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:I NTRODUCC J: ON 

Desde 1os estudios de Ringer {Ringer, 1882) en re1ación 

con 1a importancia de1 ca2+ extrace1u1ar en 1a excitabi1idad de1 

múscu1o cardíaco, se ha déscubierto que.este catión tiene una 

función centra1 en la comunicación ce1u1ar a diferntes nive1es 

{Scarpa y Carafo1i,1978). 

Algunas de 1as funciones bio1ógicas de1 Ca son {Ash1ey y 

Campbe11, 1979; Duncan, 1976): 

1) Función estructura1. El Ca se encuentra como precip~ 

tados de fosfato de Ca en estructuras esque1éticas {Montgomery 

et a1., 1977); y el Ca también se encuentra unido a fosfolípidos 

y a p"roteínas para e1 ensamb1aje y estabilización de 1a membrana 

bio1ógica {Git1er,1972). --
2) Cofactor de enzimas extrace1u1ares. La vía del comp1~ 

mento requiere de Ca durante 1a lisis ce1u1ar inducida por anti

cuerpos {Porter y Reid, 1978). El Ca también es cofactor de la 

transformación de protrombina a trombina durante 1a coagu1ación 

de la sangre {Montgomery, et a1., 1977). 

3)'Función e1éctrica del Ca. E1 Ca funciona como estabi1i 

zador y como acarreador de corriente en membranas excitab1es 

_{Frankenhauser y Hodgkin, 1957.; Baker, 1972). 

4) E1 Ca libre intracelular {ca2+i) como un regulador. 

En la tab1a 1 se muestran a1gunas de 1as actividades ce1u1ares 

que dependen de la concentración de ca2+i, así como 1os estimu1os 



ESTIMULO 

NEUROTRANSMISOR 

DESPOLARIZACION DE LA TERMINAL 
NERVIOSA~ Y LA ACCION DE 
NEUROTRANSMISORES Y HORMONAS 
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GLUCOGENESIS, GLUCOGENOLISIS Y 
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VIS ION 
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CAMBIOS EN LA PERMEABILIDAD A IONES 
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que 1as desencadenan. Se ha demostrado que diferentes estimu1os 

inducen cambios en 1a concentración de ca2 +i, por 1o que se ha 

sugerido que este catión funciona como un 'mensajero' intrace1u1ar 

(Rasmussen, 1970). 

E1 ca2+i, a diferencia de otros cationes intrace1u1ares, 

tiene dos propiedades particu1ares: a) 1a concentración de ca2+i 

es mantenida a nive1es muy bajos (10 nM - 1 uM) en re1ación a 1a 

concentración extrace1u1ar (de 3 - 5 ordenes de magnitud de di

ferencia); y b) durante 1a actividad ce1u1ar e1 ca2+i f1uctua 

sobre esos nive1es muy bajos, y por 1o tanto su concentración 

debe ser regu1ada muy eficientemente, ya que diferentes reacciones 

intrace1u1ares son sensibJes a cambios en 1a concentración de ca2+ 

en e1 rango micromo1ar (Carafo1i y crompton, 1978). 

Entre 1os cationes más abundantes y bio1ogicamente impoE_ 

tantes, como e1 Na+, e1 K+ y e1 Mg2+, e1 ca2+ tiene ciertas 

propiedades fisicoquírnicas que 1e permitieron ser se1eccionado 

dureante 1a evo1ución coroo un regu1ador y un 'mensajero intra

ce1u1ar: 

Los iones monova1entes se mueven rapidamente y en gran 

proporción a través de 1a membrana, pero sus interacciones con 

otras mo1ecu1as en 1a fase acuosa y en 1as interfases son re1ativ~ 

mente débi1es. Por otro 1ado 1os cationes triva1entes (si bien no 

no se encuentran en 1os organismos vivos) interaccionan fuerte-
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mente con otras rno1écu1as pero no pueden ser transportados con 

eficiencia a través de 1a rnembreana. En cambio 1os cationes di

va1entes pueden moverse a través de 1a membrana en forma re1ativ~ 

mente 1irnitada, pero muestran un arnp1io rango de constantes de 

asociación con rno1écu1as bio1ógicas tanto en interfases mernbra

na1es corno en 1a fase acuosa; además los sitios de que1ación 6 

1os núc1eos po1ares de po1ipéptidos y proteínas son más cornpati,_ 

b1es con e1 radio iónico de1 ca2 + (1.0 A) que con e1 de1 Mg2+ 

(0.7 ~) (Urry, 1978). Por estas razones podernos exp1icar po'14ue 

1os cationes rnonova1entes, corno e1 Na+ y e1 K+, estan re1acion~ 

dos primariamente con corriente iónicas transmembrana1es, que son 

responsab1es por ejernp1o de 1as propiedades bioe1éctricas de 1as 

membranas excitab1es; y porque e1 ca2+ se re1aciona en primer 1~ 

gar con 1a rnodu1ación de 1as interacciones se1ectivas entre macrg_ 

moléculas en el interior de 1a cé1u1a. 

En tejidos excitab1es 1as funciones más arnp1iamente 

aceptadas para e1 ca2 + se re1acionan con e1 acop1amiento entre 

la excitación y 1a contracción en el múscu1o, y con e1 acopia

miento entre 1a excitación y 1a secreción en 1as terrnina1es ne~ 

viosas y en a1gunas g1ándu1as endócrinas. Para esto ú1tirno se 

propone que 1a acción de1 ca2+ se relaciona directamente con e1 

mecanismo de 1a exocitosis de las vesícu1as que contienen el 

neurotransmisor o 1a hormona (L1inás y Heuser, 1977; Thorn et al., 

1978). 
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Si bien para 1a p1aca neuromuscu1ar existen evidencias 

que demuestran que 1a aceti1co1ina se 1ibera de una poza de a~ 

macenamiento que se 1oca1iza en 1as vesícu1as sinápticas (Heuser 

y Reese, 1973; Heuser et a1., 1979; Tauc. 1979); en e1 caso de 

1os aminoácidos propuestos como neurotransmisores aún se desc2 

noce e1 origen de 1a 1iberación espontánea y de aque11a produ

cida por despo1arización, es decir que no siempre se re1aciona 

con e1 contenido de 1as vesícu1as sinápticas. Existen a1gunos 

datos que sugieren que 1os aminoácidos neurotransmisores se 1~ 

beran de una poza so1ub1e o citop1ásmica de 1a termina1 sinápt~ 

ca (De Be11eroche y Bradford, 1977). Para e1 ácido")"'-aminobutí

rico (GABA), que es e1 neurotransmisor más amp1iamente distri

buido en e1 SNC de mamíferos (Krnjevié, 1974; Curtís, 1975), se 

ha postu1ado 1a existencia de una 1iberación tónica (independiea 

diente de despo1arizaci6n) que sería responsab1e de 1a regu1a

ción de 1a excitabi1idad a través de una inhibición continua 

(Tapia,1974). Dicha 1iberación se 11evaría a cabo a través de1 

acop1amiento entre 1a síntesis y 1a 1iberación de1 GABA; pero 

e1 factor de acop1amiento también sería e1 ca2+, ya que se ha 

demostrado que 1a g1utamato descarboxi1asa (enzima responsab1e 

de 1a síntesis de1 GABA) es capaz de unirse, en presencia de 

ca2+, tanto a membranas sinaptosoma1es (Fonnum, 1968) como a 

membranas de fosfo1ípidos (Covarrubias y Tapia, 1978; 1980); 
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es decir que la enzima unida a la membrana sináptica por medio 

del ca2+ estaría acoplada a un sistema que liberaría el GABA 

recién sintetizado, de tal manera que el ca2 + bien podría ser 

el regulador de esta uni6n y por lo tanto también de la liber~ 

ci6n t6nica de GABA. El mecanismo de 1iberaci6n propuesto sería 

dependiente de ca2+, independiente de despolarización y no sería 

vesicular. 

Con base en esta hipótesis, en la primera parte de esta 

tesis se estudiaron las características de 1a unión de la g1u

tamato descarboxilasa a membranas de fosfolípidos, asi como las 

propiedades cinéticas de la enzima unida y de la enzima libre~ 

encontrandose que la unión es de naturaleza primariamente i6nica 

y que la enzima unida es más suceptible a la regulación de su 

actividad por la coenzima (fosfato de piridoxa1). 

Hemos propuesto que el acoplamiento entre síntesis y 

liberación de GABA podría ser un proceso regulado por ca2+i, 

sin embargo para poder correlacionar estos fenómenos sería impoE._ 

tante cuantificar el ca2+i en las terminales nerviosas aisladas. 

En la actualidad e1 estudio del ca2+i como un regulador esta 11,_ 

mitado debido a que en ciertas preparaciones celulares (placa 

neuromuscular) y subcelulares (sinaptosomas) es difícil medir 

directamente los cambios en la concentraci6n de este catión, 

puesto que por su tamaño no son accesibles a las técnicas electr.Q. 
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fisio1ógicas de inyección y iontoforesis. -Son basicarnente tres 

1os métodos que se han uti1izado para medir e1 ca2+i en combin~ 

ción con técnicas e1ectrof~sio1Ógicas (Ash1ey y Carnpbe11, 1979) 

1) Fotoproteínas sensib1es a ca2+ (L1inás y Nicho1son, 

1975). 

2) Indicadores rneta1ocrórnicos sensib1es a ca2+ (Gorman 

y Thomas, 1978). 

3) Microe1ectrodos sensib1es a ca2+ (Ash1ey et a1., 1978). 

Un buen método para cuantificar e1 ca2+i deberá cubrir 

1os siguientes criterios (Ash1ey y Carnpbe11, 1979): 

1) Sensibi1idad y se1ectividad por e1 ca2+. E1 método 

deberá ser sensib1e a1 ca2+ por 1o menos hasta 0.1 uM ó 10 nM. 

Debido. a que 1a concentración de Mg2+ en e1 citop1asma esta e!!_ 

tre 1 y 5 mM, e1 método deberá ser a1tarnente se1ectivo por e1 

ca2+ en re1ación a1 Mg2+. 

2) Ve1ocidad de 1a respuesta. E1 método deberá ser 1o 

bastante rápido para detectar cambios en 1a concentración de1 

ca2 +i en e1 rango de 1os mi1isegundos, ya que 1os eventos invg_ 

1ucrados en 1a comunicación neurona1 a corto p1azo se 11evan a 

cabo dentro de ese rango tempora1. 

3) Distribución. E1 método deberá permitir estudiar 1a 

distribución de1 ca2+ en e1 citop1asma durante diferentes cond~ 

ciones experimenta1es. 

4) Accesibi1idad a 1as cé1u1as. E1 método deberá perrn~ 
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tir 1a penetración de1 indicador a1 interior de 1a cé1u1a. 

5) To1erancia bio1ógica. E1 método no deberá causar 

daño a 1as propiedades fisio1Ógicas y bioquímicas de 1a 

cé1u1a y no deberá a1terar en forma importante e1 equi1ibrio 

de1 ca2 +i. 

A1gunas de 1as preparaciones en 1as que se ha 1ogrado 

medir directamente 1os cambios en 1a concentración de ca2 +i 

son: en múscu1o esque1ético de rana y en fibras muscu1ares de 

cangrejo (Mi1edi et a1., 1977¡ Suárez-Kurtz, 1979) en axón 

gigante de ca1arnar (Brown et a1., 1975¡ DiPo1o et a1., 1976) 

en 1a cé1u1a R-15 de1 gang1io abdomina1 de Ap1isia (Gorman y 

Thomas, 1978)¡ y en 1os fotoreceptores ventra1es de Limu1us 

(Brown et a1., 1977). Todas estas preparaciones permiten e1 

uso de 1as técnicas e1ectrofisio1ógicas de inyección. 

En 1a segunda parte de esta tesis mi objetivo es derno~ 

trar que es posib1e medir cambios en 1a concentración de ca2+i 

en sinaptosomas uti1izando e1 indicador meta1ocrómico arsenazo 

III. Este co1orante ha sido muy bien caracterizado y cubre 1os 

criterios anteriormente mencionados (Kendrick et a1., 1977¡ 

Scarpa et a1., 1978¡ Thomas, 1979). Esto permitirá corre1acionar 

directamente un cambio en 1a concentración de ca2 +i con cua1quier 

fenómeno fisio1ógico que a nive1 mo1ecu1ar se supone esta regu1a

do por ca2 + en 1as termina1es nerviosas de1 SNC de mamíferos. 
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Abstr:tct: ln thc ¡,rcsent v.:ork "ve dc!-icribc scvcral propcrtics of the Ca%•_ 
'-1.::pcn<lcnt binc.iing. of glutnmatc d~ca1 bo.xylusc (G.·\l:>) to pho~pho.th.lykholine
phosph;,tidyl~cri11c lipo~omcs. Thc \..,inding C'ICCurs vcry 1·npidly~ is dcpcndcnt 
on tcmpcro.turc in thc range 23--37:.c. is inhibitcd up to 35W by K• in a 
concentrati"""n·d...:p..:nd..:nt manncr. :ind is. slightly incrc01scd whcn thc diclectric 
constant of thc mcdium is. dccrc:1scd by 3c;¡ cth:inol. Thc 3S!">ociation 
of G .. ·'\D and liposcimcs is ver)· finn~ ~incc EGTA displace~ only ..:iot;< of 
thc bound cn.t.yme. ¡,nd Trih.ln X-100 about .550. Sincc :iprarcntly only 
part of thc tuta1 GA D is. :1blc to bind to thc lipc,c..omc~. and in a pre' i'""'ll!S ~tudy 
t"o f1,..-.11ns of G.'\O activity ha'.: 1..,ccn idi.:ntif1cd kinc1ic>1lly. wc corn¡.ar~d the 
¡u;th ations by P) ddo'.'al 5'-plau~r.hatc (PLP1 of thc ........ h1blc :1nd thc b0und 
G.-'\ D. as ''-cll :ts thcir inhibiti1Jn b)' PLP oxirm:-0-acc:tic ncid. Thc bound GAD 
was ;u,;tiv;tto:d 150·· :!65~ by 10- r. to 10- .. !\t·PLP, \.\ hcr.:as thc a..:tivation 1,.."lf Gi\D 
that r..:1Dnin..:d "'olublc '\\.;1s unly 65-11017< in tht.: -..:11nc Pl.P conct.:nt1·ation 1·nnge. 
ln thc :th..,cncc of PLP. thc 1:-ouni.l GAD ·was lcss inhibitcd by thc PLP oximc
O·ncctic a cid th:1n thc soluble G/\ D. l""llt thc inhibition "'"ªS ~i1nilar "" hcn 0.1 
1nM-PLP \.vns addcd. In C1,..lntra~t. activity of both thc ... '-.,,luhlc :1nd thc bound 
GAD "v;.ss 1'."'lt~11ly l..,lockcd by :1min1.HJ>..ya.:.·i:tic acid. En1,.logcnous PLP did not 
bind to lipo~umcs under thc C'.'pcri1n..:ntnl conditions inducing GAD l""oinding. 
\Ve concludc that thc binding. of GAD t<..l nc_!;ativcly chargcd lipo..,omcs is 
primarily ionic. f:"urth~r;n1,..,re. thc G.·'\D m.o1ccu1cs thu.t bind to thc lipo~o1nes 
sccm to be dr.:fici.::nt in free PLP and. thcrcf1.•rc. are probably niorc su~ccr.tible 
to rcgulation b)· thc cocnzyme. These conclusiuns may be rclcv~nt to the 
hypothe~is ofa coupling bch\.ccn synthe..,is ~tnd relea""e ofGABA in inhihitory 
ncrvc cndin¡;s. Kcy words: Glutaniatc dcca1bu.,:,:la!-.c-Lipo~omcs
Calcium-Pyridoxal pho~phate-Protcin-pho~rholipid intcr.action. 

'Ve have postulatcd that brain g1utamate dccar
boxylase lGAD; L-glutamatc-1-carboxylyase, EC 
4.1.1.15) plays an important role in thc regulation of 
CNS excitability through the coupling of the syn
thesis and the rclcasc of GABA (Tapia, 1974; 1975; 
Tapia et al., 1975). Because this coupling must be a 
membrane phcnomcnon .. the possibi1ity that some 
form ofGAD may bind to mcmbrancs is particularly 
rclevant to this hypothesis. ln a previous communi-

cation (Covarrubias and Tapia, 1978) we have 
sho ... vn that GAD prescnt in a soluble prcparation of 
brain tissue binds to phosphatidylcholinc
phosphatidylserine multilamcllar liposornes in a 
Ca2 +-dependcnt manner. The binding seems to 
be spccific far GAD and docs not occur v.·ith 
phosphatidylcholine liposomcs lacking phos
phatidylserine. The uscfulness of this type of phos
pholipid vesicles as an experimental model far 

Rccc:ivcd Au_gust ::?.9. 1979: .otcccptcd Dccembcr 7, 1979. 
Addrcss rcprint rcqucsts to Ricardo Tapia. 
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Abbre,·iarluns u.\ed: GAD. Glutamatc dccarboxyla,c; PLP. 
Pyridoxal s··phosphatc. 
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studying. thc hinding uf GAD to n1cn1hn1ncs v..•as 
rnadc cvidcnt by thc !-.Ítnilarity of thc~c rcsults \vith 
thosc rcportcd 'vith synaptoson1al mcn1brancs 
(Fonnum. 1968). In thc prcscnt p:.pcr wc rcport 
severa) physicochcn1ical propcrtics of thc Ca2 ..... _ 

dependen! hinding of GA D to pho~phatidylcholinc
phosphatidylscrinc liposomcs, and ·wc proposc a 
111cchanism for this binding. · 

Dccau~c apparcntly 0nly part ofthc population of 
GAD tnolcculcs is capahlc of bint.ling to 1iposo1ncs, 
thc possibility cxists that this poptilation is diffcrcnt 
fru1n that ·whit.:h rcrnains ~oluhlc (Cov:u-rubi:-ts and 
·rnpia, 1978}. ·rhcrcfore·. thc kinctic propcrtics of 
GAD bound to 1ipo~on'les \1,,•crc comparcd \\'Íth 
thosc of thc soluble cnzy1ne. 

rrhc rcsuhs oblaincd indicatc that thc binding 
n1cchanis1n is pdmarily ionic. Son1c diffcrcnccs in 
the activatiun by pyi-iduxal 5'-pho~phatc (PLP) and 
in the inhibition by pyridoxat phosphatc oximc-0-
::icctic ncid \Vcrc found bct\vccn thc soluble GAD 
and tl1c GAD boun<l to liposon-ics. Thesc diffcr
cnccs sec111 to be duc to thc prefcrcntial binding of 
GAD molcculcs dcvoid of PLP. 

:\tATl~RIALS AND :.llO:THODS 

Bi11di11g E.,·peri111t.:11ts 

Thc cn.1.ymc prcpan1tion. thc prcparation of liposomcs. 
thc binding incubation conditions~ and thc tncthod U!->cd 
for GAD ai:tivity t.letcrmin~ition \Vcre ali as prcviou~ly 
dc~crihcd (Covarrubias ;-1nd Tapia. 1978). Bricfly. Jipo
!-omcs \Vt:rc obtaincJ by ~hnking a 3W \Vatcr ~uspc:n~ion 
of pho~photidylchotinc-phosphatidyl!'.~rinc n1ixture (4: 1 
by \\'t.) undcr nitrogcn atrnosphere. LiP'-'~omcs and the 
cnz.ymc prcparation C 100.000 g ~upcrnatant of mouse 
brain hom0gcnatc~ prcpared in \\.atcr cont:1ining. 0.1 
n1M-PLP) \\CTC incubJ.tcd in thc píC'.:->COCC of :!: m~1-Ca2• 

and 0.1 m.M-PLP during vttrious time pcriods. at 37"C. or 
at diffcrcnt tempcratures for :?O min in a vol u me of 8.5 or 
4.2 ml. The pH ""ª~ 6.8·-7.1. and thc r.1tio of pho:--phulipid 
to protcin \Vas l .5 (v.·/w). The binding v.•as ~toppcd by 
ccntrifug:ltion at 100.000 g for 30 min at 0-4°C. GAD 
activity was mea<>ured in the supcrnatant and in the 
liposomal pellct rcsu~pcnded in l -2 ml of 0.47< Triton 
X-100 containing 0.1 n1M-PLP. The zero-time values were 
obtaincd by mixing thc enz.ymc preparation and the lipo
somcs at 0-lºC in a ccntrifuge tuhe and ccntrifuging im
medialcly. Protcin ,..-as dctcnnined by the mcthod of 
Lowry et al. {1951). 

In sorne cxpcrimcnt~ the ionic slrcngth of the bindins 
medium v.·as incrcascd by adding differcnt conccntrations 
of potassium acctate. In an cffort to decrcase lhe dielec
tric constant oíthc medium. cthanol \i..·as added in sorne ex
perimcnts to give a 3'/C- (v/v) final concentration. This 
cth~inol concentration does not inhibit GAD ¡,¡Ctivity ('..Vu 
:-ind Robcrts. 1974). The change in the diclectric constant 
was as~es~cd by mcasuring at 37ºC the conductivity of a 
Ca:• aqueous ~olution containing 3'/C ctha.nol: a 14W 
decrcase of the conductivity v.·as obs.erved. 

Bintlin}: Stabilit)• 

Somc cxpcrimcnts wcrc c•11·ricd out in ordcr to study 
the rcvcr~ihility of the hinding of GA D to lipo!--omes. 
Aftcr hinding as dc!->crihcd ;,hove. in a vulurne of 4.2 ml. 
thc "'tahility of thc hinc.fin¡; was tcstcd by rcsu~pcnding the 
lipo"'omal pc11ct in 4 ml of various solutions of 0.1 mM
PLP. 1-2 mM-EGTA. 0.2-J';;: Triton X-100. anda mix
ture of:! mM-EGTA and 1r;; Triton. Aflcr :i fc\v minute~ at 
0-4<;.C thc ~u~pcn ... ion w;1s ccntrifugcd 01g:.iin at 100.000 g 
for 30 n1in. Thc pcllct w;1.., rcsU'.:->f'l.!'lldcd in 1-:? 1nl of 0.1 .. 
111~1-J>LP. :1nd GAD :1ctivity "'ª" n1c:1 ... urcd in thc two su
pc1·nut:1nt~. in lhc final pdlct. and. in or<.lcr to calculate 
thc rcco'"cry. in ;1n aliquot of thc 1..·nL}"1llC prcparation. 
The average rccovcry in all c;\.pcrimcnts w;1s 70!fl. 

Kinc•tic Studies 

In thc prc~cncc of ~cvcr:.11 conccntrntions of !_!lutaniate 
and PLP thc activities of GAD \Vt:rc ol:'itaincd both for thc 
cnz.yme bound to the li¡"losomcs ~nd for the soluble cn
zyme. In the cxpcrim\!nts in "" hii.::h PLP conccntration 
was varicd. this cocnzymc was on1ittcrl from all thc n1cdia 
u~cd for G.·'\.D prcparation. bi11ding incubation, :tnd 
liposomal rcsuspcnc.ion. Thc cffect of aminooxyacctic 
ncid nnd it<; PLP c.."'ximc (PLP oxin1c-O-acctic ncid). \vhich 
is un inhibitor otcting cxclusivdy on free PLP-dcp1.:ndcnt 
GA O :tctivity <T:1pia :tnd Sandoval. 1971; Bayón et al., 
1~77a.bl. ·wns :11 ... 0 a~.:.c~!-.cd on l"-oth thc lipo~omc·hc.."'und 
o.snd thc soluble G.·'\ D. in both thc :1b~c.nc..: and thc pres
e ne e of O.] n1~1-PLP. ln all kinctic t.~'.'.pcrim.:nts thc bind
ing. incub•1tit."\n 'olumc was ~-5 1111. ;ind thc lipo~omal pc1-
1ct \Va!ó. rc!-.u:::opcnJcd in cnough \.Vatcr to obtain thc ncccs~ 
!>iary '\o)urnc f"-"lr mcasu1·ing GAD activity ~i111ultancously 
at thc ..,evcrn.l t!lut:-imatc or PLP conccnt1·ations u~cd. 

Bi11di11g of PLP to fjpo.'HJ111es 

Jn one series of c"pct imcnts thc hinding of cndogcnous 
PLP to lipo~omc:::. was ~tudicd. Thc incubation conditions 
were as dc~cribcd above for G.·'\ D hinding. cxccpt that 
cxogcnous PLP v.·a~ ncvcr :!dd~d to thc media for cnzyme 
prcparation. binding incubntion. or liposornal rcsuspcn
sion. Endogcnous PLP conccntration \Vas mcasured in 
thc cnzymc p:-c¡-:..:.:-::t:0n :i.nd in thc lif1C'1 .. om~1 !"llpcrn:-itnnt 
aftcr incubation by the apotryptophana~e method of 
\\'ada et al. (1957). as modificd by ~1inard (1967). Prcvi
ous to PLP rncasu1·cmcnt. thc s:1mplcs wcrc dcprotcinizcd 
with perchloric ncid; thc latter v.•as removed by ncu
tralization with KOH and subscqucnt ccntrifui;ation of 
thc potossium perchlorate fonncd. The diffcrcnce be
tween thc PLP contcnt of thc enzyme prcparation and 
that of thc liposomal supernatant rcpre~cntcd thc binding 
of PLP to liposomes. 

Afaterinls 

L-o-Pho!-.phatidylcholinc from cgg yolk (type V-E) and 
pho!<!ophatidylscrinc: (bovinc brain cxtréict. type 111. con
taining 80-85~ phosphatidylserine. 5- lO'h ccre
brosidc:s. and 5~ pho~phatidic acid) used for lipo!'ome 
prcparation wcrc from Sigma Chcmical Co. (St. Louis. 
~1issouri). '\\'e have shov.:n prcviously that thc same GAD 
binding resu_lts are obtained v.·hen a purc phos-

J ...... ·c-urocl1~m .• \'ul. 34 •• • .. .'o. 6. /980 
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phatic.Jyl!'.crinc is u ... cd fCovarruhias and T:1pia. 1~7N). 
PJ.P and E. c·o/i tryptophana!-.c (J:!r:u.Jc JI) v..•crc abo frum 
SiJ:!ma. Apntryptophan:1"-C v .. ·a~ obtaincd by dialysis for 
20-24 h of thc tryptuphannse :1gain.,,t \Vatcr :11 0-4"C. 
PLP oximc-0-acctic acid v.·os synthc!'.izcd frurn PLP :1nd 
an1inooxy;.1cctic acid as pn.::vj1,.-.,usly dt!scrihcd <Tapia :md 
Sandoval. BOJ). A 11 othcr nonn1diuactivc chcmicals u~cd 
for :t!'.!-.:1ys "vcrc frum Si!.!ma. DL-[ J- 11CJglutamic acid was 
ohtaincd from Nc·w En,gland Nuclear <Bostun. l\1:is
~achu'.'.ctl~) or frnm thc R:u.Ji0chcmical Centre (Arncr
~ham. U.K.). 

r~ESULTS 

Binding Expcrimcnts 

As ~ccn in Fig. 1, the major portian of GAD 
binding is vcry rapid. I1nn1cdiately. 32%- of the cn
zyme is bound to thc liposorncs, and this valuc in
crcascs progrcssivcly to a maximum o'f about 45% 
at 20 n1in. Thc binding is indcpcndcnt of tcmpcra
tur:c in the range l-23ºC, incrc;1scs sharply bcP1.vccn 
23 and 2sc.c, and rcachcs an apparcnt n1axinu11n at 
37ºC (Fig. 2). 

\\'hcn thc ionic strcngth of thc 1ncdium \.vas in
crcascd \.Vith potassiun1 aceta te, thc binding of GAD 
'\.vas considcrably blocked. ·rhc inhibition varicd 
from 15?< at 12.5 or 25 111!'\t-K+ to 32% \vith 100 
111!'>1-K+ {Fig. 3). In contrast, \\'hcn the diclcctric 
constant \\'as rcduccd by thc addition of 37< cthanol, 
a stight incrcasc of G.l"\.D binding (21~, mean of 
thrcc cxpcrimcnts) \vas obscrvcd at a 2 n1!\1-Ca+ 
conccntn:ation. 

Dissociation of Bound GAD 

In order to >tudy thc strength of thc GAD-Ca••
liposome n.ssociation, :.tttc1npts \.\'ere made to dis-
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FIG. 1. Time course of the Ca7 ·-dependent binding ol GAD to 
phosphatidylcholine-phosphatidylserine liposomes. Lipo
somes werc incubated with the enzyme prepa ... ation at 37"C 
in the prcsence ol 2 mM-Ca 7 '" lor the times indicated. and the 
rcaction was stopped by centl"ifugation. as described in Ma
terials and Mcthods. The pel"cent bound \".ras obtained con
sidcring as 100'% the value ol the pellet plus that of the su
pernatant. Mean valu~s of the number of experiments shown 
in parentheses :::: s.E.M. 
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FIG. 2. Ca7·-dependcnt binding of GAD to liposomcs as a 
function of tcmpc...::iture. Liposomcs were incubatcd \•.rith the 
cnzyine prcparation for 20 min at the indicatcd tcmperatures. 
r~,can values of the number of experin1ents shown in par
cnthcscs :::: S.E.M. 

place thc G.A.D bound to thc liposomcs. For this 
purposc. \\.'C tcstcd 0.1 n1M-PLP, l -:2 111!'\t-EGTA, 
::.s.nd 0.2- tit;f: ·rdton X-100 9 as dc~cribcd in !\fi:thods. 
\Vashing of thc O.A D-liposomcs pcllct \.\'ith PLP 
or EG"rA rcsultcd in a dissocjation of 32t;"é and 
41%,, rc!'pcctivcly._ of thc GA.D bound. \Vhercas 
Triton X-100 at any of thc conccntrations 11..;cd 
dissociatcd 56'7é of thc bound cnzyrnc rrablc 1). 
In onc cxpcrimcnt, thc :..addition of n n1ixture of 
2 111:..1-EGTA and l'/é ·rriton X-100 did not in
crcasc thc dissocintion pn.Jduccd by thc dctcrgl!nt 
alone. 

Kinctics oí Bound GAD and Soluble GAD 

In arder to study the possibility that only one of 
thc tv .. ·o forms of GAD '~·hich we havc postulatcd 

20 
25 so 75 100 

(t<+) mM 

FIG. 3. Effect of K· on the ca:---depcndcnt binding of GAD to 
liposomcs. Ca 7 • (2 mM) and the indicated concentrations of 
pota~sium acetate were prcsent during 20 min incubation at 
37'"C of the liposomes with the cnzyme preparation. f .. ':ean 
...-alucs of the number of experimcnts shown in parentheses::: 
s.e.M. In the inset. the perccnt inhibition of thc binding is 
plottcd as a function of K- concentration. 
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TA BLE l. l~i.\· ... ocit1ti1111 ''.f tlu· CiAI> bo1111tl to lipo ... ouu• ... · 

Trcatmcnt of 
lipo,urmtl pc11ct 

J>LP(0.1 mM) 

r;; ofhuund GAD rclca ... cd 

EGTA (1ur2 mM) 
Triton X-100 (0.2- J'ñ)" 

31.6 = 3.8 <3> 
41.0 = 4.5 (6) 
55.8 ::. 6.3 (6) 

Aflcr hindini; incub:ttion thc lipo!->omal pc11ct wa-. rc .. u:.pcn°tlcd 
in thc indicated ~olution und ccntrifuf!Cd ;1gain. ;;¡~ dc!'>crihcd in 
~lcthods.. ~fCttn VafUC~ of 1hc nuo1bcr Uf C'f>crizncnt!'> !'.hU\ .. O in 
p:1rc111hc ... t:s = s.E.M. 

•• Simil~r v:.iluc!> Y..crc obtaincd '"•·ith 0.2. 0.4. 0.6. ~nd 17'
Tdton X-JOO. 

(Tapia and Sandoval, 1971; Bayón et al., 1977b) is 
capablc ofbinding. \.Ve comparcd thc activity ofthe 
GAD bound to liposomes and that of the .soluble 
GAD in thc prcscncc ·of diffcrcnt conccntrations of 
Pl .... P at a saturating glutan1ate conccntration (20 
111~1) and in thc prcscncc of incrcasing gluta1nate 
conccntrations at a saturating PLP conce:ntration 
(0. J 1nM). ·rhc cndogcnous PLP conccntration in. the 
Gi\D assay 1nixturc (0.7 x lO-T ~1, mcasurcd as 
dcscribcd in !\.fcthods; se-e bclo\V} is ncgligiblc corn
parcd \Vith thc sn1aJh:st PLP conccntration uscd for 
obt:tining the PLP curves ( 10- 0 ~1)~ thcrcfore, this 
valuc \\•as not con~idcrcd in thc curves . ..-'\.sis sho\.VO 
in Fig. 4, thc activation of Gi\.D by PLP, cxprcsscd 
ns pcrccntagc of 1hc vüluc in thc ab~cncc of C'-oge
nous PLP, \\'as 1nuch grcatcr in thc Jiposon1al pcllct 
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FIG. 4. Activation of the soluble GAD and of the GAD bound 
to liposomcs by difforent concentrations ot PLP. (O) GAD 
original preparation (100,000 g homogenate supernatant); 
(0) GAD in liposomal supernatant; (A) GAO in liposomal 
pellet. No PLP was addcd to the enzyme prepara\ion. the 
incubation medium, or the pcllet resuspcnsion mcdium. The 
control (100~~) refers to the acti\.·ity in the absence of exoge
nous PLP. Each point is thc mean value of three experimcnts 
for 10-• and io-!> M-PLP and seven to nine lor io-• M-PLP. 
The s.E.M. of the points varied from 1.3 to 5.2~é. of the corre
sponding value. 

than in thc Jipo~omat supcrnatant or thc original 
GAD prcparation. \Vhcrc-.lS thc hound GAD '"·as ac
tivatcd 150-265'fl by 10-r. to 10-• M-PLP. thc :.cti
vation of thc GAD that rcmaincd soluble \.vas only 
65-1107' at thc same PLP conccntration range. The 
Km far PLP was similar far the bound GA D, thc 
soluble GAD. or thc original homogcnate superna
tant (3.8 X 10-7 M, 4.0 X 10-7 M, and 1.3 X 10-7 M, 

respcctivcly: Fig. 5). A ~light. and probably insig
nificant. Jiffcrcncc \.Vas found bct\.vccn thc K in of 
thc hound GAD and the soluble GAD with respcct 
to glutamatc (5.6 m~1 and 3 1nM. rcspcctivcly~ Fig. 
6). The Vm-. ofthc GAD bound obtaincd in the PLP 
plot \.vas about 2.76 times that ofthc soluble cnzyme 
(Fig. 5). This is consistcnt v.•ith the diffcrcnce ob
scrvcd in thc glutr1rnatc plot, in \.Vhich thc Vma,._ ratio 
bound/solublc was 3.0 tFig. 6). 

In an attcn1pt to corrclate thc obscrvcd diffcr
cnccs in thc activation by PLP \.VÍth thc prcscnce of 
free PLP-dcpcndi.:nt and free PT~P-indcpcndcnt 
fonns of GA D a~tivity, prcviously postuh1tcd on ki
nctie bases (Bayón et al., 1977b), we studicd the 
inhibition of thc lif'osomc-bo11nl) and of 1hC soluble 
cnzy1ne by :.~n1inooxyacctic acid and PLP oxin1e
O-acctic acid. in both thc abscncc and thc prcscnce 
of 10- 4 M-PLP .. /\lthough thc formcr con1pound in
hibits both t) pes of GA D activity, thc lattcr appcars 
to block only thc free PLP-dcpcndcnt acti" ity 
tTapia and Sandoval, 1971: Bayón et al., 1977a). 
Table 2 shO\.\.'S that "\Vith 10-~ ~t-PLP this PLP-oxi111e 
produccd abuut thc san1c dcgrcc of inhibition 
(66-70~) in thc bound and thc soluble GAD; but in 
the abscncc of addcd cocnz.y1ne, thc so1ublc cn
zymc "\vas considcrably 1nore inhibitcd than the 
bound cnz.yn1c (50% and 25%, rc~pcctivcly). In 
contrast, aminooxyacctic ncid notably inhibitcd 
both enzyme preparations (Table 2). 
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FIG. s. Double reciproca! plot of GAD activity (v = c.p.m. x 
10-:i/mg protein) as a function of PLP conccntration (µ.M) in 
the original preparation (O). liposomal supernatant (A), and 
liposomal pellet (0). Same expcriments as those of Fig. 4. 
Mean values of three to nine expcriments. 
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GLU 
FIG .. 6 .. GAD activity in liposomal supernatant (A) and 
lipo:;omal pollet (G) as a function of glutamate concentra· 
tion: S(mM)/v (c.p.m. x 10- 3 ,'mg protein) vs S (mM). Mean 
values of two to thrce expcriments. 

Binding of PLP 
'rhe diffcrcnces in the nctivation and inhibition 

bct,vccn thc GAD bound to 1iposon1cs ttnd thc solu
ble GAO, dcscribcd nbove, cou1J be accountcd for 
by diffcrcnccs in thc conccntrat:un of PLP in the 
liposon1cs pcllct and supcrnatO'..tnt. l n order to test 
this pussibility .. '-'-'C studic..:d thc binding. of cndoge
nous PLP to Tipo!'orncs in the prcscncc of Ca=- .. as 
dcscribcd in !\tcthods. The rcsults of thcsc cx
perirncnts are ~ho\.vn in Fig. 7. lt c::1n be ::-.ccn that ali 
thc cndoc,cnous Pl-P rcniains soluble aftcr incuba
tion undcr conditions idcntical to thosc of Gi\D 
binding. In othcr cxpcrirncnts thc bound cnzymc (in 
the abscncc of Pl-P) , ... as dissoci:J.tt.:d fro1n thc lipo
sonics 'vith O. 7':é ·rriton X-100, as dc5cribcd above. 
and its activation by 10-4 M PLP \Vas ~tudicd. rrhe 
activation '"'as similar to that of the cnzymc as
sociated to the lipo~omes (:!:!47c; mean of t\VO ex
pcrirnents). 

DISCUSSJON 

B!:'lcHng Chz:r-::-.ctcristics 
The sharp increase in GAD binding observed 

between 23ºC and 37ºC might be related to a ther-
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FIG. 7. Endogenous PLP conccntrdtion in the cnzyme prcp
ariition (100,000 g hornogcnate sup~rn:itant--HS) ~nd in the 
liposomal supcrnatant (LS) after incub~tion as for GAD 
binding, in the prcscncc of 2 1nr.r.-ca:-. Thc opcn bars indi
ca te the actual mc<:::~urements. and the solid bar the va1ue of 
PLP in HS after corrcction for ~he dilution of thc liposornal 
supc:rnatant. in oidor 10 makc comparable the v~lucs ol HS 
ar.d LS. ?."lean valucs of tour e:v..pcrimcnts :--.:. s.e.M. 

motropic transition of thc phosphatidylcholine
phosphatiUylscrinc rncnibrancs to a niorc nuid stntc 
crnnford. 1973: Chnprnan, 1978). \1,:hich favort.:<l the 
Ca=~-dcpcndcnt binding of GAD. Althotigh ,..,e 
obviously do not kno'v thc kngth :-n1d ~aturation 
of the :tcyl n1oictics of thc pho~ph0liriids u sed. the 
transition tcnipcr4!turcs of similar pho~pholipid 
mixtures is ·¡n thc ~ame rangc as that in which thc in
crco.se of GAD binding '""ªs ob~crvcd (Tanford 9 

1973; Papah::idjopoulos et al.. 1974: Jacobson and 
Papahadjopoulos. 1975). Since thc binding of GAD 
at L~1-o tiinc 'vas vcry 5Í111i1ar tu th.at ub~..;r' ...:d aftcr 
20 min at 2-20ºC (approx_ 33%; Figs. 1 and 2), it 
seems possible that bclow thc transition tempera-

TABLE 2. lnliibition oft/Je .-..olub/r GAD c111d thc- GAD bound to lipo ... <nnes by 
PLP o:..-in1e-O-acetic tlCid a11d by u111i1100.l.-yacc•tir acid 

Inhibitor 

PLP oximc-0-acctic acid (1 mM) 
No PLP :iddcd 
'Vith 0.1 m!'.!:-PLP 

Aminooxyacctic acid (no PLP addcd) 
0.01 mM 
0.1 mM 

Homo¡;.cnatc 
supcrnatant 

69.3 = 3.68 
75.3 = 1.95 

83.6 
98.7 

Pc:rcc:nt inhibition 

Liposomcs 

supcrn:nant 

.. 9.9 = !.OS 
66.4 = 2.59 

75.2 
95.4 

pc:llct 

24.S:: 0-42 
70.2 = 2.28 

75.2 
92.3 

?.'lean valucs. offour cxpcrimcnts := s.E.M. for PLP oxime-0-acctic acid; two c).pcdmc:nts f"or 
aminooxyacctic acid. 

J. /'."rur-oc-h~'"·· \."ol. 34. /'.'o. 6. 1980 
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ture a constant proportion of GAD binds instan
tancously to thc n1ore ... !-.olid'"'" lipo!->omes. ·rhe 
facititatcd binJing. to thc more ··nuid'"'" liposo1nes. 
prohably produccd abovc thc thcnnotrupic tr.ansi
tion. clcarly procceds more slowly (Fig. 1). 

Thc finding that Ca2+-dcpcndcnt GAD bind
ing dccrcascs \Vith incrcasing putnssiun1 conccntra
tions (Fig. 3) suggcsts that thc bind.ing mcchanbm 
\Vorks through clcctrosto:itic intcr:Jctions. ·rhis in
tcrprctntion is ~upportcd by thc ~tin1ulation of the 
binding produccd by a dccrcase of thc diclcctric 
constant produccd by cthanol ( Kauzn1;.i.nn, 1959). 
particularly at :::!. tnM-Ca2 • .. and is al so in agree
mcnt \vith thc ~t.-ict rcquircmcnt of pho~phatidyt
serinc for thc Ca:?•-dcpcndcnt binding (Covarrubias 
and Tapia, 1978). From thcsc data \VC concludc that 
thc intcraction hct\vccn thc phospholipid vcsicles, 
Ca:?+ .. and G AD i nvol ves e it her salt linkages 
fonning a Ca:.?• bridge bct\.VCcn thc ncgatÍVC chargcs 
of GAD (thc nativc cnz.yn1c is anionic; sce \Vu, 
1976) and thosc of phosphatidylscrine .. or ncutrali
zation of thcc;;,c charges by ca=+ '"'ith subscquent 
association of GAD 1nolc~ules ,,·ith thc liposorncs. 
The forn1cr hypothc.sis sc<..1·ns 1norc probable in 
vic\V of thc Í:--iCt that Ca:?- induces scgrcgation 
of phosphatidylsc.::rinc 111olcculc.::s in pho~phatidyl
cholinc-phu ... ph:itidyl~cdnc 1ncn1brant.!s in a form 
sin1ilar to its pro1noti11g cffcct on G/\.D binding 
(Ohnishi ;.ind lto, 197-1: Covarrubias nnd ·rapia~ 
1978). 

Thc ca= ... -dcp .... ~nllcnt association of GAD to 
1iposon1cs is vcry firsn .. as is !-ho,vn by thc ob
sc1·vation that EGTA rclcascd only -10'/é of the 
GA.D bound; the rt.!vcrsal of thc binJing \V:.ls niorc 
cffcctive \\"hcn prriton X-100 \vas addcd .. but cvcn 
undcr thcsc conditions only 557' 0f thc bound cn
zyme \Vas rcleascó (Tnble 1). In1crcstingly .. thcse 
rcsults, as \.\"ell as thosc de~crihed in our prcvious 
\vork (Covarrubias and ·rupia., 1978)., are vcry simi
lar to those reportcd for synaptosornal mcmbranes 
(1-UlillUITI, 15'68), ;.ind ~Ul:'.,gc~t that thc binding Of 

GAD to thc latter rncmbranes involves thc type of 
ca~+·phosphatidyl.scrinc intcraction discusscd 
above. 

Kinetic Expcrirncnts 

Thcre is evidence in the literature that cnzymes 
gcncrally accepted as being soluble might function 
in their native physiolo,gical state associated with 
sorne intrace11ular mcmbrane or to the plasma 
rncmbrane .. and, furthermore .. that the microenvi
ronment provided by the membranes might affect 
thcir activity (\Vilson. 1968; 1'1cLarcn and Packer. 
1970; Katchalski et al.. 1971; Solomon and :Miller. 
1976; \Voostcr and \Vrigglesworth. 1976). Although 
subcellular fractionation studies of GAD indicate 
that this enzyme is mainly soluble in the nervc cnd
ings (Fonnum, 1968; Pércz de la 1'1ora et al., 1973). 

its dircct visu:11ization \Vith thc use of antibodics has 
shown that it is nssocia1cd "'dth synaptosomal 
111c1nbn1nc structures (\Vood et al.. 1Y76). lt v..·as., 
thcrcforc. ofintcrcst to study son1e propcrtics ofthe 
:1ctivity of thc GAD associatcd \vith thc liposornes. 

From our prcvious \.vork (CovarrubiHs and Tapia, 
1978) it can be c•1lculatcd that thc ratio ofbound to 
soluble G"'"\.D rclativc ~pccific nctivitics in thc prcs
cncc of 2 111~1-Ca:?• is 2.67. rrhis valuc: is in cxccllcnt 
agrccmcnt \.VÍth the ratios V 111u,. of GAD bound/Vmax 
of GAD soluble obtaincd in thc PLP and glutan1ate 
plots (2.75 and 3.0. rcspcctivcly). Thcrcfore, the 
diffcrcnccs in V"'ª" obscrvcd may be cxplained by 
thc rclativc spccificity of thc GAD binding to lipo
son1cs \.Vith rcgard to othcr protcins. 

As sho,vn in Figs. 4--6 .. thc rnost notable differ
cncc bet•wccn thc GAD bound :t.nd that \.Vhich re
n1aincd soluble \.vas that thc formcr \Vas consid
crably more activatcd by PLP than the lattcr, al
though thc K 1n for the cocnzyn1c "·ns si1nilar. This 
finding is in good agn:cn1cnt \vith thc obscrvation 
that thc bound GAD was lcss inhibitcd by thc PLP 
oxirnc-0-acctic acid than thc soluble GAD in the 
abscncc uf PLP .. the inhibition bcing siinilar \\'hcn 
0.1 mM-PL.P \vas :.iddcd ("rable 2). bcc:ausc it has 
beco dcmonstratcd th;1t this inhibitor blocks the 
~ctivity Llf a GA D fonn dcpt:.ndcnl on thc availability 
of free PLP CTapin and Sandoval, 1971; Bay6n et 
al., I977a,b}. ·rhcrcforc, fro111 thcsc rcsults \Ve con
cludc that thc GA.D 111olcculcs bound by thc Hpo
su1ncs are l.h:tí~icnt in PLP as ~omp=trcd \Vith those 
\vhkh n::111ain ~ulublc. ·rhis ~onctu~ion is s.trongly 
suppoi-tcd by thc r~sults of thc expcrin1cnts of PLP 
bindinn. to tipo~u1ncs .. As sho\Vll in Fig. 7 .. IOOi;f- of 
thc PLP prcscnt in thc c.:nzy111c prcpar~1tion (hon1og
cnate supcrnatant) rc1naincd soluble aftcr incuba
tion under thc conditions inducing GAD binding. 

Sincc \VC havc prcviously ~h'?\Vn that only one 
population of GAD is capable clf binding to lipo
somes (Covarrubias and Tapia, 1978) .. it sc~rr1s rca
f.011a!:"·l~ to concludc that this po¡,tJl;1tion is rcpre
scntcd by thc GAD molcculcs dcficicnt in PLP and 
thercforc more susceptible to rcgulation by thc free 
cocnzyn1e. lf this intcrprctation is corrcct, its impli
cations for the physiological role of GAD in ncrve 
cndings might be important. As rnentioncd above, 
although GAD is gcncrally considercd an intrater
minal soluble enzyme .. immunohistochemical 
studies dcmonstrate that the enzyrne is a5sociated 
with intratcrminal mcmbrancs, including thc pre
synaptic mcmbrane (\Vood et al., 1976). Thus. it is 
conceivablc that a.t lcast tv.·o populations of GAD, 
onc soluble and thc other bound to thc prcsynaptic 
mcmbrane and to othcr intraterminal rncn1brane 
structurcs in a Ca2 -+-dcpcndcnt n1anncr, may be 
prescnt in the GABAcrgic ncrve terminals. The 
cnzymc associatcd v.:ith the prcsynaptic mcmbrane 
might be rcsponsiblc far thc postulatcd synthcsis
sccrction coupling of GABA (Tapia, 1974; Tapia 

J ...... ·C'u,.oclu·m .• \'ol .• ~4. ·''o.~· /980 
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et al.. 1975): and. because oCits dépen.dence on · 
free PLP. it would be inhibited when the con-· 
ccntration of PLP is dccrcásed. 

.... ,Ack.;·o:.V1<:dsmc!~i 
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According to the 'calcium hypothesis' for the 

depolarization-induc~d rel~ase of neurotransmitters, an influx 

of extrace11u1ar calcium induced by depolarization 1eads to an 

increase in intrace11u1ar calcium concentration (ca2+]i which 

in turn triggers transmitter release (1). Direct evidence for 

this hypothesis has been obtained through the injection of calcium 

into the nerve terminal of the squid synapse (2), by fusion of 

1iposomes containing calcium with motor nerve terminals (3) and 

by the use of sorne calcium-ionophores in the absence of 

_depolarization (4,7). An increase in the [ca2+]i accompanying 

depolarization and transmitter release, was detected also by 

means of the light emitted by the calcium-sensitive photoprotein 

aequorin injected into the terminal (5). 

In nerve endings isolated from mammalian central nervous 

system (synaptosomes), it has been shown that severa1 depolarization 

conditions induce an increase in 45ca influx (6), as we11 asan 

increase in the release of neurotransmitter (7), and that this 

release is blocked by drugs inhibiting calcium transport (B). 

However no direct evidence of changes in intrasynaptosoma1 ca1cium 

concentration is avai1ab1e, mainly because of the 1ack of 

appropriate techniques for measuring directly such [ca2 +]i changes. 

In the present comunication we describe a method for detecting 

[ca2+]i changes in synaptosomes. our method. consist in 1oading 
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synaptosornes with the rneta11ochrornic dye arsenazo III (0-(1,8 

dihydroxy-3,6-disu1fonaphty1ene-2,7-bisazo)-bisbenzenearsonic 

acid), by rneans of their fusion, prometed by La3+, with 1iposornes 

previous1y 1oaded with the dye. In a nurnber of other preparations 

it has been shown that 1iposornes can transfer their aqueous 

contents through the ce11 rnernbrane (9). It has dernostrated a1so 

in severa1 bio1ogica1 preparations that rnicroinjected arsenazo 

III is a suitab1e indicator of [ca2+Ji (10-13), and can be used 

to rneasure rnicrorno1ar ionized Ca concentrations in physio1ogica1 

sa1t so1utions (14). With this rnethod we have observed an 

increase ~f [ca2 +)i in the presence of the Ca-ionophore A23187 

or of veratridine, a depo1arizing a1ka1oid. 

As shown in Fig. 1A phosphatidy1cho1ine-phosphatidy1serine 

1iposomes prepared by sonication in the presence of 19.3 mM 

arsenazo III, did in fact incorporate the dye, since the addition 

of 2 rnM CaC12 to the rnediurn produced a notab1e change in the 

660-690 nrn differentia1 absorbance (A and B are independent and 

continuous traces). That this observation is dueto the inf1ux 

of ca2+ into the 1iposornes and not to the presence of contarninating 

arsenazo III in the rnediurn is indicated by: a) the re1ative1y 

s1ow change (the re1a.xation time of arsenazo III-Ca interaction 

is in the range of rnsec.) (15); b) the effect of A23187, which 
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induced a very rapid influx of ca2+ into the 1iposomes unti1 an 

apparent equilibrium was r.eached¡ arid :e) the blocking effect of 

La3 + on the spontaneous influx of .. c-~'.2_f:--,~·ai~hough the inf1ux 

induced by A23187 was not affecte?·-~~""(F°i;g-~-- 1B). Fig. 1 (A and B) 

shows also that the addition of vera"t.:t:'idine by itself did not 

affect the spontaneous influx of ca2+ into the 1iposomes, with 

or without La3+. 

The Fig. 2 shows results obtained with dye 1oaded 

synaptosomes. The presence of contaminating free arsenazo III 

in the medium is excluded by the fact that after ca2+ addition 

there is no instantaneous change in the differentia1 absorbance, 

even at very high sensitivity setting of the spectrophotometer. 

Synaptosoma1 membrane seems to be a1most impermeable to ca2+, 

since upon the addition of 2 rnM CaC12 there is on1y a s1ow and 

srna11 influx of ca2+, not a1ways observed (see the recordings 

of three independent experiments in the top 1eft part of Fig. 2). 

However, when 7.5 uM veratridine was added, in a11 cases the 

inf1ux of ca2+ was c1ear1y stimulated and, as expected, this 

stimu1ation was prevented by substitution of Na+, in the rnedium 

by choline+ (see the top right three recordings in Fig. 2). Both 

in the presence or absence of Na+, the addition of A23187 produced 

a rapid inf1ux of ca2+ into the synaptosomes, fo11owed by a s1ow 
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apparent decrease in [ca2+]i. Wh.en 1.2 mM sodium phosphate was 

added to the medium .. such·:.decrease was prevented (results not 

shown) and an iricrease·~·ir1·;:.the .spontaneous influx of ca2 + was also 
- .:,,C,-·'~·, 

observed. This suggest 'th'af':'.fb.is dec:rease in [ ca2 +] i is due to the 
' t ',(~;, ·: ·-, 

uptake of ca2+ by sbme.':Lfi~#¡it;;,rn\:i.nal stores (16). because phosphate 

would be mantaining .·¡~·:'.·;t~~-.;'~~ssible to ca2+_buffering systems. The 

observation that this apparent decrease of [ca2+J i was not observed 

in liposomes (compare Figs. l and 2 after A23187) supports this 

conclusion. 

In order to measure quantitatively the changes in [ca2 +]i 

produced by veratridine and by A23187, the differential absorbance 

changes (660-690 nm) of the dye-Ca complex were calibrated at 33ºC 

in a buffer of the following composition (mM): KCl 100, NaCl 4, 

MgCl2 2 and HEPES 10 (pH 7.0), to simulate the intracellular ionic 

rnedium. We selected the pair 660-690' nm in order to minimize the 

effect of Mg2+ on the absorbance of arsenazo III-Ca complex (10, 

13). At 0.20 mM of the dye, the total calcium was varied from 

0-400 uM, in the presence of 0.264 rnM EGTA fer buffering ca2+. 

Using 26100 as molar extinction coefficient (l cm path length) of 

the arsenazo III-Ca complex (14), we obtained a linear relation 

of differential absorbance changes as a function of ionized calciurn. 

Assuming a l:l arsenazo III-Ca complexing we obtain an apparent 
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an apparent dissociation constant of 10-6 uM, which is in the 

range of that obtained in pther 1aboratories at various ionic 

strengths 10, 14, 17 >- Recent1y it has been demostrated that 

arsenazo III forms 2:1 comp1exes with ca2+, but the assumption 

1:1 is va1id for ca1ibration ca1cu1ations beca use the 6[ca2-j for 

/).A = .1Amax/2 has a va1ue simi1ar to the apparent dissociation 

constant obtained under that assumption if the same dye 

concentration is a1ways used (17)_ According to our ca1ibration 

system, a ~A660-6~0 of 0_001 represented a 

Therefore, a change of approximate1y 0-198 uM in the [ca2 +]i 

occurs within one min- after the addition of 7-5 uM veratridine 

to arsenazo III-1oaded synaptosomes, whereas the [ca2 +]i change 

after A23187 addition is approximate1y five times 1arger (Fig_ 2)-

In order to discard unspecific changes in absorbance we a1so 

performed the synaptosomes-1iposomes fusion exact1y under the 

same experimenta1 conditions described in Fig 2 but in the 

absence of arsenazo III, or without La3+ to avoid fusion_ In this 

case we did not detect any appreciab1e change in the absorbance 

(at the maximurn sensitivity used) when adding CaC12, veratridine 

and A23187 to the cuvette-

In order to have an idea of the intrasynaptosoma1 

concentration of free arsena.zo III, synaptosomes 1oaded with the 
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dye as described in Fig. 2 were sedirnented by centrifugation and 

resuspended in Na-SK rnedium,:containing 0.4% Triton X-1.00. 

Irnmediatel.y after the addit:i.._on-of the detergent, the suspension 

turned bl.ue-green, possibl.y because of sorne contarninating La3 + 

that was used to induce fusion, which becarne accessibl.e to the 

rel.eased arsenazo III. This suspension was centrifuged at 1.00,000 g 

fer 30 rnin. and l. mM EGTA was added to the supernatant in order 

to chel.ate La3 + and thus obtain free arsenazo III. By measuring 

the absorbance of this supernatant·at 570 nm and fol.1.owing the 

assumption of Bl.austein (6) fer the cal.cul.ation of the synaptosomes 

vol.ume per mg protein, we concl.uded that the concentration of 

arsenazo III in the fused synaptosomes was within 0.4-0.6 mM. 

These rel.ativel.y high concentrations of arsenazo III permit a 

hi~h ca2+ sel.ectivity, but the ca2+-buffering capacity of the dye 

may be increased (1.7). 

The resul.ts presented in this paper demonstrate that the 

fusion of synaptosomes with unil.amel.1.ar 1.iposomes prepared in the 

presence of high concentrations of arsenazo III is an adequate 

procedure fer introducing the dye into isol.ated nerve terminal.s 

and that it can be used for measuring changes in their [ca2+]i. 

To our knowl.edge the present report constitute the first successful. 

. [ 2+]. h atternpt to measure directl.y Ca i e anges in nerve endings 

frorn marnmal.ian centrai nervous system. 
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Figure J..egends: 

Fig. J... In:EJ..u.x of - ca2 + into phosphatidyJ..choJ..ine-::-phosphatidylserine 

J..iposomes iri. a.:.mledium- pontainin~ _(mM) : · l.35 NaCl;~ 50::KCJ..¡ J..O gJ..ucose; 

:::::::=ti~=~~~~~¡~¡~~tBBilf ~~iil~jt::g~ 
._ ~ ·'· ... ·--~: ::::;)'. :::,;:\·:· ... :e:~~:;";:.-··._·-._~,- ~<~tt{r~,1~;;:;-,(~:·;_~-·,~s-z~;~ ~l~§\~:i:}~·::,:_::.f~-~~~:;15>~s::{:;·.; ~ ::~~ .. :- .-/:;~:¡':;-;- .. ,.." .. ·,·'./ \ .. -_.,.-~ -.:· •. '.:-" ... _:. 

with J..0 ,_rng :of:._,dry,;:phospga_t:Lc;iy=!-'s_érin·e·'.• (b'oyine-·brain:extract, 
. ':\ . ;,:.\~·:·/_~~:~-,:~~'.~;-:··~~;.'.r~~;,,:~;3:f.}1:~t~:~/-;t~}~h~;f:~?:]~H;.f~f{~l(t~~~~f~~~~~(~fü~~:.:~fJ1P.:;'t~'.~~-f.'.X::.>_~-=-~ :,- ·· - . "'.,' .:'.: --

type :IJ7I~. c6ritá.íriii-J.Cj:;:ao·:;.a5%:'pnosphati.dyJ..se:i::-ine, 5..;.J..0% cerebrosides 
é: -- : .::~· - .- . -.· . º :~~- -. -~·X; -;-:,:,-.!~~,>:·~¡;:j';~~;.~~;~{tff;~il1};~;l'.f~i~~:!::~:.~:;';,·::\~:-\. '.· .. .' 

<.'>nd 5% phosphatidic acid;-'from-;.Sigma) This mixture was dispersed 

by vortexi.:n:g- - in J.. ini -;;~i-~6'}~~ --~~<::;:,se containing J..9.3 mM 

:::~::~::::: =~:~~i~~~:::i::::E::::::::,:::~:::::::~od 
.:_,;_.,,.,., 

UniJ..amelJ..ar J..ipci_~.;)r/,;¡{,i/ _(o.s-J...O mJ..) were then fiJ..te:ced trough a 

Sephadex G-:-50/:·c;:~¡~,'(30 cm x J.. cm), previou.sJ..y equilil:>rated with 

0.32 M glu.cose, in arder to separete the arscnazo containing 

J..iposomes fr ,_-;m the arsenazo free in the rncdiurn. The J_j_posomes 

J..oaded with arsenazo III (abou.t 3.0 mJ..) were obtained in the 

void voJ..ume. The in:EJ..ux of ca2+ into this fraction (about 2.6 mg 

phosphoJ..ipid in the assay) was stu.died by measuring the 

differentiaJ.. absorbance change at 660-690 nm in a3rnJ.. cuvette 

(J.. cm path J..ength) in an Arninco D"'>"1-2a spcctrt.:-l->hotorneter, at 33ºC. 

Th:Ls change reprcsents the formati.on of che arsenazo III-Ca 



comp1ex. The symbo1s indicate the addition of the fo11owing 
- ' . . 

compounds ., ~ru3. its final concentration :in,the' :cuvette: ·.La3.+, 
. . . . . - . . . - . -. ' 

0.13 :uM~fy:i~'.~§l::n~T:· 2 mM Sª.c~2r ~t ?: 7,s;µk;~~tf~~~'.~ir1e.~Js:i.gma) 
A, 2 ug· ,Cá~ionophore A23187_ '{i~r.~:':~~.s~~~~;:~~~~:::\~,):.~· ~E~~ji ,group of 

threú~~,¡~~,t~:u::: .ª:u:epr.~en¡osi;<>?Pe~siv,;' aadihons of 
the , . . Aé[;~.~~i·~~'·~~f~~"4~#~~±.~U,~ e;periments. 

Fig. 2 ;;,' ch~ri:~es of [ca2:J i in .synapt.;somes. ·. Synaptosomes from 

mouse .brain, prepared as described by ·Hajós {18), were fused 

with the phosphatidy1cho1ine-phosphatidylserine 1iposomes 

containing arsenazo III, which were prepared as described in 

the 1egend of Fig. l. For the fusion, fresh1y prepared synaptosornes 

{about 3 rng protein, resuspended in _1 m1 of 0.32 M giucose) 

were mixed with the arsenazo III-loaded liposomes {about 13 mg 

phospholipid) in the presence of 400 uM LaCl3 to induce fusion 

{19). After 10 min incubation at 37°C the mixture was centrifuged 

at 24000 g for 10 rnin to e1iminate nonfused 1iposomes and the 

excess of La3+, which rernain in the supernatant. The synaptosome-

liposome pe11et was resuspended in' O. 5 mi of the Na-5K rncdium, 

or in choline-SK rnedium, in wh:i.ch the NaC1 was substituted by 

equimolar choline ch1oride concentration. To measure the changes 

in fra2-ij i, 0.2 ml of the synaptosomes-liposomes fraction was 

di1uted with 2.8 rnl of the same resuspension mediurn, cquilibrated 



at 33°C for 15-20 min and the changes in AA66_0-690 were measured 

as desé:ribed in the l.egend_ of Fig. 1. The symbol.s for the 
.. _;...'_-·· 

addi tioris are : a0;;'iind::lcated for Fig. 1. Three independent exper iments 
.·!;, __ . 

for each .rriaá.iurii ·a:C'é.'sh.own f.;r veratridine effect, and two for the 
::..··: 

effect of A23ik~.:·· 
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