shape neuronal 

excitability (Pape, 1996). HCN channels are heteromeric and are composed of a 

combination of different HCN channel subunits (HCN1 to HCN4), of which HCN 

channels expressed in cold-sensitive neurons consist of a combination of mainly 

HCN1 and some HCN2 subunits (Orio et al., 2009). Whilst Ih is not essential for the 

transduction of cold stimuli, it does shape the firing response of cold thermoreceptor 

nerve endings in which it might play a role in the sensory coding of cold information 

(Orio et al., 2012).  

Taken together, these data emphasize the importance of molecular players 

other than TRPM8 in the ability of discriminating between noxious and innocuous 

cold ambient temperatures. 

1.3.8. The role of TRPM8 in (an)algesia  

In humans, maintained and moderate cooling evokes innocuous cold sensations until 

a critical temperature is crossed and cooling is perceived as painful (Davis, 1998; 

Morin and Bushnell, 1998; Davis and Pope, 2002).  

As is turns out, the role of TRPM8 in pain and analgesia is a rather complex 

one. Depending on context, location and stimulus intensity, TRPM8 activation can 

elicit sensations from pleasurable and soothing cool to painfully cold. As indicated, 

several studies provide evidence for TRPM8 being involved in transducing painful 

temperature stimuli. Behavorial studies in mice have implicated TRPM8 for playing a 

role in this noxious perception of cold (Bautista et al., 2007; Knowlton et al., 2013).  

Furthermore, TRPM8 is also implicated in cold-hypersensitivity in the context 

of chronic pain caused by injury. Damage to peripheral nerves can produce 

peripheral neuropathic pain, which is characterized by an increase in pain intensity to 

otherwise normal painful stimuli (hyperalgesia) and pain evoked by stimuli that are 
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normally non-painful (allodynia) (Schmidt and Willis, 2007; Basbaum et al., 2009). In 

patients with peripheral nerve disease, innocuous cold stimulation elicits painful 

sensations (Bowsher and Haggett, 2005). Oxaliplatin, an effective platinum-based 

chemotherapeutic agent used in the treatment of colorectal cancer, causes cold 

induced paresthesias and cold hypersensitivity, which severely restricts its dosage 

and duration of treatment (Lehky et al., 2004). In mice, chronic constriction injury 

(CCI) of the sciatic nerve or injection of oxaliplatin induces neuropathic pain that is 

accompanied by cold hypersensitivity (Colburn et al., 2007; Gauchan et al., 2009). 

Furthermore, cold hypersensitivity develops in Complete Freund’s Adjuvant (CFA) 

induced inflammatory pain (Lehky et al., 2004; Colburn et al., 2007). These models 

are helpful in elucidating the putative role of TRPM8 in cold hypersensitivity. For 

example, in the case of CCI induced neuropathic pain, TRPM8-knockout mice do not 

develop cold hypersensitivity in contrast to wild type mice (Colburn et al., 2007; 

Knowlton et al., 2011; Su et al., 2011; Knowlton et al., 2013). Similar results in CCI-

induced cold hypersensitivity were obtained for mice in which TRPM8-expressing 

neurons were conditionally ablated (Knowlton et al., 2013). Capsazepine, a non-

specific TRPM8 blocker, significantly attenuates CCI induced cold allodynia. (Xing et 

al., 2007). Similarly, PBMC, a novel specific TRPM8 antagonist also significantly 

attenuates CCI induced cold allodynia (Knowlton et al., 2011).  

Moreover, it has been proposed that TRPM8 is a primary mediator of cold 

hypersensitivity induced by inflammation, as activation of TRPM8 is modulated by 

certain inflammatory mediators as protons, phospholipids and bradykinin (Andersson 

et al., 2004; Premkumar et al., 2005; Rohacs et al., 2005). Indeed, TRPM8-knockout 

mice fail to exhibit cold hypersensitivity that typically develops in animal models of 

CFA induced inflammatory pain (Colburn et al., 2007; Knowlton et al., 2011; 

Knowlton et al., 2013). In contrast, PBMC did not reduce cold allodynia in the 

oxaliplatin induced model of neuropathic pain, which is in apparent disagreement 

with the finding that cold hypersensitivity does not develop in oxaliplatin treated 

TRPM8-knockout mice. However, the authors did not test higher doses due to the 

hypothermic effect of the drug, which limits the conclusions drawn from this particular 

result (Knowlton et al., 2011). In the context of neuropathy, the underlying cellular 

and molecular mechanisms for abnormal cold sensitivity and analgesia remain poorly 

understood. It is unlikely that a differential expression of TRPM8 expressed in cold 

sensitive nerve terminals explains cold hypersensitivity after injury, as the expression 
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of TRPM8 mRNA in several animal models of cold allodynia and cold hyperalgesia 

correlate poorly with their behavioral responses to cold [reviewed by (Fernández-

Peña and Viana, 2013)]. Compounding the issue is that a given level of mRNA does 

not necessarily predict its protein level and does not reflect channel function. 

As pointed out before, TRPM8-activity is modulated by several endogenous 

factors as well as by a differential co-expression with other ion channels. It follows 

that these could participate in the development of cold hypersensitivity following 

injury or inflammation. For example, during inflammation, several pro-algesics are 

released at the site of injury. Their role in the development of mechanical and heat 

hyperalgesia have been studied, but their role in the development of cold 

hypersensitivity is relatively unknown. Recently it was shown that the pro-algesic glial 

cell-line derived neurothrophic factor (GDNF) family receptor GFRα3 is preferentially 

localized to a subset of putative nociceptive TRPM8-expressing neurons. Injecting 

artemin, the specific natural ligand of GFRα3, increases cold-sensitivity in wild type 

but not TRPM8-knockout mice (Lippoldt et al., 2013). Artemin expression is found to 

be increased in inflamed skin, supporting the notion that it is involved in cold 

hypersensitivity after injury (Elitt et al., 2006; Lippoldt et al., 2013). Paradoxically, the 

inflammatory mediators bradykinin and histamine prevent TRPM8 activity by binding 

to a Gq-coupled receptor, thus activating the G-protein subunit Gαq, which directly 

inhibits TRPM8 (Zhang et al., 2012). However, bradykinin has no significant effect on 

cold sensitivity in vivo in mice (Lippoldt et al., 2013). These seemingly paradoxical 

results could be due to a differential effect of artemin and bradykinin on non-

nociceptor and nociceptor subpopulations of TRPM8. Whilst the expression of the 

artemin receptor GFRα3 is mainly restricted to the putative nociceptors 

subpopulation of TRPM8 expressing neurons, the bradykinin receptor B2R is widely 

co-expressed with TRPM8 (Lippoldt et al., 2013).  

Furthermore, changes in the ratios of Kv1, NaV1.8 and TRPM8 can alter 

excitability and signal transduction and thus result in altered cold thresholds and 

changes in signal transduction. Lastly, cold hypersensitivity could be a result of 

changes in the central processing of nociceptive information (Belmonte et al., 2009).  

Although many questions remain, the aforementioned studies successfully 

uncovered a role for TRPM8 in the development of cold pain. However, cold pain 

results from extreme conditions, such as intense cooling or neuropathy, which only 

partly overlap with the physiological context in which TRPM8 operates. On the other 
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side of the temperature-spectrum, the range of temperatures that cause an organism 

to feel pleasurably cool, cold temperatures have been shown to mediate beneficial 

effects. Topical application of menthol and mild cooling has been used throughout 

history as a remedy for pain relief. For example, mild cooling shows beneficial effects 

on chronic back pain, dental pain, postoperative pain and muscle injuries (Traherne, 

1962; Sauls, 1999). Furthermore, menthol is used in preparations for pain relief in 

sports injuries, arthritis and other painful conditions (Eccles, 1994; Johar et al., 2012). 

This is highly suggestive for a role of TRPM8 in analgesia. However, one should 

exercise caution when interpreting results involving menthol-induced anesthesia. 

Several studies have shown menthol to inhibit neuronal voltage-dependent Ca2+ 

channels and voltage-dependent Na+ channels (Swandulla et al., 1987; Sidell et al., 

1990; Gaudioso et al., 2012). Furthermore, menthol activates GABAa-receptors, the 

main inhibitory neurotransmitter in the mammalian central nervous system, and thus 

might have a central anti-nociceptive effect (Watt et al., 2008; Zhang et al., 2008). On 

the other hand, evidence is emerging that menthol-induced analgesia is indeed 

mediated through TRPM8. A recent study found that menthol-induced analgesia in 

several mouse models of acute and inflammatory pain was completely absent in 

TRPM8-knockout animals. Administering the selective TRPM8 antagonist AMG-2850 

to wild type animals provided similar results. WS-12, a specific TRPM8 agonist, 

induced TRPM8-dependent analgesia similar to that of menthol. These results do 

strongly suggest that TRPM8 is the principal mediator of menthol-induced analgesia 

in acute and inflammatory pain (Liu et al., 2013). Other studies also provide evidence 

of TRPM8-mediated analgesia. In a CCI induced model of chronic neuropathic pain, 

topical or intrathecal application of icilin or menthol produces behavioral analgesia. 

The specific involvement of TRPM8 was confirmed by the abrogation of icilin-induced 

analgesia after knocking down TRPM8 with antisense mRNA. Cutaneous cooling in a 

range of 20°C to 16°C mimicked the effect of topical icilin and menthol application 

(Proudfoot et al., 2006). Further, cooling attenuates acute nociceptive responses 

after intra-plantar injections of formalin in wild type but not TRPM8-knockout mice 

(Dhaka et al., 2007). In the CCI model of neuropathic pain, cooling mediated 

analgesia was completely absent in TRPM8-knockout and -ablated animals, 

confirming the findings of the aforesaid studies (Knowlton et al., 2013). 

Briefly, depending on context, location and stimulus intensity, TRPM8 

activation can elicit sensations from pleasurable and soothing cool to painfully cold. A 
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possible explanation might be found in the fact that, as reviewed earlier, TRPM8-

expressing somatosensory neurons are a functional heterogeneous population, as 

indicated by its partial co-expression with nociceptive markers and are characterized 

by widely varying thermal thresholds. In addition, changes in ion channels co-

expressed with TRPM8 might alter the activity of TRPM8-expressing nerve terminals. 

Furthermore, cold hypersensitivity or analgesia could be a result of changes in the 

central processing of nociceptive information [reviewed by (Belmonte et al., 2009)]. 

 

1.3.9. TRPM8 and cancer 

TRPM8 was originally identified in a screen for upregulated genes in prostate cancer 

tissue and it was proposed that it may be an ion channel with oncogene or tumour 

promoter potential (Tsavaler et al., 2001). Unsurprisingly, this has lead to an interest 

in the study of TRPM8 as a target for the detection and treatment of cancer, and 

particularly that of prostate cancer (Zhang and Barritt, 2006). Recently, TRPM8 

mRNA levels were found to be elevated in blood and urine of patients with metastatic 

prostate cancer (Bai et al., 2010). TRPM8 is localized in the plasma membrane as 

well as in the endoplasmatic reticulum of prostate cancer cells, suggesting a role for 

regulating intracellular Ca2+ levels that are necessary for the viability and proliferation 

of prostate cancer cells (Zhang and Barritt, 2004; Monteith et al., 2007). TRPM8 

mRNA was detected in three commonly used human prostate cancer cell lines and 

pharmacological characterization found TRPM8 to be functionally expressed (Valero 

et al., 2011; Valero et al., 2012). Pharmacological blockade or TRPM8 knockdown by 

small interference RNA (siRNA) produced a marked reduction in proliferation rate in 

these cancer cell lines, which is suggestive of a role for TRPM8 in the development 

of prostate cancer (Valero et al., 2012). Taken together, TRPM8 is developing to be a 

promising candidate for the detection and therapy of prostate cancer. 

After its detection in prostate cancer cells, multiple studies have screened for 

TRPM8 expression in other types of malignant tumors. In breast cancer cells, 

functional TRPM8 was detected, and their expression is regulated by estrogen 

(Chodon et al., 2010). TRPM8 was found to be overexpressed in human melanoma 

cells, and activation of TRPM8 with menthol produces an influx of Ca2+ which 

reduces its viability (Yamamura et al., 2008). Furthermore, TRPM8 was detected in 

human neuroendocrine tumor cells (NET) (Mergler et al., 2004). Human uveal 
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melanoma cells were found to functionally express TRPM8 (Mergler et al., 2014). In 

a human bladder cancer cell line, TRPM8 is highly expressed and activation by 

menthol induces cell death (Li et al., 2009).  

1.3.10. Therapeutic potential of pharmacological modulators of TRPM8 

As discussed before, in recent years evidence has been mounting that TRPM8 is 

involved in the development of cold hyperalgesia in several diseases and symptoms. 

On the other hand, there is also evidence that TRPM8 is involved in the analgesic 

effects of cold- and menthol-activated cold-sensitive thermoreceptors. Furthermore, 

TRPM8 is expressed in several cancers. Thus, modulating TRPM8 activity holds 

promise for the successful treatment of aforesaid pathologies. In fact, TRPM8 

antagonists successfully alleviated neuropathic cold hypersensitivity in mice (Xing et 

al., 2007; Knowlton et al., 2011). And although the analgesic benefits of menthol 

could have been ascribed to its effects on multiple ion channels involved in the 

transduction and modulation of pain signals, a recent study firmly established a role 

for TRPM8 as the principal mediator of the analgesic effect of menthol (Liu et al., 

2013). Studies have demonstrated that activation of TRPM8 by menthol reduces cell 

viability in several different cancers (Zhang and Barritt, 2004; Yamamura et al., 2008; 

Li et al., 2009), whereas silencing TRPM8 has been demonstrated to reduce 

proliferation of cancerous prostate cells (Valero et al., 2012). Taken together, TRPM8 

is a proven and interesting target for therapeutic intervention. This makes it a prime 

candidate for the development of novel modulators, which in the future could help to 

treat TRPM8-related pathologies or function as a tool to further elucidate the 

biophysical and pharmacological characteristics of TRPM8, as well as further 

uncover its role in health and disease (Malkia et al., 2011). 

 

 



 

 

2. Objectives 
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The objectives of the presented work are: 

2.1. General objectives 

Characterize pharmacological modulators of the ion channel TRPM8 by using 

calcium-imaging and patch-clamp techniques. 

2.2. Specific objectives 

 Identify and/or characterize new pharmacological agents with agonistic and 

antagonistic properties on the ion channel TRPM8. 

 

 Characterize the mechanism of action of these pharmacological compounds. 

 

 Study the effects of these compounds on the function of primary sensory 

neurons that express TRPM8. 

 



 

 

  



 

 

3. Materials and methods 
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For the study of the pharmacology of the ion channel TRPM8 presented in this work I 

employed the electrophysiological technique known as patch-clamp (Neher et al., 

1978), which was used in several different whole-cell and single channel 

configurations. Furthermore, I used a calcium-imaging technique based on the 

fluorimetric characteristics of fura-2 (Grynkiewicz et al., 1985; Williams et al., 1985). 

Both techniques were mainly employed to study rat TRPM8 that was stably 

transfected into the mammalian cell-line HEK293 (CR#1-cells) and to study TRPM8 

natively expressed in cultured neurons from mouse dorsal root ganglia. Furthermore, 

some electrophysiological and calcium-imaging experiments were conducted on 

transiently transfected mutant TRPM8 channels, having point mutations in residues 

that affect their ability to interact with certain agonists. Lastly, a cell-line consisting of 

Chinese hamster ovary cells stably transfected with TRPA1 was used in one 

experiment. All cells were maintained in an incubator kept at an ambient temperature 

of 37°C in a controlled atmosphere containing 5% CO2.  

3.1. HEK293 cells 

HEK293 is an immortalized cell line that is originally derived from human embryonic 

kidney cells and kept in culture. They were used as a transient expression system for 

the TRPM8 channel and the TRPM8 mutant channels used in this work. The cells 

were maintained in 25 cm2 flasks in medium containing the following ingredients: 

- DMEM containing 10% fetal bovine serum (FBS) 

- Penicillin (100 U/ml)  

- Streptomycin (100 µg/ml)  

HEK293 cells were passed weekly according to the following protocol: 

- Remove old medium and wash cell with FBS-free medium. 

- Remove FBS-free medium and add 1 mL trypsin/EDTA. Make sure all cells 

are covered. Remove immediately. 

- Incubate for aprox. 3 minutes until cells detach. 

- Resuspend cells in 5 mL complete medium 

- Reseed a new 25cm2 flask with 100 µL medium containing cells + 5 mL 

complete medium. 
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3.1.1. Transient transfection of TRPM8 mutants 

The HEK293 cells that were used in the experiments were transiently transfected 

with wild type mouse TRPM8 cDNA, the mouse TRPM8-Y745H menthol insensitive 

mutant cDNA and the icilin insensitive mutant mouse TRPM8-N799A cDNA. The full 

length cDNA encoding mTRPM8 was expressed in a pcDNA5 vector. Briefly, by site-

directed mutagenesis, the menthol insensitive mutant had its tyrosine at position 745 

replaced by histidine (Malkia et al., 2009). The icilin insensitive mutant N799A had 

aspargine replaced by alanine at position 799 (Chuang et al., 2004). The 

aforementioned plasmids were transfected into HEK293 cells, together with a 

plasmid coding for a yellow fluorescent protein (YFP), which emits an easily 

identifiable bright yellow fluorescent light when excited at 470 nm. For the 

transfection, the following protocol was used: 

1. The day prior to transfection, plate 150.000 HEK293 cells in a 2 cm2 well (24-

well plate) 

Protocol on day of transfection (description is for one well): 

2. Dilute 2 µL Lipofetamine 2000 (Invitrogen) in 50 µL serum-free DMEM. Stir 

gently and incubate for 5 minutes at room temperature.  

3. Dilute 1-2 µg mTRPM8-cDNA and 0.3 µg YFP in 50 µL serum-free DMEM. Stir 

gently. 

4. Mix diluted Lipofectamine and cDNA within 25 minutes after end of 

Lipofectamin incubation. Stir gently and incubate for 20 min at room 

temperature. 

5. Add the mixture to the well, stir gently by rocking the plate back and forth. 

6. Incubate the cells in an incubator at 37°C for 5 hours, then change medium. 

7. After 18-42 hours, trypsinize and replate cells on poly-L-lysine treated 

coverslips (6mm). Cells will attach and be ready for calcium-imaging or patch-

clamp experiments after approx. 2 hours.  
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3.2. CR#1 cells 

The CR#1 cell line consists of HEK293 cells that are stably transfected with rat 

TRPM8 and was a kind gift to our lab from Dr. Ramón Latorre from the Centro 

Interdisciplinario de Neurociencia de Valparaiso (Chile). Its generation and 

characterization is described in a paper by Brauchi and colleagues (Brauchi et al., 

2004). Briefly, by using cationic liposomes, HEK293 cells were transfected with the 

plasmid vector pCDNA3 that also contained the DNA sequence of rat TRPM8. As the 

pCDNA3 vector also contains a neomycin resistance gene, TRPM8 expressing cells 

are selected for by exposing them to an analog of neomycin, the antibiotic geniticin 

(G418 sulfate), which was added to the medium at a concentration of 800 µg/ml 

during two weeks.  

CR#1 cells were maintained in the following culture medium 

- DMEM containing 10% fetal bovine serum 

- Penicillin (100 U/ml)  

- Streptomycin (100 µg/ml)  

- G418 sulfate 

The protocol followed for the maintenance of CR#1 cells is the same as followed for 

the HEK293 cells, with the addition of 50 µL of G418 per 5 mL of culture medium. 
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3.3. CHO-A1 cells 

The CHO-A1 cell line consists of Chinese hamster ovary (CHO) cells stably 

expressing mouse TRPA1 and was a kind gift to our lab by Dr. Ardem Patapoutian 

from The Scripps Research Institute, La Jolla, USA. The expression of TRPA1 is 

inducible by tetracycline. Briefly, a tetracycline-inducible CHO-K1/FRT cell line was 

co-transfected with the expression vector pcDNA5FRT/TO containing full-length 

mouse TRPA1 and the Flp recombinase expression plasmid pOG44 and 

subsequently selected for via hygromicin resistance (Story et al., 2003).  

CHO-A1 cells were maintained in the following culture medium: 

- DMEM containing 10% fetal bovine serum  

- Glutamax® 2%  

- Non-essential amino-acids 1%  

- Penicilin (100 U/ml)  

- Streptomycin (100 µg/ml)  

- Hygromicin (200 µg/ml)  

- Blasticidin (5 µg/ml) 

3.4. Sensory neuron cultures  

Dissociated neurons from the DRG and TG are assumed to express membrane 

receptors and channels that are expressed in their peripheral nerve terminals in vivo. 

As such, cultured sensory neurons serve as a good model of the peripheral nerve 

terminal (Kress and Reeh, 1996).  

In brief, three to twelve week old male mice were anesthetized by inhalation of 

CO2 and subsequently decapitated. Using forceps and a pair of scissors, the spine 

was carefully removed. Under a microscope, the spine is cut in half using a scalpel, 

and the dorsal root ganglia removed with a fine pair of forceps and deposited in 

culture medium. When all ganglia are removed, they are further cleaned by using 

forceps and a scalpel. Subsequently, the cleaned ganglia are transferred to a 1 mL 

eppendorf containing a mixture of the enzymes collagenase type XI (0.66 mg/ml) and 

dispase (3 mg/ml). The ganglia are kept in the enzymatic solution for an hour at a 

temperature of 37°C and in an controlled atmosphere of 5% CO2. Following the 

enzymatic dissociation, the ganglia are mechanically dissociated using a fire polished 

glass pasteur pipette. Then, the enzymatic solution with the dissociated ganglia is 
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transferred to a centrifuge and spun down for 5 minutes at 1000 RPM. After the 

centrifugation, the dissociated neurons have formed a pellet on the bottom of the 

tube. Subsequently, the medium is removed from the tube and the pellet is 

resuspended in 200 µL of culture medium. The medium containing the dissociated 

DRG´s is then further plated out on 10 poly-L-lysine (0.01%) treated coverslips with a 

diameter of 6 mm. After 4 hours in the incubator, 1 mL of medium is gently added to 

every Petri dish containing the coverslips. After approximately twenty-four hours the 

cells are ready for experiments. 

3.5. TRPM8EYFP transgenic mice 

For the identification of TRPM8-expressing somatosensory neurons, I used a 

transgenic mouseline in which TRPM8-expressing neurons were labelled by the 

presence of EYFP (Parra et al., 2010).   

In brief, a bacterial artificial chromosome (BAC) containing the entire mouse 

TRPM8 locus was modified by inserting the cDNA encoding for YFP, fused in frame 

after the first 9 amino acids of the TRPM8-protein, and followed by a stop codon. 

This prevents the transcription of the TRPM8 sequence contained in the BAC. 

Subsequently, the BAC was linearized and purified and then injected into fertilized 

C57Bl/6 mouse oocytes to generate TRPM8:EYFP BAC transgenic mice.  

3.6. Reagents 

Most drugs were prepared as a stock in dimethyl sulfoxide (DMSO), except for 

trinitrophenol (TNP), capsaicin and chloroform (CLF). TNP and GsMTx-4 were 

dissolved in distilled water, capsaicin in ethanol and CLF was directly dissolved in 

bath solution before use. The final concentration of DMSO in the bath solution was 

never higher than 0.1% and the final concentration of ethanol was 0.05 %. The 

required amount of CLF was directly added to a measured amount of bath solution in 

a glass Erlenmeyer, vigorously shaken for approximately thirty seconds and 

subsequently transferred to an airtight container made of glass that fed into the bath.   
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An overview of all used stocks is provided in the following table. 

drug supplier working concentration stock solvent 

menthol Scharlau 20-100 µM 300 mM DMSO 

icilin Sigma 10 µM 10 mM DMSO 

capsaicin Sigma 500 nM 1 mM ethanol 

AITC Sigma 100 µM 100 mM DMSO 

chloroform Merck 1-20 mM - - 

5-benzyloxytryptamine Sigma 1-30 µM 30 mM DMSO 

BCTC Grünental 3 µM 30 mM DMSO 

GsMTx-4 Peptide Inst. 1 µM 0.1 mM dH2O 

chlorpromazine Sigma 10-30 µM 30 mM DMSO 

trinitrophenol Sigma 100-200 µM 57 mM  dH2O 
 

Table 3.1 Overview of all used drugs, their suppliers and their respective solvents. 

3.7. Intracellular calcium imaging 

Intracellular calcium levels can be determined by the analysis of the fluorescent 

probe fura-2. Unbound fura-2 has an excitation peak at 362 nm, which shifts to 335 

nm upon binding of Ca2+ whilst the emission spectrum of the bound and unbound 

form remains constant. The ratio between the intensity of fluorescence emitted after 

excitation at 340 and 380 nm (F340/F380) is directly proportional to the concentration of 

intracellular calcium (Grynkiewicz et al., 1985; Williams et al., 1985).  

The cells under study are incubated for approximately one hour at 37°C in 

standard extracellular solution containing 5 µM fura-2-acetoxymethyl ester (Fura2-

AM). After the incubation period, the glass coverslips containing the cells are 

transferred to standard external solution (Table 3.2) and held at room temperature 

before commencing the experiment. The coverslips are then placed in a 

microchamber continuously perfused with bath solution held at a steady 33°C. 

Fluorescent measurements are made with a Leica DM IRE2 inverted microscope 

fitted with a CCD camera (Imago QE Sensicam, Till Photonics). During the 

experiment, the fura-2 loaded cells are alternatively excited by a wavelength of 340 

and 380 nm by a rapidly switching Polychrome IV monochromator (Till Photonics), 

which is under the control of a computer running the TillVision software package (Till 

Photonics). After each pulse, the excited fura-2 emits a fluorescent signal at 510 nm. 

The emitted signal passes through a longpass filter of 510 nm and is detected by the 

CCD camera. The signal is subsequently sent to a computer, where it is recorded 

and later analyzed using the TillVision imaging software (Till Photonics).  
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Figure 3.1. Example of cultured DRG neurons as seen on a microcope under a. visible light and b. when excited 
at 470 nm, with TRPM8-positive neurons emitting a bright fluorescent light. c-d. The F340/F380 value of these same 
neurons when held at a normal temperature (c.) or when exposed to cold (d.). Scale bar, 15 µm.  

  

a. Transmission b. YFP 

  

c. 33°C d. 18°C 

  

0                       2  (F340/F380) 
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3.8. Temperature stimulation 

Coverslip glasses with cultured cells were placed in a microchamber and 

continuously perfused (~ 1 mL/min) with bath solution warmed to around 33°C by a 

Peltier device (ReidDan Electronics) which is under the control of a temperature 

controller (model RDTC-1, ReidDan Electronics), connected to a computer through a 

digitizer. The temperature of the bath-solution is measured by a thermocouple 

situated directly at the end of the solution-outlet, which is placed near the imaging 

field. The temperature is recorded using a computer running Clampex 10.2 

(Molecular Devices). 

3.9. Intra- and extracellular solutions  

The contents of the bath solution used in all calcium imaging experiments in this work 

are described in table 3.2.  

Bath solution  

Compound Concentration (mM) 

NaCl 140 

KCl 3 

CaCl2 2.4 

MgCl2 1.3 

Glucose 10 

HEPES 10 

pH = 7.4 

Table 3.2. Extracellular solution used for calcium imaging 

The composition of the bath and pipette solutions used in electrophysiological 

registrations can differ from the one used in calcium-imaging, and is dependent on 

the type of experiment.  

In the whole-cell patch clamp, a pipette solution was used that mimics 

intracellular ionic conditions. As the bath solution, a modified standard extracellular 

solution was used in which calcium is exchanged for sodium and contains the 

calcium chelator ethylene glycol tetraacetic acid (EGTA). Calcium is excluded from 

the extracellular solution to prevent calcium-dependent rundown of TRPM8-activity 

(Liu and Qin, 2005; Rohacs et al., 2005). ATP and GTP are not provided in the 
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internal solution, as rundown of the current through TRPM8 is contained. Table 3.3 

summarizes both solutions.  

 

Pipette solution Bath solution 

Compound Concentration (mM) Compound Concentration (mM) 

CsCl 140 NaCl 142.4 

MgCl2 0.6 KCl 3 

HEPES 10 MgCl2 1.3 

EGTA 1 Glucose 10 

    HEPES 10 

  

EGTA 1  

pH = 7.3 pH = 7.4 

Table 3.3. Pipette and bath solution used for whole-cell voltage clamp recordings. 

Table 3.4 provides a summary for the solutions used in cell-attached action current 

recordings in neurons. The bath solution is identical to the standard solution used for 

calcium imaging, as is the pipette solution. 

Pipette solution Bath solution 

Compound Concentration (mM) Compound Concentration (mM) 

NaCl 140 NaCl 140 

KCl 3 KCl 3 

CaCl2 2.4 CaCl2 2.4 

MgCl2 1.3 MgCl2 1.3 

Glucose 10 Glucose 10 

HEPES 10 HEPES 10 

pH = 7.4 pH = 7.4 

Table 3.4. Pipette and bath solution used for cell-attached action current recordings. 

Whole-cell current clamp recordings in neurons require a pipette solution that is 

similar in ionic conditions to the cytosol. As can be seen, the internal solution used 

for current clamp experiments in neurons differs from the solution used in voltage 

clamp experiments in CR#1 and HEK293 cells. The main difference is the inclusion 

of ATP and GTP in the solution. ATP is crucial in preventing run-down of voltage-

gated Ca2+-channels, whilst the presence of GTP is essential for G-protein 
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dependent processes (Hille, 2001). In this case, a standard bath solution containing 

calcium, is used. This is done to provide a more physiological environment for the 

neurons. Both solutions are summarized in table 3.5. 

Pipette solution Bath solution 

Compound Concentration (mM) Compound Concentration (mM) 

KCl 140 NaCl 140 

NaCl 10 KCl 3 

Mg-ATP 0.4 CaCl2 2.4 

Na-GTP 0.4 MgCl2 1.3 

HEPES 10 Glucose 10 

  

HEPES 10 

pH = 7.4 pH = 7.4 

Table 3.5. Pipette and bath solution used for whole-cell current clamp recordings. 

For single channel cell-attached and excised patch inside-out recordings, the ionic 

conditions of the bath solution mimic that of the cytosol. In cell-attached single 

channel recordings it brings the resting membrane potential close to zero. In excised 

patch inside-out recordings, the bath solution is on the cytosolic side of the patch and 

thus should resemble the ionic conditions of the cytosol. The pipette solution used for 

both type of recordings is the standard extracellular solution without calcium. Table 

3.6 contains a description of both solutions. 

Pipette solution Bath solution 

Compound Concentration (mM) Compound Concentration (mM) 

NaCl 142.4 KCl 140 

KCl 3 MgCl2 0.6 

MgCl2 1.3 HEPES 10 

Glucose 10 EGTA 1 

HEPES 10     

EGTA 1     

pH = 7.4 pH = 7.4 

Table 3.6. Pipette and bath solution used for single channel recordings. 
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3.10. Electrophysiological recordings 

The advent of the patch clamp technique, developed by Neher and Sakmann in the 

late 70´s and beginning of the 80´s (Neher and Sakmann, 1976; Neher et al., 1978; 

Hamill et al., 1981) made it possible to measure currents through single ion channels 

or macrocurrents of the whole cell. The technique involves a glass micropipette filled 

with solution which is in contact with a microelectrode. The glass micropipette is 

brought into contact with the cell membrane, after which a small piece of the 

membrane is drawn into the micropipette, forming a tight seal with the glass. The part 

of membrane that is under the micropipette is referred to as a patch, and this 

particular configuration is referred to as cell-attached. Forming a tight seal is the first 

step to successful patch-clamping and from this basic configuration several other 

patch-clamp configurations can be obtained (Figure 3.2). 

 

Figure 3.2. All patch-clamp configurations obtainable from the cell-attached configuration. Figure from (Hamill et 
al., 1981)  
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In brief, all patch-clamp experiments start with lowering the filled micropipette 

into the bath, maintaining positive pressure throughout to avoid clogging the tip of the 

micropipette with debris. Once the micropipette is close to the cell of interest, 

measure the pipette resistance, which usually has a value between 3 and 6 MΩ. 

Subsequently, set the pipette offset voltage manually to achieve zero current at a 

zero pipette potential. Then, slowly approach the cell with the micropipette, aiming for 

contact at a quarter-diameter distance from the center of the cell, towards the 

direction of the pipette. This ensures maximal contact between the micropipette and 

the cell when approaching at an angle, and maximizes the chance for the formation 

of a tight seal. Once contact is made, as can be inferred from a slight increase in 

pipette resistance, release the positive pressure. Wait for a tight seal to form, which 

will regularly reach values above 1 GΩ. If seal formation is not forthcoming, apply 

slight negative pressure. After seal formation, compensate for the pipette 

capacitance, visible as capacitance transients on screen. Following the above 

described procedure will result in the cell-attached configuration, the initial 

configuration from which all other configuration can be attained (Figure 3.2). All 

electrophysiological recordings were performed with an Axopatch 200B patch clamp 

amplifier (Molecular Devices) in conjunction with Clampex, version 10.2 (Molecular 

Devices). The micropipettes used were pulled from thick-walled borosilicate glass 

(Harvard Apparatus) with a Flaming/Brown type micropipette puller (P-97, Sutter 

Instrument) resulting in a pipette with a resistance between 3-6 MΩ when filled with 

pipette solution and lowered into the bath. 

3.10.1. Whole-cell voltage-clamp 

In whole-cell patch clamp experiments the interior of the cell is perfused with pipette 

solution. The whole-cell configuration is attained by rupturing the patch in the cell-

attached configuration by applying negative pressure (Figure 3.2). The bath solution 

is grounded by a chlorided silver pellet (Ag-AgCl), keeping the outside potential at 

zero. Through the electric access to the interior of the cell, the membrane potential is 

under the control of the experimenter.  

Briefly, once a tight seal with a sufficient seal-resistance (>1GΩ) is attained 

following the aforementioned procedure, proceed by applying a prolonged pulse (3-5 

s) of gentle negative pressure to rupture the patch. If, after repeated attempts, this 

procedure does not lead to cell access, apply a brief pulse of strong negative 
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pressure. Once the patch is ruptured and access is gained to the intracellular 

environment of the cell, a large transient capacitance will appear on screen. This 

capacitance transient is electronically compensated by manually setting the whole 

cell capacitance and series resistance until the transient is minimized. Set 

compensation to around 40% to correct for voltage errors. You are now ready for any 

type of whole cell voltage-clamp experiment. 

Currents were recorded with the software package Clampex 10.2 (Molecular 

Devices). All whole-cell voltage clamp experiments were performed at a bath 

temperature between 32°C and 34°C, with the occasional cooling pulse to around 

18°C. Solutions used for these type or recordings are found in table 3.3. 

3.10.2. Cell-attached voltage clamp in neurons 

Cell-attached voltage-clamp recordings provide a way to measure and record the 

activity of neurons without rupturing the cell membrane (Fenwick et al., 1982). The 

cell firing activity is recorded in the form of action potential currents, which are the 

derivatives of the actual action potentials. Currents passing from the amplifier 

through the patch resistance can influence the firing activity of the neurons, so it is 

imperative to keep this current at a minimum as not to influence the recording. This is 

accomplished by switching the amplifier to current clamp mode and reading the 

command potential at which the measured current is zero pA. The measured 

potential is subsequently used as the command potential when the amplifier is 

switched back to voltage clamp mode in order to record action currents. (Perkins, 

2006). The pipette solution used for these type of recordings is the same as the 

extracelluar bath solution, and can be found in table 3.4.  

3.10.3. Whole-cell current clamp 

The whole-cell current clamp is a method in which the current is controlled and the 

changes in membrane potential are measured. It is a useful technique for measuring 

action potentials in cells. Before starting a whole-cell current clamp recording, first 

establish the whole-cell configuration in voltage-clamp mode, with pipette 

capacitance compensation set. Correction, prediction and whole cell capacitance are 

of less importance, as they are disabled when switching from voltage-clamp to 

current-clamp mode. Solutions used in these recordings are found in table 3.5.    
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3.10.4. Single channel cell-attached and excised inside-out patch 

The patch clamp technique allows for high resolution recordings of ionic currents 

flowing across a patch of membrane that only contains one or a few ion channels. 

This technique allows for further study into the behavior of ion channels by providing 

information about its unitary conductance and kinetic behavior.  

Single channel currents can be measured in different configurations. The 

starting configuration is the cell-attached mode. With cell-attached single channel 

recordings only the potential on the outside of the patch is under direct control of the 

experimenter. The internal potential of the cell is unknown, which makes it impossible 

to control the potential across the membrane. To circumvent this problem the bath 

solution for cell-attached experiments usually consists of a solution that has a similar 

ionic composition as the cytosol. This brings the resting membrane potential close to 

zero so the membrane potential across the patch can effectively be set by only 

controlling the pipette potential. Since the potential is now set at the outside of the 

patch, the sign of the pipette potential is the reverse from a whole-cell recording and 

inward and outward currents are indicated by positive and negative currents. For 

clarity, the single-channel currents displayed in the results section are manually 

reversed to conform to the standards of displaying inward and outward currents.  

Inside-out excised membrane patches are attained by pulling back the 

micropipette after seal formation. This results in an excised patch whose cytosolic 

side is in contact with the bath solution. In this configuration, the cytoskeleton is 

disrupted and the cytosol is lost, along with any intracellular factors that might 

influence channel function. The experimenter controls the potential on both sides of 

the patch, thereby being able to set the exact membrane potential. Inside-out 

recordings were performed in zero calcium conditions, which usually helps to prevent 

patch resealing (see Figure 3.2). If the patch does reseal, it can briefly be exposed to 

air. However, this procedure is riskier and can result in losing the patch.  

Single channel recordings were performed at 20°C in order to enhance the 

channel open-probability (Popen). Pipettes were coated with Sylgard 184 and cured 

using an electrically heated coil. Sylgard reduces electric input noise by increasing 

the pipette capacitance and by preventing bath-solution from creeping up the pipette. 

After curing, pipette tips were fire polished with a microforge (MF-830, Narishige). 

The smoothed tip supports the formation of a tight seal, which typically reaches 
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values >10 GΩ after smoothing. Current signals were digitized at 100 kHz and 

analogue filtered with the built in -3dB 4-pole Bessel filter at 5 kHz. Subsequently, the 

recorded signal was digitally filtered with a -3dB 8-pole Bessel filter at 2 kHz. Voltage 

pulses from +140 to 0 mV at a 20 mV interval with a duration of 2 seconds were 

applied to provide data for the generation of a conductance plot. Gap-free recordings 

at -100 mV were performed for recordings that were used for trace idealization and 

subsequent analysis.  

3.11. Data analysis  

Electrophysiological data from whole-cell patch clamp recording were analyzed with 

WINASCD, written by Dr. Guy Droogmans 

(ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/winascd.zip). Data from cell-attached 

action current recordings, whole-cell current clamp recordings and single-channel 

recordings were analyzed with Clampfit 10.2 (Molecular Devices). Statistical analysis 

of the data were performed with GraphPad Prism 5.03 (GraphPad Software). All 

figures were created using the graphing software OriginPro 8.0 (OriginLab 

Corporation). Data is expressed as averages ± S.E.M of n independent experiments. 

The statistical significance between groups were tested with a paired or unpaired 

two-tailed student’s t-test and, in the case of more than two groups, a one-way 

ANOVA with a Bonferroni post-hoc test. 

3.11.1. Analysis of voltage dependent activation of TRPM8 

For an estimation of the shift in the voltage dependence of activation of TRPM8, I-V 

curves obtained from voltage-ramps were fitted with a function that combines a linear 

conductance multiplied by a Boltzmann activation term (Nilius et al., 2006; Malkia et 

al., 2007).  

I = g x (V - Erev) / (1 + exp [(V1/2 – V) / k ] ) (i) 

Through this formula, one is able to estimate the value of the voltage where 

the probability of opening for TRPM8 is 50% (V1/2), the maximal conductance (g) and 

the slope factor (k). Erev was fixed for I-V curves that did not display a clear inward 

current, with a value obtained from an I-V curve with a clear inward current.  

Briefly, the fraction of TRPM8 channels in the open state can be described by 

a Boltzmann activation term. Furthermore, the linear conductance assumed in this 



54 

 

function is based upon the aforementioned observation that open TRPM8 channels 

display an ohmic current-voltage relation (Voets et al., 2004).  

3.11.2. Single channel data analysis 

All single-channel records were analyzed using Clampfit (Molecular Devices). The 

baseline of gap-free recodings were manually adjusted to zero pA. Single-channel 

conductance was determined by generating an all-points amplitude histogram and 

subsequent fitting of the open and closed state with a Gaussian curve. The recorded 

traces were idealized using the 50%-threshold method in Clampfit 10.2, in which the 

calculated open conductance was used to set the open levels (Sakmann and Neher, 

2009). The process of trace idealization is a semi-automated process, and the results 

were visually inspected during and after idealization.  

Briefly, using the 50%-threshold method, the threshold is set at half-amplitude 

of the fully open channel. Every time the observed current crosses this threshold, the 

duration of the event is regarded as an estimate of channel-open time. Therefore, it is 

important to filter the data so as to minimize the occurrence of false events due to 

noise. Using this method, events shorter than half the risetime of the filter (Tr / 2) are 

missed, because after filtering they never reach threshold levels. Thus, it is in the 

interest of the experimenter to minimize the amount of filtering that needs to be 

applied to get a good signal to noise ratio, hence the importance of noise reduction. 

Once the idealized traces were generated they were used to generate stability plots 

and to calculate Popen, once again using Clampfit 10.2.  

3.11.3. Analysis of thermal threshold 

The thermal threshold of TRPM8 is determined by calculating the standard deviation 

of the calcium signal in a 5-second period prior to the cooling pulse. During a cooling 

pulse, the calcium signal typically decreases slightly as a result of the shift in focus of 

the microscope due to the cold. The minimum signal value during cooling is 

determined and the thermal threshold is defined as the point where the calcium 

signal positively deviates three standard deviations from the minimum. The 

corresponding temperature is taken as the apparent threshold of activation.  

 



 

4. Results
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4.1. Studying the effects of 5-benzyloxytryptamine on heterologously and 

natively expressed TRPM8 channels 

Recently, 5-benzyloxytryptamine (5-BT), a known ligand of serotonin-receptors with a 

structural similarity to other TRPM8 antagonists, such as AMTB, was described as a 

novel antagonist of TRPM8 (DeFalco et al., 2010). Its structural similarity with AMTB 

is based upon them having in common an aromatic or heteroaromatic core with a 

benzyl ether and an amine side chain at appropriate positions (Figure 4.1)  

 

 

 

 

 

Figure 4.1. Chemical structures of 5-benzyloxytryptamine (left) and AMTB (right). 

A potent and selective block of the menthol- and icilin-generated calcium increase 

through heterologously expressed TRPM8 was observed. However, neither the 

antagonistic effect of 5-BT on cold-induced calcium increase was tested, nor a further 

electrophysiological characterization was carried out. Also, no studies concerning 

TRPM8-mutants that could give more insight into potential important residues 

through which 5-BT exerts its antagonistic effect were performed. Our objective is to 

characterize the effect of 5-BT on the cooling induced response of heterologously 

and natively expressed TRPM8 and to identify potential residues on TRPM8 through 

which 5-BT may act. 
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4.1.1. Effects of 5-BT on cold-evoked activity in heterologously and natively 

expressed TRPM8 

The original paper, describing 5-BT as an antagonist of TRPM8 determined its 

antagonistic effects on the TRPM8 mediated intracellular calcium rise through 

activation by menthol or icilin. The main physiological role of TRPM8 is that of a cold 

sensor and thus the first issue to be raised was whether 5-BT also acts as an 

antagonist of cold-activated TRPM8. Therefore, I tested several concentrations of 5-

BT on the cold-evoked intracellular calcium increase in heterologously expressed 

TRPM8 (Figure 4.2.) 

 

 

 

 

 

 

Figure 4.2. 5-BT blocks cold-evoked intracellular calcium increase through TRPM8. a) Time course of cold-
evoked intracellular calcium responses in CR#1 cells expressing TRPM8, showing inhibition by 3 µM 5-BT. b) 

Dose-inhibition curve of various concentrations of 5-BT on the activity of cooling activated TRPM8. The red trace 
represents the fit to the Hill equation. The calculated IC50 was 2.05 with a Hill slope of 1.74 (n=50-87cells per 
point). 

CR#1-cells, stably transfected with rat TRPM8, exhibited a robust response to 

cooling in control conditions. During the application of 5-BT, the cold-evoked calcium 

increase is clearly inhibited in a dose-dependent manner. When the data is fitted with 

the Hill equation, represented by the red curve in figure 4.2., it yields an IC50 of 2.05 

µM.  

After establishing that 5-BT inhibits cold-evoked calcium increases in CR#1-

cells, I investigated whether a similar inhibition of TRPM8 occurs in native cold 

thermoreceptors. I used a transgenic mouse line expressing the yellow fluorescent 

protein (YFP) under the control of the TRPM8 promoter (Parra et al., 2010). TRPM8-

expressing dorsal root ganglion neurons were identified by their bright fluorescence 

when excited with 470 nm light. Cold sensitivity was evaluated with fast cooling 

a b 
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ramps from a baseline temperature of 34ºC. During the second of three successive 

cold pulses, 5-BT was applied to the bath (Figure 4.3).  

 

 

 

 

 

 

 

 

Figure 4.3. 5-BT blocks the cold-evoked intracellular calcium increase in somatosensory neurons natively 
expressing TRPM8. a) Cold-evoked intracellular calcium responses in TRPM8-YFP positive DRG neurons, 

showing inhibition by 10 µM 5-BT. Inset: example of a TRPM8-YFP fluorescent neuron overlayed in pseudocolour 
on a regular transmission image. b) Bar-graph summarizing the results obtained from experiments with 10 and 30 

µM 5-BT. Data are expressed as average ± S.E.M. and statistically tested using a two-tailed unpaired t-test, *** = 
p<0.001. Also the difference between 10 and 30 µM 5-BT was tested with an unpaired t-test, ### = p<0.001. 
(n=17/12/10 ctrl/10 µM/30 µM) 

Native cold receptors normally exhibit a slightly diminished response upon repeated 

cold-stimulation, which is associated to the calcium-dependent degradation of PIP2 

(Rohacs et al., 2005). To control for this, I compared the cold-pulse during application 

of 5-BT to a second experimental control in which no 5-BT was applied during the 

second cold pulse (not shown). In these cold-sensitive DRG neurons, 10 and 30 µM 

5-BT inhibit cold-evoked intracellular calcium increases in a dose-dependent manner 

(Figure 4.3b). Compared to the inhibition observed in CR#1-cells, 5-BT inhibits cold-

evoked TRPM8-activity less potently in cold-sensitive (CS) TRPM8-positive 

somatosensory neurons of the DRG. Thermal thresholds of cold-activated native 

TRPM8 are lower than that of heterologously expressed TRPM8, which is due to 

intracellular factors positively modulating TRPM8. As such, the less potent effect of 

5-BT on native TRPM8 channels might reflect their intrinsically higher agonist 

sensitivity (Malkia et al., 2009). Although 5-BT activates the 5-HT1D, 5-HT2 and 5-HT6 

serotonin receptors (Lyon et al., 1988; Buzzi et al., 1991; Peroutka et al., 1991; 

Cohen et al., 1992; Boess et al., 1997), of which 5-HT1D and 5-HT2 are expressed in 

the DRG (Pierce et al., 1997; Chen et al., 1998; Nicholson et al., 2003), no effects of 

a b 
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5-BT were witnessed on intracellular calcium levels other than the ones described 

above.  

4.1.2. 5-BT shifts the midpoint of voltage activation of TRPM8 to positive values 

TRPM8 is weakly voltage-dependent and a number of agonists and antagonist have 

been shown to modulate TRPM8-activity by shifting its voltage dependence (Voets et 

al., 2004; Madrid et al., 2006; Malkia et al., 2007; Malkia et al., 2009). The midpoint 

of voltage activation (V1/2) is a measure that specifies the voltage at which half of the 

channels are open (open-probability = 0.5) (Hille, 2001). The functional result of this 

change is a shift in the apparent thermal threshold of the cell (e.g. cold receptor). 

BCTC, a TRPM8 antagonist, shifts the V1/2 of TRPM8 towards more positive 

potentials, counterbalancing the effects of temperature and chemical agonists 

(Madrid et al., 2006; Malkia et al., 2007; Malkia et al., 2009). The effects of TRPM8-

agonists and antagonists on the V1/2 are additive and by co-applying various 

concentrations of agonist and antagonist it can be titrated to any preferred value 

(Malkia et al., 2007).  

This raised the question whether 5-BT inhibits TRPM8 in a similar fashion. The 

V1/2 can be estimated by fitting I-V curves, produced by ramps from -100 to +150 mV, 

with a function that combines a linear conductance, as is the case for TRPM8, with a 

Boltzmann activation term (equation (i), see Material and Methods) (Voets et al., 

2004; Nilius et al., 2006; Malkia et al., 2007). I chose to investigate the effects of 3 

µM 5-BT on the V1/2 of TRPM8, as at this concentration the blocking effect is not 

saturating, which helps to obtain more reliable fits to equation (i). Furthermore, I used 

cold and menthol to maximally activate TRPM8 and so be able to observe a potential 

5-BT-induced shift in maximum conductance, as has been observed for other 

antagonists of TRPM8 (Malkia et al., 2007; Malkia et al., 2009).  

I proceeded with whole-cell voltage clamp experiments on CR#1 cells, using a 

protocol in which the potential was held at a steady value -60 mV. Voltage ramps 

from -100 to +150 mV were applied at various times, from which current-voltage 

curves where created for fitting with equation (i).  
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Figure 4.4. 5-BT shifts the V1/2 of activation of heterologously expressed TRPM8. a) Time course of current 

development at -60 mV in a CR#1 cell during cooling ramps in the presence of 100 µM menthol. Voltage ramps 
from -100 to 150 mV were applied under various experimental conditions and appear as vertical bars in the 
current trace. b) Block of cold and menthol evoked current by 3 µM 5-BT over various membrane potentials. 

Statistical significance of block between each studied potential and -100 mV was assessed by a one-way 
repeated-measures ANOVA (p<0.001) in combination with a Dunnett´s post hoc test:** = p<0.01, *** = p<0.001, 
(n=6). c) Whole-cell I-V curves from voltage ramps (-100 / +150 mV) indicated by vertical bars in panel a during 

menthol and cold application in the presence and absence of 3 µM 5-BT. A wash trace is included to show the 
reversible nature of the inhibition. The fits of I-V data to equation (i) are shown as white or black curves within the 
I-V traces. d-f) Parameters obtained from fits of I-V data as shown in c to equation (i), n=5 d) Average values of 
the V1/2. e) Average values of the maximal conductance. f) Average values of the slope factor. g) Induced shift in 

V1/2 by cold and menthol as compared to control conditions at 33°C and its subsequent rightward shift induced by 
3 µM 5-BT. In panels d-f statistical significance was assessed by a one-way ANOVA with Bonferroni post-hoc: * = 
p<0.05, ** = p<0.01, *** = p<0.001. In panel g statistical significance was assessed by an unpaired two-tailed t-

test: ** = p<0.01.  

a b 

c d 

e f g 
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During the application of cold and menthol, a large inward current develops at -60 

mV, as can be observed in figure 4.4a. The development of this inward current is 

largely blocked by the application of 3 µM 5-BT, to an extent of 89.4% ± 4.2 (n=6). 

The block is reversible, showing a complete washout with cold and menthol induced 

currents reversing to previous levels (Figure 4.4a and c). The antagonistic effect of 5-

BT is voltage-dependent, the degree of block diminishing with increasing voltage 

(Figure 4.4b). Fits to equation (i) reveal a change in absolute V1/2 under all different 

conditions, which supports the notion that cold and menthol act on TRPM8 through 

shifting its V1/2 towards more positive potentials (Figure 4.4d). The negative shift in 

V1/2 caused by simultaneous application of menthol and cold is significantly 

decreased by 5-BT co-application. Cold and menthol significantly increases both 

conductance of TRPM8 as well as the slope factor (Figure 4.4e-f). The slope factor 

(k) is inversely related to the apparent gating charge (zapp) (k = R*T / zapp*F), which 

means zapp decreases. Both changes have been reported before under similar 

conditions (Malkia et al., 2009). 5-BT significantly decreases the slope factor to 

previous levels. The maximal conductance significantly decreases when 5-BT is 

applied, which is also in accordance to the previously mentioned study. In brief, in 

similar fashion to previously described TRPM8 antagonists, 5-BT exerts its inhibitory 

effects through shifting TRPM8 voltage dependence towards more positive potentials 

and by decreasing maximal conductance.  
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4.1.3. Effects of channel mutations on the ability of 5-BT to antagonize TRPM8 

activation 

Once it was established that 5-BT is a potent TRPM8-antagonist of cold and 

menthol-evoked currents, I proceeded to investigate possible structural elements on 

TRPM8 channel through which 5-BT might exert its antagonistic effect. In a previous 

study, Malkia and colleagues identified residue 745, located in the middle of putative 

transmembrane segment 2 and critical for the menthol sensitivity of TRPM8, to be 

crucial for the antagonistic effects of SKF96365 and partly responsible for the 

inhibition by capsazepine, clotrimazole and econazole (Malkia et al., 2009). In view of 

this discovery, I set out probing the involvement of the menthol and icilin binding site. 

Mutant channels with a neutralized menthol binding site (Y745H) or icilin binding site 

(N799A) were transfected into HEK293 cells and the antagonistic effects of 5-BT on 

the cold-evoked responses were tested using Fura2 calcium imaging. By applying 

various concentrations of 5-BT in a protocol similar to figure 4.2a, I was able to 

construct a dose-inhibition curve for the two mutants.  

 

 

 

 

 

 

Figure 4.5. 5-BT differentially antagonizes the cold-activation of Y745H-TRPM8 mutant compared to WT 
and the N799A-TRPM8 mutant. Dose-response curve of WT, N799A and Y745H. Colored curves represent the 

fits of the Hill equation to the corresponding colored filled circles. Calculated IC50´s: 2.05/2.29/18.04 µM with Hill 
slopes of 1.74/1.14/1.64 for WT/N799A/Y745H (n=50-87/10-19/17-43 WT/N799A/Y745H). 

As can be seen in figure 4.5, 5-BT preserves its potential to block the cold evoked 

calcium increase in the icilin insensitive TRPM8-N799A mutant with an IC50 of 2.29, 

virtually indistinguishable from the IC50 calculated for the wild type TRPM8 channel. 

However, the blocking potential exhibited a dramatic decrease when tested on the 

TRPM8-Y745H mutant, with the dose-response curve demonstrating an 

unambiguous rightward shift in the order of magnitude, and an IC50 of 18.04 µM. 



62 

 

0

20

40

60

80

100

N
o

rm
a

li
z
e

d
 r

e
s

p
o

n
s

e
 (

I 
/ 

I m
a

x
)

5-BT 3 M

30s

This result suggests that the menthol binding site at residue 745 is involved in the 

antagonistic effects of 5-BT. 

To further assess channel function more directly, I employed the whole-cell 

patch clamp technique and tested various concentrations of 5-BT on the cold-evoked 

current in the Y745H and N799A mutants (Figure 4.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Differential effect of the Y745H mutant compared to the N799A mutant on the antagonistic 
effects of 5-BT on cold-evoked currents. a-c) Average normalized current at +80 mV under control and cold 
conditions, in the presence of a), 3 µM 5-BT, b), 10 µM 5-BT and c), 30 µM 5-BT. d) Bar-graph summarizing the 
block results presented in a-c). The block of the cold induced current was compared for each concentration 

between the Y745H and N799A mutant using a two-tailed unpaired t-test. * = p<0.05, ** = p<0.01 (n=2-3/3-4 
N799A/Y745H) 

As 5-BT washed out relatively slow, I chose to calculate the block of 5-BT by 

comparing it to a control in which no 5-BT was applied (not shown). The currents 

were compared at the end of the application of 5-BT. In close agreement with the 

calcium imaging experiments, 5-BT differentially antagonizes the cold evoked current 

in the N799A and Y745H mutant of TRPM8 (Figure 4.6a-d).  

Taken together, this data suggests that 5-BT is less efficient in antagonizing 

the cold evoked response of the TRPM8-Y745H mutant. This could be interpreted as 
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a decreased affinity of the binding of 5-BT to the TRPM8-channel, or alternatively 

could be understood as a decreased efficacy of TRPM8-bound 5-BT to antagonize 

channel activation. Whether the mutation at the menthol binding site affects the 

ability of 5-BT to bind to TRPM8 or alters its efficacy for channel activation cannot be 

inferred from concentration-response curves alone (Colquhoun, 1998). However, 

clues to understanding the interaction of 5-BT with residue 745 might be found in the 

electrophysiological data. As evidenced in figures 4.6a-c, washout of 5-BT is 

extremely slow in the N799A mutant, however, a clear yet not complete washout is 

observed in the Y745H mutant. At concentrations which exert a similar block in 

current (e.g. compare N799A in figure 4.6a with Y745H in figure 4.6b and N799A in 

figure 4.6b with Y745H in figure 4.6c), there is still a clear washout in the Y745H as 

compared to N799A. This might reflect a decreased affinity of 5-BT for TRPM8 in the 

absence of the menthol binding site, allowing it to wash out more rapidly. Often, the 

speed of reversibility is dependent on the time it takes for the interaction of an 

inhibitor with its target to decay (Bindslev, 2008). This would implicate the 

involvement of the menthol binding site in binding of 5-BT to TRPM8. However, 

channel antagonism by 5-BT is not completely affected by the Y745H mutation, 

suggesting at least an additional site on the TRPM8 channel from or through which 5-

BT exerts its antagonistic effects.  
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4.2. Studying the effects of chloroform on heterologously and natively 

expressed TRPM8 channels 

As stated earlier, TRPM8 provides the receptor potential, which ultimately leads to 

action potential firing through the activation of voltage gated sodium channels. 

Hyperpolarization of the membrane potential reduces the general excitability of the 

cell and decreases the chance of action potential generation. The family of 

background or leak potassium channels is essential in controlling resting membrane 

potential of excitable and non-excitable cells. Activating these background potassium 

channels hyperpolarizes the membrane, thus decreasing neuronal excitability. A role 

for particular potassium conductances on the activity of TRPM8-expressing neurons 

has been previously elucidated. A differential expression of TRPM8-channels and 

Kv1 subunits, which form a voltage-gated potassium channel, determines the thermal 

threshold in cold-thermosensitive neurons. Blocking Kv1 subunit channels resulted in 

a shift of the thermal threshold towards higher temperatures (Madrid et al., 2009). 

Furthermore, TRPM8 is a voltage-dependent ion-channel and is negatively 

modulated by a hyperpolarizing shift in the membrane potential. Lowering the 

membrane potential additionally results in a decreased open probability for TRPM8, 

but this effect should be modest as the shift is only in the order of 5 to 10 mV.  

TREK-1 (KCNK2) and TREK-2 (KCNK10) are two-pore domain background 

potassium (K2p) channels that are expressed in neurons of the DRG and TG, where 

they are important in regulating neuronal excitability. They are activated by many 

factors, among which is the volatile anesthetic chloroform (CLF) (Figure 4.7) (Patel et 

al., 1998; Lesage et al., 2000). Furthermore, TRESK (KCNK18), another member of 

the K2P-family was found to be activated by CLF as well (Callejo et al., 2013). 

 

Figure 4.7. Chemical structure of chloroform 

 

Similar to the aforementioned study by Madrid and colleagues, modulating the 

activity of these background potassium channels should result in an altered threshold 
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of cold-sensitive neurons. In particular, opening background potassium channels by 

CLF should lead to membrane hyperpolarization, rendering the neuron less excitable, 

thus increasing the thermal-threshold. Earlier, such a result was obtained in a study 

of the thermal modulation of hippocampal activity at the cellular network level (de la 

Peña et al., 2012). 

To investigate whether CLF increases the thermal threshold of cold-

thermosensitive neurons, I prepared DRG cultures from transgenic mice expressing 

YFP under the TRPM8-promoter. This results in YFP-TRPM8-positive neurons that 

are easily identifiable. For the first experiment, a concentration of 1 mM was used, as 

this concentration has been shown to be sufficient for activation of TREK-1 and 

TREK-2 (Patel et al., 1999; Lesage et al., 2000). TRESK required a higher 

concentration (5 mM), although the effect of a lower concentration was not explored 

(Callejo et al., 2013). 
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4.2.1. Effect of low concentrations of CLF on [Ca2+]i in cold-sensitive neurons 

from mice DRG 

At first I explored the effect of low concentrations of CLF on cold-sensitive (CS) 

neurons of the mouse DRG. Using the fluorimetric technique of ratiometric calcium 

imaging, based on the use of fluorescent fura-2, I was able to visualize the effects of 

CLF on the internal calcium concentration [Ca2+]i during cooling episodes in cultured 

DRG neurons (Figure 4.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. CLF lowers the thermal threshold of cold sensitive TRPM8-positive neurons of the DRG. a) A 

representative fluorescent ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in two CS 
neurons of the DRG in response to three consecutive cooling pulses, with 1 mM CLF in the bath during the middle 
pulse. b) Graph visualizing all three consecutive cooling thresholds for every individual cold sensitive neuron. c) 
Average cooling thresholds. d) Average calcium increase for every cooling pulse. All data expressed as averages 

± S.E.M, n=18; 10 fields. One-way ANOVA with Bonferroni post-hoc, *** indicates p<0.001. 

As seen in figure 4.8, CLF decreases the thermal threshold of CS TRPM8-positive 

neurons. Compared to the first cold pulse, the average cooling threshold decreases 

significantly with 2.7 ± 0.3°C in the presence of 1 mM CLF (Figure 4.8b-c), only to 
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return to control levels after washout. This surprising result is contrary to the 

hypothesis that CLF indirectly increases the thermal threshold of CS somatosensory 

neurons through the opening of TREK-1 channels. Whether CLF acts on TREK-1 is 

not clear from these data, but there is a strong indication for an additional effect of 

CLF on CS somatosensory neurons that causes its cooling threshold to decrease 

upon application. The most straightforward hypothesis that could explain such an 

effect would be that CLF positively modulates TRPM8. To further explore this 

hypothesis I tested CLF on heterologously expressed TRPM8. 

4.2.2. Effect of CLF on [Ca2+]i in HEK293 cells stably expressing TRPM8  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. CLF activates heterologously expressed TRPM8 a) Representative traces of a fluorescent 

ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in CR#1 cells in the presence of 20 
mM CLF and 500 µM menthol. b) Dose response curve generated by fitting a Hill-curve to normalized CLF 

responses at different CLF-concentration. n per concentration: 1 = 50, 5 = 56, 10 = 57, 20 = 45, 30 = 50. EC50 = 
9,5 ± 2,6 mM. c) Representative traces of a fluorescent ratiometric calcium imaging recording showing temporal 
changes of [Ca

2+
]i in CR1 cells in the presence of 5 mM CLF, with and without co-application of 10 µM BCTC. d) 

Results are represented as a percentage of the initial [Ca
2+

]i increase as average ± S.E.M., n=35. Results were 
tested with a repeated measures ANOVA with a Bonferroni post-hoc correction. (CLF = 100 ± 5,2 %, CLF+BCTC 
= 2,4 ± 1,3 % and wash = 73,9 ± 8,41 % 
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Figure 4.9.a-b describes the results of the application of several different 

concentrations of CLF to CR#1 cells stably expressing rat TRPM8. The increment of 

intracellular calcium during CLF application is normalized to a maximal response, 

achieved by applying a high concentration of menthol, and the subsequent results 

are plotted in a dose-response graph. Further, the role of TRPM8 in CLF evoked 

calcium increases were tested, using the TRPM8-antagonist BCTC to try and block 

the calcium influx (Figure 4.9c-d).  

As demonstrated in figure 4.9, CLF increases intracellular calcium levels in 

CR#1 cells, and this increment exhibits a dose-response relationship. When fitted 

with the Hill-equation, shown as the red line in figure 4.9b, I obtained an EC50 of 9.5 

mM. The TRPM8-antagonist BCTC potently and reversibly blocked the CLF induced 

calcium influx, resulting in a decrease to 2.4% ± 1.3 of control levels. Together, these 

results strongly suggest a role for CLF as a TRPM8-agonist.  

General anesthetics have previously been shown to activate TRPA1 (Matta et 

al., 2008). To investigate whether CLF also activates TRPA1, I tested CLF on TRPA1 

channels stably expressed in CHO cells (CHO-A1). As seen in figure 4.10, CLF 

evokes a calcium influx, which is reversibly blocked by HC-030031, a selective 

TRPA1 antagonist (McNamara et al., 2007).  

 

 

 

 

 

 

 

 

Figure 4.10. CLF increases intracellular calcium levels in TRPA1 expressing CHO cells. a) Representative 

traces of a fluorescent ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in CHO-A1 
cells, with and without co-application of 100 µM HC-030031.  
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4.2.3. Effect of CLF on [Ca2+]i on cold-sensitive TRPM8-expressing neurons  

Having shown that TRPM8-expressing cold-sensitive neurons demonstrate a 

decrease of their thermal threshold in the presence of 1 mM CLF, I sought to further 

examine whether higher than previously used concentrations of CLF could activate 

cultured CS neurons of the DRG.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. 5 mM CLF increases intracellular calcium levels in TRPM8-positive neurons of the DRG. a) 

Representative traces of a fluorescent ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i 
in acutely dissociated neurons from the DRG after applying 5 mM CLF, with and without co-application of 10 µM 
BCTC. top: TRPM8-positive neuron that responds to CLF middle: TRPM8-negative neuron that responds to CLF 
bottom: TRPM8-negative neuron that does not respond to CLF b-c. Normalized responses of TRPM8- and 
TRPV1-postive neurons, demonstrating the effect of BCTC on the CLF evoked calcium influx. b) TRPM8-postive 
neurons c) TRPV1-positive neurons. Data represented as mean ± S.E.M, n=10/8 TRPM8-positive/TRPV1-
positive. d) Thermal threshold of CS neurons plotted against their CLF induced intracellular calcium increase. 

Linear regression to data shown as red line. Correlation was assessed by Pearson´s correlation, r = 0.60, 
p=0.0054. Results in panels b and c were statistically tested using a one-way ANOVA with a Bonferroni post-hoc 

correction.  

These experiments were partly conducted with DRG neurons from TRPM8-YFP 

animals and partly in TRPA1 KO mice. When trying to establish a role for TRPM8 in 

the CLF evoked calcium increase in CS neurons, CLF co-application with BCTC led 

to unstable baselines and strong oscillations in most neurons, including TRPM8-
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positive neurons. To circumvent this problem, I used DRG neurons obtained from 

TRPA1 KO, as it was already confirmed that CLF activates TRPA1, for the 

experiments in which BCTC was used to block the CLF-induced calcium increase in 

CS neurons. These experiments are shown in figure 4.11a. All data taken together, 

at a concentration of 5 mM, CLF induces a robust calcium increase in 15 out of 21 

CS neurons (71%), when a response is arbitrarily defined as a positive deviation of 

0.15 from baseline levels. Following the same definition, 35 out of 94 (37%), of cold-

insensitive (CI) neurons respond. When the CI-neurons are divided between TRPV1 

and non-TRPV1 expressing neurons, as identified by their response to capsaicin, 13 

out of 23 (57%) respond to CLF. In the non-TRPV1 neurons, 22 out of 71, or (31%), 

responded to CLF. BCTC reversibly inhibits the CLF-induced calcium influx in 

TRPM8-expressing CS neurons to 21.7% ± 3.0 of the first pulse, indicating a primary 

role for TRPM8 in this process (Figure 4.11b). However, BCTC is also an antagonist 

of TRPV1 (Valenzano et al., 2003) but it does not inhibit the CLF-induced calcium 

influx in TRPV1-positive neurons, indicating no involvement of TRPV1 (Figure 4.11c). 

BCTC also does not affect the calcium influx in the rest of the neurons (not shown).  

Not all TRPM8-positive neurons respond to CLF, which might be the result of 

a differential expression of TRPM8. As previously described, the cold threshold is the 

result of a differential expression of TRPM8 and Kv1 potassium channels, where a 

high thermal threshold in CS-neurons is indicative of a low level of TRPM8-

expression (Madrid et al., 2009). When plotting the thermal threshold of all CS-

neurons against their response to CLF, a correlation becomes apparent with high 

threshold neurons having a smaller response compared to low threshold neurons. 

(Figure 4.11d). This indicates that the differences of response of CS-neurons to CLF 

could be explained by a differential expression of TRPM8.  
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4.2.4. Electrophysiological characterization of CLF elicited current through 

heterologously expressed TRPM8 

To further elucidate the TRPM8 mediated response after CLF application I used the 

patch-clamp technique in the whole-cell configuration on CR#1 cells. This allows for 

a further characterization of the CLF evoked currents. I repeatedly applied voltage 

ramps between -100 mV and +100 mV. In order to follow the changes in amplitude of 

currents during the application of CLF, menthol and cold, I plotted the current at -80 

and +80 mV (Figure 4.12a-b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. CLF elicits typical outwardly rectifying TRPM8-like currents with a near zero reversal 
potential. a) Example of a current-voltage relation curve obtained by voltage-ramps from -100 to +100 mV. The 
colored lines refer to the colored circles in b. b-d) Graphs showing time course of current at -80 and +80 mV for 
every voltage ramp applied throughout the whole experiment. b) Time course showing application of different 

concentrations of CLF in the same recording in order to compare the residual current after a fixed time of CLF 
application. c) Time course showing application of cold after CLF induced desensitization. d) Time course 

showing a second application of CLF.  

A conductance change with voltage is referred to as rectification (Hille, 2001). CLF 

ellicited pronounced outward, but not inward currents. This is referred to as outward 

rectification and is a typical property of TRPM8 (McKemy et al., 2002; Peier et al., 

2002a). The rectification index is a measure of rectification and in this case was 
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determined at 24.5 ± 4.4 by dividing the absolute current values at -80 mV by those 

obtained at +80 mV (15 mM CLF). Normally, the potential at which the current 

changes sign is near-zero for TRPM8-currents. Also, CLF ellicits a current which 

reverses at near-zero and was measured at -2.5 ± 1.1 mV (15 mM CLF) (Figure 

4.12a). As becomes apparent in figure 4.12, 15 mM CLF ellicits a current that rapidly 

desensitizes. To compare the amount of desensitization between different 

concentrations of CLF, multiple concentrations of CLF were applied during the 

timecourse of the experiment. At the end of a long pulse of either 5 mM or 15 mM 

CLF the percentage of desensitization was calculated as a percentage of the initial 

CLF-ellicited current. The current at 15 mM CLF exhibits a desensitization of more 

than 100% to -9,5% ± 1.8 %. Desensitization with 5 mM CLF is contained to 74,8% ± 

5.1% of the initial current (Figure 4.12b). Right after desensitization is complete, the 

application of a short cold-pulse still ellicits a current. (Figure 4.12c), indicating that 

the channel is not in an inactivated state. Furthermore, a repeated stimuli with 15 mM 

CLF shows that desensitization is also reversible for CLF itself (Figure 4.12d). 

In order to confirm that the CLF ellicited current is carried through TRPM8, I 

used the TRPM8-antagonist BCTC to try an block the CLF ellicited current. As the 

current rapidly desensitizes using 15 mM CLF, I used 5 mM CLF to ellicit a more 

sustained current (Figure 4.13).  

 

 

 

 

 

 

Figure 4.13. CLF induced current is blocked by BCTC, a TRPM8 antagonist. a) Graph showing the current at 
-80 and +80 mV for voltage ramps applied every 3 seconds throughout the whole experiment. b) Bar graph 

comparing the normalized block of the CLF induced current by 10 µM BCTC. Data were normalized against the 
current elicited by 5 mM CLF before application of BCTC. Data is expressed as average ± S.E.M. and were 
statistically tested using a one-way ANOVA with Bonferroni post-hoc. *** indicates p<0.001, n=8.  

The application of BCTC during a continuous CLF pulse rapidly decreases the 

CLF ellicited current to an average of -1.4 ± 1.5 % in respect to the original current. 

-4

-3

-2

-1

0

1

2

3

4

5

6

7 cold

menthol 100 M

BCTC 10 M

c
u

rr
e

n
t 

(n
A

)

30 s

+80
-80

CLF 5 mM

CLF CLF + BCTC wash

0

50

100

***
***

N
o

rm
a

li
z
e

d
 (

%
)

***

a b 



73 

 

After washing out BCTC, the current returns to an average of 31.1 ± 8.8 %. This 

result confirms that the current ellicited by CLF is indeed carried through TRPM8.  

TRPM8 is a voltage-gated channel and most agonists activate TRPM8 by 

shifting its voltage dependence towards more negative potentials, allowing TRPM8 

activation at more physiological potentials (Voets et al., 2004; Malkia et al., 2007). I 

hypothesize that the same mode of activation is also true for CLF, and to test this I 

fitted the current-voltage relation curves to equation (i).  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. CLF produces a shift in the V1/2 of heterologously expressed TPM8. a). Current-voltage curves 

resulting from voltage ramps from -100 to 100 mV under various experimental conditions. Voltage curves are 
fitted to equation (i), which are indicated by black or white curves within the I-V traces. b-d) Parameters obtained 
from fits of I-V data as shown in a to equation (i), n=5-11 b) Average values of the V1/2. c) Average values of the 
maximal conductance. d) Average values of the slope factor. e) Induced shift in V1/2 by various experimental 
conditions as compared to control conditions at 33°C. In panels b-e statistical significance was assessed by a 

one-way ANOVA with Bonferroni post-hoc: * = p<0.05, ** = p<0.01, *** = p<0.001.  

 

As described in figure 4.14.e, CLF does indeed shift the V1/2 towards more negative 

potentials, indicating that CLF activates TRPM8 by shifting its voltage dependence 

towards more negative potentials. 
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4.2.5. Electrophysiology in TRPM8 neurons 

At this point, the agonistic effect of CLF on heterologously expressed TRPM8 is 

robustly demonstrated. In addition, CS TRPM8-expressing somatosensory neurons 

demonstrate a calcium influx upon stimulation with CLF. However, what are the 

physiological implications of CLF-activated TRPM8, other than increased intracellular 

calcium levels? As touched upon in the introduction, intracellular calcium increases 

are indicative of channel activation but is not proof of action potential generation. This 

is an especially relevant topic of discussion in the case of CLF evoked TRPM8 

activity. As aforementioned, CLF opens TREK-1, driving the membrane potential 

towards more negative potentials, decreasing general excitability and also 

decreasing the open probability of the voltage-gated TRPM8-channel. Furthermore, 

CLF targets sodium-channels, which is of particular relevance as they are 

indispensable for action potential generation and propagation (Hille, 2001). The effect 

of CLF on sodium currents is a depolarizing shift in the voltage dependence of 

steady-state activation and a hyperpolarizing shift in the steady-state inactivation 

(Haydon and Urban, 1983). Taken together this poses the question if activation of 

TRPM8 by CLF ultimately leads to action potential generation. To answer this 

question, electrophysiological recordings in the cell-attached mode and in whole-cell 

current clamp were performed in cold-sensitive TRPM8-positive somatosensory 

neurons of the DRG, as identified by their expression of YFP.  

CLF elicits action currents in cell-attached mode 

Cell-attached recordings provide a way to monitor the activity from intact neurons 

without rupturing the cell membrane and leaving the intracellular milieu undisturbed. 

Activity is measured in the form of currents passing the membrane, which are the 

derivatives of action potentials. The pipette was held at a potential that gives a 

holding current of zero pA, as not to change the intrinsic firing activity of the cell 

(Perkins, 2006).  
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Figure 4.15. CLF elicits action currents in cold-sensitive DRG neurons. a) Example trace of an action current 
recording in a cold-sensitive neuron expressing TRPM8. b-d) Parts of a shown in a higher temporal resolution of 
0.5 seconds. Type of stimulus as indicated under each trace. e) Bar graph indicating the normalized firing 

frequency under different conditions. Data is expressed as average ± S.E.M. Normalized firing frequency for cold 
is 1.00 ± 0.31 , CLF 0.94 ± 0.27 and menthol 2.67 ± 0.67. Data were statistically tested using a one-way ANOVA 
with Bonferroni’s post-hoc test. * indicates p<0.05. cold, n=5, CLF, n=5, menthol, n=3 

Cold elicits the generation of action currents that decrease in amplitude upon further 

cooling, which return to normal levels upon reheating. This effect can be attributed to 

the general inhibitory effect of cold on sodium-channels, which affects the time 
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course of the action potential, slowing it down and thus decreasing the first derivate 

(action currents). This effect is similar to changes, induced by cold, in the shape and 

amplitude of nerve terminal impulses, recorded from guinea pig corneal terminals. 

This change is brought about by the increased inactivation of sodium channels, 

affecting action potential generation and propagation (Carr and Brock, 2002). Both 

CLF and menthol also elicit the generation of action currents. The firing frequency 

was normalized to that of the cooling pulse, as the initial cooling induced action 

current frequency varied from recording to recording. CLF elicits action currents at 

roughly the same frequency as cooling. In contrast, action current frequency is 

significantly increased upon stimulation with 100 µM menthol (Figure 4.15).  

CLF elicits action potentials in current-clamp mode 

The action current recordings demonstrated that CLF is able to elicit action potential 

firing in cold-sensitive TRPM8-positive neurons. To follow up these results, I also 

performed patch-clamp recordings in the current clamp mode. 

 

 

 

 

 

 

 

Figure 4.16. CLF elicits action potential firing in cold-sensitive TRPM8-expressing neurons of the DRG. a) 
Example of a current clamp recording in a cold-sensitive TRPM8-expressing DRG neuron. b) Action potential 

firing elicited by current injection with the corresponding current injection shown underneath.  

 

Corroborating the earlier results obtained in cell-attached recordings, CLF causes an 

average membrane depolarization of 13.2 ± 3.2 mV and subsequent action potential 

firing in cold-sensitive TRPM8-expressing neurons (n=4) (Figure 4.16a). The neurons 

activated by CLF had the electrophysiological characteristics typical of TRPM8-

expressing neurons (Viana et al., 2002). Notice the marked and intermittent 

downward deflection of the measured potential during a current injection of -100 pA 
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and less so at -50 pA (Figure 4.16b). This is the result of an inward current carried by 

hyperpolarization activated HCN channels, which are a hallmark of cold-sensitive 

neurons (Scroggs et al., 1994; Viana et al., 2002), leading to a more depolarized 

membrane potential. Injecting a current of 25 pA lead to action potential firing in all 

cases.  

Both, results obtained in cell-attached as in current-clamp recordings, reveal 

that CLF elicits action potential firing in CS TRPM8-postive neurons of the DRG. 

Clearly, the supposed effects of CLF on sodium- and leak potassium channels are 

not potent enough at the used concentration to prevent action potential firing.  

4.2.6. Effect of CLF on several mutants of TRPM8 

A first interest is taken into specific agonist binding sites of TRPM8. For this purpose, 

I transfected HEK293 cells with mutant TRPM8 in which the binding site for menthol 

is rendered inactive by a mutation at position Tyr745 and a mutant in which the 

binding site for icilin is rendered inactive by a mutation at position Asn799. These 

mutants are still readily activated by cold, but fail to be activated by their respective 

agonists menthol and icilin (not shown). 

 

 

 

 

 

 

 

Figure 4.17. CLF activates menthol- and icilin-binding site mutants normally. a) A representative fluorescent 

ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in HEK293 cells tranfected with the 
wild type, N799A or Y745H mutant of rat TRPM8 in response to a pulse of 15 mM CLF, later followed by a cold 
pulse. Also shown is a trace of an untransfected HEK293 cell present in the same field. b) Bar graph summarizing 

the effects of CLF induced [Ca
2+

]i increases, expressed as a percentage of the cooling response. n=15/24/21 
wt/Y745H/N799A. Data represented as mean ± S.E.M. Statistics are one-way ANOVA with Bonferroni post-hoc 
analysis.  
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The results in figure 4.17 show that CLF normally activates both TRPM8 mutants, 

compared to wild type TRPM8. Thus, I can conclude that these particular binding 

sites do not play a significant role in CLF-induced TRPM8 activity.  

4.2.7. Effect of bilayer curvature altering agents on activation of TRPM8 by CLF 

CLF is a lipophilic compound and its effect on lipid bilayers has been the subject of 

multiple studies (Lieb et al., 1982; Engelke et al., 1997; Mishima et al., 2003; 

Turkyilmaz et al., 2011; Reigada, 2013). As it inserts into the lipid bilayer, it is thought 

to modulate membrane bilayer properties, which in turn could affect ion channel 

functioning. In the case of TREK-1, these membrane-modulating properties are 

thought to be responsible for its activation by CLF. More specifically, CLF´s agonistic 

effects were reversible blocked by the addition of chlorpromazine (CPZ), a cationic 

amphiphatic molecule that alters the membrane curvature. CLF and trinitrophenol 

(TNP), an anionic amphiphat, readily activate TREK-1. These results suggest that 

CLF activates TREK-1 through modulating lipid membrane properties, specifically by 

changing membrane curvature (Patel et al., 1998). Thus, my initial hypothesis was 

that CLF might act in a similar fashion to activate TRPM8. To test this idea, I 

explored the effects of CPZ and TNP on the ability of CLF to activate TRPM8. 

Amphiphatic molecules such as CPZ and TNP are part hydrophobic and part 

hydrophilic, which give them the ability to easily segregate into lipid membranes. 

Chlorpromazine is positively charged and when segregating into the membrane 

prefers the inner leaflet that directly borders the negatively charged cytosol. 

Trinitrophenol is negatively charged and thus prefers the outer leaflet of the lipid 

bilayer (Deuticke, 1968; Sheetz and Singer, 1976). 

. 

  

 

 

 

 

 

 

Figure 4.18. Illustration of the principle of the bilayer couple 

model (from Martinac, Adler and Kung., 1990) 
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According to the bilayer couple hypothesis, these molecules shape membrane 

curvature due to an unequal distribution over the membrane leaflets, causing one 

monolayer to expand relative to the other, changing membrane curvature. 

Chlorpromazine causes the membrane to bend inwards (cup-forming) whilst TNP 

causes it to bend outwards (crenating) (Sheetz and Singer, 1974) (Figure 4.18). 

Making use of their curvature altering properties, these molecules have also been 

used in classic studies of mechanosensitive gated ion channels in bacteria (Martinac 

et al., 1990). Similarly, I studied the effects of CPZ and TNP on the CLF induced 

calcium increase in CR#1 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19. The amphipaths CPZ and TNP both block CLF induced intracellular calcium increases. a) 

representative fluorescent ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in a CR#1 
cell in response to pulses of 15 mM CLF with and without the presence of 10 µM CPZ. b) Bar graph summarizing 
the effects of CPZ on CLF induced [Ca

2+
]i increases. c) A representative fluorescent ratiometric calcium imaging 

recording showing temporal changes of [Ca
2+

]i in a CR#1 cell in response to pulses of 15 mM CLF with and 
without the presence of 200 µM TNP d) Bar graph of summary of three CLF pulses without TNP. Data 

represented as mean ± S.E.M. Statistics are one-way ANOVA with Bonferroni post-hoc analysis. * = p<0.05, 
***=p<0.001 n=68/55 CPZ/TNP  
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CPZ effectively blocked intracellular calcium increases by CLF, to 15.0 ± 1.8 % of the 

first CLF pulse. TNP was similarly effective, blocking the CLF evoked calcium influx 

to 8.6 ± 1.2 % of the original CLF pulse (Figure 4.19). These results are contradictory 

to the previously mentioned results in TREK-1, in which CPZ and TNP have opposite 

effects, and TNP mimics activation of TREK-1 by CLF. Our results at least indicate 

that the sign (i.e. crenating or cup-forming) of the curvature does not determine the 

blocking effect of both amphiphats. Experiments with mechanosensitive bacterial 

channels have shown that CPZ and TNP compensate for each other´s activating 

effect (Martinac et al., 1990). Thus, if membrane curvature blocks CLF induced 

TRPM8-activity, simultaneous application of both amphiphats should result in less 

block of the CLF elicited calcium increase, as the extent of membrane curvature 

should be less than when one of the two amphiphats is applied alone. To test 

whether this is the case, I simultaneously applied CPZ and TNP, following a similar 

protocol as in figure 4.19.  

 

 

 

 

 

 

Figure 4.20. Simultaneous application of CPZ and TNP blocks CLF induced calcium increases. a) A 

representative fluorescent ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in a CR#1 
cell in response to pulses of 15 mM CLF with and without the simultaneous presence of 10 µM CPZ and 200 µM 
TNP. b) Bar graph summarizing the effects of CPZ and TNP on CLF induced [Ca

2+
]i increases. Data represented 

as mean ± S.E.M. Statistics are one-way ANOVA with Bonferroni post-hoc analysis. ***=p<0.001, n=63, 3 fields  

Simultaneous application of CPZ and TNP does not result in any perceptible change 

in the amount of block when compared to the results of CPZ or TNP alone, resulting 

in a block of the CLF-evoked calcium influx to 5.8 ± 0.6 % (Figure 4.20). This is an 

indication that neither membrane-curvature nor its sign seem to have an important 

role in the effects of CPZ and TNP on the CLF elicited calcium influx.  

To test whether these results were particular to TRPM8 channels expressed in 

heterologous cells or could be extended to natively expressed TRPM8, the 
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experiments were repeated in cold-sensitive TRPM8-expressing somatosensory 

neurons of the DRG.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21. CPZ and TNP block CLF induced calcium influx in cold-sensitive neurons of the DRG a-b). 

Representative fluorescent ratiometric calcium imaging recordings showing temporal changes of [Ca
2+

]i in a 
TRPM8-YFP neuron in response to pulses of 5 mM CLF with and without the presence of a. 30 µM CPZ or b. 200 
µM TNP. c-d) Bar graphs summarizing the effects of CPZ and TNP on CLF induced [Ca

2+
]i increases. Graph 

corresponds to traces shown immediately to the left. Data represented as mean ± S.E.M. Significance was 
assessed by a one-way ANOVA with Bonferroni post-hoc analysis. ***=p<0.001 n=13/10 CPZ/TNP. 

As in CR#1 cells, CPZ and TNP greatly reduced the CLF induced intracellular 

calcium increases in DRG neurons expressing TRPM8, evidencing that both are 

good antagonists to the effects of CLF on natively expressed TRPM8 as well.  

As both amphiphats have an effect and do not compensate for each other’s 

effect, membrane curvature change is seemingly not involved in their blocking 

effects. This makes interpreting the results in the context of a possible mechanism 

difficult. When trying to experimentally modify a certain lipid bilayer property, such as 

the membrane curvature through the addition of charged amphiphats, it is likely that 

other bilayer properties, like bilayer compression and thickness, are altered as well 

(Lundbaek et al., 2010). In fact, CPZ has been found to also change the lateral 

organization of the lipid bilayer, affecting the lateral pressure profile of the membrane 

(Jutila et al., 2001). Changes in lateral pressure profiles have been hypothesized to 

be important for the energetics of channel gating, and redistribution of lateral 

stresses exerted by the bilayer may alter the amount of mechanical work involved in 
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a conformational change of a membrane embedded protein, such as an ion channel 

(Cantor, 1997, 1999). TRPC5 and TRPC6 are examples of TRP channels in which 

mechanical sensing is thought to involve lateral-lipid tension (Spassova et al., 2006; 

Gomis et al., 2008). Interestingly, CLF inhibits activation of TRPC5 by 

lysophospholipids, which supposedly gate TRPC5 through changes in the lipid 

bilayer (Bahnasi et al., 2008; Beech, 2012). Mechanical activation of both channels is 

also blocked by GsMTx-4, a peptide found in the venom of the Chilean rose tarantula 

spider (Grammostola spatulata) (Spassova et al., 2006; Gomis et al., 2008). GsMTx-

4 is a specific blocker of mechanosensitive channels and thought to exert its 

inhibitory action by insertion between the channel protein and the boundary lipids, 

relieving mechanical stress (Suchyna et al., 2004). 

To examine the possible role of the lipid bilayer in CLF activation of TRPM8, I 

investigated whether GsMTx-4 could block the CLF induced calcium increase 

through TRPM8 (Figure 4.22).  

 

 

 

 

 

 

 

 

Figure 4.22. a) A representative fluorescent ratiometric calcium imaging recording showing temporal changes of 
[Ca

2+
]i in a CR#1 cells in response to pulses of 15 mM CLF with and without the presence of 1 µM GsMTX-4. b) 

Bar graph summarizing the effects of GSMTX-4 on CLF induced [Ca
2+

]i increases. Data represented as mean ± 
S.E.M. Statistics are one-way ANOVA with Bonferroni post-hoc analysis. * = p<0.05, ***=p<0.001. Data from 3 
independent fields, n = 114. In a three pulse protocol without the presence of GsMTx-4 the three pulses show no 
significant difference between each other, n = 67. Data not shown. 

Clearly, GsMTx-4 is a very potent blocker of CLF induced intracellular calcium 

increases in CR#1 cells, reducing the CLF-evoked calcium response to 21% of the 

original CLF pulse. This result indicates that changes in the lipid bilayer properties 

are indeed involved in the activation of TRPM8 by CLF. However, to exclude the 

possibility that GsMTx-4 functions as a general TRPM8-blocker, I performed 

additional experiments with more traditional agonists of TRPM8. First, I tested 

whether GsMTx-4 could inhibit cold-induced TRPM8 activity (Figure 4.23). 
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Figure 4.23. GsMTx-4 weakly blocks cold-induced calcium influx in CR#1 cells Representative fluorescent 
ratiometric calcium imaging recording showing temporal changes of [Ca

2+
]i in CR#1 cells in response to a) three 

consecutive cooling pulses and c) cooling responses with and without the presence of 1 µM GsMTx-4. b and d) 
Bar graphs summarizing the results from a and c. Data represented as mean ± S.E.M. Statistics are one-way 

ANOVA with Bonferroni post-hoc analysis. ***=p<0.001. n= ctrl/GsMTx-4 45/42.  

In the experiments where only cold was applied, the second and third response are 

decreased compared to the first cold-response. The difference between the second 

and third pulse is not significant, so this can be used to determine the effect of 

GsMTx-4. When comparing the effect of GsMTx-4 to the washout, it implies a small 

blocking effect upon cooling induced TRPM8-activation. Also, comparing the second 

pulse of figure 4.23b and d reveal an effect of GsMTx-4, significantly decreasing the 

cold-evoked calcium increase from 75.9 ± 2.1% to 68.4 ± 3.1 % of the first pulse 

(unpaired two-tailed t-test, p = 0.049). These experiments reveal an effect of GsMTx-

4 on the cold evoked calcium response in CR#1 cells, but when compared to the 
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effect on the CLF-induced calcium response it is rather small. Furthermore, I wanted 

to test the effect of GsMTx-4 on the menthol induced activity of TRPM8, which is 

shown in figure 4.24. 

 

 

 

 

 

 

 

Figure 4.24. GsMTx-4 partly blocks the menthol-induced intracellular calcium increase in CR#1 cells. a) A 

representative fluorescent ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in CR#1 
cells in response to the application of 100 µM menthol with and without the presence of 1 µM GsMTX-4. b) Bar 

graph summarizing the effects of menthol induced [Ca
2+

]i increases., Data represented as mean ± S.E.M. 
Statistics are one-way ANOVA with Bonferroni post-hoc analysis. n=49. ***=p<0.001.  

The inhibitory effect of GsMTx-4 on the menthol induced calcium flux is larger when 

compared to the cold induced flux, but smaller than its effect on the CLF induced flux. 

However, menthol belongs to the family of monoterpenes, which are lipophilic cyclic 

hydrocarbons. These compounds have the ability to accumulate into the lipid bilayer 

according to their compound specific partition coefficient (Sikkema et al., 1994) and 

can also enhance membrane fluidity (Bard et al., 1988). A more recent paper 

specifically found that menthol partitions into the membrane and changes the phase 

behavior of the lipid bilayer (Laub et al., 2012). The menthol binding site at residue 

745 is evidently involved in menthol-elicited TRPM8-activity (Malkia et al., 2009), but 

potential effects of menthol on the lipid bilayer cannot be excluded, thus hampering 

the interpretation of this result. In order to separate the possible effect of menthol 

induced lipid bilayer disturbance on general TRPM8-activity, I repeated the 

experiment with a TRPM8-agonist which is not known to have similar effects on the 

lipid-bilayer. Many natural TRPM8 agonists are structurally related to menthol and 

thus can be expected to have similar chemical properties. Icilin is a synthetic cooling 

compound and is structurally unrelated to menthol. It is not known for altering lipid 

bilayer properties and is less lipophilic than menthol. For these reasons I chose to 

test GsMTx-4 on the icilin evoked calcium response in CR#1 cells (Figure 4.25). 
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Figure 4.25. GsMTx-4 does not inhibit the icilin-evoked intracellular calcium increase in CR#1 cells a. A 

representative fluorescent ratiometric calcium imaging recording showing temporal changes of [Ca
2+

]i in CR#1 
cells in response to the application of 1 µM icilin. b. Bar graph summarizing the effects of icilin induced [Ca

2+
]i 

increases. c. A representative fluorescent ratiometric calcium imaging recording showing temporal changes of 

[Ca
2+

]i in CR#1 cells in response to the application of 1 µM icilin with and without the presence of 1 µM GsMTX-4. 
d. Bar graph summarizing the effects of icilin induced [Ca

2+
]i increases shown in c. Data represented as mean ± 

S.E.M. Statistics are one-way ANOVA with Bonferroni post-hoc analysis. ***=p<0.001. n=70/109 icilin-ctrl/icilin-
GsMTx-4  

As the results indicate, the second and third pulse of icilin elicits a smaller calcium 

increase than the first. However, there is no statistical difference between the 2nd 

control pulse (Figure 4.25b) and the pulse that included GsMTx-4 (Figure 4.25d). 

Furthermore, there are is no statistical difference differences between the 

simultaneous application of icilin/GsMTx-4 and the subsequent wash (both tested 

with unpaired two-tailed test). In brief, GsMTx-4 blocks CLF-induced, menthol-

induced and cold-induced calcium responses in CR#1 cells but has no effect on icilin-

induced responses. Moreover, the exerted inhibitory effect was most pronounced on 

the CLF-induced response, whereas the effect on cold-evoked responses was weak.  
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4.2.8. Effects of CLF on single channel currents in the cell-attached and inside-

out configuration 

To gain further insight into the mechanisms of TRPM8 activation by CLF, I recorded 

single channel activity in membrane patches. I used the cell-attached and the inside-

out configuration of the patch-clamp technique, which gives information on open-

probability and conductance of a single channel. By using an extracellular solution 

with a potassium concentration that is typical for the cytosol, the transmembrane 

potential is brought close to zero in the cell-attached recordings. In all experiments 

shown below I was unable to record the activity from just a single channel, which is 

probably due to overexpression of TRPM8 in the CR#1 cell line resulting in multiple 

channels in the patch of membrane being studied.  

For the continuous recordings, the membrane potential at the patch was held 

at approximately 100 mV, taking into account that the potential difference is unknown 

but close to zero. Before analyzing the continuous recording, the baseline of the 

recording was manually adjusted to zero pA. The single channel current was 

estimated by creating all-points histograms of parts of the trace and subsequently 

fitted with a Gaussian for the open and closed state of the channel. The trace was 

idealized by detecting channel openings using the half-amplitude threshold method 

(Sakmann and Neher, 2009). The threshold was set-up using the measured channel 

current for each condition. The open probability (Popen) was calculated based upon 

the idealized trace and the estimate of number of channels in the patch. Also, voltage 

pulses from +140 to 0 mV with a duration of two seconds were applied under all 

different experimental conditions. As the open probability of the channel decreases, 

along with the amplitude of the current, calculating the single channel current at 

levels lower than +100 mV became increasingly difficult. Together with the flickering 

behavior of TRPM8 channels this leads to channels not reaching full open levels, 

which can lead to underestimation of the current. For this reason, I restricted 

measuring the open-channel current to the range of +100 to +140 mV. The measured 

open-channel currents were plotted and the slope-conductance was calculated by 

performing a linear fit, forcing it through the origin (0 mV = 0 pA).  

First, I conducted single-channel recordings in the cell-attached configuration, 

holding the temperature at a steady 20°C for increased Popen (Figure 4.26).   
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Figure 4.26. CLF increases the open probability and single channel conductance of TRPM8 in the cell-
attached configuration. a) Complete gap-free trace of a single channel recording in the cell-attached 

configuration. The trace was digitized at 10 kHz and filtered analogously at 5 kHz (-3dB 4-pole Bessel filter), 
which later was digitally filtered back to 3 kHz. b) Graph indicating the open probability with a 4s-interval. The x-
axis is the same as in a. c. Part of a. on a different scale, representing 1-s periods. Approximate region that 
recording is taken from is indicated by colored asterisk in a, which correspond to colored writing. 

As can be see seen in figure 4.26a and b, upon application of CLF the open 

probability of TRPM8 clearly rises, although, compared to 100 µM menthol, this 

increment is rather small. The open probability is expressed as a ratio of control, as 

the open probabilities vary significantly from one patch to the other. CLF increases 

the ratio of Popen to 6.4 ± 1.3 (n = 5), whereas for menthol it increases to 20.2 ± 4.3 (n 

= 5) (Figure. 4.27f). Of note is the rather abrupt halt of TRPM8-activity during CLF 

application, and was observed in all cell-attached recordings. This result is in line 

with the rapid current desensitization that was observed in whole-cell voltage clamp 

experiments. When changing the scale of the recording, as seen in figure 4.26c, it 

appears that the single channel conductance increases upon CLF application when 

compared to control and menthol. The data, when expressed in all-point histograms, 

confirm this finding (Figure 4.27a-c). When the unitary current at 100 mV is 

compared, it immediately becomes apparent that CLF increases single-channel 

*
*

time (s)

mean P
o

30s

menthol

p
O

p
e

n

mean P
o

1
0

 p
A

CLF

*

0 100 200
0.0

0.1

0.2

0.3

0.4

a 

b 

control

5
 p

A

250 ms CLF menthol

c 



88 

 

currents, from an average of 7.7 ± 0.1 pA for control (or 8.0 ± 0.2 pA for menthol) to 

10.5 ± 0.1 (Figure 4.27d). Compared to control levels, this is an increase of 35,8%. 

The calculated slope conductance gives similar numbers (Figure 4.27e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27. a-c) All-point histograms calculated from the trace in figure 4.26. All conditions are represented by 

color. Insets shows same graph, but on a different scale, to allow for an accurate representation of the histogram 
in the open state. d) Bar graph representing the single channel current at a potential of 100 mV. Data represented 

as mean ± S.E.M. Statistically tested with a repeated measurements one-way ANOVA with Bonferroni post-hoc 
analysis. ***=p<0.001, n=10, 9, 10. e) Linear regression drawn through the unitary currents measured at the 

indicated holding potentials, assuming a reversal potential of 0 mV. Slope of the linear fit represent the slope-
conductance. Calculated slope conductance for control: 80,0 pS, menthol: 87,1 pS, CLF: 112,8 pS, (n=at least 5 
for each data point). f) Bar graph representing the average open probability of TRPM8 with menthol or CLF in the 

bath, represented as a factor of control, as the basal open-probability varied greatly between membrane patches. 
Data represented as average ± S.E.M. Statistically tested with a paired t-test and a one-sample t-test. ### = 
p<0.001, * = p<0.05.  
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Now that it was established that TRPM8 open probability and conductance increases 

upon stimulation with CLF, I continued with single channel recordings in the inside-

out configuration, of which the results are presented in figures 4.28 and 4.29. The 

inside-out configuration is an excised patch configuration in which the intracellular 

side of the patch is in contact with the bath. This ensures the loss of the cytosolic 

environment, including any factors that modulate TRPM8, as well as disrupts the 

cytoskeleton. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28. CLF increases the open probability and single channel conductance of TRPM8 in excised 
patches in the inside-out configuration. a) Complete gap-free trace of a single channel recording in the inside-

out configuration. The trace was digitized at 10 kHz and filtered analogy at 5 kHz, which later was digitally filtered 
back to 3 kHz. b) Graph indicating the open probability with a 4s-interval. The x-axis is the same as in a. c) 
Showing parts of the recording in a. in more detail in short periods of 1s. Approximate region that recording is 

taken from is indicated by colored asterisk, which correspond to colored writing. 

Also in the inside-out configuration, the application of CLF results in heightened 

TRPM8 activity as well as in a higher single channel conductance compared to 

control and menthol (Figures 4.28 and 4.29). The results obtained for single channel 

conductance are identical for the cell-attached and inside-out configuration at +100 
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mV (unpaired two-tailed t-test, not shown). Furthermore, just as for cell-attached 

recordings, an abrupt decrease of TRPM8 Popen to zero were observed in all 

recordings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29. a-c) All-point histograms calculated from the trace in figure 4.28a. All conditions are represented by 

color. Insets shows same graph, but zoomed in to allow for an accurate representation of the histogram in the 
open state. d) Bar graph representing the single channel current at a potential of 100 mV. Data represented as 

mean ± S.E.M. Statistically tested with a repeated measurements one-way ANOVA with Bonferroni post-hoc 
analysis. ***=p<0.001, n=10, 9, 10. Control: 77,3 ± 1,1 pA, menthol: 79,9 ± 1,5 pA, CLF: 105,0 ± 1,4 pA. e) Linear 

regression drawn through the unitary currents measured at the indicated holding potentials, assuming a reversal 
potential of 0 mV. Slope of the linear fit represent the slope-conductance. Calculated slope conductance for 
control: 80,02 pS, n=at least 5, menthol: 87,1 pS, n=at least 5, CLF: 112,8 pS, n=at least 5. f) Bar graph 

representing the average open probability of TRPM8 with menthol or CLF in the bath, represented as a factor of 
control, as the basal open-probability varied greatly between membrane patches.  
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Taken together, these results indicate that CLF activates TRPM8 in the cell-attached 

and in the inside-out configuration. The single channel conductance increased for 

both configurations in a similar fashion. Also, a decrease of the open-probability to 

zero was observed in both configurations. Given the absence of intracellular 

modulating factors of TRPM8 in the inside-out configuration, it is reasonable to 

assume that CLF activates TRPM8 in a membrane-delimited manner. Formation of 

inside-out patches also disrupt the cytoskeleton, which indicates that also the 

cytoskeleton is not involved in the activation of TRPM8 by CLF. Moreover, 

desensitization remains in inside-out patches, again ruling out intracellular 

modulating factors or the cytoskeleton being involved in this process. The rather 

abrupt decline in Popen to zero indicates that the desensitization observed in whole-

cell patch clamp experiments is due to rapid closure of TRPM8-channels in the whole 

cell and not due to a gradual decrease in single-channel conductance.  

 



 

  



 

5. Discussion 
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5.1. Inhibition of TRPM8 by 5-BT 

The main conclusion of the work presented on 5-BT is that it is an antagonist for 

cold-induced activity of heterologously and natively expressed TRPM8 channels. As 

previously shown for other TRPM8-antagonists (Malkia et al., 2007; Malkia et al., 

2009), 5-BT exerts its inhibitory effect by shifting the voltage-dependence of 

activation of TRPM8 rightwards towards more positive potentials, decreasing its open 

probability at physiological potentials. The inhibitory effect of 5-BT was less potent in 

native TRPM8 compared to TRPM8 expressed in HEK293 cells, which most likely is 

the result of the intrinsically higher agonist sensitivity due to additional modulating 

factors intrinsic to somatosensory neurons. Studies of heterologously expressed 

TRPM8 channels with mutated binding sites for either menthol or icilin indicated that 

the menthol binding site is involved in its inhibitory effect, as it was decreased in the 

menthol-insensitive TRPM8 mutant. The more efficient washout, as observed in 

whole-cell current recordings of the cold-activated menthol-insensitive mutant when 

compared to the icilin-insensitive mutant, indicates that 5-BT interacts with the 

menthol binding site. However, the inhibitory effect of 5-BT is not completely absent, 

indicating the presence of at least one other site through which 5-BT exerts its effect.  

The exact interaction of 5-BT with the menthol binding site is unknown. 

Previously, in silico molecular docking studies of SKF96365 and menthol to a TRPM8 

model protein confirmed the interaction of these molecules with the menthol binding 

site at residue Tyr745, in support of previously gathered experimental data (Malkia et 

al., 2009). This technique can be useful to probe the putative interaction of 5-BT with 

the menthol binding site. 

In their original study, DeFalco et al demonstrated the importance of the 

benzyl ether and the amino group of 5-BT for TRPM8 antagonism. Substituting the 

benzyl ether for a methyl ether shifted the IC50 about 40-fold to a higher value, while 

changing its position relative to the heteroaromatic core changed the IC50 about 10-

fold. Replacing or deleting the amino group led to similar shifts of the IC50 or even to 

an absence of inhibitory activity (DeFalco et al., 2010). They also noted the structural 

similarity of 5-BT and AMTB, having in common the aromatic or heteroaromatic core 

with a benzyl ether and an amine side chain at appropriate positions (Figure 5.1). 
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Figure 5.1. Molecular structure of 5-BT (left) and AMTB (right). 5-BT and AMTB share certain characteristics, 

such as an (hetero)aromatic core (1), a benzyl ether (2) and an amine side chain (3). 
 
 

Realizing that these groups were found to be indispensable for a potent inhibitory 

effect of 5-BT, they speculated that this might indicate a similar underlying 

mechanism of binding and inhibition between the two antagonists. As our study 

showed that 5-BT primarily exerts its effect through the menthol binding site, it is 

tempting to further speculate about an interaction of one of these groups with the 

menthol binding site. Again, molecular docking studies could prove to be helpful in 

this respect, together with studies of the effect of AMTB on cold-activated HEK293 

cells expressing the TRPM8 menthol binding site mutant. If proven successful, these 

studies might help in the search and synthesis of new TRPM8-antagonists.  

In fact, in a recently published study, a series of 2-(benzyloxy)benzamides 

have been described as potent new antagonists of TRPM8 (Brown et al., 2013). 

These compounds share structural similarities with 5-BT and AMTB, which highlights 

the promise of this type of molecular structures as modulators of TRPM8. As 5-BT is 

a serotonin receptor agonist, it is not surprising it also shares structural similarities 

with serotonin. Therefore, it is tempting to speculate about potential antagonistic 

effects of serotonin on the TRPM8 channel. However, in the paper published by 

DeFalco and colleagues, serotonin was found to have no blocking effect on TRPM8 

(DeFalco et al., 2010).   

Characterizing drugs that exert antagonism on TRPM8 channels is valuable 

from different perspectives. First, by studying the action of TRPM8 antagonists we 

gain further insight into the biophysical properties and gating mechanisms of the 

channel itself. In addition, and maybe even more importantly, these compounds are 

also interesting as potential pharmacological agents for treating pathologies involving 

TRPM8 channels (Fernández-Peña and Viana, 2013; Almaraz et al., 2014).  

 1 
1 

2 
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In order to advance our understanding of the in vivo effect of 5-BT on cold-

evoked pain and other TRPM8-related pathologies, further behavioral studies in 

animals are necessary. Intraplantar and/or intraperitoneal injections of 5-BT in mice, 

followed up by an assessment of their cold response through the cold plantar assay, 

is an example of such a study. In this particular assay, the paw of the animal is 

exposed to cold through a glass plate and one measures the latency for paw 

withdrawal, which is a measure of the cold response threshold. The advantage of this 

assay over others is that it is found to give more consistent results, allows for a 

robust estimate of the response threshold and is not stressful to the animals (Brenner 

et al., 2012).  

As is often the case, many compounds lack specificity, and block more than 

one receptor. Concerning TRPM8, only few antagonists identified so far are specific. 

For example, BCTC is a potent TRPM8 antagonist (Behrendt et al., 2004; Madrid et 

al., 2006), but is also a TRPV1 antagonist (Valenzano et al., 2003) and a TRPA1 

agonist (Madrid et al., 2006). Similarly, the TRPM8 antagonists Thio-BCTC and 

capsazepine are also antagonists of TRPV1 (Behrendt et al., 2004; Malkia et al., 

2009), while clotrimazole is a TRPV1 and TRPA1 agonist (Meseguer et al., 2008) 

besides it having inhibitory effects on TRPM8 (Malkia et al., 2009). SKF96365 is a 

pore blocker of Ca2+ channels (Merritt et al., 1990). Thus far, AMTB and PBMC are 

the only two published TRPM8 antagonists that, as of yet, have not been found to 

cross-react with other ion channels (Lashinger et al., 2008; Knowlton et al., 2011).  

 In this regard, a potential pitfall for the usage of 5-BT as a beneficial 

pharmacological compound in vivo could stem from the fact that 5-BT activates the 5-

HT1D, 5-HT2 and 5-HT6 serotonin receptors (Lyon et al., 1988; Buzzi et al., 1991; 

Peroutka et al., 1991; Cohen et al., 1992; Boess et al., 1997). 

5.2. Activation of TRPM8 by CLF 

The main conclusion of the work presented on the effects of CLF on TRPM8 is that 

CLF robustly activates heterologously expressed TRPM8 channels in a dose-

dependent and reversible manner. In whole-cell patch clamp recordings, CLF elicits a 

transient TRPM8-like outwardly rectifying current with a near-zero reversal potential, 

which is blocked by BCTC. Natively expressed TRPM8 is also activated by CLF, as 

indicated by the inhibitory effect of BCTC on the CLF induced calcium influx in 

TRPM8-expressing somatosensory neurons and the threshold-lowering effect of 
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lower concentrations of CLF. Cell-attached and whole-cell current clamp recordings 

corroborated these findings, CLF being able to elicit action potential firing in TRPM8-

positive neurons despite the negative effect of CLF on general neuronal excitability 

through modulation of sodium and potassium channels. As reported for other 

agonists of TRPM8, CLF shifts the V1/2 of TRPM8 towards more negative potentials, 

facilitating channel opening at physiological potentials. CLF activation of TRPM8 is 

not dependent on the menthol or icilin binding site, as heterologously expressed 

TRPM8 with mutations at the corresponding residues are activated normally. Anionic 

and cationic amphipaths block the CLF induced calcium influx in a recombinant cell 

line expressing TRPM8 and TRPM8-positive somatosensory neurons alike, 

suggesting a role for the lipid bilayer in TRPM8 activation by CLF. The block of CLF 

induced TRPM8-activity by the specific mechanosensitive ion channel blocker 

GsMTx-4 corroborates these findings. Furthermore, CLF transiently activated single 

TRPM8 channels in cell-attached and inside-out membrane patches by increasing 

their open probability. Compared to control and menthol, CLF increased single-

channel conductance of TRPM8.  

The TRPM8-channel blocker BCTC prevented a rise of intracellular calcium 

levels upon application of CLF in heterologous and native expression systems, 

indicating that the rise of intracellular calcium levels were the result of a calcium-

influx through TRPM8. Lower concentrations resulted in a lower thermal threshold of 

activation of TRPM8-positive neurons, but did not culminate in increased intracellular 

calcium concentrations compared to the first cold pulse. This might be the result of 

inhibitory effects of CLF on other ion channels expressed in these neurons. CLF 

activated somatosensory neurons that were not TRPM8-positive, indicating additional 

effects of CLF in these neurons. Heterologously expressed TRPA1 was shown to be 

activated by CLF as well, as the TRPA1-channel blocker HC-030031 inhibited the 

CLF-induced intracellular calcium increase. Even in TRPA1 KO animals, TRPM8-

negative somatosensory neurons were activated. BCTC only blocked intracellular 

calcium increases in TRPM8-positive neurons, indicating that TRPV1, another target 

inhibited by BCTC, is not responsible for this effect of CLF. The origin of the 

intracellular calcium increase in these somatosensory remains unknown.  

CLF elicited whole-cell currents carried through TRPM8 that rapidly, but 

reversibly, desensitized. The speed of desensitization was concentration dependent. 

Desensitization upon continuous stimulation is a typical feature of many 
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mechanosensitive channels and its rate is also dependent upon stimulus strength 

(Hamill and Martinac, 2001; Honore et al., 2006; Belyy et al., 2010). Desensitization 

was independent of Ca2+-induced degradation of PIP2, as the recordings were 

performed in a bath solution containing no calcium and additionally containing EGTA, 

a calcium chelator. Single-channel recordings in the cell-attached mode revealed that 

the desensitization, as observed in whole cell currents, is the result of a sudden 

decrease in the open probability of the channel and is not the result of a gradual 

decline in single-channel conductance.  

CLF has been shown to be a potent activator of PKC (Roghani et al., 1987; 

Lester and Baumann, 1991). Thus, desensitization could be an effect of PKC 

dependent phosphorylation of TRPM8 (Abe et al., 2006). However, the CLF induced 

decline of TRPM8 open probability remained in excised inside-out patches, ruling out 

a role for intracellular factors in TRPM8 desensitization. Furthermore, the 

cytoskeleton is not involved in TRPM8 desensitization, as it is disrupted in excised 

inside-out membrane patches.  

CLF affected the single-channel conductance of TRPM8 and significantly 

increased it by roughly 25% in both cell-attached as inside-out recordings. Single-

channel conductance is a direct measure of the ion-flux rate through an individual 

open channel. Alterations of the ion-flux rate in unchanging ionic conditions are 

indicative of changes in pore size, changes in the selectivity filter, or both (Hille, 

2001). Increased pore sizes allow for the permeation of more ions, while alterations 

of the selectivity filter changes the relative ion permeability. Changes in pore size and 

ion-selectivity of TRP channels by agonist application have previously been reported 

for TRPA1 (Chen et al., 2009; Banke et al., 2010; Karashima et al., 2010) , TRPV1 

(Chung et al., 2008; Banke et al., 2010) and TRPV5 (Yeh et al., 2005). The results 

reported for TRPM8 are mixed. One study found no uptake of a large cationic dye, 

used to indicate pore dilation, after exposure to the agonist menthol (Chen et al., 

2009), whereas another study did report pore dilation upon stimulation with icilin 

(Banke et al., 2010). The authors of the latter report ascribed this discrepancy to 

differences in reagents and/or protocols (Banke et al., 2010). However, a prolonged 

application of icilin is necessary for pore dilation, as uptake of the cationic dye is not 

instantaneous and is delayed in the order of minutes. Application of CLF increases 

single-channel conductance of TRPM8 in a matter of seconds. As such, whatever the 
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underlying mechanism of icilin induced putative pore dilation is, CLF most probably 

increases TRPM8-conductance through another type of mechanism.  

Setting aside the, still disputed, putative pore dilation of TRPM8, what is the 

evidence for conductance changes in ion channels resulting from CLF or different 

volatile anesthetics? Isoflurane has been described to activate a mutant Shaker K+ 

channel, which resulted from an increase in open-probability, paired with an increase 

in single-channel conductance of around 17%. The conductance increase was 

ascribed to a stabilization of the open-state of the channel (Li and Correa, 2001). 

However, single-channel activity of TRPM8 caused by CLF did not reveal any 

stabilization of the open-state, with the channel still exhibiting its typical flickering 

behavior. Furthermore, a stabilization of the open-state does not necessarily mean 

that the measured open conductance increases. Lysophospholipids (LPL´s) have 

been shown to activate TRPM8 in inside-out patches, mainly through stabilizing the 

open state of the channel. However, no increase of TRPM8 open conductance was 

noted (Vanden Abeele et al., 2006). Other studies found that anesthetics, such as 

isoflurane and CLF, activate KvAP, a well-described bacterial voltage-gated 

potassium channel sharing a similarity with other voltage-gated potassium channels 

(Tombola et al., 2006). The activation of KvAP with volatile anesthetics is likely the 

result of bilayer restructuring and was characterized by changes in channel 

conductance (Finol-Urdaneta et al., 2010). 

The mechanism by which anesthetics exert their influence on the nervous 

system has been controversial for a long time. It was first noted that the potency of 

an anesthetic correlates with its oil/water partition coefficient (Meyer, 1899; Overton, 

1901). This is the famous Meyer-Overton rule and was thought to imply that 

anesthetics exert their effect through altering the global physical properties of the cell 

membrane. In much later studies, it was noted that anesthetics inhibit the luciferase 

enzyme by binding to it, and that this inhibition also correlated to the anesthetics´ 

potency (Franks and Lieb, 1984). Luciferase was the first protein found to directly 

interact with anesthetics, and later it was discovered that anesthetics interact with 

other proteins, such as ion channels, as well. As the global changes in physical 

properties of the membrane were only observed at anesthetic concentrations much 

higher than those clinically required to induce anesthesia, the consensus was that 

anesthesia came forth from its direct effect on ion channels [reviewed by Franks 

(Franks, 2006)]. However, understanding of lipid bilayer mechanics in the context of 
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anesthetics have progressed and uncovered a potential anesthetic mechanism that is 

dependent upon local changes of the lateral pressure profile of membranes (Cantor, 

1997). The lateral pressure profile describes the lateral tension in the membrane 

throughout its depth. Although under normal conditions the net tension in a biological 

membrane is zero, the local pressure within the membrane changes with depth. The 

basis of the non-uniform distribution of tension throughout the membrane is the large 

surface tension between the lipids´ polar head groups and the non-polar tails offset 

by attractive interfacial tension (Cantor, 1997, 1999) (Figure 5.2).  

 

Figure 5.2. The intrinsic force profile plotted as its direction and magnitude along the depth of the bilayer (left) , 

and a cartoon of a channel protein in section (right), showing how the sharp tension (narrow arrows) near the lipid 
necks balanced by more diffused pressure nearby (broad arrows) is exerted on the channel–lipid interface (red) 
[From (Kung, 2005)]. 
 

Any ion channel embedded in a lipid bilayer is exposed to these strong localized 

positive and negative pressures, and, when in equilibrium, the conformational energy 

of the channel will match the energy profile of the bilayer. Changes in the lateral 

pressure profile will result in changes in the conformational energy of the channel 

and thus can modulate ion channel activity. This is thought to be the underlying 

unifying mechanical principle of ion channels gated by changes in membrane tension 

(Kung, 2005; Nilius and Honore, 2012). Anesthetics at a concentrations sufficient to 

induce anesthesia could already alter the pressure profile of the membrane (Cantor, 

1997).  

The stress distributions within the membrane are difficult to measure directly, 

but can be calculated by molecular dynamics (MD) studies of models of lipid 

membranes. MD simulations have recently revealed that CLF preferentially inserts 

into the inner lipid/water interface section of a membrane leaflet, where the local 

pressure is positive due to the strong repulsion between hydrocarbon segments 

close to the headgroup (Figure 5.3). The preferential inclusion of CLF causes an 
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increase in the local pressure at this location (Reigada, 2013), and thus could affect 

ion-channel activity.  

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. Distribution of CLF in a bilayer. The preferred orientation of a CLF molecule in the inner lipid/water 

interface is shown. Green and cyan sticks correspond to phospholipids and water molecules, respectively. Green 
beads represent phosphate groups, whereas CLF has been augmented for clarity: blue beads correspond to Cl 
atoms and the red bead stands for the H atom [Adapted from (Reigada, 2013)].  

 

This might be the underlying reason of activation of TRPM8 by CLF. Furthermore, 

CLF has a fluidizing effect upon the membrane through the disordering of the lateral 

lipid organization. This effect of CLF on membranes has been determined 

experimentally (Mishima et al., 2003; Turkyilmaz et al., 2009; Turkyilmaz et al., 2010; 

Turkyilmaz et al., 2011) and has been corroborated through MD simulations 

(Reigada, 2011, 2013). 

Of course, the fact that CLF affects membrane properties does not necessarily 

mean that TRPM8 is activated through this mechanism. The changes in membrane 

properties might not be large enough to cause any change in activity in TRPM8, or 

the distributed tensions are changed in the wrong direction and/or location. However, 

certain results do indicate that the membrane might be involved in TRPM8 activity. 

GsMTx-4, the specific inhibitor of mechanosensitive channels, did inhibit most of the 

CLF-induced TRPM8 activity. Interestingly, a minimal effect was observed in cold- or 

icilin induced TRPM8 activity, but a large inhibitory effect on TRPM8 activation by 

menthol. Menthol is a monoterpene and has been described to have a fluidizing 

effect on the membrane (Laub et al., 2012). This is an indication that GsMTx-4 does 

inhibit certain forms of TRPM8 activity, which is modulated through the membrane. 

Residue 745 is undeniable involved in the activation of TRPM8 through menthol, but 

our results indicate that there might be a membrane-component involved as well. For 

similar reasons, it is conceivable that CLF activates TRPM8 through a direct 

interaction with the channel protein, even though my work shows that the residues 

critical for menthol- and icilin-activation of TRPM8 are not involved. Furthermore, I 
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have not tried the enantiomer of GsMTx-4 (enGsMTx-4), and as such inhibition 

through a traditional lock-and-key model of ligand-protein interaction cannot be 

excluded, although enGsMTx-4 was shown to be equally effective as its natural 

counterpart in blocking the mechanically activated Gramidicin A (gA) ion channel 

(Suchyna et al., 2004). 

Is there any evidence in the literature for TRPM8 as a mechanosensitive ion 

channel? In a paper by Benedikt and colleagues, in which they investigated the 

inhibitory effect of ethanol on TRPM8, they noticed that fluctuations in the viscosity of 

the ethanol/water mixture influenced its inhibitory effect, noting ¨clear signs of 

mechanosensitivity of the channel¨ (Benedikt et al., 2007). Furthermore, ethanol is a 

solvent, and as such modulates lipid bilayer properties (Ingolfsson and Andersen, 

2011). Intriguingly, the effectiveness of ethanol for inhibiting TRPM8 activity was 

dependent upon the stimulus applied, requiring higher concentrations to block cold-

activated TRPM8 than menthol-activated TRPM8. Ethanol only slightly inhibited icilin-

induced TRPM8-activity (Benedikt et al., 2007). These results are not unlike my 

results obtained with GsMTx-4, and, although data is lacking on the inhibitory effect 

of higher concentrations of GsMTx-4 on TRPM8-activity, could indicate a similar 

underlying mechanism of inhibition. 

Furthermore, lysophospholipids (LPL´s), the end products of iPLA2 

stimulation, have been shown to activate TRPM8 (Vanden Abeele et al., 2006). The 

mechanism through which these LPL´s activate TRPM8 is not fully understood, but 

the authors speculate that they convey their effect on TRPM8 through changing the 

tension in the membrane (Vanden Abeele et al., 2006), as nonbilayer lipids, such as 

LPL´s, have been shown to change the lateral pressure profile of the membrane 

(Traikia et al., 2002). However, LPL´s effect on the membrane lateral pressure profile 

is different from that of CLF. Whereas CLF inserts itself equally in both membrane 

leaflets, so the pressure profile in one leaflet mirrors that of the other, LPL´s prefer 

the outer leaflet and changes the pressure profile asymmetrically (Traikia et al., 2002; 

Reigada, 2013) (Figure 5.4).  
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Figure 5.4. Effect of LPL’s on lateral pressure profile. a) LPL’s insert asymmetrically into the membrane, 
preferring the outer over the inner leaflet. This in contrast to CLF, which displays no preference. b) The effect is 

an asymmetric distribution of lateral pressures throughout the depth of the membrane, whereas CLF would cause 
a symmetric change in the distribution of lateral pressures [Adapted from (Nilius and Honore, 2012) ].  

 

Further evidence pointing towards a possible mechanosensitive role for 

TRPM8 comes from the observation that hyperosmotic solutions activate TRPM8 

(Stuart Bevan, personal communication).  

The concentrations of CLF used in this study ranged from a clinical relevant 

concentration of 1 mM, which is the EC50 for general anesthesia in mammals (Franks 

and Lieb, 1994), to 15 mM. Contribution of TRPM8 towards CLF induced anesthesia 

is unlikely, as the anesthetic effect of CLF is based upon a reversible loss of 

consciousness (Franks and Lieb, 1994). Even if TRPM8-activation might somehow 

be involved in its anesthetic effects, the clinical relevance is low. One reason is the 

low effectiveness of CLF at 1 mM, the other reason being that the use of CLF as a 

volatile anesthetic has been discontinued in the medical practice for many years due 

to it occasionally resulting in lethal cardiac arrhythmias (Himmel, 2008). As such, the 

relevance of this work lies primarily in the biophysical mechanism underlying TRPM8-

activation by CLF. 

However, CLF is not the only volatile anesthetic that activates TRPM8. A 

recent paper not only confirmed our finding of CLF as a TRPM8 antagonist, but 

additionally found halothane, isoflurane, desflurane and sevoflurane to be TRPM8-

activators as well (Vanden Abeele et al., 2013). These are clinically relevant VA´s, as 

they are in common use as inhalational anesthetics in medical practice (Barash et al., 

2001). As they describe in their paper, the administration of VA´s is accompanied by 

common side-effects, such as a hypersensitivity to cold and a lowering of the 

shivering threshold (MacIver and Tanelian, 1990; Kurz et al., 1997). The discovery of 

a b 
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VA´s as TRPM8 agonists establishes a clear link between this cold-sensation and VA 

administration (Vanden Abeele et al., 2013). Another well described side-effect is VA-

induced perioperative hypothermia (Kurz, 2008; Sessler, 2008), and is confirmed by 

the work of Vanden Abeele and colleagues, additionally demonstrating the absence 

of this effect in TRPM8 KO animals. This is an apparent paradoxical response, as 

TRPM8 agonists normally enhance thermogenesis (Ding et al., 2008; Masamoto et 

al., 2009). The authors argue that considering the rapidly desensitizing effect of VA´s 

on TRPM8-activity, in effect, prolonged exposure to VA´s might act to block TRPM8 

(Vanden Abeele et al., 2013). Antagonists of TRPM8 have been found to induce a 

decrease in body temperature (Knowlton et al., 2011; Almeida et al., 2012).  

Given the role TRPM8 plays in cold pain induced by sickness or by 

pharmacological compounds used in the treatment of cancer like oxaliplatin, and the 

role it plays in menthol- and cold-induced anesthesia, the study of pharmacological 

modulation of TRPM8 is an important issue. Their potential use as therapeutic agents 

are of great interest, but also their role as a tool to further increase the knowledge of 

the functioning of TRPM8. Furthermore, a detailed study of the mechanism of action 

can provide us with more profound knowledge of their biophysical characteristics.



 

  



 

6. Conclusions  
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En este trabajo he llevado a cabo la caracterización farmacológica de dos 

moduladores del canal iónico termosensible TRPM8, dando lugar a las siguientes 

conclusiones: 

5-Benzyloxytriptamina (5-BT) 

1. El agonista del receptor serotoninérgico 5-benzyloxytriptamina antagoniza 

las respuestas del TRPM8 evocadas por el frío, disminuyendo el flujo de 

calcio a través del receptor TRPM8 expresado tanto de forma heteróloga 

como de forma nativa. Además, el 5-BT reduce las corrientes evocadas por 

el frío y el mentol, mediadas por TRPM8 en un sistema de expresión 

heterólogo. Este efecto se debe a un desplazamiento en la dependencia 

del voltaje de activación del canal TRPM8 hacia potenciales de membrana 

más positivos, disminuyendo la probabilidad de apertura de TRPM8 a 

potenciales de membrana fisiológicos. 

2. El sitio de unión para el mentol, en el residuo tirosina 745 del canal 

TRPM8, está implicado en el efecto antagonista del 5-BT, como lo indica la 

inhibición diferencial en los mutantes de TRPM8 insensibles al mentol y a 

la icilina, tanto en experimentos de imagen de calcio como en registros de 

“patch-clamp”.. 

Cloroformo (CLF) 

1. El CLF es un nuevo agonista del canal TRPM8, produciendo incrementos 

dosis-dependiente en la concentración del calcio intracelular, debido al flujo de 

calcio a través del TRPM8 recombinante y del TRPM8 nativo en neuronas 

somatosensoriales. Además, el CLF activa corrientes con características 

biofísicas y farmacológicas idénticas a la corriente TRPM8 únicamente en 

células HEK293 que expresan TRPM8. Este efecto se produce a través de un 

cambio en la dependencia del voltaje de la activación de TRPM8 hacia 

potenciales de membrana más negativos, lo cual aumenta la probabilidad de 

apertura de TRPM8 a potenciales de membrana fisiológicos. 

2. El CLF provoca corrientes de acción en neuronas de ganglio raquídeo 

cultivadas que expresan TRPM8. Además, da lugar a la despolarización y al 

disparo del potencial de acción en este tipo de neuronas. 
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3. Los sitios de unión al mentol o a la icilina no están implicados en la activación 

de TRPM8 por CLF, puesto que la activación de los mutantes de TRPM8 

insensibles al mentol y a la icilina es tan efectiva como la observada en el 

canal silvestre. 

4. La bicapa lipídica parece estar implicada en la acción del CLF sobre TRPM8. 

Los compuestos anfipáticos clorpromazina y trinitrofenol bloquean la activación 

de TRPM8 por el CLF tanto en sistemas de expresión recombinante como en 

sistemas nativos. Además, la toxina GsMTX-4, un bloqueante específico de los 

canales mecanosensibles, también bloquea la activación de TRPM8 por el 

CLF. 

5. Inicialmente, el CLF aumenta la probabilidad de apertura y conductancia 

unitaria del canal TRPM8 en registros de canal único obtenidos en parches de 

membrana, tanto en la modalidad “cell-attached” como en la modalidad 

“inside-out”. Posteriormente, la probabilidad de apertura disminuye 

abruptamente al valor cero en ambas configuraciones. Este descenso brusco 

en la probabilidad de apertura explicaría la desensibilización de la corriente 

total, observada en registros de corriente en célula entera.. El hecho de que 

este efecto continúe manifestándose en los parches “inside-out” excluye la 

participación de factores intracelulares en este efecto. 
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In this work I have successfully characterized two novel modulators of TRPM8, 

resulting in the following main conclusions: 

5-Benzyloxytryptamine (5-BT) 

1. The serotonin-receptor agonist 5-benzyloxytryptamine successfully 

antagonizes cold evoked responses of TRPM8, decreasing the calcium influx 

through the heterologously and natively expressed TRPM8 channel. Also, it 

decreases the cold- and menthol-evoked TRPM8-mediated currents in a 

heterologous expression system. This effect is explained by a rightward shift 

in the voltage dependence of activation of TRPM8 towards more positive 

membrane potentials, decreasing the open probability of TRPM8 at 

physiological membrane potentials.  

2. The menthol binding site at residue tyrosine 745 is involved in the antagonistic 

effect of 5-BT, as indicated by the differential inhibition of the heterologously 

expressed menthol- and icilin-insensitive TRPM8 mutants in both calcium-

imaging and patch-clamp experiments, which demonstrate a reduced 

antagonistic effect in the menthol-insensitive mutant.  

Chloroform (CLF) 

1. CLF is a novel agonist of TRPM8, producing a dose-dependent increment in 

intracellular calcium concentrations by a calcium influx through recombinant 

TRPM8, and increasing intracellular calcium in somatosensory neurons 

natively expressing TRPM8. Furthermore, application of CLF evokes TRPM8-

like currents in HEK293 cells expressing TRPM8, which is caused by a 

leftward shift in the voltage dependence of activation of TRPM8 towards more 

negative membrane potentials, increasing the open probability of TRPM8 at 

physiological membrane potentials.  

2. CLF elicits action currents in cultured neurons of the DRG that express 

TRPM8, leading to depolarization and action potential firing in these same 

type of neurons. 

3. The menthol- or icilin- binding sites are not involved in the activation of 

TRPM8 by CLF, as the activation of the menthol- and icilin-insensitive TRPM8 

mutants is as effective as that of the wild type channel.  
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4. The lipid bilayer appears to be involved in the action of CLF on TRPM8. The 

amphiphatic compounds chlorpromazine and trinitrophenol block the activation 

of TRPM8 by CLF in recombinant as well as native systems expressing 

TRPM8. Furthermore, the spider-toxin GsMTX-4, a specific blocker of 

mechanosensitive channels, also blocks the activation of TRPM8 by CLF. 

5. CLF initially increases the open-probability and open-conductance of TRPM8 

in single channel recordings of cell-attached patches as well as in excised 

inside-out patches containing TRPM8, after which the open-probability 

abruptly decreases to zero in both configurations. This abrupt decline in the 

open-probability explains the current-desensitization as observed in CLF 

evoked whole-cell currents. The fact that this effect continues to be present in 

excised inside-out patches rules out the involvement of intracellular factors in 

this effect.  
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