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RESUMEN

Las células animales tienen la capacidad de responder a cambios en la osmolaridad externa
mediante mecanismos activos de adaptacion consistentes en la movilizacion de osmolitos,
principalmente iones y moléculas organicas, incluyendo aminoacidos, que contribuyen a
restablecer el equilibrio osmaético. En células nerviosas, algunos de los aminoacidos que
se movilizan en respuesta a la hiposmolaridad cumplen una doble funcién: como
osmolitos y como neurotransmisores, por lo que su movilizacién en respuesta a una
condicion hiposmoética llevaria a una modificacién en la excitabilidad nerviosa. Este trabajo
tuvo como objetivo inicial investigar si la hiposmolaridad produce la liberacién de
aminoacidos en las terminales nerviosas aisladas (sinaptosomas), e identificar el
mecanismo de esta liberacién. Los resultados muestran que la hiposmolaridad induce la
liberacion de taurina, glutamato y GABA a través de distintos mecanismos con una
diferente contribucion para la liberacién de cada aminoacido. Una aportacién importante
de nuestro trabajo fue el de encontrar que la hiposmolaridad induce la siguiente serie de
eventos: despolarizacién dependiente de Na* y sensible a La** y Gd**, liberacién de Ca**
de la mitocondria a través del intercambiador Na*/Ca®" mitocondrial y exocitosis sensible a
toxina tetanica (TeTX) y modulada por PKC. Este mecanismo es responsable del 44% de
la liberacién del glutamato, 30% del GABA y 20% de la taurina. La operacién reversa de
los transportadores contribuye también a la liberacion hiposmética de los aminoacidos. La
via difusional caracteristica de los osmolitos que se caracteriza por ser sensible a
bloqueadores de canales de CI" y requerir de la actividad de cinasas de tirosina,
contribuye con el 55% a la liberacion de taurina y 18% a la de GABA, pero no participa en
la liberacién de glutamato. Con base en los procesos concurrentes con la hiposmolaridad,
nuestra prediccion de si esta condicion afectaria la liberacion de otros neurotransmisores
aunque no tengan una funcion como osmolitos fue confirmada experimentalmente. La
norepinefrina se libera en condiciones hiposméticas, por un mecanismo vesicular en su
totalidad y que difiere de la de los aminoacidos por su dependencia de Ca*" extracelular
ademas del Ca?' mitocondrial. La liberacion hiposmética de neurotransmisores, en
particular de los excitadores, podria explicar el incremento en duracién y amplitud de los
potenciales excitadores postsinapticos en medios de baja osmolaridad y la susceptibilidad
a las convulsiones asociada a la hiponatremia. En conjunto, estos resultados sugieren un
efecto general de la hiposmolaridad sobre la funcién sinaptica cuyas implicaciones habran

de conocerse en el futuro.



ABSTRACT

Animal cells respond to hyposmotic swelling by an active mechanism of cell
volume recovery, accomplished by the extrusion of ions and organic molecules of
low molecular weight, mainly amino acids. In brain cells, astrocytes as well as
neurons, some amino acids released by hyposmolarity such as glutamate and
GABA, have a dual role as osmolytes and neurotransmitters. If this release occurs
at nerve endings, it may affect neuronal excitability. In the present study we found
that hyposmolarity evokes a series of process which may directly affect the
synaptic function: Na* dependent, La** and Gd*" sensitive-depolarization,
mitochondrial Ca?*-release through the mitochondrial Na*/Ca®* exchanger and
TeTX sensitive, PKC modulated-exocytosis. We also found that hyposmolarity
elicits the release of taurine, glutamate and GABA from isolated nerve endings.
The Ca*-dependent exocytosis, the reverse transporter operation and the
difusional pathway characteristic of osmolytes are all activated during
hyposmolarity and contribute differently to the amino acid release. Glutamate is
preferentially released (44%) by the vesicular mechanism followed by the
transporter reversal (37%), and is not mediated by the diffusion pathway. The
opposite is found for taurine which is released preferentially (55%) by the diffusion
pathway and with low contribution of the vesicular mechanism. The release pattern
for GABA is intermediate. Since we found that hyposmolarity is a condition that
promotes exocytosis, we may predict that other neurotransmitters should be also
released in this condition, independently if they function or not as osmolytes. We
found indeed a norepinephrine release evoked by hyposmolarity, which is
completely vesicular and only differs from that of amino acids by its dependence on
an external source of Ca®* besides of that from mitochondrial origin. Altogether
these results show a general influence of hyposmolarity on the synaptic function. In
the case of the excitatory neurotransmitter, this hyposmotic-release could explain,
at least in part, why hyposmolarity produces an increase in amplitude and duration
of postsynaptic excitatory potentials and why during hyponatremia there is an

increment of susceptibility to seizures.



INTRODUCCION

La capacidad de regulacion de volumen que tienen las células es una propiedad
homeostatica importante, asi como una de las mas antiguas, preservada a través
de las ramas filogenéticas de la evoluciéon biolégica. Un evento crucial en la
evolucion de la vida ocurrio cuando altas concentraciones de sustancias no
difusibles se rodearon de una bicapa lipidica semipermeable. Para llevar a cabo
este paso evolutivo, tuvieron que haber mecanismos para contrarrestar la
diferencia en la presion osmaética debido al equilibrio de las sustancias difusibles y
el subsecuente establecimiento de la presion hidrostatica en la célula (Baslow,
1999). Los organismos han desarrollado diversas estrategias para mantener el
balance osmético.

Las bacterias y plantas utilizan un mecanismo estatico para contrarrestar la
presion hidrostatica ya que la pared celular rigida les permite, en cierto intervalo,
ignorar la presion osmoética (Morgan, 1984). Los protozoarios presentan vacuolas
contractiles que les permiten contrarrestar la entrada de agua cuando el medio
extracelular es hiposmatico, es decir, evaden la presién osmaética (Guarner, 1996).

Las membranas de las células animales son sumamente permeables al
agua. Por ello, siempre que existan diferencias en la concentracion de los solutos
celulares con el exterior, es decir, un gradiente osmoético entre el interior y el
exterior celular, se observaran movimientos netos de agua. Ante un gradiente de
presion osmética, el agua se moviliza del compartimiento de menor al de mayor
presion osmatica; como consecuencia, el volumen celular aumenta en soluciones
hiposmaticas y disminuye en soluciones hiperosmaticas. Las células animales en
condiciones fisioldgicas, se encuentran expuestas a un liquido intersticial
isosmatico, cuya composicidon osmotica se encuentra finamente regulada debido a
que los organismos presentan mecanismos de ingestidn y excrecion de agua y
electrolitos que les permiten mantener la osmolaridad de los liquidos circulantes
en un intervalo muy estrecho. En los mamiferos, se han desarrollado mecanismos
renales. El rindn estd dotado de nefronas, unidades funcionales que filtran la

sangre y mantienen su composicidon y osmolaridad controladas, y de manera



indirecta, la del intersticio. A pesar de esta regulacion, las células se pueden
encontrar con cambios en la concentracion de solutos extracelulares, como es el
caso de las células epiteliales y renales. De manera local, también se pueden
producir cambios en la concentracion de solutos extracelulares, llamados
microambientes osmaticos; como es el caso de las células nerviosas, las cuales
se encuentran constantemente expuestas a un medio extracelular anisosmaotico
debido a la transmisién sinaptica, durante la cual se producen variaciones
temporales en la concentracion de neurotransmisores y iones. Por otro lado, las
células también sufren cambios en la concentracion intracelular de solutos, debido
a los procesos de sintesis y degradacidn de macromoléculas, ingestion de
nutrientes, entre otros. Mas aun, en condiciones de isosmolaridad, las células
pueden enfrentar cambios en la presion osmadtica debido a cambios en el
coeficiente de reflexion dados por aumentos en la permeabilidad de la membrana
a solutos cuyo gradiente electroquimico favorezca su influjo y produzcan
hinchamiento, como el Na* durante un potencial de accién; o su eflujo y generen
encogimiento, como el CI" en neuronas sensoriales activadas por GABA (Alvarez-
Leefmans y Reuss, 1996). Un soluto con un coeficiente de reflexion alto o bajo
disuelto en el medio isosmoético, también puede generar cambios en la presion
osmotica, como es el caso de la sacarosa o la urea. La sacarosa genera
encogimiento en condiciones isosmaticas debido a que su coeficiente de reflexion
en muy alto, es decir, la membrana plasmatica es virtualmente impermeable a la
sacarosa. En el caso de la urea, esta produce hinchamiento celular debido a que
su coeficiente de reflexibn es muy bajo, es decir, la membrana plasmatica es
altamente permeable a ella (Alvarez-Leefmans y Reuss, 1996). Todas estas
circunstancias fisiolégicas producen alteraciones en la osmolaridad tanto del
medio intra como extracelular lo que se traduce en un cambio en el volumen

celular.

IMPORTANCIA DEL CONTROL DEL VOLUMEN CELULAR
El control del volumen es critico para la supervivencia y funcionamiento de la

célula, es necesario para mantener constante la concentracion de solutos



intracelulares, algunos de los cuales participan en la transduccion de sefales o
forman parte de la fuerza ionica (O’Neill, 1999). El control del volumen celular esta
relacionado a la proliferacién, al crecimiento y division celular, a la migracion, a los
movimientos del citoesqueleto y a la insercion de proteinas en la membrana (Lang
et al., 1998; Strbak y Greer, 2000).

La proliferacion celular y la apoptosis son procesos fundamentales para mantener
el numero de células funcionalmente adecuado. Antes de iniciar la fase de mitosis,
las células tienen que atravesar por las fases G1, S y G2 del ciclo celular. El
transito por las diferentes fases se acompana de un aumento en el volumen
celular, que de no ser alcanzado impide la proliferacion (Lang et al., 2000). Los
cambios en la osmolaridad extracelular alteran la proliferacion, ya que el medio
hiperosmético la inhibe y el medio hiposmético la acelera (Lang et al., 1998). La
apoptosis es el proceso de muerte celular que permite la remocién de células sin
la liberacidon del contenido citosélico en el espacio extracelular y el inicio
subsecuente de un proceso inflamatorio. Los puntos clave de este proceso son el
encogimiento celular, la condensacion del nucleo, la fragmentacion del DNA, la
pérdida de la funcidén mitocondrial, la formacion de vesiculas apoptéticas y la
activacion de proteasas. El encogimiento coincide o precede a los eventos
mencionados y para que se lleve a cabo es necesaria la liberacion, acompafiada
de agua, de osmolitos intracelulares. En linfocitos Jurkat, la induccién de apoptosis
a través de la estimulacién del receptor CD95 provoca la activacion de una
corriente de CI" que también es sensible a hiposmolaridad (Lang et al., 2000). En
estas células (Lang et al., 1998b) y en neuronas granulares de cerebelo (Moran et
al., 2000) se libera taurina y otros osmolitos organicos durante la apoptosis. El
volumen celular es importante también en la migracién de leucocitos. Este proceso
se activa por quimiotacticos como los formilpéptidos, que estimulan el
cotransportador Na*/H" y provocan hinchamiento. El bloqueo del cotransportador y
la hiperosmolaridad externa inhiben la migracion. Este proceso también se impide
con la inhibicion de canales de K* dependientes de Ca®*, activados por las
oscilaciones intracelulares de Ca®*. Se postula entonces que en el extremo lider

de la célula migrante es necesaria la polimerizacion de actina y la activacion de



transportadores, mecanismos asociados a la regulacion del volumen en
condiciones hiperosmoéticas; en el extremo posterior se necesita la
despolimerizacion de actina, oscilaciones en la concentracion intracelular de Ca®*
y activacion de canales de K', eventos que se observan en condiciones
hiposmoticas. Para esto se requiere que la célula distribuya de manera diferencial
los canales i6nicos en la membrana, como asi ocurre (Lang et al., 1998).

El higado, sujeto a irrigacion sistémica y portal, esta sometido a diferencias
sustanciales en la concentracion de aminoacidos, acidos biliares y glucosa entre el
ayuno y la ingestion de alimentos. El hinchamiento celular representa una sefal
anabdlica, estimulando la sintesis de proteinas, la gluconeogénesis, la exocitosis y
el flujo biliar. Por el contrario, una reduccion en el volumen celular desencadena
procesos catabdlicos, como la protedlisis y la glucogendlisis. Las hormonas que
regulan la funciéon hepatica tienen efectos sobre el volumen celular: insulina y
fenilefrina provocan hinchamiento, mientras que el ATP, el AMPc y el glucagon
reducen el volumen (Dunkelberg et al., 2001).

En los tejidos epiteliales, el transporte transcelular de iones, nutrientes y
productos de desecho, se logra por la incorporacion de estos a través de una de
las membranas y la expulsidn por la contraria. Esta constante entrada y salida de
sustancias osmoticamente activas durante el transporte epitelial se traduce en
cambios continuos en el volumen. En el intestino, la vejiga y los tubulos proximales
del rifién, la incorporacion luminal de sustratos, como glucosa o aminoacidos, esta
acoplada al gradiente de Na*, lo que provoca hinchamiento celular y consecuente
activacion de canales de K* en la membrana basolateral como mecanismo de
regulacion. Este mecanismo no sélo ayuda a la regulacion del volumen, sino que
también mantiene el gradiente electroquimico regenerando el proceso (Lang et al.,
1998).

REGULACION CRONICA DEL VOLUMEN CELULAR
Las membranas plasmaticas de la mayoria de las células son impermeables a las
proteinas, altamente permeables al agua, y en menor grado y de manera

selectiva, a varios solutos de bajo peso molecular. Dado que el pH intracelular se



mantiene a niveles alcalinos (7.2-7.4) con respecto al punto isoeléctrico de las
proteinas, éstas se comportan como aniones polivalentes. Esto trae como
consecuencia que la presién coloidosmética intracelular sea mayor que la del
liquido extracelular y como la membrana es permeable al agua y a pequefos
solutos tales como Na*, K* y CI', si los iones y el agua se distribuyesen tal y como
lo predice la teoria de Gibbs-Donnan, las células se hincharian en condiciones
isosmoticas. De acuerdo con esta teoria, en el equilibrio, la concentracion total de
solutos intracelulares deberia ser mayor que la de los extracelulares, lo cual
resultaria en una disminucion en el potencial quimico del agua en el interior, con
respecto al exterior celular. Este gradiente de potencial quimico del agua causaria
un flujo osmodtico neto de este solvente hacia el interior celular. Como la
membrana de las células animales es distensible, cede ante pequenas presiones
hidrostaticas, por lo que dicho flujo osmético neto de agua causaria un aumento
de volumen y eventual lisis celular. Sin embargo, este aumento de volumen celular
coloidosmaotico no ocurre y las células mantienen niveles constantes de agua y
solutos. Esto indica que aunque las células animales contienen aniones organicos
impermeantes, los iones inorganicos permeantes no estan distribuidos de acuerdo
con la teoria de Gibas-Donnan.

Los mecanismos que previenen el hinchamiento coloidosmaético en
condiciones isosmoéticas son el transporte de iones a través de vias pasivas y
activas, con la generacion de cambios en la permeabilidad y en el potencial
electroquimico de los mismos. La hipétesis que explica estos mecanismos es la
de la “bomba y la fuga” propuesta por Tosteson y Hoffman (1960). El modelo
sostiene que la membrana plasmatica posee mecanismos de transporte activo que
generan un flujo de solutos; el transportador responsable de esto es la bomba de
Na’/K*. Con la actividad de este transportador se gana Na’, se pierde K* y se
genera y mantiene un gradiente electroquimico hacia el interior celular para Na* y
hacia el exterior para K*. Con el establecimiento de este gradiente se activa otra
serie de transporte de solutos cuyo movimiento ocurre acoplado a los movimientos
de Na* y K*. Entre estos estan los intercambiadores Na*/H*, Na*/Ca®*" y K*/H*, y

los cotransportadores Na‘/aminoacido, K'/CI" y Na*/K*/CI" (Cooke y Macknigth,



1984; Hallows y Knauf, 1994; Alvarez-Leefmans y Reuss, 1996). Finalmente, la
suma de los flujos de Na® hacia el exterior e interior celular es cero,
comportamiento esperado si la membrana plasmatica fuera totalmente
impermeable al Na*. Lo mismo ocurre para el potasio, considerando la ganancia y
pérdida de K* el resultado es un movimiento neto de cero, por lo que puede
considerarse que la membrana plasmatica es impermeable al K*. Entonces, como
el Na* y el K" no entran en el equilibrio electroquimico de Gibbs-Donnan, las
células no se hinchan en condiciones isosmoéticas (Hallows y Knauf, 1994;

Alvarez-Leefmans y Reuss, 1996).

REGULACION DEL VOLUMEN CELULAR EN CONDICIONES
ANISOSMOTICAS

Cuando una célula animal es expuesta a un medio anisosmético, inicialmente
ocurre un aumento (en un medio hiposmaético) o una disminucion (en un medio
hiperosmoético) rapido en su volumen debido a la libre entrada de agua. Sin
embargo, las células se comportan como osmometros perfectos solo al inicio de la
exposicidén a soluciones anisosmoticas, ya que posteriormente se activa una serie
de procesos que les permite la recuperacién del volumen inicial a pesar de que
persistan dichas condiciones. La regulacion del volumen celular que ocurre tanto
en condiciones hiposméticas como en hiperosmoticas tiene lugar debido a un
cambio, ya sea una disminuciéon o un aumento segun sea el caso, en el contenido
intracelular de solutos, de manera tal que la presion osmatica tiende a alcanzar el
mismo valor que la externa (Fig. 1). Los cambios en el contenido intracelular de
solutos incluyen el transporte de solutos intracelulares osmaoticamente activos,
denominados osmolitos, a través de la membrana plasmatica (Hausinger, 1996;
Kenneth, 1994; Pasantes-Morales, 1996); asi como el aumento o disminucion en
la concentracion de numerosos metabolitos, a través de la activacion o inhibicidon
de vias metabdlicas lo que se traduce en la sintesis o degradacion de
macromoléculas, aunque se piensa que este mecanismo tanga una modesta
participacion (Lang et al., 1998c). Recientemente se ha descrito otro mecanismo

importante en el control del volumen el cual consiste en el bombeo activo de agua



en contra de su gradiente de concentracion, a través de cotransportadores de
osmolitos (Baslow, 1999; Loo et al., 2002). Por otra parte existen mecanismos
estaticos que presentan ciertos tipos celulares que les permiten enfrentar cambios
en la presion osmaética como son una permeabilidad reducida al agua. En general,
cada tipo celular utiliza varios mecanismos de control del volumen. La diversidad
de los mecanismos reguladores permite a las células mantener la constancia de

su volumen frente a una gran variedad de situaciones.

EDEMA CEREBRAL

El término edema proviene del griego oidnua, hinchazon, el cual se refiere al
exceso de liquido en los tejidos y ocurre como consecuencia de una dinamica
anormal de los fluidos. En el cerebro hay tres compartimientos que pueden
acumular liquidos en exceso: el compartimiento vascular, el celular y el
extracelular (espacio intersticial y el que contiene al liquido cefalorraquideo). La
expansion en volumen de cualquiera de estos compartimientos se reflejara en un
aumento del volumen cerebral. El edema cerebral tiene importantes implicaciones
clinicas, su gravedad y consecuencias son una funcion directa de la magnitud y
amplitud del fendmeno, pero también de las regiones cerebrales comprometidas.
Se ha reportado que un incremento por arriba del 5% del volumen cerebral
ocasiona un alto grado de morbilidad y mortalidad (Trachtman, 1992). El tejido
cerebral tiene muy poco espacio disponible para amortiguar el aumento en
volumen debido a que la caja craneana no cede a la distension. Asi, el edema
lleva a herniaciones del tejido cerebral a través de espacios de menor resistencia;
la herniacién a través del foramen magnum puede producir la muerte por paro
respiratorio y cardiaco debido a la compresion del tallo cerebral (Rosenberg,
1999). ElI edema cerebral se ha clasificado en dos tipos: celular y vasogénico,
aunque esta clasificacion no considere al edema intersticial. EI edema vasogénico
ocurre cuando hay un incremento en la permeabilidad de la barrera
hematoencefalica. El edema celular, en el que hay un aumento en el contenido de
agua de las células cerebrales, de manera notoria en los astrocitos, puede

originarse bajo situaciones de isosmolaridad o de hiposmolaridad, dependiendo



de la condiciéon en un momento dado, del fluido extracelular. Es importante senalar
que el desarrollo de algun tipo de edema puede progresar hacia otro; es decir, las
situaciones que promueven la aparicién de edema vasogénico, pueden inducir el
desarrollo de edema celular, asi como el edema celular puede provocar dafio a la

barrera hemotoencefalica con el consiguiente desarrollo de edema vasogénico.

La causa principal del edema hiposmético es la hiponatremia, en donde
este edema ocurre debido a la entrada de agua a las células para alcanzar el
equilibrio osmatico. En el edema isosmoético no se presenta una alteracion de la
osmolaridad del medio externo, sino que ocurre como resultado de un dafio
primario asociado a diversas patologias que no involucran un cambio en la
osmolaridad extracelular, sino una redistribucion i6nica o la acumulacion
intracelular de lactato o amonio. Este tipo de edema se presenta en condiciones
de epilepsia, isquemia, traumatismo craneoencefalico y encefalopatia hepatica.

La hiponatremia es una condicidon que se presenta como consecuencia de
un desequilibrio entre la ingesta y excrecion tanto de agua como de electrolitos, y
puede ocurrir durante una amplia variedad de padecimientos. El exceso de agua
puede ser consecuencia de una ingesta oral excesiva como en la polidipsia
psicética 0 mas comunmente de una eliminacion renal deteriorada como resultado
de una falla renal o hepatica, o una deficiencia de glucocorticoides, por el uso de
diuréticos de tiazida o por una secrecion inapropiada de la hormona antidiurética.
La pérdida de Na® resulta de una deficiencia de mineralocorticoides, o por
sindrome nefrético, diuresis osmética, diarrea o vomito. La hiponatremia también
puede ser una consecuencia de la infusion de soluciones hipoténicas durante el
periodo perioperatorio y de una correccion rapida de la uremia por hemodialisis
excesiva (Fall, 2000; Pasantes-Morales et al., 2002). El desarrollo de la
hiponatremia también se ha asociado con el uso de la droga éxtasis (Hartung et
al., 2002). La aparicion de cuadros de hiponatremia es también frecuente entre los
corredores en pruebas de larga distancia, como el maraton, en las que el consumo
de grandes cantidades de agua, ha sido tradicionalmente considerado como
necesario. Una hiponatremia cronica moderada es caracteristica de la vejez y se

presenta también durante el embarazo (Law, 1989).
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Figura 1. Cambios en el equilibrio osmotico entre el interior y el exterior celular en la
exposicion a condiciones anisosmoticas. En condiciones de isosmolaridad, existe un
equilibrio osmodtico entre el citosol y el medio extracelular. En condiciones de
hiposmolaridad, inicialmente la osmolaridad celular es mayor que la extracelular, lo que
provoca una entrada de agua a la célula y por consiguiente un aumento en su volumen,
entonces la osmolaridad intracelular se iguala a la del medio externo (hiposmético).
Seguido del aumento en volumen, se inicia el proceso de regulacién que consiste en la
pérdida de osmolitos intracelulares acompanados de agua, con lo cual la célula disminuye
su volumen. En esta adaptacion, la osmolaridad interna y externa contindan en equilibrio.
Lo mismo ocurre en condiciones hiperosmaticas, al inicio de la exposicion, la osmolaridad
interna es menor que la externa, hay una salida de agua de la célula y un encogimiento en
su volumen, la osmolaridad de ambos compartimientos se iguala. Se inicia el proceso de
regulacion con la movilizacion de osmolitos y agua al interior celular, la célula recupera su

volumen y la osmolaridad dentro y fuera de la célula se mantienen en equilibrio.



El edema cerebral hiposmadtico ocurre durante la hiponatremia aguda
severa, pero no en el curso de la hiponatremia cronica. Esta diferencia
probablemente refleja la habilidad de las células cerebrales para adaptarse a la
disminucién en la osmolaridad externa y a la consiguiente acumulaciéon de agua,
cuando el desequilibrio osmadtico no sucede de manera repentina. Estudios
llevados a cabo en neuronas granulares de cerebelo en cultivo y en rebanadas de
hipocampo en donde la estimulacion hiposmética semeja las condiciones de la
hiponatremia cronica, es decir, una reduccién en la osmolaridad lenta y gradual,

muestran que no hay hinchamiento celular (Tuz et al., 2001; Franco et al., 2000).

Recuperacion activa del volumen. Mecanismos celulares

La primera respuesta adaptativa de las células cerebrales al afrontar la
hiponatremia es un desplazamiento compensatorio de liquido del espacio
intersticial al fluido cerebroespinal y, posteriormente, a la circulacién sistémica. La
segunda respuesta adaptativa consiste en la activacion de mecanismos de control
del volumen celular cuando éste se ha incrementado debido a la acumulacién de
agua intracelular como resultado de la hiponatremia. El contenido de agua en las
células se regula a través del Decremento Regulador del Volumen (DRV), que se
origina por la pérdida de solutos intracelulares y agua osmoticamente obligada.
Los osmolitos involucrados en el proceso de regulacién son principalmente iones
(K" y CI') y moléculas organicas de bajo peso molecular, entre las que destacan
mio-inositol, creatina/fosfocreatina, glicerofosforilcolina, fosfoetanolamina y los
aminoacidos mas abundantes (taurina, glutamato, glutamina y glicina) (Thurston et
al., 1980; Trachtman et al., 1991; Lien et al; 1991; Verbalis y Gullans, 1991; Sterns
et al., 1993; Massieu et al., 2004) (Fig. 2). La disminucioén en el contenido celular
de K* y CI es transitoria la cual es detectable dentro de 3-24 hrs. del inicio de la
hiponatremia (Melton et al., 1987), pero la de los osmolitos organicos es sostenida
en tanto persista la condicion hiponatrémica. Estas diferencias temporales indican
que la pérdida de electrolitos es un mecanismo de emergencia para contrarrestar
el hinchamiento celular, pero que se reemplaza por la contribucién de los

osmolitos organicos. Esto podria tener una connotacién de eficiencia adaptativa,



ya que mientras que la concentracion extracelular de iones en el cerebro tiene una
profunda influencia en el mantenimiento de la excitabilidad neuronal, algunos de
los osmolitos organicos son relativamente inocuos; la taurina, en particular, es un
osmolito ideal debido a su inercia metabdlica. La contribucion al cambio en la
osmolaridad total cerebral del K'y CI" y de los osmolitos organicos se ha estimado
entre 55% y 30%, respectivamente; aunque la pérdida de iones inorganicos es
menor en porcentaje que la de osmolitos organicos, aquellos contribuyen mas al
cambio en la osmolaridad debido a la alta concentracién a la que se encuentran en
el citosol (Thurston et al., 1987; Lien et al., 1991). Durante la adaptacién a
pequefos cambios en la osmolaridad, los aminoacidos tienen un papel muy
importante, ya que son los que principalmente contribuyen a la regulacion del

volumen celular (Franco et al., 2000; Tuz et al., 2001).
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Figura 2. A. Contribucién de los iones y osmolitos organicos que participan en el
mecanismo adaptativo del cerebro a una condicibn de hiponatremia. B.
Decremento en el tiempo de la concentracion de algunos osmolitos organicos en
condiciones de hiponatremia. La taurina es el osmolito que decrece mas en
términos porcentuales y cuya disminucidn persiste en tanto esté presente la
hiponatremia. Cr/FCr: creatina, fosfocreatina; FEA: fosfoetanolamina; GFC:
glicerofosforilcolina; Mio-I: mio-inositol; NAA: N-acetilaspartato; NI: otros osmolitos

no identificados. Datos calculados de Verbalis y Gullans, 1991.



La mayoria de los estudios acerca de los mecanismos de hinchamiento y
regulacion de volumen se han llevado a cabo en cultivos primarios de células
cerebrales. En estas preparaciones no se advierten diferencias marcadas entre
neuronas y astrocitos, ni en el incremento inducido por la hiposmolaridad ni en la
subsiguiente regulacion de volumen. Sin embargo, in vivo, los astrocitos son las
células que predominantemente aumentan su volumen en cualquier condicion de
edema celular. El hinchamiento preferente de los astrocitos puede ser el resultado
de un manejo distinto de osmolitos y/o de un mecanismo intrinseco que prevenga
la entrada de agua, como una reducida expresion de aquaporinas. A este
respecto, se ha descrito que la aquaporina 4 se expresa preferentemente en los
astrocitos y que la expresion de esta proteina aumenta en respuesta a la
hiponatremia (Vajda et al., 2000). También se ha visto que en ratones A-
aquapoina-4, la hiponatremia inducida produce un reducido edema cerebral
(Manley et al., 2000), a su vez, se determind que las rebanadas de cerebro y las
vesiculas membranales aisladas de estos mismos ratones, presentan una
reducida permeabilidad al agua (Papadopoulos et al., 2002). El hinchamiento de
los astrocitos sobre las neuronas puede deberse, también, a una redistribucion de
osmolitos entre neuronas y células gliales, como parte del papel de proteccion
homeostatica que los astrocitos tienen en relacion con las neuronas. En este
sentido, un estudio in vivo de Nagelhus y colaboradores (1993) muestra que en el
cerebelo de ratas en las que se desarroll6 una hiponatremia experimental,
reduciendo de 15 a 20% la osmolaridad del plasma, hay una inmediata
redistribucion del alto contenido celular de taurina de las células de Purkinje a los
elementos gliales cercanos en respuesta a la condicion hiposmética. Como
resultado, los astrocitos se hinchan, mientras que las neuronas no cambian su
volumen. Por otro lado, a pesar de que los cuerpos neuronales son menos
sensibles al hinchamiento, no asi las distintas regiones neuronales, las terminales
nerviosas y las dendritas son particularmente sensibles al hinchamiento
hiposmotico e isosmético (Castejon y Arismendi et al., 2003; Fayuk et al., 2002;
Liu et al., 2001; Rensing et al., 2005). En este sentido, se ha visto que en la regién

CA1 del hipocampo, el stratum radiatum y el stratum oriens que contienen las



dendritas apicales y basales, respectivamente, responden al hinchamiento
hiposmético de manera mas notable que el stratum piramidale, formado por los
cuerpos celulares (Jonson et al., 2000).

Las neuronas y astrocitos en cultivo al ser expuestos a un medio
hiposmético presentan un hinchamiento rapido seguido de un proceso de
regulacion de volumen a través de la liberacion de K*, CI'y osmolitos organicos,
con la consiguiente pérdida de agua. Esta es una respuesta adaptativa que les
permite recuperar su volumen original aunque la condicidon hiposmética persista
(Pasantes-Morales et al., 1993; Pasantes-Morales et al., 1994). El proceso de
regulacion de volumen involucra una cadena compleja de eventos que requiere al
menos los siguientes componentes: 1) un sensor que detecte los cambios en el
volumen celular, 2) un efector activado que inicie el proceso regulador: vias de
flujos transmembranales de osmolitos 3) un sistema de transduccion de sefales
entre el sensor y el efector; y 4) una “memoria” del volumen celular original y la

consiguiente inactivacion del proceso de regulacion (Pasantes-Morales, 1996).

Sensores de cambios en el volumen celular

La regulacién del volumen celular requiere de mecanismos que detecten cambios
en el volumen los cuales se traduciran en los mecanismos efectores de la
regulacion. En un principio se pens6 en un osmosensor, pero la hipotesis de un
sistema sensorial complejo ha ido cobrando fuerza conforme se ha avanzado en el
estudio de los posibles osmosensores y su participaciéon en la regulacion del
volumen celular. A continuacién se mencionan algunos de los posibles sistemas
osmosensores propuestos a la fecha, los cuales no son excluyentes. El
agrupamiento de macromoléculas, cambios en la fuerza i6nica total del
citoplasma, tension membranal, alteraciones en el citoesqueleto, la activacién de
distintas proteinas de la membrana plasmatica, como las integrinas y receptores,
incluyendo los receptores a factores de crecimiento (Al-Habori, 2001; Cardin et al.,
1999; Ding et al., 1998; Fan et al., 1999; Franco et al., 2004; Haussinger et al.,
2003; Pedersen et al., 1999; Tilly et al., 1993; Wittels et al., 2000).



Vias de transduccion de sefales involucradas en la movilizacion de
osmolitos en respuesta a cambios en el volumen celular

Cuando una célula detecta que hay un cambio en el volumen, traduce ese cambio
en sefiales especificas que llevan a la activacion de los sistemas de transporte
involucrados en la regulacion de volumen. En condiciones de hinchamiento celular
se ha reportado la activacién de un sin numero de cascadas de sefializacion. Para
muchas de estas vias no se ha determinado el papel que juegan dentro de la
respuesta integra de la célula al hinchamiento, es decir, parece que no soélo se
activan vias de sefalizacion involucradas en la liberacion de los osmolitos, sino
que se prenden senales de estrés como un epifendbmeno a la regulacién de
volumen y otras que involucran la expresion de genes preparando a la célula para
afrontar una respuesta prolongada a la hiposmolaridad. Hasta el momento no se
han determinado las vias de sefalizacion, solo se han descrito algunos de los
bloques de algunas vias; se desconoce la jerarquizacion y las redes de
comunicacion que llevan a la activacion de las vias de movilizacion de los
osmolitos. A continuacién, describiremos algunos de los elementos que
intervienen en la activacion y/o modulacion de la liberacion de osmolitos
organicos, en particular de los aminoacidos, en condiciones de hiposmolaridad.

El hinchamiento hiposmético induce, en la mayoria de los tipos celulares, un
aumento en la concentracion de calcio intracelular. Sin embargo, la activacién de
la liberacidn de taurina es independiente de Ca®". Existe evidencia que indica que
la activacion de la salida de taurina requiere una concentracion basal minima de
Ca** (~40-50 nM) y no un incremento inducido por hiposmolaridad a lo que se
denomino requerimiento de “calcio permisivo” (Huang et al., 2001; Mongin et al.,
1999; Szucs et al., 1996). En algunos tipos celulares, se ha observado que en
condiciones hiposmaticas, se incrementan los niveles de diacilglicerol (DAG) el
cual activa a la proteina cinasa C (PKC). En estudios realizados en células
aisladas del tubulo colector, hepatoma HTC, células de colangiocarcinoma Mz-
ChA-1 y células de cancer cervical HT-3, se caracterizé la translocacion de
distintas isoformas especificas de PKC en respuesta a un estrés hiposmoético, de

las cuales PKCa, PKCe y PKCC se translocan del citosol a la membrana



plasmatica y perinuclear, lo que sugiere la participacion de estas enzimas en la
regulacion de distintas cascadas en respuesta a un estrés hiposmotico (Chou et
al.,, 1998; Liu et al., 2003; Roman et al., 1998). Sin embargo, la liberacion
hiposmotica de taurina no se modula por la actividad de PKC en neuronas
granulares de cerebelo (Morales-Mulia et al., 2001) ni en el nucleo supradptico de
la rata (Deleuze et al., 2000). En rebanas de corteza, la liberacion hiposmotica de
taurina, glutamato y GABA se potencia en presencia de agentes estimuladores de
la actividad de la PKC. Sin embargo, en la misma preparacion, la queleritrina, un
inhibidor de la actividad de la PKC, no modificé la liberacion de glutamato y GABA,
so6lo la de la taurina (Estevez et al., 1999). Estudios realizados en rebanadas de
hipocampo muestran que, en condiciones hiposmoéticas, la liberacién de taurina,
glutamato y GABA se modula por la actividad de PKC (Franco et al., 2001; Franco,
2004). Estos resultados sugieren la posible participacion de la PKC en la
activacion de las vias de liberacion de osmolitos en respuesta a la hiposmolaridad
en algunos tipos celulares.

El hinchamiento hiposmético induce la activacion de varias fosfolipasas,
incluyendo a la PLA; y a la PLC. La activacion de la primera regula la activaciéon
de la liberacion hiposmética de taurina en algunos tipos celulares (Basavappa et
al., 1998; Hoffmann, 2000; Mitchell et al., 1997; Thoroed et al., 1997; Von
Weikersthal et al., 1997). Sin embargo, estos mecanismos de sefalizacion
parecen ser especificos del tipo celular, ya que en otros estudios no se han
encontrado los mismos resultados (Estevez et al., 1999). Por otro lado, en células
cervicales humanas, la inhibicion de la PLC aumenta los niveles de hinchamiento
hiposmotico e inhibe el proceso de regulacién de volumen (Shen et al., 1998),
indicando una posible participacion de esta fosfolipasa en la regulacion de
volumen.

Las MAP cinasas se activan por hiposmolaridad en una gran variedad de
células (Haussinger y Schliess, 1999). Los mecanismos de activacion de esta via
se han descrito para el caso de levaduras (Kultz y Burg, 1998; Widmann et al.,
1999). Sin embargo, a pesar de la activacion generalizada de la via de las MAP

cinasas por hiposmolaridad, no parece estar involucrada en la regulacion de la



liberacion de osmolitos en la mayoria de los tipos celulares estudiados. En
general, este fenomeno es independiente de la actividad de ERK1/ERK2 inducida
por hiposmolaridad. Aunque en astrocitos y en células de cancer cervico-uterino
humano se ha encontrado que la activacion de ERK1/ERK2 es necesaria para la
induccion de la liberacion de algunos osmolitos en respuesta a la hiposmolaridad
(Crepel et al., 1998; Shen et al., 2001). La activacion hiposmoética de SAP cinasas
p38 y JNK también ha sido ampliamente reportada, sin embargo, no se ha descrito
correlacion alguna entre la activacion de estas cinasas y la liberacion de osmolitos
(Shen et al., 2001; Tilly et al., 1996).

El hinchamiento hiposmadtico induce un aumento en los eventos de
fosforilacion en residuos de tirosina (Tilly et al., 1993). Las cinasas de tirosina
activadas por hiposmolaridad, descritas hasta el momento son: p125FAK (de la
Paz et al., 2002; Tilly et al., 1996b), p56ick (Lepple-Wienhues et al., 1998),
p72SYK y p56LYN (Musch et al.,, 1999) y no se descarta la posibilidad de la
activacion de otras cinasas de tirosina no descritas a la fecha. En contraste con lo
observado para otras vias de sefalizacién, la actividad de las cinasas de tirosina,
inducida por hiposmolaridad, parece ser fundamental para la activacion de la
liberacion de osmolitos, entre ellos CI" y taurina y por consiguiente, para el proceso
de regulacion de volumen. En la mayoria de los tipos celulares estudiados hasta el
momento, distintos inhibidores de cinasas de tirosina bloquean la activacion de la
corriente de CI" activada por volumen, mientras que inhibidores de fosfatasas de
tirosina, potencian su activacion (Crepel et al., 1998; Lepple-Wienhues et al., 1998;
Shi et al., 2002; Shuba et al., 2000; Sorota, 1995; Thoroed et al., 1999; Voets et
al., 1998; Wei et al., 2003). En el caso de la liberacién de taurina activada por
hinchamiento hiposmético, se ha visto que se potencia con inhibidores de
fosfatasas de tirosina y se reduce de manera importante con inhibidores de
cinasas de tirosina (Deleuze et al., 2000; Mongin et al., 1999b; Morales-Mulia et
al., 2001). En la mayoria de los casos, los estudios acerca de la caracterizacion de
las vias de senalizacion involucradas en la activaciéon y regulacién de la liberaciéon
de osmolitos en condiciones hiposmoéticas, se han enfocado en el Cl'y la taurina,

debido a la suposicion de una via comun para la movilizacion de ambos osmolitos



la cual se ha extrapolado para los osmolitos organicos, en particular para los
aminoacidos. Sin embargo, se han encontrado diferencias en cuanto a la inhibicion
de la liberacion de los distintos aminoacidos con bloqueadores de cinasas de
tirosina, ya que mientras que la liberacién de taurina se inhibe de manera notoria
en varios tipos celulares con bloqueadores de cinasas de tirosina (de la Paz et al.,
2002; Deleuze et al., 2000; Mongin et al., 1999b; Morales-Mulia et al., 2001), la
liberacion de GABA se inhibe parcialmente (de la Paz et al., 2002) y la liberacién
de glutamato no se inhibe de manera significativa con estos bloqueadores (de la
Paz et al., 2002; Mongin et al., 1999b). Estos resultados sugieren que la liberacién
de los aminoacidos ocurre a través de diferentes vias y no de una general, como

discutiremos mas adelante.

Vias de movilizacion de osmolitos

Aunque aun se desconocen las identidades moleculares de las vias a través de
las cuales se movilizan los osmolitos, se han descrito algunas de sus
caracteristicas. Los iones se liberan basicamente a través de canales. Los canales
de CI' activados por hinchamiento hiposmético son rectificadores salientes, con
una conductancia unitaria intermedia de 40-70 pS a potenciales positivos y de 10-
20 pS a potenciales negativos. Se inactivan a potenciales superiores a 60 mV,
siendo la cinética de inactivacion mas rapida a medida que aumenta la
concentracion intracelular de Mg®*, disminuye el pH extracelular o en presencia de
cationes divalentes extracelulares. Su activacion requiere la presencia, aunque no
la hidrolisis, de ATP (Okada, 1997; Nilius et al., 2000).

El canal de CI sensible a volumen presenta una alta selectividad por
aniones sobre cationes, pero muestra una amplia selectividad aniénica, siendo
permeable a la mayoria de los aniones monovalentes y algunos aniones grandes
como gluconato y metanosulfonato. Se inhibe por los bloqueadores clasicos de
canales de CI" como DIDS (acido 4,4’-diisotiocianoestilben-2,2’-disulfénico), SITS
(acido  4-acetamido-4’-isotiocianoestilben-2,2’-disulfénico), NPA (acido N-
fenilantracilico), 9-AC (acido 9-antraceno-carboxilico) y DPC (acido difenilamino-

2,2’-dicarboxilico). Otros agentes con efectos inhibitorios sobre estos canales son



NPPB [acido 5-nitro-2-(3-fenilpropilamino) benzoico], DDF (1,9-dideoxiforscolina),
acido niflumico y acido flufenamico (Sanchez-Olea et al., 1996). También se inhibe
por acido araquidonico y otros acidos grasos polinsaturados (Sanchez-Olea et al.,
1995).

Los canales de K" involucrados en la regulacién del volumen pueden ser al
menos de dos tipos, uno que se activa por cambios pequenos en la osmolaridad,
es dependiente de Ca®* y se inhibe por caribdotoxina, y otro que se activa con
cambios en la osmolaridad mas pronunciados, es independiente de Ca®* y de
voltaje y se inhibe por clofilium (Ordaz et al., 2004).

Con respecto a las vias de movilizacién de los osmolitos organicos, la mas
estudiada ha sido la de la taurina. Los estudios realizados por Sanchez-Olea y
colaboradores (1991) y Schousboe y colaboradores (1991) sugieren un proceso
difusional para la liberacién de taurina en condiciones hiposmaticas, con la
direccion del flujo determinada por el gradiente de concentracioén y sin contribucion
de transportadores dependientes de Na®.

La liberacion de CI" y taurina presenta una similitud en su sensibilidad
farmacoldgica (Law, 1994; Junankar y Kirk, 2000; Kirk, 1997; Perlman y Goldstein,
1999; Sanchez-Olea et al., 1996) y se ha encontrado un efecto similar de los
moduladores de la actividad de cinasas de tirosina en los flujos de taurina y las
corrientes de CI sensibles a volumen. Estos se inhiben en presencia de
bloqueadores de cinasas de tirosina y se incrementan con inhibidores de
fosfatasas de tirosina (Pasantes-Morales y Franco, 2002). Por lo que se propuso
una via comun para la liberacion de CI" y taurina, a la que se denomind canal
anionico activado por volumen. Sin embargo, la liberaciéon de glutamato y GABA
también se inhibe con bloqueadores de canales de CI" (Bothwell et al., 2001;
Estevez et al., 1999b; Pasantes-Morales et al., 1999; Sanchez-Olea et al., 1993) y
en estudios electrofisiologicos se han encontrado corrientes de aspartato,
glutamato y taurina anionica a través de un canal aniénico activado por
hinchamiento (Banderali y Roy, 1992). De modo que se propuso una via de amplio
espectro para el CI" y los osmolitos organicos, se piensa que este canal es muy

poco selectivo, permitiendo el paso de varios aniones. Sin embargo, en los ultimos



anos se ha acumulado evidencia que sugiere la existencia de vias independientes.
Se ha observado activacion del flujo de taurina en condiciones hiposmoticas sin
activaciéon de corriente de CI y viceversa, también hay diferencias en los cursos
temporales de activacion e inactivacion de ambos flujos (Junankar y Kirk, 2000).
En células de Erlich la liberacion osmosensible de taurina se inhibe por DIDS y se
potencia por acido araquiddnico, mientras que la liberacion de *°CI no se afecta
por DIDS y se inhibe por acido araquidonico (Lambert y Hoffmann, 1994). En
células Hela, el flujo de taurina y la corriente de CI" sensible a volumen responden
con diferente sensibilidad al DIDS (Stutzin et al., 1997). La expresion de canales
anionicos y transportadores en ovocitos de Xenopus laevis resulta en la activacion
de un flujo de taurina en respuesta a la hiposmolaridad, pero la corriente de CI" no
se modifica (Stegen et al., 2000). La similitud de la accién de varios inhibidores de
canales de CI' y de moduladores de la actividad de cinasas de tirosina sobre los
flujos de taurina y CI', sugieren la existencia de una sefial comun para las dos vias
que se afecta con los mismos inhibidores o que existe una interrelacion muy
estrecha en el transporte de ambos, de modo que la inhibicién de uno de los flujos

lleva al bloqueo de los otros.

La taurina

La taurina es un aminoacido azufrado (NH2-CH;CH2-SO3), producto del
catabolismo de la cisteina por la descarboxilasa del sulfinato de cisteina. Aunque
en los primates, incluyendo el hombre, su sintesis es reducida y se obtiene de la
dieta (Pasantes-Morales et al, 1995). Tiene un pKa1 de 1.5 y un pKa2 de 8.82, por
lo que en el intervalo fisiologico se encuentra como zwitterion. Se excreta como tal
0 unida a sales biliares como el taurocolato. Se acumula en el interior celular a
través de un transportador especifico dependiente de Na® (Huxtable, 1992). La
taurina es un aminoacido que no forma parte de las proteinas (Jacobsenn y Smith,
1968) y con excepcion de la sintesis del acido taurocdlico en el higado, no
participa en ninguna reaccion metabdlica. Este aminoacido se encuentra en casi
todas las células animales (Jacobsenn y Smith, 1968), constituyendo mas del 65%

de la poza total de aminoacidos libres (Pasantes-Morales et al., 1991). En los



tejidos excitables, alcanza concentraciones de alrededor de 40-60 mM. Asi, en la
retina se encuentra en concentraciones superiores a 40 mM, en el corazon y
musculo estriado se encuentra presente en concentraciones de 10 a 40 mM.

Entre los aminoacidos la taurina destaca como un osmoefector importante,
dado que se encuentra en altas concentraciones en la mayoria de las células
animales y parece tener propiedades ideales de osmolito ya que no forma parte de
las proteinas, es inerte metabdlicamente y al ser una molécula electroneutra no
altera el potencial de membrana ni otros procesos celulares, ademas se ha
demostrado que su umbral de liberacion es de tan so6lo una disminucién de 2% en
la osmolaridad externa (Tuz et al., 2001). Asi, la taurina participa como osmolito en
gran magnitud sin que modificaciones en su concentracion alteren otras funciones

celulares.

Otros aminoéacidos

Como se ha descrito, la liberacion de aminoacidos forma parte importante del
proceso compensatorio de regulacién de volumen durante el edema cerebral.
Algunos de estos aminoacidos como el glutamato y GABA juegan también un
papel importante como neurotransmisores. El glutamato es el principal aminoacido
excitador en el sistema nervioso central de los mamiferos, mientras que el GABA
es el principal neurotransmisor inhibidor. La liberacién de neurotransmisores al
espacio extracelular en el cerebro y en particular en los sitios donde se lleva a
cabo la transmisidon sinaptica, supondria un riesgo en la excitabilidad neuronal

durante la condicién hiposmaotica.

Sinapsis. Liberacion de neurotransmisores

Las sinapsis constituyen el sitio de comunicacion entre dos neuronas. Las sinapsis
del sistema nervioso central de los mamiferos se encuentran en una gran variedad
de formas y tamafos. Algunos pequefos botones estan en contacto con espinas
dendriticas, como aquellas que se encuentran en las neuronas piramidales del
hipocampo, mientras que otras terminan en el soma y contienen multiples

contactos sinapticos. Esta variedad estructural refleja, también, la diversidad



funcional de las sinapsis. Una neurona forma, en promedio, alrededor de 1000
conexiones sinapticas. En el cerebro humano hay al menos 10" neuronas y 10™
conexiones sinapticas. A pesar de esta multitud, los mecanismos que operan para
controlar la transmisién sinaptica en estas conexiones presentan caracteristicas
basicas comunes. Las sinapsis pueden ser eléctricas o quimicas. La incidencia de
las sinapsis eléctricas es baja. Estan formadas por uniones tipo gap que conectan
las membranas de las dos células involucradas, de modo que hay una continuidad
del citoplasma, y el flujo de corriente idbnica que media la transmision, fluye a
través de estos canales, por lo que estas sinapsis estan caracterizadas por una
alta velocidad de transmision y por mediar acciones excitatorias. En el caso de las
sinapsis quimicas, estas median acciones inhibitorias y excitatorias. Las neuronas
que forman este tipo de sinapsis no se encuentran conectadas estructuralmente.
Las membranas pre y postsingpticas presentan regiones morfologicas
especializadas. Las sinapsis quimicas estan definidas como zonas activas
presinapticas o sitios de liberacion y sus regiones asociadas de receptores
postsinapticos. Al microscopio electronico, una especializacion sinaptica de este
tipo se puede identificar por una acumulacion de vesiculas presinapticas, un
amplio espacio intercelular denso a los electrones (hendidura sinaptica) y una
densidad postsinaptica la cual esta caracterizada por una alta concentracion de
receptores/canales y usualmente es coextensiva con el sitio presinaptico de
liberacion. Los mecanismos basicos de la liberacién vesicular en las sinapsis
quimicas muestran caracteristicas comunes. En el mecanismo de transmision
sinaptica considerado clasico, el impulso nervioso produce una entrada de Ca** en
la terminal presinaptica, a través de canales dependientes de voltaje concentrados
en cada sitio de liberacion o zona activa la cual esta definida como un sitio de
entrada de Ca** y fusion vesicular durante un potencial de accion. Los canales de
Ca*" involucrados son miembros de la familia Ca,2 y cada subtipo conduce
corrientes tipo P/Q, N o R. Las corrientes de Ca** del tipo P son altamente
sensibles a la w-agatoxina IVA de arafia (Mintz et al., 1992), mientras que las
corrientes tipo Q son menos sensibles (Randall y Tsien, 1995); las corrientes de

tipo N se inhiben con m-conotoxina GVIA de la serpiente marina (McCleskey et al.,



1987) y las corrientes de tipo R son resistentes a los inhibidores organicos y
peptidicos de canales de Ca?* (Randall y Tsien, 1995; Catterall, 2000). Las
vesiculas que contienen neurotransmisores se adosan a la zona activa en un
primer contacto con la membrana, después pasan por un proceso de maduracion
que las hace competentes para la rapida fusion con la membrana, la cual se
dispara por la entrada de Ca®*. Durante el proceso de maduracion, se ensambla
un complejo central formado por tres proteinas sinapticas abundantes, llamadas
genéricamente SNARE (receptor proteico de unién al factor soluble sensible a N-
etilmaleimida). Dos de estas proteinas son de la membrana plasmatica [sintaxina y
SNAP-25 (proteina de 25 kD asociada al sinaptosoma)] y una de la vesicula
sinaptica [VAMP(proteina membranal asociada a la vesicula)/sinaptobrevina). Este
complejo forma el anclaje para la cascada de interacciones proteina-proteina que
se requieren para la exocitosis (Sudhof, 1995). La sintaxina y la SNAP-25 se unen
estrechamente una con otra y forman un sitio de unién de alta afinidad para la
VAMP/sinaptobrevina, constituyendo un complejo heterotrimérico altamente
estable (Hayashi et al., 1994). La importancia de estas proteinas en la exocitosis
fue evidente cuando se reconocid que son los sustratos especificos para las
neurotoxinas clostridiales las cuales son potentes inhibidores de la liberacién de
neurotransmisores. Las cadenas ligeras de la toxina tetanica y la toxina botulinica
(BoNT) son metaloproteasas que hidrolizan estas proteinas. La toxina tetanica
actua sobre la sinaptobrevina, mientras que la accion de las toxinas botulinicas
esta asociada con diferentes serotipos, la BONT A hidroliza SNAP-25; |la BoNT B,
sinaptobrevina y la BoNT C, sintaxina 1 (Niemann et al., 1994). La accién de las
toxinas en las proteinas individuales compromete la estabilidad del complejo y su
consecuente habilidad para mediar la exocitosis.

La fusion de las vesiculas sinapticas con la membrana produce la liberacion
de neurotransmisores a la hendidura sinaptica, los que difunden a través de esta y
se unen a sus receptores localizados en la membrana postsinaptica, produciendo
un flujo de corriente a través de esta el cual estd mediado por canales que pueden
estar acoplados directamente a los receptores y/o activarse indirectamente por

segundos mensajeros.



La liberacion de neurotransmisores es un evento probabilistico. La entrada
de Ca®" a la terminal nerviosa eleva la probabilidad de liberacién, posiblemente a
través de la activacion de multiples sensores a Ca®*. Asi, los componentes clave
involucrados en la regulacién de la probabilidad de liberacion dependiente de Ca**
son los canales de Ca®** que permiten la entrada de este catién a la terminal
sinaptica y los sensores de Ca?* en la maquinaria de fusiéon que regula la
exocitosis. La accién principal del Ca* es disparar la exocitosis rapida durante un
potencial de accion. El Ca?* actua a altas concentraciones en sitios que requieren
la unién de varios iones Ca®* (al menos 3-4) (Goda y Siidhof, 1997). Se piensa
que el Ca** puede disparar la liberacion rapida de neurotransmisores porque las
vesiculas adosadas y ancladas se encuentran en un estado tardio y latente en la
exocitosis. Las vesiculas sinapticas se adosan a la membrana cerca de canales de
Ca®" en la zona activa. También se ha visto que las interacciones entre los
componentes de la maquinaria de fusién vesicular se regulan por Ca*, se ha
descrito que la sintaxina y la sinaptotagmina, proteinas que participan en el anclaje
de las vesiculas, se asocian con canales de Ca** tipo N (Seagar y Takahashi,
1998) y que los canales presinapticos Ca,2.1 y Ca,2.2 interactuan directamente
con las proteinas SNARE vy con la sinaptotagmina a través de un sitio especifico
en el asa que conecta los dominios Il y lll (Sheng et al., 1994; Wiser et al., 1997).
La interaccién de los canales de Ca®* con el complejo de fusion forma un arreglo
que facilita la exocitosis rapida por las altas concentraciones locales de Ca** que
se pueden encontrar durante un potencial de accion (Rettig et al., 1996; 1997).
Para disparar el estado final de la reaccién de fusion, se requiere un sensor de
Ca® en el sitio de exocitosis. El sensor debe unir Ca** cooperativamente y sufrir
un cambio conformacional dependiente de Ca®". Hay evidencia que sugiere que
las sinaptotagminas funcionan como sensores de Ca®* (Brose et al., 1992;
diAntonio et al., 1994; Geppert et al., 1994) las cuales son proteinas vesiculares
de unidn a Ca*" y presentan dos regiones de unién a este catién, llamados
dominios C2A y C2B. La sinaptotagmina se une a fosfolipidos en funcién de la
concentracion de Ca®* (Heidelberger et al., 1994), esta unién podria remodelar la

membrana durante la exocitosis, transformandola en una membrana fusionada. La



funcién del complejo de proteinas SNARE se regula por interacciones con
numerosas proteinas, que incluyen a la sinaptotagmina. La sintaxina interactua
directamente con sinaptotagmina, la unién del Ca®* al dominio C2A incrementa su
afinidad por esta proteina (Chapman et al., 1995). También se ha encontrado que
se une de manera estable a la SNAP-25 a través del dominio C2B (Schiavo et al.,
1997). En el modelo del complejo de fusidn membranal activado por Ca?, la
presencia de Ca®* promueve que las asas de unién a Ca** de los dominios C2A y
C2B de la sinaptotagmina | se inserten en la bicapa. El inositol 4,5-bifosfato
localizado en la hoja interna de la seccion blanco de la membrana, dirige la
penetracion de los dominios C2 lo que promueve el acercamiento de las
membranas plasmatica y vesicular (Bai y Chapman, 2004) (Fig. 3).

La fusion de membranas lipidicas se ha descrito en términos de una
progresion de estructuras intermedias de baja energia, las cuales involucran
rearreglos de la matriz lipidica, en donde las monocapas proximales se mezclan,
formando una estructura altamente curveada parecida a un tallo, con una
curvatura negativa neta (los grupos polares en el lado cdncavo), que se encuentra
intercalada entre las monocapas distales intactas de las membranas cercanas, y
como resultado se obtiene una intermembrana, que define un estado de
hemifusion. El tallo se expande hasta que las monocapas distales se fusionan,
formando un poro de fusion lipidico de curvatura positiva neta (los grupos polares
en el lado convexo) (Szule et al., 2003). Se desconoce que ocurre entre la entrada
de Ca*'vy la fusidn membranal. Se piensa que la fusion requiere el desemsamble
del complejo SNARE que ancla la vesicula sinaptica a la membrana (Tahara et al.,
1998; Zimmerberg et al., 2000).

Ademas de la entrada de Ca®" a través de canales dependientes de voltaje,
otros mecanismos que disparan la liberacién de neurotransmisores son: Ca?*
liberado a partir de fuentes intracelulares: reticulo endoplasmico y/o mitocondria
(Adam-Vizi, 1992; Berridge, 1998; Raiteri et al., 2002), también se ha descrito que
la fosforilacion de proteinas por PKC o PKA potencia la exocitosis dependiente de
Ca?" y frecuentemente es suficiente para inducir exocitosis por si misma (Hille et
al., 1999; Scepek et al., 1998; Stevens y Sullivan 1998; Yawo, 1999). La PKC es



un importante modulador de la liberacion de aminoacidos neurotransmisores de
una variedad de preparaciones de cerebro, incluyendo los sinaptosomas (Vaughan
et al.,, 1998). El efecto de PKC puede ocurrir a través de un incremento en la
[Ca®*], modulando directamente la via de entrada de Ca** o puede actuar en algun
paso del mecanismo de liberacion. Se ha propuesto que la activacion de PKC
facilita el flujo de glutamato mediante una o mas de las siguientes posibilidades: i)
reclutamiento de vesiculas sindpticas, ii) incremento en la sensibilidad al Ca** del
proceso de secrecidn vy iii) relajacion de la red citoesquelética (Vaughan et al.,
1998). ElI mecanismo a través del cual la PKC promueve rearreglos en el
citoesqueleto involucra a sus sustratos MARCKS (sustrato de la cinasa C rico en
alanina miristoilada) los cuales son importantes en regular las interacciones de la
membrana plasmatica con la F-actina y posiblemente la exocitosis. En el estado
no fosforilado, las MARCKS se unen a la F-actina que estd asociada a la
membrana plasmatica (Aderem, 1995). La fosforilacion de las MARCKS resulta en
la disociaciéon de estas con la membrana plasmatica y en la pérdida de su
habilidad para entrecruzar F-actina. Esta fosforilacion podria producir un
desensamble parcial en la red citoesquelética y por lo tanto permitiria la migracion
de las vesiculas a los sitios de liberacion. En el control de la secrecion, la PKC
también juega un papel importante. La proteina Munc-18 se une a la sintaxina con
alta afinidad, esta unién impide que la sintaxina entre en contacto con la SNAP-25
y la sinaptobrevina, y por lo tanto imposibilita la formacién del complejo central
SNARE de anclaje a la membrana. La PKC fosforila a Munc-18 en las serinas 306
y 313 de manera dependiente de Ca®* y fosfolipidos, esta fosforilacién inhibe la
interaccion Munc-18-sintaxina (Fujita et al., 1996), permitiendo la formacién del
complejo SNARE vy el anclaje de las vesiculas a la membrana.

Por otro lado, el método que se usa mas frecuentemente para despolarizar
y reproducir el evento inicial que conduce a la liberacion de neurotransmisores es
el uso de una concentracion elevada de K' extracelular. Con este tipo de
estimulacién se ha podido estudiar la liberacion de neurotransmisores en una gran
variedad de preparaciones de tejido nervioso (Bernath, 1992). Aunque este

método difiere de la estimulacién eléctrica en que una alta concentracion de K* no



se puede aplicar por una duracion comparable a la de los pulsos eléctricos y la
liberacién de los neurotransmisores estimulada por K* no es sensible a la
presencia de la tetrodotoxina, lo que indica que esta despolarizacion no induce la
activaciéon de canales de Na® dependientes de voltaje. Ademas, una elevada
concentracion de K* podria causar un hinchamiento considerable de las células,
promoviendo la liberacidn de neurotransmisores como parte de los procesos de
regulacion de volumen, independientemente de la despolarizacion (Pasantes-
Morales y Schousboe, 1989).

Una preparacion que se utilizado hace mas de cuarenta afios para estudiar
el proceso de exocitosis son las terminales nerviosas aisladas, también llamadas
sinaptosomas, en las que el proceso de secrecidon se encuentra bien preservado;
la despolarizacion de estos sinaptosomas induce la liberacion dependiente de
Ca?* de una amplia variedad de neurotransmisores, aminoacidos, catelcolaminas y
neuropéptidos (Ghijsen et al., 2003).

Los sinaptosomas expuestos a hiposmolaridad experimentan un aumento
en su volumen y lo regulan a través del DRV (Babila et al., 1990), pero se
desconocen los osmolitos implicados en el proceso. Esta preparacion constituye
un modelo ideal para estudiar la posible liberacibn de aminoacidos
neurotransmisores ante condiciones de hiposmolaridad, con el fin de caracterizar
los mecanismos de movilizacion implicados y definir el papel de esta condicién en

la excitabilidad neuronal.



Impulso
nervioso

Complejo SNARE > ca*
sensible a TeTX

Figura 3. Representacion esquematica del mecanismo de exocitosis. La terminal
sinaptica se despolariza con la llegada del impulso nervioso y se abren canales de
Ca?* dependientes de voltaje. EI Ca®* promueve la unién del canal de Ca* con la
sinaptotagmina y de esta con el complejo SNARE, las proteinas mencionadas
sufren un rearreglo estructural con el cual las membranas vesicular y plasmatica
se acercan para después fusionarse, en donde se piensa es necesario el

desensamble del complejo SNARE.

Consecuencias del edema cerebral. Hiperexcitabilidad

La consecuencia extrema del edema cerebral es, como se ha mencionado, la
muerte del individuo por la compresiéon de los centros cardiaco y respiratorio a
consecuencia de la presion del tejido cerebral. En general, se considera que un

incremento de tan solo cinco por ciento en el volumen cerebral implica ya un



riesgo de mortalidad (Tratchtman, 1992). A nivel local y celular, la ruptura de los
capilares debida a la compresion craneana, trae como consecuencia anoxia y
muerte neuronal. La extensién del dafio depende de la localizacion y magnitud de
la causa que genera el edema. La muerte neuronal se produce directa e
inmediatamente a consecuencia de la anoxia, pero en las areas que circundan la
zona afectada, la muerte neuronal tiene lugar mas tardiamente, al parecer a
consecuencia de un fendmeno de excitotoxicidad, que resulta de la liberacion del
acido glutamico de los astrocitos hinchados, en conjunto con una funcion
disminuida de los transportadores (Hansson et al., 2000).

Otra complicacion asociada al edema celular es la reduccion del espacio
sinaptico con la consecuente aparicion de transmisién efaptica y aumento de la
concentracion extracelular de K*, condiciones que promueven una situacion de
hiperexcitabilidad. En particular, se ha descrito que la sincronia en la descarga
neuronal en la epilepsia generalizada se debe a este fendbmeno y se previene
mediante estrategias que reducen el incremento en el volumen celular (Hochman
et al., 1995). El incremento en el volumen de las terminaciones nerviosas y la
consecuente liberacion de osmolitos que funcionan como neurotransmisores
podria llevar también a una alteracion en la funcién sinaptica, que puede llegar a
producir convulsiones. Los mecanismos celulares que conllevan a una alteraciéon
de la actividad sinaptica durante la hiposmolaridad se desconocen. Se ha descrito
gue una disminucién en la osmolaridad ocasiona un incremento en la duracion y
amplitud de los potenciales excitadores postsinapticos en rebanadas de
hipocampo (Chebabo et al., 1995).

La hiposmolaridad induce la liberacion de aminoacidos en células
cerebrales, muchos de los cuales funcionan como neurotransmisores y también
produce no solo un aumento en su volumen y el consiguiente proceso de
regulacion, sino que es un estimulo que promueve una amplia variedad de
respuestas. En los sinaptosomas encontramos que la hiposmolaridad produce una
despolarizacién dependiente de Na* y un aumento en la concentracion de Ca?*

citosélico, ambas condiciones que promueven la fusion vesicular. Por lo que, la



hiposmolaridad podria disparar el proceso de exocitosis en las terminales

nerviosas, la cual a su vez produciria la liberaciéon de neurotransmisores.



OBJETIVO

Identificar los fenOmenos que se generan a nivel sinaptico a consecuencia de una

reduccion en la osmolaridad externa y su efecto sobre la movilizacion de osmolitos

y neurotransmisores de las terminaciones sinapticas aisladas.

Objetivos Particulares

Determinar si la hiposmolaridad induce la movilizacion de aminoacidos
neurotransmisores en los sinaptosomas de corteza de la rata.
Determinar si el mecanismo de liberacion de los aminoacidos
corresponde al mecanismo caracteristico de la liberacion tipo osmolito o
corresponde a una liberacion inducida por eventos concurrentes con la
hiposmosis, tales como despolarizacién e incremento de Ca** en la
terminal sinaptica, que presente caracteristicas similares a la liberacion
de neurotransmisores.

Determinar si la hiposmolaridad induce la liberacion de la norepinefrina,

que no actia como osmolito.



MATERIAL Y METODOS

Preparacién de los sinaptosomas y perfusion

Los sinaptosomas se obtuvieron de la corteza de ratas macho adultas de la cepa
Wistar de 180+20 g; se prepar0 una fraccion sinaptosomal cruda por
centrifugacion diferencial (Whittaker y Barker, 1972), a partir de la cual se
obtuvieron los sinaptosomas purificados a través de un gradiente discontinuo de
sacarosa (Hajos, 1975). Las suspensiones de los sinaptosomas se incubaron en
agitacion con *H-taurina, *H-glutamato o *H-GABA (5 puCi/ml) durante 30 min. en
medio isosmaotico. Para seguir los movimientos de norepinefrina se utilizd un
trazador marcado con tritio, los sinaptosomas se incubaron durante 20 min. en la
presencia de *H-norepinefrina (2.5 pCi/ml), pargilina (10 uM), acido ascérbico (0.2
mg/ml) y albumina bovina de suero (0.1%) durante 20 min. en medio isosmotico, el
cual contiene (en mM): NaCl, 135; KClI, 1; CaCly,, 1; MgSQy, 1.17; KH,POy4, 1.7;
HEPES, 10 y glucosa, 10. Los medios hiposmoticos (10%, 270 mOsm y 20%, 240
mOsm) se prepararon reduciendo la cantidad necesaria de NaCl. La osmolaridad
de todas las soluciones se verifico6 en un osmémetro de punto de congelacion
(Osmette A, Precision Systems Inc., Natick, MA, USA). Después de la incubacion,
los sinaptosomas se separaron de la solucién de incubacion a través de la
filtracion rapida en un filtro Millipore (0.45 um) y se enjuagaron en medio
isosmético. La membrana que contuvo a los sinaptosomas se transfirié a una
camara de perfusion (0.7 ml) y se perfundié con medio isosmético a una velocidad
de flujo de 1 ml/min. Después de un periodo de lavado de 18 minutos, cada minuto
se colectaron fracciones del medio perfundido en viales de centelleo. La basal se
obtuvo aproximadamente a los tres minutos, después de lo cual el medio
isosmaotico se reemplazé con medio 10% hiposmoético, 20% hiposmético o
isosmatico conteniendo 20 mM KCl y la perfusién continué por 7 min. Al final de la
perfusion, los sinaptosomas se solubilizaron y la radiactividad de las fracciones
colectadas y de aquella que permanecié en los sinaptosomas se determind por
espectrometria de centelleo. Los tiempos de preincubacién con las drogas

variaron dependiendo del experimento y se indico en las respectivas leyendas de



figura. Los resultados se expresaron como porcentaje de liberacion en cada
fraccion, de la radiactividad total (radiactividad en las muestras méas radiactividad

remanente en los sinaptosomas al final de la perfusion).

Determinacion de los cambios en el potencial de membrana

Los cambios en el potencial de membrana se determinaron por
espectrofluorometria con el fluoroéforo bisoxonol DISBAC2(3) (150 nM), en un
espectrometro de luminiscencia Aminco-Bowman (series 2, SLM AMINCO;
Rochester, NY, USA) equipado con un agitador magnético. El bisoxonol se
adicion6 a 2 ml de medio isosmoético en una cuveta de cuarzo y se agregaron los
sinaptosomas (40-50 pg proteina, determinada por el método de Bradford;
Bradford, 1976). Después de 30 segundos, el medio se diluy6 hasta alcanzar 20%
de hiposmolaridad y los cambios en la fluorescencia se siguieron durante 60 seg.
Las longitudes de onda de excitacion y emision del fluoroforo fueron de 540 y 580
nm, respectivamente. Los resultados se expresaron como unidades arbitrarias de

fluorescencia.

Determinacion de la concentracién de Ca?* intrasinaptosomal

Los sinaptosomas se incubaron con el indicador fluorescente de Ca** fura-2/AM (2
pUM), en agitacion durante 60 minutos. Después de este periodo, los sinaptosomas
se centrifugaron a 25 000 g durante 5 minutos para remover el indicador
extrasinaptosomal. El pellet sinaptosomal se resuspendié en medio isosmotico y
se mantuvo en agitacion durante 30 min. Después, la preparacion se centrifugd
(25 000 g, 5 min.) cuatro veces y el pellet se resuspendié en medio isosmético.
Los cambios en la [Ca®"] se determinaron en un espectrémetro de luminiscencia
Aminco-Bowman equipado con un agitador magnético. La longitud de onda de
excitacion se alternd entre 340 y 380 nm y la intensidad de fluorescencia se
monitoreo a 510 nm. Cada experimento se calibro individualmente para obtener un
maximo de fluorescencia después de permeabilizar los sinaptosomas con triton X-
100 (10%), y la fluorescencia minima después de atrapar el Ca®* en el medio con

EGTA (250 mM). Los valores obtenidos a través de este procedimiento se



utilizaron para calcular la concentracién intrasinaptosomal de Ca?* de acuerdo a

las ecuaciones publicadas previamente por Grynkiewicz y colaboradores (1985).

Medicion de la exocitosis

La exocitosis se determind por espectrofluorometria como se describe en
Guatimosim y colaboradores (1997), utilizando el fluor6foro FM1-43. Los
sinaptosomas se incubaron con FM1-43 (4 uM) durante 10 minutos en medio
isosmoético y después durante 1 minuto en medio isosmético conteniendo 40 mM
KCI para permitir la incorporacion del fluoréforo a las vesiculas exocitéticas. Los
sinaptosomas se lavaron tres veces con medio isosmético mas albumina bovina
de suero (1 mg/ml) a través de ciclos de centrifugacion y resuspension y se
transfirieron a una cuveta de cuarzo para el ensayo fluorométrico. El experimento
se llevé a cabo en un espectrdmetro de luminiscencia con agitacion continua. Las
muestras se excitaron a 488 nm y la fluorescencia de emisién se registré a 560

nm.

Anélisis estadistico
Las diferencias significativas en los valores de las medias se calcularon utilizando

la prueba t de Student no direccional.



RESULTADOS

Los resultados se anexan en el formato de los articulos correspondientes ya
publicados, los cuales contienen una breve introduccion al tema, la metodologia

utilizada, los resultados y la discusién la cual se amplia en la siguiente seccion.
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Depolarization, exocytosis and amino acid release evoked by
hyposmolarity from cortical synaptosomes
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Abstract

External osmolarity reduction (20%) led to labelled glutamate, GABA and taurine release from rat brain cortical synaptosomes. A
Cl™-independent, Na*-dependent, La®*-sensitive and tetrodotoxin (TTX) reduced depolarization of synaptosomes occurred upon
hyposmolarity, suggestive of Na* entry through nonselective cation channels. This depolarization, together with cytosolic Ca®*
([Ca%™]) increase, resulted in exocytosis, monitored by FM1-43. The release fraction resulting from these phenomena was estimated,
by its decrease, by La®", EGTA-AM and tetanus toxin (TeTX), as 34-44% for glutamate, 21-29% for GABA and 18—22% for taurine.
Protein kinase C (PKC) activation by phorbol-12-myristate-13-acetate (PMA) increased the hyposmolarity-elicited exocytosis and this
activation increased glutamate (80%), GABA (51%) and taurine (42%) hyposmotic efflux. Inhibition by chelerythrine reduced
glutamate, GABA and taurine efflux by 64%, 50% and 24%, respectively. The Na*-dependence of amino acid release (glutamate
63%, GABA 46% and taurine 29%) may result from both, prevention of the depolarization-exocytosis efflux, and blockade of the carrier
reversal operation. Carrier blockade by DL-threo-B-benzyloxy aspartate (TBOA) and NO-711 resulted in 37% and 28% reduction of
glutamate and GABA release, respectively. Contribution of the osmolyte leak pathway to amino acid release, estimated by the influence
of CI” (NPPB) and tyrosine kinase (AG18) blocker, was up to 55% for taurine, but only 10-18% for GABA, with apparently no
contribution for glutamate. The predominant osmolyte-type mechanism of taurine release suggest its function in volume control in nerve
endings, while glutamate and GABA respond to events concurrent with hyposmolarity by a neurotransmitter-like release mechanism.
The hyposmolarity-induced amino acid efflux from nerve endings may have consequences for neuronal excitability during hypona-

tremia.

Introduction

The ability to regulate volume after hyposmotic swelling has been
preserved in most cells, even when surrounded by an external envir-
onment of controlled osmolarity (Lang et al., 1998). This persistent
ability may be necessary for cells to correct local and transient volume
changes associated with normal functions and metabolic reactions as
well as in pathological situations. Such a requirement to keep cell
volume constant has been proven critical in brain, where oedema is a
most severe sequel event in numerous pathologies (Andrew, 1991;
Kimelberg, 1999). In brain cells, as in many other cells, hyposmolarity
leads to rapid swelling followed by a volume regulatory process, via
the extrusion of K*, CI™ and some organic molecules, primarily amino
acids (Kimelberg er al., 1990; Pasantes-Morales et al., 1993; Pasantes-
Morales et al., 1994a,b). Less is known about the occurrence of such
mechanisms in intracellular compartments or in specialized regions of
neurons, such as dendrites or nerve endings, despite the fact that
dendrites are particularly sensitive to swelling and nerve endings are
continuously exposed to osmotic gradients due to the constant influx
and efflux of ions and neurotransmitters. Work by Babila et al. (1990)
showed that isolated nerve endings exposed to hyposmotic solutions
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first swell and then rapidly recover their original volume. A more
recent report (Mongin et al., 1997) shows an increase in [Ca”]i as a
consequence of swelling in synaptosomes but the influence of Ca>* on
the osmolyte corrective fluxes has not been addressed.

In the present study we investigated whether hyposmolarity, and the
resulting swelling, activate amino acid extrusion from synaptosomes.
Taurine acts as an osmolyte in many cell types, including brain cells,
and may also play this role in synaptic endings, where it is present in
high concentrations, in spite of its marginal function as neurotrans-
mitter (Kontro et al., 1980). Other amino acids, such as GABA and
glutamate — with a prominent role as neurotransmitters — are also
involved in volume regulation mechanisms in brain cells and slices.
The large concentrations (mM) of these amino acids in nerve endings
(Lahdesmaki et al., 1977), largely exceeding those required for a
synaptic transmitter function, is suggestive of an osmolyte role in
nerve endings too. A hyposmolarity-evoked release of amino acids
from synaptosomes may occur either by the leak pathway, well
characterized in cultured cells, or by events concurrent with hypos-
molarity, particularly depolarization, that in turn trigger other mechan-
isms of release. The first possibility was tested by the extent of
inhibition by CI” channel blockers and by the dependence on tyrosine
kinase reactions, as markers for the osmolyte-type release. As for the
second possibility, as we found that hyposmolarity indeed results in
synaptosome depolarization, we examined two possible mechanisms
for release: (i) a Ca®"-dependent exocytosis and (ii) the reversal of the
carrier. All of these mechanisms may operate and contribute to the total
release observed.



Materials and methods

Materials

Salts (NaCl, KCIl, KH,PO,, CaCl,, MgSO, and MgCl,), N-2-hydro-
xyethyl piperazine-N'-(2-ethanesulphonic acid) (HEPES) and glucose
were from T. J. Baker (Xalostoc, Mexico); wortmannin, tyrphostin
AG18, phorbol-12-myristate-13-acetate (PMA), chelerythrine chloride,
cytochalasin E, 5-nitro-3-(3-phenylpromylamino)benzoic acid (NPPB),
ethyleneglycol-bis(3-aminoethyl)-N,N,N',N'-tetraacetoxymethyl ester
(EGTA-AM) and tetanus toxin (TeTX) were from Calbiochem-Nova-
biochem Corp. (San Diego, CA, USA); fura-2 acetoxymethyl
ester (fura-2/AM), FM1-43 and bis-(1-3diethylthiobarbituric acid)
trimethine oxonol [DiSBAC2(3)] (bisoxonol) were from Molecular
Probes (Eugene, OR, USA). Tetrodotoxin (TTX) was from Alomone
Laboratories (Jerusalem, Israel). [3H]Taurine, [3H]L—glutamate and
[3H]GABA were from New England Nuclear (Boston, MA, USA).
NO-711 hydrochloride, DL-threo-(3-benzyloxy aspartate (TBOA),
4,4'-diisothiocyanato-stilbene-2,2’ disulphonic acid (DIDS), bovine
serum albumin (BSA), triton X-100, choline chloride and gluconate
salts were from Sigma Chemical Co. (St. Louis, MO, USA).

Synaptosomal preparation and superfusion

Cerebral cortex was excised from male Wistar adult rats of about 180,
after decapitation. A crude synaptosomal fraction was prepared by
differential centrifugation according to Whittaker & Barker (1972).
Purified synaptosomes were obtained as described elsewhere (Hajos,
1975) in a sucrose discontinuous gradient. Synaptosome suspensions
were incubated under shaking with [3H]taurine, [3H]glutamate or
[PHIGABA (5 rCi/mL) during 30 min in isosmotic medium containing
(in mM): NaCl, 135; KCl, 1; CaCl,, 1; MgSOy, 1.17; KH,PO,, 1.7;
HEPES, 10 and glucose, 10. Hyposmotic media (10%, 270 mOsm;
20%, 240 mOsm) were prepared by reducing the necessary amount of
NaCl. Osmolarity of all solutions was measured in a freezing point
osmometer (Osmette A, Precision Systems Inc., Natick, MA, USA).
After incubation, synaptosomes were separated from the loading
solution by rapid filtration through a Millipore filter (pore size
0.45 pum) and rinsed with isosmotic medium. The filter membrane
containing synaptosomes was transferred to a superfusion chamber
(0.7 mL) and superfused with isosmotic medium at a flow rate of 1 mL/
min. After a wash period of 15 min, fractions of the perfusate medium
were collected at 1 min intervals into scintillation vials. The baseline
was attained at about 3 min, after which the isosmotic medium was
replaced by 20% or 10% hyposmotic medium and superfusion con-
tinued for further 12 min. At the end of the superfusion, synaptosomes
were solubilized and the radioactivity of collected fractions and that
remaining in synaptosomes was measured by scintillation spectro-
metry. Preincubation times with drugs varied depending on the experi-
ment and are indicated in the corresponding figure legends. When
required, controls always contained the vehicle. Results are expressed
in percentage release in each fraction of the total radioactivity (i.e.,
radioactivity in samples plus radioactivity remaining in synaptosomes
at the end of superfusion). The radioactivity of the hyposmotic super-
fusion fractions representing authentic GABA and glutamate was
found to be 82.7% and 74.3%, respectively, as assessed by paper
chromatography.

Depolarization measurement

Depolarization was measured by spectrofluorometry using an Aminco-
Bowman luminescence spectrometer (series 2, SLM AMINCO;
Rochester, NY, USA), equipped with a magnetic ministirrer and the
fluorophore bisoxonol DiSBAC2(3) (150 nM). Bisoxonol was added to
2mL of isosmotic medium in a quartz cuvette and the reaction started

Hyposmotic synaptosomal amino acid release 917

by addition of synaptosomes (40-50 g protein, determined by the
Bradford method; Bradford, 1976). After 30 s, the medium was diluted
to reach 20% hyposmolarity and fluorescence changes were followed
during further 60 s. Fluorescence intensity of the dye was recorded at
excitation and emission of 540 and 580 nm, respectively (5 nm slits for
both excitation and emission wavelengths). Bisoxonol fluorescence
intensity variations were not converted into absolute membrane
potential values as the valinomycin nullpoint method (Waggoner,
1976) could not be applied due to the formation of complexes between
the lipophilic anion bisoxonol and the positively charged molecule of
valinomycin.

Determination of synaptosomal [ Ca’"];

Synaptosomes were incubated under shaking with the fluorescent Ca>*
indicator, fura-2/AM (2 pM) during 60 min. After this period, synapto-
somes were spun at 25 000 g for 5 min to remove the extracellular dye.
The synaptosomal pellet was resuspended in isosmotic medium and
maintained with shaking during 30 min. Then, the preparation was
centrifuged (25 000 g for 5 min) four times and the pellet resuspended
in isosmotic medium. Changes in [Ca®*]; were determined in an
Aminco-Bowman luminescence spectrometer equipped with a mag-
netic ministirrer. Excitation wavelength was alternated between 340
and 380 nm and fluorescence intensity was monitored at 510 nm. Each
experiment was individually calibrated to obtain the maximum fluor-
escence after disrupting the synaptosomes with 10% triton X-100, and
the minimum fluorescence obtained after buffering the Ca®" in the
solution with 250 mM EGTA. The values obtained through this pro-
cedure were used to calculate the intracellular Ca®>" concentration
according to previously published equations (Grynkiewicz et al.,
1985).

Exocytosis measurements

Exocytosis was assayed by spectrofluorimetry as described by
Guatimosim et al. (1997) using the probe FM1-43. Synaptosomes
were incubated with 4 uM FM1-43 for 10 min in isosmotic medium
and then during 1 min in medium containing 40 mM KCI. Loaded
synaptosomes were washed three times with isosmotic medium plus
BSA (1 mg/mL) by centrifugation and resuspension cycles, and trans-
ferred to a quartz cuvette for the fluorimetric assay. The experiment
was performed on a luminescence spectrometer with continuous
stirring. Samples were excited at 488 nm and the fluorescence emission
was recorded at 560 nm.

Statistical analysis

Significance of differences in mean values was calculated using the
two-tailed Student’s r-test.

Results

Efflux of amino acids in response to hyposmolarity

Synaptosomes loaded with [3H]taurine, [3H]GABA, or [3H] glutamate,
and superfused with isosmotic medium, exhibited a basal efflux
corresponding to 1-1.3% of the total radioactivity accumulated during
loading (Fig.1). Stimulation with 20% hyposmotic medium
(=60 mOsm), led to an immediate increase in amino acid efflux,
which reached a peak 2-3 min after the stimulus. At this time, the
percentage efflux increased to a maximal of 5.8%, 5.5% and 3.7% for
[3H]glutamate, [3H]taurine, and [SH]GABA, respectively. After this
maximal, the amino acid efflux decreased towards the initial values of
release, despite the persistence of the hyposmotic condition. The time
course of the osmosensitive release was rather similar for the three
amino acids but with a more rapid inactivation for glutamate efflux
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Fi1G. 1. Amino acid release from rat cerebral cortex synaptosomes exposed to 20% or 10% hyposmotic medium. Synaptosomes were preloaded with [*H]taurine (A),
[*H]glutamate (B) or [’H]JGABA (C), washed and prepared for superfusion as described in Methods. Then, synaptosomes were superfused (1 mL/min) during 3 min
with isosmotic medium to obtain a constant basal efflux. At the arrow, the medium was replaced by 20% (@), or 10% () hyposmotic solutions, and superfusion
continued for 10 min. Fractions were collected every minute. Results are expressed as radioactivity released per min as a percentage of the total radioactivity
incorporated. Data are means of 6-15 experiments. SE is represented as vertical bars when they exceed the size of symbols. “P < 0.001, **P < 0.05 with respect to the

last point in isosmotic.

(Fig. 1A—C). The total amount released during the 10 min of stimulus
was 28%, 27% and 19%, for [3H]glutamate, [*H]taurine and
[PHIGABA, respectively. A significant increase in glutamate and
taurine efflux, but not in GABA efflux, was elicited by 10% hypos-
motic medium (—30mOsm relative to normal levels) (Fig. 1A-C).
Amino acid release is a consequence of the osmolarity reduction and
not of the decrease in NaCl, as no amino acid efflux was observed in
solutions with low NaCl but made isosmotic with sucrose or mannitol.
It is neither due to synaptosomal damage as no leakage of lactate
dehydrogenase (LDH) was observed (results not shown).

Hyposmolarity-induced depolarization

Exposure to 20% hyposmotic medium resulted in a marked depolar-
ization of nerve endings (Fig. 2). Depolarization may result from CI~
efflux as part of the volume corrective process. However, depolariza-
tion was not affected by a prolonged exposure to Cl -free medium
(replaced by gluconate) nor by blockade of CI” fluxes by NPPB
(Fig.2A). In contrast, external Na™ depletion essentially abolished
it, suggesting that Na® influx caused depolarization. TTX (5 uM)
decreased the hyposmolarity-induced depolarization by about 43%
(Fig. 2B). Depolarization was unaffected in Ca*"-free medium con-
ditions (results not shown). Addition of 100 uM La*" suppressed
depolarization (Fig.2B), implicating nonselective cation channels as
a possible mechanism.

To evaluate the contribution of the hyposmolarity-induced depolar-
ization to hyposmotic amino acid efflux, the effects of Na't-free
medium (NaCl replaced by choline Cl) or of La*", were then exam-
ined. In the presence of 100 uM La®", the efflux of glutamate, GABA
and taurine decreased 44, 29 and 22%, respectively (Fig. 3A). In Na™-

free medium, glutamate, GABA and taurine release was reduced by
63%, 46%, 29%, respectively (Fig.3B).

Effect of carrier blockers

The Na*t-dependence of amino acid efflux may represent either the
release fraction responding to depolarization, or that occurring by
reversal of the carrier operation. This later possibility was examined in
synaptosomes treated with competitive, nontransportable blockers of
the GABA and glutamate carriers. Figure 3C shows the effect of NO-
711 and of TBOA, nontransportable blockers of GABA and glutamate
transporters, respectively, on the hyposmotic release of amino acids.
NO-711 reduced GABA release by 28% and TBOA decreased gluta-
mate release by almost 37% (Fig.3C). Blockade of taurine transport
was not performed due to lack of nontransportable carrier inhibitors.

Ca?" and PKC

Hyposmotic swelling significantly increased [Ca®*]; in nerve endings
as reported previously by Mongin et al. (1997). Upon 20% reduction in
osmolarity, the initial [Ca”]i of 365nM increased to 580 nM. This
[Ca®*]; elevation is due predominantly to an influx of external Ca®", as
in Ca®*-free medium containing 0.1 mM EGTA plus 10 mM MgCl,,
hyposmolarity elicited only a marginal increase in [Ca>"]; Under this
condition, the basal [Ca>']; levels showed a marked decrease to
230nM (Fig.4A). In synaptosomes treated with EGTA-AM, [Ca®ty;
basal levels further decreased to 105 nM and no increase was induced
by the hyposmotic condition (Fig. 4A). The effect of [Ca®*]; reduction
was examined in the hyposmotic release of amino acids in synapto-
somes treated with EGTA-AM. A decrease in the efflux of all amino
acids was observed, with glutamate the most sensitive to this treatment
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F1G. 2. Depolarization elicited by hyposmotic medium. Membrane potential was monitored by changes in fluorescence in synaptosomes loaded with bisoxonol, as
described in Methods. Fluorescence was measured in isosmotic medium (30s) and at the arrow, the medium was diluted up to reach 20% hyposmolarity, and
fluorescence changes were followed for a further 60 s. (A) Control, 20% hyposmotic (@). CI™ free medium (CI” replaced by gluconates) (-C17; ll); 100 um NPPB
(NPPB; A). (B) Control, 20% hyposmotic (@). Na"-free medium (Na™ replaced by choline chloride) (-Na" A); 100 um La*" (La>" W); 5 uM TTX (TTX; @).
Synaptosomes were exposed to the CI” or Na™-free solutions during 15 min before and through all the experiment and during 10 min to TTX. NPPB and La*" were

added together with water at the hyposmotic stimulus. Values represent fluorescence arbitrary units (AU), after subtracting the dilution factor. Representative results
of 3—4 experiments.
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FiG.3. Effects of Na'™-free medium, La®>" and carrier blockers on the hyposmotic release of amino acid from synaptosomes. Synaptosomes were preloaded with
[*H]taurine, [*H] glutamate or [*HJGABA and superfused as in Fig. 1. Bars represent the radioactivity released (%) at the peak release fractions (4—8 for taurine and 5—
9 for glutamate and GABA). Empty and dashed bars correspond to control and experimental conditions, respectively. (A) Effect of 100 pm La*" (La*"). La®* was
present only in the hyposmotic medium. (B) Effect of Na™-free medium (-Na™). Synaptosomes were exposed to the Na'-free medium (NaCl replaced by choline
chloride, starting at washing and through all the experiment). (C) Effect of TBOA (100 uwM) or NO-711 (20 uM). Synaptosomes were treated with the carrier blockers
during 15-20 min prior to superfusion and were present throughout the experiment. Data are means + SE of 6-17 experiments. “P < 0.001 with respect to controls.
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elicited by hyposmolarity and its effect on amino acid efflux. (A) Synaptosomes were loaded with fura-2/AM and [Ca®>"];

determined as described in Methods. [Ca”"]; was measured in isosmotic medium in synaptosomes under continuous stirring. At the arrow, the medium was diluted up
to reach 20% hyposmolarity (20% H). In 20% H 4 EGTA, the experiment was carried out in Ca®*-free medium containing 10 mmM MgCl, plus 0.1 mM EGTA. In 20%
H + EGTA-AM, synaptosomes were preincubated (15min) with 50 uM EGTA-AM in a Ca*"-free medium. Fluorescence units were transformed into Ca>*
concentration as described in Methods. Curves representative of 3—5 separate experiments. (B) Effect of EGTA-AM (dashed bars) on the hyposmotic (20% H, empty
bars) release of amino acids. Data are means + SE of 4—17 experiments. “P < 0.001, **P < 0.01.

(34% decrease). GABA and taurine efflux decreased 24% and 20%,
respectively (Fig.4B).

The effect of modulating PKC activity, i.e. inhibition by cheler-
ythrine and activation by PMA, was examined on the hyposmotic
amino acid efflux. Chelerythrine (2.5 uM) reduced (> 64%) the efflux
of [3H]glutamate and PKC activation by PMA (100 nM) increased it
almost 80% (Fig.5A). Chelerythrine reduced (50%) the efflux of
GABA, and PMA increased it by 51%. The efflux of taurine was
decreased by chelerythrine (24%) and enhanced by PMA (42%;
Fig.5A). Potentiation by PKC of glutamate release was essentially
abolished in synaptosomes treated with EGTA-AM (Fig. 5B). Repla-
cement of Na™ by choline Cl or N-methyl-D-glucamine, also sup-
pressed the stimulatory effect of PKC (Fig. 5B) (taurine and GABA
were not examined).
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Hyposmolarity-induced exocytosis

Exocytosis associated with hyposmolarity was monitored by the
decrease in fluorescence release of FM1-43 dye, previously incorpo-
rated into synaptic vesicles by synaptosomal exposure to 40 mm KCl.
The accumulated dye is released into the extracellular space, where it
looses its fluorescence when the vesicle lumen is exposed to the
extracellular medium. Release of FM1-43 is then detected as a
fluorescence decrease, reflecting the exocytosis extent. As shown in
Fig. 6, hyposmolarity induced a rapid decrease in FM1-43 fluorescence
intensity, which exceeded the change in isosmotic conditions, due to
medium dilution. Hyposmotic-induced drop in FM1-43 fluorescence
was prevented by preloading synaptosomes with EGTA-AM, and in
free-Na' conditions, reflecting both Ca®>" and Na'-dependence of
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F1G.5. Effect of PKC activity modulation on hyposmolarity induced amino acid release from synaptosomes. (A) Effects of 100nM PMA and 2.5 uM chelerythrine
(15 min preincubation and throughout the experiment) on [*H]taurine, [3H]glutamate or [’H]GABA release. Data expressed as in Fig. 3, are means + SE of 4-8
experiments. Significantly different from 20% H without additions, by *P < 0.001. (B) Effect of Ca>*- and Na™-free media on the PMA-potentiated 20% hyposmotic
release of glutamate. Sodium substitution, PMA, -Na™ and EGTA-AM conditions were as described in Methods. In all cases, bars represent the radioactivity released
by hyposmolarity as in Fig.3. Data are means + SE of 4-8 experiments. “P < 0.001 with respect to PMA-treated condition.
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F1G. 6. Hyposmolarity-elicited exocytosis in synaptosomes. Exocytosis was
monitored by FM1-43 fluorescence decrease as described in Methods. After
30s in isosmotic condition (arrow), the medium was diluted to reach 20%
hyposmolarity (). Control condition (isosmotic) (@) was made using the same
volume addition of isosmotic medium. The Na*-free (W) EGTA-AM (A) and
PMA (@) pretreatment was as described in Methods. Data are expressed as
fluorescence arbitrary units (AU). Each trace is representative of three separate
experiments.

hyposmolarity-induced exocytosis. PMA pretreatment markedly
potentiated hyposmolarity-evoked exocytosis (Fig. 6).

The effect of tetanus toxin (TeTX) on amino acid release

The above results raise the possibility of vesicular release as the
mechanism for a fraction of the hyposmotic amino acid efflux. To
test this hypothesis, the efflux of GABA, glutamate and taurine was
measured in synaptosomes treated with tetanus toxin (50nM). The
treatment resulted in a significant reduction of 39%, 21% and 18% for
glutamate, GABA and taurine, respectively (Fig. 7). The effect of this
toxin could not be tested directly on exocytosis due to interference of
the toxin with the fluorophore used.

Effect of CI” channel blockers and of inhibition of protein
tyrosine kinase

In a large variety of cells, including neurons in culture, the efflux of
taurine activated by hyposmolarity occurs through a leak pathway
markedly sensitive to anion channel blockers (Pasantes-Morales &
Schousboe, 1997). Two of those agents, NPPB and DIDS, were tested
on the osmosensitive release of amino acids from synaptosomes, at
concentrations that effectively reduce hyposmotic taurine efflux in
cultured neurons. The release of taurine was reduced (53-55%) by
100 puM NPPB and 600 puMm DIDS. These agents decreased GABA
efflux by 18% and 15% but only DIDS decreased glutamate efflux by
12% (Table 1).

Osmosensitive fluxes of taurine in neurons and in other cell types are
markedly dependent on the activity of tyrosine kinases, being reduced
particularly by tyrphostins (Pasantes-Morales et al., 2000). The effect
of the tyrosine kinase general blocker, tyrphostin AG18 (50 M) was
tested on amino acid fluxes from synaptosomes and results are shown
in Table 1. Marked differences were observed in the effect of this agent
between the three amino acids. Whereas taurine efflux was decreased
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F1G.7. Effect of TeTX on hyposmotic amino acid release from synaptosomes.
Synaptosomes preloaded with [*H] glutamate, [*HIGABA and [*H]taurine were
preincubated during 90 min in isosmotic medium in the presence of 50 nM TeTX
with 0.1% BSA. Thereafter, synaptosomes were superfused as in Fig. 1. Empty
bars represent net release (hyposmotic minus isosmotic release) as 100%.
Dashed bars correspond to percentage decrease by the toxin. Data are means
=+ SE of three to six experiments. “P < 0.001, **P < 0.01.

(41%), that of [’H]GABA was reduced only by about 10%, and that of
[3H]glutamate was unaffected (Table 1).

Discussion

Mild decreases in osmolarity led to taurine, GABA and glutamate
efflux from synaptosomes. This release may occur by the well char-
acterized leak pathway, through which organic osmolytes are extruded
in response to hyposmolarity, as part of the volume corrective process
(Kimelberg et al., 1990; Pasantes-Morales et al., 1993; Junankar &
Kirk, 2000; van der Wijk er al., 2000). Alternately, or in addition, the
efflux of amino acids, particularly that of GABA and glutamate — that
play a prominent role as neurotransmitters — may result in part, from
activation of synaptic mechanisms triggered by the hyposmolarity-
induced depolarization found in our study. The present results
showed that these two mechanisms are indeed operating during
amino acid release, with differences in contribution for each amino

TaBLE | Effect of the CI” channel blockers NPPB and DIDS, and the tyrosine
kinase blocker tyrphostin AG18 on hyposmolarity-evoked amino acid release

Amino acid release (%)

Blockers (uM) Glutamate GABA Taurine
Control hyposmotic 22.0+0.71 14.34+0.71 21.3+£0.72
NPPB (100) 219+1.16 11.74+0.75" 9.54+0.71"
DIDS (600) 193+1.12 12.1£0.90™ 10.0 £0.93"
AGI8 (50) 23.6+0.35 12.0+£0.23™ 12.7+£0.26

Synaptosomes preloaded with [*H]taurine, [3H]glutamate or [’H]GABA were
preincubated during 30min in isosmotic medium in the presence of the
blockers, and superfused as in Fig. 1. The blockers were present in all solutions
throughout the experiment. The numbers correspond to radioactivity released
at the peak release fractions as in Fig.3 and are means = SE of 4-11
experiments. “P < 001, P < 0.05 with respect to controls.
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acid. The reversal operation of the carrier also contributes to GABA
and glutamate release.

Osmosensitive amino acid release mediated by depolarization
and exocytosis

Hyposmolarity caused a large depolarization in synaptosomes. Depo-
larization evoked by hyposmolarity occurs in a variety of cell types and
is mediated by activation of CI™ exit through conductive channels
(Diener & Scharrer, 1995; Hallows & Knauf, 1994; Kinard et al.,
2001), or by cation influx, mainly Na™ (Kim & Fu, 1993; Welsh et al.,
2000). Depolarization in synaptosomes was unrelated to Cl™ efflux but
resulted from Na™ influx, possibly through nonspecific cation chan-
nels, as suggested by its prevention in Na*-free medium or by La>".
Activation of nonselective cation channels by hyposmolarity has been
described in smooth muscle cells (Welsh et al., 2000), in atrial cells
(Kim & Fu, 1993; Crumb et al., 1995) and in the A6 epithelial cell line
(Li et al., 1998). Opening of these channels leads to membrane
depolarization, carried by Na". This type of channel may be respon-
sible for the swelling-induced depolarization in synaptosomes. This
initial depolarization probably activates voltage-dependent Na™ chan-
nels, as shown by partial TTX inhibition, which will further contribute
to the observed depolarization. An interesting finding in the present
study was the occurrence of hyposmolarity-induced exocytosis, which
was depolarization- and [Ca2+]i-dependent. A fraction of amino acid
extrusion in hyposmotic conditions occurs via this depolarization-
exocytosis mechanism, as indicated by: (i) its reduction by preventing
depolarization, namely in the absence of Na™ and in the presence of
La®" (ii) its decrease in conditions of low [Ca®*];, which abolished the
hyposmolarity-induced exocytosis, and (iii) its reduction by TeTX.
The contribution of this mechanism to amino acid release can be
estimated by the magnitude of the Ca®'-dependent fraction and
the extent of reduction by La*" and TeTX. The decrease in Na " -free
medium is not conclusive for this estimation, as in this condition,
the carrier-mediated release is also affected. According to these
estimations, the fraction responding to depolarization-exocytosis
ranges form 34 to 40% for glutamate, 21 to 29% for GABA and 18
to 22% for taurine (Table2). PKC activation by PMA increased the
hyposmolarity-evoked exocytosis, a finding in line with the facilitatory
action of PKC on vesicular release described in several preparations,
including nerve endings (Majewski & lannazzo, 1998; Vaughan et al.,
1998). Thus, the influence of PKC is also indicative of the importance
of exocytosis as a mechanism for amino acid release. In agreement

TABLE 2. Contribution of depolarization-exocytosis, leak pathway and carrier
reversal to the hyposmolarity evoked release of glutamate, GABA and taurine

Fraction release (%)

Glutamate GABA Taurine
Dt:polarization—exocytosisT 34-44 21-29 18-22
Leak pathway? - 10-18 41-55
Carrier reversal§ 37 28 ND

"The contribution of depolarization-exocytosis was estimated by the effect
reducing amino acid release of La*", EGTA-AM and TeTX. tEst_imated by the
inhibitory effect of CI” channel- and tyrosine kinase-blockers. “Estimated by
the reduction observed in the presence of the competitive, nontransportable
blockers NO-711 for GABA and TBOA for glutamate. ND, not determined. As
described in Methods, the efflux of labelled GABA and glutamate after the
time required to complete the experiments, corresponds to about 80% of the
nonlabelled amino acids. Thus, the fraction of release through the different
routes, illustrated in this Table may have been overestimated, but as the
labelled/unlabelled ratio was found essentially constant in all conditions, the
relative contribution of each pathway likely remains the same.

with the different contribution of exocytosis as a mechanism for amino
acid release, i.e. higher for glutamate and lower for taurine, glutamate
efflux was the most sensitive and taurine the least sensitive to
manipulations of PKC activity. It was found that PKC activation
increased the hyposmotic efflux of glutamate, GABA and taurine
by 80%, 51% and 42%, respectively, while PKC blockade by cheler-
ythrine decreased the amino acid hyposmotic efflux as follows: 64%
for glutamate, 50% for GABA and 24% for taurine. PKC modulates
hyposmotic glutamate (but not of taurine) efflux in hippocampal slices
(Franco et al., 2001), and some influence of PKC on hyposmotic amino
acid release has been also reported in brain in vivo (Estévez et al.,
1999b).

Altogether, these results suggest a chain of events for the hypos-
molarity-induced release of amino acids with the following sequential
steps: (i) hyposmolarity activation of nonspecific cation channels; (ii)
Na™ entry and subsequent nerve ending depolarization; (iii) Na™- and
Ca?*-dependent exocytosis and (iv) PKC-modulated exocytotic
release of amino acids. The initial step in this cascade of phenomena
elicited by hyposmolarity seems to be the activation of nonselective
cation channels, but the mechanism of this activation has not been
explored in detail in the present study. Swelling-activated nonselective
cation channels have been reported in atrial cells (Kim & Fu, 1993) and
in renal epithelial A6 cells (Marunaka et al., 1997). In cerebrovascular
smooth muscle, cation channels mediating depolarization have been
found activated by swelling or intravascular pressure (Welsh et al.,
2000).

The hyposmotic amino acid release occurs in part by the carrier
reversal operation

The Na™ entry which seems to occur upon hyposmolarity may activate
the reversal operation of the carrier, a mechanism responsible for
amino acid release in a variety of conditions, including ischemia and
energetic failure (Attwell et al., 1993; Katsumori et al., 1999; Rossi
et al., 2000). A fraction of 28% of the release of GABA and 37% for
glutamate, implicates this mechanism, as shown by the efflux reduc-
tion in the presence of the competitive, non transportable carrier
blockers NO-711 and TBOA. The contribution of this mechanism
to taurine efflux could not be investigated due to the lack of reliable
blockers of taurine transport.

Contribution of the osmolyte leak pathway

The depolarization-/exocytosis-independent fraction of glutamate,
GABA and taurine osmosensitive release may occur through the well
known leak pathway, typical for organic osmolyte extrusion. This
pathway is characteristically sensitive to C1~ channel blockers and is
modulated by tyrosine kinase activity (Junankan & Kirk, 2000; van der
Wijk et al., 2000; Pasantes-Morales & Franco, 2002). Considering
these two properties as markers for the leak pathway, we present here
results suggesting that a substantial amount of taurine efflux (up to
55%) occurs through this pathway, while this mechanism appears to
contribute only about 10-18% to the release of GABA (Table 2). The
insensitivity of glutamate release to tyrphostins (Mongin et al., 1999)
and to NPPB, suggests that the leak pathway is not implicated. The
decrease in glutamate release by DIDS may be due to an effect of this
agent on the nonselective cation channel activity (Welsh et al., 2000).

These results suggest that the release of taurine from synaptosomes
mainly reflects its osmolyte role, which is widely documented in
numerous brain preparations including neurons and astrocytes in
culture (Pasantes-Morales & Schousboe, 1997), brain slices (Oja &
Saransaari, 1992; Deleuze et al., 1998; Franco et al., 2001) as well
as in brain in vivo ( Estévez et al., 1999a). An osmolyte role for taurine
in nerve endings is further suggested by its high concentrations in
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synaptosomes and in synaptic vesicles, despite its negligible function
as neurotransmitter (Lahdesmaki et al., 1977; Kontro et al., 1980).
Also along this line is the presence of taurine in the purely cholinergic
nerve endings of the Torpedo electric organ (Vyas & Bradford, 1987)
and the corelease of taurine and glutamate from cerebellar granule
neurons (Holopainen et al., 1989). Thus, the synaptic taurine pool may
be released in connection with swelling events concurrent with
synaptic function. Even the taurine release fraction associated with
exocytosis may result from a vesicular pool involved in the osmotic
control of the vesicular compartment. The significance of the gluta-
mate and GABA osmosensitive release is less clear. The mechanism of
this release shows the characteristic features of vesicular release, but
the amino acid concentrations in nerve endings largely exceed those
required for a neurotransmitter function (Kontro et al., 1980), and
some implication in an osmolyte role cannot be excluded.

Consequences of the osmosensitive release of amino
acids from nerve endings

Hyposmotic swelling in brain occurs in numerous pathologies asso-
ciated with hyponatremia. This condition occurs either from water
excess or from a Na™ deficit. Water excess may come from excessive
oral intake, as in psychotic polydipsia, or more commonly from
impaired renal water elimination as a consequence of inappropriate
secretion of antidiuretic hormone, glucocorticoid deficiency, hypothyr-
oidism, and renal or hepatic failure. In addition, a variety of diseases or
conditions such as head trauma, brain tumour and cerebrovascular
accidents result in hyponatremia associated with the syndrome of
inappropriate secretion of antidiuretic hormone or the cerebral salt
wasting syndrome. Hyponatremia also results from Na™ loss due to
mineralocorticoid deficiency, nephrotic syndrome, osmotic diuresis,
vomiting or diarrhea, or during rapid correction of uremia by excessive
haemodialysis and by infusion of hypotonic solutions in the perio-
perative period. Hyponatremia is a common state in the elderly and
during pregnancy (Law, 1989; Verbalis, 1998; Fall, 2000). Fatal
hyponatremia-induced cerebral oedema has been recently associated
with ‘ecstasy’ use (Holmes et al., 1999).

The extent of swelling in different brain cell types or in discrete
neuronal regions has not been examined in detail, although swelling in
dendrites has been observed in hyposmotic conditions (Andrew et al.,
1997). Nerve ending swelling has been reported in head trauma
(Castejon et al., 1995), kainate-induced seizures (Sperk et al.,
1983) and kindling (Langmeier et al., 1982). It may occur also in
hyponatremia, as suggested by studies in hippocampal slices, where
osmolarity reduction causes an increase in amplitude of evoked field
potentials and of excitatory postsynaptic potentials which is inversely
related to osmolarity (Chebabo et al., 1995; Schwartzkroin et al.,
1998). Hyposmolarity does not affect cell properties such as resting
membrane potential, cell input resistance and action potential thresh-
old and duration, suggesting a hyperfunction of excitatory synapses
(Chebabo et al., 1995). Hyposmolarity similarly affects the inhibitory
postsynaptic potentials, with notably less effect, though, than on the
excitatory potentials (Andrew, 1991; Chebabo et al., 1995; Huang
etal., 1997). The release of glutamate and GABA from nerve terminals
documented here may be responsible for these effects. This finding
may also contribute to explain the generation of epileptiform activity
and increased susceptibility to seizures in chronic and acute hypona-
tremia (Andrew, 1991).

The swelling-evoked taurine release from nerve endings, and prob-
ably also from synaptic vesicles, is an interesting finding as taurine has
a marginal (if any) role as a neurotransmitter. The presence of this
swelling-responsive synaptic taurine pool may reflect a need for
volume correction mechanisms in the nerve terminal and/or in synaptic
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vesicles under physiological conditions, resulting from ion redistribu-
tion related to synaptic activity. In pathological conditions, the release
of taurine may have a dual benefit, relieving swelling first, and once
translocated into the extracellular space, acting as neuroprotectant, a
well documented action of this amino acid (Saransaari & Oja, 2000).
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Abstract

Osmolarity reduction (20%) elicited ®H-norepinephrine (NE) efflux from rat cortical synaptosomes. The hyposmotic NE release
resulted from the following events: (i) a Na*-dependent and La®*-, Gd®*- and ruthenium red-sensitive depolarization; (i) a cytosolic
Ca?* ([Ca®*]) rise with contributions from external Ca®* influx and internal Ca®* release, probably through the mitochondrial Na*—
Ca®* exchanger; and (iii) activation of a [Ca®*]-evoked, tetanus toxin (TeTX)-sensitive, PKC-modulated NE efflux mechanism. This
sequence was established from results showing a drop in the hyposmotic [Ca®*]; rise by preventing depolarization with La®*, and by
the inhibitory effects of Ca®*-free medium (EGTA; 50%), CGP37157 (the mitochondrial Na*—~Ca?* exchanger blocker; 48%), EGTA +
CGP37157 or by EGTA-AM (> 95% in both cases). In close correspondence with these effects, NE efflux was 92% decreased by Na™*
omission, 75% by La®*, 47% by EGTA, 50% by CGP37157, 90% by EGTA + CGP37157 and 88% by EGTA-AM. PKC influenced the
intracellular Ca®* release and, mainly through this action, modulated NE efflux. TeTX suppressed NE efflux. The K*-stimulated NE
release, studied in parallel, was unaffected by Na* omission, or by La®*, Gd®* or ruthenium red. It was fully dependent on external
Ca?*, insensitive to CGP37157 and abolished by TeTX. These results suggest that the hyposmotic events, although different from

the K*-evoked depolarization and [Ca®*];
TeTX-sensitive mechanism for neurotransmitter release.

Introduction

The osmolarity of the fluids surrounding animal cells is tightly
controlled in physiological conditions but it may be altered in
pathological states, particularly in those with associated hyponatre-
mia. Severe chronic hyponatremia leads to cellular brain oedema
which, in turn, evokes a complex syndrome including coma, a
dazing state and higher susceptibility to seizures. This suggests an
effect of the hyposmotic condition on brain excitability, a notion
supported by studies in vitro in hippocampal slices showing an
increase in amplitude and duration of excitatory postsynaptic
potentials (Chebabo et al., 1995). This effect suggests an increase
in glutamate efflux during the hyposmolar condition. This was
examined in our previous study in rat cortical synaptosomes, in
which we found a hyposmolarity-induced release of glutamate,
GABA and taurine (Tuz et al., 2004). These three amino acids
participate as osmolytes in brain in vivo as well as in neurons and
astrocytes in culture (Verbalis & Gullans, 1991; Pasantes-Morales
et al., 1993). Glutamate and GABA, on the other hand, have a role
as main neurotransmitters. In our study we found that hyposmolarity
induces a Na'-dependent depolarization, [Ca2+]i rise and increased
exocytosis. A fraction of the hyposmotically induced release of
amino acids, particularly large for glutamate, was found to be
depolarization- and Ca**-dependent and blocked by tetanus toxin
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i rise mechanisms, are able to trigger a depolarization-dependent, Ca®*-dependent and

(TeTX), suggesting that this release occurs by exocytosis (Tuz et al.,
2004). All these results indicate that hyposmolarity elicits in nerve
endings, a number of processes which mimic those of depolariza-
tion—secretion exocytosis, and raise the question of whether other
neurotransmitters, not involved as osmolytes in the response to
swelling, may also be responsive to hyposmolarity. To test this
possibility we examined the effect of hyposmolarity on the release of
norepinephrine (NE) from rat cortical synaptosomes, the same
preparation used in our previous study. Norepinephrine is an
important synaptic transmitter in rat cerebral cortex, and its release
fits well with the typical depolarization—secretion vesicular process.
The effect of hyposmolarity and the features of the NE efflux in this
condition were studied in parallel with the release evoked by
depolarizing concentrations of KCI (20 mMm), a well studied process
which follows the classical vesicular release pattern.

Materials and methods

Materials

Salts (CaCl,, KCl, KH,PO4, MgCl,, MgSO, and NaCl), 4-(2-
hydroxyethyl)piperazine-1-ethanesulphonic acid (HEPES) and glu-
cose were from T. J. Baker (Xalostoc, Mexico); ethyleneglycol-bis(j3-
aminoethyl)-N,N,N’,N’-tetraacetoxymethyl ester (EGTA-AM), TeTX
and G66976 were from Calbiochem-Novabiochem Corp. (San Diego,
CA, USA); fura-2 acetoxymethyl ester (fura-2 AM), FM1-43 and
bis-(1,3diethylthiobarbituric acid) trimethine oxonol (bisoxonol) were



from Molecular Probes (Eugene, OR, USA). L-[7,873H]-norepineph-
rine (NE) was from Amersham (UK). Bovine serum albumin (BSA),
triton X-100, pargyline, ascorbic acid, ruthenium red, LaCl;, GdCls,
choline chloride, gluconate salts, phorbol-12-myristate-13-acetate
(PMA), o-conotoxin MVIIC, thapsigargin and dantrolene were from
Sigma Chemical Co. (St Louis, MO, USA). Nimodipine and
nitrendipine were from RBI (Natick, MA, USA) and CGP 37157
was from Tocris (Ellisville, MO, USA).

Synaptosomal preparation and superfusion

Cerebral cortex was excised from decapitated male Wistar adult rats of
~ 180 g. A crude synaptosomal fraction was prepared by differential
centrifugation according to Whittaker & Barker (1972). Purified
synaptosomes were obtained as described elsewhere (Hajos, 1975) in a
sucrose discontinuous gradient. Synaptosome suspensions were
incubated under shaking with *H-norephinephrine (2.5 pCi/mL) in
the presence of 10 uMm pargyline, 0.1% BSA and 0.0002 g/mL
ascorbic acid, for 20 min in isosmotic medium containing (in mMm):
NaCl, 135; KCl, 1; CaCl,, 1; MgSOy, 1.17; KH,PO,, 1.7, HEPES, 10;
and glucose, 10. Hyposmotic media (—20%, 240 mOsm) were prepared
by reducing the necessary amount of NaCl. Osmolarity of all solutions
was measured in a freezing-point osmometer (Osmette A; Precision
Systems Inc., Natick, MA, USA). After incubation, synaptosomes were
separated from the loading solution by rapid filtration through a
Millipore filter (pore size 0.45 pm) and rinsed with isosmotic medium.
The filter membrane containing synaptosomes was transferred to a
superfusion chamber (0.7 mL) and superfused with isosmotic medium
at a flow rate of 1 mL/min. After a wash period of 18 min, fractions of
the perfusate medium were collected at 1-min intervals into scintillation
vials. The baseline was attained at ~ 3 min, after which the isosmotic
medium was replaced by 20% hyposmotic or isosmotic medium plus
20 mM KCl and superfusion continued for a further 7 min. At the end
of'the superfusion, synaptosomes were solubilized and the radioactivity
of collected fractions and that remaining in synaptosomes was
measured by scintillation spectrometry. Preincubation time with drugs
varied depending on the experiment and are indicated at the corres-
ponding figure legends. When required, controls contained the vehicle.
Results are expressed as percentage release in each fraction of the total
radioactivity (i.e. radioactivity in samples plus radioactivity remaining
in synaptosomes at the end of superfusion).

Depolarization measurement

Depolarization was measured by spectrofluorometry using an Aminco-
Bowman luminescence spectrometer (series 2; SLM Aminco, Roches-
ter, NY, USA), equipped with a magnetic ministirrer and the
fluorophore bisoxonol (150 nMm). The fluorophore was added to
2 mL of isosmotic medium in a quartz cuvette and the reaction started
by addition of synaptosomes (40-50 pg protein, determined by the
Bradford method). After 30 s, the medium was diluted up to reach
—20% hyposmolarity and fluorescence changes were followed for a
further 60 s. Fluorescence intensity of the dye was recorded at
excitation and emission of 540 and 580 nm, respectively (5-nm slits
for both excitation and emission wavelengths). Bisoxonol fluorescence
intensity variations were not converted into absolute membrane
potential values because the valinomycin nullpoint method (Wag-
goner, 1976) could not be applied due to the formation of complexes
between the lipophilic anion bisoxonol and the positively charged
molecule of valinomycin. Therefore, results of depolarization are
expressed in arbitrary units (AU).

Nerve endings norepinephrine release 1637

Determination of synaptosomal [Ca®*];

Synaptosomes were incubated under shaking with the fluorescent Ca>"
indicator fura-2 AM (2 uM) for 60 min. After this period, synaptosomes
were spun at 25 000 g for 5 min to remove the extracellular dye. The
synaptosomal pellet was resuspended in isosmotic medium and
maintained with shaking for 30 min. The preparation was then
centrifuged (25 000 g for 5 min) four times and the pellet resuspended
in isosmotic medium. Changes in [Ca®']; were determined in an
Aminco-Bowman luminescence spectrometer equipped with a magnetic
ministirrer. Excitation wavelength was alternated between 340 and
380 nm and fluorescence intensity was monitored at 510 nm. Each
experiment was individually calibrated to obtain the maximum fluor-
escence after disrupting the synaptosomes with 10% triton X-100, and
the minimum fluorescence obtained after buffering the Ca>" in the
solution with 250 mM EGTA. The values obtained through this
procedure were used to calculate the intracellular Ca®* concentration
according to previously published equations (Grynkiewicz et al., 1985).

Exocytosis measurements

Exocytosis was assayed by spectrofluorimetry as described by
Guatimosim et al. (1997) using the probe FM1-43. Synaptosomes
were incubated with 4 pM FM1-43 for 10 min in isosmotic medium
and then for 1 min in medium containing 40 mM KCI. Loaded
synaptosomes were washed three times with isosmotic medium plus
BSA (1 mg/mL) by centrifugation and resuspension cycles, and
transferred to a quartz cuvette for the fluorimetric assay. The
experiment was performed on a luminescence spectrometer with
continuous stirring. Samples were excited at 488 nm and the
fluorescence emission was recorded at 560 nm.

Statistical analysis

Significance of differences in mean values was calculated using the
two-tailed Student’s #-test.

Results
Efflux of NE in response to hyposmolarity

Synaptosomes loaded with *H-NE were washed and superfused with
isosmotic medium and, after a short period, when the basal efflux was
attained, superfusion continued with a 20% hyposmotic medium
(=60 mOsm) or with isosmotic medium containing 20 mm KCI.
Hyposmolarity elicited a rapid increase in NE efflux, with a peak
attained 2 min after the stimulus. After this maximum, efflux slowly
inactivated despite the persistence of hyposmolarity, decreasing efflux
towards basal levels (Fig. 1A). The net NE release, i.e. hyposmotic
minus isosmotic release over the 5 min immediately following the
stimulus is shown in the inset bars (Fig. 1A). Upon stimulation with a
depolarizing concentration of KCl, NE release showed an increase
similar in magnitude to that evoked by hyposmolarity, with a maximal
efflux after 3 min and a faster inactivation phase (Fig. 1B).

Hyposmolarity-induced depolarization and NE release

Hyposmolarity induces depolarization in synaptosomes as shown in
our previous study on hyposmolarity-evoked amino acid efflux (Tuz
et al., 2004). This depolarization was independent of CI™ but strictly
dependent on the presence of Na*. Figure 2A shows the effect of La®"
or Gd** (100 um) in preventing depolarization. These results suggest a
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FIG. 1. Norepinephrine release from synaptosomes of rat cerebral cortex exposed to 20% hyposmotic or 20 mM KCI medium. Synaptosomes were incubated with
*H-NE, washed and prepared for superfusion as described in Materials and Methods. Then, synaptosomes were superfused at a flow rate of 1 mL/min with
isosmotic medium (M) to obtain a constant basal efflux and, at the arrow, the medium was replaced by (A) 20% hyposmotic (@) or (B) 20 mMm KCI. Results are
expressed as radioactivity released per min as a percentage of the total radioactivity incorporated. Insets show total release (the sum of release in the higher five
points after the stimulus) (open bars) and net release (total release minus basal release; hatched bars). Data are means of 3—9 experiments.

A —— 20% H
—. Na"
J —— La*
—~ 1 2 - Gd3+
<D( —— RuR
a>
e 1.1 \
[0}
(8]
17
o
S 1.0
o
0.9 T T T T T ]
0 20 40 60 80 100
t (sec)
B [ Control C ] Control
Experimental Experimental
_ o -
2R 3 T 44 % N
o 7 _ -
£ 9 oo
283 . X8 3
S 2 - | 1] 2o
Tuw ow 2
= Z . N Z
8«>I L a 1
0 0
-Na"  La®* Gd* RuR -Na® La®¥ Gd* RuR

FIG. 2. Hyposmolarity-induced depolarization and its effect on NE release. (A) Depolarization was measured by bisoxonol fluorescence as described in Materials
and Methods. Fluorescence was measured in isosmotic medium and, at the arrow, medium was diluted up to reach —20% hyposmolarity. Fluorescence changes were
followed for a further 60 s. Control, 20% hyposmotic (@); Na* free medium (Na* replaced by choline chloride; —Na* ), 100 um La>* (La>" &), 100 um Gd** (Gd**
V) and 1 um ruthenium red (RuR; #). Synaptosomes were exposed to the different conditions for 15 min before and throughout the experiment. Values represent
fluorescence arbitrary units (AU) after subtracting the dilution factor. Representative results of three experiments. (B and C) Effects of Na'-free medium, La>", Gd**
and RuR on the NE release elicited by (B) 20% hyposmotic or (C) 20 mM KCI. Synaptosomes were preloaded with *H-NE and superfused as in Fig. 1. Bars
represent the radioactivity released (%) in five fractions after the stimulus minus the basal release in the same time. Empty and hatched bars correspond to control and
experimental conditions, respectively. Data are means + SEM of 3-6 experiments. *P < 0.001, **P < 0.01 and ***P < 0.02 with respect to controls.

nonselective cation channel as a possible mechanism for this hypos- in brain, is activated by stretch and by hyposmolarity, and is sensitive to
molarity-evoked, Na'-dependent depolarization. Nonspecific cation La*" and Gd*" (Gunthorpe er al., 2002). The activity of this TRP
channels of the transient receptor potential (TRP) channel family may channel subtype is also reduced by ruthenium red. Figure 2A shows
be candidates for this role because one subtype, the TRVP4, is present that this agent markedly decreased the hyposmolarity-induced
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depolarization, in further support of the possible involvement of
nonspecific cation channels in this phenomenon. Next, the effect of
these conditions or agents in reducing the hyposmotic depolarization
was tested on NE efflux. Figure 2B shows that hyposmotic NE efflux
was essentially prevented in a Na'-free medium and was also notably
decreased by La** (75%) and reduced (51%) by Gd**. Ruthenium red
decreased it by 50%. In contrast, NE release evoked by 20 mm KCl
was unaffected by the Na*-free condition, was slightly reduced by La*>*
and was insensitive to Gd>* and ruthenium red (Fig. 2C).

The influence of Ca®* and protein kinase C (PKC)

The hyposmotic condition is known to increase [Ca*']; in most cell
types (Pasantes-Morales & Morales-Mulia, 2000). This also occurs in
synaptosomes as previously reported by Mongin et al. (1997) and
confirmed in our previous study (Tuz et al., 2004). Upon 20%
reduction in osmolarity, the initial [Ca®']; of 345 nM increased to
580 nM. In conditions which were nominally externally Ca>-free (no
Ca** plus EGTA), the increase in [Ca>']; was markedly reduced but
not abolished (Fig. 3A). In synaptosomes treated with EGTA-AM,
[Ca”"]; basal levels markedly dropped to 125 nM and no increase was
induced by the hyposmotic condition (Fig. 3A). These results suggest
that the [Ca®']; increase results from influx through membrane
channels as well as from release from internal stores. The hyposmotic
Ca®" influx was insensitive to L-type voltage-gated Ca®" channel
blockers nimodipine and nitrendipine, but was reduced by =~ 30% by
m-conotoxin MVIIC, a blocker of the P/Q type channels (Fig. 3B).
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FIG. 3. Changes in [Ca®']; elicited by hyposmolarity and its effect on NE efflux. (A) Synaptosomes were loaded with fura-2 AM and [Ca
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The internal Ca*" released by hyposmolarity seems to come essen-
tially from the mitochondrial store, involving the Na*™—Ca?" exchanger
as a mechanism for release. This is suggested by the effect of the
mitochondrial Na‘—Ca”" exchange blocker CGP37157, decreasing by
48% the [Ca®']; rise (Fig. 3A). In the absence of external Ca®",
CGP37157 fully suppressed the [Ca®']; elevation (Fig. 3A). La®", at
the same concentration that prevented depolarization (100 pum),
markedly reduced the [Ca®']; increase (Fig. 3B).

The effect of these treatments and agents on NE release was next
examined. The osmosensitive NE efflux was ~47% reduced by
external Ca®>* omission, was insensitive to the dihydropyridines but
was markedly reduced by EGTA-AM, suggesting an important
contribution of Ca®* from internal sources (Fig. 3C). Treatment with
thapsigargin or dantrolene did not reduce NE efflux (control,
3.65 + 0.02; dantrolene, 3.69 £ 0.09; thapsigargin, 3.52 + 0.08,
n = 3). The mitochondrial Ca>* which, as shown above, substantially
contributed to the hyposmolarity-induced [Ca®']; elevation, signifi-
cantly supported NE efflux as shown by its 50% reduction when the
mitochondrial Na*—Ca®" exchanger was blocked with CGP37157. The
effect of external Ca** omission plus that of CGP37157 were additive
and, when the two conditions were tested together, NE efflux was
abolished as shown in Fig. 3C. The K'-stimulated NE release
exhibited features different from those of the hyposmolarity-sensitive
release regarding the Ca®' influence. The K'-induced efflux was
almost 90% inhibited in the absence of external Ca*" or by treatment
with EGTA-AM. It was 43-55% reduced by the dihydropyridines,
while it was unaffected by CGP37157 (Fig. 3D).
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described in Materials and Methods. [Ca”']; was measured in isosmotic medium and, at the arrow, the medium was diluted up to reach —20% hyposmolarity (20%
H). EGTA, synaptosomes treated with a Ca*'-free medium containing 0.1 mm EGTA plus 10 mM MgCl,; EGTA-AM, synaptosomes 15 min preincubated with
50 pM EGTA-AM in Ca?"-free medium; CGP, incubation with 10 pM CGP37157; CGP + EGTA, treatment with CGP37157 in a Ca**-free medium. Fluorescence
units were transformed into Ca>" concentration as described in Materials and Methods. (B) Effect of nimodipine, nitrendipine, w-conotoxin MVIIC and La** on
[Ca®"); rise evoked by 20% hyposmolarity. Nim, nimodipine, 10 pm; Nit, nitrendipine, 10 uM; o-conotoxin MVIIC, 100 nM; La®>*, 100 puM. The blockers were
present for 15 min before and throughout the experiment. Curves representative of three or four separate experiments. (C and D) Effects of treatments and agents
described in A and B (except ®-conotoxin MVIIC and La*") on (C) the hyposmolarity- or (D) the KCl-stimulated NE release. Data are expressed as in Fig. 2 and
are means + SEM of 3-6 experiments. *P < 0.001, **P < 0.01, ***P < 0.02 and *P < 0.05 with respect to controls.
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FIG. 4. Effect of modifying PKC activity on the [Ca®"]; changes and NE release elicited by hyposmolarity. (A) Effect of G66976, PMA or CGP37157 on NE
release evoked by 20% hyposmolarity in the presence of external Ca®". PMA + CGP, 75 nM PMA plus 10 umM CGP37157. (B) Effect of PMA and/or CGP37157
on NE release elicited by hyposmolarity in a Ca®'-free medium. Synaptosomes were preloaded with *H-NE and superfused as in Fig. 1. The agents were present for
15 min before (except PMA, 3.5 min) and throughout the experiment. Data are expressed as in Fig. 2 and are means + SEM of 3-8 experiments. *P < 0.001,
#%P < 0.01 and ***P < 0.02 with respect to controls. (C) Effect of G56976 and PMA on hyposmotic [Ca>']; changes in a Ca*'-free medium (prepared as in
Fig. 3). Synaptosomes were loaded with fura-2 AM and [Ca®']; was measured as described in Fig. 3. Go, 1 um G66976 (15 min preincubated); PMA, 75 nm PMA

(3.5 min preincubated).

The influence of PKC on the hyposmotic NE release is shown by
the effect of the PKC blocker G66976, reducing the release by 72%,
and the stimulatory effect of PMA, increasing NE efflux by ~ 66%
(Fig. 4A). PKC increased the hyposmotic NE efflux in both the
presence and absence of Ca>* (Fig. 4A and B). In the two conditions,
CGP37157 markedly inhibited the PKC-induced NE efflux increase
(Figs 3C and 4B). PKC seems to influence NE efflux through an effect
on the mechanism of internal Ca>" release because, in the absence of
external Ca®", the hyposmotic [Ca®']; elevation was markedly reduced
by G66976 and potentiated by PMA (Fig. 4C).

Increased exocytosis by hyposmolarity and the effect of TeTX
on NE efflux

In our previous study (Tuz et al., 2004) we found an effect of
hyposmolarity in enhancing exocytosis in synaptosomes, as monitored
by the decrease in the fluorescent dye FM1-43 from previously loaded
synaptosomes (Guatimosim et al., 1997; Fig. 5A). The hyposmotic-
induced exocytosis was prevented in Na'-free medium (Na* replaced
by choline chloride) and in synaptosomes treated with EGTA-AM
(Fig. 5B), and it was increased by PMA (Fig. 5B). All these
conditions, as shown above, modified the hyposmotic NE efflux,
suggesting an exocytotic mechanism for its release. To further support
this possibility, synaptosomes were treated with TeTX, an agent
known to disrupt the vesicular release. Figure 5C shows that this toxin
decrease the hyposmotic NE efflux by >90%. NE release evoked by

high K concentration was even more reduced by treatment with the
toxin (Fig. 5D).

Discussion

The present results show a hyposmolarity-evoked NE efflux from
synaptosomes, resulting from a series of events which reproduce those
of the excitation—secretion process, i.e. depolarization, [Ca*']; rise and
vesicular exocytosis. The trigger for all these reactions eventually
resulting in NE release seems to be the La**-, Gd*'- and ruthenium
red-sensitive depolarization, probably due to Na' influx through
nonspecific cation channels, possibly of the TRP class. A subtype of
this family of channels, the TRPV4, is almost exclusively present in
the nervous tissue, is osmotically and mechanically sensitive and is
blocked by Gd**, La*" and ruthenium red (Gunthorpe et al., 2002).
The event subsequent to the hyposmotic depolarization is a [Ca*];
increase. The fact that preventing depolarization with La®>" abolished
this Ca>" response established the link between these two events. The
hyposmotic [Ca®']; increase was characterized in the present study and
found to be different in some respects from that evoked by
depolarizing K" concentration. The mechanisms and sources contri-
buting to the increase in [Ca®"]; are different in the two paradigms.
While in the K* model [Ca®*]; elevation was, as expected, essentially
dependent on external Ca®', elevation elicited by hyposmolarity
resulted from some external Ca>* entry as well as from a significant
contribution of Ca?" released from internal sources. The mechanism of
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FIG. 5. Hyposmolarity-induced exocytosis and effect of TeTX on NE release from synaptosomes. (A) Exocytosis was monitored by changes in fluorescence in
synaptosomes loaded with 4 uM FM1-43 for 10 min in isosmotic medium and 1 min in 40 mM KCI to internalize the fluorophore, as described in Materials and
Methods. After 30 s in isosmotic conditions, the medium was diluted up to reach —20% hyposmolarity (arrow) and the FM1-43 release in this condition (@) was
compared with that under a continuous isosmotic medium (M). Data are expressed as fluorescence arbitrary units (AU). The figure is a representative of three
experiments. (B) Effect of Na'-free medium (-Na"), EGTA-AM and PMA on the hyposmolarity-induced exocytosis. (C and D) Effect of TeTX on NE efflux
evoked by (C) hyposmolarity or (D) depolarizing K concentrations. Synaptosomes preloaded with *H-NE were incubated for 90 min in isosmotic medium in the
presence of 50 nM TeTX with 0.1% BSA. Thereafter, synaptosomes were superfused as in Fig. 1. Open bars, controls; hatched bars, TeTX. Data are expressed as in
Fig. 2 and are means + SEM of three experiments. *P < 0.01 with respect to controls.

external Ca*" influx also showed marked differences between the two
stimulatory conditions, with null participation of the voltage-gated
L-type Ca>" channels in the hyposmotic [Ca*']; increase, in contrast to
their significant role in the high-K* condition. A [Ca®']; elevation
evoked by hyposmolarity has been reported in hippocampal pyramidal
neurons (Borgdorff et al., 2000), with contributions of extracellular
Ca?" as well as of Ca>" released from internal sources. In that study,
the external Ca®" influx is attributed to the NaCl decrease in the
hyposmotic medium, whereas it is proposed that the internal Ca*" is
elicited by stretch or swelling. In the present study in synaptosomes
we further explored the mechanisms of the two sources of hyposmotic
[Ca®']; elevation. Similar to the study in neurons, we found a
contribution of external Ca** influx occurring not via the voltage-
gated L-type Ca®" channels but partly (30%) through P/Q type
channels. The mechanism of Ca®>" influx insensitive to the voltage-
gated channel blockers was not identified in the present study. As for
the internal source of Ca®" released by hyposmolarity, our results
suggest the mitochondrial pool, with the release involving the
mitochondrial Na*™~Ca®* exchanger, which is activated by an increase
in cytosolic Na" (Adam-Vizi, 1992; Hayasaki-Kajiwara et al., 1999;
Raiteri et al., 2002). This is the notion suggested by the effect of the
mitochondrial Na*™~Ca** exchanger blocker CGP37157 reducing by
48% the hyposmotic [Ca*']; rise and fully preventing it when tested in
the absence of external Ca*".

The hyposmotic NE release responded in full correspondence to
each one of the precedent events, i.e. depolarization and [Ca®');
elevation. Preventing or reducing depolarization by Na" omission, or
by La**, Gd** or ruthenium red, consequently reduced NE efflux.
Also, NE release closely paralleled the changes in [Ca®']; in the
different conditions tested. Thus, ~53% of the hyposmotic efflux

persisted in the absence of external Ca®", 50% remained after blockade
of the internal Ca®" release (CGP37157) and >90% was inhibited
when the two conditions were tested together.

PKC was found to modulate NE efflux, which was inhibited by
PKC blockade (G66976) and potentiated by PKC activation (PMA).
The kinase activation may result from the hyposmotic simulation of
phospholipases (Thoroed et al., 1997; Tomassen et al., 2004) or from
an increase in cytosolic Na' (Hayasaki-Kajiwara, 1999). Once
activated, PKC may act directly on the exocytotic process (Vaughan
et al., 1998), by recruiting vesicles or/and by increasing Ca®" affinity
for the vesicular release (Keenan & Kelleher, 1998; Hille et al., 1999).
PKC may also act by enhancing the Ca*" mobilization from the
mitochondrial reservoir through an action on the Na™—Ca" exchanger,
as has been recently described in motoneurons (Yang et al., 2003).
Even though the two possibilities are plausible, our results favour a
major effect on the mitochondrial Ca®* release because: (i) PKC
activation increased and PKC inhibition decreased the hyposmolarity-
induced [Ca®']; rise in the absence of external Ca®" and (ii) blockade
of the mitochondrial Ca®* release by CGP37157 in either the presence
or absence of Ca>" prevented the PKC potentiation of NE efflux.

The events inducing the hyposmotic NE efflux, i.e. depolarization
and [Ca®’]; rise, are typical of the vesicular mechanism by which
neurotransmitters are released by exocytosis. The contribution of this
mechanism to NE release is suggested by the effect of TeTX in
preventing hyposmotic NE efflux. The fact that this toxin similarly
affected the K'-stimulated NE efflux, known to occur by vesicular
exocytosis, further supports this notion.

In summary, the present results suggest the following serial events
evoked by hyposmolarity, ultimately leading to NE efftux: (i) the Na'-
dependent depolarization of the terminal, probably mediated by
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osmotically or stretch sensitive nonspecific cation channels; (ii) the
activation of voltage-dependent Na* and Ca®" channels; (iii) a
consequent [Ca®']; elevation resulting from both Ca*' entry and a
PKC-modulated, Na'—Ca®" exchange-mediated Ca®" release from
mitochondrial stores; (iv) the Ca®'j-evoked TeTx-sensitive release of
NE. As above discussed, the pathways of hyposmolarity-triggered
depolarization and [Ca®']; elevation differ in some respects from those
of the classical depolarization—secretion here exemplified by the K-
stimulated NE release, but the resulting [Ca®"]; increase seems to
trigger in both cases a TeTX-sensitive mechanism which may not
differ from the vesicular exocytosis characteristic of neurotransmitter
release.

In a previous study (Tuz et al., 2004) we found a hyposmotic
release of glutamate, the major excitatory neurotransmitter. Glutam-
ate release was partly Ca®'-dependent and TeTX-sensitive, suggest-
ing the contribution of exocytosis, but the reversal operation of the
carrier was contributing as well. The glutamate release may explain
the effect of hyposmolarity increasing the amplitude and duration of
excitatory postsynaptic potentials (Chebabo et al., 1995), suggesting
that the hyposmotic stimulus might potentiate the impulse-evoked
release, acting probably via an additive mechanism. This could be
also the case for NE, because the differences observed between the
K'- and the hyposmolarity-evoked release may result in additive
effects of the two stimulatory conditions. Although this was not
explored in the present study in which the hyposmolarity effects
were examined only on the basal NE efflux, the potentiation of
synaptic transmission by hyposmolarity and/or swelling opens an
interesting avenue for future studies on the intriguing possibility of
a modulation of synaptic function by conditions leading to volume
increase in nerve terminals, in both pathological and physiological
conditions.
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DISCUSION

Los aminoacidos tienen un papel importante en el proceso de regulacién del
volumen celular, ya que su movilizacion en respuesta a un incremento de volumen
contribuye al proceso de adaptacién a la condicion hiposmotica externa. Esta
liberacion es, ademas, ubicua, ya que se presenta en casi todos los tipos
celulares. En el sistema nervioso en particular, los aminoacidos contribuyen de
manera predominante a la adaptacion del cerebro en condiciones de hiponatremia
cronica. La liberacion de aminoacidos en condiciones de hinchamiento
hiposmético se ha estudiado en distintos tipos de preparaciones nerviosas,
incluyendo células en cultivo. Con frecuencia se considera a la via de liberacion de
la taurina como representativa para la de los aminoacidos y aun para otros
osmolitos organicos. Se postula que se trata de una via difusional, en la que el
osmolito se mueve siguiendo la direccion del gradiente de concentracion, una vez
que la via ha sido activada. Esta via se caracteriza por ser sensible a
bloqueadores de canales de CI" y requiere de la actividad de cinasas de tirosina
(Junankar y Kirk, 2000; Pasantes-Morales y Franco, 2002; Periman y Goldstein,
1999; van der Wijk et al., 2000).

A pesar de que en la mayor parte de las células en las que se ha estudiado,
la liberacidn del acido glutamico comparte estas caracteristicas, éste parece no
ser el caso para las células nerviosas. A la fecha, existe evidencia que indica que
la liberacion hiposmadtica de glutamato en el tejido nervioso no presenta las
caracteristicas de la via difusional tipica. En astrocitos en cultivo expuestos a
condiciones hiposmoéticas, se observa un incremento en la liberacion de taurina y
glutamato. En estas células, aunque la liberacion de taurina se inhibe casi
totalmente en presencia de SITS (Kimelberg et al., 1990), la de glutamato sélo se
inhibe de manera parcial (Kimelberg et al., 1990; Rutledge et al., 1998). En otras
preparaciones, que incluyen células en cultivo, rebanadas de cerebro, asi como
estudios in vivo, también se han descrito resultados similares; la liberacion de
taurina se inhibe marcadamente con los inhibidores de canales de CI (Estevez et
al., 1999b; Junankar y Kirk, 2000; Law, 1994; Kirk, 1997; Perlman y Goldstein,



1999; Sanchez-Olea et al., 1996) y la liberaciéon de glutamato se inhibe de manera
parcial ante estos mismos bloqueadores (Estevez et al., 1999b; Law, 1996;
Pasantes-Morales et al., 1999; Song et al., 1998). En el caso del GABA, se ha
reportado que en retina y corteza cerebral, la liberacion hiposmética de este
aminoacido no se inhibe en una fraccion significativa por bloqueadores de canales
de CI (Pasantes-Morales et al., 1999; Law, 1996; Estevez et al., 1999b). En
general, la liberacion de taurina es mas sensible a decrementos en la osmolaridad
del medio, asi como a la presencia de inhibidores de canales de CI, en
comparacién con otros aminoacidos, aun en células no excitables (Basavappa et
al.,, 1996; Grant et al., 2000; Haynes y Goldstein, 1993; Miyata et al., 1997;
Pasantes-Morales et al., 1996; Sanchez-Olea et al., 1991b; Sanchez-Olea et al.,
1995b). En el caso de la participacion de las cinasas de tirosina en la movilizacion
de aminoacidos estimulada por volumen, la liberacion de taurina requiere de la
actividad de estas cinasas y se inhibe significativamente en presencia de
tirfostinas (Cardin et al., 2003; Huang et al., 2001; Mongin et al., 1999b; Morales-
Mulia et al., 2001; de la Paz et al., 2002; Pedersen et al., 2002; Shen et al., 2001),
las cuales son analogos del ATP, disenados para competir por los sitios
especificos de union a ATP de receptores membranales con actividad intrinseca
de cinasa de tirosina (Al-Obeidi et al., 1998; Levitzki y Bohmer, 1998; Levitzki y
Gazit, 1995; Fry et al., 2003). En algunos tipos celulares, también se ha visto que
la liberacion hiposmotica de taurina se inhibe por otros agentes, distintos de las
tiffostinas, que inhiben a las cinasas de tirosina (Huang et al., 2001; Pedersen et
al., 2002). En el caso de la liberacion de los aminoacidos glutamato y GABA, esta
no se inhibe con las tirfostinas (Franco et al., 2001; Mongin et al., 1999b; de la Paz
et al., 2002), excepto en un estudio efectuado en retina, en donde se observa una
modesta disminucion en la liberacién de GABA activada por volumen en presencia
de la tirfostina A23 (de la Paz et al., 2002). Las diferencias descritas en cuanto a la
liberacion de taurina y de los aminoacidos neurotransmisores en condiciones
hiposmoticas, reflejan vias distintas de liberacion.

La respuesta celular que involucra la liberacion de aminoacidos como el

GABA y el glutamato en condiciones de hiposmolaridad, es de especial



importancia en el sistema nervioso, ya que estos aminoacidos tienen un
importantisimo papel como neurotransmisores. En el sistema nervioso central, el
glutamato media la mayor parte de la transmision sinaptica excitatoria y se
encuentra almacenado en grandes cantidades. EI GABA es el neurotransmisor
inhibidor mas importante en el sistema nervioso central y se encuentra presente
en altas concentraciones en muchas regiones cerebrales. Estas caracteristicas
hacen que la liberacion de estos aminoacidos neurotransmisores inducida por una
condicion hiposmoética pueda llevar a alteraciones en la excitabilidad neuronal. Por
ello resultan de especial interés las preguntas que nos planteamos inicialmente en
esta investigacion que son, en primer lugar, si la liberacion de estos aminoacidos
con el doble papel de osmolitos y neurotransmisores ocurre en el sitio de la
sinapsis, es decir, de las terminaciones sinapticas y en segundo, cual es el
mecanismo de esta liberacion.

En esta investigacion demostramos por primera vez, que en efecto, los
aminoacidos neurotransmisores se movilizan de las terminaciones nerviosas
aisladas (sinaptosomas) en respuesta a un decremento en la osmolaridad externa.
Demostramos también que el mecanismo de movilizacién difiere, sobre todo en el
caso del glutamato, del clasico descrito para los osmolitos, en tanto que la taurina
se moviliza en su mayor parte mediante este mecanismo. La liberacidon de taurina,
reportada aqui, ocurre a través de la via tipica difusional en una fraccion
importante, de mas del 55%; mientras que en el caso del GABA, la contribucion es

de alrededor del 18; y en el de glutamato, ausente.

Cambios en la terminacion sinaptica inducidos por hiposmolaridad

Durante la caracterizacién de la via de movilizacion de los aminoacidos en
respuesta a la hiposmolaridad en los sinaptosomas, encontramos que esta
condicion desencadena una serie de fendmenos que inciden directamente en los
mecanismos de liberacion de los neurotransmisores. Observamos en primer lugar,
que la hiposmolaridad produce despolarizacién de la membrana. Esta ocurre por
un mecanismo independiente de CI" y dependiente de Na®. La entrada de Na* es

la responsable de la despolarizacién, que se previene consecuentemente en un



medio libre de Na*. La entrada de Na* parece ser a través de canales cationicos
no selectivos, si se considera el efecto inhibidor de La** y Gd*, que son
bloqueadores de estos canales. Se ha reportado que la hipotonicidad activa
canales cationicos no selectivos en otros tipos celulares (Kim y Fu, 1993;
Marunaka et al., 1997; Welsh et al., 2000), pero el mecanismo de activacién se
desconoce. La presencia de un subtipo de estos canales en los sinaptosomas, el
TRPV4, podria vincular a los canales TRP con la despolarizacion inducida por
hiposmolaridad. A consecuencia de la despolarizacion hay un incremento en la
concentracién de Ca?* citosolico. Este incremento puede deberse a la apertura de
canales de Ca®" sensibles a voltaje y entrada de Ca** extracelular por una parte,
pero también debido a la activacién del intercambiador Na*/Ca** mitocondrial y
liberacion de Ca®" al citosol. Finalmente, este aumento en el Ca®* citosélico
incrementa la exocitosis, y con ello, potencialmente, puede incrementarse la
liberacion de neurotransmisores. La exocitosis inducida por hiposmolaridad es
sensible a TeTX, dependiente de Ca?* y modulada por PKC. Se ha visto que el
hinchamiento hiposmético puede inducir un aumento en los procesos de fusion
vesicular con la membrana plasmatica en muchos tipos celulares, incluyendo la
liberacion vesiculada de varias hormonas (Bacova et al., 2006; Najvirtova et al.,
2003; Strbak y Greer, 2000) y por otra parte, la hipertonicidad inhibe el proceso de
exocitosis (Rizoli et al, 2000). Esto sugiere que los cambios en el volumen pueden
estar asociados a la modulacion de las tasas de exocitosis/endocitosis.

Un punto importante que hay que resaltar, es que en los sinaptosomas, la
exocitosis de los aminoacidos en condiciones hiposmoéticas es dependiente de
Ca?* de pozas internas, particularmente de la mitocondria, aunque si hay un
aumento significativo en la concentracién de Ca?* citosdlico de origen externo. La
exocitosis dependiente de Ca** extracelular se considera clasica, pero se ha
descrito que el Ca?* liberado a partir de fuentes intracelulares también es capaz de
disparar exocitosis. Este Ca®" puede liberarse de la mitocondria a través de la
activacion del intercambiador Na*/Ca?* mitocondrial, una vez que el Na* entra a la
terminal sinaptica con la llegada del potencial de acciéon. Ademas, hay

subdominios del reticulo endoplasmico que presentan grupos de receptores a



rianodina e inositol trifosfato que se encuentran muy cerca de la mitocondria, el
Ca** de origen mitocondrial puede activar estos receptores y producir una
liberacion de Ca?* del reticulo inducida por Ca®* (Adam-Vizi, 1992; Berridge, 1998;
Raiteri et al., 2002). El incremento en la concentracién intraterminal de Ca®,
proveniente de ambas fuentes, es localizado y los cationes pueden encontrarse
muy cerca de los sitos activos de liberacién vesicular promoviendo la exocitosis.
La contribucién predominante de Ca®* de origen mitocondrial en el incremento
evocado por la condicion hiposmaética que mostramos en este trabajo, argumenta
en contra de un posible mecanismo de liberacidén vesicular sinaptica tipica. En el
caso de la rebanada de hipocampo, la osmo-exocitosis de los aminoacidos no esta
mediada por incrementos en la concentracion de Ca®" intracelular y en ese caso
se ha sugerido una fusién vesicular mediada por PKC (Franco et al., 2001). La
PKC es una cinasa de serina treonina cuya actividad modula la liberacién de
neurotransmisores en muchas preparaciones. En el sistema nervioso central, se
ha descrito la presencia de todos los subtipos de PKC, siendo los de mayor
expresion PKCy y PKCe (Nishizuka, 1995). La activacién de PKC por esteres de
forbol (PMA), induce un aumento en la liberacion de neurotransmisores en casi
todos los tipos de neuronas, incluyendo colinérgicas, dopaminérgicas,
noradrenérgicas, GABAérgicas, gutamatérgicas y serotoninérgicas (Majewski y
lannazzo, 1998; Nicholls, 1998). Las formas de modulacion por las que PKC
puede estar actuando y que se han reportado a la fecha, son las siguientes:
incremento en la sensibilidad al Ca®* de la maquinaria de fusion, modulacion de la
conductancia de canales i6nicos, rompimiento de filamentos de actina por la
fosforilacion de proteinas asociadas al citoesqueleto, lo que facilita que las
vesiculas ubicadas en el reservorio del citoesqueleto se adosen a la membrana
presinaptica incrementando el numero de vesiculas disponibles para la liberacion
(Bouron, 2001; lannazzo, 2001; Thomson, 2000; Vaughan et al., 1998); y un
mecanismo de reciente descripcion, en el que la PKC aumenta la movilizacién de
Ca?* de la mitocondria a través de un efecto en el intercambiador Na*/Ca®* (Yang
et al., 2003). En un estudio realizado en rebanadas de hipocampo (Franco et al.,

2001) se propone un mecanismo exocitético independiente de Ca®* para la



liberacion de glutamato y GABA activada por volumen y posiblemente la PKC
dispare la exocitosis hiposmotica de estos neurotransmisores (Franco et al., 2001;
Franco, 2004). En los sinaptosomas, nuestros resultados sugieren que la PKC
participa en el proceso osmo-exocitético a través de un efecto en la liberacién de
Ca?* mitocondrial, aunque no se descarta la participacion de esta enzima en el

reclutamiento vesicular.

Mecanismos de movilizaciéon hiposmoética de los aminoacidos en los
sinaptosomas

En esta investigacion documentamos la existencia de al menos dos vias de
movilizacion de los aminoacidos de la terminacion sinaptica en respuesta a la
hiposmolaridad: la via difusional y la liberacion vesicular. Sin embargo, nuestros
resultados indican que la contribucién de estas vias a la liberacion de los
aminoacidos varia dependiendo de cada uno de ellos y que la via difusional no es
comun para todos los aminoacidos. Asi, a través de la via difusional se libera el
55% de la taurina, el 18% del GABA vy el glutamato practicamente no se libera por
este mecanismo. Esta proporcion de hecho se invierte cuando se considera el
mecanismo de liberacién vesicular. A través de esta via se libera el 44% del
glutamato, el 30% del GABA y el 20% de la taurina. Es importante hacer notar
que la liberacidn vesicular de aminoacidos en condiciones de hinchamiento
hiposmotico, parece presentarse principalmente en el tejido nervioso, ya que en
otros tipos celulares, la liberacion de taurina y glutamato presentan las
caracteristicas descritas para una liberacion a través de la via difusional (Sanchez-
Olea et al., 1995b; Shennan y McNeillie, 1995).

Una fraccion de la liberacién de los aminoacidos puede también ocurrir a
través de los cotransportadores dependientes de la energia generada por la
disipacion del gradiente de Na® trabajando en sentido inverso. En nuestra
investigacién, utilizando bloqueadores competitivos no transportables especificos
de los transportadores, pudimos demostrar que este mecanismo esta operando,
en efecto, para el caso del GABA vy el glutamato en una proporciéon importante, de

28% y 37%, respectivamente. Aunque no se pudo comprobar esta condicion para



la taurina, debido a que los inhibidores de su transporte no son del tipo alostérico,
es posible que este mecanismo sea responsable de la fraccion restante no

identificada.

Hiposmolaridad y liberacion de neurotransmisores

La secuencia de eventos generada por la hiposmolaridad, como son la
despolarizacion, el incremento en el Ca?* citosélico, activacién de PKC, y aumento
en la exocitosis, son condiciones generales para la liberacién de
neurotransmisores, independientemente de que funcionen o no como osmolitos.
Esto abre la posibilidad de que en el curso de la hiposmolaridad, dado que la
hipotonicidad promueve la fusion vesicular, se liberen otros neurotransmisores de
la terminal sinaptica, aunque no tengan una funcion como osmolitos. Esta
hipotesis fue comprobada en esta tesis al demostrar la liberacidén vesicular de
norepinefrina en condiciones de hinchamiento hiposmoético en los sinaptosomas. A
diferencia de lo encontrado para los aminoacidos neurotransmisores, en el caso
de la norepinefrina el total de la liberacion se lleva a cabo a través de un
mecanismo exocitético dependiente de Ca?*, sin que haya ninguna intervencion de
vias de tipo difusional o de operacién en reversa de los cotransportadores. El
aumento en la concentracion de Ca?* proviene, como ya se menciond, tanto del
medio externo como de pozas internas, en particular, de la mitocondria. A su vez,
una fraccién de la liberacién vesicular de norepinefrina depende de Ca** externo, y
otra, de Ca®* mitocondrial. Nuestros resultados son el primer reporte de liberacién
de un neurotransmisor no aminoacido en condiciones hiposmaticas. Estudios
recientes del laboratorio demuestran que la hiposmolaridad también induce una
liberacion de serotonina, al parecer a través de mecanismos similares a los de
norepinefrina. Es importante mencionar que estos dos neurotransmisores no
tienen una funcibn como osmolito, obviamente por las concentraciones tan bajas
presentes en las células (Buu y Debinski, 1990), de modo que no tienen un papel
en el proceso de regulacion del volumen, por lo que la liberacion vesicular inducida

por la hiposmolaridad significa simplemente que esta condicién trae aparejada una



serie de fendmenos similares a los que ocurren durante la estimulacion fisiologica

de la terminacion sinaptica.

Liberacion de osmolitos y neurotransmisores al espacio sinaptico.
Importancia

Como se discuti6 en parrafos anteriores, la liberacion de los aminoacidos
estimulada por hiposmolaridad sucede a través de diferentes mecanismos, aunque
es notoria su distinta participacién en la liberacion de cada uno de ellos. La
movilizacion de taurina sucede a través de la via difusional en mayor proporcion y
a través de la via osmo-exocitética en menor proporcion, en tanto que la liberacion
de glutamato es exocitética sin contribucion de la via difusional, y la liberacion de
GABA es intermedia con la participacion de ambas vias. En el caso de los
aminoacidos, hay que diferenciar la funcién de la taurina por una parte, y la de los
aminoacidos que tienen la doble accién de osmolitos y neurotransmisores, por
otra. La taurina en su mayor parte no esta contribuyendo como neurotransmisor
sino preponderantemente como osmolito. Sus propiedades muy particulares, tales
como el que no forma parte de las proteinas, no se metaboliza y no participa en
ninguna reaccion celular (exceptuando la formacioén del acido taurocdlico), indican
que su funciébn es basicamente la de un osmolito, pudiendo movilizarse en
respuesta a un estrés hiposmoético, sin modificar otras funciones celulares
(Huxtable, 1992). A pesar de que no participa practicamente como
neurotransmisor, la taurina se encuentra en concentraciones muy elevadas en la
terminacién sinaptica, asi como en las propias vesiculas sinapticas. En ellas,
coincide seguramente con los neurotransmisores, como lo apunta el hallazgo de
que en las vesiculas sinapticas del érgano eléctrico de Torpedo en el que las
terminaciones sinapticas son puramente colinérgicas, la taurina se encuentra en
una alta concentracion, que excede en un 50-60% la de la acetilcolina (Vyas vy
Bradford, 1987). Es posible, entonces, que la taurina esté desempefando una
funcién reguladora del volumen tanto en la terminal sinaptica propiamente como
en las vesiculas. La continua generacion de microgradientes osmoticos a

consecuencia de los movimientos idnicos que acompanfan a la funcion sinaptica,



asi como la recaptura de neurotransmisores y el llenado y vaciamiento de las
vesiculas, hacen necesaria una regulacién estricta del volumen en los distintos
compartimientos de la terminal. La taurina puede entonces, tener un papel
fundamental en este fendmeno.

En cuanto a los otros aminoacidos, su funcién principal es la de
neurotransmisores pero no puede descartarse un papel secundario en el control
del volumen sinaptosomal y vesicular. En cualquier caso, la liberacion de
neurotransmisores durante el hinchamiento hiposmatico, e independientemente de
si ésta ocurre a través de la via difusional o si es una liberacién vesicular, puede
originar alteraciones importantes en la excitabilidad del tejido nervioso. La
liberacion de aminoacidos excitadores como el glutamato en la terminal sinaptica,
como demostramos en esta investigacidon, puede ser la responsable del
incremento en la amplitud de los potenciales excitadores postsinapticos (PEPS)
observado en rebanadas de hipocampo expuestas a medios de baja osmolaridad
(Chebabo et al., 1995; Huang et al., 1997). La hiposmolaridad también produce un
aumento en los potenciales inhibidores postsinapticos, con un efecto menos
notable que aquél que produce en los excitadores y nuestros resultados sobre la
liberacion hiposmotica del GABA podrian explicar este efecto (Huang et al., 1997).
Asimismo, la liberacion de glutamato al espacio sinaptico en condiciones de
hiposmolaridad podria explicar, al menos en parte, el hecho de que durante el
curso de la hiponatremia se genera actividad epileptiforme y hay un aumento en la
susceptibilidad a convulsiones (Andrew, 1991).

La norepinefrina tiene un papel importante como neurotransmisor excitador
en el sistema nervioso central. Su liberacion en respuesta a la hiposmolaridad, al
igual que la de glutamato, puede explicar en parte el aumento en la excitabilidad
neuronal que se observa durante la hiponatremia (Andrew et al., 1991) y el
incremento en la duracion y amplitud de los PEPS reportado para la rebanada de
hipocampo en un medio de baja osmolaridad (Chebabo et al., 1995; Huang et al.,
1997). Las caracteristicas de liberacion exocitética de glutamato y norepinefrina
durante la hiposmolaridad son distintas de aquella que sucede durante el impulso

nervioso, en cuanto al origen del Ca’* que dispara la fusién vesicular, ya que la



liberacién osmo-exocitdtica si requiere de Ca®* mitocondrial; lo que sugiere que el
estimulo hiposmatico podria potenciar la liberacion de neurotransmisores inducida
por el impulso nervioso.

Ademas de los efectos debidos al incremento en volumen de la terminal
sinaptica aqui descritos y su consecuencia en la excitabilidad neuronal, la
condicion hiposmotica podria afectar la excitabilidad nerviosa a través de otro
mecanismo. El incremento en el volumen celular y la consecuente reduccion en el
espacio extracelular podria generar fenobmenos de transmision electrotonica y
actividad epileptogénica (Andrew et al., 1989; Roper et al., 1992). A este respecto,
se ha descrito que el hinchamiento de las dendritas favorece la propagacion
electrotonica originando fendmenos de depresion propagada de la excitabilidad
neuronal (Baraban et al, 1997; Chebabo et al., 1995). También se ha observado
que la sincronia en la descarga neuronal en la epilepsia generalizada se debe a
una disminucidn en el espacio sinaptico y se previene consecuentemente,
mediante estrategias que reducen el incremento en el volumen celular (Hochman
et al., 1995). En condiciones hiposmaticas, se genera la sincronizacion de
disparos, debido a que la disminucion en el espacio extracelular favorece la
actividad epiloptogénica. También se ha visto que un incremento en el volumen
celular puede favorecer interacciones efapticas durante la transmision sinaptica
(Andrew et al., 1989; Ballyk et al., 1991; Dudek et al., 1990; Rosen y Andrew,
1990). De manera general, se ha observado que disminuciones en la osmolaridad
del medio aumentan la transmision sinaptica y la excitabilidad neuronal, mientras
que aumentos en la osmolaridad tienen el efecto opuesto (Somjen, 2002). La
gama de situaciones descritas, promovida por la hiposmolaridad, produce una
modificacion en la excitabilidad neuronal, lo que podria explicar, al menos en
parte, el que durante el curso de la hiponatremia se facilite la aparicion de

convulsiones y se genere actividad epileptiforme (Andrew, 1991).

En conclusién, los resultados de nuestra investigacion sobre el efecto de la
condicion hiposmoética en la liberacion de neurotransmisores, independientemente

de su vinculo con mecanismos de regulacion de volumen, que describimos en este



trabajo, sugiere que la hiposmolaridad es una condicion que puede modificar la
transmision nerviosa y que puede influir de manera mas general en la funcion

sinaptica.
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Abstract

Cultured cerebellar granule neurons exposed to gradual
reductions in osmolarity (— 1.8 mOsm/min) maintained con-
stant volume up to —50% external osmolarity (), showing
the occurrence of isovolumetric regulation (IVR). Amino acids,
Cl~, and K™ contributed at different phases of IVR, with early
efflux threshold for [*H]taurine, o-[®H]aspartate (as marker for
glutamate) of m, —2% and — 19%, respectively, and more
delayed thresholds of — 30% for [*H]glycine and — 25% and
— 29%, respectively, for CI~ ('%°1) and K* (®®Rb). Taurine
seems preferentially involved in IVR, showing the lowest
threshold, the highest efflux rate (five-fold over other amino
acids) and the largest cell content decrease. Taurine and CI™
efflux were abolished by niflumic acid and ®*Rb by 15 mm
BaZ". Niflumic acid essentially prevented IVR in all ranges

of m,. Cl™-free medium impaired IVR when m, decreased to
— 24% and Ba®" blocked it only at a late phase of — 30% .
These results indicate that in cerebellar granule neurons: (i)
IVR is an active process of volume regulation accomplished
by efflux of intracellular osmolytes; (ii) the volume regulation
operating at small changes of m, is fully accounted for by
mechanisms sensitive to niflumic acid, with contributions of
both CI~ and amino acids, particularly taurine; (iii) CI™
contribution to IVR is delayed with respect to other niflumic
acid-sensitive osmolyte fluxes (osmolarity threshold of — 25%
w,); and (iv), K* fluxes do not contribute to IVR until a late
phase (< — 30% ).

Keywords: swelling, taurine, volume regulation.

J. Neurochem. (2001) 79, 143—151.

Cell volume is maintained by the transmembrane fluxes of
osmotically active solutes in the necessary direction to
counteract water movements caused by changes in external
osmolarity or by osmotic gradients originated during normal
cell functioning (Lang et al. 1998). Osmolyte fluxes acti-
vated by hypo-osmotic swelling and accomplishing the
regulatory volume decrease (RVD) have been extensively
examined in a variety of cells, including brain cells (Nilius
et al. 1997, Pasantes-Morales and Schousboe 1997). How-
ever, in most studies, cells are exposed to abrupt and large
decreases in external osmolarity that, although useful in
understanding some basic features of volume regulation,
only rarely occur, even in pathological situations. Less is
known about the osmolyte movements after cell swelling in
iso-osmotic conditions or after small and gradual reductions
in external osmolarity, an approach more likely reproducing
the changes in osmolarity in pathological conditions such as
hyponatremia and ischemia. An early report in renal cells
(Lohr and Grantham 1986) showed unchanged volume in
cells gradually exposed to small decreases in external
osmolarity, and this response was named ‘isovolumetric
regulation’ (IVR). This term may appear somewhat

misleading, but Lohr and Grantham emphasized the regu-
latory nature of the process by experiments showing that
cells gradually exposed to the hypo-osmotic gradient shrink
when suddenly returned to iso-osmotic conditions (Lohr and
Grantham 1986). IVR in the hypo-osmotic range has been
found so far in only two types of renal cells (Lohr and
Grantham 1986; Lohr 1990; Van Driessche et al. 1997), and
with partial efficiency in glioma C6 cells and myocytes
(Lohr and Yohe 2000; Souza et al. 2000). The osmolytes
involved in this process and the nature of the translocation
pathways activated are not well known. In the renal
epithelial cell line A6 and in myocytes, K* appears to
play a predominant role in IVR, while taurine also
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contributes in myocytes (Van Driessche et al. 1997; Souza
et al. 2000). IVR is absent in trout erythrocytes, which
respond to osmolarity gradients neither by cell volume
recovery nor by releasing K* or taurine in sufficient
amounts (Godart et al. 1999). Clearly, studies aimed to
characterize IVR in different cell types are necessary to
determine, first, if this is a widespread mechanism for
cell volume control and, second, whether its features are cell
specific or respond to basic mechanisms common to all cell
types. The mechanisms subserving IVR in brain cells are not
well known and it is not unlikely that in these cells IVR
exhibits features different from those in non excitable cells.
IVR associated with amino acids, but not with K* efflux,
has been described in hippocampal slices (Franco et al. 2000),
but in such integrated preparation, in comparison with a cell
monolayer, it is difficult to identify the cell type(s) involved,
as well as to look in detail to the activated mechanisms.

In the present work in cultured cerebellar granule
neurons, we examined the occurrence of IVR and the
involvement of amino acids, K*, and C1™ in this process. It
is known that these cells exhibit RVD (Pasantes-Morales
et al. 1994), accomplished by the efflux of inorganic ions
(K* and C17) and organic osmolytes, preferentially amino
acids (Sanchez-Olea et al. 1996; Morales-Mulia ef al. 1998).

Materials and methods

Cell cultures

Primary cell cultures of cerebellar granule neurons were prepared
as previously described (Mordn and Patel 1989). Briefly, the
dissociated cell suspensions from 8-day-old rat cerebellum were
plated at a density of 265 x 10° cell/cm® in plastic dishes,
previously coated with poly-L-lysine (5 pg/mL). The -culture
medium consisted of basal Eagle’s medium (Sigma, St Louis,
MO, USA) supplemented with 10% heat-inactivated fetal calf
serum, 2 mM glutamine, 50 U/mL penicillin and 50 pg/mL
streptomycin. Culture dishes were kept at 37°C in a humidified
atmosphere (5% CO,/95% air). The enrichment of cultures with
neurons was assessed by counting immunostained positives cells to
a neuron-specific enolase polyclonal antibody or to an antiglial
fibrillar acidic protein antibody (Dakopatts, Carpinteria, CA, USA),
giving a ratio of 95 : 5 between neurons and GFAP-positive cells.
For measurements of cell volume, cerebellar granule neurons were
plated at lower density (200 x 10* cell/cm?) and growth on glass
coverslips. Otherwise, conditions were the same as described
above.

Amino acids, *°I and %°Rb efflux

Cultured cells were incubated during 60 min in culture medium
containing the labeled amino acids: D—[3H]aspartate (0.5 pCi/mL),
[*Hltaurine (3.0 pCi/mL), [*Hlglycine (3.0 wCi/mL) or [*H]ala-
nine (5.0 nCi/mL), or 1251 (5.0 rCi/mL), as a tracer for Cl, or
86Rb (1.0 pCi/mL), as a tracer for K. After the loading period,
culture dishes were superfused (2 mL/min) with warmed (37°C),
iso-osmotic medium containing (in mm): 135 NaCl, 1.0 CaCl,,
1.17 MgCl,, 1.7 KH,PO,, 5 KCI, 5 dextrose and 10 HEPES

(300 mOsm/L, iso-osmotic, pH 7.4). Hypo-osmotic solutions
[210 mOsm/L (H-30%) and 150 mOsm/L (H-50%)], were prepared
by reducing [NaCl] accordingly. Final osmolarities were verified
with a freezing-point osmometer (Osmette A, Precision Systems
Inc., Natick, MA, USA). After 18 min (washing), a stable baseline
efflux was usually attained. From hereafter, samples were collected
every minute and after 5—-6 min of basal release, the osmolarity
of the perfusion medium was linearly reduced at a rate of
1.8 mOsm/min with a gradient-generating system, as that described
in detail by Lohr and Grantham (1986) and Van Driessche et al.
(1997). Briefly, the system consisted of two identical glass
cylinders interconnected at their bases by a tube with an inter-
rupting valve. The first container was filled with iso-osmotic
medium an the second with the same volume of H-50% medium.
Media were kept at 39°C placing the cylinders on a temperature-
controlled hot plate with stirring. Perfusion medium was pulled
from the first container with a polystaltic pump, allowing the
H-50% medium to begin to enter this cylinder, mixing gradually
and continuously with the iso-osmotic medium. In this way, a linear
osmotic gradient is produced, which at the end of the experiment
(82 min later) reached 150 mOsm/L (50% hypo-osmotic). The
gradient linearity was verified in a freezing-point osmometer.
Labeled amino acid, 1251, and %°Rb fluxes were calculated as
efflux rate constants, i.e. the amount of radioactivity released in any
given fraction, divided by the total amount of label present in cells
at that moment. Efflux curves from cells exposed to iso-osmotic
solution or to the hypo-osmotic gradient are shown in all cases.

Determination of K* content

After exposing cell cultures to the osmotic gradient, dishes were
prepared for potassium content measurement. Cells were scrapped
from dishes and suspended in 1 mL of water. Cell suspensions were
digested in boiling HCI (0.1 M, 30 min), then filtered and the K*
content determined by atomic absorption spectrometry (Varian
460). Protein content was measured by the Bradford assay.

Cell volume changes

Changes in cell volume were determined by a spectrofluorometric
method, based on that described by Crowe et al. (1995) and by
Altamirano er al. (1998). Cerebellar granule neurons grown on
glass coverslips were used for these determinations. Cell cultures
were incubated in iso-osmotic medium (above detailed) containing
1 pM calcein-AM (Molecular Probes, Eugene, Oregon, USA) for
15 min at room temperature. After this period, dishes were rinsed
twice with fresh medium and a coverslip placed on a superfusion
chamber and observed under an epifluorescence inverted micro-
scope (Nikon Diaphot TMD, Japan), attached to a spectrofluoro-
meter (SLM Aminco DMX-1000, Urbana, IL, USA). Excitation
wavelength was set at 497 nm. Images were recorded from a small
region of the cell (9% of the total area), defined by a pinhole at the
image plane, and transferred through a CCD camera (C2400,
Hamamatzu, Japan) to a personal computer, where the fluorescence
images were analyzed with the BIOLASE Imaging System software
(Newton, MA, USA). Cells were exposed to one of two hypo-
osmotic stimulation paradigms. In the first one, different coverslips
were first superfused with iso-osmotic medium and then exposed to
hypo-osmotic media (H-30%) during 15 min. Fluorescence images
were collected every 0.5 min until minute 7 and then every
5 min. In the second system, tissues were initially superfused with
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iso-osmotic medium and then with increasingly hypo-osmotic
medium (— 1.8 mOsm/L/min) until external osmolarity reached
150 mOsm/L  (50% hypo-osmotic). Fluorescence images were
collected every 10 min. In both paradigms, control coverslips
were superfused with iso-osmotic medium. Cell volume changes
(VyVo) were computed from calculated changes in relative
fluorescence (FFy), according to the following equation (Crowe
et al. 1995):

[(Fo/Fy) = Fokel/(1 = Fkg) = VyVo

where Fy is the fluorescence from one cell in iso-osmotic medium,
having an osmotic pressure mg; F, is the fluorescence of the same
cell in a medium of osmotic pressure ; Fyyg is the background
fluorescence (see below); V, is the volume of the cell in a medium
with an osmotic pressure m, and V; the volume of the cell in a
medium with an osmotic pressure 1. Fy,, includes the intrinsic cell
fluorescence plus the osmotically insensitive component of the
fluorescence in dye-loaded cells. Fy, was calculated as described
by Crowe et al. (1995), from the y-intercept of a plot Fy/F, versus
o/, exposing different coverslips during 15 min to media with
450, 390, 300, 210 and 150 mOsm/L (not shown). The numerical

Isovolumetric regulation in neurons 145

value obtained was 0.6. To quantify changes in cell volume due to
the exposure to the osmotic gradient, Fy and F, were initially
determined, measuring at different times the fluorescence of cells
superfused with iso-osmotic medium and with the osmotic gradient,
respectively. The experimental points were then fitted to a linear
regression to correct the drift in the fluorescence signal due to dye
leakage and photobleaching. Then, solving the equation for each
time point with the corrected data of F, and F, gives V/V.

Results

Evidence of IVR in cerebellar granule neurons

Figure 1 shows the change in cell volume in neurons
exposed to aniso-osmotic conditions (a and b) or to gradual
decreases in osmolarity (c). Relative volume changes
(Vi /Vy) were obtained from the calculated changes in
relative fluorescence (Fy/F,) as described in Materials and
methods. In external osmolarity (m,) of —30% and — 50%
(210 and 150 mOsm/L, respectively) neurons exhibited the
characteristic increase in cell volume which was maximal at
2 min after the stimulus, followed by the regulatory volume
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Fig. 1 Cell volume of cerebellar granule neurons exposed to
sudden or gradual changes in external osmolarity. Cells were incu-
bated with 1 um calcein-AM, rinsed and superfused with iso-osmotic
medium and subsequently (arrow) with hypo-osmotic or hyper-
osmotic solutions. Fluorescence measurements were transformed
into cell volume data as described in Materials and methods. (a)
Relative cell volume (V¢/V,) change of cells (n= 11) exposed to
30% (®) and 50% (M) hypo-osmotic medium. (b) Cell volume

Time (min)

change in 30% hyperosmotic medium (n=29 cells). (c) Raw
fluorescence data from cells exposed to iso-osmotic medium (ci), or
superfused with a continuous hypo-osmotic gradient (cii). Points
represents averages = SE of four (ci) or 14 cells (cii). Lines are the
linear regressions ci: r? = 0.991; (cii): r? = 0.997. (d) Relative cell
volume (W/Vp) from cells superfused with a continuous hypo-osmotic
gradient. The plot was built with the data shown in (ci) and (cii).
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Fig. 2 Amino acid release from cerebellar granule neurons exposed
to gradual reductions in external osmolarity. Cells were preloaded
with [*H]taurine (a and b), o-[*H]aspartate (c), and [*H]glycine (d), as
described in Materials and methods. After loading, cells were
washed and superfused (rate 2.0 mL/min) during 6 min with iso-
osmotic medium. At the indicated time (arrow) in (®) m, was
decreased at a rate of 1.8 mOsm/min and superfusion continued up
to m, reduction of —50% (final osmolarity, 150 mOsm/L). In (b) the

decrease (Fig. 1a) (Pasantes-Morales et al. 1994). In hyper-
osmotic solutions (350 mOsm/L), the corresponding cell
shrinkage was observed (Fig. 1b). These responses, typical
of cells exposed to aniso-osmotic conditions, validate the
method used to estimate the changes in cell volume in our
preparation. Figure 1(c) shows the similar fluorescence
change in neurons superfused with iso-osmotic medium
(Fig. 1ci) and with an osmotic gradient, allowing 1,
changes of — 1.8 mOsm/min (Fig. 1cii). After 82 min, m,
has decreased to 150 mOsm/L. Despite this marked
osmolarity reduction, there is no noticeable change in cell
volume as calculated from the fluorescence measurements
(Fig. 1d). These results document for the first time the
occurrence of IVR in cerebellar granule neurons.

Amino acid efflux during IVR in cerebellar granule
neurons

Figure 2 shows the efflux from neurons of labeled tracers of
taurine, glutamate (D-aspartate) and glycine, in response to
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data from (a) up to m, 240 mOsm/L (— 20%) are plotted at a
magnified scale. Controls (M) were continuously superfused with
iso-osmotic medium. Fractions were collected every min. Data are
expressed as efflux rate constants (min~') and are means of 5-10
experiments + SE represented by vertical bars if exceeded the size
of symbols. Insets in each case show the percentage decrease of
total radioactivity in cells at the end of the experiment. Empty bars,
iso-osmotic condition; dashed bars, hypo-osmotic gradient.

gradual decreases in m, at a rate of 1.8 mOsm/min. The
labeled amino acid efflux from cells exposed to the osmotic
gradient was compared at each point with the release from
cells bathed with iso-osmotic medium. The hypo-osmotic
gradient elicited the efflux of taurine, glutamate and glycine
(Fig. 2) but not of alanine (not shown). Figure 2(a and b)
shows the efflux pattern of taurine release in iso-osmotic
medium and in the hypo-osmotic gradient. [*H]Taurine in
the iso-osmotic solution slightly decreased with time,
whereas that from cells exposed to the osmotic gradient
was almost immediately increased, with an early threshold
efflux of 293 mOsm/L (— 2% ) and continued to increase
in parallel with 7, reduction (Figs 2a and b). At the end of
the experiment, when m, is 50% reduced, the [3H]taurine
efflux rate was more than 22-fold higher than that in
iso-osmotic medium. The D—[3H]aspartate efflux activation
threshold was observed at 243 mOsm/L (— 19%) with a
maximal five-fold increase over iso-osmotic medium.
The release of [H]glycine was notably more delayed
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Fig. 3 '] efflux from cerebellar granule neurons in response to
the osmotic gradient. Cells were preloaded with 5 pCi of '2°I, and
then treated as in Fig. 2. (®) Controls in iso-osmotic medium. (M)
Osmotic gradient of — 1.8 mOsm/min. Data are means of eight
experiments = SE.

(210 mOsm/L, —30%). Throughout all the superfusion
period, the efflux rates for [*H]taurine were always higher
(more than five-fold) than those for p-[> H]Jaspartate (Figs 2a
and c). About 62% of the labeled taurine pool in cells was
released during the whole range of m, decrease. During
the same period, 32% and 42% of D-aspartate and glycine
were released, respectively (Fig. 2, insets). The decrease in
Na™ and CI~ may impair the operation of the amino acid
Na+—dependent carrier, which at least for taurine is also
Cl -dependent. To test this possibility, taurine efflux was
measured in solutions where all NaCl was replaced by
choline chloride. No change in either efflux rate or threshold
were observed under these conditions (results not shown).

Efflux of '**I as marker of Cl~

Cerebellar granule neurons loaded with '*’I exhibited a
continuous release of the tracer in iso-osmotic conditions.
1251 release from cells superfused with the osmotic gradient
was higher than the efflux in iso-osmotic medium when ,
decreased to 225 mOsm/L (— 25%) (Fig. 3). The rate of ‘>’
release increased with decreasing osmolarity, being about
three-fold higher than in iso-osmotic medium at the end of
the experiment (Fig. 3).

Effect of niflumic acid on osmolyte release

Niflumic acid is a potent blocker of taurine and
osmosensitive release from cerebellar granule neurons in
models of sudden decrease in osmolarity (Sanchez-Olea
et al. 1996). This agent also strongly reduced taurine and
'23T efflux in the osmotic gradient model. The presence of
600 M niflumic acid from the beginning of the superfusion
prevented the osmolarity-dependent taurine efflux. If the
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Fig. 4 Effects of niflumic acid on [*H]taurine and '?°I efflux during
IVR. Loading conditions and basal collection were as in Fig. 2.
(a) [*H]Taurine release elicited by the osmotic gradient (®); effect of
600 wm niflumic acid present throughout the experiment (A) or
added (arrow) at mw, (— 35%) (V). (b) '2°I efflux in iso-osmotic (@),
osmotic gradient (M) or osmotic gradient containing 600 pm niflumic
acid (A). Data are expressed as rate constants (min~') and are
means * SE represented by vertical bars if exceeded the size of
symbols (n = 4).

blocker was added once the release has been already
activated, an immediate inhibition occurred (Fig. 4a).
Niflumic acid markedly decreased the release of 1251 in
iso-osmotic conditions, and abolished the efflux activated by
the osmotic gradient (Fig. 4b).

86Rb efflux and changes in intracellular K" content
during IVR

Potassium, together with an accompanying anion, functions
as a predominant osmolyte in essentially all cells exposed to
abrupt changes in osmolarity, including cerebellar granule
neurons (Morales-Mulia et al. 1998). The role of this cation
in IVR was examined measuring the unidirectional efflux of
86Rb and the intracellular K* content during exposure to
gradually decreased m,. The efflux of 86Rb was unchanged
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Fig. 5 %®Rb release and changes in K* cell content in cerebellar
granule neurons exposed to gradual or sudden decreases in osmo-
larity. (a) Cells preloaded with %Rb were superfused as in Fig. 2
with medium of gradually decreased osmolarity (M) or with iso-
osmotic medium (®). At the end of the experiment w, was 150
mOsm/L (— 50%). Data are means of eight experiments = SE
represented by vertical bars if exceeded the size of symbols. (b)
Effect of 15 mm Ba*t (A) on ®Rb efflux plotted from m, — 24%. (c)
Cell K* content after superfusion with the osmotic gradient. The
intracellular concentration was measured at m, —29% (correspond-
ing to the ®Rb efflux threshold) and at the end of the experiment,
7, —50%. Cell K™ content was measured by atomic absortion spec-
trometry. Results are means of six experiments = SE. *p < 0.005,
Student’s t-test.

as compared with the release in iso-osmotic medium until
T, decreased to 212 mOsm/L (— 29%). From this point on,
the rate of %°Rb efflux increased progressively and did
not inactivate for the remaining of the experiment (m,
150 mOsm/L, — 50%) (Fig. 5a). The efflux of *°Rb acti-
vated during IVR was insensitive to 4-AP (1 mm), TEA
(10 mm), charybdotoxin (20 nm), cesium (5 mMm), and gado-
lintum (10 wMm) (results not shown). Barium (Ba”),
5-10 mM did not affect %°Rb efflux (not shown) but at
15 mm clearly reduced the release (Fig. 5b). In accordance
with results using the radioactive tracer, the intracellular K
content was unchanged up to m, 212 mOsm/L, i.e. just
before the activation threshold of *°Rb release, but at the end
of the superfusion, when m, is reduced to 150 mOsm/L, the
cell K* content decreased 26% (Fig. 5c¢).

Change in cell volume in the presence of niflumic acid
and Ba®>" and in C1™ -free medium

The effects on IVR of agents or conditions which blocked
the efflux of amino acids, CI~ and K are shown in Fig. 6.
In the presence of 600 M niflumic acid, IVR was prevented
(Fig. 6a). Cell swelling was apparent from the first point
estimated (m, 282 mOsm/L), in medium containing the
blocker, and increased continuously to attain a 25% swelling
when m, was reduced to 210 mOsm/L (— 30%) (Fig. 6a).
This increase in cell volume is close to that in cells suddenly
exposed to 30% hypo-osmotic solutions, as shown in
Fig. 1(a), and indicated by a triangle in Fig. 6(a). At the
end of the experiment, when m, is — 50%, cell swelling was
about 52%, while the maximal volume increase is 60% in
cells after an abrupt exposure to 50% hypo-osmotic medium
(Fig. 1a, triangle in Fig. 6a). When all Cl  in the solutions
was replaced by gluconate, a marginal (5%) swelling
occurred in the m, range of 300-246 mOsm/L, showing
that this condition did not affect IVR within this range of
hyposmolarity. At , 228 mOsm/L, cell volume increased to
11% and further continued to reach 29% at the end of the
experiment at m, — 50%. In the presence of 15 mm Ba’*, no
swelling was observed up to a m, reduction of 210 mOsm
(—30%) (Fig. 6b). Maximal swelling in the presence of
Ba2" at — 50% mr, was about 30%.

Discussion

The present results document the occurrence of IVR in
neurons, since volume in cerebellar granule neurons
remained unchanged up to 50% osmolarity reduction. The
mechanisms responsible for IVR have not been investigated
in detail, although it is assumed that the osmolytes involved
are essentially those implicated in RVD, i.e. K*, ClI” and
organic osmolytes. However, the relative contribution of
these different osmolytes to IVR is still unclear. In cere-
bellar granule neurons, K™ and Cl~ appear to participate
only during the late phase of IVR, as supported by the
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Fig. 6 Impairment of IVR by niflumic acid,
Ba?" and Cl -free medium. Cell volume
was measured as in Fig. 1. (a) Cell volume
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present results showing: (i) a delayed osmolarity threshold
of K* and Cl1™ efflux; (ii) a late decrease in intracellular K™
levels; and (iii) an effect of Ba** and Cl~ free medium
impairing IVR only at this same late phase. Studies in A6
renal cell line and in cardiomyocytes (Van Driessche et al.
1997; Souza et al. 2000), similar to our present results,
document a delayed release of 8Rb during IVR, detectable
only at a threshold of —29% m, The amount of K™ lost of
about 27% is remarkably similar in the three cell types (Van
Driessche et al. 1997; Souza et al. 2000 and present results).
In contrast to results in isolated cells, K* efflux could not be
detected in hippocampal slices, due probably to buffering
systems present in such integrated preparation (Franco et al.
2000). The release of K* is likely accompanied by CI~,
which has not been previously examined, and that in our
study occurs with an efflux threshold earlier than that of K",
but still at a late phase of IVR. The efflux of amino acids,
in particular taurine, exhibited a notably more sensitive
response to the small changes in osmolarity, suggestive of
their involvement in earlier phases of IVR. An early efflux
of taurine has also been observed in hippocampal slices
exposed to an osmotic gradient (Franco et al. 2000)

The contribution of the different osmolytes to IVR can be
estimated from the effect on cell volume of agents or
conditions which block their release. In cerebellar granule
neurons what we observed is that in the presence of Ba®"
which abolished K* fluxes, there was no change in cell
volume until 1, was reduced to — 24%, coincident with the
threshold of ®**Rb efflux activation and the intracellular K*
decrease. After this time, when K™ efflux are fully activated,
Ba®" prevented IVR, increasing cell volume by 30%. Cell
treatment with solutions where all CI” was replaced by
gluconate did not significantly affect cell volume during the
first phase of IVR, corresponding to 7, decreases of — 6% to
—18%. At —24% m,, swelling started, and continued
progressively to reach a maximum of 29% at — 50% mr,, an
increase similar to that attained by K* efflux blockade.

In the presence of niflumic acid, which is a general
blocker of organic osmolyte fluxes (Lang et al. 1998),

Osmolarity reduction (%)

Osmolarity reduction (%)

including taurine (as shown in the present work), swelling
was observed from the first minutes of superfusion with the
osmotic gradient and this increase continued progressively,
to reach a maximum of 50% over cell volume in iso-osmotic
conditions. The 29% volume increase reached in niflumic
acid-treated cells, when m, is — 30%, is almost identical
to the 30% attained after sudden exposure to a similar
(— 30%) hypo-osmotic medium. This finding indicates that
the early phase of volume regulation is entirely accom-
plished by niflumic acid-sensitive mechanisms. A com-
parison between swelling in C1~ free medium which affects
only CI™ (and not organic osmolyte fluxes), and in the
presence of niflumic acid, which blocks both Cl™ and
organic osmolyte fluxes, may give an approximate esti-
mation of the contribution of organic osmolytes at all phases
of IVR. The difference between the two curves in Fig. 6(a)
suggests an early, continuous and substantial contribution of
organic osmolytes throughout all the osmotic gradient. Cell
swelling induced by sudden exposure of cerebellar granule
neurons to 50% hypo-osmotic solutions is about 60%, thus
leaving a difference of about 10% with the maximal
swelling observed by impairing IVR with blockers. This
difference may be accounted for by electroneutral trans-
porters not affected by niflumic acid or by a fraction of K*
release independent of Cl ™ efflux.

The question often raised about whether IVR is due to
restricted swelling was largely clarified in the present work
showing that if present at all, this restricted swelling
represents only a minimal proportion of the IVR. Our
results with niflumic acid and Cl™ -free conditions clearly
show that IVR is not equivalent to absence of cell swelling.
Rather it is an active process of volume regulation, accom-
plished by niflumic acid-sensitive pathways for osmolyte
extrusion, possibly activated by mechanisms similar to those
operating in RVD. The cell shrinkage in renal cells returned
to iso-osmotic medium after IVR reported by Lohr and
Grantham (1986) further supports this view. Taurine and
Cl" efflux elicited by sudden exposure to hyposmolarity
appear triggered by a decrease in intracellular ionic strength
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subsequent to water entry (Emma et al. 1997; Nilius et al.
1998; Cardin et al. 1999). This may also be a signal for
osmolyte extrusion during IVR if the external hyposmolarity
even when gradual, leads to water influx immediately
activating the corrective osmolyte fluxes.

The present results emphasize the role of osmolyte amino
acids in the early phase of IVR and underline the role
of taurine in this process. Taurine was the amino acid
preferentially released, with the lowest threshold, the highest
efflux rate and the largest cell content decrease. Taurine
efflux rate was 4—10-fold higher than those of glycine and
glutamate (D-aspartate), at essentially all osmolarities. A
similar preferential involvement of taurine as compared with
other amino acids in the paradigm of osmotic gradual
changes, has been observed in hippocampal slices (Franco
et al. 2000). This remarkable difference may reflect either
higher permeation through the transport pathway or/and
more availability of taurine cell pools to face the osmotic
stress. Taurine is not involved in metabolic reactions, and is
found essentially free in the cytosol, while glycine and
glutamate, which are highly active in cell metabolism and
act as synaptic transmitters, might be sequestered in meta-
bolic or physical compartments, restricting their availability
to function as osmolytes.

The release of taurine occurs at osmolarity drops observed
in brain in pathologies, such as chronic hyponatremia or
ischemia, i.e. drops of about 12—16% (Trachtman 1991;
McManus and Churchwell 1994; Fraser and Arieff 1997).
Studies in wvivo underline the critical role of organic
osmolytes in the maintenance of normal brain water content
and survival in chronic hyponatremia. Thurston et al. (1987)
report that the total decrease in brain organic osmolyte
content in chronic hyponatremic mice is, on a molar basis,
greater than the reduction in K¥. Taurine appears to be a
main contributor to the osmotic adjustment, first, because it
is the most abundant amino acid in mouse brain and, second,
because it showed the largest reduction (70%) facing the
hyponatremic condition, a result remarkably similar to that
found in the present study. Similarly, in cultured astrocytes
exposed to a 24-h period of hyponatremia, while cell volume
remains constant, the taurine pool was essentially depleted
whereas no change in glutamate nor in K™ content is observed
(Olson 1999). Altogether, those findings and the present results
point out to a prominent role of taurine as an element
counteracting brain cell edema. It should be noted, however,
that the decrease in taurine and other amino acids observed
during IVR is clearly insufficient to equilibrate the imposed
osmotic gradient when K" and Cl-fluxes have not yet been
activated. Therefore, an additional contribution of other osmo-
Iytes seems required to compensate for this deficit. Organic
molecules such as myo-inositol, glycerophosphorylcholine,
betaine, phosphoetanolamine, creatine, phosphocreatine, and
N-acetyl aspartate (Gotoh et al. 1997) may provide important
contributions in this phase of cell volume adjustment.

The present results in neurons suggest that organic and
inorganic osmolytes may differently contribute to volume
regulation depending on the severity of the hypo-osmotic
challenge, preferentially handling organic osmolytes over
K* and CI™ at lower decreases in osmolarity, similar to
what is observed in physiological and pathological condi-
tions. This may be attributed to the key role played by K*
and CI in the control of neuronal excitability. Extracellular
accumulation of these ions, by causing excitability imbal-
ance may be incompatible with normal neuronal functioning
and survival. It remains to be determined whether the
apparently restricted function of K™ and C1™ as osmolytes is
a characteristic of excitable cells not shared by other cell
types. In this respect, it is noteworthy that, unlike neurons,
bird erythrocytes appear devoid of the mechanisms for IVR
(Godart et al. 1999). Clearly, the occurrence of IVR and its
properties should be examined in other cell types to have a
more accurate picture of the relevance and mechanisms of
this phenomenon.
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INTROBDUCTION

The pwintenance of a constant cell volume is a

{Accepted July 28, 2003)

A decrease in external osmolarity results in cell swelling and the immediate activation of a mechan-
ism to restore cell volome, kuown as regulatory volume decrease (RVIF). When exposed to a
gradnal osmolarity decrease (GODE), some cells do uot swell. This reflects the operation of an
active regulatory process known as isovolumetric regnlation (IVR). The mechanisms underlying
VR appear similar to those activated duting RV, namely the extrusion of K7, C17, amino acids,
and other organic molecules. A previous study has documented IVR in cerebellar granule nen-
rons, parallel to an early offlux of tandne and CU7, whereas K7 efflux is delayed. In this work
we briefly review the importance of amine acids in the mechanisms of ceil volume control in the
braig, with emphasis on VR, We also present experiraents showing the response to GODE 1u
cerebellar astrocytes. The currents activated during GODE, recorded in the whole-cell configura-
ton of the patch clamp technigue, ndicate the early activation of an anien current, followed by
2 more delayed cation current. A correlation between the time course of amino acid efffux dur-
ing GODE and the occurrence or not of IVR in various cell types, suggest the importance of
these osmiolytes in the volume regulatory process in this wmodel.

KEY WORDS: Swelling; volume regulation; osmolytes; isovolumetric regulation; astrocytes; taurine.

munication. It is then not surprising that the ability to
regulate cell volume is an ancient conserved trait present
in essentially all species throughout evolution (1). Cell

homeostatic imperative 1 animal cells. Changes in cell
water content, by affecting the concentration of oies-
senger molecules impair the complex signaling network,
crucial for cell functioning and for intercellular com-
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vohume is chalienged by changes in external osmolarity
in aquatic species and in a few cell types in terrestrial
anirpals, but also in pathological conditions associated
with hyponatremia (1,2). Cell volume increase may also
oecor in isosmotic conditions as consequence of changes
in ion distribution either in pathological or in physio-
logical conditions. Most studies at present have focused
on the mechanisras of cell volurae adjustoient in hypos-
motic conditions.

Cell membrane is highly perrgeable to water, and
therefore any difference in osmolarity across the mem-
brane results in nef water movenenis in the necessary
direction to reach the osmotic equilibrivm, In face of

0364-3120/04/0100-0065/4 © 2304 Plenum Publishing Corporation
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a decrease in external osmolarity, cells initially behave
as almost perfect osmometers and swell with a magni-
tude proportional to the osmolarity reducition. Iraredi-
ately after, an active volime correction initiates, based
on the extrusion of intracelinlar solutes iogether with
osmotically obligated water, which tends to reduce the
osreotic difference and to normalize cell volurpe. This
homeostatic mechanism is known as regulatory volume
decrease (RVYD). The tirae necessary to fully activate
RVD and to regain cell volume is variable in different
cell types. In brain cells in vitro, RV} cocurs rapidiy,
with a 70%~80% recovery reached within few minutes,
as resuli of osmolyie efffux activation (3). RYD is a
complex chain of events reguiring a sensor to detect
transient changes in cell volunge, a signaling cascade 1o
transduce the information about the volume change into
the activation of pathways for csmolyte extrusion, and
a “memory” of the original cell volume that sets the
timing for inactivation of the regulatory process. Muost
efforts have been directed to identifying and character-
izing the csmolyte efflux pathways, and U is only
recently that interest has risen in understanding the
osrentransduction mechanisms. There s so far oaly
sparse information about the nature of the volume-
sensing roechanisms.

K* and 17 extrusion during RVD ocours through
separate volume-sensitive K and €17 channels whose
propertics have been characterized in some detail but for
which the molecular identity remains unknown., While
the volume-sensitive CI7 channel exhibits similar prop-
erties in most cells (4), the K channel exhibits differ-
ences according to the cell types studied (5). The osmo-
sensitive efftux of taurine and possibly other argino acids
occurs via a leak pathway with essentially no involve-
ment of energy-dependent carriers. Taurine translocation
in response to swelling is passive, directed only by the
concentration gradient (6). The unexpected sensitivity of
the hyposmotic taurine refease to CI7 channel blockers
ratsed the possibility of a cororonn pathway for translo-
cation of (17, taurine, and possibly other organic
osmolytes (73, a notion that has not vet been conclhu-
sively confirmed nor discarded. The 17 channel
wvolved in RYD exhibits a broad peuneabuiity spectoum,
allowing the passage of large anions and organic anions,
including glutarnate, aspariate, and taucoe in the anionic
form, showing that at least the size of the pore is suffi-
ciently large to pergeate amino acids (8).

The transduction signaling elements uitimnately lead-
ing to activation of pathways for osmolyte extrusion are
not well known at present. Hyposmotic swelling leads
to changes in the concentration of second roessengers,
siich as Ca’t, cAMP, 1P3, and arachidonic acid, but their
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inftuence on the effector pathways is poorly defined (9).
Tyrosine kinase phosphorylation modulates C17 and tau-
rine but not ghutamate osmosensitive fluxes (1G,11).

BESCUSSION

Cell Swelling in Brain

Celi volume perturbation is a challenge for home-
ostasis i all animal organs, but U has particularly dra-
matic consequences in the brain. The fimits to expansion
iposed by the nigid skoll, zive parcow margias for the
buffering of intracranial volume changes. As expansion
occurs, the constraiping of small vessels generates
episodes of ischemia, infarct, excitotoxicity and neu-
ronal death. In extreme conditions, caudal berniation of
the brain parenchyma through the foramen magoum
affects brata stem nuclel, resulting 1n death by respira-
tory and cardiac arrest. Besides these extreme effects,
brain cell swelling may also lead to bhyperexcitability
and excitotoxicity (12,13}

Early studies in chroaic hyponatremia showed that
brain does not behave as a perfect osmometer, and the
initial swelling is followed by progressive water ioss until
almost complete normalization, despite the persistence of
byponatreraia. The observed electrolyte decrease was not
sufficient to compensate the loss of water, and evidence
was then obtained about a sigoificant cootribution of
organic osmolytes (14), incloding the most abundant amino
acids, as well as of N-acetviaspartate, myo-inositol, crea-
tine, phosphocreatine, phosphoethanolarnine, and glyc-
exophospboryl choline (15). In rodents, taunae is the most
important organic osmolyte, because it is highly concen-
trated and shows the largest reduction during bypona-
trenia. In other species with lower brain taurine content,
compounds such as N-acetylaspartate, may have an
ipportant role (16). The estimpation of organic osmolyte
change in all these stodies does not discriminate neither
the regional variation within the brain nor possible dif-
ferences in the cell type. Cells in colture exposed o
hyposmotic media represent a convenient model to
address to these questions.

RVD has been studied in detail in astrocytes and
neurons from primary cultures {(17-19), and in nevrob-
lastoma and ghioma cells hnes (20,21). In cultured
astrocytes and neurons, hyposmosis leads to rapid
swelling followed by typical RVD. The efflux pattern of
amine acids closely paraliels the tme course of the
change in cell volume in contrast to C17 and K¥ fluxes
which are faster (C1™) or slower (K*) than the change in
cell volume (22). Qsmosensitive efftux of amino acids
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has also been reporied in hippocampal and cortical shices
(23,24) and in vive during continuous superfusion of cere-
bral codex (24) or by microdialysis (253, In all these
preparations, faurine is the most sensitive to the osmotic
perturbation, with the lowest release threshold and the
largest amnount released (23-26).

Brain cell edema also occurs in isosmotic condi-
tions {(called cytotoxic edema) associated with ischemic
siroke, head trauma and hepatic encephalopathy (2).
Swelling also occurs in excitotoxicity and seizures (12).
This condition conveys more risks than bhyposmotic
swelling, because in cytotoxic swelling there is no clear
evidence of efficient cell volume correction. The
mechanisms generating swelling may be somewhat dif-
ferent in each pathology, but in all cases the influx of
anions (C17 or/and bicarbonate) iS a consistent causal
factor. This may limit or suppress the possibility of 17
and K™ participating in the compensatory mechanisins
to regulate swelling, and the contribution of organic
osmiolytes may not be sufficient to regulate cell volume.
Amino acid efflux duoring cvictoxic swelling has been
documented in experimental models of ischemia and
hyperanumonernia and 1o conditions of oxidative stress.
Amino acid release is sensitive to Ci™ channel block-
ers, thus suggesting a roechanism of efftux sirpilar to
that characterized in hyposmotic swelling. There is little
wformation about possible signaling cascades for activ-
ation of mechanisms of cell volume control in isosmotic
swelling (27).

Isovelumetric Regulation

Most studies about the mechanisias of cell volume
regulation after hyposmotic swelling in brain cells and
in other cell types have been carried out By cell expo-
sure to large and sudden osraolarity (SODE) decreases.
Although these studies have rendered valuable informa-
tion about the basic mechanisms of cell volume control,
such changes probably never occur in brain under phys-
iological or pathological conditions. A paradigm closer
to the in vive situation was fArst devised by Lohr and
Grantham (28) in renal proximal tubules, in which cells
were exposed to small and gradual osmolanty decreases
(GODE). Under these condifions, cell volune remains
stable over a broad range of osmolarities, even when
the osmolarity drops to 50%. This constancy in cell vol-
une was named “isovolumetric regolation” (IVR), which
has the iraplicit idea of an active mechanism of volume
adjustroent rather than the absence of swelling. This
notion is based on the shrinkage observed in cells
retorned to an isosmotic medivm, due o the Joss of intra-

67

cellular osraolytes (28). After this early report, IVR has
been observed in the renal cell line A6 (29), cerebellar
granule veurons (30), and hippocarapal slices (31). In
C6 glioma cells, VR is observed only at very small
reductions 1o osmolarity, lower than (.4 mOsro/min
(32). Caltured myocytes (33) exposed to GODE, even
when they do not exhibit IVR, they swell consistently
less than after SODE, suggesting more efficient mech-
amisms of volome regolation in GODE. The same
type of response has been observed in cultured astro-
cytes, as next described. In the trout erythroeytes, cells
swell the same, regardiess of the experimental paradigm
used (34,

Volume Changes in Cerebellar Cuolfured
Astrocytes During GODE

In this work we examined the response of cultured
rat cerebeliar astrocytes, and sorae of its features were
compared to those previously reported in cerebellar
zranale newrons and renal cells. For this study, priroary
cell cultures of cerebellar astrocyies from B-day-old rat
cerebelluon were prepared as previously described (18).
A superfusion medium with a linear reduction in osmo-
larity of — 1.8 mQOsro/min was formed, as described (28,
The dilution linearity was verified in a freezing point
osmometer. The procedure for measuring changes in
cell volume and osmolyte release were made following
the method described in reference (33) and is indicated
i the corresponding figures.

Figure 1 shows that astrocytes exposed to GODE
{— 1.8 mOsm/min) exhibited a constant increase in cell
volume (Fig. 1A}, which was lower than that attained
when cells are challenged by SODE of the same mag-
pitude {cell vohue 10 5%, 30% and 50% hyposmotic
solutions shown in the upper line of Fig. 1B). When
cells were returned {o isosmotic conditions, cell volume
overshooed basal levels and cell shrinkage was observed
indicating the loss of intracelhular osmolytes (Fig 1A).

This response is similar fo that exhibited by glioma
(6 cells and myacytes 1o the same conditions of osmo-
larity decrease and could be interpreted as an absence of
VR in these cells (32,33), in clear contrast to IVR occur-
rence in nevrons and renal cells (28-30). However, cell
volume control in condiitons of GODE, seems to be
more rapid and efficient than in the model of SODE,
preventing maxium cell swelling elicited by byposrao-
larity. As shown in Fig. 1B, astrocytes in GODE swell
about 24%-54% less than those in SODE, 1o this later
condition, astrocytes will eventually counteract swelling
by the typical RVD, but the tirae requived is longer.
Therefore, when osmolarity is gradually reduced, less
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McManus et al,, ( } Cvlls bcﬁdﬁd (u le-.-.,«ngul‘u .,ov.,lshps were
placed on a supetfusion chamber on an Amincs-Bowman lumines-
cence spectrometer (series 2, SLM AMINCO, Rochesier, NY, USA),

Excitation and emission wavelength were 585 and 581, respectively.
Data are given as the tnverse of the emission, as emitted light inten-
sity inversely correlates with cell volume. A, Upper panel: a repre-

sentative experiment of cell volume changes during GODE (&), Celis
were superfused (rare 2.0 ml/min at 37°C.) during 10 min with is0s-
motic medivm. At the indicated time {arrow), astrocytes were exposed
to the osmotic gradient (—1.8 mQsmimin) during 83 min (lower
panel), when the osmolarity has decreased 50% (1530 mQOsmy). At this
point cells were returned to isosmotic medium {300 mQsm}). Data are
plotted against the change in extracellular osmolarity. (0) Continuous
superfusion in isosmotic medium. B, Cell volume in astrocytes at
—15%, —30G%, and —50% thle‘DOth medium, reached in conditions
of sudden changes in osmolarity (@) or during the exposure o the

osmotic gradient (O). The numbers in parenthesis indicate the differ-
ence {in %) of GODE against SODE. Points are means = SE. o = 4,
P <05 with respect to sudden changes in osmolarity.

swelling is expected to occur in brain, thus making
hyposmolarity a Jess stressing sitvation. It is soteworthy
that in the GODE model, astrocyte swelling was more
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effectively counteracted at larger decreases in osroolar-
ity. Cell voluine observed when the osmolarity attained
H-15%, H-30%, or H-50% was 24%, 37%, and 54%
fower, respectively, than the volume reached after an
abropt reduction 1o osroolanty of the same magnimde.
This may be due to a more substantial contribution of
organic osmolyies as the external osmolarity is reduced,
as next shown.

Amine Acid Release and Whele Cell Currents
Activated by GODE in Astrocytes

The efflux of amino acid evoked by GODE i
showa in Fig. 2. An activation threshold of H-15%,
H-20%., and H- 1()}0 was found for tawrine, D-aspartate,
and glycine, respectively. As osmoolarity reduction pro-
gresses, the efffux rate for amino acids was markedly
and progressively enhanced (Fig. 2). p-Aspartate exhib-
ited the highest rate release, followed by taurine, while
zlycine rate efffux was lower (Fig. 2). At the end of the
experiment, when external osmolarity has beeﬂ reduced
50%, astrocytes have released about 60%, 72%, and 50%
of the total radioactivity loaded for tawrine, D-aspartate,
and glveige, respectively (Fig. 2, insets). When these
results are compared to those in neuroms, it is apparent
that the release of taurine and D-aspartate activate ear-
lier in neurons than in astrocytes {Table 1), suggesting a
higher seasitivity of the pathway for the efftux of these
arnino acids and possibly of other organic osmolytes as
well, This might explain the reore efficient voloroe con-
trol in neurons.

K* and CU7 are proroinent elements of cell volume
adjustment in the SODE model, and they likely are also
playing a role during regulation 1w GODE, Figure 3
shows the currents activated by the gradoal osmolarity
decrease in cultured astrocytes exposed to GODE
recorded in the whole-cell configuration of the patch

clamp technique, The figure illustrates the current acti-
vation in response to GODE recorded at 264, 219, and

174 mOsyo, corresponding o osmolarity decreases of
12%., 27%, and 42%, respectively. As shown in Fig. 3,
the cutward current was more prorminent than the inward
current, even though the time course was similar in
hoth cases. As a consequence of this cumrent activation,
cells markedly depolarize from the resting potential of
~6% mV to —45 mV, detected only after 20 min of the
gradient onset. At 40 min of gradient exposure the
roembrane potential has changed to —47 oV and at min
70 1o —50 mV (Fig. 3). The time course of the mem-
brane potential change elicited by the osmotic gradient
suggests that, at small decreases in osmolarity, a CI7
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Fig. 2, Amino acid release from cerebellar astrocyies exposed (0 gradual reductions in external osmolarity, Cells were preloaded with *H-taurine,
*H-p-aspartate, and "H-glvcine as described in Tuz et al. (30) After the loading peviod, cells were washed and supsrfused {rate 2.0 ml/min} dur-
tng 20 min with isosmotic medivm, At the indicated time (arrow) inn (8), superfusion continued with the osmotic gradient generated as in Fig, |

1.8 mQsm/min). In (0}, superfusion continued with isosmaotic medium, Fractions were collected every min, Experiments were performed al
1.8 mQsm/ n (O} erfi continued with TEGE o Fractio collected every min. Experiments were performed at
37°C. Data are expressed as efflux rate constants {min™') and ave means = SE of four experiments and are plotted against the change in the exira-

cellular osmolarity. Insets in each case show the amount of radicactivity refeased at the end of the experiments.

corrent is primarily activated, followed by 4 cation (maost
tikely K¥) current, which prevents further depolariza-
tion toward the C17 equilibrivm potential (~38 mV).
We did not explore the specific ion carried by these
currents, but they likely correspond to CI7 and K.
Hlectrophysiological studies in cultwred astrocyies in
conditions of GODE have shown also marked initial
depolarization with a change in membrane potential of
~30 to —~40 mY, consistent with activation of an early
CI17 current (36,37).

In neurons and renal cells, GODE elicits *Rb efflux

7

with threshold activation at H-27% for neurons and
H-20% for repal cells (Table ). In astrocytes, in con-

trast, we could not detect any effhux of K™ (*Rb). This
resulf is similar to that observed in hippocampal shices,
where no efftux of K™ could be observed (Table 1). Also,
in a stady in cultured astrocytes chronically exposed to
hyposmotic conditions, the cell content of taurine is
raavkedly and progressively reduced, while that of K¥
was vnchanged (38). The special ability of astrocytes to
efficiently accunulate external K* could counteract the
effiux activated by hyposmeolarity, This feature may con-
teibute to a less effective volume regulation in astrocytes,
compared to neurons. It is well known that astrocytes
swell more than newrons in most swelling generating
conditions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7 Ordaz, Tuz, Ochea, Lezama, Pefia-Segura, and Franco

Table L H; otic (H) Activation Threshold of ¥Rb and

Why IVR Is Present in Some Cells and Absent in

Amino acids from Diffevent Preparations in GODE conditions Orthers?
Amino acids According to their behavior facing GODE, three
. types of cell response have been so far observed. In the
Taurine Glutamate™* KT(*Rb) d P }3 ‘
first one, cells like venal cells and cerebellar gramule
Cerebeliar granute  H-2% H-19% H-29% neurons respond showing TVR (28-30). Another type of
i 3¢ nOsn 1F . " ¢ ¢

ncurons ™ - 2%4mQsm 243 m0sm 213 mOsm response is that of glioma C6 cells, cultured myocytes
Cerebeliar astrocytes  H-13% H-18% ND 17 7%}, and e orker. in whict ’(‘ GDE
261 mOsm 246 mOsm (‘,‘ . }, an astrocytes (prnsea?t work), in which GODE
Hippocampal slices”  H-1.6% H-1.6% ND elicits a contimious volume increase, which although
o 295 mUsm 295 mUsm ) being lower than that evoked by the sudden hyposrao-

A6 cell line™ NE KE H-19% . g ) .
216 mOsm farity decrease, as discussed above, cannot be consid-
ered as VR, The third tvpe of cell response, so far found
Nore: Datz are expressed as the necessary reduction in osmolarity gniy in trout erythmcytes (34}’ 1¢ that in which cells

{hyposmolaity, H; and mQOsim), at ch osmolyte relesse attaing sig- swell to the same extent in both. SODE and GODE
nificance with respect to isosmotic basal release. : - o ’ R e NP
Superscript numbers indicae refe Gluramate release was foliowed The volume corrective mechanisias during GODE
as “H-D-aspartate efffux, ND, no detectable difference between %*Rb effiux may of may not be identical to those opem{ing in RVD.

in isosmotic and hyposmotic gradient conditions; NE, not examined.
isosmotic a Osmetic gradient 20 min b
300 mOsm 284 mOsm
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fiig. 3, Osmotie gradient~induced activation of whole-cell cuwrents in cerebellar astrocytes, Astrocytos were seo
sity of 0.3 mil/ml. Currents were monitored with Axopatch 238 paich clamp amplifier {Axon Instruments, Foster City, CA, USA) Whole-cell mem-
brave currents of cultured astrocytes were measured using rupfured patches. The time course of whole call curtents were obtained by potential ranging
from —120 to +i00mV in 20-mV increments for 3030 ms from 2 holding potential of —~70mV, Pawch electrodes were prepared from 1.5 mm OD,
1.5 mm B borosilicate glass (World Fr

ded in 35-mm petri dishes at a low den-

cision Instruments, Inc., Sarasota, FL) with 3-5 M{} when filled with pipetie solution. The standard pipette
sofution contained (mM)y: 113 K™ aspartate, 30 K, 1 MgCh, 10 HEPES, 5§ BGTA, 5 MgATP, pH 7.4 adjusted with KOH (300 mQsm). Cells were
superfused (2 mi/min) and osmotic gradient {— 1.8 mOsm/min} was performed as in Fig. 1, at 37°C. In A, current-voltage (1-V) relationship obtained
from whole-cell currents recorded in isosmotic (300 mQOsm) condidons (3}, and when the extraceliular medium hed 264 (b}, 219 (¢}, and 174 mQsm
{d) duing smotic gradient, n B, whole-cet! curents recovded at points a, b, ¢, and d in A, Membrane potential changed in these conditions from
=68 mV in isosmotic conditions (), to 45 (b), —47 (¢} and 30 mV (d) during the osmotic gradient. A representative experiment of n = 4.
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The osmolyies involved seems the samme i the two
conditions, namely K7, C1I7, mnd organic molecules, but
the activation threshold and the efficacy of the osmolyte
fransiocation pathways might be different. Such differ-
ences could explain why some cells exhibit TVR and
sorne others do not. Unfortunately, the information avail-
able about such reechanisos in the GODE model is ia
most cases, only scarce. The response to GODE in A6
celis, 1n cercbellar granule newons and in oyocytes,
mvolves K¥ extrusion (29,30.33). In astrocytes the
change in roembrane potential observed during GODE,
suggesis a contribution of both anionic and cationic cur-
rents, the latter likely corresponding to K currents. In
the trout erythrocytes, in contrast, there is essentially no
effiux of K* (34). The countribution of amino acids (tau-
rine) has been exammed in myocytes (33), cerebellar
granule newvrons, and hippocampal slices (30,31, but the
tine course and the osmolarity threshold of amino acid
release has been shown onlv 1o main cell preparations.
A comparison between taurine and D-aspartate efflux in
neurons and astrocyies shows a higher sepsitivity of this
refease in neurons, as compared o astrocyies (30 and
present results). This may account, at least in part, to the
more efficient regulation observed in newwons in the
GODE model. In fact, blockade of CI7 and amino acid
efffux fully prevents IVR in neurons. In the trout ery-
throcytes, no efflux of taurine occurs dunng GODE (34).
These results, together with those in asirocytes, showing
a more effective cell volurse cootrol at the time when
amino acid efflux occurs, siress the importance of these
compounds in conditions of hyposmolanity changes
closer to the physiological situation. It should be men-
fioned in this respect, that 1o chbronic hyponatrena,
changes in osmolarity are small but persist during sev-
eral hours or even days, and the adaptive mechanisias
of the brain in the long term do not rely on inorganic
ions but on organic osmolytes, inchding importantly tau-
rine and other amino acids (14},
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ABSTRACT

Cells respond to a condition of hypo-osmolality by rapid swelling followed by an adaptive response that
tends to recover the normal cell volume despite the persistence of the hypo-osmotic condition. This is an
active process accomplished by the extrusion of intracellular osmolytes, essentially K*, CI~, and small
organic molecules. This regulatory process operates through a chain of events that essentially consists of
a sensor or sensing mechanism to detect changes in cell volume, a signaling cascade to amplify the sensing
signal and orient it to activate pathways for osmolyte extrusion, and a memory of the original cell volume,
which sets the timing for inactivation of the volume-regulatory process. This article presents a brief
overview of recent progress in these different aspects of the volume-regulatory process, including (1) the
mechanisms and/or candidate molecules serving the role of volume sensors, (2) the osmosignaling network
and the interplay and hierarchy of the different elements in this chain, and (3) the nature and properties of
the osmolyte extrusion pathways. Emphasis is placed on some of the main unsolved questions concerning
different aspects of the volume-regulatory process. Recent findings regarding the effect of hypo-osmolality
on synaptic function are briefly discussed in terms of the possible molecular basis for the neurologic

symptoms induced by hyponatremia. © 2006 Elsevier Inc. All rights reserved.

KEYWORDS: Osmosensitive channels; Osmotransduction; Taurine; Tyrosine kinases; Volume sensor

The maintenance of a constant volume is a homeostatic
imperative in animal cells. Changes in cell water content, by
affecting the concentration of messenger molecules, disturb
the complex signaling network that is crucial for cell func-
tioning and intercellular communication. Although under
physiologic conditions the extracellular fluid has a highly
controlled osmolality, the intracellular volume constancy is
continuously compromised by the generation of local and
transient osmotic microgradients associated with uptake of
nutrients, exocytosis of cellular products, cytoskeletal re-
modeling, and transsynaptic ionic gradients. Cell volume is
also disturbed in a variety of pathologic conditions, notably
hyponatremia, and the cells respond to this challenge by
active mechanisms of volume adjustment.! This ability to
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regulate cell volume is an ancient conserved trait that is
present in essentially all species throughout evolution. Cell
volume changes have particularly dramatic consequences in
the brain. The limits to expansion imposed by the rigid skull
allow narrow margins for the buffering of intracranial vol-
ume changes.' As expansion occurs, compression of small
vessels generates episodes of ischemia, infarct, excitotoxic-
ity, and neuronal death. In extreme conditions, caudal her-
niation of the brain parenchyma through the tentorium and
foramen magnum compresses brainstem nuclei, resulting in
death by respiratory and cardiac arrest.

CELLULAR AND MOLECULAR MECHANISMS OF
CELL VOLUME REGULATION

In general, cells are highly permeable to water, and, in the
absence of significant hydrostatic pressure gradients, the
water flow across the membrane is directed by the osmotic
pressure gradient. Therefore, in a hypo-osmotic condition,
cells initially behave as almost perfect osmometers and
swell in a magnitude proportional to the osmolality reduc-
tion. Immediately thereafter, an active volume correction is
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Three main steps are necessary for cell volume recovery after hypo-osmotic swelling. Illustrated here are the elements involved

in each of the steps required for cell volume adjustment and their suggested interrelations. ERK1/2 = extracellular signal-regulated kinases
1 and 2; FAK = focal adhesion kinase; GPCR = G-protein coupled receptors; PI3K = phosphatidylinositol-3 kinase; PKC = protein kinase
C; PLCy = phospholipase Cy; RAS and Rho = members of the RAS family of small guanosine triphosphatases; Src = sarcoma oncogene;
TKR = tyrosine kinase receptor; TRP = transient receptor potential channel.

Table 1
(Cliswell)

Properties of the Cl™ channels activated by hyposmotic swelling

Moderate outward rectifiers
Inactivating at potentials =+60 mV
Permeable to most monovalent anions

Largely Ca®* independent
Require ATP, but not its hydrolysis

Expressed in most animal cell types

High selectivity for anions over cations

Intermediate unitary conductance (40-78 picosiemens)

Blocked by DIDS, SITS, 9-AC, DPC, NPPB, DDF, niflumic acid, and flufenamic acid

9-AC = 9-anthracene-carboxylic acid; ATP = adenosine triphosphate; DDF = 1,9-dideoxy-
forskolin; DIDS = 4,4'-diisothiocyanatostilbene-2,2’-disulfonic acid; DPC = diphenylamine-2,2’-
dicarboxylic acid; NPPB = 5-nitro-2-(3-phenylpropylamino)benzoic acid; SITS = 4-acetamido-
4'-isothiocyanatostilbene-2,2'-disulfonic acid.

initiated, which is based on the extrusion of intracellular
solutes together with osmotically obligated water, thereby
tending to normalize cell volume. This adaptive mechanism
is known as regulatory volume decrease (RVD) in cell size.
The osmolytes involved in the adaptive process are the main
intracellular ions, K™ and Cl", and a number of organic
molecules, including amino acids, polyalcohols, and
amines. RVD is a complex chain of events that at minimum
requires the following steps: a sensor to detect transient
changes in cell volume, a signaling cascade to transduce the
information about the volume change into the activation of
pathways for osmolyte extrusion, and a “memory” of the
original cell volume that sets the timing for inactivation of
the regulatory process (Figure 1).

Osmosensitive Cl™ and K* Channels

The volume-activated fluxes of K and CI™ occur in most cell
types but often through separate channels. Swelling-activated
CI” channels (Cl'y,,;) have been characterized in numerous
cell types and show similar electrophysiologic and biophysical
features in most of them. Cl,,; typically are outward recti-
fiers, with an intermediate unitary conductance of 40 to 78
picosiemens, inactivating at potentials of =+60 mV (Table
1). They have a high selectivity for anions over cations but
broad anion selectivity, being permeable to most monovalent
anions, including large anions such as gluconate and methane-
sulfonate. Activation of Cl ., requires adenosine triphos-
phate, but not its hydrolysis. The channel is sensitive to the
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following general CI™ channel blockers, which exhibit different
potencies according to the cell type: 4,4'-diisothiocyanatostil-
bene-2,2’-disulfonic acid; 4-acetamido-4'-isothiocyanatostilbene-
2,2"-disulfonic acid; 9-anthracene-carboxylic acid; diphenyl-
amine 2-carboxylate, 5-nitro-2-(3-phenylpropylamino) benzoate,
1,9-dideoxyforskolin; niflumic acid; and flufenamic acid. Ar-
achidonic acid and other polyunsaturated fatty acids are also
potent CI™_,.;, blockers.” Despite the numerous CI~ channels
recently cloned, some of which are osmolality sensitive, none
exhibits the profile of Cl™,;. Therefore, the molecular iden-
tity of Cl . 1s as yet unknown. Some molecules with CI”
permeability properties, such as I, and the P-glycoprotein,
have been suggested to play a role in osmosensitive Cl™ trans-
port, either as a primary Cl™ pathway (a possibility that recently
came into question) or as regulating elements of the functional
CI” channels.?
Some of the unsolved questions about Cl . include:

What is the molecular identity of Cl™,.;?

o Is CI',,, the same in terms of molecular identity in all
cell types?

e What are the similar or dissimilar effects of elements of
the signaling cascades, including tyrosine kinases, on
Cl e activity in different cell types?

e What factors or situations determine the operation of

different types of osmosensitive CI” channels and other

anion-permeating molecules in the same cell?

In contrast to the similarities in the properties of Cl .,
in different types of cells, suggestive of the involvement of
essentially 1 type of CI” channel in RVD, a variety of
different K* channels appear to participate in cell volume
regulation (Table 2).* These channels may have other func-
tions in the cell but are activated in response to signals
evoked by swelling. Depolarization and increases in the
concentration of cytosolic Ca®", or [Ca“]i, are among
these signals. Swelling evokes depolarization in neurons,
astrocytes, and other cell types, likely owing to the rapid
activation of Cl ™, and the subsequent CI™ efflux. Depo-
larization then activates voltage-gated K™ channels (Kv),
which participate in volume regulation. Implication of Kv
channels in volume regulation has been documented in
lymphocytes and in hippocampal pyramidal neurons, al-
though not all the Kv subtypes are responsive.* The increase
in [Ca®"]; is a most consistent response to hyposmolality.*
In epithelial cells, but not in all cells, this [Ca”]i elevation
activates Ca®*-dependent K* channels, which then play a
prominent role in RVD. The pharmacologic profile of these
channels shows sensitivity to tetracthylammonium, Ba?t,
and charybdotoxin, and their large conductance implicates
the calcium-activated potassium channels in the volume-
sensitive K™ efflux. K™ channels that are directly gated by
hypo-osmolality or swelling (K" ;) have been recently
described.” They are insensitive to typical K* channel
blockers, such as tetraethylammonium and 4-aminopyri-
dine, but are inhibited by clofilium. Mechanogated channels
are stretch-activated K* channels, insensitive to typical

blockers, but inhibited by gadolinium and quinidine. The
K" .wen and the mechanogated K" channels are possibly
members of the 2-pore potassium channel family. Among
them, only TREK-1 is outwardly rectifying, and therefore is
the only subtype allowing K™ efflux. It is still unclear
whether these various types of K™ channels operate in the
same cell but activate at different osmolality thresholds.
However, support for this possibility has been described in
a glial cell line, in which a Ca®"-dependent, charybdotoxin-
sensitive K* channel was activated after small decreases
(12%) in osmolality, while after larger decreases (>15%), a
Ca”—independent, clofilium-sensitive K channel was ac-
tivated.®

K™ fluxes during RVD may be carried by the electro-
neutral K*/CI™ cotransporter, but the contribution of this
transporter to volume regulation is notably lower than that
of the conductive pathways. Instead, its main role may be
related to regulation of intracellular CI".

The following are some unanswered questions about the
K™ efflux pathways involved in RVD:

e What is the distribution of the K*,.,? Is it present
in most cell types, or do some cells have an efficient
adaptation to volume changes in the absence of these
channels?

e What is the molecular identity of the K™ .;,?

e What is the influence of the type of K" channel predom-
inantly involved in the cell response to swelling in con-
ferring Ca®"-dependence or independence to the whole
volume regulation process?

e What is the relative contribution of conductive or elec-
troneutral pathways to RVD in different cell types or
swelling conditions?

VOLUME-SENSITIVE PATHWAYS FOR ORGANIC
OSMOLYTES

The organic osmolyte pool involved in volume regulation is
formed by a heterogeneous group of small molecules, in-
cluding amino acids (taurine, glutamate, glycine, alanine),
polyalcohols (myoinositol, sorbitol), and other compounds
such as creatine, phosphocreatine, phosphoethanolamine,
glycerophosphorylcholine, and N-acetyl-aspartate. Because
the swelling-activated efflux of organic osmolytes occurs
through release pathways with at least some common prop-
erties for the various organic osmolytes,’ it has been sug-
gested that there may be a shared volume-sensitive pathway
for all of these molecules. Remarkably, the organic os-
molyte efflux has a pharmacologic profile similar to that of
the Cl .y, @ finding leading to the proposal of an anion
channel-like molecule as the common route for extrusion of
both CI” and organic osmolytes. Although the notion of a
common pathway has been challenged by recent experimen-
tal evidence,®® this does not explain the consistently re-
ported inhibitory effect of CI™ channel blockers on the
osmolyte efflux pathway, which reflects an influence of CI™
fluxes and/or intracellular CI™ levels on organic osmolyte
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Table 2

K™ channels activated by hyposmotic swelling

® Kv channels

—Activated by depolarization subsequent to hyposmotic-evoked Cl™ efflux

—Are outward rectifiers

—Blocked by TEA, noxiustoxin, argiotoxin, and dendrotoxins
—Activated by hypo-osmolarity in lymphocytes and in hippocampal pyramidal

neurons
® KB channels

—Activated by the hypo-osmolarity-induced cytosolic Ca®* elevation
—Large unitary conductance (100-200 picosiemens)

—Blocked by TEA, charybdotoxin, iberiotoxin, and paxilline
—Linked to volume recovery in most epithelial cell types

® K*_ .. channels
—Directly gated by swelling
—Intermediate unitary conductance
—Independent of Ca®" and voltage

—Insensitive to classic K™ channel blockers

—Blocked by clofilium

—Described in Hela and Ehrlich ascitic cells

® Stretch-activated K* channels
—Mechanogated channels

—Insensitive to the classic K™ channel blockers

—Blocked by quinidine and gadolinium

—May belong to the K,, channels

—TREK-1 is the only outward rectifier of K,, channels

K*.weu = swelling-activated K* channels; K,, = 2-pore domain K channels; KBI = Ca?"

activated, large-conductance K* channels; Kv

tetraethylammonium.

permeation. The importance of organic osmolytes in mam-
malian cells is evident from the work of Verbalis and
colleagues® on brain adaptation to chronic hyponatremia.
This study and others show a marked efflux of K* and CI”
elicited by the change in osmolality, representing an acute
RVD, followed by a sustained adaptation via progressive
decreases in the brain content of the organic osmolytes,”'°
to almost complete depletion as in the case of taurine.

Taurine may have a prominent role as an osmolyte in
conditions such as chronic hyponatremia, in which the os-
molality changes are small and gradual. Experiments repro-
ducing this condition in animals have shown highly efficient
counteraction of swelling in cells that respond to the hypos-
motic challenge by an early and robust efflux of taurine.’
Glycine, y-aminobutyric acid, glutamate, and aspartate also
contribute to counteracting the swelling induced in chronic
hyponatremia. However, in organs like the brain, this may
result in a risk for enhanced excitability due to the promi-
nent role of these amino acids as synaptic transmitters.

Unresolved questions about the contribution and mech-
anisms of organic osmolytes involved in regulatory volume
decrease include:

e What is the molecular characterization and identity of the
organic anion efflux pathway?

e How are CI™ and anion fluxes linked?

e What are the relative contributions of the various os-
molytes to RVD in different cell types?

= voltage-gated K* channels; TEA =

VOLUME SENSING AND OSMOTRANSDUCTION

Volume Sensing

How cells sense volume changes is an initial and critical
step in the chain of reactions activated for volume cor-
rection, and yet this important question thus far remains
unanswered. It is still unclear whether the sensing mech-
anism predominantly involves just 1 type of molecule, or
whether a variety of molecules interact to ultimately
detect the change in cell volume. Candidates proposed to
play this role include transmembrane molecules such as
integrins, receptors of growth factors with intrinsic ty-
rosine kinase activity, and the transient receptor potential
channels (TRPC), all of which activate in response to
hypo-osmolality and are well positioned to transmit
changes in the external environment or within the mem-
brane. On the intracellular side, the dilution of cytosolic
macromolecules or a decrease in intracellular ionic
strength, both of which are consequent to water entry,
have been proposed as signals for detecting a change in
cell volume. Cytoskeleton rearrangements or changes in
the concentration of signaling molecules such as Ca?" or
Mg?" have also been implicated in volume-sensing
mechanisms. The mechanisms underlying volume sens-
ing are also relevant to the mechanisms of inactivation of
osmolyte fluxes when cell volume moves back toward
normal levels. This is still an essentially unexplored
aspect of RVD.
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Tyrosine kinase receptors (TKRs) have received consid-
erable attention as possible candidates participating in vol-
ume-sensing mechanisms. TKRs have a molecular architec-
ture consisting of an extracellular domain, a transmembrane
element, and an intracellular domain with intrinsic sites for
protein tyrosine kinase and phosphorylation.'! Thus, they
are well structured to serve as a link between the external
environment, including changes in the fluids surrounding
cells or at the extracellular matrix proteins, and the intra-
cellular compartment. Moreover, intracellularly, TKRs are
convergence sites of a variety of downstream signaling
pathways, ultimately regulating the expression and activity
of numerous cell functions.'' Upon interaction with ligands,
or by other stimuli, TKRs activate by dimerization and
subsequent autophosphorylation by the intrinsic tyrosine
kinase sites in the dimerized receptors. Tyrosine phospho-
rylation of TKRs is triggered by their specific ligands, the
growth factors, but ligand-independent activation also oc-
curs in response to various stimuli including radiation, ox-
idative stress, or membrane stretch.'? Changes in external
osmolality are also sensed by TKRs. Recent reports'*'*
show a robust activation of several types of TKR by hypo-
osmolality, which may be the initial step for the operation of
numerous cytosolic tyrosine kinases and tyrosine kinase
targets that are activated by hypo-osmolality (see below)
and have a close connection and interplay with TKR recep-
tors (Figure 1 and Figure 2)."> A connection of TKRs with
integrins is also feasible, as integrins are known to cooper-
ate with an extensive repertoire of TKRs. Other adhesion
molecules such as focal adhesion kinase (FAK) are linked to
TKR phosphorylation. Signaling pathways also converge at
TKRs, including the mitogen-activated protein (MAP) ki-
nase pathway and the antiapoptotic pathway formed by
phosphatidylinositol-3 kinase (PI3K) and Akt (Figure 2).
Although a conclusive role for these receptors in volume-
sensor mechanisms remains to be established, their role as
early signals in the osmotransduction process seems now to
be well recognized.

Other candidates for volume sensing are the transient
receptor potential channels (TRPCs). Transient receptor po-
tential vanilloid—4 (TRPV4), a member of this family of
TRPCs, is a cation channel activated by hypo-osmolality
and by membrane stretch. Hypotonic stress results in rapid
tyrosine phosphorylation of TRPV4, possibly mediated by
Src kinases, and a robust increase in [Ca®*],.'®!” This effect
is dependent on tyrosine kinase phosphorylation at the chan-
nel molecule, and a critical phosphorylation site mapped
through mutagenesis studies has been identified at Tyr-253.
Point mutation of this site abolishes the hypo-osmolality-
dependent [Ca”]i increase.!” Therefore, this channel is
likely involved in the mechanism of volume regulation
when this process is Ca®>* dependent. However, in spite of
the almost universal elevation of Ca>" in response to hypo-
osmolality, volume regulation in some cells is Ca®" inde-
pendent.4 In these cells, it is unclear whether TRPV4 or
another member of the TRPC family represents a crucial

element in osmotransduction. Clarifying this question will
require further identification of TRPV4 links with other
elements of the hypo-osmolality-activated signaling chain.
The high expression of TRPV4 in the kidney and its uneven
distribution in this organ suggest its role in systemic osmo-
regulation,'® which is currently under intensive investiga-
tion.

Integrins are another group of molecules with the poten-
tial to participate in osmosensing.'® They establish cell
adhesion in the extracellular matrix and connect at the
cytoplasmic site with molecules of the osmotic signaling
network such as p38 and Src kinases, as well as with
elements implicated in dynamic changes in the cytoskele-
ton.

Many questions remain about the sensing mechanism of
volume changes, including:

e Is volume sensing accomplished by only 1 type of mol-
ecule, or is it a complex mechanism involving several
different signaling molecules?

e s the volume-sensing mechanism the same in all cell
types, or do different mechanisms operate in different
cells?

e Is the volume-sensing domain located in the cell mem-
brane, the extracellular matrix, or the intracellular com-
partment?

e In the case of hypo-osmotically-induced volume change,
is the sensor detecting a change in cell volume or in
internal osmolality?

Osmotransduction Signaling

The osmotransduction signaling pathways have well-recog-
nized elements such as an increase in [Ca“]i and the
activation of protein tyrosine kinases. Elevation of [Ca®"];
is among the most consistent cell responses to hyposmotic
swelling, and Ca®" is therefore considered a good candidate
to participate in osmotransduction. However, in a large
variety of cell types, the volume-sensitive ClI” and K™ chan-
nels and the organic osmolyte efflux pathways are Ca’*
independent, and consequently RVD is Ca”>* independent
as well; in others, such as in most epithelial cells, RVD and
K* efflux are Ca®* dependent.* As previously mentioned,
in these cells, the magnitude of the hypo-osmolality-evoked
[Ca®*]; elevation is sufficient to activate the Ca>*-depen-
dent large conductance K™ channels, which predominantly
contribute to RVD.*

As for tyrosine kinases, it is known that a number of
these enzymes are activated by hypo-osmolality.'*>~!> The
MAP kinases, extracellular signal-regulated kinases 1 and 2
(ERK1/2) and p38, FAK, members of the Src family, and
tyrosine-phosphorylated growth factor receptors all activate
in response to hypo-osmolality (Figure 2), but an integrated
scheme of the hierarchy, interplay, and influence of these
enzymes in the different processes associated with RVD is
still incomplete. Cell swelling and RVD are complex pro-
cesses in which a variety of cell responses occur in addition
to those directly involved in volume adjustment. Among
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Figure 2 (A) Hypo-osmolality activates numerous protein tyrosine kinases. Swiss 3T3 fibroblasts, serum starved for 24 hours, were
treated for 3 minutes at the indicated conditions. The hyposmotic epidermal growth factor receptor (EGFR) activation was analyzed by
immunofluorescence (EGFR is a member of TKR). After exposure to isosmotic or hyposmotic conditions, cells were fixed and incubated
with phosphorylated EGFR antibody, then incubated with a secondary fluorescent antibody, and visualized by confocal microscopy (left
panels). To evaluate the phosphorylation levels of extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38, focal adhesion kinase
(FAK), Src, and phosphatidylinositol-3 kinase (PI3K) cell lysates were obtained after the hyposmotic stimulus, immunoprecipitated (IP)
overnight with the indicated antibody, and analyzed by Western blotting (IB) with the appropriate phosphorylated antibody. Arrows indicate
the suggested role of the tyrosine kinases in cell responses evoked by hypo-osmolality. (B) Tyrosine kinase activity regulates the osmolyte
fluxes during volume adjustment. Cell volume recovery after hyposmolarity-induced swelling is accomplished by the extrusion of
intracellular osmolytes. K* and CI” and organic molecules, particularly amino acids, are the main osmolytes involved in volume regulation.
Tlustrated is the influence of tyrosine phosphorylation on the efflux of CI", K™, and taurine. Taurine is one of the most abundant amino acids
and its particular features make it an ideal osmolyte; it is often considered representative of the organic osmolytes. The graphs represent
the effect of hyposmolarity increasing the CI~ (traced by '*°I), K* ( traced by ®°Rb), and *H-taurine efflux as well as the effect of agents
affecting the protein tyrosine phosphorylation in cells. Tyrphostin A23 is a tyrosine kinase blocker and reduces osmolyte efflux, whereas
O-vanadate is a tyrosine phosphatase blocker that increases tyrosine phosphorylation in cells and potentiates the osmolyte fluxes. Cells
preloaded with '°I, ®°Rb (Intestine-407 cell line), or *H-taurine (cerebellar granule neurons) were washed and superfused with isosmotic
medium for 4 minutes and then with 20% hyposmotic medium (arrows) for 8 minutes. Points represent the radioactivity released per minute,
expressed as a percentage of the total loaded. Open squares = hyposmolarity-evoked release; solid squares = release in the presence of
the tyrosine phosphatase blocker O-vanadate; circles = the effect of the tyrosine kinase blocker tyrphostin A-23187 (depicted in the
*H-taurine graph). Cells were preincubated for 30 minutes with the blockers, which were then present in all solutions throughout the
experiment. Hypos = hyposmotic medium (30%) made by equiosmolar reduction of NaCl; Isos = isosmotic medium, 300 mOsm (135
mmol/L NaCl); p = phosphorylated; tyr = tyrosine. (Adapted from Pflugers Arch Eur J Physiol'> and J Biol Chem.'®)

them are those related to cell adhesion to the extracellular posmotic activation of some of these tyrosine kinases can be
matrix, reorganization of the cytoskeleton to cope with the linked to these phenomena, and not directly to cell volume
changes in cell volume, temporal deformation and remod- regulation. Thus, FAK seems related to adhesion reaction,
eling of the membrane elements, and reactions related to whereas p38, a stress-sensitive kinase, may act as a stress
detect a stressful situation and to alert the cells to respond in sensor. ERK1/2 could be in charge of activating responses

consequence. In agreement with these multiple effects, hy- for cell survival. The surface TKR may, besides being
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Figure 3  Hyposmolality elicits the efflux of glutamate and norepinephrine from isolated nerve endings. Nerve endings (synaptosomes)

prepared from rat cerebral cortex were incubated with (A) *H-glutamate or (B) *H-norepinephrine (*H-NE), washed, and superfused at a flow
rate of 1 mL/min with isosmotic medium (changed to a 20% hyposmotic solution where indicated by the arrow). (C and D) Effects of La*™,
ethyleneglycol-bis(3-aminoethyl)-N,N,N’,N’-tetraacetoxymethyl ester (EGTA-AM), and tetanus toxin on hyposmolality-stimulated neuro-
transmitter release are shown. Synaptosomes were treated for 15 minutes before superfusion with 100 wmol/L La** (La*"), 50 wmol/L
EGTA-AM in a Ca®" free medium (- Ca®"), or 50 nmol/L tetanus toxin plus 0.1% bovine serum albumin (TeTX). Bars represent the
percent radioactivity released in 5 fractions after the stimulus minus the basal release in the same time. Data are means of 3 to 9 experiments.
*P <0.001; TP <0.01; and *P <0.02. (Adapted from Eur J Neurosci.*'*?)

possibly involved in the volume-sensing mechanisms, acti-
vate antiapoptotic pathways via PI3K, which is also respon-
sive to hypo-osmolality (Figure 2). A signaling pathway
directly involved in osmolyte-corrective fluxes is that
formed by TKR, epidermal growth factor receptor (EGFR),
and PI3K.">'*

The cytosolic tyrosine kinase Src could also be a con-
vergent point of osmotransduction signaling pathways.'’
The Src family is composed of 9 tyrosine kinases, some of
which (cSrc, FYN, and YES) are ubiquitously expressed.
Src kinases are connected with most of the tyrosine kinases
activated by hypo-osmolality. Activated Src phosphorylates
the EGFR and is reciprocally phosphorylated by this recep-
tor. Src is connected with FAK, p38, and the MAP kinase
pathway. Besides this intense interplay with membrane and
cytosolic tyrosine kinases, Src appears to influence some of
the most important pathways for osmolyte fluxes. K™ chan-
nels of the various types involved in RVD are modulated by
Src. Operation of the volume-sensitive C1” channel is also
under the influence of Src, as has been clearly shown in
lymphocytes, and the pathway for organic amino acid fluxes
seems to be similarly regulated by Src. Although further
investigation is necessary to clarify these ubiquitous influ-
ences of Src, the evidence so far suggests a key role of these

kinases as an element of confluence of osmotransduction
signaling and effector operation.'®

ROLE OF PHOSPHOLIPASES, ARACHIDONIC
ACID, AND REACTIVE OXYGEN SPECIES IN

OSMOTRANSDUCTION

Activation of phospholipases (PLAs), particularly PLA, and
PLD, and the subsequent mobilization of arachidonic acid and
lysophosphatidylcholine (LPC) are events that occur in asso-
ciation with hyposmotic swelling. The contribution of these 2
types of phospholipases, or of the different members or iso-
forms of the PLA, family, to the cell response to hypo-osmo-
lality is still under investigation, but there is now information
about the influence of the reaction products of these enzymes
on osmotransduction signaling.® Arachidonic acid helps regu-
late the activity of K and CI” channels as well as the operation
of the organic osmolyte efflux pathway. In addition, both
arachidonic acid and LPC are known to generate reactive
oxygen species (e.g., oxygen radicals, hydrogen peroxides and
superoxides, hydroxyl radicals), which may in turn act as
signaling elements in osmotransduction by modifying the re-
dox state of proteins involved in the signaling cascade.® This
notion is based on results showing, first, that hyposmotic swell-
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ing generates reactive oxygen species, and second, that pre-
venting this reaction attenuates the phosphorylation of osmot-
ically activated tyrosine kinases.® A proposed interpretation of
these effects is that the free radicals may impair the function of
tyrosine phosphatases, thus increasing the phosphorylation
state of proteins phosphorylated by tyrosine kinases involved
in osmotransduction.

HYPO-OSMOLALITY AND NEURONAL
EXCITABILITY

Severe, acute hyponatremia is associated with a complex neu-
rologic syndrome that includes altered level of consciousness,
coma, and increased susceptibility to seizures, suggesting an
effect of the hyposmotic condition on brain excitability. Stud-
ies in hippocampal slices in vitro show an increase in ampli-
tude and duration of the excitatory postsynaptic potentials
under hypo-osmolar conditions, supporting this possibility.*
This effect could be caused by an increase in glutamate efflux
during the hypo-osmolar condition, as has been recently re-
ported in isolated nerve endings.>' In this study, hypo-osmo-
lality was found to elicit a chain of events beginning with
Na " -dependent depolarization, followed by a rise in intracel-
lular [Ca**],, and increased exocytosis. These phenomena may
be responsible for the release of glutamate, which, as shown in
Figure 3% is indeed released by hypo-osmolality. A large
proportion of this response is dependent on both depolarization
and Ca®>" and can be blocked by tetanus toxin, suggesting
exocytosis as the efflux mechanism.>' These results indicate
that hypo-osmolality activates a number of processes in nerve
endings, many of which mimic those of depolarization-secre-
tion exocytosis. The findings further raise the question of
whether other neurotransmitters, not involved as osmolytes,
might also be responsive to hypo-osmolality. In support of this
possibility, studies using the same isolated nerve ending prep-
aration have shown a significant increase in the release of
norepinephrine, an important synaptic transmitter in the cere-
bral cortex.”” The properties of this release fit well with a
typical depolarization-secretion vesicular process, which is
characteristic of neurotransmitter efflux. These results open the
intriguing possibility of modulation of synaptic transmission
by conditions causing swelling in nerve terminals under both
pathologic and possibly physiologic conditions.
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Volume Changes in Neurons:
Hyperexcitability and Neuronal Death
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Abstract

Hyponatremia propitiates and increases susceptibility to seizure episodes. In vitro,
hyposmolarity induces hyperexcitability and epileptiform activity and increases the ampli-
tude of excitatory postsynaptic potentials. Synaptic (increased glutamate vesicular release)
and non-synaptic (swelling-induced extracellular space shrinkage and ephaptic interactions)
might be responsible for the hyposmolarity effects on brain excitability. Neuronal volume
constancy in hyponatremia is preserved by the isovolumetric regulation, relying importantly
on organic osmolytes. Changes in cell volume are closely linked to neuronal death: swelling
characterizes necrotic death as in acute ischemic episodes or brain trauma, whereas volume
decrease is typical of apoptotic death. Swelling in necrotic death results from the intracellu-
lar Na* increase followed by Cl~ and water influx. Na™ accumulation is due initially to the
Na*/K* ATPase dysfunction and subsequently from the Na™ influx through the overactivated
ionotropic glutamate receptors. A second wave of swelling generates by excitotoxic derived
formation of reactive oxygen species, membrane lipoperoxidation and further ion overload.
Excessive swelling contributes to membrane rupture and release of cell debris, propagating
the damage to adjacent cells. Apoptotic death is characterized by cell volume decrease
termed apoptotic volume decrease, which in neurons seems to occur by mechanisms remark-
ably similar to those operating in the hyposmotic swelling activated volume regulatory vol-
ume decrease, i.e. channel-mediated efflux of K™ and Cl~. A variety of K* channels,
depending on the cell type and the volume-regulated anion channel are the channels involved
in apoptotic volume decrease. K* has a protagonic role as an early element in neuronal apo-
ptosis: an outwardly rectifying K* current IKpy is enhanced by apoptosis, prior to the cas-
pase activation, increased extracellular K* and IKpg blockers attenuate apoptosis and
intracellular K* loss through ionophores induces apoptosis. Volume-regulated anion channel
participates as well in the C1~ eftlux although its role and hierarchy in the apoptotic program
are not well defined. Efflux of organic osmolytes, such as taurine participate as well in apop-
totic volume decrease.

Copyright © 2006 S. Karger AG, Basel
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Swelling in hyposmotic or isosmotic conditions is closely linked to ion
movements. Regulatory volume decrease (RVD) activated by hyposmotic
swelling relies on the outflow of K*, CI~ and small organic osmolytes. Swelling
in isosmotic conditions occurs by ion redistribution, modifying the ionic home-
ostasis in the cell. All these changes are of crucial importance in brain, because
the extracellular/intracellular ionic equilibrium determines the resting potential
and the discharge pattern of neurons, as excitatory and inhibitory synaptic events
are driven by ionic gradients. Besides, some of the organic osmolytes released in
connection with volume recovery play in the brain a prominent role as synaptic
transmitters. Moreover, changes in cell volume, swelling or shrinkage, may be
critical signals in directing the cell death type to necrosis or apoptosis.

Brain Cells Volume and Hyperexcitability

The influence of changes in cell volume on brain excitability was sug-
gested by the seizure occurrence during acute hyponatremia, and the increased
susceptibility to seizures in chronic hyponatremia or psychotic polydipsia. That
the hyperexcitable condition was due to cell swelling and not to changes in the
Na* concentration in plasma, was demonstrated by seizure attenuation by infu-
sion of hypertonic solutions or by water restriction. At the cellular level, also
hyposmolarity induces hyperexcitability and increases evoked epileptiform
activity as shown in CA3 neurons of hippocampal slices and in neocortical
pyramidal neurons [Rosen and Andrew, 1990; Saly and Andrew, 1993].
Hyposmolarity also affects excitatory synaptic transmission, increasing the
amplitude of excitatory postsynaptic potentials. These effects may result from
events connected with cell swelling and volume recovery, occurring in both
neurons and astrocytes. Cell swelling may increase brain excitability by one or
both of these factors: (i) swelling-induced release of excitatory neurotransmit-
ters, notably glutamate, (ii) reduction in the size of the extracellular space, pro-
pitiating ephaptic interactions and restraining the diffusion of neurotransmitters
and depolarizing agents [Schwartzkroin et al., 1998].

The first possibility, i.e. a swelling-evoked release of excitatory neurotrans-
mitters is documented in a variety of brain preparations [de la Paz et al., 2002;
Franco et al., 2001; Kimelberg et al., 1990; Saransaari and Oja, 1999].
Interestingly, the glutamate efflux in hippocampal slices has features which devi-
ates from the release of typical organic osmolytes represented by taurine. The
efflux of taurine inactivates slowly, is sensitive to the C1~ channel blockers,
NPPB and niflumic acid; and is markedly reduced by tyrosine kinase blockers.
Glutamate efflux, in contrast, is rapidly inactivated, is insensitive to all the agents
which affected taurine, being only decreased by DIDS [Franco et al., 2001].
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Hyposmotic efflux of taurine and glutamate is also observed in rat cortical
isolated nerve endings (synaptosomes) [Tuz et al., 2004] (fig. 1a, b). In the case
of glutamate, the release results from a chain of events triggered by hyposmo-
larity and ultimately leading to an increase in synaptic vesicle discharge. The
initial event is a Na*-dependent depolarization, sensitive to La’*, Gd3* and
ruthenium red, mediated possibly by TRP channels. A subtype of this family of
channels, the TRPV4 is almost exclusively present in the nervous tissue, it is
osmotically- and mechano-sensitive and is blocked by Gd**, La*" and ruthe-
nium red [Gunthorpe et al., 2002]. Depolarization is followed by a Na*-depen-
dent, La’" sensitive, PKC-modulated [Ca?"]; rise, originated mostly from
internal stores. The mitochondrial Ca?* pool released by activation of the mito-
chondrial Na*/Ca?* exchanger, as result of the increase in cytosolic Na* has an
important contribution. [Ca?*]; rise evoked by hyposmolarity has been reported
in cerebellar granule neurons and in hippocampal pyramidal neurons, with
contributions of extracellular Ca>* as well as of Ca’" released from internal
sources [Borgdorff et al., 2000; Pasantes-Morales and Morales-Mulia, 2000].
Depolarization and [Ca®*]; rise evoked by hyposmolarity leads to enhanced
exocytosis in the nerve endings, which is Ca’?*-dependent and prevented by
tetanus toxin (TeTX) (fig. 1). This vesicular release is the mechanism responsi-
ble for a fraction of the glutamate release from nerve endings, which accord-
ingly, is La**- and Ca’*-dependent, PKC-modulated and blocked by TeTX.
Another fraction of this release occurs via the reversal operation of the carrier
and is consequently suppressed by the transporter blockers [Tuz et al., 2004].
Hyposmolarity also increases the efflux of taurine and at a lesser extent, that of
GABA (fig. 1b). Noteworthy, the hyposmotic release of taurine does not occur
via the Ca?"-dependent vesicular release but it has the features of the volume-
activated diffusion pathway, characteristic of the organic osmolyte outflow
found in most cell types, i.e. reduced by C1~ channel blockers and modulated by
tyrosine kinase phosphorylation [Tuz et al., 2004]. The hyposmolarity-induced
vesicular synaptic release of glutamate from nerve endings may explain in part,
the increased in amplitude of spontaneous or evoked excitatory postsynaptic
potentials found in CA3 cells in the hippocampus and in neocortical pyramidal
neurons. Since hyposmolarity has no effect on the neuronal intrinsic properties
such as resting membrane potential, cell input resistance, action potential
threshold and duration, its effect on the excitatory postsynaptic potentials must
reflect a synaptic phenomenon [Baraban and Schwartzkroin, 1998; Rosen and
Andrew, 1990; Saly and Andrew, 1993].

The effects evoked by hyposmolarity resulting ultimately in enhanced exo-
cytosis predict a more general effect of this condition on neurotransmitter
release, even when the transmitter is unrelated to an osmolyte function. This
was confirmed by data showing an increase in hyposmotic norepinephrine
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Fig. 1. Hyposmolarity and neurotransmitter release. a Events sequence of the hypos-
molarity-induced release of neurotransmitters from isolated nerve endings (synaptosomes).
The initial event is a Na*-dependent, La’>*/Gd*" sensitive depolarization, followed by
[Ca?*]; increase from external and internal sources and activation of a PKC-dependent exo-
cytotic release of neurotransmitters. b Time course of neurotransmitter release evoked by
hyposmolarity from isolated nerve endings. Synaptosomes were prepared and loaded with
SH-glutamate (@), SH-GABA (M), *H-norepinephrine (A) or *H-taurine (V), washed and
superfused (1 ml/min) during 3 min with isosmotic medium to obtain a constant basal efflux.
At the arrow, the medium was replaced by 20% hyposmotic medium, and superfusion con-
tinued for 7min. Results (radioactivity released per min) are expressed as percentage of the
total radioactivity incorporated. SE is represented as vertical bars when they exceed the size
of symbols. ¢ Effect of EGTA-AM and TeTX on hyposmotic neurotransmitter release from
synaptosomes obtained and treated as in (b). Bars represent the radioactivity released (%) at
the peak release fractions (5-9). Empty bars represent net release (hyposmotic — isosmotic
release) as 100%. Dashed bars correspond to percentage decrease by EGTA-AM or TeTX.
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release from isolated nerve endings, which is fully dependent on depolarization,
[Ca?*]; rise and exocytosis [Tuz and Pasantes-Morales, 2005] (fig. 1¢). In com-
parison with the norepinephrine release evoked by depolarizing concentration
of K*, the hyposmotic norepinephrine is more dependent on intracellular than
on extracellular sources for [Ca®*]; rise and is insensitive to blockers of the
voltage-dependent L-type Ca* channels (fig. 1). Altogether these results con-
firm that despite the differences in the mechanism to induce depolarization and
the source of the [Ca?"]; increase, the synaptic events elicited by hyposmolarity
result at the end on a TeTX-sensitive mechanism not different from the vesicu-
lar exocytosis characteristic of the classical excitation—secretion coupling
release of neurotransmitters. This opens the intriguing possibility of a modula-
tory effect of changes in cell volume in synaptic transmission.

Swelling may affect neuronal excitability also by non-synaptic mecha-
nisms. Swelling of neurons, but particularly of astrocytes, leads to narrowing of
the extracellular space. Astrocyte swelling occurs either in hyponatremia or dur-
ing clearance of the high extracellular K* resulting from intense neuronal activ-
ity. As cells expand, there is a reduction in the size of the extracellular space,
enhancing ephaptic interactions. This is likely in the origin of the non-synaptic
mechanisms of the hypersynchronous behavior of cortical neurons typical of
seizures and of the synchronization of epileptiform activity. The influence of
cell swelling and the mirrored extracellular space decrease may be of particular
importance in brain regions such as the hippocampus where the tight packing of
the cell somata restricts the size of the extracellular space. In line with this
notion, hyperosmotic solutions block the high K* induced epileptiform activity
[Dudek et al., 1998] and furosemide suppresses the neuronal synchronized
activity generated by episodes of electrically evoked afterdischarges, which had
induced astrocyte swelling and extracellular space shrinkage, both of which
were prevented by the blocker [Hochman et al., 1995].

Neuronal Protection in Hyponatremia

Exposure of cultured neurons, astrocytes or brain slices, to hyposmotic
solutions has been a current experimental device to simulate hyponatremia in
vivo. The typical response characterized by rapid swelling followed by return
towards the original volume, i.e. the RVD, observed when cells are exposed to

Synaptosomes were 15 min preincubated with 50 um EGTA-AM in Ca?* free medium con-
taining 0.1 mm EGTA + 10mm MgCl,. or during 90 min in isosmotic medium in the pres-
ence of 50 nM TeTX. Other experimental details in Tuz et al. [2004, 2005]. Glu = Glutamate,
NE = norepinephrine, tau = taurine.

Volume Changes in Hyperexcitability and Neuronal Death 225

o



CNP152221.gxd 3/07/06 6:33 PM Page 226 $

sudden and large osmolarity reductions, has been useful to magnify the process
and facilitate the identification of signals and mechanisms responsible for this
adaptive cell response. However, changes of this magnitude probably never
occur in brain under physiological conditions nor even in pathological situa-
tions. When the external osmolarity is gradually reduced (—2.2 mOsm/l) the
typical steps of RVD are not observed, but depending on the cell type, there is
some volume increase of degree varying in different cells. This is what was
named isovolumetric regulation by Lohr and Grantham [1986] who first
showed this phenomenon in renal proximal tubule cells. Exposed to gradual
changes in osmolarity, renal cells were able to maintain a constant volume
within a broad range of osmolarities. The term ‘isovolumetric regulation’
reflects the active nature of this process, as the unchanged volume is not due to
the absence of swelling, but to a continuous volume adjustment accomplished
by the extrusion of intracellular osmolytes. This paradigm has been applied to
other cell types and marked differences have been found with respect to the
efficiency of the process. Interestingly, these differences appear to be related to
the contribution of amino acids.

Cerebellar granule neurons, as renal cells, respond to the gradual decrease
in external osmolarity by a constancy in cell volume even if osmolarity reduc-
tions reached up to 50% [Tuz et al., 2001] (fig. 2a). Glioma C6 cells and cul-
tured astrocytes exhibit some swelling, but significantly lower that if an osmotic
stimulus of the same magnitude is suddenly imposed [Ordaz et al., 2004a;
2004b] (fig. 2a). Finally, trout erythrocytes respond with similar swelling to
gradual or sudden exposure to hyposmotic solutions [Godart et al., 1999].

The osmolytes involved in volume corrective mechanisms during isovolu-
metric regulation are the same as in RVD, i.e. K*, C1~ and organic molecules.
The activation threshold of the osmolyte fluxes appears related to the efficiency
of the different cell types to counteract the changes in external osmolarity.
A correlation is observed between the efflux threshold of taurine and glutamate
and the extent of swelling during gradual osmolarity changes. In cerebellar
granule neurons, which show the typical isovolumetric regulation, the efflux of
taurine and glutamate activates very early after the hyposmolarity reduction, as
early as 2% for taurine [Tuz et al., 2001]. In astrocytes and C6 cells the efflux is
delayed up to 15 and 39% for taurine and glutamate, respectively [Ordaz et al.,
2004a; 2004b], and in trout erythrocytes which do not exhibit isovolumetric
regulation, the efflux of taurine occurs in low amounts and is very delayed
[Godart et al., 1999]. The higher ability of neurons as compared to astrocytes to
resist to changes in external osmolarity, which seems based primarily on the
contribution of organic osmolytes, may represent a protective mechanism to
spare neurons from the deleterious consequences of swelling. In line with this
notion is the interesting observation by Nagelhus et al. [1993] in the cerebellum
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Fig. 2. a Cell volume constancy i.e. isovolumetric regulation, in cultured cerebellar
granule neurons (®) exposed to small and gradual changes in osmolarity (— 1.8 mOsm/min).
The same treatment in astrocytes (M) increases cell volume but not at the extent observed
when the osmotic change is suddenly imposed (M*). For experimental details see Tuz et al.
[2001] and Ordaz et al. [2004a, b]. b Redistribution of taurine-like immunoreactivity in rat
cerebellar cortex following water loading. Details of the experiment are in Nagelhus et al.
[1993]. In control, isosmotic conditions, taurine is found accumulated in Purkinje cells (large
arrows). Upon water loading taurine is transferred to the adjacent glial elements (arrows)
which contain very low taurine in isosmotic conditions. As consequence of this redistribu-
tion, astrocytes swell while neurons are spared. The original distribution is restored after
hyposmolarity correction. Reproduced from Naghelhus et al. [1993] with permission.

of water loaded rats. In the isosmotic condition, the cerebellar Purkinje cells
contain high concentrations of taurine, while the nearby astrocytes contain
essentially no taurine. In response to the osmolarity reduction there is a remark-
able change in the location of taurine: all taurine is lost from the Purkinje cells
and is then accumulated in astrocytes (fig. 2b). As consequence of this redistri-
bution, astrocyte swells and neurons are spared. This notable protective action
of astrocytes suggests the importance that for neuronal function may have the
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maintenance of cell volume, not only in the soma but also in dendrites and
axons. Special mechanisms developed for preserving intact the cytoarchitecture
of neurons appear to involve importantly organic osmolytes.

Swelling and Necrotic Neuronal Death

Brain cell swelling occurs during pathological conditions such as ischemia,
epilepsies, trauma and hepatic encephalopathy. Vasogenic as well as cellular
edema are found coincidently in these pathologies. Cellular swelling occurs in
all those pathologies resulting in hyponatremia. Hyposmotic swelling results
from a decrease in the external osmolarity and the subsequent water flow tending
to establish a new osmotic equilibrium. Isosmotic (cytotoxic) swelling is gener-
ated by redistribution of ions or molecules responding to phenomena inherent to
the pathology, such as the energetic failure and dissipation of Na™ gradient dur-
ing hypoxia/ischemia, the increase of extracellular K" during ischemia and
epilepsies, or the ammonium accumulation during hepatic encephalopathy.
Hyposmotic swelling, even if drastic, rarely results in cell death, while cytotoxic
swelling commonly ends in excitotoxicity and necrotic death.

It is generally accepted that cytotoxic swelling, occurs mainly in astrocytes
whereas neurons are less affected. This is in line with the known essential role
of astrocytes in protecting neurons from the disturbing effects of changes in the
composition of the extracellular space, or from excessive concentration of
potentially toxic molecules. Typical examples of this role of astrocytes is the K*
clearance from the extracellular space by spatial buffering or the glutamate
uptake persisting in astrocytes longer than in neurons due to their ability of
facing the energy failure by generating ATP via the glycolitic pathway [rev.
in Pasantes-Morales and Franco, 2005]. When the pathological conditions are
too severe or prolonged, the protective mechanisms in the astrocyte are
exceeded and neurons could then be affected in several ways, including
swelling occurrence.

The mechanisms of swelling-induced necrotic neuronal death will be dis-
cussed essentially for the ischemic condition. During trauma, vasogenic is the
predominant type of edema, while cellular edema is consequent to the ischemic
conditions. Swelling in hepatic encephalopathy affects essentially astrocytes,
since ammonia detoxification, which is the primary swelling inductor, occurs
only in astrocytes [Butterworth, 2002].

The chain of events responsible for cytotoxic swelling and necrotic cell
death in ischemia are initiated by the energy failure and the consequent Na*/K*
ATPase dysfunction. The resultant elevation of intracellular Na* and extracellu-
lar K* is followed by depolarization and glutamate release. High extracellular
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Fig. 3. Swelling inductors in ischemic necrotic neuronal cell death. The energy failure
produced by ischemia provokes Na*/K* ATPase dysfunction, intracellular Na* increase, and
depolarization. This is followed by Ca?*-dependent glutamate release, both from exocytosis,
reversal of the transporter and activation of VRAC. The overfunction of ionotropic glutamate
receptors further increases intracellular Na™ followed again by Cl and water. The massive Ca*
influx entry promotes production of ROS, membrane lipid peroxidation and a new wave of
swelling due to ion overload through the injured membranes. Excessive swelling contributes to
membrane rupture and release of cell debris, propagating the damage to adjacent cells.

glutamate levels resulting from depolarization cannot be removed by the Na™-
driven glutamate transporters since the Na* gradient is dissipated. The trans-
porters may even operate in a reverse mode, further increasing extracellular
glutamate. Overfunction of ionotropic glutamate receptors leads to massive
Na™ influx. Then, C1~ and water influx driven by the intracellular high concen-
tration of Na* generates a first wave of cytotoxic swelling. Further glutamate
release via the swelling-activated glutamate efflux pathway also contributes to
the increase and persistence of glutamate in the extracellular space (fig. 3).
A second wave of swelling occurs as consequence of Ca?* influx through the
ionotropic glutamate receptors. This [Ca®*]; rise produces reactive oxygen
species (ROS) through the activation of prooxidant mechanisms, such as phos-
pholipases, xantine oxidase and nitric oxid synthase. The free fatty acid release
and the generation of several free radical species damages membrane integrity
and favors ion overload and a further wave of Na* and Ca?* increase (fig. 3).
There is almost general agreement on that elevation of [Ca®*]; is the primary
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cause of excitotoxic neuronal death, mediated by proteases of the family of cal-
pains and cathepsins At this state, swelling contributes to necrotic neuronal
death propagation propitiating plasma membrane rupture and cell lysis. The
release of cellular content and necrotic debris to the extracellular space precipi-
tates damage to cells in the vicinity, via the chain of events involving ROS,
membrane lipid peroxidation and Na* and Ca>* overload through the affected
membranes.

Lactacidosis generated in ischemia and trauma is another factor of
swelling and neuronal death. Lactate is formed during the operation of the gly-
colitic pathway in astrocytes, which provides an alternate source of energy as
far as there is residual glucose. Cytotoxic swelling by lactacidosis occurs pref-
erentially in astrocytes but there is evidence of neuronal swelling in vivo as well
in cultured neurons exposed to extracellular lactate levels as those present in
ischemia [Alojado et al., 1996; Staub et al., 1993]. Swelling is a function of the
severity of acidosis and duration of the exposure, although not all neurons
appear to be equally susceptible [Cronberg et al., 2005].

How neurons respond to cytotoxic swelling has not been examined in
detail. Neurons exhibit a complex morphology, with specialized functions in
soma, dendrites, axon or nerve terminals. Then, swelling may not be homoge-
neous and its functional consequences will depend on the affected area. There is
no clear evidence of active volume recovery in neurons after cytotoxic swelling,
but a low efficiency or inability is predictable, in view of the nature of the
swelling inductors above discussed. Cell volume regulation relies on the expul-
sion of intracellular osmolytes, which occurs in general, via diffusion pathways
or channels through which the osmolytes move following the gradient direction.
In ischemia and epilepsies, the excessive extracellular K* concentration result-
ing from the Na*/K* ATPase dysfunction and neuronal overexcitability will
limit the operation of the volume-activated K* channels. The ATP drop impairs
also the volume-sensitive ClI~ channel which characteristically requires non-
hydrolytic ATP binding. Organic osmolytes also have this ATP requirement
[Okada et al., 2006]. In addition, the volume-sensitive Cl~ channel seems
impaired by lactacidosis [Mori et al., 2002]. Altogether, these conditions accen-
tuate the difficulty of brain cells, including neurons, to accomplish the set of
reactions necessary to restore the normal cell volume in conditions of ischemic
cytotoxic swelling.

Cell Volume and Apoptosis in Neurons

Apoptosis is a highly regulated process of cell deletion directed to elimi-
nate a definite group of cells at a precise time, for preserving the optimal
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operation of tissues and organs. In the developing brain, apoptosis is an essen-
tial process to reach the numerical match of neuronal populations and their tar-
gets, for organizing the regional cytoarchitecture, and to establish functional
synapses and building of neural circuitry. In the adult brain, apoptosis has some
contribution to neuronal loss in acute neuropathologies, in some neurodegener-
ative disorders and in brain aging. Apoptosis occurs according to a strictly
ordered set of biochemical events, one of which is a characteristic reduction in
cell volume, termed apoptotic volume decrease (AVD).

When the temporary resolution of apoptosis was established, it was clear
that AVD is an early event in the program, occurring before the surge of other
characteristic traits such as caspase 3 cleavage, cytochrome c release and
translocation, endonuclease activation and DNA fragmentation. Moreover, it is
now considered that AVD may be part of the causal signals and not only conse-
quence of apoptosis [Bortner and Cidlowski, 2002, 2004]. Noteworthy, AVD is
not followed by any compensatory mechanism directed to counteract the cell
volume loss. There is no evidence of regulatory volume increase, which is
apparently inhibited or overridden by an as yet unknown signal [Bortner and
Cidlowsly, 2004]. Although AVD occurs in isosmotic conditions, it relies on the
same mechanisms of RVD, i.e. the active translocation of intracellular
osmolytes and osmotically obligated water flow. K* and C1~ are the main intra-
cellular osmotically active solutes and are natural candidates to accomplish
AVD. Some organic molecules also participate.

K™ Efflux and AVD in Neurons. K* Channels Involved

The importance of K* efflux and AVD as part of the apoptotic signaling
chain is now well established, and there is reasonable agreement on that K* out-
flow occurs via K* channels [Bortner and Cidlowski, 2004; Burg et al., 2006;
Yu, 2003]. Studies in mice cultured cortical neurons undergoing apoptosis by
treatment with staurosporin or ceramide have shown AVD, K* loss and the
selective and early enhancement of a voltage-dependent delayed rectifier cur-
rent (IKR) in the apoptotic neurons. Decreasing cell K* by the ionophores vali-
nomycin and beauvericin induced apoptosis and accordingly, high external K*
levels suppressed apoptosis. The antiapoptotic effect of increasing external K*
was Ca’*- and caspase-independent [Yu et al., 1997, 1999]. IKpr blockade by
tetracthyl ammonium or clofilium also attenuates apoptosis. These results sug-
gest an early location of K* efflux and AVD in the apoptotic signaling chain in
mice cortical neurons. However, a study in rat cortical neurons, showed that
staurosporine-induced apoptosis is not reduced by tetracthyl ammonium, clofil-
ium or high external K* but it is prevented by SITS [Small et al., 2002]. These
differences may be due to the higher concentration of staurosporine used in this
study, which may induce both apoptosis and necrosis.
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Cerebellar granule neurons require for survival a depolarizing environ-
ment provided by 25 mM K* or NMDA receptor agonists. Cell death prevention
in this case depends on the Ca?* influx through voltage-gated channels [Alavez
et al., 2003]. In conditions of low K™, cells die by apoptosis which occurs con-
comitant to the increase of an outwardly rectifying K* current named standing
outward K* current (IK,,) [Lauritzen et al., 2003].

Apoptosis is induced by staurosporine in neuronal progenitor cells gener-
ated from mice striatal stem cells [Hribar et al., 2004]. Similar to mice cultured
cortical neurons, a delayed rectifier K* current already expressed in the neu-
ronal precursors, is enhanced by staurosporine since the first days of differenti-
ation. IKr enhancement precedes the activation of caspase 3 and increasing
external K™ reduced IKpy and attenuates apoptosis. These results are similar to
those found in cortical neurons but in the neuronal progenitor cells the ampli-
tude of IKyy is reduced by caspase blockers.

Apoptotic cell death concurs with necrotic cell death in some neurodegen-
erative disorders as well as in ischemia and trauma. Necrotic neuronal death
predominates at the ischemic focus while apoptotic cell death prevails in the
perifocal area. Apoptosis is triggered and sustained by multiple factors concur-
rent with the ischemic condition: acidosis, increased expression of death recep-
tors or proapoptotic molecules, activation of MAP kinases and generation of
nitric oxid and peroxynitrite. Activation of apoptosis directly by nitric oxide in
mice cortical neurons led to IK enhancement, K* outflow and cell K* loss,
all resistant to the general caspase blocker zVAD [Bossy-Wetzel, 2004]. The
same set of reactions occurs in cortical neurons in a thiol-oxidant model of
apoptosis [Aizenman et al., 2000]. The 3-amyloid peptide linked to Alzheimer
disease, enhances an outward K* current in cortical neurons in conjunction
with apoptosis [Yu et al., 1998]. In cerebellar Purkinje cells apoptosis associ-
ated to lurcher gene occurs after activation of a voltage-gated channel, suggest-
ing the involvement of K* in the apoptotic program in this neurodegenerative
condition [Norman et al., 1995].

The molecular identity of the ADV-linked K* channels is now extensively
investigated and from the diversity of cell types examined, including neurons,
an important point emerged: there is apparently not a specific channel, devoted
exclusively to permeate K* for reducing cell volume during apoptosis. This
function seems accomplished by K* channels present in the non-apoptotic cell,
and performing a variety of tasks in the physiological condition. The type of
apoptosis-activated K* channel may be cell specific and could be different
according to the apoptotic inductor. K* channels linked to AVD and apoptosis
include: Kv channels (isoforms Kvl.1, Kv1.3, Kvl.5, Kv2.1), K2P channels
(TASK-1 and TASK-3), HERG and BK Ca?* channels. The K yrp channels are
involved in the intrinsic mid-and late phase of apoptosis [ Yu, 2003]. Kv channels
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are those linked to AVD in cortical neurons. These channels fit an important
requirement for the K* exit route i.e. large K* conductance and slow inactiva-
tion during depolarization. The Kv2.1 isoform carries a significant fraction of
the enhanced IKpy in apoptotic cortical neurons. This is concluded by the effect
of two dominant negative mutant forms of Kv2.1 decreasing IK,z, and comple-
mentary, the apoptosis attenuation in neurons deficient in functional Kv2.1 [Pal
et al., 2003]. In cultured cerebellar granule neurons, the standing outward K*
current (IK,) which increases with cell maturation in the culture could is sug-
gested as the apoptotic K* exit route. IK, has biophysical, pharmacological
and regulation properties characteristic of the TASK-1 and TASK-3 2P-domain
K* channels (K2P) [Lauritzen et al., 2003]. The following evidence connects
IK, and K2P channels to apoptosis: (i) young cerebellar neurons lacking 1K,
are resistant to low K*-induced cell death, (ii) conditions or agents decreasing
K2P prevent apoposis in mature neurons, (iii) apoptosis occurs in hippocampal
neurons lacking IK,, after viral-induced expression of TASK-1 or TASK-3
dominant-negative loss of function TASK mutants, protects neurons from the
low-K* induced apoptosis [Lauritzen et al., 2003]. In some conditions, gluta-
mate induces apoptosis and, similar to other apoptogenic models, K™ efflux is
linked to apoptotic death. Kv channels, increased K™ permeability through the
activated receptors or activation of high conductance Ca®>*-activated K* chan-
nels are all proposed routes for K* exit [Isaacson and Murphy, 2001; Yu, 2003].
Most studies on AVD in neurons have addressed to the early phase of the apo-
ptotic program and the K* efflux driven by plasmalemmal K* currents.
However, K* channels may also be involved in the mid- and late phases charac-
terized by mitochondrial depolarization and cytochrome c release. Kp chan-
nels are those commonly associated with these phenomena.

AVD and CI~ fluxes

K* efflux is a characteristic trait of apoptosis in neurons as in many other
cell types, but in order to effectively contribute to water outflow and AVD, it has
to occur in conjunction with CI~ exit. Activation of Cl~ currents in CD95-
induced apoptosis was first shown by Lang and coworkers in Jurkat cells [Lang
et al., 2005; Szabo et al., 1998]. This was confirmed thereafter in other cell
types in apoptosis driven by staurosporine, FAS ligand, TNFa, ceramide or dox-
orubicin [Maeno et al., 2000; Okada et al., 2006]. The apoptosis-linked anion
currents have properties in all similar to those carried by the volume-regulated
anion channel (named VRAC) which plays a prominent role in RVD, but note-
worthy this activation occurs in isosmotic conditions or even in shrinking, not
swelling cells. The mechanism(s) or signals for VRAC activation are as yet
unknown, neither in RVD nor in AVD. Cl~ channel blockers, DIDS, NPPB or
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phloretin prevent staurosporine-induced apoptosis in neural PC12 and in neu-
roblastoma NG108—15 cells [Maeno et al., 2000], and SITS is effective in hip-
pocampal neurons undergoing apoptosis by ischemia/reperfusion [Inoue et al.,
2005]. However, a study in cortical neurons shows that DIDS, NPPB or
phloretin provide only limited protection against apoptosis induced by stau-
rosporine, ceramide or serum deprivation, while K* channel blockers supply
complete protection [Wei et al., 2004]. This failure of C1~ channel blockers has
been attributed to the low concentration of the blockers used in the cortical neu-
rons preparation due to their toxic effect at higher concentrations [Okada et al.,
2006].

In addition to VRAC, the voltage-dependent anion channel (VDAC) is pro-
posed to participate in AVD. VDAC is a large conductance anion channel
(300400 pS), located at the outer mitochondrial membrane. In staurosporine-
induced apoptosis in the hippocampal cell line HT-22 and in the human neuro-
blastoma cell line SK-N-MC, VDAC was found functionally expressed in the
cell membrane in 48% of apoptotic cells and its blockade by functional anti-
bodies or by high concentrations of sucrose decrease the number of apoptotic
cells [Elinder et al., 2005]. In physiological conditions, membranal VDAC may
function as an NADH-reductase involved in transmembrane redox regulation.
The CI7/HCO;~ exchanger is also suggested as mechanism for CI~ outflow in
apoptosis based on the strong effect of the typical anion exchanger blocker
DIDS, in suppressing the apoptotic program. This has been challenged by
experiments showing no change in the antiapoptotic effect of DIDS in the
absence of bicarbonate, a condition reducing the exchanger operation [Okada
et al., 2006].

Signals for Activation of lon Fluxes in Apoptosis

The signals in the apoptotic process activating C1~ and K* fluxes for AVD
remain largely unknown. Since various types of K* channel are involved, a
common signal may not operate. The stress-reacting MAPK p38 is suggested as
a signal [McLaughlin et al., 2001] under the upstream influence of another
MAPK, the MAPKKK also called ASK1 (apoptosis signal-regulating kinase).
Inactive ASK-1 or expression of a dominant-negative form of ASK-1 sup-
presses IKpr and prevents apoptosis in these cells [Aras and Aizenman, 2005].
Tyrosine kinases may also participate in the AVD-linked K™ fluxes in cortical
neurons, since the tyrosine kinase general blockers herbimycin or lavendustin
reduce IKpy in cortical neurons [Yu et al., 1999]. Tyrosine kinases may be
directly or indirectly associated with p38. Another proposed mechanism for
apoptotic IKpr upregulation is the membrane insertion of preformed, endoge-
nous channels as shown for Kv2.1 channels in cortical neurons [Pal et al.,
2006]. This translocation requires t-SNARE proteins, the same involved in the
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exocytotic mechanism of neurotransmitter release. Disruption of SNARE pro-
teins by botulin neurotoxin suppresses the apoptotic enhanced 1K, [Pal et al.,
2006].

Cl1~ outflow seems to occurs via the same anion channel in RVD and AVD,
in spite of the different, even opposite volume of cells in the two conditions,
suggesting a change in the volume set point for the channel gating. The mecha-
nism for this adjustment in the set point is unknown. Reactive oxygen species or
tyrosine kinases such as the Src kinase p56Lck might be involved [Lambert,
2004; Leppe-Wienhues et al., 1998]. A role for the cytotolic concentration of
ATP has also been considered [Okada et al., 2006].

Volume Decrease or lonic Homeostasis: Which is the Apoptotic Signal?

Cell volume decrease has been the key morphological trait to distinguish
between necrotic and apoptotic death, but it is only in the last decade that inser-
tion of AVD in the signaling chain of the apoptotic process has been demon-
strated. Clearly AVD results essentially from K* and Cl~ outflow, but the
question remains of whether the relevant point in terms of apoptotic program, is
the cell volume reduction or the decrease in the intracellular ion concentrations.
If K* or CI~ at physiological levels could have an inhibitory influence on fac-
tors or reactions of the apoptotic chain, the activation of an efflux pathway and
the consequent decrease in cell levels would relieve this inhibition. AVD would
then be just the consequence of the ion extrusion. This hypothesis is supported
by two types of results: (i) preventing K* loss by increasing extracellular K*
interrupts apoptosis even when the K™ exit route is fully active and (ii) decreas-
ing cell K* concentrations with no activation of the apoptogen-induced K* cur-
rents is sufficient to set in motion the apoptotic machinery. Caspases and
nucleases may be the sites of K™ influence as suggested by the inhibitory effect
of physiological K* concentrations on the activity of caspase 3. The K* thresh-
old concentration for activating the apoptotic reactions has not been precisely
defined [Bortner and Cidlowski, 2004]. A possible influence of C1~ levels on
the apoptotic steps has not being examined in detail. It is also unclear if K* and
CI™ have equal importance as a relevant signal, or if only one of them is actively
expelled as part of the apoptotic signaling chain, and the other one is just pas-
sively carried to support the persistence and magnitude of the active ion out-
flow. That ClI~ may play this passive role is suggested by a study in
staurosporine-induced apoptosis in cortical neurons showing that DIDS pre-
vents AVD but not caspase-3 nor DNA fragmentation, whereas K* channel
blockers have a full inhibitory action on all the apoptotic events [Wei et al.,
2004]. The temporal sequence of apoptosis-linked C1~ and K* fluxes has not
been examined in detail. In RVD the order of K* and Cl~ efflux activation is
dependent on the cell type. Thus, C1~ channels activate prior to K channels in
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most epithelial cells and the opposite is found in non-epithelial cells [Pasantes-
Morales and Morales-Mulia, 2000].

A role for Na* in AVD and apoptosis has recently raised attention. An
early and transient increase in intracellular Na* has been detected in apoptotic
Jurkat cells [Bortner and Cidlowki, 2003] which if suppressed, prevents K*
loss, cell shrinkage and DNA degradation. Na* influx is a hallmark of necrotic
death and therefore, if Na™ entry is also crucial for apoptosis, the influx mech-
anisms and their activation and inactivation signals must be critical for deciding
the ultimate direction of the cell death type.

AVD and Taurine Efflux

Organic osmolytes contribute to RVD and they could also participate in
AVD. Taurine efflux concurrent with apoptosis has been shown in a variety of
cell types including cerebellar granule neurons. The mechanism of the apo-
ptotic taurine release is not well characterized. In cerebellar granule neurons as
well as in Jurkat cells, the C1~ channel blockers which are very efficient in pre-
venting taurine efflux in RVD do not decrease but increase the AVD-linked tau-
rine efflux [Lang et al., 2000; Moran et al., 2000]. Also, the tyrosine kinase
influence observed in taurine efflux in RVD is not found in AVD. Raising exter-
nal taurine up to 20 mm, a condition likely preventing taurine efflux or/and cell
taurine loss, attenuates apoptosis in cortical neurons [Huang et al., 2006]. Thus,
the arguments raised about the key role of K* cell loss and not AVD, are also
valid for taurine. A consistent observation is that in cells treated with high
external taurine, the apoptotic step corresponding to the assembly of apopto-
somes and the further activation of caspase 9 is prevented [Takatani et al.,
2004], suggesting an inactivating role of physiological concentrations of taurine
in certain apoptotic signals. In line with this interpretation is the apoptotic death
of photoreceptors in taurine transporter knockout mice [Heller-Stilb et al.,
2002].

Final Comments

Excitability, hyperexcitability, hypersynchrony, survival and death, all have
a link with one of the most ancient and preserved traits of the cell biology: the
cell volume control. Even in the highly specialized neuron, cell volume influ-
ences its life cycle, from rescue to death, from proliferation to extinction, from
rest to excitation. More question than answers still characterize our knowledge
of this essential biological function. Among the most intriguing, refer to the
crossing points between RVD and AVD while regulatory volume increase
becomes protagonist by its apparently programmed repression. The nature of a
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volume sensor finely tuned to detect in RVD, the imperative of activating
osmolyte outflow routes for rescue and in AVD, activating apparently similar
routes for death. The set point adjustment allowing the activation of the same
channels when cells are in opposite conditions, in swollen or shrinked cells, the
similarities or dissimilarities between the signaling cascades in RVD and AVD,
connecting the same sensors and the same effectors, the sequence, consequence
and interdependence of K* and Cl~ fluxes leading cells to normality or to
death. Solving these and many other questions will add to our knowledge of the
seminal topic of neuronal death and survival in pathologies related to changes
in cell volume.
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