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SUMMARY

LEVY, WtLLmAM B., H;�vcocK, ,JOHN \V., ANI) Co’I�I.iN, CARL \V. : Iffects (If lIo1�’valetit

(ati(Ilis oti stintulus-ooupled secmetiomt of [‘4CJ’y-amnimiobutyric acid fmootii isolato’d 1)main

symiaptolso )Iit(’S. �1IOl. Ploao’noao’ol. 10, 43�S-449 (1974).

�fl alkaline earths (a4�, Sr++, timid Ba++ stimisulated the so’cno’tiomi of [‘4C]-y-amninobutymic

acid frolm i5()l1Lt(’(l l)raimi svmiapto�somttes at various � and veratmidine o’oinco’titmations. I’�i� amid

v(’ratridino’ l)mol(luoo’d differo’nt orderings of alkalimte earth. s(’cmetion-stin1ulation (‘fhcacy. In

addition, � stimulated vo’leaso’ itt tlto’ pro’so’tice of either T� (In vo’ratnidimio’. Ca� comicen-

tratioomos mthoVo’ pltysioi1o�gical bo’vo’ls inhibited so’cretiomi in the pro’so’mice (If moderately dc-

vat ed � co Immco’mit ratio otis, I lilt tiO t itt �\a� -free venat niditie soAutiomis. Tet n Ido otoxin inhibited
Ca4�-stimnulato’d so’ometiomi oail�’ wlien vo’natmidine s�’as present. \1n� inhihito’d secretion imi

tho’ jIno’so’mico’ of o’ither K� (it’ vo’ratniditio’. Those no’sults agree well with o’onsparable data from

t Ito’ no ‘uroniusculan j unot ii ti amid tho’ adro’nal mo’dulla. Cotisidenatiom of diffo’meittial mnensbmane

po’m’nio’ahility to divaletit emotions and (hiffenetitimil imitenaotioln o�f the lotis with intraco’llular

l)inoiing sito’s llro)vi(bo’s a ratioomialo’f’or tho’ relative efhcaeio’s (If the alkalimto’ o’artits.

INTROI)U0 ‘TIO)N

lio’o’ently it has heooui�o’ JIoIssil)le tol study

stiniulus-co )ullled s(’o’metio )n of transmitters

frooni hIram synaptolso)nio’s (moo’rve o’miding

part job’s) ito a suffio’iemit ly umiambiguous
fashio,mi too permit c’lo’ar o’vallmatioln (If the
effo’ct s of cho’mical agemit 5 Ilj)( omi t ho’so’ proc-

o’sses. Pro’vioIus obo’moiist mat jolt of a rapid,

(aloiumn-stnnimlat(’d, potassiutss-faoilitato’d,

P,-eoioct oral Fellow (PBS MIT 51700-02) oof the

National lust itutes of IIo’alt ho. Present address,

I )eparl uncut of Psychology, Harvard University,

(‘anibu’idgo’, Massachusetts 02138. This paper is

baso’ol iii part on a tho’sis slihImit ted to t lie Uni-

versi I v 0)f (‘ahiforn ia I ovine, in part ial fulfillment

�of tho’ reqtii reunent s f or t he degree oof I ) ut at’ of

Phil so OJ)I1V -

2 Nat ioouo:ol So’ieuoo’e I’�oi,nd:ot ioon l,rello%v,

438

mnagmoesiuni-imiltibito’d i’eli’ase of [‘4(J”y-amlitto-

hutyrio a(id ( 1) front a pme�)anatiomi in which

storage vesicles ano’ l)ro’so’mit (2) fulfills for

this system the o’omtditiomis of stin1ulus-

seo’n’tion (olimpling (3).
The iso dated svmiapt 0 osonsa 1 Pm’o’l)mlratioii

provides advamitages dyer some (If the other

techtiiiques used to study tmamisntitten fumic-

tio)mi. Svnaptosomo’s have beemt particularly

uso’ful in studvimig the localization (4-6),

symitliesis (4, 7), uptake (8, 9), metaholismsi

(7), amid ro’c(’mttly rebo’ase (1, 10, 11) (of

mieuro)t ransmitto’rs.

The svmtaptosolmal system is Particularly

well suited fo or the evaluatiooii oof the liiollecu-

lam mechanisms of, and drug effects upon,

tramismitto’n so’o’netion. Ro’lo’ase over short

into’rvals of timno’ m’uav 1)0’ imivo’stigato’d �uo that
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Tho ahlbl’rviat ioon used is: ( AHA, -1-aniiuooo-

butvrio’ arid.

neuptake, sli Irt-t o’rtii nto’t 111)0)1ic o‘(To ct 5, ati(l

diffusional harriers univ be niitiiiitizo’d. Imi

contrast to tissue slice prcpanatioomis, tho’re

are tto ititact neimnal circuits that ooould

mitediate imidirect no’lo’ase effects from imito’r-

actions ho’tween tieuromis . Pmevioouslv re-

port(’d data ( 1 ) amid the data no’poomted hone

illustrate the suitability (If this svstemn foot’

expbolmimig a \\ ide namigo’ oof vaniahlo’s amid

densonstrate the olooso’ j)mtralbc’l oof this systo’mii

to the well-studied mio’tmnoontusoulan j muict io ott.

At the no’uromsiusculam junctio)mI amid in thto’

adremial niedulla, o’l(’Vato’d potassiuns moo-

celerat(’s caI(’iunt-(bo’pemi(lo’nt so’oretioomi (12.

i:� ) . To varyimig do’gm’ees other P#{176}olyva bo‘mit

catiomis (such as haniimni maid stroomitiumn) oami

replace caloiunt in stinsulatitig ro’bo’aso’ (12--

15) . Divalemst catiomis, imicluding mitagmio’siumn

timid mttatigatiese, imiltihit this ro’lo’ase (14, 16).

At pm(’semst, hioow(’ven, the sito’(s) oof ao’tioimi is

Iitii(l(’titifie(b, amid the mne’oIianisnis of olivalo’nt

cation stiitiulatiomi timid inhibitiolmi are umi-

kttosvmi. _-\.0I(’Oording to) oono’ JIn0IInimio’tit tho’oory,

(Ievo’boped 1�’ Blioch (‘1 al. (17), polyvalemit

eatiomis that jlormiso’ato’ thso’ Illasnia iiiemiibramio’

and mieutnalizo’ the inmio’r sumface chtargo�

stiniulate m’o’leaso’. Tlio imihihitolnv divabo’nt

iotis (nsagmio’siumii maid mitatiganeso’) are

thought tO) lI� relativo’ly imiipennieamit. in-

stead, their extmaco’llular pmo’so’mioo’ inhibit s

calciuns po’mlitetitiolmi. lhio deo’reaso’d oalciuni

permo’atiomi is then no’flecto’d l�o’ a deoro’mtso,

iti the stintulus-secno’tiion oooimpling pn000’-

ess(es). The ttppo’al �f this llarti(’ulam’ thieorv

also demives from its ahilitv too aeooumit foot’

tempo’rat-ume and osmotic o’ffeo’ts. l”urt lion-

misore, tho’ propoosed mo’cbiamiism ooi’ floe ititra-

cellular mtct ion oil calciuni suhso’o1uetit to

permo’atioltt iS based omi thio’ wo’bl-spo’o’ilieol

property oof’ calciumis too itiduo’e floooulatioomo

amid fusioomi imi coollooid svstenos (17, 18).

In t-ltis study we investigated tho’ concen-

tratiomi do’po’ndo’mico’ of oalciumii. St rotitiumu,

baniumtt, timid lant hittnuiii st iniul us-co Ilij 110 ‘d

secneti ItO oof ‘4CI”y-amimioohlutynio ao’id frotit

brain svnaptosoomo’s. Potassium momid vomit-

tnidimio’ faeilitatioln oof poolyvabo’mit catio on-

stintulated relo’ase, as well as tho’ inhihlit iomi

of those effects by mamigano’se amid tetroolo-

toximi, ate imito’rpreto’d oomi thto’ basis oof alt o’vo’d

nienshramio’ �oo’miiio’ahility to tho’ l)oolyvmobo’flt

catiotis.

:tt ETI-lOlls

�I’Iie foolloo�vimigo’xl)o’nimiso’mitalllro)tolo’oolwas

ohso’rvo’d to on all ro’sults nepoonto’oI I)o’IoIw.

‘T’issuo’ fracfiomis wont’ isolated, �vashied with

itlcitl)ttti(Imi so oltit 10ott , mitiol incubated in t ho’

llro’so’ti(o’ oof [04(j_( ;.�l�L�7 amid aniinoooxv-
aco’tic acid mitt imiliibiton oof (-\.13,\ (legrmi(hi-

tiolti (19) amid poossibllv symithso’sis (20)]. Thto’

t-issuo’s thou �vero’ looa(b0’(lomi filto’rs amid

wasln’cl six tinto’s with tho’ approopniato’ ivashi

solutiolti (o’alo’iumii-freo’), folllol\ved by otto’

��ash wit-It 1ho’ appro opriato’ o’xpo’nimito’mital

svasli soIllitioOti (with oor without stinsulatimig

j)( Ilyvalemit oat io Ott mRb(bO’(l) . Radioactivity

\\_mis ((I1.itito’(l itt the o’xpo’nimiu’mital filtrates

anol the nialo’rial r’o’niaimiingon the f’ultors.

1�i’epaiation oJ li5’S’U(’. l�onelIrmoins fraii

lt(llllt niabo’ Spraguo’- I )awley mats (Simito onsemi

Lalloot’atolnio’s, ( �ibrooy, (a-I.) were uso’(l iii this

St iI(IV. (�nimde miiif 0 ioho )nolnial tract i otis (‘(III-

taming sy1itt�)t(IsOtfl0’S ivo’ro Pno’Parod h�’ (lie

tilO’tli(I(l (If (‘ootmnami mIti(1 )�1aft1io’ws (21).

Two typo’s oil svmiaptosoomttal fraotioomis �

(lo’riv(’d fro otit this l)ro’boanatiolmi . Tfhte cmudo’

mnitocliondnial fnao’tion wmos washed omice in

0.32 M sucmooso’ amid agmiimo lI)o’llo’to’(l as the

O’i’ii(l(’ miiit oo’In Imalnial fnaotiolti (1�2 svmiaptoo-

soitio’s) . Synajot o050 lilieS �vere s(’l)ttnmotod fno )fli

the (‘111(10’ iititoohioondt’ial fractiomi (It! a licoll-

.suoroso’ gradio’mit according to (of niami amid

\Iatthiews ( 2 1 ) (purified s0’tiaj)t oso lIlies).

Tho’ l)ro’1Imom�motioom1s wo’ro’ svashio’d twioo’ in incu-

llatiomi soolutioomi (soc blo’low) momid ko’pt as the

po’lbo’t at 0_40 ummtil itl(’iilImItl(Iti wit hi 104(1]
GABA.

oSoIuloo),o,s. Thomo ‘o’ gema’m’al so olaf a outs wer(’

uso’(l tool li owim ig tract io otiatio ott : i maul )at-iomi,

wash, timid o’xpo’m’imo’ntal wash. All ooomitained

;5.0 rn’ou KOH, 10.0 m� glucose, 20 mit .V-2-

Iivdnoxvo’thvlpiperazino’-.V’-2-o’thiamie sulfomiic

mto’i(l, total 0.10 nut atmno 00oxv a(’etio’ :101(1 a(l -

justo’d too 1111 7.4 ± 0.0.5 with Tris base.

I tlctlh)mtt 1(111 50 olut 10 oils alsoi 00 otitaitteol I,iO fliM

NaCI, 1.2 mit Na2HP( ) , and 1.2 mit i\lgS( )

(11(0 addifiomi of’ oalo’iuni).

_\.ll i�ash sollutiolmus eomitmoitio’d 1 .0 mu

i\lg(’l� (soodiuni-t’ree umilo’ss oltluo’rwiso’ tiooted).

(hoolimio’ o’hiloom’ido’ motid KC1 wero’ :ooldo’ol too

tla’so’ so olut i otis such t limit thuo’ir t otto! eoomico’mi-
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trationi was 150 mM (e.g., a solution termed
5.0 mM K+ contained 5.0 mM KOH, rio
KCI, and 150 ni�m choline chloride; a solution

ternied 55.0 hiM I\.+ contained 5.0 miu KOH,

50.0 mM KC1, and 100 mu chioline chloride).

Some wash solutiomis contaimied veratridimie

(50-150 MM), MniCl2 (15.0 m�m), or tetro-

dotoxin (0.8 �m) as appropriate. \Vhen

nietabolic effects were investigated, in-

hibitors � added to 55.0 riM K+ wash
solutions.

A given experimental wash solution dif-

fered from its preceding wash solution only

with respect to the addition of the appro-
priate polyvalent salt (CaC12, SrCl2, BaC12,

or LaCI3 up to 10.0 m�I).

Although KC1, choline chloride, or XaC1

concent rat I()115 were altered , ionic and

osniotiC strength remaimied constant for all

solutions.

All reagents were analytical reagent grade
products of Mallinckrodt Chemical Works,

with the following exceptR)ns : aminooxy

acetic acid, choline chloride, 2 ,4-dinitrophe-

miol, N-2-hydroxyethylpiperazine-N’-2-eth-

ane-sulfonic acid, ohigomycin, ouabain, and

Tris base, from Sigma Chemical Company;

veratridine, from Aldrich Chemical Corn-

pany; [‘4C}GABA, from Amersham/Searle;

LaCh3, from British Drug Houses ; gramaci-

din D, from Calbiochem ; amid NaCN, from

J. T. Baker.

Incubation with [‘4C]GA BA . Tissue pellets
were resuspended in 5.0 ml of incubation

medium containing 0.5 jcu [‘4C]GABA (203

rnCi/rnmole) and brought to room tempera-
t-ure (22-26#{176}). Purified amid P2 synaptosomal
fractions were incubated at a concentration

of 1 mg/nil. Protein content was assayed

according to Lowry et at. (22). During the
20-mm incubation period the tissue suspen-
sions were aerated with a hydrated 02-C02

mixture (95:5�7).
Filters and washes. As described previ-

ously (1), the apparatus consisted of four

filter units resting on a vacuum box with an

internal sliding shelf which allowed simul-

taneous, individual collection of filtrates
from the four filter units. Each filter unit
consisted of a modified, disposable Mihlipore

Swinnex (25-mm) filter holder containing a
glass fiber Whatman GF/A filter on top of
a 0.4 � Nucleopore filter.

Immediately f )llowing iIicUl)at ioni the

tissue was diluted wit-h ami additional 5.0 ml

of incubatiomi solution, and aliquots of the

suspension were deposited onto the four

filters (2 mI/filter). Following suction of the

tissue suspension onto the filters, a total of

sf7Vemi washes (six washes and one experi-

mental wash) were applied to the filters.

(Specifically, one washi cycle consisted of 2.2
ml of solution added between 0 and 5 see,
vacuum applied at 25 see, and release of
vacuum at 55 to 60 sec. Suction of solu-
tions was complete withimi approximat ely
10-15 sec following applicatiomi of the

vacuum.) The six washes applied to a given
filter were identical, and were deficient in the

appropriate polyvalent cation under in-
vest-igation. In order to allow only stimulus-
secretion coupling, only a pulse of poly-

valent cation was used to excite release. The

seventh wash, cont aimiing polyvalent cat-ion,

is thus referred to as the polyvalent experi-

mental wash.
During the experimental wash at least omie

of the four filters received the same solution

a0s in washes 1-6 and was referred to as thie

baseline experimental wash. The other
filters received their appropriate experi-

mental wash solution (identical wash solu-
tiomi plus polyvalent catiomi). Withimi a given
four-filter run, only onie variable was mi-
vestigated (e.g., one polyvalent cation at
different concentrations, or differemit poly-
valemit cations at one concentration).

Release. Radioactivity from the experl-

mental wash was counted in a Tritomi-toluene
(23) medium at approximately SO % (‘ffi-

cienicy amid was corrected according to the

channel ratio method. Radioactivity mi the
filters following the experimental wash was
counted in the same medium following over-

night sohubilization in 2.0 nil of 1.0 � sodium
dodecyl sulfate and 20 m�i EDTA. In the
presence of aminooxy acetic acid 95 % of the
radioactivity was identified as GABA (1).

Baseline effiux of radioactivity, mi fil-

trates from those experimental washes

deficienit in polyvalent cations, is expressed
as a percentage of total radioactivity. Total
radioactivity prior to the experimental wash

was calculated by addimig the radioactivity
in the experimental filtrate to that- left on

the filter after the experimemital wash. Re-



releaso’ = [( (lunt itt filtrate \
L \(‘l)mti fflal + 1111 ) it� p0 olyvalo’mit eXpo’ninto’tit to! wmisli

- ( ��ont iti tilt rato � .

\o’imui i�1 ��i�ie + tiltem’) � hlaso’lmno’ expo’ririio’muttol wash] 100

Imuhiibition (as ml po’m’co’ntage (of muoomnimol re-

lease) was calculated frotui the foonmutula

inlmibitiomi
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lease is expro’ssed as a po’ncemutage oof tootal

radioactivity melo’aso’d aboove baso’line o’ffl ux,

acco)rdimlg to t Ito’ formitula

(1 - ro’lease in l)l’o’so’uioo’ oof inhibit 0 or

- \. release itt absemio’e oof inhi�itom’

x 100

with stan(httr(! o’nrons ool thio’ mno’tomi emoleultoled

according to) Topping (24).

All o’oontpanisons utihizooih a l�m’uskmil-\Vttllis

atta1�’sis (If vaniamuce, 1-test, oom sigmi to’st (25,

26) as appropniato’ (sigmiificamice lo’vel, p <

0.05, two -tailed) . Two-polimit slope atialysis

ui-as lIo’rfom’nto’d oomi differo’nt scomo’s OIb)ttiitiO’(l

front related samitples I�’ amualysis of vaniamio’e.

RESULTS

.lletalioiism and baseline. rI� a large ext(’mit

the rapid mo’lease studied was indepo’tidetut 0)1

sho ort-to’mnt nietabolic effo’ots. A(h(hit ion oof

oligomiiycimi (6 .ium), XaCN (20 j.tui), grama-

cidin 1) (10 �uu), ouabain (100 /2u1), oon

dimiitmophuenol (100 Mit) too the Na+_freo,

Ca��fro’e wash solutiomis (55.0 mit K#{176})did

miot pro oduce appreciable effects oomi (‘tt* +

stintulato’d release. [In the 1)mes’tiee of Nmo�,

it is o’xpo’eted thittt 50)ttiC (If these o’oontpoun(ls

miiay have effects upon release (27).] The

Na+_fneo, cholimie chloride wash soolutioti w:os

used ho’re 1)ecause it elintimiates (ABA no-

uptake (28) timid atiy transniembrtimio’ Xmim�

Ca#{176}�o’xchange ntecltanismii (29). As repoonted

previously (1), meplacentent of Xtr� by
cholitue ion do)(’s muot ehamigo’ the timooumit oof

1.0 mit Ca�-stimstulated ro’leaso’ imi 55.0

mit Nt

Sinuila rly, release when expro’sso ‘d as a

percentage of total radiootio’tivity over btoso’-

limie (see METHOIIS) did mioot vary wit Ii

chango’s in the bmtso’limio’ o’fflux. Howevo’r,

vaniatiouis iii tmemitmuio’mit ptormimuseto’rs, umido’r

eertmtin cit’o’utnst mu ices, causo’d stmo’hi baso’line

shifts. Thio’ o’lIo’ots oil the vam’io oils wash soolu-

fio otis upout llaso’limio’ o’fflux (pet’cetitage oof

totmil [l4(�J( � Pm’0’50’tit oomi filto’r) mono’

Pt’0’50tifO’d in Imiblo’ 1 . I ticreasing thu o’oomioo’mi-
trttthoti oof i�’m’tttr’idiuio’ prol(hmo’o’ol noo moppro’-

(‘itIl)lO’ o’f’fect 111)0 Iii h)as(’litto’ o’fllux ito t Ito’

Nmo t�fm�ee c omidit 10 011 . I uio’t’o’asing � co Oti(’(’tt-

t t’at a Ins imicro’aso’ol btoso’limie o’ffl tix ( 11 = I 7.2,

(/,/ = 3). �fhio’ tOol(hitio)ml oof )olti(’l2 too (ifhio’t’ the

i��;:--- or vo’nmott’iohino’ svmoshio’s nitty slightly loowo’n

I imiso ‘Imile 0‘ff1 ux . ‘Fhiis indepemudetoo’o’ of m’elo’tiso’

li’omii shoint-tet’uii nio’ttobolisni timid baselimie

shifts ro’mi(Io’m’s this svst’nu suitmilllo’ for

exaiusitiatiooti of othio’r vaniablo’s.

(‘alciuon .sI ion ulalion of [14( ‘](L-t I�l o’ei(’a.s(’

i/O hoc /)o’e.s’en(’(’ (),f SO(iiU111-fl’e(’, /)OlUSSiil110 , (01’

l’(’I’ato’i(/ine ot’a.slo soiulioio,s. (‘a+4_st inuulmoto’oh

melo’ase it-i thto’ loro’so’mloo’ oof 55.0 mu-out Ni+ is-as

do’niomistrafo’ch jiro’viooiisl� (1). l”iguro’ 1 (toop

ihlustrato’s fhto’ o’ffo’oi’ts oof pulsimig Nti+_I’no,o,

o’xpo’nimisental wash solut ioius 00 aitaitiitig

various comuo’emitrttfa)ns of T�i� timid (1a++. Fom

ti givemi (OIt((Ilt t’titiooii oof (a�#{176}, higher c mi-

centmmttiomis of hi’ pno)due(’(l gt’etito’n nelo’ttso

of [14(1]( � Flowo’vo’n, hoor eo’rttoiui (‘oti(o’Ii-

f rat ioais 0 Of � , huighem’ oo oneo’mif rat iomis o of

CaCl2 iuihuibited ro’lo’aso’ (1’ig. 2) . As l’�’
comio’o’ntrmotio)tis \vol’o’ m’moiso’oi, nelativo’ly htighio’r’

o’omio’emif rat io omis 0oI (‘a(1l2 wer(’ ro ‘0 � � m’o’d t o�

1)r000Iuoo’ the itihibitioms.
T�’siuug the j)tmnilied s�’titipt 0 ISOotiutol fm’aet io�omi,

(‘a��-stimmmlated m’o’leaso’ in thto’ 1)t’o’so’tio(’ oof

Na�-fm’o’o’ vo’ratm’idimuo’ wash sodutioons wtos

(lo’monstrafed in this stuohv : 100 M5t vo’rto-

tniditto’ with to Iouls(’ of 1.0 nut (‘tt(12 jIm’oo-

duced a significant ino’neaso’ in 1’4CIGABA
o’fflux coompmoro’d to) a similar joulse lacking

CaCl2 (1 = 2.8, o-ij’ = 6). Vtot’ioous eomieo’ntrtt-

tiootis of vo’rafridimio’ tltl(l CtoCl9 imio’rettso’(h

m’o’leaso’ of [‘�(‘1� ‘1�B�� ftomiu P2 svnmoptoosoomnmol

pmo’partttiootis (Fig. 1, bottoorn). Althoough
small, the effects oof tro’atmemit with booth 100

amid 150 �uu veratriohimio’ ohiffo’ro’d significauitlv

from hiaso’limio’ (sign test : 150 Mit, ii of 12;

100 Mum, 15 oil 18). As illustntoted itt tlio’
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lOOM

0.1 1.22 ± 0.06 (2)

0.15 1.16 ± 0.04 (2)
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T�uoi.o. 1

1 oo,flooen cc of o’ario is .s’nili oi100 -froo 01(1510 .50)! 00 10 000 .5 (000

1)05011 00( (J1101J

I3aseliu,e oil! lox is shoov’,o as a p(’u(’euot age 0 of

tootal ra(liOoaO’tiVity frooni I hioose P2 syuoaptoosoomuies

�vhirh reo’eiV(’(l I)0)1YV0I0’10 t -f,’o’e o’xperini(’nt ah
a’ashies (baseli toe o’xpet’inio’uo t oil o�’tosho) . \Vash so ohot-

I boris are (les(’u’ilI(’(I iunolo’r ti 0:111(01)5. 1�esoults are

Ihe uiieans ± stauodard o’rroors of t ho’ ooounober oof

oloteu’niinat ioons shoo�’ii in lItOr0’tlt heso’s.

�Vmish solution ( ‘ooncen - I
tratioao Prescult Oft filter

K� with 15 uui�m Muo� 55.0 1.84 ± 0.02 (2)

\‘eratridine 0)05 1 .3o’o ± 0)0)4 (2)

0.1 1.3() ± 0.10 (4)

0.15 1.32 ± 0.22 (4)

loganithmuuic 1)loot , inereasitig (‘a(’l2 o’omico’mt-

trations incnemtso’d ro’lease (II = 14.2, df = 2).
lii the case oof no’lo’ase iii thto’ pn�’�ence oof thie

Na+_free vertitniditu’ wash soolutioons, tao

indicatiomt of Ca(1l2 imihibitiooti wtos oobso’mved.

Na+_free wash solutiomos mitiol (‘xpo’ninio’ntal

washes were eniplovo’d to) nuitiinuizo’ no’uptake

pro)c(’ss(’s (so’e iletabolisin 0110(1 l)a.SelilIe). imi
this way data can bo’ imito’npr(’to’d ito t(’rnts of

st imnulus-seono’tiomt co ouplimig. However, substi-

tution (If Ntt+ for ohuolitio’ ito thto’ vematnidimue

�vashi solution mino�’ huavo’ ftieilittited Ca++_

stimulated ro’loaso’ (Table 2), in oolntrast to)

elo’vated N+ oomiditiomus, umido’n whsichi Na

removal doo’s muot mit-Toot no’leaso’ (I).
A ikaline ea,’l/i .s’liiio ulalio,o of I ‘4(’J(L-l IL’!

release lfl 1/ic J)i’eseloce 0/ sod/lU iii-J ice, potas-

s’iUlfl or vera/ia/inc was/i solul lulls. Alt ho ough

i\Ig� (10)0’s mioot stintulmoto’ ro’h’aso’ iii this

systeni (1) and oothers (see ma’!’. 3), �

Sn�+, amid Bmif+ wore o’ffectivo’ stimutultonts of

[‘4C](;ABA relo’ase.

�I’able 3 illustrates tho’ no’lativo’ efficacy oof

1 .0 muuum CaCl2, SrCl2, amid BmoCl2 imi stitnulat-

imig floe no’lo’ase o�f [o4(1](\i3� frolni punifi(’d

svtimtptoosootiio’s ito thio’ pro’so’mioo’ oof sodiunt-fro’o’

Fm 0;. 1 . (a/co ooooo sb no oolatiooo of I ‘4(’IGA B�4 re-

1(’(l.s(’ 000 the pres(’mo(-e of .s’odiummo-free, potassiumio or

o’(’ratrio/iooe oo’a.s-h .solootio,o.’o.

F�ollowing six washes with the indicated soohittion

o’onrentratuon of N� oor veratridine, P2 synapto-
s(ounes re(’eived experiment al washes o’ont aining

t ho’ indicated couio’euit rat ioni oof CaCI 2 (except foor

Cto�#{176}-free baseline filters). Each K� polint repre-

.sents twoo too fooor deternoiriations; each veratridine

1)0itIt represents foour t (0 SiX deternoinatiions. Soolu-
t ioons and calc’itlat ioon of release tore described

unoler it

55.0 mliii K+ ivasit solutioomus. Identical treat-

muemit (If P2 synaptoosonial fractiomus pno)duco!d

a sinuilam order oil efficao’ies (so’e also) Table 3).

Amiy diffeno’nces bo’tweemi tho’ o’fficacies o�f the

iotus is difficult to assess, holwever, bo’cause

o�f the relatively lango’ stamidand o’mmo)ms.

Stimulation oof ro’leaso’ froin P2 symiapto-

sonio’s iii 55.0 muuum K+ mit vamious divalemit

coonoo’mutratioits is shoowmt in Fig. 3 (left).

The effects of Ba� timid Ca#{176}�, the mutone (‘ifec-

tivo’ no’lo’asing ago’mits mit lower cotucentra-

tiomus, appearo’d too approoach au asymptote

abovo’ 1.0 mum divalemit catiout cotuco’mutratiolmi,

while Sr++ effects eomitimiued tol chimuib (loga-

nithmio scale). An amialvsis � vaniatice, itt

fact, do’mtu omist rated sb ope differo’mico’s (soc



20

01 10 10 50 50 100

Cd2 x1t53

0.11 ± 0.2-I

o.:U ± 0.10)

1 .0’,1 ± 0.01

2.12 ± 0.62

total

(‘a’� 3.60) ± 0.06 (2)

Sn4� 2.87 ± 0.80) (2)

Ba’ 4.28 ± 0.93 (2)

t(otohl

2.41 ± 0.46 (5)

1.94 ± 0.61 (5)
2.57 ± 0.51) (5)
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OK4 OK4 175K4

I

n

Fm o; . 2. (‘alciuno iioh ibitio,o oof (‘(lh’iOi100 -.stiioo ilated

release of [‘4(’]GABA

P2 synooptoosontes were washed in t he inolio’ate(I

Na#{176}-free, K+ wash S(OhlttiOOnS. 1’:xl)eriuileuit oil washes

(except for baseline experinoeuital washes) o’oon-

tamed CaCl2 as indio’ated. Notice that as 1’� coon-

(‘entratioons were iuu’reased, a larger Ca(112 o’on-

cemitratioon was necessary too proodu(’e inhibit ioon.

Solut ions and calo’ulat ioon of release are oleso’rihed

under ME’rHoDs. K’, 5.0 toni : t = 1.1 , (If = 3. 1’,
10.0 miulu: I = 4.0, olf = 7. K�-, 17.5 mit: t = 3.2, (if =

(J� l’rror hans represent the sttouidtord error of the

nieaui.

OIETHOI)s) fnolnt 1 .0 to 5.0 nut molkmilirio’ o’art Ii

( H = 8.5, (/f := 2). its view oof thio’ (‘ti#{176}�

itihibitiolmi o)f Jc+_facilitato,d release at li owen

concemitnatiomus (If j��+ (as seen in Fig. 2 ) , it

appo’ans that the ohivalemit catiotos uvliio’hu mono’

mnone cifeotivo’ itt stimnulmtt i ng melo’as ‘ mols

liave the greato’m inhoibitoomv o’ffeets at huigho’r

concentrat �OIti5.

A clearly diffo’no’mit oordo’nimig oof (‘ffio1too’io’S

ivas Olbttiilied for thd’ alkaline oarthis in the

pmo’so’mice of Xa+_fmee 100 Mit vo’ratni(iimio’ wtishi
solutiomus (l’ig. 4; conil)aro’ ivith Tablo’ 3).

Agaimu, flue divalemut cations (5.0 mum in this

case) produced ami idemitical ondo’nimig of ro’-

lease effioacv foon bolth the pumifio’d total P2

sytuaptosoomo’s. Furthemmuiono’, thumit tho’ alkmo-

line earth efficacy was ordero’d for vematnidimuo’

is umuambigu outs (pumifio’d synaptoso onto’s,

II = 21.9, (/j = 2; P2 s\muiptosoomuues, H =

8.5, o�f = 2). rfhio, effects oof thio’ divtolo’mit

catioltus omi [‘4CIGABA relo’mise froom tho’ P2

symsaptosomnal fractioms are plotted for u’mini-

ous divalo’tit (‘ootuoo’tutmatiomis in Fig. 3 (nightt).

Helo’ase itt flu’ pmesemtce oof vo’natnidimio’, as

‘I’�uolf. 2

loft olelo (�( oo/ .son/o o, no oon ‘a leo ooooo-st lao 011(1to(1

l4( ‘]G.-I IL-I rrleoz.so too t/oo’ pre.so’oooe of i’o’ratrioli,oo’

Tissue ahiotouoots froom P2 svnaptoosoouoies were

washed six t iuno’s wit Ii o’it her Na f-free (150 tOM

rhiooljtie o’hloridv) oor Na (150 mM Na( ‘I) wash sohoo-

ions (see imu’:’u’utootos) in the preseno’e 000’ allseloo’e of

1(K) �u vo’rmot rioline. Uclease was o’alo’tthated as olo’-
son he(l tinder M u’i’uoooas, Lw stibt u’ao’t ing the ( �a -

free loasel i toe cx lIen uiien t ah wash fro oni t ho’ expo’ri -
onent al wash wit Ii 5(1 nou CaCl 2 added. l�esoilts are

I he means ± sO andar(1 erro ors oof t woo det emit i na-

I iouis.

\�ash sol on iom [#{176}4CGA BA release

both

\‘o’rat rioliuoe-1ro’o’

150) zooti rhooliioo’ o’holoorido’

1St) mu Na(’I

10)0 �.oil vo’rat u’idu too’ ito

ISO) uiou o’hooolouoo’ o’holoorido’

150) uiiu Na(’I

T�uoi.o. 3

,1 lk(1 liii o’ (‘artlo .5/ 0 000 01 1(1t job 0/ � 0 4( � J(L-1 1L1 r(’i(’(Iso’ ho

I/o e pr(’.s’(’oo CO of .�aodi ot too -free , dna te(l /)Ol(1.’(.s’i (1 100

01(1.5/0 .SOlUti010s

Pun fio’ol auool P2 sy 10:9)0 0 050 01010,5 i’o’o’eived cx pe ni -

1010’Ii t �il w’toshu’s o’oon t ai noi tog a 1 .0 inst roooo’eiot rat loon

of the inohirato’oh oiiv:olo’uot o’:oI iooto adolo’d too I ho’ 55.0)

looM i�;i-� �vashi soohut ioon. Sooltit ions and calculat ion

of ro’lo’aso’ a no’ cab’ 00ha 0 NI 05 deso’ ni boa) ouuo(Ier

it 0:01101)5. 1 �o’souI I 5 are I he uiioaons ± st anodard (‘moms

of I ho’ uolonilIo’l’ (of do’t eu’ioi I to:o I io otis shoown i no p:i non-

0 hoses.

CmO.liOfl Purified svolatoooaooolioal P2 SVIltth1000soofllal

(I .0 niu p’#{176}(’!(;.��.� release I’#{176}(’JG.�lL� release

01)110050(1 to 1’�i#{176},(!i(ltiootmippo’ar to) alllorotlo’Ii

mimi aS\muij)t 0 ote ��‘it hi itiero’asittg divmolo’nt eo oti-

eo’mitmatiomi imu the bogmom’ithmic plots.

Tlte o’ffects oof’ thio’ tolkalimue o’arths imi vo’rmo-

tnidituo’-free (timid Nmm��fro’e) wash soolutiotos

mire alsoo shionvmi itt Fig. 3 (right, open o’irclo’s).

Cleanly thto’ o’flo’o’ts oil barium imi vo’rtotniditoe,

maid iii pmomt thio’ o’tTO’(’tS oof strotstiumuu, w’ero’

imtdepo’tioihetit oof flue l)t’o’s(’tico’ of vo’t’mot l’i(!itlo’

itt thio’ wmishi solutioomis. llowa’vet’, 5.() tout
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(0)

DIVALENT� x iO�

Foot. 3. .1 l1-ulo,oe earth .�too,ooolatio,o of I’3C]G.I B_I oolcase

Tissooe ahiqtooots froan P2 svioapaosoonial fract ions wero’ washed with Na#{176}-free, 55.0 mu K� (left) or 100
�u veratnidinie (right) sohiot ioonis. 1-xo’ept for hoaselinie o’xpeminieoil toh washes, o’xpemimemotal washes con-

taiuoed the iooohicmoted divooletit at the iiiohicated cooooo’eiot root 0(010 - 0 (right), release when veratridine was

omitted from tho’ wttsho’s (thus represent itog divaleuit cat (010-st iinoolated release at 5.0mm K�). Laclu point

represents fotom’ too six olet eo’m ito at iooos. Soloot i(olIs :010(1o’alo’ulat iooo of rele:ose are (leso’ribed ooiideo’ mmF:THODS.

stt’ootitiumiu timid emolo’iunu m’elo’aso’d significamotly

itsoire [#{176}4(�](�4B�\. ito thio’ lIro’s(’muo’o’ thitoti imi the

absemuco’ of vo’ratridimoo’ (stromotiutuu, I = 2.9,

(If = 5; (‘tol(’illmiu, I = 3.7, ilj’ = 7).

iIa ia�a ioe.se a to(I 1(’Il’O(/olO.l’ iii in /o il� ii ion oJ’

calciuln-,s’lilnulaIe(/ relea,s(’. I �ro ‘ViO ously we

mo’po)rte(h thtat eithio’t’ 1 .0 maim 1\Imi(’l2 om’ 16.0

nut \ig(�l2 tlo’emo’toseol the m’elo’aso’ oof’ ( �1\B�A.

fnomn thuo’punitio’ol Symltlj)to)5o)iuitilft’too’tioii,l)ut

ito mio’itho’m’ outse is mis (lois ituluibition o’oiusplete

( 1 ) . Fhowo’ven, mis shio owto in Table 4, at 15.0

nut \ I mi(’l2, tIn’ itihullit i oti 0of (1mo#{176}-st iniulated

relo’aso’ wmos total ito (boo’ pro’so’tioe oil either

55.0 mit K4 oor 100 Mit vem’atmiditio’.

To’tmoodootooxm (0.8 Mum) ito thuo’ Na+_free

wmislu solutiomis inhtibito’d Cto�-st insulated

no’lomoso’ ito (Ito’ preso’mio’o’ of vo’rmitt’idino’ (100

Mu Vo’ntltni(iimie, 5.0 nut Ca�: 71 ± 24�
inliibitiomi, a = 2). in coontrast, to’tnoalootooximi

pm’ooduoo’d o’quivoocmol o’ffects omi i’o’lo’mose ito the

� of N4 (5S.0 maim K4, 1 .0 maim (‘a�:
12 ± 21 �; imohtibitiomo, a = 2).

Lanl/oaiiuin cf/eels’ (iii release. LtiCl;o l)m’oO

duced slight but sigmii Ii o’amit st ito iuilat io Ill in

tin’ l)t’o’so’Ioo’o’ o�f o’itiuo’r thio’ 5.5.0 mioum Km or 100

MM vo’ratni(hitoo’, Nmu0�freo� usash solutio)mi
(�fll 5) (N4, H = 16.3, (if’ = 2, vo’na-

tnidimoo’, II = i;.3, df = 2). � m’elease pro)-

ohuced In- lamuthumimouin in 55.0 miii I�i� m�’as

nouo’h smistiller ibtati that 1)roduoo2d In’ cal-

o’ilmtii (I = 13.5, (/J = .5).

t)1S(USSION

Clto’msuical ago’mots muoav be cato’go)nized with

ro’gtord to their f’ao’ilitatoory oom inhibitory

0 ‘ffo’cts oh st insulus-so’cnet ion co)u�)ling. ( )vo’m

thoo’ o’ooticemitrmitiooto ramuges iii this study, 1)olth

K� timid vermitnidimue facihitato’d divalemit

oat iolmo-stimuslmlmoto’d m’ebo’ase imu a comoeemttmatioluo-

do’po’mudemut fashiiomo. _�lthougli thio’ o’ffects oof

vo’nat nidimoo’ oIto sj)o oitauueous release have mu(ot

b)o’o’mi widely imivo’stigated (10),� o’lo’vated T�

o’oomio’emitrmitioomis toro’ neporto’d too fao’ilitate

(hiVtulo’mit oat io omo-do’po’mudemut ro’lease in so’vo’mal

ot ho’r systeiuss, imiclumding t he moo’umoomnuscular

jumio’tiooti miti(1 flu’ chromaffimi cells of flue

todro’mial muso’dullmo (12-15). Furthto’rmore, the

� Personoal cooioiioiuoroio’atiojo liv Alhnmqueo’que amool

.Jatossooo cited iii ref. (10).
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05

,. 020 021 21 161 141 141

55.0 totmm 1’�-�- l�:t#{176} 0.02
0.2

1.0)

(‘:o� ii)

100) Mit vera-

t I’i(Iilie

L:o�’ (0.02

0.2

1 .0)

(‘a#{176}� 1.0)

0.03 ± (P. 18 (2)

0.0% ± 0.03 (2)

0.31) ± 0.24 (2)

0.40 ± 0. 12 (6)

oor(lo’nitog oof milkalitoo’ o’arthi (group iI��) effi-

OtOO1(’S foor stimuoulatimog r(’lemtso’ in (hue l)m(’so’mio’o’

oof Km (Bmo�� � (‘�t�� � Sr#{176}”#{176},with Mg#{176}#{176}

itoeflectivo’, toll tot 1.0 ntut) ool)SerVed ito this

s\’sto’msu has tilsoo bo’o’mo no’p(onto’d for thio’ tueuno-

tisuscular jutoctiolmi m-ttsil thuo’ tidnemotols (14, 15).

It-i moddit ioon , Bti� � � oked sulIstamot imil r(’lease

without o’itito’r o’lo’vmito’d K+ levo’ls oor flue

� 0 of vertit ridine. This o’ffeot has i)o’o’mi
obso’rvo’d tot jlo’niplto’rtil SytimopSo’s timid foon

o’htnotiiaffitu (‘(‘115 oof tho’ adro’nal muio’dullmi (13,

30). La+++ stimuiulatioomi OIf release mutust be

co)tosido’ro’cl So’l )arttt (‘l\’ . Alt hoough it did sup-

P00t’t r’o’lo’moso’ ito (our systo’muu, tlue o’ffect ito

o’levato’d K+ was feeblo’ o’oomiuparo’oI to) that of

(‘al(’ilmns . ,\.t t he mio’un oniimsculmir j imnctiomm,
although La+m+ sul)statlt imolly increases �pomo-

tano’oous no’lease, disagneemtiemit o’xists mis to its

mobility to susttoimi o’vooko’d no’lo’aso’ ( 17, 31).

001.1! � Vmirious sul)stmlnc(’s mino’ til)lO’ to itohiil)it

0.1 80 ± 11 ro’lease. As r(’p(onto’d l)r(’viOollSlY (1), 16 musit

1 .0 10% ± 4 � 1 mum �imi�k-, amid 1 nuit Coo#{176}�Partially
5.0 119 ± 3 inhibito’d (�mi+i_stjmtutilmito,d K0-facilit-ato’d

rel(’mlso ito this systetii. Itt fact, the relative
1 .0 104 ± 12 inhibitory j)ooto’mo(’ies oil \lti#{176}4-mimic! \Ig#{176}#{176}at

5 . 0 10 ± 1010 flue too’uroomnusculton j tinotioai ( 1 6) atud ooimr

svsto’mn am’o’ quito’ simnilan. The pnc’semot study
1 .0 136 ± 59

also) demoimustrato’d that \IIi++ ctiti tootallv
5.0 114±23 . . . � .

nohmbit Cto1#{176}-stmtisulat o d ro’lease w’hietho’r

55.0 F�

100 �mi vertitridine

150) MM veratridine
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SYNAPTOSOMAL, P..

100 V.,,n,,d,,.. 100 � -

:

D

Ca”2 Sr”2 �+2 Ca”2 Sr+2 �+2

FIG. 4. Aikaliooe earth stimulation of [#{176}4C}GABA

release in the preseooce of sodium-free, reratri(luoe

u’a,sh solutiooos
Except for baseline experinsental washes, 5.0

flIM divalent (‘motion was added too the experinoental

100 .oM verootridine wash s(olutioons (of 1)00th 1Ilurifio’d

(left) and P2 (right ) synaptosoomnal frao’tion t issooe

aliquoots. Solutions and o’alcuolatioon oof release more

described under Mu-:TH0II5.

This work was slopp(orted by Grant NSF 08597-05

front the National Institutes of health.

T.uoi�: 4

�lfaoogoi ioo�se iooh ibitiooo of ealo-ioono -stiooo 011016(1

[‘4(’IGAJL4 release

1\ItiCl2 (15.0 mnmo) was added to Na#{176}-free, K+ and

verat ridine wash and experimental wash soohtotiooros.

Experimenttol washes, except foor the baselimie ox-

periniental wash, coontained the indicated CaCI2

(‘omocentrootion. Inhibition is relative to release

utider i(lentical conditiotis hooking )ImiCl � , : s

described tinder muu�rmto�m�s, Hestolts are I he oneamos

± stan(lard erroors of two detemniinmotioons. See

it E’t’HootIS foor calo’uhot io on oof pero’en t age i nhihi t n no

standotrd errors were calculated ao’(’oording to

Topping (24).

Wash solution
(with 15 mM

mangmonese)

Calcium Inhiloitioln oof
concen- I’4C1GAh3.�
tralioon release from

P2 svnaptosonoes

Toni,,-. 5

I oofl Ohio ce of hi oo I/o oi ooa no ooo � 04( ‘ (,‘.� J�_� releaso’

‘i’issue oo1kto�ot s front P2 syntiptoosoonoal fr:oct loins

were WasIie(l wit hi Na-free, 1’o#{176}(i� verat rl(linie sodto-

t bolos. Except fo or t Lie hnoseli roe experiment oil wash,

t he experinien t tI �vashies con t ainied t he inolic:ot ed

1�ti(�1� or (oo(�l� o’oonoo’en I root otto . Sooluot loins 0010(1 cabot-

ltot loon oof relemose oro’ oleso’ribeol ootoolo’r muo-;rtmoouos.

Uestolts are t lie means ± st minidard erroors oof t he

to 0011111cr oof olet cmi I n at lo otis sho ow’ti I to inoren I heses -

Ilash solution (‘at ion Coonceoo- (“C JG.� BA

Oration release

00,_of � tootoil

0.02 ± 0.05 (2)

0.27 ± 0.04 (2)

0.34 ± 0.02 (2)

2.22 ± 0.15 (4)



vmolo’nt o’titio omo�vo’rat m’idimo” imot(’ractioomss are

moot J)l’o’VtOl0�mit ill thuo’ lito’m’titum’o’, mind para-

ii-io’t t’i(’ o’xanuimomitio Ott oof PoolYvalomot cation-

P#{176}otmissioimui imitera(’ti( tiS (‘XtO’tl(lS tho’ previOuS
0 ohoservatnotis ito �so’ll-st tI(hiO’(l systents (see
�fhl 6 lo or somiuumnarv).

r1�h(, lItOsiS foot’ facilittotiomo oor imohiibition of

no’lo’miso’ (lO’l)O’mo(iS Upoiti tho’ o’tipmihility (If a

givo’mo tretitmuuo’mot to su�)poort ton itihibjit the

l)ltYSiO0 I(’hi(’mlli(’til ro’miot io otis ito stintulus-secre-
tiomo (‘ou�Ilitug. Imo tite j)hiysi(ological situation

olo’l)olttniztstio)ti 0 of the s\’timoptic tuiemutl)rane

itocno’aso’s the �)(‘rmoso’mu1)ility oof the miu’nii)ralie

too (‘ti�#{176} (35, 36). (i1+m llo’rnuo’mito’s (ionima-ri1�’

throough thu lato’ (‘to choaootoel), imoto’rmtcts

ivitho ami itot t’tt(’elllIlmlt’ I litodimog sit(’(S) , and

‘IF.muot.o; (1

01000 10001’!/ 00,!’ (100(1100 go os loolwcooo -milollool015 -(001 pled
14( ‘ (,‘,4 1L4 .mecrelio,o oIou! other .mIioooulois-eooipled

.m-eeretoo,o .m!/ste100S

Characteristics of [1�C�(1ABA secretion \Vett-studied systems
from isolated brain synaptosomes in showing similar effects

this system
Neuromuscular Adrenat

junction medulla

elevato’d 1’o_� (01’ V(’t’tltt’i(hiIio’ is l)t’’So’tit. It is

suspo’oted Ilotot (‘oo� � and \lg4’ miumiy tilso

inhibit vertotm’idimoo’-ftoo’ilittoto’ol m’o’letoso’. �fo’troo-

(loitooXilO, (Ito tho’ othuo’t’ hanoi, imoliil)ito’d vermt-

tnidimoo’- hut tooot is. -ftoo’ilittoto’ol m’o’lo’tiso’. 1�ooth

Blmiimsteimu o�l al. ( 10) timid Bo’llo’rocho’ amid

l3rml(Ifoord ( 1 1 ) t’O’l)oot’tO’d 1100 itilOil)itio)Ii0)1

m’elemoso’ i):\� to’tt’(odootooxito tot o’bo’vttto’d 1o1+

(oltioO’mOtm’mit-iooti.

(�a�’, thto’ moooost �vell kmn o\vto o If t ho’ st itusu-

lmititog divmilo’tit oat io ins, is ti( of usimmillv e no-

sidem’ed toti itihiil)itoot’ (of’ t’o’lease. IHIoow(’vo’r,

mvhuo’mo tito’ bo�ii �.#{176}omio’o’mit rat io omi is t’ais(’(l , mimi

O’X(’O’SSIVO’ oootioo’titrtitiooii oof (‘to� m�ill loo�ver
thio’ mieo’o’l(’rtot (‘(1 ‘ ‘�l�#{176}ototmimio’o0005’’ t’o’lo’mose ito the

mo(llroom1ttlso�ular jumu’tiooti ( 1 2, 32). Thus a

seemuuitigly timooomntihous finditog ro’porteol Ioo’ro’

is partollo’lo’(I in oma’ 0 of (ho’ mao st o’xto’tisivo’ly

Stli(li(’d m’o’lo’moso’svsto’mois. It is o’xpo’oto’(l,ito

I’mict,tlttot soomiio’(of (ho’ oothoem’ ro’lo’tise stimunm-

lamots (‘0)111(1 inhibit I loo’ir oowto stimuuulmotioomo (as

svo’ll tos (�:o� 4- stiioiulatioto ) of m’o’lo’tiso’ (so’e

l)O’IOOW), but tests oof this hoy�notIoo’sis havo’ mioot

bo’o’mo 1)o’nfoom’muio’d.

i�Ioo’ tinio’ o’out’so’ oof I��-o,oomittoollod (101k�

imoflux ito thoo’ squid moxoomo ( l’ig. 4 oof’ rot’. 3�)

toto(l I��.m�(�0tit no ol lo’ol , ( ‘001 -k--st inuulmoto’d t’o’lo’mise

ito the pro’so’tot systemsi (l’ig. I oof’ ro’f. I ) molsoo

coot’ro’late.l3oothi o’ff’o’cts o’xhoibit to t’topid, tramo-

siemot riso’ito t’O’Sl)(otiS(’ too iootli(’ tolto’m’atioomo, toll-

1 oivo’d lI\’ to t’t101)id do’cay I o o It ‘vo’ls slightly

tihovo’ tluo’ itoititol l)mLSO’liliO’. ��ltlnougIo 1�miko’n

el al. (33) uso’d to 1)11150’ of K� toti(I Lev\’ el al.

( 1 ) o’ntplooyo’dCmt#{176},wo’ hotivo’1’oumod4 that a

I�I4-1)t1150’�)t’01dt10�(’5mimi o’ffo’o’tsitooilmirtoo tin’

(‘�i#{176}4- 1)10150’. Ito mi(l(litiolti, llmioqvist mimiol l”o’ld-

nutomo (12) t’o’poorto’ol to simiuiltir tt’tomositoom’y P1��’-

t000tiio’tooItotit a miotonitiitiliato too’imt’oonsusoular

jumio’tiooto �vlio’mo K(1l svmos iticretiso’d too 50 aiim.

‘Float m’o’letiso’ doo’s inot ro’turmo too (ho’ imoitial

lImOSo’litiO’ suggo’sts tlomot in studio’s oof (‘mi±+_

StimislllmttO’(l l’(’l(’miSO’iii tito’ Ioro’so’moo’o’of do’-

vtito’d 1�, (ho’ timsie co)urso’ of thoo’o’xl)o’rimiio’tot

is o’nit ictol . ( )bservat 10 ii i 0 of mo b ‘miso’ fo or ex-

tO’tidO’(l b)o’rio)ds (1101st thio’ imiitial l)1m150’ (If

m’o’lo’tiso’) hotly yio’ld chimirao’to’nistio’moll\’ diffo’rent

t’o’sult ‘S t hmtmo 0 obIso’rvtlt li no of sltoom’tet’ polio als.

eFluo� pro’S(’tit stutily ooffo’rs to s�’stenumotic in-

v(’stigatioon of jltoratul(’tO’t’s itifltto’tio’itig PoolY-

vtilo’mot coot io to-stitiitmlmoted so’ct’o’t ioomi . Poolv-

ref. ,Vo.

12 13

34”

15 14

3P

16c 1-I

16’

33

S lInt r:ochoitooxioo, a veo’atoiohiooe totoahogtoe, was

oosed.

0, In 2 out K(’l, ph 5.0.
C l;bo’o’t ric:olbv evoked (�a�4- stintulaticomi,
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5 1 ). 1�(’(1h)l01’1i:ooiol(�. (‘oot uoi:on , lOIObIlObIbishoO’d oh-

servat boos.

I(iCo/Ot(It1011

l’�� f:o’ibotat ioouo of (‘a�1-de-

penolero t st ioiuiobal io ti (see

alsoo ref. 11)

\‘o.-rat ridino’ f:oo’obit:ot loon oof

(a� ‘-(lO’l)eui(belot so initoba-

tiooi (see alsoo ref. 10))

(‘ooniparat ivo’ :olkaline cart Is

st inioolat 10010 lii Pr(’so’Ioo’e 0 of

elevated K’

Lant hmoniuni st iiioiol:ot loon in

preseno’e of elevateol K

bob olo it 00,,

Mg4-*ioihiibitioomi of Ca1�stim-
tolat 10)10

in hi bit ion 0 of (‘a� st ins-

tohot 10011

(‘a4� iuohiibit ioouo oof F�’ fao’ibi-

at 10010

Tet oodroot ooximo imohibit i(ili oof

vermot ridiooe fao’ilit tot io010 (see

absoo ro’f. 10)
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stiniulato’s tramusniitto’r so’cro’tio)ti ( 1 7, 36,

37).

At tho’ 5OlW(l gitimit tixooto symiapso’, the

influx oof Cmik+ that provides tite stintulus for

secretio 011 15 comit m’ol led by t lie uiieIliI)ralie

poto’mitial (36) . l”or o’o’mitrmtl no’rvo oils systeiii

synaptoosonto’s Ca+m imiflux alsoo appo’mirs to) be

contro)lled by llieniI)rttn(’ pooto’mutial (10, 38).

Imucreaso’s imi o’xtra(’o’llulttr T’i� o’o)mico’mutratio)tis,

svhich cl(’polariz(’ 5\’timtpto 050 Otii(’S (3S) , imi-

crease CmP+ imiflux timid tilso) no’sult- in mior-

epinej)hriflo’ ro’leaso’ (10). Our dmita illustrato’

a siniilar n(’lmitiomishil) for (�ABA ro’lo’ase. At

comistant Ca1� cotoc(’motratiootis, higher K�

coitcemit m’at io ohs o’licit ec! gm’eat o’r ro’lo’mtse of

F‘4Cj(ABA. This was also tho’ caso’ for Sr�k

amid l3ti++. lmoo’ro’aso’d exto’nmomtl K+ (�oiuo.(.Iotrmt

tions j)resunitil)Iy (l(’pollanizo’d tlt(’ nio’ni-

bramoo’, tiio’reh\’ itnro’misimtg the l)enIiio’aI)ilitY

of a (1a++ hamimto’l. iiio’ invoolvo’nio’mot oof th(�

late (��t1� chamumoo’l nathn’r tliati the o’arly

Ca++ ohimtmomoo’lis oliro’ctly su�)ported l�’ tho’

o)bservmitioti t limit to’tm’o(!o otoximi, which bloocks

the early Ca1k- chmtmituo’l (35), did miot alter

J,�+_fa(.iljtmtto,(l ro’lo’ase, whto’nemis )olti++, which

blocks the lmtto’ C’mt#{176}k-o’hiatuno’l (36), itihtii)ited

release.

lh(’ alkaliioe earths miia�’ diffo’r in m’elo’mose-

stiniulatimig efficacy as a fumictioti of their

ability t(i l)o’lsetrmtto’ thie liio’litl)l’amio’, mio’cess too

tiio’ poostulato’d itstrmocellular bituditig sito’, timid

a-ffitiitv loon the imotrmicellulttr bindimog sito’.

However, indirect pant icipat iott imu t lie stiiitu-

lus-s(’cretioti co)uplitig pro oO’O’sS(’s miitiy 0occur.

The alkaliroo’ earths cmiii tiffect niemi�bramie

poteittial, tltero’I)\’ alto’nitog p(’rmuio’ai)ility

through to volltmsgo’-clo’po’mido’nt o’hamomio’l , o it’

the�’ niav mriobilize itotraco’llulmsm’ storo’s of

Ca++ or (‘o)m�)eting ioons.

rfhie different ial st iniulat io omi oof r(’letls(’ by

tIie alkalimue o’mtrths was niore (iraniatio’ in 5.0

I�l�lM thamu iti 55.0 iiiui K+ Iul(’ohil.lmli. If at 5.0

hut i.;:+ the ijoopulmttioomu of ioom000ph(oI’o’s is only

partimilly ti(’t ivato’d , mitt o )rdo’no’d jlo’rnto’atioomt

through the lato’ iottophooro’ could do’to’m’iiiitoe

the differo’motimil al)ihtv oof tho’ icons too stitisim-

late releaso’. At high K� o’oonco’tstratioomis the

iotuo)phoro’s may ho’ ‘‘fully’’ activmtted, such

thmit tlte sinuilmim’itv oil stinuulatioto by the

alkaline earths niay reflo’o’t largo’ divalent

catioomi imtfluxes amid smituratiooto of itotntoco’llular

l)itodimOg sito’s.

,1\.t the looi�o’t’ (‘0 moo’o’mott’totio)mis 0 of � , its-

o’t.(�aso’s ito C’ti�� O’O)toC(’tit m’atiomos itiliil)it(’(l to’-

lo’ase. 1)inect o’tt(’(’ts oof (‘a++ ott tin’ muuo’n�-

bramoe pooto’tititil misay tio’cooumot foot’ these tltotmi.

(‘mt±+ is able to) h\’pO’t’p(olaniZ(’ o’xcitablo’ (‘(‘115

(39) j)(ossil)l\’ Vito so’t’o’emoitig 0 Ot’ hitalimog o’f’feo’ts

( 40) . �\toy do’o’t’o’ttso’ ito Iu(’IuuI)rtlmio’ (1(1)0 olariztt-

tion otilIs(’d Ily mlii ttlkalimio’ o’mim’th �voould mo’-

duce the activatioomi of tloo’ lotte (‘ti�k o’Itamotoel,

ro’sultitog itu to do’cm’o’toso’ito alkttlimio’ o’mot’thi

imoflumx, timid lO(’ti(’(’ so’ct’o’tio 010 o’ouplitig. This

amitago onisni oof (lo’j)oolmlm’izmit iomi could also o o’ooIl-

tril)utt’ to) tito’ tlsVmiij)tOOtiO’ ro’lemiso’llroo(hlo’o’d

��:‘�‘ thto’ high o’otio’o’titt’titioonsoot (ho’ alktolitoo’

etirths imi 55.0 misit

Iii tin’ pi’esence oof INmi+, vo’i’att’io!imoo’ ole-

poolanizo’s n(’rvooims tissuo’ ��:“ moetivmitimog a
to’tno)(looto)xin-l)loocktti)lo’ ‘ootuooj)hooro’ �vithi chotor-

mictei’istics ido’mitical with thto’ Na+ io 0100 oj)Iiom’o’

assoocim-ited ivithi tho’ actioto 1)0)t0’tititil (41).

hums v(’nmitnidimoe shuo amId effect do’p#{176}oltom’izto-

tioni, svhtich \V0)tll(1lli(’t’(’mls(’ Cmo+* po’t’mao’totioomo

through the itite (�mi�� i(omiooph(ol’o’. l”tio’ilitti-

tiomi of (1a++_stimnulato,(i ro’leaso’ ito tho’ lImo’s-

o’muco’ of Na� i�-tis oobso’t’vo’ol. lit thuo’ Ul).’i(’/l(’(’ of

:‘cti+, 1000 sigmtifictooot do’po olam’iztit io 010 \\�O ottlol 1)0’

o’xpo’cto’ol simuco’ vo’ntitm’i(!imo(’ is mnot O’Xl)O’o’t 0 d t� o

multo’r tho’ mtoornimil miio’moihm’momoo’ jlo’m’nso’toloility

toi o’huoolimue (40) . \et m’elo’toso’ �mis oOl)m’iO’t’VO’(l.

It is IIO)SSibl(’ thmit (‘ti+c po’rmioo’tito’stloo’

bt’titio’ via t ho’ Ntt’ i omooopho oro’ (etim’ly ( ‘mt’’

chamotoo’l ) (35, 36) . I I s o, to’tno odoto oximo sloo otold

imihiblit vo’m’mitm’idimto’-fmio’ilitato’d t’o’lo’aso’, tis ito

fact it did. \ Ito4--’-- imultihitio oto is tilsoo co omosist oat

i�-ithi tite imuvoolvo’nio’mot tof tho’ o’am’ly (‘a

o’hmimiiio’l , imu t limit \ I mik-� mit sufficio’mut o’o itl(’O’ti-

trmitioomos cami itihiil)it (‘to’’ o’motm’y mit tluo’ Nto’-

prefo’rt’itig iomuoj)hooro’ (33). ‘fhtios in thuo’

tub)5O’IuOO’ of INtt4- amid tho’ pro’so’moo’o’ 0 of s’o’ra-

tridimoe, alkalimoo’ o’months miiay j)(’mio’tt’mtto’ tho’

o’arly (�a� ohamimuo’l tomt(l stiiuiimlmito’ m’elettso’.

lisis papo’I’ is mi.mi imiititol attentpt too (lo’fine

tho’ cho’msiical �)r� opert io’s o of st iiuiulus-so’o’t’o’t a omo

cou�Ihmog imu tho’ 1)raimo, usitig isodated s\’tottj)too-

so_ohio’s. The simuilminit\’ hetwo’o’mi this systo’ttt

a-tic! the relo’tose oil tlo(’tylchiolhimue tot tho’

mio’unniiusculmii’ j Utt(’tiootu amid of miom’o’pitio’ph-

nimue at the adremual min’clulla is stnikitig, timtcl

mirguo’s for simitilar miio’chmsnisnts o’otot r ollitug

relo’msso’ oof tho’ o’emotrmtl muc’uro1toIm1�ot’ ( � ABA.

So’o’no’tiomi pro oduco’oh l�’ ti j� olyvalemot etot io ott
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l)i115(’ is imoFluemoco’d by K�, vermitnidimie, amid
p(olyvalemot oLltio)tu cotoco’totratiootus in the

ext nmto’el lulmtn ntediumn imi a nuamitier colisiSt(’flt

w�ithi tlt(’ go’mieral lIrooII(’I’ti(’s oof axoits amid

svell-studio’c! stiniulus-so’eno’tioon couj)littg. ( )r-

denimog 0 of milkalimue eant ii reletise-stiniulating

(‘fficmi(’\’ iS mittnibuto’d to oliffo’ro’nces iii mem-

I)ratso’ Po’rmu)(’ttl)ilitY ali(l ito relo’ase site affini-

t ies . A I t ho ough t he chiarao’to’nistics of Ca++

po’riiso’atio ito ano’ relatively wo’ll kmioivn , the
miatuno’ oil the imotm’mic(’llular llindimtg site [ro’-

cetstl�’ iiuipliotito’d 1)0’ \liledi (42)] is umi-

kluowmu. Iii vio’w of thue high presymoaptic

(leflsit0’ oil tin’ lato’ (‘mi++ io)muophores (43)

and assoociat(’(l muegativo’ly o’Iiarged sites [as

imifo’rro’ol fromit the go’tueral proIpo’rti(’s of Ca++_

pno’ferning io iIio)I)hto ono’s (44) ] , comic pOSsil)ility

is that the postulato’d itttnacellular binding

sites mi(’(’(l mooot ho’ (hffeno’mut fromii sante portioti

of the lotte (�mt++ iOOIiO)l)hio)I’O’s.

A sOo’tittptOsOIlumil s�’stemii such as that- pre-

setit(’(l here proovido’s a ino’amts for mimialyzittg

miio’miobramoo’ l)o’rmiiemshihi t y I )ropo’rt ic’s iii rela-

t iomiShi1) t 00 so’cn(’t iomo �)r� 0(0 ‘550’S, t has enablimtg

an o’vo’mo nioino’ detailo’ol amomilvsis oif the roole

o�)f Po)lYvtol(’mit oatioomos ito stiniimlus-secro’tioiu

couphmig.
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