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I NTRODUCCTION

Desde los estudios de Ringer (Ringer, 1882) en relacidén

con la importancia del CaZ2+ extracelular en la excitabilidad del
miisculo cardiaco, se ha descubierto que. este catidn tiene una

funcidn central en la comunicacidn celular a diferntes niveles

(Scarpa y Carafoli, 1978).

Algunas de las funciones bioldgicas del Ca son (Ashley y

Campbell, 1979; Duncan, 1976):

1) Funcidn estructural. El Ca se encuentra como precipi

tados de fosfato de Ca en estructuras esgqueléticas (Montgomery

et al., 1977): y el Ca también se encuentra unido a fosfolipidos

Y a proteinas para el ensamblaje ¥y estabilizacidn de la membrana

bioldgica (Gitler,1972). ——

2) Cofactor de enzimas extracelulares. La via del comple

mento regquiere de Ca durante la lisis celular inducida por anti-

cuerpos (Porter y Reid, 1978). El1 Ca también es cofactor de la

transformacidén de protrombina a trombina durante la coagulacién
de la sangre (Montgomery, et al., 1977).

3) Funcidn eléctrica del Ca. El Ca funciona como estabili
zador y como acarreador de corriente en membranas excitables
(Frankenhauser y Hodgkin, 1957.; Bakex, 1972).

4) E1l Ca libre intracelular (Ca2+i) como un regulador.

En la tabla 1 se muestran algunas de las actividades celulares

gque dependen de la concentracidn de ca2+i, asi como los estimulos
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que las desencadenan. Se ha demostrado gque diferentes estimulos

inducen cambios en la concentracidn de ca2%ti, por lo gue se ha

sugerido gue este catidn funciona como un ‘'mensajero' intracelular

(Rasmussen, 1970).

Bl ca2ti, a diferencia de otros cationes intracelulares,

tiene dos propiedades particulares: a) la concentracidn de Ca2%i
es mantenida a niveles muy

Pajos (10 nM - 1 uM) en relacidn a la

concentracidn extracelular (de 3 - S ordenes de magnitud de d4i-
ferencia); y b) durante la actividad celular el cCa2+ti fluctua

sobre esos niveles muy bajos, y por lo tanto su concentracidn
debe ser regulada muy eficientemente, ya gue diferentes reacciones
intracelulares son sensibls a cambios en la concentracidn de Ca2+ -

en el rango micromolar (Carafoli y Crompton, 1978).

Entre los cationes méds abundantes y biologicamente impor
tantes, como el Nat, el Kt y el Mg2t, el ca2+ tiene ciertas
propiedades fisicoguimicas que le permitieron ser seleccionado
_dureante la evolucidn como un regulador y un 'mensajerp intra-—
celular:

Los iones monovalentes se mueven rapidamente y en gran

proporcidn a través de la membrana, pero sus interacciones con

otras moleculas en la fase acuosa y en las interfases son relativa
mente débiles. Poxr otro lado los cationes trivalentes (si bien no

no se encuentran en los organismos vivos) interaccionan fuerte-—
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mente con otras molé&culas pero no pueden ser transportados con

eficiencia a través de la membreana. En cambio los cationes di-—

valentes pueden moverse a través de la membrana en forma relativa

mente limitada, pero muestran un amplio rango de constantes de

asociacidn con moléculas bioldgicas tanto en interfases membra-—

nales como en la fase acuosa; ademis los sitios de gquelacidn &

los ndcleos polares de polipéptidos y proteinas son mds compati

bles con el radio idnico del Ca<?*t (1.0 A) que con el del Mg2+

(0.7 R) (Urry., 1978). Por estas razones podemos explicarxr pog&ue

los cationes monovalentes, como el Nat y el KXK', estan relaciona

dos primariamente con corriente idnicas transmembranales, gue son

responsables por ejemplo de las propiedades bioeléctricas de las

membranas excitables; y porque el Ca2+ se relaciona en primer lu

gar con la modulacidén de las interacciones selectivas entre macro

moléculas en el interior de la célula.

En tejidos excitables las funciones mas ampliamente

aceptadas para el ca?2+* se relacionan con el acoplamiento entre

la excitacidén y la contraccid4n en el misculo, y con el acopla-—

miento entre la excitacidén y la secrecidn en las terminales ner

viosas y en algunas glé&ndulas enddcrinas. Para esto Gltimo se

'propone gque la accidén del ca2+ se relaciona directamente con el
mecanismo de la exocitosis de las vesiculas gue contienen el

neurotransmisor o la hormona (Llinds y Heuser, 1977; Thorn et al.,

1978) .



Si bien para la placa neuromuscular existen evidencias
gque demuestran gue la acetilcolina se libera de una poza de al
macenamiento gue se localiéa en las vesiculas sindpticas (Heuser
v Reese, 1973; Heuser et al., 1979; Tauc, 1l979); en el caso de
los aminodcidos propuestos como neurotransmisores adn se desco
noce el origen de la liberacidn espontdnea y de aguella produ-
cida por despolarizacidn, es decir gue no siempre se relaciona
con el contenido de las vesiculas sindpticas. Existen algunos
datos gue sugieren que los aminodcidos neurotransmisores se 1i
beran de una poza soluble o citopldsmica de la terminal sindapti
ca (De Belleroche v Bradford, 1977). Para el &Acido “Ylaminobuti-
rico (GABA), gque es el neurotransmisor mé&s ampliamente distri-
buido en el SNC de mamiferos (Krnjevié&, 1974; Curtis, 1975), se
ha postulado la existencia de una liberacidn tdnica (independien
diente dé desﬁolarizacién) gque seria responéable de la regula-—
cidn de la excitabilidad a través de una inhibicidn continua
»(Tapia.l974). Dicha liberacidn se llevaria a cabo a través del
acoplamiento entre la sintesis y la liberacidn del GABA; pero
el factor de acoplamiento también sexria el ca2+, yva gque se ha
demostrado gue la glutamato descarboxilasa (enzima responsable
de la sintesis del GABA) es capaz de unirse, en presencia de
ca2+, tanto a membranas sinaptosomales (Fonnum, 1968) como a

membranas de fosfolipidos (Covarrubias y Tapia, 1278; 1980):



es decir gue la enzima unida a la membrana sindptica por medio
del ca?* estaria acoplada a un sistema gue liberaria el GABA
recién sintetizado, de tal manera gue el ca2+ bien podria ser

el regulador de esta unidén y por lo tanto también de la libera

cidn ténica de GABA. El mecanismo de liberacidn propuesto seria

dependiente de ca2+, independiente de despolarizacidn y no seria

vesicular.

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

tesis se estudiaron las caracteristicas de l1a unidn de la glu-—

tamato descarboxilasa a membranas de fosfolipidos, asi como las

propiedades cinéticas de la enzima unida y de la enzima libre:
encontrandose gue la unidn es de naturaleza primariamente idnica
v gque la enzima unida es mas suceptible a la regulacidn de su

actividad por la coenzima (fosfato de piridoxal).

Hemos propuesto que el acoplamiento entrxe sintesis y
liberacidn de GABA podria ser un proceso regulado por Ca2%ti,
sin embargo para poder correlacionar estos fendmenos seria impor
tante cuantificar el Ca2+i en las terminales nerviosas aisladas.
En la actualidad el estudio del Ca2+ti como un regulador esta 1i
mitado debido a gue en ciertas preparaciones celulares (placa

neuromuscular) y subcelulares (sinaptosomas) es dificil medir

directamente los cambios en la concentracidn de este catidn,

puesto gque por su tamafio no son accesibles a las técnicas electro
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fisioldgicas de inyeccidn y iontoforesis. .Son basicamente tres
los métodos que se han utilizado para medir el ca2%i en combina

cién con técnicas electrofisiolégicas (Ashley y Campbell, 1979) :

1) Fotoproteinas sensibles a Ca2t (Llinds y Nicholson,
1975) .

2) Indicadores metalocrdmicos sensibles a ca2+ (Gorman
Y Thomas, 1978).

3) Microelectrodos sensibles a ca2+ (Ashley et al., 1978).

Un buen método para cuantificar el caZ?ti deberd cubrir
los sigﬁientes cxriterios (Ashley y Campbell, 1979):

1) Sensibilidad y selectividad por el ca2+. El mé&todo

deberd ser sensible al Ca2?* por lo menos hasta 0.1 uM & 10 nM.

Debido. a gque la concentracidn de M92+ en el citoplasma esta en

tre 1 ¥y 5 mM, el método deberd ser altamente selectivo por el

ca2+ en relacién al Mg2+t.

2) Velocidad de la respuesta. E1 método deberd ser lo

bastante rdpido para detectar cambios en la concentracidn del

ca2*i en el rango de los milisegundos, yva que los eventos invo

lucrados en la comunicacidn neuronal a corto plazo se llevan a

cabo dentro de ese rango temporal.

3) Distribucidn. E1l método deberid permitir estudiar la

distribucidn del ca2t en el citoplasma durante diferentes condi

ciones experimentales.

4) Accesibilidad a las cé&lulas. El1l método deberéd permi



tir la penetracidn del indicador al interior de la cé&lula.

5) Tolerancia bioldgica. El método no debera causar

dafio a las propiedaées fisioldgicas y bioguimicas de la

célula y no deberd alterar en forma importante el eguilibrio
del ca?*i.

Algunas de las preparaciones en las que se ha logrado

- . . . 2+,
medir directamente los cambios en la concentracidn de Ca i

son: en miisculo esguelético de rana y en fibras musculares de

cangrejo (Miledi et al., 1977; Sudrez-Kurtz, 1979); en axdn
gigante de calamar (Brown et al., 1975; DiPolo et al., 1976);:

en la célula R-15 del ganglio abdominal de aplisia (Goxrman y

Thomas, 1978); y en los fotoreceptores ventrales de Limulus

(Brown et al., 1977). Todas estas preparaciones permiten el

uso de las técnicas electrofisioldgicas de inyeccidn.

En la segunda parte de esta tesis mi objetivo es demos

trar gue es posible medir cambios en la concentracidn de ca2+ji

en sinaptosomas utilizando el indicador metalocrdmico arsenazo

ITXII. Este colorante ha sido muy bien caracterizado y cubre los

criterios anteriormente mencionados (Kendrick et al., 1977

Scarpa et al., 1978; Thomas, 1979). Esto permitird correlacionar

N - N +. .
directamente un cambio en la concentracidn de Ca2 i con cualguier

fendmeno fisioldgico gue a nivel molecular se supone esta regula-

do por ca?2t en las terminales nerviosas del SNC de mamiferos.
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Braln _G]utamfltve‘;'Decal boxylase Pr operties of Its
Calcmln D pendent Blndlng to: prosonues and Kinetics of
S ,,the Bou'nd and the Flee Enzyme

I\'Iailutzl Cbovarrubia's and Ricard6 Tapia

Departamenio de Neurociencias, Centro de Investigaciones cn Fisiologia Celular, Universidad Nacional Auténoma
de México, Apartado Postal 70-600, Mdéxvico 20, D.F. Mdxico.

Abstract: In the present work we describe several propertics of the Ca®*-

dependent binding of glutamate decarbosylase (GAD) 1o phosphatidylcholine-
- phosphatidylserine liposomes. The hinding occurs very rapidly, is dependent
on tcmperature in the range 23--37°C, is inhibited up to 3597 by K* in a
conceniration-dependent muanner, and is slightly increased when lhu diclectric
constant of the medium is decreascd by 3% cthanol. The association
of GAD and liposomes is very firm, since EGTA displaces only 409 of
the bound enzyme. and Triton X-100 about 53%7. Since appnrently only
part of the total GAD is ulle to bind to the liposomes. and in a previous study
1wo forms of GAD activity have been identified Kinetically, we comjpured the
actisations by pyridoxal 5’-phosphate (PILLP) of the ~oluble und the bound
GAD, as well as their inhibition by PLLP oxime-C-acetic acid. The bound GAD
wis activiated 150--263%7 by 107710 107* 81-PLLP, whereas the activation of GAD
that remained soluble was only 65— 11097 in the <aumne PILP concentration range.
In the absence of PLP, the bound GAD was less inhibited by the PLP oxime-
O-acetic ucid than the soluble GAD, but the inhibition was similar when 0.1
mn-PILLP was added. In contrast, activity of both the <oluble and the bound
GAD wus totully blocked by aminooayacetic acid. Endogenous PLP did not
bind to liposomes under the expeorinmental conditions inducing GAD binding.
We conclude that the binding of GAD to negatively charged liposomes is
primuarily ionic. Furthermore. the GAD molecules that bind 10 the liposomes
scem 1o be deficient in free PILP and, therefore. are probably more susceptible
to regulation by the coenzyme. These conclusions may be relevant to the
hypothesis of a coupling between synthesis und release of GABA in inhibitory
nerve endings. Key words: Glutamate decarboxyluse—Liposomes—
Calcium—Pyridoxal phosphate~—Protein-phospholipid intcraction.

We have postulated that brain glutamate decar-

cation (Covarrubias and Tapia, 1978) we have
boxylase (GAD; rL-glutamate-l-carboxylyase, EC shown that GAD present in a soluble preparation of
4.1.1.15) plays an important role in the regulation of brain tissue binds to phosphatidylcholine-
CNS excitability through the coupling of the syn- phosphatidylserine multilamellar liposomes in a
thesis and the releasc of GABA (Tapia, 1974; 1975; Ca®*+*-dependent manner. The binding seems to
Tapia et al., 1975). Because this coupling must be a be specific for GAD and does not occur with
membrane phenomenon, the possibility that some phosphatidylcholine liposomes lacking phos-
form of GAD may bind to membranes is particularly _phatidylserine. The uscfulness of this type of phos-
relevant to this hypothesis. In a previous communi- ipi

pholipid vesicles as an experimental model for

Rececived August 29, 1979: accepted December 7, 1979. Abbreviarions used: GAD, Glutamate dccurboxylase; PLP,
Address reprint requests to Ricardo Tapia. Pyridoxal 5°-phosphate.
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I’I\'()I'ER'TIES OF GLUTAMATE DECARBOXYLASE BINDING

studying the binding of GAD to membrianes was
muade evident by the similarity of these results with
those reported with synaptosomal membrancs
(Fonnum, 1968). In the present paper we report
several physicochemical properties of the Ca®*+-
dependent binding of GAD to phosphatidylcholine-
phosph.nld\'l\crmc liposomes, and wec propose a
mechanism for this binding.

Becatse .tpp.arc_nlly only part of the population of
GAD molecules is cipuble of binding to hposomcs,
the possibility cxists that this populuation is different
from thaut which remauins soluble (Covarrubias und
Tapia, 1978). Therefore. the kinectic properties of
GAD bound to liposomes were compared with
those of the soluble enzyime.

The results obtained indicate that the binding
mechanism is primarily jonic. Some differences in
the activation by pyridoxal 5’-phosphaute (PLP) and
in the inhibition by pyridoxal phosphate oxime-O-
acetic acid were found between the soluble GAD
and the GAD bound to liposomes. These differ-
ences scem to be due to the preferential binding of
GAD molecules devoid of PLLP.

MATERIALS AND METHODS

Binding Experiments

The enzyme prepuration. the preparation of liposomes,
the binding incubation conditions, and the mcthod used
for GAD activity determination were all as previously
described (Covarrubias and Tapia, 1978). Bricfly, lipo-
sames were obtained by shaking a 3% witer suspension
of phosphatidyicholine-phosphutidylserine mixture (4:1
by wt.) under nitrogen atmosphere. Liposomes and the
cnzyme preparation (100,000 g supcrnatant of mouse
brain homogenates prepared in water containing 0.1
m»-PLP) were incubated in the prescnce of 2 mat-Ca®*
and 0.1 mM-PLP during various time periods, at 37°C, or
at different temperatures for 20 min in a volume of 8.5 or
4.2 ml. The pH wus 6.8--7.1, und 1the rutio of phospholipid
1o protecin was 1.5 (w/w). The binding was stopped by
centrifugation at 100.000 g for 30 min at 0—-4°C. GAD
activity was measured in the supernatant and in the
liposomal pellet resuspended in 1—2 ml of 0.4%% Triton
X-100 containing 0.1 m»-PILP. The zero-time values were
obiained by mixing the enzyme preparation and the lipo-
somes at 0—1°C in a centrifuge tube and centrifuging im-
mediately. Protein was determined by the method of
Lowry et al. (1951).

In some experiments the ionic strength of the binding
medium was increased by adding different concentrations
of potassium acetate. In un cffort 10 decrease the diclec-
tric constant of the medium, ethunol was added in some ex-
periments to give a 3% (v/v) final concentration. This
ethanol concentriation does not inhibit GAD activity (Wu
and Roberts, 1974). The change in the diclectric constant
was assessed by measuring at 37°C the conductivity of a
Ca®* aqueous solution containing 3% cthanol: a 14%
decrease of the conductivity was observed.
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Binding Stabiliry

Some experiments were carried out in order to study
the reversibility of the binding of GAD to liposomes.
After binding as described above. in 2 volume of 4.2 ml,
the stability of the hinding was tested by resuspending the
liposamal peliet in 4 ml of vurious solutions of 0.7 mm-
PLP, 1-2 mM-EGTA. 0.2-1% Triton X-100, and a mix-
ture of 2 mat-EGTA und 157 Triton. Aficr a few minutes at
0—4°C the suspension was centrifuged aguin at 100,000 g
for 30 min. The pecllet was resuspended in 1—-2 ml of 0.1
mat-PLP, and GAD aclivity wias measured in the two su-
pernatants, in the final pellet, and, in order 1o calculate
the recavery, in an aliquot of the cnzyme preparation.
The average recovery in all eaperiments was 705,

Kinetic Sindies

In the presence of several concentrations of glutamate
and PL_P the activities of GAD were obtained both for the
enzyme bound to the liposomes und for the soluble en-
zyme. In the experiments in which PLLP concentration
was viried, this coenzyme was omitted from all the media
used for GAD preparation, binding incubation, uand
liposomal resuspension. The effect of aminooxyacetic
acid and its PILP oxime (PLP oxime-O-acetic acid), which
is un inhibitor acting cxclusively on free Pl.P-dependent
GAD activity (Tapia and Sandoval, 1971; Bayén et al.,

I
1977a.b). was ulso assessed on baoth the liposome-bound”

and the soluble GAD, in both the zbsence and the pres-
cence of 0.1 ma-PILP. In ull kinctic experiments the bind-
ing incubution volume was 8.5 mi, and the liposomal pel-
let was resuspended in enough water to obtain the neces-
sary volume for mcasuring GAD activity simultancously
ut the <cveral glutamate or PLLP concentrations used.

Binding of PIL.P 1o Liposomes

In one scries of experiments the binding of endogenous
PLP to liposomes wis studied. The incubation conditions
were as described above for GAD binding. except that
exogenous PLP was never iadded to the media for enzyme
preparation, binding incubation, or liposomal resuspen-
sion. Endogenocus PLP concentration was measured in
the cnzyme tion and in the liporomnal supernatant
after incubation by the apoiryptophunase method of
Wada et al. (1957), as modified by Minard (1967). Previ-
ous 1o PLP measurement, the samples were deproteinized
with perchloric acid: the latter was removed by ncu-
tralization with KOH and subsequent centrifugation of
the potassium perchlorate formed. The difference be-
tween the PLP content of the enzyme preparation and
that of the liposomal supernatant represented the binding
of PLP to liposomes.

Marerials

L-a-Phosphatidylcholine from cgg yolk (type V-E) und
phosphatidylserine (bovine brain extract, type 111, con-
taining 80-859% phosphatidylserine, 5—-107¢ cere-
brosides, and 5% phosphatidic acid) used for liposome
preparation were from Sigma Chemical Co. (St. Louis,
Missouri). We have shown previously that the sume GAD
binding results are obtained when a pure phos-

I Newrochem., Vol. 34, No. 6. 1950
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phatidylserine is used (Covarrubias and Tapia, 1978),
P1.P and E. coli tryprtophanase (grade 1) were also from
Sigma. Apatryptophanuase was obtained by diulysis for
20~24 h of the tryptophanase aguinst water at 0—4°C,
PL.P oxime-0Q-ucetic acid was synthesized from PLP and
aminooxyacetic acid as previously described (Tipia and

Sandoval, 1971). All other nonradioiactive chemicals used
for ays were from Sigma. pDL-[ - Clglutamic acid was
obtained from Ncw Englaind Nuclear (Boston, Mas-

sachusetts) or from the Radiochemical Centre (Amer-
sham, U.K..

. RESULTS
Binding Experiments

As scen in Fig. 1, the major portion of GAD
binding is very rapid. Immediately, 3222 of the en-
zyme is bound to the liposomes, and this value in-
creases progressively to a maximum of about 45%
at 20 min. The binding is independent of tempera-
ture in the range 1 —23°C, increascs sharply between
23 and 28°C, and rcaches an apparent maximum at
37°C (FFig. 2).

When the fonic strength of the medium was in-
creased with potassium acctate, the binding of GAD
was considerably blocked. The inhibition varied
from 157 at 12.5 or 25 m»-K* 1o 32%¢ with 100
ma-K* (Fig. 3). In coatrast, when the diclectric
constant was reduced by the addition of 377 cthanol,
a slight increase of GAD binding (2192, mean of
three experiments) was observed at a 2 mMm-Ca+t
concentration.

Dissociation of Bound GAD

In order to study the strength of the GAD-Ca?*-
liposome association, attempts were made to dis-

50 -

(a)

% BOUND TO LIPOSOMES PELLET

20 1 1 1 :
5 10 15 20
MINUTES

FIG. 1. Time course of the Ca?"-dependent binding ot GAD to
phosphatidyicholine-phosphatidylserine liposomes. Lipo-
somes vrere incubated with the enzyme preparation at 37°C
in the presence of 2 mm-Ca?” for the times indicated. and the
feaction was stopped by centrifugation, as described in Ma-
terials and Methods. The percent bound was obtained con-
sidering as 100% the value of the pellet plus that of the su-
pernatant. Mean values of the number of experiments shown
in parentheses = s.e.m.
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(a)

% BOUND TO LIPOSOMES PELLET

30 1 I 1
=] 20 30

°c
FtG. 2. Ca? -dependent binding of GAD to liposomes as a
function of temperature. Liposomes were incubated with the
enzysrne preparation for 20 min at the indicated temperatures.
tean values of the number of experiments shown in par-
cntheses = s.E.m.

place the GAD bound to the liposomes. For this
purpose, we tested 0.1 my-PLP, 1—-2 mM-EGTA,
and 0.2—19% Triton X-100, as described in Methods.
Waushing of the GAD-lipesomes pellet with PLP
aor EGTA resulted in a dissociation of 3297 and
419, rcspectively, of the GAD bound, whereas
Triton X-100 at any of the concentrations used
dissociated 56%7 of the bound enzyme (Table 1).
In one experiment, the addition of a mixture of
2 mM-EGTA and 19 Triton X-100 did not in-
creise the dissociation produced by the detergent
alone.

Kinctics of Bound GAD and Soiuble GAD

In order to study the possibility that only one of
the two forms of GAD which we have postulated

(4}

% BOUND TO LIPOSOMES PELLET

20 P T PRSI S 1 N
25 So 75 100
x*] mm

FIG. 3. Effect of K- onthe Ca’ -dependent binding of GAD to
liposomes. Ca?" (2 mr1) and the indicated concentrations of
potassium acetate were present during 20 min incubation at
37°C of the liposomes with the enzyme preparation. Mean
values of the number of experiments shown in parentheses =
s.e.m. In the inset, the percent inhibition of the binding is
plotted as a function of K- concentration.
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TABLE 1. Dissociation of the GAD bound 10 liposomes

Treatment of

liposomal pellet % of bound GAD released

PLP (0.7 m») 31.6 = 3.8 (3)
EGTA (1 or 2 ma) 41.0 = 4.5 (&)
Triton X-100 (0.2 —-15%)" 55.8 = 6.2 (6)

Aficr binding incubation the liposomal pellet was resuspended
in the indicated solution uand centrifuged aguin. us described in
Mcthods. Meun values of the number of cxperiinents shown in
parcentheses = S.E.A1L

“ Similar values were obtained with 0.2, 0.4, 0.6, und 197
Triton X-100.

(Tapia and Sandoval, 1971; Bayén et al., 1977b) is
capable of binding, we compuared the activity of the
GAD bound to liposomes and that of the scluble
GAD in the presence of different concentrations of
PI_P at a saturating glhitamate concentration (20
ma) and in the presence of increasing glutumate
concentrations at a saturating PLP concentration
(0.1 mMm). The endogenous PLLP concentration in the
GAD assay mixture (0.7 x 1077 a, meuasured as
deseribed in Mcethods; sce below) is negligible com-
pared with the smallest PLP concentration used for
obtaining the PLP curves (10-¢ a): therefore, this
valuc was not considered in the curves. As is shown
in IFig. 4, the activation of GAD by PLP, expressed
as perceentage of the vialue in the absence of exoge-
nous PL.P, was much greater in the liposomal pellet

A00 o~
2 300
(=]
o
=
=
Q
(=]
w
o
*® 2zoo |
100 1 . -
-6 -5 -a

[PLF] log ™M

FI1G. 4. Activation of the soluble GAD and of the GAD bound
to liposomes by different concentrations of PLP. (O) GAD
original preparation (100,000 g homogenate supernatant);
(Q) GAD in liposomal supernatant; (A) GAD in liposomal
pellet. No PLP was added to the enzyme preparation, the
incubation medium, or the pellet resuspension medium. The
control (100%%) refers to the activity in the absence of exoge-
nous PLP. Each point is the mean value of three experiments
for 10°®* and 10-* m-PLP and seven to nine for 10-* 1a-PLP.
The s.e.ra. of the points varied from 1.3 to 5.29: of the corre-
sponding value.

than in the liposomal supcernatant or the original
GAD prepiaration. Whercas the bound GAD was ac-
tivated 150-265% by 107¢ to 10-* n-PLP, the acti-
vation of the GAD that remaincd soluble was only
65—11077 at the sume PLP concentration range. The
K, for PLP was similar for the bound GAD, the
soluble GAD. or the original homogenate superna-
tant (3.8 X 1077 a1, 4.0 X 1077 M, and 1.3 X 1077 M,
respectively: Fig. 5). A slight, and probably insig-
nificant, diffecrence was found between the XK, of
the bound GAD and the soluble GAD with respect
to glutamate (5.6 m»t and 3 inM, respectively; Fig.
6). The Vg, of the GAD bound obtained in the PLP
plot was about 2.76 times that of the soluble enzyme
(Fig. 5). This is consistent with the difference ob-
served in the glutamate plot, in which the V., ratio
Lound/soluble was 3.0 (Fig. 6).

In an attempt to corrclate the observed differ-
ences in the activation by PLP with the presence of
frce PLP-dependent and frece PLP-independent
forms of GAD activity, previously postulated on ki-
netic bases (Baydén et al., 1977b), we studicd the
inhibition of the liposome-bound und of thé soluble
enzyme by uminooxyacctic acid and PLLP oxime-
O-acctic acid, in both the absence und the prescnce
of 107! »-PLP. Although the former compound in-
hibits both types of GA D activity, the latter appcars
to block only the frece PLP-dependent actlivity
(Tapia and Sandoval, 1971: Bayon et al., 1977a).
Tuble 2 shows that with 1071 »-PILLP this PLP-oxime
produced about the same degree of inhibition
(66 —70%%) in the bound und the soluble GAD; but in
the absence of added coenzyme, the soluble en-
zyme was considerably more inhibited than the
bound enzyme (509 and 25%, rcspectively). In
contrast, aminooxyacetic acid notably inhibited
both enzyme preparations (Table 2).

20
L
>
~ 10 -
— ;—-—‘*-/
S
2 1
o 05 10

1/PLP
FIG. 5. Double reciprocal plot of GAD activity (v = c.p.m. x
10-¥mg protein) as a function of PLP concentration (uM) in
the original preparation (©), liposomal supernatant (A), and
liposomal pellet (D). Same experiments as those of Fig. 4.
tMean values of three to nine experiments.
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FIG. 6. GAD activity in liposomal! supernatant {(A) and
liposomal peliet (IT7) as a function of glutamate concentra- L
tion: S{mm)v (c.p.m. x 10°3mg protein) vs S (mw). Mean
values of two to threce experiments.
Binding of PLP -

The differences in the activation and inhibition
between the GAD bound 1o liposomes und the solu-
ble GAD, described above, could be accounted for
by differences in the concentration of PLP in the
liposomes pellet and supernatunt. In order to test
this possibility, we studied the binding of endoge-
nous PLP to liposames in the presence of Ca®~, as
described in Mcethods. The resulis of these ex-
periments are shown in Fig. 7. It can be scen that all
the endogenous PLP remains soluble after incuba-
tion under conditions identical to those of GAD
binding. In other experiments the bound enzyme (in
the absence of PILP) was dissociated from the lipo-
somes with 0.79¢ Triton X-100, as described above,
and its activation by 10-4 »1 PLLP was studied. The
aclivation was similar to that of the cnzyme as-
sociated to the liposomes (224%¢; mean of two ex-
periments).

DISCUSSION
Rinding Characteristics

The sharp increase in GAD binding observed
between 23°C and 37°C might be related 1o a ther-

~ LS
HS

FIG. 7. Endogenous PLP concentration in the ecnzyme prep-
aration (1C0,000 g hoinogenate supernatant—-14S) and in the
liposomal supernatant (LS) after incubation as for GAD
binding, in the presence of 2 mra-Ca?*-. The open bars indi-
cate the actual mecsurements, and the solid bar the vatue of
PLP in HS after correction for the dilution of the liposomal
suparnatant, in otder 1o make comparable the values of IS
and LS, Mean valucs of four experiments = S.E.M.

motropic transition of the phosphatidylcholine-
phosphatidylserine membranes to 2 more fltinid state
(Tanford, 1973; Chapmauan, 1978), which fuvored the
Ca?**-dependcnt binding of GAD. Although we
obvicusly do not know the length ind saturation
of the acyl moicties of the phospholipids used, the
transition tcmperatures of similar phospholipid
mixtures is'in the same range as that in which the in-
crecase of GAD binding was obscrved (Tanford,
1973; Papahadjopoulos ¢t al., 1974: Jacobson and
Papahadjopoulos, 1975). Since the binding of GAD
at zero tiine was very similar to that Gbsery ¢d after
20 min at 2—20°C (approx. 33%; Figs. 1 and 2), it
seems possible that below the transition tempera-

TABLE 2. Inhibition of the soluble GAD and the GAD bound to liposomes by
PLP oxime-O-acetic acid and by aminooxyacetic acid

Percent inhibition

Liposomes
Homogenate
Inhibitor supernalant supcrnatant peliet

PLP oxime-O-acetic acid (1 mn)

No PLP uadded 69.3 = 3.68 49.9 = 1.05 24.5 = 0.42

With 0.1 ms:-PLP 75.3 = 1.95 66.4 = 2.59 70.2 = 2.28
Aminooxyacetic acid (no PLP added)

0.01 mm 83.6 75.2 75.2

0.1 mm 98.7 95.4 92.3

Mecaun values of four experiments = s.E.M. for PLP oxime-O-acetic acid: two experiments for

aminooxyacetic acid.

J. Neurochem., Vol, 34, No. 6, 1980
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ture a constant proportion of GAD binds instan-
tancously to the more **solid*” liposomes. The
facilitated binding 1o the more **fluid”" liposomes,
probably produced ubove the thermotropic traunsi-
tion, clcurly procceds more slowly (Fig. 1).

The finding that Ca?*-dependent GAD bind-
ing decreases with increasing potassium concentra-
tions (Fig. 3) suggests that the binding mechanism
works through clectrostatic inteructions. This in-
terpretation is supported by the stimulation of the
binding produced by a decrease of the diclectric
constant produced by cthanol (Kauzmann, 1959),
particularly at 2 mn-Ca®**, and is also in agree-
ment with the strict requirement of phosphatidyl-
serine for the Ca?**-dependent binding (Covarrubias
and Tapia, 1978). From these data we conclude that
the interaction between the phospholipid vesicles,
Ca®*+, and GAD involves cither salt linkages
forming a Ca®* bridge between the negative charges
of GAD (the native enzyme is anionic; sce Wu,
1976) and those of phosphatidylserine, or neutrali-
zation of these charges by Ca®** with subscquent
association of GAD molecules with the liposomes.
The former hypothesis scciis more probuble in
view of the fact that Ca®** induces segregation
of phosphatidylserine molecules in phosphatidyl-
cholinc-phosphatidylserine membranes in a form
similaur to its promoting e¢ffect on GAD binding
(Ohnishi and Tto, 1974: Covarrubias and Tapia,
1978).

The Ca®**-dependent association of GAD to
liposomes is very firm, as is shown by the ob-
servation that EGTA released only 0% of the
GAD bound; the reversal of the binding was more
effective when Triton X-100 was added, but even
under these conditions only 5592 of the bound en-
zyme was rcleased (Table 1). Interestingly, these
results, as well as those described in our previous
work (Covarrubias and Tapia, 1978), are very simi-
lar 10 those reported for synaptosomal membranes
(UTonnum, 1568), und suggest that the binding of
GAD to the latter membruanes involves the type of

Ca**-phosphatidylserine interaction discussed
above.

Kinetic Experiments

There is evidence in the literature that enzymes
generally accepted as being soluble might function
in their native physiological state associated with
some intracellular membrane or to the plasma
membrane, and, furthermore, that the microenvi-
ronment provided by the membranes might affect
their activity (Wilson, 1968; McLaren and Packer,
1970; Katchalski et al., 1971; Solomon and Miller,
1976: Wooster and Wrigglesworth, 1976). Although
subcellular fractionation studies of GAD indicate
that this enzyme is mainly soluble in the nerve end-
ings (Fonnum, 1968; Pérez de la Mora et al., 1973),
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its direct visualization with the use of antibodies has
shown that it is associated with synaptosomal
membrane structures (Wood et al., 1976). 1t was,
therefore, of interest to study some propertics of the
activity of the GAD associated with the liposomes.

From our previous work (Covarrubias and Tapia,
1978) it can be calculated that the ratio of bound 10
soluble GAD relative specific activities in the pres-
ence of 2 ma-Ca®* is 2.67. This value is in excellent
agrecement with the ratios V,,,x of GAD bound/V .«
of GAD soluble obtained in the PLP and glutamate
plots (2.75 and 3.0, respectively). Therefore, the
differences in V,,,. observed may be explained by
the relative specificity of the GAD binding to lipo-
somes with regard to other proteins.

As shown in Figs. 4--6, the most notable differ-
ence between the GAD bound and that which re-
mained soluble was that the former was consid-
crably more activated by PLP than the latter, al-
though the K,, for the coenzyme was similar. This
finding is in good agreement with the observation
that the bound GAD was less inhibited by the PLLP
oxime-O-ucetic acid than the soluble GAD in the
absence of PLLP, the inhibition being similar when
0.1 mr-PLLP was added (Tuble 2), because it has
been demonstrated that this inhibitor blocks the
activity of a GAD form dependent on the availability
of free PLP (Tupia and Sandoval, 1971; Baydn ct
al., 1977, b). Therefore, from these results we con-
clude that the GAD molecules bound by the lipo-
somes are deficient in PLLP as compnared with those
which remuin soluble. This conclusion is strongly
supported by the results of the experiments of PLLP
bLinding to liposomes. As shown in Fig. 7, 1007t of
the PLLP present in the ecnzyme prepuaration (homog-
enate supcrinatant) remained soluble after incuba-
tion under the conditions inducing GAD binding.

Since we have previously shown that only one
population of GAD is cuapable df binding to lipo-
somes (Covarrubias and Tapia, 1978), it scems rea-
sonuble to conclude that this population is repre-
sented by the GAD molecules deficient in PLP and
therefore more susceptible to regulation by the free
coenzyme. If this interpretation is correct, its impli-
cations for the physiological role of GAD in nerve
endings might be important. As mentioned above,
although GAD is generally considered an intrater-
minal soluble enzyme, immunohistochemical
studies demonstrate that the enzyme is associated
with intraterminal membranes, including the pre-
synaptic membrane (Wood et al., 1976). Thus, it is
conceivable that at least two populations of GAD,
one soluble and the other bound to the presynaptic
membriane and to other intraterminal membrane
structures in a Ca®*-dependent manner, may be
present in the GABAecrgic nerve terminals. The
cnzyme associated with the presynaptic membrane
might be responsible for the postulated synthesis-
sccretion coupling of GABA (Tapia, 1974; Tapia

- J. Neurachem., Vol. 33, No. 6. 1980
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et al., 1975): and, because of its dc"pie‘nidvcn'c”e‘ én
it would be’ \nhnbncd whcn lhe con-v
a .

free PLP,
centration of PLP s:d
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According to the 'calcium hypothesis' for the

depolarization-induced release of neurotransmitters, an influx

of extracellular calcium induced by depolarization leads to an
increase in intracellular calcium concentration [éazfli which

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

this hypothesis has been obtained through the injection of calcium

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

liposomes containing calcium with motor nerve termiﬁals (3) and
by the use of some calcium-ionophores in the absence of
depolarization (4,7). An increase in the [Cazfli 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 several depolarization

conditions induce an increase in 45Ca influx (6), as well as an

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

release is blocked by drugs inhibiting calcium transport (8).
However no direct evidence of changes in intrasynaptosomal calcium

concentration is available, mainly because of the lack of

appropriate technigues 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 loading



2

synaptosomes with the metallochromic dye arsenazo IIT (0-(1.8
dihydroxy -3, 6 -disulfonaphtylene-2,7-bisazo) “bisbenzenearsonic

acid), by means of their fusion, promoted by La3*, with liposomes

previously loaded with the dye. In a number of other preparations

it has been shown that liposomes can transfer their agueous

contents through the cell membrane (2). It has demostrated also

in several biological preparations that microinjected arsenazo
IXI is a suitable indicator of [Ca2+3i (10-13), and can be used

to measure micromolar ionized Ca concentrations in physiological

salt solutions (14). With this method we have observed an

increase of [Ca2+]i in the presence of the Ca-ionophore A23187
or of veratridine, a depolarizing alkaloid.

As shown in Fig. 1A phosphatidylcholine-—-phosphatidylserine

liposomes prepared by sonication in the presence of 19.3 mM

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

of 2 mM CaCl, to the medium produced a notable change in the
660-690 nm differential absorbance (A and B are independent and

continuous traces). That this observation is due to the influx

of Cca2t into the liposomes and not to the presence of contaminating

arsenazo III in the medium is indicated by: a) the relatively

slow change (the relaxation time of arsenazo III-Ca interaction

14

s in the range of msec.) (15); b) the effect of A23187, which
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induced a very rapid influx of Ca2+'intolthe'liposomes until an

apparent eqguilibrium was :eached;.aﬂabc)'the'blocking effect of

za3* on the spontaneous inflﬁkrof;Cézf aléhéugh the influx

induced by A23187 was not affeéﬁé' »1B). Fig. 1 (A and B)
shows also that the addition Qf vé:éﬁ:idine by itself d4did not
affect the spontaneocous influx of‘Ca2+ into the liposomes, with
or without La3*t.

The Fig. 2 shows results obtained with dye loaded
synaptosomes. The presence of contaminating free arsenazo IIXI
in the medium is excluded by the fact that afterx ca2* adadition
there is no instantaneous change in the differential absorbance,
even at very high sensitivity setting of the spectrophotometer.
Synaptosomal membrane seems to be almost impermeable to ca2+,
since upon the addition of 2 mM CaCl, there is only a slow and
small influx of ca2t, not always observed (see the recordings
of three independent experiments in the top left part of Fig. 2).
However, when 7.5 uM veratridine was added, in all cases the
influx of ca2+ was clearly stimulated and, as expected, this
stimulation was prevented by substitution of Nat, in the medium -
by choline’ (see the top right three iecordings in Fig. 2). Both
in the presence oxr absence of Nat, the addition of A23187 produced

a rapid influx of ca2?+ into the synaptosomes, followed by a slow
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apparent decrease in [Ca2+Jl When 1.2 mM sodium phosphate was

added to the medlum

ch d‘crease was prevented (results not

shown) and an lncrease he spontaneous influx of ca?? was also

observed. This suggést hat‘thls'aecrease in [Cazf]i is due to the

uptake of Ca2+.be$9mé te ﬁinal'stores (16), because phosphate

would be mantaihiﬁéqit‘ina eéSiﬁle to Ca2+4buffering systems. The
observation that this ;ppérent decrease of [Ca2+3i was not observed
in liposomes (compare Figs. 1 and 2 after A23187) supports this
c&nclusion-

In ordex to measure guantitatively the changes in [CaZ{]i
produced by veratridine and by A23187, the differential absorbance
changes (660-690 nm) of the dye-Ca complex were calibrated at 33°C
in a buffer of the following composition (mM): KCi 100, Nacl 4,
MgClz 2 and HEPES 10 (pH 7.0), to simulate the intracellular ionic
medium. We selected the pair 660-690 nm in oxrder +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 mM EGTA for buffering ca2+,
Using 26100 as molar extinction coefficient (1 cm path length) of
the arsenazo IXII-Ca complex (14), we obtained a linear relation
of differential absorbance changes as a function of ionized calcium

Assuming a 1l:1 arsenazo IIXI-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 okbtained in other laboratories at various ionic

strengths ( 10, 14, 17 ). Recéntly it has been demostrated that
arsenazo IIXI forms 2:1 complexes with Ca2+, but the assumption
1:1 is valid for calibration calculations because theA[Caz'ﬂ for
A2 = AAamax/2 has a value similar to the apparent dissociation

constant obtained under that assumption if the same dye

concentration is always used (1l7). According to our calibration

system, a AA660-690 of 0.001 represented a [Ca2+]i of 0.131 umM.
Therefore, a change of approximately 0.198 uM in the {Ca2+]i

occurs within one min. after the addition of 7.5 uM veratridine

to arsenazo III-loaded synaptosomes, whereas the [Caz*ji change

after A23187 addition is approximately five times larger (Fig. 2).

In order to discard unspecific changes in absorbance we also
performed the synaptosomes-—liposomes fusion exactly under the

same experimental 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 appreciable change in the absorbance

(at the maximum sensitivity used) when adding CaCls, veratridine

and 223187 to the cuvette.

In order to have an idea of the intrasynaptosomal

concentration of free arsenazo III, synaptosomes loaded with the
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dye as described in Pig. 2]weie°sédimehted by centrifugation and
resuspended in Na-5K mediuﬁ‘ééﬁ#éining 0.4% Triton X-100.
Immediately after the addit;oqféé éhe detergent, the suspension
turned blue-—-green, possiblY{béééﬁse of some contaminating La3+
that was used to induce fusion, which became

accessible to the

released arsenazo IITI. This suspension was centrifuged at 100,000 g

for 30 min. and 1 mM EGTA was added to the supernatant in order

to chelate La3*t and thus obtain free arsenazo III. By measuring

the absorbance of this supernatant at 570 nm and following the

assumption of Blaustein (6) for the calculation of the synaptosomes

volume per mg protein, we concluded that the concentration of

arsenazo IITI in the fused synaptosomes was within 0.4-0.6 mM.
These relatively high concentrations of arsenazo III permit a
high ca2+ selectivity, but the Ca2t buffering capacity of the

dye
may be increased (17).

The results presented in this paper demonstrate that the
fusion of synaptosomes with unilamellar liposomes prepared in the
presence of high concentrations of arsenazo III is an adequate
procedure for introducing the dye into isolated mnerve terminals
and that it can be used for measuring changes in their [Cazfli.

To our knowledge the present report constitute the first successful

2+7 . . .
attempt to measure directly [Ca ]1 changes in nerve endings

from mammalian central nervous system.



Acknowledgements.

We are grateful to Drs. A. Pefia and M. E. Sandoval for

helpful discussion of the manuscript. The Ca2+—ionophore was

kindly provided by Liilly Research ILaboratories, Indianapolis.

This work was supported in paft by grant PNCB-~790214 from the

Consejo Nacional de Ciencia y Tecnologia, México, D. F.



References.

1.
2.

3.

10.
llf
2.
1i3.

14 .

Katz, B. and Miledi, R. Proc. R. Soc. Lond. B. 167, 23-38 (1967).

Miledi, R. Proc. R. Soc. Lond. B. 183, 421-425 (1973).

Rahamimoff, R. Meiri, H., BErulkar, S. D. and Barenholz, Y.

Proc. Nat Acad. Sci. 75, 5214-5216 (1978).

Cotman, W. C., Haycock, J. W. and White, W. F. J. Physiol.,

Lond. 254, 475-505 (1976).

Llinds, R. and Nicholson, C. Proc. Nat. acad. Sci. 72, 187-190

(12975) .

Blaustein, M. P, J. Physiol., Lond. 247, 617-655 (1975).

ﬁolz, R. W. Biochim. biophvyvs. Acta (Amst.) 375, 138-152 (1975).

Tapia, R. and Meza-Ruiz, G. Brain Res. 126, 160-166 (1977). *

Tyrrell, D. A., Heath, T. D., Colley, C. M. and Ryman, B. E.

Biochim. biophys. Acta (Amst.) 457, 259-302 (1976).

DiPolo, R., Reguena, J., Brinley, F. J. Jr., Mullins, L. J.,

Scarpa, A. and Tiffert, T. J. gen. Physiol. 67, 433-467 (1976).

Brown, J. E., Cohen, L. B., De Weer, P., Pinto, L. H., Ross,

W. N. and Salzberg, B. M. Biophys. J. 15, 1155-1160 (1975).

Miledi, R., Parker, I. and Schalow, G. Proc. R. Scoc. Lond. B.

198, 201-210 (1977).

Gorman, A. L. F., Thomas, M. V. J. Phvsiol., Lond. 275, 357-376
(1L978) .

Kendrick, N. C., Ratzlaff, R. W. and Blaustein, M. P.

f

. B



15.

16.

17.

i8.

19.

=]

Analyvt. Biochem. 83, 433450 (1977).

Scarpa, A., Brinley, ¥F. J., Tiffert, T. and Dubyak, G. R.

Ann. N. Y. Acad. Sci. 307, 87-112 (1978).

Alnaes, E. and Rahamimoff, R. J. Physiol., Lond. 248, 285-305

(1L975) .

Thomas, M. V. Biophys. J. 25, 541-548 (1979).

Hajds, F. Brain Res. 93, 485-489 (1975).

Holz, R. W. and Stratford, C. A. J. Membrane Biol. 46, 331-358

(1L979) .



&

Figure legendsé

Fig. l.,Ipfqu;bf»Ca2+‘ihtd phosphaﬁiayl¢holiﬁe—phospﬁatidylserine

iO,glucose;

by Vdﬁtékinéi cose containing 19.3 mM

arsenazo_IIi v 98% pure, from Sigma),

sonicated at in a MSE sonicator and cantrifuged

at 100,000 é

Unilamellaf li?
Sephadex Gf$Q previcusly eqguilibrated with
0.32' M gluc&éel in'dfder to separete the arscnazo containing
liposcmes frﬁm‘the arsenazo free in the medium. The liposomes

loaded with arsenazo III (about 3.0 ml) were obtained in the

void volume. The influx of Ca2? into this fraction (about 2.6 ng

phospholipid in the assay) was studied by measuring the
differential absorbance change at 660-690 nm in a3ml cuvette

(1 em path length) in an Aminco DwW-2a spectrorhotometexr, at 33°C.

This change represenits the formation of the arsenazo III-~-Ca




*thé:fo;lowing

idine (Sig@a);

a EiQnsﬂbf
a fferentlexperlments.

psynaptosomes from

mouse braln,'prepared as described,by~Hajos‘(18), were fused

with the phosphatidylcholine-phosphatidylserine liposomes

containing arsenazo III, which were prepared as described in

the legend of Fig. 1. For the fusion, freshly prepared synapﬁosomes

(about 3 mg protein, resuspended in .1 ml of 0.32 M glucose)

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

phosphelipid) in the presence of 400 uM LacCl3 to induce fusion

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

at 24000 g for 10 min to eliminate nonfused liposomes and the

excess of La3+, which remain in the _supernatant The synaptosome -~

liposome pellet was resuspended in’ 0 5 ml of the Na-5K mcedium,

or in choline-5K medium, in whlch the NaCl was substituted by

egquimolar choline chloride cqngentration- To measure the changes

in [éa2+ i, 0.2 ml of the synaptosomes-liposomes fraction was

diluted with 2.8 ml of the same resuspension medium, cguilibrated



at 33°C for ‘15 20 mln and the changes ‘in AA660-690 were measured

as - descrlbe

'the‘l“glnd"of Flg. 1. The symbols for the

addltlon diCatedﬁfoerig. 1. Three 1ndependent experiments

for éacﬁ medium shown for veratridine effect, and two for the

effect of 323197‘,
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