UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO

INSTITUTO DE FISIOLOGIA CELULAR
DOCTORADO EN CIENCIAS BIOMEDICAS

Regulacion de los Transportadores Membranales de
Glicina en la Glia de Miiller de la Retina

TESI S

que para obtener el grado de
Doctora en Ciencias
presenta

Bi6l. Ana Evaw

Directora de Tesis:
Dra. Maria Lopez Colomé

Comité Tutoral:
Dra. Maria Sitges Berrondo
Dr. Miguel Pérez de la Mora

Ciudad Universitaria 2002




e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.



Este trabajo se llevé a cabo en el Departamento de Neurociencias del
Instituto de Fisiologia Celular de la UNAM, bajo la asesoria de la Dra.
Ana Maria L6pez Colomé.

La investigacion fue parcialmente financiada por el Consejo Nacional de
Ciencia y Tecnologia (Proyecto 31812-N) y por la Direccién General de
Asuntos del Personal Académico, UNAM (Proyecto IN216501). Ademas

- - se conté con el apoyo de una beca de estudios de Doctorado (febrero
1997 a enero 2002) y dos donativos (PAEP 1998-201332 y PAEP 1999-

+++102322), por parte de la Direccién General de Estudios de Posgrado,
UNAM.

. El Comité Tutoral estuvo conformado por los Doctores Miguel Pérez de la
~ Mora, Maria Sitges Berrondo y Ana Maria Lépez Colomé.

~ Los Doctores Marcelino Cereijido Matioli, Mauricio Diaz Mufioz, Arturo
Herndndez Cruz, Ana Maria Lopez Colomé, Julio Moran Andrade,
Herminia Pasantes Morales e lvone Rosenstein Azoulay, revisaron
criticamente este documento y conformaron el Jurado de Examen de
Grado.

TESIS (o
FALLA DE




Agradecimientos

A Ana Maria, por brindarme la oportunidad de participar en este
proyecto. Por sus ensefanzas, su amistad e invaluable apoyo
incondicional.

A los miembros del jurado Dr. Marcelino Cereijido Matioli, Dr.
Mauricio Diaz Mufoz, Dr. Arturo Hernandez Cruz, Dra. Ana Maria
Lépez Colomé, Dr. Julio Moran Andrade, Dra. Herminia Pasantes
Morales y. Dra. Ivone Rosenstein Azoulay, por sus comentarios Yy
correcciones.

. A los Doctores Miguel Pérez de la Mora y Maria Sitges Berrondo,
-miembros de mi Comité Tutoral, por participar en mi formacién durante
el-Doctorado.

A Edithe por su valiosa ayuda en el laboratorio.




CONTENIDO

RESUMEN ' . 1
ABSTRACT S 4
ABREVIATURAS ' b 6
INTRODUCCION 8
CELULAS GLIALES....... vevveens 2N Cevisrerenneenn 8
Tipos de Células G{iales T R A e a9
Funciones Generalé.é.,. i 11
RETINA...... : 15
Morfologia :

Neurotr,

Importancia Clinica....

TRANSPORTADORES DE GLL

Lacalizacién Celt)lar e""flltstologzca .

Esteqmometrta y Propzedade de Cana

Regulacion de los Tran.sportadores d' G‘

Transportadores de Glicina'y Neur op(({ol_oglcl “rvnnn 40

OBJETIVOS 42
MATERIALES Y METODOS 44
CULTIVO PRIMARIO DE LA GLiA DE MULLER DE RE’I‘INA DE POLLO v
CULTIVO PRIMARIO DE NEURONAS DE LA RETINA DEPOLLO...cecrvriernnnn. errrererrnennnnns eevenns 45

ENSAYOS DE TRANSPORTE DE GLICINA............ Cetreerastecrenttitasasesanens treenesererriasiesaees [TPTPTRRORN 45

TESIS Con
FALLA DE ORIGEN




MEDICION DEL CALCIO INTRACE

RESULTADOS

CARACTERIZACION BIO
Curso Temporal.y
Dependencia I6

REGULACION DE

Regulact;éyii'y
Papel del ‘C&lvcl'l"oner
Regulacion del T

Regulacion del T

DISCUSION

CARACTERIZACIO

REGULACION DEL TRANSPORTE DE GLICINA EN LA GLIA D

Regulacion del ‘nymﬁsbb‘r;tek de Glicina por Calmoduli

Papel del ‘ Cd[c;b:"éli ‘l'aml‘?‘eguvla‘cidn del Transporléz
Activacion de la Calpaina por la entrada de Cal

La CaMKII Reguila el Transporte de G_licinalde L’

Regulacion del Transporte de Gliciha porjez'“(;:f,-,g, sq .......... 88
CONCLUSIONES : o
BIBLIOGRAFIA . o e i 03
APENDICE k  : 112
ARTICULOS PUBLICADOS "' - : '}   :‘:, L 113

TESIS COw
FALLA DE ORIGEN




RESUMEN

Las células gllales constltuyen mas de Ia mltad del volumen total del cerebro '
y superan en numero alas neuronas, a pesar de lo cual han atraido poco la atencion

de los neuroﬁsnologos desde su descripcion po‘r VII’ChOW en 1846. Sin embargo, en

-las interacciones glia-neurona, lo cual ha llevado a un

niétilaminoisobut:’rico) y AIB (dcido

Una de las aportacnone ‘Mas’ |mportantes de nuestro trabajo es que el

‘sustema de transporte de gllcma en:la glfa de Miiller de la retina esta regulado por

T .enznmas dependientes de Ca“/CaM entre ellas la CaMKII, a diferencia de otros

-~ sistemas de transporte para amino4cidos neurotransmisores como el glutamato vy el

~GABA, regulados por cAMP o PKC. La CaM requiere de Ca?* para activarse, por lo



través de su y que pueden disparar la

Ilberamon : de p uylares,

gllcmé y"el citoesqueleto. Demostramos que la despolimerizacion de la actina por
cntocalasmas asf como la protedlisis de la fodrina por la calpaina o la toxina Pet,
",vylnhlben el transporte de glicina. Proponemos entonces que la fodrina es una de las
proteinas responsables de estabilizar los transportadores en la membrana y
establecer el vinculo con el citoesqueleto de actina. Estos resultados demuestran
por primera vez, que la accesibilidad de los transportadores en la membrana podria
controlarse'a traves del cutoesqueleto La regulacién de los transportadores de

ll parece involucrar un mecanismo indirecto, esto es, la

transporte le ghcma, apoyan la idea de que la glia juega un papel importante en la

modulacnon de la neurotransmisién. La regulacion de este sistema puede tener

"~_|mp,ortar)tes implicaciones fisiolégicas, pues la concentracién de glicina en el

‘»f_espacio sindptico influencia tanto la actividad de los receptores de NMDA,







ABSTRACT

In the retina, Miller cells are the most abundant glnal ,cell type, |ts ‘processes

harbor functlonal NMDA‘~recep

V ;-dependent processes in the regulation of

|C|patlon of Ca?* concentration, CaM and

on f'CaMKlI by the autocamtlde- rérlét'éd"‘i‘hhibitory peptide

or by KN62 caused a decrease i in transport which, in the case of KN62, was due to
the abolition of the high affinity component, ascribed to GLYT1. Our results further
" suggest that Gly transport is under cytoskeletal control, since activation of calpain
by major increases in [Ca?*]i induced by ionophores, as well as actin destabilization
clearly inhibit uptake. We here demonstrate for the first time the participation of
CaM, CaMKIl and the actin cytoskeleton in the regulation of Gly transport in glia.

Ca?** waves are induced in Midiller cells by distinct neuroactive compounds released




by neurons and glla hence the regulatlon of [Gly ;by thls system may be of .

phy5|olog|cal relevance in the control of retlnal excntablllty »"‘t,
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INTRODUCCION

CELULAS GLIALES

Desde principios del 5|glo XX ‘se sabla que el snstema nervnoso COnSlStla de} o

neuronal

Desde entoncws;

funcionales ’dé ‘

pesar de que constituyen més de la mltad del volumen total del cerebro y superan

en numero a las neuronas, han atraido poco la atencién de los neuroﬁs:élogos Los

blologfa celular y la fisiologfa de las células gliales. Desde entonces, los avances



y electroﬁsnologlaVse,revelaron propledades funcnonales ‘,de as células: gliale que,; ES

'como se veré sugerfan “su partucnpac:on actlva en los pro ‘ v
snstema nervnoso Recnentemente, la idea de que la glla Juega un-papel importante .

en Ia actividad nerviosa ha comenzado a ganar aceptaC(on_. ;

Tipos de células gliales :
La mayorfa de las neuronas en el sistema nervioso se en"c':uent'ran rodeadas
por células gliales. Se calcula que las celulas gllales son nt 150 veces mas

numerosas que las neuronas en el snstema nervuoso d vertebrados\(NlchoHs et al.,

(Parnavelas ANadarajéh 2001). La glia radial incluye a las células ependimales, a
las células gllales de Bergmann en el cerebelo y a las células de Miiller en la retina
(Bartlett et al., 198;1).

La: glfa "'rhielinizante incluye a los oligodendrocitos y a las células de

Schwann, que son ceIuIas pequefas Con pPocos procesos y que se encargan de

formar la valna de mlellna alrededor de los axones de las neuronas. Esta vaina de

las senales eléctricas. Los oligodendrocitos se

velocidad de “conduccién de



Figura 1. Tipos de células
gliales en el SNC. A) astrocitos
protopldsmicos de la materia
gris. B) astrocitos fibrosos de la
materia blanca. C) microglia. D)
oligodendrocitos. Tomado de
Del Rio Hortega (1920).

mientras que las células de Schwann son exclusivas del sistema nervioso periférico
y envuelven a un solo axén (Witt y Brady, 2000).

Los astrocitos son el més abundante de los tres grupos que comprende la
macroglia; sus cuerpos celulares son irregulares y presentan largos procesos. Una
de las primeras funciones que se les atribuyé es la de intervenir en la formacién de
la barrera hematoencefalica, pues al hacer contacto con los vasos sanguineos
provocan la formacidn de uniones estrechas entre las células endoteliales que filtran

el paso de sustancias de la sangre al cerebro (Goldstein, 1988). Algunos astrocitos

10



presentan pies terminales que hacen’contacto con neuronas’y:.vasos anguineos,.

que ha hecho pensar qUe tam nen animckié"n Fdei’r’iﬁkt‘nr

Ascher, 1999).

Funciones Generales
Hallazgos recientes indican que las células gliales, aunque no tienen la
habilidad de generar potenciales de accién, realizan muchas mas funciones de las

que se pensaba, y que modulan la actividad neuronaly Por medlo de registros

intracelulares se observd que los potenciales de reposo de Ias celulas gllales son

mucho maés negativos que los de las neuronas a la o‘ ean (BarresA 1991) En

los vertebrados, los potenciales de membrana 0s en neuronas

oscilan entre -70 y -75 mV, mientras que lo

permeabilidad a estos mpo‘ que presentan una baja

permeabilidad a los ior 2* (Sontheimer, 1994). Como consecuencia de

la actividad neuronal prolongada, la concentracién de K* en el espacio periaxonal
aumenta de dos a cinco veces; un incremento de esta magnitud influye sobre el

potencial de membrana y las propiedades metabdlicas de las células gliales, asf

como sobre las respuestas neuronales alterando, por ejemplo, la: canti

neurotransmisor liberado por las neuronas presinapticas, modulando- las

' interacéiones neuronales reciprocas o afectando el umbral de activacion de las
";“Célﬂtjlyés»yv';kﬁ'ost,s‘inépticas (Sykova, 1983). Las concentraciones de K* iniciales (pre-
- :és':ff'rr{:t'ilvd‘)idében de ser restablecidas para que un segundo impulso nervioso pueda
‘ Ilevarsea Cébo. Las células gliales regulan la concentracion de K* del medio

extracelular gracias a su alta conductancia para este i6n, capturandolo en las

lo .

1



se han Iocallzado en las celulas gllales esta«el de Glu, que se cotransporta con dos

iones Na™, al mismo tiempo que se transportan en sentldo contrario un i6n K* y un

grupo OH o bien un HCOs. Por lo tanto, la captura de Glu provoca Ia

alcalinizacién del medio extracelular, de manera que las células gliales: pueden .

regular los cambios extracelulares de pH inducidos por la actividad neural (Bou

et al, 1992), ademas de mantener bajos los niveles deGlu enel

extracelular. De acuerdo con la hlpOtESIS de la exmtotoxucndad

elevadas de Glu mducen Ia degeneracnén de poblaaones neuronales' en el sistema

Uno‘de o descubrlmle’ntos més sorprendentes en el estudio de las células
gllales fuer el de la presencna de receptores funcionales para distintos

, neurotransmlsores, neuromoduladores y hormonas. Se ha demostrado tanto in vitro

ier

centraciones

12



itu que las células gliales responden a numerosos neurotransmisores con

camblos'en el-potencial de membrana. Entre los receptores reportados estan los de

‘ de la [Ca“]l genera las Ilamadas ondas de Ca2+ (lncremento’tranSItono de Ia [Caz*]l)
_que se propagan lntra e intercelularmente, a través de la liberacién de Ca** de las
pozasllntracelulares (kabemer, 1993). Este trpo de respuesta podria representar

una forma de exc:tabllldad de las células gllales que les permite integrar senales

'rga dlstanCIa e intercambiar informacion

: extracelulares' 'omunlcarse entre S

con las,.neuk na ~y..Kettenmann, 1996).
: “ocasiones, liberan neurotransmisores. Tal

chwann del axon gigante de calamar, que

‘normalmente sintetizan 'y .llb ran- acetllcollna (Heumann et al., 1981). Las células
Hgllales no- contienen vesfculas sindapticas, por lo que se bha sugerido que la
liberacién de neurotransmisores se lleva a cabo a través de la actividad inversa de
los transportadores de neurotransmisores (Amara y Kuhar, 1993). Sin embargo, se
ha demostrado que una de las consecuencias de la elevacién en la [Ca?*]i en la glia
es la liberacién de neurotransmisores. En diversos sistemas se ha reportado que en

la glia, el incremento en la [Ca?*]i induce la liberacién de glutamato dependiente

13



de Ca2+ e mdependlente de los transportadores de Glu (Araque et al. 2000 Parpura

et al

ropuesto que esta liberacion dependlente de Ca se da a traves de

a bloqueadores como la

“sinapticas” o en las mismas, a la

sinaptobrevina _,,prote nas que forman parte de la maquinaria

exocitética (M 1999 Calegarl etal., 1999).

A1994 Bezzi et al., 1998; Pasti et al., 1997; 2007; Parpuray Haydon 2000).
o raque et aI 2000; Bezzy

anf observado vesfculas‘

14



RETINA

En la retina de Ios vertebrados se ha |dent|flcado dos tipos de células gliales:

Ios astrocntos estas ultlmas presentes s6lo en retinas

las celulas d M"Ile
vasculanzada '(Rasmusseni,"1974) En la retina de las aves Ias células de Miiller son
el unlco ﬁ cito presente y combinan funC|ones que en otras partes del
‘estd compartlmentallzadas en dlversos tlpos de células gliales,
por Io Jue esu,tan un excelente modelo experimental para el estudio de las células
gllales Antes de abordar el tema de la glia de Muller revisaremos los aspectos

generales de la retina.

Morfologia
La retina, que comparte el origen embrionario con el SNC, es una capa de
tejido nervioso de aproximadamente 300 uM de espesor localizada en la parte

posterior del ojo, que lleva a cabo la recepcién de los estimulos visuales y los

primeros pasos del procesamlento de informacioén de la via visual (Shepherd, 1974).

bel tE]ldOV e:la: retlna de las aves, en etapas definidas del desarrollo, puede ser
facilmente disociado en una suspension de células para luego desarrollar cultivos
adherentes en (Moscona, 1983).

La retina de los vertebrados estd constituida por tres tipos celulares:

neuronas, células del epitelio pigmentado y células gliales (Wheater et al., 1987).

15



capas, se localiza la membrana limitante externa formada por la unién de los pies

terminales de las células de Miiller. Despues se encuentra la capa plexiforme
" externa, en la que establecen sinapsis los fotorreceptores con las células bipolares y

»las células horizontales, seguida de la capa nuclear interna donde se encuentran los

cuerpos neuronales de las celulas horizontales, blpolares y amacrinas. La 5|gUIente

o (fotorreceptores y capa plexnforme externa)‘ y:.retina interna (capa nuclear externa y
' sngmentes) : ‘

El segmento externo de Ibéxcdrios y bastones (por su forma) contiene una
serie de discos membranosos formados en un 90% por las moléculas de pigmento
encargadas de absorber la luz, En el caso de los bastones este pigmento es la
rodopsina, que absorbe la luz a una longitud de onda de 500 nm vy estan
especializados para la recepcion de luz tenue. Los conos contienen los pigmentos
especificos para la visién en color y estan especializados para la recepcién de luz
brillante (Ebrey y Koulatos, 2001).

Las células bipolares, en general, establecen conexiones directas entre uno o
mds fotorreceptores y una o mas células ganglionares, transmitiendo en sentido

_vertical la informacién visual. Las células horizontales presentan varios procesos

16
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: conos
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: bipolares

. amacrinas
interplexiformes

: ganglionares

: Mdailler
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cortos, y uno mas delgado y largo que los demas considerado como el axén. Estos

procesos conectan lateralmente, en la capa plexiforme externa, a conos y bastones

contiguos o lejanos. Las células amacrinas poseen uno o dos arboles dendriticos

: ,,__cuyas ramlflcaCIones se conectan con células bipolares y células ganglionares en la

fcapa pIex:forme lnterna y, en oca5|ones con fotorreceptores en la capa plexiforme

"externa (Wheater et al 1987).

Las ‘células de la glfa de Miiller atraviesan todo el espesor de la retina, desde

la membrana limitante interna hasta los fotorreceptores (Farber y Adler, 1986). Su

nucleo se encuentra en la capa nuclear interna y a través de largos procesos

citoplasmicos rodean a las neuronas, llenando asi los espacios intercelulares

(Wheater et al, 1987).

TESIS CON
FALLA DE ORIGEN
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Neurotransmision en la retina :
Estudios farmacolégicos y registros electrofisiolégicos han proporcionado
pruebas de que los aminoacidos excitadores s'ofn :ir'npdrtarites neurotransmisores en

la retina de los vertebrados. Estos estudios sugieren que los fotorreceptores, las

células bipolares y algunas células amacrinas utilizan glutamato y/o aspartato como

neurotransmlsor, por lo que Ia v1a vert| 1l:de la retina que va de los fotorreceptores

neISNC ‘(Pasantes-Morales et al., 1972). Las

tina sé ha demostrado la liberacién de Gly, tanto acumulada

. como endégena estlmulada por despolarizacion y dependiente de Ca’* (Lopez-
Colomé et al 1978)

Entre los compuestos identificados como neurotransmisores en la retina de
los vertebrados se encuentran también la dopamina y la acetilcolina, localizadas

principalmente en subpoblaciones de células amacrinas (Masland, 1988).

18



s kproceso visua

es, se adhleren las ceIulas de Miiller. El tronco prmcnpal

, gangllonares y de la capa plexiforme interna hasta llegar a la capa nuclear |nte‘

donde se localiza el nicleo de la célula de Miiller, por lo que a este nlvel se

observa un ensanchamiento del tronco principal. Los procesos laterales que derlvan
del tronco prmC|paI forman ‘una. matrlz que rodea al pericarion de las células

e la membrana limitante externa, la célula

gangllonares Dlstal al nucleo”

de Muller forma una serie_de mlcrovel105|dades que penetran entre los cuerpos de

A estas estructuras se les ha Hamado

~func1kones~de; tenimiento en la retina, sin una participacion importante en el

n:las uGltima dos décadas, esta visién ha cambiado radicalmente, al
demostrarse que Tas células de Miiller no sélo tienen una relacién metabdlica con
las neuronas sino que podrfan intervenir directamente en el procesamiento de la

informacion en la retina.

-pasa vertlcalmente a traves de Ia capa de fibras 6pticas, de la capa de celulas,‘

19




Figura 3. Dibujos en la camara lucida de células de Mdller y su ubicacién con
respecto a las diferentes capas de la retina. CFN, capa de fibras nerviosas;
CCG, capa de células ganglionares; CPE, capa plexiforme externa; CNI, capa
nuclear interna; CNE capa nuclear externa; Sl, segmento interno de los
fotorrecepotres (Robinson y Dreher, 1990).

Con base en estudios citoquimicos y estructurales Magalhaes y Coimbra
(1972) identificaron tres regiones en las células de Miiller: (1) la porcion interna de
la célula, que se extiende desde la membrana limitante interna hasta el iimite entre
las capas plexiforme interna y nuclear interna, rica en microfilamentos, reticulo
endoplasmico liso y granulos de glucogeno; (2) la porcion media de la célula,
situada en la capa nuclear interna, que contiene al nucleo, asi como reticulo
endopldasmico rugoso abundante y el aparato de Golgi; y (3) la porcién externa de
la célula que se extiende hasta la capa de fotorreceptores y se caracteriza por
presentar numerosos microtibulos y mitocondrias. Por estas caracteristicas se

concluyé que la porcién interna de la célula es responsable de la sintesis,
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almacenamiento y liberacion: de’ glu la porcion” media, ‘de la sintesis y

transporte de protefnas - estructurales y-de ecrecuon, y la porcion externa esta

el ransporte mtracelular activo.

especializada en la absorcnén
Las células de Mullerr uegan un papel importante en el desarrollo de la

retina. Apare en tempranamente, y su relacion anatomica con las neuronas en

desarrollo, suglrlo su participacién en la estratificacién de la retina (Moscona,
1983), mlsma que se demostré posteriormente mediante estudios en cultivos
rotatorios. En este sistema, las células disociadas de la retina embrionaria, pueden
reagregarse y establecer una organizacién tridimensional histotipica. En estas
estructuras llamadas retinoesferoides, se mantiene la estratificacién de todas las

capas de Ia retma pero sin Ia orlentaaon ap op' da. Sin embargo, en presencia de

celulas de Muller o de medio” condicionado: por:las mlsmas los retinoesferoides
) (W'llbold et aI 2000).

a:.un: mcremento en la [K*]le en ambas capas sindpticas (Karowsky y
Proenza, ,1977), que debe amortiguarse con el fin de limitar fluctuaciones
ihébfébiédas en la excitabilidad neuronal. Las células de Miiller remueven el
exceso de K* del espacio extracelular por procesos tanto pasivos (captura de K* y
Cl-) como activos (ATPasa Na*/K*; Reichenbach et al., 1992) comunes a otras
_células'~gliéles. El K* también se remueve del espacio extracelular por un
mecanismkoyde amortiguamiento espacial a través de canales rectificadores entrantes
de K*, el carjal'pfedominante en la glia de Miiller (Newman, 1984). A diferencia de
otros canales sensibles al voltaje, estos canales estan abiertos al potencial de reposo

de [a membrana. La dependencia de voltaje y de K* de estos canales permite que
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cotransporte de Nav /HCOa en la membrana del pie termlnal (Newman, 1996) que,

en conjunto, amortlguan los cambios en el pH extracelular generados por el CO:
prodUCIdo durante de la actividad neuronal. Esto es muy importante ya que 1) en la
retina de Ia‘s'alamandra, cambios de pH tan pequefos como 0.05 U pH producen
una réducci()n del 24% en la transmisién sinaptica entre los fotorreceptores y las
neuronas postsinapticas (Barnes et al., 1993) y 2) cambios en el pH extracelular de
hasta 0.1 U pH se han detectado en la retina como consecuencia de la actividad

neufonal (Oakeley y Wen, 1989).
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- Las células de Miiller estan ‘involucradas en el reciclaje de los: fotopigmentos, -

los fotorreceptores Poitry-Yamate et al., 1995).

! omo el cerebro, debe de estar protegida contra cambios en la
compos:cnon y los compuestos neurotéxicos contenidos en la sangre. En el cerebro,
los astrocitos envuelven a los capilares y estan involucrados en el mantenimiento
de las propiedades de las células endoteliales que constituyen la barrera
hematoencefélica (Risau y Wolburg, 1990). En las retinas vascularizadas de los
mamiferos, los astrocitos estan circunscritos a la capa de fibras nerviosas donde
envuelven los vasos sanguineos mas internos (Schnitzer, 1987), mientras que los
vasos en las capas externas de la retina estan envueltos por los procesos de la glia
de Mulléf (Nagelhus et al., 1998). Se ha demostrado que la glia de Miiller participa

en el establecimiento de ia barrera hematorretiniana (Tout et al., 1993) y se ha

23



' propqest‘c")f_que'p egular el flujo sangufneo de los’ vasos retlmanos en respuesta

a cambios en la actividad neuronal.

|sorés liberados por las neuronas constituyen un mecanismo

aminoécidos

: receptores

eceptores, para

mcl uyendo

Biedermann et al.,

Otro ejemp

probablemente a través de

da de Ca2+

glutamato provoca Ia entrada de Ca®* a través de

Miiller de Ia salamandra, en ausencia de Ca?* extracelular, induce la

beracnén de Ca?* de las pozas intracelulares; el incremento en la [Ca®*]i

,consecuente viaja desde el extremo apical de la célula a manera de onda hacia el

pﬂleytermmal (Keirstead y Miller, 1995). Las ondas intracelulares de Ca?* pueden
eSfimularse por K*, glutamato y ATP, asi como por cafeina y ryanodina (Keirstead y
Miller, 1995; 1997; Newman y Zahs, 1997; Wakakura y Yamamoto, 1994). Aunque
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a:del “6xido:nitric o (NOS) y las
’ ma (Llepe et-al,,

oﬁ_Estaf informacién

ulas'de Miiller, a través de la

una ‘segunda vn’a, independiente

él}vgiptarha'to en la glia de Miiller se ha
;ty‘\_/elsi',i’1§87; Schwartz y Tachibana, 1990). El L-
mparten "ubr{’isistema de alta afinidad, dependiente de Na”,
cultivos primarios de glia de Miiller (Somohano y
_recientemente se demostré la expresion  del
és glutamate/aspartate transporter) en estas células
ie comprobé que la remocién de Glu en la retina se

1 ént'e"_po'r las células de Miiller (Rauen et al., 1998). En

ratones transgénl 6s,ciue se elimina el gene que codifica para GLAST, el

daio lsquem __o d kh‘a_ise'exace'rba considerablemente (Harada et al., 1998). El

transportador ' = "eléctrogénico, por lo que la captura de glutamato puede

variar o |ncluso lnvertlrse, dependiendo del voltaje (Szatkowsky et al., 1990). El
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Icallmzacmn extracelular (Bouvier et al., 1992).

/C -Jpor molécula de GABA transportada. El GABA se libera

; 5, horizontales y ciertos tipos de amacrlnas En algunas
el conejo Ias células horlzontales estan desprovistas

de. transportadore de GAB. porf o que Ias celulas de Muller son las encargadas de

' ‘removér el: GABA el espacio ‘xtracelular (Brecha y Welgmann 1994)

La recaptura de gl \ :to y GABA en la glia de Midiller es un paso inicial
importante en el proceso de reCIclaJe de neurotransmlsores Las células de Miller

poseen sistemas enznmétlcos para la conversion- o degradacuon de estos

exclusivamente en

de Miiller sirve c

La glfa de- Muller 4ula‘r sirgnificativamente la actividad neuronal
mediante el control de Ia‘concentraaén de sustancias neuroactivas en el espacio
extracelular. La acumulacnén de K* en el espacio extracelular, asi como variaciones
en el pH induc':’idas por cambios en la actividad glial, podrian modificar la actividad
neuronal y la transmisién sindptica. Adicionalmente, las células de Miiller pueden
controlar la actividad neuronal de manera mas directa, por la inversion del
transporte de glutamato inducido por despolarizacion (Szatkowski et al., 1990). La
liberacion de Glu por este proceso puede contribuir al dafo excitotoxico en las

neuronas en condiciones patolégicas. Al igual que en el caso del Glu, la

neurotransmisores Como Ia glutamma smtetasa, Ia GABA transamlnasa (GABA—T) y'.
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geﬁdé_ilmdu.cv[r_la I:ibe:ra‘ciénV de GABA
ue,le}i‘:libéyracién de glutamato y GABA de
“Ginicamente en células que han sido

..Queda por demostrarse que la liberacién de

transmisores se |leve a cabo en condiciones in vivo.
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TRANSPORTADORES DE NEUROTRANSMISORES

Funcion en el Sistema Nervioso

Una de las principales funciones que d

_ neurotransfmsor por medio de proteinas acarreadoras especnfucas, presentes tanto en
Ia membrana de la neurona presinaptica como en la membrana de las células
gliales que se encuentran rodeando a la sinapsis (Kanner, 1994).

Los transportadores de neurotransmisores dependientes‘ de sodio son el
principal medio por el cual se ellmlna al neurotransmlsor del espacno sinaptico
(Nelson y Lill, 1994) La concentracnén mtracelular de iones Na es menor que la
extracelula(_ tanto en :neuronas;;como englla,,por lo que el co-transporte de un

" neurotransmisor. con ones: Na*, a favor del gradiente electroquimico del ién,

_nergfa necesaria para transportar al neurotransmisor hacia el
nterlor eila celula, en contra de su gradiente de concentracién (Kanner, 1994).
La lnactlvacmn réapida del neurotransmisor mediante su recaptura, evita la
“dlfu5|6n del neurotransmisor y minimiza el riesgo de que el neurotransmisor actte
sobre sinapsis adyacentes (Uhl y Johnson, 1994).
La recaptura de diversos neurotransmisores en la terminal nerviosa y su

posterior compartimentalizacion vesicular, permite el reciclaje del mismo con el
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& 994)

et’ a/.,' Estudlos 'rementes han

independiente de Ca?*, del neurotransmisor

-vesicular,

nsportadores localizados en la membrana plasmatica de las

celulas neuronales y- gllales regulan las concentraciones locales de neurotransmisor,

es eVIden : q'u juegan un papel importante en la modulacién de la actividad de los
receptores, ademés de participar en funciones como destoxificacién, proteccion de

sustancias reactivas y nutricién (Jursky et al., 1994).

Mecanismos Moleculares del Transporte

La energfa necesaria para el ciclo de la net m S‘lén la proporcionan

dos tipos de ATPasa. a) La ATPasa de H ‘vacuolai d las:; eslculas sindpticas, que

proporciona la fuerza impulsora para Ia acu ion-“de: ‘Ios neurotransmisores en
las mismas (Nelson, 1993). b) La ATPasa de Na */K* de la membrana plasmatica de
las células neuronales y gliales, cuya actnwdad genera gradientes electroquimicos
de SOle y potasno dirigidos hacia el interior y el exterior de la célula,
respectlvamente La actividad de los transportadores de la membrana plasmatica se
impulsa por el gradiente de sodio, por el de potasio, o por ambos. Aunque la fuerza
motriz principal es el gradiente de sodio generado por la ATPasa Na'/K”", existen
variantes. Los transportadores de Glu son electrogénicos, pues co-transportan dos
Na"* con cada molécula de Glu, al mismo tiempo que contra-transportan un K™ y un
OH’ hacia elkex'terior de la célula. Los transportadores de Gly y GABA también son
electrogenlcos, co-transportan dos Na® y un CI" por cada molécula de transmisor,
hacia el mterlor de la célula (la concentracion extracelular de ClI" también es mayor
que la intracelular) (Flg._ 4). Por medio del uso diferencial de estas fuerzas, el
transportaddr puede ser controlado y actuar de manera especifica en cada espacio

sindptico o célula glial (Nelson y Lill, 1994).
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Figura 4. Mecanismos de accién de los transportadores de neurotransmisores.
El neurotransmisor (T) que se encuentra almacenado en las vesiculas
sinapticas, se libera al espacio sinaptico al fusionarse éstas con la membrana
plasmatica presinaptica. Después de su difusion a través del espacio sinaptico,
el transmisor se une a receptores postsinapticos (PR) especificos que pueden
ser ionotropicos o metabotrdpicos. Posteriormente, el transmisor debe de ser
eliminado del espacio sinaptico para que pueda tener lugar un segundo impulso.
Los transportadores de neurotransmisores (Tp) recapturan al transmisor hacia la
terminal sinaptica o hacia las células gliales vecinas junto con Na* y otros iones
(*). En el caso de los transportadores de Gly y otros, * es cloro, que se mueve
en la misma direccion que el sodio y el neurotransmisor. En el caso de los
transportadores de Glu, * representa al potasio, que se mueve en direccion
opuesta al sodio y al Glu. La fuerza motriz para este proceso es el gradiente
electroquimico de los iones sodio, que se mantiene por la ATPasa Na'/K*. La
regulacion fisiolégica de los transportadores tal vez se de a través de receptores
para el mismo neurotransmisor (autorreceptores, AR) o para otros
(heterorreceptores, HR) (Kanner, 1994).

La actividad de los transportadores especificos coincide con la localizacién
de los transmisores liberados, lo que sugiere que los transportadores se expresan de

manera especifica para cada sistema de neurotransmisién (Uhl y Hartig, 1992).
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Importancia Clinica

Los transportadores de neurotransmisores tienen una gran  importancia.

médica, debido a que regulan la actividad de los neurotr'an'smi§of

trénsportadoreS' son, asnmlsmo, blancos moleculares de ciertos

Prozac, que |nh|be la recaptura de serotonina (Barondes 1994).
' Concentracmnes elevadas de aminodcidos excitadores inducen muerte

neuronal por excitotoxicidad, fenémeno lnvolucrado en numerosas patologlas

de las principales funciones de Ios transportadores de‘ Glu en eI sistema ervioso es

la de evitar que la concentracién de Glu extracelular se eleve a niveles

neurotéxicos. En cultivos organotipicos de médula espinal se demostro, por primera
L {/ez' _que los transportadores de glutamato protegen a las neuronas de la toxicidad

5 '_mdumda por glutamato (Rothstein et al., 1993). Mas aln, se encontré que si se

ellmlnan los transportadores de glutamato gliales, se induce la degeneracion

jneuronal por excitoxicidad, mientras que si se eliminan los transportadores
;'euronales el dafio no se presenta (Rothstein et al., 1996; Tanaka et al., 1997).

e " Los transportadores de Gly podrian relacionarse con la excitotoxicidad
e pyjrvoducida por el Glu a través de los receptores de NMDA, ya que la Gly actia
como coagonista potenciando el efecto del Glu sobre estos receptores (Smith et al.,

1992). En este sentido, se ha comprobado que la Gly potencia la muerte neuronal
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excitotéxica: rodu d por la actnvacuén crénica del receptor de NMDA en

neuronas' t y_estr atales (McNamara y Dingledine, 1990 Morons et al.,

1992) La apac:dad del" 7-clorokinurenato (antagonista del sitio de la glicina en el
recepto' de NMDA) de reducir la neurotoxicidad del Glu en cultivos celulares,
pone en evndencna el potencial de la Gly en estados patolégicos. En ciertas etapas
de Ias enfermedades neurodegenerativas se presenta una pérdida de receptores de
NMDA,por lo que la transmisién es subdptima. Se ha propuesto que el elevar los
: niveles de Gly endégena disminuyendo su transporte, podrfa resultar benéfico por
‘ :‘inbc‘:rementar la transmisién mediada por.los receptores de NMDA (Fletcher et al.,

",,1990) En la esclerosns amlotroflca Iateral (ALS), caracterlzada por. Ia perdlda de

~en-el transporte de GIy,’-,

fluido cerebroespinal.
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TRANSPORTADORES DE GLICINA

Los transportadores de neurotransmisores se han clasificado en tres familias:
(1) transportadores dependientes de sodio y cloro que operan en la membrana

plasmatica:de células gliales y neuronales (2) transportadores dependientes de

sodno/potasno quev funaonan en membrana plasmética, especificamente

transportadores de Glu dores - vesnculares que llevan a cabo la

captura al |nter|6 méptlcas Y. grénulos (Nelson y Lill, 1994).

Los transportadoresde Gly pertenecen a la familia de transportadores que
dependen de N?‘ y Cl-, junto con los de GABA, prolina, betaina, taurina y aminas
biogénicas. Todos los miembros de esta familia presentan una estructura y topologia
similares. En general, estdn constituidos por 600 aminoacidos arreglados en 12
segmentos transmembranales; tanto el extremo carboxilo-terminal como el extremo
amino-terminal se encuentran del lado citoplasmico de la membrana. Estas regiones
contienen sitios de fosforilacién que, pueden estar involucrados en la regulacién del

transporte Tamblén presentan \una gran ‘asa extracelular entre los segmentos

‘donde "'e Iocallzan de 2 a 4 SlthS de gllcosﬂacnon (Amara

1 de’la’ secuencna de amlnoéCldos de varios mlembros de esta

familia revel6’ que cnertos, egmentos de estas proteinas presentan un mayor grado

de homologla que otros ‘Las reglones mas conservadas son: eI segmento

transmembranal | Ju' n: eI asa extracelular que lo conecta con el segmento

transmembranal I,y el segmento transmembranal \Y Junto con la pequeia asa

intracelular que lo conecta con el segmento IV y el asa extracelular mas grande que
lo conecta con el segmento VI (Fig. 5). Se ha propuesto que estos dominios estan
involucrados en la estabilizacion de la estructura terciaria que es esencial para el
funcionamiento de estos transportadores, asi como en la translocacion de iones
sodio. La parte de la proteina compuesta por los ocho primeros segmentos
transmembranales estdi mas conservada que las que componen el resto de los

‘segmentos; se piensa que este dominio estd involucrado en la translocacion de los
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diferentes sustratos.: La es“menos conservadas son los extremos amino- y

carboxilo-terminal, ‘que se propone que estas dreas estdn involucradas en la

+
H co00

Figura 5. Topologia membranal de los transportadores de Glicina. A) GLYT1. B)
GLYT2. Se muestran los 12 segmentos transmembranales. Los extremos amino
y carboxilo terminales son intracelulares. E| asa extracelular entre los segmentos
3 y 4 presenta sitios consenso de glicosilacion (Zafra et al., 1997).
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La glicina (Gly) es un‘ar

funciones metabélicas ;

médula espinal, taIIo c Jerce 'su efecto inhibidor a

o y este efecto se antagoniza
1993) .

través de un canal de

convulsnvo, Betz et al.,

1992; Liu et al., 1992;

;;1993), mientras que la isoforma GLYT1c se

'nv ratén (Guastella et al.,
:‘99‘4) Recientemente se informd la expresion en la

vGLYT1e y GLYTI1f, que difieren respectivamente de

'?GLYT‘la y GLYT1b en eI extremo carboxﬂo terminal, como resultado del empalme
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alternativo de exones (Han 2000). Estas nuevas isoformas interacttian con

la subunidad p1 del rec/ebfof" GABA a través del extremo carboxilo terminal.

El gene GLYT2 codlflca para’ dos'lsoformas denominadas GLYT2a y GLYT2b

generadas por empalme alternatlvo' de la regién 5’ (Ponce et al.,, 1998). Ambas

isoformas son muy 5|m| n. cuanto a sus caracteristicas cinéticas y su

distribucién en el snstema nervuoso sm embargo, cuando se expresan en células

COSs transfectadas GLYT2a captura gllcma mientras que GLYT2b sé6lo parece
intercambiarla o Ilberarla

Exnstenuna distribuciér atémlca diferencial: de GLYT1 y GLYT2 en el SNC;

‘ hsibilidad de Iés isoformas de

'GLLYTJ” nhibicién por sarcosina (n-me na;’ “Livet al., 1993). Recientemente

“se jreporté‘que la amoxaplna (antldepreswo tl'ICIC|lCO) inhibe selectivamente a
:'GLYTZa, ‘mientras que su efecto sobre la actividad de GLYT1 es insignificante

(Nufiez et al., 2000).

Localizacion Celular e Histologica

Ademas del cerebro, la expresién de las isoformas de GLYT1 se ha
demostrado en otros tejidos. En la rata, tanto el RNAm para GLYT1b (Smith et al.,
1992) se identific6 exclusivamente en el higado, mientras que en el ratén, se

identifico GLYT1a en el hlgado pulmén, bazo, estbmago y Gtero, y GLYT1b sélo se

detecto en eI cerebro""'”B owsky et al.,1993). La expresién de GLYT1c sélo se ha

los transportadores GLYT1 y GLYT2 en regiones

* hibridacién ’v"'sitvuy, “northern blot” e inmunoensayos. Utilizando sondas que
an con el RNAm de todas las isoformas de GLYT1, se observé que la mayor

‘expresnén de este transportador se presenta principalmente en las células gliales
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1994). Sin

ocumentada (Borowsky

| v'i"'sk'y"ét al.,

a GLYT1 en las células

(o) gatb, COhEJO Y. pollo (Zafra ;et'al 1995 Pow and

‘esté restrmglda a las neuronas Iocalizéndose

xone Zafravet al., 1995; Spike et al., 1997). Los niveles mas

lo né'rvibs craneales (Luque etal., 1995)

glicinérgicas (Zafra et al, 1995) se consudera a GLYT2 como un marcador confiable
de neuronas gllcmerglcas (Poyatos et aI 1997). A este respecto, se ha demostrado
en el cerebro y en Ia médula esplnal la Iocalnzac:oh kde GLYT2 con los receptores
mhlbldores de gllcma (Luque et al 1995' Nelson 7-1995) lo que sugiere
a":termmacmn de la

transm:sné lnerglca Como ya se mencnon 2 recnentémente se demostré que el

genevG YT2 da urgar ados isoformas, GLYT2ay GLYT2b las cuales se expresan en

Vlas "’mlsmas reglones anatémicas (Ponce et al., 1998). Debido a su baja
concentracmn el RNAm de GLYT2b se pudo identificar tnicamente por RT-PCR y
no por ."no‘rthern blot” o por ensayos de proteccién de RNAsas, por lo que estudios
preVibé‘sObre la localizacién de GLYT2 con “Northern blot” e hibridacién in situ,

’ ;)’rObab'Iemente corresponden a la distribucion del RNAmM de GLYT2a.

" Con base en los estudios de Smith y col. que demuestran la colocalizacion
de GLYT1 con los receptores de NMDA (Smith et al.,, 1992), se ha propuesto su

o particivpé,ci‘éh en la neurotransmision glutamatérgica, idea que se refuerza por la

localizacién de GLYT1 en areas no relacionadas con vias glicinérgicas (Borowsky et
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al,, 1992 Lm'etar 1992*1993?L

obstante, la expreSIon de GLYT1 ambién

ha* _emostrado en celulas gllales
asocnadas a smapsns presumlblemente gllcmerglcas (Zafra et al 1995). Es posible
que isoformas particulares de GLYT1 estén asocnadas a los receptores de NMDA

mientras que otras estén relacionadas con los receptores inhibidores de glicina.

Estequiometria y Propiedades de Canal
Se considera que los transportadores acoplados a Na*/CI' en general,
transportan 2Na*/Cl" con cada molécula de sustrato (Nelson Y Lill, 1994). Los

primeros estudios del sistema de transporte de gllcma d_e alta aflnldad en ‘vesiculas

de membrana plasmétlca sméptlca demost ar

po e'(Afagén et aI

demostraron que los transportadc les: ‘_yiglliales de glicina difieren en su

capacidad para funcionarle'h T2 tiene una restriccién cinética
para el transporte,in\:/é‘,r's‘: :capacidad de liberar glicina. Esta
asimetria en Ios~-fblgj‘§§:. de gl _s_er:‘;ésencial para mantener alta la
concentrac'iér'f‘aé‘ :h‘éﬁi'o't‘rfé{hsmlsor en:el.interior de las neuronas presindpticas
:durante los perfodos de actuvudad En contraste GLYT1 no exhibe tal limitacién: en
'k kovvocltosiexpresando GLYT1b, Ia acumulacuon de glicina genera una corriente
s;iliente neta cuando se remueve la glicina del medio extracelular. Esta liberacion
no vesicular e independiente de calcio podria ser particularmente importante en las
: ‘sin:af)sis g]utamatérgicas, donde la liberacion vesicular de glicina no se ha podido
' ;demostrar (Chaudhry et al., 1998).

‘A diferencia de los transportadores de GABA y glutamato que presentan

k""’”fp\rop;,e‘dades de canales i6nicos activados por ligando (revisado en Gadea y Lopez-

'Coloumé, 2001a,b), en los transportadores de glicina el flujo iénico y el flujo del

0 ‘ansporte de 2 |ones Na Ly un Eh
1987)'Un‘3f
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sustrato : éﬁ:st_ e ‘:te acoplados. Esto es particularmente cierto para

) ' propusieron que en las células gliales, la
u ento en la [Na*]i por activacién de los receptores de
evertlr el transporte de GLYT1 b incrementando la [Gly]o
receptores de NMDA. En este sentido, la liberacion de

glfa se ha demostrado en distintos sistemas, lo que ha llevado

“a la ldeavde que,: Ia llberacmn de glicina independiente de calcio de las células
gllales en la vecindad de las sinapsis glutamatérgicas, contribuye a la
neurotransmision excitadora (Holopainen y Kontro, 1989; Galli et al., 1993;

Saransaari y Oja, 1994; Sakata et al., 1997).

Regulacién de los Transportadores de Glicina B
Existe muy poca informacién disponible sobre los aspectos reguladores de
los sistemas de transporte de glicina. Se ha demo'st‘ra’do:-'due el acido araquidénico

as de transporte dependientes de

liberado por la fosfolipasa Az, inhibe varios sis

ransportadores (Zafra et al., 1990).

lnvoluc o mdlrecto A este respecto, Geerlings y col. (2000)

reci ntemente' una interaccion fisica y funcional de ambos
transportadore GLYT_ ykGLYT2 con la sintaxina 1A (proteina SNARE). La
‘cotransfeccuén de Ia smtaxma TA y GLYT1 o GLYT2 en células COS disminuye el

rdemostraron‘
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numero de protemas transportadoras’

expresron total Estudlos de lnmuno re

fisica entre los’GLYTs y la smtaX| e ?ehtfi‘)ﬁ:cés,' que la PKC regule la
interaccién entre los GLYTs 'y - . 1A, 'fcomo en el caso de los
transportadores de GABA (Horton y Quuck, 2001) o

Las neuronas pueden regular la expre5|c’>n gllal de GLYT1 Las células gliales

~ de la médula espinal de rata no expresan GLYT1 en cultlvos puros, pero sf lo hacen
en cultivos mixtos de neuronas y glia. Si se elimina a las .‘neuronas por medio de
tratamientos citotéxicos, se reduce la expresion en Ia'glfa‘ de GLYT1 (Zafra te al.,
1997). Estos hallazgos sugieren que es importante la interaccién entre neuronas y

glia para la regulacion de la expresion de GLYT1.

Transportadores de Glicina y Neuropatologias

La glicina podria participar en procesos de excitotoxicidad al potenciar el
efecto del glutamato en los receptores de NMDA, asf{ como en la patogénesis de
enfermedades relacionadas con los receptores inhibidores de glicina (Lloyd et al.,
1983; Simpson et al., 1995). En cuanto a la trérfsrhisién excitadora, se ha
demostrado que los transportadores de gllcma juegan un papel importante en

C|6n Iocal de gllcma por debajo de los niveles de saturacion

para Ios receptores e NMDA de manera que un incremento en la concentraciéon

extracelular‘"’de ghcma potencie la actividad de estos receptores (Supplisson y

":Bergman,’ 1997 ‘Bergeron et al., 1998). Dicho incremento puede producirse por la

dlfusnﬁnvde;la gllcma proveniente de sinapsis vecinas, dependiente de calcio, o por

~lat |nver516n del - transporte, mecanismo independiente de calcio, como en

' 'condICIones lsquémlcas en las que ocurre la reduccién del gradiente electroquimico
del Na y deI
provnene muy : ‘probablemente de los transportadores de glicina gliales cuya

I-»(Baker et al., 1991). Esta liberacién independiente de calcio

estequnometna, icomo ya se menciond, es de 2Na*/Cl-/Gly, a diferencia de los

neuronales: 3Na*/CI-/Gly (Roux y Supplisson, 2000).
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En humano con esclerosrs amlotréflca Iateral (ALS), existe la pérdlda de

t: :enfermedad (Tsai et al., 1998) La dlsmlnuc:on en la liberacion

‘ 'dé"‘gll'uta at estl‘mulada por NMDA que se ha demostrado en preparaciones de

smaptosomaskprovenlentes de pacientes esquizofrénicos, es otro indicio de

hlpofunCIén glutamaterglca en esta enfermedad (Danysz y Parsons, 1998; Olney et
Val., 1999). El uso clinico de agonistas del receptor de NMDA en el tratamiento de
este padecimiento se ha descartado debido a su potencial neurotéxico y convulsivo.
En este sentido, los transportadores de glicina podrian representar un blanco
adecuado para el disefio de drogas antiesquizofrénicas. Por lo tanto, el estudio
farmacologico de los transportadores de glicina podré proporcionar herramientas

tiles para el dlseno de férmacos ESDElelCOS que afecten su recaptura.

t"' ne d;ve : as funcnones en el SNC, es evidente que la

tracelular por los transportadores puede tener

fuertes |mpl|caC|ones para'los procesos de neurotransmisién en el sistema nervioso.

La manera en la que la regulamon de la concentracion extracelular de glicina por
parte de la glia afecta condiciones fisiologicas y patolégicas sigue siendo tema de

investigacion.
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OBJETIVOS

Las células gliales constituyen mas de la mitad del volumen total del cerebro
y superan en niumero a las neuronas, a pesar de lo cual han atraido poco la atencién
de los neurofisidlogos desde su descripcion por Virchow en 1846. La propuesta de
Virchow de que las células gliales no son mas que un “pegamento nervioso” sigui6
siendo, hasta hace pocos afos, el punto de vista de muchos neurofisiélogos. Sin
embargo, en los ultimos afos se ha progresado considerablemente en la

comprensién de la fisiologia gllal y las interacciones glfa-neurona lo cual ha llevado

a un replanteamlento de 1o ”mecamsmos que. subyacen el funcionamiento del

~de: modular Ias resbuestaé neuronal_es “co Ios niveles
’>extracelu|ares de neurotransmisores -a’ través de snstemas de;transporte de alta
}_faflnldad L

‘La captura de glicina en la glla de Muller podrla participar en la modulacién
‘.d‘eyla transmision excitadora en la via vertical de la retina a través de los receptores
‘de NMDA, asi como en la inhibicion lateral a través de los receptores de glicina

inhibidores, el primer objetivo de este trabajo fue:
e Demostrar la presencia de transportadores de glicina de la glia de Miiller

Se dispone de muy poca informacion sobre los mecanismos reguladores de
los transportadores de glicina. Las células gliales responden a la actividad neuronal
a través de cambios en las concentraciones de mensajeros intracelulares. Estos

cambios modifican las funciones de la glia. Una de las funciones modificadas
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podrfa ser su capacidad de capturar neurotransmisores, por lo tanto, nuestro

segundo objetivo consistié en:

e Estudiar las vias de seialamiento intracelular involucradas en la regulacion de

los transportadores de glicina en la glia de Miiller de la retina.
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MATERIALES Y METODOS

CULTIVO PRIMARIO DE LA GLIiA DE MULLER DE RETINA DE POLLO

El método de cultivo para la glfa de Miiller se basa en el desarrollo
diferencial de neuronas y glfa Las celulas gllales son las primeras en aparecer
durante el desarrollo de la retma pero su diferenciacién es posterior al de las

nyeurona(s.., Las neuronas en cultivo comienzan a morir a los 7 dias in vitro (DIV),

e rhientras que Ias células gliales siguen dividiéndose y creciendo, de manera que a

~los 13 DlV tiempo al que la glia deja de dividirse, el cultivo esta libre de neuronas.
Las células de Miiller se cultivaron segn la técnica descrita por Adler y
colaboradores (1982) y modificada por Lopez-Colomé y Romo-de-Vivar (1991). Las

retinas se obtienen de embriones de pollo de 7 dras Se extraen separéndolas del

epitelio plgmentado y se Iavan dos veces en- solumén 'de Hank libre de Ca’* y Mg®*
(NaCI 0. 8 g, KCl.0.04 g, KHzPO4 0.006. g,NazHPO 0. 01 25 g, rOJO de fenol 0.002 g
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confluencia.-.E

‘ trlpsma al 0.5% en solucién de Hank a 37°C Ilbre de Ca

: dlsoc1an mecanlcamente utlllzando una plpeta Pasteur La

vla glla (Sombhano y Lépez-CoIome, 1991). Mas del 90% de las células resultaron
NSE* y GFAP‘ Los ensayos de transporte se [levaron a cabo en cultivos de neuronas

de 5 DIV,

ENSAYOS DE TRANSPORTE DE GLICINA
Los ensayos de transporte se realizaron con cultivos confluentes de células

de Miller de 12 6 13 DIV. Al inicio de todos los ensayos, el medio de cultivo se
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: thtEUments; Hamden, CT) ‘en’ un mICl'OSCOpIO

' leon Corp Tokyo, Japén)

'blnvertido (Nikon Diaphot TMD;
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ntensificada CCD
nacion alternada de
nmy 380 nm de

muestreo (proporcién

Ilevé a: cabo con eI programa as‘ determmacuones ‘de ‘la

[Ca?*] de
3',40/36

valores I Caz+ se determmaron empmcamente utilizando

solucidhés .contenlan 50 /.IM x_ura 2'h(sal de pentapotasio;

Molecuwlie'\r‘» oncentracnones de Ca ‘en el ‘intervalo de 0 a 40 uM. La
[Ca2*]r basal

esttmulo_durante un periodo de 3 min. La amplitud méaxima del incremento

f mlé promedlando en el tlempo Ia [Caz*]u medida en ausencia de

intrac:elul‘a(":de;_Ca2+ se determiné como la diferencia entre el pico absoluto de la
[Ca?*]i y. [Ca**]i basal (pre-estimulo). El procesamiento de los datos se llevé a cabo
con el brograma Origin 3.78 (Microcal software, Northampton, MA).
Soluciones

Las células se superfundieron continuamente con KRB (~1 ml/min). Las
soluciones con el tratamiento se aplicaron por presion (10 psi) a través de pipetas
de vidrio independientes (didmetro de la punta ~ 2 um), colocadas a 100 um de

las células examinadas. La aplicacién de las soluciones probadas se controlé por
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medlo de un dlSpOSItIVO Picospritzer’ (General Valve‘ Fairfield NJ) Las soluciones
utlllzadas fueron 1) cafeina:5: mM disuelta en_KRB / 2) lonom‘lcma 10 mM disuelta

en KRB Los ekperlmentos se llevaron a'cabo a 22 23°C
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RESULTADOS

CARACTERIZACION BIOQUIMICA Y FARMACOLOGICA DEL TRANSPORTE DE
GLICINA

Curso Temporal y Cinética del Transporte de Glicina

El transporte de glicina (TmM, concentracién final) en la glfa de Mﬁller' es

saturable; no se observé mayor acumulacién después de 30. mlnutos (flgura 1) Lasf.g -

curvas de saturacnon para el transporte se obtuweron 'mldlendo la:"' asa de

: _fbaJa aflnldad son Km = 26 86 7 4 uM Vmax =:2.65
min, y Kn = 1.66 + 0.38 MM, Vimax = 29.91 + 5. 26 nmol/mg protema/10mm,

respectivamente.

Dependencia lonica y Especificidad del Transporte de Glicina

Los transportadores de glicina de alta afinidad descritos en el sistema
nervioso pertenecen a la familia de transportadores dependientes de Na*/Cl-
{Nelson vy Lill, 1994), mientras que los transportadores de baja afinidad dependen
exclusivamente de la presencia de Na* en el medio extracelular para llevar a cabo

el transporte (Christensen, 1984). La dependencia i6nica del transporte de glicina
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Figura 1. Curso temporal del transporte de glicina. Las células de Muller se incubaron
en medio KRB en presencia de glicina 1 mM ([°*H]-Gly/Gly 1:25000) durante los tiempos
indicados. Cada punto es el promedio de tres experimentos por triplicado. Los
resultados se expresan como la media + E.S.

en la glia de Miiller se estudié utilizando concentraciones isosméticas de cloruro de
colina y de litio {(medio sin Na*), asi como de gluconato de sodio (medio sin CI)
para sustituir al NaCI La figura 3 muestra que ambos sistemas de transporte
"‘ldependen de. Nya para llevar a cabo la captura, mientras que la ausencia de CI'

abol|6 especl’flcamente al componente de alta afinidad (figura 4).
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Transporte de Glicina

(nmol/mg prot/10 min)

Km=27 uM Kmy=1.7 mM
Vmax;=3 nmol/mg prot/10 min  Vmax,=30 nmol/mg prot/10 min

204

-
T

0.0 0.5 1.0 1.5 2o
[Glicina] mM

. Figura 2. Cinética del transporte de glicina. Los cultivos se incubaron en medio KRB

durante 10 minutos en presencia de glicina a distintas concentraciones ([*H]-Gly/Gly
:1:5000). Cada punto es el promedio de por lo menos dos experimentos por duplicado +
E.S. En la gréfica interior se muestra el analisis de Eadie-Hofstee.
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Figura 3. Dependencia idnica del transporte: Na*. Los cultivos se incubaron durante 10
minutos con glicina 1 mM ([*H]-Gly/Gly 1:25000) en medio KRB que contenia NaCl 118
mM, 6 sin Na*; el Na* se reemplazé por cloruro de litio o cloruro de colina 118 mM. Los
resultados se muestran como la media de tres experimentos por triplicado + E.S.
*Significativamente distinto del control (p<0.001, prueba “t” de Student.
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® Control (NaCl)
© Giuconato de Na*

80 100 120

Figura 4. Dependencia idnica del transporte: CI. Los cultivos se
incubaron durante 10 minutos en presencia de distintas concentraciones
de glicina (0.01-2 mM) ([°H]-Gly/Gly 1:25000) en los siguentes medios:
KRB control que contenia NaCl! 118 mM (s) 6 KRB en el que el NaCl se
reemplazé por gluconato de sodio118 mM (O). La grafica que se
muestra es el andlisis de los datos por el método de Eadie-Hofstee y los
valores son la media de tres experimentos por triplicado.
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Control , /
D-serina : 2.4 % .- 4) -
GABA 314
Taurina
Sarcosina
MeAIB
AlB

8
53%Hk(57)

Rk *

'Los experimentos de captura se realizaron en presencia de distintos aminodcidos y
derivados (5 mM); sarcosina 100 uM en 1'y 1-mM en Il; glicina 25 uM (1) 6 1 mM (Il).
MeAIB, d4cido metilaminoisobutfrico; AIB, ‘dcido aminoisobutirico. Los valores
representan la media + ES de tres experimentos por triplicado. Los valores en
paréntesis representan el porcentaje del transporte con respecto al control. Para
comparar los valores obtenidos con el control, se aplicé una prueba de t de Student:
*Significativamente distinto del control (P<0.05, **P <0.02, ***P<0.001).

Para determinar la especificidad farmacolégica de ambos sistemas, se probd
el efecto de distintos aminoacidos y derivados sobre el transporte. La glicina es
sustrato de diversos sistemas de transporte de aminodcidos, por lo tanto, se examiné
la relaciéon del sistema de transporte en las células de Miiller con sistemas
previamente identificados. Los resultados de la Tabla 1 muestran que la sarcosina,
sustrato de los transportadores GLYT1, inhibi6 el transporte de alta afinidad 76%
(100 uM) y el de baja afinidad 38% (1 mM). El MeAIB y el AIB, sustratos del
sistema A, sistema de transporte de aminoicidos de baja afinidad, inhibieron el
transporte de glicina (50%). El transporte de alta afinidad lleva a cabo el 25% del
transporte total a una concentracion de glicina 1 mM (condiciones para el

transporte de baja afinidad; Neal, 1972). Ya que la sarcosina (1 mM) inhibi6 el
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® Control Km, = 27 uM Vimax, = 3 nmol/mg prot/10 r‘nln'
Kmy, = 1.7 mM Vimax; = 30 nmol/mg protl10 mh
A Sarcosina 0.1 mM :
254 Km = 1.6 mM Vimax = 28 nmol/mg prot/10 mln
O Sarcosina 1 mM
Km = 2.5 mM Vmax = 26 nmol/mg prot/10 mln'
204 o
= 15-
104
51
0 —
o} 120
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Figura 5. Efecto de la sarcosina sobre la cinética del transporte. Los cultivo
incubaron durante 10 minutos con distintas concentraciones de glicina (0.01-2
([*H1-Gly/Gly 1:25000), y en ausencia (control, ®) 6 en presencia de sarcosina (0.1
A 61 mM, O). Los datos se analizaron por el método de Eadie-Hofstee y los va
son la media de tres experimentos por triplicado.

transporte de baja afinidad en un 38% (Tabla 1), se estudié el efecto de distintas
concentracuones de sarcosma sobre Ia cnnétlca del transporte. Como se muestra en

: (5 de 0.1-mM, abolié por completo el

“la flgura—‘S

’ transport d flnldad mlentras -que el 'de baja afinidad no se afecté. A

: ,yconcentrac:ones més altas (1 mM), la sarcosina inhibié ligeramente el transporte de

{ ad’ lncrementando el valorde la Km a 2.55 mM.

‘Estos resultados demuestran que la captura de glicina en la glia de Miiller se

."_VII'e'ya a cabo por dos sistemas de transporte, uno de alta afinidad con caracteristicas
de los transportadores GLYT1 presentes en las células gliales e involucrados en los
procesos de neurotransmisién del SNC, y uno de baja afinidad, con caracteristicas

del sistema A descrito en diversos tejidos.
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Tabla 2.: Efecto de: drogas relacuonadas a vfas |ntracelulares de sefialamiento sobre el
transporte “de gllcma en la glfa de Miiller de la retina' :

Compuesto Concentracion t (min) incubaciéon  Captura de Glicina
L (% c/r al control)

i . Forskolina 7.5 uM 30 y 60 min 99 + 4

© 7 8-BrcAMP 1 mM 30 min 98 + 4
4 8-Br-cGMP 1 mM 30 y 60 min 1005
©SQ-22536 100 uM 30 y 60 min 99+ 6

~HA-1004 100 pm 60 min 98 %5
xina Colérica ~ Tug/ml 30 y 60 min 100 £ 3
xina Pertusis - . 1pg/ml -~ 30 y 60 min 101 £6
S70.5uM 0 30y 60 min - 1008
100ug/ml~ - 30y60min '+ 4
CTuM . 30y60min .
100 nM 45y 60 min
50 uM 30 min
400 uM 30 min
110 uM 30 min
50 uM 20 min RO
100 nM 30.y 60 min . -
20 pM 30 y 60 min-

50 nM-20 uM 30 y 60 min
300 nM-1uM 30 y 60 min
1 uM 60 min
’ 5 uM-200 uM 60 min
Wortmanina 1 uM 30 y 60 min
Genisteina 50 uM 60 min

'Las células de Miiller se preincubaron con los compuestos indicados (ver apéndice para efectos
farmacolégicos de los compuestos). Los ensayos de captura se llevaron a cabo como se describe en
Materiales y Métodos, en presencia de glicina TmM. HA-1004, hidrocloruro de N-(2-Guanidinoetil)-5-
isoquinolinasulfonamida; SQ-22536, 9-(Tetrahidro-2-furanil)}-9H-purin-6-amina; PMA, Forbol 12-
myristato  13-acetato; DOG, 1,2-Dioctanoil-rac-glicerol; H-7, dihidrocloruro de  1-(5-
Isoquinolinasulfonil)-2-metilpiperazina;  ML-9, 1-(5-Chloronaftaleno-1-sulfonil)-1H-hexahidro-1,4-
diazepina. Los valores se expresan como el porcentaje del transporte de glicina con respecto al control
y son la media de al menos tres experimentos independientes por triplicado * E.S. No se observaron
diferencias significativas con respecto al control.
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Figura 6. Participaciéon del AMPc en la regulacion del transporte de glicina. Las
células de Miller se preincubaron durante 20 minutos en presencia de los
compuestos indicados en KRB. Ya que el MDL-12330A se disolvié en DMSO, se
afadié un control con 10 ul de DMSO en 0.5 ml de KRB. El ensayo de transporte
se llevé acabo durante 10 minutos en medio KRB que contenia glicina 1 mM
(PH]-Gly/Gly 1:25000). Los valores se expresan como la media * E.S. de tres

experimentos por triplicado. * Significativamente distinto del control (p<0.001,
prueba “t" de Student).
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Figura 7. Curva dosis-respuesta del transporte de glicina en presencia de distintas
concnetraciones de MDL-12330A. Los cultivos se preincubaron durante 20 minutos en
presencia de MDL-12330A 1, 10, 50, 100 y 200 uM. El ensayo de transporte se llevd a
cabo durante 10 minutos en medio KRB gque contenia glicina 1 mM ((H]-Gly/Gly
1:25000). Los valores se expresan como la media + E.S. de tres experimentos por
triplicado.

Con el fin de determinar la especificidad de este efecto, se midié la captura
de otros aminoacidos en presencia de forskolina, SQ-22536 y MDL-12330A. Tanto
la captura de leucina como la captura de D-aspartato se inhibieron con MDL-
12330A 10 uM (60% y 80%, respectivamente), mientras que la forskolina y el SQ-

22536 no tuvieron efecto (figura 8).
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Figura 8. Efecto del MDL-12330A sobre el transporte de Leucina y D-Aspartato. Las
células de Miller se preincubaron durante 20 minutos en presencia de los
compuestos indicados en KRB. Ya que el MDL-12330A se disolvi6 en DMSO, se
afiadioé un control con 10 ul de DMSO en 0.5 ml of KRB. Los ensayos de transporte
se llevaron acabo durante 10 minutos en KRB que contenia [A] D-Aspartato ([°H]-D-
Asp/D-Asp 1:50) 250 nM 6 [B)] Leucina ([*H)-Leu/Leu 1:25000) 1 mM. Los valores se
expresan como la media * E.S. de tres experimentos por triplicado.
*Significativamente distinto del control (p<0.001, prueba “t” de Student).
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Figura 9. Efecto del MDL-12330A sobre la viabilidad celular. [A] cultivo control de
células de Muller. [B] cultivo de glia de Muller después del tratamiento con MDL-
12330A 50 uM, 40 minutos. El porcentaje de viabilidad celular se determiné por
medio de la técnica de exclusion de azul tripanoc.
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A no se acompana de un cambib‘eh la
mlndtOQ de incubacién, la inhibiCién que
na‘fdlsmlnuaon considerable en la viabilidad
celular 709 > control), lo cual demuestra cIaramente un efecto
“toxlco de: este compuesto1(f|guray 9), mdependnente de la inhibicién de la AC ya que
kel tratamlento con SQ-22536 (100 uM) durante 20 6 40 minutos no afectd la

viabilidad celular (estos datos no se muestran).

Regulacion del Transporte de Glicina por Calmodulina

Se estudié entonces la posible participacion de la calmodulina (CaM) y
enzimas dependientes de Ca’*/CaM en la regulacién del transporte de glicina. La
trifluoperazina (TFP; fenotiazina antipsicética; Weiss et al., 1980), el W7 (N-(6-

aminohexil)-5-cloro-1-naftalen squonamlda, Kanamorl et al 1981), el R24571 (o

calmldazollu_m, denvado del ant nicotic z ; ,Gletzen et aI 1981) y la
oflobolmaA ' “fungal; accior ' lcas y

procesos rogas

anticalfﬁddy transporte de gllcma La flgura:J ,muestra las

curvas dosis ara el W-7 (inhibicion maxima 40%), la: oflobolma A
(inhibicién méX|ma;45%)v Ia TFP (inhibicion méaxima 80%) y el R-24571 (inhibicion
as"lCSOS calculadas en cada caso fueron 40 * 2.5 uM, 50 £ 1.2 uM,

2.5+ 0.5uM y1 * 0.2 uM, respectivamente.

méxima 82%), ‘

Se 'ha visto que las drogas anticalmodulinicas pueden tener efectos
inespecificos e interactuar con otras proteinas de manera independiente de la
calmodulina, como es e! caso de los receptores de dopamina D2 (Wilson et al.,
1998) y los receptores de NMDA (Lidsky et al., 1997). Con el fin de determinar si el
efecto inhibidor observado sobre el transporte de glicina es especifico, se estudié el

efecto de estos compuestos sobre el sistema de transporte dependiente de Na* para

’|ne5pec1f|co para el transporte de ik
lar. después del tratamiento con este';."”

gxclusuén de azul tripano. A, Ios_207 '
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Figura 10. Papel de la CaM en la regulacion del transporte. Las células de Miller se incubaron
con concentraciones crecientes de W7 (inhibicién maxima 40%, IC50 40 + 2.5 uM), ofiobolina
A (inhibicion maxima 45%, IC50 50 £ 1.2 uM), R24571 (inhibicion maxima 82%, IC50 1 + 0.2
uM) y Trifluoperazina (inhibicion maxima 80%, IC50 2.5 £ 0.5 uM) durante 20 minutos en
medio KRB. El ensayo de transporte se llevé a cabo durante 10 minutos en medio KRB que
contenia glicina 1 mM ([°H]-Gly/Gly 1:25000). Los valores se expresan como la media * E.S.
de tres experimentos por triplicado. Las IC50s se calcularon en cada caso con el programa

INPLOT (version 3.1) de Graph PAD.

el GABA vy sobre el sistema de transporte de leucina, el cual no depende de Na*.

- No se encontré modificacion alguna de estos compuestos sobre los sistemas de

transporte de GABA o leucina (Tabla 3).
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Tabla 3. Efecto de los inhibidores de la calmodulina y la CaMKIl sobre el
transporte de leucina y GABA en las células de Miiller y sobre el transporte de
glicina en neuronas de la retina’

Control R24571 TFP w7z KN62

Transporte de Leucina 100+ 8.9 71.6+14.1 81.3%£100 83.5%8.7
(% c/r al control)

Transporte de GABA 100+ 5.4 87.0+128 97.2+7.4 99.1 + 4.8
(% c/r al control)

Transporte: de"cly 100£ 17 95.9+22  86.1%16 96.8+ 15
en ne_uronas R SRR AT

pM VW7 10 }LM 6 KN62 20 p.M durante 20 mln El ensayo de transporte de se
llevé a cabo -durante 10 minutos in KRB que contenfa 1 mM Leucina, 01 mM
GABA. Los cultivos de neuronas se trataron. con estos mismos compuestos
durante 20 min, el ensayo de transporte de glicina se llevé a cabo en presencia “

de glicina 1mM durante 10 min. Los valores.se expresan como porcentaje con’
respecto-al control + ES de tres experimentos independientes: por. trlpllcado

*Significativamente distinto del control (p < 0. 001 Student “t” test).”

La recaptura de glicina se lleva acabo tanto por las células gliales, como por

las neuronas, por esta razén se evalué la participacion de la calmodulina en la
regulacién ‘del transporte de glicina en cultivos enriquecidos de neuronas de la
retina. Como se muestra en la Tabla 3, el tratamiento con los inhibidores de la

calmodulina no tuvo efecto alguno sobre el transporte de glicina neuronal.

Papel del Ca’* en la Regulacién del Transporte de Glicina

Ya que la caimodulina depende de Ca** para activarse, se estudi6 el papel
del calcio en la regulacion del transporte. Para este propdsito, se probé el efecto del
dantroleno, bloqueador de la liberacién de calcio de las pozas intracelulares, del

EGTA, quelante de calcio extracelular, del BAPTA-AM, quelante de calcio
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mtracelular y de la tapsigargina, inhibidor de Ias ATPasas de Ca2+ del reticulo
endoplésmlco Como se muestra en la flgura 11 eI BAPTA—AM mhlblé el transporte
“de gllcma 40% R ‘

154

-—
i

Transporte de Glicina
(nmol/mg prot/10 min)
[}

Control EGTA Dantroleno BAPTA Tapsigargina

Figura 11. Papel del calcio en la regulaciéon del transporte de glicina. Las células de
Muiller se incubaron en medio KRB, Ca® nominal cero, y EGTA 1mM o BAPTA-AM 10
uM mas EGTA 0.5 mM durante 30 min. El dantroleno (30 mM) y la tapsigargina (2 mM)
se probaron en KRB normal durante 30 min. El ensayo de transporte se llevé a cabo
durante 10 minutos en estos mismos medios en presencia de glicina 1 mM ([*H]-
Gly/Gly 1:25000). Los valores se expresan como la media + E.S. de tres experimentos
por triplicado.

Con e! fin de producir un incremento en la concentracién intracelular de
Ca’* y, de esta manera, estimular a la calmodulina, se incubé a las células en
presencia de los iondforos A23187 y ionomicina (figura 12). El efecto de los
ionéforos sobre el transporte fue contrario al esperado, pues el influjo de Ca?*
inhibi6 de manera considerable el transporte de glicina (60% y 78%,

respectivamente).
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Figura 12. Efecto de iondforos de calcio A23187 y ionomicina sobre el transporte de
glicina. Los cultivos se incubaron con ionomicina 6 A23187 10 uM durante 15 min en KRB
normal (2.5 mM CaCl,; barras negras) 6 en KRB sin Ca® (Ca®* nominal cero; barras
punteadas). Este medio se elimind y el ensayo de transporte se llevo a cabo durante 10
minutos en medio KRB que contenia glicina 1 mM ([*H]-Gly/Gly 1:25000). Los valores se
expresan como la media + E.S. de tres experimentos por triplicado. * Significativamente
distinto del contro! (p<0.001, prueba “t" de Student).

En la glia de Miiller se ha demostrado que el alto K*, el glutamato, el
carbacol y el ATP asi como la cafeina elevan las concentraciones intracelulares de
Ca?* (Keirsteard; Y. Miller, 1995; 1997; Newman y Zahs, 1997; Wakakura y
Yamamoto;"_‘Ifgvéfi)?ﬁarzya explorar el efecto de un incremento moderado en la
concenti'aci'aﬁf'jdé“(:az" intracelular sobre el transporte de glicina, se incubé a las
céluléé"éh "bréskencia de cafeina 5 mM, carbacol 2 mM 6 ATP 1TmM. Como se
muestra en la Tabla 4, la cafeina, el carbacol y el ATP incrementaron el transporte
de glicina 50%, 65% y 30% respectivamente. La estimulacién del transporte de

glicina inducida por cafeina se abatié incubando previamente con tapsigargina 2
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,Tbayblya‘ 4. Efecto de agentes que ivnauwc" n:;o.h(ﬁtrly_as'{de Ca?* en la glfa sobre el
transporte de glicina en la glia de M“,”‘?"i Y

Tranlsp'or'tervvdé Glicina
(% c/r al control)

Control 100 +'8

Cafefna 150 = 14~
~Tapsi + Cafelna 101 = 10*%*
‘ATP 165 + 28*
Carbacol 130 £ 7*

-.Glu 106 =+ 9
‘NMDA 93 £ 10
AMPA S 1029
KA ' 104 %13
~LAP4 S ~ - 98+ 8"

+

LACPD R -95'

' -més EGTA 0; 5 mM. En otro grupo de experimentos, Las’ cél
! prelncubaron durante Thr con TmM:de.glutamato (Glu),
(NM DA), ‘dcido aIfa amino-3- hldrOX| 5- menllsoxazol “4-pro

" .porcentaje. ‘del transporte,d :
de aI

la actuvacnén de're. P Iutamato Ni el glutamato, ni los agonistas NMDA,
KA, AMPA L-AP4'y

El efecto opuestofd

CPD modlflcaron el transporte de glicina (Tabla 4).

, Ia cafefna y la ionomicina sobre el transporte de glicina
podrfa deberse a diferencias en la magnitud del incremento en la concentracion
- intracelular de Ca?* ([Ca®*]i) que inducen estos agentes. Con el fin de comparar el

incremento en la [Ca?*]i inducido por la ionomicina con el de la cafeina, se

TSI (0N
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Figura 13. Incremento en la [Ca®*]; inducido por ionomicina y cafeina en la glia de Muller.
Las mediciones de Ca®* intracelular se llevaron a cabo como se describe en Materiales y
Métodos. Se muestran las respuestas de 2 células representativas. A) incremento en el
Ca* intracelular inducido por ionomicina 10 uM en una célula de Muiller, B) incremento en
el Ca® intracelular inducido por cafeina 5 mM en una célula de Miiller. Los recuadros
muestran los valores promedio de amplitud maxima inducida por ionomicina y por cafeina.
Los datos representan la respuesta promedio t+ E.S. de 60 células tratadas con ionomicina
y de 62 células (de 155) que respondieron a cafeina.
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Ilevaron a

Ia foncentracnon |ntracelu|ar de Ca en todas las

na fue 703 + 55 nM, mientras que para la cafeina

Por esta razon

e aI., 1999 Shlelds y Bamk 1999)

: 'y~ V, disminuye 30% y 37%,
_respectivamente, la inhibicién del transporte inducida por ionomicina, mientras que
el inhibidor de proteasas de serina, fenilmetilsulfonilfluoruro, no tiene efecto sobre

el transporte.

Regulacién del Transporte de Glicina por el Citoesqueleto

En las células gliales se han descrito varios procesos mediados por calpaina
como la protedlisis de los componentes de! citoesqueleto (Finkbeiner, 1993). La
actina, asi como la fodrina (espectrina) y la anquirina, proteinas del citoesqueleto
que se unen a la actina, son los principales sustratos de la calpaina (Villa et al.,

1998). La anquirina y la fodrina poseen sitios de union de alta afinidad para
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Figura 14. El efecto inhibidor de la ionomicina se revierte por los inhibidores de la
calpaina. Los cultivos se preincubaron durante 90 min con los inhibidores de la calpaina il
y V 50 uM 6 con el PMSF 0.5 mM. Posteriormente se afiadio la ionomicina al medio (10
uM, 15 min). El ensayo de transporte se llevé a cabo durante 10 minutos en este mismo
medio en presencia de glicina 1 mM ([PH]-Gly/Gly 1:25000). Los valores se expresan
como la media + E.S. de tres experimentos por triplicado. * Significativamente distinto de
la ionomicina (p<0.001, prueba “t” de Student).
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Figura 15. El citoesqueleto de actina regula el transporte de glicina en la glia de Mdlier.
Los cultivos se incubaron 2 hrs con citocalasina B 10 uM, citocalasina D 10 uM, colchicina
25 uM o 1 hr con jasplakinolida (JK) 1 uM. Cuando se probaron juntos, la jasplakinolida se
afadié 30 minutos antes de la citocalasina D. Los valores se representan como la media *
E.S. de tres experimentos por triplicado. * Significativamente distinto del control (p<0.001,
prueba “t* de Student). **Significativamente distinto de la citocalasina D (p<0.001, prueba
“t” de Student).

proteinas integrales de membrana y regulan diversas funciones de las proteinas
membranales (Beck y Nelson, 1996; Mills y Mandel, 1994), entre ellas el transporte
a través de la membrana (Handlogten et al., 1996; Nelson y Hammerton, 1989;
Zharikov y Block, 2000). El tratamiento de las células de Miiller con citocalasina B
o D (10 uM), alcaloides que promueven la despolimerizacion de la actina al inhibir
el crecimiento de filamentos nuevos (Cooper, 1987), tuvo un efecto inhibidor sobre
el transporte de glicina (41% y 50%, respectivamente; figura 15). El pretratamiento
de los cultivos con la jasplaquinolida, péptido permeable que estabiliza a la actina

(1 uM; Bubb et al., 1994; figura 15), disminuyd de manera significativa el efecto de
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Figura 16. La degradacion de la fodrina inhibe el transporte de glicina. Las células de
Mtller se preincubaron con la toxina Pet (600 mg/ml) a los distintos tiempos en medio
el medio de cultivo D-MEM. Este medio se eliminé y el ensayo de transporte se llevo a
cabo durante 10 minutos en medio KRB que contenia glicina 1 mM (PH}-Gly/Gly
1:25000). Los valores se expresan como la media = E.S. de tres experimentos por
triplicado. *Significativamente distinto del control (p<0.001, prueba “t” de Student).

la citocalasina D. La colchicina (25 pM), agente que despolimeriza los
microtibulos, no modificé el transporte de glicina.

Como ya se menciond, uno de los principales sustratos de la calpaina es la

fodrlna Recnentemente se encontré que una toxina aislada de Escherichia coli,

denommad/ai Pet degrada especfﬁcamente a la fodrina (Villaseca et al., 2000). Con

k;y'el fm de determlnar si el efecto inhibidor de la calpaina sobre el transporte de

e ;?'gllcma podria involucrar a la fodrina, se traté a las células de Miiller con la toxina

Pet. Como se muestra en la figura 16, este tratamiento inhibié el transporte de

glicina 60%.

Regulacién del Transporte de Glicina por la CaMKII

La calmodulina es una proteina intermediaria que acopla las sefales de Ca®*
a respuestas bioquimicas intracelulares por medio de la activacion de una gran
variedad de enzimas. Entre las cinasa y fosfatasas reguladas por Ca’*/calmodulina,

la CaMKIl (cinasa dependiente de Ca’*/calmodulina Il), la MLCK (cinasa de las
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Figura 17. Regulacion del transporte de glicina por la CaMKIl. A) Las células de Miller se
preincubaron con el inhibidor de la MLCK, ML-9 a distintas concentraciones (5, 10, 25, 50 y 100
uM) durante 20 minutos en medio KRB. B) Los cultivos de glia se trataron con el inhibidor de la
CaN, deltametrina a distintas concentraciones (0.1, 0.2, 0.5, 1 y 25 uM) durante 20 min en medio
KRB. C) La curva dosis respuesta con el inhibidor de la CaMKIl se llevd a cabo con distintas
concentraciones de KN62 (5, 10, 20, 40, 60, 100 y 200 uM; inhibicion maxima 40%, 1C50 20 + 1.3
nM) preincubando 20 min en KRB. D) Los cultivos se incubaron con el péptido inhibidor de la
CaMKIl AIP (50 uM) a los distintos tiempos. Los ensayos de transporte se llevaron a cabo durante
10 minutos en medio KRB que contenia glicina 1 mM ([*H]-Gly/Gly 1:25000). Los valores se
expresan como la media + E.S. de tres experimentos por triplicado.
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cadenas ligeras de mlosma) y Ia CaN : calcmeurma 6 protefna fosfatasa 2B), se

expresan en las células gllales y sé a’ v15to qu
'2000

lnteractuan con el citoesqueleto

(Takeuchi et aI

ampoco lo hizo el tratamiento con

'B_ Sln embargo, el tratamiento con KN-62,
cto’ kinhibidor sobre el transporte de glicina.
_’sisy \:respuesta para el KN-62 (figura 17¢), la
ue de 40% y la IC50 calculada 20 £ 1.3 uM. Se
nhlbe también a la CaMKIV (cinasa dependiente de
esta ‘razén se probé el efecto del AIP, péptido
:v!'dominio de autofosforilacion de la CaMKIl, y que

nzima de manera altamente especifica (Ishida et al.,

flgura 19;el ratamiento- con KN62 inactiva por completo al transporte de alta

afmldad Ilevado aéabo por GLYT1 mientras que el transporte de baja afinidad no se
' ye afectado. Hasta la fecha no se han reportado secuencias consenso de
fdsfpriIaCién para la CaMKIl en los transportadores de glicina (Liu et al., 1993). Se
esperarfa que la fosforilacion directa de los transportadores produjera un cambio en
la afinidad sin afectar la velocidad maxima, reflejo del nimero de transportadores
en la membrana, no obstante la inhibicion de la CaMKIl elimina al transporte de

alta afinidad. Estos resultados sugieren que la regulacién del transporte por la
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Figura 18. La inhibicion de ia CaMKII abate la actividad de GLYT1. El efecto del KN62 sobre la
cinética del transporte se estudié incubando los cultivos de glia de Miiller durante 10 minutos
con distintas concentraciones de glicina (0.01-2 mM) ([®*H]-Gly/Gly 1:25000), y en ausencia
(control, ®) o en presencia de KN62 40 uM, 20 min (©). Los datos se analizaron por el método
de Eadie-Hofstee (control = lineas sélidas, KN62 = linea punteda) y los parametros cinéticos se
calcularon con la ayuda del programa Graph Pad (versién 3.1). Los valores son la media de tres

experimentos por triplicado.
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CaMKIl involucr

seﬁalamie;nto,'q'ué subsecuentemente modula el transporte de glicina, o la
fosforilacion: de proteinas del citoesqueleto involucradas en el trifico o en la

localizacién en la membrana de los transportadores de glicina.
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DISCUSION

CARACTERIZACION DEL foRA'NistdRT_EVVDVE GLICINA -

: "especn‘ladad por la gllcma y sen5|b|hdad a la sarcosina; y uno de baja aflmdad con
- caracterfstlcas del sistema de transporte A, ya que se inhibe por MeAIB y AIB vy
depende tinicamente de la presencia de Na* en el medio externo.

La localizacién de los sistemas de transporte de aminoacidos en la retina,

entre ellos los de glicina, se estudi6 inicialmente con técnicas de autorradiografia.
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Estos estudios sugerfan:que s6lo la: s amacrinas -y algunas células bipolares

Goebel,

1987). Estos 1

En el St ) C estudlos de hibridacién in situ demostraron que la distribucién de
GLYT1 se relacnona con las areas donde predomina la transmisién excitadora y en
los receptores de NMDA son abundantes (Smith et al., 1992; Zafra et al.,

1995) El receptor de NMDA requiere para su activacion de la interaccion tanto de
Glu como de Gly. Recientemente se demostré que los transportadores gliales de
glicina GLYT1 juegan un papel importante en mantener la concentracion local de
glicina por debajo de los niveles de saturacidon para los receptores de NMDA, de

manera que el incremento en la concentracion extracelular de glicina es capaz de
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A

997, Bergeron et

predomina en la

\MeAlB; ‘Chaudhry et al., 1999). En la retina,

liberacién (Gu et‘al_k.,v-2(:)
Miiller, ademas de . c

recaptura de glicina, sea el responsable de la liberacién de glutamina.

REGULACION DEL TRANSPORTE DE GLICINA EN LA GLIA DE MULLER

El segundo objetivo de este trabajo fue el de estudiar las vias de

sefalamiento intracelular involucradas en la regulacion del transporte de glicina en

ESTA TESIS NO SAL:
DE LA BIBLIOQOTECA
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dependlentes de Na

glutamato (Barbour, 1989) tamblen e habia

1991)

Con el fm de determlnar Ia vi

etal.,

regulacnén

' dlversos férmacos" tanto |nh|b|dores com " tlvadores de dlstmtas vias, sobre la

captura.de gIlcina EI transporte de ghcnna en estas células, no esta regulado por

: procesos._de osfonlacnén a.través de'la'PKCi:Los amblos en la concentracién de

: modulan la:actividad.de los’ trans ortadores"de GABA, tampoco afectan

el transporte de ghcma enla glia de: Muller El efecto del MDL12330A inhibidor de
la adenilato ciclasa (AC), resultd ser mespecfflco y afectar la viabilidad celular por

un mecanismo independiente de la inhibicion de esta enzima.

Regulacidén del Transporte de Glicina por Calmodulina
Los resultados de este trabajo demuestran por primera vez que el Ca®*
intracelular y la calmodulina (CaM) regulan el sistema de transporte de glicina aquf
caracterizado, pues su actividad se estimula por la liberacion de Ca®* de las pozas
mtracelulares y se inhibe por antagonistas especificos de la calmodulina asl como
por el quelante de Ca®* intracelular BAPTA-AM.
' La via de’

'ghcma pues otros sistemas de transporte no se modifican con los inhibidores de la

regulacion a través de la CaM es especifica para el transporte de

'CaM”t El Complejo Ca?*/calmodulina modula la actividad de diversas enzimas
' 'mcluyendo cinasas, fosfatasas, adenilato ciclasas y fosfodiesterasas (Van Eldik et al.,

1982). La calmodulina también regula la actividad de la sintasa del 6xido nitrico

lncluyendo Ios de gllcma Zaffa et al 1990) y Aos;,de;_‘_g‘
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"’f"ha féportado que Ios |nh|b|dor

’:“'lnhlben fosfodlesterasas dep 'n

de la ademlato ciclasa afectaron ‘el transporte (flgura 6)

Ya que la actividad de la CaM se modula por Ca‘ﬂ-;,'_s‘

mismo en la regulacién del transporte.

Pape! del Ca’* en la Regulacién del Transporte

Estudios recientes han demostrado que las célulva's’fgliales,:taknto en el SNC
como en el SNP, responden a la actividad de neuFonasv ‘adya ‘htés' con elevaciones
en el Ca** mtracelular Neurotransmlsores tan dlversos como el glutamato, el

GABA

acetllcollna la dopamina y la adenosina estan

la noradrenah '

la glfa (revisado en: Verkhratsky y Kettenmann,

1993; Kirischuk

eh's‘ibl‘és a la tapsigargina (Charles et al.,

o' ciclopiazénico (Golovina et al., 1996). El mecanismo

e ‘V.‘récj‘eb‘to’rfcfsla ’Ra;(lnosi/’tioilri;4,5-trifosfato; Berridge, 1993), cuya produccién depende
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de acoplada’ja’ di\"/'ersos receptores

la égﬁvécié 2 la: PLC ‘fj:(qufolipés'é C

lia:d Muller‘se ha demostrado la

carfmcos ‘Wakakura et

.observado en Ias celulas de Schwann (Lev-Ram y Ellisman, 1995)

""Muller aisladas de la retina de salamandra (Keirstead y Mlller,, ‘

resultados demuestran que la activacién de los receptores de ryanc

transporte de glicina a través de la liberacién de Ca®*

de las po

ensajero es el ATP (Guan et al., 1997,

998,2000, Wa g XQOOO), independiente de los contactos
ares'i'(Héssinger et al., 1996; Guthrie et al., 1999) y del acoplamiento de
nes comunicantes (Guan et al., 1997; John et al., 1999), esta involucrada en la
propégécnon de las ondas. En la retina de la rata, la propagacién de las ondas de

g ,Vlnvolucra mecanismos tanto intracelulares como extracelulares (Newman,
‘2(591‘): La propagacién de las ondas de Ca®* entre astrocitos estd mediada por la
;fﬁéio’n de mensajeros intracelulares, mientras que entre astrocitos y células de

. Miller asi como entre células de Miiller, las ondas de Ca?* se propagan
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2000), podrian estar
res de NMDA de las células

de este neurotrans

- Se tiéneevnde cia'de que el glutamato aumenta la concentracion intracelular

de ‘C'az* :éh" células’de Mii ler de conejo y salamandra (Wakakura y Yamamoto,

,1994 Kerlstead y,Mllleﬁr,'1997); sin embargo, en nuestro sistema, los agonistas de

los receptores deGluno tienen efecto alguno sobre el transporte de glicina.
Nuestros resUI'tado's“(‘;tSnﬁcuérdan con los de otros grupos, quienes demostraron que
la induccién de las ondas de Ca?* en la glia de Miiller de la rata estd mediada por
ATP, carbacol y fenilefrina, pero no por Glu (Malchow y Ramsey, 1999; Newman y
Zahs, 1997; Newman, 2001).

Activacién de la Calpaina por la Entrada de Ca ** a través de lonéforos
A diferencia de la cafeina, el incremento del nivel de Ca?* intracelular

inducido por la ionomicina y el A23187, inhibe el transporte de glicina. Como
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que 1 calmodulma. En‘el

scrlto tres calpainas: -calpama, m-

calpafna y'p.-calpafna, cuyo requerlmlento ‘de Ca?* para alcanzar la mitad dela
-actuvudad maéaxima es de 3.8 mM, 420 p.M y 5 UM, respectivamente (Wolfe et aI.,‘
1989).

La activacién de proteasas por la entrada masiva de Ca®* en la glia de Muller

podria estar més relacionada con condICIones patologlcas que flSlologlcas - En este S

sentido, la exposicién de astrocntos

2+

- concentracién - intracelular ’_de Ca

a través de

les al voltaje (Du et al., 1999). En las neuronas de la retina se

: ha descrlto,una actlvacmn similar de la calpaina en condiciones de isquemia

(Sakamoto et al‘., 2000). En la glia de Miiller podria ocurrir una situacién similar, ya
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del transporte de glicina por la activacion de
»son ‘elementos del cntoesqueleto nos sugirié
una reIacnén entre el c1toesque| \ egulacuén de los transportadores de glicina.
Los resultados de los experlmentos con las citocalasinas y la toxina Pet demuestran
que existe una |nteraccmn funcuonal entre los transportadores de glicina y el
cutoesqueleto de actlna probablemente a través de la fodrina.

Ademés de la cal "fna Ia glla expresa varias proteasas activadas por Ca?*

capaces de
et al., 1991-

revurtleron por. completo la inhibicién del transporte de glicina mediada por

ey eI atoesqueleto de las células gliales (Whltaker

“1991)' Ya que los inhibidores de la calpaina no

lonomlcma, es posible la participacién de proteasas adicionales en el efecto de la

ionomicina.

La CaMKIl Regula el Transporte de Glicina de Alta Afinidad en la Glia de Miiller
Una vez determinados la participacion de la CaM y el papel del calcio en la
regulacion del transporte, nos enfocamos en el estudio de las enzimas dependientes
de Ca**/CaM involucradas en esta via. Entre las cinasa y fosfatasas reguladas por
Ca**/calmodulina; la CaMKII (cinasa dependiente de Ca?*/calmodulina I1), la MLCK
(cinasa de las cadenas ligeras de miosina) y la CaN (calcineurina 6 proteina
fosfatasa 2B), se expresan en las células gliales y se ha visto que interactian con el
citoesqueleto (Takeuchi et al., 2000; Vallano et al., 2000; Cotrina et al., 1998;
Edelman et al., 1992; Matsuda et al., 1998; Vinade et al., 1997). Los resultados
obtenidos con los inhibidores especificos de estas enzimas demostraron que la
CaMKIl partiCipa en la regulacion del transporte, no asi la MLCK y la CaN. En las

neuronas Ia CaMKII es particularmente importante en la transduccién de senales

por estar' nvolucrada en la sintesis y liberacion de neurotransmisores, en la
orgamzacuon del c1toesqueleto, en la regulacién de la activacion de los receptores
como en el agrupamiento (“clustering”) de los receptores en la

termlnal sméptlca y ‘en-el desarrollo de la potenciacién a largo plazo (Soderling et

que expresan varlosrutlpq s de canales’ de'Ca sensubles al voltaJe (Puro et aI 1'996
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al., 1994)‘ En contraste, se dlspone de muy poca informacién sobre el papel y los

sustratos d

: ntbs mtermedlos GFAP (proteina fibrilar acidica de la glia) y
vnmentlna 1997), en la fosforilacién de PEA-15 protegiendo de la

: apoptosns:(Kube et al

; 1998) yen Ia regulacuén del metabolismo de los fOSfO|IpIdOS

vv'transportadores de glicina en la glia de Miiller. La regulacién del transporte de
‘:gllcma_por la.CaMKIl podria involucrar un mecanismo indirecto como se ha visto
para otros transportadores dependientes de Na*/Cl- (revisado en Gadea y L6pez-
Coldmé' 12001b), esto es, la activacién de un siste’ma de sefialamiento que module
subsecuentemente a los transportadores de ‘glicina, o la fosforilacién de proteinas
del citoesqueleto lmpllcadas en el trafico y/o estabilizacion de los transportadores
en Ia membrana.. ,

Como ya se mencnono,lvlos primeros estudios sobre la regulacién de los
B transportadores de neur transmisores, entre ellos los de glutamato, GABA y glicina,
revelaron quek,la PK f_ihcupal enzima involucrada en este proceso. Estudios
posteriorés_ sugirie ‘la PKC modulaba la actividad de los transportadores a
‘tra\‘/vés:dg:' an _r}nowliwdil"ecto, pues el efecto producido por la activacién de

rsistfa-alin cuando se eliminaran todos los sitios posibles de

[fosfonlac:c’)n e “los transportadores. Esto llevé a la busqueda de proteinas que
"«',flnteractuaran con los transportadores. Actualmente se dispone de muy poca
“lnformaaén sobre las proteinas a las que se encuentran asociadas los

transportadores. Recientemente se encontr6 que una de estas proteinas es la
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sintaxi'na 1A ‘la‘cual:esta’involucrada en‘la fusion'd

Ias vesfculas con Ia membrana

pIasmétlca yform te'del complejo SNARE junto.con la sina "tobrevma {proteina
, efna asociada a los

taxma 1A con Ios

embrana Y. dlsmlnuye los

: ocasuonya la redlstrlbucmn

subcelular de Ios transportadores (Horton iy Q _|ck 2001 ALa mteraccuon de la

sintaxina 1A'y los transportadores de GABA esté, 100 kd 'por la fosforilacién
mediada por la PKC de proteinas quese unen a la. smtaxma[ entre ellas Munc-18

(Beckman et aI 1998). Los transportadores de gllcma GLYT1 y GLYT2 también

’ lnteractuan;co‘ la’ smtaxmaTA A diferencia de los transportadores de GABA, esta

transporte de glicina por ambos

'y éiup mlcas (Geerllngs et al 2000) Es ‘posible que en la
glfad Mi ’ s de gllcma tamblén mteractuen con la sintaxina
\, 1999);

izado'en élulas gllales del SNC (Malenscheln et al

~ |soformas s S
pamculada ‘mientras que en la glfa se Iocallzan en la fraccién citoplasmica (Vallano

, etk aI 2000), y que Ia smtaxma«‘f1A'}



et al., 2000). La discrepahcia' podrfa’ deberse también a diferencias estructurales

entre los transportadores y/o las proteinas a las que estdn acoplados.

Regulacién del Transporte de Glicina por el Citoesqueleto: Actina y Fodrina

El mecanismo que subyace a la modulacion del transporte de glicina por el
citoesqueleto serd el objeto de investigaciones futuras; sin embargo, se puede
proponer que los transportadores de glicina se unen a los filamentos de actina o a
proteinas que se unen a la actina. En consecuencia, la despolimerizacién de los

filamentos de actina ocasionada por la C|tocalasma o la proteol15|s medlada por

calpaina de las protelnas queunen a la: actln como 'Ia fodrina o la ankirina, podrlan

membrana plasmaética

perturbar la es abllldad de Ios tra “sp
i esultados con la toxina

ableé -de estabilizar los

""regulauéndlferenaal de los sistemas de transporte. La localizacién de GLYT1 en la

capa pleX|forme lnterna (Pow y Hendrickson, 1999) donde las células amacrinas

on: er C|toesqueleto de-“

edlada ' por ‘calpafnav L
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CONCLUSIONES

Estudios previos sobre la localizacién celular de los transportadores de glicina
en la retina, reportaron la ausencia de estos sistemas de transporte en la glia de
Muller. Nuestro trabajo demuestra, por primera vez, que la glfa de la retina en

cultivo es capaz de expresar tanto transportadores de glicina de alta afinidad del

tipo GLYT1, como transportadores de baja afinidad.

nhlbldor de la adenilato ciclasa, tiene un

efecto téxico sobre:las-células en cultlvo, independiente de la inhibicién de esta

_en_z ultlvos con este compuesto disminuye de manera

‘consxderable a viabilida celular.,

Una’de as aportaciones:ma mportantes de nuestro trabajo es que, a diferencia
-de ot s e para aminoécidos neurotransmisores como el
'glurfqmat el:GABA ‘re 'ul"ados por cAMP o PKC, el sistema de transporte de
glicin: ,e’rﬂ'e la retina esta regulado por enzimas dependientes

odulina, ,ehtre ellas la CaMKII.

Oderada en los niveles intracelulares de Ca®* inducida por la

,cafefna |: arbacol y el ATP, tiene como resultado un incremento en el
transporte de gllcma probablemente a través de la calmodulina y la CaMKIl.
”‘Esrtos resultados sugieren que las ondas de Ca®* en las células de Miiller, ademds

de inducir la liberacion de sustancias neuroactivas, podrian modular la
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excutabllldad neuronal a. tra és de Ia regulacuon de Ias;conéent"rac’:iones_*”

extracelulares de gllcma e

I lnhlbll‘ a la CaMKIl. El estudio sobre

caciones fisiolégicas importantes, pues la

, Ia transmisién excitadora por glutamato en
las Vfas-verticales de:la:retina,: como Ios receptores inhibidores de glicina que

parthIpan enla lnhlbICIén atevral en la capa plexiforme interna.
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APENDICE |

BAPTA-AM Quelante de calcio intracelular 5-10 uM
Cafeina En la glia de Miiller estimula la liberacién de 5-10 mM
calcio de pozas intracelulares
Caliculina A Inhibidor de fosfatasas PP1 y PP2A 10 nM
Ciclosporina A Inhibidor de la Calcineurina 10 uM
Citocalasina B Impide la polimerizacién de la actina 10-50 uyM
Citocalasina D Impide la polimerizacion de la actina 10-50 yM
Colchicina Impide la polimerazacién de la tubulina 25 uM
Dantroleno Bloqueador de la liberacién de Ca®* de pozas 30 uM
intracelulares -
Deltametrina Inhibidor de la calcineurina .20 uM
DOG Agonista del DAG (activa PKC) 100 pg/ml
EGTA Quelante de Ca2+ extracelular 1 mM
Estaurosporina Inhibidor de la PKC 100 nM
Forskolina Activador de la Adenilato ciclasa S uM
Genisteina Inhibidor de cinasas de tirosina 0.3-0.5 mM
H-7 Inhibidor de la PKC 50 uM
KN-62 Inhibidor de la cinasa dependiente de Ca2+- 20-40 uyM
Calmodulin I (CaMKII).
MDL-12330A “Inhibidor de la Adenilato Ciclasa” 5-100 uM
Mepacrina Inhibidor de la fosfolipasa A2 50 uM
ML-7 Inihibidor de la MLCK 20 yM
MIL-9 Inhibidor de la MLCK 20 uM
Neomicina Inihibidor de la fosfolipasa C i s 0110 uM
Ofiobolina A Toxina de helmintosporium mh1b1dor de la S50 uM
e calmodulina S
PMA Agonista del DAG (PKC) “IuM

Polimixina B

Inihibidor de la PKC

400 uM

Queleritrina Inhibidor de la PKC
R-24571 Inhibidor de la calmodulina : :1-5 uM
Ryanodina Inihibdor de la liberacién de Ca2+ de las pozas 1uM
intracelulares . - '
SQ-22536 Inihibidor de la Adenilato ciclasa 20-100 uM
Tapsigargina Inhibidor de la ATPasa de Ca2+ del reuculo 1 uM
: endopldsmico

Tautomicina Inhibidor de fosfatasas PP1 y PP2A 300 nM- 1 uM
Taxol (Paclitaxel) Impide la despolimerizacion de la tubulina 1 pM

| Trifluoperazina Inhibidor de la calmodulina 10-25 uM

| W=7 Anticalmodulinico 5-20 uM
Wortmanina Inhibidor de la PI3-cinasa 100nM-0.5 uM
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. AB.';‘TRACT Rapid termination of the synaptic action of glutamate (Glu) and glycine
.. (Gly) is achieved by uptake into the presynaptic terminal and glial cells. In the vertebrate
CNS, Gly acts both as an inhibitory neurotransmitter and as a Glu modulator or

coagonist at postsynaptic N-methyl-D-aspartate (NMDA) receptors. We have previously

" described NMDA receptors in Miiller cells of chick retina coupled to the phosphoinositide

cascade, the entry of calcium, and the activation of protein kinase C (PKC; Lépez-Colomé

et al. Glia 9:127-135, 1993). A colocalization of Gly transporters and NMDA receptors has

been reported in brain tissue (Smith et al. Neuron 8:927-936, 1992); since the

concentration of Gly could participate in the modulation of Glu excitatory transmission

in the vertical pathways of the retina, transport of Gly in monolayer cultures of Mtiller

: cells was studied. Gly transport was found pH-sensitive with an optimum at pH 7.4.
Ps Kinetic analysis of the saturation curve for Gly within a concentration range of 0.01-2
mM, revealed two components of transport: alow-affinity system with K,,, = 1.7 mM, V,,,,x = 30

nmol/10 min/mg protein, and a high-affinity one with a K,,, = 27 uM, V,.x = 3 nmol/10

min/mg protein. Both systems were Na*-dependent; the high-affinity system proved also
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dependent on external Cl' and was inhibited by sarcosine, characteristic of GLYT1
transporters. The inhibition of low-affinity uptake by 2-(methylamino)isobutyric acid
(MeAIB) and 2-aminoisobutyric acid (AIB) suggests the presence of transport system Ain
Miiller cells. The process is energy-requiring, since Gly transport was decreased by
metabolic inhibitors. Data obtained are in keeping with a medulatory role for Mtiller glia
on excitatory transmission in the retinn. GLIA 26:273-279, 1999.  © 1999 Wiley-Liss, Inc.

INTRODUCTION tic terminal or surrounding glia through specialized

transport systems (Kanner, 1989) driven by the electro-

The amino acid glycine functions as a classical inhibi-
tory neurotransmitter in the spinal cord, the brain
stem, and retina (Daly, 1990), exerting its effects through
the glycine inhibitory receptor, a ligand-gated chloride
channel, competitively antagonized by strychnine (Betz
et al., 1993). Furthermore, glycine also modulates
excitatory neurotransmission as an obligatory coago-
nist of glutamate at N-methyl-D-aspartate (NMDA)-
activated glutamate receptors via a binding site, dis-
tinct from that on the strychnine-sensitive glycine
receptor (Fletcher et al., 1990).

The termination of amino acid neurotransmission in
the CNS involves the rapid removal of neurotransmit-
ter from synapses by reuptake either into the presynap-

© 1999 Wiloy-Liss, Inc,

chemical Na* potential (Kanner, 1983). Inhibition or
stimulation of uptake could modulate the strength of
synaptic action by regulating the available levels of
endogenous transmitters. The development of selective
inhibitors may therefore represent a novel therapeutic
approach to the treatment of neurological disorders
(Kanner, 1994).

The presence of high-affinity and low-affinity trans-
port systems for several neurotransmitter amino acids,
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including glycine, in different areas of the CNS has
been shown. High-affinity Na*-dependent systems have
been related to the termination of transmitter action
(Iversen, 1971), whereas low-affinity systems would
play a metabolic role (Johnston and Iversen, 1971).
Among the low-affinity transport systems, the A system
accepts most zwitterionic amino acids, such as alanine,
glycine, 2-aminoisobutyric acid (AIB), and its deriva-
tive 2-(methylamino)isobutyric acid (MeAIB; Chris-
tensen, 1984). Another Na*-dependent transport sys-
tem for glycine is system ASC, transporting neutral
amino acids without branched side chains such as
alanine, serine and cysteine (Shotwell and Oxender,
1983).

Cloning of GABA (Guastella et al., 1990) and norepi-
nephrine (Pacholezyk et al., 1991) transporters allowed
the subsequent isolation of a number of cDNAs encod-
ing homologous Na*/Cl--dependent neurotransmitter
transporters, including those for glycine. Two different
glycine transporters have been cloned, GLYT1 (Guas-
tella et al., 1992; Liu et al., 1992; Smith et al., 1992), of
which three isoforms derived from alternative splicing
and/or promoter usage exist (Borowsky et al., 1993;
Kimet al., 1994; Adams et al., 1995): GLYT1a, GLYT1b,
and GLYTIc, which differ in the amino-terminal region
(Kim et al., 1994), and GLYT2, encoded by a different
gene. GLYT1 and GLYT2 show distinct anatomical
distribution within the CNS, and are pharmacologi-
cally distinguishable, GLYT1being sensitive and GLYT2
insensitive to sarcosine (n-methylglycine; Liu et al.,
1993).

The expression of GLYTla and GLYT1b has been
demonstrated by in situ hybridization in several re-
gions of the CNS of adult rats and mice (Guastella et
al., 1992; Liu et al., 1992; Smith et al., 1992; Borowsky
et al., 1993). GLYT1a mRNA is present in regions rich
in neuronal cell bodies and its colocalization with
mRNA for inhibitory glycine receptor subunits has been
proposed (Borowsky et al., 1993); this receptor is also
expressed in several peripheral tissues such as liver,
lung, and stomach. In contrast, GLYT1b mRNA in the
brain colocalizes with the NMDA subtype of glutamate
receptors (Smith et al., 1992). Glycine transporters
could modulate NMDA receptor activity, regulating its
availability at the coagonist site of this receptor
(Johnson and Ascher, 1987), through uptake into neigh-
boring glial cells and/or reverse transporter-mediated
release (Attwell et al., 1993). GLYT2 mRNA expression
seems to be restricted to the brain stem and spinal
chord, parallel to that of inhibitery strychnine-sensitive
glycine receptors (Jursky and Nelson, 1995).

In the retina, Miiller cells are the most abundant
glial cell type, its processes ensheathing excitatory
synapses at the plexiform layers. In addition to their
structural and nutritional roles, the precise anatomical
localization of Miiller cells has suggested a role in the
modulation of neurotransmission (Newman and Rei-
chenbach, 1996). We have previously characterized
NMDA receptors in whole chick retina (Lépez-Colomé
and Somohano, 1992) as well as in Miiller cells from

this tissue, coupled to the phosphoinositide cascade, the
entry of calcium and the activation of protein kinase C
(PKC; Lépez-Colomé et al., 1993). In order to provide
evidence supporting the participation of glycine trans-
porters in the modulation of glutamate excitatory trans-
mission in the vertical pathways of the retina, glycine
uptake was characterized in confluent monolayer cul-
tures of Miiller cells from 7-day-old chick embryos.

MATERIALS AND METHODS
Chemicals

[¥H]Glycine was purchased from Amersham, Bucking-
hamshire, U.K. (Sp. Act. 17.5 Ci/mmol) or Dupont-New
England Nuclear, Boston, MA (Sp. Act. 42—43.8 CV/
mmol). Tissue culture reagents and plastics were from
GIBCO (Grand Island, NY). All other chemicals and
reagents were from Sigma Chemical Co. (St. Louis,
MO), except potassium cyanide (Baker, Xalostoc,
Meéxico).

Cell Culture

Primary cultures of Miiller glia cells were obtained as
described previously (Lépez-Colomé and Romo-De-
Vivar, 1991). Retinas from 7-day-old embryos were
dissected and washed in Hanks’ solution free from Ca**
and Mg?* (g/100 ml): NaCl 0.8, KCI 0.04, KH,PO,
0.006, Na,HPO, 0.0125, phenol red 0.002, and glucose
0.1. Tissue was dissociated in 0.256% trypsin followed by
filtration through a 50 pm mesh nylon net, resuspended
in Minimum Essential Medium (MEM) containing
0.06% glucose, 26 mM NaHCO;, 0.0126% gentamycin,
0.0125% penicillin, 0.0125% streptomycin, 0.026% neo-
mycin, and 10% fetal bovine serum (FBS). Cells were
seeded onto 24-well tissue-culture plates at a density of
2.5 X 105 cells per well, and maintained at 37°C in a
humidified atmosphere of 5% CO0,:95% air. The purity
of the culture was assessed by glial fibrillary acidic
protein (GFAP; Bjorklund et al., 1985) and neuron-
specific enolase (NSE) antibodies (Schmechel et al.,
1980); as previously described, 95% of the cells were
GFAP* and NSE- at day 12 in vitro, in which cultures
formed a confluent monolayer (Lépez-Colomé and Romo-
de-Vivar, 1991). Medium was changed every other day.
Confluent cell cultures were used for all experiments.

Uptake Experiments

Assays were performed at 37°C in 0.5 ml of Krebs-
Ringer bicarbonate buffer (KRB), containing (in mM)
NaCl, 118; KH,PO,, 2.0; KCl, 4.7; CaCl,, 2.5; MgSO,,
1.4; NaHCO;, 25; and glucose, 5.6, pH 7.4. All solutions
were prepared in double distilled water. Prior to the
experiment, the growth medium was removed, and
cultures were rinsed twice with 0.6 ml of prewarmed
KRB (37°C). After 5 min, medium was replaced by 0.5
ml of KRB containing [*H|-Gly/Gly 1:25,000. Cultures
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were incubated for the indicated period of time in the
presence of different drugs in order to study their effect

_on glycine transport. At the end of the assay, cells were
rinsed with 3 X 0.5 ml of fresh KRB (2—4°C), dissolved
in 1 ml of 1 M HCI and counted for radioactivity after
the addition of 1 ml 1 M NaOH and & ml of Tritosol
(Fricke, 1976) in a liquid scintillation counter (Beck-
man Instruments, Palo Alto, CA).

Experiments in order to evaluate the effect of pH on
transport activity were performed in Krebs-Ringer
solution in which NaHCOjy was isosmotically replaced
by sodium acetate for pH values < 7.0 or sodium borate
for pH values = 8.0.

Experiments were carried out in triplicate, and repli-
cated at least three times with different cell cultures.
Results are expressed as the mean = S.E.M. of three
independent experiments performed in triplicate. Cor-
rections were made for specific activity.

The protein content was determined for two wells of
each plate by the method of Lowry et al. (1951).

Data were analyzed using the INPLOT (version 3.1)
program from GraphPad software (San Diego, CA).

RESULTS
Time-Course and pH Dependence of Uptake

Glycine transport (1 mM final concentration, [°H|-Gly/
Gly 1:25,000) was found saturable; no further increase
in accumulation was seen after 30 min (Fig. 1). As
shown in Figure 2, glycine uptake in Miiller cells was
sensitive to changes in pH. Uptake experiments were
performed at pH values from pH 5 to 8.9. The results
show that the optimum pH for transport was 7.4.

Kinetics of Glycine Uptake

Saturation curves for glycine transport in Miiller
cells were obtained by measuring the rate of glycine
incorporation over a wide range of substrate concentra-
tions (10 pM-2 mM, [*H|-Gly/Gly 1:5,000). Eadie-
Hofstee kinetic analysis of the data revealed two satu-
rable components of the system (Fig. 3), a high-affinity
component and a low-affinity one. In such system, the
high-affinity component contributes to the low-affinity
component, which results in an apparent increase in
the affinity of the latter. In order to account for overlap-
ping, modified constants were calculated by the method
of Neal (1972). Values for K,,, and V,,, for the high- and
low-affinity components were K,,, = 27 = 7TuM, V,,,x =
3 =+ 0.8 nmol/10 min/mg protein, and K, = 1.7 = 0.4 mM,
Viumx = 30 = 5 nmol/10 min/mg protein, respectively.

Ionic Dependence of Glycine Transport
Na*- and Cl-dependent glycine transport in brain

slices and membrane vesicles has been reported (Lépez-
Corcuera and Aragén, 1989; Lépez-Corcuera et al.,
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Fig. 1. Time course of glycine transport. Miller cells were incubated
in the presence of 1 mM glycine ([PH)-Gly/Gly 1:25,000) for the

indicated time period. Each point represents the mean = S.EM, of
three experiments performed in triplicate.
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Fig. 2. pH-dependence of glycine uptake. Confluent cultures were
incubated for 10 min in the presence of 1 M glyeine (1°H)-Gly/Gly
1:25,000) ut the indicuted pH values, as described in Materials and
Metliods. Ench point represents the mean = S.E.M. of four experi-
ments performed in triplicate.

1989), whereas low-affinity transport systems for amino
acids other than glycine have been shown to depend
exclusively on the presence of Na* (Christensen, 1984).
The ionic dependence for both components of the trans-
port system was analyzed. Isosmotical concentration of
choline or lithium chloride substituted for NaCl in
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Fig. 3. Kineties of glyeine uptake in Miller cells. Mdller cells grown
to confluence were incubuted for 10 min in the presence of glycine at
coneentrations ranging from 0,01 mM te 2 mM ([*H]-Gly/Gly 1:5,000).
Eundie-Hofstee unalysis is depicted in the inset, Values are the mean %
S.E.M. of two to four triplicate determinations.
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Fig. 4. Sodium-dependence of glycine uptake, Mdller cells were
incubated for 10 mmin with 1M glyeine (19H]-Gly/Gly 1:25,000) (A) or
10 uM ((?H]-Gly/Gly 1:6,000) (B) in KRB containing 118 inM NuCl, or
Na*-free; Na* was replaced by 118 mM lithium chloride, or choline
chloride, Values ure the mean = S.E.M. of three determinations in
triplicate.

Nat*-free conditions; sodium gluconate substituted for
NaCl in Cl'-free experiments, and two different concen-
trations of glycine were used in order to distinguish
between the high- and the low-affinity components (10
uM and 1 mM glycine, respectively). As depicted in
Figure 4, glycine uptake was strictly Na*-dependent for
both high- and low-affinity systems, whereas the ab-
sence of Cl' ions specifically abolished high-affinity
uptake (Fig. 5).

Preincubation of the cultures with nigericin (6 pM),
an ionophore capable of collapsing Na* gradient (Rod-
rfguez and Sitges, 1996), inhibits glycine transport
62 * 4% in Na*-containing medium (Fig. 6). In Na*-
free medium, inhibition of transport by nigericin was
reduced to 12 = 2.1%.
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Fig. 6. Chloride-dependence of glycine uptake. Mtller cells were
incubated for 10 nin in the presence of Gly within n concentration
range of 0.01-2 mM ([°H]-Gly/Gly 1:25,000} in the following medin:
KRB control (with 118 mM NaCl) (¢losed eirele) or KRB in which NaCl
huns been isosmoticully replaced by sodium gluconate (open ecirele),
Data were analyzed as un Eadie-Hofstee plot. Values are the mean =
S.E.M. of three determinations performed in tripliente.

Energy-Dependence of Glycine Uptake

The energetic requirement for glycine transport in
Miller cells was studied for each component, in the
presence of energy production inhibitors at 10 nM and 1
mM glycine. Table 1 shows that transport at 1 mM
glycine concentration is energy-requiring, since potas-
sium cyanide (1 mM), 2,4-dinitrophenol (200 nM) and
iodoacetate (1 mM) decreased transport by 13 = 0.4%,
18 * 0.7%, and 24 * 0.2%, respectively. Ouabain (200
nM), potently inhibited low-affinity glycine uptake (65 =
4%). At low concentrations of glycine (10 nM), potas-
sium cyanide, 2,4-dinitrophenol, and iodoacetate inhib-
ited transport by 11 = 1.2%, 36 = 0.8%, and 29 * 1.4%,
respectively; ouabain also had a strong inhibitory effect
on transport (69 * 2%). When tested together, ouabain
and iodoacetate inhibited low-affinity uptake by 64 =
1.8% and the high-affinity one by 75 * 2%.

Pharmacological Characteristics
of Glycine Uptake

In order to determine the pharmacological specificity
of both systems, the effect of various amino acids and
derivatives on glycine transport (256 nM and 1 mM) by
Milller cells was tested. Glycine is a substrate for
several amino acid transport systems in various tis-
sues, therefore the relationship of the transport system
in Miiller cells with previously identified systems was
examined. Results in Table 2 show that 100 1M sarco-
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Glycine uptake
(nmol/mg prot/10 min)
H
!

[N
1

-
1

Fiy. 6. Effect of nigericin on glycine transport. Mdller cells were
preincubated for 16 min in the presence of § pM nigericin in control
KRB or Nu*-free KRB. The buffer was removed and the transport
assuy was earried out in KRB containing 1M glycine ((3H)-Gly/Gly
1:25,000), Values ure expressed as the mean = S.EM. of three
triplicate determinations,

TABLE 1. Effect of metabolic inhibitors on glycine transportt

nmol/10 min/ny protein

High alfinity
uptnke (1)

Low affinity
uptake (11)

10.68 = 0.42 (100)
9.2 = 1.62* (BT)
8.67 = 0,74** (82)
8.0 = 0.42** (76)

4.3 = 0.20%** (41)

Tested compound

None

Potassium eyanide (KCN)
24-dinitrophenol (DNP)
lodoncetate

1

1

1

1.20 = |
Cunbuin 0.58 = (.02%** (35)

0

1

fodoncetate + DNP = 00624+ (55)  7.72 = 0.16** (78)
lodoucetate + KCN = 0.08** (62) T7.03 = 0.50** (75)
lodoncetate + ounbain 0,42 = 0.071%*+ (25)  3.82 = 0.21%%* (36)

tMilller cells wors preincubated with 1 mM KCN, 200 pM DNE, 1M ivdone.
etate, or 200 pM ouabain for 16 min. Uptnke experiments were performed as
described in Materinls and Meothods in the presence of 10 pM (D) or 1 mM (ID
glycine. Values are the mean = S.E M. of at lensat three experiments performed in
triplicate. Values in parentheses represent % of control values, Statisticnl
significance of differences from control: *F < 0.05, **# < 0.02, ***/’ < 0.001

sine inhibited by 76 * 7% under high-affinity transport
conditions, and 1 mM sarcosine inhibited by 38 = 2%
under low-affinity transport conditions. Methylami-
noisobutyric acid (MeAIB) and aminoisobutyric acid
(AIB), substrates for transport system A (Shotwell and
Oxender, 1983), inhibited low-affinity uptake by ~ 50%;
the same results were obtained in experiments per-
formed in the absence of Cl' (data not shown). Neither
alanine or serine, substrates for system ASC (Shotwell
and Oxender, 1983), inhibited glycine uptake. Taurine
or GABA did not compete for glycine uptake.
High-affinity transport accounts for 20% of total
uptake under low-affinity (1 mM Gly) conditions (Neal,

TABLE 2, Pharmucological specificity of glycine transportt

niol/ thinin/ing protein

Low aflinity

High aflinity
uptake (11)

Tested compound uptake (1)

None 212 = .24 0 12,11 « 0.37 (1o
D-serine 4 = 016 (101) 12,17 = 0.4 (100.4)
GABA = 0.4820109) 1187 = (49.(98)
Taurine = 0,15 (100) 12,19 = 0.59 (100.6)
B-alanine = 0.05(08) 14,14 = LU (108)
Surcosine = 0.U5%** (21) 7.52 = 0.38** (62)
MeAlB = 0.09 (98) .81 = D48 (48)
AlB 2 = 0,10 (10:4) 3.19 = 0.53%** (51)

TUptake experiments wore performed as deseribed in Materials and Methuds, in

the prosence of the ditferent amino acids and nuunu acid dunvnmu (B )

sarcosine was used at concentrutions of 100 M in L, and 1w in 1I; ;.lyunu 26

pM (D or 1 M (D). Values are the mean = SE.M. of three uxperiments

;nrfuruu.d in trlpllcuu: Values in parentheses ropresent % of control \nllll!l
af diffe from control: **F < 0,02, ***P> < 0.0

1972). Since low-affinity glycine transport was 38%
inhibited by 1 mM sarcosine (Table 2), the effect of 0.1,
0.25, 0.5, and 1 mM sarcosine on the kinetics of glycine
uptake was tested. As shown in Figure 7, high-affinity
uptake was completely abolished at 0.1 mM sarcosine,
whereas the low-affinity component remained un-
changed. At higher concentrations (1 mM), sarcosine
slightly inhibited low-affinity uptake due to an increase
in K,,, value which in this condition was 2.6 = 0.6 mM. ~

DISCUSSION

We have demonstrated the presence of specific gly-
cine uptake in Miiller cells from chick retina, bearing
pharmacological and kinetic characteristics described
for GLYT1 transport system (Liu et al., 1993). Previous
studies have demonstrated the expression of GLYT1 in
amacrine cells, as well as in the outer plexiform layer of
the retina, and suggested its absence in retinal glia
(Zafra et al., 1995). The lack of agreement with our
results could relate to differences in techniques or,
alternatively, to species differences, since those studies
were performed in rat retina.

The system we here characterized in Miiller cells can
be resolved into two components, a high-affinity one
which could be identified as a GLYT1 type of trans-
porter by its requirement for Na* as well as Cl°, narrow
substrate specificity and acceptance of sarcosine as a
high-affinity substrate. The low-affinity one shares
characteristics with described system A, since it is
inhibited by MeAIB and AIB, shows Na*- but not
Cl-dependence, exhibits a low K,, (Christensen, 1984,
Zafra and Giménez, 1989), and is highly insensitive to
sarcosine.

The study of neurotransmitter transporters has re-
vealed that the main driving force for this process is the
electrochemical gradient of sodium, maintained by the
Na*/K*-ATPase (Kanner, 1994). Glycine transport in
Miiller cells was shown to be energy dependent since
metabolic inhibitors such as iodoacetate, potassium
cyanide, and dinitrophenol, which inhibit ATP produc-
tion at different levels, diminished transport by lower-
ing the activity of the Na*/K*-ATPase. This idea is
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Fig. 7. Effect of sarcosine on the kineties of glycine uptake. Miller
cells were incubated for 10 min with 0.01-2 1M glyeine (12H|-Gly/Gly
1:25,000), in the absence (control, closed trinngle) or presence of
surcosine (0.1 mM, open triangle, or 1 mM, open dinmond). Data were
unulyzed as an Eadie-Hofstee plot. Vilues are expressed as the
menn = S.E.M. of two determinations performed in triplicate.

supported by the fact that ouabain, which directly
inhibits Na*/K*-ATPase activity, potently inhibited
transport. Evidence has accumulated supporting the
regulation of neurotransmitter transporters’ activity by
phosphorylation (Casado et al., 1993; Gomeza et al.,
1991); if such were the case for glycine transport in
Miiller cells, a decrease in ATP production would di-
rectly affect the activity of this system. It is worth
mentioning that high-affinity uptake showed to be more
sensitive to changes in the electrochemical gradient of
Na* than low-affinity transport, which could be indica-
tive of different regulatory mechanisms for the two
components of this process. On this line, nigericin,
shown to collapse the Na*-gradient (Rodriguez and
Sitges, 1996), inhibited glycine transport in the pres-
ence of Na* (Fig. 6). The slight inhibition of transport
by the ionophore in the absence of Na* could be due to
the transport of K*, which in turn could induce depolar-
ization and the release of glycine by an inverse activity
of the transporter (Attwell et al., 1993).

In addition to energy-dependent high-affinity uptake,
exogenously added neurotransmitters can accumulate
in brain tissue through homoexchange with endog-
enous material (Raiteri et al., 1975). A partial contribu-
tion of this process to the present results cannot be
ruled-out under our conditions.

Glutamate, acting at ionotropic and metabotropic
receptors, is widely accepted as the main excitatory
transmitter in the vertical pathway of the retina (Daw
et al., 1989). Miiller radial glial cells closely ensheathe
the excitatory synapses and are exposed to glutamate

released by neurons. We have previously characterized
NMDA-sensitive glutamate receptors in these cells and
demonstrated the activation of the phosphoinositide
cascade (Lépez-Colomé et al.,, 1993), the increase in
AP-1-DNAbinding (Lépez-Colomé et al., 1994), and the
regulation of glutamate receptors expression by gluta-
mate (Lépez et al., 1998). GLYT1, specifically GLYT1b,
has been related to NMDA receptors in the CNS, based
on colocalization. The present data demonstrating the
presence of a glycine transporter bearing the properties
of GLYT1 open the possibility of Mtiller glia participat-
ing in the modulation of glutamate neurotransmission
in the retina through the regulation of glycine concen-
tration.

On this matter, it has been suggested that the glycine
coagonist site at the NMDA receptors is saturated
under physiological conditions (Thomson et al., 1989),
however, in cerebellar granule cells, where GLYT1 is
abundant, the activation of synaptic currents mediated
by NMDA receptors can be evoked only in the presence
of added glycine (D’Angelo et al., 1990), which supports
an influence of glycine transport on the activity of
NMDA receptors. Additionally, in the retina, the pos-
sible contribution of GLYT1 to the regulation of the
inhibitory glycine receptors receiving input from ama-
crine cells at the inner plexiform layer should also be
considered (Iuvone, 1986).

The role of the low-affinity uptake systems in the
removal of glycine from the synaptic cleft is still un-
clear. This system may participate, jointly with high-
affinity uptake, in the elimination of glycine shortly
after its release, when the concentration is high, in
addition to serving general metabolic functions similar
to those proposed in neurons (Johnston and Iversen,
1971).

Glycine could participate in excitotoxic processes
potentiating the effect of glutamate on NMDA receptors
as well as in the pathogenesis of diseases related to
inhibitory glycine receptors (Simpson et al., 1995; Lloyd
et al., 1983). On this line, the pharmacological charac-
terization of glycine transporters provides a tool for the
modification of glycine concentrations through specific
drugs affecting glycine reuptake.

Together with our previous results, the present data
support a modulatory role for Miiller glia in glutamate-
mediated neurotransmission in the retina, possibly
through an influence on NMDA receptor activity.
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. Abstract

Mitller glial cells express two transport systems for glycine (Gly): one with low affinity and another idghtiﬁed as GLYT1 with high
- affinity. The latter colocalizes with NMDA receptors in the CNS. Gly is considered as an obligatory coagonist at NMDA receptors, and,
:“-hence, the Gly transport system could contribute to the modulation of glutamate (Glu) excitatory transmission in the vertical pathways of
_the retina. For this reason, the regulation of Gly transport by cAMP was studied. We report here a non-specific effect of MDL-12330A, a
compound reported to inhibit adenylate cyclase (AC), on Gly transport in Milller glia. This effect might be due to a toxic action on the
cells, decreasing cell viability, and not to a specific inhibition of the adenylate cyclase. Non-specific effects of this drug should be
considered when the participation of cAMP in any biological process is studied. We have clearly demonstrated that cAMP does not
participate in the regulation of Gly transport in Milller glia. © 1999 Published by Elsevier Science B.V. All rights reserved.

Keywords: Radial glia; Chick retina; Cyclic AMP; Neurotmnsmitter uptake

The fust removal of neurotransmitters from the synaptic
cleft carried out by Na'*-dependent high-affinity trans-
porter proteins located on neuronal and ghial cells, is
considered as a major mechanism for the termination of
synaptic transmission [8]. Although the reuptuke process is
under physiological control, very little information is cur-
rently available regarding the possibility of the regulation
of these proteins by second messengers. In this regard,
arachidonic acid, released via the activation of phospholi-
pase A,, has been shown to inhibit several sodium-cou-
pled uptuke systems, including those for glycine (Gly) [18]
and glutamate (Glu) [1]. The modulation of Glu trans-
porters by protein kinase C (PKC) [2,6], and the regulation
of GABA transporters by cAMP, have also been demon-
strated [5].

To date, two different Gly transporters have been cloned:
GLYT1, which seems to colocalize mainly with NMDA
receptors [15], and GLYT2, colocalized with the inhibitory
Gly receptors [9]. Recent results from our laboratory have

° Corresponding author. Fax: + 52-56-22-56-07; E-nnil:
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demonstrated the presence in Miiller cells of u Gly trans-
port system showing two components, one of high affinity
for Gly and another ol lower affinity [4]. The high aftinity
system was characterized as GLYTI, since it is inhibited
by sarcosine. In order to explore o possible role for glinl
Gly transport in modulating Glu excitatory transmission in
the vertical pathways of the retina, through the regulation
of the extracellular concentration of the coagonist at NMDA
receptors, the regulation of this transport system by cAMP
was studied.

The compound N-(cis-2-phenyl-cyclopentyDazacy-
clotridecan-2-imine-hydrochloride [MDL-12330A] has
been shown to inhibit specifically adenylate cyclase activ-
ity in different tissues [14,7), thus decreasing cellular
¢AMP concentrations [13). We report here a non-specific
effect of this compound on Gly transport in Miiller glia,
probably through a toxic action on the cells and not
through the inhibition of adenylate cyclase.

Primary cultures of Miiller glia were obtained as de-
seribed previously [11] and confluent cell cullures were
used for all experiments.

The uptake assays were performed at 37°C in 0.5 ml of
Krebs—Ringer bicarbonate buffer (KRB), containing (in
mM): NaCl, 118; KH,PO,, 2.0; KCl, 4.7; CaCl,, 2.5;
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MgSO4, 14 NuHCO,, 25; glucobe 56 pH 7.4, All

... solutions .were prepared in double distilled water, Previous
"o’ the experiment, the growth medium was removed, and

culturés were rinsed twice with 0.5 ml of prewarmed KRB
(37°C).~After 5 min, medium was replaced by 0.5 ml of
KRB containing [H] -Gly /Gly 1:25000 (Sp. Act. 51.1
Ci/mmol, Dupont-New England Nuclear), ["H]-Leu/Leu
1:25000 (Sp. Act. 47 Ci/mmol, Amersham, Bucks., UK),
or [*HIp-Asp/p-Asp 1:50 (Sp. Act. 27 Ci/mmol, Amer-
sham). Cultures were incubated for the indicated periods of
time in the presence of different drugs in order to study
their effect on transport. At the end of the assay, cells were
rinsed with 3 X 0.5 ml of fresh KRB (2-4°C), dissolved in
1 ml of 1 N HCI and counted for radionctivity after the
addition of 1 ml 1 N NaOH and 5 ml of Tritosol [3] in a
liquid ‘scintillation counter: (Beckman). Cell viability was
assessed by means of the trypan blue exclusion technique
[17].
Expcnmcnla were (.umed out in triplicate, and repli-
“ cated ~at: least! three times - with different cell cultures.
Corrections were made for specific activity. The protein

. content was determined for two wells of each plate by the
method of Lowry et al. [12]. Data were analyzed using the
INPLOT (version 3.1) progmm from Graph PAD soltware,
San Diego, CA.

In order to determine the intracellular pathways in-
volved in the regulation of Gly transport in Miiller cells,
the participation of ¢cAMP in this process was studied. Fig,
1 shows the effect of agents known to increase intra-
cellular cAMP directly, such as forskolin and cholera toxin
and also of 8-Br-cAMP (Sigma, St. Louis, MO): none of
these drugs had any effect on Gly transport. The adenylate
cyclase inhibitors SQ-22536 and MDL-12330A (Research
Biochemicals International) were also tested, and only the
later showed an inhibitory effect on Gly transport (40%
inhibition with respect to control). Miiller cells were then
incubated in the presence of incrcmin;, concentrations of’
MDL-12330A and, as shown in Fig. 2, an apparent dose-
dependent decrease of Gly transport was observed, with an
ICsq of 50 uM.

In order to assess the specificity of this effect, the
uptike of other amino acids by Miiller cells was measured
in the presence of forskolin, SQ-22536 and MDL-12330A.
The Na*-independent uptake of leucine has been shown to
be regulated by Ca®>* and calmodulin [16)], whereas the

Na*-dependent uptake of D-aspartate is regulated through
the activation of PKC [2]. In both cases, transport was
inhibited by MDL-12330A (60% and 80%, respectively)
while forskolin and SQ-22536 had no eflect (Fig. 3).

As MDL-12330A seemed to have a non-specific effect
on amino acid transport, cell viability after the treatment
with this compound (50 pM) was quantified. The in-
hibitory effect of MDL-12330A at 20 min was not accom-
panied by a change in cell viability, however, following 40
min incubation, inhibition by the drug was associated with
u murked decline in cell viability (30% with respect to
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Fig. 1. Participation of cAMP in the regulation of Gly transport. Miiller
cells were preincubated with the indicated compounds for 20 min in
KRB, Since MDL-12330A was dissolved in DMSO, a control was added
with 10 ! of DMSO in 0.5 ml of KRB. Gly transport assay was then
carried out for 10 min in KRB with 1 mM Gly ([(*H]-Gly/Gly 1:25000).
Values are expressed as the meand standard error of three experinments
performed in triplicate. * Significantly different from control (p < 0.001,
Student’s **¢°" test),

control), which clearly demonstrates a toxic effect of this
compound (Fig. 4). Cell viability was not affected by 20 or
40 min incubation with SQ-22536 (100 pM).

Qur results suggest that the inhibition of Gly trunsport
by MDL-12330A is not due to its reported specific inhibi-
tion off AMP cyclase, but to a non-specific effect since
transporters shown to be regulated by enzymatic pathways
unrelated to cAMP were also inhibited by the drug. In
support to this assumption, compounds which stimulate
¢cAMP synthesis, such as forskolin and cholera toxin, or
the non-hydrolyzable ¢cAMP analog 8-Br-cAMP did not
modify Gly uptake. Moreover, SQ-22536, which has been
proposed uas a more specific adenylate cyclase inhibitor
than MDL-12330A [10] did not affect Gly (Fig. 1), leucine
or D-aspartate trunsport (Figs. 3 and 4). Furthermore, at
fonger periods of incubation, MDL-12330A affects cell
viability, due to a toxic effect on the cells. Segal und
Ingbar [13] had previously reported a decrease in cell
viability when incubating rat thymocytes with 50 M
MDL-12330A for 40 min, but still reported its inhibitory
effects on adenylate cyclase at a 25 wM concentration.

The nature of the inhibitory action of MDL-12330A on
adenylate cyclase activity is not clear. Guellaen et al. [7]
studied adenylate cyclase activity in rat liver plasma mem-
branes and suggested that MDL-12330A inhibition of
adenylate cyclase is irreversible, since the effect remains in
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Fig. 3. Effect of MDL-12330A on leucine and D-aspartate transport. Miiller cells were preincubated with e indicated compounds for 20 min in KRB,
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Fig. 4. Effcet of MDL-12330A on cell viability, (A) Control culture of Muller cells, (B) Miuller glia culture after treatment with MDL-12330A 50 pM, 40
min, Cell viability percent was then assessed by means of the trypan blue exclusion technique [17].

spite of removal of the agent and further washing of the
membranes. Since this compound is highly hydrophobic,
these authors suggested that its irreversible action could be
due to a tight binding to hydrophobic components of the
adenylate cyclase membrane complex, acting at its cat-
alytic subunit.

Elucidation of the mechanism through which MDL-
12330A aftects adenylate cycluse activity awaits further
investigation; nevertheless, non-specific etfects of this drug
on all processes unrelated to the cyclase should be consid-
ered when the participation of ¢cAMP in any biological
process is studied. In the present case, it seems clear that
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Role of Ca** and calmodulin-dependent enzymes
in the regulation of glycine transport in Miiller glia

Ana Gadea,* Edith Lopez,* Arturo Hernandez-Cruz} and Ana Maria Lopez-Colomé*’}

Instituto de Fisiologia Celular, Departamentos de *Neurociencias and tBiofisica and }Facultad de Medicina, Departamento de

Bioguimica, Apartado, México

Abstract
Glycine (Gly) is considered an obligatory co-agonist at NMDA
receptors. Miller glia from the retina harbor functional NMDA
receptors, as well as low and high affinity Gly transporters, the
later identified as GLYT1. We here studied the regulation of
Gly transport in primary cultures of Mller glia, as this process
could contribute to the modulation of NMDA receptor activity
at glutamatergic synapses in the retina. We demonstrate that
nelther glutamate stimulation nor the activation or inhibition of
protein kinases A or C modify transport. In order to assess a
function for Ca?* and calmodulin (CaM)-dependent proc

R-24571 and trifluoperazine, induced a specific dose-depen-
dent inhibition of transport. The inhibition of CaMKIl by the
autocamtide-2-related inhibitory peptide or by KN62 caused a
decrease in transport which, in the case of KN62, was due to
the abolition of the high affinity component, ascribed to
GLYT1. Our results further suggest that Gly transport is under
cytoskeletal control, as activation of calpain by major
increases in [Ca®*)i induced by ionophores, as well as actin
destabilization clearly inhibit uptake. We here demonstrate for
the first time the participation of CaM, CaMKIl and the actin
cytoskeleton in the regulation of Gly transport in glia. Ca®*

in the regulation of Gly transport, we explored the participation
of Ca?* concentration, CaM and Ca®*/CaM-dependent
enzymes on Gly transporter activity. ATP and carbachol,
known to induce Ca?* waves in Muller cells, as well as
caffeine-induced Ca®* release from intracellular stores
stimulated transport, whereas Ca2* chelation by BAPTA-AM
markedly reduced transport. CaM inhibitors W-7, ophiobolin A,

waves are induced in Miller cells by distinct neuroactive
compounds released by neurons and glia, hence the regula-
tion of [Gly] by this system may be of physiological relevance
in the control of retinal excitability.

Keywords: CaMKIl, chick retina, neurotransmitter uptake,
NMDA receptors, radial glia.

J. Neurochem. (2002) 80, 634-645.

The termination of chemical neurotransmission in thc CNS
involves the rapid removal of neurotransmitter from synapses
by rc-uptake into cither the pre-synaptic terminal or the
surrounding glia through specific transport systems. Drugs
blocking transporter function can influence neural activity by
increasing the duration of ncurotransmitter action (Kanner
1994).

Glycine (Gly) plays a double role in the control of
neuronal excitability. The function of Gly as a classical
inhibitory neurotransmitter in the spinal cord, the brain stem
and the retina, interacting with a chloride-permeable ligand-
gated rcceptor competitively antagonized by strychnine is
well established (Aprison 1990). More recently, Gly has
been shown to function as an obligatory coagonist of
glutamate (glu) at N-methyl-p-aspartate (NMDA) receptors
through a strychninc-insensitive binding site (Fletcher ef al.
1990), thus contributing to the modulation of excitatory
neurotransmission.

An overactivation of NMDA glu receptors leads to
excitotoxicity, and has been shown to participate in neuro-
degenerative and convulsive processes in the CNS (Rothman
and Olncy 1995; Chapman 1998; Dannhardt and Kohl 1998).
As Gly could contribute to the overactivation of NMDA
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receptors, its concentration at glutamatergic synapses should
be tightly regulated.

In brain stem and spinal cord, Gly uptake does not
influence the time course of inhibitory post-synaptic currents
(Singer and Berger 1999; Titmus ef al. 1996), indicating the
replenishing of neurotransmitter pre-synaptic pool as the
function of Gly transporters. As a glu co-agonist, the rolc of
Gly transporters in keeping local extracellular Gly concen-
tration below saturating levels for NMDARs which would
allow potentiation of receptors by sudden incrcases of
extracellular Gly, has been demonstrated both in heterolo-
gous systems, and in brain stem (Supplisson and Bergman
1997; Bergeron et al. 1998). Such an increase could originate
cither by diffusion from nearby synapses, which is Ca®*-
dependent, or from the Ca**-independent reversal of trans-
port, as observed in ischemic condition (Baker et al. 1991).
Ca**-independent release has been ascribed to glial Gly
transporters (reviewed in Gadea and Lépez-Colomé 2001a),
which have a stoichiometry of 2/Na*/Cl7/Gly, versus ncuro-
nal ones, with 3Na*/ClI/Gly stoichiometry (Roux and
Supplisson 2000).

Although re-uptake is subject to physiological regulation,
very little information is currently available regarding the
role of second messengers in this process. Arachidonic acid,
which may be released via phospholipase A; activation, has
been shown to inhibit several sodium-coupled uptake
systems, including those for glycine (Zafra et al. 1990) and
glutamate (Barbour 1989); also, the regulation of glutamate
transporters by protein kinase C (PKC; Casado et al. 1993),
as well as that of GABA by cAMP has been demonstrated
{Gomeza et al. 1991),

Two different glycine transporters have been cloned:
GLYTI, with three isoforms derived from altemative splicing
and/or promoter usage termed GLYTla, GLYTIb and
GLYTlc, inhibited by sarcosine and expressed in glial cells
throughout the CNS, and GLYT2, expressed predominantly
in brain stem and spinal cord, where glycine is considered the
major inhibitory ncurotransmitter (reviewed in Gadea and
Lopez-Colomé 2001a). GLYT1 thus, shows the expected
propertics for controlling cxtracellular Gly concentration,
tonically modulating NMDA receptors, whercas GLYT2
could function in Gly accumulation at inhibitory glycinergic
synapses.

In the retina, Miiller cells are the most abundant glial cell
type, its processes cnsheathing excitatory synapses at the
plexiform layers. In addition to their structural and nutritional
functions, the precise anatomical localization of Miiller cells
has suggested a role in the modulation of neurotransmission
(Newman and Reichenbach 1996). In Miiller cells we have
previously characterized two Gly transport systems showing
high (K,,, = 27 pum) and low affinity (K, = 1.7 mm); the high
affinity transporter was identified as GLYTI, inhibited by
sarcosine (Gadea et al. 1999a). As Gly transport system in
these cells could participate in the modulation of glutamate

Regulation of glycine uptake in retinal glia 635

excitatory transmission in the vertical pathways of the retina
as well as in the termination of inhibitory glycinergic
transmission in this tissue, its regulation by second messengers
in confluent monolayer cultures of Miiller cells was studied.
Our data show that glycine transport in these cells is under the
regulation of calcium- and calmodulin- dependent processes.

Materials and methods

Chemicals

[*H]Glycine was purchased from Dupont-New England Nuclear
(Boston, MA, USA; Sp. Act. 42-43.8 Ci/mmol). Tissue culture
reagents and plastics were from Gibeco (Grand Island, NY, USA).
Jasplakinolide was purchased from Molecular Probes (Eugene, OR,
USA), the myristoylated autocamtide-2 related inhibitory peptide
(AIP) and Calpain inhibitors IIl and V were from Calbiochem (La
Jolla, CA, USA). All other chemicals and reagents were from Sigma
(St Louis, MO, USA).

Cell culture

Primary cultures of Milller glia were obtained as described
previously (Lépez-Colomé and Romo-De-Vivar 1991). Retinas from
7-day-old chick embryos (Alpes, Pucbla, México) were dissected
and washed in Hanks solution free from Ca®* and Mg®* (2/100 mL):
NaCl 0.8, KC1 0.04, KH:PO, 0.006, Na,HPO, 0.0125, phenol red
0.002, glucose 0.1. Tissue was dissociated in 0.25% trypsin,
followed by filtration through a 50-pm mesh nylon net, resuspended
in minimum essential medium (MEM) containing 0.05% glucose,
25 mM NaHCO;, 0.0125% gentamycin, 0.0125% penicillin,
0.0125% streptomycin, 0.025% ncomycin and 10% fetal bovine
serum (FBS). Cells were sceded onto 24-well plates at a density of
2.5 x 10% cells per well, and maintained at 37°C in a humidificd
atmosphere of 5% CO; : 95% air. For intracellular [Ca**] measure-
ments, cells were sceded on #1 round glass coverslips (1.75 x 10°
cells per well). The purity of the culture was assessed by glial
fibrillary acidic protein (GFAP; Bjirklund ¢ al. 1985) and ncuron-
specific enolasc (NSE) antibodies (Schmechel ef al. 1980): 95% of
the cells were GFAP* and NSE™ at day 12 in vitro, at which cullures
formed a confluent monolayer. Medium was changed every other
day. Confluent cell cultures were used for all experiments.

Primary cultures of ncurons were prepared from retinas obtained
from 7-day-old chick embryos. Retinas were incubated for 35 min at
37°C in 0.5% trypsin in Ca®*- and Mg**-frec Hanks" solution, and
mechanically dissociated. Cells were plated at low density
(0.6 x 10° cells/dish) on poly-pL-ornithin-coated 12-well plates,
grown in OPTI-MEM-I (reduced serum medium, modification of
Eagle's MEM) plus 3% FBS, and maintained at 37°C in a
humidified atmosphere of 5% CO; : 95% air. The purity of the
culture was deteninined as described for glia; as previously reported
(Somohano and Lopez-Colomé 1991), more than 90% of the cells
were NSE™ and GFAP™ ut day S in vitro, when cultures were used
for uptake experiments.

Uptake experiments

Assays were performed at 37°C in 0.5 mL of Krebs-Ringer
bicarbonate buffer (KRB) containing: NaCl 118 mm; KH,PO,
2.0 mm; KCI 4.7 mm; CaCl, 2.5 mm; MgSO, 1.4 mm; NaHCO;
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/25 mm;-glucose 5.6 mm; pH 7.4. All solutions were prepared in
double-distilled water. Previous to the experiment, the growth
medium was removed, and cultures were rinsed twice with 0.5 mL
of pre-warmed KRB (37°C). After 5§ min, medium was replaced by
0.5 mL of KRB containing [*H]Gly/Gly 1 : 25000 (41.1 Ci/mmol).
Cultures were incubated for the indicated period of time in the
presence of different drugs in order to study their effect on glycine
transport.

At the end of the assay, cells were rinsed with 3 X 0.5 mL of
fresh KRB (2—4°C), dissolved in | mL of 1 M HCI and counted
for radioactivity after the addition of 1 mL 1 M NaOH and 5 mL
of Tritosol (Fricke 1975) in a liquid scintillation counter
(Beckman).

Experiments were carried out in triplicate, and replicated at least
three times with different cell cultures. Results are expressed as the
mean + SEM of three independent experiments performed in
triplicate, Corrections were made for specific aclivity,

The protein content was determined for two wells of cach plate
by the method of Lowry er al. (1951).

Data were analyzed using the INvLoT (version 3.1) program from
GraphPad Software (San Diego, CA, USA). Student’s s-test was
applied in most cases, comparing each condition with control,

Mcasurement of intracellular Ca?* concentration

Methods arc described in detail clsewhere (Hemandez-Cruz et al.
1997). Bricfly, cells were loaded with fura-2 by incubation with the
acetoxymethyl (AM) ester form of the dye (fura-2/AM; Molecular
Probes, Eugene, OR, USA) at a final concentration of 2 pm, with no
dispersing agents added. Cells were allowed to load for 30—45 min
at 37°C and then rinsed continuously for 5 min before the beginning
of the experiment. Coverslips containing Miiller glia were placed in
a recording chamber (Mod. RC-25; Wamer Instruments, Hamden,
CT, USA) on an inverted microscope (Nikon Diaphot TMD; Nikon
Corp., Tokyo, Japan).

Ca®* levels were determined by recording pairs of images with an
UV objective (Nikon UV-F 100X, 1,3 NA.) and an intensified CCD
camera (c2400-87, Hamamatsu, Bridgewater, NJ, USA), using
alternating  illumination by two nitrogen pulsed lasers (Laser
Science, Inc), tuned at 340 nm and 380 nm excitation, respectively
(BioLase Imaging, Newton, MA, USA). The sampling rate (340/380
ratioing) was 2.5 Hz. Background images taken at 340 and 380 nm
illumination were used for on-line background subtraction. Image
acquisition and processing was controlled with BijoLase’s FL-2
software, [Ca®*]; determinations from the soma of individual cells
were calculated using the formula;

[Ca**] = Ko(Fi/Fo){R — Ruin)/ (Rus/R)
where the dissociation constant (Kp) of fura-2 for Ca®* is 300 na,
F/Fy is the ratio of fluorcscence valucs for Ca**-free/Ca**-bound
indicator at 380 nm cxcitation, R is the fluorescence ratio at 340/
380 nim for the unknown [Ca®*], and Rinin, Rinax are the ratio of fura-
2 fluorescence at 340/380 nm of Ca**-free and Ca**-bound fura-2.
The values of Fr/Fy, Ruiny and Ripax for Ca®* were empirically
determined using calibration solutions containing 50 pm  fura-2
pentapotassium salt (Molecular Probes), and [Ca®*] in the range
0-40 pm. Bascline [Ca™]; was defined as the time-averaged [Ca®™];
measured in the absence of stimulation over a period of 3 min. The
peak amplitude of the Co®* transicnts was measured as the
difference between the absolute peak [Ca™); and the resting

baseline '[Cuzv*ji. Darxihvpro'cessing was Acéohplishéd with routines
contained in ORIGIN 3,78 (Microcal Software, Northampton, MA,
USA). ! T T '

Solutions

Cells were continuously superfused (~1 mL/min) with KRB. Test
solutions were pressurc-applied (10 psi) via independent glass pufTer
pipettes (tip diameter ~ 2 pm), placed within 100 pm from the
cell(s) under examination. Application of test solutions and drugs
was controlled by a Picospritzer {I device (General Valve, Fairfield,
NI, USA). Test solutions used were: (i) caffeine 5 mm dissolved in
normal saline, and (ii) jonomycin 10 pm dissolved in normal saline.
Experiments were carried out at 22-23°C.

Results

Glycine transport is not regulated by PKC or PKA

In order to determine the intracellular pathways involved in
the regulation of glycine transport in Miiller cells, different
drugs related to sccond messenger cascades werc tested.
Results in Table | show that specific PKA and PKC
activators or inhibitors had no effect on glycine transport.
The participation of cAMP in this process was examined
by testing the effect of agents shown to directly increase
intracellular cAMP, such as forskolin and cholera toxin, as
well as 8-Br-cAMP and the adenylate cyclase sclective
inhibitor $Q-22536: nonc of these drugs had an effect on
glycine transport. The effect of MDL-12330 A was also
tricd; although 40% inhibition of transport was observed, the
effect of the drug showed to be non-specific (Gadea ef al,
1999b).

Incubation of Miller cells with the PKC activators
phorbol-12-myristate-3-acctate, 1,2-dioctanoyl-rac-glycerol,
or the PKC inhibitors staurosporine, H7, chelerytrine and
polymyxin B had no effect on transport. Neither did the PLC
inhibitor neomycin (Table 1).

Regulation of glycine transport by calmodulin

The participation of CaM and Ca**/CaM-dependent enzymes
in the regulation of glycine transport in Milller glia was
studied. The antipsychotic phenotiazine trifluoperazine (TFP;
Weiss et al. 1980), N-(6-aminohexyl)-5-chloro-1-naphtalenc-
sulfonamide (W-7; Kanamori et a/. 1981), the antimycotic
miconazole derivative calmidazoluim (R-24571; Gietzen
et al. 1981) and the phytotoxic fungal metabolite ophiobolin
A (Leung er al. 1984) have all been reported to inhibit a
varicty of enzyme reactions and biological processes stim-
ulated by Ca®*/CaM. All thesc anticalmodulin drugs inhib-
ited glycine transport. Figure | shows dose—responsc curves
for W-7 (maximal inhibition 40%), ophiobolin A (maximal
inhibition 45%), trifluoperazine (maximal inhibition 80%),
and R-24571 (maximal inhibition 82%). The ICsgs calculated
for cach case were 40 % 2.5 puM, 50 £ 1.2 pum, 2.5 £ 0.5 pum
and | £ 0.2 pm, respectively.
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Table 1 Effect of Intracel

transport in culturad Maller ghia®

Tested
compound

Concentration

“Glycine uptake
(% of control)

Forskolin
8-Br-cAMP
8-Br-cGMP
SQ-22536
HA-1004
Cholera toxin
Pertussis toxin
PMA

DOoG
Chelerytrine
Staursporine
H-7
Polymyxin B
Neomycin
Mepaciing
Okadaic acid
Deltamethrin
Cyclosporin A
Tautomycin
ML-9
Wortmannin
Genisteln

20 um

50 nm-20 pm
300 nm~" um
5 um-200 pm
Tum

50 pm

30 and 60 min -
30 and 60 min
60 min
30 and 60 min
60 min

®Mller cells were pre-incubated in the presence of the indi-
cated compounds. Uptake experiments were performed as
described in Materials and methods in the presence of 1 mm glycine.
HA-1004, N-(2-Guanidinoethyl)-5-isoquinolinesulfenamide hydrochlo-
ride; SQ-22536, 9-(tetrahydro-2-furanyl)-9H-purin-6-amine; PMA,
Phorbol 12-myristate 13-acetate; DOG, 1,2-dioctanoyl-rac-glycerol;
H-7,1-(5-isoquinolinesulionyl)-2-methylpiperazine dihydrochloride;
ML-9, 1-(5-chloronaphtalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine.
Values are expressed as percentage of glycine uptake with respect to
control and are the mean + SEM of at least three independent
experiments performed in triplicate. No significant dilferences from
control were observed.

Anticalmodulin drugs have been shown to interact in a
calmodulin-independent fashion, with several other proteins
such as dopamine D2 receptors (Wilson ef al. 1998) and
NMDA receptors (Lidsky et al. 1997). In order to assess the
specificity of these drugs on glycine transport in Miiller cells,
the uptake of distinct transmitter and non-transmitter amino
acids was measured after trcatment with calmodulin-related
drugs. The regulation of the Na’-dependent high affinity
glutamate/aspartate transporter system in Miiller glia by PKC
has been demonstrated (Gonzélez et al. 1999) however, as
shown in Table 2, pre-incubation of Miiller cells with the
calmodulin inhibitors R24571, TFP and W-7 dccreased
p-aspartate uptake 49%, 57% and 50%, respectively. The
Na*-independent uptake of leucine has been shown to be
regulated by Ca®* and calmodulin in Chang liver cells

Regulation of glycine uptake in retinal glia 637

~5I§ 80 45 -40 38 g X) 50 a5 40 -35
tog [Ophioboin A) M

T3 7o a5 60 8% .50 75 70 65 60 -85 50 4.5 40
log [R24571) M log [Trifksoparazine] M

Fig. 1 [nvolvement of calmodulin In the regulation of glycine transport
in Maller cells. Confluent cultures were pre-incubated with increasing
concentrations of R-24571 (maximal inhibition 82%, ICsg 1 + 0.2 pm),
trifluoperazine (TFP; maximal inhibition 80%, ICsg 2.5 £ 0.5 pm), W-7
{maximal inhibition 40%, ICso 40 + 2.5 pm) or ophiobolin A (maximal
inhibition 45%, IC5o 50 + 1.2 um) for 20 min The transport assay was
carried out in the presence of 1 mm glycine for 10 min as described in
Materials and methods. Values are expressed as the mean + SEM of
three experiments performed in triplicate. ICsos were calculated in
each case using the InrLoT (version 3.1) program from GraphPad
software.

(Takadera and Mohri 1985), whercas the Na'- and
Cl™-dependent uptake of GABA in astrocytes is regulated
through the activation of PKC (Gomeza et al. 1991).
Pre-incubation of Miiller cells with the inhibitors did not
affect GABA or leucine uptake.

The re-uptake of Gly from the synaptic cleft is undertaken
by glia as well as the neuronal pre-synaptic terminals, hence,
the involvement of calmodulin in the regulation of glycine
transport in cultured neurons from the retina was also
evaluated. Pre-incubation of neurons with calmodulin-related
drugs had no cffect on glycine transport (Table 2).

Regulation of glycine transport by Ca**
As calmodulin is activated by calcium, we tested the effect of
dantrolenc (1 mm), which blocks intracellular calcium release
in some preparations, thapsigargin (2 pM), inhibitor of the
endoplasmic reticulum Ca>*-ATPascs, the extracellular Ca®*
chelator EGTA (1 mm in nominally Ca**-free buffer), and the
intracellular Ca®* chelator BAPTA-AM (10 pm in nominally
Ca?"-free buffer plus 0.5 mm EGTA), on glycine transport in
Miiller glia. As shown in Table 3, only BAPTA-AM inhibited
glycinc transport (40%).

In order to activate calmodulin and presumably stimulate
uptake, cells were incubated with the calcium ionophores
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Table 2 Elfect of calmodulin and CaMKII inhibitors on the uptake of b-aspartate, leucine and GABA in Mdller cells and on glycine uptake in retinal .

TESIS CON
FALLA DE ORIGEN

neurons®
Control R24571 TFP s W T

p-aspartale uptake 100+ 9 50.2 + 8.7 43.02 +3.2° 50,01 2.0°

(% of control) B
Leucine uptake 100 + 8.9 716+ 141 - 81.3x10.0 83587

(% of control) . AL R S
GABA uptake 100z 5.4 87.0+12.8 97.2x74 1991x48.

(% of control) AR
Neuronal Gly uptake 100+ 17" 95.9 + 22 86.1 = 16

(% of control)

®Muller cells were pre-incubated with 5 um R-24571, 25 pwm trifluoperazine (TFP), or 10 um W-7 for 20 min The transport assay was then carried out
for 10 min In KRB containing 1 mm leucine, 5 mm p-aspartate or 1 mm GABA. Cultured neurons were pre-incubated with these compounds for
20 min, Gly transport assay was carried out as described in Materials and methods in the presence of 1 mm glycine for 10 min. Values are
expressed as percentage of control = SEM of three Independent experiments performed in triplicate. PSigniticantly different from control (p < 0.001,

Student’s #-test).

Table 3 Role of intracellular and extracellular Ca2* in the regulation of
glycine transport in Miiller cells®

Glycine uptake (% of control)

Contro} 100+ 4
EGTA 1015
BAPTA-AM 59 + 7°
Dantrolens 95+ 4
Thapsigargin 1047

aMilller glia cultures were pre-incubated in nominally Ca®*-free KRB
with 1 mm EGTA or 10 ym BAPTA-AM plus 0.5 mm EGTA for 30 min.
30 pum dantrolene or 2 mm thapsigargin were tested in normal KRB for
30 min. Uptake experiments were performed as described in Materials
and methods in the presence of 1 mm glycine for 10 min. Values are
the mean = SEM of three triplicate experiments. "Slgnlﬂcanlly different
from control (p < 0.001, Student's t-test).

A23187 (10 pMm) and ionomycin (10 pm). Contrary to the
expected result, both ionophores strongly inhibited glycine
transport in the presence of Ca®* (60% and 78%, respec-
tively; Fig. 2).

Elevation of intracellular Ca®* by high K*, glutamate,
carbachol or ATP stimulation, as well as by caffeine has been
demonstrated in Miiller cells (Wakakura and Yamamoto
1994; Keirstecad and Miller 1995, 1997; Newman and Zahs
1997). In order to explore the effect of a moderate increase in
[Ca**]; on glycine transport, 5 miM caffeine, 2 mm carbachol
or 1 mMm ATP were tested. As scen in Table 4, in this
condition caffeine, carbachol and ATP increased glycine
transport by 50, 65 and 30%, respectively. Caffeine-induced
stimulation of glycine transport was prevented by prior
incubation with 2 pm thapsigargin. The possibility of Gly
transport regulation by glutamate receptor activity was also
cxplored. Glutamate or the glu receptor agonists NMDA,

. KRB

125
il ca?*-freo KRB

10.0

Glycine uptake
(nmol/mg prot/10 min)

A-20187

Control

lonomycin

Flg. 2 Effect of the Ca®* ionophores A-23187 and ionomycin on gly-
cine uptake in Muller cells. Mller cells were incubated for 15 min with
10 um A-23187 or 10 pm ionomycin in KRB containing 2.5 mm CaCl»
(solid bars) or in nominally Ca?'-free KRB (dotted bars). Uptake
experiments were performed as described in Materials and methods in
the presence of 1 mm glycine for 10 min, Values are the mean =
SEM of four triplicate determinations. ‘Significantly dilferent from
control (p < 0.001, Student's t-test).

KA, AMPA, L-AP4 and t-ACPD had no cffect on Gly
transport (Tablc 4).

The opposite effects of caffeine and ionomyecin on glycine
transport could be due to differences in the intracellular
[Ca®*] increase induced by these agents. As shown in Fig. 3,
ionomycin clicited a pronounced and sustained intracellular
Ca®* increasc in all the cells examined (1 = 60). Caffcine
was less consistent in raising internal calcium, producing a
smaller and transient calcium increase in 45% of the cells
tested (n = 155). The peak amplitude of the Ca®* increase
clicited by ionomycin was 703 £ 55 nm, whereas that for
caffeine was 315 = 23 nm (Fig. 7c).

Huge increases in [Ca®*}; such as those induced by
fonomycin may be morc related to pathological than to
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Table4 Effect ol gllal calclum wave‘lnduclng'agents on glycine
transpon in Miilter cells‘ e .

-Glycine uptake (% of control)

Control

Caftelne

Thapsl + Ca"elne'~

ATP 165 + 28"
Carbachot 2L ©180 2700
Glu . ST 108 % 9
NMDA EEEE s 9310
AMPA’ 10229
KA ’ 104 = 13
L-AP4 98 = 8
t-ACPD 85 + 14

®Muiller cells were pre-incubated with 5 mm catlelne, 1 mm ATP or
2 mwm carbachol for 15 min in nominally Ca®*-free KRB plus 0.5 mm
EGTA. When tested together, 5 mm caffeine was added following
15 min pre-incubation with 2 pm thapsigargin in Ca?*-free KRB plus
0.5 mm EGTA. In another set of experiments, Miller cells were
pre-incubated with 1 mm glutamate (Glu), N-methyl-D-aspartate
(NMDA), alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA), kainate (KA), L(+)-2-amino-4-phosphonobutyric acid (L-AP4),
or trans-aminocyclopentane-1,3-dicarboxylic acid (-ACPD) for 1 h in
KRB. Uptake experiments were performed as described in Materials
and methods in the presence of 1 mm glycine. Values are the mean +
SEM of at least three experiments performed in triplicate. PSignificantly
different from control (p < 0.005, Student's test). “Significantly dif-
terent from caffeine (p < 0.005, Student's t-test).

physiological conditions. On this line, clevated [Ca®*]i
associated with specific brain pathologics has been shown
to activate the intracellular cysteine proteasc calpain in glial
cells (Du et al. 1999; Shields and Banik 1999). Figure 4
shows that while thc serine protecasc inhibitor phenyl-
methylsulfony!l fluoride (PMSF) has no effect on transport,
pre-incubation of Miller cells with a protease inhibitor
cocktail (PIC) or with the cell permeable calpain inhibitors
[Il and V, decreases by 30% and 37%, respectively, the
ionomycin-induced inhibition.

Regulation of glycine transport by the actin cytoskeleton
Several calpain-mediated processes such as the proteolysis of
cytoskeletal components have been described in glial cells
(Finkbeiner 1993). Actin as well as the actin-binding
cytoskelctal proteins fodrin (spectrin) and ankyrin are major
substrates for calpain (Villa e al. 1998). Additionally, recent
studies have shown ankyrin and fodrin to posscss high-
affinity binding sites for intcgral membranc proteins and to
be involved in the regulation of membrane protein functions
(Mills and Mandel 1994; Beck and Nelson 1996), including
transport (Nelson and Hammerton 1989; Handlogten er al.
1996; Zharikov and Block 2000). Destabilization of actin in
Miiller cells by pre-treatment with 10 pm cytochalasin B or
D, alkaloids which promote actin disassembly by inhibiting

Regulation of glycine uptake in retinal glia 639
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Flg. 3 Intracellular [Ca?*] increase elicited by calfeine and ionomycin
in Mller cells. Intracellular Ca®* concentration measurements were
performed as described in Materials and methods. Traces obtained
from two representalive cells are shown. (a) fonomycin-induced Ca®*
increase in one Muiller cell. (b) Catfeine-induced Ca®* increase in one
Miiller cell. (c) Average peak amplitude of the Ca?* increase induced
by ionomycin and caffeine. Data represent the mean response + SEM
of 60 cells treated with ionomycin and 62 cells responsive lo caffeine.

new filament growth (Cooper 1987), had an inhibitory cffect
on glycine transport (41% and 50%, respectively). This effect
was decreased by prior incubation with the cell permeable
actin-stabilizing peptide jasplakinolide (1 pm; Bubb et al.
1994; Fig. 5). Colchicine (25 pm), a microtubule depoly-
merizing agent, did not modify glycine transport.

Participation of CaM-dependent enzymes

in the regulation of glycine transport

Among the Ca*'/CaM-regulated kinascs and phosphatases,
CaMKII, myosin light chain kinase (MLCK) and calcincurin
(CaN, protein phosphatase-2B) are expressed in glial cells
and have been shown to interact with the cytoskeleton
(Edelman et al. 1992, Vinade et al. 1997, Cotrina er al.
1998; Matsuda er al. 1998; Takcuchi et al. 2000; Vallano
et al. 2000). The MLCK inhibitor ML-9 and the CaN
inhibitors deltamethrin and cyclosporin A had no effect on
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10.04

7.5

sol

254

Glycine uptake

{nmol/mg prot/10 min}

0.0

control
PiC

f

Fig. 4 The inhibitory effect of ionomycin on glycine transport is pre-
vented by calpain inhibitors 1l and V. Cullures were incubated for
90 min with 50 um Calpain inhibitor IIl, V or phenylmethylsulfony! flu-
oride (PMSF) 0.5 mm before 10 ym lonomycin was added for further
15 min. [n control experiments, cells were incubated for 90 min with
the inhibitors. The transport assay was carried out as described in
Materials and methods in the presence of 1 mm glycine for 10 min
Values are the mean x SEM of three determinations performed in
triplicate. *Significantly different from ionomycin {(p < 0.001, Student's
Hest).

PMSF + iono

Caphh il
Caplah v
PIC + lonormycin)
Cakp Iits iono
Cap V + iono|

glycine transport (Table 1). The CaMKII inhibitor KN62
inhibited glycine transport (maximal inhibition 40%) with a
calculated ICsq of 20 £ 1.3 um (Fig. 6a). KN62 has becen
reported to inhibit also CaMKIV hence, the effect of the
myristoylated autocamtide-2 related inhibitory peptide (AIP),
a highly specific inhibitor of CaMKI! (Ishida ef al. 1995)
was tested. As shown in Fig. 6(b), the AIP had a similar
effect to KN62 on Gly transport.

Glycine uptake
(nmolimg peotf10 min)

Flg. 5 Involvement of the actin cytoskeleton in the regulation of gly-
cine transport in Miller glia. Cultures were pre-incubated for 2 h with
10 um cytochatasin B, 10 pum cytochalasin D or 25 pm colchicine, or 1 h
with 1 um jasplakinolide (JK). When tested together, jasplakinolide was
added 30 min prior to cytochalasin D. The transport assay was carried
out as described in Materials and methods in the presence of 1 mm
glycine for 10 min. Values are the mean + SEM of three determina-
tions performed in triplicate. °Significantly difterent from control
{p < 0.001, Student's t-test). *“Significantly ditferent from cytochalasin
D (p < 0.001, Student's t-test).
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Glycine uptake
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3 1004
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Fig. 6 Regulation of glycine transport by CaMKIl in Mduller cells.
{a) Confluent cultures were pre-incubated with increasing concentra-
tions of KN62 (maximal inhibition 40%, [Csg 20 + 1.3 um). The trans-
port assay was carried out as described in Materials and methods in
the presence of 1 mm glycine for 10 min. Values are expressed as the
mean + SEM of three experiments performed in triplicate. [Csos were
calculated in each case using the InpLoT (version 3.1) program from
GraphPad software. (b) Confluent cultures were pre-incubated with
50 um AIP (myristoylated autocamtide-2 related inhibitory peptide} for
the indicated time. Values are the mean + SEM of two triplicate
determinations. “Significantly different from control (p < 0.001,
Student’s t-test).

In order to explore the mechanism by which CaMKII
inhibits Gly transport, we studied the cffect of KN62 on Gly
transport kinctics. Eadie~Hofstee analysis of the saturation
curve revealed that 40 pm KN62 abolishes the high affinity
component attributed to GLYT1 (Fig. 7). KN62 did not
affect lcucine, GABA or p-aspartate uptake in Miiller glia,
nor glycine uptake by retinal neurons (data not shown).

Discussion

The main finding of this work is that, unlike transport
systems for the ncurotransmitter amino acids GABA and
glutamate which are regulated by cAMP and/or PKC in CNS
neurons and glia (Casado et al. 1991, 1993; Gomeza et al.
1994; Dowd and Robinson 1996; Conradt and Stoffel 1997;
Davis et al. 1998; Gonzalez et al. 1999), glycine transport in
Miiller cells is regulated by Ca**/CaM activation of CaMKII.
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Flg. 7 Abolition of high affinity Gly transport by the CaMKI! inhibitor
KN62. Confluent cultures were pre-incubated with different concen-
trations of glycine at concentrations ranging from 0.01 mm to 2 mm
([PH)-Gly/Gly 1 : 5000). When treated with KN62 40 um, cells were
pre-incubated with the compound for 20 min. Eadie-Holstee analysis
(control = dashed line; KN62 = solid line) and kinetic parameters were
calculated in each case using the INPLOT (version 3.1) program from
Graph PAD Software. Values are the mean + SEM of two triplicate
determinations. @, Control: K,y = 27 uM, Knz = 1.7 mM, Vipaxy =
3 nmol/mg prot/10 min, Va2 = 30 nmol/mg  prot/10 min; O,
KNG62 40 mm: Ky, = 1.5 mm, Vi, = 30 nmol/mg prot/10 min.

Morcover, although the activity of reccombinant GLYT1b
expressed in HEK239 cells is decreased by PKC activation
(Sato et al. 1995), ncither the activation nor the inhibition of
this enzyme or changes in cAMP concentration modify Gly
transport in retinal Miiller cells.

We previously characterized specific high affinity glycine
transporters in Miiller cells from the chick retina, identified
as GLYTI (Gadea er al. 1999a). The results from this work
demonstrate for the first time that Gly transport in Miiller
cells is regulated by intracellular Ca®* and calmodulin, as
activity is stimulated by Ca®* relcase from intracellular stores
and decreased by specific calmodulin antagonists as well
as by the intracellular calcium chelator BAPTA-AM.
Ca®*/calmodulin complex modulates the activity of several
enzymes including CaM-dependent protein kinases, protein
phosphatases, adenylyl cyclases and phosphodicsterases
(Van Eldik er al. 1982). CaM also regulates the activity of
nitric oxide synthase (Abu-Soud et al. 1994; Stuchr 1999);
however, in our system, the NOS inhibitor, L-nitroargininc
did not affect glycine transport (data not shown). The
calmodulin inhibitors used in this work have often been
reported as potent inhibitors of Ca?*/calmodulin phospho-
diesterases, therefore increasing cyclic nucleotide concentra-
tions (Van Belle 1984; Van Staveren et al. 2001). We here
demonstrate that raising cGMP or cAMP concentrations does
not modify transport. Our results also indicatc that protein
phosphatases !, 2A and 2B, as well as adenyly! cyclases arc

Régulntvion glycine uptake in retinal glia 641

not involved in the regulation of glycine transport, as okadaic
acid, deltamethrin, tautomycin and AC activators or inhib-
itors failed to affect uptake (Table 1).

CaMKII is particularly important in the brain due to its
involvement in the development of LTP as well as in
NMDA-activation of AMPA receptors (Soderling et al.
1994). In contrast, although its activity has been detected
in astrocytes (Babcock-Atkinson et al. 1989), very little
evidence on the role of CaMKII in glial cells is available.
Evidence exists for CaMKII participation in glial processes
including the regulation of the cytoskeleton by selective
phosphorylation of the intermediate filament proteins GFAP
and vimentin (Yano etal. 1994; Inagaki et al. 1997),
protection from apoptosis, phosphorylation of PEA-15
(Kubes er al. 1998), and the regulation of phospholipid
metabolism through the activation of PI3K (Communi ef al.
1999). Our data clearly demonstratc that high affinity
transport is abolished upon inhibition of CaMKII by
KN62. As conscnsus motifs for CaMKII phosphorylation
have not been found in GLYT1 (Liu er al. 1993; Sato et al.
1995), direct phosphorylation of the transporter scems
unlikely. The modulation of transport by CaMKIIl might
therefore involve an indirect mechanism as shown for other
Na*/CI'-dependent transporters (reviewed in Gadea and
Lépez-Colomé 2001b), e.g. activation of a signaling system
which subsequently modulates glycine transporter, or the
phosphorylation of cytoskeletal proteins implicated in the
trafficking and/or clustering of the transporters,

Although both ncurons and glia express calmodulin and
calmodulin-dependent enzymes, we here show the lack of
effect of calmodulin (Table 2) and CaMKII inhibitors on
ncuronal glycinc transport, which could relate to the
differential expression and subcellular location of CaMKIl
isoforms in ncurons and glia. In neurons, the predominant
forms arc o and f3, with minor amounts of 8 and vy, whereas
in astrocytes only 8a, yg and y, are present. Additionally, the
v subunits associate to the particulate fraction in ncurons,
whereas in glia they locate to the cytoplasmic fraction
(Vallano et al. 2000). Discrepancy could also arise from
structural  differences  between  transporters  and/or  their
coupling to distinct membrane proteins.

The generation of Ca®* waves by a number of stimuli has
been demonstrated in glial cells. In the retina, Ca®* waves
propagated through astrocytes and Miiller cells modify the
light-cvoked spike activity in nearby neurons (Newman and
Zahs 1998). The propagation of glial calcium waves was
initially ascribed to the generation and further diffusion of
inositol trisphosphate (IP3) through gap junctions (Sanderson
et al. 1994; Leybacert er al. 1998). More recent cvidence
shows the involvement of an extracellular pathway in wave
propagation, independent from cell/cell contact (Hassinger
et al. 1996; Guthrie et al. 1999) or gap junctional coupling
(Guan et al. 1997; John ef al. 1999). The messenger has
been shown to be ATP, as Ca®* wave propagation releases
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 ATP from glial cells (Cotrina ef al. 1998; Wang et al. 2000),
and ATP receptor antagonists and apyrase block this process
in cultured astrocytes (Guan et al. 1997; Cotrina et al. 1998,
2000). In the rat retina, wave propagation involves both
intracellular and extracellular mechanisms (Newman 2001):
astrocytes mainly use intracellular messenger diffusion,
whereas from astrocytes to Miiller cells and from Miiller
cells to other Miiller cells, waves are propagated primarily by
the release of ATP acting on purinergic receptors (Li ef al.
2000; Pannicke et al. 2000). We demonstrate here that agents
shown to trigger calcium waves in Miiller glia under
physiological conditions (through Ca®* relcase from intra-
cellular pools), such as ATP and carbachol, stimulate glycine
transport; this effect was also induced by caffeine (Table 4).
These results suggest that glial calcium waves could modulate
retinal excitability by regulating extracellular glycine con-
centration, in addition to the releasc of ncuroactive
compounds (Newman and Zahs 1998; Innocenti ef al. 2000).

The stimulation of Gly transport by caffeine, carbachol
and ATP and its inhibition by BAPTA-AM revealed the
requirement of intracellular Ca** for activating CaM, as
inhibiting CaM also dccreases transport. A glutamate-
induced increase in intracellular [Ca®*] has been reported
in rabbit and salamander Miiller cells (Wakakura and
Yamamoto 1994; Keirstcad and Miller 1997). Our data
showing the lack of effect of GIuR agonists on Gly transport
(Table 4) and intracellular [Ca®*] (data not shown) arc in
agreement with those from Newman and Zahs (1997), which
demonstrate the induction of Ca®* waves in rat Miiller glial
cells by ATP, carbachol and phenylephrine, but not by
glutamate (Malchow and Ramscy 1999; Newman 2001).

In contrast with caffeine, increasing internal calcium with
A-23187 or ionomycin inhibits transport (Fig. 2). As shown
by intraccllular [Ca®*] measurements, caffeine induces a
transient clevation in [Ca®*}; which declines in the presence

of the drug, duc to the depletion of the intracellular store,

whereas ionomycin evokes a greater and sustained clevation

that persists cven upon withdrawal of the ionophore (Fig. 3).

Based on the high-affinity of CaM for Ca®* (K, =100 nm),

the moderate increase in intracellular [Ca®*] induced by

caffeine, may activate the membrane-bound inducible form
of CaMKII (Braun and Schulman 1995) which in tum
activates the transporter (directly or indirectly). The higher
increase in [Ca®*); by ionophores activates proteases includ-
ing calpain, with lower affinity for Ca®*, In chicken skeletal
muscle, threc calpains have been described: high-m-calpain,
m-calpain and p-calpain, whose calcium requirements for

half maximal activity are 3.8 mm, 420 um and 5 M,

respectively (Wolfe et al. 1989).

The activation of proteases by raises in [Ca®*); may be
more related to pathological than to physiological conditions.
On this matter, exposure of astrocytes to ischaemic condi-
tions has been shown to trigger an [Ca?*]; clevation duc to
the activation of voltage-gated Ca2* channels as well as to

Ca®* release form intracellular pools (Verkhratsky and
Kettenmann 1996). In the present study, we demonstrate
that the inhibition of Gly transport by A23187 and ionomy-
cin, is a result of Ca®"-activation of proteascs. Proteolysis
duc to Ca®* influx has been observed in rat optic nerve,
spinal cord and peripheral nerve glial cells (Schlaepfer and
Zimmerman 1981). Moreover, an activation of calpain due to
Ca®" entry through voltage-gated Ca®" channels has been
shown to increase GFAP immunoreactivity in astrocytes,
following spinal cord injury (Du et al. 1999). Similar
activation of calpain by ischemic insults has been described
in retinal neurons (Sakamoto ef al. 2000), and could also
occur in Miiller glia, which bares distinct types of voltage-
gated Ca®* channels (Puro ef al. 1996; Bringmann et al.
2000). Our results demonstrate that glycine transport is
inhibited by the activation of calpain, whose major substrates
are cytoskeletal clements, suggesting a link between the
cytoskeleton and the regulation of glycine transporters.

In addition to calpain (Banik et al. 1991; Perimutter et al.
1990), glia contains several Ca>*-activated proteases, capable
of irreversibly altering glial cytoskeleton (Legrand et al.
1991; Whitaker et al. 1991). As the addition of calpain
inhibitors did not prevent completely the inhibition of Gly
transport by ionomycin, the involvement of additional
proteases niust be considered.

The mechanism underlying the modulation of Gly trans-
port by the actin cytoskeleton remains to be established;
however, it can be proposed that glycine transporters bind to
actin filaments or to actin binding proteins. Consequently,
disruption of actin filaments by cytochalasin or proteolysis of
the actin binding proteins such as fodrin or ankyrin by calpain
might decreasc the stability of glycine transporters in the cell
membranc and alter their number or activity. In support of
this assumption, calpain-mediated proteolysis of fodrin
inhibits L-arginine transport in pulmonary artery endothelial
cells (Zharikov and Block 2000). Altematively, CaMKII
activity and translocation to the membrane could be affected
by the disruption of the actin cytoskeleton. On this regard,
the synaptic clustering of CaMKII, a core component of the
post-synaptic density (PSD), is completely dependent on an
intact actin cytoskeleton (Allison er al. 2000). Ca* signaling
in astrocytes, including the propagation of Ca** waves, is
also related to actin dynamics as cytochalasins have been
shown to impair these processes (Cotrina ef al. 1998). In this
context, it is intcresting to speculate that as calmodulin
inhibitors also affected p-aspartate but not GABA or leucine
uptake (Table 2), glycine and p-aspartate transport systems,
although spccifically regulated by CaMKIl and PKC,
respectively, could share a common cytoskeletal link under
the control of CaM-dcpendent enzymes.

Findings from this work further support an active partic-
ipation of Miiller glia in the regulation of retinal neurotrans-
mission, as it demonstrates that physiological variations in
Ca®" concentration duc to calcium-waves in these cells
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(Finkbeiner 1993) may control the concentration of neuro-
" active compounds at synaptic sites through the differential
_regulation of transporter systems. Localization of GLYT] at

the inner plexiform layer (Pow and Hendrickson 1999) where

retinal ganglion cells receive glycinergic synaptic inputs
from amacrine cells supports this idca (Lukasiewicz and

Roeder 1995), although immunocytochemical studics have

failed to identify Gly transporters in Miiller glia in situ (Reye

et al. 2001). Importantly, Gly concentration at the synaptic
cleft might influence the activity of NMDA receptors within
the excitatory vertical pathways of the retina, and might also
contribute to regulate the activity of inhibitory glycine

receptors at the inner plexiform layer (Wu and Maple 1998).

Studies under way are aimed to determine thc molecular

mechanism relating calmodulin, CaMKII and cytoskeletal

elements in the control of Gly transport in Miiller cells from
the retina.
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The termination of chemical neurotransmission in the
CNS involves the rapid removal of neurotransmitter from
synapses by specific transport systems. Such mecha-
nism operates for the three major amino acid neurotrans-
mitters glutamate, y-aminobutyric acid (GABA) and gly-
cine. To date, five different high-affinity Na™-dependent
glutamate (Glu) transporters have been cloned: GLT1,
GLAST, EAAC1, EAAT4 and EAATS. The first two are
expressed mainly by glial cells, and seem to be the
predominant Glu transporters in the brain. A major func-
tion of Glu uptake in the nervous system is to prevent
extracellular Glu concentrations from raising to neuro-
toxic levels in which dlial transporters seem to play a
critical role in protecting neurons from glutamate-
induced excitotoxicity. Under particular conditions, glial
GluTs have been shown to release Glu by reversal of
activity, in a Ca?*- and energy-independent fashion. Fur-
thermore, an activity of these transporters as ion chan-
nels or transducing units coupled to G-proteins has re-
cently been reported. The localization, stoichiometry,
and regulation of glial GluTs are outlined, as well as their
possible contributions to nervous system diseases as
ALS, AD and ischemic damage. J. Neurosci. Res. 63:
453-460, 2001. © 2001 Wiley-Liss, Inc.

Key words: neurotransmitter uptake; neuron-glia inter-
action; second messengers; membrane protein; synaptic
modulation

Neurons and glia accumulate neurotransmiteers by a
sodium dependent cotransport process. The Na*/K™*
ATPase generates an inwardly directed clectrochumc’ll
sodium gradient, used by several neurotransmitter carriers
to drive the transport of these compounds against their
concentration gradient (Kanner, 1983, 1989). The uptake
of neurotransmitters by their transporters located in the
plasma membrane of nerve terminals and glial cells plays an
important role in the termination of synaptic transmission,
and is also thought to provide synaptic insulation by
preventing ncurotransmitter spread to nearby synapses.

The most important amino acids subserving neuro-
transmitter functions in the CNS are y-aminobutyric acid

© 2001 Wiley-Liss, Inc.

(GABA) and glycine acting as inhibitory neurotransmit-
ters, and glutamic acid acting as an eXcitatory neurotrans-
mitter. Glycine also participates in excitatory neurotrans-
mission, as a coagonist of glutamate at N-methyl-D-
aspartate (NMDA) receptors.

This review, divided in three sections, gathers ex~
perimental evidence for the presence of glial transporters
for these neurotransmitters, and discusses the possible
physiological implications of uptake systems in the mod-
ulation of normal and pathological neurotransmission,

Glutamate Transporters

Glutamate (Glu) is the main excitatory neurotrans-
mitter in the brain and the retina, and has been shown to
exert its action through the activation of specific iono-
tropic and metabotropic receptors (Meldrum, 2000). The
excessive release of glutamate is an early and critical event
in the Ca®"-mediated death of neurons, and has been
implicated in neurodegenerative processes associated with
ischemia, epilepsy, and other neuropathological condi-
tions (Matute et al., 1999; Shaw, 1999; Greene, 1999;
Nicoletti et al., 1999; Chapman 2000). The postsynaptic
actions of glutamate are rapidly terminated by high affinity
glutamate uptake into neurons and glial cells (K1nncr,
1993; Kanai et al., 1993; Danbolt, 1994) that isa Na*- and
K'*—coupled process (Nicholls and Atwell, 1990). The
high affinity, Na*-dependent excitatory amino acid
(EAA) transporters constitute a heterogeneous group ini-
tially defined by pharmacological profiles (Robmson etal,
1991). To date, five different high-affinity Na*- dcpen-
dent Glu transporters have been cloned: EAAC1T (Kanai
and Heideger, 1992), GLT1 (Pines et al., 1992), GLAST
(Storck et al., 1992), EAAT4 (Fairman et al., 1995) and
EAATS (Arriza et al.,, 1997). Several studies on their
localization and functional roles have been done to un-
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derstand their possxble differential contributions to symp—’
tic: cransmission in nomml 'md pnthologlca] condmons, as”

will be discussed.

Tissue and Cell Localization

The EAACT1 carrier, first cloned from the rabbit
intestine, seemed to be quite abundant in brain, although
relatively high levels of expression were also detected
outside the nervous system in kidney, heart, muscle, lung,
placenta and liver (Kanai and Heideger, 1992; Danbolt ct
al,, 1992; Asta et al., 1983; Tanaka, 1993; Meister et al.,
1993; Dall’Arriza et al., 1994; Kanai et al., 1994; Torp ct
al., 1994; Mukainaka et al., 1995; Nakayama et al., 1996;
Arriza et al., 1997). In contrast, GLT1 and GLAST were
considered as nervous system-specific proteins based on
immunocytochemical and histochemical localization
(Rothstein et al.,, 1994). The cognate mRNAs, however,
were also found in peripheral tissues (Arriza et al., 1994;
Krischner et al., 1994; Manfras et al., 1994; Tanaka, 1994,
Nakayama et al., 1996). In the brain, the mRNA encoding
EAAT4 is mainly confined to the cerebellar Purkinje
dendrites (Yamada et al., 1996; Dechnes et al., 1998), and
EAATS mRNA is selectively expressed by the retina,
mainly localized to Miiller cells (Arriza et al., 1997). The
ﬁlmctioml relevance of these transporters is presently un-
ciear.

In addition to the five Na*-dependent Glu trans-
porters, evidence exists for two chloride-dependent trans-
port processes for Glu in glioma cells and astrocytes in
primary culture (Kimelberg, 1979), and in partially puri-
fied rat brain synaptosomes (Zaczec et al., 1987).

Within the brain, in situ hybridization showed lo-
calization of EAACT1 to glutamatergic neurons, of GLAST
to cerebellar Bergmann glia and of GLT1 to astrocytes.
More recent inmunocytochemical studies, using antipep-
tide antibodies dirccted to the C-terminal domain of each
transporter, have demonstrated a more complex pattern.

In addition to glutamatergic neurons, EAAC1 is also
present in GABAergic neurons such as cerebellar Purkinje
cells and spinal cord ventral horn cells (Rothstein et al.,
1994; Velaz-Faircloth, 1996). It is also expressed in some
brain astroglial cells (Conti et al., 1998). In the retina, this
transporter is located to horizontal, amacrine, and ganglion
cells (Rauen and Kanner, 1994; Schultz and Stell, 1996).

Immunocytochemically, GLT1 and GLAST were
detected exclusively in glial cells (Danbolt et al., 1992;
Levy et al., 1993; Lehre et al,, 1995). GLT1 was found
restricted to astrocytes throughout the central nervous
system, hippocampus and cerebral cortex showing the
highest concentration. These results were confirmed, us-
ing antibodies to synthetic peptides corresponding to
GLT1 amino acid residues 12-26, 493—508 and 559--573,
and GLAST amino acid residues 522—541 and 504518
(Rothstein et al., 1994; Lehre et al., 1995; Schmite et al.,
1997). The highest concentrations of GLAST are found in
the Bergmann glia of the cerebellum. In the adult brain,
astrocytic membranes facing nerve terminals, axons and
spines, show higher density of GLT1 and GLAST than
those facing capillaries, pia or stem dendrites, which is

consistent with the importance of astrocytic transporters

for Glu clearance from the extracellular space after synaptic
transmission (Chaudhry et al, 1995). In the retina,
GLAST immunoreactivity and the corresponding mRNA
were detected in astrocytes, Miiller cells and pigment
epithelium, but not in neurons or microglia (Otori et al.,
1994; Derouiche and Rauen, 1995; Lehre et al., 1997); in
contrast, GLT1 is expressed in different types of bipolar
cells and in some amacrine cells, but not in Miiller cells or
other retinal glia (Rauen and Kanner, 1994; Rauen et al.,
1996). Moreover, GLT1 mRNA expression (but not the
protein) in hippocampal pyramidal cells (Schmitt et al,,
1997; Torp et al., 1997), as well as neuronal expression of
GLT1, have been demonstrated after ischemic insult
(Martin et al., 1997). GLT1 is also expressed in microcul-
tures of hippocampal neurons (Mennerick et al., 1998).
Recently, a transient expression of GLT1 by neurons in
the developing brain was demonstrated, suggesting the
participation of this transporter in the topographic orga-
nization of the brain (Northington et al., 1999).

Oligodendroglia is devoid of GLAST or GLT1 in rat
brain (Chaudhry et al., 1995), although mRNAs for
GLAST and to a smaller extent for GLT1, were expressed
in all types of rat cultured glia including oligodendrocytes
(Kondo et al., 1995).

GLT1 and GLAST proteins are coexpressed in the
same astrocytes, the ratio of expression varying in different
regions, depending on the particular type of adjacent glu-
tamatergic synapse (Chaudhry et al., 1995; Lehre et al,,
1995; Haugeto et al., 1996). Selective in vivo knockout of
individual Glu transporters has provided additional proof
supporting astroglial uptake of Glu by GLT1 and GLAST
as the main mechanism in the clearance of this neurotrans-
mitter and therefore, in protecting neurons from Glu
excitotoxicity (Rothstein et al., 1996; see below).

Stoichiometry and Channel Properties

The uptake of Glu is coupled to the inward move-
ment of two or three Na™ plus one H™, and the outward
transport of one K™ (Zerangue and Kavanaugh, 1996).
Although neurotransmitter transporters and ligand-gated
ion channels are genemlly considered structurally and
functionally distince, the association of channel-like ion
fluxes with neurotransmitter transport indicates that carri-
ers may be more similar to channels than was thought
previously (reviewed in Lester et al., 1994; Sonders and
Amara, 1996; DeFelice et al., 1996).

Recent studies in human cortex and cerebellum
cloned transporters demonstrate that the transport of Glu
by all the five known subtypes of GluTs is associated with
a Ct conductance (revised in Seal and Amara, 1999) rap-
idly activated by Glu and dependent on Na™, but not
thermodynamically coupled to the transport process
(Wadiche et al., 1995). The extent of C1~ conductance
varies dramatically within different transporter subtypes:
for GLAST, GLT! and EAACT!1 the chloride flux is a
relatively small component of the current, whereas for
neuronal transporters EAAT4 and EAATS, the anion flux
is almost completely responsible for the current elicited by
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the substrate: For EAAT4, 95% of the current generated
by the transporter arises from C1~ movement (Fairman et
al., 1995). The anion conductance associated to Glu trans-
port in glial cells could prevent reduction in the rate of
transport due to the depolarization resulting from electro-
genic Glu uptake, thus having an influence in the regula-
tion of general excitability.

An interesting feature correlating transporters and
channels is the presence in EAATS, of a PDZ binding
motif at the C-terminus domain, identified previously in
NMDARs and K" channels, which has been implicated in
receptor and ion channel clustering at the synapse, thus
suggesting EAATS participation in signal transduction ac-
tivation (Arriza et al., 1997).

In retinal glial (Miiller) cells, Glu activates an out-
ward current at positive potentials, which results from an
anionic conductance associated with GluTs (Eliasof and
Jahr, 1996). Such current is activated by extracellular Glu
during uptake and by intracellular Glu during release by
reversed operation of the carrier, unlike Glu receptor-
gated channels (Billups et al., 1996). Also in Miiller cells,
Na™ carries a current in the absence of Glu, which has
been interpreted as an uncoupled movement of Na
through the transporter (Schwartz and Tachibana, 1990).

From the first report on the purification of a Glu
transporter (Danbolt et al., 1990), an oligomeric structure
for these proteins has been suggested. Cross-linking of Glu
transporter proteins in intact membranes, detergent ex-
tracts, liposomes containing active reconstituted Glu trans-
porters, and transfected HeLa cells, clearly showed the
presence of GLAST, GLT1, and EAAC1 multimers
(Haugeto et al., 1996). Trimers are predominant in the
case of GLT1, wherecas GLAST and EAAT4 (Dchnes et
al., 1998), may also exist as dimers. In vivo, GLT1 and
GLAST seem to exist as homo-oligomers, because they do
not associate despite their common location. A very recent
work has shown a pentameric structure for human neu-
ronal Glu transporter EAAT3, the human homolg of
EAACI1 (Eskandari et al., 2000). It is yet unclear whether
substrate-driving ions share a single permeation pathway
with the anion current, or if a single transporter protein
has multiple ion permeation pathways. On this matter,
agents affecting the translocation of the substrate do not
alter the anion conductance, suggesting that transport and
anion-permeation are separate processes that undergo in-
dependent regulation (Trotti et al., 1998). Future studies
on the oligomeric structure of these transporters may
reveal the answer.

Regulation of Glutamate Transporters

The modulation of Glu transporters activity has been
demonstrated in different model systems. A series of re-
ports (Drejer et al., 1983; Voisin et al., 1993; Gegelashvili
et al., 1997) suggest that a molecule(s) secreted by neurons,
Glu included, could upregulate Glu transporter activity in
glial cells. A 70% decrease in D-aspartate uptake in striatum
10 days after cortical lesions was reversed by the applica-
tion of gangliosides, despite the dramatic loss of glutama-
tergic synapses; reduction in uptake capacity was ascribed
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to astrocytes due to a chronic deficit of Glu or other
factors normally secreted by neurons (Shifman, 1991).
Later results have shown glutamatergic deafferentation to
reduce glial GLT1 and GLAST but not neuronal EAAC1
(Levy et al.,, 1995; Ginsberg et al., 1995). In agreement
with these results, in the absence of neurons, cultured
astrocytes express only GLAST, whereas in the presence of
neurons GLT1 is also expressed and the expression of
GLAST is increased (Swanson et al., 1997; Schlag et al.,
1998). Morcover, the exposure of cortical astroglial cul-
tures to pituitary adenylate cyclase-activating polypeptide
(PACAP) or to neuron-conditioned medium (NCM) in-
creased the expression of GLT1, GLAST and glutamine
synthetase (GS): the effect was inhibited by PACAP-
inactivating antibodies or by PACAP receptor antagonists
(Figiel and Engele, 2000). These results imply that
PACAP exerts its actions on glial Glu turnover through
PACT1 receptors, inducing the expression of GLAST via
activation of PKA signaling pathways, and of GLT1 via
both, PKA and PKC pathways. Further evidence has
shown that neuronal soluble factors determine the induc-
tion of GLT1 in cortical astrocytes through a signaling
pathway involving the activation of p42/44 MAPK (mi-
togen activated protein kinase) and CREM (cyclic aden-
osine monophosphate responsive ¢lement modulator) and
ATF-1 (activating transcription factor-1) by tyrphostin-
sensitive receptor tyrosine kinases (RTK; Gegelashvili et
al., 2000). These studies suggest that GLT1 and GLAST
expression is regulated independently by diffusible mole-
cules secreted by neurons.

Glutamate has been shown to regulate Glu transport.
Expression of GLAST protein in cultured astrocytes is
increased upon prolonged exposure to Glu or kainate. In
dBcAMP-treated astrocytes, characterized by increased
Glu uptake capacity, alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA) and (*)-1-
aminocyclopentane-trans-1,3-dicarboxylic acid (t-ACPD)
induce a further upregulation of GLAST and the corre-
sponding mRNA, respectively (Gegelashvili et al., 1996).
Recent studies demonstrate that glutamate-induced up-
regulation of Glu uptake by astrocytes is a result of in-
creased cell-surface expression of GLAST, mediated by
actin cytoskeleton-dependent translocation of the trans-
porter to (or decreased removal from) the cell membrane.
The effect of Glu was mimicked by D-aspartate, inhibited
by cytochalasins, blocked in Na™ -free medium, but not
affected by Glu receptor antagonists (Duan et al., 1999).
Preincubation of cultured astrocytes with Glu has also
been reported to reduce extracellular Glu concentrations
(Ye and Sontheimer, 1999); interestingly, this effect is
mimicked by metabotropic Glu receptor agonists, but is
not blocked by metabotropic receptor antagonists. This
effect could be mediated by a substrate-stimulated increase
in transporter activity, because several metabotropic ago-
nists are substrates for the transporters (Ye and Sonthei-
mer, 1998). In C6 glioma cells expressing EAAC1, acti-
vation of protein kinase C (PKC) leads to the translocation
of the transporter from the intracellular compartment to
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the cell surface, whereas the PI3K inhibitor wortmannin
decreases membrane EAAC! in C6 glioma cells (Davis et
al., 1998). Also, in BTC4 glioma cells, which intrinsically
express EAAT4, incubation with Glu or other transport-
able substrates induces the redistribution of the protein
from the cytoplasm to the plasmamembrane (Gegelashvili
et al, 2000). Marie and Attwell (1999) have recently
demonstrated an increase in GLAST affinity for Glu by
disrupting the interaction between an intracellular protein
and the last eight amino acids of the GLAST C-terminus,
which bares similarity with the PDZ binding domain of
ion channels C-termini. It is tempting to speculate that the
interaction of GluTs with membrane proteins of the
SNARE system, could control the subcellular localization
of Glu transporters and modulate their activity.

Signaling molecules including PKC, arachidonic
acid and cytokines have been shown to regulate GluTs
activity. An increase in brain GLT1 activity upon activa-
tion of PKC (Casado et al., 1993), as well as a decrease in
the activity of the human homologue of GLT1 have been
demonstrated (Ganel and Crosson, 1998). In C6 glioma
cells, a rapid stimulation of Glu transport by phorbol esters,
attributed to EAACT, has been observed (Dowd and Rob-
inson, 1996). GLAST activity, however, is inhibited by
phosphorylation at a non-PKC consensus site (Conradt
and Stoeffel, 1997). Arachidonic acid has also been re-
ported to inhibit several sodium-dependent amino acid
transporters including those for Glu, glycine and GABA
(Rhoads et al., 1983; Barbour et al., 1989; Zafra et al.,
1990). These results indicate that transporter subtypes are
regulated by distinct cell-type specific mechanisms.

An interesting question to be solved by future re-
search is whether Glu transporters themselves may serve as
signal transducing units as proposed (Gegelashvili and Sc-
housboe, 1998), based on the observation that the third
intracellular domain of GLAST, GLT-1, and EAACI1
contain a similar motif to that in IGF-1l and w-adrenergic
receptors that binds Ga subunits of G-proteins.

Glial Glutamate Transporters in Disease

Protection of neurons from Glu-induced excitotoxicity
by GluTs was first demonstrated in organotypic rat spinal
cord cultures (Rothstein et al., 1993), in which the identity of
the Glu transporter involved was determined using antisense
oligonucleotides directed to the N-terminal segment of the
cloned Glu transporters (Roothstein et al., 1996). Oligonucle-
otides directed to glial transporters GLT1 and GLAST but
not to neuronal EAAC1 induced specific degeneration of
motor neurons; thus glial, and not neuronal Glu transport-
ers seem to protect neurons from Glu excitotoxicity. Re-
cent studies demonstrated that GLT1 knockout mice,
show lethal spontaneous seizures, selective neuronal de-
generation in hippocampus, and increased susceptibility to
acute cortical injury (Tanaka et al., 1997). In contrast,
EAAC1! knockout mice differ from controls only in a
reduction in locomotor activity (Peghini ct al.,, 1997).
Hence EAAC1 might have a function other than the
stringent regulation of synaptic Glu concentration. In fact,
glial transporters GLT1 and to a lesser extent GLAST,

contribute largely to the maintenance of the tonic cere-
brospinal Glu concentration, whereas the contribution of
neuronal EAACI is negligible (Rothstein et al.,, 1996).

Due to the critical role of the high-affinity GluTs in
the maintenance of [Glu], below neurotoxic levels, alter-
ation of their function or expression levels may contribute
to the postischemic vulnerability of neurons. A decrease in
GLT1 mRNA and protein was observed in rat hippocam-
pal CA1 region after transient forebrain ischemia (Torp et
al., 1995), whereas the expression of GLAST and EAAC1
were unaltered, hence, the high sensitivity of neurons in
this condition could relate to the decrease in the glial
transporter GLT1. Further on, the expression of GLT1
protein in CA1 was unchanged during the immediate
postischemic period, decreasing markedly from Days 2 to
4, whereas in CA3, a progressive increase in GLT1 protein
was observed (Bruhn et al., 2000). Reduction in the
expression of GLT1 in CA1 shown in this study, was
ascribed to degeneration of CA1 pyramidal neurons,
whereas the concomitant postischemic upregulation of
Glu uptake in CA3 astrocytes could explain the relative
resistance of pyramidal neurons from this region to isch-
emic damage. These findings are in keeping with previous
work demonstrating simultaneous stimulation of ATPase
activity and Glu uptake in cultured rat cortical astrocytes
after sublethal ischemic insult (Stanimirovic et al., 1997)
that clearly shows that glial cells undergo adaptive-
protective responses to ischemia (for review see Ottersen
et al., 1990).

Oxidative stress is associated with several brain pa-
thologies leading to acute or chronic neurodegeneration.
Increasing evidence indicates chat distince Glu transporters
are targets for biological oxidants and share one or more
oxidant-vulnerable sites (Trotti et al., 1998). The activity
of GLT1, GLAST and EAAC1 are equally inhibited by
oxidants via a direct action on the transporter protein,
consistent with the regulation of Glu uptake by the redox
state of reactive cysteine residues in the transporter mol-
ecule (Trotti et al., 1997).

Glial GLT1 malfunction has been implicated in the
pathogenesis of amyotrophic lateral sclerosis (ALS; Bristol
and Rothstein, 1996). A reduction in Glu uptake was
found in synaptosomes obtained from postmortem ALS
material, ascribed to a major and specific decrease in GLT1
protein from the motor cortex (>>70%) and spinal cord
(57% Rothstein et al., 1995), due to defective translational
or post-translational mechanisms. In keeping with this
idea, transgenic mice overexpressing mutant human
Cu**/Zn?" superoxide dismutase (SOD1), implied in
some familial forms of ALS, develop ALS symptoms par-
allel to loss of activity of GLT1 by excessive nitration
(Rothstein et al., 1996). The presence of abnormal GLT1
mRNA in ALS postmortem material, however, has re-
cently been reported (Lin et al., 1998).

Several studies have demonstrated that Na™*-
dependent Glu uptake is decreased in tissues obtained from
patients suffering from Alzheimer disease (AD; Masliah et
al., 1996). The participation of B-amyloid peptide (BA) in
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the neuropathology of AD, including free radical injury
and excitotoxicity is widely documented. Treatment of
neuron/astrocyte co-cultures with BA has been shown to
increase the vulnerability of neurons to Glu-induced cell
death (Koh et al., 1990), probably due to inhibition of
astrocyte Glu transporters by BA (Harris et al., 1996). A
more recent study shows significant inhibition of L-Glu
uptake by BA (25-35) in rat hippocampal astrocyte cul-
tures, prevented by the antioxidant Trolox, as well as by
the B-amyloid peptide precursor (APP; Masliah et al.,
2000), ascribed to astroglial GLAST and GLT1 decrease.
The levels of mRINA expression were not altered, how-
ever, suggesting an effect related to post-transcriptional
mechanisms or to the trafficking of the transporter to the
membrane. Secrcted products resulting from APP prote-
olysis have been shown to alter Glu transporter function
via protein kinase A (PKA)- and PKC-dependent path-
ways. Astroglial Glu transporters are inihibited by 8A but
stimulated by oA (Masliah et al., 1998). Although this
finding suggests that aberrantly processed APP might im-
pair astroglial Glu uptake contributing to the neurodegen-
erative process in AD (Li et al., 1997), recent data dem-
onstrate individual variations in the expression of GLT1
and GLAST protein in human autopsy samples, with no
significant correlation to AD (Beckstrom et al., 1999).

Glutamate taken up by glial cells is converted by
glutamine synthetase (GS), an enzyme confined to glial
cells, into glutamine that is released, taken up by neurons
and converted to Glu by phosphate-activated glutaminase,
allowing the recycling of this transmitter. Addidonally,
glial uptake of Glu has been shown to stimulate glycolysis
and to trigger the export of lactate, subserving a detoxifi-
cation pathway for Glu in astrocytes and an efficient
energy source for neurons respectively (Hertz et al., 1999),
thus protecting neurons from glucose deprivation and
hypoxic episodes (Izumi et al.,, 1997). Recently, a com-
mon transcriptional regulation of GLAST and GS induc-
ible by cortisol has been demonstrated, which could reflect
a requirement for coordinated regulation of uptake and
degradation systems for Glu in glia (Rauen and Wiessner,
2000).

As mentioned above, GLAST is the predominant
transporter expressed by retinal Miiller cells, and has been
shown to play an important role in excitatory transmission
in the retina, because Glu uptake by these cells dominates
total retinal Glu uptake (Rauen et al., 1998). On this line,
although GLAST mutant mice electroretinogram shows
normal a-wave (that reflects the activity of photorecep-
tors), the b-wave originated mainly in Miiller cells is
attenuated by more than 50% as compared to wild-type
mice (Harada et al., 1998). Also in these mutants, ischemic
retinal damage is exacerbated. Signaling form photorecep-
tors to bipolar cells through graded potentials (Juusola,
1996), requires clearance of Glu from the synaptic cleft,
which clearly underlines the essential role of GLAST in
shaping the time course of synaptic transmission at the
photoreceptor-bipolar synapse.
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Evidence for Glu release by the reversal of uptake
under physiological conditions comes from studies in
salamander Miiller cells, showing the stimulation of Glu
uptake after a raise in intracellular K* concentration, due
to the coupling of K* extrusion to the inward cotransport
of Glu and Na™ (Barbour et al., 1988; Szatkowski et al.,
1990; Holopainen and Kontro, 1990). The reversal of Glu
uptake could contribute to excitotoxicity under condi-
tions of energy failure, such as ischemia (Atwell et al.,
1993; Kanai et al., 1995) due to a significant local increase
in extracellular Glu concentration.

Studies reviewed here, clearly underline a prevalent
role for glial Glu transporters in the maintenance and
modulation of synaptic transmission.
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The termination of chemical neurotransmission in the
central nervous system (CNS) involves the rapid removal
of neurotransmitter from synapses. This is fulfilled by
specific transport systems in neurons and glia, including
those for y-aminobutyric acid (GABA), the main inhibitory
neurotransmitter in the brain. Glial cells express the
cloned Na*/Cl™-dependent, high-affinity GABA trans-
porters (GATs) GAT1, GAT2, and GAT3, as well as the
low-affinity transporter BGT1. In situ hybridization and
immunocytochemistry have revealed that each trans-
porter shows distinct regional distribution in the brain
and the retina. The neuronal vs. glial localization of the
different transporters is not clear-cut, and variations ac-
cording to species, neighboring excitatory synapses, and
developmental stage have been reported. The localiza-
tion, stoichiometry, and regulation of glial GATs are out-
lined, and the participation of these structures in devel-
opment, osmoregulation, and neuroprotection are
discussed. A decrease in GABAergic neurotransmission
has been implicated in the pathophysiology of several
CNS disorders, particularly in epilepsy. Since drugs
which selectively inhibit glial but not neuronal GABA up-
take exert anticonvulsant activity, clearly the establish-
ment of the molecular mechanisms controlling GATs in
glial cells will be an aid in the chemical treatment of
several CNS-related diseases. J. Neurosci. Res. 63:
461-468, 2001. © 2001 Wiley-Liss, Inc.

Key words: neurotransmitter uptake; neuron-glia inter-
action; second messengers; membrane protein; synaptic
modulation

GABA TRANSPORTERS

y-aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the central nervous system and has a
widespread distribution in the adule brain. The rapid ter-
mination of GABA transmission is achieved through high-
affinity GABA transport into both GABAergic neurons
and glial cells (Schousboe et al,, 1983; Schousboe and
Westergaard, 1995).

The cloning of GABA (Guastella et al., 1990) and
norepinephrine (Pacholczyk et al,, 1991) transporters al-
lowed the subsequent isolation of related cDNAs which

© 2001 Wiley-Liss, Inc.

constitute the Na*/Cl”-dependent neurotransmitter
transporter superfamily. The members of this superfamily
share a similar membrane topology arranged in 12 trans-
membrane domains, N- and C-termini on the cytoplasmic
side, and a potential glycosylation sequence between trans-
membrane helices Il and IV (for review, see Kanner,
1994; Nelson and Lill, 1994; Uhl and Johnson, 1994).
Molecular cloning studies have revealed the existence of
three high-affinity subtypes of GABA transporters in the
rat and human brain: GAT1, GAT2, and GAT3 (Borden
et al, 1992, 1995a; Guastella et al.,, 1990), and one of
Iowcr affinity, BGT-1 (Yamauchi et al., 1992).

Tissue and Cell Localization

Several studies have addressed the tissue and cellular
distribution of GABA transporters. The GABA transport-
ers (GATs) GAT1 and GATS3 are expressed exclusively in
the central nervous system (CNS), whereas GAT2 and
BGT1 are also present in peripheral tissues, mainly liver
and kidney (Clark et al., 1992; Borden et al., 1994; Guas-
tella et al., 1990; Jursky et al, 1994; Liu et al., 1993;
Nelson et al., 1990; Rasola et al., 1995; Yamauchi et al.,
1992). The presence of GABA uptake systems in glial cells
was ﬁrst demonstrated by autoradiogmphic studies show-
ing [PH]B-alanine uptake in cortical slices and synapto-
some preparations (Schon and Kelly, 1975), as well as in
astrocyte primary cultures (Hertz et al,, 1978 Balcar et al.,
1979); pharmacological studies also showed that GABA
transport in cultured astrocytes from different brain re-
gions (Hosli and Hosli, 1979) as well as to membrane
vesicles derived from cortical astrocytes, is highly sensitive
to f3-alanine (Mabjeesh et al.,, 1992) and other GABA
analogues (Schousboe et al., 1978).

GABA transporters do not follow a specific cell type
expression pattern. Although GAT1 has long been con-
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sidered a neuronal GABA transporter (Iversen and Kelly,
1975; Mabjeesh et al., 1992), recent studies have clearly
shown its presence in distal astrocytic processes of all the
rat brain regions examined so far (cerebral cortex: Minelli
et al,, 1995; retina: Johnson et al.,, 1996; hippocampus:
Ribak et al.,, 1996a; cerebellum: Racray and Priestley,
1993; Ribak et al., 1996b; thalamus: DeBiasi et al., 1998).
GAT1 has been also localized to astrocytic processes in
human and in monkey cerebral cortex (Conti et al., 1998);
therefore, the astrocytic localization of GAT1 seems to be
a consistent feature in the mammalian cortex. GAT3 is
mainly expressed by glial cells in the brain and the retina,
but neuronal expression has also been demonstrated, par-
ticularly in the latter (Clark et al,, 1992; Durkin et al,,
1995; Yang et al., 1997; Johnson et al., 1996; Ribak et al.,
1996a; Durkin ct al., 1995; Borden et al.,, 1995a). GAT2
was proposed to have a nutrtional role and to perform
non-neuronal functions since it was first localized to cells
of the leptomeninges, choroid plexus, and ependyma in
the brain (lkegaki et al., 1994; Durkin et al., 1995}, and to
the pigment and ciliary body epithelia in the retina
(Honda et al., 1995; Johnson et al., 1996), but its presence
in neurons and glial cells has been further demonstrated
(Borden et al., 1995a; Conti et al., 1999; Voutsinos et al.,
1998; Obata ct al.,, 1997; Zhao et al., 2000; Redecker,
1999). A role for GAT2 in development has also been
proposed, since mRINA for this protein is more abundant
in neonatal than in adult mouse brain (Liu et al., 1993).
BGTT1 is most probably a glial transporter, since its tran-
scripts were observed in type 1 and type 2 astrocyte
cultures, but not in neuronal cell cultures (Borden et al.,
1995q); its presence in the brain has been related with
osmoregulation (Borden et al., 1995b; Lopez-Corcuera et
al., 1992; Rasola ct al., 1995; Bitoun and Tappaz, 2000).
Presynaptic localization of GAT1 by in situ hybrid-
ization and immunocytochemistry in GABAergic neurons
has been shown, correlated or not with the presence of
GABA and GADG7 (glutamic acid decarboxylase: Radian
et al., 1990; Durkin et al., 1995; Augood et al., 1995).
In the cerebral cortex of adult rats, GAT1 exhibits
the highest level of expression, followed by GAT3 and
GAT?2. In addition to neurons, GAT1 mRNA and GAT1
immunoreactivity are also localized to some distal astro-
cytic processes (Minelli et al.,, 1995). GAT3 localizes ex-
clusively in astrocytic processes (Minelli et al., 1996), and
GAT2 is expressed by epithelial, glial, and neuronal cells
(Conti et al., 1999). GAT1 is also expressed robustly in the
human and monkey cerebral cortex, where it localizes to
both neurons and astrocytic processes near axon terminals
forming GABAergic synapses, and scattered in the neuro-
pil {Conti et al., 1998). Morphology and distribution of
dista] astrocytic processes labeled for GAT2 are similar to
those labeled for GAT1 and GAT3 (Minelli et al., 1995,
1996); however, only GAT2 immunoreactivity is present
in astrocytic cell bodies and their proximal processes
(Conti et al., 1999). GAT2 mRNA is also expressed in
vitro by O-2A/type 2 astrocytes, supporting the idea that
cortical glial GABA transport is mediated also by GAT2.

Although the role of BGT1 in the cortex remains to be
established, its presence has been reported in type 1 astro-
cytic cultures derived from rat brain (Borden et al., 1995a).
Rat cortical astrocytes, therefore, express GAT1, GAT2,
GATS3, and BGT1. These observations rise several issues
regarding the relative contribution of each of these trans-
porters to overall GABA uptake by glial cells in the cortex,
and of the functional significance of multiple GABA up-
take systems. Based on the distinct distribution and degree
of expression of GATs abovementioned, although glial
GABA uptake in the cortex seems to be mediated largely
by GAT3, GATI1, and GAT?2 playing a minor role in the
removal of extrasynaptic GABA, because of the differential
ionic dependency, inhibitor sensitivity (Guastella et al,,
1990; Borden et al., 1992; Clark et al., 1992; Keynan et al.,
1992), and modulation of the three high-affinity GATs
(Gomeza et al., 1991; Corey et al.,, 1994; Quick et al.,
1997), it is reasonable to think that their relative contri-
bution to glial GABA uptake is dynamically regulated,
providing for a great adaptability in the control of extra-
cellular GABA levels.

Astrocytic GATs neighboring GABAergic synapses
are placed strategically to take up locally released GABA,
thus contributing to the termination of GABA-mediated
inhibitory synaptic transmission and to the modulation of
the synaptic action of GABA. In contrast, the function of
astrocytic GATs, such as GAT1, located extrasynaptically,
may be the control of the paracrine spread of GABA to
excitatory and inhibitory neighboring synapses (Isaacson et
al.,, 1993; Thomson and Gahwiler, 1992; Rossi and Ha-
mann, 1998). Regarding this suggestion, the label for
GAT1 and GAT3 was detected in astrocytic processes
enveloping several axon terminals, together with their
postsynaptic dendrites in the thalamus (DeBiasi et al,
1998), but not in cerebral cortex (Minelli et al., 1995,
1996) or hippocampus (Ribak et al., 1996a), although in
the cerebellum a dense glial labeling for GAT3 envelops
Purkinje axon terminals (Itouji et al., 1996; Ribak et al.,
1996b). A role for astrocytes in the insulation of synapses
is supported by the expression of GABA transporters in
thalamic and cerebellar glial processes, but not in
GABAergic terminals, indicating the participation of as-
trocytes in the modulation of GABA transmission in these
areas. Astrocytic processes labeled for GAT1 and GAT3
are also found scattered in the neuropil, distant from
GABAergic terminals and occasionally neighboring axon
terminals from excitatory synapses, where GABA uptake
by glia could limit GABA action on distant nonsynaptic
GABA, receptors (Spreafico et al.,, 1993; Alvarez et al.,
1996). Moreover, GABA uptake by astrocytes has been
proposed to regulate the action of GABA at GABAg
presynaptic receptors located on excitatory terminals
(Soltesz and Crunelli, 1992; Ulrich and Huguenard,
1996), aimed to inhibit synaptic transmission via G
protein-mediated modulation of presynaptic Ca®" chan-
nels (Isaacson, 1998; reviewed in Isaacson, 2000). GABA
taken up by glial cells is rapidly metabolized by GABA
transaminase (Iversen and Kelly, 1975) which displays high
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activity in astrocytes. Additionally, GABA transporters in
- astrocytes can also mediate GABA release (see below;
Gallo et al., 1991).

In situ hybridization studies in the cerebellum re-
vealed GAT1 mRNA predominantly localized to the mo-
lecular and Purkinje cell layers, whereas GAT3 is found in
the deep cerebellar nuclei (Clark etal., 1992; Durkin et al,,
1995; Rattray and Priestly, 1993). GAT2 mRNA, first
reported exclusively in the leptomeninges, was later found
in the cerebellum, predominantly in the granular layer
(Voutsinos et al., 1998), in agreement with the localization
of its cognate protein (Ikegaki et al., 1994). At the cellular
level, GAT1 mRNA was found predominantly in cell
bodies of GABAergic basket and stellate neurons; GAT1
mRNA and inununoreactivity were also detected in cell
bodies and glial processes ensheathing Purkinje cells so-
mata and dendrites, respectively, (Voutsinos et al., 1998;
Morara et al,, 1996), which most likely correspond to
Bergmann glia (Rattray and Priestly, 1993; Ribak et al.,
1996b). GAT3 mRNA is predominantly confined to glial
cells (Voutsinos et al., 1998), consistent with immunocy-
tochemical studies localizing this transporter to cercbellar
glial processes (Itouji et al., 1996). The dense glial labeling
for GAT3 surrounding GABAergic Purkinje axon termi-
nals seems to compensate for the apparent lack of GABA
transporters in these neurons (Ribak et al., 1996b). In the
developing rat cerebellar cortex, GAT3 immunoreactivity
appears initially in somata and primary processes of postatal
day (P)7-21 astrocytes, and is later identified in distal
processes in the adult (Yan and Ribak, 1998). GABA
acting as an excitatory transmitter plays an important neu-
rotrophic role in brain development (Cherubini et al.,
1991; Staley et al., 1995); hence, the early expression of
GAT: in astrocytes suggests their involvement in the dif-
ferentiation and maturation of devcloping neurons, prob-
ably through the release of GABA.

BGT1 was originally cloned from Madin-Darby ca-
nine kidney cells (Yamauchi et al.,, 1992), and subse-
quently its expression has been demonstrated in most
mammalian tissues including the CNS (Rasola et al., 1995;
Borden et al., 1995b, 1996), BGT1 mRNA has been
detected in all mouse and human brain regions (Lopez-
Corcucra et al., 1992; Rasola et al., 1995). Since BGT!1
transcripts were identified in type 1 and 2 astrocytes, but
not in neurons in culture, BGT1 was proposed to be
mainly glial, although its presence in glial cells from rat
brain slices has not been shown (Borden et al., 1995b), and
pharmacological data indicate that BGT1 makes only a
minor contribution to GABA transport in these cells. The
distribution of BGT1 mRNA in the brain does not cor-
relate with GABAergic pathways, discarding a role in the
termination of GABA transmission; BGT1 could, how-
ever, be involved in the removal of GABA diffused from
synaptic regions. On the other hand, BGT1 might con-
tribute to volume regulation in the CNS (Yamauchi et al.,
1992; Borden et al., 1995b) since betaine, which has been
assigned a role in osmoregulation, is a substrate for BGT1
(Heilig et al., 1989). A recent study on this matter (Bitoun
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and Tappaz, 2000) demonstrates a significant increase in
mRINA levels of BGT1 in cultured cortical astrocytes
exposed to hyperosmotic conditions; increased transcrip-
tion of BGT1 gene is likely mediated by the osmotic
responsive element (ORE) recently identified in the 5’
flanking region of the BGT1 gene (Miyakawa et al,
1998).

Immunocytochemical studies in the mammualian ret-
ina using specific antibodies for the distinct GABA trans-
porters have shown GATI1 localized mainly to neurons
including amacrine, displaced amacrine, interplexiform,
and ganglion cell processes throughout the inner plexi-
form layer (IPL), and to lower extent in Miiller cells
(Brecha and Weigmann, 1994; Ruiz et al., 1994; Durkin
et al., 1995; Johnson et al., 1996). Immunoreactivity for
GAT3 is expressed mainly in Miiller cells (Brecha and
Weigmann, 1994; Brecha et al., 1995; Honda et al., 1995)
and amacrine cells at the inner nuclear layer (INL; Brecha
et al., 1995; Johnson et al., 1996), whereas GAT2 immu-
nostaining was found in the pigment and ciliary epithelia
in the mammalian retina (Honda et al., 1995; Johnson et
al., 1996).

In contrast to mammalian retinae, Miiller cells in
salamander and in most of the ectotherms do not take up
GABA (for review see Marc, 1992). In the tiger
salamander retina, GAT1 immunoreactivity was found in
bipolar, amacrine, and interplexiform cells as well as in the
ganglion cell layer. No detectable staining was found in
horizontal cells or in structures resembling Miiller cells.
GAT3 antibodies labeled fewer cells and cell types than
GAT1 antibodies, localized to amacrine cells and cells in
the ganglion cell layer, but not horizontal cells, bipolar
cells, or Miiller cell like-structures (Yang et al., 1997).
Retinal horizontal cells of ectotherms are GABAergic (for
review see Marc, 1992; Wu, 1992) and bear electrogenic
GABA wansporters (Malchow and Ripps, 1990; Cam-
mack and Schwartz, 1993; Takahashi et al., 1995). Since
GAT1 and GAT3 antisera did not detectably label hori-
zontal cells, the presence of an unidentified GABA trans-
porter in these species is suggested. Similar results were
obtained in the salmon retina, where GAT1 immunore-
activity was present in amacrine cells and the IPL, but not
in Miiller cells; as opposed to the salamander retina, how-
ever, bipolar cells were not labeled in this species (Ekstrém
and Anzelius, 1998).

Not all nonmammalian Miiller cells lack the ability
to take up GABA. In contrast with the abovementioned
species, bullfrog Miiller cells strongly express GAT1 and
GAT2, but not GAT3. Somata, major processes, endfeet,
and branchlets of most Miiller cells expressed GAT1,
whereas a moderate labeling for GAT2 was observed in
main trunks and endfeet of 80-90% of these cells (Zhao et
al., 2000).

Aviailable evidence suggests that GABAergic trans-
mission in the retina could be modulated through the
uptake of GABA, not only by retinal neuronal elements
but also by Miiller cells in both mammalians and non-
mammalians. Moreover, GATs in Miiller cells could play
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a protective role from excessive GABA inhibition during
physiological and/or pathological events.

Also regarding the visual system, the mRNAs en-
coding for GAT1, GAT2, and GAT3 are expressed in the
optic nerve of both neonatal and adult rats (Howd et al.,
1997). Since optic nerves contain mainly axons and glia,
GAT1 and GAT3 mRNAs identified are likely of glial
origin. It is possible, however, that axons may contain
GAT1 mRNA (Gioio et al.,, 1994), which is predomi-
nantly expressed by neurons, while the expression of
GAT2 mRNA probably corresponds to fragments of pia-
arachnoid present in the tissue.

Stoichiometry and Channel Properties

GABA transporters belong to the family of Na* - and
Cl7-coupled neurotransmitter transporters (for reviews,
see Nelson and Lill, 1994; Uhl and Johnson, 1994). Stud-
ies on GABA transport in diverse expression systems re-
vealed GAT1 to be strictly Na*-dependent but only par-
tially C1™ -dependent (Mager et al., 1993; Lu et al., 1995).
GAT1 expressed in mouse LtK™ cells shows a calculated
stoichiometry of two Na*, one CI7, and one GABA
molecule per cycle (Keynan et al., 1992), in agreement
with previous data obtained in synaptic plasma membrane
vesicles and for the purified transporter (Kanner, 1983;
Keynan and Kanner, 1988; Radian and Kanner, 1983), as
well as in clectrophysiological studies (Kavanaugh et al.,
1992; Mager et al., 1993, 1996; Risso et al., 1996). The
cotransport of GABA with three Na™ and onc or two CI™
by BGT1 has been demonstrated recently (Matskevitch et
al., 1999). Importantly, the predicted amount of charge
crossing the membrane during the transport cycle, based
on stoichiometric ion fluxes, is smaller than the charge
movement experimentally determined; thus, GABA trans-
porters such as those for glutamate (Glu), exhibit ligand-
gated fon channel properties (Mager et al., 1996; Cam-
mack and Schwartz, 1994, 1996; reviewed in Sonders and
Amara, 1996). GABA transporters also exhibit substrate-
independent leak currents carried by Li* and K* (Mager
et al., 1993; Cammack and Schwartz, 1996), blocked by
the substrate and by transport inhibitors (reviewed in
Sonders and Amara, 1996). These characteristics suggest
that GABA transporters, in addition to a role in the
termination of synaptic GABA transmission, can also in-
fluence neuronal and glial excitability. On this line, a mise
in intraccllular calcium due to the opening of L-type
calcium channels, and a subsequent calcium-induced cal-
cium release from intracellular stores induced by GAT-
mediated depolarization, has been documented (Haugh-
Scheidt et al., 1995).

Reverse operation of GATs can result in the non-
vesicular release of GABA by breakdown of the sodium/
chloride/GABA gradient or by cell depolarization (At-
twell et al., 1993). Such nonvesicular release has been
identified in both neurons (Schwartz, 1987; Yang et al.,
1999) and glia (Gallo et al., 1991). GABA is released from
cultured striatal neurons by high [K*], veratridine, and
Glu receptor agonists in the absence of caleium, or in the
presence of tetanus toxin (Pin and Bockaert, 1989). In

cultured hippocampal neurons, large GABA, receptor-
mediated responses have been observed as a result of
carrier-mediated GABA release from neuronal and/or glial
neighboring cells, induced by brief alteration of Na™ or
K* electrochemical gradient (Gaspary et al., 1998). Since
carrier-mediated release of GABA does not rely on ATP
but on ion gradients, it may offer advantages during peri-
ods of high energy utilization, such as burst firing or
seizures.

Regulation of GABA Transporters

The existence of several types of GABA transporters
opens the possibility of distinct regulatory systems accord-
ing to the phenotype and/or the anatomical localization of
the cells expressing these transporters. Short-term regu-
lation of neurotransmitter transporters  involving
phosphorylation/dephosphorylation  has  been studied.
The inhibition of high-affinity GABA uptake in glial cells
by phorbol ester activation of PKC (protein kinase C), due
to a decrease in affinity, has been reported (Gomeza ctal,,
1991). Supported by the presence of multiple consensus
sites for PKC phosphorylation on GABA transporters,
these data suggested the regulation of GABA uptake by
direct transporter phosphorylation, although removal of
the PKC consensus sites from GATI1 failed to eliminate
PKC-induced inhibition in oocytes (Corey et al.,, 1994).
More recent studies on this matter suggest that GABA
transporter function could be regulated by components of
the vesicle docking and fusion machinery. In support of
this idea, injection of antisense oligonucleotides directed
to synaptophysin or syntaxin into oocytes expressing total
rat brain mRINA, as well as inactivation of these proteins
by botulinum toxins (BTXs), eliminates the regulation of
GAT1 by PKC (Quick et al., 1997). Later studies have
shown PKC to regulate the interaction between GAT1
and syntaxin 1A in neurons endogenously expressing all
three proteins, provided that Munc18, a substrate for PKC
phosphorylation, is also present (Beckman et al.,, 1998).
Although modulation of GABA transport by PMA (phor-
bol 12-myristate 13-acetate) and BTX was not observed in
cultured astrocytes, the presence of SNARE (soluble NSF
receptors) complex proteins in glial cells including syn-
taxin, synaptobrevin, and SNAP-23 has recently been
reported (Araque et al., 2000; Hepp et al., 1999; Madison
et al, 1999). The signal which triggers PKC-mediated
regulation of GAT1 is still unknown; however, specific
agonists of G-protein-coupled receptors for serotonin,
acetylcholine, and Glu downregulate GAT1 function in
neurons (Beckman et al., 1999). Such functional inhibi-
tion has been ascribed to the redistribution of the trans-
porter from the plasmamembrane to intracellular loca-
tions; moreover, BTX prevents the receptor-mediated
inhibition, suggesting the involvement of syntaxin 1A.
Extracellular GABA also regulates GAT1 by increasing
transporter expression in the plasmamembrane of hip-
pocampal neurons. Hippocampal astrocyte cultures ex-
posed to GABA also show a marked increase in GABA
uptake, although the mechanism underlying this effect has
not been studied (Bernstein and Quick, 1999).
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by. adrenaline (Hansson and Ronnback, 1991) or by
GABA-CIP (GABA-carrier inducing protein), a protein
released by granule cells (Nissen et al., 1992), and inhib-
itory control of glial GABA uptake by serotonin has been
demonstrated in ependymocytes of the subcomissural or-
gan in vivo (SCO; Didier-Bazes et al., 1989, 1992). A
direct serotonergic control of glial GABA uptake has been
further demonstrated in vitro, since serotonin stimulated
the activity and mRNA expression of GABA transporters
in cerebellar astrocyte cultures. Serotonin regulation of
glial GABA transport might be involved in some pharma-
cological effects of serotonergic drugs, i.e., antidepressants,
known to increase extracellular serotonin levels (Voutsinos
et al.,, 1998).

Glial GABA Transporters in Disease

A decrease in GABAergic neurotransmission has
been implicated in the pathophysiology of several CNS
disorders, particularly in epilepsy. Consequently, research
in this arca has focused on the development of pharma-
cological agents capable of increasing GABAcrgic func-
tion. Intracercbroventricular application of the glia-selective
GABA transport inhibitors 4,5,6,7-tetrahydroisoxazole
[4,5-c]pyridin-3-0] (THPO), and 5,6,7 8-tetrahydro-4H-
1soxazolo(4,5-c)azepin-3-ol (THAO), has been shown to
protect against seizures induced by drugs known to impair
GABAcergic neurotransmission (Krogsgaard-Larsen ct al.,
1987); in contrast, the inhibition of neuronal GABA up-
take by L-DABA (L-2,4-diamino butyric acid) results in
proconvulsant behavior (Gonsalves et al., 1989). These
data have led to the proposal that selective block of glial
GABA transport clevates GABA concentration in nerve
terminals, whereas the selective blockage of the neuronal
transporter depletes the releasable neurotransmitter pool
(Wood et al., 1980; Schousboe et al., 1983). However, the
lipophilic derivatives of piperidencarboxylic acid (tiagab-
ine, SKF-89976A, CI-966, and NNC-711), highly sclec-
tive for GAT1, have been reported to exhibit anticonvul-
sant properties (Borden et al.,, 1994; Clark et al., 1992;
Suzdak et al., 1992). It is evident that no simple correlation
exists between the pharmacological characteristics of
GABA transport mediated by the cloned carriers and that
of neuronal and glial GABA uptake (Schousboe and West-
ergaard, 1993; Borden, 1996). Although the participation
of neuronal and glial GABA transporters in seizure activity
has not been fully elucidated, a role for GABA has been
proposed, and impaired GABA release due to a decrease in
GATs has been observed (During et al., 1995). However,
increases in extracellular GABA concentration during kin-
dling (Ueda and Tsuru, 1995) and human seizures (During
et al.,, 1995) could relate to nonvesicular GABA release
due to the upregulation of GABA transporters (Hirao et
al., 1998). Increases in the expression of GAT1 and GAT3
following mechanical and chemical lesions in rat cercbral
cortex and FeCly treatment in amygdala have been shown
to propagate to the contralateral side, suggesting the exis-
tence of transcellular signaling mechanisms regulating
GATs expression in the cerebral cortex, probably as a
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protective mechanism (Yan and Ribak, 1999; Ueda and
W illmore, 2000a). On the other hand, the upregulation of
GATSs expression in epilepsy may result in lowered
GABAergic transmission and therefore contribute to the
generation of seizures. Actually, one of the effects of the
anitiepileptic drug, valproate, is the downregulation of
neuronal and glial GAT1 and GAT3 protein expression,
which results in an increased extracelluar GABA concen-
tration (Ueda and Willmore, 2000b). ]

In addition to epilepsy, existing evidence supports a
role for GABA transporters in several clinically related
processes. Demonstration of the inhibitory action of some
anesthetics on GABA uptake into strdatal synaptosomes,
suggests the involvement of this mechanism in the effect
shown by these agents (Mantz et al., 1995). Also, post-
mortem analysis of schizophrenic brains has revealed a
decreased number of GABA uptake sites in subcortical
regions, which reveals GABAergic mechanisms are abnor-
mal in schizophrenia (Simpson et al., 1992). Further stud-
ies are required to elucidate the participation of glial
GABA uptake in these clinical conditions.

Recent work demonstrated the modulation of sei-
zure development in a kindling model of epilepsy by
transplantation of immortalized mouse ncurons and glial
cells genetically engineered to produce GABA by driving
GAD (glutamic acid decarboxylase) expression (Thomson
et al., 2000). Although the mechanism of GABA release
was not investigated, it is interesting to speculate that
GABA rtransporters could be involved.

Although recent information supports a role for glial
GAT:s in the modulation of inhibitory neurotransmission
in the CNS and the retina, further research is needed in
order to establish their precise function.
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Glial Transporters for Glutamate, Glycine,
and GABA III. Glycine Transporters
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Glial cells possess transport systems for the three major
amino acid neurotransmitters glutamate, y-aminobutyric
acid (GABA) and glycine, involved in the arrest of neuro-
transmission mediated by these compounds. Two gly-
cine transporters have been cloned: GLYT1, mainly ex-
pressed by glial cells and shown to colocalize with
NMDA receptors, and GLYT2, exclusively expressed by
neurons and colocalized with the inhibitory glycine re-
ceptors. The way in which the regulation of extracellular
glycine concentration by glial glycine transporters affects
physiological and pathological conditions is discussed.
The presence, differential pharmacology and specific
regulation of glycine transporters in glial cells strongly
support an important role for glia in the modulation of
both, excitatory and inhibitory neurotransmission. J.
Neurosci. Res. 64:218-222, 2001. © 2001 Wiley-Liss, Inc.

Key words: neurotransmitter uptake; neuron-glia inter-
action; second messengers; membrane protein; synaptic
modulation

Glycine subserves two important roles as a neuro-
transmitter in the CNS. It acts as an inhibitory neurotrans-
mitter in the spinal cord, brain stem, and the retina (Daly,
1990). Such inhibitory action is mediated by a glycine
receptor that functions as a ligand-gated Cl™ channel
activated by glycine and competitively antagonized by
strychnine (Betz ct al., 1993). By blocking the action of
glycine, strychnine causes severe seizures. Glycine also
participates in excitatory neurotransmission, acting as an
obligatory coagonist of Glu at N-methyl-D-aspartate
(NMDA)-activated Glu receptors via a strychnine insen-
sitive binding site on this receptor (Fletcher et al., 1990).

Cloning of GABA (Guastella et al., 1990) and nor-
epinephrine (Pacholczyk et al., 1991) transporters allowed
the subsequent isolation of a number of e DNAs encoding
homologous neurotransmitter transporters, including
those for glycine. Two different genes encoding glycine
transporters have been identified and termed GLYT1 and
GLYT2. As a result of alternative splicing or promoter
usage, transcription of the GLYT1 gene results in three
different mRNA isoforms, namely GLYT1a, GLYT1b

© 2001 Wiley-Liss, Inc.

and GLYT1¢, which differ in the amino-terminal region
(Kim et al., 1994). It has recently been demonstrated that
transcription of the rat variants GLYT1a and GLYT1b is
mediated by alternative promoter usage rather than alter-
native splicing of a single promoter (Borowsky and Hoff-
man, 1998). GLYT1a and 1b have been cloned from rat
and mouse (Guastella et al., 1992; Liu et al., 1992; Smith
et al., 1992; Borowsky et al., 1993), and the GLYT1b and
1c homologues have been isolated from human (Kim et
al.,, 1994). GLYT2 gene also codifies for two isoforms
termed GLYT2a and GLY2b gencrated by alternative
splicing of the 5’ flanking region (Ponce et al,, 1999). Both
isoforms display similar regional distribution and kinetic
characteristics, however, GLYT2a accumulates glycine
into transfected COS cells, whereas GLYT2b seems only
to exchange or release glycine. GLYT1 and GLY T2 show
distinct anatomical distribution within the CNS and are
highly specific for glycine. Although they show relevant
differences related to their structure and localization, there
are no known pharmacological differences between their
transport activities except for the sensitivity of the GLYT1
isoforms to the inhibition by sarcosine (n-methylglycine;
Liu et al., 1993). It was recently reported chat the tricyclic
antidepressant amoxapine inhibits glycine transport by
GLYT2a, whereas it has little effect on the activity of
GLYT1 (Nuiiez et al., 2000).

Tissue and Cell Localization

Expression of GLYT1 isoforms in tissues other than
the brain seems to be isoform- and species-specific. No
detectable GLYT1b mRNA in rat kidney, spleen and
aorta, but a low expression in liver have been reported
(Smith et al., 1992). In other studies low levels of GLYT1a
mRNA in rat liver and no detectable signals in the kidney
were observed (Guastella et al., 1992), whereas the oppo-
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site has been reported in mouse (Liu et al., 1992).
Borowsky et al. (1993) detected GLYT1a (GLYT1 in this
paper) in lung, liver, spleen, stomach and uterus, but were
unable to demonstrate significant hybridization in tissues
other than brain for GLYT1b (GLYT2 in this paper). A
strong signal for human GLYT1c mRNA has been shown
in the brain, but little or no signals in other tissues (Kim et
al.,, 1994). The expression of GLYT2 has been found
exclusively in the brain and spinal cord of the rat (Liu et
al., 1993); no other species have been examined.

In situ hybridization, northern blotting and immu-
noassay have been used to study the distribution of
GLYT2 and GLYT1 isoforms in specific regions of the
brain. Probes that did not distinguish between the GLYT1
isoforms revealed the greatest expression in the cerebel-
lum, brain stem, olfactory bulb, and spinal cord (Guastella
et al., 1992, 1993; Liu et al., 1992; Smith et al., 1992;
Jursky ct al., 1994). As for cellular localization, it has been
suggested that GLYT1 is exclusively expressed by glia
(Adams et al., 1995), although neuronal GLYT1 expres-
sion has also been reported (Borowsky et al., 1993). More
recent data further support some neuronal expression.
Immunoreactivity for GLYT1 has been shown in ama-
crine cells of rat, macaque, cat, rabbit, and chick retinae
(Zafra et al,, 1995; Pow and Hendrickson, 1999). No
labeling in glial cells was found in these studies. In contrast,
a high affinity glycine transport system in cultured Miiller
cells from the chick retina, identified as GLYT1 has been
recently characterized (Gadea et al, 1999). Taking into
account all available data, it can be concluded that GLYT1
expression is predominantly glial, whereas that of GLYT?2
is restricted to neurons in the pons-medulla, cerebellum
and spinal cord, excepting cerebellar Golgi cells.

Localization of GLYT subtypes in the brain has
suggested specific functional roles related to neurotrans-
mission. High levels of GLYT2 have been detected in
glycinergic nerve terminals (Zafra et al., 1995): indeed, it
has been considered as a reliable marker for glycine-
immunoreactive neurons (Poyatos et al., 1997). Also, co-
localization of GLYT2 expression and strychnine-sensitive
glycine receptors in the spinal cord and brain have been
shown (Luque et al., 1995; Jursky and Nelson, 1995),
strongly suggesting a role for GLY T2 in the termination of
glycinergic neurotransmission. As mentioned before, it
was recently found that GLYT2 gene gives rise to two
isoforms: GLYT2a and GLYT2b, both expressed in the
same anatomical regions (Ponce ct al., 1998). Because
GLYT2b mRNA is identifiable only by RT-PCR but not
by Northern blot nor by RNase protection due to its low
concentration, it has been suggested that previous studies
on the localization of GLYT2 using Northern blot and in
situ hybridization techniques correspond to the distribu-
tion of GLYT2a mRINA. Colocalization of GLYT1 and
NMDA receptors (Smith et al., 1992) suggest an involve-
ment in both, glycinergic and glutamatergic neurotrans-
mission.. Additionally, GLYT1 locates to areas not asso-
ciated with glycinergic pathways (Borowsky et al., 1992;
Liu et al, 1992; 1993; Luque et al., 1995; Zafra et al.,

1995). GLYT1 expression, however, has been detected in
glial cells surrounding putative glycinergic synapses (Zafra
et al., 1995); it seems possible that particular isoforms of
GLYT1 are associated with NMDA receptors whereas
others could relate to inhibitory glycine receptors.

STOICHIOMETRY AND CHANNEL
PROPERTIES

It is generally assumed that most Na /CI™ -coupled
transporters have a stoichiometry of 2Na*/Cl™ per sub-
strate molecule (Nelson and Lill, 1994). Early studies of
the glycine transport system in synaptic plasma membrane
vesicles showed that two Na™ ions and one Cl™ ion are
cotransported with the substrate in each transport cycle
(Aragdn et al., 1987). In this preparation, however, both
glycine transporters, GLYT1 and GLY T2 probably coex-
ist, and the particular properties of each isoform could not
be determined. A later study suggested that twwo Na™ ions
with equal affinities were required for glycine transport by
GLYT1b and three by GLYT2 stably expressed in HEK
cells (Lopez-Corcuera et al., 1998). These results were
recently corroborated by Roux and Supplisson (2000),
who also demonstrated that the neuronal and glial glycine
transporters have different reverse transport capabilities:
GLYT?2 has a kinetic constraint for reverse transport, thus
limiting glycine release. The authors proposed that this
asymmetry in glycine fluxes may be essential to maintain a
high amount of neurotransmitter inside the presynaptic
neurons during periods of electrical activity. In contrast,
GLYT1 exhibits no such limitation for reverse transport:
in oocytes expressing GLYT1b, glycine accumulation
evokes a net outward current upon glycine removal. Such
transient release could be of physiological relevance after
synaptic release of glycine and its reuptake to neuronal and
glial cells, when its extracellular concentration is decreased
by GLYT2.

In contrast to glutamate and GABA transporters that
exhibit ligand-gated ion channel properties (Gadea and
Lépez-Colomé, 2001a,b), GLYTs exhibit a tight coupling
between ionic and substrate fluxes. This holds particularly
true for GLYT1b, which exhibits no leak current and strictly
voltage-independent net number of charges translocated
with each glycine molecule (Roux and Supplisson, 2000).

Attwell et al. (1993) have suggested that activation of
AMPARSs in glial cells by glutamntc may produce a de-
polarization and a raise in [Na™); that could be sufficient to
reverse GLYT1b transport, thus increasing [Gly]o and
potentiating NMDA receptors. On this line, glycine re-
lease from glial cells has been reportcd in different systems,
and has led to the idea that in the vicinity of glutamatergic
synapses, glial Ca® -independent glycine release contrib-
utes to exXcitatory neurotransmission (Holopainen and
Kontro, 1989; Galli et al., 1993; Saransaari and Oja, 1994;
Sakata et al., 1997).

REGULATION OF GLYCINE
TRANSPORTERS
Currently very little information is available regard-
ing the role of second messengers in the regulation of
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glycine transport. Arachidonic acid, which may be re-
leased via phospholipase A,, has been shown to inhibit
several sodium-coupled uptake systems, including those
for glycine: high-affinity glycine transport in C6 glioma
cells is inhibited by arachidonic acid due to the perturba-
tion of the lipid domain surrounding the transporters
(Zafra et al., 1990), In Miiller cells from the retina, the
involvement of Ca®* /calmodulin- -dependent enzymes in
the regulation of glycine transport has been demonstrated
(Lépez-Colomé and Gadea, 1999).

Sato et al. (1995) reported that the activity of recom-
binant mouse GLYT1b expressed in HEK-239 cells is
decreased upon PKC activation by phorbol esters due to a
reduction in the V.. of glycine uptake. Substitution of all
potential PKC phosphorylation consensus sites did not
abolish the effect of phorbol ester treatment, however,
suggesting that transport modulation by PKC might in-
volve an indirect mechanism. On this line, Geerlings et al.
(2000) have recently demonstrated a functional and phys-
ical interaction between both glycine transporters, GLYT1
and GLYT2, and the SNARE protein syntaxin 1A. Co-
transfection of syntaxin 1A and GLYT1 or GLY2 in COS
cells decreases the number of transporter proteins on the
plasma membrane, but not their overall expression. Im-
munoprecipitation studies have shown a physical interac-
tion of GLYTs with syntaxin 1A not only in COS cells,
but also in brain tissue. Therefore it is possible that, as for
GABA transporters, PKC could regulate the interaction
between GLYTs and syntaxin 1A,

Neuronal regulation of glial GLYT1 expression has
also been reported (Zafra et al., 1997): rat spinal cord glial
cells in purified cultures do not express GLYT1, but they
do so in mixed neuronal-glial cultures in which the elim-
ination of necurons by cytotoxic treatments reduces
GLYT1 glial expression. These findings support the pos-
sibility of a regulatory interaction between neurons and
glia for GLYT1 glial expression.

GLIAL GLYCINE TRANSPORTERS
IN DISEASE

Glycine could participate in excitotoxic processes
potentiating the effect of Glu at NMDA receptors, as well
as in the pathogenesis of diseases related to inhibitory
glycine receptors (Lloyd et al., 1983; Simpson et al., 1995).
In this respect, the role of gly transporters in keeping local
extracellular gly concentration below saturating levels for
NMDARS, which would allow potentiation of receptors
by sudden increases of extracellular gly, has been demon-
strated in an heterologous system, as well as in brainstem
slices (Supp]mon and Bergman, 1997 Bt.rbcron et al,
1998). Such rises could derive from Ca® -dcpt.ndunt re-
lease and diffusion from nearby synapses, or from a Ca®
independent mechanism due to reverse transport, as in
ischemic condition, in which a reduction of Na™ and C1™
electrochemical gradient occurs (Baker et al., 1991). Such
Ca**-independent release most probably comes from glnl
gly transporters which, as mentioned above, have a stoi-
chiometry of 2/Na+/Cl_/gly, vs. neuronal ones with
3/Na+/Cl™ /gly stoichiometry (Roux and Supplisson,
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2000). The loss of human spinal cord GLYT1 in amyo-
trophic lateral sclerosis (ALS), has been reported (Virgo
and Belleroche, 1995); the authors suggest that the deficit
in GLYT1 mRNA likely affects synaptic inactivation of
glycine and potentiates the action of glutamate at the
NMDA receptors in motor neurons, therefore contribut-
ing to the neurotoxic condition.

Because high affinity NMDA channel blockers, such
as phenylcyclidine (PCP), mimic both positive and nega-
tive symptoms of schizophrenia in humans, it has been sug-
gested that hypofunction of the glutamatergic system might
occur in this disease; in fact, there are some indications of
glutamatergic hypofunction in schizophrenic patients,
such as decreased NMDA receptor-stimulated glutamate
release in synaptosomal preparations (Danysz and Parsons,
1998; Olney et al., 1999). It would be difficult to consider
the clinical use of dircct NMDAR agonists, because of
their neurotoxic and convulsive potential, favoring block-
ade of glial GLYT1 glycine transporters as a suitable ap-
proach. The pharmacological study of glycine transporters
provides a tool for the manipulation of glycine concen-
trations by means of specific drugs affecting its reuptake.

Because glycine has a variety of functions in the
CNS, the regulation of extracellular glycine concentration
by glycine transporters may be of physiological relevance
for effective neuronal signaling. The way in which the
regulation of extracellular glycine concentration by glial
glycine transporters affects physiological and pathological
conditions, however, remains to be established.

CONCLUSIONS

Numerous studies have shown the presence of trans-
port systems in glia for the three major amino acid neu-
rotransmitters in the CNS: Glu, GABA, and Glycine. The
precise localization of neurotransmitter transporters and
their involvement in the regulation of synaptic activity is
an important issue to understand the role of glial cells in
the overall processes of neurotransmission.

Although the reuptake process is under physiological
control, very little information is currently available re-
garding the possibility of the regulation of these proteins
by second messengers. In this regard, arachidonic acid has
been shown to inhibit several sodium-coupled uptake
systems, including those for glycine (Zafra et al., 1990) and
Glu (Barbour, 1989). The modulation of Glu transporters
by PKC (Casado et al., 1993; Gonzalez and Ortega, 1997),
the regulation of GABA transporters by cAMP (Gomeza
etal., 1991), as well as tlu. regulation of glycine transport
in Miiller cells by Ca**/calmodulin-dependent enzymes
(Lépez-Colomé and Gadea, 1999) has also been demon-
strated. Future studies on this issue might shed light on the
interactive relationship of neurons and glia, involved in
the regulation of neurotransmission.

It has been recognized for many years that the mem-
brane transport systems for neuroactive compounds are
capable of carrying a net outward flux as well as net inward
movement of the substrate. It is very likely that glial cells
could release such compounds through this mechanism.
The operation of transport systems is electrogenic and
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strongly dependent on transmembrane ion gradients and
membrane potential. The stoichiometry of the transport
reaction determines the substrate concentration gradient
that the system can generate, as well as the sensitivity of the
system to changes in membrane potential and ion concen-
trations. In ionic conditions that fail to support the existing
substrate gradient, neurotransmitter transporters run back-
ward, acting as a calcium independent, non-vesicular
mechanism for transmitter release (Attwell et al., 1993).
Glial transporters may play an important role not only in
the clearance of neurotransmitters released by neurons, but
also in releasing neuroactive compounds in response to
multiple stimuli, through the activation of specific neuro-
transmitter receptors (Shao and McCarthy, 1994; Gallo
and Russell, 1995; Porter and McCarthy, 1997).

Several examples illustrate that the electrical responses
elicited by Glu and GABA application to glial cells can be
attributed to transporters rather than receptors on the basis of
their pharmacology and ion dependency. Early work showed
that GABA iontophoresis depolarizes cortical glial cells in
a Na*-dependent fashion (Krnjevic and Schwartz, 1967)
On this line, electrical responses have been recorded in
glial cells co-cultured with hippocampal neurons, attrib-
utable to electrogenic Glu uptake after single stimulations
of the neuron (Mennerick et al., 1994, 1996). Although
the mechanism has not been established, the depolariza-
tion of Bergmann glia after parallel fiber stimulation has
also been reported (Clark and Barbour, 1997). Despite the
poor understanding regarding signaling mechanisms be-
tween neurons and glial cells, one interesting possibility is
that Na™-dependent Glu uptake stimulates glucose uptake
and the consequent release of lactate in astrocytes, which
in turn, may serve as neuronal energy source (Pellerin and
Magistretti, 1994; Takahashi et al., 1995).

It is also possible that glial cell depolarization result-
ing from electrogenic Glu, GABA and Gly uptake nay
play an initiatory role in intracellular signaling. Three
recent studies suggest the interesting possibility that the
opening of voltage-gated Ca*" channels (VGCC) may
result from transporter-mediated depolarization. GABA
applied to isolated skate retinal horizontal cells, while
fluorometrically monitoring intracellular Ca** concen-
tration, depolarizes Miiller cells in a concentration-
dependent manner, thus leading to nifedipine- blockable
increases in the concentration of intracellular Ca®*. The
pharmacology and ionic dependence of these responses
were those for GABA transporters and not for GABA, or
GABAy, receptors (Haugh-Scheidt et al., 1995). An anal-
ogous clevation of intracellular Ca®™ after application of
EAAT substrates, but not of GluR agonists has also been
found in pituitary cells (Villalobos et al., 1995). Because
Ca* elevation was blocked by msoldlpmc. an opening of
VGCC by EAAT-mediated depolarization has been pro-
posed. In support of this idea, glycing has been shown to
induce an increase in intracellular Ca2* m cortical oligo-
dendrocyte progenitor (OP) cells by Ca®** entry through
VGCCs activated both, by Gly transporter- and Gly
receptor-induced depolarization (Belachew et al., 2000).

Glial Tral\spjaitér

The evidence contained in this review, clearly em-' ‘
phasizes the active participation of. glial cells in the regu-
lation of neurotransmission. : [
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