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Los receptores sensoriales son el conjunto de células periféricas especializadas
en proporcionar al sistema nervioso informacioén sobre la naturaleza e intensidad
de los diferentes estimulos que alcanzan nuestro organismo. Estos estimulos
pueden ser de naturaleza quimica o fisica, como las fuerzas mecanicas y la
temperatura. Hasta hace pocos afos existia un desconocimiento casi absoluto
sobre los mecanismos moleculares responsables de la deteccion de los estimulos
térmicos, a diferencia de la transduccién de estimulos luminosos, gustativos,
olfatorios y auditivos, para los que ya se habia identificado la proteina receptora y
se habian descrito los mecanismos i6nicos que conducen a la generacion del
potencial receptor. Esta situacion cambi6 con la identificacién de distintos canales
ibnicos que muestran una gran sensibilidad (Q10 >5) en su actividad durante los
cambios de temperatura (Jordt et al. 2003). Entre dichos canales termosensibles
destacan algunos de la familia de los canales idnicos TRP, que deben su nombre
al potencial receptor transitorio (“transient receptor potential”) caracteristico de los
fotorreceptores en un mutante de Drosophila, el cual permitio la identificacion del
primer miembro de dicha familia. Actualmente a los canales i6nicos TRP se les
atribuye un papel fundamental en los procesos de transduccion sensorial de
distintos estimulos, incluyendo el tacto, la percepcion de temperatura (frio y calor)
y del dolor (Wissenbach et al. 2004).

En las ultimas décadas el desarrollo de dos herramientas metodolégicas, las
técnicas de “patch-clamp” y las técnicas de biologia molecular han contribuido de
manera decisiva a ampliar el conocimiento sobre la distribucion, estructura,
funcionamiento y el papel fisiolégico de los canales i6nicos en los organismos
vivos. Ademas, la modulacion farmacoldgica de la actividad de los canales
ionicos ha enriquecido el conocimiento de los mecanismos moleculares de
comunicacién tanto de tipo eléctrico (potencial de accidbn) como quimico

(neurotransmisores y hormonas) entre células.



1.1. Canales ionicos.

El genoma humano codifica cientos de canales i6nicos que regulan el paso de
iones a través de la bicapa lipidica (Hille 2001). Mientras que los transportadores
requieren energia para la generacion de gradientes electroquimicos a través de la
membrana, los canales i0nicos gastan esta energia almacenada, como si se
tratase de interruptores que liberan la energia eléctrica acumulada en una
bateria. La apertura y cierre de estos canales idnicos se debe a cambios de
conformacion, lo que permite el paso regulado de iones a través de su poro. El
flujo de iones a través de la membrana plasmatica genera sefales eléctricas en
las células excitables. Estas sefiales se suelen acoplar a un aumento transitorio
del calcio intracelular, y controlan procesos fisioldgicos tan diversos como la
contraccion muscular, la secrecion de hormonas, la expresion de genes, la
division celular, las sensaciones y el procesamiento de informacion.

En funcién de su mecanismo de apertura, los canales idnicos se pueden clasificar
en tres grandes grupos: canales abiertos por cambio del voltaje transmembrana,
canales abiertos por ligandos extra o intracelulares y canales abiertos por fuerzas
fisicas (estimulos mecanicos, temperatura), aunque también se usan otros
criterios para su clasificacion como pueden ser la selectividad idnica (canales de
sodio, de potasio, de calcio, etc.) o criterios filogenéticos como la homologia de

las secuencias de aminoacidos.

1.2. Canales i6nicos TRP

Como ya he mencionado, los llamados canales idnicos TRP constituyen una
superfamilia de canales i6nicos que debe su nombre a una mutacion en una
proteina de Drosophila melanogaster asociada a la fototransduccion. En el ojo
complejo de Drosofila, estos mutantes presentan, a diferencia del fenotipo
silvestre, un potencial receptor transitorio (trp; transient receptor potential) a la
estimulacién luminica prolongada. Los mutantes trp se conocen desde 1969
(Cosens et al. 1969), aunque hasta el afio 1989 no se caracterizd el defecto
genético subyacente al fenotipo mutante trp de Drosofila (Montell et al. 1989), y
hasta 1992 no se identificaron las proteinas TRP como canales ionicos (Hardie et

al. 1992). Desde entonces, muchos nuevos canales idnicos han sido identificados



como pertenecientes a la superfamilia de canales iénicos TRP, exclusivamente
en organismos eucariotas, y mas concretamente en animales y hongos.

La presencia de los canales ionicos TRP en levaduras sitia su origen evolutivo
en organismos unicelulares anteriores a la aparicion de los metazoos. En estos
organismos unicelulares los TRP son imprescindibles para la interaccion y
adaptacion al entorno, asi por ejemplo permiten a levaduras percibir y responder
a cambios osmaéticos del medio (Wissenbach et al. 2004). Mientras que la
presencia de los TRP en células especializadas de organismos pluricelulares
permite la existencia entre otras funciones de procesos sensoriales complejos
como la visioén y el oido, ademas de la percepciéon de la temperatura, el dolor, el
gusto y las feromonas.

Los canales ionicos TRP median el paso de cationes a través de la membrana
plasmética. De este modo, los cationes Ca®" y Na* que forman parte del medio
extracelular pasan al interior celular a favor de un gradiente electroquimico, lo que

genera un incremento de las concentraciones intracelulares de calcio [Ca®"]

y de
sodio [Na']; respectivamente, y esto conlleva el cambio del potencial de la
membrana plasmatica (V) hacia valores mas positivos o despolarizados. En
células excitables como las neuronas, el cambio en el V, determina la generacion
y propagacion del potencial de accion, mientras que en células no neuronales y
excitables como son las fibras musculares participa en la contraccion muscular. El
papel del voltaje en células no excitables es fundamental para establecer la
fuerza electromotriz que favorece la entrada de calcio a la célula, asi como para
la apertura de canales de Ca?*, K"y CI" dependientes de voltaje. Ademas, el

incremento de calcio intracelular es un mecanismo de sefializacion celular per se.

1.2.1. Clasificacion y distribucion filogenética

La superfamilia de canales i6nicos TRP se expresa en una gran variedad de
organismos multicelulares que incluye anélidos, mosca del vinagre, pez cebra
ratones y humanos. Dependiendo del organismo en donde se expresan el
namero de miembros que conforman la superfamilia de los canales TRP
comprende entre 17 y 28. Los canales TRP se dividen en dos grandes grupos,
grupos 1y 2, que a su vez se dividen en siete familias. La clasificacion se ha
realizado en base a la homologia de las secuencias primarias de aminoacidos

debido a la enorme variabilidad existente en cuanto a selectividad cationica, tipo



de ligando, regulacion, funcion, etc. (Clapham 2003). Ademas, en levaduras
existe una octava familia llamada TRPY, pero no esta incluida en los dos grupos
mencionados debido a la gran diferencia que existe en sus secuencias primarias.
Como se muestra en la figura 1, el grupo 1 de canales ionicos TRP esta formado
por cinco familias entre las que se encuentran los miembros que presentan el
mayor grado de homologia respecto del miembro fundador de los TRP, el TRP
originalmente hallado en Droséfila (Hardie et al. 1992). Estos TRP son conocidos
con el nombre de TRPC, donde la letra C hace alusion a clasico o canonico. Este
grupo 1 lo completan las familias TRPV, TRPM, TRPA y TRPN. La familia TRPN
no se ha encontrado en mamiferos aunque si en otros vertebrados como el pez
cebra. La familia TRPV (V; vaniloide), formada por seis miembros, debe su
nombre al primer miembro identificado, el receptor vaniloide (VR-1; vanilloid
receptor), actualmente también conocido como TRPV1. La familia TRPM (M,
melastatina), comprende ocho miembros y debe su nombre a que el canal iénico
TRPM1, el primero de la familia en ser identificado, fue originariamente llamado
melastatina. Por ultimo, la familia TRPA, formada por un Unico miembro en
mamiferos, llamado ANKTM1 o TRPAL.

El grupo 2 lo conforman las familias TRPP y TRPML. Los miembros
pertenecientes a la familia TRPP lo forman la proteina conocida como PKD2
(Polycystic Kidney disease protein), que en su forma mutante esta relacionada
con la enfermedad hereditaria del rifidn poliquistico, mas otras dos proteinas
semejantes, “PKD-like proteins”, llamadas. PKD2L1 y PKD2L2. La familia TRPML
esta formada por tres proteinas (ML1, ML2 y ML3) relacionadas con la proteina
MCOLN1, implicada en la enfermedad hereditaria Mucolipidosis Tipo IV
(Venkatachalam et al. 2007).
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Figura 1. Dendrograma filogenético de las proteinas TRP basado en la homologia de las
secuencias primarias de aminoacidos. El uso de caracteres negros indica que son proteinas TRP
de vertebrados, en todos los casos de humano, excepto para mTRPC2, que es de raton (sefialada
con el correspondiente dibujo) y zZTRPN1, que es de pez cebra (sefialada con el correspondiente
dibujo). El uso de caracteres blancos indica proteinas TRP de invertebrados, Cada familia incluye
un miembro de Drosophila melanogaster y un miembro de Caenorhabditis elegans, sefialados con
el respectivo dibujo de una mosca y un gusano (Figura tomada de (Venkatachalam et al. 2007)).



1.2.2. Estructura

Las proteinas TRP estan formadas por seis dominios a hélice transmembrana
(S1-S6) unidos a los extremos amino y carboxilo terminal intracelulares (ver figura
2). Los canales funcionales, en analogia a los canales de potasio dependientes
de voltaje, se cree que forman estructuras tetraméricas.

El poro del canal estaria formado por el ensamblaje de cada uno de los cuatro
dominios transmembrana S5, S6 y el lazo de aminoacidos situado entre ambos.
El lazo de aminoacidos formaria también el filtro de selectividad i6nica en la parte
extracelular del poro del canal, mientras que en la parte citoplasmatica del poro,
se cree gue los dominios S6 forman la puerta que mediante su apertura y cierre,
regula la entrada de cationes. Los dominios S4 tienen residuos de arginina que
les confieren cargas positivas, los cuales estarian implicados en sensibilidad a
cambios de voltaje transmembrana. Todos los elementos situados fuera de la
region formada por los elementos S5-lazo-S6, proporcionan o bien la capacidad
de asociacibn entre subunidades, pudiendo formar homotetrameros o
heterotetrameros, o actitan como elementos de union para el control de la
apertura del canal. De este modo, los canales TRPC, TRPM y TRPN tienen el
llamado dominio TRP situado a partir del segmento S6 en el extremo C terminal.
Las regiones mas conservadas dentro del domino TRP reciben el nombre de
“TRP box” y consisten en secuencias de entre 23 y 25 aminoacidos. Se cree que
los dominios anquirina sirven de anclaje y/o para la interaccion de proteinas y
dependiendo del tipo de TRP presentan entre 0 y 14 repeticiones (entre 3y 4 en
TRPV y TRPC, 14 en TRPAL) (Clapham 2003).



citoplasma dominio TRP

Figura 2. Estructura general de una subunidad TRP. Los seis dominios transmembrana estan
representados por cilindros de color naranja. N y C sefialan respectivamente las regiones amino y
carboxilo intracelulares. Los segmentos en color verde indicados con la letra A representan los
dominios de anquirina y el segmento en color azul ilustra el dominio TRP. El dominio del poro esta
sefialado por la letra P y las esferas representan iones catidnicos. (Figura adaptada de
(Venkatachalam et al. 2007)).

1.2.3. Distribucion tisular

Los canales i6nicos TRP estan ampliamente distribuidos por el organismo. Se
expresan de forma ubicua en casi todos los tipos celulares, en donde presentan
distintas isoformas. Se ha descrito la expresion de los canales idnicos TRPC en el
sistema nervioso central, sistema vascular, misculo esquelético y pulmones; de
los canales idnicos TRPV en el sistema nervioso periférico, corazén, piel, vejiga,
musculo esquelético, rifidn e intestino; y de los canales idGnicos TRPM en el
sistema nervioso periférico, sistema inmune, piel, préstata, riién, pancreas e
higado (Clapham 2009).



1.2.4. Selectividad idnica

Los canales i6nicos TRP son permeables a cationes de forma no selectiva
Excepto TRPM4 y TRPMS5, todos los TRP son permeables a Ca**, y algunos de
ellos, como TRPV5 y TRPV6, son muy selectivos a este cation (Owsianik et al.
2006b).

1.2.5. Funciones biolégicas

Las funciones de los distintos canales ionicos TRP son muy diversas (Nilius et al.
2005b). Asi por ejemplo, miembros de la familia TRPC realizan funciones o estan
implicados en procesos tales como cambios en la permeabilidad endotelial,
recepcion de feromonas en ratones, diferenciacion celular, desarrollo del cerebro,
permeabilidad microvascular o agregacion plaquetaria. Los canales iénicos TRP
pertenecientes a la familia TRPV estan implicados en percepcion de la
temperatura, de estimulos picantes, nocicepcion, deteccibn de cambios
osmoéticos o reabsorcién de calcio en intestino y rifién; mientras que miembros de
la familia TRPM actian como supresor oncogénico, deteccion de estrés oxidativo
en el sistema inmune, transduccion de sabores, reabsorcion de magnesio en
intestino y rifién, regulacion del ciclo celular o percepcion de frio y dolor. El Unico
miembro de la familia TRPA media recepcion de estimulos picantes (wasabi o
aceite de mostaza), transduccion de estimulo mecéanico, oido y percepcion de
dolor y frio intenso. Los canales i6nicos TRP pertenecientes a las dos familias
restantes estan implicados en transporte intracelular de proteinas, regulacién de
la pigmentacién o desarrollo de masculo esquelético, corazén vy rifion (Nilius et al.
2005b).

1.2.6. Patologias asociadas a los canales TRP

Las enfermedades en cuya patogénesis estan implicadas alteraciones de la
funcién de canales i6nicos se conocen como canalopatias. Se estima que el
genoma humano codifica para unos 300 canales idnicos diferentes, y aunque
relativamente pocos se han relacionado de forma directa con enfermedades en
humanos, el nimero de canalopatias identificadas esta en continuo aumento.
Entre las canalopatias asociadas a mutaciones en los genes que codifican

canales idnicos TRP se encuentran la Glomeruloesclerosis Focal y Segmentaria,



asociada a un defecto genético en TRPC6, Hipomagnesemia con Hipocalcemia
Secundaria en TRPM6, Rifion Poliquistico Dominante Autosomico en TRPP2 vy
Mucolipidosis tipo IV en TRPML1. Ademas de estas enfermedades hereditarias,
defectos en el TRPM7 incrementan el riesgo de padecer Esclerosis Lateral
Amiotrofica de Guam asociada a Parkinsonismo —Demencia.

Sin embargo, la contribucibn de los TRP a la etiologia o progresion de
enfermedades no pasa necesariamente por defectos en los genes que los
codifican, ya que alteraciones en la expresion, o en la sensibilizacion o
desensibilizacion de su actividad, aumentan potencialmente la relevancia e
implicacion de éstos en las alteraciones de las funciones fisioldgicas. Por
ejemplo, en un proceso inflamatorio, la presencia de mediadores de la
inflamacion en el entorno de un determinado canal iGnico TRP puede modificar su
actividad de modo que contribuya al desarrollo de la enfermedad.

De acuerdo con Nilius y colaboradores (Nilius 2007), la alteracién de la funcién de
un canal i6nico TRP puede llevar al desarrollo de una patologia por uno o por
varios de los siguientes mecanismos:

La mayor parte de los TRP son permeables a Ca**, lo que les convierte en

importantes reguladores de la concentracion intracelular de esta molécula
de sefalizacién. Por lo tanto, la alteracion de la funcionalidad de los TRP
puede tener grandes efectos tanto a nivel celular como sistémico.

- Los TRP pueden actuar como receptores polimodales para diferentes
estimulos fisicos y quimicos en la célula. Esta caracteristica permite a las
células y organismos percibir y elaborar repuestas a cambios en el medio,
por lo que modificaciones de la actividad de estos canales pueden
provocar disfunciones por ejemplo en el sistema somatosensorial.

- Algunos TRP estan implicados en la absorcion y reabsorcion selectiva de
los cationes Mg®* y Ca?*, lo que resulta imprescindible para la homeostasis
de estos iones en el organismo.

- Los TRP se localizan también en las membranas de organelas
intracelulares donde alteraciones de su actividad llevan a disfunciones por
ejemplo de los lisosomas, como es el caso de mutaciones en el TRPML1.

- Existen canales i6nicos TRP implicados en procesos de proliferacion y

crecimiento celular. En este caso, disfunciones de los TRP se relacionan
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con alteraciones en el crecimiento, formacion de érganos y el desarrollo de
tumores.

- Otro mecanismo por el que defectos en los TRP puede contribuir a la
génesis de una enfermedad es a través de su implicacion en procesos de
interaccion entre proteinas.

- En las células excitables del sistema nervioso y del corazén, los TRP
modulan la actividad eléctrica, por lo que alteraciones de su actividad

pueden conllevar disfunciones importantes.

1.2.7. Canales i6nicos TRP y percepcion de la temperatura

La transduccion sensorial es el mecanismo por el que cambios fisicoquimicos en
el medio ambiente son transformados en sefiales bioquimicas y/o eléctricas por
regiones especializadas de neuronas sensoriales (receptores sensoriales), las
cuales se diferencian entre si por su capacidad de responder preferentemente a
una determinada forma de energia, como por ejemplo un estimulo térmico.

En el sistema somatosensorial de mamiferos, los termorreceptores detectan
cambios de la temperatura ambiental en un amplio rango de temperaturas. Este
proceso se inicia cuando el estimulo térmico (calor o frio) excita las fibras
nerviosas sensoriales que son proyectadas hacia tejidos periféricos desde
neuronas sensoriales primarias de los ganglios raquideos y trigéminos, las cuales
inervan regiones del tronco y cabeza respectivamente. Estas neuronas
termorreceptoras convierten los estimulos térmicos en sefales eléctricas, es
decir, en potenciales de accibn, y relevan esta informacién sensorial a la médula
espinal y cerebro, donde es integrada e interpretada, con resultado de las
adecuadas respuestas reflejas y cognoscitivas al estimulo térmico (Fields 1987;
Julius et al. 2001).

Numerosas evidencias sugieren que los principales detectores de temperatura de
las terminaciones nerviosas sensoriales de mamifero pertenecen a la superfamilia
de canales cationicos TRP (Clapham 2003; Voets et al. 2003). Hasta el momento,
seis miembros de esta superfamilia han sido descritos como canales ionicos
sensibles a temperatura, cubriendo juntos un amplio rango de las temperaturas
gue los mamiferos son capaces de detectar. Cuatro de estos canales TRP,

pertenecientes a la subfamilia TRPV, se activan por calor, con temperaturas de
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activacion caracteristicas comprendidas entre temperaturas moderadas (> 25 °C
para TRPV4; > 31 °C para TRPV3) (Watanabe et al. 2002; Xu et al. 2002) y
calor intenso (> 43 °C para TRPV1; >52 °C para TRPV2) (Caterina et al. 1997;
Caterina et al. 1999). Mientras que TRPM8 y TRPA1 (ANKTM1) se activan por
frio (< 28 °C para TRPMS; < 18 °C para TRPA1) (Mc Kemy et al. 2002; Story et
al. 2003).

1.2.8. Canales i6nicos TRP y dolor

El dolor es una percepcion que consiste en una experiencia sensorial y emocional
desagradable asociada con una lesién tisular presente o expresada como si tal
lesion existiera. El dolor es una submodalidad dentro de las sensaciones
somaticas que tiene una importante funcidn protectora, ya que nos avisa de una
lesion que debe ser evitada o tratada.

La nocicepcién es la recepcion de sefiales bioguimicas y/o eléctricas en el
sistema nervioso central que resulta de la estimulacion selectiva de ciertos
receptores sensoriales (nociceptores) por estimulos que pueden lesionar los
tejidos. Los nociceptores responden de forma directa a algunos estimulos nocivos
como son los estimulos mecéanicos y térmicos intensos y substancias quimicas
irritantes. Ademas, pueden ser sensibilizados o activados por substancias
quimicas liberadas por las células del tejido lesionado, como por ejemplo:
histamina, bradiquinina, substancia P, ATP, acidez (disminucion del pH alrededor
de la terminal nerviosa), serotonina, etc. Los estimulos dolorosos de la piel o el
tejido subcutdneo, como las articulaciones o los musculos, activan varias clases
de terminales de nociceptoras que son las terminaciones periféricas de neuronas
sensoriales primarias, y cuyos cuerpos celulares se encuentran en los ganglios
raquideos y trigéminos. Estas fibras nociceptoras aferentes terminan en neuronas
de proyeccién del asta posterior de la médula espinal, las cudles transmiten
informacion nociceptiva al talamo y la corteza cerebral (Basbaum et al. 2004).
Numerosas evidencias relacionan a diversos miembros de la superfamilia de
canales ionicos TRP con la deteccion de estimulos intensos de origen térmico y
mecanico, asi como de estimulos quimicos.

Las temperaturas superiores a 43 ° C (calor intenso) e inferiores a 15 ° C (frio
intenso), ademas de la correspondiente sensacion térmica, evocan sensaciones

dolorosas. Estudios neurofisiolégicos demuestran que la actividad de los
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nociceptores conocidos como CMH (C-fiber mechano-heat nociceptors), en
respuesta a los estimulos mecanico y térmico, evoca a través de fibras aferentes
C sensacion de dolor quemante (LaMotte et al. 1978). El frio intenso también
activa una subpoblacion de neuronas nociceptoras, sin embargo, la fisiologia del
dolor evocado por frio intenso es menos conocida que la evocada por calor
intenso.

Es bien conocido que las terminaciones nerviosas de los nociceptores detectan la
temperatura y otros estimulos fisicos por medio de canales i6nicos sensibles a
estos estimulos. El primer apoyo a esta hipétesis vino de la identificacion de
canales iGnicos en neuronas sensoriales primarias (Cesare et al. 1996; Reichling
et al. 1997) vy del posterior clonaje y reconocimiento del receptor de capsaicina
TRPV1 (VR1) como un nociceptor de mamiferos activado por temperaturas
elevadas con un umbral de 43 ° C (Caterina et al. 1997; Caterina et al. 2001).
Aungque otros tres canales i6nicos pertenecientes a la subfamilia TRPV son
activados por calor, Unicamente TRPV1 y TRPV2 presentan umbrales de
activacion dentro de un rango de calor intenso.

En cuanto a la nocicepcion evocada por frio intenso, actualmente existe la
hipotesis de que TRPM8 media la transduccién sensorial del frio inocuo, mientras
gue TRPA1 media la transduccion sensorial del frio intenso. Si bien, es un tema
de enorme controversia, y numerosos trabajos recientes atribuyen a TRPM8, un
papel principal como base molecular para la respuesta de los termorreceptores,
no solamente al frio inocuo sino también al frio intenso (Bautista et al. 2007,
Colburn et al. 2007; Dhaka et al. 2007; Green et al. 2007; Takashima et al. 2007;
Madrid et al. 2009).

Ademas, otros canales idnicos no pertenecientes a la superfamilia de los TRP
estarian también implicados en la transduccion sensorial del frio. En este sentido
existen estudios que demuestran que el frio cierra distintas conductancias de
potasio en neuronas de ganglio trigémino de raton, conduciendo a una
despolarizaciéon de la membrana y a un incremento de la tasa de disparo de
potenciales de accion (Viana et al. 2002). Por lo que existe en la terminal nerviosa
un contexto idGnico mas complejo que el ofrecido simplemente por TRPM8 y
TRPA1, en el que otros mecanismos moleculares contribuyen a modular la

excitabilidad de los termorreceptores en respuesta a frio.
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1.2.9. Mecanismo de apertura de los canales ionicos TRP termosensibles

Un principio termodinamico fundamental de la Quimica es que la velocidad de
una reaccion quimica aumenta con el incremento de la temperatura. Esto nos
llevaria a intuir que los canales iGnicos, como otras proteinas, deberian funcionar
mas eficazmente a temperaturas mas elevadas. Pero paraddjicamente, entre los
canales ionicos TRP sensibles a temperatura, el TRPM8 se activa con el
descenso de la temperatura, mientras que TRPV1 se activa con el incremento de
ésta. Hace unos pocos afios, se public6 que ambos canales i6nicos tienen en
comun una activacion dependiente del potencial de membrana (Gunthorpe et al.
2000; Voets et al. 2004a). En respuesta a sus respectivos estimulos, ambos
canales muestran una relacion corriente-voltaje con una acentuada rectificacion
de salida (ver figura 4), lo que implica una mayor activacion del canal iénico a
valores de potencial de membrana mas positivos que a los cercanos al potencial

de reposo de la célula.
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Figura 4. Ejemplo de relacién corriente-voltaje a 35 °C (trazo gris) y a 18 °C (trazo azul) mediada
por TRPM8 en un sistema de expresién heteréloga.

Para entender cdmo los cambios de temperatura modulan la actividad de ambos
canales i6nicos, Voets y colaboradores (Voets et al. 2004a) propusieron un
modelo de apertura basandose Unicamente en dos estados (abierto y cerrado), y
en el que al mismo tiempo que las constantes cinéticas de apertura y cierre son
sensibles a los cambios de temperatura, las transiciones entre los dos estados
son sensibles al voltaje. De este modo, un potencial de membrana hacia valores
MAas positivos incrementa la probabilidad de que el canal i6nico esté en estado

abierto (ver figura 5).
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En el caso de TRPV1, la constante cinética de apertura es muy sensible al
incremento de la temperatura, mientras que la constante cinética de cierre es
mucho menos sensible, por lo que el incremento de la temperatura desplaza el
equilibrio hacia la apertura, y a la vez desplaza el potencial de membrana al que
la probabilidad de apertura es del 50% (Vi) hacia valores mas negativos o
fisiologicos. Por el contrario, la constante cinética de apertura de TRPMS8 es
mucho menos sensible al incremento de temperatura que la constante cinética de
cierre, por lo que el incremento de temperatura desplaza el equilibrio hacia el
cierre del canal, y es el descenso de la temperatura lo que conduce a la apertura.
Segun este modelo, la apertura por cambio de temperatura es inherente a la
apertura por voltaje, por lo que los cambios de temperatura se acompafan
siempre de un desplazamiento de la dependencia de voltaje de la activacion de
ambos canales ionicos.

En el mismo trabajo, Voets y colegas proponen que los agonistas quimicos
capsaicina y mentol, agonistas de TRPV1 y TRPMS8 respectivamente, actian
como moduladores de la apertura de ambos canales ionicos por medio de un
cambio en la dependencia de voltaje hacia valores de potencial de membrana
ma&s negativos o fisioldgicos.

Otros ejemplos de canales i6nicos TRP termosensibles, cuyos datos de cinética
de apertura por temperatura se ajustan a este modelo de dos estados son
TRPM4 y TRPM5 (Talavera et al. 2005).

Existe otro modelo, propuesto por Brauchi y colaboradores (Brauchi et al. 2004),
en el que la apertura de TRPM8 por frio implica la interaccién alostérica entre el
dominio estructural sensible a voltaje, que en este caso no es inherentemente
sensible a temperatura, y un cambio conformacional en otro domino estructural

del canal idnico, el cual es altamente sensible a temperatura.
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Figura 5. Modelo para la apertura por cambios de temperatura de los canales iénicos TRPV1 y
TRPMS8. En este modelo, el canal iénico presenta solo dos estados (abierto y cerrado), y las
transiciones entre los dos estados son dependientes de voltaje. Para el canal i6nico TRPVL, la
constante cinética de apertura es mas sensible al incremento de temperatura que la constante
cinética de cierre, mientras que para TRPM8 es al contrario. Este modelo predice que la
dependencia de voltaje (expresada como Vi) de la activacion de TRPV1 por calor se desplaza
hacia la izquierda en el eje del potencial de membrana, mientras que en el caso de TRPMS8 se
desplaza hacia la derecha en presencia del mismo estimulo (Figura adaptada de (Liman 2006)).

1.3. El canal i6nico TRPV1

El canal TRPV1 fue clonado en el afio 1997 (Caterina et al. 1997) y se le llamod
receptor de capsaicina o receptor vaniloide, ya que se activa de forma selectiva
por la capsaicina, un compuesto presente en determinadas especies de vegetales
del género Capsicum sp., y que ya era conocido por evocar una sensacion de
gquemazon mediante la excitacion de terminales sensoriales polimodales
(Szolcsanyi 1977; Caterina et al. 1997; Szolcsanyi 2004).

Entre los numerosos miembros de la superfamilia de los canales idnicos TRP,

TRPV1 es el mejor caracterizado hasta la fecha desde el punto de vista
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farmacoldgico, de sus mecanismos de regulacion y funcién. Este canal idnico es
permeable preferentemente a Ca®" y en menor medida a otros cationes. La
permeabilidad a calcio es 10 veces mayor que a sodio y la permeabilidad a
magnesio es 5 veces mayor que a sodio. La permeabilidad a sodio, potasio y
cesio es similar (Caterina et al. 1997).

Al igual que el resto de canales idnicos TRP, se predice que la estructura
funcional de TRPV1 es un tetrdmero en el que cada subunidad consta de seis
dominios a hélice transmembrana y un corto lazo de residuos hidrofobicos entre
los dominios transmembrana quinto y sexto que conforman el poro (ver figura 6).
TRPVL1 tiene tres dominios de anquirina en el extremo N terminal que estarian
implicados en la modulaciéon enddégena de TRPV1 por ser el sitio de unién a
calmodulina y ATP (Lishko et al. 2007). Ademas, existe otro sitio de unién a
calmodulina en el extremo C terminal (Caterina et al. 1997; Numazaki et al.
2003a). Por otro lado se han identificado residuos susceptibles de ser fosforilados
por la proteina quinasa A (PKA) (De Petrocellis et al. 2001; Bhave et al. 2002;
Rathee et al. 2002), la proteina quinasa C (PKC) (Bhave et al. 2003; Dai et al.
2004; Premkumar et al. 2004) y la proteina quinasa Il dependiente de
Ca®*/Calmodulina. PIP, se une en una regién del extremo C terminal llamada
dominio TRP. Los aminoacidos del poro son protonables y existen residuos
cisteinas susceptibles de ser reducidos.

+++

Figura 6. Estructura general de una subunidad TRPV1. Los seis dominios transmembrana estan
representados por cilindros de color naranja. N y C sefialan respectivamente las regiones amino y
carboxilo intracelulares. Los segmentos en color verde representan los dominios de anquirina y el
segmento en color azul ilustra el dominio TRP. El dominio del poro esta sefialado por la letra P y
el simbolo + representa iones catiénicos. (Figura adaptada de (Venkatachalam et al. 2007)).
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TRPV1 se expresa en fibras nerviosas sensoriales de tipo C, las cuales ademas
contienen diversos neuropéptidos como son la sustancia P (SP) y el péptido
relacionado con el gen de la calcitonina (CGRP), los cuales estan implicados en
el proceso de inflamacion neurogénica. Estas fibras nerviosas inervan entre otros
tejidos la piel, vejiga urinaria y la mucosa gastrica. En el sistema nervioso central
también se ha identificado expresiéon de TRPV1 en el hipocampo, cortex y bulbo
olfatorio de rata (Toth et al. 2005), aunque su funcion en estas estructuras no es
bien conocida.

El aspecto funcional fundamental del canal TRPV1 es su polimodalidad. Fue el
primer canal i6nico TRP implicado en la deteccion de estimulos irritantes en el
sistema somatosensorial (Caterina et al. 1997), pero ademas es también activado
por calor intenso, a partir de temperaturas superiores a 43 °C, y por pH &acido,
por debajo de 5.9 en el medio extracelular (Caterina et al. 1997; Tominaga et al.
1998).

Los estudios de ratones TRPV1’ muestran que TRPV1 es esencial para las
respuestas nociceptivas a la aplicacion de sustancia irritantes como la capsaicina
y resiniferatoxina, y para la hiperalgesia térmica que se produce durante un
proceso inflamatorio. El papel del TRPV1 en la deteccion del calor nociceptivo es
controvertido. En un trabajo se demostr6 que TRPV1 contribuye a la deteccion
del calor intenso (Caterina et al. 2000) mientras que otro muestra que no es
necesario y sugiere la implicacion de otros mecanismos moleculares en este

proceso sensorial (Davis et al. 2000).

1.3.1. Agonistas exégenos de TRPV1

Ademas de la capsaicina, se han identificado otros compuestos vaniloides, que
también activan el canal TRPV1. Asi, la resiniferatoxina (RTX), un diterpeno
relacionado con los esteres de forbol, es un potente analogo de la capsaicina
presente en el cactus Euphorbia resinifera y que destaca por tener una mayor
potencia irritadora (Szolcsanyi et al. 1990). En el polo opuesto, otro analogo de la
capsaicina bien caracterizado, pero que destaca por su reducida eficacia para
excitar las terminales sensoriales nociceptoras es el olvanilo (Liu et al. 1997).
Piperina y zingerona, dos compuestos presentes en el pimiento negro y gengibre
también activan TRPV1 (Liu et al. 1996a; McNamara et al. 2005). Otros estimulos
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quimicos que activan TRPV1 son el eugenol, el alcanfor, el 2-APB y el hidroxi-
alfa-sanshool, el componente activo de la pimienta de Sichuan.

TRPV1 también es activado por extractos de ajo y de cebolla, ademas de por
alicina, el principal componente activo de estos extractos. Este compuesto activa
TRPV1 a través de la modificacion covalente de una uUnica cisteina (C157)

localizada en el extremo N Terminal (Salazar et al. 2008).

1.3.2. Antagonistas exdgenos de TRPV1

Dado su potencial interés terapéutico, el listado de antagonistas de TRPV1 es
muy largo (Messeguer et al. 2006; Szallasi et al. 2007; Belmonte et al. 2008).
Entre los antagonistas de TRPV1 se encuentran el Rojo de Rutenio (RR), la
capsazepina, N-(4-tertiaributilfenil)-4-(3-cloropiridin-2-il) tetrahidropirazina-1(2H)-
carboxamida (BCTC), (2R)-4-(3-cloro-2-piridinil)-2-metil-N-(4-[trifluorometil]fenil)-
1-piperazinacarboxamida (CTPC), DDO1050, yodo-resiniferatoxina, N-(2-
bromofenil)-N"-(2-[etil{3-metilfenil}amino]etil)-urea (SB-452533) asi como el

complejo Cu:fenantrolina y N-arilcinamidas.

1.3.3. Modulacién endogena de la actividad de TRPV1

Entre los ligandos naturales que activan de forma endégena TRPV1 se encuentra
la anandamida (AEA) (Zygmunt et al. 1999), que es conocida ademas como un
activador del receptor canabinoide de tipo 1 (CB1) y los metabolitos lipidicos
producto de la accion enzimatica de la lipooxigenasa (LOX) sobre el acido
araquidénico (AA) que son 12 y 15 hidroperoxieicosatetraenoico (12 y 15-
HPETES), acidos 5 y 15 hidroxieicosatetraenoico (5 y 15 HETES) y leucotrienos
B4 (LBT4) (Hwang et al. 2000) y sobre la anandamida, que son HPETE
etanolamidas (HPETEE) y HETE etanolamidas (HETEE) (Craib et al. 2001). Otro
compuesto enddgeno presente en el cerebro y estructuralmente parecido a la
capsaicina con capacidad agonista sobre TRPV1 es la N- araquidonildopamina
(NADA) (Premkumar et al. 2004).

Los lipidos de membrana regulan la funcion de algunos canales idnicos, incluido
TRPV1. El inositol 4,5 bifosfato (PIP,) fue propuesto inicialmente como un
modulador inhibitorio de la actividad de TRPV1. La activacion de receptores
metabotropicos activa a la fosfolipasa C (PLC) que usa a PIP, como sustrato y lo

hidroliza produciendo diacilglicerol (DAG) e inositol trifosfato (IP3). Esta hidrolisis
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de PIP, conduciria a la activacion de TRPV1 (Chuang et al. 2001). Sin embargo,
estudios posteriores mostraron que la aplicacién directa de PIP, sobre TRPV1
produce su activacion (Stein et al. 2006; Lukacs et al. 2007) y que la
sensibilizacion de TRPV1 por PIP, depende de la concentracion del estimulo
(Lukacs et al. 2007).

Al igual que ocurre con otros canales ionicos, TRPV1 es modulado por moléculas
tales como calcio/calmodulina (CaM), la cual estaria implicada en la
desensibilizacion de TRPV1 (Numazaki et al. 2003b; Rosenbaum et al. 2004).
Ademas puede ser fosforilado por quinasas que incluyen PKA (De Petrocellis et
al. 2001; Rathee et al. 2002; Vlachova et al. 2003), PKC (Bhave et al. 2003;
Premkumar et al. 2004; Tominaga et al. 1998; Varga et al. 2006), quinasa Il
dependiente de calcio calmodulina (CaMKII) (Jung et al. 2004), o la quinasa Src
(Jin et al. 2004). Estas fosforilaciones sensibilizan las respuestas de TRPV1 a los
agonistas mientras que las desfosforilaciones producidas por fosfatasas como la
calcineurina se relacionan con una disminucién de la actividad del canal i6nico.
Los mediadores de la inflamacion, como la bradiquinina, la prostaglandina E;
(PGE,), el factor de crecimiento neuronal (NGF), sensibilizan la respuesta de
TRPV1 a sus agonistas naturales (p.e. capsaicina, calor, protones) a través de
vias de sefializacion que implican la fosforilacion de residuos especificos del
canal ionico (Cesare et al. 1999; Premkumar et al. 2000; Vellani et al. 2001;
Zhang et al. 2008). Por otro lado, se ha propuesto que dicha sensibilizacién se
debe al descenso del nivel de PIP; en la membrana (Chuang et al. 2001; Prescott
et al. 2003),como consecuencia de la activacion de los respectivos receptores
metabotropicos por parte de los mediadores de la inflamacidén. No obstante, esta
altima hipétesis es controvertida porque existen numerosos datos experimentales
gue no son consistentes con un papel de modulacion negativa de la actividad de
TRPV1 por PIP, (Zhang et al. 2005; Stein et al. 2006; Lukacs et al. 2007).

1.3.4. TRPV1 y patologias asociadas

En los ultimos afios numerosos estudios han vinculado el aumento de expresion
de TRPV1, su sintesis de novo, 0 su desregulacion con numerosas patologias.
Este canal parece estar implicado en la patogénesis del dolor neuropatico, en el
gue se presentan sintomas tales como la hiperestesia (sensibilidad potenciada a

un estimulo natural del tacto), hiperalgesia (sensibilidad anormal del dolor),
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alodinia (sensaciones dolorosas en respuesta a estimulos inocuos) y dolor
ardiente espontaneo.

En humanos, el dolor neuropatico es crénico y debilitante, y se manifiesta en
condiciones de neuralgia trigeminal, neuropatia diabética, neuralgia post-
herpética, cancer, amputaciones, o dafos fisicos en los nervios. La alodinia se
debe a una actividad y/o sensibilidad de TRPV1 como resultado de la activacion
de la proteina quinasa C, pH acido y mediadores inflamatorios.

La sobreexpresion de TRPV1 también se ha relacionado con la irritacion, la
sensacion de dolor o hipersensibilidad que se manifiestan en determinadas
condiciones patolégicas como enfermedades gastrointestinales, vulvodinia,

mastalgia, asma, pancreatitis, etc (Nilius 2007).

1.4. El canal idonico TRPM8

En el afio 2001, Tsavaler y colaboradores identificaron y secuenciaron un gen
desconocido hasta entonces a partir de una genoteca de ADN de prostata
humana. Este gen codificaba una proteina de 130 kDa con una gran homologia
de secuencia con los canales i6nicos TRP y la llamaron TRP-p8 (Tsavaler et al.
2001). Un afio mas tarde se unificO la nomenclatura de los canales iGnicos
pertenecientes a la superfamilia de los TRP y fue incluido en la familia de los
canales ionicos TRPM como TRPM8 (Montell et al. 2002). Este mismo afio se
identifico el gen que expresa un receptor de mentol que es ademas activado por
frio, a partir de una genoteca de ADN de ganglio trigémino de rata (McKemy et al.
2002) y al que llamaron CMR1 (las siglas en inglés de receptor de mentol y frio
1). Este nuevo canal ionico resultd ser el ortélogo en rata de Trp-p8 (TRPMS).
Otro grupo, gracias a técnicas de analisis bioinformaticas, basadas en la
busqueda de secuencias homologas al canal ibnico TRPV1, identificé la misma
secuencia, y la cloné a partir de ganglio raquideo de ratén. Mediante su expresion
en un sistema de expresion heterdloga identificaron su actividad como canal
ionico sensible a compuestos quimicos (mentol, eucaliptol, etc) y frio (Peier et al.
2002).

En consonancia con otros TRP, la estructura funcional de TRPMS8 es la de un
tetramero (Owsianik et al. 2006a) en el que cada subunidad consta de seis
dominios a hélice transmembrana flanqueada por dos largos dominios terminales

citoplasmaticos N y C (ver figura 7). Ademas, un pequefio lazo de residuos
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hidrofébicos entre los dominios transmembrana quinto y sexto forman el filtro de
selectividad ionica en la region extracelular del poro (Voets et al. 2004b; Nilius et
al. 2005a; Owsianik et al. 2006a).

Figura 7. Estructura general de una subunidad TRPMS8. Los seis dominios transmembrana estan
representados por cilindros de color naranja. N y C sefialan respectivamente las regiones amino y
carboxilo intracelulares. El segmento en color azul ilustra el dominio TRP. El dominio del poro esta
sefialado por la letra P y el simbolo + representa iones catidnicos (Figura adaptada de
(Venkatachalam et al. 2007)).

No se conocen con detalle los mecanismos de oligomerizacion del canal TRPMS.
Un estudio implica el domino C terminal de la proteina, en concreto una region
conocida como “coiled coil” (Tsuruda et al. 2006). Sin embargo, un estudio
posterior generd mutantes de TRPMS8 con deleciones de los extremos C terminal
y N terminal que oligomerizan adecuadamente, indicando que los dominios
transmembrana son suficientes para este proceso (Phelps et al. 2007), aunque
los mutantes con deleciones del extremo C terminal resultan ser formas inactivas,
afectadas en el mecanismo de apertura y/o el reconocimiento del estimulo.
TRPMS8 es un canal catidnico permeable a cationes monovalentes y divalentes de
forma no selectiva (McKemy et al. 2002; Peier et al. 2002). La permeabilidad
relativa del calcio versus al sodio (Pca/Pna) €s de entre 0.97 y 3.3 y en menor
medida a cationes monovalentes, cuya secuencia de permeabilidad es
Cs"™>K"™>Na", con una permeabilidad muy similar para todos ellos (Pcs /Pna~1.4).
En un principio el conocimiento de la expresion de TRPM8 se limitaba a la
prostata y tumores primarios de mama, colon, pulmén y piel (Tsavaler et al.
2001). Posteriormente se identificd la presencia de ARN mensajero de TRPMS8 o

la proteina en una subpoblacion de neuronas sensoriales de ganglios trigéminos
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y raquideos (McKemy et al. 2002; Peier et al. 2002), en ganglio nodoso (Zhang et
al. 2004), fundus gastrico (Mustafa et al. 2005), masculo liso vascular (Yang et al.
2006), higado (Henshall et al. 2003), y en la vejiga (Stein et al. 2004).

El enfriamiento de la solucion extracelular activa el canal ionico TRPM8 tanto en
sistemas de expresion heterdloga, como en una subpoblacion de neuronas
sensoriales en cultivo de ganglios raquideos y trigéminos de rata y raton
(McKemy et al. 2002; Okazawa et al. 2002; Reid et al. 2002b; Nealen et al. 2003;
Madrid et al. 2006). Estos estudios, junto con otros en los que se caracteriza la
sensibilidad al frio de ratones transgénicos que carecen de TRPM8, presentan
numerosas evidencias que le atribuyen a este canal iénico un papel fundamental
en la transduccion sensorial del frio moderado e intenso (Reid et al. 2002a;
Madrid et al. 2006; Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007,
Green et al. 2007; Takashima et al. 2007; Madrid et al. 2009).

1.4.1. Agonistas quimicos de TRPMS8

Entre los agonistas quimicos, los mejor estudiados son el mentol, el componente
activo de la planta de la menta que evoca una sensacion refrescante, y la icilina,
un agente refrescante sintético conocido hasta ahora por ser el agonista mas
potente de TRPM8 (McKemy et al. 2002; Peier et al. 2002). Existen también
derivados sintéticos del mentol como son Frescolat ML, Coolact P, agente
refrescante 10 y WS-3 que activan TRPMS8 con una eficacia parecida a la del
mentol (Behrendt et al. 2004). Otros compuestos naturales estructuralmente
diferentes al mentol, como son eucaliptol, linalol, hidroxi-citronelal y geraniol
también activan TRPM8, pero con una menor eficacia (McKemy et al. 2002;
Behrendt et al. 2004).

Mediante la generacion de quimeras de TRPM8 y TRPV1, en las que se
intercambiaron la region C terminal de ambos canales entre si, se pudo
demostrar que esta region confiere a ambos canales idnicos la propiedad de ser
activados por los cambios de temperatura y que esta activacion es independiente
de la regibn sensible a cambios de voltaje localizada en el segmento
transmembrana S4 y en el lazo de aminoacidos entre S4 y S5 (Brauchi et al.
2006). Sin embargo, un estudio posterior, en el qgue se muté la regidén sensible a
voltaje de TRPMS8, muestra que estos mutantes tienen una menor afinidad por

mentol y una sensibilidad al frio alterada, lo que indica la interaccion de la
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activacion de TRPM8 por voltaje, frio y el agonista quimico mentol (Voets et al.
2007).

El uso de quimeras de TRPM8 de rata y de pollo, y mutaciones puntuales
permitieron la identificacion de residuos implicados en la activacion de TRPM8
por icilina en el tercer dominio transmembrana (TM3) y en la region de
aminodacidos que une el segundo (TM2) y TM3 (Chuang et al. 2004). Esta region
también esta implicada en la activacion de TRPV1 por compuestos vaniloides y
capsazepina (Jordt et al. 2002; Gavva et al. 2004) y en la activacion de TRPV4
por 4-a-PDD (Vriens et al. 2004). Ademas, en la activacién por mentol también
estan implicados residuos del dominio TM2 (Bandell et al. 2006), lo que sugiere
un mecanismo conservado para la apertura de canales i6nicos TRP por agonistas

guimicos.

1.4.2. Antagonistas exdgenos de TRPMS8

La farmacologia del canal TRPM8 es todavia incipiente y no se conocen
antagonistas especificos. Los inhibidores conocidos mas potentes de TRPM8 son
el N-(4-tertiatibutil-fenil)-4-(3-cloropiridin-2-il) tetrahidropirazina-1(2H)-
carboxamida (BCTC) y su derivado tio-BCTC, los cudales inhiben de manera
dosis-dependiente la sefal de calcio intracelular y la corriente inducida por frio y
mentol. Estos compuestos son a su vez antagonistas muy potentes de TRPV1
(Valenzano et al. 2003; Behrendt et al. 2004).

Otro antagonista de TRPMS8 es el 2-aminoetoxidifenil borato (2-APB) (Hu et al.
2004), no obstante, su especificidad es baja ya que también es conocido como un
inhibidor de receptores de inositol 1,4,5 trifosfato (Maruyama et al. 1997), bombas
Ca’®" -ATPasas del reticulo endoplasmatico (Bilmen et al. 2002) y canales i6nicos
TRP de la familia TRPC (Hu et al. 2004). Ademas, 2-APB activa y/o sensibiliza a
TRPV1, TRPV2, TRPV3y TRPV6 (Voets et al. 2001; Chung et al. 2004; Hu et al.
2004).

La acidificacion del pH intracelular también inhibe la actividad de TRPMS8. Un
trabajo indica que esta acidificacion inhibe la respuesta de TRPMS8 a frio e icilina,
aunque describe la respuesta a mentol como insensible a este cambio de pH
(Andersson et al. 2004). Sin embargo otro trabajo describe que la acidificacién del
pH intracelular inhibe la respuesta inducida por mentol (Behrendt et al. 2004).
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1.4.3. Modulacion endogena de la actividad de TRPMS8

La activacibn de TRPM8 por frio, mentol e icilina se acompafia de la
desensibilizacion de la actividad de este canal i6bnico de manera dependiente del
calcio intracelular (McKemy et al. 2002). Estudios posteriores han demostrado la
implicacion del lipido de membrana PIP, en este proceso. PIP, actia como un
modulador positivo de la actividad de TRPM8, de modo que la entrada de calcio a
través de TRPMS lleva a la activacion de la fosfolipasa C dependiente de calcio y
a la subsiguiente hidrdlisis de PIP,, lo que favorece la desensibilizacion de
TRPM8 (Rohacs et al. 2005; Liu et al. 2005).

Existen evidencias de que el extremo C terminal estd implicado en la unién de
TRPMS8 con el lipido de membrana PIP,, en concreto residuos con carga positiva
del dominio TRP localizado en esta region (Rohacs et al. 2005; Brauchi et al.
2006).

Por otro lado, la activaciéon de la proteina quinasa C (PKC) dependiente de calcio
también produce la desensibilizacion de TRPM8 (Premkumar et al. 2005; Abe et
al. 2006). La activacion de la PKC produce de forma indirecta desfosforilaciones
de TRPM8 que conducen a una menor actividad del canal iénico (Premkumar et
al. 2005).

Un estudio reciente muestra como los productos de la actividad de un tipo de
enzima fosfolipasa A2, la fosfolipasa A2 insensible a calcio (iPLA2), modulan la
actividad de TRPM8. Estos productos son los lisofosfolipidos (LPLs), entre los
gue se encuentra la lisofosfatidilcolina, la cual modula positivamente la actividad
de TRPMS8, y los é&cidos grasos poliinsaturados (PUFAS), entre los que se
encuentra el acido araquidonico, el cual modula de forma inhibitoria la actividad
de TRPM8 (Andersson et al. 2007).

1.4.4. TRPM8 y patologias asociadas

La expresion de TRPMS8 esta incrementada en tumores malignos de prostata,
ademas de en tumores de mama, colon, pulmén y piel (Tsavaler et al. 2001). En
la linea celular LNCaP, una linea de células tumorales de prostata, TRPMS8 se
expresa en el reticulo endoplasmatico y en la membrana plasmética, donde
funciona como un canal iénico permeable a Ca**, y su expresién es incrementada
por andrégenos. TRPM8 contribuye a la homeostasis de Ca®* en células

epiteliales de prostata y podria ser una diana potencial para la accion de drogas
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contra el desarrollo del cancer de prostata (Bodding et al. 2007; Prevarskaya et
al. 2007).

Ademas, datos experimentales obtenidos con ratones nulos para TRPMS8
(Colburn et al. 2007), sugieren que TRPM8 podria estar implicado en alodinia por
frio, una hipersensibilidad al frio experimentada por pacientes con lesiones

nerviosas periféricas.

1.5. El canal i6nico TRPA1

El canal ibnico TRPA1l fue clonado por primera vez a partir de cultivos de
fibroblastos humanos y en un principio se le relacioné con alteraciones de la
division celular al estar aumentada su expresion en células tumorales (Jaguemar
et al. 1999). Varios afios mas tarde fue clonado de nuevo a partir de una
genoteca de ganglio raquideo de ratén (Story et al. 2003).

Desde el punto de vista estructural, TRPA1l esta formado por seis dominios
transmembrana flanqueados por las regiones N y C terminales citoplasmaticas
(ver figura 8). Una caracteristica peculiar de la estructura de TRPAL es una larga
region N terminal la cual presenta 14 repeticiones de anquirina (Story et al. 2003),
que podrian servir para la interaccion con otras proteinas (Mosavi et al. 2004).

4+

C

Figura 8. Estructura general de una subunidad TRPAL. Los seis dominios transmembrana estan
representados por cilindros de color naranja. N y C sefialan respectivamente las regiones amino y
carboxilo intracelulares. Los segmentos en color verde representan los dominios de anquirina. El
dominio del poro esta sefialado por la letra P y el simbolo + representa iones catiénicos (Figura
adaptada de (Venkatachalam et al. 2007)).
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TRPA1l es permeable a cationes monovalentes y divalentes de forma no
selectiva. La permeabilidad relativa al calcio versus al sodio (Pca/Pna) €S 1.4.
Ademas presenta una permeabilidad similar a calcio y a magnesio.

Mediante hibridacién in situ se ha encontrado que la expresion de TRPAL se
restringe al oido interno y a los ganglios sensoriales (raquideo, trigémino y
nodoso) (Nagata et al. 2005), lo que sugiere funciones especificas a nivel
sensorial.

Inicialmente se le atribuy6 el papel de mediar la transduccion sensorial de los
estimulos de frio intenso (umbral < 17 °C) en neur onas nociceptoras (Story et al.
2003). Esta funcion ha sido discutida en los afios posteriores, en los que han
aparecido trabajos que negaban esta propiedad de TRPALl en su expresion
heter6loga (Nagata et al. 2005; Bautista et al. 2006). Ademas, no han existido
evidencias firmes sobre la activacion por frio de TRPAL en su expresion nativa en
neuronas sensoriales hasta la aparicion de un trabajo reciente que describe
respuestas a frio mediadas por TRPA1 en neuronas sensoriales de ganglio
nodoso (Fajardo et al. 2008a), y posteriormente de ganglio trigémino (Karashima
et al. 2009). La caracterizacion de dos lineas diferentes de ratones nulos para
TRPAL tampoco resolvio la controversia debido a que un trabajo no encontré una
reduccion de la respuesta a frio (Bautista et al. 2006), mientras que el otro
encontré una moderada reduccion restringida a las hembras (Kwan et al. 2006).
Ademas, se ha postulado que TRPAL podria estar implicado en la transduccion
sensorial del estimulo mecanico y tener un papel en la audicion (Corey et al.
2004). Existe un modelo que predice que los dominios de anquirina formarian un
resorte molecular que se uniria a proteinas del citoesqueleto, proporcionandole
elasticidad a un sistema molecular que serviria para acoplar los cambios de
tensién de la membrana en respuesta a un estimulo mecanico con la activacion
de este canal i6nico (Corey et al. 2004; Howard et al. 2004; Lee et al. 2006). El
estudio de los ratones nulos para TRPA1 revela una nocicepcion mecanica
reducida (Kwan et al. 2006), sin embargo no presentan alteraciones auditivas
(Bautista et al. 2006; Kwan et al. 2006).

Por otro lado, las neuronas sensoriales procedentes de ratones nulos de trpal no
muestran respuestas a la aplicacion de aceite de mostaza, compuestos azufrados
0 acroleina, ni tampoco muestran signos de dolor tras la inyeccion de aceite de

mostaza en la pata, por lo que se le atribuye a TRPA1 un papel fundamental en la
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transduccion sensorial de estimulos quimicos irritadores (Bautista et al. 2006;
Garcia-Anoveros et al. 2007; Peterlin et al. 2007).

1.5.1. Agonistas exégenos de TRPAL

El aceite de mostaza (alil isocianato) es un compuesto presente en plantas del
género Brassica, y es conocido desde hace muchos afios por inducir dolor e
irritacion al ser aplicado de forma topica sobre la piel (Guimaraes et al. 2007)
ademas de producir inflamacion neurogénica (Louis et al. 1989). No ha sido hasta
hace pocos afios que se ha conocido la base molecular de estos efectos
sensoriales al identificarse el aceite de mostaza como un activador especifico de
TRPA1 (Jordt et al. 2004).

Ademas de por aceite de mostaza, el canal i6nico TRPAL se activa por otros
compuestos procedentes de plantas y conocidos por sus propiedades irritantes.
Estos compuestos incluyen el cinamaldehido, el eugenol, el gingerol y el metil
salicilato (Bandell et al. 2004).

Las plantas del género Allium sp contienen distintos compuestos azufrados, como
la alicina y el dialil disulfido, y ambos son potentes agonistas de TRPAL (Bautista
et al. 2005; Macpherson et al. 2005).

Otro agonista de TRPAL es la acroleina (2-propenal) (Bautista et al. 2006), un
aldehido conocido por sus propiedades irritantes tras ser inhalado y por producir
lagrimeo. Se puede formar y dispersarse por el aire, cuando se queman aceites,
tabaco y otras plantas, gasolina y petroleo.

Recientemente se ha descrito que la activacion de TRPAL por aceite de mostaza,
cinamaldehido, dialil disulfido, y acroleina tiene lugar a través de la modificacion
covalente de residuos de cisteina localizados en el extremo N terminal de este
canal i6nico (Hinman et al. 2006; Macpherson et al. 2007a). Estas substancias
tienen en comun ser reactivos electrofilos que tienen la capacidad de reaccionar
covalentemente con el grupo tiol de los residuos cisteina.

El mentol y la icilina, dos conocidos agonistas de TRPM8 también activan TRPAL.
En el caso del mentol, existe un efecto opuesto sobre el TRPAL de ratdon en
funcién de la concentracién, de modo que a concentraciones submicromolares o
bajas concentraciones micromolares tiene un efecto activador (Karashima et al.

2007) mientras que a concentraciones micromolares altas o milimolares, el efecto
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es inhibidor (Story et al. 2003; Karashima et al. 2007). Sin embargo, el efecto del
mentol sobre el TRPA1 humano es Unicamente agonista (Xiao et al. 2008).
Debido al efecto dual del mentol sobre la actividad de TRPAl y a la rapida
reversibilidad, junto con datos que implican a residuos situados en TM5 como
necesarios para la activacion de TRPA1l por mentol (Xiao et al. 2008), es
improbable que la interaccion del mentol con este canal i6nico implique la
modificacion covalente de los residuos de cisteina situados en el extremo N
terminal.

Otros agonistas de TRPAL son el A9-tetrahidrocanabiol (A9-THC) (Jordt et al.
2004) presente en plantas del género Cannabis sp y conocido por sus
propiedades psicoactivas, el trinitrofenol, un compuesto anfipatico aniénico con la
capacidad de modificar la curvatura de la membrana plasmatica, el GSMTx-4, un
tipo de toxina de tarantula (Hill et al. 2007), hidroxi-alfa-sanshool (Hill et al. 2007),
2-APB (Hinman et al. 2006), acetaldehido (Bang et al. 2007), metil p-
hidroxibenzoato (Fujita et al. 2007), formaldehido (Macpherson et al. 2007a) y la

formalina (McNamara et al. 2007).

1.5.2. Antagonistas exdgenos de TRPA1

Entre los inhibidores de la actividad de TRPA1l se encuentran compuestos de
origen natural como son el alcanfor (Xu et al. 2005) y el mentol (Story et al. 2003),
aunque el efecto se produce a concentraciones altas. El elemento quimico
gadolinio, el rojo de rutenio, conocido como un bloqueante inespecifico de
canales i6nicos, el antibidtico gentamicina, el farmaco diurético amilorida (Nagata
et al. 2005) y los compuestos sintéticos HC-030031 (McNamara et al. 2007) y
AP18 (Petrus et al. 2007).

1.5.3. Modulacién endogena de TRPA1

El mediador de la inflamacion bradiquinina produce la activacion de TRPAL a
través de la activacion de su receptor acoplado a proteina G y los subsiguientes
efectos mediados por la fosfolipasa C en neuronas sensoriales de ganglio
raquideo (Bandell et al. 2004).

Trabajos mas recientes atribuyen a PIP, un papel modulador de la actividad de
TRPA1, sin embargo, existen evidencias controvertidas sobre el signo positivo o

negativo de esta modulacién. Existen dos trabajos que atribuyen a PIP, un control
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inhibidor de la actividad de TRPAL (Dai et al. 2007; Kim et al. 2008), por lo que la
hidrolisis de PIP; conlleva la activacion de TRPAL, mientras que existen otros dos
trabajos que aportan evidencias sobre la modulacion positiva de PIP, sobre la
actividad de TRPA1 (Akopian et al. 2007; Karashima et al. 2008).

Por otro lado se ha descrito recientemente la activacion directa de TRPAL por el
i6n Ca**. Esta activacién estaria mediada por un dominio “EF hand” implicado en
la unién a Ca** localizado en el extremo N terminal citoplasmatico (Doerner et al.
2007; Zurborg et al. 2007). Ademas, un trabajo reciente (Wang et al, 2008),
sugiere que el incremento de calcio intracelular, potencia la actividad de TRPA1,
y posteriormente lo inactiva.

Otro estudio sugiere que TRPAL precisa de un factor soluble intracelular para
mantener una conformacion funcional y que los polifosfatos inorganicos pueden
actuar como este factor (Kim et al. 2007).

Ademas, 4-Hidroxinonenal (4-HNE), un reactivo quimico endégeno que se
produce en procesos de estrés oxidativo y otros aldehidos relacionados también
activan TRPAL in vitro (Macpherson et al. 2007b).

Todos estos datos indican multiples factores convergentes en la modulacion
enddégena de TRPAL.

1.5.4. TRPAL y patologias asociadas

La hiperalgesia al frio es un sintoma de dolor inflamatorio y neuropatico. Existen
evidencias experimentales que relacionan al canal TRPAL con la hiperalgesia al
frio. Por ejemplo, ratones con una expresion disminuida de TRPAL1 al ser tratados
con AS-ODN (oligonucledtido antisentido) mostraron una reduccion de la
hiperalgesia al frio consecuencia de la ligacion de nervios espinales. Dicho
tratamiento no modificd, ni la alodinia mecéanica ni la hiperalgesia al calor
secundaria a la ligadura nerviosa. Ademas, la regulacion al alza de TRPA1 que
se produce en neuronas sensoriales en el contexto de inflamacion y dafio tisular

contribuye a la hiperalgesia al frio (Obata et al. 2005; Katsura et al. 2006).

Existe un estudio que usa ratones nulos para TRPAL e implica a este canal iGnico
en la hiperalgesia mecanica (Kwan et al. 2006), mientras que otro trabajo

coetdneo que usa otra linea de ratones trpal” concluye que TRPA1l no es
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necesario para la nocicepcion mecanica. Estudios anteriores atribuyeron a
TRPA1 un papel fundamental en el proceso de audicion en vertebrados (Corey et
al. 2004; Nagata et al. 2005), sin embargo ninguna de las lineas modificadas

genéticamente presentaron déficits auditivos

1.6. Tabla resumen de la farmacologia de TRPV1, TRPM 8y TRPA1

Canal i6nico Agonistas Antagonistas

TRPV1 Capsaicina, resiniferatoxina, Capsazepina, rojo de
olvanilo, piperina, zingerona, | rutenio, BCTC, CTPC,
eugenol, alcanfor, 2-APB, | DDO1050, yodo-
hidroxi-alfa-sanshool, alicina. resiniferatoxina, SB-452533,
Cu:fenantrolina,

N-arilcinamidas

TRPMS8 Mentol, icilina, Frescolat ML, | BCTC, tio-BCTC, 2-APB
coolact P, agente refrescante
10, WS-3, eucaliptol, linalol,

hidroxi-citronelal, geraniol.

TRPA1 Aceite de mostaza Alcanfor, HC-030031, AP18,
cinamaldehido, eugenol, | mentol, gadolinio, rojo de
gingerol, metilsalicilato, alicina, | rutenio, gentamicina,
dialil  disulfido,  acroleina, | amilorida.

mentol, icilina, A9- THC,
trinitrofenol, GsMTx-4, hidroxi-
alfa-sanshool, 2-APB,
acetaldehido, metil-p-
hidroxibenzoato, formaldehido,

formalina.

1.7. Solapamiento de la farmacologia de TRPV1, TRPM8 y TRPAl

Existen numerosos ejemplos del solapamiento de la farmacologia de los tres
canales i6nicos TRPM8, TRPV1 y TRPAL. De este modo, compuestos como
capsazepina, BCTC, tio-BCTC, CTPC o SB-452533 inhiben las corrientes
mediadas tanto por TRPV1 como por TRPMS8 (Weil et al. 2005). Otro ejemplo de
solapamiento farmacolégico es la activacion de TRPM8 y TRPAL por mentol e

icilina. Mientras que alicina, hidroxi-alfa-sanshool, 2-APB y eugenol activan a
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TRPA1 y a TRPVL1. Todo esto dificulta la identificacion funcional de estos canales
iGnicos en sus sistemas de expresion nativa.

Aunque los canales ionicos TRP estan bien caracterizados en sistemas de
expresion heteréloga, los trabajos sobre la funcion en un contexto nativo son aun
limitados, por lo que se hace necesaria la busqueda de nuevos agonistas y
antagonistas que puedan ser usados como herramienta para el desarrollo de
experimentos fisiolégicos. También es importante una mejor caracterizaciéon de
los mecanismos de accion de los farmacos utilizados hasta ahora como agonistas

0 antagonistas.

1.8. Potencial terapéutico de los farmacos moduladores de la actividad de
TRPV1, TRPM8 y TRPA1

Numerosos ensayos preclinicos con inhibidores de TRPV1 proporcionan
evidencias de que el bloqueo de la actividad de este canal i6nico puede ser Uutil
como terapia para el tratamiento del dolor agudo e inflamatorio. Los tratamientos
farmacoldgicos actuales basados en el uso de compuestos antiinflamatorios no
esteroideos (AINE), y compuestos opiaceos, producen efectos adversos que
limitan la dosis de farmaco empleada, presentan una tolerabilidad reducida y la
eficacia disminuye a lo largo del tiempo. La accion de los analgésicos AINE se
basa en la inhibicion de la actividad de la enzima ciclooxigenasa, lo que reduce la
sintesis de prostaglandinas, a su vez la liberacibn de mediadores de la
inflamacion, e indirectamente la sensibilizacion o activacion de nociceptores. Los
analgésicos opioaceos ejercen sus efectos mediante la estimulacion de
receptores opiaceos a nivel del sistema nervioso central. A diferencia de los
mecanismos de analgesia conocidos, el antagonismo de TRPV1 sucede a nivel
de la transduccion sensorial de estimulos nocivos, lo que supone un nuevo
mecanismo en la supresion de la transmision del dolor, que podria implicar la
aparicion de una nueva generacion de farmacos mas selectivos en la inhibicion
de las sefales nociceptivas (Szallasi et al. 2007).

Con este objetivo, diversas compafias farmacéuticas han identificado nuevos
antagonistas de TRPV1, los cuales se ensayan en estudios clinicos enfocados al
tratamiento del dolor agudo e inflamatorio. De este modo, varios compuestos
como son AZD1386, GRC6211, MK-2295, NGD8243 y SB-705498 se ensayan
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para el tratamiento del dolor dental. Ademas, SB705498 se ensaya para el
tratamiento de migrafas (Khairatkar-Joshi et al. 2009).

En el caso del dolor neuropatico, resulta de especial interés el hallazgo de nuevas
estrategias terapéuticas debido a que los tratamientos convencionales no son
eficaces. Los farmacos AINE no alivian este tipo de dolor, mientras que los
compuestos opiaceos solo resultan eficaces a altas dosis, a las cuales producen
efectos adversos. El tratamiento de eleccién en este caso son los compuestos
anticonvulsivos como la gabapentina y pregabalina, compuestos antirritmicos
como la mexiletina e incluso antidepresivos como la amitriptilina. En todos los
casos su uso se asocia con importantes efectos secundarios (Dray 2008).
Actualmente existen ensayos clinicos para el tratamiento del dolor neuropético
basados en la modulacién farmacologica de TRPV1 mediante dos estrategias
diferentes. Por un lado se ensaya la accidon analgésica basada en la
desensibilizacion de TRPV1 mediante la aplicacidn tépica o inyectable de una alta
concentracion de analogos de la capsaicina, como NGX4010, y por otro lado se
ensayan antagonistas como NGD8243, GRC-6211, AMG 986 y AZD 1386 (Dray
2008).

La implicacion de TRPV1 en nocicepcion y su validacion como una prometedora
diana de agentes terapéuticos contra el dolor, han situado en el punto de mira a
otros canales i6nicos TRP termosensibles e implicados en nocicepcion, como son
TRPM8 y TRPAL, cuya farmacologia, asi como su potencial terapéutico son
menos conocidos.

La necesidad de busqueda de nuevos agonistas y antagonistas mas selectivos
para TRPV1, TRPM8 y TRPAL, que ayuden a un mayor conocimiento de las
bases moleculares de la transduccidon térmica y nocicepcion, y a aumentar el
potencial terapéutico para el tratamiento clinico del dolor, han motivado el
desarrollo de este trabajo de tesis doctoral.
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Los objetivos del presente trabajo son:

OBJETIVO GENERAL

Caracterizar agonistas y antagonistas farmacolégicos de la actividad de los
canales ionicos TRPV1, TRPAly TRPMS.

OBJETIVOS ESPECIFICOS

- ldentificar nuevos agentes quimicos con propiedades agonistas y
antagonistas de la actividad de los canales ionicos TRP.

- Caracterizar el mecanismo de accion de estos compuestos.

- Estudiar el efecto de estos compuestos sobre la funcién de neuronas
sensoriales primarias que expresan de forma nativa canales idnicos
TRP.

- Determinar, mediante estudios conductuales, el posible efecto
nociceptor o analgésico producido por estos agentes quimicos a través
de su efecto sobre los canales idnicos TRP en ratones adultos.
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El estudio farmacolégico de los canales ionicos TRPV1, TRPAl y TRPM8
presentado en esta memoria se realizO mediante el uso de la técnica
electrofisiolégica conocida como “patch clamp”, en su modalidad de registro de
corriente de célula entera (Hamill et al. 1981) y de la técnica de imagen de
calcio basada en la fluorimetria de fura-2 (Williams et al. 1985; Moore et al.
1990).

Ambos tipos de estudio se realizaron con lineas celulares de mamifero
HEK293, CR#1 y CHO, como sistemas de expresion heterdloga de TRPV1,
TRPA1 o TRPMS8 al ser expresados de forma transitoria o estable mediante la
transfeccion de las células con ADN plasmidico conteniendo las secuencias de
nucleotidos codificantes de los respectivos canales i6nicos. Como modelo
experimental de expresion nativa de los canales iGnicos se usaron neuronas
sensoriales primarias de ganglio trigémino en cultivo, obtenidas mediante la
extracciéon de los ganglios trigéminos de ratones o cobayas y la posterior
disociacion quimica y mecanica de las neuronas para establecer un cultivo
primario sobre el que se realizaron registros de imagen de calcio. Las
condiciones ambientales de las células se mantuvieron constantes en un
incubador con la temperatura estabilizada a 37 °C y la humedad controlada en
una atmésfera de CO, del 5%.

Para el estudio de la conducta nociceptiva, se uso el modelo de dolor inducido
por la inyeccion intraplantar de los compuestos y el ensayo en placa caliente

para evaluar la induccion de hiperalgesia térmica en ratones adultos.

3.1. Células HEK293

Las células HEK293 se usaron como sistema de expresion transitoria de los
canales ionicos TRPV1, TRPM8 y TRPA1 en los experimentos dirigidos a la
caracterizacion del efecto del clotrimazol sobre la actividad de estos canales

ionicos. Las células fueron mantenidas en el siguiente medio de cultivo:

* DMEM con suero bovino fetal al 10%

e L-alanil-L-Glutamina a una concentracion 4 mM
* Penicilina (100 U/ml)

» Estreptomicina (100 pg/ml)
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En los experimentos en los que se estudio el efecto de BCTC sobre la actividad
de TRPMS, las céelulas HEK293 utilizadas fueron crecidas en:

* DMEM con suero bovino fetal al 10%

* Penicilina (100 U/ml)

» Estreptomicina (100 pg/ml)

3.1.1. Transfeccion

Las células HEK293 utilizadas en los experimentos con clotrimazol, se
transfectaron transitoriamente con TRPM8 humano o con TRPV1 humano,
clonados en el plasmido bicistrénico pCAGGS-IRES-GFP. Para la transfeccién
se usO el reactivo de transfeccibn TransIT-293 (Mirus). Las células
transfectadas eran identificadas debido a la emision de luz fluorescente verde
durante la aplicacion de luz de excitacion a 470 nm de longitud de onda (ver

figura 9).

Figura 9. Células Hek293 durante la emision de luz verde fluorescente.

En los experimentos con BCTC, la transfeccidon transitoria de las células
HEK293 se realizO con TRPM8 de rata clonado en el vector bicistronico
pcIiNeo/IRES-GFP, que al igual que el vector usado para los TRP humanos,
porta la proteina verde fluorescente (GFP; Green Fluorescence Protein), la cual
sirve para la identificacion de las células transfectadas. Para introducir el DNA

plasmidico en las células se usé Lipofectamina 2000 (Invitrogen).

3.2. Células CR#1

Las células CR#1 se usaron como sistema de expresion estable del canal
ionico TRPMS8 en los experimentos dirigidos al estudio de la dependencia de
voltaje de la actividad de este canal idnico. Estas células fueron mantenidas en

el siguiente medio de cultivo:
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» DMEM con suero bovino fetal al 10%
* Penicilina (100 U/ml)

» Estreptomicina (100 pg/ml)

* Geneticina (450 pg/ml)

3.2.1. Generacion de la linea celular CR#1

La linea celular CR#1 fue donada gentilmente a nuestro laboratorio por el Dr.
Ramén Latorre, del Centro de Estudios Cientificos de Valdivia (Chile). Su
generacion y caracterizacion inicial esta descrita en (Brauchi et al. 2004).
Brevemente, ser transfectaron, mediante liposomas cationicos, células HEK293
con el vector plasmidico pCDNA3 conteniendo una secuencia de ADN de
TRPMS8 de rata. A continuacion, las células que expresaron TRPM8 de forma
estable fueron seleccionadas mediante la exposicidon al antibiotico geneticina

(G418 sulfato) en una concentracion de 800 pg/ml durante dos semanas.

3.3. Células CHO con expresion inducible y estable de TRPA1
Las células CHO-K1/FRT con expresion estable e inducible con tetraciclina de
TRPA1 (CHO-TRPA1) se usaron como sistema de expresion heterdloga del
canal iénico TRPA1 en los experimentos dirigidos al estudio del efecto del
clotrimazol y la nifedipina sobre el canal idbnico TRPAL. Estas células fueron
mantenidas en el siguiente medio de cultivo:

DMEM con suero bovino fetal al 10%

«  Glutamax® 2%

* Aminoécidos no esenciales 1%

* Penicilina (100 U/ml)

e Estreptomicina (100 pg/ml)

» Higromicina (200 ug/ml)

» Blasticidina (5 pg/ml)
La expresion de TRPA1L se indujo mediante la exposicion de las células a 0.25-
0.5 ug/ml del antibidtico tetraciclina de 4 a 18 horas antes de los registros.
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3.3.1. Generacion de células CHO-K1/FRT con expresion inducible de
TRPAl1

La linea celular CHO con expresion estable e inducible por tetraciclina de
TRPA1 fue donada gentiimente a nuestro laboratorio por el Dr. Ardem
Patapoutian (The Scripps Research Institute, La Jolla, USA). En primer lugar
transfectaron la linea celular CHO Flp-In con el vector pcDNAG6/TR para obtener
un sistema de expresion inducible con tetraciclina (la linea celular CHO-K1/FRT
inducible con tetraciclina), que fue posteriormente co-transfectada con el vector
de expresion pcDNASFRT/TO conteniendo la secuencia de ADN completa de
TRPA1 de raton y el plasmido pOG44 para la expresion de la recombinasa Flp.
Las células co-transfectadas se seleccionaron mediante la resistencia a la
higromicina (200 pg/ml) (Story et al. 2003).

3.4. Células CHO
La linea celular CHO se us6 como control en los experimentos del estudio del
efecto del clotrimazol y nifedipina al no tener expresion de TRPA1L, a diferencia
de las células CHO-TRPA1 que presentaron expresion de TRPAL incluso al no
ser expuestas a tetraciclina (Story et al. 2003). Estas células se mantuvieron en
el siguiente medio de cultivo:

DMEM con suero bovino fetal al 10%

«  Glutamax® 2%

* Aminoécidos no esenciales 1%

* Penicilina (100 U/ml)

e Estreptomicina (100 pg/ml)

3.5. Medida de la sefial de Ca * intracelular

Los niveles de Ca* intracelular se determinaron mediante el anélisis
fluorimétrico con la sonda fura-2 (Williams et al. 1985; Moore et al. 1990). Para
ello, las células se incubaron, a 37 ° C durante 40 minutos en la solucién
extracelular (ver tabla 1), con la forma permeable Fura-2 acetoximetil ester en
una concentracion 5 yM. Una vez incubadas, los cristales se lavaron con

solucion extracelular y se mantuvieron a temperatura ambiente.
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Las células cargadas con fura-2 se excitaron de forma alternativa con luz de
dos longitudes de onda, 340 y 380 nm, a través del objetivo del microscopio y
la fluorescencia emitida fue posteriormente filtrada con un filtro de paso de
longitud de onda larga de 510 nm para ser detectada por una camara CCD (ver
figura 10). La razon entre la fluorescencia emitida a las 2 longitudes de
excitacion (Faso/Faso) es directamente proporcional a la concentracién de Ca**
intracelular (Williams et al. 1985; Moore et al. 1990).

Para la realizacion de los experimentos se utilizé un sistema de imagen basado
en un monocromador, en este caso el modelo Polychrome IV (TILL Photonics,
Planegg, Alemania) y una camara CCD (Roper Scientific, Ottobrunn, Germany)
conectada a un microscopio invertido modelo Axiovert 200M (Zeiss). El

monocromador y la camara CCD eran controlados con el programa informatico
METAFLUOR (Version 4.65; Universal Imaging, Downingtown, PA, USA),
ejecutado desde un PC con un procesador Pentium Il

A B

Figura 10. Ejemplo del valor de Fs40/F3g, €n una escala de pseudocolores, de células HEK293
cargadas con fura-2, antes (A) y después (B) del incremento de calcio intracelular. La barra de
colores, de rosa a rojo, codifica un rango de [Ca®']; de 0 a 880 nM.

3.5.1. Solucion extracelular

La solucidon extracelular empleada en todos los experimentos de la medida de
la concentracion de calcio intracelular correspondientes al estudio del efecto del
clotrimazol sobre los canales i6nicos TRPV1, TRPA1l y TRPMS8 se detalla en la
tabla 1 y en este trabajo se conoce como solucion A. Para los experimentos de
imagen de calcio del estudio del efecto de la nifedipina sobre el canal iGnico
TRPA1 y del efecto del BCTC sobre el canal ionico TRPM8 se empled la
solucion extracelular conocida en este trabajo como solucion B y también es

descrita en la tabla 1.

40



Tabla 1

Solucion A Solucién B
Compuesto Concentracion (mM) Compuesto Concentracion(mM)
NaCl 140 NaCl 140
KCI 5 KCI 3
CacCl, 2 CaCl; 2.4
MgCl2 1 MgCl2 1.3
Glucosa 5 Glucosa 10
Hepes 10 Hepes 10
pH=7.4 pH=7.4

3.6. Registro electrofisioldgico

En los experimentos del estudio del efecto del clotrimazol sobre la actividad de
los canales ionicos TRPV1, TRPA1ly TRPMS, las corrientes se midieron con un
amplificador EPC-5 (HEKA Electronics, Lambrecht, Germany) entre 16 y 24
horas después de la transfeccion mediante la fijacion de voltaje de la
membrana plasmatica, usando la técnica “patch-clamp” (ver figura 11), en su
configuracion de registro de célula entera. La resistencia en el bafio de los
electrodos, una vez rellenados con la solucién intracelular, fue de entre 2 y 4
MQ. Un cable de cloruro de plata (Ag-AgCl) se us6é como electrodo de
referencia. Como programa de adquisicion se usé el programa informatico
Clampex 5.0 (Axon Instrumets Inc, Union City, USA). Tanto las corrientes
capacitativas como la resistencia en serie fueron compensadas
electrénicamente, siendo usados los valores de capacitancia de la membrana
para el calculo de las densidades de corriente, y la compensacion entre un 50 y
60% de la resistencia en serie para minimizar los errores de voltaje. Todos los
experimentos se realizaron a temperatura ambiente, entre 22 y 24 °C.

En los experimentos en los que se estudio el efecto del clotrimazol sobre los
canales i6nicos TRPM8 y TRPV1, los protocolos fueron aplicados desde un
potencial de reposo de 0 mV, y se alterné un protocolo de rampa con otro de
pulsos de voltaje. El protocolo de rampa consistio en la fijacion del potencial de
membrana desde -50 mV hasta +50 mV, con una duracion de 200 ms. El

protocolo se aplico de forma periodica con un intervalo de tiempo entre rampas
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igual a 2 s. El protocolo de pulsos de voltaje consistio en la aplicacién de pulsos
desde -120 mV hasta +160 mV, con una duracion de 100 ms en el caso de
TRPM8 y 200 ms para TRPV1. El incremento de voltaje entre pulsos fue de 20
mV y a continuacion se di6é un pulso de +60 mV y 50 ms de duracion.

En los experimentos en los que se estudio el efecto del clotrimazol sobre el
canal i6énico TRPA1 los protocolos fueron aplicados desde un potencial de
reposo de 0 mV, y se alternaron un protocolo de rampa con otro de pulsos de
voltaje. El protocolo de rampa de fijacion de voltaje se aplico desde -150 mV
hasta +150 mV, con una duracion de 500 ms. El protocolo de pulsos de voltaje
consistié en la aplicacién de pulsos desde -150 mV hasta +150 mV, con una
duracion de 400 ms. El incremento de voltaje entre pulsos fue de 25 mV.

En los experimentos del estudio del efecto de las 1,4 dihidropiridinas y BCTC
sobre la actividad del canal i6nico TRPAl1 y de BCTC sobre la actividad del
canal ibnico TRPMS8, se midieron las corrientes de membrana en configuracion
de célula entera mediante un amplificador Multiclamp700B (Axon Instruments
Inc, Union City, USA). Los electrodos usados tenian una resistencia en el bafio
de entre 3 y 5 MQ. Para minimizar errores de voltaje, entre un 50% y 60% de la
resistencia en serie fue compensada electronicamente, asi como las corrientes
capacitativas para el célculo de la densidad de corriente. Los datos fueron
adquiridos con el programa informatico Clampex 9.0 (Axon Instruments, Union
City, USA). Los experimentos se realizaron bajo temperatura controlada, entre
30 y 32 °C, mediante un controlador de temperatura modelo CL-100 (Warner
Instruments Corp., Hamden, USA).

El efecto de las 1,4 dihidropiridinas sobre el canal iénico TRPALl se estudio
mediante la aplicacion de rampas de fijacion de voltaje desde un potencial de
reposo de -60 mV y precedidas por un prepulso a -150 mV y 100 ms de
duracion. La rampa lineal de fijacion de voltaje estuvo comprendida entre -150
mV y +150 mV, con una duracion de 1 sy se aplicé cada 5 s.

En los experimentos en los que se estudid el efecto del BCTC sobre la
corriente mediada por los canales iénicos TRPM8 y TRPAL, los protocolos se
aplicaron a partir de un potencial de reposo igual a -60 mV, y consistieron en
un prepulso desde el potencial de reposo hasta -100 mV, y una duracion de

100 ms, seguido de una rampa lineal hasta +100 mV, con una duracion igual a
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520 ms. La rampa se aplico repetidamente con un intervalo de tiempo entre las
sucesivas aplicaciones de 5 s.

En los experimentos en los que se estudid la dependencia de voltaje de la
actividad de TRPM8 en presencia de BCTC el protocolo de rampa usado
consistié en una rampa de voltaje lineal comprendida entre -100 mV y +200
mV, con una duracion de 525 ms, precedida por un pulso de voltaje de -100 mV
y una duracion de 100 ms. Esta rampa se aplicé con una frecuencia de 0.2 Hz.

Figura 11. Imagen microscépica del electrodo de “patch-clamp” sobre una célula HEK293. La
barra de calibracion representa 20 pm.

3.6.1. Soluciones extra e intracelulares

Las soluciones extra e intracelulares empleadas fueron distintas segun el tipo
de experimento realizado. Para los experimentos electrofisiol6gicos en los que
se ensayo el efecto del clotrimazol sobre la actividad de los canales TRPM8 y
TRPV1 se emplearon soluciones extra e intracelulares simétricas (soluciones
C) resumidas en la tabla 2. En los experimentos en los que se caracterizé el
efecto del clotrimazol sobre la actividad de TRPAL, las soluciones empleadas
(soluciones D), aparecen resumidas en la tabla 3. Las condiciones ionicas
(soluciones E) para los experimentos en los que se estudia el efecto de las 1,4
dihidropiridinas sobre la actividad de TRPAL aparecen resumidas en la tabla 4.
En el estudio del efecto del BCTC sobre la actividad de TRPM8 y TRPAL se

emplearon las soluciones F descritas en la tabla 5.
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Tabla 2

Solucién extracelular C

Solucién intracelular C

Compuesto Concentracion (mM) Compuesto | Concentracion (mM)
NaCl 150 NacCl 150

MgCl2 5 MgCl2 5

Hepes 10 Hepes 10

EGTA 5 EGTA 5

pH=7.4 pH=7.4

Tabla 3

Solucién extracelular D

Solucion intracelular D

Compuesto Concentracion (mM) Compuesto | Concentracion (mM)
NacCl 150 NacCl 150

CsCl 5 MgCl, 5

CacCl, 5 Hepes 10

HEPES 10 EGTA 5

Glucosa 10

pH=7.4 pH=7.4

Tabla 4

Solucién extracelular E

Solucién intracelular E

Compuesto Concentracion (mM) Compuesto | Concentracion (mM)
NacCl 140 NacCl 140

KCI 3 CsCl 5

MgCl, 1.3 HEPES 10

CacCl, 2.4 EGTA 10

HEPES 10

Glucosa 10

pH=7.4 pH=7.4

Nota. A la solucidon extracelular E empleada en los experimentos con ausencia de calcio

extracelular se le afiadié 1 mM de EGTA vy se retiré el CaCl, de su composicion.

44




Tabla 5

Solucion extracelular F Solucion intracelular F
Compuesto Concentracion (mM) Compuesto | Concentracién (mM)
NacCl 140 CsCl 140
KCI 3 MgCl; 0.6
MgCl, 1.3 HEPES 10
CaCl, 2.4 EGTA 1
HEPES 10 ATPNa, 1
Glucosa 10 GTPNa 0.1
pH=7.4 pH=7.4

3.7. Andlisis de los datos

Los datos electrofisiolégicos se analizaron con el programa informatico
WINASCD, escrito por el Dr. Guy Droogmans (disponible en el sitio web
ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/winascd.zip). Para el analisis
estadistico de los datos y la presentacion de los mismos se uso6 el programa
Origin7.0 (OriginLab Corporation). Los grupos de datos han sido expresados
como la media + error estandar de n experimentos independientes. La
significancia estadistica entre grupos de datos con distribucién normal se
determind mediante la prueba T (prueba t de Student) de dos colas, mientras
que para analisis no parameétricos se usoé la prueba de Smirnov-Kolmogorov.
Para la comparacion de las medias de diferentes grupos de datos se uso el test
de la ANOVA de una via.

3.7.1. Analisis de la dependencia de voltaje de la a ctividad de TRPV1 y
TRPM8

A partir de la aplicacion repetida de rampas de voltaje, se determinaron las
curvas corriente-voltaje (I-V) y el curso temporal de la corriente, a un potencial
de membrana determinado, asi como las curvas dosis-respuesta del efecto
producido por el clotrimazol sobre la corriente cationica mediada por TRPM8 y
TRPV1y por el BCTC y SKF96365 sobre la corriente mediada por TRPMS8. Las
curvas dosis-respuesta del efecto de estos compuestos se ajustaron a la

ecuacion de Hill.
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Los protocolos de pulsos de voltaje se usaron para el analisis de la
dependencia de voltaje de la actividad de TRPM8 y TRPV1. En este caso se
determind la relacion corriente en estado estacionario (tramo final de los trazos
de corriente) versus al valor de voltaje correspondiente de los pulsos. Las
curvas |-V en estado estacionario se ajustaron mediante el método Levenberg-
Marquardt, implementado en el programa Origin 7.0, a la curva denominada en
esta memoria Boltzmann-lineal, y definida por la siguiente ecuacion: lss = Gmax x
((V-Vrev) I (1+exp ((V12=V)/K)).

Mediante este ajuste matematico se estimaron los valores de voltaje al que la
probabilidad de apertura de TRPM8 y TRPV1 es del 50% (Vi), la
conductancia total en registro de célula entera (Gmax) y la pendiente de la curva
de activacion (K). La corriente maxima activada (Gmax X (V-Vr)) se calculd
mediante la division del dato de corriente obtenido, por el valor estimado de la
corriente maxima activada, y de este modo se determind la probabilidad de
apertura. Los valores de probabilidad de apertura representados versus el
potencial de membrana, se ajustaron matematicamente a la curva definida por
la ecuaciéon de Boltzmann (I/lmax = 1/(1+exp ((Vi2 =V)/K)). En la figura 12 se
muestran los pasos descritos para el analisis de la dependencia de voltaje de la

actividad de estos canales idnicos.
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Figura 12. A. Ejemplo de corriente evocada mediante protocolo de pulsos de voltaje. B. Curva
formada por la corriente en estado estacionario extraida a partir de los puntos de corriente
mostrados en A y sefialados por la linea vertical roja, versus el voltaje. C. Curva de activacién
construida a partir de los valores estimados en B mediante el ajuste de la curva Iss-voltaje a la
ecuacion Boltzmann-lineal.

En los experimentos en los que se estudio el efecto del BCTC, SKF96365 y
1,10-fenantrolina sobre la actividad de TRPM8, los valores de V12, Gmax Y K se

estimaron a partir del ajuste de la ecuacion Boltzmann-lineal a los trazos de
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corriente correspondientes a la aplicacion del protocolo de rampa de voltajes

comprendidos entre -100 mV y +200 mV.

3.8. Cultivo de neuronas sensoriales de ganglio trigémino de ratén adulto

Para ensayar el efecto del clotrimazol y la nifedipina en neuronas sensoriales,
se aislaron neuronas de ganglio de trigémino de ratones adultos de la cepa
C57-B6 (fenotipo silvestre y TRPV1™) (Caterina et al. 2000) y nulos para el gen
trpal (Kwan et al. 2006). Para el estudio del BCTC se usaron cobayas
neonatos de la cepa Hatrtley.

Los ratones fueron anestesiados mediante la inhalacion de CO; a una
concentracion del 100% y los cobayas mediante la inyeccion intraperitoneal de
pentobarbital sédico (90 mg/Kg), posteriormente ambos fueron decapitados. A
continuacion las cabezas se situaron bajo una lupa y se procedié a cortar y
separar la piel que cubre la parte superior del craneo tras lo que se retird la
béveda craneal mediante el uso de unas tijeras. La masa encefalica fue
desplazada tras apoyar unas pinzas en la parte anterior del cerebro y realizar
un movimiento lento en direccion a la parte posterior del mismo hasta dejar
visibles los ganglios trigéminos, situados en la base del craneo. Posteriormente
se cortaron las ramas periféricas de los ganglios, se cortaron adherencias y
extrajeron los cuerpos de los ganglios que fueron depositados en una placa de
Petri del tipo P35 con tampdn salino (PBS), para a continuacioén limpiar los
restos de tejido conectivo adheridos. Los ganglios fueron trasladados a otra
placa P35 que contenia las enzimas colagenasa tipo Xl (0.66 mg/ml) y dispasa
(3 mg/ml), disueltas en un medio de incubaciéon compuesto por cloruro sddico
(NaCl) a concentracion 155 mM, fosfato dipotasico (K;HPO,) a 1.5 mM, HEPES
a 5.6 mM, NaHEPES a 4.8 mM y glucosa a 5 mM. En esta solucion enzimatica
se mantuvieron los ganglios durante 1 hora a 37 °C y a atmdésfera de 5% de
CO; en un incubador para cultivo celular. Tras la disociacion enzimatica, los
ganglios se trasladaron a un tubo de centrifuga junto con el medio de
incubacion enzimatica, y mediante una pipeta pasteur de vidrio se realizé una
suave digestiobn mecéanica. A continuacion se afiadi6 medio de cultivo al tubo
hasta completar un volumen de 5 ml y se centrifugé a 1700 r.p.m. durante 10
minutos. Tras la centrifugacion, se desecho6 el sobrenadante y se afiadieron

200 pl de medio de cultivo para la resuspension del precipitado resultante. La
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suspension fue entonces dividida en volumenes de 20 pl que se colocaron
sobre la superficie de 10 cristales de 6 mm de diametro, distribuidos en dos
placas P35, y que habian sido previamente tratados con poli-L-lisina al 0.01%
durante 20 minutos. De este modo se mantuvieron durante 4 horas en el
incubador tras lo que se les afiadid 1 ml de medio de cultivo a cada placa, que
se retird a continuacion y se renovo con el mismo volumen. Las placas se

devolvieron al incubador hasta su uso experimental tras 24h aproximadamente.

3.9. Estudio de conducta de dolor

Para este estudio se usaron 33 ratones macho adultos (16 sivestres y 17
TRPV1™). Todos los procedimientos empleados cumplieron las directrices de la
Asociacion Internacional para el Estudio del Dolor (IUSP) (Zimmermann 1983).
Los animales habian sido estabulados para su cria en jaulas con 6 animales
como maximo, en un ciclo 12h luz/oscuridad y alimentados ad libitum.

Los animales se colocaron individualmente en camaras de plastico 1 hora
antes del procedimiento experimental para su habituacion al entorno. Los
reactivos empleados (CLT, BCTC, Nifedipina, aceite de mostaza y Bayk8644)
se disolvieron en una soluciébn compuesta por 10% de DMSO, 10% de
Tween80 y 80% de PBS. Las drogas se inyectaron en un volumen de 10 ul
mediante una inyeccion intraplantar en la pata izquierda usando una jeringa
Hamilton acoplada a una aguja 30 G. Para los experimentos control, a los
ratones se les inyect6 Unicamente el vehiculo.

La conducta nociceptiva fue evaluada mediante la cuantificacion del tiempo,
expresado en segundos, que los animales dedicaron a lamidos, mordiscos y
ausencia de apoyo de la pata inyectada durante los 10 minutos posteriores a la
inyeccion.

En los ensayos de placa caliente, la temperatura se mantuvo a 55+ 0.5 °C vy el
limite de latencia para evitar dafios en los tejidos del ratén fue de 30 s. Los
signos de conducta nociceptiva que llevaron a la retirada del ratén de la placa
caliente fueron lamidos, mordiscos y saltos. La media de dos pruebas
anteriores a la inyeccion determiné la latencia de retirada basal. Los ensayos
de placa caliente se realizaron tras los 10 minutos posteriores a la inyeccion

con 0.5% de clotrimazol, después de la evaluacién de la conducta de dolor

48



espontaneo. Los resultados se expresaron como el porcentaje de la latencia de

retirada respecto del valor de retirada basal previo a la inyeccién.
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4.1. Estudio del efecto del clotrimazol sobre los canales idbnicos TRPV1,

TRPA1 y TRPM8 expresados de forma heterdloga.

El clotrimazol es un compuesto antimitético imidazolico (ver figura 13) de
amplio uso clinico. Previamente, se ha descrito el efecto del clotrimazol sobre
distintos canales ionicos entre los que se encuentran los canales de potasio
activados por calcio IK(Ca®**) (Jensen et al. 2001), canales de potasio
dependientes de voltaje (Hernandez-Benito et al. 2001) y canales de calcio de
tipo L (Fearon et al. 2000). También se ha descrito la inhibicion irreversible que
produce el clotrimazol sobre el canal ionico TRPM2 (Hill et al. 2004). Sin
embargo, no existe un conocimiento acerca del efecto de esta substancia sobre
los canales i6nicos termosensibles pertenecientes a la familia de los canales
ionicos TRP, lo que motivé la exploracion del efecto del clotrimazol sobre
TRPV1, TRPAl y TRPMS.

(]
(/—% / \
\ /
:"( 4
e

Figura 13. Estructura quimica del clotrimazol en la que se muestra el caracteristico anillo
pentagonal nitrogenado de los compuestos imidazolicos.

4.1.1. Efecto del clotrimazol sobre la [Ca ?']

transfectadas con TRPV1y TRPA1

i en células HEK293

En primer lugar, se exploré el posible efecto del clotrimazol sobre los canales
TRPV1 y TRPAL. Para ello, se expresaron de forma heterdloga en células
HEK293 y mediante la técnica fluorimétrica de imagen de calcio intracelular,
basada en el uso de la sonda fluorescente fura-2, se midieron los efectos del
clotrimazol sobre la concentracién de calcio intracelular [Ca®']; a temperatura

ambiental.
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Como se muestra en la figura 14A, la aplicacion de 10 uM de clotrimazol
produjo un incremento del calcio intracelular en células HEK293 transfectadas
con TRPV1 equiparable en amplitud al producido en las mismas células por
100 nM de capsaicina, un agonista selectivo de estos canales, pero no produjo
ningun incremento en las células HEK293 que no fueron transfectadas y que se
usaron como control.

Al aplicar el clotrimazol en las mismas células HEK293 expresando esta vez el
canal iénico TRPA1, se produjo de nuevo un incremento del calcio intracelular

(Fig. 14B), pero a diferencia del incremento de la [Ca®];

mediado por la
activacion de TRPV1, que sucedi6 de forma rpida en todas las células
(latencia al pico < 1 minuto), la respuesta mediada por TRPA1 fue mas variable
y la latencia en alcanzar la maxima amplitud el incremento de la [Ca*]; fue

mayor (<3 minutos).
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Figura 14. Registro fluorimétrico del calcio intracelular en células HEK293 transfectadas con
los canales iénicos TRPV1 y TRPAL respectivamente. A. Cursos temporales de las variaciones
de la [Ca®"]; en respuesta a 10 uM de clotrimazol y 100 nM de capsaicina en células HEK293
transfectadas con TRPV1. Se muestran los registros correspondientes a ocho células
individuales (trazos rojos) para ilustrar la variabilidad de las respuestas al clotrimazol. En el
mismo campo, las células sin transfectar no respondieron a ambos estimulos (trazos negros).
B. Cursos temporales de las variaciones de la [Ca®*]; en respuesta a 5 uM de clotrimazol y 20
MM de MO (aceite de mostaza) en células HEK293 transfectadas con TRPAL. Se muestran los
registros correspondientes a siete células individuales (trazos marrones). En el mismo campo,
las células sin transfectar no respondieron a ambos estimulos (trazos negros).

4.1.2. Efecto del clotrimazol sobre Ila [Ca®*]i en células HEK293
transfectadas con TRPMS.

Posteriormente se estudid el efecto del clotrimazol sobre la [Ca®'] en células
HEK293 transfectadas con el canal ibnico TRPMS8 y sobre el incremento de la
[Ca®*']; evocado por la aplicacién de 100 yM de mentol en células HEK293
transfectadas con TRPMS8. Las células transfectadas presentaron un valor
basal de la [Ca®']; mayor que las células HEK293 sin transfectar que se usaron

como control. Esta elevacion se debe a que a temperatura ambiente existe una
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flujo neto significativo de entrada de cationes, mediado por TRPM8 (McKemy et

al. 2002; Peier et al. 2002; Voets et al. 2004a). La aplicacién de 10 uM de

2+]i

clotrimazol redujo la [Ca“’]; basal ademas de inhibir de forma total y reversible

el incremento de [Ca**]; evocado por mentol (Fig.15).
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Figura 15. Curso temporal del promedio de las variaciones de la [Ca2+]i en respuesta a 100 uM
de mentol en presencia y ausencia de 10 uyM de clotrimazol en células HEK transfectadas con
TRPM8 (trazo verde; n=10) y células sin transfectar en el mismo campo (trazo negro; n=5).

4.1.3. Efecto del clotrimazol sobre las corrientes mediadas por TRPV1

Con el objetivo de profundizar en la naturaleza de la respuesta mediada por el
canal idnico TRPV1 tras la aplicacion del clotrimazol, se usé la técnica de
“patch-clamp” en la modalidad de célula entera, en células HEK293
transfectadas con TRPV1. Para seguir los cambios en la amplitud de las
corrientes mediadas por TRPV1 durante la aplicacion del clotrimazol se
aplicaron repetidamente protocolos de rampas de voltaje (Fig. 16B) y la
corriente se monitorizé a +50 y — 50 mV. Como se puede observar en las figura
16A, la aplicacion de distintas concentraciones de clotrimazol produjo un
incremento, dependiente de la dosis (Fig. 16C), de corrientes macroscopicas
de salida y de entrada mediadas por TRPV1. Ademas, en la presencia continua
de 5 uM de clotrimazol o concentraciones mayores, la corriente activada mostré
una fuerte desensibilizacion que no ocurri6 durante la aplicacion de
concentraciones menores del clotrimazol. Esta activacion no se produjo en las

células que no fueron transfectadas (datos no mostrados). La relacion
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corriente-voltaje de la corriente activada por el clotrimazol mostré rectificacion
de salida y un potencial de reversion cercano a 0 mV (Fig.16B), caracteristicas
consistentes con las descritas previamente para la corriente mediada por
TRPV1 (Voets et al. 2004a; Caterina et al. 1997).

Aunque la actividad de los canales i6nicos TRP se describié en un principio
como independiente del potencial de membrana, posteriormente se demostrd
gue al menos algunos de ellos muestran una dependencia de voltaje débil,
siendo este el caso de los canales ionicos TRP sensibles a temperatura. De
este modo, la actividad de TRPV1, TRPV3, TRPM8, TRPM4 y TRPM5 es
dependiente de voltaje y esta caracteristica biofisica puede ser modulada por
estimulos térmicos y quimicos (Hofmann et al. 2003; Brauchi et al. 2004; Voets
et al. 2004a; Chung et al. 2005; Talavera et al. 2005).

Al realizar la curva dosis respuesta del efecto del clotrimazol sobre la actividad
del canal i6nico TRPV1 a dos potenciales de membrana distintos se observé
gue el efecto potenciador del clotrimazol sobre la corriente mediada por TRPV1
fue mayor a -50 mV que a +50 mV (Fig. 16D). Este dato sugiere un posible
cambio en la dependencia de voltaje de la actividad de TRPV1 en presencia del
clotrimazol. Para investigar este posible efecto en més profundidad se aplicaron
protocolos de pulsos de voltaje en ausencia y presencia de este compuesto
(Fig. 16E). Posteriormente, a la curva formada por los valores de corriente en
estado estacionario representados frente a los valores correspondientes de
potencial de membrana, se le realiz6 un ajuste matematico a la siguiente
funcién de Boltzmann modificada: Iss (V) = Gmax X (V-Viev) / (1+exp (V12 =V)/K))
y de este modo se estimaron los valores de la curva de activacion (Fig. 16F).
De los datos obtenidos se desprende que el clotrimazol desplaza la curva de
activacion de TRPV1 hacia valores de potencial de membrana mas negativos o
fisiologicos, con un cambio de Vi, desde 127+ 23 mV en solucion control a 41

+ 13 mV en presencia de 3 uM de clotrimazol (n= 4; p< 0,05; prueba T).
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Figura 16. El clotrimazol activa corrientes macroscopicas mediadas por TRPV1 transfectado en
células HEK293. A. Curso temporal de la corriente de entrada (a -50 mV) y de salida (a + 50
mV) durante la aplicacion de 5 uM de clotrimazol. B. Curvas corriente-voltaje obtenidas
mediante rampas de fijacién de voltaje de 200 ms de duracion, comprendidas entre -50 y +50
mV y aplicadas en el momento indicado en A con el color correspondiente. C. Comparacién de
los cursos temporales de la corriente mediada por TRPV1 durante la aplicacién de 1, 3y 10 yM
de clotrimazol. D. Curva dosis-respuesta normalizada para la corriente mediada por TRPV1 en
presencia de distintas concentraciones del clotrimazol y seguida a los potenciales de
membrana indicados (* p < 0.05; prueba T). E. Corrientes evocadas mediante pulsos de voltaje
de 200 ms de duracién y comprendidos entre -120 mV y + 160 mV antes (izquierda) y durante
(derecha) la aplicacién de 3 uM de clotrimazol. F. Curvas de activacién obtenidas a partir de las
corrientes en estado estacionario en ausencia (circulos en negro) y presencia de 3 uM de
clotrimazol (circulos en azul).
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4.1.4. Efecto del clotrimazol sobre la corriente mediada por TRPA1

Para seguir el curso temporal de los efectos del clotrimazol sobre las corrientes
mediadas por TRPAL se aplicaron repetidamente rampas de voltaje a células
CHO transfectadas de forma estable con el canal ionico TRPAL (ver Materiales
y Métodos). En una solucién extracelular sin Ca** y en ausencia del clotrimazol,
las rampas de voltaje desde —150 hasta +150 mV evocaron corrientes con una
pronunciada rectificacién de salida (120 + 30 pA a +75 mV; -25 + 5 pA a -75
mV; n=12) lo que indica la existencia de actividad basal del canal i6nico (Fig.
17A y B). En las mismas condiciones, la aplicacion de 5 uyM de clotrimazol
evoco un incremento modesto y reversible de la corriente (Fig. 17A y B) que no
se observé en células CHO sin transfectar (no se muestran los datos). El efecto
del clotrimazol fue dependiente de la dosis empleada y no se saturé con
concentraciones de hasta 30 uM, que es la concentracion limite a la que es
soluble en la solucion extracelular (Fig. 17F).

La activacion de TRPALl es dependiente de voltaje (Karashima et al. 2007;
Macpherson et al. 2007a; Zurborg et al. 2007). Por ello, intentamos determinar
el posible efecto del clotrimazol sobre la dependencia de voltaje de la actividad
de TRPAL, midiendo el valor del pico de las corrientes de cola que se generan
tras la aplicacion de pulsos de voltaje de 400 ms comprendidos entre - 150 y +
150 mV seguidos de un pulso de - 150 mV (Fig. 17C).

En presencia de clotrimazol las corrientes de cola a -150 mV fueron
significativamente mayores a partir de valores de potencial de membrana = 25
mV (p< 0,05; prueba T), mientras que en ausencia de la droga estas solo se
evidenciaron a potenciales de membrana mucho mas positivos (Fig. 17D). No
fue posible estimar los valores correspondientes a la ecuacion de Boltzmann
porque la amplitud de la corriente de cola no llegé a ser saturante. Aun asi, la
amplitud de la corriente de cola para un mismo potencial de membrana fue
hasta 10 veces mayor en presencia de clotrimazol. Con todo ello se puede
concluir que el clotrimazol produjo un desplazamiento hacia la izquierda de la
dependencia de voltaje de la actividad de TRPAL, lo que explica una mayor
actividad del canal i6nico en presencia de este farmaco a valores de potencial
de membrana mas negativos o fisioldgicos.

Otra caracteristica descrita recientemente en relacion a la apertura de TRPAL

ha sido la activacién directa que produce el Ca?* intracelular, de modo que la
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entrada a la célula de Ca®" extracelular a través de TRPA1 supone un
mecanismo de retroalimentacion positiva en la activacion de este canal i6nico
(Nagata et al. 2005; Doerner et al. 2007; Zurborg et al. 2007). En este sentido,
se estudio el efecto del clotrimazol sobre el canal ionico TRPA1L, esta vez en
presencia de Ca** en la solucién extracelular y se observé que la respuesta al
clotrimazol se potencié. De este modo, en presencia de 5 mM de Ca?', la
corriente de salida durante la aplicacion de 5 uM de clotrimazol se incremento
aproximadamente 10 veces y la corriente de entrada 100 veces en
comparacioén con lo observado en ausencia de Ca®* en la solucién extracelular
(Fig. 17E y F). Los experimentos se desarrollaron en presencia de 5 mM de
EGTA en el interior de la pipeta, lo que neutraliza el incremento de Ca?'
intracelular como consecuencia de la entrada de Ca®* extracelular. Estos datos
en conjunto, indican que la eficiencia del clotrimazol en la activacion de TRPA1
depende de la presencia de Ca?* extracelular y la entrada de Ca** a través del

canal iénico.
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Figura 17. Clotrimazol activa corrientes macroscépicas mediadas por TRPA1 transfectado en
células CHO. A. Curso temporal de la corriente de entrada (a -75 mV) y de salida (a + 75 mV)
mediada por TRPA1 en respuesta a la aplicacion de 5 yM de clotrimazol en solucién
extracelular sin Ca®*. B. Curvas corriente-voltaje obtenidas mediante rampas de fijacién de
voltaje, de 500 ms de duracion, comprendidas entre -150 mV y + 150 mV. Los trazos
corresponden a los puntos marcados con circulos rellenos en A con el color correspondiente.
C. Corrientes evocadas mediante pulsos de voltaje de 400 ms de duracién, comprendidos entre
-150 mV y + 150 mV y seguidos por un pulso invariable de -150 mV antes y durante la
aplicacion de 7 yM de clotrimazol. D. Valores del pico de la corriente de cola de entrada a —
150 mV en ausencia (circulos rellenos) y presencia de 7 uyM de clotrimazol (circulos abiertos).
La linea roja simula los datos obtenidos en ausencia del clotrimazol con un cambio de 110 mV
hacia la izquierda. E. Curso temporal de la corriente mediada por TRPA1 durante la aplicacion
de 5 uM de clotrimazol en presencia de 5 mM de ca® en la solucion extracelular (trazos
negros) y en ausencia de ca”" en la solucién extracelular (trazo gris, los mismos datos de la
figura 3A) mostrados para ser comparados. F. Curva dosis-respuesta para la corriente de
entrada (a — 75 mV) y salida (a + 75mV) mediada por TRPA1l en respuesta a distintas
concentraciones de clotrimazol, en ausencia de Ca** extracelular (circulo gris) y en presencia
de 5 mM de Ca®* en la solucién extracelular (circulo negro) (** p < 0,01; prueba T).
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4.1.5. Efecto del clotrimazol sobre la corriente mediada por TRPAL en
respuesta a mentol

Recientemente se ha descrito que el mentol activa el canal i6nico TRPA1
(Karashima et al. 2007) de manera dependiente de la dosis aplicada, con una
respuesta maxima a una concentracion igual a 100 pM, y por encima de la cual
ejerce un efecto inhibitorio sobre la actividad de este canal ibnico. En este
sentido intentamos determinar el posible efecto potenciador del clotrimazol
sobre la corriente mediada por TRPA1 en respuesta a mentol.

A tal efecto, se usO el mismo protocolo de rampas de voltaje y condiciones
ionicas usadas para los experimentos mostrados en las figuras 17A y B, sobre
células HEK293 transfectadas de forma transitoria con el canal ibnico TRPA1L, y
se monitorizé la corriente a +75 mV y -75 mV para seguir el curso temporal de
las corrientes de salida y de entrada respectivamente. Como se observa en la
figura 18, la aplicacion repetida de mentol produjo un incremento de la corriente
de salida que no se observo en la corriente de entrada, mientras que la
aplicacion conjunta del mentol y clotrimazol produjo un mayor incremento de la
corriente de salida que la sola aplicacion de mentol, y produjo ademas un
incremento de la corriente de entrada. Estos efectos del mentol y clotrimazol
sobre la actividad de TRPAL fueron totalmente reversibles.

Mentol

1 min

Figura 18. El clotrimazol potencia la corriente macroscopica mediada por TRPAL en respuesta
a mentol en células HEK293. Curso temporal de la corriente de entrada (a -75 mV) y de salida
(a + 75 mV) mediada por TRPAL en respuesta a la aplicacion de 50 uM de mentol en ausencia
y presencia de 10 uM de clotrimazol.
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4.1.6. Efecto del clotrimazol sobre la corriente mediada por TRPM8 en
respuesta a mentol

La aplicacion de rampas de voltaje en presencia de 100 yuM de mentol a 25 °C,
en células HEK293 transfectadas de forma transitoria con el canal ionico
TRPMS8, evoc6 una corriente con un potencial de reversion cercano a 0 mV y
rectificacion de salida (Fig. 19B) lo que fue consistente con las caracteristicas
de la corriente mediada por TRPM8 descrita en trabajos anteriores (McKemy et
al. 2002; Peier et al. 2002). Para estudiar el curso temporal de los efectos del
clotrimazol sobre la corriente TRPM8 activada por mentol se monitorizo la
corriente a +50 y -50 mV. Como se puede observar en la figura 19A, la
aplicacion de 10 uM de clotrimazol inhibi6 de forma total y reversible las
corrientes de entrada y de salida producidas por mentol. El analisis de las
curvas dosis-inhibicion correspondientes al efecto de distintas concentraciones
del clotrimazol sobre las corrientes de salida y de entrada (Fig. 19C) reveld una
mayor eficiencia inhibitoria sobre la corriente a -=50 mV (ICso= 200 nM) que a
+50 mV (ICs0= 1.2 uM) lo que indica un posible cambio en la dependencia de
voltaje de la actividad de TRPM8 en presencia del clotrimazol. Para investigar
el efecto del clotrimazol sobre la dependencia de voltaje de estos canales en
mas profundidad se aplicaron protocolos de pulsos de voltaje en ausencia y
presencia de este compuesto (Fig. 19D). Del analisis de los datos obtenidos
(consultar Materiales y Métodos) se desprende que el clotrimazol desplaza la
curva de activacion de TRPM8 hacia valores de potencial de membrana mas
positivos, alejandolo del rango fisioldgico (Fig. 19E). Ademas, como se puede
observar en la figura 19F, en la que se representan los valores de Vip
(potencial de membrana en el que la probabilidad de apertura es del 50%)
correspondientes a la aplicacién de distintas concentraciones de clotrimazol, el
cambio producido sobre la dependencia de voltaje de la actividad de TRPMS8 es
dependiente de la dosis de farmaco empleada. Los datos se ajustaron a la
ecuacion de Hill y de este modo se estimd que la concentracion de clotrimazol

que produce un 50% de incremento de Vy,fue 3 £ 1 uM (n=5).
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Figura 19. Clotrimazol inhibe la corriente macroscépica mediada por TRPM8 transfectado en
células HEK293. A. Curso temporal de la corriente de entrada (a -50 mV) y de salida (a +50
mV) evocada por la aplicacion de 100 uM de mentol y su inhibicién reversible por la aplicacién
de 10 uM de clotrimazol. B. Curvas corriente-voltaje obtenidas mediante rampas de fijacion de
voltaje de 200 ms de duracion, comprendidas entre -50 y +50 mV. Los trazos corresponden a
los puntos marcados con circulos rellenos en A con el color correspondiente C. Curva dosis-
respuesta para la inhibicion en presencia de distintas concentraciones de clotrimazol de la
corriente inducida por mentol y mediada por TRPM8 a -50 mV (cuadrados rellenos) y +50 mV
(circulos abiertos) (* p< 0,05, ** p< 0,01; prueba T). D. Corrientes evocadas mediante pulsos de
voltaje de 100 ms de duracion, comprendidos entre -120 y +160 mV en presencia de mentol,
antes (izquierda) y después de la adicion del clotrimazol (derecha). E. Curvas de activacion
obtenidas a partir de las corrientes inducidas por mentol en estado estacionario en ausencia
(circulos rellenos) y presencia (circulos abiertos) de 1 uM de clotrimazol. F. Cambio de V,, en
funcién de la concentracion de clotrimazol aplicada.
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4.2. Estudio del efecto de la nifedipina sobre la actividad del canal idnico

TRPAL expresado de forma heterdéloga

Las 1,4 dihidropiridinas son un grupo de antagonistas de canales de calcio de
tipo L (Catterall 2000; Triggle 2003) que tienen gran relevancia en clinica
debido a su amplio uso como agentes antihipertensivos para el tratamiento de
patologias como la hipertension y angina de pecho. Debido al escaso
conocimiento que existe sobre la interaccion de sustancias de uso clinico sobre
el canal ionico TRPAL, se exploro el efecto de la nifedipina sobre este canal
ionico. Estudios previos en el laboratorio mostraron que las 1,4 dihidropiridinas
elevaban el Ca®" intracelular en células CHO transfectadas de forma estable
con el canal ibnico TRPA1, mientras que no lo hacian en células CHO sin
transfectar (Fajardo et al. 2008b).

4.2.1. Efecto de las 1,4 dihidropiridinas sobre la corriente mediada por
TRPAl1

Mediante el uso de la técnica “patch-clamp” en la configuracién de registro de
célula entera, se midi6 la corriente macroscopica mediada por TRPALl en
células CHO-TRPAL durante la aplicacion de 10 uM de nifedipina, la cuél se
comparé con la producida por 200 uM de cinamaldehido mediante la aplicacién
de un protocolo idéntico que consistio en rampas de fijacion del potencial de
membrana desde -150 a +150 mV aplicadas cada 5 s. Las corrientes evocadas
por nifedipina y CM mostraron las caracteristicas tipicas de los canales idnicos
TRPAL, que consisten en una corriente cationica no selectiva con potencial de
reversion cercano a 0 mV y una ligera rectificacion hacia fuera (Fig. 20B y C).

El curso temporal de la corriente macroscopica se siguio a +100 y -100 mV, y
como se observa en la figura 20A, la aplicacién de 10 uM de nifedipina y de
200 uM de cinamaldehido mostré en ambos casos una activacion transitoria de
la corriente que se desensibiliz6 en la presencia continua de los agonistas.
Ademas, la amplitud de la corriente evocada por ambos agonistas fue similar, a
pesar de la menor concentracion de nifedipina (Fig. 20A y C), mostrando de
este modo la mayor eficiencia de nifedipina en la activacion de TRPAL.

El BAYK8644, es un derivado de las 1,4 dihidropiridinas con efecto agonista en

lugar de antagonista sobre los canales de calcio de tipo L (Schramm et al.
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1983). Por ello, decidimos estudiar también su efecto sobre la corriente
mediada por TRPA1l. La aplicacion de 30 uM de BAYK8644 produjo una
activacion transitoria de la corriente, similar a lo observado con nifedipina 0 CM
(Fig. 20A, By C).
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Figura 20. Activacion de corrientes similares mediadas por el canal ibnico TRPAL en respuesta
a nifedipina, CM y BAYK8644. A. Cursos temporales de la corriente macroscopica activada
durante la aplicacion de 10 uM de nifedipina, 200 uM de CM y 30 uM de BayK8644. Se
muestra la desensibilizacion total de la corriente durante la presencia continua del agonista. B.
Curvas corriente-voltaje de la corriente total en control (trazo gris) y en presencia de 10 uM de
nifedipina (izg.), 200 yM de CM (centro) y 30 uM de BAYK8644 (dcha.). Los trazos
corresponden a los puntos marcados con circulos rellenos en A. C. Densidad de corriente
media a +100 y -100 mV evocada por 10 uyM de nifedipina, 200 yM de CM y 30 uM de
BAYK8644. Cada célula fue expuesta a un Unico agonista.

Para caracterizar en mas detalle el efecto de nifedipina sobre el mecanismo de
apertura de TRPA1 se aplicaron pulsos rectangulares de voltaje de entre -150 y

+150 mV seguidos de un pulso constante de -150 mV. En la figura 21A, se
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muestra como nifedipina activd una corriente sostenida con una pequefia
inactivacion a valores de potencial de membrana muy positivos. Ademas,
produjo un incremento significativo de la amplitud de las corrientes de cola para
todos los potenciales de membrana (p< 0.01; prueba T) (Fig. 21B), lo que
indica un desplazamiento hacia la izquierda en la dependencia de voltaje de la
actividad de TRPA1, similar a lo observado con clotrimazol y otros agonistas
como el mentol (Karashima et al. 2007).

A
+
0mv 150 mV 0mv
nifedipina =
control Iavado_lso my
—1 1000 pA 44, : .
100 ms -150 0 150

Voltaje (mV)

Figura 21. A. Corrientes evocadas mediante pulsos de voltaje de 300 ms de duracion y
comprendidos entre -150 mV y +150 mV, seguidos por un pulso invariable a -150 mV y 150 ms
de duracién, en presencia y ausencia de 10 uM de nifedipina. B. Valores del pico de la
corriente de cola de entrada a -150 mV en ausencia (circulos abiertos) y presencia de 10 uM de
nifedipina (circulos rellenos).

Estudios recientes han demostrado que la elevacién del Ca?* intracelular activa
y desensibiliza los canales TRPA1 (Jordt et al. 2004; Nagata et al. 2005;
Doerner et al. 2007; Kim et al. 2007; Zurborg et al. 2007; Wang et al. 2008).
Para evaluar la posible implicacién del Ca®* en la desensibilizacion de TRPA1
en la respuesta a nifedipina se realizaron experimentos en ausencia de Ca**
extracelular y con 10 mM de EGTA en el interior de la pipeta para tamponar el
Ca*" intracelular.

Como se muestra en las figura 22A y B, el curso temporal de la corriente
evocada por nifedipina en ausencia y presencia de calcio extracelular fue muy
similar (tau de inactivacion = 100 + 36 s frente a 105 + 27 s; n=4, p=0.9; prueba

T). Estos datos indican que el incremento de la [Ca®"]

no es necesario para
que se produzca la desensibilizacion de TRPA1 en presencia continua de

nifedipina.
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Figura 22 . La desensibilizacion de la corriente activada por nifedipina no depende del aumento
del Ca* intracelular. A. Curso temporal de la corriente macroscopica durante la aplicacion de
10 uM de nifedipina en ausencia de Cca” extracelular (10 mM de EGTA en la solucién de la
pipeta). Se muestra la rapida desensibilizacion de la corriente durante la presencia continua del
agonista. B. Constante de tiempo del decaimiento de la corriente en condicién control (2.4 mM
Ca2+) y en la ausencia de Ca” externo. Los valores medios no fueron diferentes
estadisticamente.

Para estudiar un posible fendmeno de desensibilizacion cruzada entre
nifedipina y CM se aplicaron prepulsos de 10 pM de nifedipina que produjeron
la inhibicion casi total de la corriente evocada por 200 uM de cinamaldehido
(Fig. 23A y B). En ausencia del prepulso la densidad de corriente evocada por
CM fue 75.1 + 28.4 frente a 1.1 = 0.5 pA/pF tras el prepulso (n=5, p<0.05;
prueba T).

Estos resultados suponen numerosas evidencias de que la corriente catidnica
evocada por nifedipina en células CHO-Al es mediada por el canal i6nico
TRPAL.
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Figura 23. Desensibilizacion cruzada entre las corrientes mediadas por TRPAL en respuesta a
nifedipina y CM. A. Curso temporal de la corriente macroscopica durante aplicaciones
consecutivas de 10 yM de nifedipina y 200 uM de CM en la misma célula CHO-TRPAL. Se
muestra la ausencia de respuesta a CM después de la activacion de la corriente por nifedipina.
B. Gréfico de barras ilustrando la densidad de corriente media durante las aplicaciones
consecutivas de 10 uM de nifedipina y 200 yM de CM (* p < 0.05).

4.3. Estudio de los efectos de BCTC, SKF963565 y 1,10-fenantrolina sobre

la actividad del canal ibnico TRPMS8 expresado de forma heterdloga

Los estudios realizados hasta la fecha no han logrado identificar antagonistas
selectivos del canal TRPM8. Asi, farmacos como el BCTC, con un potente
efecto inhibidor sobre TRPV1 (Valenzano et al. 2003), también inhiben las
respuestas a mentol mediadas por TRPM8 (Behrendt et al. 2004; Weil et al.
2005) en sistemas de expresion heteréloga.

Otro farmaco, el SKF96365 es un bloqueante inespecifico de canales de calcio
operados por receptor y dependientes de voltaje, ademas de los activados por
la liberacion de calcio de los depdsitos intracelulares (Merritt et al. 1990).
SKF96365 también era conocido como un blogueante de corrientes de potasio
con rectificacion de entrada en células endoteliales (Schwarz et al. 1994).
Recientemente, se demostré un efecto inhibidor del SKF96365 sobre la
corriente activada por frio en neuronas de ganglios raquideos (Reid et al.
2002a).

Finalmente, el complejo Cu-Phe es un agente oxidante capaz de inducir la
formacion de puentes disulfuro entre grupos tiol, y ha sido empleado en

estudios de la apertura de canales operados por voltaje (Liu et al. 1996b).
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Recientemente, se ha demostrado que el complejo formado por la fenantrolina
y el cobre es un antagonista de TRPV1. En este caso, el complejo actia como
un blogueante de canal abierto en lugar de inducir la unidon de cisteinas
(Tousova et al. 2004). De manera similar, la 1,10-fenantrolina libre y el
complejo que forma con el cobre son también bloqueantes de canal abierto del
canal de Na" de musculo esquelético humano (Popa et al. 2006). Con estos
antecedentes, creimos conveniente explorar el efecto de estos compuesto
sobre el canal i6nico TRPMS.

Estudios previos en el laboratorio (Malkia et al. 2007) mostraron que BCTC,
SKF96365 y 1,10-fenantrolina inhiben la corriente mediada por TRPM8 en
respuesta al frio y ademas que esta inhibicion es dependiente del potencial de
membrana. Estos datos sugieren que BCTC, SKF96365 y 1,10-fenantrolina

podrian modificar la dependencia de voltaje de la actividad de TRPMS.

4.3.1. Efectos de BCTC, SKF96365 vy 1,10-fenantrolina sobre Ila
dependencia de voltaje de la actividad de TRPM8

Como se indico en la Introduccion, el mecanismo de accion de agonistas de
TRPM8, como son el frio y el mentol, consiste en desplazar la dependencia de
voltaje del canal hacia valores de potencial de membrana mas negativos o
fisiologicos (Brauchi et al. 2004; Voets et al. 2004a). La dependencia de voltaje
de la accién antagonista del BCTC junto con el hecho de presentar carga
eléctrica neutra a pH= 7.4, sugirieron la posibilidad de que BCTC podria estar
desplazando, de un modo opuesto a mentol y frio, la dependencia de voltaje de
la actividad de TRPMS8 hacia valores de potencial de membrana mas positivos
en lugar de actuar como un bloqueante del poro modulado por el potencial
transmembrana (Hille 2001). A tal fin, se estudi6 la actividad de TRPM8
mediante rampas de voltaje de 525 ms de duracién en células CR#1 con una
expresion estable de TRPM8 (Brauchi et al. 2004) y células HEK293
transfectadas transitoriamente con TRPMS8, en la modalidad de registro de
célula entera. La figura 24B muestra ejemplos de las trazas de corriente
obtenidas bajo las distintas condiciones de temperatura y presencia o0 ausencia
de mentol y BCTC.
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La figura 24A muestra el curso temporal de los efectos de 3 uM de BCTC sobre
corrientes evocadas por frio y/o mentol a -80, +80 y +160 mV. Como se puede
observar, la aplicacion de 100 yM de mentol a 33 ° C, o la bajada de la
temperatura desde 33 °C hasta 20 °C, produjeron un aumento de la corriente
de salida que apenas se percibe sobre la corriente de entrada. Ademas, la
aplicacién de 100 yM de mentol a 20 °C produjo una clara potenciacié n de la
corriente de entrada. En estas ultimas condiciones, la aplicaciéon de 3 uyM de
BCTC produjo una inhibicién incompleta sobre la corriente de salida que sin
embargo fue completa sobre la corriente de entrada (Fig.24A y B). Para medir
los cambios producidos en la dependencia de voltaje de la actividad de
TRPMS8, se estimaron los valores de la curva de activacion mediante el ajuste
matematico de la corriente evocada por las rampas de voltaje a distintas
temperaturas, en presencia y ausencia de mentol y BCTC, a la ecuacion de
Boltzmann-lineal descrita previamente. Como habia sido descrito
anteriormente, el frio y mentol desplazaron hacia la izquierda la curva de
activacion, lo que se traduce en un cambio hacia valores mas negativos del
parametro Vi, (Voets et al. 2004a). Por el contrario, la aplicacion de 3 yM de
BCTC produjo un cambio significativo hacia valores mas positivos de Vy,. La
aplicacion de 3 uM de BCTC también redujo el valor de Gnax (conductancia
total), pero no modificé K (pendiente de la curva de activacion). Los cambios de
V12 producidos por la aplicacion de 3 yM de BCTC a 33 °C, 20 °C, 100 uM de

mentol a 33 °C, y 100 yM de mentol a 20 °C, fueron respectivamente 34 + 9,
67 £11,78+£6 y 97 + 11 mV, lo que indica que el efecto inhibitorio de BCTC
sobre la actividad de TRPM8 es mayor en condiciones de mas alta probabilidad
de apertura de TRPMS.

La figura 24C muestra un resumen de los cambios en Vi, inducidos por la
aplicacion de BCTC, mentol y temperatura. Se trata de los valores medios de
Vi, de varios experimentos y se presentan como los cambios relativos
respecto al valor de Vi2a 20 °C (AVy,). Este resumen muestra claramente los
cambios bidireccionales producidos por estos agentes quimicos y el frio, de
modo que se puede observar la cancelacion de los efectos de los agonistas y
antagonistas respecto al cambio de Vi, como qued6 de manifiesto al enfriar la
solucion hasta 20 °C, lo que produjo un cambio de V3, hacia valores negativos

mas pequefio que el producido por la aplicacion de 100 uM, que produjo un

68



cambio de Vi, en el mismo sentido. La aplicacion de 3 uyM de BCTC en
presencia de 100 uM de mentol a 20 ° C indujo el cambio de V 1, a un valor
similar al medido a 20 °C en ausencia de 100 uM de mentol.
Consecuentemente, se estudio si SKF96365 y 1,10-fenantrolina producian un
cambio similar a BCTC sobre la dependencia de voltaje de la actividad de
TRPM8. En este caso se estudio el efecto de SKF96365 sobre la corriente
evocada a 20 °C. La figura 24D muestra el curso te mporal del efecto inhibitorio
de SKF96365 sobre la corriente evocada por frio a -80, +80 y +160 mV,
mientras que en la figura 24E se muestran los correspondientes trazos
originales de la corriente medida al aplicar la rampa de potenciales de
membrana en las distintas condiciones. De este modo SKF96365 desplaz6
V12 hacia valores de potencial de membrana mas positivos (AVi,=24 £ 3 mV).
En el caso de 1,10-fenantrolina también se produjo un cambio hacia valores de
potencial de membrana mas positivos (AVi,= 35+ 5 mV).

Estos datos indican que BCTC, SKF96365 y 1,10-fenantrolina producen un
cambio en la dependencia de voltaje de la actividad de TRPM8 al desplazar la
dependencia de voltaje hacia valores de potencial de membrana mas positivos
(Fig.24F).
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Figura 24. BCTC y SKF96365 desplazan la curva de activacion de TRPM8 hacia valores de
potencial de membrana mas positivos. A. Curso temporal de la corriente macroscopica de
entrada (-80 mV) y de salida (+80 mV y +160 mV) mediada por TRPM8 en células CR#1
HEK293 en presencia y ausencia de 100 yM de mentol y 3 yM de BCTC a diferentes
temperaturas, 33 y 20 €. B. Curvas corriente-voltaje evocadas mediante rampas de fijacion de
voltaje de 525 ms de duracién, comprendidas entre -100 y + 200 mV y aplicadas en los
momentos indicados en A. Las lineas rojas superpuestas a cada trazo representan el ajuste de
la corriente a la egn (6). C. Histograma de los efectos de BCTC sobre el valor de potencial de
membrana correspondiente al 50 % de activacién (Vy,) de TRPM8 (n= 3-22). Los datos se
representaron como los cambios de Vi, respecto al valor obtenido para frio (20 ° C). La
significancia estadistica se obtuvo mediante el test t no pareado y se indica como *** P<0.001,
*P<0.01 y *P<0.05. D. Curso temporal de la inhibicion causada por SKF96365 sobre la
corriente macroscopica de salida (+160 y +80 mV) evocada por frio. Los trazos de corriente
correspondientes a los momentos marcados con circulos rellenos se representan en E. La linea
discontinua indica el nivel cero de corriente; la linea inferior es la temperatura de la solucion
extracelular. E. Curvas corriente-voltaje correspondientes al experimento mostrado en D. Las
lineas rojas representan los ajustes a la ecuacion (6). F. Cambios inducidos en Vy;, durante la
aplicacién de 3 yM de BCTC, 3 uM de SKF96365 y 300 uM de 1,10-fenantrolina respecto al
valor obtenido a 20 °C. Los valores medios de V 1, durante la aplicacion de frio fueron 156 + 7
mV (BCTC), 158 + 6 mV (SKF96365) y 146 + 5 mV (1,10-fenantrolina). La significancia
estadistica se obtuvo mediante el Andlisis de la Varianza (ANOVA) de una via en combinacion
con el test Dunnett’s post hoc usando 3uM de BCTC como referencia, y se indica como **
P<0.01 y * P<0.05.
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4 .4. Estudio del efecto de BCTC sobre la actividad del canal ibnico TRPA1
expresado de forma heter6loga

4.4.1. Efecto de BCTC sobre la [Ca *]; en células HEK293 transfectadas

con el canal ibnico TRPA1

Por ultimo se estudid el efecto de BCTC sobre el canal ionico TRPAL. La
aplicacion de 3 uM de BCTC sobre células HEK293 transfectadas de forma
transitoria con TRPA1 de ratdn produjo el incremento reversible y significativo
(n=12, p< 0.05; prueba T) de la [Ca®'], mientras que no tuvo efecto sobre
células sin transfectar (Fig.25A y B).

Ademas, la aplicacion de BCTC sobre el incremento de [Ca?'];

evocado por
cinamaldehido no produjo ningun efecto a diferencia de la aplicacion de Rojo
de Rutenio, un conocido inhibidor de canales ionicos TRP, que redujo

parcialmente la respuesta (Fig. 25C y D).
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Figura 25. BCTC incrementa la [Ca2+]i en células HEK293 transfectadas con el canal ib6nico
TRPAL. A. Cursos temporales de las variaciones de la [Ca2+]i en respuesta a dos aplicaciones
consecutivas de 3 uM de BCTC. Se muestran los registros correspondientes a cinco células
individuales (trazos azules) para ilustrar la variabilidad de las respuestas a BCTC. En el mismo
campo, las células sin transfectar no respondieron a ambos estimulos (trazos grises). B.
Promedio del cociente Fs4/Fsgy €n células sin transfectar y transfectadas con el canal ibnico
TRPAL1 en presencia y ausencia de 3 yM de BCTC. C. Curso temporal promedio de las
variaciones de la [Ca2+]i en células HEK293 transfectadas con TRPAL, en condicién control, 10
MM de CM, 3 uM de BCTC en presencia de 10 uM de CM y 20 uM de RR en presencia de 10
MM de CM. Es de destacar la ausencia de efecto de la aplicacion de BCTC sobre la respuesta a
CM vy la significativa inhibicién parcial (n= 18, p<0.001; prueba T) de la respuesta a CM
producida por la aplicacion de RR. En el mismo campo las células no transfectadas no
respondieron a ningun estimulo. D. Promedio del cociente Fs4/Fsg €n células transfectadas
con el canal ibnico TRPA1 en condicién control, 10 yM de CM, 3 uM de BCTC en presencia de
10 yM de CM y 20 pM de RR en presencia de 10 yM de CM.

4.4.2. Efecto de BCTC sobre la corriente mediada por TRPA1

Del mismo modo, la presencia de 3 yM de BCTC incrementé una corriente
catibnica no selectiva con potencial de reversion cercano a 0 mV y ligera
rectificacion de salida tras aplicar rampas de voltaje desde -100 a +100 mV. En
las mismas células, la posterior aplicacion de cinamaldehido produjo la
activacion de una corriente de caracteristicas similares (Fig. 26B). El curso
temporal de la corriente seguida a +80 mV mostré6 un efecto reversible de

BCTC sobre la corriente mediada por TRPAL1 (Fig. 26A). En las células sin
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transfectar no se produjeron cambios en la corriente durante la aplicacion de
BCTC (Fig. 26C).

C ). .
g 1
1 0-
100 sin transfectar tranfectadas

V (mV)

Figura 26. BCTC incrementa la corriente macroscépica mediada por TRPA1 transfectado en
células HEK293. A. Curso temporal de la corriente macroscépica de salida (a +80 mV) durante
la aplicacién de 3 yM de BCTC y 100 yM de CM. B. Curvas corriente-voltaje obtenidas
mediante rampas de fijacion de voltaje de 500 ms de duracion, comprendidas entre -100 y +100
mV y aplicadas en el momento indicado en A. C. Promedio de la corriente a +80 mV en células
HEK293 sin transfectar y transfectadadas con el canal i6bnico TRPA1 en ausencia y presencia
de 3 yM de BCTC (n=4, * p< 0.05; prueba T).

4.5. Tabla resumen de los efectos de CLT, Nifedipina y BCTC sobre
TRPV1, TRPAl y TRPM8

Clotrimazol Nifedipina BCTC
TRPV1 activa desconocido inhibe
TRPA1 activa activa activa
TRPM8 inhibe sin efecto inhibe

4.6. Efectos del clotrimazol, nifedipina y BCTC sobre neuronas

sensoriales primarias de ganglio trigémino

El siguiente objetivo de nuestro estudio consistido en caracterizar el efecto del
clotrimazol, nifedipina y BCTC sobre los canales ionicos TRPV1, TRPAl y
TRPM8 expresados de forma nativa en neuronas sensoriales primarias. Para
ello se realizaron disociaciones agudas de neuronas de ganglios trigéminos de
ratdn y cobaya, en las que se midieron las variaciones de la concentracion de

calcio intracelular mediante fluorimetria de calcio basada en fura 2-AM.
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4.6.1 Efecto del clotrimazol sobre la [Ca 2']i de una subpoblacién de
neuronas de ganglio trigémino sensibles a capsaicina y MO

La aplicacion del clotrimazol produjo un incremento de la [Ca?']i en una
subpoblacién (21%) de neuronas disociadas de ganglio trigémino de ratén que
ademas respondieron en su totalidad a capsaicina, un agonista especifico del
canal TRPV1, si bien solo aproximadamente la mitad de las neuronas que
respondieron a capsaicina (49%) lo hicieron también al clotrimazol (Fig.27A y
C). Posteriormente, se evalud la contribucion relativa de TRPV1 y TRPAL a los
incrementos de [Ca®']; inducidos por el clotrimazol. A tal efecto se disociaron
neuronas de los ganglios trigéminos de ratones modificados genéticamente
para que no expresen el canal i6hico TRPV1 (TRPV1™) (Caterina et al. 2000).
La proporciéon de neuronas que respondieron a la aplicacion del clotrimazol
(7%) fue mas reducida que en el caso de neuronas procedentes de ratones con
un genotipo silvestre (p< 0.001, test de Kolmogorov-Smirnov) (Fig. 27C y D).
Ademaés, la amplitud media de la [Ca*']; también fue menor (A ratio, 0.72 + 0.12
para WT frente a 0.31 + 0.12 para TRPV1”; p< 0.05). Por otro lado, las
neuronas de ratones TRPV1” no mostraron ninguna respuesta a la aplicacion
de capsaicina como habia sido descrito previamente (Caterina et al. 2000), sin
embargo todas respondieron a la aplicaciéon de aceite de mostaza (MO), un
agonista especifico de TRPAL (Fig. 27B).

La figura 27D muestra un resumen de las respuestas a clotrimazol y capsaicina
de las neuronas de ganglio trigémino de ratones silvestre y TRPV1” mediante
histogramas de probabilidad acumulada.

En estudios previos sobre la expresion de TRPV1 y TRPALl en neuronas
sensoriales de ganglio trigémino, se observdo que el TRPALl se colocaliza
mayoritariamente con neuronas que expresan TRPV1, sensibles a capsaicina
(Story et al. 2003; Kobayashi et al. 2005). El conjunto de estas observaciones
indican que el clotrimazol excita una subpoblacién de neuronas sensoriales de
los ganglios trigéminos a través de la activacion de TRPV1 y en menor medida
de TRPAL.
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Figura 27. Respuestas a clotrimazol en neuronas trigeminales de raton. A. Ejemplos del curso
temporal de las distintas variaciones de la [Ca2+]i de neuronas de ratones con genotipo
silvestre durante la aplicaciéon de 10 uM de clotrimazol, 1 yM de capsaicina, y 60 mM de K".
Como se ilustra en el diagrama de circulos, las respuestas a clotrimazol solo se observaron en
neuronas que también respondieron a la aplicacion de capsaicina. B. Ejemplos del curso
temporal de las distintas variaciones de la [Ca2+]i en respuesta a 10 uM de clotrimazol, 1 yM de
capsaicina, 100 uM de mentol, 100 uM de MO y 60 mM de K* en neuronas (n = 83) de ratones
TRPV1”. Como se ilustra en el diagrama de circulos, las respuestas a clotrimazol se
observaron solo en neuronas que respondieron a MO. C. Porcentaje de neuronas con genotipo
silvestre y TRPV1™" gue respondieron a capsaicina, clotrimazol y MO. D. Representacién de la
probabilidad acumulada de respuesta a 1 uM de capsaicina (rojo) y 10 uM de clotrimazol
(verde) en neuronas con genotipo silvestre (linea continua) y TRPV1™ (lineas discontinuas).
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4.6.2. Efectos del clotrimazol sobre el incremento de la [Ca

respuesta a mentol en neuronas de ganglio trigémino

Para estudiar el efecto del clotrimazol sobre la actividad de TRPMS8 expresado
de forma nativa en neuronas sensoriales del ganglio trigémino, se evoc6 un
incremento de [Ca®']i en una subpoblacién de neuronas mediante la aplicacién
de mentol, y sobre esta respuesta se evalu6 el efecto del clotrimazol. Al igual
gue en el sistema de expresion heterdloga descrito anteriormente, la aplicaciéon
del clotrimazol produjo una inhibicion reversible de la respuesta evocada por
mentol (Fig. 28A y B).

Con frecuencia, se ha considerado el mentol como un agonista especifico de
TRPMS8, de manera que una respuesta a esta substancia se ha considerado
evidencia firme para la expresion de TRPM8 en neuronas sensoriales
primarias. Sin embargo, un trabajo reciente (Karashima et al. 2007), refrendado
por otros autores (Fajardo et al. 2008a; Xiao et al. 2008), demostré que esta
substancia también activa el canal ionico TRPAL. Por tanto, debido a que el
clotrimazol activa TRPAL e inhibe TRPMS8, podria resultar util para distinguir las
respuestas a mentol mediadas por TRPM8 y TRPAL.

Se aislaron neuronas sensoriales de los ganglios trigéminos de raton adulto y
se evaluo el efecto del clotrimazol sobre la concentracion de calcio intracelular
de dos subpoblaciones distintas en funcion a su sensibilidad a aceite de
mostaza (MO), un agonista de TRPA1 usado para evidenciar la expresion de
TRPA1 en neuronas sensoriales primarias in-vitro. De este modo se determiné
que el clotrimazol inhibe de manera reversible y significativa (n=15, p< 0.01;
prueba T) la respuesta a mentol mediada por TRPMS8 en neuronas insensibles
a la aplicacion de MO (Fig. 28A y B), mientras que se produjeron dos tipos de
respuestas al aplicar conjuntamente mentol y clotrimazol en neuronas sensibles
a MO y obtenidas a partir de ratones TRPV1 ™ con el fin de evaluar solamente
los efectos del clotrimazol mediados por TRPAL y no por TRPV1. Las neuronas
en las que la primera aplicacién de mentol produjo un incremento de [Ca®"]
menor (A cociente Fz40/F3g0 < 0.3), la segunda aplicaciéon de mentol se potencio
significativamente en presencia del clotrimazol (n=15, p< 0.05; prueba T), pero
no fue asi en las neuronas en las que la primera aplicacién de mentol evoco un

2+]i

incremento de [Ca“']; mayor (A cociente Fzs0/F3g0 > 0.3), ya que no mostraron
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una potenciacion significativa de la respuesta a mentol en presencia del
clotrimazol (Fig 28C y D).
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Figura 28. Clotrimazol inhibe la respuesta a mentol mediada por TRPM8 y potencia la mediada
por TRPAL en neuronas de ganglio trigémino. A. Ejemplo de la variacion de la [Ca2+]i en
respuesta a 100 yM de mentol en neuronas trigeminales que no responden a 100 uM de MO en
ausencia y presencia de 10 uM de clotrimazol. B. Amplitud media de las respuestas
observadas en las neuronas insensibles a la aplicacibn de MO estudiadas mediante el
protocolo mostrado en A, ilustrando la inhibicién (95 + 2%) de la respuesta a mentol durante la
aplicacién del clotrimazol. C. El mismo protocolo que en A, aplicado sobre neuronas
trigeminales de ratones TRPV1” sensibles a la aplicacion de 100 yM de MO. Se muestran dos
trazos, ilustrando dos patrones de respuesta diferentes en estas neuronas. La nheurona con una
respuesta mas pequefia a la primera aplicacion de 100 uM de mentol (trazo negro) mostré una
respuesta potenciada a la aplicacién conjunta de 100 uM de mentol y 10 yM de CLT. Sin
embargo, la neurona con una mayor respuesta a la primera aplicacién de 100 uM de mentol
(trazo gris) no mostré potenciaciéon de la respuesta a la aplicacion conjunta de 100 uM de
mentol y 10 yM de CLT. D. Amplitud media de las respuestas de las neuronas trigeminales de
ratones TRPV1™" sensibles a MO durante la aplicacién del protocolo mostrado en C.

77



4.6.3. Efecto de nifedipina sobre la [Ca 2]

de una subpoblacion de
neuronas de ganglio trigémino sensibles a MO

La aplicacion de 10 pM de nifedipina aument6 la [Ca®']i en el 41% de las
neuronas ensayadas. Ademas, la subsiguiente aplicaciéon de 100 uM de MO, un
agonista especifico de TRPAL, en las mismas neuronas (Fig. 29A), produjo el

incremento de la [Ca®"];

en todas ellas (aunque solo un 77% respondié a ambos
agonistas), lo que indica una elevada correlaciéon en la sensibilidad a ambos
agonistas.

En una alta proporcion (62%) de las neuronas sensibles a nifedipina y MO

también se produjo un incremento de la [Ca®"],

en respuesta a la aplicacion de
500 nM de capsaicina, aunque solo un 68% de las neuronas con respuesta a la
aplicacion de capsaicina respondieron a la aplicacion de nifedipina. La co-
expresion de TRPV1 y TRPAl en la misma subpoblacion de neuronas
sensoriales primarias de ganglios raquideos y trigéminos habia sido descrita en
distintos trabajos (Story et al. 2003; Akopian et al. 2007). En la figura 29D se
muestra un resumen de las relaciones entre las respuestas a los distintos
agonistas mediante la representacion de un diagrama de Venn-Euler.

Para comprobar que el incremento de la [Ca?"];

producido por nifedipina estaba
mediado por la activacion de TRPAL, se aplicé el mismo protocolo sobre
neuronas disociadas a partir de ganglios trigéminos de ratones nulos para
TRPA1 (Kwan et al. 2006). Como se muestra en la figura 29C, la aplicacion de
10 uM de nifedipina 0 100 pM de MO no produjo el incremento de la [Ca®*]en
ninguna de las neuronas procedentes de los animales TRPA1”, sin embargo la
aplicacién de 500 nM de capsaicina evocé un incremento de la [Ca?']; con una
amplitud (Fig. 29B) y en un porcentaje similar al observado en animales con
genotipo silvestre. En las figuras 29 E-G se muestra un resumen de las
respuestas a los tres agonistas (nifedipina, MO y capsaicina) mediante
histogramas de probabilidad acumulada y en la figura 29H se representan los
porcentajes de respuesta.

Estos resultados demuestran que el incremento de la [Ca®']

en neuronas
sensoriales de los ganglios trigéminos de ratones adultos esta mediada

exclusivamente por la activacion del canal iGnico TRPAL.
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Figura 29. Nifedipina activa canales i6nicos TRPA1 en neuronas sensoriales de ganglio
trigémino de raton. A. Ejemplo de las variaciones de la [Ca2+]i en respuesta a la aplicacién de
10 uM de nifedipina, 100 uM de aceite de mostaza (MO), 0.5 yM de capsaicina (Caps) y 60 mM
de K* en neuronas sensoriales de ganglio trigémino (TG) de ratones con genotipo silvestre. Es
de destacar que todas las neuronas sensibles a nifedipina también lo fueron a MO. B.
Incremento medio de la [Ca2+]i producido por la aplicacion de 10 uyM de nifedipina, 100 uM de
alilisotiocianato (MO), 0.5 uM de capsaicina (Caps) y 60 mM de K" en neuronas sensoriales
TG. C. Variaciones de la [Ca2+]i en respuesta a la aplicacién de 10 uyM de nifedipina, 100 yM de
alilisotiocianato (MO), 0.5 uyM de capsaicina gCapS) y 60 mM de K" en neuronas sensoriales de
ganglio trigémino (TG) de ratones TRPA1™. Es de destacar la ausencia de respuestas a
nifedipina y MO. D. Diagrama de Venn ilustrando el solapamiento en las respuestas a los tres
agonistas. E,F,G. Distribucién acumulada de los incrementos de la [Ca2+]i en respuesta a la
aplicacién de 10 pM de nifedipina, 100 yM de MO y 0.5 pyM de capsaicina en ratones con
genotipo silvestre (lineas continuas) y TRPA1 " (lineas discontinuas). H. Porcentaje de las
neuronas TG que respondieron a la aplicacion de nifedipina, MO y capsaicina en ratones con
genotipo silvestre y TRPAL ™.
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4.6.4. Efecto del BCTC sobre la [Ca *']; evocada por mentol o frio en

neuronas sensoriales primarias de ganglio trigémino sensibles a mentol

El canal ibnico TRPMS8 tiene un patron de expresion muy limitado en el sistema
nervioso, restringiéndose a una subpoblacion de neuronas sensoriales
primarias de los ganglios trigéminos y raquideos (McKemy et al. 2002; Peier et
al. 2002). La mayor parte de las neuronas que son sensibles a la aplicacion de
frio también lo son al mentol (Reid et al. 2001; McKemy et al. 2002; Viana et al.
2002; Thut et al. 2003), y ademas expresan ARN mensajero para la
transcripcion de TRPM8 (Nealen et al. 2003).

Se estudid el efecto del BCTC sobre el incremento de la [Ca®]; en respuesta a
la aplicacion de 100 uM de mentol o el enfriamiento de la temperatura de la
solucion externa desde 33-35 °C hasta ~ 18 °C en neuronas de trigémino de
cobaya neonato. Como se puede observar en la figura 30, la aplicacion de
BCTC inhibi6 completamente (n=7, p<0.001; prueba T) la sefial de calcio
inducida por mentol en neuronas sensoriales sensibles al frio (Fig. 30A y B).
Ademas, la aplicacion de BCTC inhibié de forma variable el incremento de la
[Ca®]; evocada por el enfriamiento de la solucién extracelular de neuronas
sensibles a mentol. De este modo, describimos tres tipos de respuestas. De un
total de 20 neuronas, en un 25%, la respuesta a frio fue total y reversiblemente
inhibida por BCTC a una concentracion de 3 uM, y ademas, en tres de tres de
estas neuronas, la aplicacion de mentol a una concentracion de 100 puM
potencio la respuesta a frio (Fig. 30D). Estos datos sugieren que la respuesta a
frio observada en estas neuronas es mediada por TRPM8. En un 20% de las
neuronas, la aplicacion de la misma concentracion de BCTC no inhibié la
respuesta a frio, y el mentol no produjo per se un incremento de la [Ca®];, ni
potencio la respuesta a frio (Fig. 30E), lo que sugiere que en estas neuronas la
respuesta a frio no es mediada por TRPM8. Por ultimo, en un 55% de las
neuronas, la respuesta a frio fue inhibida parcialmente por la aplicacion de
BCTC, y en cinco de seis de estas neuronas, la aplicacion de mentol
incrementd la sefial de calcio intracelular. En la figura 30C se muestra un

2+]i

resumen de los incrementos medios de la [Ca“']; y de la inhibicibn media que

BCTC produce sobre las respuestas a frio (n=20 , p<0.01; prueba T).

80



M M M
- 1,0
BCTC = <
g 10 el z
= L —
ctl.—'—0,5 cJ:'as (tlcd
© A cs O, O,
O, 0.0 < <
G 36 _
= 18] T 30s + +
M BCTC BCTC
D E
1,0 300
_ = BCTC M
3 BCTC z —_—
~0,5 =150/ ’\
“© “©
0.0/ ” ) 60 s 0 60s

b nVamn Ve Vel Ve %fgl‘\r Ve 'aha's
'—

Figura 30. BCTC inhibe el incremento de la [Ca2+]i inducido por mentol y frio exclusivamente en
la subpoblacién de neuronas sensibles a mentol de ganglio trigémino de cobaya neonato. A.
Ejemplos de las variaciones de la [Ca2+]i en respuesta a la aplicacién de 100 uM de mentol (M)
en ausencia y presencia de 3 pM de BCTC, y del enfriamiento (F) de la solucién extracelular
desde 36 € hasta ~18 T (CS: sensible al enfriamie nto; Cl: insensible al enfriamiento) B.
Histograma resumen de los efectos de 3 uM de BCTC en el experimento mostrado en A. Dy E.
Ejemplos de las variaciones de la [Ca2+]i en respuesta al enfriamiento de la solucion
extracelular desde 36 € hasta ~ 18 T en ausencia y presencia de 3 pM de BCTC, y la
aplicacién de 100 uM de mentol. C. Histograma resumen de los efectos de 3 pM de BCTC en

los experimentos mostrados en D y E.

4.7. Efectos del clotrimazol y nifedipina sobre la nocicepcion de ratones

adultos

Por ultimo, se estudio el posible efecto del clotrimazol, la nifedipina y el BCTC
sobre las respuestas nociceptivas, mediante la inyeccion intraplantar de los
compuestos en la pata del tren posterior de ratones adultos. De los resultados
anteriores, cabria esperar un efecto proalgésico del clotrimazol y la nifedipina.
Para ello se cuantificd el tiempo durante el que los ratones mostraron signos
conductuales que se relacionan con la percepcion del dolor. Estos signos
consistieron en lamidos, batimiento, y retraimiento de la pata inyectada.

La inyeccién de una solucién 0.5% de clotrimazol produjo signos claros de
conductas algésicas al generar un mayor tiempo de lamido y batimiento de la

pata inyectada frente al producido por la inyeccidn del vehiculo. Ademas, esta
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conducta de dolor fue atenuada significativamente al afiadir 1 yM de BCTC en
la solucién de 0.5 % de clotrimazol. En claro contraste, la inyeccidon de 0.5% de
clotrimazol en ratones TRPV1™ no produjo cambios en la conducta respecto a
la inyeccién con vehiculo (Fig. 31A).

Estudios previos demostraron que el canal i6nico TRPV1 esta implicado en la
transduccion sensorial del calor intenso, y los agentes quimicos tanto
enddgenos como exdgenos pueden sensibilizar a TRPV1 en su respuesta al
calor, lo que implicaria hiperalgesia térmica in vivo. Para investigar si el
clotrimazol afecta la sensibilidad de las patas de los ratones al calor intenso, se
usé el ensayo de placa caliente (55 ° C) y se midié el tiempo de latencia
anterior a la exhibicion de signos de huida, como fueron el retraimiento
alternativo de las patas o saltos. Las latencias para animales sin inyectar, o
inyectados con vehiculo, no fueron significativamente diferentes entre los
animales con genotipo silvestre (15.4 + 2.2 s) y los animales TRPV1” (13.7 +
1.1 s; p= 0.50). Estos datos son consistentes con estudios previos (Caterina et
al. 2000; Davis et al. 2000). Sin embargo, la inyeccion de la solucion de 0.5%
de clotrimazol redujo de forma significativa la latencia de ratones con genotipo
silvestre y no tuvo ningln efecto sobre la latencia de ratones TRPV1™” (Fig.
31B).

Estos datos indican que la inyeccion del clotrimazol en la pata del raton
produce una conducta de dolor e hiperalgesia térmica que implica la activacion
de TRPV1.

82



@)
%

‘D
(wg)

%

A
o D ¢ 140 N
10| ¢ ¢ , = % :
o .Q—u—| I \ehiculo ;§ 190 ,L‘ I \ehiculo
s EECLT S ECLT
3 80 I CLT+BCTC 2100
g 5
g 60 - o 80
5 S 60
E 40 S
= 8 40
(&)
5 g 20
(@) —

TRPV1™"

TRPV1" TRPV1" TRPV1"*

Figura 31. La inyeccién intraplantar del clotrimazol induce comportamiento nociceptivo e
hiperalgesia térmica en ratones. A. Duracién del comportamiento nociceptivo en los primeros
10 minutos tras la inyeccion intraplantar del vehiculo, CLT, o CLT més BCTC (en ratones con
genotipo silvestre y TRPVl”'). B. Cambio de la latencia de retirada en el test de la placa
caliente (55 ), examinado 10-15 minutos después d e la inyeccion intraplantar del vehiculo o
CLT en ratones con genotipo silvestre y TRPV1™",

Por ultimo se ensay6 el efecto de la nifedipina sobre la conducta del dolor en
ratones adultos con genotipo silvestre. En este caso, la inyeccion de distintas
soluciones con 0.1, 1, 10 y 50 mM de nifedipina no se acompafaron de un
comportamiento diferente al de la inyeccién con vehiculo. Tampoco se observd
un comportamiento diferente respecto del vehiculo con la inyeccion de 100 uM
de MO, sin embargo la inyeccién de 1 mM de MO si que se acompafo6 de una
conducta nociceptiva clara, al mostrar una mayor y significativa duracion de los
signos de dolor respecto del vehiculo. Debido al conocido efecto antagonista de
la nifedipina sobre los canales de calcio de tipo L, esta propiedad podria
disminuir la excitabilidad periférica e impedir el posible efecto doloroso de la
nifedipina a través de la activacion de TRPAL. Para contrastar esta hipotesis,
se inyectdo BAYK8644, un agonista de los canales de calcio de tipo L, ademas
de agonista de TRPAl. En este caso, si que se produjo un significativo
incremento de la duracion de los signos de dolor respecto a lo observado con la
inyeccion del vehiculo (Fig. 32).
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Figura 32. Efecto de la inyeccion intraplantar de distintos agonistas de TRPA1 sobre conductas
nociceptivas. Duracién del comportamiento asociado al dolor en los primeros 10 minutos tras la
inyeccién intraplantar del vehiculo, diferentes concentraciones de nifedipina (100 uM, 1 mM, 10
mM y 50 mM), dos concentraciones distintas de MO (100 uM y 10 mM) y BayK8644 (10 mM)
en ratones con genotipo silvestre. Es de destacar que las inyecciones intraplantares de 10 mM
de MO o 10 mM BayK8644 indujeron un claro comportamiento de dolor (** p<0.01; prueba T).
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Dado el escaso conocimiento que existe en la actualidad acerca de la
farmacologia y funcién de los canales i6nicos TRPV1, TRPAl1 y TRPMS,
resultan de especial relevancia los estudios enfocados a la caracterizacion de
nuevos agonistas y antagonistas farmacologicos. Ademas de su potencial uso
como agentes terapéuticos, pueden tener interés como nuevas herramientas
gue permitan un mejor conocimiento de su funcioén en el organismo. Ademas, el
analisis detallado de su mecanismo de accién, permite un conocimiento mas
profundo de las caracteristicas biofisicas y estructurales de estos tres canales

idnicos.

5.1. Efectos de clotrimazol, nifedipina y BCTC sobre la actividad de los
canales ionicos termosensibles TRPV1, TRPAl1 y TRPM8 expresados de

forma heterologa

En este trabajo se describe por primera vez el efecto agonista del compuesto
antifingico clotrimazol sobre los canales iénicos TRPV1 y TRPAL, asi como su
efecto inhibidor sobre la actividad del canal ibnico TRPM8. También se muestra
por primera vez el efecto agonista de la nifedipina y del BCTC sobre la
actividad del canal i6nico TRPAL. Ademas, se confirma el efecto inhibidor de
BCTC sobre la corriente mediada por TRPM8 en respuesta a mentol y frio.

5.1.1. Mecanismo de accion

También se analizé el mecanismo de accion de los farmacos, a traves de la
caracterizacion de su efecto sobre la dependencia de voltaje de la apertura de
los tres canales idnicos mencionados. Diferentes estudios han mostrado que
los estimulos térmicos, ademas de diversos agentes quimicos con capacidad
agonista o antagonista, modulan la actividad de determinados canales i6nicos
de la familia de los TRP, entre ellos TRPV1, TRPM8 y TRPA1l mediante el
cambio que producen en la dependencia de voltaje de su actividad (Brauchi et
al. 2004; Karashima et al. 2007; Talavera et al. 2005; Voets et al. 2004a;
Zurborg et al. 2007). En dos de estos trabajos (Brauchi et al. 2004; Voets et al.
2004a) se muestra como el incremento de la corriente catibnica mediada por
TRPMS8 en respuesta a frio 0 a la aplicacion de mentol, se debe a que ambos

estimulos producen un desplazamiento en la curva de activacion de este canal
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ionico hacia valores de potencial de membrana mas negativos. También se
muestra que el incremento de la temperatura o la aplicacion de capsaicina en el
caso de TRPV1 (Voets et al. 2004a), y del mentol o del Ca?" intracelular, en el
caso de TRPAL, desplazan la curva de activacion hacia valores de potencial de
membrana mas negativos o fisioldgicos.

En este trabajo, hemos observado que la aplicacion de clotrimazol sobre
TRPV1 modificé la dependencia de voltaje de este canal idnico, desplazando
su curva de activacion hacia valores de potencial de membrana mas negativos.
Esto implica una mayor probabilidad de que TRPV1 esté abierto a potenciales
de membrana fisiolégicos en presencia del clotrimazol, y explicaria el
incremento que produce este compuesto sobre la corriente catibnica mediada
por TRPV1. Igualmente, el analisis de las corrientes mediadas por TRPA1 en
respuesta a la aplicacion de clotrimazol y de nifedipina sobre TRPA1, sugiere
un desplazamiento de la curva de activacion hacia valores de potencial de
membrana mas negativos, lo que explicaria el incremento de corriente
observado al aplicarlos. Por otro lado, también hemos observado que la
aplicacion de clotrimazol o BCTC modificé la dependencia de voltaje de
TRPMS, desplazando su curva de activacion hacia valores de potencial de
membrana mas positivos. Esto implica una menor probabilidad de que TRPM8
esté abierto a potenciales de membrana fisiolégicos en presencia del
clotrimazol y del BCTC, y explicaria la inhibicion que producen estos
compuestos sobre la corriente cationica mediada por TRPMS.

La idea de que los efectos del clotrimazol, nifedipina y BCTC sobre los canales
ionicos termosensibles TRPV1, TRM8 y TRPAL1 se acomparfien de un cambio
de la dependencia de voltaje de activacion, es coherente con un mecanismo de
apertura dependiente de voltaje y sujeto a modificacién por agonistas o
antagonistas quimicos (Brauchi et al. 2004; Voets et al. 2004a; Karashima et al.
2007; Zurborg et al. 2007).

Se ha descrito que el calcio intracelular es esencial para el efecto agonista de
la icilina y el frio sobre el canal ionico TRPAL (Doerner et al. 2007; Zurborg et
al. 2007; Karashima et al. 2009). A diferencia de estos agonistas, la activacion
de TRPAL1 por nifedipina ocurre en ausencia de Ca?" intracelular, al igual que
ocurre durante la activacion de TRPAL por mentol (Karashima et al. 2007).

Determinados compuestos electrofilicos como son el cinamaldehido, alil
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isotiocianato y acroleina activan TRPA1 a través de la modificacion covalente
de los residuos de cisteina localizados en el extremo N terminal intracelular de
esta proteina (Hinman et al. 2006; Macpherson et al. 2007a). En el caso de las
1,4 dihidropiridinas es improbable que el mecanismo de activacion implique una
unidon covalente debido a que no presenta en su estructura grupos reactivos
electréfilos, y al igual que la activacion de TRPAL por mentol (Karashima et al.
2007), nuestros datos son consistentes con una modificacion de la energia de
apertura o cierre del canal, que conlleva el desplazamiento de la curva de
activacion de TRPAL en presencia de nifedipina hacia valores de potencial de

membrana mas negativos.

5.2. Efectos del clotrimazol, nifedipina y BCTC sobre neuronas

sensoriales primarias de ganglio trigémino

En neuronas sensoriales primarias el canal iénico TRPA1 co-localiza con
TRPV1 en una subpoblacion de neuronas peptidérgicas nociceptivas (Story et
al. 2003; Jordt et al. 2004; Obata et al. 2005). La aplicaciéon de clotrimazol
produjo el incremento de la [Ca®']; en una fraccién de las neuronas sensibles a
capsaicina y/o MO, mientras que el 100% de las células HEK293 que
expresaron TRPV1 o TRPAL respondieron a la misma dosis de clotrimazol en
experimentos de imagen de calcio o “patch-clamp”. Estos datos indican que la
activacion de TRPAL inducida por el clotrimazol en neuronas de los ganglios
trigéminos no siempre es suficiente para generar una sefal de calcio
detectable, lo cudl podria ser atribuido a una menor eficiencia agonista del
clotrimazol comparada con la de capsaicina para activar TRPV1 o MO para
activar TRPA1l. Ademéas, ambos canales ionicos tienen una activacion
dependiente de voltaje, por lo que su sensibilidad a estimulos agonistas como
el clotrimazol varia en funcién del potencial de membrana de la neurona. Otro
factor que podria determinar la mayor eficiencia del clotrimazol en la
generacion de una sefal de calcio mediada por TRPV1 o TRPAL en sistemas
de expresion heterdloga, comparada con la respuesta observada en neuronas
en cultivo, seria el hecho de que la excitabilidad de las neuronas sensibles a
temperatura estd determinada por la contribucion relativa de la actividad

excitadora o inhibidora de los diferentes canales ionicos presentes en su
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membrana (Viana et al. 2002; Madrid et al. 2009). Ademas, no se puede
descartar que las neuronas tengan mecanismos de expulsién del clotrimazol al
exterior celular que eviten una activacion detectable de TRPV1 y/o TRPAL. Por
ejemplo, se ha demostrado que las levaduras que sobreexpresan la proteina
MDR1 (Multidrug Resistance 1), que codifica un sistema activo de transporte
para compuestos antimicoticos, desarrollan resistencia al clotrimazol (White et
al. 2002; Looi et al. 2005).

Existe un alto grado de solapamiento entre los estimulos que activan TRPM8 y
TRPA1, como es el caso de los agonistas icilina, frio y mentol (McKemy et al.
2002; Peier et al. 2002; Story et al. 2003; Karashima et al. 2007). Diversos
trabajos han usado agonistas especificos de TRPA1, como por ejemplo el MO
para identificar funcionalmente la presencia de este canal i6nico en las
neuronas sensoriales. Desafortunadamente, el efecto de estos compuestos es
poco reversible debido a que forman enlaces covalentes durante la activacion
de TRPAL. Por tanto, el clotrimazol se muestra como una herramienta Gtil para
discernir entre las respuestas mediadas por TRPM8 o TRPA1 ante un mismo
estimulo en neuronas sensoriales primarias, dado que como se demuestra en
este trabajo, el clotrimazol inhibe la respuesta a mentol mediada por TRPM8 y
no modifica o incluso potencia la respuesta a mentol mediada por TRPAL en
neuronas de los ganglios trigéminos. Ademas los efectos del clotrimazol son
rapidos y reversibles.

La aplicacion de nifedipina incrementé la concentracion de calcio intracelular en
una subpoblacidbn de neuronas sensoriales de ganglio trigémino de ratdn
sensibles a AITC, un agonista especifico de TRPA1. Ademas, no se observd
ninguna respuesta a nifedipina en las neuronas de ratones nulos para el gen
trpal, lo que indica que el efecto excitador de nifedipina se explica a través de
la activacion de TRPAL.

En este trabajo se muestra como BCTC activa TRPAL1 expresado de forma
heterdloga, sin embargo no se observé ninguna respuesta excitadora a BCTC
en neuronas sensoriales de ganglio trigémino de ratones neonatos (datos no
mostrados). Estos datos son consistentes con un trabajo reciente que muestra
gue TRPALl no se expresa de forma funcional hasta aproximadamente el
séptimo dia postnatal, a diferencia de TRPM8 y TRPV1 que lo hacen desde la

fase embrionaria (Hjerling-Leffler et al. 2007).
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El mentol se ha usado en los ultimos afios como agonista especifico de
TRPMS8. Este punto de vista ha cambiado, al demostrarse recientemente que
también posee accidn agonista sobre TRPAL (Karashima et al. 2007; Xiao et al.
2008). En este trabajo mostramos como la aplicacion de BCTC inhibe
completamente la respuesta a mentol de neuronas de trigémino cobaya
neonato, y de forma parcial la respuesta a frio en esta poblacion de neuronas
sensibles a la aplicacion de mentol. Estos resultados son consistentes con los
observados en neuronas trigeminales de raton neonato al aplicar protocolos
idénticos (Madrid et al. 2006). Dado que los cobayas y ratones usados fueron
menores a siete dias postnatales, y a esta edad TRPAL1 no se expresa de
forma funcional (Hjerling-Leffler et al. 2007) se puede concluir que todas las
respuestas a mentol y a frio inhibidas mediante la aplicacion de BCTC sobre
estas neuronas trigeminales son mediadas por TRPM8. Ademas, nuestros
datos sugieren que la respuesta a frio que no se inhibe en presencia de BCTC
estaria mediada por otro u otros mecanismos moleculares adicionales
(Maingret et al. 2000; Reid et al. 2001; Viana et al. 2002; Kang et al. 2005;
Madrid et al. 2006; Madrid et al. 2009) a la activacion de TRPM8 y/o TRPAL.

5.3. Efectos del clotrimazol y nifedipina sobre la nocicepcion de ratones

adultos

5.3.1. Clotrimazol

La inyeccion intraplantar del clotrimazol se acompafioé de una conducta de dolor
en los ratones y ademas incremento la sensibilidad de los mismos a la
aplicacion de estimulos de calor intenso. Estos resultados son consistentes con
los que han sido observados tras la inyeccién de agonistas especificos del
canal ibnico TRPV1 como por ejemplo la capsaicina y resiniferatoxina (Caterina
et al. 2000). Al igual que para capsaicina y resiniferatoxina (Caterina et al.
2000), en este trabajo la administracion local de la solucién con clotrimazol no
se acompafo de conducta de dolor o de hiperalgesia térmica en ratones
TRPV1' . La ausencia de signos visibles de dolor en los ratones TRPV1™”
indica que la iniciacion del dolor inducido por la administracion del clotrimazol

no depende de la activacion de TRPAL.
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En cuanto a la relevancia clinica de estos compuestos, el clotrimazol tiene un
uso muy extendido como medicamento de aplicacion topica, pero aun existe un
conocimiento limitado de las bases moleculares de las acciones bioldgicas de
este farmaco. El clotrimazol es un compuesto antimicotico que se usa en un
gran numero de preparaciones para el tratamiento de infecciones por hongos
en la piel, vagina y boca (Sawyer et al. 1975). Generalmente es una sustancia
gue es bien tolerada por los pacientes, pero en muchos casos la aplicacion de
preparaciones que contienen el clotrimazol se acompafia de efectos
secundarios indeseables tales como irritacion y sensacion de quemazon en la
piel y mucosas (Binet et al. 1994; Del Palacio et al. 2001). EI mecanismo
molecular que explica el efecto antimicético del clotrimazol se conoce desde
hace afios (Hitchcock et al. 1990) y consiste en la inhibicidon de la actividad de
un tipo especifico de enzima citocromo P450 presente en hongos e
imprescindible para la sintesis de ergosterol, un componente esencial de la
membrana plasmética de estos organismos. Por el contrario, no se conocen los
mecanismos moleculares que operan bajo los efectos secundarios de la
aplicacion tépica del clotrimazol. Es bien conocido que los canales ionicos
TRPV1 y TRPAL1l presentes en neuronas sensoriales primarias estan
implicados en la deteccion de estimulos térmicos y de compuestos quimicos
gue conducen a la generacion de dolor e irritacion (Julius et al. 2001; Clapham
2003; Nilius 2007; Tominaga 2007), lo que conjuntamente con nuestros datos
sugiere que la activacion de TRPV1 y TRPA1 median los efectos indeseables
de la aplicacion tépica del clotrimazol. En este trabajo se muestra ademas que
la aplicacion conjunta de clotrimazol con BCTC, un antagonista potente de
TRPV1, se acompafia de una menor respuesta nociceptora que la observada
durante la administracién de clotrimazol solo. Estos datos sugieren que el uso
de antagonistas especificos de TRPV1, podrian ser atiles en la formulacién de
nuevas cremas con efectos secundarios mas reducidos.

Ademas, los efectos agonistas del clotrimazol sobre TRPA1l en expresion
heter6loga o nativa se producen a concentraciones mas altas y al ser aplicado
conjuntamente con mentol, lo que ocurre en muchas cremas que contienen el
clotrimazol.

Por otro lado, el efecto antagonista del clotrimazol y BCTC sobre TRPM8 tanto

en expresion heterdloga como nativa en neuronas de los ganglios trigéminos,

90



sugiere la posibilidad de su uso en condiciones patolégicas como la alodinia
por frio y determinados procesos tumorales (Bidaux et al. 2007; Colburn et al.
2007).

5.3.2. Nifedipina

Estudios psicofisicos en humanos indican que los compuestos agonistas de
TRPA1 provocan sensacion de quemazon y pinchazos que se correlacionan
con la activacion de nociceptores (Handwerker et al. 1991; Simons et al. 2003),
lo que sugiere que este canal idnico esta implicado en la transduccion del dolor.
Sin embargo, a pesar de que la nifedipina activd eficientemente el canal i6nico
TRPAL, no se observaron signos de conducta nociceptora al ser inyectada en
la pata de los ratones. Este resultado es consistente con el menor efecto
irritador de la nifedipina en humanos (Schramm et al. 1983) en comparacion
con el cinamaldehido. Debido a que la nifedipina bloguea corrientes de Ca**
dependientes de voltaje en neuronas sensoriales periféricas (Gover et al. 2003)
es posible que el efecto inhibidor de la nifedipina sobre los canales de calcio de
tipo L impida la propagacion de impulsos eléctricos a pesar de la activacion de
TRPA1l. Por otro lado, el calcio intracelular activa directamente TRPA1l
(Doerner et al. 2007; Zurborg et al. 2007), por lo que la inhibicion de canales de
calcio dependientes de voltaje podria estar restringiendo el flujo de calcio al
interior celular y de este modo atenuando la potenciacion de la actividad de
TRPA1 debida a un ciclo de retroalimentacion positiva por la entrada de calcio
(Nagata et al. 2005; Doerner et al. 2007; Zurborg et al. 2007; Karashima et al.
2009).

5.4. Posibles implicaciones clinicas de la activacion de TRPAL1 por 1,4
dihidropiridinas.

Las 1,4 dihidropiridinas son la base estructural de la que derivan numerosos
medicamentos usados en clinica para el tratamiento de diferentes afecciones
cardiovasculares como la hipertension y la angina de pecho (Catterall 2000;
Triggle 2003) debido a su efecto vasodilatador. Los resultados de este trabajo
sugieren que la activacion de TRPA1 por 1,4 dihidropiridinas podria ser un

mecanismo adicional al conocido efecto inhibidor sobre los canales de calcio de
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tipo L. Al respecto, existe el precedente de que otros agonistas de TRPAL
como son el A9-tetrahidrocanabiol, la alicina y AITC inducen vasodilatacién
arterial a través de un mecanismo que implica la activaciéon de TRPAL (Jordt et
al. 2004; Bautista et al. 2005). Ademas, el tratamiento prolongado con 1,4
dihidropiridinas tiene como efecto adverso la aparicion de hiperplasia gingival
en un nuamero significativo de pacientes (Ellis et al. 1999). Hasta ahora se
desconoce la etiologia de este efecto secundario, aunque se sugiere que la
induccion mediante agonistas de canales catiénicos no selectivos de una
entrada de Ca®" en fibroblastos de las encias podria estar implicada en el
desarrollo de esta patologia (Hattori et al. 2006). De este modo, la activacion de
TRPAL por dihidropiridinas descrita en este trabajo sugiere la posibilidad de su

implicacién en este crecimiento gingival anormal.

92



6 CONCLUSIONES



UNIVERSITA
Miguel
Hernandez




Las conclusiones del presente trabajo son:

1.

El agente antifungico clotrimazol produce un incremento de la
concentracion de calcio intracelular y de las corrientes catidnicas
mediadas por los canales i6nicos TRPV1 y TRPAL1 en sistemas de
expresion heteréloga. Ademas, este efecto agonista se acompafa de un
desplazamiento de la curva de activacion hacia valores de potencial de
membrana mas negativos, dentro del rango fisiolégico.

El clotrimazol incrementa la concentracion de calcio intracelular de una
subpoblacién de neuronas en cultivo procedentes de ganglio trigémino
de raton, a través de la activacion de los canales ionicos TRPV1 y
TRPA1 expresados de forma nativa.

El clotrimazol produce comportamiento de dolor e induce hiperalgesia
térmica en el test de dolor por inyeccion intraplantar y de placa caliente
respectivamente, en ratones con genotipo silvestre. La aplicacion
conjunta del clotrimazol y de BCTC atenta esta conducta de dolor en
estos mismos ratones. Ademas, la inyeccion del clotrimazol no produce
conducta de dolor ni hiperalgesia térmica en ratones nulos para el gen
trpvl. Todo ello indica que la activacion del canal i6nico TRPV1 es
responsable de la conducta observada.

El clotrimazol inhibe la sefial de calcio intracelular e inhibe la corriente
cationica mediada por TRPM8 en respuesta a mentol en sistemas de
expresion heterdloga. Este efecto antagonista se acompafia de un
desplazamiento de la dependencia de voltaje de activacion hacia valores
de potencial de membrana mas positivos, alejados del rango fisiolégico.
El clotrimazol inhibe la sefial de calcio intracelular en respuesta a
mentol y mediada por TRPMS8, mientras que no inhibe o potencia la
sefal de calcio intracelular en respuesta a mentol y mediada por TRPA1
en neuronas en cultivo de ganglio trigémino de ratén adulto.

El compuesto quimico BCTC inhibe la corriente catidnica mediada por
TRPM8 en respuesta a frio y mentol en sistemas de expresion
heterb6loga. Este efecto antagonista se explicaria por un desplazamiento

de la dependencia de voltaje hacia valores de potencial de membrana
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10.

11.

12.

mas positivos, impidiendo su apertura a valores fisiologicos del potencial
de membrana.

El BCTC inhibe completamente la sefial de calcio intracelular mediada
por TRPM8 en respuesta a mentol, y parcialmente a frio, en una
subpoblacién de neuronas en cultivo sensibles a la aplicacion de mentol
y procedentes de ganglio trigémino de cobaya neonato.

El BCTC produce un incremento de la concentracion de calcio
intracelular y de la corriente cationica mediada por el canal iénico
TRPA1 en sistemas de expresion heterologa.

Los compuestos quimicos SKF963565 y 1,10 fenantrolina inhiben la
corriente cationica mediada por TRPM8 en respuesta a frio en sistemas
de expresion heterdloga. Este efecto antagonista se acompafia de un
desplazamiento de la dependencia de voltaje hacia valores de potencial
de membrana mas positivos.

Los compuestos quimicos nifedipina y BAYK8644, dos conocidas 1,4
dihidropiridinas, incrementan la corriente cationica mediada por TRPAL
en sistemas de expresion heterologa.

La nifedipina incrementa la concentracion de calcio intracelular de una
subpoblacién de neuronas en cultivo procedentes de ganglio trigémino
de raton adulto, a través del canal idbnico TRPA1 expresado de forma
nativa.

La nifedipina no produce comportamiento de dolor en el ensayo de
inyeccion intraplantar, pero el BAYK8644 si, lo que sugiere que el efecto
inhibidor de la nifedipina sobre las corrientes de Ca** dependientes de
voltaje en neuronas sensoriales periféricas, neutraliza el posible efecto

excitador mediado por la activacion de TRPA1 en las mismas neuronas.
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Transient Receptor Potential Channels in Sensory Neurons
Are Targets of the Antimycotic Agent Clotrimazole
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Clotrimazole (CLT) is a widely used drug for the topical treatment of yeast infections of skin, vagina, and mouth. Common side effects of
topical CLT application include irritation and burning pain of the skin and mucous membranes. Here, we provide evidence that transient
receptor potential (TRP) channels in primary sensory neurons underlie these unwanted effects of CLT. We found that clinically relevant
CLT concentrations activate heterologously expressed TRPV1 and TRPAI, two TRP channels that act as receptors of irritant chemical
and/or thermal stimuli in nociceptive neurons. In line herewith, CLT stimulated a subset of capsaicin-sensitive and mustard oil-sensitive
trigeminal neurons, and evoked nocifensive behavior and thermal hypersensitivity with intraplantar injection in mice. Notably, CLT-
induced pain behavior was suppressed by the TRPVI-antagonist BCTC [(N-(-4-tertiarybutylphenyl)-4-(3-cholorpyridin-2-
yl)tetrahydropyrazine-1(2H)-carboxamide)] and absent in TRPV1-deficient mice. In addition, CLT inhibited the cold and menthol
receptor TRPMS, and blocked menthol-induced responses in capsaicin- and mustard oil-insensitive trigeminal neurons. The concentra-
tion for 50% inhibition (ICs,) of inward TRPMS current was ~200 num, making CLT the most potent known TRPMS8 antagonist and a
useful tool to discriminate between TRPM8- and TRPA1-mediated responses. Together, our results identify TRP channels in sensory

neurons as molecular targets of CLT, and offer means to develop novel CLT preparations with fewer unwanted sensory side effects.

Key words: TRP channels; sensory neurons; clotrimazole; temperature sensing; pain; chemoreceptor

Introduction

Clotrimazole (CLT) is an antifungal compound commonly used
in over-the-counter medications for the topical treatment of fun-
gal infections of the skin, vagina, and mouth (Sawyer et al., 1975).
CLT exerts its antifungal actions by inhibiting P450-dependent
enzymes (Hitchcock et al., 1990). Other well known molecular
targets of CLT are intermediate conductance Ca**-activated po-
tassium (IK,) channels, including the erythrocyte Gardos chan-
nel (KCNN4) (Alvarez et al., 1992); CLT-induced inhibition of
the Gardos channel, leading to reduced erythrocyte dehydrata-
tion, is a promising therapy in sickle cell disease (Brugnara et al.,
1996). In addition, CLT can inhibit cell proliferation in vitro and
in vivo, which has been ascribed to a CLT-induced depletion of
intracellular Ca®" stores and blockade of store-dependent Ca**
influx (Benzaquen et al., 1995). As such, CLT and related sub-
stances have potential as antiproliferative and antimetastatic
agents for the treatment of various human diseases.
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Although mostly well tolerated, a significant fraction of pa-
tients using topical CLT experience side effects such as irritation
and burning of the skin and mucous membranes (Binet et al.,
1994; del Palacio et al., 2001). Moreover, oral CLT has been re-
ported to induce nausea, gastrointestinal disturbances, and al-
tered taste sensations in some patients (Sawyer et al., 1975; Kole-
tar etal., 1990). The mechanisms underlying these unwanted side
effects of CLT are still not well understood.

The transient receptor potential (TRP) superfamily is a large
group of cation channels that play a general role as cellular sen-
sors (Clapham, 2003; Voets et al., 2005; Nilius et al., 2007). Sev-
eral TRP channels members are involved in the detection of ther-
mal, mechanical and chemical stimuli, and in the initiation of
irritation and pain caused by such stimuli (Julius and Basbaum,
2001; Voets et al., 2005; Tominaga, 2007). In this study, we iden-
tify TRP channels in sensory neurons as novel sensitive targets of
CLT. We demonstrate that CLT is an agonist of TRPV1 and
TRPA1, two TRP channels involved in the detection of noxious
physical and chemical stimuli by nociceptors (Caterina et al.,
1997; Caterina et al., 2000; Davis et al., 2000; Story et al., 2003;
Bautista et al., 2005; Nagata et al., 2005; Bautista et al., 2006;
Kwan et al., 2006), a potent antagonist of TRPMS, an important
sensor of environmental cold and of cooling substances such as
menthol (McKemy et al., 2002; Peier et al., 2002a; Bautista et al.,
2007; Colburn et al., 2007; Dhaka et al., 2007; Voets et al., 2007b).
Moreover, we show that intraplantar injection of CLT evokes
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nocifensive behavior and thermal hyperalgesia in mice, which
can be attenuated by pharmacological inhibition or genetic abla-
tion of TRPV1.

Materials and Methods

Cell cultures and gene expression. Human embryonic kidney 293
(HEK293) cells were grown in DMEM containing 10% (v/v) fetal calf
serum, 4 mm L-alanyl-L-glutamine, 100 U ml ™" penicillin and 100 ug
ml ~! streptomycin at 37°C in a humidity-controlled incubator with 10%
CO,. Cells were transiently transfected with human TRPMS, human
TRPV1 or mouse TRPALI cloned in the bicistronic pCAGGS-IRES-GFP
vector using TransIT-293 transfection reagent (Mirus, Madison, WI). In
some experiments, we also used a tetracycline-inducible system for ex-
pression of mouse TRPA1 in Chinese hamster ovary (CHO) cells, as
described previously (Story et al., 2003).

Trigeminal ganglion neurons from adult mice (postnatal months 1-3)
were cultured as described previously (Madrid et al., 2006). In brief, mice
were killed by inhalation of 100% CO, followed by rapid decapitation.
After removal, ganglia were cut in small pieces and incubated for 45 min
at 37°C in a dissociation solution containing (in mm) 155 NaCl, 1.5
K,HPO,, 5.6 HEPES, 4.8 Na-HEPES, and 5 glucose. The solution also
contained 0.07% collagenase type XI (Sigma, St. Louis, MO) and 0.3%
dispase (Invitrogen, Carlsbad, CA). After incubation, tissue fragments
were gently triturated with a fire-polished glass pipette, and the resultant
suspension was centrifuged at 1700 rpm for 10 min. The pellet obtained
was resuspended and cultured in a medium containing: 89% minimum
essential medium (MEM), 10% fetal calf serum supplemented with 1%
MEM vitamins (Invitrogen), 100 wg/ml penicillin/streptomycin, and
nerve growth factor (NGF; mouse 7S, 100 ng/ml; Sigma). Cells were
plated on poly-L-Lysine-coated glass coverslips and used after 1 d in
culture. TRPVI /" mice (stock number 003770) (see Caterina et al.,
2000) were purchased from The Jackson Laboratory (Bar Harbor, ME).

Measurement of the intracellular [Ca”" ], Cells were incubated with 2
M Fura-2 AM ester for 30 min at 37°C. Intracellular Ca** concentration
([Ca*"],) was measured on a monochromator-based imaging system
consisting of a Polychome IV monochromator (Till Photonics, Martin-
sried, Germany) and a Roper Scientific (Tucson, AZ) CCD camera con-
nected to a Zeiss (Oberkochen, Germany) Axiovert 200M inverted mi-
croscope, or on an Olympus (Tokyo, Japan) CellM system. Fluorescence
was measured during excitation at 340 and 380 nm, and after correction
for the individual background fluorescence signals, the ratio of the fluo-
rescence at both excitation wavelengths (Fs,/F5g,) was monitored. The
extracellular solution used in [Ca**]; measurements contained (in mm)
140 NaCl, 4 KCl, 2 CaCl,, 1 MgCl,, 5 glucose, and 10 HEPES, pH 7.4.

Electrophysiological recordings. Currents were recorded in the whole-
cell configuration of the patch-clamp technique using an EPC-7 or
EPC-9 amplifier and Pulse (HEKA Elektronik, Lambrecht/Pfalz, Ger-
many) or pClamp 9 (Molecular Devices, Sunnyvale, CA) software. Data
were sampled at 5-20 kHz and filtered off-line at 1-5 kHz. Between 40
and 60% of the series resistance was compensated to minimize voltage
errors. Most experiments were performed using identical intracellular
and extracellular Ca?" -free solutions containing (in mm) 150 NaCl, 5
MgCl,, 5 EGTA, and 10 HEPES, pH 7.4. Indicated experiments were
performed using a Ca?*-containing extracellular solution with (in mm)
150 NaCl, 5 CsCl, 5 CaCl,, 10 glucose, and 10 HEPES, pH 7.4.

Reagents. Clotrimazole [1-(chloro-ca, a-diphenylbenzyl)-imidazole],
capsaicin, and mustard oil (allyl isothiocyanate; MO) were purchased
from Sigma. Menthol (pL-menthol) was from Merck (Darmstadt, Ger-
many).  N-(-4-tertiarybutylphenyl)-4-(3-cholorpyridin-2-yl)tetrahy-
dropyrazine-1(2 H)-carboxamide (BCTC) was a kind gift from
Griinenthal (Aachen, Germany). Clotrimazole and mustard oil were dis-
solved in DMSO, and menthol and capsaicin in ethanol.

Behavioral analysis. Thirty-three adult mice were used in the behav-
ioral experiments [16 wild-type (WT) and 17 TRPV1 ~/7]. All proce-
dures described were approved by the local ethics committee and fol-
lowed guidelines of the International Association for the Study of Pain
(Zimmermann, 1983). Animals were housed maximum six per cage on a
12 h light/dark cycle with food and water ad libitum.
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Mice were placed in individual transparent plastic chambers and al-
lowed to acclimatize for at least 1 h before testing. CLT (0.5%) and CLT
plus BCTC (0.5% + 1 uM) were prepared in a solution of the following
composition: 10% DMSO, 10% Tween 80, and 80% PBS. Drugs were
delivered in a volume of 10 ul via intraplantar injection to the left hind
paw using a 30-gauge needle coupled to a Hamilton syringe. In control
experiments, mice were injected with vehicle alone.

Nocifensive behavior (licking, biting, flinching, lifting, or guarding of
the injected hind paw) was monitored for 10 min after injection and
expressed as the total number of seconds during which these behaviors
were exhibited over the 10 min period.

The hot plate (Letica Scientific Instruments, Barcelona, Spain) was
maintained at 55 = 0.5°C with a cutoff latency of 30 s to avoid tissue
damage. Endpoints for withdrawal were licking, biting, and flinching of
the hind paws, and jumping. The mean of two baseline tests determined
the preinjection withdrawal latency. Postinjection hot plate tests were
performed immediately after the evaluation of nocifensive behavior and
the results were expressed as a percentage of preinjection withdrawal
latency.

Data analysis. Data analysis was performed using Origin 7.0 (Origin-
Lab, Northampton, MA). Group data are expressed as mean = SEM
from n independent experiments. Significance between groups was
tested using the unpaired or paired Student’s ¢ tests or the Kolmogorov—
Smirnov test for comparison of non-normally distributed data sets.

Plots of steady-state currents (I ) in function of V were fitted using a
modified Boltzmann function as follows:

Gmuxx V
Is(V) = G(V) X V= (1)

z
I+ exp(— H“(V_ Vi)

where G, is the maximal conductance (kept constant for a given cell),
z the gating charge (in elementary charge units: e, = 1.6 X 10 ~'*C), v, ,
the voltage for half-maximal activation, k the Boltzmann constant
(1.38 X 107** JK "), and T the absolute temperature. Apparent P,
was determined as G/G,,,,,, where G was obtained from steady-state cur-
rents as I,/V. At 0 mV, G was taken as the value obtained from the fit
using Equation 1. As an alternative approach, voltage-dependent activa-
tion curves were also estimated from peak tail currents measured at a
fixed potential (+60 mV for TRPM8 and TRPV1; —150 mV for TRPA1)
following steps to different test voltages. Outward tail currents (at +60
mV) were used in the case of TRPM8 and TRPV1, because inward cur-
rents at negative voltages inactivate too fast (time constant <1 ms) to be
reliably measured (Voets et al., 2004). In general, both approaches
yielded V,,, estimates that differed by <10 mV.

Results

Screening the effects of clotrimazole on sensory TRP channels
To evaluate the possible role of TRP channels in mediating the
sensory effects of CLT, we performed intracellular Ca** imaging
experiments on HEK293 cells expressing TRP channels present in
sensory neurons and skin keratinocytes, namely TRPV1-4,
TRPMS, and TRPA1 (Voets et al., 2005). Note that a previous
report already described irreversible inhibition by CLT of
TRPM2 (Hill et al., 2004), an ADP-ribose-gated, heat-activated
channel expressed in brain and blood cells but not in sensory
neurons (Perraud et al., 2001; Togashi et al., 2006).

Application of 10 um CLT to HEK293 cells expressing the
heat-activated TRPV1 produced a robust [Ca* " |; increase, which
was of comparable magnitude to the response to 100 nMm capsaicin
(Fig. 1A). In contrast, CLT (10 um) did not evoke a Ca** increase
in control HEK293 cells or cells expressing the closely related
heat-activated TRPV2, TRPV3, and TRPV4 channels (Caterina et
al., 1999; Peier et al., 2002b; Smith et al., 2002; Xu et al., 2002;
Nilius et al., 2004) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Application of CLT led
to a reduction of the basal [Ca**]; in cells expressing TRPV4,
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Figure 1.  Effects of clotrimazole on calcium responses mediated by heterologously ex-

pressed TRPV1, TRPA1 and TRPMS. 4, Average ratiometric [Ca®*]; responses to 5 um CLT and
100 nm capsaicin in TRPV1-transfected HEK cells loaded with Fura-2 AM (red trace; n = 8).Inthe
same field, nontransfected cells did not respond to either stimuli (black trace; n = 10). B,
Ratiometric [Ca® "], responses to 5 um CLT and 20 pm MO in TRPA1-transfected HEK cells.
Recordings from seven individual cells (red traces) are shown to illustrate the variability in the
time course of the CLT responses. In the same field, nontransfected cells did not respond to
either stimuli (black traces). €, Average ratiometric [Ca >+ ; responses to 100 wum menthol in the
presence and absence of 10 um CLT in TRPM8-transfected HEK cells (red trace; n = 10) and
nontransfected cells in the same field (black trace; n = 5).

suggesting a partial inhibition of basal channel activity (supple-
mental Fig. 1C, available at www.jneurosci.org as supplemental
material), which is in line with previous studies showing an indi-
rect inhibition of TRPV4 activity by cytochrome P450 inhibitors
(Watanabe et al., 2003).

HEK293 cells expressing TRPA1, a sensor of various irritant
chemicals, also displayed a clear [Ca**]; increase in response to
10 um CLT (Fig. 1B). However, whereas [Ca**]; responses to
CLT in TRPV1-expressing cells were fast, reaching maximal am-
plitude in <1 min (Fig. 1A), TRPAl-expressing cells responded
significantly slower, with variable delays of up to 3 min (Fig. 1 B).

HEK293 cells expressing the cold-activated TRPMS exhibit an
increased basal intracellular Ca®* concentration ([Ca*"];)

Meseguer et al. @ Clotrimazole Acts on Sensory TRP Channels

caused by significant inward TRPMS8 current at room tempera-
ture (McKemy et al., 2002; Peier et al., 2002a; Voets et al., 2004).
In these cells, application of 10 uMm CLT rapidly decreased the
basal [Ca*"];and strongly impaired the response to 100 gM men-
thol (Fig. 1C).

With respect to the unwanted sensory side effects of CLT,
activation of TRPV1 and TRPA1 appears most relevant. More-
over, because activation of TRPM8 in sensory neurons by cooling
or menthol elicits analgesia, inhibition of this channel may also
contribute to the irritation evoked by CLT. We therefore set out
to evaluate the effects of CLT on these three channels in more
detail.

Clotrimazole activates TRPV1

In whole-cell patch-clamp experiments, application of 5 um CLT
activated robust inward and outward whole-cell currents in
HEK293 cells expressing TRPV1 (Fig. 2A). This activation was
never observed in nontransfected cells (data not shown). The
current—voltage relationship of the CLT-activated current
showed outward rectification and a reversal potential close to 0
mV, in line with the previously described properties of TRPV1
(Caterina et al., 1997; Voets et al., 2004) (Fig. 2B). CLT also
activated outwardly rectifying cation currents when applied to
the intracellular face of inside-out patches from TRPV1-
expressing cells (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material), indicating that CLT ac-
tivates the channel in a membrane-delimited manner. As shown
in Figure 2, A and C, currents evoked in the continuous presence
of CLT at concentrations 5 uM or higher exhibited desensitiza-
tion, which was not evident at lower concentrations. The effect of
CLT was voltage dependent (Fig. 2D), suggesting that this drug
affects the mechanism of TRPV1 activation rather than then
number of active TRPV1 channels. Previous studies have shown
that several temperature-sensitive TRP channels (TRPVI,
TRPV3, TRPMS8, TRPM4, and TRPMS5) are voltage-gated, and
that thermal and chemical stimuli act on these channels by shift-
ing the voltage dependence of activation (Voets et al., 2004,
2007a; Chung et al., 2005; Talavera et al., 2005; Malkia et al.,
2007). To investigate the voltage dependence of the effect of CLT
on TRPV1 in more detail, we applied voltage steps ranging from
—120 to +160 mV (Fig. 2D,E), which allows determining the
voltage-dependent activation curves from the steady-state cur-
rent—voltage relationships (see Materials and Methods). Analysis
of steady-state currents measured during voltage steps at 25°C
revealed a strong leftward shift of the activation curve, with a
change in the voltage for half-maximal activation (V,,,) from
127 £ 23 mV in control to 41 * 13 mV in the presence of 3 um
CLT (n = 4) (Fig. 2E,F). Even larger shifts of the activation
curves were evident at higher concentrations, but these were dif-
ficult to quantify because of the rapid current desensitization
(Fig. 2C). From these data we can conclude that CLT activates
TRPV1 by shifting the voltage dependence of activation, highly
similar to the effects of capsaicin (Voets et al., 2004).

Clotrimazole activates TRPA1

Next, we investigated the effects of CLT on heterologously ex-
pressed TRPA1 channels. Note that most initial experiments were
performed using tetracycline-inducible expression of TRPALI in
CHO cells; highly similar results were later obtained in tran-
siently expressed HEK293 cells (see Figs. 1, 6) (and data not
shown). In control (Ca?*-free) extracellular solution and in the
absence of agonist, voltage ramps from —150 to +150 mV elic-
ited sizable, strongly outwardly rectifying currents (0.12 * 0.03
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voltage steps to test potentials ranging
from —150 to +150 mV followed by an
invariant step to —150 mV (Fig. 3C). In the
absence of CLT, significant inward tail cur-
rents at —150 mV were only measured fol-
lowing test potentials = +100 mV (Fig.
3C,D). After application of 7 um CLT, in-
ward tail currents were already significant
at test potentials =0 mV, and the peak am-
plitude of the tail current following a test

o

potential of +150 mV increased 10-fold
(Fig. 3C,D). Even in the presence of CLT,

10 M

20s

0.5

Normalized current

E 0.0f

+50 mV %
vl

tail current amplitudes did not show satu-
ration for test potentials up to +150 mV
(Fig. 3D). As a result, reliable estimation of
a G,.ax and determination of V,,, from Bolt-
zmann was not feasible. Yet, a comparison
of the voltage dependence of tail current
amplitudes indicates that 7 um CLT causes
a leftward shift of the voltage-dependent
activation curve of >100 mV (Fig. 3D).
Intracellular Ca** directly activates
TRPA1, and permeating Ca’" exerts a
strong positive feedback on TRPA1 activity
(Nagata et al., 2005; Doerner et al., 2007;
Zurborg et al., 2007). Moreover, entering
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10 Ca’" can induce rapid desensitization of
TRPALI currents activated by agonists such
as mustard oil (Nagata et al., 2005; Doerner
etal.,2007). Therefore, we tested the effects
of CLT on TRPALI in Ca**-containing ex-
tracellular solution and found a striking
potentiation of the agonist effect of CLT. In
the presence of 5 mmM Ca®", outward
TRPALI currents activated by 5 um CLT
were increased ~10-fold and inward cur-
rents ~100-fold in comparison with Ca>*
free conditions (Fig. 3E,F). Moreover,
current activation in the presence of extra-
cellular Ca** was followed by pronounced

-100 -50

Figure 2.

currents in the absence (filled circles) and presence of 3 um CLT (open circles).

nA at +75 mV; —0.025 = 0.005 nA at —75 mV; n = 12), indic-
ative of some basal TRPA1 channel activity (Fig. 3A, B). Applica-
tion of CLT at a concentration of 5 uM evoked a modest and
reversible increase of this outwardly rectifying current (Fig.
3A,B). CLT had no measurable effect on whole-cell currents in
naive CHO cells (data not shown). The effect of CLT on TRPA1
current was dose-dependent, and did not saturate at concentra-
tions up to 30 M, which is close to the solubility limit of CLT in
extracellular solution (Fig. 3F).

As TRPA1 shows voltage dependence (Karashima et al., 2007;
Macpherson et al., 2007; Zurborg et al., 2007), we analyzed the
effects of CLT using a voltage step protocol consisting of 400-ms

V (mV)

Clotrimazole activates TRPV1-mediated whole-cell currents in HEK cells. 4, Time course of the development of
inward (at —50 mV) and outward (at +50 mV) TRPV1 current after application of 5 um CLT. B, Current—voltage relations
obtained during 200-ms voltage ramps from —50to +50 mV applied at the time points indicated in (A). €, Comparison of the
time course of TRPV1 current development after application of 1,3, and 10 um clotrimazole. D, Normalized dose—response curve
for the CLT-induced TRPV1 current development at the indicated voltages. E, Currents elicited by 200 ms voltage steps ranging
from —120to +160 mV before (left) and during (right) addition of 3 um CLT. F, Activation curves obtained from steady-state

desensitization, despite the continued
presence of CLT (Fig. 3 E,data not shown).
Thus, the efficacy of CLT to activate
TRPAL is strongly dependent on extracel-
lular Ca** and Ca** influx through the
channel. It should also be noted that the
maximal CLT-induced inward current am-
plitude in Ca’*-containing solution
(—3.47 £ 0.65 nA; n = 10) was only half of
that induced by 20 um MO (—6.45 = 0.7
nA;n = 8; p <0.01), indicating that CLT is
a partial TRPA1 agonist.

50 100 150

Clotrimazole inhibits TRPMS8

Application of 100 um menthol at 25°C activates a current in
TRPMBS transfected HEK293 cells that reverses near 0 mV and
exhibits outward rectification (Fig. 2B), in line with previous
reports (McKemy et al., 2002; Peier et al., 2002a; Voets et al.,
2004). CLT (10 um) produced a pronounced suppression of the
menthol-induced current, which recovered to a large extent after
washout (Fig. 4A). Detailed analysis of the dose dependence re-
vealed that CLT is a more potent inhibitor of inward current
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(IC5o = 200 nM at —50 mV) than outward
current (IC;, = 1.2 um at +50 mV). Anal-
ysis of the voltage dependence of TRPMS8
using voltage steps revealed that applica-
tion of 1 uM CLT induced a significant
rightward shift of the voltage-dependent
activation curve of TRPMS. V, , increased
by 89 £ 7 mV (n = 5), resulting in an al-
most complete inhibition of channel activ-
ity at negative voltages. The change in V;,
(AV,,,) produced by CLT was dose-
dependent (Fig. 4 F); fitting a Hill function
to the data yielded a concentration for half-
maximal effect of 3.0 + 1.6 uM, a maximal
shift of 340 = 70 mV and a Hill coefficient
0f0.9 £ 0.2 (n = 5). Together, these results
indicate that CLT inhibits TRPMS currents
by causing a positive shift of the voltage
dependence of channel activation.

CLT excites a subset of capsaicin- and
mustard oil-sensitive sensory neurons
Next, we tested the effects of CLT on cultured
mouse trigeminal sensory neurons. TRPV1,
TRPA1 and TRPMS are expressed in subsets
of primary sensory neurons where they func-
tion as thermosensors and/or chemosensors.
Although the exact distribution and colocal-
ization of these channels in these neurons is
somewhat controversial, the consensus is
that TRPA1 and TRPVI1 have a partially
overlapping expression pattern in capsaicin-
sensitive nociceptive neurons, whereas
TRPMS is expressed in a clearly distinct sub-
population of sensory neurons (Story et al.,
2003; Kobayashi et al., 2005).

Application of 10 um CLT evoked an in-
crease in [Ca?"], in a subset of cells that cor-
responded to 21% of viable neurons (Fig.
5A,C). Importantly, all CLT-activated neu-
rons were also sensitive to 1 uM capsaicin,
indicating that CLT-induced activation is re-
stricted to TRPV1-expressing neurons (Fig.
5A, inset). It should be noted, however, that
only approximately half of the capsaicin-
sensitive neurons, which corresponded to
49% of the total cell population, responded
to 10 um CLT (Fig. 5A).

To evaluate the relative contribution of
TRPV1 and TRPA1 channels to the CLT-
induced responses, we tested the effects of
CLT on trigeminal neurons from
TRPVI /" mice. As expected from previ-
ous work (Caterina et al., 2000), all
TRPV1-deficient neurons were fully unre-
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Figure 3.  Clotrimazole activates TRPA1-mediated whole-cell currents in CHO cells. 4, Time course of the development of
inward (at —75mV) and outward (at +75mV) TRPAT currents after application of 5 M CLT in control (Ca 2 * -free) extracellular
solution. B, Current—voltage relations obtained during 500 ms voltage ramps from —150 to +150 mV at the time points
indicatedin A. ¢, Currents evoked in response to 400 ms voltage steps ranging from — 150 to 150 mV followed by aninvariant step
to — 150 mV before and during application of 7 pum CLT. D, Peakinward tail currents at — 150 mV in the absence (filled circles) and
presence of 7 um CLT (open circles). The gray line represents the data obtained in the absence of CLT, shifted to the leftby 110 mV.
E, Time course of TRPAT current development and desensitization after application of 5 m clotrimazole in the presence of
extracellular Ca* (5 mw; black line). A time course obtained in Ca® " -free solution (gray; same data as in Fig. 34) is shown for
comparison. F, Dose—response curve for the CLT-induced inward and outward TRPA1 current.
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indicating that CLT sensitivity in the TRPVI ’~ neurons is re-

sponsive to capsaicin (Fig. 5B, C). Notably, the responsiveness to
CLT was significantly reduced compared with wild type (p <
0.001, Kolmogorov—Smirnov test): only 7% of the cells showed a
detectable response to 10 um CLT (Fig. 5C,D), and the average am-
plitude of the [Ca**]; increase in responsive cells was lower than in
wild-type cells (Aratio, 0.72 = 0.12 for WT vs 0.31 = 0.12 for
TRPV1 ™'~ neurons; p < 0.05). Importantly, all CLT-responsive
TRPV1-deficient neurons were also stimulated by MO (100 um),

stricted to TRPAl-expressing neurons (Fig. 5B). Together, these
data indicate that CLT excites nociceptive neurons through activa-
tion of TRPV1 and to a lesser extent TRPA1 channels.

CLT differentiates TRPM8- and TRPA1-mediated responses
to menthol

Previously, menthol-induced responses in sensory neurons were
considered strong evidence for the expression of TRPMS8. How-
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thol response in TRPA1-expressing cells is
clearly potentiated by CLT (Fig. 6 A, D).

To isolate the effects of CLT on TRPM8-
mediated menthol responses in sensory
neurons, we studied its effects in mustard
oil-insensitive, menthol-sensitive trigemi-
nal neurons (Karashima et al., 2007). In this
subpopulation, which corresponds to
~10% of viable neurons (Karashima et al.,
2007), 10 uMm CLT caused a decrease of
basal [Ca*"]; and produced a strong and
reversible inhibition of the [Ca®"]; rise
evoked by applying 100 um menthol (Fig.
6B, C). These results indicate that the in-
hibitory effect of CLT on basal and
menthol-induced TRPMS activity is pre-
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served in sensory neurons. Then, to dissect
the effects of CLT on TRPAI-mediated
menthol responses in sensory neurons, we
examined the effect of coapplication of
menthol and CLT in MO-sensitive trigem-
inal neurons from TRPVI ™/~ mice
(Karashima et al., 2007). We observed two
types of responses in this subset of neurons.
Neurons that showed only a small response
to a first menthol application (Aratio,
<0.3) displayed a significantly enhanced
response to a subsequent application of
menthol in the presence of CLT (Fig.
6E,F). In contrast, neurons that showed a
more robust response to a first menthol ap-
plication (Aratio, >0.3) did not show sig-
nificant CLT-induced enhancement (Fig.
6E,F). Possibly, CLT-induced TRPA1 po-
tentiation in these cells is masked by Ca*™"-
induced desensitization.

Together, these properties demonstrate
that CLT can be used as pharmacological
tool to discriminate between TRPMS8- and
TRPAI-mediated chemosensory responses.

+
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Figure 4.

concentration.

ever, this vision needs to be revised after our recent findings that
menthol also has an agonistic effect on TRPA1 channels
(Karashima et al., 2007). Given its opposite effects on TRPA1 and
TRPMS, we investigated whether CLT could be used to distin-
guish between TRPAl- and TRPMS8-mediated menthol re-
sponses. As illustrated in Figure 6, A and D, repeated application
of 50 uM menthol leads to rapid and reversible activation of
TRPMS8 and TRPA1 heterologously expressed in HEK cells. Co-
application of 10 um CLT leads to a strong inhibition of the
menthol-response in TRPM8-expressing cells, whereas the men-

4
[CLT] (uM)

Clotrimazole inhibits TRPM8-mediated whole-cell current in transfected HEK cells. A, Time course of inward (at
—50mV) and outward (at +50 mV) TRPM8 current activation by 100 .um menthol and its reversible inhibition by 10 um CLT. B,
Current—voltage relations obtained during 200 ms voltage ramps from —50 to + 50 mV at the time points indicated in 4. C,
Dose—response curve for the inhibition of menthol induced TRPM8 current by CLT at —50 mV (filled square) and +50 mV (open
circles). D, Currents elicited in response to 100 ms voltage steps ranging from —120to +160 mV in presence of 100 v menthol,
before (left) and during (right) addition of CLT. E, Activation curves obtained from steady-state currents for menthol-induced
currents in the absence (filled circles) and presence (open circles) of 1 um clotrimazole. F, Change in V, , as a function of CLT

6 10 CLT causes TRPV1-mediated nocifensive
behavior and thermal hyperalgesia
Finally, we tested to what extent the effects
of CLT on TRP channels in sensory neu-
rons results in pain-related behavior in
mice. Intra-plantar injection of CLT
evoked clear nocifensive behavior in wild
type mice, as evidenced by strongly in-
creased flinching and licking behavior
compared with vehicle-injected mice (Fig.
7A). Coinjection of BCTC, a potent TRPV1
antagonist, significantly attenuated CLT-
induced pain behavior (Fig. 7A). Moreover, TRPV1 /™ mice did
not exhibit significant nocifensive behavior in response to CLT
injection (Fig. 7A).

TRPV1 is involved in detecting noxious heat, and previous
studies have shown that several endogenous and exogenous
chemicals can sensitize TRPV1 to heat resulting in thermal hy-
peralgesia in vivo. To investigate whether CLT affects the sensi-
tivity to heat, we assayed the effect of the intraplantar CLT injec-
tion on the thermoresponsive behavior using a hot plate assay at
55°C. These experiments were performed 10 min after CLT in-
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jection, at which time the acute CLT-
induced nocifensive behavior had fully
ceased. In line with a previous study (Davis
et al., 2000; but see Caterina et al., 2000),
hot plate latencies in noninjected or
vehicle-injected mice were not significantly
different between WT (15.4 = 2.2 s) and
TRPVI1 ™/~ mice (13.7 = 1.1 s; p = 0.50).
Importantly, intraplantar injection of CLT
caused a significant reduction in hot plate
latency in WT but not in the TRPVI /"~
mice (Fig. 7B). Together, these behavioral
experiments demonstrate that CLT evokes
nocifensive behavior and thermal hyperal-
gesia in mice in a TRPVI1-dependent
manner.

Discussion

Despite its wide use in various over-the-
counter medications, the biological actions
of CLT are only partly understood. In par-
ticular, the origin of the sensory side effects
of oral or topical CLT were not known. Our
present results identify TRP channels in-
volved in thermosensation and chemosen-
sation in sensory neurons as novel CLT tar-
gets. We demonstrate that CLT is an
agonist of TRPV1 and TRPALI, two excita-
tory TRP channels expressed in nocicep-
tors (Caterina et al., 1997; Caterina et al.,
2000; Davis et al., 2000; Story et al., 2003;
Jordt et al., 2004; Bautista et al., 2005; Na-
gata et al., 2005; Bautista et al., 2006; Kwan
et al., 2006), and a potent antagonist of
TRPMS, a cold- and menthol sensor in
cold-sensitive sensory neurons (McKemy
et al., 2002; Peier et al., 2002a; Bautista et
al., 2007; Colburn et al., 2007; Dhaka et al.,
2007; Voets et al., 2007b). Moreover, we
show that intraplantar injection of CLT
evokes nocifensive behavior and induces
hypersensitivity to heat in mice, which can
be attenuated by pharmacological inhibi-
tion or genetic ablation of TRPV1. These
results point at TRPV1 as a major culprit
for the irritation and burning that can be
experienced after topical application of
CLT.

Previous studies have shown that ther-
mal stimuli as well as a variety of chemical
agonists and antagonists can modulate ac-
tivity of certain TRP channels, including
TRPV1, TRPMS, and TRPAI, by shifting
the voltage dependence of activation (Piper
etal., 1999; Brauchi et al., 2004; Voets et al.,
2004; Chung et al., 2005; Talavera et al.,
2005; Karashima et al., 2007; Malkia et al.,
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Figure 5.  Clotrimazole responses in mouse trigeminal neurons. 4, Ratiometric [Ca*" ], measurements from Fura-2 AM-
loaded neurons from wild type mice showing different types of responses to 10 um CLT, 1 wum capsaicin (Caps) and 60 muK ™. As
depicted by circles (inset), CLT responses were only observed in capsaicin-sensitive neurons. B, Representative ratiometric
[Ca®™"; responses to 10 m CLT, 100 um capsaicin, 100 pm menthol (Men), 100 wm MO, and 60 mmK ™ in neurons (n = 83)
from TRPY1~/~ mice. As depicted by circles (inset), CLT responses were only observed in mustard oil sensitive neurons. ,
Percentage of wild-type and TRPYT ~/~ neurons responding to capsaicin, CLT, and mustard oil. D, Cumulative probability plot of
the responses to 1 jm capsaicin (red) and 10 wm CLT (green) in wild-type (solid lines) and TRPY7 ~/~ (dashed lines) neurons.

2007; Voets et al., 2007a). Our present results show that CLT also
changes the voltage dependence of TRPV1, TRPA1, and TRPMS.
In the case of TRPV1 and TRPAL1, CLT shifts the voltage depen-
dence toward more negative voltages, which promotes channel
opening in the physiological voltage range. In contrast, CLT shifts
the voltage dependence of TRPMS8 toward more positive volt-

ages, thereby counteracting the effects of menthol and cold on the
channel. As such, CLT can also be considered as a gating modifier
rather than as an (ant)agonist of these channels.

Two previous reports have provided compelling evidence that
activation of TRPAI by several of its agonists occurs through
covalent modification of cysteine residues on the channel (Hin-
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Figure 6. Clotrimazole distinguishes between TRPM8- and TRPA1-mediated menthol-responses. A, Whole-cell currents in HEK cells transfected with TRPM8 illustrating the reversible inhibition
of responses to menthol (100 m) by CLT(10 m). B, Ratiometric [Ca 2™ ]; responses to menthol (100 wm) in an MO-insensitive sensory neuron in the absence and presence of CLT (10 um). €, Mean
responses in menthol-sensitive, MO-insensitive sensory neurons (n = 15) toa stimulation protocol as in B, illustrating the strong inhibition (95 == 2% block) of the menthol response by CLT. D, Same
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to the combination menthol plus CLT. In contrast, CLT-induced potentiation of the menthol response was not observed in a cell with a robust response to a first menthol application (gray trace;
Aratio, 0.65). F, Mean responses in MO-sensitive TRPY7 ~/~ sensory neurons (n = 15) to a stimulation protocol as in E.

man et al., 2006; Macpherson et al., 2007). The authors of these
studies realized that known TRPA1 agonists such as mustard oil,
cinnamaldehyde or acrolein are electrophiles that can react with
the thiol group of cysteine residues on proteins. One study also
provided direct evidence for a covalent modification of TRPAI
by these agonists (Macpherson et al., 2007). Moreover, mutation
of specific cysteine residues in the N terminus strongly reduced its
sensitivity to cysteine-reactive agonists, but not to icilin, an ago-
nist that exhibits no obvious reactivity to cysteines (Hinman et
al., 2006; Macpherson et al., 2007). It is unlikely that CLT activa-
tion of TRPALI involves covalent binding to the channel. First,
CLT is neither electrophilic nor known to react with cysteine or
other amino acids. Second, the effect of CLT on TRPAI was
readily reversible on washout and could be repeated several times
in the same cell. In contrast, covalent modification of cysteine
residues can persist for minutes to hours (Macpherson et al.,
2007). Thus, we consider it most likely that CLT acts on TRPA1
through a “classical,” noncovalent interaction with the channel,
similar to the effects of menthol on TRPA1 (Karashima et al.,
2007).

In previous studies it has proven difficult to unambiguously
separate TRPMS8 and TRPA1 responses in sensory neurons. This

is mainly because of the substantial overlap in stimuli that acti-
vate TRPMS8 and TRPA1: both channels were shown to be acti-
vated by icilin, cold and menthol (McKemy et al., 2002; Peier et
al., 2002a; Story et al., 2003; Karashima et al., 2007). It should be
noted that whether TRPAL1 plays a role as a cold sensor in vivo
remains a matter of strong debate (Story et al., 2003; Jordt et al.,
2004; Bautista et al., 2006; Kwan et al., 2006; Sawada et al., 2007;
Zurborg et al., 2007). Previous studies have often used TRPA1-
selective agonists such as MO to discriminate between TRPA1-
and TRPM8-mediated responses. However, because of their co-
valent binding to TRPA1 (and possibly other cellular targets) the
effects of these agonists are only poorly reversible. Our present
findings identify CLT as probably a more useful tool to distin-
guish between TRPMS8- and TRPA1-mediated responses in sen-
sory neurons. CLT can be used as a potent inhibitor of TRPMS,
while activating TRPA1 and potentiating TRPA1-mediated re-
sponses to agonists such as menthol. Importantly, these effects of
CLT are rapidly and almost completely reversible.

Only a subset of capsaicin-sensitive and/or MO-sensitive tri-
geminal neurons showed a Ca*" response to 10 um CLT, whereas
100% of TRPV1- or TRPA1-expressing HEK293 cells responded
to the same dose of CLT in Ca** imaging or patch-clamp exper-
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Figure 7.  Intraplantar injection of Clotrimazole evokes pain and thermal hyperalgesia in
mice. A, Duration of nocifensive behavior in the first 10 min after intraplantar injection of
vehicle, CLT or CLT plus BCTC in wild-type and TRPY7 ~/~ mice. B, Change in response latency
on a hot plate (55°C) 10—15 min after intraplantar injection of vehicle or CLT wild-type and
TRPVT /" mice.

iments. This indicates that CLT-induced activation of TRPA1
and/or TRPV1 is not always sufficient to provoke a detectable
Ca’** signal in trigeminal neurons, which can be attributed to the
lower agonist potency of CLT compared with capsaicin (TRPV1)
or MO (TRPA1). Moreover, both TRPV1 and TRPA1 are
voltage-dependent, and their sensitivity to activating stimuli such

Mesequer et al. e Clotrimazole Acts on Sensory TRP Channels

as CLT varies depending on the membrane potential of the neu-
ron. In general, it is well known that the excitability of ther-
mosensory neurons is determined by the relative activity of exci-
tatory and inhibitory ionic channels (Viana et al., 2002). Finally,
it cannot be excluded that the some neurons have mechanisms
that mediate rapid extrusion or breakdown of CLT and thereby
prevent it from significantly activating TRPV1/TRPALI. For ex-
ample, it has been shown in yeast that high expression of drug
extrusion pumps such as multidrug resistance 1 (MDR1) can lead
to resistance to CLT (White et al., 2002; Looi et al., 2005). Inde-
pendent of the mechanism, the lower cellular sensitivity to CLT
compared with capsaicin or MO matches with the milder per-
ceived sensory effects of CLT when applied to the tongue or mu-
cous membranes.

It is known that topical application of CLT preparations in
humans can evoke unwanted side effects such as irritation and
burning of the skin and mucous membranes (Binet et al., 1994;
del Palacio et al., 2001). Our present results provide a straightfor-
ward explanation for such sensory side-effects, namely activation
of TRPV1- and TRPA1-containing nociceptive neurons. Most
importantly, we found that intraplantar injection of CLT evoked
robust nocifensive behavior in mice and increased the sensitivity
to noxious heat, similar to what has been observed after in-
traplantar injection of selective TRPV1 agonists such as capsaicin
or resiniferatoxin (Caterina et al., 2000). As for capsaicin and
resiniferatoxin (Caterina et al., 2000), we found that both the
acute nocifensive behavior and the thermal hyperalgesia evoked
by CLT were completely absent in TRPV1 '~ mice. The absence
of obvious signs of pain-related behavior in the TRPV1 ~/~ mice
could indicate that TRPA1 plays only a minor role in the initia-
tion of CLT-induced pain. Our results obtained in heterologous
systems and isolated sensory neurons suggest, however, that ac-
tivation of TRPA1 may become more relevant to nociception at
higher CLT concentrations or when CLT is coapplied with other
TRPAIl-agonists such as menthol, as is the case in many CLT-
containing creams.

In conclusion, we have identified thermosensory and chemo-
sensory TRP channels in sensory neurons as novel targets of the
widely used drug CLT. CLT is, to our knowledge, the most sen-
sitive known inhibitor of TRPMS, and as such CLT may have
therapeutic potential for the treatment of TRPM8-related condi-
tions such as cold allodynia or even certain types of malignancies
(Bidaux et al., 2007; Colburn et al., 2007; Voets et al., 2007b). In
addition, we demonstrated that CLT represents a useful tool to
discriminate between TRPM8- and TRPA1-mediated responses.
Finally, knowledge of the agonist effect of CLT on TRP channels
in nociceptors may form the basis for the development of new
CLT preparations with reduced sensory side effects.
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Transient receptor potential type Al (TRPA1) channels are
cation permeable channels activated by irritant chemicals and
pungent natural compounds. Their location in peptidergic sensory
terminals innervating the skin and blood vessels makes them
important effectors of vasodilator responses of neural origin.
1,4-dihydropyridines are a class of L-type calcium channel antago-
nists commonly used in the treatment of hypertension and ischemic
heart disease. Here we show that four different 1,4-dihydropyri-
dines (nifedipine, nimodipine, nicardipine and nitrendipine), and
the structurally related L-type calcium channel agonist BayK8644,
exert powerful excitatory effects on TRPA1 channels. The activa-
tion does not depend on elevated Ca?* levels and cross-desensitizes
with that produced by other TRPAI agonists. The activation
produced by nifedipine was reduced by camphor and the selective
TRPA1 antagonist HC03001. In a subclass of mouse nociceptors
expressing TRPA1 channels, assessed by responses to the TRPA1
agonist mustard oil, nifedipine also produced large elevations in
[Ca2+]i. These responses were fully abrogated in TRPA1(-/-) mice.
These findings identify TRPA1 channels as a new molecular target
for the 1,4-dihydropyridine class of calcium channel modulators.

Introduction

Transient receptor potential (TRP) channels comprise an exten-
sive family of cation permeable channels found in animals and fungi.
Close to 30 members have been identified in mammals, with a wide
expression profile.!> Many TRP channels are involved in sensory
signaling cascades, detecting physicochemical signals in the environ-
ment.»> TRPAI, a TRP channel phylogenetically separate from
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the rest, is a remarkable example of a broad-band chemodetector,
responding to many natural and synthetic irritants.>” In sensory
ganglia, TRPA1 co-localizes with TRPV1 in a subset of nociceptor
peptidergic neurons.310 Furthermore, psychophysical studies in
humans indicate that activators of TRPA1 induce a burning or

11-13 suggesting that the channel is involved in

pricking sensation,
nociceptor signaling.

TRPA1 is also unique in the molecular mechanism of activa-
tion. Unlike traditional chemoreceptors (e.g., odorant and olfactory
receptors) that can discriminate between closely related chemical
structures, TRPA1 is activated by structurally different molecules
with high chemical reactivity. These highly electrophilic compounds
interact with thiol groups in side chains of intracellular cysteines in
the TRPA1 molecule, forming covalent bonds.'#!> These interac-
tions give rise to long lasting channel openings that can be reversed
by reducing agents such as dithiothreitol. The growing list of
TRPAL activators includes allyl isothiocyanate (AITC) (mustard oil),
cinnamaldehyde (cinnamon oil), methyl salicilate (wintergreen oil),
allicin (present in garlic extract), eugenol (cloves), gingerol (ginger),
N-ethylmaleimide, 2-APB, trinitrophenol, and a number of volatile
irritants, such as 2-propenal (acrolein) and 2-pentenal 1018

Other, nonelectrophilic substances, icilin  and
A9-tetrahydrocannabinol also activate TRPA1.8919 Mutational
studies have established that the activation by icilin is not dependent
on covalent interactions and probably relies on a more traditional
binding pocket.!%!? Menthol and structurally related compounds
have a dual action on TRPA1, activation at low concentrations and
channel block at higher doses.?*?! Calcium ions and other divalents
(e.g., Mn?*) activate directly TRPA1.2223 This interaction depends

on an EF-hand motif in the N terminus of TRPAI. A soluble cyto-
24

such as

solic factor appears to be essential for normal TRPA1 function.
A notable study on TRPA1 knockout mice has clarified the unique
chemical sensitivity of this ion channel.!” These animals were
completely insensitive to mustard oil and allicin. In addition, these
animals had pronounced deficits in bradykinin-evoked nociceptor
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Figure 1. Nifedipine activates a calcium influx pathway in TRPAT-expressing cells. (A) Experimental recordings of the effects of 0.1 and 10 M nifedipine
(NIF) on [Ca?*]; levels in TRPA1-CHO cells. (B) Lack of responses to 10 mM nifedipine in standard CHO cells. Same calibration bars as in (A). (C) Effects of
6 and 100 M cinnamaldehyde (CM) on [Ca?*]; levels in TRPAT-CHO cells. (D) Dose-response curves for nifedipine and CM. Each data point corresponds
to the average of >25 cells. The solid lines represent the fit to the Hill equation. In the case of nifedipine, the fit to the data yielded an EC5, = 0.40 + 0.02
M and a Hill slope of 2.1 £ 0.1. In the case of CM, the fit to the data yielded an EC5, = 6.50 + 0.35 M and a Hill slope of 4.4 + 0.4.

excitation, highlighting a fundamental role for TRPA1 in neurogenic
inflammatory pain.!7-18:23

Allicin, AITC and A9-tetrahydrocannabinol, three structurally
unrelated agonists of TRPA1 channels, are known to induce arterial
vasorelaxation.?”?® The mechanism involves release of CGRP from
peptidergic terminals innervating peripheral vessels.?’-?

We asked whether other clinically relevant hypotensive agents
might activate TRPA1 channels as well. Here we show that
1,4-dihydropyridines, a broad class of L-type calcium channel
antagonists,>*3! extensively used in the treatment of hypertension
and angina pectoris, exert powerful excitatory effects on recombinant
and native TRPA1 channels. These findings expand the spectrum of
molecular targets for 1,4-dihydropyridines.

Results

Nifedipine evokes [Ca®*]. responses in CHO-TRPA1 cells.
Using CHO cells expressing the mouse variant of TRPA1, we tested
the effects of nifedipine on [Ca®*] . levels. As shown in Figure 1A,
nifedipine produced a dose-dependent [Ca?*]; elevation from a base-
line temperature of 34°C. At low doses of agonist (e.g., 100 nM) only
a fraction of cells responded with a variable latency. These responses
were characterized by an initial slow rise and, upon reaching a certain
[Ca?*] . level, a fast fully reversible Ca?* transient. At higher concen-
trations of nifedipine (e.g., 10 uM) all cells responded with a nearly
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identical time course: a rapid phase at nearly constant latency and a
more sustained plateau. The elevation in [Catz"]i produced by 10 uM
nifedipine averaged 2227 + 86 nM (n = 83). In contrast, application
of 10 uM nifedipine to standard CHO cells had no measurable effect
on [Caz"]i levels (Fig. 1B). The mean elevation for each concentra-
tion of nifedipine was fitted to the Hill equation and had an EDy of
0.4 + 0.02 uM (Fig. 1D).

For comparison, we tested the effects of cinnamaldehyde (CM),
a specific activator of TRPA1 channels. During identical protocols,
CM also produced a dose-dependent elevation in [Caz"]i (Fig. 1C),
with detectable effects requiring a concentration >1 WM. In the case
of CM, the EDy; was 6.5 + 0.35 uM (Fig. 1D), demonstrating that
nifedipine is a more potent activator of TRPA1 channels than CM.
The mean [Caz"]i elevation produced by 100 uM CM averaged 2940
+ 198 nM (n = 53).

In the absence of extracellular Ca?*, the elevation in [Calz"]i
produced by nifedipine was fully abrogated, indicating that it depends
on activation of a Ca®* influx pathway (Fig. 2A). Moreover, readdition
of Ca?* in the absence of agonist triggered a response (not shown),
suggesting that activation of the channel is very sustained.

Camphor is a blocker of TRPA1 channels.3>33 As shown in Figure
2B, application of 2 mM camphor in the continuous presence of
1 uM nifedipine produced a notable inhibition of the [Caz"]i eleva-
tions triggered by the agonist. The mean inhibition was 29.6 + 1.3%
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We also tested the effects of pyridine, a
compound with a related chemical core. Pyridine at

A zero Ca?* B 1 uM NIF
10 EM NIF 2 mM camphor
ACa?
500 nM

1 mM produced no effects in CHO-TRPALI cells.
Diltiazem, a structurally unrelated Ca®*-channel
antagonist belonging to the phenylalkylamine
class, had non-specific actions, evoking calcium
rises only at very high concentrations (ED, =
1.6 mM) in both CHO-TRPA1 and naive CHO

cells (not shown).

Activation of TRPAL1 currents by nifedipine.
We used whole-cell patch-clamp recordings to
investigate the effects of 10 uM nifedipine
on TRPAl-mediated currents in CHO cells.
Currents were evoked by voltage ramps from
-150 to +150 mV, delivered every 5 s, and
the current evoked at +/-100 mV was plotted
vs. time (Fig. 5A). Application of nifedipine

C 1 uM NIF D 400-
100 uM HC03001 < 80
£ 60-
S
3 40-
=
£ 20
0 L) L}
0.01 0.1 1

HC03001 (uM)

activated a non selective, modestly outwardly

10 100 1000 . . J. .
rectifying current, with characteristics typical

Figure 2. Dependence of nifedipine responses on extracellular CaZ* and block by TRPA1 antago-
nists. (A) Application of 10 uM nifedipine in the absence of external Ca2* produced no measur-
able [Ca?*]; elevation. (B) During prolonged applications of 1 uM nifedipine, addition of 2 mM
camphor produced a reversible reduction in [Ca?*]; levels. (C) Inhibition of [Ca?*]; responses to 1
uM nifedipine by 100 uM HCO3001. (D) Dose-response curve of inhibitory effects of HCO3001
on nifedipine-evoked [Ca2*]; responses. Each data point corresponds to the average of >25 cells.
The solid lines represent the fit to the Hill equation. The IC5, was 1.80 + 0.00 uM.

(n = 89) and was fully reversible upon wash. Recently, a novel, highly
selective antagonist of TRPAI channels has been identified, with
blocking actions on recombinant and native TRPAI channels.33-34
This compound, HC03001, produced a potent (ICs, 1.8 uM) and
fully reversible inhibition of nifedipine-evoked [Caz+]i elevations
(Fig. 2C and D).

These results indicate that nifedipine potently activates a Ca?*
influx pathway in TRPA1 expressing cells that can be inhibited by
selective TRPA1 antagonists.

Activation of TRPA1 by other 1,4-dihydropyridines. We used
fluorescence Ca®* imaging to screen the effects of other clinically
relevant 1,4-dihydropyridines on TRPA1 activity. All compounds
tested, which included nimodipine (EDy, = 0.8 + 1.3 uM), nicar-
dipine (EDg, = 0.5 + 0.07 uM) and nitrendipine (EDg, = 3.8
£+ 0.3 uM) produced a dose-dependent [C212+]i elevation from a
baseline temperature of 34°C. Representative responses at 10 uM
are shown in Figure 3. Their characteristics are virtually identical
to those described for nifedipine. (+)BayK8644, a dihydropyridine
derivative that functions as a calcium channel agonist rather than an
antagonist,? also activated TRPA1 dose-dependently (EDs, = 32.7
+ 0.2 uM), suggesting that the agonist effect of dihydropyridines
on TRPALI is independent of its action on L-type calcium channels
(Fig. 4A and B). None of these drugs had an effect on naive CHO
cells (not shown).

The R-(+) and S-(-) enantiomers of BayK8644 function as
antagonist and agonist of L-type Ca®* channels respectively.3¢
Thus, we investigated their action on TRPAI. As shown in Figure
4 both enantiomers displayed dose-dependent activating effects
upon TRPAI, with similar potency: EDy, = 20.8 + 1.5 uM for
R-BayK8644 and 41.5.8 + 1.1 uM for R-BayK8644.
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of TRPA1 channels (Fig. 5B). The nifedipine-
sensitive current had a slow rise time, reversed
at 2.3 + 0.5 mV (n = 8) and showed a decreased
conductance at more positive potentials.’” In
contrast to results obtained with [Ca2+]i imaging,
the current evoked by nifedipine showed marked
desensitization during continuous application of
the drug.

For comparison, CHO-TRPA1 cells were probed with the refer-
ence TRPA1 agonist cinnamaldehyde (CM). As shown in Figure 5A
and B, 200 uM CM activated a current with characteristics identical
to the nifedipine-sensitive current, suggesting that the former is medi-
ated by activation of TRPA1 channels. Furthermore, BayK8644 also
activated a similar current (Fig. 5A and B). Mean current densities
activated by 10 uM nifedipine, 200 uM CM and 30 uM BayK8644
were similar (Fig. 5E), consistent with a more potent agonist effect
of nifedipine observed in the [Ca®*] . imaging data.

To characterize the effects of nifedipine on TRPAL channel
gating in more detail, we used a protocol of rectangular voltage
pulses (300 ms duration) to potentials varying between -150 and
+150 mV, followed by a constant step to -150 mV for 150 ms. As
shown in Figure 5C, nifedipine activated a sustained current with
modest time-dependent inactivation at very positive potentials.
The slowly deactivating inward tail current at -150 mV increased
non-monotonically with depolarization, displaying a dent at depolar-
ized potentials, consistent with a partial inactivation of the current
at positive voltages. Analysis of tail currents indicates that nifedipine
produces a strong leftward shift of the activation curve, which results
in significant channel activity at more physiological voltages (Fig. 5D).
Taken together, these results suggest that nifedipine modulates the
voltage-dependent activation of TRPA1.2

Further evidence for the identity between nifedipine- and
CM-activated currents was obtained during cross-desensitization
experiments. As shown in Figure 6A, application of a nifedipine pre-
pulse for 180 s produced an almost full inhibition of CM-evoked
currents. The density of CM-evoked current, measured at +100 mV,
was 75.1 + 28.4 pA/pF (n = 5) in the absence of a nifedipine prepulse
and 1.1 = 0.5 pA/pF following nifedipine (p < 0.05, n = 5) (Fig. 5B).
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Figure 3. Activation of TRPAT by different 1,4-dihydropyridines. (A, D and G) Elevations in [Ca?*], produced by applications of 10 uM nimodipine, 10 uM
nicardipine, 10 uM nitrendipine. Note the variable effectiveness of the different dihydropyridines. (B, E and H) Dose-response curves for nimodipine,
nicardipine, nitrendipine. Each data point corresponds to the average of >25 cells. The solid lines represent the fit to the Hill equation. The ED5, was 0.8
+ 1.3 uM for nimodipine; 0.5 = 0.07 uM for nicardipine, 3.8 + 0.3 uM for nitrendipine. (C, F and ) Chemical structure of nimodipine, nicardipine and

nitrendipine.

Desensitization of nifedipine-sensitive current is not mediated
by intracellular Ca?*. TRPAI channels are calcium permeable and
intracellular calcium ions have dual effects on their gating: They
produce a direct activation and also desensitization.”222438 To
test for the possible involvement of elevated [Caz"]i ions in the
desensitization of the current evoked by nifedipine, we performed
recordings in the absence of external Ca?* plus 1 mM EGTA, and
with 10 mM EGTA in the pipette. As shown in Figure 7A, activa-
tion of the current by nifedipine was still observed under buffered
Ca?* conditions. Furthermore, as shown in Figure 7B the time
course or current desensitization in the absence of external CaZ*
was similar to results obtained in control records (t = 100 + 73 s in
control vs 105 + 27 s in zero Ca®*, n = 4; p = 0.9), suggesting that
elevation in [Caz"]i is not necessary for current activation, neither
to trigger the desensitization.
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Nifedipine activates TRPA1 channels in trigeminal sensory
neurons. TRPA1 is strongly expressed in a subset of nociceptor sensory
neurons.”3? Thus, we tested the effects of nifedipine in cultured adult
mouse trigeminal sensory neurons. As shown in Figure 8A, nifedipine
(10 uM) produced a robust [Caz"]i elevation in a fraction of TG
neurons. Out of 117 neurons tested, 10 uM nifedipine elevated
[Caz"]i in 48 of them (41%). Average [Caz"]i elevation by nifedipine
was 654 + 82 nM (Fig. 8B). The same neurons were probed with 100
uM mustard oil (MO), a specific TRPA1 agonist.!” There was a strong
correlation in sensitivity to both compounds. All nifedipine-sensitive
neurons were activated by MO and 77% responded to both agonists.
A large fraction (62%) of nifedipine- and MO-sensitive neurons were
also activated by the TRPV1 agonist capsaicin (500 nM), but only
68% of all capsaicin-sensitive neurons were responsive to nifedipine.
A colocalization between TRPA1 and TRPV1 in DRG and trigeminal
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Figure 4. Activation of TRPAT by BayK8644 lacks stereoselectivity. (A, D and G) Elevations in [Ca?*]; produced by applications of 100 uM (+)BayK8644,
100 uM R-(+) BayK8644 and 100 uM S-(-) BayK8644 in TRPAT expressing CHO cells. (B, E and H) Dose-response curves for (+)BayK8644, R-(+) BayK8644
and S-(-) BayK8644. Each data point corresponds to the average of >25 cells. The solid lines represent the fit to the Hill equation. The ED5y was and 32.7
+ 0.2 uM for (£)BayK8644, 20.8 + 1.5 uM for R-(+) BayK8644 and 41.5 = 1.1 uM for S-() BayK8644. (C, F and I) Chemical structure of (+)BayK8644,

R-(+) BayK8644 and S-(-) BayK8644 respectively.

sensory neurons has been noted previously.®4" Figure 8D summarizes
these relationships in a Venn diagram.

To verify that nifedipine responses were mediated by activation
of TRPAIL channels, we repeated the same protocol in TG sensory
neurons obtained from TRPA1 knock out mice.?> As shown in
Figure 8C, in TRPA1(-/-) animals the responses of sensory neurons
to nifedipine and/or mustard oil were abolished. In contrast, the
amplitude of responses and the percentage of capsaicin-sensitive
neurons were unchanged. Figures 8E-H shows a summary of
responses to the three agonists (nifedipine, MO and capsaicin),
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represented as cumulative probability histograms and percentage of
responsive neurons histogram.

These results demonstrate that nifedipine-evoked [Ca?*]  signals
in nociceptive trigeminal sensory neurons are mediated exclusively by
activation of native TRPA1 channels.

Discussion

Here we show that several clinically relevant 1,4-dihydropyridines
can act as potent agonists of recombinant and native TRPAI chan-
nels. Three of them, nifedipine, nimodipine and nicardidipine, had
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Figure 5. Activation of similar TRPA1-dependent currents by 1,4-dihydropyridines and CM. (A) Time course of whole-cell current during application of 10 uM
nifedipine, 200 uM cinnamaldehyde (CM) and 30 uM (x) BayK8644. Note the full desensitization of the current in the continuous presence of agonist.
(B) Current-voltage relationships of whole-cell currents in control solution (grey traces) and in the presence of 10 uM nifedipine, 200 uM CM and 30 uM
() BayK8644. The traces correspond to the points marked with filled circles in (A). (C) Currents in response to 300-ms voltage steps ranging from -150 to
+150 mV before (left), during (center) and after (right) addition of 10 uM nifedipine. (D) Tail currents at -150 mV in control solution and in the presence of
10 uM nifedipine. Data represent the average of five cells using the step protocol shown in (C). (E) Average current density at +100 and -100 mV evoked
by 10 uM nifedipine, 200 uM CM and 30 uM () BayK8644. Each cell was exposed to only one agonist.
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Figure 6. Cross desensitization between nifedipine and CM activation of TRPAT currents. (A) Time
course of whole-cell current during consecutive applications of 10 uM nifedipine (NIF) and 200 uM
CM to the same CHO-TRPA1 cell. Note the lack of response to CM following activation of the current
by nifedipine. (B) Summary bar graph of mean current density during consecutive applications of 10

uM nifedipine and 200 uM CM.

data agree with the low pungency and irrita-
tion profile of dihydropyridines in humans,3>
when compared to cinnamaldehyde. Because
nifedipine blocks electrically evoked Ca?*
transients in peripheral sensory nerves,%
it is possible that these potent inhibitory

actions on L-type Ca?* channels prevent the
propagation of electrical impulses at nerve
terminals, despite a powerful TRPA1 activa-
tion. In sensory neurons stimulated with
TRP channel openers, action potential-depen-
dent calcium influx, through voltage-gated
Ca?* channels, is much more significant than
direct flux through open TRP channels.%4
In addition, dihydropyridines block activity-
dependent substance P release.*> This effect

i+

would minimize the axonal reflex and the
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Figure 7. Desensitization of nifedipine-sensitive current is not mediated by intracellular Ca?*. (A) Time
course of whole-cell current during application of 10 uM nifedipine in the absence of external Ca2+
and 10 mM intracellular EGTA. Note the fast desensitization of the current in the continuous presence
of agonist. (B) Time constant of current decay in control conditions (2.4 mM Ca?*) and in the absence

of external Ca2*. The mean values were not statistically different (p = 0.9).

EDyj values below 1 uM, indicating that 1,4-dihydropyridines are
one of the most potent class of TRPA1 agonists reported so far,”
surpassing the potency of cinnamaldehyde and mustard oil, two
reference agonists for TRPA1 channels. The absence of responses
to nifedipine in sensory neurons obtained from TRPA1(-/-) mice
indicates that these excitatory effects of dihydropyridines are fully
explained by actions on TRPA1 channels.

The relevance of our finding derives from the widespread clinical
use of 1,4-dihydropyridines as L-type calcium channel antagonists.
Indeed, the 1,4-dihydropyridine nucleus serves as the scaffold for

3031 ysed in the treatment

many important cardiovascular agents,
of hypertension and angina pectoris. Our work suggests that some
of these actions may also involve the activation of TRPAI chan-
nels in addition to the known actions on L-type calcium channels.
In this context, it is relevant that other TRPA1 agonists, including
A9-tetrahydrocannabinol, allicin and AITC, have been shown to
induce arterial vasorelaxation by a TRPA1-dependent mechanism.?2¢
A common, adverse side effect of 1,4-dihydropyridines treatment is
the appearance of peripheral leg edema caused by fluid extravasa-

tion.#! Besides the direct vasodilatory actions of 1,4-dihydropyridines
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P) from nociceptors which are known to occur
after TRPA1 activation.“® These, so called,
neurogenic inflammation recruits immuno-
competent cells and upregulates growth factors
exacerbating the pain. Finally, because elevated
intracellular Ca?* activates TRPA1 channels
directly,?>?? by blocking calcium influx, dihy-
dropyridines may prevent the potentiating feedback loop of calcium
on TRPALI activity.

The molecular mechanism of action of nifedipine on TRPAI
channels needs to be worked out. The relatively high Hill slopes
for dihydropyridines activation of TRPA1 don’t necessarily reflect a
cooperative interaction between drug and receptor and may be due
to the calcium-dependent activation of TRPA1.2%23 All dihydropyri-
dines tested exerted an activating effect, albeit with different potency.
Many electrophilic substances, such as cinnameldehyde, AITC
and acrolein activate TRPA1 by covalent modification of cysteines
located in the intracellular N-terminus of the protein.!%!> Because of
their physicochemical profile, it is unlikely that 1,4-dihydropyridines
act by covalent binding. Other nonreactive substances also activate
TRPAL1, including menthol,?® icilin,'® trinitrophenol®” and clotri-
mazole.#8 Recently, it was shown that residues in transmembrane
domain 5 determine the sensitivity of TRPA1 to menthol.*

In contrast to the actions of icilin,'??? calcium is not essential
for the excitatory actions of dihydropyridines. Nifedipine showed
strong cross-desensitization with CM and MO, both in recombinant
and native channels. CM also desensitizes the stimulatory effects
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by 1,4-dihydropyridines
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Figure 8. Nifedipine activates TRPA1 channels in trigeminal sensory neurons. (A) Representative
ratiometric [Ca?*]; responses to 10 uM nifedipine (NIF), 100 uM mustard oil (MO), 0.5 uM cap-

those used previously.”? Trigeminal ganglia were
isolated from young adult (postnatal months

saicin (CAPS) and 60 mM K* in trigeminal (TG) sensory neurons from wild-type mice. Note that the 1-3) OF1 wild-type (WT) and TRPA1 knock-
two nifedipine-sensitive neurons were also MO sensitive. (B) Average [Ca2*]; elevations produced  out (KO) mice?’ and incubated for one hour with
by 10 uM nifedipine, 100 uM mustard oil, 0.5 uM capsaicin and 60 mM K* in WT and TRPAT(-/1)  0.07% collagenase XI + 0.3% Dispase at 37°C.

mice TG sensory neurons. (C) Ratiometric [Ca?*]; responses to 10 uM nifedi

oil, 0.5 uM capsaicin and 60 mM K* in TG sensory neurons from TRPA1 knockout mice. Note the
absence of responses to nifedipine and mustard oil. (D) Venn diagram illustrating the overlap in the

pine, 100 uM mustard Thereafter, ganglia were mechanically dissoci-

ated and cultured in MEM with Earle’s BSS

responses fo the three agonists in wildtype mice. (E-G) Cumulative distribution of ratiometric [Ca2*], and L-Glutamine (Invitrogen) supplemented
responses to 10 uM nifedipine, 100 uM mustard oil and 0.5 uM capsaicin in wildtype (solid lines)  with 10% fetal bovine serum (Invitrogen), 1%

and TRPA1(-/-) mice (dashed lines). (H) Percentage of TG neurons responsive
capsaicin in wildtype and TRPA1(-/-) mice.

of menthol.2 The extent and time course of acute desensitization
of TRPA1 channels by chemical agonists is surprisingly variable
in the literature.143840 These differences have been ascribed to
various mechanisms, including [Caz+]i levels, differences between
recombinant and native channels and changes in cellular PIP, levels.
The Ca’*-independent desensitization of TRPA1 by nifedipine

to nifedipine, MO and  \{EM vitamin solution (Invitrogen), 100 ug/ml

penicillin/streptomycin and 100 ng/ml NGE
Cells were plated on poly-I-lysine-coated glass
cover slips and used after one day in culture.

Cell culture. Chinese hamster ovary cells (CHO) were cultured
in DMEM containing 10% of fetal bovine serum, 2% glutamax
(Invitrogen), 1% non-essential amino acids (Invitrogen) and 200
ug/ml penicillin/streptomycin. An inducible CHO cell line stably
expressing mouse TRPA1 channels was kindly provided by Ardem

436 Channels 2008; Vol. 2 Issue 6



Activation of TRPA1 by 1,4-dihydropyridines

Patapoutian (The Scripps Research Institute, USA). These cells
were cultured as described in Story et al.® Expression of TRPA1 was
induced by application of 0.25-0.5 ug/ml tetracycline 4-18 hours
prior to recording.

Calcium imaging. Calcium imaging experiments were conducted
with the fluorescent indicator Fura-2. Cells were incubated with 5 uM
Fura-2-acetoxymethylester (Molecular Probes Europe, Netherlands)
for 60 min at 37°C. Fluorescence measurements were made with
a Zeiss Axioskop FS (Germany) upright microscope fitted with an
ORCA ER CCD camera (Hamamatsu, Japan). Fura-2 was excited
at 340 nm and 380 nm (excitation time 200 or 300 ms) with a
rapid switching monochromator (TILL Photonics, Germany). Mean
fluorescence intensity ratios (F340/F380) were displayed online with
Metafluor software (Molecular Devices, PA). The bath solution,
from here on referred to as “control solution”, contained (in mM):
140 NaCl, 3 KCl, 2.4 CaCl,, 1.3 MgCl,, 10 HEPES and 10 glucose,
and was adjusted to a pH of 7.4 with NaOH. Bath temperature was
maintained at 34-36°C by a custom-built Peltier device.

Electrophysiology. Whole-cell voltage-clamp recordings were
performed with standard patch-pipettes (3—5 M) made of borosili-
cate glass capillaries (Harvard Apparatus Ltd., UK) and contained (in
mM): 140 NaCl, 5 CsCl, 10 EGTA, 10 HEPES, (305 mOsm/kg;
pH 7.4, adjusted with NaOH). The control bath solution (30 + 1°C)
was the same as for calcium imaging experiments. During calcium-
free experiments the bath solution was as follows: 140 NaCl, 3 KCl,
1.3 MgCl,,10 HEPES, 1 EGTA, 10 Glucose. Current signals were
recorded with a Multiclamp 700B patch-clamp amplifier (Molecular
Devices). Stimulus delivery and data acquisition were performed
using pClamp 9 software (Molecular Devices). Current development
was monitored with repetitive (0.2 Hz) injections of 1-s-duration
voltage ramps from -150 to +150 mV.

Electrophysiological data were analyzed with WinASCD software
written by Dr. Guy Droogmans (ftp://ftp.cc.kuleuven.ac.be/pub/
droogmans/winascd.zip) and Origin 7.0 (OriginLab Corporation).

Chemical modulators. Nifedipine (RBI), nicardipine (Sigma),
nitrendipine (Miles Pharmaceutical), nimodipine (Sigma), (x)
BayK8644 (methyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-
trifluoromethylphenyl)-pyridine-5-carboxylate) and the optical
enantiomers, (+)BayK8644 and (-)BayK8644 (Tocris), diltiazem
(Sigma), Pyridine (Sigma), allyl isothiocyanate (Sigma) and cinna-
maldehyde (Sigma) were stored as stock solutions and diluted
immediately before the experiments. HC03001 was supplied
by Hydra Biosciences (Cambridge, USA). All experiments were
performed under very low ambient light levels, to minimize the
potential degradation of dihydropyridines.

Data analysis. Data are reported as mean + standard error of
the mean. Dose-response data were normalized to the maximum
response of the drug in each case and then were fitted with the Hill
equation using the Levenberg-Marquardt method implemented in
Origin 7.0 software. The standard errors of the mean were used as
weights in fitting where applicable. When comparing two means,
statistical significance (p < 0.05) was assessed by Student’s two-tailed
t-test.
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Bidirectional shifts of TRPMS8 channel gating
by temperature and chemical agents modulate
the cold sensitivity of mammalian thermoreceptors

Annika Milkid, Rodolfo Madrid, Victor Meseguer, Elvira de la Pena, Maria Valero, Carlos Belmonte

and Félix Viana

Alicante Institute of Neuroscience, University Miguel Herndndez-CSIC

TRPMS, a member of the melastatin subfamily of transient receptor potential (TRP) cation
channels, is activated by voltage, low temperatures and cooling compounds. These properties
and its restricted expression to small sensory neurons have made it the ion channel with the most
advocated role in cold transduction. Recent work suggests that activation of TRPM8 by cold and
menthol takes place through shifts in its voltage-activation curve, which cause the channel to
open at physiological membrane potentials. By contrast, little is known about the actions of
inhibitors on the function of TRPMS8. We investigated the chemical and thermal modulation
of TRPMS in transfected HEK293 cells and in cold-sensitive primary sensory neurons. We
show that cold-evoked TRPMS responses are effectively suppressed by inhibitor compounds
SKF96365, 4-(3-chloro-pyridin-2-yl)-piperazine-1-carboxylic acid (4-tert-butyl-phenyl)-amide
(BCTC) and 1,10-phenanthroline. These antagonists exert their effect by shifting the voltage
dependence of TRPMS activation towards more positive potentials. An opposite shift towards
more negative potentials is achieved by the agonist menthol. Functionally, the bidirectional
shift in channel gating translates into a change in the apparent temperature threshold of
TRPMS8-expressing cells. Accordingly, in the presence of the antagonist compounds, the apparent
response-threshold temperature of TRPMS is displaced towards colder temperatures, whereas
menthol sensitizes the response, shifting the threshold in the opposite direction. Co-application
of agonists and antagonists produces predictable cancellation of these effects, suggesting the
convergence on a common molecular process. The potential for half maximal activation of
TRPMS8 activation by cold was ~140 mV more negative in native channels compared to
recombinant channels, with a much higher open probability at negative membrane potentials in
the former. In functional terms, this difference translates into a shift in the apparent temperature
threshold for activation towards higher temperatures for native currents. This difference in
voltage-dependence readily explains the high threshold temperatures characteristic of many
cold thermoreceptors. The modulation of TRPMS activity by different chemical agents unveils
an important flexibility in the temperature-response curve of TRPMS8 channels and cold
thermoreceptors.

(Received 22 November 2006; accepted after revision 16 February 2007; first published online 22 February 2007)
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Transient receptor potential (TRP) channels comprise
an extensive family of cation-permeable channels found
in animals and fungi. More than 30 members have
been identified in mammals, with a wide expression
profile (Montell ef al. 2002; Clapham, 2003). Targeted
gene deletions of several TRP channels have revealed
some of their key physiological functions, which include
pheromone sensory signalling (TRPC2), innocuous heat
sensation (TRPV3), osmoregulatory responses (TRPV4),

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

taste transduction (TRPM5) and nociception (TRPV1
and TRPA1) (for references, see original publications by
Caterina et al. 2000; Bautista et al. 2006; Kwan et al.
2006; and reviews by Fleig & Penner, 2004; Wissenbach
et al. 2004; Desai & Clapham, 2005; Pedersen et al. 2005;
Nilius et al. 2007). Many TRP channels have polymodal
activation and several are thought to play important roles
in somatosensory thermal transduction (reviewed by Jordt
et al. 2003; McKemy, 2005; Dhaka et al. 2006).
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TRPMS8 is a non-selective calcium-permeable TRP
channel that is activated by cold and menthol,
and is postulated to play a critical role in the
transduction of moderate cold stimuli that give rise to
cool sensations (McKemy et al. 2002; Peier et al. 2002;
Reid, 2005; Voets et al. 2007). TRPM8 has a limited
expression profile in the nervous system, restricted to a
subpopulation of primary sensory neurons of small
diameter in dorsal root and trigeminal ganglia (McKemy
et al. 2002; Peier et al. 2002). Most cold-sensitive neurons
are excited by both cooling and menthol (Reid & Flonta,
2001; McKemy et al. 2002; Viana et al. 2002; Thut
et al. 2003), and also express TRPM8 mRNA transcripts
(Nealen et al. 2003). Moreover, many cold-sensitive
neurons express a non-selective cation current (I.,q) with
biophysical and pharmacological properties consistent
with the properties of TRPM8-dependent currents in
transfected cells (Okazawa et al. 2002; Reid et al. 2002). In
addition, TRPMS has been found in prostate tissue, where
its physiological function remains uncertain (Tsavaler et al.
2001; Zhang & Barritt, 2006).

Although TRP channels were originally thought to
be voltage independent, it now seems that several of
them exhibit weak voltage dependence (Hofmann et al.
2003; Nilius et al. 2003, 2005; Brauchi et al. 2004;
Voets et al. 2004). In the case of TRPMS, the voltage
dependence manifests as activation upon depolarization
to positive transmembrane potentials, and a rapid and
voltage-dependent closure at negative potentials (Brauchi
et al. 2004; Voets et al. 2004). Cooling shifts the activation
curve of TRPM8 towards more negative potentials, and
thus increases the probability of channel openings at
physiological membrane potentials. A similar shift is
induced by the cooling agent menthol, causing the channel
to activate at temperatures above 30°C (Voets et al. 2004).

Despite the important physiological functions of TRP
channels, knowledge about their biophysical properties
is still modest compared to that of other ion channels
(Owsianik ef al. 2006) and pharmacological tools to
study or modulate them are very limited (Desai &
Clapham, 2005; Dhaka et al. 2006). A notable exception
is the pharmacology of the heat- and vanilloid-activated
channel TRPV1, which has expanded significantly in the
past few years (Garcia-Martinez et al. 2002; Valenzano
et al. 2003; Krause et al. 2005). By contrast, reports
on means to regulate TRPMS8 activity are scarce and
incomplete. Recent studies show that ethanol inhibits
TRPMS function at concentrations of the order of 0.5-3%
(Weil et al. 2005; Benedikt et al. 2007). In addition,
a number of known TRPVI1 antagonists have been
tested on heterologously expressed TRPMS8 channels,
such as the complex between the divalent copper
ion and 1,10-phenanthroline (Cu-Phe), capsazepine,
4-(3-chloro-pyridin-2-yl)-piperazine-1-carboxylic acid
(4-tert-butyl-phenyl)-amide (BCTC) and the related thio-

J Physiol 581.1

BCTC and (2R)-4-C3-chloro-2-pyridinyl)-2-methyl-
N-[4-(trifluoromethyl)phenyl]-1-piperazinecarboxamide
(CTPC), the urea derivative SB-452533 and the cinnamide
derivative SB-366791 (Behrendt et al. 2004; Weil et al.
2005; Madrid et al. 2006). With the exception of BCTC
and ethanol, studies with these antagonists have been
limited to responses evoked by application of menthol
at constant room temperature — a mixture of chemical
and physiological stimuli — thereby revealing little
information about the nature and mechanism of the
inhibition. Furthermore, almost nothing is known about
the actions of these or other TRPMS8 blockers on native
thermoreceptors.

In many cases, the lack of specific blockers prevents
or impairs a proper functional characterization of the
channel in physiological systems. The availability of
selective and potent TRPMS8 channel antagonists is an
essential tool in clarifying the role of different ion channels
in thermal responses of intact cold receptors. In addition,
modulators of TRPMS8 activity have significant therapeutic
potential in the treatment of prostate cancer (Zhang &
Barritt, 2006). Here, we studied SKF96365, BCTC and
1,10-phenanthroline for their blocking effects on cold-
activated TRPMS8 responses. BCTC and SKF96365,
which exhibited high antagonist potency, were
subsequently characterized with respect to their
mechanism of inhibition; results suggest a similar but
opposite mode of action to that of menthol. The results
obtained on recombinant channels were verified on native
cold thermoreceptors.

Methods
Cloning of TRPMS8 in pcINeo/IRES-GFP

Transfection of HEK293 cells with TRPMS8 was carried
out using the recombinant bicistronic expression
plasmid pcINeo—TRPMS8-IRES—-GFP, which carries
the protein-coding region of rat TRPMS8 (accession
number, AY072788) and the green fluorescent protein
(GFP) coupled by an internal ribosomal entry site
(IRES) sequence. GFP fluorescence could thus be used
to identify TRPMS8-expressing cells. The bicistronic
vector pcINeo—IRES-GFP was provided by Jan
Eggermont (Katholieke Universiteit Leuven, Belgium)
and pcDNA3-TRPM8 was made available by David Julius
(University of California, San Francisco, CA, USA). The
new construct was verified by automatic sequencing.

Cell culture

HEK293 cells were obtained from the European Collection
of Cell Cultures (Salisbury, UK). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum and antibiotics, and plated
in 2cm x 2cm wells at 4-5 x 10° cells well™'. Next,

© 2007 The Authors. Journal compilation © 2007 The Physiological Society
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20-24 h after plating, the cells were transfected with the
TRPMS8-IRES-GFP construct by incubating them with
a solution containing the plasmid DNA (2 ugwell™')
and Lipofectamine 2000 (Invitrogen; 3 ulwell™') for
4-6h. Subsequently, the cells were trypsinized and
replated on laminin-coated round coverslips (12 mm
diameter) at 8-10 x 10* cells coverslip~'. GFP-positive
cells were selected for calcium-imaging or electro-
physiology experiments 20—72 h after transfection.

HEK293 cells stably expressing rat TRPM8 channels
(CR#1 cells) were kindly provided by Ramoén Latorre
(Center for Scientific Studies, Valdivia, Chile). They were
cultured as described in by Brauchi et al. (2004).

All experimental procedures concerning animals were
carried out according to the Spanish Royal Decree
223/1988 and the European Community Council directive
86/609/EEC. Trigeminal ganglion neurons from neonatal
mice were cultured as previously described (de la Pena
et al. 2005). In brief, newborn Swiss OF1 mice (postnatal
day 1-5) were anaesthetized with ether and decapitated.
The trigeminal ganglia were isolated and incubated with
1 mgml™! collagenase type IA, and cultured in a medium
containing 45% DMEM, 45% F-12 and 10% fetal calf
serum (Invitrogen), supplemented with 4 mm L-glutamine
(Invitrogen), 200 ugml™' streptomycin, 125 ugml™!
penicillin, 17 mm glucose and nerve growth factor (NGE,
mouse 7S, 100 ng ml~!, Sigma-Aldrich, Madrid, Spain).
Cells were plated on poly-L-lysine-coated glass coverslips
and used after 1-3 days in culture.

Calcium imaging

The calcium imaging experiments were conducted
with the fluorescent indicator Fura-2. Prior to each
experiment, the cells were incubated with 5um
acetoxymethylester form of Fura-2 (Molecular Probes
Europe, the Netherlands) for 45 min at 37°C. Fluorescence
measurements were made with a Zeiss Axioskop FS
(Germany) upright microscope fitted with an ORCA ER
CCD camera (Hamamatsu, Japan). Fura-2 was excited
at 340 and 380 nm (excitation time, 200 or 300 ms)
with a rapid switching monochromator (TILL Photonics,
Germany), and the emitted fluorescence was filtered with a
510 nm long-pass filter. Mean fluorescence intensity ratios
(F340/F30) were displayed on-line with Axon Imaging
Workbench or Metafluor software (Molecular Devices, PA,
USA). The calcium imaging experiments were performed
simultaneously with temperature recordings. The bath
solution, referred to as ‘control solution’, contained (mm):
NaCl 140, KCl 3, CaCl, 2.4, MgCl, 1.3, Hepes 10 and
glucose 10, and was adjusted to pH 7.4 with NaOH.

Electrophysiology

Whole-cell voltage-clamp recordings were performed
simultaneously with temperature recordings. Standard

© 2007 The Authors. Journal compilation © 2007 The Physiological Society
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patch pipettes (3—5 M2) were made of borosilicate glass
capillaries (Harvard Apparatus Ltd, UK) and contained
(mMm): CsCl 140, MgCl, 0.6, EGTA 1 and Hepes 10;
278 mosmol kg™!, pH adjusted to 7.4 with CsOH. In I
threshold experiments, the internal solution contained
(mm): KCI 140, NaCl 6, MgCl, 0.6, EGTA 1, NaATP 1,
NaGTP 0.1 and Hepes 10; 282 mosmol kg™, pH adjusted
to 7.4 with KOH). The bath solution used was the same
as in the calcium imaging experiments. For whole-cell
recordings in trigeminal neurons, patch pipettes had a
resisitance of 7-8 M£2. To measure the activation of I g
in neurons, the bath solution contained (mm): NaCl 140,
KCl3,MgCl, 1.3, CaCl, 0.1, Hepes 10, glucose 10 and TTX
0.5 x 107%; pH was adjusted to 7.4 with NaOH. The pipette
solution contained (mm): CsCl 140, MgCl, 0.6, EGTA 1,
Hepes 10, ATPNa, 1 and GTPNa 0.1; pH was adjusted
to 7.4 with CsOH. These modifications were necessary
to minimize large voltage-dependent currents. Current
signals were recorded with an Axopatch 200B patch-clamp
amplifier (Molecular Devices). Stimulus delivery and data
acquisition were performed using pCLAMPY software
(Molecular Devices).

Chemical modulators

The  chemical substances studied for their
modulatory effect on TRPMS8 were the cooling agent
L-menthol (Scharlau, Spain), and the antagonists
1,10-phenanthroline  (Sigma), SKF96365  (Tocris
Bioscience, Bristol, UK) and BCTC which was a kind gift
from Griinenthal GmbH Aachen (Germany).

Temperature stimulation

Coverslips  with cultured cells were placed in a
microchamber and continuously perfused with solutions
warmed to 32-34°C. The temperature was adjusted with
a water-cooled Peltier device placed at the inlet of the
chamber, and controlled by a feedback device. Cold
sensitivity was investigated with a temperature drop to
15-18°C (see Fig. 1E).

Experimental protocols and interpretation of results

During calcium-imaging experiments, the effects of the
antagonist compounds were investigated with a protocol,
wherein a first cooling stimulus in control solution was
followed by a second one in the presence of a blocking agent
(see Fig. 2A and B). To account for possible desensitization
of the response during subsequent cooling stimuli, the
same protocol was carried out in the absence of antagonists
(see Fig.1H). The observed reduction of the second
response peak in control solution was taken into account
when quantifying the blocking effects of the antagonists by
defining an expected maximum response (Max Response)
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for the second application:
MaxResponse,; = DS x MaxResponse,, (1)

where DS is the desensitization coefficient obtained with
the double-pulse protocol. For the dose—inhibition curves,
the block was thus obtained from:

Block = 1 — Responsey,../MaxResponse, ; (2)

where Responsepjocker is the response in the presence of
antagonist, and fitted to the Hill equation:

Block = Blockyay /(1 + (ICs0/¢)") (3)

where Block,,,x is the maximum block, IC;5, is the
concentration of half-maximal inhibition, c is the blocker
concentration and # is the Hill coefficient. The protocol
employed to study the effect of menthol on the cold
sensitivity of TRPM8 was similar to above except that the
baseline temperature of the experiments was adjusted to
39-45°C to reveal information about shifts in the response
threshold.

We also used whole-cell recordings of cold-induced
currents to investigate the action of the different
antagonists on TRPM8 channel activity. For
dose—inhibition  correlations, blocker compounds
were briefly applied during an extended cold stimulus
(see Fig. 2D and E). Current development was monitored
with repetitive (0.2 Hz) injections of 1s duration voltage
ramps from —100 to +100 mV. The current block for
the dose—inhibition curves was measured at +80 mV. To
compare the effects of blockers on cold-evoked currents
in individual cells, data were normalized to the response
in control solution using the following equation:

Block = 1 — Response,,../Response ...,  (4)

where Response,niol is the response in the absence of
blocker. Dose—inhibition data were fitted to the Hill
equation presented in eqn (3). All current responses
were corrected for leak currents, which were measured
at 34°C to avoid interference from TRPMS, and
temperature-corrected by a factor Qar according to the
following expression (Hille, 2001):

On, = (Qp)21/1° (5)

where AT is the difference between the baseline
temperature (34°C) and the temperature of the cold
stimulus. On the basis of control experiments in
non-transfected HEK293 cells, the value of Q,, was fixed
at 1.5, which is a reasonable value for the conductance of
voltage-gated channels (Hille, 2001).

To provide information on shifts in the threshold
temperatures, a protocol similar to that used for calcium
imaging was used, where responses to cold in the pre-
sence and absence of antagonists were recorded at a
holding potential of —60 mV. To estimate the shifts in the
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voltage dependence of activation of TRPM8 in HEK293
cells, current—voltage (I-V') relationships obtained from
repetitive (0.2 Hz) voltage ramps (—100 to +200 mV,
525 ms duration) were fitted with a function that combines
alinear conductance multiplied by a Boltzmann activation
term (Nilius et al. 2006):

I =g x (V= Ew)/(1+exp[(Vipp—V)/s]) (6)

where g is the whole-cell conductance, E,., is the reversal
potential, V', is the potential for half maximal activation
and s is the slope factor. The assumption of a linear
conductance is based on the observation by Voets et al.
(2004) that open TRPMS8 channels exhibit an ohmic -V
dependence. For each cell, fitting was started by analysing a
condition with strong channel activation; typically 100 pum
menthol at 20°C. The value obtained for the parameter g
at this condition was defined as g.,,x and used as a limit in
the fitting of the remaining experimental conditions: g <
&max- E rev Was fixed at a value close to the measured reversal
potential of the current evoked by menthol and cooling.
For trigeminal ganglion neurons, I-V relationships were
obtained from voltage ramps (—100 to +200 mV) of 1.5 s
duration.

Using voltage ramps instead of steps involves the
possibility of not working under steady-state conditions.
The benefit of the ramp protocol is, nevertheless, that
it is more rapid, thus minimizing the time-dependent
rundown of the current. We performed control
experiments where we applied voltage ramps at two
different speeds (525 ms and 5s duration) in the same
cells. No statistically significant difference was observed
between the fitting parameters at the two speeds. However,
we do not rule out the possibilty that the absolute values of
the parameters may be slightly affected by non-stationary
conditions.

Data analysis

Data are reported as mean =+ standard error of the
mean. The apparent threshold temperatures were
estimated as the first point at which the measured
signal (F340/Fsg0 or current) deviated by at least four
times the standard deviation of its baseline. Data were
analysed with WinASCD written by Dr Guy Droogmans
(ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/winascd.zip)
and Origin 7.0 (OriginLab Corporation). Fitting was
carried out with the Levenberg—Marquardt method
implemented in Origin 7.0 software. In dose—response
fits, the standard errors of the mean were used as weights.
When comparing two means, statistical significance
(P <0.05) was assessed by Student’s two-tailed ¢ test.
For multiple comparison of means obtained in the
same subjects, one-way repeated-measures ANOVA
was performed using GraphPad Prism version 4.00 for
Windows (San Diego, CA, USA, www.graphpad.com).
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Results cells transfected with the empty vector pcINeo/IRES—GFP

. . (data not shown) do not respond to cooling, this was
Co-transfection with TRPM8 and GFP taken as proof of the presence of functional TRPM8

Analysis of 25 separate calcium-imaging experiments, with ~ channels in the cells. The time that the cells spent in

a total of 107 GFP-expressing HEK293 cells, revealed that ~ culture between transfection and experiment seemed to
88% of these responded to a cold stimulus (Fig. 1A—D).  influence the correlation between GFP fluorescence and

As non-transfected HEK293 cells (Fig. 1B and D) or ~ TRPMS8 expression. Cells that were used during days 1
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Figure 1. Properties of cold responses in TRPM8-expressing HEK293 cells

Microscope images of optical field viewed with transmitted light (A), GFP fluorescence (excitation at 470 nm)
(B), and Fura-2 fluorescence (ratiometric image from excitation at 340 and 380 nm) at 33°C (C) and 17°C
(D). The calibration bar, 30 um; colour coding, pink to red:, 0-880 nm Ca?*. E, calcium-imaging recording of
cold-evoked responses in the three GFP-positive cells visualized above (a, b and ¢), exhibiting different apparent
threshold temperatures. The GFP-negative cell (d) did not respond to cooling. £, histogram of apparent temperature
thresholds in individual TRPM8-transfected HEK293 cells in control solution, when the temperature was lowered
from 32—33°C: mean, 26.8 & 0.1°C; n, 641; median, 27.0°C; range, 13°C. The red curve represents the Gaussian
fit of the histogram. G, correlation between threshold temperature and calcium increase in 95 cells. The coloured
squares indicate data from individual experiments. The statistical significance of the correlation coefficient is
indicated with its two-tailed P value. H, calcium-imaging experiment of two subsequent cold applications in control
solution. The intracellular Ca2* response (upper trace) was normalized to the peak value obtained during the first
cold application. The response in the GFP-negative cell, which did not respond to cooling, was normalized to the
peak value of the GFP-positive cell. /, left: the desensitization of the second cold response averaged 23 4+ 2%
(n=39, P <0.001, Student's paired t test) compared to the first one. Right: the threshold temperature of the
second cold response (26.1 £ 0.5°C) was not statistically different from the first one (26.5 & 0.4°C; n = 35,
P = 0.08, Student’s paired t test).
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and 2 (i.e. 20-58 h after transfection) exhibited the highest
co-expression values: 94% of the GFP-positive cells were
also TRPM8-positive at day 1 (n=34) and 96% at day 2
(n=55). The lowest percentage (72%, n = 18) was found
in cells studied during day 3 (64-82 h) post transfection.
A plausible explanation for this finding may be that by
day 3, the amount of GFP in the cells reaches a toxic level
(Liu et al. 1999).

Cold-evoked responses in TRPM8-transfected
HEK293 cells

From electrophysiology experiments, we determined
a mean apparent threshold temperature of TRPMS8
in HEK293 cells in control solution of 27.6 £ 0.5°C
(n=19), when the temperature was lowered from a base
value of 32-33°C at a holding potential of —60 mV.
In the calcium-imaging experiments, the apparent
threshold temperature was 26.8£0.1°C (n=641).
The threshold distribution in the calcium-imaging
experiments exhibited a range of 13°C and a median
value of 27.0°C (see Fig. 1F). The wide range of observed
thresholds cannot be attributed to experimental error,
as cells in the same field exhibited largely different
threshold temperatures (see Fig.1E). The mean Ca®t
elevation was 480 =40 nm (n=95). As seen in Fig. 1G,
a low but statistically significant correlation could be
established between response threshold and amplitude of
Ca”* increase, the trend being that large calcium responses
are more likely to occur in cells with high threshold
temperatures.

When two subsequent cooling stimuli were carried
out, as shown in Fig. 1H, the amplitude of the second
response was found to be 23 +2% smaller than the
first one (n=39, P <0.001, Student’s paired f test;
Fig. 1I). This mean desensitization of the response was
taken into consideration when estimating the blocking
effects of drugs, by assigning a desensitization correction
(DS, 0.77) to the expected response in eqn (1). Whereas
DS affected the response amplitude, it did not affect
the threshold temperatures of subsequent cold-evoked
responses (Fig. 11).

SKF96365, BCTC and 1,10-phenanthroline block
cold-evoked responses in TRPM8-expressing
HEK293 cells

SKF96365 is a non-specific blocker of various
calcium-permeable channels, including both
receptor-operated and voltage-gated types, as well
as those activated by internal calcium store depletion
(Merritt et al. 1990). At higher concentrations (ICs,
~40 um), SKF96365 has also been reported to block
an inwardly rectifying K™ current in endothelial cells
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(Schwarz et al. 1994). In dorsal root ganglion neurons, a
cold-activated current was reduced by almost 70% in the
presence of 100 um SKF96365 (Reid et al. 2002).

We tested the effects of SKF96365 on cold-evoked
responses in TRPM8-transfected HEK293 cells. As shown
in Fig.2A, 20 um SKF96365 produced a robust and
reversible inhibition of cold-evoked [Ca’*]; elevation in
transfected cells. To quantify the potency of SKF96365
as a TRPMS8 channel antagonist, we constructed
dose—inhibition curves (Fig.2C) from the responses at
17.5°C: a temperature at which the average response in
control solution had reached its maximum value. Hill
fits to these data yielded an ICs, of 1.0 £ 0.2 um. At the
end of each experiment, the cells were left in control
solution for 15 min to remove the accumulated antagonist.
Washing out the effects of SKF96365 was concentration
dependent and amounted to 56—85% of the initial signal,
for decreasing concentration of the blocker.

In the whole-cell electrophysiology experiments,
various concentrations of SKF96365 (0.1-20 um) were
applied during an extended cooling stimulus (Fig. 2D).
Currents were evoked by consecutive voltage ramps from
—100 to +100mV, delivered every 5s, and I, g at
480 mV was plotted versus time. SKF96365 produced a
concentration-dependent, but incomplete inhibition of
this current, as seen in Fig.2D. This effect was highly
reversible upon washing: the initial signal recovered by
> 80% for concentrations below 10 um, and > 70% for
10 and 20 um SKF96365. Figure 2F shows the complete
dose-response curve of block of cold-evoked currents
by SKF96365 at +80 mV and 17-18°C. The solid line
represents the fit to the Hill equation, which yielded an
ICs0 0f 0.8 £ 0.1 M.

BCTC was recently introduced as an orally bioavailable
antagonist agent of the TRPV1 channel, with a high
selectivity in an extensive radioligand screen against
other ion channels (Valenzano et al. 2003). More recent
studies demonstrate that BCTC also readily blocks
menthol-evoked (Behrendt et al. 2004; Weil et al. 2005)
and cold-evoked responses of TRPMS8 (Madrid et al. 2006).
We tried to establish BCTC as a reference compound of
TRPMB8 block, comparing its effects on TRPMS8 with those
of other drugs. A typical calcium-imaging recording is
shown in Fig. 2B. The Hill fit (Fig.2C) of the blockade
at 17.5°Cyielded an ICsy of 0.68 & 0.06 M and full block
at high concentrations. The recovery of the initial signal
after a 5min washing period depended on the BCTC
concentration used, varying between 21% and 63% for
the highest and lowest concentrations tested. Whole-cell
electrophysiology experiments (Fig. 2E), confirmed that
BCTC potently blocks TRPM8-mediated cold responses
at +80 mV with an ICsy of 0.54 & 0.04 uMm and Block,,,x
of 1.00 £ 0.01 (Fig. 2F).

Cu-Phe is an oxidizing agent capable of inducing
formation of disulphide bridges between appropriately
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located thiol groups, and has been widely employed in
studies of the gating motion of voltage-gated channels (Liu
et al. 1996). The Cu—Phe complex is also an antagonist
of the TRPV1 channel; however, in this case it acts as
an open-channel blocker instead of inducing cysteine
cross-linking (Tousova et al. 2004). Meanwhile, both
the free 1,10-phenanthroline and its Cu—Phe complex
are equally potent open-channel blockers of the human
skeletal muscle Na* channel (Popa & Lerche, 2006).

In our studies, the free 1,10-phenanthroline acted
as an antagonist of the TRPM8-mediated cold-evoked
responses in HEK293 cells. The dose—response data of
1,10-phenanthroline block from calcium-imaging and
whole-cell electrophysiology experiments were fitted to the

200
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20 uM SKF96365

10 uM BCTC
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Hill equation (Fig. 2C and F), and yielded ICs, values of
100 £ 20 and 180 = 20 uMm, respectively. We subsequently
investigated the inhibitory capacity of the Cu—Phe complex
on cold-evoked TRPMS8 responses. In the presence
of 100 um Cu?t and 400 um 1,10-phenanthroline,
78 4% (n=24) of the calcium response was blocked
at 17.5°C (Fig. 2C, grey square), a value almost identical
to that observed in the presence of 400 um free
1,10-phenanthroline alone (77 £ 4%, n =26, P =0.83,
Student’s unpaired t test). Thus, in the case of TRPMS,
complex formation with the divalent copper ion does
not seem to be necessary for 1,10-phenanthroline
antagonism. The inhibition in response to free and
complexed 1,10-phenanthroline was reversible which
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Figure 2. BCTC, SKF96365 and 1,10-phenanthroline block cold-evoked responses in TRPM8-expressing

HEK293 cells

A and B, experimental recordings of the effects of 20 um SKF96365 and 10 um BCTC on cold-evoked [Ca®t];
responses in TRPM8-transfected HEK293 cells. Upper trace shows intracellular Ca2* and lower trace represents
bath temperature. The unresponsive cells (grey traces) did not express GFP. C, dose-inhibition curves from
calcium-imaging experiments of BCTC (B), SKF96365 (S) and 1,10-phenanthroline (P) at 17.5°C. The solid
lines represent the fits to the Hill equation. The fits to the data yielded an ICsp of 0.68 &+ 0.06 um, Blockmax
of 1.015 4 0.009, and a Hill slope n of 2.5+ 0.6 for BCTC (n =4-18 cells); ICsp of 1.0 £+ 0.2 uM, Blockmax
of 0.93 +0.02, Hill slope n of 1.3 +0.3 for SKF96365 (n = 9-20 cells); ICso of 100 & 20 uM, Blockmax of
0.88 £ 0.03, Hill slope n of 1.2 & 0.2 for 1,10-phenanthroline (n = 8-26 cells). For comparison, blockade obtained
with 1,10-phenanthroline in the presence of Cu?* are shown in grey (P:Cu?* concentration ratio, 4 : 1). D-E, time
course of the block caused by various concentrations of SKF96365 and BCTC on cold-evoked whole-cell currents at
-+80 mV. The dashed lines indicate the zero current level; lower trace is bath temperature. £, dose—inhibition curves
of BCTC (B), SKF96365 (S) and 1,10-phenanthroline (P) at temperature (T) of 17-18°C and holding potential of
+80 mV. The solid lines represent the fits to the Hill equation, which yielded the parameters ICsg of 0.54 + 0.04 um,
Blockmax of 1.00 & 0.01, Hill slope n of 1.7 £ 0.2 (n = 2-8 cells) for BCTC; ICsg of 0.8 £ 0.1 uM, Blockmax of
0.82 4 0.03, Hill slope n of 2.0 £ 0.4 (n = 2-5 cells) for SKF96365; IC5p of 180 =4 20 uM; Blockmax 0f 0.92 4 0.03,
Hill slope n of 1.5 & 0.1 (n = 2-5 cells) for 1,10-phenanthroline (see text for definitions).
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strongly indicates that the mechanism of inhibition does
not involve cross-linking of cysteines (Liu et al. 1996; Aziz
et al. 2002).

Blockade of I.,4 by BCTC and SKF96365 is voltage
dependent

The nature of the antagonism of cold-evoked currents of
TRPM8byBCTC and SKF96365 was studied in more detail
with whole-cell electrophysiology. As seen in Fig. 3A and
D, cooling of the control bath solution from around 35°C
to 18°C activated a current characterized by a reversal
potential near 0 mV and strong outward rectification, as
reported before for TRPMS8 currents (McKemy et al. 2002;
Voetsetal. 2004). The concentration-dependentinhibition
of this current by SKF96365 and BCTC is clearly seen in
the I-V plots. More detailed analysis of the I-V curves
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voltage dependent. Figure 3B and E shows the blockade
induced by concentrations around the ICsy of BCTC and
SKF96365 over a wide range of potentials, demonstrating
that I.q is strongly blocked at negative potentials by
these submaximal concentrations of antagonist, while
a significant fraction of the current remains at more
positive potentials. The statistical significance of the
observed differences in degree of block with potential
was assessed using a one-way repeated-measures ANOVA
test combined with a posttest for a linear trend. The
results (BCTC, P < 0.01 for one-way repeated-measures
ANOVA and P < 0.001 for linear regression; SKF96365,
P < 0.001 for both) indicate that the mean blockade at
different potentials is statistically different, and that the
voltage dependence of the block is not an artefact caused
by random error.

The I-V data were further employed to construct dose—

revealed that blockade of I 4 by the two antagonists is inhibition curves at different potentials. As the
A B C
18°C 80“1 10T o +100mv
. T 0.8 m +20 mV
&2 ©
0.6 uM o 60T 2 0.6
BCTC 2 1 <
< *x 2 04
L2 40+
g B 0.2 2
3 uM BCTC T
o 0.0 T=17-20°C
85°C 20 T T T T T T [ERREE L e e ) e e ]
-100 -50 50 100 -40 20 40 50 80 100 0.01 0.1 1 10
V (mV) V (mV) [BCTC] (uM)
F
D 80 1.0
= T l * 0.8
I . [0}
5 0 xx S 0.6
g 1 w3
£ S 04
o 40 4+ m
@ 1 0.2
T=17-20°C
-100 -40 20 40 50 80 100 0.01 0.1 1 10

V (mV)

V (mV) [SKF96365] (M)

Figure 3. Inhibition of TRPM8 by BCTC and SKF96365 is voltage dependent

A and D, current-voltage relationships of cold-evoked currents and the effects of various concentrations of BCTC
and SKF96365. The antagonists were applied at a temperature of 18°C. The locations of the voltage ramps
are marked with large, filled circles in Fig. 2D and E. B, the blockade by 0.6 um BCTC analysed over various
potentials. Dunnett's post hoc test in combination with one-way repeated-measures ANOVA (P < 0.01) was
employed to assess statistical significance between the blockade at each of the studied potentials and at -40 mV
(**P < 0.01). G, dose—inhibition curves of 0.6 uMBCTC at +20 and 4100 mV. Whereas the maximum blockade was
unaffected, the ICsg was increased with increasing depolarization. E, the blockade by 1 um SKF96365 analysed
over various potentials. Statistical significance was assessed with Dunnett's post hoc test in combination with
one-way repeated-measures ANOVA (P < 0.001) between the blockade at each of the studied potentials and at
—40 mV. £ dose-inhibition curves of SKF96365 at +20 and +100 mV. Note that both maximum blockade and ICsg

varied as a function of potential.

© 2007 The Authors. Journal compilation © 2007 The Physiological Society



J Physiol 581.1

cold-evoked inward current was often very small, analysis
at negative potentials was less accurate, and thus the
potentials 420 and +100 mV were chosen for illustrative
purposes. For BCTC, shown in Fig.3C, the effect
of depolarizing the membrane potential translates to
a shift in the dose—inhibition curve towards larger
antagonist concentrations. Accordingly, full blockade
was reached at all studied potentials, with 1C5, values
between 0.36 + 0.04 uMm at +20 mV and 0.78 + 0.08 um
at +100mV. In the case of SKF96365 (Fig.3F),
together with the shift in the dose—inhibition curve
(ICs0, 0.5-0.9 um), membrane depolarization appeared
to be coupled to a decline in maximum effect of the
antagonist.

The inhibition of the cold-evoked current by
1,10-phenanthroline was also voltage dependent (not
shown), exhibiting weaker inhibition at more positive
potentials. The effect was quantified for 600 um
1,10-phenanthroline, which blocked 92 +2% of the
cold-evoked current at +40 mV, and 70 & 2% at +100 mV
(P < 0.001, Student’s paired t test, n = 3).

BCTC and SKF96365 shift the activation curve
of TRPM8 towards more positive potentials

The voltage-dependent antagonism by BCTC and
SKF96365, together with the fact that both compounds
are electroneutral at pH 7.4, led us to think that they
are not acting as typical pore blockers driven by the
transmembrane voltage (Hille, 2001). Recently it was
shown that low temperature and menthol activate TRPM8
channels by producing a shift in the voltage-dependence
of activation towards more negative potentials (Voets
et al. 2004; Brauchi et al. 2004). We hypothesized that
the mechanism of inhibition exerted by the studied
TRPMS8 antagonists involved an opposite effect on the
voltage dependence of activation (i.e. a shift in gating
towards more depolarized potentials). Consequently,
TRPMS8 activation was probed with 525 ms duration
voltage ramps from —100 to +200mV in whole-cell
voltage-clamp mode both in CR#1 HEK293 cells stably
expressing rat TRPMS8 channels (Brauchi et al. 2004) and
in transiently transfected HEK293 cells (Fig.4A, B, D
and E).

Figure 4A shows the effects of 3 um BCTC on currents
evoked by cold and/or menthol at —80, +-80and +160 mV.
The [-V curves from the same experiment are shown in
Fig. 4B. As canbe seen, in this cell cooling to 20°C produced
aclear augmentation of the outward current at depolarized
potentials only, while co-application of the cold stimulus
with 100 um menthol also produced a potentiation of
the inward current at negative potentials. Application of
3 um BCTC in the continuous presence of both agonists

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

Pharmacological modulation of cold receptor TRPM8 163

(cold and menthol) produced an incomplete inhibition of
outward currents but a full inhibition of inward currents.
To estimate the midpoint of activation (V,,), a measure
of changes in channel gating, the ramp I-V data obtained
in the presence and absence of antagonists were fitted (red
lines in Fig. 4B) with eqn (6) described in the Methods,
which consists of a Boltzmann activation term combined
with a linear conductance. The assumption of a linear
conductance was shown to be reasonable by Voets et al.
(2004).

A summary of the mean values obtained for the fitting
variables under different experimental conditions is shown
in Table 1. As reported previously, cooling and menthol
produced marked leftward shifts in V,,, (Voets et al.
2004; Brauchi et al. 2004). By contrast, application of
3 um BCTC produced a positive shift in V;,, and a
reduction in g but no apparent change in the slope factor
s (P > 0.05 when comparing conditions with and without
BCTC). For conditions of 33°C, 20°C, 100 M menthol at
33°C, and 100 M menthol at 20°C, application of 3 um
BCTC shifted V;,, by 34£9mV (n=6); 6711 mV
(n=28); 78+ 6mV (n=21), and 97 11 mV (n=15),
respectively (P < 0.05 for all shifts, paired t test). These
data indicate that the inhibitory effects of BCTC increase
under conditions of high open probability of the TRPM8
channel.

To better illustrate the bidirectional shifts in the
voltage activation of TRPMS induced by BCTC, menthol
and temperature, we constructed a summary histogram
(Fig. 4C) where the mean V,,, values of the various
experimental conditions are presented relative to the value
obtained for cold in the same cells. As can be seen in
Fig. 4C, cooling to 20°C alone produced a significantly
smaller negative shift than applying 100 um menthol at
33°C (P < 0.01, n =12, paired ¢ test). In the presence
of both agonists, 3 um BCTC completely cancelled the
effect of 100 um menthol and restored V', to the value
obtained in the presence of cold alone (P =0.54, n =14,
paired ¢ test). In summary, under the various experimental
conditions (see also Table 1), the effect of 1-3 um BCTC
was to produce a significant positive shift in V,,, with
only a modest reduction in g, particularly at lower
concentrations of antagonist.

We subsequently studied whether a similar effect on the
voltage activation of TRPMS8 was induced by SKF96365
and 1,10-phenanthroline. Figure 4D and E shows the time
course of whole-cell current development and I-V data of
a TRPMS-positive cell where 3 um SKF96365 was applied
during a cold stimulation. As summarized in Fig.4F,
application of 3 um SKF96365 during cooling induced
a positive shift on V, that averaged 24 =3 mV (n=6;
P < 0.001, paired t test). For 300 M 1,10-phenanthroline,
the mean value of the shiftwas 35 = 5mV (n =5, P < 0.01,
paired ¢ test).
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The functional consequence of the bidirectional shift
in channel gating is a displacement in the apparent
temperature-response threshold of TRPM8-expressing
cells

The observation that the antagonists and menthol shift
the activation curve of TRPMS8 in opposite directions
prompted us to investigate whether the same holds true
for the apparent response threshold during a temperature
stimulus.

Figure 5A shows the whole-cell current (holding
potential, —60 mV) in a TRPMS8-expressing cell as the
bath temperature was cooled in the absence and presence
of 0.6 um BCTC. Comparing the current responses

J Physiol 581.1

during the cooling ramp (Fig.5B), we found that the
apparent response threshold was shifted by an average of
—4.3+£0.5°C (P <0.01, n=4, paired ¢ test). The shifts
observed in four individual cells are shown in Fig. 5C. The
effects of BCTC on apparent TRPMS8 response thresholds
obtained from calcium-imaging experiments (Fig.5D)
were analysed in terms of relative response curves (Fig. 5E).
Briefly, for each cell, the relative response at a temperature
T was calculated as the fluorescence response normalized
to the expected maximum response of the cell (i.e. the
response to cold in control solution corrected with the
desensitization coefficient (eqn (1)). The relative responses
of the individual cells (n = 16—19 for each condition) were
averaged, vielding the curves seen in Fig. 5E. Whereas
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Figure 4. BCTC and SKF96365 shift the activation curve of TRPM8 towards more positive potentials

A, time course of current development at +160, +80 and —80 mV in a CR#1 HEK293 cell under various
experimental conditions. Voltage ramps (—100 to +200 mV) of 525 ms duration were delivered every 5s and
the current traces for the time points marked with filled dots are presented in B. The dashed line indicates the zero
current level; lower trace is bath temperature. B, whole-cell ramp /-V relationships corresponding to the different
conditions shown in A. The red lines, superimposed on each trace, represent the fit of the current to egn (6).
C, summary histogram of the effects of BCTC on the midpoint of voltage activation (V1,2) of TRPM8 channels
(n = 3-22). The data are represented as shifts in V1,, with respect to the value obtained for cold. Statistical
significance was assessed with the unpaired t test and is indicated ***P < 0.001, **P < 0.01 and *P < 0.05.
D, time course of the blockade caused by SKF96365 on cold-evoked whole-cell currents at +160 and +80 mV.
Current traces for the time points marked with filled dots are presented in E. The dashed line indicates the zero
current level; lower trace is bath temperature. £, whole-cell ramp /-V relationships corresponding to the experiment
shown in D. The red lines represent the fits to eqn (6). £, shiftsin V1, induced by 3 um BCTC, 3 um SKF96365 and
300 um 1,10-phenanthroline with respect to the value in cold. The average values for V1, during cold application
in control solution were 156 &7 mV (BCTC), 158 £ 6 mV (SKF96365) and 146 £+ 5 mV (1,10-phenanthroline).
Statistical significance was assessed with one-way ANOVA (P < 0.01) in combination with Dunnett’s post hoc test
using 3 uM BCTC as the reference, and is indicated **P < 0.01 and *P < 0.05.
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Table 1. Summary of the effects of temperature, menthol and BCTC on TRPMS activation in HEK293 cells

Control 33°C Cold 20°C 100 um menthol 33°C Cold + 100 M menthol
nodrug 3BCTC nodrug 1 BCTC 3 BCTC nodrug 1BCTC 3BCTC nodrug 1BCTC 3 BCTC
s(mv-T) 36+2 54+ 8 35+1 40+ 3 45 + 4* 38+2 33+3 36 +1 40 + 2 48 +5 41 +1
g (nS) 38+3 25411 5245 48+£14  19+6; 78+£7 60+10 43+7f 86+7 6419 56=£5f
Vip (mV) 21544 229+ 11 153+5 193 +19* 223+£10f 89+6 112+16 172+7f 58+4 122+33 153+9i
n 39 6 26 3 8 29 8 21 24 3 15

The absolute values of the parameters s, g and V1, obtained from the fits of the ramp (-100 to +200 mV) |-V curves to eqn (6) in the
Methods. The data are given as means = s.e.M. and are grouped according to the different experimental conditions (control or agonist)
onto which BCTC was applied. To assess statistical significance, unpaired t test was performed between the parameters obtained in
the absence (‘'no drug’) and presence of BCTC for each antagonist condition, and significance indicated: *P < 0.05; 1P < 0.001; {P < 0.001.

10 um BCTC produced a complete inhibition of the
current, lower concentrations of the drug reduced the
peak amplitude and shifted the response towards lower
temperatures. The control curve was obtained in an
identical manner from experiments where the second
cooling application was also performed in the absence

of drug; this confirmed that the observed shifts in the
response curves is not an artefact of applying subsequent
cooling applications.

For SKF96365 we found, similarly, that the apparent
response threshold was shifted to lower temperature
values in the presence of antagonist. From whole-cell
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Figure 5. BCTC lowers the response-threshold temperature during cooling

A, simultaneous recording of whole-cell membrane current (top trace) and bath temperature (bottom trace) during
application of three consecutive cooling ramps to a TRPM8-transfected HEK293 cell (holding potential, —60 mV).
Application of 0.6 um BCTC produced a reversible reduction in /qq amplitude. The dashed line indicates the
zero current level. B, close-up and superposition of the cold-evoked responses shown in A in the absence and
presence of 0.6 um BCTC. The current traces were corrected to yield a 0 pA baseline; holding potential, —60 mV.
C, response-threshold temperatures of four cells during cold applications in control solution, 0.6 um BCTC and
after washing. The coloured symbols correspond to the cell in A and B. D, fluorescence ratiometric (F340/F3s0)
calcium-imaging recording of cold-evoked responses in the absence and presence of 1 uMmBCTC. E, relative response
versus temperature curves constructed from cooling ramps in the presence of 1 and 10 um BCTC. For each cell,
the relative response at each temperature was calculated as the fluorescence response normalized to the expected
maximum response of the cell, defined in egn (1). The control curve was obtained in an identical manner from
experiments where the second cooling application was also performed in the absence of drug. Each data point
represents the average of 16-19 cells. For clarity, error bars are omitted where negligibly small.
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electrophysiology experiments (Fig.6A and B) we
determined an average shift of —2.6 +0.5°C (P < 0.01,
n =6, paired t test) for 1 um SKF96365. The shifts for
six individual cells are shown in Fig.6C. As observed
for BCTC, SKF96365 shifted the relative response
curves during cooling towards lower temperatures in
a concentration-dependent manner (Fig.6D and E).
However, whereas 10 M BCTC was capable of completely
blocking the responses evoked by cooling to 14°C (Fig. 5E),
in the presence of 20 um (Fig. 6E) or 40 um (not shown)
SKF96365, a fraction of the response remained when the
cooling was continued below 20°C. Thus, the capacity of
SKF93653 to modulate TRPM8 gating seems to be both
weaker (requires higher antagonist concentration) and
more limited (restricted threshold shift range) than that
of BCTC.

Expressing the average threshold-temperature shifts
as divided by unit concentration, one obtains —7.2

A Malkia and others
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and —2.6°C um™" for BCTC and SKF96365, respectively,
yielding a ratio of potency of 2.8 in favour of BCTC. It is
intriguing that by comparing the shifts in V , induced by
the two antagonists (8.1 and 22.4 mV um™), one obtains
exactly the same ratio, suggesting that the two phenomena
are strongly coupled.

These results indicate that, with regard to cold
sensing, the main functional effect of the antagonists
is a dose-dependent shift in the apparent temperature
activation threshold of the cell.

The modulation of cold-evoked responses
of TRPM8-expressing cells by menthol
and antagonists is additive

Considering the opposite shifts in activation curves and
apparent temperature thresholds induced by menthol and
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Figure 6. SKF96365 shifts the response-threshold temperature towards lower values in a concentration-
dependent manner

A, simultaneous recording of whole-cell membrane current (top trace) and bath temperature (bottom trace)
during application of four consecutive cooling ramps to a TRPM8-transfected HEK293 cell (holding potential,
—60 mV). Application of 1 um SKF96365 produced a reversible reduction in /.qq amplitude. The dashed line
indicates the zero current level. B, superimposed current-temperature relationships in control, in the presence
of 1 um SKF96365, and after washout of the drug. Same traces as in A. Note the marked shift in threshold
temperature induced by SKF96365. The current traces were corrected to yield a O pA baseline; holding potential,
—60 mV. C, response-threshold temperatures of six TPRM8-expressing HEK293 cells during cold applications in
control solution, in 1 um SKF96365 and after washout of the drug. The coloured symbols correspond to the cell
in A and B. D, fluorescence ratiometric (F340/F3g0) calcium-imaging recording of cold-evoked responses in the
absence and presence of 1 um SKF96365. A TRPM8-negative cell in the same field is shown in grey. E, relative
response—-temperature curves constructed from cooling ramps in the presence of 1 and 20 um SKF96365. Each
data point represents the average of 9-16 cells. For clarity, error bars are omitted where negligibly small.
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the antagonists, we were curious to investigate the effects of
joint applications of agonists (thermal and chemical) and
antagonists on TRPMS8 channel activity. Menthol-evoked
responses of TRPM8 have previously been shown to be
blocked by BCTC (Behrendt et al. 2004; Weil et al. 2005;
Madrid et al. 2006). We confirmed the same to be true
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for SKF96365 (not shown), with 20 pum of the antagonist
blocking 99.5 & 3% of the calcium response evoked by
100 um menthol (n=12, P <0.001, paired ¢ test). To
obtain quantitative information on the menthol-induced
shifts in temperature sensitivity of TRPMS, we constructed
a dose—threshold shift curve (Fig.7A and B), which
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Figure 7. Bidirectional shifts of TRPM8 activity by chemical antagonists and menthol in TRPMS8-

transfected HEK293 cells

A, time course of ratiometric [Ca?*]; response in a TRPM8-positive HEK293 cell (black trace) in the absence and
presence of 500 um menthol. The starting temperature was 43-45°C to prevent the ‘spontaneous’ response
to menthol at the usual baseline temperature. The grey trace corresponds to a GFP-negative cell. B, correlation
between menthol concentration and temperature threshold shift based on experiments shown in A (n = 11-19).
The solid line is the fit to the Hill equation. C, experimental recording of the effect of 3 um BCTC on [Ca2t];
responses to cold and/or 100 «M menthol. Upper trace is intracellular Ca* and lower trace is bath temperature.
The unresponsive cell (grey trace) did not express GFP. D, summary histogram of effects of 3 um BCTC on cold-
and menthol-evoked changes in [Ca?t];. Note that BCTC effectively blocks calcium responses to cold (86 & 2%
inhibition, P < 0.01) or 100 M menthol (100% inhibition, P < 0.01), but not to a combination of the two agonists
(92 £ 9% of control response, P > 0.05). Each response was normalized to the amplitude of the nearest preceding
cold response in control solution; n = 22. E, experimental recording of the effects of 1 umBCTC plus 20 M menthol
on cold-evoked responses of TRPM8. Upper trace is intracellular Ca?t and lower trace is bath temperature.
F average response-threshold temperatures in control solution, 20 um menthol, 1 um BCTC and 1 um
BCTC + 20 uM menthol (n = 19). In all panels statistical significance was assessed with Dunnett’s post hoc test in
combination with one-way repeated-measures ANOVA (P < 0.001 for all) with respect to the response in control
solution, and indicated ***P < 0.001, **P < 0.01 and *P < 0.05.

© 2007 The Authors. Journal compilation © 2007 The Physiological Society



168 A Malkia and others

exhibited a maximum threshold shiftof 11.6 & 0.9°Cand a
half-maximum concentration of 37 £ 9 um. Remarkably,
this ECs, value is very similar to the dose-dependent shiftin
V1,2 produced by menthol (Voets et al. 2004). The cooling
ramps in these experiments were initiated from 39-45°C
to allow for the detection of the menthol-modified
temperature thresholds in the absence of a baseline
response (see Fig. 7A). It should be noted that the briefly
applied higher baseline temperature did not modify per
se the sensitivity of the channel to temperature changes.
This was confirmed by an experiment carried out in
control solution, where the thresholds to the first cold
application (base temperature 32-33°C) and the second
cold application (after 200s of base temperature 39°C)
were not statistically different (n=5, P=0.7, paired
t test).

Figure 7C demonstrates the experimental calcium-
imaging protocol where 3 um BCTC was applied over
stimuli of cold, 100 um menthol and cold combined with
menthol. During analysis, each response was normalized
to the response to cold in control solution, yielding the
graph shown in Fig. 7D. Although 3 um BCTC was capable
of nearly abolishing the response to cold, and all of the
response to menthol at 33°C, the combination of the two
agonists restored the response amplitude to the same level
as observed for cold in the absence of chemical agents.

We subsequently searched our data for menthol
and antagonist concentrations for which matching
threshold temperature shifts, but in the opposite direction,
had been observed during individual applications,
to see whether these shifts could be cancelled out
during the combined application of both agents.
Figure 7E shows a calcium-imaging experiment, where
the joint effects of 1 um BCTC and 20 um menthol
on apparent response-threshold temperatures were
investigated. Notably, analysis of the results (Fig.7F)
revealed that the individually observed shifts (i.e. the
opposite shifts produced by menthol and BCTC) indeed
cancel each other out when the compounds are co-applied
during cooling. Another antagonist with similar cancelling
effects when combined with 20 um menthol was 4 um
SKF96365 (not shown). The fact that simple algebraic
operations can explain the opposite effects of agonists
(cold and menthol) and antagonists on the TRPMS
temperature-response threshold suggests that a common
mechanistic principle underlies the actions of the various
modulators.

Bidirectional modulation by menthol and blocking
agents on cold-evoked responses are maintained
in trigeminal thermoreceptors

We investigated whether similar bidirectional shifts
in channel function can be observed in native cold

J Physiol 581.1

thermoreceptors, the sensory neurons responsible for the
transduction and coding of temperature signals in the
peripheral nervous system (Hensel, 1981). Cold-sensitive
trigeminal ganglion neurons were identified by calcium
imaging as previously described (de la Pena et al. 2005).
During rapid reductions in bath temperature from a
baseline of 34°C to approximately 18°C, cold-sensitive
neurons responded with an average [Ca’']; elevation
of 247+ 44nm (n=20) exhibiting a mean apparent
threshold of 30.2 +0.9°C with a range of 10°C. This
threshold temperature is significantly higher than the
one we obtained in TRPM8-expressing HEK293 cells
(P < 0.001, Student’s unpaired ¢ test). All cold-sensitive
neurons identified in this particular calcium-imaging
screen were also activated by menthol, which suggests
they all expressed endogenous TRPMS8 channels. We note
here that in a previous similar screen with a higher
number of neurons, we also identified a cold-sensitive but
menthol-insensitive population that represented ~8% of
the total number of cold-sensitive neurons (Madrid et al.
2006).

In these neurons, 3 um BCTC strongly suppressed
[Ca*"]; increases evoked by cold and completely abolished
the responses to 100 um menthol at 34°C (Fig.8A
and C). As was the case with recombinant TRPMS
channels, applying a cold stimulus in the presence of
both menthol and BCTC provoked [Ca?*]; increases with
very similar amplitude to the control response(change
in [Ca®*];, 262+54nM, P=0.29, n=20). As seen
previously for heterologously expressed TRPMS8, BCTC
application shifted the apparent threshold temperatures
of the cold-sensitive neurons towards lower values. In
10 neurons, the cold-induced response was completely
abolished; in the other 10 cold-sensitive cells, the effect
was partial and the threshold was shifted by an average
of —7.6 £0.6°C (P < 0.01). In addition, co-application
of menthol and cold completely reversed the negative
shift in threshold temperature produced by BCTC,
yielding a mean apparent threshold temperature of
31.9 £ 0.7°C. The mean shifts in threshold temperature
for the 10 neurons in which some amount of response
remained in the presence of BCTC are shown in
Fig. 8B.

Finally, the effects of agonists and antagonists on
native I 4 activation were also investigated. As shown in
Fig. 8D, cooling produced a reversible inward current at a
holding potential of —60 mV, which exhibited an apparent
threshold 0f30.9 4= 0.4°C (n = 29). Analysis of the current
amplitudes under the various conditions confirmed the
observations from the calcium-imaging experiments in
both trigeminal neurons and TRPM8-expressing HEK293
cells: 3 um BCTC effectively inhibited responses to
separate applications of cold or 100 uM menthol, but
co-application of the two agonists restored the response
to the level of the control response (Fig. 8E).
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The effects of BCTC on the voltage activation of I ,4
were further studied with application of —100 to +200 mV
ramps from a holding potential of —60 mV (Fig. 9A). An
I-V plot of the cold-evoked current in the absence and
presence of chemical modulators is shown in Fig. 9C.
I o4 displays strong outward rectification and reversal
close to 0mV (0.5 4 1.0 mV; n=_8), which is similar to
the properties of current conducted by TRPMS8 (Itrpms)
in HEK293 cells. As observed for recombinant TRPM8
channels above, application of a cooling stimulus in the
presence of BCTC produced an incomplete inhibition of
outward currents but a full inhibition of inward currents
in trigeminal neurons. This is illustrated in Fig. 9D, where
Ipcrc represents the part of I 4 that was blocked by 3 um
BCTC (i.e. the difference between traces I.,q and of the
cold current of trigeminal neurons in the presence of
3um BCTC (Ico+3pcte in Fig. 9C). Note that Igcrc only
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begins to deviate from I .4 at potentials more positive than
+70 mV, indicating a complete block by 3 um BCTC below
this value. A similar result was obtained by analysing the
blockade of 1.4 in cold-sensitive trigeminal neurons by
3 um BCTC over various potentials (Fig. 9B).

To estimate V,,, the ramp [-V data obtained in the
presence and absence of antagonists were fitted (red
lines in Fig. 9C) with eqn (6). A summary of the mean
values obtained for the fitting variables under different
experimental conditions is shown in Table 2. Comparing
the values in Tables1 and 2, one can see a notable
difference between the mean value of V', measured from
native I.,q and cold-induced Itppyms in transfected cells;
V1> was significantly more negative in the former (15
versus 153 mV, P < 0.001, unpaired ¢ test). Furthermore,
despite the qualitatively similar effect of BCTC on the
voltageactivation of the cold currentin TRPM8-expressing
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Figure 8. Menthol and the antagonists modulate cold-evoked responses in cold-sensitive trigeminal

neurons

A, calcium-imaging recording of the effect of 3 um BCTC on responses to cold and/or 100 um menthol. Upper
trace is intracellular Ca* and lower trace is bath temperature. The grey trace shows the simultaneous response
in a cold-insensitive neuron for comparison. Note the full inhibition of the menthol-evoked response at 34°C.
B, average response-threshold temperatures of cold-sensitive trigeminal neurons in control solution, 3 um BCTC
and 3 uM BCTC + 100 um menthol (n = 10). C, 3 um BCTC effectively blocks calcium responses to cold or 100 um
menthol, but not to a combination of the two agonists. Each response was normalized to the nearest preceding
cold response in control solution (n = 20). D, simultaneous recording of whole-cell membrane current (top trace)
and bath temperature (bottom trace) during application of three consecutive cooling ramps, showing the effects
of 3 um BCTC and 100 um menthol on cold responses in a cold-sensitive trigeminal neuron. The holding potential
was —60 mV. The dashed line indicates the zero current level and the vertical lines mark clipped current responses
to voltage ramps (see Figure 9). £, summary histogram of current responses at —60 mV from experiments shown
in D (n=3-8). In all panels statistical significance was assessed with Dunnett’s post hoc test in combination
with one-way repeated-measures ANOVA (P < 0.001 for all) with respect to the response in control solution, and

indicated ***P < 0.001, **P < 0.01 and *P < 0.05.
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Table 2. Summary of the effects of menthol and BCTC on /4 activation in
cold-sensitive trigeminal neurons

Cold 20°C Cold 20°C Cold 20°C Cold 20°C
1 um BCTC 3 um BCTC 100 um menthol
s(mv-") 40+5 42+5 46+ 8 3249
g (nS) 19+4 19+5 54 1* 23+4
V12 (mV) 15+ 8 76 + 14} 137 + 28* —101 £+ 237
n 6 4 4 5

The absolute values of the parameters s, g and V4, obtained from the fits of
the ramp (—100 to +200 mV) /-V curves to egn (6) in the Methods (see text
for definitions). The data are given as means =+ s.e.m. Statistical significance was
assessed with Student’s unpaired t test using cold as the reference condition, and
is significance indicated: *P < 0.05; 1P < 0.01.
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Figure 9. BCTC and menthol produce opposite shifts in the voltage activation curve of g in
cold-sensitive trigeminal neurons

A, time course of current development at —60 mV in a cold-sensitive trigeminal neuron during cooling ramps.
Voltage ramps (=100 to +200 mV) of 1500 ms duration were applied under the various experimental conditions
(they appear as vertical bars in the current trace). B, blockade of /4 in seven cold-sensitive trigeminal neurons
by 3 um BCTC analysed over various membrane potentials. Dunnett’s post hoc test in combination with one-way
repeated-measures ANOVA (P < 0.001) was employed to assess statistical significance between the blockade at
each of the studied potentials and at —50 mV. C, whole-cell ramp /-V relationships of the experiment shown in A
at 18°C in the presence and absence of BCTC (1 and 3 um) and 100 uM menthol. The red lines, superimposed on
the recorded /-V relationships, represent the fits of the current to eqn (6). D, the grey trace (/sctc) represents the
part of /oy that was blocked by 3 M BCTC (leoig—/colds-38cTc)- Note that /gctc only begins to deviate from /o4 at
potentials more positive than +70 mV, indicating a complete block by 3 um BCTC below this value. E, effects of
BCTC and menthol on the midpoint of voltage activation during cooling in six cold-sensitive trigeminal neurons.
The data are represented as shifts in V1, with respect to the value obtained for cold (the absolute value for each
neuron is indicated above the open symbol). Below a summary histogram of the average shifts in V1> with respect
to cold (n = 4-6). Statistical significance was assessed with the unpaired t test and is indicated ***P < 0.001,
**P < 0.01 and *P < 0.05.
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HEK293 cells and cold-sensitive trigeminal neurons, the
magnitude of the shift in V,,, induced by BCTC was
significantly larger in the trigeminal neurons: 122 + 24
(n=4) versus 67 £ 11 mV (n=238); P <0.05 (unpaired
t test).

These results indicate that native cold-sensitive channels
with similar biophysical properties to TRPMS8 (e.g.
similar reversal potential and rectification properties) are
activated by temperature at more negative membrane
potentials. The native channels are blocked by BCTC in
a similar manner to recombinant TRPMS8 in terms of
amplitude, but the biophysical modulation (shifts in V',
and temperature threshold) underlying the inhibition is
notably stronger in the trigeminal neurons.

Discussion

At present very little is known about the pharmacological
and biophysical properties of TRPM8 channel antagonists
(Desai & Clapham, 2005; Dhaka et al. 2006; Voets et al.
2007). This information is essential to better understand
the role of TRPMS8 channels in temperature transduction
at peripheral thermoreceptors (Madrid et al. 2006).

In this study, we provide a thorough characterization
of the responses of recombinant TRPMS8 channels
to their physiological stimulus, cold temperature, and
describe in mechanistic terms the effects of substances
that increase and decrease the temperature sensitivity
of the channel. We identified a common modulatory
action of three chemical antagonists (BCTC, SKF96365
and 1,10-phenanthroline) on TRPMS8 function that
involves marked shifts in their voltage-dependent gating.
Furthermore, we describe important differences between
the properties of recombinant TRPMS8 channels and native
currents in trigeminal cold thermoreceptors that underlie
their high thermal sensitivity.

Cold-induced responses in TRPM8-expressing HEK293
cells and trigeminal neurons

In our experiments, rat TRPMS8-transfected HEK293
cells responded to cooling with apparent threshold
temperatures of 26.8°Cand 27.6°Cas measured by calcium
imaging and electrophysiology, respectively. These values,
although among the highest reported for heterologously
expressed rodent TRPM8 (McKemy et al. 2002; Peier
et al. 2002; Andersson et al. 2004), are clearly lower than
observed for cold-sensitive trigeminal and dorsal root
ganglion neurons (Reid et al. 2002; Viana et al. 2002;
Thut et al. 2003; Madrid et al. 2006). Such differences
suggest that the cellular environment (e.g. membrane
lipid composition and presence of auxiliary subunits) may
be an important factor in the modulation of TRPMS8
function, and/or that other mechanisms of cold trans-
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duction are present in sensory neurons, making them
more sensitive to temperature decreases (de la Pena et al.
2005).

BCTC is the most potent antagonist of cold-evoked
responses in TRPMS8 channels

Arranging the blockers from our study by their 1Cs
values yielded the following sequence of potency:
BCTC > SKF96365 > > 1,10-phenanthroline, with the
first two compounds exhibiting concentrations of
half-maximum TRPMS inhibition below or close to 1 pm.
Comparison with previously reported values revealed that
SKF96365 is a slightly more potent antagonist of TRPM8
than of other TRP channels (e.g. TRPC3 and TRPC6)
studied to date (Zhu er al. 1998; Inoue et al. 2001). By
contrast, SKF96365 was not an effective blocker of the
epithelial calcium channel TRPV5 (Nilius et al. 2001).

Here, 1,10-phenanthroline was equally effective in
blocking cold-evoked TRPMS responses in the presence
as in the absence of Cu*". This finding is in contrast with
a previous report on TRPV1, where heat-evoked currents
were only blocked in the presence of the Cu—Phe complex
(Tousova et al. 2004) suggesting a different mechanism of
block for these two TRP channels.

BCTC produced full antagonism of cold-evoked
TRPMS activity in the temperature range studied, with
similar ICsy values to those determined using menthol as
the stimulus (Behrendt et al. 2004; Welil et al. 2005; Madrid
et al. 2006). These ICs, values, although one to two orders
of magnitude larger than observed for TRPV1 (Valenzano
etal. 2003; Correll et al. 2004 ), make BCTC the most potent
and most effective antagonists of TRPMS8 channels to
date.

In conclusion, although none of the blockers studied
here are specific for TRPMS, the potent and reversible
TRPMS antagonism by BCTC and SKF96365 should make
them useful for further functional characterization of
thermoreceptor fibres and the role of TRPMS8 channels
in cold transduction.

Menthol and the blockers act as TRPM8 modulators
in opposite directions

TRPMS8 is a voltage-dependent channel (Voets et al.
2004; Brauchi er al. 2004; Rohacs et al. 2005). Low
temperature, cooling agents (such as menthol) and the
inositide phospholipids (such as phosphatidylinositol
4,5-bisphosphate (PIP,)) are known to shift the activation
curve towards more physiological membrane potentials.
However, the mechanisms and sites of action of these
stimuli on the TRPM8 protein remain unclear. The
voltage and temperature sensors are situated on separate
structural domains (Brauchi et al. 2006). Furthermore, the
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menthol binding site and the cold sensor are structurally
separate entities (Bandell et al. 2006). Whether the menthol
molecule acts directly on the voltage sensor of TRPMS or
has a separate binding site on the protein remains to be
resolved.

In the present work, we identify three new gating
modifiers of TRPM8. On basis of the apparent voltage
dependence of block and the shifts in the voltage activation
of the channel towards more depolarized potentials,
BCTC, SKF96365 and 1,10-phenanthroline should be
considered negative allosteric modulators of the channel.
In agreement with this view, recent reports on the effects of
ethanol (albeit at a high concentration) on TRPM8 were
also ascribed to a rightward shift in voltage-dependent
gating (Benedikt et al. 2007). These agents may become
useful tools in the ongoing quest for the molecular
determinants of TRPMS8 gating and regulation (Chuang
et al. 2004; Nilius et al. 2005; Rohacs et al. 2005;
Bandell et al. 2006). It is also of interest to find out whether
the heat-sensitive TRPV1 channel can be modulated in a
similar way by these chemical agents.

The main functional consequence of the dynamic
voltage-dependent gating of TRPMS8 is a shift in the
apparent temperature activation threshold of the cell.
Consequently, the studied antagonists exert an opposite
effect to cooling and menthol on the thermosensitivity of
the channel. Furthermore, the effects induced separately
by menthol and the antagonists appear to be additive
(i.e. they cancel each other during joint application of
the compounds). The above findings raise the question of
whether menthol and the antagonists studied here share
the same site of action, or act through separate receptors.
We find indications suggesting that the antagonists may
be acting on different sites from which they exert their
competitive, opposite effects on the voltage gating of
TRPMS. Because the functional and biophysical effects
of the antagonists on cold-evoked responses — shifts
in apparent temperature thresholds and V,,, — take
place both in the absence and presence of menthol, and
the antagonist-induced shifts in the voltage-dependent
activation arein fact stronger during activation by menthol
than by cold, it seems likely that the inhibitory effect is
independent of the occupation of the menthol-binding
site. This issue can only be completely settled with a direct
analysis ofligand binding, with ad hoc designed radioactive
probes.

The fact that none of the inhibitors acted as a pure pore
blocker (i.e. reducing channel activity without affecting
channel gating) indicates that some caution should be
taken when interpreting the lack of inhibitory actions of
these agents on cold-evoked responses at nerve terminals
(Madrid et al. 2006): the negative modulatory effects on the
native channel may be insufficient to prevent cold-evoked
activity. However, when we compared the effects of
BCTC on channel gating observed in TRPM8-expressing
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HEK293 cells and in cold-sensitive trigeminal neurons,
we found that the opposite was true: the neurons were,
in fact, more sensitive to modulation by BCTC than
the HEK293 cells. Together with the fact that in the
study by Madrid et al. (2006) the effects of menthol —
a more potent agonist of recombinant TRPM8 channels
than cold temperature — were fully suppressed at the
nerve terminals, the new observations from this work
argue for alternative explanations, such as the presence
of additional, TRPM8-independent, cold sensors at nerve
endings (Viana et al. 2002).

Native /o1 channels have distinct properties

The bidirectional modulation of the voltage-dependent
activation and the resulting shift in temperature threshold
caused by menthol and antagonists is also conserved
in cold-sensitive trigeminal neurons expressing native
TRPM8 protein subunits. We found a remarkable
difference in the V,,, of TRPMS8 activation between
native and recombinant channels, with a much higher
open probability at negative potentials in the former case.
Thus, despite lower values of cold- and menthol-sensitive
conductance in neurons (i.e. lower density of TRPM8
channels), their higher open probability gives rise to larger
inward currents at physiological membrane potentials. In
functional terms, this difference translates into a much
higher apparent threshold temperature in native thermo-
receptors compared to recombinant TRPMS8 channels (see
Supplementary Fig. 1). In both cases, response thresholds
can be shifted bidirectionally by more than 15°C,
directly illustrating the dynamic nature of the apparent
temperature threshold of TRPMS8 channels. Although our
results were obtained with exogenous agents, it is very
likely that endogenous modulators of the channel operate
upon the same general principles, and in the process give
rise to the wide range of threshold temperatures exhibited
by recombinant TRPMS8 channels in various expression
systems (de la Pena et al. 2005) and cold-sensitive thermo-
receptors (Reid et al. 2002; Viana et al. 2002; Thut et al.
2003). One such endogenous modulator could be the
membrane lipid PIP,, which is known to potentiate the
activity of TRPMS8 (Liu & Qin, 2005; Rohacs et al. 2005;
Benedikt et al. 2007) and that of other TRP channels
(Hardie, 2003; Nilius et al. 2006). Notably, PIP, modulates
TRPMS by shifting the V', of activation of the channels
(Rohacsetal. 2005). Additional factors that may contribute
to the response plasticity of thermoreceptors are changes
in TRPM8 channel density, modulation of TRPM8 by
intracellular Ca®* levels (McKemy et al. 2002; Reid et al.
2002; Rohacs et al. 2005), phosphorylation status of
TRPMS8 (Premkumar et al. 2005; Abe et al. 2006) and
the variable expression of potassium channels acting as
temperature-dependent excitability brakes (Viana et al.
2002).

© 2007 The Authors. Journal compilation © 2007 The Physiological Society
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Contribution of TRPMS8 Channels to Cold Transduction in
Primary Sensory Neurons and Peripheral Nerve Terminals

Rodolfo Madrid, Tansy Donovan-Rodriguez, Victor Meseguer, Mari Carmen Acosta, Carlos Belmonte, and Félix Viana
Instituto de Neurociencias de Alicante, Universidad Miguel Herndndez—Consejo Superior de Investigaciones Cientificas, 03550 San Juan de Alicante, Spain

Transient receptor potential melastatin 8 (TRPMS) is the best molecular candidate for innocuous cold detection by peripheral thermo-
receptor terminals. To dissect out the contribution of this cold- and menthol-gated, nonselective cation channel to cold transduction, we
identified BCTC [N-(4-tert-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine-1-carboxamide] as a potent and full blocker of recombinant
TRPMS channels. In cold-sensitive trigeminal ganglion neurons of mice and guinea pig, responses to menthol were abolished by BCTC.
In contrast, the effect of BCTC on cold-evoked responses was variable but showed a good correlation with the presence or lack of menthol
sensitivity in the same neuron, suggesting a specific blocking action of BCTC on TRPMS8 channels. The biophysical properties of native
cold-gated currents (I_,;4), and the currents blocked by BCTC were nearly identical, consistent with a role of this channel in cold sensing
at the soma. The temperature activation threshold of native TRPM8 channels was significantly warmer than those reported in previous
expression studies. The effect of BCTC on native I, was characterized by a dose-dependent shift in the temperature threshold of
activation.

The role of TRPMS in transduction was further investigated in the guinea pig cornea, a peripheral territory densely innervated with
cold thermoreceptors. All cold-sensitive terminals were activated by menthol, suggesting the functional expression of TRPM8 channels in
their membrane. However, the spontaneous activity and firing pattern characteristic of cold thermoreceptors was totally immune to
TRPMS8 channel blockade with BCTC or SKF96365 (1-[2-(4-methoxyphenyl)-2-[3-(4-methoxyphenyl)propoxy]ethyl-1 H-imidazole hy-
drochloride). Cold-evoked responses in corneal terminals were also essentially unaffected by these drugs, whereas responses to menthol
were completely abolished. The minor impairment in the ability to transduce cold stimuli by peripheral corneal thermoreceptors during

TRPMS blockade unveils an overlapping functional role for various thermosensitive mechanisms in these nerve terminals.

Key words: somatosensory; trigeminal ganglion; nociceptor; cornea; BCTC; SKF96365

Introduction

The activation by low temperatures of specific receptors located
on the surface of the body gives rise to a rich spectrum of sensa-
tions that range from pleasantly cool to outright painful
(Yarnitsky and Ochoa, 1991; Chen et al., 1996; Craig et al., 2000;
Acostaetal., 2001). The transduction of temperature stimuli into
propagated nerve impulses occurs in free endings of thin sensory
axons (Hensel and Zotterman, 1951; Hensel, 1981; Heppelmann
et al,, 1990). At normal skin temperatures, innocuous cold ther-
moreceptors exhibit spontaneous, periodic activity that is aug-
mented by cooling and silenced by warming (Hensel and Zotter-

Received Feb. 22, 2006; revised Oct. 24, 2006; accepted Oct. 24, 2006.

This work was supported by Spanish Ministry of Education and Science Projects SAF2004-01011 (F.V.) and
BFU2005-08741 (C.B.). R.M. is a postdoctoral fellow of the Spanish Fundacion Carolina, T.D.-R. is a fellow of the
Fundacion Marcelino Botin, and V.M. holds a predoctoral fellowship from the Generalitat Valenciana. We thank E.
Quintero and A. Pérez Vegara for excellent technical assistance. Elvira de la Pefia performed the experiments shown
in supplemental Figure 34 (available at www.jneurosci.org as supplemental material), and Carolina Luna contrib-
uted preliminary data on SKF96365 effects in corneal terminals. The rat TRPM8 and the mouse TRPA1 cDNA were a
generous gift from David Julius and Ardem Patapoutian, respectively. We thank Elvira de la Pefia, Annika Malkia,
Patricio Orio, Maria Dominguez, and Roberto Gallego for comments on this manuscript.

Correspondence should be addressed to Dr. Félix Viana, Instituto de Neurociencias de Alicante, Universidad
Miguel Hernandez—Consejo Superior de Investigaciones Cientificas, Apartado 18,03550 San Juan de Alicante, Spain.
E-mail: felix.viana@umh.es.

DOI:10.1523/JNEUR0SCI.3752-06.2006
Copyright © 2006 Society for Neuroscience  0270-6474/06/2612512-14$15.00/0

man, 1951; Brock et al., 2001). In contrast, cold nociceptors are
quiescent at rest firing only in response to low temperatures
(LaMotte and Thalhammer, 1982; Simone and Kajander, 1997).

The recent identification of several ion channels with marked
sensitivity to cooling provides a molecular framework to under-
stand the transduction mechanisms for cold temperatures by
sensory endings (for review, see Jordt et al., 2003; Patapoutian et
al., 2003; Reid, 2005). So far, transient receptor potential melasta-
tin 8 (TRPMS8), a nonselective cation channel of the transient
receptor potential superfamily (McKemy et al., 2002; Peier et al.,
2002), is the best molecular candidate to explain the transduction
of moderate cold. Recombinant TRPMS8 channels are activated
by low temperatures (threshold of ~25°C) and by exposure to
cooling compounds such as menthol. These channels are ex-
pressed selectively in a subpopulation of cold-sensitive (CS) pri-
mary sensory neurons (McKemy et al., 2002; Peier et al., 2002)
with specific electrophysiological properties (Reid et al., 2002;
Viana et al., 2002). In these neurons, cooling opens a cation cur-
rent (I.,4) with properties consistent with those of TRPMS-
dependent currents in transfected cells (Okazawa et al., 2002;
Reid et al., 2002). The same neurons are also excited by menthol
(McKemy et al., 2002; Reid et al., 2002; Viana et al., 2002; Nealen
et al., 2003; Thut et al., 2003).

Nonetheless, a significant percentage of CS neurons in culture
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are insensitive to menthol and lack TRPMS transcripts (Nealen et
al., 2003; Babes et al., 2004). Moreover, other studies have re-
vealed that menthol-insensitive channels also contribute to I 4
(Reid and Flonta, 2001; Viana et al., 2002). Additional evidence
for TRPMS8-independent cold transduction mechanisms has
been reported in damaged sensory endings (Cabanes et al., 2003;
Roza et al., 2006). Thus, despite significant advances in our un-
derstanding of cold thermotransduction (Brauchi et al., 2004;
Voets etal., 2004; McKemy, 2005; Reid, 2005), the role of TRPMS8
channels in defining the sensory modality, temperature activa-
tion threshold, and spontaneous discharge of native cold recep-
tors is not well established.

Recently, the compound BCTC [N-(4-tert-butylphenyl)-4-
(3-chloropyridin-2-yl)piperazine-1-carboxamide] has been
identified as a blocker of menthol-evoked responses in TRPM8
channels (Behrendt et al., 2004; Weil et al., 2005). Here we show
that BCTC is also a potent and rather selective blocker of cold-
activated responses in TRPMS8 channels. Thereafter, we used
BCTC to explore the contribution of TRPM8 to cold-evoked
electrical activity in the soma and peripheral nerve terminals of
trigeminal ganglion (TG) neurons. Peripheral studies were per-
formed in the cornea, a tissue with a dense innervation of cold
thermoreceptors (Gallar et al., 1993; Carr et al., 2003). We con-
clude that, in the soma of the large majority of cultured trigemi-
nal neurons, activation of TRPM8 channels is the major player in
establishing cold-evoked responses. In contrast, TRPM8 chan-
nels mediate only the response to menthol of peripheral cold
thermoreceptors but not their ongoing activity or the increased
impulse discharges evoked by cooling, indicating that thermal
sensitivity of innocuous cold thermoreceptors is determined by
additional ionic mechanisms.

Materials and Methods

Rat TRPM8 cDNA (a gift from Dr. David Julius, University of California,
San Francisco, CA) was subcloned in the bicistronic vector pcINeo/in-
ternal ribosomal entry site—green fluorescent protein (GFP), as de-
scribed previously, and used for transient transfection in HEK293 cells
(de la Pena et al., 2005). Mouse ankyrin-repeat TRP subtype 1 (TRPA1)
in pCDNAS5 (a gift from Dr. Ardem Patapoutian, Scripps Research Insti-
tute, La Jolla, CA) was cotransfected with pGreen Lantern-1 GFP (In-
vitrogen, Carlsbad, CA)at a 1:1 ratio. Transfected cells were identified by
their green fluorescence emission during excitation with 470 nm light.

Culture of HEK293 cells and trigeminal ganglion neurons. HEK293 cells
were obtained from The European Collection of Cell Cultures (Salisbury,
UK). Cells were cultured in DMEM containing 10% of fetal bovine se-
rum and plated on 2 cm? wells at 400,000 cells per well and grown for
18—48 h before transfection. Cells were transiently transfected with plas-
mid DNA using Lipofectamine 2000 (Invitrogen): 2 ug of DNA and 3 ul
of Lipofectamine per well. At 0-24 h after transfection, cells were
trypsinized and replated on laminin-coated round coverslips (6 mm di-
ameter) at 30,000 cells per coverslip. At 24—48 h after transfection, GFP-
positive (GFP *)cells were selected for intracellular calcium measure-
ments and electrophysiological recordings.

Trigeminal ganglion neurons from neonatal mice were cultured as
described previously (Viana et al., 2001). In brief, trigeminal ganglia were
isolated from anesthetized newborn Swiss OF1 mice [postnatal days 1
(P1) to P5], incubated with 1 mg/ml collagenase type IA (Sigma, St.
Louis, MO) for 45 min at 37°C in 5% CO,, and cultured in medium: 45%
DMEM, 45% F-12, and 10% fetal bovine serum (Invitrogen), supple-
mented with 4 mum L-glutamine (Invitrogen), 200 ug/ml streptomycin,
125 pg/ml penicillin, 17 mm glucose, and nerve growth factor (NGF)
(mouse 7S, 100 ng/ml; Sigma). Cells were plated on poly-L-lysine-coated
glass coverslips and used after 1-3 d in culture.

To culture trigeminal ganglion neurons from young adult mice (P25—
P28) and neonatal (P5-P10) guinea pigs (Hartley strain), the protocol
was similar to the one used for neonatal mice except in the following
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details. Before dissection, mice were anesthetized with 100% CO, and
guinea pigs with sodium pentobarbital (90 mg/kg) intraperitoneally, fol-
lowed by rapid decapitation. After removal, ganglia were incubated in a
mixture of collagenase type XI (0.66 mg/ml) and dispase (3 mg/ml) for
1 h. After mechanical dissociation, cells were cultured in media contain-
ing 89% MEM and 10% fetal bovine serum (Invitrogen), supplemented
with 1% MEM vitamins (Invitrogen), 100 ug/ml penicillin/streptomy-
cin, and NGF.

Trigeminal ganglion neurons and HEK293 electrophysiology. Cell-
attached and whole-cell voltage/or current recordings were performed
simultaneously with temperature recordings. The standard bath solution
contained the following (in mm): 140 NaCl, 3 KCl, 1.3 MgCl,, 2.4 CaCl,,
10 HEPES, and 10 glucose, pH 7.4 adjusted with NaOH (297 mOsm/kg).
Standard patch pipettes (3—5 M) for HEK293 cells; 5—-8 M() for whole-
cell recordings in neurons; 10-12 M) for cell-attach recordings) were
fabricated from borosilicate glass capillaries (Harvard Apparatus, Eden-
bridge, Kent, UK) and contained the following (in mm): for TG neurons,
140 KCI, 6 NaCl, 1 EGTA, 0.6 MgCl,, 1 NaATP, 0.1 Na-GTP, and 10
HEPES, pH 7.4 adjusted with KOH (282 mOsm/kg); and for HEK293
cells, 140 CsCl, 0.6 MgCl,, 1 EGTA, and 10 HEPES, pH 7.4, adjusted with
CsOH (276 mOsm/kg).

To measure the reversal potential of the cold-sensitive current (I_,4)
in sensory neurons, the bath solution contained the following (in mm):
140 NaCl, 3 KCl, 1.3 MgCl,, 0.1 CaCl,, 10 HEPES, 10 glucose, and 0.5 X
10 73 TTX, pH 7.4 adjusted with NaOH. The pipette solution contained
the following (in mwm): 140 CsCl, 0.6 MgCl,, 1 EGTA, 10 HEPES, 1
ATPNa,, and 0.1 GTPNa, pH 7.4 adjusted with CsOH. These modifica-
tions were necessary to minimize large voltage-dependent currents.

Current and voltage signals were recorded with an Axopatch 200B or a
Multiclamp patch-clamp amplifier (Molecular Devices, Sunnyvale, CA).
Stimulus delivery and data acquisition were performed using pClamp 9
software (Molecular Devices). Analysis was performed with pClamp 9
and WinASCD software (Guy Droogmans, Katholieke Universiteit Leu-
ven, Leuven, Belgium).

Temperature stimulation. Coverslips with cultured cells were placed in
a microchamber and continuously perfused (~0.8 ml/min) with solu-
tions warmed at 34 = 1°C. The temperature was adjusted with a water-
cooled RDTC-1 Peltier device (ReidDan Electronics) placed directly on
the cell field and controlled by a feedback device (Reid et al., 2001). Cold
sensitivity was investigated with a 50 s temperature drop to 18 = 1°C.
Temperature decreased and recovered in a quasi-exponential manner
with a time constant of ~8 s.

Fluorescence Ca®" imaging. Neurons were incubated with 5 um fura-2
AM dissolved in standard extracellular solution and 0.02% pluronic
(both from Invitrogen) for 40 min at 37°C in darkness. Fluorescence
measurements were made with a Leica (Nussloch, Germany) DM IRE2
inverted microscope fitted with a 12-bit cooled CCD camera (Imago QE
Sensicam; T.I.L.L. Photonics, Graefelfing, Germany). Fura-2 was excited
at 340 and 380 nm with a Polychrome IV monochromator (T.I.L.L.
Photonics), and the emitted fluorescence was filtered with a 510 nm
long-pass filter. Calibrated ratios (0.5 Hz) were displayed on-line with
T.LL.L. Vision software version 4.01 (T.L.L.L. Photonics). Bath temper-
ature was sampled simultaneously (see below), and threshold tempera-
ture values for [Ca?" ], elevation were estimated by linearly interpolating
the temperature at the midpoint between the last baseline point and the
first point at which a rise in [Ca®" ]; deviated by at least four times the SD
of the baseline

Cold nerve terminals electrophysiology. The action of BCTC on cold-
and menthol-evoked nerve impulse activity was tested on single nerve
terminals of cold thermoreceptors innervating the cornea of the eye in an
in vitro preparation adapted following Brock et al. (1998). A total of 32
terminals were recorded from the surface of the cornea, five of which
were used for the menthol dose-response study, 17 for BCTC experi-
ments, and 10 for investigating SKF96365 effects. Male Dunkin Hartley
guinea pigs (Harlan, Borchen, Germany) weighing 250400 g were anes-
thetized with sodium pentobarbitone (20 mg/kg; Dolethal) and killed by
decapitation. Corneas were cut at the limbus and pinned to the Sylgard-
coated (Dow Corning, Midland, MI) base of a recording chamber, which
was superfused continuously with physiological solution of the following
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composition (in mm): 133.4 NaCl, 1.3 NaH,PO,, 16.3 NaHCOj, 4.7 KCl,
2 CaCl,, 1.2 MgCl,, and 9.8 glucose. This solution was gassed with car-
bogen (95% O,, 5% CO,) to pH 7.4 and maintained at 34-36°C.

Glass micropipette electrodes (tip diameter of ~20 wm), filled with the
physiological solution and applied to the cornea with light suction, were used
to record nerve terminal impulses (NTTs). Electrical signals were recorded
with respect to an Ag/AgCl pellet placed in the chamber. The electrical activ-
ity was recorded through an alternate current amplifier (gain 2000 X, high-
pass filter 0.1 Hz; Neurolog NL103; Digitimer, Welwyn Garden City, UK).
Data were captured and analyzed using a CED 1401 interface coupled to a
computer running Spike 2 software (Cambridge Electronics Design, Cam-
bridge, UK). Only NTIs originating from single cold-sensitive receptors were
recorded, identifiable by their relatively high level of spontaneous discharge
(in this study, 4—15 Hz), sometimes in a bursting pattern, which was in-
creased by cooling and decreased by warming of the superfusion solution
(Brock et al., 1998, 2001).

Spontaneous NTT activity at 34—36°C was recorded for at least 1 min
before cooling the cornea to 22-25°C by perfusing it with cold solution
during 30 s, followed by rewarming to the baseline temperature of 34—
36°C. Basal mean spontaneous activity (in hertz) was calculated during
the 20 s before cooling. Temperature response threshold was taken as the
temperature at which firing frequency increased to a value higher than 2
SDs above the mean basal spontaneous activity, and maximum response
was defined as the highest firing frequency reached during cooling.

After two stable, consecutive cooling—rewarming cycles (defined by
<10% variation in spontaneous activity, threshold, and maximum re-
sponse between trials), 10 um BCTC was added to the bath solution and
allowed to perfuse for 3 min; then, a new cooling-rewarming cycle was
applied. The process was repeated in the presence of BCTC and menthol,
10 and 100 M, respectively, and finally, with 100 um menthol alone. The
dose—response curve of menthol effects on background activity was ob-
tained in five additional corneas that were not exposed to BCTC.

Animal experiments were approved by the local veterinarian authority
and were in accordance with the European Union legislation on the use
of experimental animals.

Data analysis. To compare the effects of BCTC on cold- or menthol-
evoked currents in individual cells, data were normalized to percentage
of control using the following equation: Relative block (%) =
(({Response}control {Response}blocker)/{Response}comrol) X 100.
Smooth curves shown in the dose-response relationships are fits to the
Hill equation: Relative block (RB) (%) = RB_;, + (RB,,., — RB_;.)/
[1 + (X/ECs))N], where ECy, is the concentration of half-maximal
blockage, X is the blocker concentration, and N is the Hill coefficient.

Unless noted, all dose-response curves of current block were mea-
sured at +80 mV. For estimates of BCTC block during cooling, leak
currents were measured at 35°C, thus minimizing TRPMS8 activation,
and temperature-corrected by a factor Q, according to the following
expression: Q= (Q,,) X exp(AT/10), where AT is the difference be-
tween the baseline temperature (35°C) and the temperature of the cold
stimulus. The value of Q,, was fixed at 1.5, a reasonable value for “cold-
insensitive” (CI) channels (Hille, 2001).

Data are presented as means = SEM. Statistical analyses were per-
formed with Excel 2001 (Microsoft, Seattle, WA) or SigmaStat 3.0 soft-
ware (Systat Software, Port Richmond, CA). Significance was set at p <
0.05.

Reagents. BCTC was a generous gift from Dr. H. Behrendt and Dr. R.
Jostock (Griinenthal AG, Aachen, Germany). L-Menthol was purchased
from Scharlau Chemie (Barcelona, Spain). Cinnamon aldehyde, clotrim-
azole [(1-(o-chloro-a,a-diphenylbenzyl)-imidazole)], phenanthroline
(1-10-phenanthroline monohydrate), 4-aminopyridine, and nickel
chloride were from Sigma. SKF96365 (1-[2-(4-methoxyphenyl)-2-[3-(4-
methoxyphenyl)propoxy]ethyl-1 H-imidazole hydrochloride] was pur-
chased from Tocris Bioscience (Bristol, UK).

Results

BCTC blocks [Ca**]; responses to cold and menthol in
TRPM8-transfected HEK293 cells

BCTC is a novel blocking agent of transient receptor potential
vanilloid receptor 1 (TRPV1) channels (Valenzano et al., 2003)
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and of mouse and human TRPMS8 channels activated by menthol
(Behrendt et al., 2004; Weil et al., 2005). Using fura-2 calcium
imaging in rat TRPM8-transfected HEK293 cells, we confirmed
the blocking effects of BCTC on menthol-evoked responses. As
shown in Figure 1A, BCTC produced a reversible suppression of
[Ca*™]; elevations to menthol application. In nontransfected
cells, menthol had no effect on [Ca®*]; levels. At 3 um BCTC, the
inhibition was complete, with an ECs, value of 647 nm (Fig. 1 D).
Next, we tested the effects of BCTC on cold-evoked calcium sig-
nals in TRPM8-transfected HEK293 cells. As was the case for
menthol responses, BCTC produced a dose-dependent and re-
versible inhibition of [Ca®"]; elevations evoked by cooling down
to ~18°C from a baseline temperature of 35°C (Fig. 1 E). Inhibi-
tion was also complete at 3 uMm with an EC5,, of 685 nm (Fig. 1 H).

BCTC blocks currents evoked by menthol and cold in
TRPMS8-transfected HEK293 cells

The blockade of TRPMS channels by BCTC was verified directly,
testing its effect on menthol-evoked whole-cell currents (I,,,.,-
thol). Current development was monitored with periodic injec-
tions of voltage ramps from —100 to +100 mV. Application of
100 wM menthol at 33—-34°C activated a current characterized by
a reversal potential near 0 mV (—3.5 = 0.7 mV; n = 21) and
strong outward rectification (I, g yv/I_go myv Of 110 = 32;n =
21) (Fig. 1C). As shown in Figure 1, B and C, 3 um BCTC pro-
duced a complete inhibition of menthol-gated TRPMS currents
that recovered to a large extent during wash. The time constant of
current inhibition by 3 uM BCTC was 6.7 £ 1.1 s (n = 4). The full
dose—response curve of BCTC blockade of I, 01 1S shown in
Figure 1D, with an estimated ECs, of 475 nm.

The actions of BCTC on cold-evoked currents (I_,;4) were also
tested in whole-cell recordings of TRPM8-transfected HEK293
cells, using identical protocols. From a baseline temperature of
33-35°C, cooling to ~18°C activated a current (Fig. 1G) with
similar outward rectification (I, gy v/I_go my Of 103 £ 27; n =
23) and reversal potential of —1.5 £ 0.9 mV (n = 24) as after
applying menthol. BCTC produced a dose-dependent reduction
in the current that reversed rapidly during wash (Fig. 1 F,G). At 3
M, the inhibition was complete and the time constant of inhibi-
tionwas 11.0 = 1.6 s (n = 8). A full dose—response curve of BCTC
effects on cold-evoked currents is shown in Figure 1H. In this
case, the estimated ECs, was 621 nM, similar to the values ob-
tained for I, ., no- The inhibition of I 4 and I,q by BCTC
appeared to be voltage dependent: inward currents were fully
blocked at negative potentials by submaximal concentrations of
BCTC, but a fraction of current remained at more positive po-
tentials (Fig. 1G). The voltage dependence of block was quanti-
fied, comparing the block produced by 1 um BCTC at +40 and
+100 mV. In the case of I .o Mean percentage of block was
88.5 = 4.5 and 64.5 £ 5.7% at +40 and +100 mV, respectively
(p=0.01;n=5).For I_,4 the values of block produced by 1 um
BCTC were similar to those of I, ;o (82.4 = 3.8 and 64.3 =
5.4%) and also significantly different at both potentials (p =
0.04; n = 4).

We also tested the effects of several other known blockers of
TRP channels, such as clotrimazole, phenanthroline, and
SKF96365 (Nilius et al., 2001; Hill et al., 2004), and nickel, a
blocker of voltage-gated calcium channels. With the exception of
nickel, which at concentrations as high as 10 mm was almost
inactive against cold-evoked currents, the rest of the compounds
also exhibited strong inhibitory effects on TRPMS8 channels (R.
Madrid, V. Meseguer, and F. Viana, unpublished observations).
BCTC and SKF96365 were the two most potent compounds
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Figure1.  BCTCblocks TRPM8-mediated responses to cold and menthol in transfected HEK293 cells. 4, Ratiometric [Ca®"J; response of a TRPM8 * HEK293 cell (black trace) to 100 tm menthol
in control solution, in the presence of 3 um BCTC, and after washout of BCTC. In the same field, a TRPM8-negative (TRPM8 ) cell (blue trace) did not respond to menthol. B, Time course of current
developmentat +80and —80mVina TRPM8 * HEK293 cell, recorded at 33°C, by the application of 100 ummenthol. In the continuous presence of menthol, 3 uum BCTC produced a full suppression
of the current. Currents were evoked by a 1-s-duration —100/+ 100 mV voltage ramp delivered every 5 s. The negative current axis is expanded fivefold to show the very small inward currents. C,
Whole-cell ramp /- relationship at 33°Cin control solution (black trace), during 100 M menthol (blue trace), and during 100 pum menthol plus 3 v BCTC (red trace). D, Relative block of calcium
response (open squares) and menthol-evoked currents (filled circles) to cooling pulses as a function of BCTC concentration (n = 5-10 cells for calcium data and 25 cells for current data). Solid lines
correspond to dose—response fits to the Hill equation, in black for menthol data (EC, of 647 nm and a Hill coefficient of 1.9), and in red for current data (EC, of 475 nmand Hill coefficient of 1.1). E,
Ratiometric [Ca®*];responseina TRPM8 * HEK293 cell (same as in A) during a cooling stimulusin control solution and in the presence of 3 um BCTC. Note the lack of response ina TRPM8 ~ cell (blue
trace) recorded simultaneously. F, Time course of current at +80 and —80 mV ina TRPM8  HEK293 cell during a cooling stimulus and effect of 0.6 and 3 pm BCTC. Same voltage protocol asin B.
The negative current axis is expanded twofold. G, /-V/ relationship of currents at 35°C (black trace), during cooling at 18°C (blue trace), and during cooling in the presence of 0.6 (gray trace) and 3 m
BCTC (red trace). H, Normalized block of cold-evoked calcium signals (open squares) and currents (filled circles) in TRPM8 * HEK293 cells by different concentrations of BCTC. The smooth curves are
fits of the Hill equation to the data with an EC;, of 685 nmand a Hill coefficient of 1.9 for calcium data (black line; n = 5-10 cells) and an EC;, of 621 nmand N = 1.8 for current data at +80 mV (red
line;n = 2—8 cells).

Table 1. Electrophysiological properties of cold-sensitive neurons recorded in control solution and in the presence of 3 pm BCTC

Vst (MV) R, (MQ) [Ringex (%) Lheobase (PA) l-evoked firing (Hz) AP amplitude (mV) AP duration (ms)
Control —495+14(n=18 544+103(n=28) 283*x58(mn=8 107*x36(n=10 77x18m=10 71=3(n=10) 0.9 = 0.1(n = 10)
3 umBCTC —466 +16(n=18 573x129(n=5 221x54(n=25) 89£30(n=10) 76=*=15(n=100 60 =x5(n=10) 0.9 *=0.1(n=10)
ttest p=0.17 p=087 p =045 p=071 p=083 p=10.08 p=063

V,es Resting membrane potential; R,,, input resistance; IR;,qe,, inward rectification index (percentage), measured as [ (Vi peak — Vin steady-state)Vin peatd < 100] during hyperpolarizing voltage responses induced by —100 pA (250 ms)
current pulses under current clamp from /o4 0f 0 PA; /;.cqpase theobase current; /-evoked firing frequency was calculated from the number of AP evoked by a 15 depolarizing current ramp of 500 pA, in a time interval of 250 ms from the first
spike evoked. AP amplitude was measured from base to pick of the first spike during the depolarizing ramp. AP duration was measured at half-amplitude.  test, Two-tailed Student's t test.

tested and were subsequently used to dissect the functional activ-
ity of native TRPMS8 channels in cold-sensitive neurons and cor-
neal thermoreceptor terminals.

in calcium imaging screens were also activated by menthol
(94.9% of all neonatal CS tested; n = 59). Furthermore, in CS
neurons, we observed the development of robust inward currents
during brief applications of menthol (see below), strongly sug-
gesting a contribution of TRPM8 channels to their depolarizing
response during cooling. The membrane properties of these neo-
natal CS trigeminal neurons are summarized in Table 1.

Identification and properties of cold-sensitive trigeminal
ganglion neurons

Calcium imaging techniques were used for a fast and reliable
identification of the subpopulation of CS mouse trigeminal gan-
glion neurons (McKemy et al., 2002; Viana et al., 2002). During
rapid reductions in bath temperature from a baseline tempera-
ture of 33-35°C to ~18°C, a small fraction (~10%) of neurons

BCTC markedly reduced cold and menthol [Ca®*]; responses
in a large fraction of cultured cold-sensitive trigeminal

responded with an elevation in their [Ca®"];. The average in-
crease in [Ca**]; produced by cooling was 205 = 20 nM (1 = 88).
As reported previously, CS trigeminal neurons had a small
round- or ovoid-shaped soma (average diameter of 15.7 * 0.3
pm; n = 88) and a mean whole-cell capacitance of 10.3 * 0.4 pF
(n = 42). CS neurons had variable temperature thresholds rang-
ing from 35.2t0 21.1°C (n = 88). Nearly all CS neurons identified

ganglion neurons

Ata concentration of 3 um, BCTC produced a complete suppres-
sion of the [Ca*"]; rise evoked by application of 100 um menthol
in neonatal CS trigeminal neurons (Fig. 2A,B). On its own,
BCTC did not modify resting [Ca**]; levels in CS or CI neurons.
The inhibition by BCTC was fully reversible in all neurons tested
(n = 12) (Fig. 2B, C). This effect of BCTC on menthol-evoked
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responses in the soma of trigeminal sen-
sory neurons is entirely consistent with the
actions on expressed TRPM8 channels de-
scribed above.

In contrast, the effects of the drug on
cold-evoked responses varied from neu-
ron to neuron, from full suppression to no
effect. This variability is illustrated in Fig-
ure 2D, which shows the effect of 3 um
BCTC on [Ca*"]; responses to cooling in
three CS trigeminal neurons recorded si-
multaneously. In the neuron with the larg-
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sensitive but BCTC-insentigell Gagen Figure 2. BCTC blocks menthol- and cold-induced [Ca>*]; responses in neonatal mice trigeminal sensory neurons. 4, Trans-

rons tested were also menthol unrespon-
sive (n = 3) (note the red trace in Fig. 2 D).
In contrast, all BCTC-sensitive neurons
tested were also activated by menthol (n =
56). These results strongly support the
view that BCTC is acting preferentially on
TRPMS channels. The effects of BCTC on
cold-evoked responses were dose depen-
dent and are summarized in Figure 2 E for
the entire population of neonatal CS neurons.

In adult mouse CS trigeminal neurons, the effects of BCTC
were very similar to those found in neonates. As shown in sup-
plemental Figure 1 (available at www.jneurosci.org as supple-
mental material), BCTC also produced a powerful, fully revers-
ible, inhibition of cold- and menthol-evoked [Ca**]; responses.
Of 19 CS neurons tested (all were activated by 100 um menthol),
3 um BCTC fully suppressed menthol-evoked responses in 15 of
them (79%). In contrast, cold-evoked responses were fully
blocked in nine neurons (47%), whereas in the remaining 10 cells
the inhibition was only partial, decreasing from 153 = 19 nM in
control solution to 86 * 9 nM in 3 um BCTC (p < 0.001).

BCTC shifted the temperature threshold of cold-sensitive
trigeminal ganglion neurons
To pinpoint the role of TRPM8 channels in CS trigeminal neu-
rons during cold sensing, we performed simultaneous recordings
of [Ca**]; signals and electrical activity from their soma (Fig. 3A)
using the cell-attached mode of the patch-clamp technique, a
recording configuration that preserves the intracellular milieu of
the cell, thus minimizing alterations in modulatory factors. With
the use of subsaturating doses of BCTC, we were able to reduce
the functional density of active TRPM8 channels in the cell mem-
brane and asked how this reduction affected the threshold tem-
perature for excitation.

As shown in Figure 3B, cooling evoked a [Ca**]; response in
parallel with the onset of action potential (AP) firing. In the pres-

mitted (left) and pseudocolor ratiometric [Ca 2Jr]i images showing the effects of BCTC on menthol-evoked [Ca 2+]i signals in
cultured trigeminal neurons. The fluorescence images correspond with the time points marked in red in B. Scale bar, 15 wm. B,
Ratiometric [Ca*"]; response of a (S and a Cl trigeminal sensory neuron to 100 mmenthol in control solution, in the presence of
3 um BCTC, and after washout of BCTC. €, Mean evoked [Ca® " ]; elevation by menthol, by menthol in the presence of 3 m BCTC,
and after wash of BCTC. D, Ratiometric [Ca®"]; responses to cooling in three CS trigeminal sensory neurons, recorded simulta-
neously, in control solution, in the presence of 3 um BCTC, and after washout. A response to 100 um menthol in the same three
neurons s also shown. The time gap equals 550's. £, Mean evoked [Ca ], elevation by cooling in control solution, in the presence
of 1and 3 um BCTC, and after wash in mouse CS trigeminal neurons.

ence of 1 um BCTC, the reduction in the amplitude of the [Ca*" ]
signal correlated with reduced impulse firing and was accompa-
nied by a shift in threshold to lower temperatures: in this partic-
ular neuron, the firing threshold shifted from 33.7°C in control
conditions to 28.4°C in the presence of 1 uM BCTC. In 3 um
BCTC, the cell fired a single action potential at 20.2°C and the
[Ca**]; elevation was completely abolished. The effects of BCTC
on cold-evoked firing and [Ca®"]; signals were reverted during
wash. As summarized in Figure 3C, in neurons recorded in con-
trol solution (filled circles), there was a tight correspondence
between temperature threshold for firing of action potentials and
for [Ca"]; elevations in each individual cell. The correlation
between both thresholds had a slope 0f 0.98 and an r value 0of 0.99
(n = 11). When repeating this experiment after applying 1 um
(triangles) or 3 uM (stars) BCTC, this tight correlation was main-
tained (Fig. 3C), and the absolute difference in threshold between
[Ca®*]; signals and AP firing was only 0.1 + 0.14°C. This result
indicates that the onset of [Ca>* ] signals can be used as a reliable
marker of electrical activity and of the effects of BCTC on tem-
perature threshold in individual CS neurons.

Figure 4 A summarizes the effects of applying 1-3 um BCTC
on cold-evoked activity in the 88 neonatal CS neurons analyzed
(see above). In the graph, individual neurons have been plotted
according to their initial temperature threshold (black circles). In
all but seven cells (8%) (green circles), 3 um BCTC produced
marked increases in temperature threshold (i.e., the temperature
for activation decreased). In fact, as already mentioned, in 52% of
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Figure3.  BCTCreduces firing and shifts temperature threshold in cold-sensitive trigeminal ganglion neurons. 4, Transmitted
(left) and pseudocolor ratiometric [Ca* ], images showing the effects of BCTC on cold-evoked [Ca*]; signalsin a CS trigeminal
neuron. Note also the response to menthol. A patch pipette has been positioned in close apposition to the CS cell before initiating
the sequence of cell-attach recordings. The fluorescence images correspond with the time points marked in red in B. B, Simulta-
neous recording of action currents (top trace), [Ca®*1; signals (middle), and bath temperature (bottom) during four consecutive
cooling ramps. The two insets at the bottom show the action currents and the temperature change on an expanded timescale, in
control (left) and 1 um BCTC (right). The temperature threshold is marked by a pink arrowhead. The black arrow marks, on the
control trace, the temperature threshold in 1 m BCTC. Note the decline in action current amplitude with low temperature. C,
Scatter plot of thresholds for action potential and [Ca>* ], signals in response to cooling in 11 neurons (each neuron has been color
coded) recorded in control solution (circles) and 1 pum (triangles) and 3 wum (stars) BCTC. The dotted line represents the unity line.
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Figure4. B(TCshifts temperature threshold in mouse cold-sensitive trigeminal ganglion neurons in a dose-dependent man-
ner. A, Dot plot summarizing the effect of 1and 3 mBCTCon cold-evoked temperature threshold in 88 cold-sensitive TG neurons.
Threshold was estimated from the ratiometric [Ca* ]; responses to cooling. The 88 neurons have been plotted according to initial
temperature threshold in control solution (black circles) from lowest to highest threshold. The threshold measured in 1and 3 m
BCTC is represented by cyan triangles and magenta circles, respectively. Those neurons fully inhibited by 3 m BCTC during a
coolingramp to 20 —18°Carerepresented by a red star. The green circles mark the threshold in 3 pum BCTCfor those neurons whose
temperature threshold were not augmented by BCTC: 100 pum menthol was tested in three of these neurons (asterisk) and had no
effect. B, Diagram representing the percentage of CS neurons fully inhibited by 3 wum BCTC of the total population with responses
to cooling affected by BCTC (n = 81). Neurons have been grouped according to initial temperature threshold. The horizontal error
bars in four groups overlap with symbol size. €, Bar histogram summarizing the effect of 3 wm BCTC on cold-evoked [Ca*];
responses in the three subpopulations of neurons grouped according to blocking effect of BCTC.
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cells, 3 um BCTC completely suppressed
the [Ca®"]; response during cooling down
to 20—18°C (red stars). In neurons show-
ing a partial blockade (40%), 3 um BCTC
shifted the threshold by 6.3 = 0.4°C to-
ward the colder range (magenta circles). In
comparison, 1 uM BCTC eliminated the
[Ca**]; elevation induced by cold in just
one neuron (cyan star) and shifted the
temperature threshold to intermediate
values (cyan triangles) with a mean shift of
4.1 * 0.3°C (n = 27). The shift in thresh-
old produced by BCTC was accompanied
by a reduction in the amplitude of the
[Ca?™]; attributable to a decrease in the
firing frequency of action potentials (Fig.
4C). The effects of BCTC on temperature
threshold and [Ca®"]; elevation were al-
most fully reversible (Fig. 3B).

It is noteworthy that BCTC produced
these inhibitory effects in CS neurons with
widely different initial temperature
thresholds, from the innocuous to the
noxious range, and including those with
very low threshold. As shown in Figure 4 B,
the high-threshold cells were much more
likely to be silenced by 3 um BCTC than
low-threshold CS neurons. In contrast, the
few BCTC-insensitive neurons (green cir-
cles) were not clustered in any particular
threshold temperature range. Figure 4C
shows the mean [Ca?* ], elevation evoked
by cold in trigeminal neurons grouped ac-
cording to their sensitivity to BCTC. There
was a notable variability in the amplitude
of cold-evoked [Ca®"]; responses in indi-
vidual cells, without significant difference
between the means of the three groups
(p = 0.16, Kruskall-Wallis ANOVA).

Altogether, these results indicate that
TRPM8 channels are expressed in the
soma of a majority of mouse cultured CS
trigeminal neurons and that these chan-
nels are critical determinants of their cold
temperature threshold.

BCTC eliminates cold- and menthol-
evoked transduction currents

To examine directly the effects of BCTC on
native I, 4 currents, we performed whole-
cell recordings on CS trigeminal neurons
voltage clamped at a potential of —60 mV.
Figure 5A shows current responses to three
consecutive cooling ramps to ~18°C from
a starting temperature of 35°C. In control
solution, cooling induced an inward cur-
rent that faded rapidly during rewarming.
In the presence of 3 uM BCTC, the cold-
induced inward current was fully blocked,
recovering partially during wash. To mon-
itor the characteristics and the reversal po-
tential of the cold-sensitive current in tri-
geminal neurons, we applied 1-s-duration
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voltage ramps (—100 to +100 mV) at dif- A
ferent temperatures. As shown in Figure
5B, the native cold-sensitive current re-
versed close to0 mV (—4.0 = 2.3 mV;n =
4) and had notable outward rectification
(I g0 mv/I_go my Of 10.6 = 6.1; n = 4),
similar to the properties of Iippyg in
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B

I (nA)

HEK?293 cells. Furthermore, the current
blocked by BCTC had similar rectification

properties (I gy my/I_go my Of 7.1 £ 4.0;
n = 4; p = 0.65) and identical reversal po-
tentialas I 14 (V,o, 0f —4.0 = 1.8 mV;n =
4; p = 0.99). Only at very positive potentials C
did both currents deviate, indicating incom-
plete block of I;4 by BCTC at these voltages.
These results strongly support the tenet that
both currents are carried by the same type of
nonselective, cold-sensitive channels, most
likely TRPMS.

The bar histogram in Figure 5C sum-
marizes the effects of 1 and 3 um BCTC on
the amplitude of native I, 4. In 16 of 17
cells tested, 3 uM BCTC reduced I 4 from
164 = 31t06 = 2 pA (p <0.001, pairedt [E
test). In one neuron, the amplitude of the
current was unaffected by 3 um BCTC. We
hypothesized that cold-sensitive but
BCTC-insensitive neurons may represent
a distinct population of thermosensitive
neurons lacking TRPMS8 expression. To
test this possibility, we performed a second
calcium imaging screen in cultured TG
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neurons derived from neonatal animals,
looking for cold-sensitive neurons insensi-
tive to 100 uM menthol. Only 12 of 203
(6%) were insensitive to the stimulating
and/or sensitizing effect of menthol. Dur-
ing patch-clamp recordings, these cells
displayed small inward currents during
cooling that lacked the increase in mem-
brane noise at low temperatures character-
istic of BCTC-sensitive currents (Fig. 5D).
In agreement with our hypothesis, in three
of these neurons in which 3 um BCTC was
tested, 1,4 was unaffected by the drug.

Figure 5D shows the temperature de-
pendence of the inward current (V}, of =60 mV) in a CS trigem-
inal neuron. The current had a threshold of 34.5°C, reaching a
maximum at ~21°C and inactivating partially during the ramp.
The mean threshold temperature of I 4 was 31.1 = 0.4°C in
trigeminal neurons recorded in control solution (n = 25). In the
presence of 1 um BCTC, the cold-evoked inward current was
reduced and the threshold shifted to colder temperatures (Fig.
5D). In six neurons with measurable currents, threshold temper-
ature shifted from 32.9 = 0.7°Cin control to 27.3 = 1.5°Cin 1 uM
BCTC (p = 0.012). Finally, in 3 um BCTC, the amplitude of the
current was nearly abolished in this cell (Fig. 5D).

In an additional set of trigeminal CS neurons, the effect of
BCTC was tested on currents evoked by 500 um menthol (I,,,.,-
thol) at a temperature of 34—35°C. In control solution, a brief
application of menthol produced a robust inward current (V4
of —60 mV) (Fig. 5E). In all cells tested (n = 5), 3 um BCTC
produced a complete suppression of I, (Fig. 5E). In this

Ao

Figure5.

Es control 3 BCTC wash

BCTChlocks currentsinduced by cooling and mentholin cold-sensitive trigeminal ganglion neurons. 4, Simultaneous
recording of membrane current (top trace) and bath temperature (bottom trace) during application of three consecutive cooling
ramps to a CS neuron (V;,,4 of —60 mV). The spike-like currents are the responses to voltage ramps (—100 to +100 mV).
Application of 3 um BCTC fully blocked /4. The dotted line represents the 0 holding current. B, Current—voltage relationship of
the cold-sensitive (blue trace) and BCTC-sensitive (red trace) current obtained during the voltage ramps. To derive the cold-
sensitive current, the ramp current at 35°C (black dot) was subtracted from the current at 20°C (blue dot). To derive the BCTC-sensitive
current, the ramp current at 20°Cin BCTC (red dot) was subtracted from the current at 20°Cin control solution (blue dot). C, Bar histogram
summarizing the block of ;.4 by 1and 3 um BCTC. D, Current—temperature relationships for a different neuron in control (blue trace) and
inthe presence of 1 um (black trace) and 3 um (red trace) BCTC. Note the marked shift in temperature threshold. £, Simultaneous recording
of membrane current (top trace) and bath temperature (bottom trace) during thermal and chemical (500 v menthol) activation of a (S
neuron (V4 of —60 mV). F, Bar histogram summarizing the block of

menthol by3 M BCTC.

case, reversibility was more variable, in part attributable to a
more pronounced desensitization during repeated applications
of menthol at high concentration. Thus, these data show that 3
uM BCTC also produced a complete blockade of temperature-
gated or chemically gated currents in a large fraction of trigeminal
cold thermoreceptor neurons.

Effects of BCTC on cold-evoked transduction currents

are specific

To rule out the possibility that the effects of BCTC resulted of a
nonspecific action on spike generation conductances rather than
on cold-evoked transduction currents, we compared the effects
of BCTC on current-evoked (500 pA ramp in 1 s) and cold-
evoked electrogenesis during current-clamp recordings in the
same cells. As shown in Figure 6 A, cooling depolarized CS neu-
rons reversibly, with a mean threshold of 30.4. = 0.4°C (n = 13).
The average depolarization was 11.1 = 0.9 mV (n = 13), and all
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pressed in HEK293 cells (supplemental
Fig. 2, available at www.jneurosci.org as
supplemental material). This effect of
BCTC was observed during both [Ca**];
imaging experiments (supplemental Fig.
SA, available at www.jneurosci.org as sup-
plemental material) and whole-cell re-
cordings (supplemental Fig. 2C,D, avail-
able at www.jneurosci.org as supplemental

Il control
BCTC

30"":3"0“3‘:, 'fj‘_-‘VOked material). In contrast to the powerful
L LR L blocking effects on TRPMS8 channels,
550 5 . .
C K* - B conrol BCTC had no -s1.gn1ﬁcant blockmg.effe:cts
. she— —_— D BCTC on TRPAI activity evoked by application
s 3 uMBCTC . .
= —_— 100 of cinnamaldehyde (supplemental Fig.
e ° . . .
300 - I 2F,G, available at www.jneurosci.org as
‘Eg g supplemental material). The stimulatory
= S 50 actions of BCTC on TRPALI activity were
&.f not apparent on native channels: we never
50 - S observed [Ca*"]; elevations in the soma of
8 353 = \/ =9 cultured sensory neurons or increased fir-
= 18 60s cold-evoked  K'-evoked  ingin corneal nerve terminals with BCTC,
. ) o o i ) even in those activated by cinnamaldehyde
Figure 6.  BCTC blocks cold-induced generator potentials in cold-sensitive trigeminal ganglion neurons. A, Simultaneous

(data not shown).

recording of membrane potential (top trace), bath temperature (middle trace), and membrane current (bottom trace) during

three consecutive cooling ramps to a cold-sensitive TG neuron recorded in current-clamp mode (/4 of 0 pA). Application of 3 um
BCTCproduced a reversible reduction in the cold-induced depolarization without affecting the voltage response to a 500 pA ramp.
The dotted line represents the initial resting membrane potential. B, Bar histogram of normalized responses to cooling and to
I-evoked firing in control solution (black bars) and in 3 um BCTC (stripped bars). €, Simultaneous recording of [Ca 2+]i (top trace)
and bath temperature (bottom trace) during two consecutive cooling steps to a cold-sensitive TG neuron. BCTCat 3 pum produced
a large reduction in the cold-induced response with only minor effects on the depolarization-induced response produced by a 30
mu elevation in extracellular K . D, Bar histogram of normalized [Ca 2+]i responses to cooling and to elevated K * in control
solution (black bars) and in 3 um BCTC (striped bars). The reduction in BCTC is significant in both cases (p << 0.0001 for

cold-evoked responses and p < 0.001 for K *-evoked responses).

neurons reached the firing of action potentials at an average
threshold of 26.5 = 0.7°C. In the same population of cells, depo-
larization by cold in the presence of BCTC was reduced to 4.9 +
0.9 mV (p < 0.001), and only three cells reached AP threshold.
The effects of BCTC were reversible. Notably, spiking responses
to depolarizing intracellular current pulses were essentially unaf-
fected by BCTC (Fig. 6 B). Moreover, as shown in Table 1, 3 um
BCTC had no effect on the duration and amplitude of the action
potential, input resistance, rheobase, and current-evoked firing
frequency of CS neurons.

The specific nature of BCTC blockade on cold-evoked activity
was also verified during calcium imaging experiments. Figure 6C
shows the effect of 3 uM BCTC on [Ca*™]; responses evoked by
two consecutive cold ramps and two brief applications of elevated
extracellular K™ (30 mm). Whereas the cold-evoked activity was
almost fully suppressed by BCTC, the depolarization-evoked
[Ca*"]; increase was well preserved. The bar diagrams in Figure
6 D summarize the results obtained in 10 CS neurons using this
protocol.

Altogether, these results indicate that the effects of 3 um BCTC
are selective and complete on cold transduction currents, with
minor blocking effects on voltage-gated ion channels.

BCTC does not block activity of TRPA1 channels

TRPAL is the second TRP channel postulated to be activated by
cold temperatures, with a reported threshold of 18°C (Story et al.,
2003). In addition, TRPAL is activated by a number of pungent
compounds, such as cinnamaldehyde, allycin, and mustard oil
(Bandell et al., 2004; Jordt et al., 2004). Unexpectedly, 3 um
BCTC produced a robust activation of TRPAI channels ex-

Functional characteristics of cold-
sensitive corneal
thermoreceptor endings
To examine the effects of BCTC on cold-
evoked activity in sensory nerve terminals,
we turned to an in vitro preparation of the
guinea pig cornea (Brock et al., 1998).
These types of recordings have been un-
successful in mice. Therefore, to exclude
potential species differences in pharmacological properties of
TRPMS8 channels, we verified first the effects of BCTC on
menthol- and cold-evoked activity in cultured guinea pig trigem-
inal sensory neurons loaded with fura-2. As shown in Figure
7A-C, menthol responses in cold-sensitive neurons of guinea pig
were also fully and reversibly blocked by 3 um BCTC (n = 7; p <
0.001). Next we investigated the sensitivity of cold-evoked re-
sponses to BCTC in 20 guinea pig trigeminal neurons. The find-
ings were qualitatively similar to those obtained in mice in that we
identified the same three phenotypes of sensory neurons. In 25%,
cold-evoked responses were fully and reversibly blocked by 3 um
BCTC (Fig. 7D). Furthermore, in three of three of these neurons,
cold-evoked responses were potentiated by 100 uM menthol (Fig.
7D), suggesting that they are mediated by activation of TRPM8
channels. In 20% of the neurons, cold-evoked [Ca*"]; responses
were unaffected by BCTC (Fig. 7E). In this subpopulation (n =
4), menthol produced no activation or potentiation of the cold-
evoked response, suggesting that it is independent of TRPM8
activity (Fig. 7E). Finally, in a third group comprising 55% of
neurons, the cold-evoked response was partially blocked by
BCTC. In five of six cells tested, there was an excitatory effect of
menthol. These findings indicate a clear correlation between
menthol responsiveness and BCTC blocking action, full or par-
tial, among cold-sensitive neurons. The principal difference with
mouse was a larger proportion (20 vs 8%) of cold-sensitive but
BCTC- and menthol-insensitive neurons (p = 0.089, Fisher’s
exact test).

Figure 8 A shows a typical example of the effects of tempera-
ture decrease on the occurrence of NTIs in a single CS receptor
fiber of the eye cornea recorded extracellularly with a patch pi-
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pette. These cold receptors were character-
ized by the spontaneous, regular firing of A
NTIs at resting temperatures of 34-36°C )
and the accelerating increase in firing fre- i
quency, often in bursts, when cooling

pulses were applied (Fig. 8 B). Rewarming B

silenced transiently the receptor terminal 500

S control (34°C)
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BCTC on NTI activity in 17 corneal termi- = g5 = 150

nals. Curiously, the mean spontaneous a.:_ =

NTI firing frequency at 35°C was not sig- & 'S —_
nificantly modified by perfusion with high 0.0 g0s 0 00s

concentration (10 um) of BCTC (Fig.

O 36
8A,B). The mean NTI frequency was ‘2(-:1183 \/ \/ \/ \/

8.5+ 0.9Hzin controland 8.6 = 0.9 Hz in
BCTC (p = 0.8); firing rate was reduced
>20% in only 2 of the 17 terminals, the
majority showing a modest increase of
5-10% in rate. Furthermore, effects of
BCTC on cold-evoked increases in activity
were also very modest in the cornea. In
65% of the terminals (n = 17), BCTC had
no effect on NTI discharge, including
maximum response, cooling threshold,
and temperature required to silence the
cold-induced NTI discharge during re-
warming (warming threshold) (Fig. 8A,
Table 2). The typical burst pattern of NTI discharge during cool-
ing was also unaffected by BCTC (Fig. 8 B). In the remaining six
cold-sensitive endings, the spontaneous activity at 35°C was
equally not altered, but the peak frequency value evoked by the
cold ramp was reduced between 25 and 50% of the pretreatment
values and the mean cold temperature threshold shifted (0.9 =
0.3°C) to cooler values. The endings exhibiting some degree of
sensitivity to BCTC in their response to cooling were undistinguish-
able from insensitive endings in their mean spontaneous firing fre-
quency, cold threshold temperature, or peak frequency of the cold
response before treatment (Table 2).

Figure 7.

Expression of TRPMS channels in corneal thermoreceptor
nerve endings and effects of BCTC on menthol-evoked NTI
activity

The modest effect of BCTC on cold-evoked activity in corneal
endings cannot be attributed to the lack of expression of TRPMS$
channels. Indeed, application of menthol to the bath solution at
35°C produced a dose-dependent increase in the basal activity in
single cold nerve terminals (Fig. 9A4). At a concentration of 5 uM,
menthol already evoked a significant increase in firing frequency,
whereas at 100 um, its application resulted in a robust effect in all
of the CS terminals tested (n = 22), with the mean basal fre-
quency more than doubling (Fig. 9A4,B). The EC,, of the re-
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BCTC blocks menthol- and cold-induced [Ca®*; responses exclusively in the menthol-sensitive subpopulation of
quinea pig cold-sensitive trigeminal sensory neurons. A, Transmitted (left) and pseudocolor ratiometric [Ca 1, images showing
the response to low temperature and 100 wm menthol and the effects of BCTC on menthol-evoked [Ca®*]; signals in a CS
trigeminal neuron. Note the lack of response in the Cl neuron. The fluorescence images correspond with the time points marked in
red in B. B, Time course of ratiometric [Ca 2*]i responses of a (S and a (I trigeminal sensory neuron (same experiment asin A). The
recording starts with a cooling ramp to identify the CS neurons in the imaging field. €, Mean evoked [Ca 2 * ], elevation by menthol,
by menthol in the presence of 3 wm BCTC, and after wash of BCTC. D, Ratiometric [Ca 2 *; responses to cooling in a CS trigeminal
sensory neurons in control solution, in the presence of 3 wm BCTC, and after washout. After a brief interruption, a fourth cooling
ramp was applied in the presence of 100 wum menthol. E, Ratiometric [Ca*]; responses to cooling in a CS trigeminal sensory
neurons in control solution, in the presence of 3 wm BCTC, and after washout. Note the lack of effect of BCTC and the lack of
response to 100 pm menthol.

sponse to menthol, computed as percentage increase over base-
line activity, had a value of 20 uM (Fig. 9B). In addition, menthol
produced an increase in the maximal cold-evoked response (Fig.
9C) and a deviation to warmer temperatures of the threshold
temperature required to evoke a cold response (Table 3). These
results strongly suggest that TRPMS8 channels are functional in all
CS nerve terminals of the cornea.

In contrast to the modest inhibition of BCTC on cold-evoked
responses in corneal endings, menthol-evoked activity was com-
pletely abrogated by BCTC. As shown in Figure 94, the inhibitory
effects of BCTC on menthol-evoked NTT activity were fully re-
versible. In 17 additional nerve endings tested, exposure of the
cornea to 10 uM BCTC completely abolished the increase in
spontaneous firing, the shift in temperature threshold to cooling
pulses, and the enhanced response to cooling evoked by 100 um
menthol (Table 3). After washout of BCTC, the typical potenti-
ating effects of menthol on cold-evoked activity were apparent
(Fig. 9C). Figure 9D summarizes the effects of BCTC on cold-
evoked responses in control solution and in the presence of men-
thol. It is evident that BCTC prevents the sensitizing effects of
menthol on the terminal. In addition, this result indicates that the
insensitivity of the terminals to BCTC effects during cooling is
not attributable to a poor access of the drug or a different phar-
macological profile of the receptor at the endings.
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Figure8. Lackof effect of BCTC on spontaneous and cold-evoked activity in corneal sensory endings. A, Activity in a corneal CS receptor during two consecutive cooling cycles, in control solution,
and during perfusion with 10 m BCTC. The bottom trace shows the temperature of the bathing solution recorded close to the corneal surface. The top trace shows the effect of changing temperature
on the frequency of NTIs. The gray vertical bars mark the cold threshold, projected as a dotted line on the temperature scale. Note the lack of effect of 10 um BCTC on spontaneous and cold-evoked
activity. B, Each trace represents a 1s original record of the terminal shown in 4, at the baseline temperature (35°C), and at the peak of the cold response (25°C). Note the complete lack of effect of
BCTC, on neither the mean firing frequency nor the pattern of discharge.

Table 2. Effects of 10 pum BCTC on responses to cooling of cold-sensitive nerve terminals

Baseline activity (Hz) Cooling threshold (°C) Maximum response (% of baseline) Warming threshold (°C)
Control BCTC Control BCTC Control BCTC Control BCTC
All terminals (n = 17) 8509 8609 319+ 03 312+ 04 27218 240 + 20 285+ 16 300 = 1.1
Low BCTCsensitivity (n = 11) 8810 9.2*x1.1 317 203 31105 279 = 25 271 =25 296 = 1.7 30113
High BCTC sensitivity (n = 6) 7814 7516 32304 315+ 0.4* 260 =19 182 + 14* 286 =09 29313

Modest effect of SKF96365 on spontaneous and cold-evoked
activity in corneal sensory terminals

SKF96365 is another drug with blocking actions on several TRP
channels (Clapham et al., 2005; Wang and Poo, 2005), including
cold-sensitive currents in primary sensory neurons (Reid et al.,
2002). On rat recombinant TRPMS8 channels, we found an inhi-
bition of I, ;4 by SKF96365, with an EC5, 0f 0.8 = 0.1 uM at +80
mV (our unpublished data), indicating that SKF96365 is also a
potent blocker of TRPMS8 channels. Therefore, we tested the ef-
fects of SKF96365 on NTI activity during cooling and menthol
application in an additional set of 10 corneal terminals. These
results are summarized in Table 4. Qualitatively, the findings
were nearly identical to those obtained with BCTC. In 7 of the 10
terminals, application of 20 uM SKF96365 produced no effect on
the spontaneous or cold-evoked activity. A representative exam-
ple is shown in Figure 10 A. In the remaining three terminals, we
observed modest but significant reductions in spontaneous and
cold-evoked activity but no shifts in cooling or warming thresh-
old (Table 4). A summary of mean effects of SKF96365 on nor-
malized peak cold response is shown in Figure 10B. In contrast,
and in full agreement with results obtained with BCTC, the en-
hancement in activity produced by 100 uMm menthol at baseline
temperature (~32°C) was fully blocked by 20 um SKF96365 (Fig.
10C). A summary of effects of SKF96365 on normalized
menthol-evoked response is shown in Figure 10D for 10 corneal
terminals.

BCTC does not affect 4-AP-induced cold sensitivity
Micromolar doses of 4-AP can render cold sensitive a large frac-
tion of trigeminal sensory neurons by a mechanism that appears

to be independent of TRPM8 expression (Viana et al., 2002).
Indeed, as shown in supplemental Figure 3 (available at www.
jneurosci.org as supplemental material), this subpopulation of
sensory neurons remained insensitive to cold, even if cooling was
applied in the presence of 100 um menthol (n = 27). In the
absence of 4-AP, the amplitude of cold-evoked signals [Ca**]; in
these neurons was —4.1 = 1.2 nM. We asked whether BCTC
could affect the 4-AP-induced cold sensitivity of this class of neu-
rons. Thus, after turning these neurons cold sensitive by treat-
ment with 4-AP (75 um), we tested the effects of 3 um BCTC on
cold-evoked [Ca®"]; signals. As shown in supplemental Figure
3D (available at www.jneurosci.org as supplemental material), 3
M BCTC had no effect on the amplitude of cold-evoked re-
sponses: the [Ca®"]; increase was 283 = 46 nM in the presence of
4-AP and 301 = 59 nMm in 4-AP plus BCTC (p > 0.9; n = 28).
Temperature thresholds were also unaffected, with mean values
of 27.5 = 0.6 and 28.0 £ 0.6°C in the absence and presence of
BCTGC, respectively ( p > 0.4; n = 28). These results indicate that
effects of BCTC on cold sensitivity appear to be highly selective
for neurons expressing TRPMS8 channels in their membrane.

Discussion

In the present study, we explored the contribution of TRPM8 chan-
nels to cold sensing in trigeminal ganglion neurons and in corneal
receptor endings. First, we characterized the blocking effects of
BCTC on cold- and menthol-activated currents in recombinant
TRPMS8 channels. Subsequently, we used BCTC to probe native
TRPMS channels in the soma and endings of cold thermo-
receptors. The results obtained with BCTC were validated with
SKF96365, a broader-spectrum TRP channel blocker. We reach the
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following main conclusions. First, BCTCisa A
potent blocker of recombinant and native
TRPMS channels. Second, in the soma of the
majority of cultured mouse cold-sensitive
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The conclusions of this study are critically
dependent on the postulate that BCTC ef-
fects on cold sensing are attributable to a
specific blockade of TRPMS8 channels.
This view is supported by several indepen-
dent pieces of evidence. BCTC was identi-
fied as a potent and selective blocker of
TRPV1 channels (Valenzano et al., 2003).
Subsequent work showed that BCTC is
also a full blocker of menthol-evoked re-
sponses in mouse (Behrendt et al., 2004)
and human (Welil et al., 2005) TRPMS8
channels. We confirmed the effects of BCTC on menthol-evoked
signals in mouse and guinea pig TRPM8 channels and extended
these results to cold-evoked currents. According to the present
data, BCTC is the most potent blocker of TRPM8 channels re-
ported to date. Other TRPV1 blockers, such as capsazepine, also
block TRPMS8 channels, albeit less potently (Reid et al., 2002;
Behrendt et al., 2004; Weil et al., 2005), suggesting a partial overlap
in ligand actions on these two TRP channels. The blocking action of
BCTC on TRPV1 channels should not affect our interpretation be-
cause their threshold temperature (~42°C) (Caterina et al., 1997) is
much higher than the temperatures reached during our stimulation
protocol.

In an extensive screen of BCTC effects on ion channels and
receptors performed by Valenzano et al. (2003), BCTC proved to
be a highly specific TRPV1 antagonist (actions on TRPM8 were
not tested in that study). Furthermore, BCTC does not block
agonist-evoked (a-phorbol 12,12-didecanoate) [Ca*"]; signals
in TRPV4-transfected cells (Behrendt et al., 2004). Additionally,
we show that BCTC has minimal effects on the intrinsic excitabil-
ity and action potential parameters of CS trigeminal ganglion
neurons and nerve terminals. Finally, in our experiments, cold
sensitivity depending on the activation of ion channels other than
TRPM8 was completely unaffected by BCTC. In summary, the spec-
ificity and reversibility of BCTC blockade of certain thermoTRP
channels (i.e., TRPV1 and TRPM8) make this drug a very useful tool
to analyze their role in temperature transduction and nociception.

Figure9.
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Effect of BCTCon menthol-evoked NTI activity in corneal cold thermoreceptor nerve endings. 4, Application of 10 wm
BCTC blocks the enhancement in NTI activity produced by 100 v menthol. B, Dose—response curve of menthol effects on the
frequency of ongoing NTl activity in corneal cold-sensitive receptors. Data have been fitted to the Hill equation (ECg, of 20 wum; Hill
coefficient of 0.9). €, lllustrative example of the effect of 10 m BCTC on menthol-evoked NTI activity in a CS receptor. In the
presence of BCTC, application of menthol did not augment ongoing NTI activity. After BCTC removal, the spontaneous NTI dis-
charge nearly doubled, and the cold-evoked activity also increased. D, Summary of menthol (100 wum) and BCTC (10 pum) effects on
cold-evoked responses (n = 17). Results have been normalized to those obtained in control solution. Only the response in
menthol is significantly different from the rest (ANOVA test, *p << 0.05).

The molecular mechanism of action of BCTC still needs to be
fully identified. BCTC produces an apparent dose-dependent
shift in temperature activation threshold of menthol- and cold-
evoked currents. At neutral pH, the ionization of BCTC is very
low (with an estimated ratio between charged vs neutral forms
<<0.0002). This suggests that the apparent voltage dependence of
TRPMS block is not attributable to a direct interaction of BCTC
with charged particles within the membrane electric field.

Contribution of TRPMS to cold sensing in the soma of
cultured primary sensory neurons

BCTC produced a powerful inhibition of cold-evoked responses
in the soma of the majority (>90%) of mouse CS trigeminal
ganglion neurons in culture, and this inhibition was specific to
the TRPM8 " subpopulation of neurons. This percentage ap-
peared to be somewhat lower in guinea pigs. The inhibition by
BCTC of the response to cooling was manifested even in the case
of neurons activated by very small temperature decreases (i.e.,
low-threshold cold thermoreceptors). This strongly suggests that
the functional operating range of native TRPMS8 channels in CS
neurons is far warmer (i.e., they have a lower threshold) than
inferred by measurements obtained in expression studies (for
review, see McKemy, 2005; Reid, 2005), spanning the entire phys-
iological temperature range of native cold receptors (Hensel,
1981). Recently, we showed that the temperature threshold of
menthol- and cold-sensitive, TRPMS8 ™ cultured trigeminal gan-
glion neurons was much lower than that of hippocampal neurons
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Table 3. Effects of 10 pm BCTC on responses to cooling of cold-sensitive nerve terminals in the presence of 100 v menthol

J. Neurosci., November 29, 2006 - 26(48):12512—12525 « 12523

Baseline activity (Hz) Cooling threshold (°C) Maximum response (% of baseline) Warming threshold (°C)
Control BCTC Control BCTC Control BCTC Control BCTC
All terminals (n = 17) 129+ 15 7.9 +0.9* 333+02 285+ 16 262 =19 300 =19 329+09 30.1 = 1.0%
Low BCTCsensitivity (n = 11) 133+19 9.4 + 14* 332£0.2 29718 276 = 26 308 £ 22 329+ 1.0 304 £ 0.9%
High BCTC sensitivity (n = 6) 122 +22 7.1 £ 1.5% 334£03 28.6 0.9 240 = 16 274 = 31 329 %09 294 + 1.1*
Table 4. Effects of 20 pum SKF96365 on responses to cooling of cold-sensitive nerve terminals
Baseline activity (Hz) Cooling threshold (°C) Maximum response (% of baseline) Warming threshold (°C)
Control SKF Control SKF Control SKF Control SKF
All terminals (n = 10) 78 = 0.8 70 =09 30.1£0.5 292 £0.8 295 £ 27 291 %35 27111 257 1.1
Low SKF sensitivity (n = 7) 7009 71+13 30507 29111 317 £35 349 + 28 276 £ 15 258+ 14
High SKF sensitivity (n = 3) 9.6 +0.8 6.8 = 1.0* 294 +08 294 +10 245 £ 22 155 + 6* 258 £0.8 255*19

Baseline temperature, 32.0 = 0.6°C (29.0-35.8°C). Minimum temperature during cooling, 22.1 = 0.3°C (20.8-23.5°C). *p << 0.05, paired ¢ test.
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Figure 10.

significant inhibition of the menthol-evoked response (**p << 0.001).

transiently transfected with recombinant TRPM8 channels (de la
Pena et al., 2005) and hypothesized that TRPMS8 channels could
be modulated intrinsically to shift their activation threshold. Thus
far, very little is known about sensitizing agents of native TRPMS8
channels. Elevated intracellular phosphatidylino-
sitol-4, 5-biphosphate levels increase the amplitude of TRPMS cur-
rents in transfected cells (Liu and Qin, 2005; Rohacs et al., 2005).
Also, acute application of nerve growth factor to DRG neurons shifts
their cold thresholds to warmer values (Reid et al., 2002). Another

Effect of SKF96365 on cold and menthol-evoked NTI activity in corneal cold thermoreceptor nerve endings. 4,
Activity in a corneal CS receptor during two consecutive cooling cycles, in control solution, and during perfusion with 20 m
SKF96365. The bottom trace shows the temperature of the bathing solution recorded close to the corneal surface. The top trace
shows the effect of changing temperature on the frequency of NTIs. Note the lack of effect of 20 wum SKF96365 on spontaneous and
cold-evoked activity. B, Summary histogram of effects of 20 rm SKF96365 on cold-evoked activity (n = 10). For each terminal,
cold-evoked activity has been normalized to the mean frequency at static temperature (32—34°C) before application of SKF96365.
The drug did not produce a significant inhibition of the cold-evoked response. €, Application of 20 m SKF96365 blocks reversibly
the enhancementin NTl activity produced by 100 .um menthol at a baseline temperature of 34°C. D, Summary histogram of effects
of 20 M SKF96365 on menthol-evoked activity (n = 10). For each terminal, menthol-evoked activity has been normalized to the
mean frequency at static temperature (32—34°C) in control solution, before application of SKF96365. The drug produce a highly

is their PKC-dependent phosphorylation
state (Premkumar et al., 2005).

Nonessential role of TRPMS channels in
cold-sensitive nerve terminals of

the cornea

The basal activity of cold thermoreceptor

fibers has been attributed to a rhythmic

oscillation of membrane potential in their
Go_;\x@ oy &6;55@ endings that generates repetitive firing of

Y action potentials (Braun et al., 1980). The
identification of TRPMS as a thermosensi-
tive channel expressed by cold- and
menthol-sensitive primary sensory neu-
rons led to the proposal that cooling in-
creases the opening probability of TRPMS,
thus generating a depolarizing inward cur-
rent that augments the firing frequency of
cold thermoreceptor terminals (for re-
view, see McKemy, 2005; Reid, 2005).
Our work in the isolated cornea con-
firms previous studies showing that this
tissue is innervated by cold- and menthol-
sensitive sensory fibers (Gallar et al., 1993;
Brock et al., 2001; Acosta et al., 2001; Carr
etal., 2003) that exhibit rhythmic ongoing
activity and response characteristics typi-
cal of innocuous cold receptor fibers pre-
viously described in the trigeminal terri-
tory (Hensel and Wurster, 1970; Schafer et
al., 1988). BCTC did not affect the sponta-
neous activity of corneal cold receptor
endings. The inhibitory effects of
SKF96365 were also very modest. Such
static discharge encodes the absolute tem-
perature of the exposed surface (Carr et al.,
2003). Therefore, our data indicate that
TRPMS8 channels present in the endings are not responsible for
their background impulse activity, suggesting that activity in the
basal oscillator is essentially independent of TRPM8 channels.
Cold-sensitive neurons have a strong expression of other inward
currents that could play a role in spontaneous firing, including
pacemaker channels of the HCN family and low-threshold cal-
cium channels (Viana et al., 2002).
In approximately two-thirds of the corneal cold receptor end-
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ings, increases in NTI firing frequency evoked by cooling pulses
were not modified by saturating concentrations of BCTC or
SKF96365. In the remaining endings, both drugs caused a very
modest reduction of the peak firing frequency evoked by cooling.
In contrast, the strong stimulating effect of menthol on NTI dis-
charges, observed in all cold receptor endings of the cornea, was
fully blocked by BCTC and SKF96365. This indicates first that
the endings express TRPM8 channels that are fully accessible
to the drug and also that these channels play at best a minor role
in the generation of the augmented impulse discharges evoked by
mild temperature reductions.

It is unlikely that the resistance of guinea pig cold-sensitive
terminals to blockade by BCTC can be attributed to species dif-
ferences in the pharmacological profile of TRPM8 channels.
Menthol-evoked responses in cold-sensitive neurons were abro-
gated by even lower concentrations of BCTC, also in guinea pigs.
Furthermore, all cold-sensitive endings in the cornea are excited
by menthol, and this sensitivity is also fully blocked by BCTC and
SKF96365, strongly suggesting that TRPMS8 activity in the termi-
nals is also abrogated. Remarkably, nearly all BCTC-insensitive
neurons were also insensitive to menthol, strongly suggesting the
presence of a TRPM8-independent cold-sensing mechanism. Thus,
the most parsimonious explanation of our results is that, in the cor-
neal terminals, other molecular cold sensors coexpress with TRPMS,
operating in the same temperature range and overlapping in func-
tion. Several background K™ channels are extremely temperature
sensitive, are functional in the same temperature range, and are ex-
pressed in sensory neurons, making them obvious candidates to
function as additional cold sensors (Maingret et al., 2000; Reid and
Flonta, 2001; Viana et al., 2002; Kang et al., 2005).

We consider an alternative explanation for the low sensitivity
of cold-sensitive corneal terminals to the blocking actions of
BCTC and SKF96365. Native TRPMS8 channels in the terminal
may occur in a molecular configuration that renders them highly
temperature sensitive but resistant to pharmacological blockade.
The existence of splice variants with different functional proper-
ties has already been reported for other thermoTRP channels in
trigeminal neurons (Lu et al., 2005). These alternative explana-
tions can only be addressed with other experimental paradigms,
such as the analysis of TRPM8 knock-out mice, specially those
lines with spatially restricted and/or temporally conditioned gene
inactivation. According to our first hypothesis (coexpression of
molecular cold sensors), these animals would show functional
deficits in peripheral cold sensing much milder than predicted
from results derived from cultured cells, whereas the alternative
hypothesis predicts a full inhibition at terminals as well.

Role of TRPM8 channels in cold transduction
We find that TRPMS is expressed in CS neurons across the entire
spectrum of temperature thresholds, including those into the
noxious range. The low-threshold neurons were less likely to be
silenced by BCTC, suggesting the presence of an additional pop-
ulation of temperature-sensitive channels in the soma of these
neurons. The expression of TRPMS8 channels in higher-threshold
neurons is consistent with several psychophysical studies suggest-
ing that TRPMS channels may play a role in human cold noci-
ception. Thus, acute application of menthol to the skin or muco-
sae can produce a painful sensation in addition to a cold sensation
(Cliff and Green, 1994; Acosta et al., 2001; Wasner et al., 2004;
Namer et al., 2005). In addition, a large percentage of sensory neu-
rons have a dual response to TRPV1 and TRPM8 agonists (McKemy
etal, 2002; Reid et al., 2002; Viana et al., 2002; Xing et al., 2006).

In summary, our results show that the peripheral receptor
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endings of CS neurons contain TRPMS8 channels but that inhibi-
tion of these channels does not impair significantly their capacity
to transduce or encode cold stimuli. A similar paradox between
effects of ion-channel disruption at the level of soma and termi-
nals for temperature sensitivity is also apparent for another ther-
moTRP. In studies with TRPV1 null mice, deficits in heat sensi-
tivity are only apparent in the soma of cultured sensory neurons
(Caterina et al., 2000; Davis et al., 2000), in contrast to the per-
sistence of normal heat responses in afferent C-fibers in skin—
nerve preparations (Woodbury et al., 2004; Zimmermann et al.,
2005), and the lack of differences in behavioral tests of acute
thermal nociception between wild-type and TRPV1 /" animals
(Caterina et al., 2000; Davis et al., 2000; Almasi et al., 2003).

As pointed out by Gerald Edelman, “multiple genes contrib-
ute in an overlapping manner to the construction of each pheno-
typic feature undergoing selection” (Edelman and Gally, 2001).
Thermal sensing is a conserved attribute of all animal species,
playing an essential role in their behavior, and must be under
strong evolutionary pressure. Thus, from an evolutionary per-
spective, it is understandable and meaningful to have an overlap-
ping functional role of various thermosensitive channels in indi-
vidual peripheral thermoreceptors as suggested by our findings.
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