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INTRODUCCION

El ATP es una molécula ampliamente conocida por su papel en
muchas funciones como la homeostasis celular, el mantenimiento de
gradientes idnicos, el mantenimiento del pH en granulos secretores, el
almacenamiento energético, regulador de la interaccion actina-
miosina, etc. Ademas, el ATP puede actuar como molécula
sefializadora a través de los receptores purinérgicos P2. De receptores
P2 hay de dos tipos, los P2X, que son ionotrdpicos, y los P2Y que son
metabotropicos. Los primeros son una familia de canales idnicos
permeables a cationes que se abren cuando se les une el ATP. Los
segundos son receptores acoplados a proteinas G, y la unién del ATP
desencadena diferentes reacciones metabdlicas. Ambos tipos de
receptores se han relacionado con diferentes patologias.

Los metbolitos del ATP fruto de su hidrolisis por las E-NTPDasas
(ADP, AMP y Adenosina) también pueden activar otros receptores
purinérgicos denominados P1 o receptores de Adenosina que estan

acoplados a proteinas G (Figura SI).

6’\\/ ATP ADP AMP Adenosin Figu’-a S1 I Esquema
\_\_ RN NS de la seiializacion
4 purinérgica. Podemos
4 observar como el ATP
7 directamente puede
activar los receptores
N P2, sin embargo,
% metabolitos del ATP
(ADP, AMP y
Adenosina) también
v lk m activan otro tipo de
© receptores, los P1 9,
P2X P2y NTPDase eS'NT P1

Adenosin

innen

C
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Como el ATP es muy hidrofilico no puede cruzar espontaneamente
la membrana plasmatica que es de naturaleza lipidica e hidrofdbica.
Por eso esta ampliamente aceptado que la liberacién celular de ATP es
por exocitosis o por transportadores de ATP. Investigaciones recientes
indican que algunos hemicanales formados por conexinas pueden
liberar ATP mediante estimulo.

Las conexinas son proteinas de membrana formadas por cuatro
dominios transmembrana y con los extremos amino y carboxi terminal
citoplasmaticos. Las 21 conexinas descritas en el hombre difieren entre
ellas por pocos aminoacidos. Esto hace que tengan diferentes pesos
moleculares. La nomenclatura que recibe cada conexina es “Cx”
seguida del peso molecular correspondiente. Una letra antes de Cx
indicara la especie animal a la que pertenece (h=human, m=mouse,
r=rat).

Las conexinas forman hexameros llamados conexones. Dos
conexones de dos células adyacentes forman una unidén tipo
comunicante o “gap junction”. Cuando un conexdn se encuentra en
una membrana que no esta en contacto con otra célula forma un canal
llamado hemicanal (Figura S2).

Se sabe que los hemicanales pueden abrirse en condiciones
fisioldgicas y en condiciones patoldgicas y también se ha podido
estudiar que estos hemicanales son permeables a iones (Na*, K*, CI,
Ca**...) y a metobolitos (ATP, cAMP, IP;...). Algunos estudios sugieren
que algunos hemicanales son permeables al ATP, o sea, que en ciertas
condiciones éstas, liberan ATP al medio extracelular.

Los canales formados por conexinas tienen una sensibilidad
compleja. La mayoria de ellos tienen una conductancia sensible al
potencial eléctrico de interunion (Vj, diferencia de potencial eléctrico

entre los citoplasmas de dos células adyacentes). Ademas, muchos
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canales formados por conexinas son también sensibles al potencial de
membrana (Vm, diferencia de voltaje entre el interior i el exterior de la

célula).

Transmembrane|

7] |

Q0OU
Extracellular

E2
o ©%F°

Figura S2 | A; Dibujo esquematico de las Gap Junctions. Cada célula
contribuye con un conexdn para formar una Gap Junction. Cada conexdn esta
formado por 6 subunidades proteicas llamadas conexinas. B; Modelo
topoldgico de una conexina. Los cilindros representan los dominios
transmembrana (M1-M4). Hay dos asas extracelulares y una de intracelular.
Los extremos amino y carboxi terminales son intracelulares .

1. Conexina hCx32

La enfermedad de Charcot-Marie-Tooth (CMT) agrupa a varias
formas de neuropatias periféricas hereditarias, afectando tanto la
funcion motora como la sensorial, y tienen, en relacion a las
enfermedades neuromusculares, una elevada prevalencia en la
poblacién (1:2500).

La forma de esta enfermedad ligada al cromosoma X (CMTX) se
debe a las mutaciones en el gen que codifica la conexina 32 (Cx32 o

hCx32). Se sabe que hay mas de 290 mutaciones en el gen Gap
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Junction B-1 (gibl) relacionadas con la CMTX
(http://www.molgen.ua.ac.be/CMTMutations/Home/IPN.cfm).

Se conoce que la Cx32 estd localizada en las hendiduras de
Schmidt-Lanterman y en las zonas paranodales de las células de
Schwann, pero no se sabe qué papel fisioldgico estan jugando. Uno de
los hipotéticos roles es crear un atajo para comunicar de manera
rapida la zona perinuclear y la zona periaxonal de la célula de
Schwann. Nuestra hipotesis es que las células de Schwann se
mantienen diferenciadas gracias a un mecanismo purinérgico
autocrino, dado que expresan en su superficie distintos tipos de
receptores de ATP de tipo P2X y P2Y. En consecuencia, el papel de la
Cx32, seria facilitar la liberacion de ATP. La Cx32, en forma de
hemicanal en la membrana plasmatica de las células de Schwann,
permitiria el paso del ATP de forma fisioldgica. Las mutaciones en la
Cx32 desequilibrarian la liberacion de ATP. Bien sea un aumento o una
disminucion en el ATP liberado, la célula de Schwann entraria en

apoptosis, produciéndose una lesion en la fibra nerviosa (Figura S3).

2. Conexinas hCx26 y hCx30

La sordera es aquel conjunto de problemas relacionados con la
capacidad auditiva determinados por una audiometria por debajo del
umbral considerado normal. Hay diferentes tipos de sordera, pero el
que corresponde a mutaciones en las conexinas se denomina sordera
sensorineural (porqué afecta a la parte interna del oido), no
sindrémica (ya que no presenta anormalidades visibles en los 6rganos

del oido) y prelingual (ya que esta aparece antes del lenguaje).
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WILD TYPE SCHWANN CELL

Figura $3 | Representacion esquematica de una célula de Schwann
en tres diferentes situaciones. A: En una célula de Schwann expresando
la Cx32 WT el ATP es liberado a través de estas para una correcta funcion de
la célula. B: Una célula de Schwann expresando una mutacion de la Cx32. En
este caso la mutacion incrementa la cantidad de ATP liberado. Esto lleva a la
célula a una hiperactivacion de los receptores P2X y P2Y. C: Una célula de
Schwann expresando una mutacion de la Cx32. En este caso la mutacion
disminuye la cantidad de ATP liberado. Esto lleva a la célula a una
hipoactivacion de los receptores P2X y P2Y. En los casos B y C esa
desregulacion llevaria a la desdiferenciacion de la célula de Schwann vy la
consecuente desmielinizacion.

El oido esta formado por el oido externo, el medio y el interno. El
oido interno esta formado por el laberinto que consta del vestibulo, los
canales semicirculares y de la cdclea. La céclea o caracol es el érgano
que se encarga de convertir las vibraciones mecanicas del sonido en
impulsos nerviosos. Esta formado por una especie de tubo enrollado
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de aqui el nombre de caracol. Este tubo estd dividido en tres
cavidades: Scala Vestibuli, Scala Media y Scala Tympani. La Scala
Media esta bafiada por endolinfa mientras las otras dos estan bafiadas
por perilinfa. La perilinfa es una solucidon extracelular con una
composicion iénica my parecida a cualquier otra solucion extracelular,
sin embrago la endolinfa tiene una composicion mucho mas parecida
al interior de una célula, donde el ion mas abundante es el K*. Ademas
también tiene un bajo contenido en Ca**. Formando parte de la Scala
Media encontramos el 6rgano de Corti, que contiene, entre muchos
otros tipos celulares, las células pilosas sensoriales internas y externas.
Estas células son las que convertiran las vibraciones en estimulos
nerviosos.

En este estudio nos hemos focalizado en las conexinas 26 y 30.
Mutaciones en cualquier de estas dos proteinas puede causar sordera
de una manera recesiva o dominante dependiendo de la mutacion.

Hasta el dia de hoy se sabe que estas dos conexinas estan
formando redes que comunican, mediante las “gap junctions”, a
células epiteliales y conectivas de la cdclea (Figura S4). Ademas,
también se ha demostrado que estas conexinas forman hemicanales,
en células epiteliales, que desembocan en espacios bafiados tanto por
perilinfa como por endolinfa (Figura S5).

Nuestro objetivo es caracterizar las propiedades idnicas y la
permeabilidad para el ATP de los hemicanales formados por hCx26, los
formados por hCx30 y los formados por diferentes mutaciones de la
hCx26 y de la hCx30.
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Figura S4 | Esquema del 6rgano de Corti y diferentes partes que lo
forman y lo rodean. Observamos diferentes partes del rgano de Corti y las
soluciones externas que bafan la coclea. En verde estan resaltadas esas
células endoteliales que contienen conexinas y en marrén aquellas células del
tejido conectivo que también las expresan .

Debido a los resultados que se han ido obteniendo y que se ha
descrito que la hCx26 y la hCx30 co-localizan y co-ensamblan, también
hemos querido caracterizar los hemicanales formados por ambas
conexinas y combinaciones de hCx30 con mutaciones de la hCx26 y

viceversa.
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endolymph

Figura S5 | Mapa purinérgico de la coclea. Observamos como los
hemicanales liberarian ATP a los espacios tanto banados por perilinfa como
por endolinfa (4).

OBJETIVOS

1. Estudiar la liberacion de ATP en los nervios ciaticos de ratones

2. Estudiar las corrientes idnicas y la permeabilidad “in vitro” de
las Cx32, Cx26 y Cx30 al ATP, en funcidon del potencial eléctrico de
membrana, cuando forman hemicanales.

3. Investigar la permeabilidad en algunas mutaciones relacionadas

con las enfermedades descritas anteriormente.
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METODOLOGIA

1. Liberacion de ATP en nervio ciatico

Mediante una camara de registro construida en los servicios
cientifico-técnicos de la Universidad de Barcelona para poner el nervio
y poder perfundir soluciones y una camara fotografica ultrasensible
ImageEM (Hamamatsu, Japdn) pudimos registrar, mediante fotografia
y video, la salida de ATP de un nervio cidtico utilizando diferentes

estimulos:

e Estimulo mecanico (contacto fisico, hipotonicidad)
e Estimulo eléctrico

e Estimulo quimico (baja concentracion de iones divalentes)

2. Liberacion de ATP en cultivos celulares

Para esto utilizamos cultivos de células de Schwann, una técnica
ya puesta a punto en el laboratorio, y el lector de placas. La técnica
consiste en hacer cultivos de estas células en placas de 12 pocillos y,
una vez en el lector de placas, realizarle el estimulo por shock
osmotico. Este aparato nos mide la luminiscencia. Haciendo curvas
patron con soluciones de ATP de concentracion conocida pudimos
cuantificar el ATP que liberan las células de un pocillo. Previamente se
hizo un recuento de las células que contiene cada pocillo. De esta
manera obtuvo la cantidad de ATP liberado por 10* células.

Las células HelLa son una linea celular que esta descrito que no
tienen cantidades detectables de conexinas. Por eso, previamente a mi
llegada en el laboratorio, se utilizd esta linea para transfectarla
establemente con el gen de la hCx32. Las células Hela y las células
HelLa establemente transfectadas con el gen de la hCx32 se utilizaron
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para hacer el mismo tipo de experimento que en los cultivos de células

de Schwann.

3. Two electrode voltatge clamp

Esta técnica consiste en inyectar un cRNA de una proteina de
membrana en oocitos de Xenopus laevis y realizar experimentos
electrofisiolégicos con ellos. Una vez tenemos los hemicanales
expresados en los oocitos se les aplicd un protocolo de despolarizacion
donde pasamos de -40 mV a +80 mV durante 30 s y otra vez vuelta a
-40 mV para la hCx32; para la hCx26 y la hCx30 aplicamos estimulos
de 10 s de -80 mV a +100 mV para volver a -80 mV. De esta manera
obtuvimos unas corrientes de salida seguidas de unas corrientes de
entrada llamadas corrientes de cola. Mediante la reaccion de la
Luciferina-Luciferasa si habia liberacion de ATP lo pudimos detectar vy,
gracias a la aplicacion de cantidades conocidas de ATP a través de un
nanoinyector, pudimos cuantificar los fmoles de ATP liberado por
oocito. Esta técnica nos permitié registrar, simultaneamente,
corrientes ionicas y liberacion de ATP. Una vez conocido el
comportamiento de estos canales pasamos a estudiar si habia
diferencias en estas corrientes y en la liberaciéon de ATP entre los
canales de hCx32, hCx26, hCx30 y las diferentes mutaciones descritas
en la enfermedad de Charcot-Marie-Tooth ligada al cromosoma X y la

pérdida de audicion.

RESULTADOS

1. Conexina hCx32

Las imagenes de inmunofluorescencia realizadas previamente por

la Dra. X. Grandes en nuestro laboratorio demostraron que la
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localizacién de la Cx32 es en las zonas paranodales de los nddulos de
Ranvier y en las hendiduras de Schmidt-Lanterman (Figura S6).

Figura S6 | Imagen de la localizacion de la Cx32 en una fibra
nerviosa de nervio ciatico de raton. En la parte de la izquierda vemos la
imagen de una fibra nerviosa con microscopia de contraste de fases. En la
derecha la misma imagen se visualiza con microscopia de fluorescencia.
Vemos que la fluorescencia se localiza en las zonas paranodales de un nddulo
de Ranvier (flecha) y en las hendiduras de Schmidt-Lantermann (tridngulos).

Aunque se utilizaron diferentes estimulos para provocar la
liberacién del ATP en nervio ciatico, solo mediante el shock hipotdnico
pudimos visualizar la liberaciéon del ATP en fibras nerviosas separadas.
Estas imagenes demuestran que la liberacion de ATP se localiza en las
zonas paranodales de los nddulos de Ranvier (Figura S7). Esta
liberacién coincide con la localizaciéon de la Cx32 en los nervios
periféricos.

Ademas, los cultivos de células de Schwann liberan ATP por la
totalidad de la célula, y esta liberacion también coincide con la

localizacién de la Cx32 (Figura S8).
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Figura S7 | Imagen de la luminiscencia creada por la reaccion
enzimatica de la Luciferina-Luciferasa cuando el ATP es liberado. En
la izquierda encontramos las imagenes en contraste de fases. A la derecha
hay las imagenes de luminiscencia. Los circulos indican la localizacién de los
nddulos de Ranvier, mientras que la flecha indica la zona paranodal donde
hay la liberacion de ATP.

Los estudios con la técnica electrofisiologica del TEVC con la
hCx32 han verificado que esta conexina se activa cuando el oocito que
la expresa es sometido a una despolarizacién. Cuando esto sucede el
oocito presenta una corriente de salida. Cuando la despolarizacién
termina los hemicanales expresados en el oocito permiten una
corriente de entrada que se inactiva progresivamente, y es durante la

corriente de entrada que observamos una salida de ATP (Figura S9).
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Figura S8 | Localizacion de la Cx32 y de la liberacion de ATP en
cultivos de células de Schwann. En el panel superior vemos que la Cx32
estd localizada en toda la superficie de la célula de Schwann. En
concordancia, en el panel inferior observamos que la luminiscencia dada de la
salida de ATP se localiza en toda la célula de Schwann.

Se han realizado estudios de 5 mutaciones de esta hCx32 (S26L,
P87A, A111-116, D178Y y R220X) relacionadas con la enfermedad de
Charcot-Marie-Tooth. Estos estudios demostraron que las mutaciones
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P87A, A111-116 y R220X tienen inhibidas las corrientes idnicas y la
permeabilidad al ATP (Figura S10). Aplicando despolarizaciones muy
elevadas (hasta +140 mV) hemos demostrado que estas mutaciones

se expresan y se transportan a membrana en los oocitos de Xenopus.

50 fmol ATP

200 nA
50 s

+80 mV

-40 mV

Figura S9 | Representacion grafica de la corriente y el ATP liberado
por los hemicanales de hCx32 cuando son despolarizados. En la parte
de arriba vemos la luz emitida gracias a la reaccion de la Luciferina-Luciferasa
cuando el voltaje vuelve a su estado inicial. En el medio observamos la
corriente, donde destaca la corriente generada cuando el voltaje ya esta de
nuevo a -40 mV. La parte de abajo es una representacion del pulso cuadrado
que se utiliza para estimular los oocitos que expresan la hCx32.

La mutacion S26L presenta corrientes de salida parecidas a las de
la hCx32 normal, sin embargo las corrientes de entrada (3.6 = 0.6 pC,
n=10 de S26L vs 10.7 £ 1.7 pC, n=15 de hCx32) (p<0.001) y la
cantidad de ATP liberada son estadisticamente inferiores (20.7 + 6.8
MC, n=10 de S26L vs 83.1 + 19.7 pC, n=15 de hCx32) (p<0.05).
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Figura S10 | Representacion grafica de las corrientes permitidas a
través de los hemicanales de las mutaciones de hCx32 P87A (negro),
A111-116 (rojo) y R220X (azul) cuando son despolarizados.
Observamos que las corrientes son insignificantes comparadas con el WT
(Figura S9). En este caso no se ha dispuesto la parte correspondiente a la
liberacion de ATP ya que esta no es detectable.

Por Ultimo, la mutacidn D178Y no presenta diferencias en cuanto
a los valores de las corrientes o del ATP liberado. Sin embargo, las
cinéticas de las corrientes de entrada y de la liberacion del ATP son
diferentes (Figura S11). Esto queda demostrado al comprobar que los
valores de la constante de tiempo (t, tiempo necesario para cerrar el
63.2% de la corriente), y el “Rise Time” del ATP (tiempo requerido
para el ATP para cambiar del 10% al 90% del maximo de la curva) son
diferentes (p<0.001 y p<0.01 respectivamente).

2. Conexina hCx26 y hCx30

Para estudiar las corrientes y la permeabilidad para el ATP de
ambas conexinas utilizamos la técnica de TEVC de la misma manera
que la utilizamos para estudiar a la hCx32. Estos estudios demostraron
que la hCx26 no es permeable al ATP en ninguno de los potenciales de
membrana probados, ni en ninguno de los medios extracelulares

ensayados (diferentes concentraciones de Ca** y de K*) (Figura 512).
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Figura S11 | Representacion grafica de las corrientes permitidas a
través de los hemicanales de la mutacion D178Y y de la wild type.
Observamos que las corrientes de entrada (B) y la liberacion del ATP (A)
tienen diferentes cinéticas.

Por otro lado la hCx30 si ha resultado ser permeable al ATP. Sin
embargo en la mayoria de oocitos probados (50%), no presentan
inactivacion de las corrientes de entrada. El 50% restante inactivan las
corrientes. De estos un 28% no liberan ATP y el 22% liberan ATP
transitoriamente (Figura S13). En condiciones de baja concentracion
de Ca®*, estas proporciones no cambian estadisticamente.

Conforme a la literatura donde se demuestra que las conexinas 26
y 30 forman hemicanales heteroméricos, utilizamos esta misma técnica
pero co-inyectando ambos cRNAs para que los oocitos co-expresaran
ambas conexinas. El andlisis de los resultados nos permite asegurar
que la hCx26 tiene un papel regulador en estos hemicanales formados
por ambas conexinas. Mas concretamente, esta hCx26 disminuye,
respecto a la hCx30, el nUmero de oocitos que no son capaces de
inactivar sus corrientes de entrada (19% vs 50%) (p<0.05). Ademas,
los hemicanales hCx26/hCx30 presentan una relaciéon ATP/Carga-
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Entrada mayor que los formados sélo por hCx30 (p<0.01), significando
que una mayor cantidad de los iones que forman la corriente de

entrada son ATP en el caso de los hemicanales heteroméricos.

ﬁ 1H.A|

10s

—

Figura S12 | Representacion grafica de la corriente y de la
luminiscencia cuando oocitos que expresan hCx26 son
despolarizados. En la parte de arriba vemos que no hay luz emitida cuando
coincide con la corriente de entrada. La luz emitida posteriormente se debe a
la dosis externa de ATP que afiadimos para cuantificar. Cuando el voltaje
vuelve a los -80 mV iniciales, encontramos las corrientes de entrada. Este
ejemplo es en condiciones i6nicas normales, entendiendo como normales
esas concentraciones parecidas a las del suero. Sin embargo otras
composiciones idnicas testadas (baja concentracién de Ca**, alta proporcidn
de K*) no han permitido la liberacion del ATP.

En cuanto a las mutaciones de la conexina hCx26 encontramos
que, a excepcidon de la mutacion N54S, todas ellas son parcialmente
permeables al ATP, y todas ellas presentan alguna diferencia en las
corrientes de salida y/o de entrada. Por otro lado, la mutacién T5M de
la hCx30, presenta corrientes mas pequefias que la forma normal pero
presenta el mismo tipo de inactivacion. Ademas tiene una relacion

ATP/Carga-Entrada mayor que los hemicanales wild type (p<0.05).
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Figura S13 | Representacion grafica de la corriente y el ATP liberado
por los hemicanales de hCx30 cuando son despolarizados en
condiciones normales de Ca®*. En la parte de la izquierda vemos un
ejemplo donde no se libera ATP. En el medio vemos un ejemplo donde se
libera transitoriamente ATP. Estos dos casos inactivan correctamente las
corrientes de entrada. Finalmente el ejemplo de la derecha muestra como las
corrientes de entrada no se inactivan conllevando a una liberacion
permanente de ATP.

Los hemicanales heteroméricos formados por mutaciones de la
hCx26 y la hCx30 normal presentan una mortalidad en los oocitos muy
elevada, haciendo que no tengamos datos suficientes de las
combinaciones S17F/hCx30, D50N/hCx30 y D50Y/hCx30. Aln asi,
podemos afirmar que en los otros casos no se observan diferencias en
la relacion ATP/Carga-Entrada respecto a los hemicanales formados
Unicamente por hCx30. Ademas estos hemicanales, tampoco corrigen
el nimero de oocitos que no inactivan las corrientes de entrada. Estos
dos parametros difieren del efecto que ejerce la hCx26 en los
hemicanales formados por hCx26 y hCx30.

Finalmente los hemicanales formados por hCx26 y la mutacion
T5M de la hCx30 presentan corrientes de salida mas pequenas que las
generadas por hemicanales de hCx30 (p<0.01) o por los formados por
hCx26/hCx30 (p<0.001). Ademas, igual que sucedia con los
hemicanales heteroméricos formados por mutaciones de la hCx26 y la
hCx30 normal, esta combinacion de conexinas no presenta diferencias
con los hemicanales hCx26/hCx30 ni en la relacién ATP/Carga-Entrada,
ni en las proporciones de oocitos que no liberan ATP, ni en oocitos que

40



Summary

lo liberan transitoriamente ni en los oocitos que no inactivan sus

corrientes de entrada.

DISCUSION

1. Conexina hCx32

Teniendo en cuenta que la enfermedad de Charcot Marie Tooh
ligada al cromosoma X esta relacionada con mutaciones en la
Conexina 32, hemos investigado la relaciébn que puede tener esta
proteina respecto a la permeabilidad para el ATP. El ATP puede
comportarse como una sefal autocrina necesaria para mantener la
mielina. A lo largo de esta tesis hemos demostrado que la Cx32, ya
sea la humana como la de ratdn o rata, es permeable al ATP. Esta
permeabilidad se da cuando los hemicanales son activados mediante

diferentes estimulos aplicados usando diferentes técnicas:

e Estimulo eléctrico: en nervio cidtico de rata, en nervio
ciatico de raton y en oocitos de Xenopus laevis.

e Estimulo mecanico (presién o shock osmético): en nervio
ciatico de raton, en fibras sueltas de nervio ciatico de raton
y en cultivos de células de Schwann.

e Estimulo quimico (concentracion baja de iones divalentes):
en nervio ciatico de ratdn.

Hemos utilizado la técnica del TEVC para comparar la hCx32 con
mutaciones de esta conexina que estan relacionadas con la
enfermedad de Charcot-Marie-Tooth. Esta técnica nos ha permitido
determinar diferencias entre la forma normal de la hCx32 y las
mutaciones en diferentes parametros. Las mutaciones P87A, A111-116
y R220X, forman hemicanales con una sensibilidad al voltaje diferente
al de la forma normal. Esto hace que estas formas mutadas no
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permitan el paso de iones ni sean permeables al ATP en las mismas
condiciones que la forma normal. La mutacion S26L forma
hemicanales que permiten el paso de iones de manera parecida a la
forma normal en cuanto a las corrientes de salida. Sin embargo,
cuando comparamos las corrientes de entrada y la permeabilidad al
ATP encontramos que en este caso estan significativamente reducidas.
En uUltimo lugar los hemicanales formados por la mutacion D178Y no
presentan diferencias ni en las corrientes ni en la cantidad de ATP
liberada. Sin embargo, estudiando las cinéticas de los hemicanales
formados por D178Y y los formados por la hCx32 normal,
encontramos que el valor de t de las corrientes de entrada y el “Rise
Time"” del ATP son diferentes (p<0.001 y p<0.01 respectivamente).
Estas diferencias encontradas en cada una de las mutaciones
apoyan nuestra hipotesis de una liberacion de ATP disminuida o
andmala en las células de Schwann y podria ser la causa de la

desmielinizacion de las fibras nerviosas.

2. Conexinas hCx26 y hCx30

Es posible que la permeabilidad a ATP sea una propiedad que
presentan todas las conexinas cuando forman hemicanales. En este
sentido, podria ser que otras conexinas en las que sus mutaciones
estan ligadas a algunas enfermedades puedan presentar variaciones
en la forma y cantidad de ATP liberado. Las conexinas hCx26 y hCx30
estan relacionadas con algunas formas de sordera congénita. Hemos
investigado mediante la misma metodologia empleada para el estudio
de la hCx32, la relacion entre activacién dependiente de voltaje y la
liberacién de ATP.

Hemos demostrado que, usando el estimulo eléctrico, los
hemicanales formados por hCx26 se abren y permiten el paso de

ciertos iones registrando corrientes de entrada y de salida. Sin
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embargo, el ATP no se cuenta entre los iones que son liberados a
través de estos hemicanales.

La hCx30, en cambio, es permeable al ATP. Estos hemicanales, con
todo, no presentan inactivacion de las corrientes de entrada en
muchos de los casos (50%). Este hecho y lo ya descrito en la
literatura, nos hizo pensar en la posibilidad de co-expresar ambas
conexinas (hCx26 y hCx30). En los registros obtenidos vemos una gran
reduccion en el nimero de oocitos que no inactivan las corrientes de
entrada (19%) (p<0.05). Asimismo, la relacion ATP/Carga-Entrada es
mayor que la de los hemicanales formados Unicamente por hCx30.

De esta manera podemos afirmar que la hCx26, cuando forma
hemicanales heteroméricos con la hCx30, regula la inactivacién y la
permeabilidad al ATP.

Las cinco mutaciones de hCx26 (G12R, S17F, D50N, D50Y y N54S)
también han sido estudiadas de la misma forma que la hCx26. Todas
con excepcion de la N54S presentan liberacion de ATP. Esta, sin
embargo, permite un paso mayor de iones que la hCx26. Esto respalda
la hipotesis de que una mala sefializacion purinérgica debida a una
liberacion de ATP diferente a la normal, puede ser una de las razones
de la aparicion de problemas auditivos cuando esta hCx26 esta
mutada.

Cuando la mutaciéon probada ha sido la de la hCx30 (T5M), esta,
aun presentando corrientes mas pequefias que la hCx30, libera el
mismo ATP, hecho que se traduce con una relacién ATP/Carga-Entrada
mayor (p<0.05). Ademas en esta mutacién las proporciones de oocitos
que no inactivan las corrientes son similares a las de la hCx30 normal.
En este caso vemos diferencias en el patrén de liberacion de ATP
respecto a la forma normal de la hCx30. Esto también concuerda con

la hipdtesis de la causa de la sordera.
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Todas las mutaciones de hCx26 han sido estudiadas cuando
forman hemicanales heteroméricos con la forma normal de la hCx30,
asi como la mutaciéon T5M de la hCx30 ha sido estudiada formando
hemicanales heteroméricos con la forma normal de la hCx26.
Sorprendentemente, estas combinaciones incrementan la mortalidad
de los oocitos. Aun teniendo un nimero bajo de experimentos, hemos
podido demostrar que estas mutaciones no ejercen el mismo efecto en
la permeabilidad a los diferentes iones que ejerce la hCx26. Esto se
traduce en que estos hemicanales no reducen el porcentaje de oocitos
que no se inactivan. Ademas, estas mutaciones no reducen el valor de
la relacion ATP/Carga-Entrada que si reduce la hCx26 cuando forma
hemicanales con la hCx30. Estos datos también coinciden con la
hipotesis de la deficiente sefalizacion purinérgica como un motivo
causante de la sordera, ya que la sefal autocrina de supervivencia

estaria sensiblemente danada.

CONCLUSIONES

1. Conexina hCx32

e Los nervios ciaticos, in vitro, liberan ATP, segun los estimulos
aplicados

e La conexina 32 se localiza en las zonas paranodales de los
nddulos de Ranvier.

e La liberacion de ATP se localiza en las zonas paranodales de los
nodulos de Ranvier.

e Las células de Schwann cultivadas expresan Cx32 de forma

constitutiva y liberan ATP frente a estimulos mecanicos.
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Summary

La Cx32 expresada /in vitro en oocitos de Xenopus es
permeable al ATP al ser estimulados por pulsos cuadrados de
voltaje. Las mutaciones de hCx32 relacionadas con CMTX
(S26L, P87A, A111-116, D178Y y R220X) que se han estudiado
tienen inhibida su permeabilidad a ATP o alterado el curso
temporal de la liberacién de ATP. La hCx26 no es permeable al

ATP frente a pulsos de voltaje.

2. Conexinas hCx26 y hCx30

La hCx26 no es permeable al ATP en el modelo utilizado

La hCx30 es permeable al ATP pero en muchos casos la
corriente de entrada no se inactiva y queda permanentemente
activa.

La hCx26 cuando forma hemicanales hereoméricos con la hCx30
reduce el nimero de oocitos con corrientes permanentemente
activadas y aumenta la permeabilidad al ATP

Todas las mutaciones estudiadas de la hCx26 (G12R, S17F,
D50N, D50Y y N54S) liberan ATP exceptuando la N54S.

Las mutaciones estudiadas de la hCx26 presentan diferencias en
las corrientes de entrada y/o salida, respecto a la hCx26 nativa.
La mutacion de la hCx30 (T5M) presenta corrientes mas
pequeias, aumenta la relacion ATP/Carga-Entrada y conserva el
mismo tipo de inactivacion que la hCx30 normal

Las mutaciones de hCx26 y de hCx30 cuando forman
hemicanales heteroméricos con las formas normales de la
hCx30 y de la hCx26 respectivamente, no modifican la
inactivacion de las corrientes de cola de hCx30 ni aumentan la
permeabilidad al ATP a diferencia de lo que hace la hCx26

normal.
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Introduction

The two main leading roles in this Thesis are Connexin
hemichannels and ATP release. In this introduction I will try to show
the relation within both and the implication that it could have in some

human disorders.
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1. Purinergic Signaling
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Introduction

ATP is a well known molecule, which has been related to a wide
variety of different functions such as cellular homeostasis,
maintenance of ionic gradients, maintenance of pH in some organelles,
energetic storage, regulation of actin-myosin interaction, etc.
Moreover, ATP can act as a signaling molecule through P2X and P2Y
purinergic receptors.

As ATP is very hydrophilic, it is believed that it cannot cross the
plasma membrane, which has very hydrophobic moiety. That is why
one of the most accepted pathways for ATP release from cells is
through vesicular exocytosis. ATP may also cross the plasma
membrane through transporters and channels. Connexin hemichannels
could be responsible to release ATP, which could act as a signaling

molecule upon cells expressing purinergic receptors.

1.1 ATP as extracellular signal

Purines and pirimidines are important building blocks for nucleic
acids DNA and RNA that store, transport and control the hereditary
traits of living organisms. The nucleoside ATP (adenosine
triphosphate), is formed by one adenine, one ribose and three
phosphate groups (Figure I1.1). ATP is the central molecule for
chemical energy storage; it is necessary for many essential cellular

activities as molecular biosynthesis and metabolite and protein

phosphorylation; it also acts as an
enzyme cofactor and has a role on
active transport of ions and

molecules.

Figure I1.1 | Scheme of an ATP
molecule. It displays one adenosing,
one ribose and three phosphate groups.
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But ATP can also act as a neurotransmitter. This hypothesis was
raised for the first time from Pamela Holton studies back in 1959 ©,
when her studies demonstrated the release of ATP when sensorial
nerves were stimulated. But it was Geoffrey Burnstock who, in 1972,
postulated ATP as the principal neurotransmitter in non-adrenergic,
non-cholinergic (NANC) neurons present in smooth muscle, giving
birth to the purinergic hypothesis © ),

After these first studies, the role of ATP as a neurotransmitter has
been proven in the CNS ® © (9 the PNS (1 and the autonomous
nervous system ©® 2, On the other hand, ATP has been considered a
mediator in other signaling pathways in epithelial cells **, platelets ¥

and different cell lines >,

1.2 Purinergic receptors

ATP and its metabolite, adenosine, are specifically recognized by
purinergic receptors. There are two main types of purinergic receptors,
P1 and P2 receptors ®. P1 receptors have a higher affinity for
adenosine than for ATP and modulate adenyl cyclase activity. P2
receptors have higher affinity for ATP and are related to phospholipase
C (PLC) activity and intracellular Ca** concentration.

Among the P2 purinergic receptors, with a higher affinity to ATP,
there are two main families of receptors: P2X and P2Y. P2X are
ionotropic receptors while P2Y receptors are metabotropic receptors
linked to G proteins 7,

There are seven different P2X receptors cloned up-to-date (P2X1-
7). These receptors are cationic channels formed by 3 or 4 homomeric

or heteromeric subunits ¥,

Each subunit is formed by two
transmembrane domains, a large extracellular loop and the

intracellular C and N-terminals (Figure 11.2). Each P2X receptor is
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expressed in a wide variety of tissues and organs. In the PNS many
different P2X receptors are expressed with different distribution. P2X1
19 p2x2 @9 p2x3 @M and P2X4 ®» are expressed in spinal cord and

P2X7 is expressed in Schwann cells 2,

Figure 11.2 | Schematic view of
a G-Protein coupled P2Y
1 receptor and an ionotropic P2X
N i receptor. It is thought that ATP
.| binds in the extracellular domain,

i because it has been mapped in P2X7
l 29, The physiological ligand for both

receptors is ATP and its metabolites

C|®

P2Y P2X

P2Y receptors, on the other
hand, have seven transmembrane domains with extracellular N-
terminus and cytoplasmatic C-terminus (Figure 11.2). All P2X receptors
specifically bind ATP but different P2Y receptors show different
affinities for ATP, ADP, UTP and UDP . Up to date, there are eight
different P2Y receptors cloned (P2Y1,2,4,6,11,12,13,14). While in CNS
P2Y receptors are located over the synaptic buttons, no important
roles in PNS have been described for these receptors, which have been
related to platelets aggregation, haematopoiesis and secretion

triggering in the respiratory system.

1.3 ATP release mechanisms

Although it was originally thought that, apart from the ATP
released from nerves, the main source of ATP to act on P2 receptors

was from damaged or dying cells, it is now known that ATP is released
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from many cell types, including glial cells, in response to mechanical
deformation, hypoxia or some agents (such as acetylcholine, ATP and
thrombin) which do not damage the cell. However, there is active
debate about the precise transport mechanism(s) involved in ATP

release (9,

ATP release mechanisms have been extensively studied during the
last decade and it is accepted that this molecule is released by
excitable cells and can act as a signaling molecule or neurotransmitter.
Subsequently, other evidences support the hypothesis that non
excitable cells can also release ATP in response to different stimuli
such as mechanical stimuli ®”, stress ©®®, hypotonicity ¢ ©9 Gb,
distension ©?, high IP; concentration ©* or low extracellular Ca**
concentration ©%,

The proposed mechanisms that would allow this ATP release are
diverse and require different organelles and proteins ©, including
exocytosis, CD39, connexin hemichannels, CFTR or anionic channels.

ATP is co-secreted with classic neurotransmitters in PNS and CNS
neurons. In other cells, like chromaffin cells, platelets, mastocytes and

cells from pancreatic acini ©®

, ATP is released together with
neurotransmitters and other messengers. In all these cases the ATP is
released via exocytosis of synaptic vesicles, chromaffin granules or
dense granules ) 7 (38) (39

Some studies support the idea that ABC binding cassette protein
family (CFTR and P glycoprotein are members of this family) functions
as ionic channels and allows ATP release “® @1 (42 3 byt other
support the contrary “¥ )€ Sq the controversy is still open.

Many studies support the role of anionic channels in ATP release.
For example, anion channels blockers inhibit ATP release by

hypotonicity in a prostate cancer cell line “”, volume-regulated anion
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channels release ATP in a bovine aortic epithelia cell line “® and
mammary cells from mice primary cultures or cell lines also release
ATP under hypotonic stimulus “*9),

CD39 has also been described to be implicated in the release of
ATP when expressed in Xenopus oocytes and in response to
hyperpolarizing pulses ©%. Moreover, CD39 expression on Xenopus
oocytes enhance the currents generated during ATP release,
suggesting that it could also be implicated in its release as well as ATP
degradation, as originally described Y,

Once the ATP has been released and has done its function, it must
be inactivated. It is usually done by enzymatic hydrolysis, which
generates adenosine and phosphate groups. There are different
enzymatic families that can extracellularly hydrolyze ATP: E-NTPDases

family, E-NPP family, alkaline phosphatase and ecto-5"-nucleotidase.

1.3.1 ATP release through connexins

ATP release regulated by connexins was suggested for the first
time by Cotrina et al ©?. This work showed an ATP release
potentiation on cell lines transfected with connexins, and this
potentiation correlated with Ca** signaling.

ATP release is an important component of the propagation of Ca**
waves in astrocytes 3 % and osteoblasts ©°). It has been described in
this glial cells that this ATP release could be mediated by Cx43
hemichannels ?”. ATP released by this connexin would activate P2
purinergic receptors of surrounding cells activating IP; synthesis and
raising intracellular Ca®* concentration, which would generate an
unknown signal that would open connexin, ATP would be released and

the cycle would start again propagating the Ca**wave ®® (Figure 11.3).
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Figure 11.3 | ATP release through hemichannels and calcium waves
propagation. A stimulus (e.g. shear stress) activates the phospholipase C,
IP; synthesis and intracellular calcium mobilization. It makes hemichannels
open and ATP release. ATP binding to P2Y receptors from adjacent cells
propagates the calcium wave ©9),

This model of calcium wave propagation is supported by other
evidences that show that exogenous expression of connexins enhances
ATP release ¥, and that ATP release induced by low extracellular
calcium is inhibited by hemichannels blockers.

Other works, however, support the idea that P2X7 and not Cx43
hemichannels, would be involved in the release of ATP amplifying Ca**
waves in astrocytes 7 ©8),

Besides these studies, evidences of possible ATP release through
hemichannels have been described in a wide range of cells like
osteoblasts under mechanical stimulation ®, bovine corneal epithelial
cells also after a mechanical stimulus ©®, pigmentary epithelia of the

retina ®”, mammal’s cochlea ®» and Xenopus laevis oocytes .
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1.4 Disorders related to ATP

1.4.1 Purinergic receptors

Most studies of the extracellular actions of ATP have been
concerned with the short-term events that occur in neurotransmission
and neuromodulation in the CNS, and the involvement of purinergic
signaling in these processes is now well established. However, purines
and pyrimidines can also have potent long-term (trophic) roles in cell
proliferation and growth, as well as in disease and cytotoxicity.

ATP can act as a growth and trophic factor, altering the
development of neurons and glia by regulating two important second
messengers: cytoplasmic Ca®* and cAMP. Moreover, the release of ATP
by neural activity provides a mechanism that links functional activity in
neural circuits to growth and differentiation of cells in the nervous
system. Different effects, such as mitogenesis and apoptosis, might be
induced depending on the functional state of glial cells, the expression
of selective receptor subtypes, ectoenzymes controlling the availability
of ATP and Adenosine and the presence of multiple receptors on the
same cells %,

Cellular damage can result in the release of large amounts of ATP
into the extracellular environment, which might be important for
triggering cellular responses to trauma. Purinergic receptors have at
this point an important role in CNS repair. In vivo, ATP released from
astrocytes is essential for mediating the injury-induced defensive
responses of microglia, establishing a potential barrier between the
healthy and injured tissue. Following neuronal injury, ATP can also act
in combination with fibroblast, epidermal and platelet derived growth
factors, as well as nerve growth factor (NGF) from both neurons and
glial cells to stimulate astrocyte proliferation, contributing to the
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process of reactive astrogliosis and to hypertrophic/hyperplastic
responses (63) (26) (64),

Another role of the ATP related to diseases is the function of P2X7
receptor in the Kkilling of intracellular pathogens by macrophages, in
inflammatory responses and in bone homeostasis. Activation of P2X7
opens a cation-selective channel allowing an influx of Ca** and Na*
and efflux of K. Prolonged exposure to ATP induces a second
permeability state (dilated channel or pore hypothesis), which allows
the influx of larger cations such as ethidium* (314 Da) or YO-PRO-1**
(375 Da). Activation of this receptor initiates a cascade of downstream
signaling events such as the stimulation of PLD and the subsequent
killing of Mycobacteria and Chlamydiae. Three loos-of-function
polymorphysims have been identified in the ATP-binding site of the
extracellular loop of the P2X7 receptor ®*,

Growing evidence indicates the involvement of ATP and purinergic
receptors in the pathogenesis of lung diseases. There are many /n
vitro and /n vivo studies that suggest a role of adenosine as a
modulator in the inflammatory airway diseases such as asthma. These
include the ability of adenosine to enhance or directly evoke mediator
release from mast cells and dendritic cells to inhibit degranulation and
superoxide anion release of eosinophils. Allergen challenge causes
acute accumulation of ATP in the airways of asthmatic subjects and
mice with experimentally induced asthma. Eosinophilic airway
inflammation, Th2 cytokine production and bronchial hyperreactivity
were abrogated when lung ATP levels were neutralized using apyrase
or when mice were treated with a P2 receptor antagonist. Inhibition of
adenosine A2B receptors can prevent the development of pulmonary
inflammation, airspace enlargement and airway fibrosis in the lung of

mice suffering from genetic deficiency of adenosine deaminase (ADA)
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activity. Substantial preclinical evidence suggests that targeting of
adenosine receptors may provide novel approaches for the treatment
of asthma and chronic obstructive pulmonary disease (COPD). COPD is
a multicomponent disease characterized by emphysema and/or chronic
bronchitis. There are evidences of an ATP involvement in COPD and
lung emphysema, although is not well described 2.

Multiple distinct cell death inducers (cadmium, etoposide,
mitomycin C, oxaliplatin, cis-platin, staurosporine, thapsigargin,
mitoxanthrone, doxorubicin) induced the release of ATP in vitro from
dying tumor cells. This extracellular ATP is able to activate P2X7
receptors leading it to an immune response against tumor cells (Figure
11.9) (66).

Chemothera|
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Figure I1.4 | Anti tumor ATP activity. Chemotherapy agents induce the

release of ATP ant it triggers a cascade leading the activation of CD8" T cells
(66)

It has been also demonstrated that P2X3 and heteromeric P2X2/3

receptors are involved in visceral pain (e.g. in the urinary bladder) ©2,

1.4.2 Ectonucleotidases

So far we have reviewed the importance of P2 receptors and their
possible role in some disorders. Another key regulation point in the

ATP signaling function is the regulation of extracellular nucleotide
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levels. These levels are modulated by the - E-NTPDases located in the
cell surface. Ectonuleotidases consist of families of nucleotide
metabolizing enzymes that are expressed on the plasma membrane
and have externally orientated active sites. These enzymes maintain
low nanomolar concentrations of ATP in cochlear fluids metabolizing it
to ADP, AMP and Adenosine (Figure 11.5) (67).
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Figure I1.5 | Ectonucleotidases activity. ATP is hydrolyzed to adenosine
through ectonucleotidases activity &

Ectonucleotidases modulate  P2-receptor-mediated  signaling.
Alterations in extracellular nucleotide levels will increase or decrease
P2 activity or lead to P2 receptor desensitization.

In vivo mice assays demonstrated that blocking A2A receptors in T
CD8* cells delay the tumoral growing and promote its destruction ¢
79 Y The main source of adenosine is the ATP hydrolysis, and this
function is reserved to the ectonucleotidases.

E-NTPD1, also known as CD39, is an ectonucleotidase that

hydrolyzes ATP and ADP to AMP, initiating an enzymatic cascade that
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leads to the generation of adenosine. E-NTPD1 is present in glomeruli,
afferent arterioles, and larger vessels of the kidney and polymorphisms
in his gene have been related to diabetes and End-Stage renal disease
in African Americans 72,

Until now these E-NTPD1 polymorphisms are the only mutations
described in ectonucleotidases and have not been studied to know
where the failure is. Although this enzyme has been related to
different disorders such cancer, diabetes, renal failure, etcetera; no

ATP disorder has been associated with ectonucleotidases.

1.4.3 ATP release

Glutamate and extracellular ATP in the CNS have been related to
Ca’* waves. Both ATP and glutamate are gliotransmitters through
which astrocytes can actively regulate synaptic transmission. ATP
differs from glutamate in that it inhibits rather than potentiates
synaptic transmission. The opposing actions of astrocytic glutamate
and ATP represent a means by which astrocytes can dynamically
modulate neuronal activity by releasing distinct transmitters, which can
either excite or inhibit synaptic transmission. Therefore dysfunctional
astrocytes in certain pathological conditions could result in an
imbalance in neuronal excitability, leading to excess neuronal
excitation, such as in epilepsy (73).

Because ATP signaling is a key step in visceral pain, therapeutic
approaches are being considered, including the development of agents
that control the expression of P2 receptors and those that enhance
ATP breakdown; but not in the ATP release mechanisms .

We can conclude that purinergic signaling is a clear target for
therapeutics in different medical fields. Furthermore, while it is now

clear that many different cell types release ATP physiologically in
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response to mechanical distortion, hypoxia, CO,, pH, Ca** levels and
various agents, we still await clear understanding of the mechanisms
that underlie ATP transport. Hopefully, when this will become clearer,
agents would be developed that will be able to inhibit ATP release,
another useful way forward as a therapeutic strategy.

According to that we addressed our efforts to understand the role

of different connexins in ATP release.
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2. Connexins
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2.1 Connexin genetics and structure

21 human genes and 20 mouse genes for connexins have been
identified till now. Each connexin is expressed in specific tissues or cell
types and many cell types express more than one connexin (7able
12.1). Even in the same tissue, the expression pattern of each
connexin shows cell-type specificity and developmental changes,
suggesting a tight control mechanism for the regulation of connexins
expression. Connexin expression can be regulated during transcription,
RNA processing, transport and localization, translation, mMRNA
degradation and protein activity control. However, transcriptional
control is the most important.

Connexin genes are translated to proteins that form hexameric
structures in the plasma membrane called hemichannels or connexons,
building a central pore that permit the passage of ions and small
molecules between cytoplasm and extracellular surroundings. Different
connexins are designated by “Cx” plus the molecular weight or the use
of Greek letters for different connexin subgroups based on similarities

in the cytoplasmic loop %,

Connexin proteins have four
transmembrane domains that allow them to be anchored in the plasma
membrane. Carboxy and amino ends are cytoplasmic and the carboxy
terminus interacts with other proteins . The two extracellular loops
are highly conserved and necessary for docking of two hemichannels

of adjacent cells to form gap junctions (Figure 12.1).
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Human i
Mouse | Major expressed organ or cell
Chromosomal
Name Name types
locus
hCx23 GJE1 ? mCx23 -
hCx25 GIB7 6 - -
Breast, cochlea, placenta,
hCx26a GJB2 13gq11—ql12 mCx26a hepatocytes, skin, pancreas, kidney,
intestine
hCx30 GIB6 13q12 mCx30 Brain, cochlea, skin
hCx30.2 GJE1 7922.1 mCx29 Brain, spinal cord, Schwann cells
hCx30.3 | GIB4 1p35-p34 mCx30.3 Skin, kidney
hCx31 GIB3 1p34 mCx31 Cochlea, placenta, skin
hCx31.1 | GIB5 1p35.1 mCx31.1 Skin
GJC1
hCx31.9 /GID3 17g21.1 mCx30.2 -
hCx32 GIB1 Xq13.1 MmCx32 Hepatocytes, secretory acinar
cells, Schwann cells
- - - mCx33 Sertoli cells
A
hCx36 G D92/GJ 15q13.2 mCx36 Neurons, pancreatic B-cells
hCx37 GIA4 1p35.1 mCx37 Endothelium, gr:;rljlosa cells, lung,
hCx40 GIAS 1q21.1 mCx40 Cardiac condt'Jctlon system,
endothelium, lung
hCx40.1 | GID4 - mCx39 -
hCx43 GJA1 6g21-q23.2 mCx43 Many cell types
hCxd5 GJA7/G] 17q21.31 mCxd5 Cardiac conduction system,
Ci smooth muscle cells, neurons
hCx46 GIA3 13q11—qi2 mCx46 Lens
hCx47 GIA12 1g41-g42 mCx47 Brain, spinal cord
hCx50 GJA8 1g21.1 mCx50 Lens
hCx59 GJA10 1p34 - -
hCx62 GJA10 6q15—qil6 mCx57 Retinal horizontal cells

Table 12.1 | Table of connexin genes and their expression. Some of them
are related to hereditary diseases (/® 77) (78) (79) (80) (81) (82) (83) (84),
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Cytoplasmic

Transmembrane|

Extracellular

Figure I2.1 | A; Schematic drawing of Gap Junction channels. Each apposed
cell contributes with a connexon to the complete gap junction channel. Each
connexon is formed by six protein subunits, called connexins. The darker
shading indicates the portion of the connexon embedded in the membrane.
B; Topological model of a connexin. The cylinders represent transmembrane
domains (M1- M4). The loops between the first and the second, as well as
the third and fourth transmembrane domains, are predicted to be
extracellular (E1 and E2, respectively), each with three conserved cysteine
residues (2).

2.2 Gap Junctions

Gap junctions are cell-cell communicating channels formed by the
docking of two hemichannels of adjacent cells, multiple gap junction
channels, in turn, cluster in the membrane to form gap junction
plaques (Figure I2.1). Gap junctions allow electrical coupling and
mediate exchange of ions up to 1 kDa and low molecular weight
metabolites "> ®> ®8 (sych as Na*, K*, Ca**, ATP, cAMP, IP;, etc.).
Gap junctions are relatively unspecific and movement through the
channels occurs by passive diffusion depending on the equilibrium
potential of each ion. These junctions exist in all vertebrate and
invertebrate animals, and higher plants cells have a similar mechanism

for cell-cell communication (87). Gap junctions are hypothesized to
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play a role in homeostasis, morphogenesis, cell differentiation and
growth control. There is a growing evidence that a single gap junction
channel can be made of different connexins, i.e., two connexons each
consisting of different types of connexins can form a heterotypic gap
junction channel, whereas one connexon containing different types of
connexins can form a heteromeric gap junction channel " &) (Figure
2.2).
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Connexin26 relative to the cell membrane Connexin  Connexon Gap junctions

Figure 12.2 | Schematic drawing of possible arrangement of
Connexons to form Gap Junction channels. Connexons consisting of six
connexin subunits (gold and blue) are illustrated in various configurations.
Connexons may be homomeric (composed of six identical connexins) or
heteromeric (composed of more than one species of connexins). Connexons
associate end to end to form a double membrane gap junction channel. Four
different connexon combinations are possible to form Gap junctions
(Homomeric-Homotypic, Homomeric-Heterotypic, Heteromeric-Homotypic and
Heteromeric-Heterotypic) 7.

Distinct electrophysiological and ion selective properties have been
shown not only between different homomeric-homotypic gap junctions
but also between different homomeric-heterotypic gap junction
combinations. The net result of such diversity could provide

communication compartments that enable a group of cells to be

67



Introduction

regulated by changes in the concentration of a specific second

messenger or metabolite &2 (7) (87) (88) (89),

2.3 Hemichannels

At first it was thought that opening of hemichannels would kill cells
through loss of metabolites, collapse of ionic gradients and influx of
Ca**, however, recent findings indicate that non-junctional
hemichannels can open under both physiological and pathological
conditions, and that opening is functional or deleterious depending on
situation (90). The first evidence of hemichannel opening was when
Paul et al. ®¥ found that expressing Cx46 in Xenopus oocytes resulted
in membrane depolarization and eventual cell death unless the
extracellular medium contained high Ca** levels. Since then, further
evidence of hemichannels activity has been described in other
connexins ©? 3 Hemichannel activity has also been related to calcium
waves and ATP release, suggesting that astrocytes release ATP
through Cx43 hemichannels and that stimulates purinergic receptors in
surrounding astrocytes, which would raise intracellular Ca** levels of
these cells propagating the Ca®* wave ©®¥ @7 52 Other evidences for
hemichannel functions are studies in which ATP release was reported
to correlate with connexin expression ©*, and it is blocked by
Flufenamic Acid (FFA) 2, which inhibits both hemichannels and gap
junctions.

Many mechanisms regulating hemichannels open and close state
have been described, and they depend on each connexin:
phosphorilation state ©®, mechanical stimulus ©” ©®, extracellular Ca**
levels ®®, presence of quinine ©®?, membrane potential *°®, PCO, %V

(102) or pH (103).
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2.4 Connexin voltage sensitivity

Gap junctions exhibit a complex channel sensitivity, the
transjunctional conductance (G;) of most of them is sensitive to
transjunctional voltage (V;, the voltage difference between two cell
interiors coupled by gap junctions), but many are also sensitive to
membrane potential (V.,, a cell absolute inside-outside voltage). It is
hypothesized that this dual voltage regulation is due to the existence
of two different gates, each of which specifically senses one type of
voltage ¥, The G; of most homotypic connexin channels is typically
maximal at V;=0 (Gjmax), and it decreases symmetrically for positive
and negative V; pulses to non-zero conductance values. Transitions
between the main open state and the closed state could be either fast
or slow. Accordingly, these two gating processes have been termed
“fast Vj-gating” and “slow V;-gating” respectively. Little is known about
the mechanisms responsible for slow Vj-gating but there are proofs
that the C-terminal domain is involved in the fast V; gating, as it is
abolished when this domain is truncated ®® or fused to a large
molecule like GFP % and it is recovered when truncated connexins
are co-expressed with C-terminals domains ‘%", It is hypothesized that
the fast V; gating can be explained by the “ball-and-chain” model
(Figure 12.3), where the displacement of the C-terminal domain
toward the inner mouth of the channel pore would physically close the
pore, a model that had already been proposed for the closing state
triggered by pH %, insulin and IGFs ‘%, Nanometric data using AFM
also support this model 19,
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Figure 12.3 | Schematic
drawing of the
hypothesized "“ball-and-
chain” general channel
fast opening V. This
general idea is the same for
connexons.
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Connexins sensitive to V,,, have also a slow V,,-gating mechanism.
This mechanism would regulate electrical coupling when V;=0,
specially in excitable cells. The slow V,-gating has been also related to
the C-terminal domain, but to the residues close to the fourth
transmembrane domain **?, These findings suggest that slow V-
gating is mediated by an outwardly directed movement of the voltage
sensor, which would lead to conformational changes that close the

pore.

2.5 Connexins related to this study

2.5.1 Connexin 32

Connexin 32 is one of the best-known connexins, as it was the first
connexin ever cloned, and has been described to be expressed in
many different tissues. However, its impairment has been related only
to Schwann cell dysfunction, suggesting that other connexins could
supply its function in other cells types but not in Schwann cells, where
it seems to be essential for its survival and, in consequence, for the

maintenance of peripheral nerves.
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2.5.2 Connexin 26 and Connexin 30

Severe deafness or hear impairment is the most prevalent sensory
disorder affecting about 1 in 1000 children ‘¥ % Hearing loss has
been related to five different connexins, Cx26, Cx30, Cx30.3, Cx31 and
Cx43, but Cx26 mutations represent about 35-45% of all congenital
sensorineural hearing loss ‘¥ (13 However Cx26 and Cx30 are the
two main expressed connexins in the inner ear. These two connexins
are localized in the spiral limbus, the spiral ligaments, the supporting
cells of the organ of Corti and the stria vascularis ®. In addition, the
lack of Cx26 gene (gjb2) is known to be embryonic-lethal, indicating

that these connexin has an essential role during development 1),

2.5.3 Xenopus laevis connexins

Until now, four different connexins have been described in
Xenopus laevis. Cx43 117, Cx38 18 x30 !9 and Cx41 *?. But of
these four only Cx38 is expressed in oocytes (that is why is called a

maternal connexin).

2.5.4 Pannexins

Similarly to the connexin family, another molecular family has been
related with gap junction formation: The pannexin/innexin superfamily
(2D Innexins have been described as the gap junctions of
invertebrates and, while connexins have been found only in chordates,
the pannexin presence has been described both in chordates and
invertebrates genomes ?Y), Although connexins and pannexins have
very different primary structures 21 (122 (23) “their topology is similar,
with four transmembrane domains and the C and N-terminal

cytoplasmatic domains 22 (Figure 12.4).
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Up-to-date there are three mammalian pannexins described:
pannexinl (PANX1 or Px1), which is ubiquitous but disproportionally
present in some tissues like embryonic CNS. Pannexin2 (PANX2 or
Px2) is brain specific and pannexin3 (PANX3 or Px3) is expressed in
osteoblasts and synovial fibroblasts 2% (2% (125 Both Px1 and Px2

have been also described in the retina 29,

CONNEXIN 3>
PANNEXIN

Figure 12.4 | The topology of connexins (A) and pannexins (B), with four
transmembrane domains and intracellular N and C terminal domains, is the
same, yet their sequences are not related 22,

The function of pannexins is still quite unclear, at first it was
hypothesized that they would have redundant functions as gap
junctions channels together with connexins but, although it has been
described that pannexins can form gap junction channels in
experiments with paired oocytes *¥, nowadays there is no evidence
that pannexins form gap junctions /n vivo. Other authors suggest the
idea that during evolution, pannexins retained the hemichannels
(pannexons) functions while connexins overtook the gap junction role
(27) To support this idea it has been proposed that Px1 supports the
release of ATP in erythrocytes '*® and taste buds *®, and that it is
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also responsible for the ion fluxes deregulation produced during
neuronal ischemia that lead to neuronal death 3. Recent studies
have also related Px1 with the large pore pathway described for P2X7
purinergic receptors in macrophages, which appears later than the ion
channel selective current for small cations (as Ca**) that would be
generated by the receptor itself, after an inflammatory stimuli 31 (32),
There are also experimental evidences suggesting that pannexins
could also work in synergy with metabotropic P2Y purinergic receptors

to support the ATP induced ATP release (33 (139),
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3. Connexins and Diseases
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At least eight different Connexin genes mutations have been
implicated in hereditary human disorders. Different connexins can
cause the same disease and, in the other way, different mutations in
the same gene are able to origin different sickness.

Cx26, Cx30, Cx31, Cx32 and Cx43 have been associated to cause

in somehow different degrees of hearing impairment (13 (136) (137) (138)

(139)(140).

Different skin disorders have been linked to other connexins.
Keratopachydermia, Keratitis-ichthyosis-deafness syndrome (KID),
Erythrokeratodermia variabilis, Palmoplantar keratoderma with
deafness, Vohwinkel syndrome, Bart-Pumphrey syndrome, Hydrotic
ectodermal dysplasia (Clouston syndrome) and Hystrix-like Ichthyosis-
deafness syndrome are skin hereditary disorders associated to
mutations in Cx26, Cx30, Cx30.3 or Cx31 (39 (139 (15 (14D,

Cx29 has been demonstrated to be highly expressed in Schwann
cells surrounding cochlear nerves becoming indispensable for normal
cochlear functions *2)

Charcot—Marie-Tooth as we describe below is the most prevalent
inherited neuropathy “*® ), The X-linked form is caused to different
mutations in the gjb1 gene that encodes for the Cx32 protein (139 (138),

Mutations in human connexin genes have been shown to be
related to cataracts. Cx43, Cx46 and Cx50 are expressed in lens. Cx43
has been linked to Oculodentodigital dysplasia *® *) and Cx46 as
well as Cx50 have been demonstrated that mutations in their genes
cause Congenital Cataracts (3¢) (13%) (146),

Mutations in the gene encoding Cx47 have been attributed to

Pelizaeus-Merzbacher-like disease, a defective myelination disorder
(115)
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Finally, mutations in the gene encoding Cx40 and Cx50 have been
proposed to be linked to Atrial fibrillation @* and Schizophrenia

respectively %),
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4. Charcot-Marie-Tooth Disease
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4.1 The disease

The neurologists Jean Martin Charcot, Pierre Marie and Howard
Henry Tooth described for the first time in 1886 the main clinical
features of a disease now known as Charcot-Marie-Tooth (CMT). This
name is nowadays synonym of inherited peripheral neuropathies that
affect both motor and sensory nerves and have a high prevalence
among the population (1:2500). Although CMT is characterized by
distal muscle weakness and atrophy and foot deformities as claw toes
(Figure I4.1), it is nowadays classified into different variants according
to clinical, electrophysiological, histopathological and genetic features.
Moreover, many forms of CMT have been related to specific proteins
(7able I4.1 and Figure I4.2) and transgenic and knockout mice have
been generated to further study the mechanisms that lead different

protein defects to cause the same syndrome with similar symptoms
(149) (150) (151)

Figure I4.1 | Foot deformities characteristic from CMT patients 2,

78



Introduction

Gene symbol

Chromosome

Major
mutations

Mouse models

PMP22

17p13-p12

CMT1A
PNPP
DSS
CMT and deafness

Tr, Tr], tg, tg(tTA)

MPZ

1422

CMT1B
DSS
CH

KO, tg

PRX

19g13.1-q13.2

CMT4F
DSS

KO

qgibl

Xq13.1

CMTX

KO

MTMR,

11922

CMT4B

NDRG;, Proxyl

8qg24.3

HMSNL

KIF;B

1p36.2

CMT2A

KO

NFL

8p21

CMT2E

KO, tg

GDAP;

8q13-g21.1

CMT4A
Neuropathy with
vocal cord paralysis

LMNA

1q21.2

CMT2B1
Emery-Dreifuss
Muscular Dystrophy

Dilated
Cardiomyopathy
Limb Girdle Muscular

Dystrophy

KO

Table I4.1 | General table of genes (and proteins) related to major
types of CMT disease %,

In the classical classification there are two main types of CMT:
CMT1 or demyelinating CMT and CMT2 or axonal CMT.

4.2 CMT1

CMT1 typically starts on the first or second decade of life and it is

mainly characterized by demyelization, remyelinization and onion-bulb

formation on peripheral

velocities.

There are various proteins

nerves that

reduce nerve conduction

related to CMT1 variants but

duplications of Peripheral Myelin protein (PMP22) is the most frequent
and cause CMT1A or HNPP (hereditary neuropathy with liability to
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pressure palsies). This neuropathy presents vulnerability to pressure
trauma leading to temporary nerve palsies and is associated with focal
hypermyelinization. It is not progressive and most patient show the
classic features of CMT1. Moreover, some point mutations of PMP22
have been related to CMT, some lead to HNPP but most of them are
associated to transmembrane domains of the protein and cause a
more severe phenotype called Déjérine-Sottas Syndrome (DSS). How
this point mutations lead to disease remains unclear.

Other proteins related to CMT1 are: Myelin Protein Zero (MPZ)
related to CMT1B, LITAF/SIMPLE related to CMT1C, and Connexin 32
related to CMT1X among others.

4.3 CMT2

CMT2 or Axonal form of CMT is characterized by normal nerve
conduction velocities and loss of myelinated axons. Some proteins
related to CMT2 are Kinesin 1(KiR 1B), which leads to defects in
axonal transport and is related to CMT2A, RAB7 related to CMT2B,
Laminin A/C (LMNA) related to CMT2B1 and neurofilament light chain
(NFL) related to CMT2E 3%,

4.4 CMTX

There are more than 290 mutations on Gap Junction B-1 (gjbl)
gene described and related with X-linked form of Charcot-Marie-Tooth
disease. Gjb1 gene codifies for hCx32 and is located in the X-
chromosome, what leads CMTX to have an X-linked inheritance. Males
are uniformly affected but female carriers show variable clinical
features due to random X-chromosome inactivation.

CMTX is the second most frequent form of CMT1 (10-15%) and

clinical manifestations are the same as in CMT1A or CMT1B. Many
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different mutations have been linked to this neuropathy but the
severity is similar in all affected patients. These mutations can,
however, lead to disease in different manners which can include
trafficking mutants that are retained in ER or Golgi apparatus, other
that reach the plasma membrane but form defective channels or are
unable to form gap junctions and others that have been predicted to
disrupt the radial pathway that Cx32 gap junctions establish between

adjacent layers of the myelin sheath %,

4.5 Connexin 32

It is a highly conserved protein as human Cx32 is 98% identical to
rat and mouse Cx32 ) (%) Cx32 form not only homomeric
hemichannels but can also form heteromeric hemichannels with Cx26
and heterotypic gap junctions with Cx26 and Cx30 ®*”), Although Cx32
is most abundantly in liver it is also expressed in kidney, guts, lungs,
spleen, stomach, pancreas, uterus, testis, brain and peripheral nerves.

Electrophysiological studies reported that Cx32 hemichannels are
activated by membrane depolarization ®*®, that these hemichannels
have 90 pS conductance, and extracellular calcium modulates them ©9,
It has been described that Cx32 hemichannels open with increasing
intracellular Ca®>* and that they can be closed with gap junction
blockers and with specific peptides such as *’gap27, which binds to
110-122 residues of the second extracellular loop, and *’gap24, which
binds to the intracellular loop >,

Cx32 is the principal oligodendrocytic connexin and was the first
connexin described in oligodendrocytes, where it is expressed in the
large myelin fibres ‘9, Cx32 is also the principal connexin in Schwann
cells %1 where it is expressed in paranodal zones and in Schmidt-
Lanterman incisures of the myelin sheath (of peripheral nerves) 1%, In

these incisures Cx32 would form reflexive gap junctions in the myelin
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sheath that would bypass the communication through various myelin
layers that separate adaxonal and abaxonal cytoplasm “®* facilitating
intracellular redistribution of K" and restoring the extracellular
concentration back to basal levels, allowing renewed axonal

propagation of action potentials. (Figure I4.4) 9,

b Schwann cell Outer leaflet
plasma membrane | Inner leaflet
Schwann cell /’_\\
nucleus

Cx32
channel

Figure I4.4 | Scheme of a Schwann cell showing the reflexive gap
junctions formed by Cx32. These gap junctions establish a bypass across
the cytoplasm between the periaxonal and the perinuclear area ©2.

4.6 hCx32 and CMTX

More than 270 different mutations on the human Cx32 gene (gjb1)
have been described to cause CMTX (http://www.molgen.ua.ac.be/
CMTMutations/Home/IPN.cfm). These mutations affect all regions of
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hCx32 and lead to defects in hCx32 trafficking, interactions with other

proteins and hemichannel or gap junction function. Here we have

focused on 5 mutation described in CMTX patients and that have been

generated and used in this work ( Figure I4.5):

S26L: this mutation localized in the first transmembrane
domain results in a reduction in the pore diameter from 7A
to less than 3A (169 (169

P87A: This proline in positon 87 (in the second
transmembrane domain) is highly conserved, and it has
been related with voltage gating. This mutation may
produce pore alterations that affect the permeability
properties (¢

A111-16: This deletion of part of the intracellular loop
alters the recovery from pH gating (6% (16°)

D178Y: A point mutation of the second extracellular loop
related to Ca** detection ©°

R220X: This mutation eliminates the last part of the C-

terminus abolishing the interactions with other proteins
(166)
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xtracellular
part

Plasma
membrane

Figure I4.5 | Structure of the human Cx32 protein showing some
known mutations leading to CMTX disease. Mutations generated in our
laboratory are marked in red 167,

Physiological consequences of dysfunctional Cx32 could be
compensated in oligodendrocytes in the CNS, as most CMTX patients
do not have clinical CNS manifestations. However, subclinical
evidences of dysfunctions are common, and few mutations have been

described to lead to clinical CNS dysfunction ¢® (%9 Moreover, there

84



Introduction

are few mutations related to CMTX that do not directly affect gjb1
gene but other closely related proteins like the transcription factors
Sox10 and EGR2/Knox20. These transcription factors bind to the P2
promoter of Cx32 gene activating its expression in Schwann cells.
Mutations on Sox10 and EGR2/Knox20 @’ and on P2 promoter ¢V
eliminating the binding site to Sox10 have been described in some
patients with CMTX1.

4.7 Connexin 32 knock-out mice

Although the first data from Cx32 null mice suggested no
peripheral neuropathy in those mice #’2 and that the only affectation
of these mice was on the liver, where Cx32 is mostly expressed "
(79 later studies revealed a late-onset demyelinating peripheral
neuropathy on mice older than 3 months which is comparable to
human CMTX @7, This neuropathology is characterized by unusually
thin myelin sheaths, cellular onion-bulb formations, induced Schwann
cell proliferation and enlarged periaxonal collars. In contrast
conduction velocity is only slightly decreased ‘’®. This progressive
peripheral demyelination starts at 3 months of age and motor fibres
are more affected than sensory fibres 7)., A strong evidence that this
peripheral demyelinization is due to the lack of Cx32 in Schwann cells
and not in other cell types was given by Scherer et al, by expressing
human Cx32 in Cx32 null-mice under the MPZ promoter, specific for
Schwann cells. Those mice did not develop a demyelinating

neuropathy 77,

4.8 Schwann cells

The nervous system is built from two major kinds of cells: neurons

and glial cells. Glial cells, among other functions, are responsible for
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the formation of myelin sheaths around axons allowing the fast
conduction of action potentials, and for maintaining appropriate
concentrations of ions and neurotransmitters in neuron surroundings
(78 In the PNS glial cells are Schwann cells, enteric glial cells and
satellite cells but the most abundant and studied among them are
Schwann cells.

In the nineteenth century, while investigating the nervous system,
Theodore Schwann, the cofounder of the cell theory, discovered that
certain cells are wrapped around axons of the peripheral nervous
system. What Schwann discovered then is now termed “Schwann
cells”. Schwann cells develop from the neural crest, a population of
cells that migrates away from the dorsal aspect of the neural tube 7%
(180) and generates melanocytes, smooth muscle, connective tissue and
neurons and glia of the PNS. The generation of Schwann cells requires
a first differentiation to a Schwann cell precursor that forms immature
Schwann cells. This population gives rise to myelinating and non-
myelinating Schwann cells populations V) (Figure I4.6). This last step

is reversible and, in case of injury

, Schwann cells are able to
dedifferentiate, proliferate again and become myelinating or non-
myelinating depending on the axonal signals, which gives a good
chance of regrowing to injured PNS axons.

Non-myelinating Schwann cells form remarked bundles, which
means that a single Schwann cell wraps around multiple small, un
yelinated axons, separating them with a thin layer of cytoplasm
(Figure 14.6).

Myelinating Schwann cells sheath axons bigger than 1pm in
diameter in peripheral nerves, each Schwann cell forming myelin

n (182) (183)

around one single axo . The myelin sheath is basically a

multilamellar spiral of specialized membrane around the axon (Figure
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14.7). Tts presence makes possible the saltatory nerve conduction,

which means that the machinery responsible for action potential

propagation is concentrated at regular, discontinuous sites along the

axon: the nodes of Ranvier, the only regions (less than 1 pm in length)

in the axon without myelin sheath.

Neural crest
cell

Schwann cell
precursor

Pro

Immature
Schwann cells

-myelin
Schwann cell

Myelinating
Schwann cell

Non-myelinating
Schwann cell

Figure I4.6 | The Schwann cell lineage. Schematic illustration of the
main cell types and developmental transitions involved in Schwann cell
development. Dashed arrows indicate the reversibility of the final, largely
postnatal transition during which mature myelinating and non-myelinating
cells are generated. The embryonic phase of Schwann cell development
involves three transient cell populations. First; migrating neural crest cells.

Second; Schwann cell precursors. Third;

immature Schwann cells. All

immature Schwann cells are considered to have the same developmental
potential, and their fate is determined by the axons with which they
associate. Myelination occurs only in Schwann cells that by chance envelop
large diameter axons; Schwann cells that sheathe small diameter axons

progress to become mature non-myelinating cells

(181)

The myelin sheath itself can be divided in two domains: compact

and non-compact myelin. Compact myelin represents most of the

myelin sheath and is composed of lipids, especially cholesterol and

sphingolipids. The main compact myelin proteins are protein zero (Py),

PMP22 and myelin basic protein (MBP) ), Non-compact myelin is rich
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in Cx32 and found in paranodes (the borders of the myelin sheath
close to the nodes of Ranvier) and in Schmidt-Lanterman incisures
(funnel-shaped interruptions in the compact myelin) (Figure I4.7 and
Figure I4.8). Most of the cytoplasm and the nuclei of Schwann cells
are external to the myelin sheath ®%.

Cytoplasm

N

Paranodal loops Compact myelin  Schmidt-Lanterman cleft
(MAG, Cx32) (Po, PMP22, P2, MBP) (MAG, Cx32)

Figure I4.7 | Schematic longitudinal section through a single myelinated
axon showing the distribution of some of the peripheral nerve myelin
proteins, MAG, Py, PMP22, P2, MBPs and Cx32 and their association with the
major domains of compact and non-compact myelin 8%,

Already in 1928 Ramon y Cajal deduced that nodes, paranodes,
and incisures contained different molecular components (Figure I4.9).
In the axolemma of the nodes of Ranvier, voltage-gated Na* channels
are highly concentrated %) and the main isoform expressed is
Sca8/PN4 (Na,1.6). Also in nodal axolemma an isoform of Na*/K*-
ATPase is expressed (®), Together, the high concentration of Na*
channels and Na*/K* ATPase is in keeping with the physiological
function of the nodal membrane. The paranodal axolemma express
contactin associated protein (Caspr) 8 (88) and the juxtaparanodal
axolemma (a region extending 10-15um from the paranode) express
an homologue of Caspr, Caspr2 ®”, and delayed rectifying K*

channels °? specifically Kv1.1, Kv1.2 and their associated unit 2 @9V
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(192) Both Caspr2 and Kv1.1/Kv1.2/B2 co-localize in the juxtaparanodes

193) " Kv1.1/Kv1.2/B2 channels are thought to have an important

function dampening the excitability of myelinated fibres, as well as
discerning temperature sensitivity in neuromuscular transmission %

(Figure 14.10).

A /outer mesaxon \

. e basal
microvilli

/ Iarr[lina

compact gap junctions
myelin

adherens junctions

internode
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|
T ] == __ 5 &
e — 7. . =
N \ S g
incisures
inner mesaxon juxtaparanodes
paranodes paranodes

compact myelin ——— non-compact myelin
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lipid bilayer I
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Figure I4.8 | Schematic view of a myelinated axon in the PNS. One
myelinating Schwann cell has been unrolled revealing the regions that form
non-compact myelin, the incisures and paranodes. Adherent junctions are
depicted as two continuous (purple) lines; these form a circumferential belt
and are also found in incisures. Gap junctions are depicted as (orange) ovals;
these are found between the rows of adherens junctions. The nodal,
paranodal, and juxtaparanodal regions of the axonal membrane are colored
blue, red, and green, respectively (189,
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Figure 14.9 | Ramon vy Cajal's (1928)
depiction of the nodal region (A) and incisures
(B) (184).

Microvilli /Basal lamina

Figure I14.10 |
Schematic depict of the
node, paranode, and

juxtaparanode. The :

expression of different < noda

proteins used as markers {KV1.1,1.2,82] Gagpr1 :Na*channels PNS
. Caspr2 \_ ankyrin G CNS

for the different regions in
the PNS and the CNS are
labeled (89,

B Perinodal astrocyte

4.9 Schwann cells and connexins

Cx32 is widely regarded as the principal connexin of Schwann cells
that is abundant at paranodal regions and in the Schmidt-Lanterman
incisures 2, Later it was reported that Cx32 is also expressed
between the two outer layers of internodal myelin all over the zone of
“partially compact myelin” %9,

In 1998, Balice-Gordon et al. observed a radial pathway of small
molecular mass dyes diffusion across incisures, from the outer to the
inner cytoplasm %, providing evidence that gap junctions mediate
this radial pathway, which represents a much shorter pathway for

small molecular diffusion that could be up to 3 million times faster
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than through the cytoplasm %), A Cx32 role in this radial pathway is
widely accepted nowadays ©?. Disruption of this radial pathway was
proposed as the mechanism in which mutations in Cx32 cause CMTX,
but as this pathway is not disrupted in Cx32-null mice *¥ it has been
suggested that there should be functional gap junctions in the myelin
sheath formed by another connexin/s. This was supported by single-
channel analysis of paired Schwann cells which suggested that the two
cells were coupled by gap junctions with two different channels size
which could reflect the expression of two different connexins °%,

Cx29 is a mice and rat connexin, which corresponds to human
Cx30.2 %, Tt was reported that Cx29 is also expressed in Schwann
cells, where its expression first appears when neural crest cells
generate Schwann cells precursors, while Cx32 is not expressed until
the onset of myelination occurs ‘°”. In adulthood, expression of Cx29
decline to lower levels than Cx32. In adult sciatic nerve, Cx29 is
localized in the innermost aspects of the myelin sheath, the
juxtaparanode, and in the inner mesaxon *®, Both Cx32 and Cx29 are
found in the paranodes and in the Schmidt-Lanterman incisures (%%,
Cx29 displays a striking coincidence with Kv1.2 K* channels, which are
localized in the axonal membrane “*® although it is expressed in the
innermost layers of myelin but not in the outer layers %, This
differential subcellular distribution of Cx29 and Cx32 implies that
connexin with different properties are required at different cellular
locations, and that there are functional differences in the apical and
basal Schwann cell compartments.

Cx43 expression in Schwann cells has also been suggested, first in
neural crest cells °”, and later in rat sciatic nerve and cultured

Schwann cells ®®, with a low intensity immunostaining of Cx43 along
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the myelin sheath and Schwann cell bodies Y, thus showing a
different distribution pattern from Cx32 and Cx29.

After peripheral nerve injury Cx32 expression dramatically
decreases, retuning to basal levels at newly formed nodes of Ranvier
and Schmidt-Lanterman incisures after 30 days ®°®, on the other hand
Cx46 and Cx43 expression is enhanced in rat sciatic nerve, only
returning to basal levels, 12 days after injury ®°, which suggest a role
of this connexins during remyelination, as it has been reported for
Cx43 in spinal cord remyelination in a guinea pig model for

experimental allergic encephalomyelitis (EAE) %),

4.10 Schwann cells and CMTX

The pathologies associated with Schwann cells can be divided into
injury response, demyelinating disorders and tumour disorders 8%,
Among demyelinating disorders there is Charcot-Marie-Tooth disease,
in which mutations of different components like PMP22 @ p,
periaxin, EGR2/Krox, Sox10, MTMR2 ©%) etc. lead to the different
described disorders % (Section 4.1). Mutations on the hCx32 gene,
ranging from loss of channels formation to altered permeation
properties %) lead to the CMTX. The successful transgenic rescue of
the Cx32 null-mice phenotype by Schwann cell specific expression of
wild type hCx32 in mice has elegantly demonstrated that the CMTX

disease has a Schwann cell origin 77,

4.11 Schwann cells and ATP

All types of glia have membrane receptors for extracellular ATP
(purinergic receptors). Schwann cells express P2X7 > %) and P2Y1
(myelinated) and P2Y2 (non myelinated) receptors %), The

concentration of ATP required to evoke a response through the P2X7
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receptors is in the range of millimolar for maximal activation,
concentrations that might be achieved /n vivo with injury in local cell or
axonal lysis. However, it has been hypothesized that normal ATP
release from axons into the confined periaxonal space between
Schwann cell and axon may lead to local high concentrations %9,
Activation of the P2X7 receptor gives rise to a non-specific cation
current, which may lead to the activation of other membrane
conductances, through an influx of Ca?*, membrane depolarization or
Ca®* dependent changes in gene expression, etc **?, P2Y1 and P2Y2
activation triggers changes in intracellular Ca** in paranodal and
interparanodal regions of Schwann cells %!,

Effects on Schwann cell gene expression, mitotic rate and
differentiation have been identified in response to activity-dependent
ATP release. ATP released from axons during action potentials
transmission arrest maturation of immature Schwann cells and
prevents myelination, this could be a mechanism by which developing
nervous system could delay terminal differentiation of Schwann cells
until exposure to appropriate axon-derived signals 1?0 (212 (13),

ATP is not only released by presynaptic terminals, it can also be
released by postsynaptic terminals and other cells. There is evidence
of multiple pathways for ATP release from glial cells besides vesicle
release.

Cx43, Cx32 and Cx26 connexins have been reported to increase
ATP release and intercellular calcium wave propagation > suggesting
that hemichannels could also release ATP. Schwann cells have been
reported to release ATP in response to glutamate, in a concentration
dependent manner ®'* and UTP @' (mediated by activation of P2Y2
receptors), and it is released from vesicles as well as through anion

transporters across the plasma membrane.
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5. Inherited Non-Syndromic
Prelingual Deafness
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5.1 The disease

Hearing impairment and hearing loss are often used
interchangeably by healthcare professionals to refer to hearing
determined by audiometry to be below threshold levels for normal
hearing.

Deafness is a colloquial term that implies hearing thresholds in the
severe-to-profound range by audiometry.

Hearing impairment is the most prevalent sensory disorder in the
world with a prevalence of 2/500 in newborns increasing up to
3.5/1000 in adolescence (?16) (217) (218),

Different classifications can include hereditary hearing loss and
deafness 9,

Depending if the affected part is the outer or the inner ear we talk
about conductive, sensorineural, or a combination of both.

If the affected part of the auditory organs are associated to a
syndrome we will categorize it in syndromic (associated with
malformations of the external ear or other organs or with medical
problems involving other organ systems) or non-syndromic (no
associated visible abnormalities of the external ear or any related
medical problems).

The last two groups we can divide the hereditary hearing loss or
impairment disorders are prelingual (before language develops) or
postlingual (after language develops).

Hearing is measured in decibels (dB). The threshold or 0 dB mark
for each frequency refers to the level at which normal young adults
perceive a tone burst 50% of the time. Hearing is considered normal if
an individual's thresholds are within 15 dB of normal thresholds.

In the next pages I am going to review the sensorineural, non-

syndromic, prelingual hearing impairment.

95



Introduction

More than 20 forms of non-syndromic hearing loss have been
established based on the mode of inheritance, age of onset, severity of
hearing loss, and type of audiogram. These clinical distinctions are
important for characterizing each form, but it is uncertain as to how
many different genes may be responsible for each form of non-
syndromic hearing loss **”, These hearing disorders have been
classified in four different categories related on mode of inheritance:

e DFNA: Autosomal dominant

e DFNB: Autosomal recessive. 60-75% of Non-syndromic
deafness.

e DFNX: X-linked

e DFNMT: Mitochondrial inheritance

5.2 DFNB1

DFNB1 is characterized by congenital, non-progressive, mild-to-
profound sensorineural hearing impairment.

More than 50% of prelingual deafness is hereditary, most often
autosomal recessive and non-syndromic. The recessive DFNB1 locus,
mapping to chromosome 13ql1-ql2, is the most prevalent.
Approximately 50% of autosomal recessive non-syndromic hearing
loss can be attributed to mutations in that locus, that contains the two
Gap junction genes gjb2 and gjbé encoding, respectively, connexin 26
(Cx26) and connexin 30 (Cx30). Mutations in the gjb2 gene cause
DFNB1A and mutations in the gjb6 gene cause DFNB1B. The final rate
of DFNB1 is 1/33 of the total deafness. Approximately 98% of
individuals with DFNB1 have two identifiable gjb2 mutations. The other
2% have one gjb2 mutation and one of two large deletions that

include a portion of gjbé6 (i.e., they are double heterozygotes) ®*!) (222

(136)
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5.3 DFNA2B

Xia JH et al. found that mutations in the gene gjb3, which is
located in chromosome 1p36-p34 and encodes for Cx31 protein, are

responsible for bilateral high-frequency hearing impairment ),

5.4 DFNA3

Non-syndromic hearing loss and deafness, DFNA3, is characterized
by childhood-onset, progressive, moderate-to-severe high-frequency
sensorineural hearing impairment. Affected individuals have no other
associated medical findings. DFNA3 is caused by a mutation in the
gene gjb2 (DFNA3A) or gjb6 (DFNA3B) ?23) (136),

5.5 The human ear

Our ear consists of three main parts: the outer, the middle and the
inner ear.

The inner ear is formed by the labyrinth. This labyrinth is formed
of two main functional parts: the semicircular canals and the cochlea
(Figure I5.1) **¥ (http://home.pacifier.com/~mstephe/irddb.htm).

Figure I5.1 | External
and inner ear. This
draw shows the different
parts of the ear. The
cochlea is the organ that
transforms sound waves
into nerve pulses. In the
upper-right zone the

inner ear is magnified
(225)
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The semicircular canals are the body’s balance organ. They detect
accelerations in three different planes.

The cochlea is the organ that transduces mechanical vibrations to
nerve impulses that will arrive to the brain. It is a snail-like structure
composed of three different fluid-filled ducts. These ducts are called
scala vestibuli, scala media (also called cochlear duct) and scala
tympani (Figure 15.2).

g

Scala Vestibuli E
(perilymph)

Scala Tympani
(perilymph)

Figure I5.2 | Cochlea draw. This draw shows the three different scalas

that forms the cochlea and labels a specific structure called organ of Corti
(224)

Scala vestibuli and scala tympani are filled by perilymph (normal
extracellular-like fluid), and they have the function to transmit the
pressure waves. Scala media is filled by endolymph (high K*
extracellular fluid) (7able 15.6) and it contains the specific sensitive
structure that transforms mechanical vibrations to electrical signals,

the organ of Corti.
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. Perilymph Perilymph
Component Endolymph Intfrlastrlal (Scala (Scala Plasma

uid o .

Vestibuli) Tympani)
Na* (mM) 1.300 85.000 141.000 148.000 145.000
K* (mM) 157.000 2.000 6.000 4.200 5.000
Ca®* (mM) 0.023 0.800 0.600 1.300 2.600
ClI (mM) 132.000 55.000 121.000 119.000 106.000
HCO* (mM) 31.000 ND 18.000 21.000 18.000
Glucose (mM) 0.600 ND 3.800 3.600 8.300
pH 4.400 ND 7.300 7.300 7.300
Protein(mg/dI) 38.000 ND 242.000 178.000 | 4238.000

Table I5.6 | Composition of Cochlear fluids %,

The organ of Corti has many structures and cell types (Inner Hair
(IHGs), Outer Hair Cells (OHCs), Tunnel of Corti,

membrane, Habenula perforata, Tectorial membrane, Deiters cells,

cell Basilar

Space of Nuel, Hensen cells, Claudius cells and Inner spiral sulcus) %27,
Most of them express Cx26 and Cx30, but any connexin subtype either
pannexin are expressed in OHCs either IHCs (Figure I5.3) (*® (229) (230)
©)

When a sound is transmitted through the oosicles, it makes vibrate
the perilymph in the scala vestibuli via the oval window. This motion in
the scala vestibuli makes vibrate many other structures of the cochlea,
particularly the scala media, the basilar membrane and the organ of
Corti. Because the entire structure is filled of uncompressible fluid, the
fluid movement is transduced through the scala tympani to the round
window. Depending on the frequency more proximal or distal cochlear
zone will receive vibrations. High frequency vibrations excite the most
proximal zones whereas low frequency vibrations do it at the distal
parts of the cochlea.
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Figure I5.3 |
Scheme of the
Cochlea. This
scheme shows the
three different scalas,
the connective tissues
bones surrounding the
cochlea, the VIIIth
nerve and the Organ
of Corti and its
different structures
and cell types. Note

Cell membrane

N
Scalavestibuli /
p N
{Perilymph)
Scalamedia

;Z':;{,‘f;fe;/ Epotymedl. '\ that Cx26 and Cx30
- Temporalmembrane are labeled in green in
P Inner hair cell Quterhalecaly the non-sensory
7 epithelial cells

(interdental cells of
the spiral limbus,
inner and outer sulcus
cells, sensory
supporting cells, and
cells within the root
process of the spiral ligament), and in brown in the connective tissue cell
system (fibrocytes of the spiral ligament and spiral limbus, basal and
intermediate cells of the stria vascularis) depicted in brown ©.

Basilar membrane

Scalatympani .
(Perilymph) {Perilymph)

Each human ear contains one row of 3500 IHCs and three rows of
OHCs, totaling about 12000 hair cells. IHCs receive afferent nerve
fibers whereas OHCs receive efferent inputs from the brain that help
sharpen the frequency-resolving power of the cochlea. Each hair cell
has 50 to 200 stereocilia that are in contact with the Tectorial
membrane. The fluid motion in the cochlea makes vibrate the Basilar
membrane bending the stereocilia. It causes the opening of K*
channels in hair cells driving a K influx and a rapid depolarization of
the entire cell. It provokes, in the base of these hair cells, the opening
of voltage-gated Ca* channels and the consequent Ca®* influx into the
cells. This increase in the intracellular Ca®* triggers the release of
neurotransmitters from synaptic vesicles causing an Action Potential
(AP) to the postsynaptic nerve terminals placed to the base of hair
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cells. These APs will be propagated to the brain. Once there, this
electrical signal will be translated to sounds (see Supplementary Video
S1)23D),

5.6 K+ cycling

Endolymph is an unusual extracellular fluid with an ion composition
unlike that found anywhere else in the body. The major cation found is
K* instead of Na*. Potassium is an ideal charge carrier, since it is by
far the most abundant ion in the cytosol. Endolymph is not only
different for its high K™ and low Na* concentration but also for its low
Ca®* concentration, high HCO®~ concentration and low protein content.
The significance of the high HCO?>~ concentration may be related to
the need for pH buffering. The low Ca** concentration is critical for
sensory transduction in the cochlea. Ca?* enters the hair bundle
together with K* and is necessary for the generation of the mechano-
electrical transduction current as well as for adaptation of the
transduction mechanism 29,

This particular ionic composition makes the endolymph be held at
a positive voltage respect perilymph of 80-100 mV. This is called the
Endocochlear Potential (EP).

After entering hair cells, K" exits across their basolateral
membranes through K* channels and reaches the lateral cochlear wall
either by a perilymphatic route or through the gap junctional network
comprising Deiters cells and epithelial cells on the basilar membrane
(Figure I5.4). K" is subsequently transported across the lateral
cochlear wall and finally returned back to endolymph (Figure I5.4) %32,

Tasaki and Spyropoulos found that a deaf guinea pig with affected
hair cells had normal endolymph. This fact made them think that hair
cells were not responsible of EP generation. Using a normal guinea pig

cochlea they sucked the endolymph into a glass electrode. When they
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measured the voltage potential in stria vascularis they recorded a +30
to +50 mV potential relative to endolymph. Additionally the relative
potential to endolymph in the organ of Corti was 0 mV, meaning that
the stria vascularis and not other structures were the responsible to
generate the EP. Other investigations revealed the electrical potential
of each cochlear fluid respect to the perilymph that is considered to be
0 mV (Figure 15.5).

Perilymph
(Scala vestibuli)
~-0mV 5 mM [K7]

Reissner's
mﬁmhrane

Endolymph

[=cala media)
+80 mV 150 mM [K°]

t .._. N R s &
/ membrane
Lateral

Perilymph (Scal: ani
cochlear wall ymph (Scala tympani)

Figure I5.4 | K* cycling. This draw assume that the K* circulation starts
when hair cells allow the passage of K™ ions when an acoustic vibration
moves the basilar membrane and triggers the nerve stimulus generation ¢3?,

From perilymph, K is taken by different K* channels, ATPases and
co-transporters by fibrocytes of the spiral ligament. These cells and
basal cells from the stria vascularis are connected by connexin gap
junctions as well as basal cells and intermediate cells (Figure 15.5),
and are, therefore, considered to share the same electrochemical
properties. K* is released by intermediate cells to the intrastrial fluid
via the K" channel Kir4.1. Intrastrial fluid has low K* concentration
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because of the high uptake of this cation by marginal cells. Finally
marginal cells response to very small K™ concentration changes to
maintain the high K levels in the endolymph.

The basolateral membranes of marginal cells and the apical
membranes of intermediate cells are highly infolded and twisted
together, and the intrastrial space is very narrow, with a width of only
15 nm. It helps to the rapid and transient passage of K* ions through

this area.
Marginal Basal Fibrocytes Na*, K*, Outer
cells Blood cells -ATPase sulcus
vessel ﬁ % ®3Na* cells
uT) | J
§ 5 n?,\rﬂn\[/.(*] B E e 2K'e K'¢ ~—
3Na* = =2
() ¢ g
b | == l
2K'e % %’ ¢ <
Na*, K*, +
+ -ATPase *K
K'e —S— > —Em— { Kir5.1
KCNQ1/ % NKce1 Ko —E— \
KCNE1 K'e Kird.1 ‘
Na‘e +
v —— o«
2CI Ke «a_ . Kir5.1
T Kird.1
+
cl- Intermediate || Rl tm K'e K'® —3—
Clc-K/ cells N Na‘e
Barttin 3y
WL | 2cl NKCC1
~+80 mV ~+90 mV ~+100 mV ~~5 mV % OmV
150 mM [K*] 150 mM [K*] 1~2mM [K'] 150 mM [K*1§ 4 5mM [K']
Scala media Stria vascularis Spiral ligament
(endol h) (intrastrial space) (perilymph)
Figure I5.5 | Generation of the Endocochlear Potential.

Representation of the K* circulation from perilymph to endolymph. Marginal
and basal cells are connected within them by tight junctions making
obligatory the K" transport through the cells. Different kind of channels,
ATPases and co-transporters are involved in this process. This K* movement
is also the causing of different voltage potentials between the perilymph, the
different kinds of cells, the intrastrial fluid and the endolymph 3%,

Because the voltage potential in the intrastrial fluid is high, it is
assumed that this is already the EP. It means that basal cells instead
of marginal cells, are who crate this particular potential. How is
possible that the intrastrial fluid has this positive potential but so low
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K* concentration? It was suggested that a highly K*-permeable apical
membrane of the basal cells would generate large potential across it,
which could either make the cell potential highly negative, or the
extracellular space highly positive “®*¥. An evidence of the EP
importance is that its disruption results in deafness.

Hair cell mechanoreceptors allow the passive flow of K* into cells.
These electrochemical gradients are achieved by this unusually high K*
concentration and a positive potential of the fluid in the scala media.
Because the electrochemical potential for K™ is very different across
the apical and basolateral membranes of hair cells, K* can flow
passively both into hair cells at the apical pole and out of the cell at
the basal side.

Several cycling pathways have been described to carry back the K*
ions to the spiral ligament (Figure 15.6). K" may reach the scala
tympani directly, flowing out from hair cells, or indirectly from Deiters
cells that may be engaged to buffer extracellular K™ concentrations
(model A). Another concept envisages K™ taken up into Deiters cells
and inner phalangeal cells into which the basal poles of hair cells
protrude. They may simply buffer K* (model C) or they may relay it to
the stria via a system of gap junctions and transporters (model B).
This model B has gained support from several mouse models.
Disruption of proteins involved in K™ transport along this recycling
pathway (model B) leads to hair cell degeneration. This fact supports
this model. However, alternative K" pathways that have been
postulated may well act in parallel to the pathway outlined above, such

as models A and C @®3,
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~ "
Model A: U Model B:

K* recycling via open perilymph K* recycling via gap junctions

Figure I5.6 | K* recycling from hair cells to the spiral limbus has
three possible non-disposable models. The model B involves connexins
and is the most well studied 2,

5.7 Connexins in the cochlea

The main hearing disorders are hereditary and connexin mutations
are responsible for 70-80% of non-syndromic hearing loss in children
(©)) (217).

Cx26, Cx30, Cx31, Cx43, Cx50 and Px1, Px2 and Px3 are expressed
in different zones of the inner ear. Cx30.2, Cx37 and Cx46 mRNA are
also detected in cochlea by /n situ hybridization (2% (228 (230) (85) (235)
Cx29 is highly expressed in the auditory nerve 42,

However, the most expressed connexins are Cx26 and Cx30.

Cx26 has been detected in all inner ear cells presenting gap
junctions. Cx26 is expressed along the non-sensory epithelial cells that
surround the outer hair cells concretely in the supporting cells of the
organ of Corti (Hansen, Claudius and Dieter cells), inner and outer

sulcus cells and the interdental cells of the spiral limbus. This connexin
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is also expressed in the connective tissue of the inner ear (particularly
in the strial vascularis and intermediate cells), the fibrocytes in the
spiral limbus and spiral ligament, and in the mesenchymal cells lining
the scala vestibuli @7 (49,

Different studies suggested that Cx26 and Cx30 were co-
assembled in the cochlea, but it was Forge et al. and Ahmad et al. in
two parallel and independent studies published in 2003 who
demonstrated that these two connexins had the same expression

n (229) (228)

patter Immunofluorescence and co-immunoprecipitation

assays provide a direct evidence of the co-expression and co-

localization (Figure I15.7).

Tissue Ch Ch
IP: antibody 26 30

Cx30 .

Cx26

1 2
B: antibody 26+30

Figure 15.7 | Examples of co-immunolabeling and co-
immunoprecipitation. The three co-immunolabeling images (left panels)
are obtained from the same cochlear section (0.5 pm thickness) in the spiral
ligament region. The section was triple stained with antibodies against Cx26
(Cy2, green) and Cx30 (Cy3, red), and with DAPI (showing blue nuclei of
cells). Cx26 and Cx30 showed co-immunostaining in most gap junction
plagues with a few exceptions (arrows in the right most co-immunolabeling
panel). The right panels showed heteromeric assembly of gap junctions in the
cochlea. The specificity ofCx26 and Cx30 antibodies was first checked by the
Western blotting. Gap junctions were immunoprecipitated using Cx26
antibodies or Cx30 antibodies. Both were effective indicating that both
connexins co-assemble *¥),
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These results suggested that Cx26 and Cx30 form heteromeric
connexons to form heteromeric-homotypic and/or heteromeric-

heterotypic gap junction hemichannels (Figure 12.2).

5.8 Cochlear gap junctions

The main leading role for gap junctions in the cochlea seems to be
related with the K* recycling. Gap junctions mediate an ionic flow that
makes possible this K* recycling. This flow is called jonic coupling. Loss
of ionic coupling in some connexin mutations carrying deafness,
explains the importance of these gap junctions in the auditory
function.

Gap junctions are also able to transfer larger molecules usually not
permeable to other ionic channels. This exchange is called metabolic
or biochemical coupling®®),

Since it was demonstrated that lack of Cx26 or lack of Cx30 in
knockout mice produce no changes either in the expression pattern of
other connexins nor in the ionic coupling in the supporting cells, these
knockout mice and other connexin models were used to study the
metabolic coupling.

The best way to study these properties would be to evaluate
directly /in vivo which are the different permeabilities of these gap
junctions and hemichannels to different molecules. Currently this is not
possible and, therefore, other experimental models have been
developed.

A useful model is transfected cells. To date, two different cell lines
have been used to study Cx26 and Cx30, HeLa and HEK-293
transfected cells 3 37),

Neurobiotin (NB) is a small dye with one positive charge. Gap

junctions formed by mCx26 and mCx30 are able to transfer this dye in
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both cell lines. mCx26 transfected Hela cells are able to transfer
Lucifer Yellow (LY) in a high percentage of cases (up to 80%) but this
percentage falls when the transfected gene is the gjbé6 that encodes
for mCx30 or rCx30 38 %),

When the used cell line was HEK-293, Propidium Iodide (PI) had a
rapidly transfer to neighbor cells in Cx26, Cx30 and both Cx26 and
Cx30 transfected cells. In the same cells Alexa Fluor 488 was readily
permeable to the cells only transfected with Cx26, but not in the other
two transfected cells. They also found differences in Ca** signaling
propagation, being faster in double Cx26/Cx30 transfected cells 37,

Cochlear tissue cultures are more similar to /n vivo model, but the
different levels of both Cx26 and Cx30 expression in many cell types
carry an additional problem to understand the results. PI and the D-
Glucose Fluorescent analogue 2-NBDG (incubated in the media or
perfused to the cardiovascular system) had a good transfer in Claudius
cell, in Sulcus cells and Fibrocytes. These cells are representative of all
connexin expression cell types in the cochlea. However, Cx30 null mice
had a reduced transfer of both dyes and an increase of reactive
oxygen species (ROS), what represents that these mice had a bad
metabolic defect %,

Anselmi et al. 2008 demonstrated that both Cx26 and Cx30 but not
Px1 or P2X7 were essential to propagate an intracellular stimulus in
mice cochlear cultures ®*”. They also observed that extracellular ATP
(presumably released through connexins) facilitated the passage of IPs
through Cx gap junctions. Calcein diffused through WT mice gap
junctions but not in Cx26 or Cx30 KO mice. Finally they demonstrated
that Ca®* signals can be transmitted across cochlear supporting and

epithelial cells via extracellular diffusion of a signaling molecule, ATP,
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which would be released through Cx hemichannels and acts on G-
protein coupled P2Y2 and P2Y4 receptors.

These facts that relate transfer differences with the absence of one
kind of connexin in mice KO models, led us suggest that these
connexins can have several different roles functioning distinctively
depending on the configuration of the gap junction or the hemichannel
(Figure 12.2). For that, we decided to study Cx26 and Cx30 separately,
and in combination.

Another model used to study connexin gap junctions was the
Xenopus coupled oocytes. In contrast with mCx26 transfected Hela
cells these coupled oocytes did not present LY transfer %%,

When the hCx26 was expressed in Xenopus oocytes, coupled
oocytes presented significant conductivity respect controls %, These

experiments were the unique performed with the human connexin.

5.9 Cochlear hemichannels

Different laboratories have obtained similar results investigating
hemichannels in the cochlea. Hence, in isolated cochlear cells Zhao et
al. 2005 found that cells presenting both Cx26 and Cx30 had a good PI
uptake and LY presented preference for Cx26 hemichannels . These
data agree with data obtained in cell lines.

IP; has been related to connexin hemichannels for its importance
in Ca®* signaling, and it has been reported that cells with homomeric
Cx26 or Cx30 had a larger rate of IP; release compared with the
heteromeric channels %%

Different authors demonstrated that both Cx26 and Cx30
containing cells release ATP under low Ca®* conditions, mechanical
stimulus ® or high PCO, conditions (at constant pH and [HCO®7) 1%,

These are conditions that activate some connexins. The bacteria

109



Introduction

Shigella has also been related to ATP release through Cx26 in Hela

cells @9,

5.10 ATP and purinergic signaling in the inner ear

Our interest is to inquire if there is any relationship between
connexins and purinergic signaling in the inner ear.

The released ATP has been related to Ca?* signaling through the
metabotropic purinergic receptors P2Y2 and P2Y4 ). Nanomolar
extracellular ATP doses elicited inward current in OHCs. This implies
that OHCs have ionotropic purinergic receptors. Considering that
mechanical stimulation induce hemichannels to release ATP and that
under physiological conditions, cochlear supporting cells are subjected
to mechanical stimulation or membrane tension because of acoustic
stimulation induce basilar membrane vibrations; as sound intensity
increases, hemichannel release more ATP (Figure I5.8). This ATP, in
turn, would reduce OHCs electromotility (cellular longitude changes
controlled by the transmembrane potential) ®*?, which is an active
cochlear amplifier to magnify the basilar membrane vibration and
enhance hearing sensitivity and frequency selectivity. Therefore,
hemichannel-mediated ATP release in the cochlea would provide a
negative feedback between supporting cells and hair cells to control
this OHCs electromotility formed active cochlear amplifier. This control
is also consistent with the concept that active cochlear mechanics
should perform at low intensities to enhance auditory sensitivity and
suggests a protective role of this hemichannel-mediated intercellular
signaling pathway at high intensities. Patch clamp recording shows
that blockage of P2 receptors (P2X2, P2X7) negated the effect of ATP

on OHCs electromotility *.
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endolymph

. perilymph

Figure 15.8 | Scheme of the cochlear purinergic system. Connexin
hemichannels release ATP to the extracellular spaces in response to the
basilar membrane vibrations. This ATP release activates the purinergic
receptors in OHCs (¥,

Using cochlear organotypic cultures from mice with defective
expression of Px1, P2X7 receptors, Cx30 or Cx26, demonstrated that,
in response to activation of a P2Y/PLC/IP;/Ca** signaling cascade,
hemichannels formed by these connexins would led to release ATP
from the endolymphatic surface of cochlear non-sensory cells. Before
the onset of hearing, non-sensory cells receding of the greater
epithelial ridge spontaneously release ATP into the extracellular space;
released ATP in turn activates purinergic receptors on cells in the
neighborhood of the release site, causing a rise in inner Ca*'
concentration %%,
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5.11 Cx26 and Cx30 mutations

Guilford P et al. (1994) found that homozygotic mutations in the
locus 1311 were the cause of recessive deafness (DFNB1) in
consanguineous Tunisian families ®*), Kelsell at al. 1997 identified the
first Cx26 mutation related to dominant deafness, M34T ©*). Since
then, several mutations have been described and identified. At least 13
dominant mutations, 92 recessive mutations and 10 unknown
mutations in gjb2 gene; 2 dominant and 3 recessive mutations in gjb3
gene; 2 dominant mutations in gjb6 gene; and 2 recessive mutations
in gjal gene have been reported (24 (85 (139),

G12R, S17F, D50N, D50Y mutations in Cx26 are responsible for
dominant deafness, although in association with skin diseases. In
these cases the skin disease is the KID (24 (247) (248) (249) (230) (231)
Targeted ablation of Cx26 in cochlear supporting cells causes hair cell
and supporting cell degeneration %2,

The substitution of a C by a T in the base 14 of the gene gjb6
causes the T5M mutation in hCx30. This mutation causes Autosomal
Dominant Non-syndromic mild hearing loss ** @*¥) In the paired
oocytes assay, junctional currents were detected in Xenopus laevis
oocytes expressing the wild-type Cx30 isoform. In contrast, no
transjunctional conductance was present in oocytes expressing the
Cx30T5M mutant. Co-expressing wild-type and mutant Cx30 resulted
in the inhibition of intercellular coupling, interpreted as a dominant-
negative effect of the mutant connexin on wild-type Cx30 ®*), The
Cx30T5M expression in Cx30*™ and Cx30™"™" mice reduce the
expression of Cx30WT and Cx26WT.

The following pages of the present thesis are the answers that I
and the team found relating the activation of connexins and purinergic
signaling.
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1. Solutions
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1.1Sciatic nerve solutions

1.1.1 Imaging

e Na' free solution (75.5 £ 26 mOsm, n=12): 5 mM KCI, 1 mM
CaCl,, 1 mM MgCl,, 10mM HEPES, pH 7.4 (NaOH)

e Isotonic solution (231 + 13.5 mOsm, n=15): 140 mM NaCl, 5
mM KCI, 1 mM CaCl,, 1 mM MgCl,, 10mM HEPES, pH 7.4 (NaOH)

1.1.2 Videoimaging

e Hypotonic solution (140 =+ 5 mOsm, n=10): 40 mM NaCl, 5 mM
KCl, 1 mM CaCl,, 1 mM MgCl,, 20mM HEPES, pH 7.4 (NaOH)

e Isotonic solution: 140 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM
MgCl,, 20mM HEPES, 6 mM Glucose, pH 7.4 (NaOH)

e Low Divalent Solution: 140mM NaCl; 5mM KCI; 20mM HEPES;
168.5 uM EDTA; 1mM EGTA; 6mM Glucose, pH 7.4 (NaOH)

1.2 Xenopus oocytes

e Barth’s Solution: 88 mM NaCl, 1 mM KCl, 0.33 mM Ca(NOs),,
0.41 mM CaCl, 2.40 mM NaHCO;, 0.82 mM MgSO,4, 20 mM HEPES,
(100 U/ml) Penicillin G, (100 pg/ml) Streptomycin, pH 7.5 (autoclave)

e Low Ca*' Ringer solution: 115 mM NaCl, 2 mM KCl, 0.5 mM
CaCl,, 10 pM MgCl,, 10 mM HEPES, pH 7.4 (NaOH)

e Ringer OmM Ca**: 115 mM NaCl, 2 mM KCl, 2 mM EDTA, 10 yM
Mg** (final concentration 4.4 uM), 10 mM HEPES, pH 7.4 (HCI)

e Ringer Mg**: 115 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1.8 mM
MgCl,, 10 mM HEPES, pH 7.4

e Ringer solution (NR): 115 mM NaCl, 2 mM KCl, 1.8 mM CaCl,,
10 mM HEPES, pH 7.4 (NaOH)
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1.3 Immunofluorescence, Immunoblotting and
cultures

e Electrophoresis Buffer: 192 mM Glycine, 25 mM Tris, 1% SDS

e LB agar: LB medium, 15 g/ L Bacto agar (autoclave)

e Loading Buffer: 100 mM Tris-HCI (pH 6.8), 200 MN
Dithiothreitol, 4% SDS, 0.2% Bromophenol blue, 0.2% Glycerol

e Lysis Buffer: PBS 1x, 1% Triton X-100, 10 pg/ml Leupeptin, 10
Mg/ml Aprotinin, 1 mM EDTA, 1 mM PMSF

e Medium Luria-Bertani (LB): 10% Bacto Tryptone, 5% Yeast
extract, 10% NaCl, pH 7.0 (autoclave)

e Milk buffer: TBS 1x, 5% fat free powder milk

e Phosphate Buffered Saline (PBS): 137 mM NaCl, 2,7 mM KCl, 2
mM NaH,PO,, pH 7.4 (HCl) (autoclave)

e Sandwich Buffer: 48 mM Tris, 39 mM Glycine, 0.04% SDS, 20%
Methanol

e Tris Buffer Solution (TBS) (10X) : 100mM Tris, 1.4M NaCl, 1%
Tween-20, pH 7.4 (HCI) (autoclave)

Osmolarity was mesured using the Vapor Osmometer VAPRO5520

(Wescor Inc).

1.4 Luciferin-Luciferase Reaction

One of the most widely used and accepted assays to detect ATP is
the Luciferin-Luciferase luminescent reaction ®**. This method can
detect direct and continuously ATP levels on a solution or sample. It is
based on the luciferin capacity to, in presence of luciferase (an enzyme
obtained from the American firefly, Photinus pyralis) and ATP, to
oxidate to form oxiluciferin and emit light (Figure M1.1). Luminescence
can be easily detected and quantified using photomultipliers or plate
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readers. This is a very sensitive method and can detect in the range

between femto and micromolar ATP concentrations.

Oxyluciferin,
highly energized

Oxygen, ATP )

Oxyluciferin,
Luciferin at non-energized and
normal state

Figure M1.1 | Luciferin-Luciferase reaction. Discovered in 1885 by
German scientist Emil du Bois-Reymond, the Luciferin-Luciferase
reaction is well-known in the fields of academia, chemistry and
medicine (www.nikon.com).

1.4.1 Luciferase preparation

To purify luciferase, 250 mg of Firefly lantern extract (Sigma,
FLE250) were diluted in 2.5 ml of ultrapure water and centrifuged for
2 minutes at 14000 rpm (Eppendorf 5417R centrifuge), at 4°C. The
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supernatant was desalted on a disposable chromatography column (10
ml, Econo-pac 10DG BioRad, UK) previously equilibrated with working
solution. Eluted luciferase was collected and aliquoted on eppendorfs
(100 pl/eppendorf). Aliquots were stored at -20°C until use.

1.4.2 D-Luciferin obtaining

10 mg of luciferin (Sigma, L-9504) was diluted in 7.5 ml ultrapure
water and pH was adjusted to pH 7.4 with NaOH 1M. Aliquots of 500
Ml were stored at -20°C until used.

Before use, 30 ul of D-Luciferin solution were added to a 100 pl
luciferase aliquot, and this Luciferin-Luciferase mix was added to
detect ATP in the extracellular milieu. The Luciferin-Luciferase reaction
is pH sensitive (needs neutral pH values) and needs the presence of

Mg?* ions as a cofactor.
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2. ATP release imaging from mice
sciatic nerves
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2.1 Mice sciatic nerves extraction

Protocols for animal manipulation and oocyte extraction were
certified and approved by the ethical committee for animal research
according to the laws of the EU and the Catalan Government. Swiss
CD1 mice were killed using CO, and then decapitated. The skin of the
hind limbs of animals was cleaned with 70% ethanol and retracted.
Muscles were then separated to localize and, aseptically, remove
sciatic nerves from each leg taking care to do not stretch or stress
them (Figure M2.1). Nerves were then bathed on Isotonic Solution
10mM Glucose bubbled with carbogen (95% O,, 5% CO,) at room
temperature (21°C).

Figure M2.1 | Mouse sciatic nerve.

2.2 Mice sciatic nerves teasing

To tease the nerves it were placed in a Sylgar floor chamber and
fixed at one end with a small insect pin. Using a very thin tungsten
needle (World Precision Instruments) the other end was unraveled
patiently to get separate nerve fibers (Figure M2.2).
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Figure M2.2 | Teased
nerve fiber example.
Observe that single nerve
fiber is separated. A Node of
Ranvier is easily identified
(arrowhead). Image provided
by Jonatan Dorca from the
Department of Pthology and
Experimental  Therapeutics,
Faculty of Medicine,
University of Barcelona.

2.3 ATP release from mice sciatic nerves pieces

2.3.1 Previous work

Previously in our lab whole nerves were stimulated using a suction
electrode connected to a stimulator (588, Grass Medical Instruments,
USA) (Figure M2.3).

Figure M2.3 |
Suction electrode
scheme. A syringe
coupled to a tube
thought to suction the
whole nerve had a
silver electrode inside
that tube and the
other silver electrode
rolled out.
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2.3.2 Mechanical stimuli

Nerve pieces (teased or not) of 5 mm long were placed on a
homemade chamber containing 100 pl of Isotonic Solution and then
fixed at the bottom by gravity using small pieces of silver wire (Figure
M2.4 arrows). Then 100 pl of Luciferin-Luciferase mixture was added.
Figure M2.4 | Piece of a mouse
sciatic nerve fixed at the bottom

by gravity using small pieces of
silver wire (arrows).

Fire polished glass pipette was

used to stimulate mechanically

non-teased nerve pieces through a

micromanipulator coupled to a
piezo-electric controller (Figure MZ2.5 green arrowhead). Travel
distance of the pipette was 150 pm and the frequency 0.5 Hz. During
and after the stimulus pictures of 20 min acquisition time were taken
using Aquacosmos software (Hamamatsu, Japan) by ORCA II cooled
camera (Hamamatsu, Japan) connected to a Microscope (IX-50,
Olympus) placed on a Vvibration isolation table (Technical
Manufacturing Corporation, USA).

Figure M2.5 | Piece of a
mouse sciatic nerve with a
fire polished glass pipette
above it (green arrowhead).

Hypotonic shock was

another mechanical stimulus

used to release ATP from

teased and non-teased nerve pieces. In this case, isotonic solution was
removed and 100 pl of Na* free solution was added to the chamber
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containing the piece of nerve. Different magnifications and times of
opening position of the camera were used to take the pictures.

2.3.3 Recording videoimages

A plastic nerve chamber was built in the facilities of the University
of Barcelona. The chamber was connected on one side to a perfusion
system filled with working solutions that flowed into the chamber by
gravity from a height of 80 cm (Figure MZ2.6). The solution flow had a
speed between 6-10 ml/min and was controlled by a perfusion system
BPS-8 Valve Control System (ALA Scientific Instruments, EUA). The
valve system was connected through an interface card BNC adapter
(BNC-2090, National Instruments, USA) to a computer with a specific
protocol designed with WinWCP v3.3.3 setup (John Dempster,
University of Strathclyde, Scotland, UK). The solution that went into
the chamber bathed the nerve and was removed through a tubing
system connected to the building general vacuum. Sciatic nerve was
placed in a hole on the middle of the chamber which had a depth of 2
mm and a length of 30 mm. Two silver wires were placed on the
extremes of the nerve to prevent it from moving or going away during
the solution perfusion. Teased sciatic nerve was washed out with
isotonic solution for a time up to 10 min. After this time, the chamber
was depleted from solution and the nerve bathed with 30 pl of the
Luciferin-Luciferase mixture. The setup was protected from light by a
dark curtain. Light emitted by the bioluminescent reaction was
detected by an EM-CCD cooled camera (Hamamatsu, Japan) with an
acquisition time frame of 0.122 s. It was connected to a Magnifying
glass (SZ-CVT, Olympus) with a duplicator, placed on a vibration

isolation table (Technical Manufacturing Corporation, USA). The
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camera was connected to a computer from where it was controlled

using HCImage software (Hamamatsu, Japan).

Nerve Chamber with perfusion

Direction of
the flow

Sciatic nerve

Figure M2.6 | Scheme of the nerve chamber with local perfusion.
Solutions come from the perfusion system and it are sucked by the general
vacuum system.

2.3.4 Hypotonic shock on sciatic nerve trunks

Teased or non-teased 5 mm long pieces of nerve were fixed on the
recording chamber and bathed with 200 pl of Isotonic Solution. We
used the perfusion of hypotonic solution into the nerve plastic
chamber as described before. Once the nerve was placed into the
chamber and bathed with Luciferin-Luciferase, the lights were turned
off and the dark curtain covered the setup. The vacuum stopped and
the camera began to record. Then the valve opened 3 s allowing the
flow of a volume of 250 pl of Na* free solution into the chamber,
covering the nerve and mixing with the Luciferin-Luciferase previously
added. Osmolarity was lowered to 150 £ 3 mOsm (n=10) measured at

the end of the experiment.
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2.3.5 Effect of Low Divalents Solutions

Once the sciatic nerve was fixed in the nerve plastic chamber,
bathed on Luciferin-Luciferase and in darkness, the camera started
recording. Then, a volume of 250 pl of low divalent solution containing
EGTA and EDTA was perfused. Luciferase was prepared with 1 mM
CaCl, 1 mM MgCl, Isotonic Solution. Thus, when the two solutions
mixed, the final concentration of CaCl, and MgCl, was both 0.120 mM
(30 plI Luciferin-Luciferase + 250 pl LD solution). Estimates of free
Ca’* and Mg®* concentration were provided by MaxChelator v. 2.50
(http://maxchelator.stanford.edu/) using tables cmc0204e.tmc and the
following parameter settings: t = 21°C, pH = 7.4, Ionic contribution=
0.14 N. Final free Ca®* and Mg®* concentration estimated was 9.36 nM
and 8.3 uM respectively. The solution stayed in the chamber until the
recording finished and the vacuum was turned on. Isotonic solution
was used to wash away traces of low divalent solution from the

chamber.

2.3.6 Electrical nerve stimulation

A couple of electrodes were mounted onto the nerve plastic
chamber. Mouse sciatic nerve was placed between these two
stimulating electrodes isolated from the bath by a piece of plastic tube.
The middle part of the nerve was in contact with 10 pl of Luciferin-
Luciferase plus 20 pl of Isotonic Solution (Figure MZ2.7). Following a
similar protocol pulse used by Bennett's group ), nerves were
stimulated with electrical impulses of single trains of 3 s (10 Hz, 10
ms, 40 V) or a group of trains. Signals were simultaneously visualized

on an Oscilloscope (TDS 420A, Tektronix, USA).
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Mouse sciatic nerve Silver stimulation electrodes

Isotonicsolution + Luciferin-luciferase mixure

Figure M2.7 | Scheme of the nerve chamber for electrical
stimulation. A couple of electrodes are placed up to the liquid to avoid the
electrical diffusion to the solution.
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3. Cell cultures and ATP assays
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3.1 Primary Schwann cell cultures

Primary Schwann cell cultures were grown using a modification of
Brokes method **¥), which is based on culturing Schwann cells from
adult peripheral nerve. We did our cultures according to Dr. Conxi
Lazaro group, from the department of Genetics, Hospital Duran i
Reynals - IDIBELL, Barcelona, Spain ®*® %), The method is based on
Schwann cells cultures from human schwannomas, adapted to mice
sciatic nerve Schwann cells from Swiss CD1, male mice (20 g body

weight).

3.1.1 Extraction and Pre-incubation

Mice Schwann cells for primary cultures were obtained from sciatic
nerves. Sciatic nerves from each limb of 12 mice were extracted as
described before in Materials and Methods (Section 2.1). The
connective sheath was removed and nerve fibers were placed on Petri
dishes with basal growth media for Schwann cells (DMEM
supplemented with 10% FBS, 100 U/ml of Penicillin and 100 pg/ml of
Streptomycin, DMEM was commercially enriched with
glucose/glutamine/pyruvate, (GIBCO, 41966-029), and pre-incubated
on a incubator at 37°C, 10% CO, for 3 to 5 days to induce the
dedifferentiation of myelinated Schwann Cells. During this period of
time, the plates were not removed from the incubator. The best
results were obtained when the preparations were not submitted to

any vibration or gentle movement.

3.1.2 Coating culture plates

Before plating, cell culture plates were coated with poly-L-lysine

and laminin. With this aim, 0.1 mg/ml poly-L-lysine (Sigma, P-1524)
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solution was prepared from a stock solution (10 mg/ml) in PBS and
filtered with 0.45 pym pore filter (Millex HA SLHAQ033SS, Millipore).
Poly-L-lysine concentration was raised to 1 mg/ml if cells had to be
seeded on cleaned glass circular coverslips. The poly-L-lysine solution
was placed on 12 wells from a 24 wells plates, covering the entire
bottom, and was left for 1 hour at RT. Poly-L-lysine was recovered and
wells were washed twice with PBS before adding a 4 pg/ml of laminin
solution. Laminin stock solution was diluted in PBS to 4 pug/ml and also
filtered with a 0.45 pm pore filter before placing it on the culture wells.
Laminin was left on culture wells for 4 hours, at RT (21°C) or o/n, at
4°C, After that, Laminin was recovered and wells were washed twice
with PBS and left with PBS at 4°C until the time to plate cells. Coating

only lasts for a few days.

3.1.3 Digestion and plating

Media from Petri dishes containing pre-incubating sciatic nerves
was removed and nerves were disaggregated with sterile scalpel
blades. Once properly disaggregated 1 ml basal growth media
containing enzymes 0.8-1U Dispase I (Roche 210-455 or Sigma, D-
4818) and 160 U Collagenase 1A (Sigma, C-0130) was added and left
for 1 hour in the incubator (37°C, 10% CO,). Tissue was further
disrupted with suction through a sterilized glass Pasteur pipette and
placed it in a centrifuge tube. After 5 min, 1500 rpm centrifugation
(Hermle Z383) the supernatant was discarded and the Pellet was
resuspended with complete GFM media (Basal Growth media
supplemented with 0.5 uM Forskolin (Sigma, F-6886), 0.5 mM IBMX
(Sigma, I-7018), 2.5 pg/ml Insulin (Sigma, I-5500) and 10 nM
Herregulin B (R&D systems, 396-HB)), and placed in coated culture
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wells. Plates with seeded cultures were placed on the incubator at
37°C, 10% CO..

3.1.4 Schwann cells maintenance

Schwann cells medium had to be changed according to a certain
cycle which implied two “pulses” of 24 hours with Forskolin each week
and the rest of the time the media was only enriched with growth
factors and IBMX. New cultures were plated preferentially on Monday
or Thursday as they are seeded in GFM media. GFM-F, media is GFM
media without Forskolin. The cycle goes as described in 7able M3. I

Monday | Tuesday | Wedenesday | Thursday | Friday | Saturday | Sunday

GFM-
GFM GFM-F, X GFM F X X
0

Table M3.1 | Schedule for Schwann cells medium changes. The cells
were supplemented with Forskolin for 24 hours twice a week, every Monday
and Thursday.

3.1.5 Harvesting Schwann cells

Once grown, Schwann cells were split only once, to obtain a higher
amount of cells. Splitting them more than once lead them to stagnate

and finally to cell death.

Schwann cells were splitted similarly to other cell lines. Cells were
treated with Trypsin (Sigma) for 1-1.5 minutes and centrifuged 5 min
at 800 rpm. Pellets were resuspended with fresh complete GFM media
and plated on new coated wells.
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3.1.6 Freeze Schwann cells or sciatic nerves for Schwann cell
culture

To freeze Schwann cells they were first trypsinized and
centrifuged. (To freeze whole sciatic nerves preincubated with basal
growth media, they were only centrifuged). Pellets were resuspended
with 1 ml basal growth medium supplemented with 40% FBS and 10%
DMSO. All was quickly mixed and placed on an Isopropanol
surrounded freezing plate. Samples were left at -80°C for 24 hours,

and then transferred to liquid nitrogen for long term storage.

3.2 HeLa cells cultures

HelLa cell line was kindly provided by Dr. Klaus Willecke, from
Rheinische Friedrich-Wilhelms-Universitdt Bonn, Institut fur Genetik,
Bonn, Germany. Transfections were done in our laboratory previously.

HelLa cell line cultures are easy to maintain and grow. Cells were
splitted every 3 or 4 days and maintained using DMEM media (Sigma,
D-6046) supplemented with 10% FBS (Biological Industries, 04007-
1A), 100 U/ml of Penicillin and 100 pg/ml of Streptomycin (Sigma, P-
0781).

hCx32 transfected HelLa cells were done previously in our
laboratory by Dr. Xénia Grandes.

3.3 Assays on Schwann cells cultures

For ATP release in response to hypotonicity assay, confluent
Schwann cells were grown on 24 well plates. The Medium of these
cells was changed to isotonic buffer 4 hours prior to experiments. Just
before experiments, this solution was removed and 250 pl of fresh
isotonic solution were added. Luciferin and Luciferase were mixed (100
Ml Luciferase + 30 pl Luciferin) and 40 pl of the mixture was added to

132



Materials and Methods

each well containing cells. Plates were then inserted into the
microplate reader (Fluostar Optima, BMG) and the following program
was run: Luminescence was read every 4 seconds, with a total number
of 75 readings per well (5 minutes/well). At second 40, 250 pl of either
isotonic, 280-290 mOsm (controls) or Na* free solution, 27 mOsm
(hypotonic shock) were injected. The final osmolarity was 140-150
mOsm. To quantify the amount of ATP released the same protocol was
performed, and known amounts of ATP were injected to wells
containing the concentration of Luciferin-Luciferase used in cell
containing wells. The resulting regression straight line was used to
interpolate the results obtained in cells containing wells.

To obtain the ATP fmole/10* cells, the number of cells per well was
calculated as follows: five different microscope fields were
photographed and cells were counted using Image J (NIH, USA). The
mean value obtained on each well was used to calculate the total
number of cells per well, using known areas from microscope field (at

200x) and surface of wells (from 12 and 24 wells plates).

3.4 Assays on HelLa cells

Cells were grown on 12 or 24 well plates until 70-90% confluence.
At that point, the media was removed and cells were washed with PBS
and left in the incubator at 37°C, 5% CO, for 2-4 h with isotonic
solution). Just before experiments this solution was removed and 250
Ml of fresh isotonic solution was added. Luciferin and Luciferase were
mixed (100 pl Luciferase + 30 pl Luciferin) and 40 pl of mixture was
added to each well containing cells. Plates were inserted to the plate
reader machine and the same program used for Schwann cells was

run. ATP controls were also obtained in the same way.
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The total number of cells per well was calculated as for Schwann
cells (see 3.3 in this Section).

3.5 Assays on HelLa cells treated with Brefeldin A

These assays were performed similarly to those described in
Materials and Methods (Section 3.4) with the difference that the
isotonic buffer added to the cultures 4 h before the hypotonic shock
contained 5 pM Brefeldin A (BFA), a drug that disrupts the Golgi
apparatus and blocks exocytosis (Figure M3.1).
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Figure M3.1 | Schematic drawing of the action level of Brefeldin A.
Golgi apparatus is splitted by Brefeldin A making impossible the formation of
vesicles (37
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3.6 ATP release imaging in primary Schwann cell
cultures and HelLa cells cultures

The same cultures used in the MicroPlate Reader were used to
capture images as done before with mice nerves. In this case, cell
cultures were plated on glass coverslips, and placed in a recording
chamber to be placed at the same time in the Microscope (IX-50,
Olympus) located on a Vvibration isolation table (Technical
Manufacturing Corporation, USA). Once a cell or a group of cells were
localized and focused, we added 30 pl of Luciferin-Luciferase mixture
to the isotonic solution. During five minutes an image was taken using
the Aquacosmos software (Hamamatsu, Japan) by ORCA II cooled
camera (Hamamatsu, Japan) to see if under these conditions cells
released ATP. After those minutes we added free Na* solution to cause
the hypotonic shock and we captured another picture of five minutes

exposition.
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4. Immunofluorescence assays
and Western Blot analysis
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4.1 Sciatic nerve teasings

For these preparations we used Swiss CD1, C57BL6 mice and
Knock out C57BL6 mice for Cx32 and Cx29. CD1 mice were taken from
the animal device installation from the Campus Bellvitge, Universitat
de Barcelona, Spain. All kinds of C57BL6 mice were gently provided by
Dr. Klaus Willecke, Institut fiir Genetik, Bonn University, Germany.

There were two ways to prepare sciatic nerve teasings for
immunofluorescences: The first method was fixing the tissue: Ketolar
and Rompun were mixed (4:1) and injected intraperitoneally to mice
(500ul/mouse) to anaesthetize them before perfusion. When mice
were correctly anaesthetized, they were secured on a surface and
dissected to expose the heart. A needle connected to the perfusion
system was inserted to the left ventricle, and the right auricle was cut
open to let blood flow. First we washed injecting PBS through the
perfusion system and then we switched to 4 or 2% paraformaldehyde.
When the animal was fixed we extracted both sciatic nerves (Section
2.1). Sciatic nerves were placed on a Petri dish with PBS to wash them
and then postfixed with 4 or 2% paraformaldehyde until used.

The second method (not fixing) was to sacrifice mice by cervical
dislocation and immediately extract sciatic nerves. From that point all
samples (fixed or unfixed) were placed on a microscope slide and
covered with a drop of PBS. Under a magnifier and using a pair of fine
tweezers the connective layers were removed and nerve fibres were
gently separated and placed on superfrost microscope slides (Esco,
Erie scientific company. USA), trying to get single fibres separated
from the others. PBS was aspirated and microscope slides were let dry.

Dried samples were stored at -20°C until used.
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4.2 Sciatic nerve immunofluorescence

Coverslips were thawed and post-fixed 10 minutes with ice-cold
acetone. Coverslips were washed with PBS before being blocked with
IF blocking solution for 1 hour, at RT.

Primary antibodies were diluted in IF incubation solution
(concentration depending on antibody) and placed on the coverslips
for 1h 30 min, at RT or ON at 4°C. Samples were then washed three
times with PBS. Secondary, Fluorochrome conjugated (Alexa Fluor®
488 or Alexa Fluor® 546, Molecular probes, A-11034 and A-11035),
antibodies diluted in IF incubation solution were then transferred to
the coverslips and left for 1h, at RT. Afterwards nuclei were stained
with TO-PRO-3 (Molecular Probes, Invitrogen) 1/6000 in PBS for 10
min, at RT. Coverslips were washed three times with PBS and
mounted with anti-fading immunofluore mounting medium (ICN
Biomedicals, USA). Samples were stored at 4°C for 12-24 hours in
darkness conditions until the mounting media was dry. Coverslips were
observed using a Leica Confocal microscope, or a Karl Zeiss LSM
microscope. Photographs were taken using Leica or Karl Zeiss specific
camera and software.

Primary antibodies were used at the following dilutions:

-Antibody against Cx32 106-124 (Sigma, C3595): 1/500

-Antibody against Cx32 monoclonal (Zymed 13-8200 and 35-
8900): 1/300

-Antibody against Cx32 polyclonal (Zymed 71-0600)

4.3 Immunofluorescence on cells

Cultured Schwann cells grown on coverslips were rinsed twice with

PBS and fixed with ice cold ethanol for 10 min. Afterwards, coverslips
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were washed again twice with ethanol and blocked with a PBS solution
containing 5% NGS, 5% BSA and 0.1% Triton X-100, 1h at RT. After
that the blocking solution was removed and fresh blocking solution
with primary antibodies was added for 1h 30 min at RT or o/n at 4°C.
Coverslips were then washed three times with PBS for 10 min and
incubated with secondary antibody diluted in blocking solution.
Coverslips were washed again in PBS three times for 10 min, rinsed
with ultrapure water and dried before mounted with permafluor
mounting media (Immunotech, Beckman coulter company) and stored
at 4°C in darkness conditions, at least for 24 h, before observed on
LSM or fluorescence microscope.

Primary monoclonal antibody against Cx32 (Zymed 13-8200 and
35-8900) was used at the 1/300 dilution

4.4 HeLa cells homogenates

To obtain protein homogenates from Hela cells grown on 12 wells
plates, cells were trypsinized (Tryspin from Gibco, 25300-061) and
centrifuged for 5 min at 800 rpm (Hermle 2383 centrifuge). Sediments
were resuspended with 1 ml of lysis buffer and were centrifuged twice
for 2 min at 900 rpm. Pellets were rinsed with PBS plus protease
inhibitors. After the second centrifugation, pellets were resuspended in
1 ml PBS plus protease inhibitors and were homogenated with
repeated aspirations through the pipette. The homogenates were left
for 5 min on ice, and finally were centrifuged again for 10 min at
1000xG. Pellets were kept and supernatants were transferred to new
eppendorf tubes and centrifuged again 30 min at 100000xG. Pellets
obtained both before and after these centrifugations were
resuspended in 100 pl PBS plus protease inhibitors. Protein

concentration was quantified using the BCA method (Pierce protein
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assay kit) or the Bradford method, and samples were stored at -20°C
until used. Pellets obtained before the last centrifugation contained the
cell nuclei and pellets obtained after the last centrifugation contained

all intracellular and plasma membrane proteins.

4.5 General Western Blot protocol

Acrilamide/Bisacrilamide gels for electrophoresis were made using
a concentration of 12 % for the resolving part and at 4% for stacking
portion. Loading buffer was added and samples were boiled for 5
minutes before loading them on a gel and ran for 1 hour and 10
minutes at 200 V and 18 mA (per gel). Proteins were then transferred
from Acrilamide gels to nitrocellulose membranes using the wet
transference protocol. For the protocol all parts were soaked in
sandwich buffer and transference was held at 100 mA, for 1 hour.

Transferred nitrocellulose membranes were then blocked for 45
minutes with milk buffer. Milk buffer was removed and the membrane
was incubated o/n at 4°C with new milk buffer with the primary
antibody anti Cx32 (Sigma 106-124) at 1/1000 dilution. The day after
membranes were washed three times with TBS buffer before the
secondary HRP conjugated antibody (anti Rabbit (DAKO P0217))
diluted 1/2000 in milk buffer was added for 1 hour, at RT. Membranes
were then washed three times with TBS buffer. Membranes were
developed using the ECL reaction (GE Healthcare) system. This system
use HRP conjugated to the secondary antibody to, in conjunction with
H,O, and Luminol (a chemiluminescent substrate) generate a light
signal that is captured by a film (Kodak). In some experiments the
light was not recorded on a film but in a new integrated system for
chemiluminiscence detection (Syngene Bio imaging, Gene-Gnome).

All this Section 4 was performed before by Dr. Xénia Grandes.
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5. ATP release trough connexins
expressed in Xenopus laevis
oocytes
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5.1 Obtaining and keeping Xenopus laevis oocytes

Xenopus laevis female individuals were kept at the animal facilities
of the University of Barcelona, Campus of Bellvitge, Barcelona, Spain.
Each specimen was maintained separately in 2% NaCl water and feed
three times per week with grinded beef heart meat.

To extract oocytes, Xenopus laevis females were anaesthetized by
immersion in a 0.3% 3-aminobenzoic acid ethyl ester (Sigma) solution
in water. Then the frog was maintained anaesthetized placing it on an
ice bed. A small incision was performed on the abdominal muscles,
first through the skin and afterwards through the muscles, in order to
reach the ovary. A few ovarian bags were extracted and placed on a
55 mm Petri dish filled with sterile Barth’s solution. The incision was
then sewed with 0.2 mm sterile silk yarn, first the muscle and
afterwards the skin; avoiding any oocyte or air bag between the
muscle and the skin. The animal recovered in a tank containing clean
water was left to rest for at least three months before new surgery.
Each individual was operated no more than four times. Protocol for
animal manipulation and oocyte extraction was certified and approved
by the Catalan Government according to the laws of the EU.

Once in the Petri dish, the phase V and VI oocytes were manually
separated under a magnifier lenses (5z-40, Olympus), using a pair of
watch tweezers (World precision instruments, num.55) and the rest of
ovarian tissue was removed. These developmental phases of the
oocytes were optically distinguishable, as cells are very big. Selected
oocytes were maintained in Petri dishes with Barth’s medium at 16°C.
Medium was changed daily and dead oocytes were removed. With this
protocol we had a 90-95% oocyte survival.

142



Materials and Methods

5.2 hCx32 mutant generation by PCR

Starting with the hCx32 inserted in pBxG used to obtain cRNA to
inject oocytes, and following a two step PCR strategy we generated
the desired following hCx32 mutant sequences: WT, S26L, P87A,
A111-16, D178Y and R220St.

We designed the primers to introduce the mutations of interest as
well as a new restriction site to have a preliminary and quick
identification method for each construct ( 7able M5.1).

Primer Sequence Enzime
Cx32_all_for 5’ CGGGGTACCGGGACAAC 3 Acc65I
Cx32_all_rev 3 CGCTGCTCGGCCTGCTG?:FGCCGCCGGCGTAAGAATA NotI

Cx32_S26L_for 5’ CGAGTATGGCTACTAGTCATCTTC 3’ Spel
Cx32_S26L_rev 3’ GCTCATACCGATGATCAGTAGAAG 5’ Spel
Cx32_P87A_for 5' CTAGTTTCCACAGCTGCTCTCCTC 3 Pvull
Cx32_P87A_rev 3’ GATCAAAGGTGTCGACGAGAGGAG 5’ Pvull
folzgfft:b 5’ CGGCTTGAAGGCCTGGAGGAGGTGAAGAGGCAC 3’ Stul
Cx::g_Arel:I' 3’ CTTTTACGATGCCGAACTTCCGGACCTCCTCCAC 5 Stul
Cx32_D178Y_for 5’ CCCAACACAGTGTACTGCTTCGTG 3’ TatI
Cx32_D178Y_rev 3’ GGGTGTGTCACATGACGAAGCAC 5' TatI
Cx32_R220X_for 5’ GCCTGTGCCCGCTAGTACTAGCGCCGC 3 Scal
Cx32_R220x_rev 3’ CGGACACGGGCGATCATGATCGCGGCG 5 Scal

Table M5.1 | Table displaying all the designed primers to generate
the hCx32 constructs containing the mutations and a new restriction
site enzyme.

This first set of primers was used for the first PCR. For the second

PCR, the general carboxyl and amino terminal primers (all_for and
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all_rev) were used together with the first PCR products as templates to
generate the final constructs (7able M5.2). Due to the primers design
all constructs will have the same carboxyl and amino terminal ends,
which can be cut with the restriction enzymes Acc651 (C-terminus) and
Not I (N-terminus).

PCRs WT S26L P87A A111-116 D178Y R220X
, X All_for All_for All_for All_for All_for
a

S26L_rev | P87A_rev | A111-116_rev | D178Y_rev | R220X_rev

b X S26L_rev | P87A_rev | A111-116_rev | D178Y_rev | R220x_rev
All_rev All_rev All_rev All_rev All_rev
I All_For All_For All_For All_For All_For All_For
All_rev All_rev All_rev All_rev All_rev All_rev

Table M5.2 | Table with the PCR performed to obtain hCx32
sequences with the desired mutations. Red: first set of PCRs. Blue:
second set of PCRs performed with the indicated primers and the products of
the first PCRs.

Once the PCRs were performed the products were run in an
electrophoresis 0.8% agarose gel and DNA bands with the expected
size were cut off and purified using a DNA purification Kit for Agarose
embedded DNA (Bioclean, Biotools), and finally DNA was resuspended

in 20 pl of ultrapure water.

5.2.1 Clone Cx32 mutants in pBSK

The commercial vector pBSKII (Stratagene, Figure Mb5.1) was
digested with Acc65I and NotI to generate sticky end to insert the
constructs. After this digestion an agarose gel was run and the band
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containing the vector was cut out and purified using the same kit as
described before. In order to avoid self religation of empty vector the
ends were dephosphorilated using SAP enzyme. Immediately the
digested vector was incubated in SAP enzyme for 45 min, the enzyme
was inactivated with 15 min at 65°C.

'_-—\\\ 1 (-) ori
f1 (+) ori \ ™ /-\<

ampicillin ;’ | lacZ
/ ;f'/ Kpn |
' | pBluescript Il SK (+/-) ~M§S |
i 3.0 kb - Qac
LP lac
pUC c;l-'ii-'r -

Figure M5.1] The commercial vector pBSKII from Stratagene. MCS:
Multiple cloning site, the Notl and Acc65I restriction site used are located in
this region.

Once the vector was ready to bind the inserts, ligations were
performed. Each insert was mixed with digested and dephosphorilated
pBSK vector in two different ratios vector:insert (1:7 and 1:10), and
left for more than 2 hours at RT in presence of ligase enzyme.
Afterwards, ligation products were transformed into competent
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Escherichia coli. Each ligation was added into one competent
bacterium aliquot on ice for 30 min and heat shocked for 45 s at 65°C.
After that, aliquots were placed on ice again for 2 min before fresh LB
medium was added. Bacteria were then incubated at 37°C with
continuous shacking for 30 min-1h and seeded on LB 50 pg/ml
Ampicillin supplemented Agar plates. Plates were left o/n at 37°C.

5.2.2 MiniPREPs for hCx32 constructs

From each hCx32 mutation a variable number of transformed
colonies grown on LB ampicillin plates were picked and further grown
in 3 ml LB ampicillin o/n at 37°C. 1.5 ml of grown cultures were
centrifuged and pellets were resuspended with 100 pl of Alkaline
Solution 1 supplemented with 1 pl/ml RNAse 2000 (New England
Biolabs, UK). After 2 min at RT, 200 pl of Alkaline Solution 2 were
added, all was mixed and left for 2 min more at RT. Finally, 150 pl of
Alkaline Solution 3 were added and mixed. The tubes were centrifuged
for 10 min at 12000 rpm (Eppendorf 5417R centrifuge). Supernatants
were transferred to new eppendorf tubes containing 500 pl of absolute
ethanol. After mixing, samples were centrifuged again for 6 min at
12500 rpm. Pellets were washed with 70% ethanol air dried. Dried
pellets were resuspended with 50-100 pl of ultrapure water. MiniPREPs
were stored at -20°C until used.

To check if vectors had an insert, MiniPREPs were digested with
Pst I restriction enzyme and ran in a 0.8% agarose gel. Those positive
clones were further tested by digestion with the specific restriction
enzymes for the newly generated restriction sites of each mutant. The
best clone for each mutation and for hCx32WT insert was selected to
perform the MidiPREPS.
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5.2.3 MIdiPREPs to obtain hCx32 constructs in pBSK

The best MiniPREP clone for each construct was selected and
grown further in 50 ml LB ampicillin o/n at 37°C. Grown cultures were
transferred to falcons and centrifuged 5 min at 8500rpm (Beckman J2-
HS centrifuge). From that point, the instructions for the Jet Star Kit,
the plasmid purification system (Genomed, USA) were followed. The
final pellet was resuspended with 100 pl of ultrapure water. Each
MidiPrep was digested with the corresponding restriction enzymes,
checked by electrophoresis on 0.8% agarose gels and sequenced

(Agowa, Germany). MidiPREPs were stored at -20°C when not in use.

5.2.4 Bacterial glycerol stocks of hCx32 constructs

The selected colonies were stored in glycerol after checking the
correct sequence of respective plasmids. To do that, new LB ampicillin
cultures of bacteria containing the appropriated plasmids were grown
o/n at 37°C. 850 pl of each culture and 150 pl of glycerol were mixed
in an eppendorf tube and immediately frozen in liquid Nitrogen.

Eppendorfs containing glycerol stocks were then stored at -80°C.

5.2.5 Cloning the hCx32 mutations and wt in pMJgreen vector

To clone all the hCx32 constructs (wt, S26L, P87A, Al111-16,
D178Y and R200St) in a new pMIgreen plasmid (Figure M5.2) for
eukaryotic expression, all MidiPREPs of pBSK constructs with the
different hCx32 inserts and a MidiPREP of the empty pMJ]green vector
were digested with Acc65I and Notl restriction enzymes.

After this digestion, inserts were liberated from the pBSK vector
and pM]green was liniarized with the right sticky ends for an easy
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ligation with the inserts. Then, pM]green was also treated with SAP
enzyme as described before and ligation of the hCx32 inserts with
pM]green vector was also performed as described above. Ligation
products were transformed into £. coli competent bacteria and seeded
on LB ampicillin agar plates. The clones obtained were processed as
described before. First MiniPREPs were performed, and after checking
the sequence of each clone with restriction enzymes, the best clone
was used to make MidiPREPs of each hCx32 construct in the new
vector pMlgreen. Those MidiPREPs were also checked by enzymatic
restriction and those clones with expected digestion fragments were
sequenced. MidiPREPs were stored at -20°C and glycerol stocks were
also made (Section 5.2.4) and stored at -80°C.

6270
BamH |,
Sma |

a ||
Kpn I/Aspylysl
Sal I}
Pst It RV £190Nhe l,.... Age |,1
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w CMV-Promotor _Not 1,722

Hind Il
Sac VECI136 Il
Xho || 5580,Pvu |, ca.
! 1} T
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5000,Scal, ca... J
4900,Pwu |, ca

e
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6270 bpS SVAO-Enhancer/Pmmolor

2000

Age 1,1920

\$mal, ca,2100
Sall, ca,3105

Small, ca., 2700

Figure M5.2 | Restriction map of the pMJgreen vector. It contains the
human CMV promoter for eukaryotic expression and the green fluorescent
protein (GFP) sequence, to easy identify transfected cells. In our case we
removed this sequence and had no GFP expression when hCx32 constructs
were inserted.
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5.2.6 Cloning the hCx32 mutations and wt in pBxG vector

To clone all the hCx32 constructs (wt, S26L, P87A, A111-16,
D178Y and R200St) in the pBxG plasmid (Figure M5.3) to express
them in Xenopus oocytes, a similar procedure to clone them in
pMJ]green was used with some variations. First, empty pBxG vector
was liniarized using Stul restriction enzyme and treated with SAP
enzyme.

At the same time, all constructs inserted in pBSK were digested
with Acc65I and Notl. As Stul is a blunt cutter, once inserts were
digested the sticky ends were blunted with Klenow enzyme, which
adds nucleotides to single strand DNA ends. Ligations were performed
as described above and the inserts ligated to the new vector were
transformed into E.co/i competent bacteria. MiniPREPs from the
resulting clones were performed also as described above and were
digested first with Pstl to check the insert presence and also the
direction of insertion. Insert and vector ends were blunt constructs and
had two possible insertion directions. We were only interested on one
direction, the one that allowed us to use the T7 polymerase to
transcribe them into cRNA (to inject them into Xenopus oocytes), so
only clones with the correct direction were digested further to test the
different mutations. As shown before, the best clones were chosen to
perform MidiPREPs and glycerol stocks.

All these hCx32 cloning steps were previously performed by Dr.
Xénia Grandes in our laboratory.
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Figure M5.3 | Restriction map of the pBxG vector. It contains the
Xenopus B-globin sequence to enhance the translation of inserted proteins in
Xenopus oocytes and the T7 and T3 promoter for /n vitro transcription. The
signaled Stul restriction site was used to insert our constructs, in the right
orientation to be transcripted by T7 polymerase.

5.3 Obtaining cRNA from hCx26, hCx30 and hCx32,
and its mutants to inject to Xenopus laevis oocytes

5.3.1 Bacterian glycerol stocks

Dr. Luis Barrio from the “Ramén y Cajal” Hospital, Madrid, Spain,
kindly provided the plasmid pBScMXT containing the hCx26WT and its
G12R, S17F, D50Y and N54S mutations; the D50N mutation was
provided inserted in the plasmid pBSxG as well as hCx30WT and its
T5M mutation (Figure M5.4). cDNAs cloned in pBScMXT were inserted
at EcoRV site and the cDNAs clones in pBSxG were inserted in a Stul
restriction site. All cDNAs were surrounded by Xenopus /aevis B-globin

gene fragments which enhance the translation in the oocytes.
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PBxG_ hCx32 EcoRV

__ 3000 _. T Bglobin HindIN
1000

4007 bps

Bsall Hincll
Tatl Sall
Scal PspX
Xhol
Pyl Eco01041

AlwlI

Figure M5.4 | Scheme of the pBxG plasmid. pBxG is derived from the
pBluescript KSII and contains the Xenopus /aevis B-globin gene fragments
and the hCx32 gene sequence.

These plasmids and plasmids cloned with the hCx32 mutants
generated were used to transform competent Eschericchia coli XL1
Blue. According with Sambrook and Russel (Molecular Cloning, 3"
Edition, Volume 1, page 1.116, Protocol 25) we used 200 pl aliquots of
XL1 Blue E. coli and 10 ng of DNA to transform it. After an incubation
of 30 min in ice we made a thermal shock placing the tubes at 42°C
just 1 min and then 1 min with ice. After this we added 800 pl of LB
medium and we incubate it for 1 hour at 37°C shacking (these last 1
minute steps are very critical). Finally we plated this medium to Petri
dishes with LB Agar 50 pg/ml of Ampicilin.
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5.3.2 MiniPREPs for the constructs

From each hCx26, hCx30, hCx32 or its mutants cDNAs, a variable
number of transformed colonies grown on LB Ampicillin plates were
picked up and further grown in 3 ml LB Ampicillin o/n at 37°C. A
volume of 1.5 ml of grown cultures were centrifuged and pellets were
resuspended with 100 pl of Alkaline Solution 1 supplemented with 1
Ml/ml RNAse 2000 (New England Biolabs, UK). After 2 min at RT, 100
Ml of Alkaline Solution 2 was added and all was mixed. Finally 100 pl of
Alkaline Solution 3 was added, mixed and incubated for 5 min on ice.
The resulting mix was centrifuged for 10 min at 14000 rpm (Eppendorf
5417R centrifuge). Supernatants were transferred to new eppendorf
tubes and 10 pl of Silica matrix were added pippeting constantly. Dried
pellets were resuspended with 50-100 pl of ultrapure water. MiniPREPs
were stored at 20°C until used.

To check if vectors had the insert, MiniPREPs were digested with
the corresponding restriction enzymes and ran in a 0.8% agarose gel.
Those positive clones were further tested by digestion with the specific
restriction enzymes for the newly generated restriction sites of each
mutant. The best clone for each mutation and for hCx26WT, hCx30WT
and hCx32WT insert was selected to perform the MidiPREPs.

5.3.3 Bacterial cultures to purify the plasmid

First time we did a MidiPREP to purify these different cDNAs we
used the already grown bacteria used for MiniPREPs. A volume of 100
Ml of these bacteria was added in a 3 ml 50 ug/ml of Ampicilin LB tube
and were incubated during the day (approximately 8 h) at 37°C
shacking, and then it was poured in an erlenmeyer containing 100 ml
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50 pg/ml Ampicilin LB to grow it o/n at the same conditions. The day
after, we used 0.7 ml of those grown bacteria to make glycerol stocks.

Once we made the bacterial glycerol stocks they were used for
growing. A sterile tip was used to take a small amount of bacterial
glycerol and it was placed in a 3 ml 50 pg/ml of Ampicilin LB tub for 6-
8 h. After these hours we poured the culture in an erlenmeyer
containing 100 ml 50 pg/ml Ampicilin LB to grow it o/n at the same

conditions.

5.3.4 Plasmid purification

Grown cultures were transferred to centrifuge tubes and
centrifuged 15 min at 8000 rpm (Sorval RC5C centrifuge). From that
point we followed the instructions for the Plasmid Midi Kit (Qiagen,
12143). The final pellet was resuspended with 60 pl of ultrapure
water. Each MidiPREP were digested with the corresponding restriction
enzymes, checked by electrophoresis on 0.8% agarose gels and were
quantified by GeneQuant II (Pharmacia Biotech). MidiPREPs were

stored at -20°C when not in use.

5.3.5 cRNA obtaining

To obtain the cRNA from the cDNA we followed the instructions of
the mCAP RNA Capping kit (Stratagene, protocol #200350). This
protocol starts with 10 pg of cDNA containing plasmid, which was
linearized using Sall for hCx26, hCx30 and its mutants and XhoI for
hCx32 and the corresponding mutants. Transcription was performed
using T3 polymerase for pBScCMXT plasmid and T7 for pBSxG plasmid.
All the protocol was performed according the Stratagene manual and
the cRNA obtained was resuspended in 10 pl DEPC treated water. The
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volume of 1 pl was used to quantify the resulting cRNA (using a
Genequant II, Pharmacia Biotech) and 1 pl were tested on a 0.8%
Agarose gel to check the size and possible degradation. The cRNA

obtained was stored at -80°C until used.

5.4 Injecting cRNA in Xenopus laevis oocytes

Injection micropipettes were pulled from glass capillaries (4878
World precision instruments, Inc; EUA) using a two step pull protocol
performed by a puller (P-97, Sutter Instruments Co; EUA). Once
pulled, micropipettes tips were broken under a magnifier to reach a 5-
15 pm diameter, the desired size for microinjection. Micropipettes
were sterilized 4h at 200°C.

For the cRNA injection, all material and injection place had to be
sterile. Micropipettes were half filled with sterile mineral oil (Sigma, M-
5904) to avoid the direct contact of the sample with the nanoinjector
plunger. Micropipettes were placed on the nanoinjector (WPI,
A203XVZ), which was fixed with a micromanipulator (Narshigue, MMN-
3R, Japan). A drop of sample was placed on a cap of a sterilized
eppendorf tube and then the micropipette tip contacted the drop with
the help of a micromanipulator and was filled with the sample solution
using the nanoinjector commands. Mature oocytes were placed on 1
mm holes made on a parafilm surface and kept humid during injection
protocol. Each oocyte was injected on the vegetal pole, near the
equator and far from the nucleus, with 50 nl of sample containing 7 ng
of each cRNA.

An antisense nucleotide for the Xenopus endogenous Cx38 mRNA
(ASCx38) 5'-GCTTTAGTAATTCCCATCCTGCCATGTTTC-3" ) was
sintetized by Invitrogen-Life Technologies S.A. (Barcelona). This
oligonucleotide was resuspended with pure water and 14 ng injected

together with the studied protein/s cRNA/s.
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All the procedure was repeated with every oocyte until the sample
was exhausted. Injected oocytes were then placed on Petri dishes with
fresh Barth’s medium supplemented with 100 U/ml of Penicillin and
100 pg/ml of Streptomycin for 48-96 hours (changing the medium
every 12-24 hours) before electrophysiological experiments were

performed.

5.4.1 Injection of different combinations of mutated hCx26 and
hCx30

According with previous works that demonstrated that hCx26 and
hCx30 co-localize and co-assemble in many inner ear cell types
(Section 5.7 of Introduction), we decided to co-inject different cRNAs
combinations to study the role of hCx26 and hCx30 as well as the
implications of the mutations ( 7able M5.3).

Water | hCx26 | G12R | S17F | D50N | D50Y | N54S | hCx30 | T5M

ASCx38 X X X X X X X X X
hCx26 X X X
hCx30 X X X X X X

Table M5.3 | Table that summarizes the different combinations we
used to inject the Xenopus oocytes. Note that the second Row
corresponds to the single cRNAs and the third and fourth are the different
combinations. Each one contains 7 ng of each cRNA and 14 ng of ASCx38.

5.5 Collagenase treatment

Before using them for electrophysiological experiments, the
follicular layer of the oocytes had to be removed, as it is too hard, for

the microelectrodes, to pierce oocytes without breaking it, and
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because it contains ionic channels and gap junctions that can interfere
with the oocytes plasma membrane channels during recordings.

To remove this layer oocytes were placed on a glass tube with
Ringer solution containing 0.5 mg/ml Collagenase 1A (Sigma) and left
at room temperature (21°C) for 25-45 minutes on a rotator shaker at
10 rpm, until the follicular layer was visible on the tube. The
incubation was stopped by washing four times with fresh Ringer
solution. Finally, oocytes were placed again on Petri dishes with fresh
Barth’'s medium and left on the incubator at 15°C until

electrophysiological records were performed (8-48h).

5.6 Two Electrodes Voltage Clamp

5.6.1 Two Electrodes Voltage Clamp Technique

The Two Electrodes Voltage Clamp Technique (TEVC) is based on
two electrodes, one is used to monitor the real intracellular potential
(the difference of potential between the cytoplasm of an oocyte and
the surrounding medium connected to the ground), and the second
that inject the necessary current through a feedback circuit to
maintain constant and at a specified value the membrane potential.
We have used an amplifier (Gene clamp 500; Axon Instruments, USA).
This injected current is actually what the amplifier records (Figure
M5.5).

5.6.2 Two Electrode Voltage Clamp Set up

For the TEVC recordings, oocytes were placed on a transparent
plastic chamber, with 250 pl of volume capacity and connected to a
perfusion system. In this chamber there was a 1-2 mm hole where a
single oocyte could be easily placed with a Pasteur pipette. There, the
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oocytes did not move and could be pierced with the two

microelectrodes (Figure M5.6). At the bottom and at the four sides of

the chamber several optic fibers were installed to capture the emitted

light from the Luciferin-Luciferase reaction (Section 1.4).

Voltage clamp
L
Cumrent
electrode
Perfusion
|:> buffer

Waste

—

Figure M5.5 | Scheme displaying the register chamber and the
electrical circuit necessary to clamp the membrane voltage.

-

» 9

Figure M5.6 | Image of
an oocyte in the
recording chamber
pierced by the two
electrodes, ready for a
TEVC recording. The
black spots under the
oocyte are small optic
fibres to capture emitted
light.

The chamber was held under a magnifier (Olympus SZ-CTV),

connected to an EM-CCD camera (Hamamatsu, Japan). A cold light

157



Materials and Methods

source (Olympus Highlight 3000) was placed in the chamber. All this
was on a vibration isolation table (Technical Manufacturing
Corporation, USA), to avoid any vibration that could affect the stability
of recordings. The table was surrounded by an opaque Faraday cage.

The perfusion system had eight 70 ml syringes placed at 80 cm
high to store solutions, each one with an exit by gravity flow at the
end. The flow from the syringes reached between 6 and 10 ml/min
and was controlled using a BPS-8 valve control system (ALA Scientific
Instruments, USA). Solution flowed to the chamber to bath the oocyte
and then drained on the other side of the chamber. All waste solutions
were collected in double kitasato system, which was connected to the
central vacuum system.

Oocytes were pierced with two intracellular microelectrodes, each
one placed on a preamplifier holder, connected to an amplifier (Gene
clamp 500; Axon Instruments, USA), which was connected to a
computer through an interface card (BNC-2090, National Instruments,
USA). Information was processes using Whole cell Analysis software
WinWCP by Professor John Dempster (Strathclyde University, Scotland,
UK). On the other hand, signals were simultaneously visualized on an
Oscilloscope (TDS 420A, Tektronix, USA) (Figure M5.7).

5.6.3 Getting ready for TEVC recordings

First, microelectrodes used for the recordings were made using
GC120TF-7.5 glass capillaries (Harvard Apparatus, UK) and pulled
using a two step program in a P-97 puller (Stutter Instruments Co;
USA). Microelectrodes had to have a resistance between 0.5 and 1
MQ. Afterwards microelectrodes were filled with a 3M KCl solution and
placed on a holder (Axon instruments, USA) with a 0.25 mm chloride

silver wire connected to the holder itself and contacting the KCI
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solution. The holders with the microelectrodes were then placed on
preamplifiers or HS-2A headstages (Axon instruments, USA) connected
to the amplifier. Preamplifiers, with holders and microelectrodes, were
fixed on micromanipulators (Narishigue, Japan) that allowed a fine
control to pierce oocytes. The bath chamber had a reference Ag-AgCl
pellet connected to the ground.
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Figure M5.7 | Image of the TEVC set up

5.6.4 Two electrode Voltage Clamp recordings

Once an oocyte was placed in the chamber that was filled with
Ringer solution and both microelectrodes were placed on holders and
fixed on the preamplifiers, microelectrodes tips were submerged in
Ringer and the offset set to zero. The oocyte on the chamber was then
gently pierced with both microelectrodes (which formed approximately
a 90 angle between them). When the two electrodes were inside the
oocyte the real membrane potential was displayed on the amplifier and

only oocytes with lesser than -20 mV potential were used for

159



Materials and Methods

recordings, as higher potential indicated an unhealthy plasmatic
membrane.

When a healthy oocyte was clamped the amplifier mode was
switched to voltage clamp and membrane potential was fixed to -80
mV, in the case of hCx26, hCx30 and its mutants; and to -40 mV in
the case of hCx32 and its mutants. Oocyte membrane resistance was
calculated before starting by calculating the difference between the
currents recorded when the membrane potential was -60 mV and -40
mV, and then using Ohms law. Oocytes with resistance smaller than
0.3 MQ were discarded and oocytes with resistance greater than 0.3
MQ were used for the recordings.

Different protocols were used depending on the connexin studied.
For hCx26, hCx30 and its mutants oocytes plasma membrane were
clamped at -80 mV, and were depolarized by clamping the potential to
+100 mV during 10 s before returning to the basal potential (-80 mV).
For hCx32 and its mutants oocytes plasma membrane were clamped at
-40 mV and depolarized to +80 mV for 30 seconds before returning to
the basal potential (-40 mV).

In the case of hCx26, hCx30 and its mutants, protocols were
applied in normal conditions (Ringer Mg®*) and low Ca** conditions
(Low Ca** Ringer)

Currents allowed applying that protocols were analyzed afterwards.

5.6.5 Simultaneous TEVC recordings and ATP release
measurements

To detect ATP release due to voltage changes of the membrane of
a single oocyte, an oocyte was placed on the recording chamber filled
with Ringer Mg®* solution and 10 pl of Luciferin-Luciferase mix
solution. The set up was covered with an opaque curtain and the light
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was switched off. The TEVC recordings were then performed as
previously described while, at the same time, any signal of light
produced by ATP presence was detected by optic fibers, which were
connected to a photomultiplier (P16, Grass Medical Instruments, USA)
and the resulting current was filtered in a Bessel (Frequency devices,
USA). A known amount of ATP (fmole range) was injected to the
recording chamber, near the oocyte, after the voltage pulse, to
validate and calibrate the luminescent reaction. The signal was sent to
a PC using the same interface and Whole Cell Analysis software
WIinWCP used to register currents and voltage ®V. The ATP released
was analyzed by deconvolution by Dr. Rafel Puchal, Dept. of Nuclear
Medicine, Hospital Universitari de Bellvitge, Hospitalet de Llobregat,
Spain; using Sigmaplot 10 software (Systat Software Inc, Richmond,
CA, USA) as described before %>,

Sometimes, the light emitted was also captured by the EM-CCD
camera and recorded by the HCImage software (Hamamatsu, Japan)
at the following conditions: 4x4 Bining; Acquision time 0.1 s; 10

pictures/s

5.6.6 hCx32 and S26L I-V curve

An example of voltage protocols and analysis of signals is
provided. A specific protocol was performed to make and compare the
I-V curves of expressed connexins. Oocytes were clamped at -40 mV
and several 10 s depolarizations up to +80 mV were done. Each
depolarization had a different returning potential (from -80 mV to +40
mV in +10 mV steps) (Figure M5.8). At each returning potential
oocytes generated inward currents with different amplitudes (Figure

M5.9). These current amplitudes were calculated using the WinWCP.
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_ |

Figure M5.8 | Scheme of the voltage protocol to get an I-V curve.
The oocytes were depolarized 10 s from -40 mV up to +80 mV. The key are
the different returning voltages.

Each current corresponding to each voltage was used to make a I-
V curve that gave us an snap of the behavior of this mutation (Section
5.3 of Results).

5.6.7 Protocol to demonstrate that P8/A, A111-116 and R220X
were placed in the oocytes plasma membrane

To demonstrate that the mutated proteins were in the plasma
membrane we tried to open these mutated hemichannels applying a
higher depolarization voltages. We clamped the oocytes at -40 mV and
switched the voltage to +140 mV during 10 s. Data were analyzed and

compared.
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Figure M5.9 | Scheme of the I-V curve protocol. The oocytes were
depolarized 10 s from -40 mV up to +80 mV. Different amplitude currents
were generated when oocytes returned to the different voltages drawn in
Figure M5.8. These currents (I) were calculated placing the zero cursor
(dotted line) at the stable current from the first 10 s. The different colours are
the current allowed when the voltage returned to -80 mV (black), to -40 mV
(red), to OmV (blue) and to +40 mV (brown). Notice that this draw only
contains four different returning potentials. It is to make the draw clearer.
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6. Data analysis
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Images and videos recorded by EM-CCD camera (Hamamatsu,
Japan) were processed with HCImage (Hamamatsu, Japan) and
Image] (NIH Image, US) softwares

All the electrophysiology data were analyzed using Whole cell
Analysis software (WinWCP).

All graphs were done using Sigmaplot 10 software (Systat
Software Inc, Richmond, CA, USA) and Excel (Microsoft).

The statistical significances were tested using SigmaStat software
(Systat Software Inc, Richmond, CA, USA) and the free program R
v2.12.0 (The R Foundation for Statistical Computing).
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1. hCx32 immunodetection in
mice sciatic nerves
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Microscopic immunodetection of Cx32 in teased mice sciatic nerves
were performed as described in Materials and Methods (Section 4).
The images obtained confirmed the expression of Cx32 in paranodes
and Schmidt-Lanterman incisures as described before %2, The Cx32
immunostaining images were observed over these regions in both
Swiss CD1 (Figure R1.1) and C57BL6 (Figure R1.2) mice strands.

Figure R1.1 | Immunofluorescence to detect Cx32 in teased mouse
sciatic nerve. Mice strand: Swiss CD1. Cx32 is expressed in paranodes
(arrows) and in the Schmidt-Lanterman incisures of peripheral nerves myelin
sheath. Inserted panel: Phase contrast image of the left picture.
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Figure R1.2 | Immunofluorescence to detect Cx32 in teased mouse
sciatic nerve. Mice strand: C57BL6. Left: Phase contrast images
corresponding to the image on their right. Right: Immunofluorescence against
Cx32. Cx32 is expressed on paranodes and Schmidt-Lanterman incisures of

peripheral nerves myelin sheath. Arrows: Nodes of Ranvier, Arrowheads:
Schmidt-Lanterman incisures.
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2. ATP release from mouse sciatic
nerves
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2.1 Whole sciatic nerve stimulation

In our TEVC experiments we saw ATP release through hCx32
hemichannels when the plasma membrane was depolarized, the
physiological stimulus that opens hCx32 hemichannels during an action
potential transmission. Since sciatic nerve trunks are easy to isolate,
and this peripheral nerve contains myelinated and non myelinated
nerves, we have assessed the release of ATP from electrically
stimulated nerves, using a stimulator to trigger a nerve depolarization
(Section 2.3.1 of Materials and Methods). The nerves were immersed
in a solution containing the Luciferin-Luciferase solution to detect ATP
and the light produced after electrical stimulations was captured with
an ORCA II camera. Using this experimental approach, the ATP
released was easily detected from rat (Figure R2.1) and very scarcely

from mice (Figure R2.2) sciatic nerves electrically stimulated.

Figure R2.1 | Imaging ATP release from rat sciatic nerve. Left:
Isolated rat sciatic nerve observed by phase contrast. Right: Rat sciatic nerve
was electrically stimulated and the ATP release was detected by the Luciferin-
Luciferase luminescent reaction and captured using an ORCA II Hamamatsu
camera. Stimuli: 4Hz, 15V, 10min. Scale bars: 200um. (Pictures obtained by
Dr. X. Grandes)

173



Results

200.0um

Figure R2.2 | Imaging ATP release from mouse sciatic nerve. Left:
Isolated mice sciatic nerve observed by phase contrast. Right: Mouse sciatic
nerve was electrically stimulated and the ATP release was detected by the
Luciferin-Luciferase luminescent reaction and captured using an ORCA II
Hamamatsu camera. Stimuli: 2Hz, 15V, 10min. Scale bars: 200um. (Pictures
obtained by Dr. X. Grandes)

The light intensity was not homogenous and there were some
regions where it was more concentrated. Stimuli were applied for 10
to 30 min, with pulses of supramaximal intensity (usually 15 V),
duration of 50-100 pus and a frequency of 2-4 Hz.

We have also assessed to measure the release from single teased
nerve fibers using this stimulus, but we did not succeeded.

Because of the results obtained we were not confident that the
electrical stimulus was the actual stimulus and we suspected that
mechanical stress induced by the suction electrodes may play some
role.

As we already commented, these images were captured with the
CCD-Camera ORCA II (Hamamatsu). When we acquired the EM-CCD
ImagéEM Camera (Hamamatsu) we also made a new stimulation
chamber. Using that, we succeeded to record luminescence videos
stimulating, electrically, mice sciatic nerves (Supplementary video S2).
The Hamamtsu HCImage software allowed us to convert luminescence

videos in graphs (Figure R2.3).
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Figure R2.3 | Graph representing the ATP release from mouse
sciatic nerve when it were electrically stimulated. Isolated mice sciatic
nerves were stimulated applying voltage trains of 3 seconds (40 V, 10 ms, 8
Hz). ATP release was captured as Arbitrary Units

Because during the manipulation of nerve sections we obtained
some light signal that took some time to disappear, we suspected that
mechanical stimulus would also participate in ATP release. Then we
tried two different mechanical stimuli on mice sciatic nerves to try to
capture the release of ATP on a single nerve fiber.

We first tried to stimulate it by contact with a glass pipette
(Section 2.3.2 of Materials and Methods). We captured the light
emitted by the Luciferin-Luciferase reaction not only in the region
where the glass pipette was placed (Figure R2.4) but in the rest of the
nerve.

Even thought glass pipettes were very small, that were too big to

stimulate a single nerve fiber.
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Figure R2.4 | Imaging ATP release from whole mouse sciatic nerve
due to a pipette contact. Left: Phase contrast image of a sciatic nerve
fragment. Observe the glass pipette in contact with the sciatic nerve (green
arrowhead) Right: Image of luminescence (ATP) from the same sciatic nerve
segment. The time of exposure was 20 min and the signal was maintained
robust for more than 3 hours Note the faint light transmitted through the
glass pipette (green arrowhead). The shadows indicated by white arrows
probably correspond to the thicker zones of the perineurium.

The second kind of mechanical stimulus used was the hypotonic
shock. For that, Na* free buffer (30 + 5 mOsm) was added to the
preparation of sciatic nerve bathed with isotonic buffer (280 + 10
mOsm) in order to cause a hypotonic shock (the ratio isotonic buffer:
Na* free buffer was 1:1). The preparation was stabilized during 2 min.
To detect the luminescence due to the reaction of ATP and Luciferin-
Luciferase, the shutter of the camera was maintained in the opening
position for long periods of time, usually 30 min or more (Figure R2.5).
We could record a release of ATP but we could not appreciate if in this
condition this release was also focused on some regions.

As we did before to capture images, we also used the hypotonic
shock as a stimulus in a homemade recording chamber to capture
videoimages of ATP release. (Supplementary video S3).

176



Results

Figure R2.5 | Imaging ATP release from whole mouse sciatic nerve
due to a hypotonic shock. Left: Phase contrast image of a sciatic nerve
fragment. Right: Image of luminescence (ATP) from the same sciatic nerve
segment. The time of exposure was 30 min. A faint light was detected with a
profile coincident with the sciatic nerve fragment shown in the left picture.
Note that the upper left part of the picture is lighter that the rest, this effect
is due to the thermal noise of the camera and is not related to an actual
release of ATP.

Finally, we used a third kind of stimulus. Since now we had used
electrical and mechanical stimulus. This last stimulus was considered
as a chemical stimulus, and it was to the bathing of a Low Divalent
Solution. The rational was that some connexins are exquisitely
sensitive to extracellular divalent cations concentration. This stimulus
also resulted to release ATP (Supplementary videos S4a and S4b and
Figure R2.6). To validate that the release was through connexin
hemichannels, we preincubated the sciatic nerves with FFA and
Octanol (two connexin inhibitors). The given inhibition and the reverse
effect of it due to wash out, assured us that the ATP release was
through connexins hemichannels (Figure R2.6).

Supplementary videos S2, S3, S4a and S4b were captured by Anna

Nualart from our laboratory.
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Figure R2.6 | ATP release from whole fragment of mouse sciatic
nerve due to the bathing with a low divalent solution. A: ATP release
from the sciatic nerve bathed with Isotonic solution (dark grey), flufenamic
Acid (black) and after wash out the nerve (grey). B: ATP releases from the
sciatic nerve bathed with Isotonic solution (dark grey), Octanol (black) and
after wash out the nerve (grey).
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2.2 Mechanical stimulation of teased fibers from
mouse sciatic nerves

Mice sciatic nerves segments were teased (Section 2.2 of materials
and methods) and then placed on a chamber. Once the Free Na+
solution was added, pictures of several minutes were taken (Figure
R2.7). According with the images the ATP release is located to the

paranodal zones of the Ranvier nodes.

Figure R2.7 | Imaging ATP release from teased mouse sciatic nerve
due to a hypotonic shock. Left upper: Phase contrast image of a teased
sciatic nerve fragment. Right upper: Image of luminescence (ATP) from the
same teased sciatic nerve fragment. The time of exposure was 30 min. Left
down: Phase contrast image of a node of Ranvier in a single sciatic nerve
fiber. Right down: Image of luminescence (ATP) from that single nerve fiber.
The time of exposure was 5 minutes. Note that the ATP release is located in
the paranodal zones of the node of Ranvier.
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3. Cultured Schwann cells
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We had sufficient evidence that ATP was released from peripheral
nerves, and Schwann cells were apparently implicated. Thus we used
Schwann cells primary cultures from adult mice sciatic nerves to test if
cultured Schwann cells would release ATP under mechanical stress.
The purity of Schwann cell cultures was examined by identification of
S-100 antigen with immunofluorescence, a widely used marker for
Schwann cells ®*® and was done previously by Dr. X. Grandes. Most
cells in our cultures expressed S-100 (data not shown), so we had
highly pure (90%) Schwann cells primary cultures with only few
fibroblasts. The Schwann cells cultured in our conditions did not form
myelin sheaths. Immunodetection of Cx32 showed that it was spread
all over the plasma membrane and the cytoplasm (Figure R3.1), and
we could not apparently detect any increase of fluorescence intensity
indicating the presence of a patch of gap junction, which means that

this cultured Schwann cells are not coupled.

=t
20 um |

Figure R3.1 | Immunofluorescence to detect Cx32 in cultured
Schwann cells isolated from mice sciatic nerves. Mice strand: Swiss
CD1. Left: Phase contrast image of the right picture Right: Cx32 is expressed
homogeneously in the plasma membrane and the cytoplasm even taking into
account that cultures do not form myelin. Interestingly connexins are not
clustered and apparently no gap junctions are established between cells.
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4. ATP release through hCx32 on
cell cultures
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Hypotonic shock is well known to induce the release of ATP in
several cell lines. On the other hand, we demonstrated that sciatic
nerve fibers were able to release ATP under hypotonic conditions.
Because of that we decided to use this method to evaluate if cultured

cells were able to release ATP and relate it to Cx32.

4.1 ATP release from cultured Schwann cells

Primary Schwann cell cultures in 12 wells culture plates were
tested as described in Materials and Methods (Section 3.3). We could
determine that Schwann cells under a hypotonic shock released ATP.
This release was quick, just after the stimulus was applied, and quickly
returned to basal levels, even thought the hypotonic media was not
removed, which indicates a fast, transient response of the cells ( Figure
R4.1).

—— [sotonic solution
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Figure R4.1 | Graphic representation of luminescence detected in
Schwann cells primary cultures after a hypotonic shock. Luminescence
data reflects the amount of ATP released. The black arrowhead indicates the
moment when either hypotonic or isotonic solution is added to the cultured
cells. AU: arbitrary units.
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Comparing control Schwann cells (bathed with isotonic solution)
with those that received a hypotonic shock, the differences on ATP
release were significant (p=0.024), with 8-fold more ATP released
from cells under the hypotonic shock (Figure R4.2). The mean of ATP
released by control Schwann cells group was 3.03x10” + 2.4x10°
fmole/10%cells, while the mean of ATP released by Schwann cells after
a hypotonic shock was 25x10™ + 11.7x10” fmole/10%cells.

According with these data we performed an experiment to capture
the luminescence by a camera (Section 3.6 of Materials and Methods).
The Figure R4.3 is an example of a Schwann cells cultures releasing

ATP under hypotonic conditions.
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Control Hypotonic shock
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Figure R4.2 | Histogram representation of the ATP released from
Schwann cells primary cultures subject to a hypotonic shock and its
controls. The differences in ATP released are significant, *p=0.024. Control,
n=6, Hypotonic shock, n=12.
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Figure R4.3 | Release of ATP from cultured Schwann cells. Cultured
Schwann cells plated on glass coverslips were submitted to a hypotonic shock
in the presence of Luciferin-Luciferase mixture. Images of the luminescence
emitted due to ATP release were taken during exposures of 5 min. Contrast
Phase images (A, B, C, D), pictures corresponding to light emission (A, B, C',
D)

Notice that the luminescence due to the ATP release corresponds

with the localization of the Cx32 in those cells (Figure R3.1).

4.2 Hypotonic shock on HeLa cells

To further study the possible implication of Cx32 in the ATP release
we did the same hypotonic shock experiments with WT HelLa and Hela
stable transfected with hCx32. First, we checked again the hCx32
expression in hCx32 stable transfected Hela cells, but this time by
western blot and not immunofluorescence. We confirmed that the cells
expressed hCx32 and that no hCx32 expression was detected by
western blot in wild type Hela cells (Figure R4.4).
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Figure R4.4 | Western blot image of hCx32 from wild type and
hCx32 transfected HelLa cells. Hela cells homogenates were fractionated
between membrane and nuclear fractions. HelLa wild type cells do not express
hCx32 while hCx32 is detected in hCx32 transfected Hela cells both in the
membrane and the nuclear fraction. The expression in the nuclear fraction is
likely a contamination with membrane fraction (Section 4.4 of Materials and
Methods).

When applying the hypotonic shock in the same way we had done
before in experiments with cultured Schwann cells, we detected ATP
release in response to this mechanical stimulus. The ATP release was
rapid like the one observed with cultured Schwann cells. This release
was not observed in control groups of both WT and hCx32 transfected
Hela cells (Figure R4.5).

Table R4.1 shows the differences in ATP release, when cells are
submitted to shear stress by adding the isotonic solution or by
mechanical stress with the hypotonic solution. Either non transfected
or hCx32 transfected cells, release ATP under hypotonic conditions.
Moreover, hCx32 transfected cells did not release much more ATP than
WT cells, which is contrary to what we expected. These data are also

represented in a histogram form in Figure R4.6.
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Figure R4.5 | Graphic representation of luminescence detected in
WT and hCx32 transfected HelLa cells cultures after a hypotonic
shock. Luminescence data reflects the amount of ATP released. Blue
arrowhead: injection of solutions. AU: arbitrary units.

ATP fmole/10%cells Hela WT HeLa hCx32
- 4.08x107 + 0.012 4.03x10° £ 0,0115
(n=16) (n=16)
Hypotonic solution 11.7x107° £ 0.02* 10.2x107 + 0.016*
(n=32) (n=32)

Table R4.1 | Table of ATP released from Hela cells in response to a
hypotonic shock. *: the differences compared to the isotonic solution are
significant, p<0.001.

In the same order than we did with Schwann cell cultures, we also
captured images of the ATP released by both kinds of HelLa cells under
hypotonic conditions (Figure R4.7).
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Figure R4.6 | Histogram representation of the ATP released from
HelLa cells subjected to a hypotonic shock and its controls. The
differences in ATP released due to the hypotonic shock are significant
compared to the control groups, with p<0,001 both for HeLa WT cells and
HelLa hCx32 transfected cells. There are no significant differences between
HelLa WT cells and HelLa hCx32 transfected cells.
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Figure R4.7 | Release of ATP
from cultured WT and hCx32
transfected Hela cells. Cultured
HelLa cells plated on glass coverslips
were submitted to a hypotonic shock
in the presence of Luciferin-
Luciferase mixture. Images of the
luminescence emitted due to ATP
release were taken during exposures
of 5 min. Images A and A’
corresponding to contrast phase and
light emission images of WT Hela
cells. Images B and B’ corresponding
to contrast phase and light emission
images of hCx32 transfected Hela
cells.
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4.2.1 Hypotonic shock on Hela cells preincubated with
Brefeldin A

After these results we wanted to test if exocytosis was the main
pathway for the release of ATP in the hypotonic shock assays. For
that, we treated WT and hCx32 transfected Hela cells with Brefeldin A
(BFA), a drug that disrupts the Golgi apparatus and inhibits the
exocytosis. We performed again hypotonic shock assays with cultured
WT Hela cells preincubated or not with BFA 5 uM as described in
Materials and Methods (Section 3.5). In these assays, we saw again a
quick ATP release from WT Hela cells after the hypotonic shock.
Indeed, the same levels of ATP release were recorded from BFA and
non BFA preincubated WT Hela cells (Figure R4.8).
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Figure R4.8 | Graphic representation of the ATP released from WT
Hela cells subjected to a hypotonic shock, and its controls, with and
without Brefeldin A preincubation. Blue arrowhead indicates the moment
of the injection of solutions. AU: arbitrary units.
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We made the same assays we had done for WT Hela cells with
hCx32 stable transfected HelLa cells. When performed the hypotonic
shock assays with and without previous BFA preincubation we saw the
same response we had seen for WT Hela cells and no differences
were detected when comparing ATP released from cells preincubated
with BFA with ATP released from control, non-preincubated cells
(Figure R4.9).
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Figure R4.9 | Graphic representation of the ATP released from HelLa
hCx32 transfected cells subjected to a hypotonic shock and its
controls, with and without Brefeldin A preincubation. Blue arrowhead
indicates the moment of the injection of solutions. AU: arbitrary units.

Table R4.2 summarizes the results obtained. Hypotonic conditions
increased the release of ATP in WT and hCx32 transfected Hela cells,
which is insensitive to BFA preincubation. Again, the ATP released
under hypotonic shock was no significantly different when compared
WT and hCx32 transfected Hela cells. However, the basal release of
ATP due to shear stress in WT HelLa cells is decreased by BFA
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(p<0.05), which indicates that this release of ATP triggered by shear

stress is due to exocytosis. In hCx32 transfected cells, the mean ATP

release is increased, but not significantly, in BFA condition.

HeLa WT HelLa hCx32
ATP released
No BFA 5uM BFA No BFA 5uM BFA
sl 17x103 + | 9.49x10° + | 18.9x107 + | 21.1x103 +
. 10x10° 3.87x107 0.9x107 5.76x1073
solution
n=4 n=5 n=4 n=5
. 34x103 + | 29.6x107 + 33x103 + | 34.4x1073 +
YPpOoX 10.8x1073** | 8.83x1073** | 7.33x1073** | 7.9x1073**
solution
n=8 n=10 n=8 n=10

Table R4.2 | Table of ATP released from Hela cells in response to a
hypotonic shock, with and without preincubation with 5puM Brefeldin
A. The ATP released units are fmole/10* cells. The differences compared to
the isotonic solution are significant, **p<0.005.

The same data is represented in a histogram graphic in the next
figure (Figure R4.10):
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Figure R4.10 | Histogram representation of the ATP released from
WT and hCx32 transfected Hela cells subjected to a hypotonic shock
with and without BFA 5 pM preincubation. Left: ATP released from WT
HelLa cells. The differences in ATP released due to the hypotonic shock are
significant compared to the control groups, both for WT Hela without and
with BFA preincubation. There are also significant differences between the
two isotonic (without hypotonic shock) groups (without and with BFA
preincubation) with a p=0.018 (*). Right: ATP released from hCx32
transfected Hela cells. The differences in ATP released due to the hypotonic
shock are significant compared to the isotonic groups; for both with and
without BFA preincubation, but there are no differences between both
hypotonic shock groups, with and without BFA preincubation. There are no
significant differences between the two isotonic groups. **p<0.005
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5. hCx32 and ATP release in
Xenopus oocytes
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5.1. hCx32 cRNA obtention

In order to express foreign proteins in Xenopus laevis oocytes we
have first obtained the cRNA. The hCx32 cDNA sequence cloned in the
Xenopus pBxG plasmid for Xenopus oocytes improved expression was
obtained from Dr. Luis C. Barrio, Hospital Ramén y Cajal, Madrid,
Spain. Using the molecular biology techniques described in Materials
and Methods (Section 5.3) cRNAs for these proteins were transcribed
from the cDNAs. The cRNA of hCx32 was about 1000 bp long.

cRNAs were injected into Xenopus oocytes 48-72h prior to
electrophysiological recordings together with the antisense
oligonucleotide for Cx38 (ASCx38) to abolish the activity of this

endogenous Xenopus connexin present in oocytes.

5.2 TEVC recordings and ATP release through hCx32
and negative controls

To study the activity of hCx32 hemichannels expressed in Xenopus
oocytes after a depolarizing stimulus, we have used the Two Electrode
Voltage Clamp technique as described in Materials and Methods
(Section 5.6). Simultaneously we also recorded the release of ATP
during the activation of hCx32. We applied a voltage protocol designed

to depolarize the plasma membrane for 30 s ©9

. The resting
membrane potential of oocytes was fixed at -40 mV. We switched up
to +80 mV for 30 s and then went back to -40 mV. In oocytes injected
with hCx32, while the plasma membrane was depolarized there was an
outward current with an increasing amplitude respect time, at 30 s the
mean charge was of 41.3 + 5.6 uC, n=15. When voltage went back to
resting potential we recorded a transient inward current, with a charge

of 10.7 + 1.7 uC, n=15.
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During the resting conditions and in the depolarizing phase no
significant increase of light (produced by release of ATP) was
recorded. However, during the time of activation of the inward
current, a peak of light was recorded, indicating the release of ATP.
The amount of ATP released was 83.1 + 19.7 fmole, n=15 (Figure
R5.1).

50 fmol ATP

200 nA

50s

+80 mV

-40 mV

Figure R5.1 | hCx32 expression and ATP release. Oocytes injected with
hCx32 cRNA. While applying a depolarizing pulse from -40 mV up to +80 mV
(lower panel) a slow activation outward current is allowed but no ATP release
is detected (upper panel). However, when the oocyte is repolarized an inward
current is activated (middle panel), which is associated with the release of
ATP from the oocyte. An addition of 50 fmole of ATP is shown and reveals the
efficiency of the luminescent reaction and let us to estimate the amount of
ATP release.
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When the oocytes were bathed with the ringer solution with
Luciferin-Luciferase, we recorded an image of the release of ATP in a
single oocyte, after being stimulated with a depolarization pulse
several times. The light was spread evenly over all the surface of the
oocyte, indicating that the sites of release were distributed
homogenously on the plasma membrane and no significant differences

between the animal and vegetal poles were observed (Figure R5.2).

Figure R5.2 | An image of
Luciferin-Luciferase luminescence
due to the ATP release from a
single oocyte. The light was
captured with a cooled Hamamatsu
camera and modified with
Aquacosmos software. Green color is a
false color.

Using the EM-CCD camera

(Hamamatsu, Japan) as described
in Materials an Methods (Section 5.6.5) we were able to capture a
movie of the light emitted during the inward current generated after a
single pulse and which corresponded to ATP release (Supplementary
video S5).

To relate recorded inward currents due to hCx32 activation and
ATP release, inward charges and ATP release were analyzed. ATP
release was quantified calculating the area of the recorded ATP related
to the area of the exogenous (and known) amount of ATP that was
added after each TEVC record. There is an exponential relation
between the electric charge supported by the inward current and the
amount of ATP released. So the bigger charge related with the inward
current, corresponds to a greater amount of ATP released. (Figure
R5.3)

196



Results

400

3 300 1
(@)
E
o 200 °
(72}
3 Ny
S 100
o
|_
<

O.

-1 01 2 3 4 5 6 7 8 9 10 11

Electrical charge of tail current (uC)

Figure R5.3 | Correlation of ATP vs. Inward Charge. Currents recorded
on hCX32 expressing oocytes were related to the ATP release value from each
recording. The greater the recorded current, the greater the ATP release.
Thus ATP release, and the inward charge, depends of the amplitude of
outward current allowed by hCx32 hemichannels.

Moreover, deconvoluting the light signal, we observed that the
time course of the inward current and the time course of ATP release
are synchronized and coincident (Figure R5.4). The deconvolution was
performed by Dr. Rafel Puchal, Dep. of Nuclear Medicine, Hospital
Universitari de Bellvitge, Hospitalet de Llobregat, Spain.

When we applied the same voltage protocol to oocytes injected with
ultrapure water and ASCx38 we did not detect any significant outward
current in response to depolarization, neither could we detect any
inward current during the repolarizing phase, and no ATP release was
detected. So, ATP was released through hCx32 hemichannels

197



Results

expressed on the plasma membrane of Xenopus oocytes. (Figure
R5.5).
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Figure R5.4 | Deconvoluted image of the light signal (red line).Light
signal, upper panel. The first peak is due to ATP release from oocytes, the
second peak is due to an amount of ATP delivered to the recording chamber.
Lower panel correspond to currents due to hCx32. Voltage pulse is not
represented.

~ 10 fmol ATP
200 nA|
____/'L 50 s
+80 mV
40 mV

Figure R5.5 | AsCx38 injected oocyte. Ionic currents (middle panel)
supported by Xenopus endogenous Cx38 when they were depolarized by a
voltage squared pulse (lower panel), were abolished injecting antisense
oligonucleotide (AsCx38). ATP release (upper panel) was neither detected
during stimulation nor afterwards. In order to test the Luciferin-Luciferase
reaction 10 fmoles of ATP were added as a standard after the stimulation.
Notice that the amount of the standard amount of ATP was only 10 fmole
instead of the 50 fmole utilized in Figure R5.1
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5.3 TEVC recordings and ATP release through hCx32
mutated hemichannels

Dr. X. Grandes previously designed five different hCx32 mutations
described in CMTX (Section 5.2 of Materials and Methods) in Dr. K.
Willecke laboratory in Bonn University (Germany) (Figure R5.6).

membrane

Figure R5.6 | hCx32 mutations. S26L, P87A, D178Y substitutions, deletion
of the aminoacids corresponding from 111 to 116 (A111-116) and the STOP
codon instead of the Arginin220 (R220X), were the mutations chosen to study
(Wicklein EM. et al.).
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To study the activity of these hCx32 mutated hemichannels, we
used the same TEVC technique as used in WT hCx32 and negative
controls. We applied the same voltage protocol designed to depolarize
the plasma membrane for 30 s. The resting membrane potential of
oocytes was fixed at -40 mV. We switched up to +80 mV for 30 s and
then went back to -40 mV.

The T7able R5.1 summarizes the results of each mutation.

. Outward Inward ATP release
Mutations
Charge (nC) Charge (nC) (fmole/oocyte)
ASCx38 (n=16) | 3.3 + 0.6** 0.5 + 0.07** ND
hCx32 (n=15) 41.3 £ 5.6 10.7 £ 1.7 83.1 £ 19.7
S26L (n=10) 36.2 £ 5.2 3.6 £ 0.6** 20.7 £ 6.8%
P87A (n=21) 1.5 £ 0.2%%% | 0.4 + 0.05%** ND
ALLl-116 3.8 £ 0.6* 0.5 + 0.1% ND
(n=5)
D178Y (n=19) 78.6 + 6.9 7.9+0.9 73.8+£9.9
R220X (n=8) 2.8 £ 0.6* 0.5 £ 0.07** ND

Table R5.1 | Summarize of the hCx32 mutations results. P87A, Al111-
116 and R220X present charges significantly different compared with hcx32.
Note that these mutations have both outward and inward charges very similar
to negative controls (ASCx38). S26L has similar outward charges but not
inward charges and ATP release. D178Y mutation do not present any
difference compared with the WT hCx32. *p=0.05, **p=0.01, ***p<0.001;
ND, Not Detected

Oocytes injected with cRNA encoding the S26L hCx32 mutation
allowed outward charges of 36.2 + 5.2 pC (n=10), inward charges of
3.6 £ 0.6 uC (n=10) and an ATP release of 20.7 + 6.8 fmole of ATP
(n=10) (Figure R5.7). While outward charges were not significantly
different compared with WT hCx32, inward charges and the ATP
release were statistically different.
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500 nA|

100 s
+80 mV
-40 mVI

Figure R5.7 | Comparison between WT (black line) and S26L (red
line) hCx32 injected oocytes. Oocytes injected with S26L mutation cRNA
were depolarized from -40mV up to +80 mV. When we compared the
currents and the ATP release between WT and S26L injected oocytes we saw
that the outward charges were not significantly different. On the other hand,
inward charges and ATP release significantly decreased respect the WT
hCx32. Upper panel, light. Signals were normalized according to ATP external
doses of ATP. Middle panel, currents; lower panel, membrane potential.

To better understand why the hemichannels formed by this
mutation have changed its electrophysiological properties and,
consequently, causes CMTX, we designed an experiment to calculate
the reversal potential of S26L and WT hCx32 hemichannels. As it is
described in Materials and Methods (Section 5.6.6) we performed this
experiment to establish an I-V curve (Figure R5.8). This curve showed
that hemichannel reversal potentials were different, being -0.08 £ 0.6
mV (n=12) for S26L and 12.9 £ 1.5 mV (n=2) for WT hCx32. These
data were statistically different (p<0.001).
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-600 -

-2nn

Figure R5.8 | S26L (red line) and WT (black line) hCx32 I-V curve.
We can observe that the voltage necessary to do not allow any current (I=0)
is different when we compared the S26L mutation with the WT hCx32.

In oocytes injected with P87A, A111-116 and R220X, while plasma
membranes were depolarized we did not detect any significant
outward current in response to depolarization pulse, we also could not
detect any inward current or ATP release during the repolarizing phase
(Figure R5.9).

To check that the mutated connexins achieved plasma membrane,
we tried to activate these mutated hemichannels applying higher
depolarization pulses. We clamped the oocytes at -40 mV and
switched the voltage up to +140 mV during 10 s. In these conditions
the P87A and R220X expressing oocytes allowed an outward current
significantly larger than the water injected oocytes (Figure R5.10).
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10 fmoles of ATP

+80 mV

-40 mV

Figure R5.9 | P87A (red line), A111-116 (blue line) and R220X
(black line) injected oocytes. Oocytes injected with hCx32 mutated cRNAs
and ASCx38. Applying a depolarizing pulse from -40mV up to +80 mV there is
not activation of an outward current, neither inward current. There are no
detectable levels of ATP release. Upper panel, light emission; middle panel,
currents; lower panel, membrane potential.
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hCx32 P87A A111-116 R220X

Figure R5.10 | Histogram representing the outward charges of WT,
P87A, A111-116 and R220X hCx32 compared with negative controls
when depolarized up to +140mV. Outward currents were compared.
Ultrapure water with ASCx38 is represented as black bars; WT hCx32 and the
three mutations are represented as grey bars. **p<0.01, ***p<0.001
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In mutation D178Y we found that the outward charge of 78.6 %
6.9 uC was significantly bigger than the 41.3 £ 5.6 uC from the WT
hCx32. In addition the inward charge (7.9 £ 0.9 uC n=17) and the
ATP release (73.7 £ 9.9 fmole) were not significantly different than
the observed in the WT hCx32 (10.7 £ 1.7 uyC n=17 and 83.1 + 19.7
fmole n=17) (Figure R5.11).

A

I
1 HA‘— WB

50 s
P

+80 mV

-40 mV

Figure R5.11 | WT hCx32 (black line) and D178Y mutation (red line)
superposed recordings. Upper panel, light emission; middle panel,
currents; lower panel, membrane potential. Inward currents and ATP release
had no differences in terms of absolute values. The upper part of panel A and
the panel B, shows that ATP release and inward currents have different
kinetics.

Using the Whole cell Analysis software (WinWCP) we calculated the
time constant (T) of current inactivation and the ATP Rise Time. When

we compared those data, we detected that these parameters were
significantly different indicating that the kinetics of the inward current

and the ATP release in this mutation were different (Figure R5.12).
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Figure R5.12 | Histogram comparing time constant inactivation and
ATP Rise of Time values of WT hCx32 and the D178Y mutation. White
bars, wild type Cx32; hatched bars, D178Y mutation. **p<0.01; ***p<0.001
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6. hCx26, hCx30 and ATP release
in Xenopus oocytes

206



Results

6.1. hCx26 cRNA obtention

Like in the case of hCx32, the hCx26 and the hCx30 cDNAs
sequences as well as its mutants, were cloned in the Xenopus pBxG
plasmid and were obtained from Dr. Luis C. Barrio, Hospital Ramén y
Cajal, Madrid, Spain. Using the molecular biology techniques described
in Materials and Methods (Section 5.3), cRNAs for these proteins were
transcribed from the cDNAs. The cRNAs of hCx26 and its mutations
are 680 bp long. hCx30 and its mutants are 785 bp long cRNAs.

cRNAs were injected into Xenopus oocytes 48-72h prior to
electrophysiological recordings together with the ASCx38 to abolish the

possible currents allowed by the endogenous Xenopus connexin.

6.2 Membrane currents and ATP release in oocytes
expressing hCx26, hCx30 and negative controls

As we have shown in the case of hCx32, we have used the Two
Electrode Voltage Clamp technique to study hCx26 and hCx30
hemichannels. We applied a voltage protocol designed to depolarize
the plasma membrane for 10 s ‘¥, The resting membrane potential of
oocytes was fixed at -80 mV. We switched up to +100 mV for 10 s and
back to -80 mV. In oocytes injected with hCx26, while the plasma
membrane was depolarized there was an outward current with
increasing amplitude along time. The mean charge for hCx26 and
hCx30 outward currents was of 12.2 + 2 uC (n=22) and 23.4 + 4 pC
(n=36) respectively (p<0.05). When voltage went back to the resting
potential we recorded a transient inward current, with a charge of 4.0
+ 0.6 pC (n=22) for hCx26 and 6.2 + 1.9 pC (n=19) for hCx30.

We also depolarized these oocytes under low Ca®* conditions
bathing for 4 minutes the oocytes with low Ca®* Ringer before
applying the pulse. Under these conditions hCx26 and hCx30 injected
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oocytes allowed outward currents of 12.7 + 1.9 (n=21) pC and 25.7 +
9.6 uC (n=10) respectively, whereas inward currents were 6.6 + 0.9
MC (n=19) and 16.5 + 9.2 uC (n=4).

Notice that under any conditions no significant increase of light
(produced by release of ATP) was recorded in hCx26 injected oocytes
(Figure R6.1, Figure R6.2 and Supplementary video S6).

23 fmoles of ATP

e 1A |
10s
J—

Figure R6.1 | hCx26 expression and ATP measurements under
normal Ca?* conditions. Oocytes injected with hCx26 cRNA. While applying
a depolarizing pulse from -40 mV up to +100 mV activation outward currents
are allowed followed by inward currents. No release of ATP was detected
during any kind of allowed current. An addition of 23 fmole of ATP is shown
and reveals the efficiency of the luminescent reaction.

23 fmoles of ATP k
1pA |
10s

—

Figure R6.2 | hCx26 expression and ATP measurements under low
Ca’* conditions. Oocytes injected with hCx26 cRNA. While applying a
depolarizing pulse from -40 mV up to +100 mV activation outward currents
are allowed followed by inward currents. No release of ATP was detected
during any kind of current allowed. An addition of 23 fmole of ATP is shown
and reveals the efficiency of the luminescent reaction.
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We applied the same voltage protocol to oocytes injected with 50
nl of ultrapure water and ASCx38 and we did not detect any significant
outward current in response to depolarization, either could we detect
any significant inward current during the repolarizing phase in both
normal and low Ca** conditions. No ATP release was either detected in
any condition (Figure R6.3, Figure R6.4 and Supplementary video S7).
During the perfusion of low Ca** conditions, we did not detect any
inward current indicating that the endogenous Cx38 was abolished by
ASCx38.

23 fmoles of ATP

0.5uA |

I 10s

Figure R6.3 | Control oocyte under normal Ca’* conditions. Ionic
currents supported by Xenopus endogenous Cx38 were abolished injecting
antisense oligonucleotide (AsCx38). ATP release was neither detected during
stimulation nor afterwards. 23 fmoles of ATP were added to test the reaction.

Mmoles of ATP

0.5 WA
10 s

Figure R6.4 | Control oocyte under low Ca?* conditions. Ionic currents
supported by Xenopus endogenous Cx38 were abolished injecting antisense
oligonucleotide (AsCx38). ATP release was neither detected during stimulation
nor afterwards. 23 fmoles of ATP were added to test the reaction.
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On the contrary, hCx30 injected oocytes had a different behavior
when we applied the same voltage protocol (Figure R6.5 and
Supplementary video S8): 10 of 36 oocytes recorded in normal calcium
conditions showed no light emission (28%); 8 oocytes released ATP in
a transient manner (22%); and 18 oocytes released irreversibly and
permanently ATP (50%). The average of ATP released transiently by
oocytes was 36.3 £ 10.5 fmole (n=8).

P

i g
O
_ﬂ /l/ 10s ﬂ
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Figure R6.5 | Recordings from hCx30 injected oocytes under normal
conditions. Ionic currents supported by Xenopus endogenous Cx38 were
abolished injecting antisense oligonucleotide (AsCx38). Depending on the
inward currents and the ATP release there were 3 different behaviors. In the
left panel, no ATP release; in the middle panel, transient ATP release; in the
right panel, no inward current inactivation (leading to permanent release of
ATP). 23 fmoles of ATP were added as a standard after the stimulation
(arrow).

In order to understand why some oocytes released ATP and others
did not, we related the ATP release to the inward charges (7able R6.1
and Figure R6.6). The oocytes that did not show any ATP release had
a mean inward charge of 1.8 £ 0.9 uC, whereas the inward charges
from oocytes that transiently released ATP, had a mean of 12.3 + 3.3
MC. It was not possible to calculate the inward charges from those
oocytes that had a sustained and permanent release of ATP because

the inward current did not inactivate.
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Inward Charge ATP release Inward Charge ATP release

(uC) (fmole) (uC) (fmole)
0.1213 0 2.347 27.5
0.165 0 4.768 0
0.270 0 7.433 21
0.284 0 8.629 0
0.409 0 10.090 16
0.705 0 12.330 15
0.937 0 17.064 59
1.084 15.5 18.480 100
2.332 0 29.379 38

Table R6.1 | hCx30 inward charges and ATP release. This table
contains every single ionic current of each oocyte with the corresponding
amount of ATP released.
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hCx26 hCx30 (No ATP release) hCx30 (Transient ATP
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Inward Current
Charge (1C)

v )

Figure R6.6 | Relationship between hCx30 inward charges and ATP
release. A. Relation between Inward Charge and ATP released (blue
diamonds, no ATP release; red diamonds, transient ATP release). B.
Histogram comparing the charges of hCx26 (grey) with the charges of hCx30
injected oocytes that did not release ATP (blue) and that transiently released
it (red). *p<0.05
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The oocytes expressing hCx26 or hCx30 that had transient or not
ATP release were then bathed for 4 minutes in low Ca®* conditions to
be subsequently depolarized. A total of 10 oocytes were depolarized
under low Ca** conditions. Six oocytes released ATP in a sustained and
irreversible manner (60%). Two oocytes released ATP transiently
(20%) (350.9 + 53 fmole) and two oocytes did not release ATP
(20%). Figure R6.7 shows the inward currents of these oocytes that
did not release ATP or that did it transiently. Notice that differences

are enhanced as compared with Figure R6.6.

35 - % %k %k

30

25 4

20 A

15 4

10 +

Inward Current Charge (uC)

hCx26 hCx30 (No ATP release) hCx30 (Transient ATP
release)

Figure R6.7 | Histogram comparing currents of hCx26 with those
hCx30 oocytes that did not release ATP and those that did it
transiently in Low Ca?* conditions. Grey, the currents allowed by hCx26;
blue, hCx30 expressing oocytes (0.6 £ 0.1 puC, n=2) that did not release ATP
and red hCx30 expressing oocytes (32.4 + 0.9 pC, n=2) that released ATP
transiently. Differences are statistically significant when comparing with
hCx26 (6.6 £ 0.9 pC, n=19). ***p<0.001

In normal and low Ca®" conditions most of hCx30 expressing
oocytes did not exhibit inward current inactivation and the

concomitant ATP release, on the other hand oocytes injected with
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hCx26 never released ATP. It is well known that both connexins are
highly expressed in the inner ear, and they co-localize #2® @29 Al
these facts let us to hypothesize that hCx26 may change the
permeability of hCx30 in heteromeric hemichannels. To try to prove
this hypothesis we co-injected hCx26 and hCx30 cRNAs. Results from
these experiments are shown below (Section 6.4), but before doing
that, we investigated the activity of different mutations of Cx26 and
Cx30.

6.3 Membrane currents and ATP release in oocytes
expressing hCx26 or hCx30 mutations

Five different hCx26 mutations (G12R, S17F, D50N, D50Y and
N54S) and one from hCx30 (T5M) were studied using the TEVC

technique and analyzed as well as in chapter 6.2.

cRNA Inward Charge | Inward Charge (uC)
injected to Outwa(rdcgharge (MC) (No ATP (Transient ATP
oocytes H release release, fmole)
hCx26 12.2 £ 2 (n=22) | 4.0 £ 0.6 (n=22)
_ a 3.6 £ 0 (n=1)
G12R 26.4 £ 3.2 (n=14) | 6.8 + 1.8 (n=12) 302 + 14,3 (n22)
7.7 +£29
S17F 15.1 £ 3 (n=13 1.4 + 0.2 (n=7) 1341 % 1075 (n=5)
4.2 £ 0.6
4 £ 4, = 4 £0. =
D50N 24.4 £ 4.5 (n=9) 1.4 £ 0.3 (n=7) 21,2 £ 3,8 (n=2)
10.2£2

D50Y 38293 (n=13) | 43£16(n=4) | . 07 (n=9)

N54S 254+ 1.9 (n=8) | 8.8 % 1.7 (n=8)

Table R6.2 | Data obtained from oocytes injected with hCx26 and
the indicated mutations under normal Ca?* conditions. These data are
presented as histograms in Figure R6.8. Notice that the total number of
oocytes corresponds to the number of outward charges.

Mutations in hCx26 have been described to be the major cause of

sensorineural, non-syndromic, prelingual deafness @), Dr, Barrio
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gave us the five different hCx26 mutations related to hearing
impairment to study not only the currents but also the ATP release. In
contrast of the results obtained using mutations of hCx32, all
mutations of hCx26 presented some kind of currents. Indeed, all
currents allowed by these mutated forms of hCx26 had an outward
charge mean larger than the WT. Most of the data obtained from
these records were statistically significant and are shown in 7able R6.2
and Figure R6.8.
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Figure R6.8 | hCx26 and its mutants under normal conditions.
Histograms summarizing 7able R6.2. 1t shows the outward and inward
charges in oocytes that did not release ATP and oocytes that transiently
released ATP. The hCx26 inward charge value in the third panel is the value
of the second one. Labeled statistical differences indicate the difference with
respect the wild type hCx26. *p<0.05; **p<0.01; ***p<0.001
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Again, those oocytes that did not release ATP or that released it
transiently were depolarized under low Ca** conditions. The data are
collected in the following 7able 6.3 and Figure 6.9. In general,
outward currents were increased in all mutations, inward currents

were either decreased or increased, but the ATP released was not

released transiently except in the case of D50Y mutation.

cRNA Inward Charge | Inward Charge (uC)
injected to Outwa(rdcglharge (MC) (No ATP (Transient ATP
oocytes H release release, fmole)
hCx26 12.6 + 1.9 (n=21) | 6.6 = 0.9 (n=19) -
G12R 36 + 3.3 (n=7) 26.1 £ 8.2 (n=3) -
S17F 16.5 £ 3.2 (n=12) | 3.1 £ 0.8 (n=9) -
D50N 27.2 £ 5.3 (n=7) 1.3 £ 0.2 (n=6) -
26.8 £ 21.8
D50Y 37.7 4167 (n=6) | 183+0(n=1) | _,, >~ (n=2)
N54S 27.5+ 1.6 (n=8) | 15.7 £ 5.5 (n=8)
Table R6.3 | Data obtained from oocytes that released ATP

transiently or undetectable under low Ca?* conditions. These data are
used to make the Figure R6.9. Notice that the total number of oocytes
corresponds to the number of outward charges.

In 1999, Grifa et al. discovered that an Italian family affected by
bilateral middle/high-frequency hearing loss had a threonine-to-
methionine change at position 5 (T5M) in the hCx30 @9, we
expressed this mutated hCx30 in Xenopus oocytes to study possible
alterations in voltage activated currents and ATP release.

The T5M outward charges (10.2 £ 0.9 pC, n=16) were significantly
smaller than the recorded in wild type hCx30 (23.4 + 4 pC, n=36)
(p<0.01) (Figure R6.10). We found that some oocytes did not release
ATP, other released ATP transiently and finally another group released
ATP in a permanent and irreversible manner. As we did in the other

cases we compared currents from oocytes that did not release ATP
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and oocytes that transiently released ATP (Figure R6.10). We detected
that only in the oocytes that released transiently ATP their inward
charges were significantly different. The ATP released transiently by
hCx30 and T5M hemichannels were 36.3 £ 10.5 (n=8) and 19.2 £ 5.2
(n=6) fmoles respectively. The T5M oocytes that transiently released
ATP represented the 46% of the oocytes whereas the oocytes that do
not release ATP and the oocytes that had no inward current

inactivation represented the 31% and the 23% respectively.
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Figure R6.9 | Data obtained from oocytes expressing hCx26 and
mutations under low Ca?* conditions. Observe that mutated
hemichannels generate at least one significant difference with outward or
inward charges compared with the WT except the D50Y mutation. *p<0.05;
*¥*p<0.001

Another evidence of the differences between T5M and hCx30 was
the ATP/Inward-Charge relationship (Figure R6.11).
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Figure R6.10 | hCx30 vs T5M histograms. Left panel compares outward
charges while the right panel compares inward charges from oocytes that did
not release ATP (1.8 £ 0.9 pC, n=10 for hCx30; 0.8 £ 0.3 pC, n=4 for T5M)
and oocytes that release ATP transiently (12.3 = 3.3 pC for hCx30 (n=8); 2.3
£ 0.9 puC for T5M (n=7)). All these data were obtained from oocytes bathed
in normal Ca®* Ringer. *p<0.05; **p<0.01

25 - Figure R6.11 | ATP/Inward
& * Charge relationship. Each uC that
8 20 1 allows T5M hemichannels, some are
o 15 from 19 fmoles of ATP while in the
g 10 - wild type each uC allowed some are
£ only from 5 fmoles of ATP.
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-
< 0 24 "
Under low Ca“" conditions the
hCx30 T5M
T5M outward charges (10.3 %

1.1 pC, n=14) were not significantly smaller than the recorded to the
wild type hCx30 (25.7 + 9.6 pC, n=10) (Figure R6.12). As we did in
the other cases we compared currents from oocytes that did not
release ATP and oocytes that transiently released ATP (Figure R6.12).
We found statistical significances between the oocytes that transiently
released ATP. The amount of ATP released by these oocytes were not
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different (17 + 2.8 fmoles, n=2 for T5M and 350.9 + 53 fmoles, n=2
for hCx30). The oocytes that did not inactivate their inward charges
represented the 71% for T5M oocytes and the 60% for hCx30 oocytes.
These differences are not statistical. So, the T5M mutation presents
differences in the inward charges from oocytes that released ATP in a
transient manner but presents the same inward inactivation patron.
Furthermore, the relationship ATP/Inward-Charge was equalized under

these Ca** conditions.
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Figure R6.12 | hCx30 vs T5M histograms. Left panel compares outward
charges while the right panel compares inward charges from oocytes that did
not release ATP (0.6 = 1.5 uC, n=2 for hCx30; 0.8 £ 0.3 pC, n=4 for T5M)
and oocytes that release ATP transiently (32.4 + 0.9 uC, n=2 for hCx30; 0.7
+ 0.2 uC, n=2 for T5M). All these data were obtained from oocytes bathed in
low Ca?* Ringer. **p<0.01
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6.4 Membrane currents and ATP release in oocytes
co- injected with different cRNAs of hCx26 and its
mutations and cRNA of hCx30

We realized that a significant part of hCx30 injected oocytes
exhibited non inactivating inward currents. Because Cx26 and Cx30 co-
express and form heteromeric connexons in the cochlea ??® %) e
decided to co-inject hCx26 and hCx30 cRNAs to check if the presence
of hCx26 would alter hCx30 inactivation. The different combinations of
injected cRNAs are detailed in Materials and Methods (Section 5.4.1).

Only 7 of the 37 hCx26/hCx30 co-injected oocytes did not
inactivate the large inward current and had a permanent release of
ATP, after the application of the depolarization pulse when immersed
in normal Ca®" conditions, representing the 19% of cases. The 22%
presented a transient ATP release and the rest, a 59%, did not release
ATP at all. In contrast, 50% of the oocytes expressing hCx30
homomeric hemichannels had a sustained and not inactivating inward
current, the 22% of the oocytes transiently released ATP and the 28%
did not release ATP. When we compared these rates, we observed
that the number of oocytes that did not release ATP and the number
of oocytes that did not inactivate the inward currents were statistically
different (p=0.013 and p=0.011 respectively). 7able R6.4 collects the
percentages of oocytes with different combinations of hCx30 and
hCx26 mutations. No more statistical differences were found between
hCx30 and the different combinations, neither between hCx26/hCx30
and the combinations. Interestingly, all connexin combinations
increased the rate of non-viable oocytes, showing patches and dots
(Supplementary Images);, the mortality rate is also shown in 7able
R6.4.
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Percentage | Percentage | Percentage of
RNA | ot | ot | M| Numper | (o
injected to _ curren_t _ cur_ren_t _ cur_ren_t of Rate
ocytes | Madbvton | fedvatn | pstiaon | oocytes
release) ATP release) | ATP release)
hCx30 28% 22% 50% 36 ~10%
hCx26/hCx30 59% 22% 19% 37 ~20%
G12R/hCx30 50% 33% 17% 12 ~80%
S17F/hCx30 17% 33% 50% 6 ~95%
D50N/hCx30 100% 0% 0% 2 ~98%
D50Y/hCx30 --- --- --- 0 100%
N54S/hCx30 53% 12% 35% 17 ~50%

Table R6.4 | Percentages of oocytes that, in normal Ca?* conditions,
did not release ATP, transiently released ATP and did not inactivate
hemichannels during the inward currents elicited by a square pulse
depolarization. In order to better understand these data, the number of
oocytes and the mortality rate corresponding to each cRNA combination are

reported. This rate defines the reliability of the data obtained.

Table R6.5 and Figure R6.13 are showing the data analysis related

to the outward and inward charge and ATP released measured in

oocytes that expressed the mixture of connexins investigated.

. Inward Charge | Inward Charge (LC)
CI?CNA injected | Outward Charge (LC) (No ATP (Transient ATP
0 oocytes (HO) release) release, fmole)
hCx30 23.4+4(n=36) | 1.8+0.9(n=10) | . 311'3;1;53@:3)
_ 0.7 £0.1 7.2 %25
hCx26/hCx30 | 19.5 1.6 (n=37) (n=22) 127.1 + 33.7 (n=8)
GI2R/MOB0 | 26.1 %28 (n=12) | 20405(n=6) | o 14210
S17F/hCx30 | 23.1+£3.5(n=6) | 2.3+0(n=1) 24.;'2 Tso(':=2)
D50N/hCx30 | 23.2 +£3.8(n=2) | 1.1+ 0.3 (n=2)
NS4S/hCX30 | 214 % 18 (=17) | 11£02(n=9) | ¢ 2234

Table R6.5 | Data obtained from oocytes injected with different
cRNA combinations under normal Ca?* conditions. The same data were
used to make the Figure R6.13. Notice that the total number of oocytes
corresponds to the number of outward charges.
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Figure R6.13 | Histogram representation of hCx30, hCx26/hCx30
and the different combination with mutants forms under normal
Ca?* conditions. We observe only differences in the inward charge of the
G12R/hCx30 oocytes that did not release ATP compared with the double wild

type hCx26/hCx30. *p<0.05

We also tested the effect of low Ca?* conditions on the oocytes
that did not release or transiently permeated for ATP. 7able R6.6
summarizes the results. The Supplementary video S9 is an example of
an oocyte injected with hCx26 and hCx30 that released transiently ATP

under normal Ca®* conditions and did not inactivate inward currents

under low Ca** conditions.
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. Inward Charge | Inward Charge (uC)
thNA injected | Outward Charge (uC) (No ATP (Transient ATP

0 oocytes (uC) release) release, fmole)

hCx30 25.7 +9.6 (n=10) | 0.6 + 0.1 (n=2) 350_392 ': ;;;0('::2)
hCx26/hCx30 | 17.9 £ 2.5 (n=21) | 0.8 £ 0.2 (n=4) 15 915;50&51:2)
G12R/hCx30 | 24.3 % 3.8 (n=8) | 2.6 £ 0.9 (n=4) 117.61();93?.2'?”:3)
S17F/hCx30 | 14.7 £ 5.6 (n=2) | 0.6 + 0.3 (n=2)
D50N/hCx30 | 21.4 +0(n=1)
11.7+0

N54S/hCx30 | 30.6 + 1.9 (n=8) | 1.2 £ 0 (n=1) 86.3 + 0 (n=1)

Table R6.6 | Data obtained from oocytes injected with different
cRNA combinations under low Ca?* conditions. These data were used
to make the Figure R6.14. Notice that the total number of oocytes
corresponds to the number of outward charges.

The percentages of the different behaviors of inward currents are

summarized in the 7able R6.7. Concerning to these percentages we

considered S17F/hCx30,

combinations as lethal.

D50N/hCx30 and D50Y/hCx30 cRNAs

cRNA Percentage of ngstrg:%tﬁf Percentage of Numnber
oocytes with . oocytes with no
injected to inward curr?nt m;’::;g\gjtggint inward currefrt1t of
inactivation (No . inactivation after
oocytes ATP release) (Trizzizz;\ s depolarization oocytes
hCx30 20% 20% 60% 10
hCx26/hCx30 19% 10% 71% 21
G12R/hCx30 50% 37.5% 12.5% 8
S17F/hCx30 100% 0% 0% 2
D50N/hCx30 - --- --- 0
D50Y/hCx30 - --- --- 0
N54S/hCx30 12.5% 12.5% 75% 8

Table R6.7 | Summary of the percentages of oocytes that, in low
Ca?* conditions, did not release ATP, transiently released it and did

not inactivate the inward current. To better understand these data the
number of oocytes is reported. Note that in three of the combinations

containing mutated hCx26 forms the oocytes that survival was extremely low.
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Figure R6.14 | Histograms of the charges allowed through the
Xenopus laevis oocytes plasma membrane by hemichannels formed
of hCx30, hCx26/hCx30 and the different combinations of hCx30
and the hCx26 mutations, under low Ca’* conditions. Blue asterisks
indicate differences with hCx26/hCx30 whereas red asterisks indicate
differences with hCx30. *p<0.05; **p<0.01; ***p<0.001

To better understand all the data derived from connexin-
expressing oocytes that released ATP we drew ATP/Inward-Charge
histograms (Figure R6.15 and Figure R6.16).
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Figure R6.15 | Histogram of the relation between ATP and the
Inward Charge under normal Ca* conditions. Notice that combinations
of hCx30 with S17F, D50N and D50Y are not drawn because of the low
number of oocytes. Statistical t-tests are done comparing with hCx30.
*p<0.05
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Figure R6.16 | Histogram of the relation between ATP and the
Inward Charge under low Ca?* conditions. Notice that like, in Figure
R6.15, combinations of hCx30 with S17F, D50N and D50Y are not drawn
because of the low number of oocytes. hCx30 is also drawn. Any statistical
difference was found.

6.5 Membrane currents and ATP release in oocytes
co- injected with cRNA of hCx26 and cRNA of hCx30

T5M mutation

In order to understand the possible defective role of hCx30 T5M
mutation in heteromeric hemichannels, we tested the activity of
hemichannels formed in oocytes injected with cRNA of hCx26 and T5M
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mutation to compare it with the hCx26/hCx30 hemichannels. The

following tables and figures summarize the obtained results.

Percentage e mEa Percentage of
of oocytes ] oocytes with
CRNA with in\zlvtard 00Cytes with nzyitnw:;:j Number
AC inward current Mortality
injected to current inactivation current of rate
oocytes inactivation (Transient ATP inactivation oocytes
(No ATP (Permanent
release) el AATP release)
hCx30 28% 25% 47% 36 ~10%
hCx26/hCx30 59% 22% 19% 37 ~20%
hCx26/T5M 56% 25% 19% 16 ~20%

Table R6.8 | This table summarizes the percentages of oocytes that
did not inactivate the inward currents in normal Ca%* conditions. In
order to better understand these data the number of oocytes and the
mortality rate corresponding to each cRNA combination are reported. The
rates are lower than those observed in 7able R6.4.

Data obtained from oocytes with inactivating inward currents were
used to do the same kind of calculations, histograms and statistical

analysis as we did above (7able R6.9 and Figure R6.17).

. Inward Charge | Inward Charge (LC)
cRNA injected | Outward Charge (LC) (No ATP (Transient ATP
to oocytes (HC)
release) release, fmole)
12.3 £ 3.3
hCx30 23.4+4(n=36) | 18+0.9(n=10) | . " (n=8)
0.7+0.1 7.2+25
SE 1. =
hCx26/hCx30 | 19.5 + 1.6 (n=37) (n=22) 127.1 + 33.7 (n=8)
124 £ 5.8
5+ 1.3 (n= 2+0.2(n=
hCx26/T5SM | 12,5+ 1.3 (n=16) | 1.2£0.2(n=9) | 55 5, 5137 (h=g)

Table R6.9 | Data obtained from oocytes co-injected with cRNAs of
hCx26 and both WT and T5M mutation of hCx30 under normal Ca%*
conditions. The same data were used to make the Figure R6.14. Notice that
the total number of oocytes corresponds to the number of outward charges.
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* %k

Charge (uC)

Outward Current

hCx30 hCx26/hCx30 hCx26/T5M
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Inward Current
Charge (1C)

Transient ATP release
B hCx26/T5M

No ATP release

H hCx30 B hCx26/hCx30

Figure R6.17 | Histograms of outward and inward currents from
hCx30, hCx26/hCx30 and hCx26/T5M expressing oocytes under
normal Ca?* conditions. Blue asterisks indicate differences with
hCx26/hCx30 whereas red asterisks indicate differences with hCx30. *p<0.05;
**p<0.01; ***p<0.001

p " ¢ Percentage of P t f
RNA | ‘coecwitn | 0w | L o | Number
.. . inward current .
injected to inward current inactivation inward current of
oocytes inactivation (No e e AT |nact|vat|_on éfter oocytes
ATP release) ) depolarization
hCx30 20% 20% 60% 10
hCx26/hCx30 19% 10% 71% 21
hCx26/T5M 46% 8% 46% 13

Table R6.10 | Summary of the percentages of oocytes with, in low
Ca?* conditions, no inward current inactivation. To better understand
these data the survival number of oocytes is reported.

We also tested the effect of low Ca?* conditions on the oocytes
with inactivating inward currents. 7able R6.10 shows the percentages
of oocytes that inactivate the inward currents releasing or not ATP and
the percentages of oocytes with non inward current inactivation after
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the depolarization. On the other hand 7able 6.11 summarizes all the
results under low Ca®* conditions that allow us to make the histograms
of the Figure R6.18.

. Inward Charge | Inward Charge (nC)
cRNA injected | Qutward Charge :
to oocytes (uC) (HC) (No ATP (Transient ATP

release) release, fmole)

hCx30 25796 (n=10) | 0.6+01(n=2) | ., 0?92': ;30('1 )

hCx26/hCx30 | 17.9+ 2.5 (n=21) | 08 £ 0.2(n=4) | . glf 2*_50'; 2
hCx26/T5M | 12.0 1.2 (n=13) | 24409 (n=6) | 4050*(:: )

Table R6.11 | Data obtained from oocytes co-injected with cRNA of
hCx26 and both WT and T5M mutation of hCx30 under low Ca?*
conditions. These data were used to make the Figure R6.16. Notice that the
total number of oocytes corresponds to the number of outward charges.
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Figure R6.18 | hCx26/hCx30 and hCx26/T5M co-injected oocytes
data under low Ca?* conditions. Blue asterisks indicate differences with
hCx26/hCx30 whereas red asterisks indicate differences with hCx30. *p<0.05;
**p<0.01
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For these last heteromeric hemichannels we also compared the
ATP/Inward-Charge relationship (Figure R6.19 and Figure R6.20).
Although the hCx26/T5M seems larger than the hCx30, the only
statistical significance of hCx30 is with hCx26/hCx30.
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E & 20
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,:: 10

0

hCx30 hCx26/hCx30 hCx26/T5M

Figure R6.19 | Histogram of the relation between ATP and the
Inward Charge under normal Ca®* conditions. Red asterisk indicate
differences with hCx30. *p<0.05
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Figure R6.20 | Histogram of the relation between ATP and the
Inward Charge under low Ca®* conditions. No statistical differences

were found.
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Gap junctions allow electrical and metabolical communication
between adjacent cells. A gap junction is composed of two connexons,
each one expressed in the plasma membrane of both adjacent cells.
One hemichannel is composed of six connexins. As it has been
reported, connexons can form gap junctions together with other
connexons ®” @) or can have other functions as independent ionic
channels in the cell plasma membrane 7 ©9 39 1 this case we call it
hemichannels Several groups have suggested that ATP can be
released via connexin hemichannels in cells like astrocytes, osteoblasts
or corneal endothelial cells among others ¢ > (60) 61) (92) ®5) *\yhere
ATP release has been related to propagation of calcium waves. This
role of connexin hemichannels in ATP release had to be demonstrated
against a historical background of other ATP-release mechanisms like
exocytosis 8 ©8) (260 “ABC (ATP-binding cassette) transporters 59,
diffusion via P2X7 ©% %)) receptor channels, etc.

In previous studies in our laboratory, ATP release through the
Xenopus laevis oocyte endogenous connexin (Cx38) was already
documented ©® in response to low Ca** concentration, together with
an inward current. This current was reversibly inactivated by calcium
presence and was inhibited by gap junctions unspecific inhibitors like
octanol and flufenamic acid, and by Cx38 antisense oligonucleotide
injection. Parallel to this calcium-sensitive currents ATP release from
the oocytes was also recorded, and, like the currents, was inhibited by
octanol, flufenamic acid and Cx38 antisense oligonucleotide injection.

With these results in hand we wanted to know if other connexin
hemichannels could also be permeable to cytoplasmatic ATP. We kept
on using the Xenopus /aevis experimental model because is easy to
express other connexins only injecting the cRNA, and we could record

ionic currents and ATP release simultaneously in one single cell.
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ATP release has already been documented for Cx43 ©? and Cx38,
and purinergic signaling disorders have been studied as the cause of
several human diseases % (28 5 (67) e decided to investigate if
human Cx26, Cx30 and Cx32 were permeable to ATP, and if there was
any relation between ATP release through these hemichannels and the
linked diseases we described above. For that these human

hemichannels were studied using different /n vitro models.
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1. hCx32
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hCx32 was expressed in Xenopus laevis oocytes and it was
activated using a depolarizing protocol. In response we recorded an

outward current characteristic for hCx32 ©9 (59

The possible
interferences of endogenous oocyte Cx38 were abolished injecting
Cx38 antisense oligonucleotide together with hCx32 cRNA 48 hours
before the recordings were performed. The outward currents recorded
became inward currents abruptly once the depolarization stimuli ended
and membrane potential went back to holding potential. It was during
this inward current that ATP release was detected (Figure R5.1). This
ATP release during the inward current makes sense, because in our
experimental conditions the equilibrium potential for ATP is highly
positive and extracellular ATP concentration should be nearly zero.
During the depolarization stimulus the potential is positive and ATP
does not cross through hemichannels even when they are in their
open state, because membrane potential is close to ATP equilibrium
potential (Figure DI). But the inward current is generated when the
membrane potential returns to negative values while hCx32
hemichannels are still in an open state, allowing cytoplasmatic ATP to
cross the membrane and be released.

There is a direct relationship between the inward current electric
charge (inward charge) and the amount of ATP released (Figure R5.3).
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Figure D1 | Graphic representation of the ATP reversal potential calculated
using the Nernst equation (bottom, left). When the extracellular ATP
concentration is close to zero, the equilibrium potential is very positive.

As Cx32 is expressed in Schwann cells among other cell types %%,
and after demonstrating that hCx32 can release ATP when expressed
in Xenopus oocytes, we wanted to know if Schwann cells would
release ATP through Cx32. For this study we decided to use sciatic
nerves from mice and rats, which have intact myelinating Schwann
cells wrapping the axons. Plasma membrane depolarization opens
hCx32 hemichannel. Accordingly, a depolarizing stimulus was applied
to the whole nerve with a suction electrode and the chamber made for
that, trying to imitate action potentials, the physiological stimulus that
might trigger Cx32 hemichannels opening /n vivo. In some occasions
we have recorded the compound action potential to ensure that nerve
activity is still present after transaction, data not shown. We used a
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cooled high sensitive camera and the Luciferin-Luciferase reaction to
capture the ATP release from the sciatic nerve. With this approach, we
observed ATP release in response to electrical and mechanical stimuli.
We performed other experiments to evoke ATP release from single
nerve fibers. Hypotonic shock was the best way to achieve it as we
can see in Results (Section 2.2). We have obtained evidence doing
immunofluorescence assays, (Section 1 of Results) that Cx32 is highly
present at the paranodes of Schwann cells (Figure R1.1 and Figure
R1.2), precisely the part of the cell that releases the higher amounts of
ATP (Figure R2.7).

To make sure that the ATP release that we saw was from Schwann
cells itself and not from other nerve components we started to culture
Schwann cells from adult mice sciatic nerve. We also checked the
connexin expression in cultured Schwann cells doing immunostainings
for Cx32. Staining was localized all along the cell bodies and
prolongations (Figure R3.1).

Once demonstrated that cultured Schwann cells express Cx32 we
activated these hemichannels with mechanical stimuli. Hypotonic shock
has been described to trigger hemichannel opening ©” ©® and the
release of ATP through hemichannels has been described in
osteoblasts ©® and corneal epithelial cells ©®* under mechanical
stimulation, we decided to stimulate Schwann cell primary cultures
with an hypotonic shock. Moreover, hypotonic conditions induce cell
swelling and, in this condition, ATP is a necessary signal for the cells to
recover their volume through a process known as regulated volume
decreased (RVD). This process implies an autocrine and paracrine ATP
effect through purinergic receptors (both P2Y and P2X), that would
activate G-coupled proteins and an eventual intracellular Ca®* increase,

which would activate K* and CI" extrusion, necessary for the cell
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volume recovery **®, The mechanism by which ATP is released after
the hypotonic stimulus is yet unclear. Exocytosis, ionic channels and
transporters have been proposed, and it is thought nowadays that
multiple release mechanism may be involved “%%,

ATP release was detected using Luciferin-Luciferase reaction and
we could see a fast ATP release response from Schwann cell to a
hypotonic shock. The amount of ATP released was of 2.5x 10
fmole/10%ells, which is significantly greater (p=0.024) than the ATP
released from control Schwann cells, that did not received the
hypotonic shock, which released 3.03x 10 fmole/10%*cells.

To further study the possible implication on Cx32 in ATP release
we repeated the hypotonic shock assays with hCx32 stable transfected
Hela cells, using as a control group WT Hela cells. We worked with
HeLa cells since they are widely used for connexin-transfection studies
(265) (266) (267) hacause wild type Hela cells do not form gap junctions
(268) (269) and have a very low expression of endogenous connexins. So,
we performed the hypotonic assays both with WT and hCx32
transfected Hela cells. We could record a significant ATP release from
cells that had undergone the hypotonic shock, compared to those that
had not, but we could not see significant differences between wild
type and hCx32 transfected Hela cells. Cells suffering the hypotonic
shock showed a mean ATP release of 0.0117 fmole/10* cells for HelLa
WT cells, while there was a mean ATP release of 0.0102 fmole/10*
cells for hCx32 transfected Hela cells. So our results did not support
the view that ATP released in response to hypotonic shock is related to
Cx32 hemichannels in HelLa cells. To check if it could be released by
the exocytic pathway, the assays were repeated but with a previous
incubation of both WT and hCx32 transfected HelLa cells with Brefeldin

A, a drug that disrupts the Golgi apparatus, and, in consequence,
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s @70 7D Byt we could not find significant differences

exocytosi
between the ATP released in response to the hypotonic shock, either
for WT or for hCx32 transfected Hela cells when we compared the
assays without BFA preincubation with the ones that were
preincubated for 5-7 hours with an isotonic solution containing 5 uM
BFA. We concluded that the ATP release from these cells in response a
hypotonic shock was not apparently released through exocytosis, but
by another pathway probably involving different channels.
Interestingly, in these assays we could detect a change in the ATP
release from the control cells that did not received the hypotonic shock
but had the shear stress stimuli triggered by the injection of solution in
the cultured wells. In the case of Hela cells preincubated with BFA,
they showed a reduction in the ATP release compared with the
controls not preincubated with BFA (although it was only significant for
WT Hela cells, hCx32 transfected HelLa cells preincubated with BFA
also had a smaller mean of ATP released), indicating that exocytosis
could be the main mechanism by which ATP is released in response to
shear stress in these cells. To answer the question of how Hela cells
release ATP, a possible approximation would be to combine at the
same time, whole cell voltage clamp and luminescence.

In our laboratory we have been working with the hypothesis that
ATP release could be involved with CMTX disease. But how could this
happen?

In Schwann cells ATP release has already been described in
response to glutamate > and UTP ®%, and this release has been
related to exocytosis and anionic channels. In other glial cells, such as
astrocytes, different mechanisms for ATP release have been described:
exocytosis ’?, anionic channels % and hemichannels ©?. We

consider that Schwann cells can also release ATP by different
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mechanism, among them, Cx32 hemichannels.

As it has been described before (Section 4.9 of Introduction) and
we also demonstrated (Figure R1.1 and Figure R1.2), Cx32 in Schwann
cells is expressed in paranodal regions, close to the axon. In this
location Cx32 could sense the depolarization triggered by action
potentials and become active, open hemichannel pores and release
ATP to the extracellular medium. This ATP would, in turn, activate
P2X7 and P2Y2 purinergic receptors, also expressed in Schwann cells
(25) (207) (208).

However, P2X7 receptor activates at high or low ATP
concentrations; at low concentrations P2X7 has a conductance very
similar to other P2X receptors, however in the presence of mM levels
of ATP they exhibited a very high conductance that has been related
to cell necrosis or apoptosis #’® "% Usually P2X7 would normally be
in a low conductance state #’> 9}, On the other hand, P2Y2 can be
activated at lower ATP concentrations, and trigger an increase of
intracellular calcium concentration, which would activate other
intracellular signals, some of them presumably involved in Schwann
cell survival.

Considering all these data and according to our hypothesis, when
Cx32 is mutated, as it has been described in CMTX disease (5% (169
(79 " two different alterations could occur to this signaling pathway
(Figure D2): (B) an increase or (C) a decrease of ATP release through

Cx32 hemichannels.
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WILD TYPE SCHWANN CELL

Figure D2 | Schematic representation of a Schwann cell in three
different situations. A: Schwann cell expressing wild type Cx32. Through
its hemichannels ATP is released for the correct cell function. B: Schwann cell
expressing a Cx32 mutation that increase ATP release through hemichannels,
triggering a greater activation of P2X7 and P2Y purinergic receptors C:
Schwann cell expressing a Cx32 mutation that inhibits or reduce the ATP
release through hemichannels, leading to a reduced (and insufficient)
activation of P2X7 and/or P2Y receptors.

On one hand, mutations on Cx32 that affect trafficking or lead to
non-functional hemichannels would disrupt the ATP release through
Cx32 hemichannels, and the amount of extracellular ATP would
decrease, and so would do P2Y2 activation, leading to cell death by a
lack of survival stimulation (Figure D2, C).

On the other hand, Cx32 mutations that form functional but altered
hemichannels with a higher open probability would increase the total
amount of extracellular ATP which would activate not only P2Y2
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receptors, but also the high conductance of P2X7 receptors, that
would lead to cell death (Figure D2, B).

A similar hypothesis has been formulated to explain CNS glial cells
response to injury ¢’”. So it would be interesting to characterize the
hCx32 mutations regarding its capacity to release ATP, to see if at
least one of these situations could actually occur, opening a new field
of research for CMTX disease mechanisms. Another interesting
approach to test this hypothesis would be to alter extracellular ATP
concentrations in primary Schwann cell cultures and see if that leads
to cell death or apoptosis, or it increase the expression of some
proteins related to the process of myelinization.

With this hypothesis we had to evaluate if the five mutated forms
of hCx32 were functional. Xenopus oocytes were used again to study
hCx32 S26L, P87A, A111-16, D178Y, and R220X mutated forms that
were described in patients with CMTX and have been, in a more or
less extent, described before ©9) (164 (165 (166) ' Fqr more information on
the characteristics of each mutation see the Introduction (Section 4.6).
The constructs into the Xenopus expression vector (pBxG) were set up
by Dr X. Grandes previously in our lab to obtain cRNA and perform
TEVC experiments. These experiments could tell us if any of the
mutations affect or not the ability of hCx32 to release ATP under a
depolarizing stimulus, and if so, if it could be a part of the mechanism
leading to CMTX phenotype.

We demonstrated that P87A and R220X were expressed and
transported into the membrane. The hemichannels formed by these
mutated forms were unable to open under control conditions leading it
to do not release ATP. Although we are not able to be totally sure that
A111-113 were inserted into the membrane, the fact that in the other

cases it worked made us think that the methodology was correct. Why
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this deletion does not show any current in any condition? Perhaps this
mutation is totally unable to allow any current and release ATP indeed.
Another explanation is that this mutation is not transported into the
membrane in oocytes as well as in humans, and this fact could be the
reason of the CMTX.

In the case of S26L it was pointed out that this mutation has a
smaller pore %% (%) and we demonstrated that the result is a smaller
inward current and a reduction in ATP release. In physiological
conditions it could mean that these small pore hemichannels would
inactivate faster leading to a small purinergic signaling.

The behaviors of these 4 mutations agree with the C option in
Figure D2. But D178Y mutation apparently does not fit. This mutated
hemichannels had no differences compared with the WT (7able R5.1).
Nevertheless when we looked carefully both currents and ATP release
we found that there were kinetic differences, in summary, the Time
constant (t) and the Rise Time of ATP release (Section 5.3 of Results).
Therefore, the model C of Figure D2 also applies for the mutation
because, in somehow, for a small portion of time, the concentration of
ATP is bigger in the surrounding areas where ATP is released.

According to our results dysfunctions in ATP release in two ways,

increase or decrease, could be the cause of the disorder.
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2. hCx26 and hCx30

243



Discussion

To study these two connexin hemichannels we used Xenopus
oocytes and the TEVC. Injecting cRNA into Xenopus oocytes we
expressed these connexins and some mutations to study their
electrophysiological properties and their permeability to ATP under two
different conditions, normal Ca®* and low Ca** concentrations.

Under both Ca®* conditions our experiments revealed us that
hCx26 hemichannels, even they exhibited outward and inward currents
that correspond to their incorporation into the plasma membrane,
were not permeable to ATP when a voltage depolarization was the
stimulus applied. Additionally to the commented voltage protocol in
two different Ca** environments, we tried several other stimuli. To be
sure that our assertion about the non-permeability of hCx26 to ATP
was certain, we depolarized the membrane of oocytes up to +60, +80,
+100, +120 mV starting from different clamped voltages (-40, -60, -80
mV). Even when we bathed the oocytes with Endolymph-like solution
(226) e did not detect any light emission (data not shown).

That hCx26 was not permeable to ATP was surprising because it
had been described that under some conditions like low Ca** ® or high
PCO, 99 tissues containing Cx26 hemichannels release ATP.
Nevertheless, the presence and the role of other connexins have not
been ruled out. Moreover, until now there were not experiments
performed with the human Cx26 both using the voltage depolarization
to open the hemichannels and capturing the ATP released.

On the other hand, hCx30 injected oocytes appeared to be
permeable to ATP after a pulse depolarization. The main number of
oocytes, 72%, did release ATP and only a 28% did not, in normal Ca**
conditions (p<0.001) (7able R6.4); so, the majority of hCx30
hemichannels release ATP. An acute analysis of these oocytes revealed

that the release of ATP was dependent on the inward charge (Figure
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R6.6). At low Ca** conditions the majority of hCx30 expressing oocytes
released ATP (80%) (p<0.05) (7able R6.7). These data did not
present statistical differences when compared with the 72% in normal
Ca** conditions. Comparing the currents and the ATP released in both
Ca** conditions we did not found significant differences. These results
and the published evidences of the co-expression and co-assembly of
hCx26 and hCx30, led us to consider the possibility that the role of
hCx26 in the cochlear hemichannels was to control the gating and/or
the inactivation and/or the permeability of hCx30 and their subsequent
release of ATP, and we figured out the formation of heteromeric
hemichannels. To test this hypothesis, we co-expressed hCx26 and
hCx30 cRNAs to carry out the necessary experiments. Using the same
voltage protocol performed for the homomeric hemichannels we saw
conclusive differences. The 19% of hCx26/hCx30 oocytes did not
inactivate their inward currents and the current was permanently
activated. This percentage is smaller compared with the ratio of hCx30
expressing oocytes that had the same behavior (50%) (p=0.01). The
ratio of oocytes that did not release ATP expressing hCx30 (28%) and
hCx26/hCx30 (59%) also differ (p=0.013). In contrast, although more
oocytes expressing hCx30 released ATP than the oocytes expressing
hCx26/hCx30, the amount of ATP transiently released was larger in the
oocytes co-injected with hCx26 and hCx30 cRNAs (p<0.05). These
differences are also reflected in the relationship ATP/Inward-Charge,
where the hCx26/hCx30 hemichannels have a larger relationship than
the hCx30 (p<0.05) (Figure R6.15). It means that these two kinds of
hemichannels allow similar outward and inward currents but the
heteromeric form releases more ATP and does it under a finer control
than in hCx26 and hCx30 alone.

In low Ca®* concentration, 80% of hCx30 expressing oocytes
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released ATP (20% transiently and 60% permanently) (7able R6.7). In
these Ca** conditions the 71% of hCx26/hCx30 expressing oocytes
had no inward current inactivation and the consequent permanent ATP
release. Furthermore, the 10% released ATP transiently and the total
oocytes releasing ATP were the 81%. So, in these Ca®* conditions, no
statistical differences between hCx30 and hCx26/hcx30 oocytes were
found when we compared the different ratios related only to the total
oocytes that released ATP or the oocytes that released it transiently or
permanently. When we compared the different currents allowed in
oocytes injected with hCx30 cRNA or both hCx26 and hCx30 cRNAs,
we did not find any difference. Although hCx30 hemichannels seemed
to release more ATP than hCx26/hCx30 hemichannels, differences are
not significant. Finally we did not find any difference between those
oocytes when we compared the relation ATP/Inward-Charge (Figure
R6.16).

In addition, oocytes expressing hCx26/hCx30 hemichannels did not
present any statistical change in their currents or ATP release when
the extracellular solution was changed from normal to low Ca**. In the
same way, hCx30 did not change statistically the ATP transiently
released. The ratios related to the behavior did not change in the case
of hCx30 being very similar in both Ca®* conditions. On the other
hand, the number of hCx26/hCx30 oocytes that did not release ATP in
low Ca®* conditions decreased (p<0.01), the number that released
ATP transiently did not change and the number of oocytes that did not
inactivate the inward currents increased (p<0.001). Therefore, low
Ca** conditions affects hCx26/hCx30 increasing the number of oocytes
with no inactivation hemichannel currents. It means that hCx26 exerts
a control action to hCx30, which is Ca®* dependent.

Mutations in the gjb2 gene are reported to cause sensorineural,
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non-syndromic, prelingual hearing impairment. Five different hCx26
mutations associated with this disease were tested. Contrary to the
WT form of hCx26, all mutations except N54S were permeable to ATP
in a transient manner (7able R6.2) in normal Ca** conditions. In other
words, at least some of the oocytes released ATP. Comparing currents
we found differences in many parameters (Figure R6.8). Each
mutation had statistically differences at least in two parameters
indicating that hemichannels formed by these mutations had different
permeabilities to ions compared with the WT. These ions include ATP
in the inward currents except for the N54S mutation. In low Ca®*
conditions results were similar ( 7able R6.3), but the oocytes that were
transiently permeable to ATP they became permanently permeable to
ATP so, they did not present inward current inactivation. Every single
mutation presented statistical differences in outward charge, inward
charge or both charges compared with the wild type form (Figure
R6.9) except D50Y mutation, who presents a huge variability.
However, these mutations did not present significant differences
between normal and low Ca®* conditions (Figure D3) indicating that,
like in the wild type connexin, extracellular Ca** do not affect the
currents allowed through the oocytes plasma membrane.
Nevertheless, extracellular Ca** might be implicated in the inactivation
process that leads the hemichannels to the closing state. The
appearance of oocytes expressing mutations of hCx26 that do not
inactivate the inward currents under low Ca®* conditions support this
idea.

Although the majority of mutations in connexins that cause
deafness are in the gene gjb2, at least two single substitutions and
two deletions have been described in the gene gjpg 7% (140 (278) (279)

(289) T5M mutation was the first described mutation in hCx30 to cause
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sensorinerual, non-syndromic, prelingual (but not severe) deafness
(140) We compared the results obtained in oocytes expressing this
mutation with that obtained with the wild type hCx30. We verified that
T5M mutation allowed smaller outward currents and smaller inward
currents in oocytes that transiently released ATP (Figure R6.10).
Moreover, these hemichannels presented a higher ATP/Inward-Charge

relationship respect to the wild type (Figure R6.11).
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hCx26 G12R S17F D50N D50Y N54S

® Normal Conditions B Low Ca2+ Conditions

Outward Current
Charge (puC)

Figure D3 | Histograms comparing outward charges of every
homomeric hemichannel expressing oocytes under normal and low
Ca?* conditions. No statistical differences were observed in any case.

The next step was to check the effect of each mutation in
heteromeric hemichannels. As we described above in Materials and
Methods (Section 5.4.1) we injected 7 ng of cRNA of each connexin to
the oocytes. The first unexpected fact was to find out that three
combinations with hCx26 mutations were highly mortal for oocytes
after 24h of the cRNA injection. Although all data are detailed in
Results (Section 6), data obtained from oocytes co-injected with
normal hCx30 and S17F, D50N or D50Y hCx26 mutations were not
considered because of the very small number of oocytes that survived
and were submitted to the voltage test. We are not sure if these

survival oocytes expressed the same protein level that those who died
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during the incubation time.

In normal Ca®* conditions G12R/hCx30 injected oocytes presented
also a high mortality, but even so, we used those data as well as the
obtained from oocytes injected with cRNAs of hCx30 and the N54S
mutation. G12R/hCx30 heteromeric hemichannels allowed, in normal
Ca** conditions, larger inward currents compared with hCx26/hCx30,
only when the oocytes did not release ATP (50% of cases) (Figure
R6.13). When these oocytes released transiently ATP (33%), we did
not observe statistical differences in the inward charges (7.2 £ 2.5 pC,
n=8 from hCx26/hCx30 vs 14.2 = 10 pC, n=4 from G12R/hCx30)
(Figure R6.13). The transient release of ATP was similar for both
varieties of oocytes (127.1 + 33.7 fmole, n=8 from WT and 125.3 +
93.2 fmole, n=4 from G12R/hCx30) (7able R6.5). Conversely, when
we compared the different values of currents and ATP release of
hCx30 and G12R/hCx30 hemichannels, we did not find any difference,
even in the ATP/Inward-Charge relationship. The percentages of
oocytes presenting the three different behaviors of 7able R6.4, did not
present any statistical difference respect to the hCx30. So we can
assert that the mutation G12R does not have the same effect on
hCx30 as the wild type when forming heteromeric hemichannels.

Under low Ca®* conditions the G12R/hCx30 presented only
differences respect to the hCx30 in inward charges of oocytes that
released ATP transiently. They were smaller (p<0.05) (Figure R6.14).
However, differences neither in ATP release nor in the ATP/Inward-
Charge were not found when we compared G12R/hCx30 with either
the hCx30 or the hCx26/hCx30. The percentage of oocytes that
released ATP also was not different.

N54S/hCx30 heteromeric hemichannels under normal Ca®*

conditions presented no differences in both currents and ATP release
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and neither with the hCx30 hemichannels nor with the hCx26/hCx30
hemichannels. The 47% of N54S/hCx30 oocytes released ATP (12%
transiently) and the 53% did not. These ratios are not different than
those of hCx30 alone. Under low Ca** conditions, the rate of oocytes
that released ATP increased in the three kinds of injected oocytes,
87.5% of N54S/hCx30 oocytes, 81% of hCx26/hCx30 oocytes and
80% of hCx30 oocytes, but did not differ between them. Under these
low Ca** conditions, larger outward currents were recorded (p<0.001).
In addition, these N54S/hCx30 oocytes did not present any difference
in the ATP/Inward-Charge respect the hCx30 in any Ca®* condition
indicating that this mutation has not the same effect on hCx30 than
hCx26 has.

hCx30 only presented differences with the oocytes that were co-
injected with hCx26. Notice that when we compared the same kind of
percentages of the G12R/hCx30 and the N54S/hCx30 co-injections,
any difference was detected. The ATP/Inward-Charge histograms from
the Figure R6.15 also supported the view that hCx30 is only modulated
by hCx26 but not by their mutations.

Finally the hCx30 mutation T5M was co-injected with hCx26 to
check the effect on heteromeric hemichannels. When oocytes were
bathed with normal Ca®" Ringer, this combination presented smaller
outward charges compared with both hCx30 and hCx26/hCx30.
Comparing the inward charges we saw only differences in the oocytes
that did not release ATP with the hCx26/hCx30. There were not
differences in the amount of ATP released. We also did not find any
difference in the ATP/Inward-Charge relationship with hCx30. Even
comparing the percentages of oocytes that did not release ATP, that
released ATP transiently and that did not inactivate inward currents,
we could not find the differences that appeared with the hCx26/hCx30.
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So, the effect of hCx30 mutation is different respect to the co-
expression of hCx26 and hCx30 wild types.

Under low Ca** conditions only the outward current values and the
percentages can be taken seriously due to the low number
experiments. What we observed is that, whereas hCx26/hCx30
increased the number of oocytes releasing ATP when the extracellular
calcium was low, the number of hCx26/T5M oocytes releasing ATP
remained constant.

Taking into account the results obtained in oocytes injected with a
single type of cRNA, we guess that hCx26 mutations present a
different behavior in cochlear cells when they are expressed as
homomeric hemichannels. According with our results, we can assert
that, if cochlear cells present hCx26 hemichannels, in the case of
mutations these hemichannels will present several variations. As we
have shown before, these variations are related with the ion flow
between both sides of the membrane through the hemichannels. But
even that, we also have demonstrated that these mutated
hemichannels, except N54S, present ATP release contrary to the wild
type hCx26. With these results and our knowledge in the area, we can
venture to say that a different K* and Ca?* concentration in the
endolymph and an over purinergic stimulation can be, independently,
a cause of the hearing impairment. We cannot ignore that G12R
mutation has been demonstrated to form non-functional gap junctions,
and this would be another key point for this mutation.

Our experiments reveal that oocytes expressing the hCx30
mutation T5M allow smaller currents than the wild type under both,
normal and low, Ca**conditions. Our data lead us to speculate that
these T5M hemichannels allow smaller outward currents in

physiological conditions. We know that this behavior does not affect
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the formation of the EP and the electrical coupling within cochlear
supporting cells. However, calcein transfer was reduced in Cx30T5M
mice as well as intercellular Ca®* signaling due to spontaneous ATP
release from connexin hemichannels ?*), It agrees with our results
about the miss regulation of hCx26/T5M hemichannels in terms of the
ATP/Inward-Charge ratio. It would bring a kind of understimulation,
particularly with low purinergic signaling. These T5M hemichannels do
not present differences with the WT when we compare the percentage
of oocytes that do not inactivate inward currents in both normal and
low Ca** conditions. So, this mutation presents the same inactivation
characteristics as hCx30.

The differences found in the hCx26/hCx30 oocytes in both Ca**
conditions led us to think about the localization of these hemichannels
in the cochlea. As it is shown in the Figure 5.8, hemichannels are
equally localized in cells bathed by endolymph or perilymph. It is worth
to underline that endolymph has a lower concentration of Ca®* than
the perilymph, and we can consider our working solutions as
perilymph-like and endolymph-like solutions. In the perilymph areas
the hCx26 subunits would offer a control to the hCx30 subunits. This is
extracted from the data discussed above where we compared that the
number of oocytes co-expressing hCx26 and hCx30 that did not
inactivate the inward currents was reduced. Even that, the relation
ATP/Inward-Charge was also changed, being more permeable to ATP
the hCx26/hCx30 heteromeric hemichannels. So, we can guess that, in
these perilymph zones, hCx26 is required for hCx30 to release large
amounts of ATP without falling into a path of no return of inward
currents.

Under endolymph-like Ca** conditions hCx26 seems to have not

the control to hCx30 that was present under normal Ca** conditions.
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This statement is a reflection of the results where we do not find any
difference. Moreover, under low Ca®* conditions, the number of
oocytes that, expressing hCx26/hCx30 hemichannels, do not inactivate
the inward currents, increase to be like the hCx30. The relation
ATP/Inward-Charge is also similar in both kinds of hemichannels.

When these heteromeric hemichannels are formed by hCx30 and a
mutation of hCx26, there are three combinations that we considered
lethal for the oocytes. We can postulate that, in the oocytes, the three
“lethal” combinations are permanently in the open state and it leads to
the death of oocytes. Physiologically, it could be interpreted in the
same way, and that lack of hemichannel inactivation would lead the
cochlear cells to a miss-function.

The G12R/hCx30 heteromeric hemichannels also present a huge
mortality (~80%). Moreover, they present larger currents in normal
Ca** conditions. Under the same Ca®* conditions, G12R mutation has
not the same effect than the wild type hCx26 diminishing the number
of oocytes that do not inactivate their inward currents and increasing
the ATP/Inward-Charge relationship. In addition, under low Ca®*
conditions, these oocytes presented larger inward currents in the
oocytes that release transiently ATP, but not statistical differences in
the ratio of oocytes that released ATP and the fmole of ATP transiently
released. The low number of surviving oocytes hardly difficult to
extract conclusions, but the high mortality itself is a proof of an unlike
regulation of hCx30 by G12R.

Finally, the N54S5/hCx30 hemichannels do not present significant
changes with hCx26/hCx30 hemichannels, but, in the same way than
G12R/hCx30, N54S mutation has not the properties of hCx26 to
change the ATP/Inward-Charge relationship of hCx30. In contrast, this

heteromeric hemichannels present significant differences with
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hCx26/hCx30 hemichannels in the outward charges under low Ca**
conditions. The rest of values compared with hCx30 or hCx26/hCx30
do not present differences. The possible physiological significance for
that is that under low extracellular Ca®* conditions (Scala Media
conditions) these hemichannels have larger K* outflows increasing the
endolymph K* concentration. It would lead the cochlea to a similar
situation than what we draw for the homomeric hemichannels formed
by hCx26 mutations. In the same way than the other hCx26
mutations, N54S/hCx30 also presents a high mortality ratio leading us
to consider that N54S also presents an abnormal regulation of hCx30.

The last heteromeric hemichannels that we tested were the formed
by hCx26 and T5M mutation of hCx30. Outward charges are
significantly lower (p=0.01). Inward charges are larger, but only the
oocytes that do not release ATP present statistical significances
(p<0.05). The ratios about the oocytes that release or not ATP (7able
R6.8) are not different compared with the hCx30 hemichannels, and
also the relation ATP/Inward-Charge do not change under low
extracellular calcium conditions. These hemichannels allow smaller
outward charges (p<0.05) and larger inward charges when the
oocytes do not release ATP (p<0.001). Only one oocyte released
transiently ATP being not enough to take solid conclusions. The
number of hCx26/hCx30 oocytes that released ATP (41%) under
normal Ca®* conditions increased when these oocytes were bathed in
low Ca** Ringer solution (81%) (p<0.01). The mutated heteromeric
hemichannel T5M/hCx30 remained the same (44% vs 54%). The lack-
of-calcium effect on hCx26/hCx30 heteromeric hemichannels
disappeared.

All data exposed and discussed since here, supports our hypothesis
that hCx26 controls the ATP permeability of hCx30 but not the charges
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in heteromeric hCx26/hCx30 hemichannels.

Contrary to what we have been speculating since how about the
role of hCx26 in the regulation of hCx30, we can think in the other
way. Might be the hCx30 mutation giving an additional function to the
hCx26? The connexin hCx30 appeared in the human evolution later
than the hCx26 *® (Figure D4). The appearance of this connexin
might be to confer another property to the hCx26, and it would be the
permeability to the ATP. The fact that there are more mutations in the
gen gjb2 causing deafness and other diseases than in gjb6 also
supports this idea.

Cx40.1

Ciona intestinalis Cx36.9

Figure D4 | Connexins phylogenetic tree. The more in the right is a gen
the more recent is its appearance in the evolution. Observe that gjb6 gen
effectively appears later than the gjb2.

This work represents a step forward to the comprehension of the
mechanisms that control basic cellular functions.
About CMTX, we have demonstrated that a defective ATP release

255



Discussion

(among other ions) may be involved in the physiopathology. To
complete our work, the use of animal models for CMTX would be a
necessary tool. The creation of knock in mice with these studied
mutations to evaluate possible therapies would be a positive step. Until
now, there is not known any connexin enhancer compound that could
act to activate the P87A, A111-116 and R220X hemichannels, or
increase inward currents and ATP release of S26L hemichannels. In
contrast, some connexin blockers have been described. At very low
doses, these could act rectifying the kinetics of D178Y hemichannels.
The last advances in mimetic peptides also would provide a strong tool
to work on gain-of-function mutations.

About the connexins implicated in deafness, the deregulation
seems to be on the gain-of-function direction. Even that we present
here a wide range of results, a lot of work has to be done to
understand the role of purinergic signaling between supporting and
sensorial cells. In the experiments done with heteromeric
hemichannels we lack the control of expression level of each connexin
cRNA, impeding the interpretation of the results. The ignorance of the
localization of these mutations in the human cochlea also represents
an impediment to the understanding. Transfection of cell lines,
immunodetection of these mutations in human cochleae, and knock in
mice would provide us an additional knowledge very necessary. About
the abnormal operation of the hCx26 mutations studied, connexin
inhibitors and, more specifically, mimetic peptides, would be the
molecules used to control the target.

Finally, as general conclusion of this thesis, we have obtained
evidence that not all, but at least some, connexins are permeable to
ATP and control its release, opening the field of purinergic signaling

related to connexonopathies.
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1. hCx32
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10.

11.

Connexin 32 is localized in the paranodal regions of Ranvier’s
nodes and Schmidt-Lanterman incisures in mice sciatic nerve.
Cultured Schwann cells express Cx32.

Mice and Rat sciatic nerves release ATP in response to
electrical stimulation with a suction electrode. This release is
concentrated to specific areas of the nerve.

Mice sciatic nerves release ATP in response to mechanical
stimulation. This release is concentrated to specific areas of the
nerve.

Mice sciatic nerve fibers release ATP in response to hypotonic
shock stimulation. This release is concentrated to the paranodal
zones of Ranvier’s nodes.

Primary cultures of Schwann cells release ATP under hypotonic
conditions.

HelLa cells respond to hypotonic shock releasing ATP. There are
no differences between wild type and stable hCx32 transfected
HelLa cells after a hypotonic shock.

Both wild type and hCx32 Hela cells preincubated with 5 uM
BFA do not show significant differences in ATP released in
response to hypotonic shock compared to not BFA
preincubated cells.

Wild type Hela cells preincubated with BFA present a reduction
in ATP release compared with cells that are not preincubated.
Human Cx32 expressed in Xenopus oocytes forms
hemichannels that are activated by depolarizing potentials.
Outward currents are allowed during those depolarizing
potentials.

When the membrane potential return to resting values after a

depolarizing pulse, inward currents are allowed. ATP is released

260



Conclusions

12.

13

14.
15.

during the inward currents.
P87A, A111-116 and R220X mutations do not allow any
significant outward nor inward current. Any release of ATP is

related with those hemichannels.

. S26L mutation allows similar outward currents to those allowed

by the wild type. The inward currents and the ATP release are
significantly decreased.

S26L mutation has a different I-V curve.

D178Y mutation has no differences in either the outward or the
inward or the ATP release compared with the wild type. This
mutation has statistical differences in the Tau and the ATP Rise

Time values.
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2. hCx26 and hCx30
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10.

11.

12.

hCx26, hCx30 homomeric hemichannels and hCx26/hCx30
heteromeric hemichannels allow outward and inward currents
during and after voltage depolarization. These currents are not
sensible to extracellular Ca?* concentration.

hCx26 hemichannels do not release ATP in any tested
condition.

hCx30 hemichannels release ATP. This release depends on the
inward charge and is not affected by the extracellular Ca**
concentration.

The 50% of inward currents allowed by hCx30 hemichannels
do not inactivate.

The presence of hCx26 in heteromeric hCx26/hCx30
hemichannels reduces the ratio of cases that do not inactivate
inward currents 50% vs 19%.

hCx26/hCx30 current charges are not significantly different
than the allowed by hCx30 in both Ca** conditions.

The ATP transiently released through hCx26/hCx30 heteromeric
hemichannels is not sensible to the extracellular Ca*'
conditions.

hCx26 controls the ATP release but not the currents of hCx30
in heteromeric hCx26/hCx30 hemichannels.

All the mutations of hCx26 present differences with the wild
type as for the currents it refers in both normal and low Ca**
conditions.

All hCx26 mutations are partially permeable to ATP with the
exception of the N54S mutation.

S17F/hCx30, D50N/hCx30 and D50Y/hCx30 heteromeric
hemichannels are lethal to Xenopus oocytes.

G12R/hCx30 and N54S/hCx30 heteromeric hemichannels are
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highly mortal to Xenopus oocytes.

13. G12R/hCx30 heteromeric hemichannels allow bigger currents
but they do not present any alteration in the ATP release
compared with hCx26/hCx30 when bathed in normal and low

extracellular Ca®* conditions.
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