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Post - Tet ani c Decay of Evoked and

Spont aneous Tr ansmi t t er Rel ease and a

Resi dual - Cal ci um Model of

Synapt i c Faci l i t at i on at Cr ayf i sh

Neur omuscul ar Junct i ons

ROBERT S. ZUCKER and LUI S O. LARA- ESTRELLA

Fr om t he Depar t ment of Physi ol ogy- Anat omy, Uni ver si t y of Cal i f or ni a, Ber kel ey, Cal i f or ni a 94720

ABSTRACT

	

The post - t et ani c decay i n mi ni at ur e exci t at or y j unct i on pot ent i al
( MEJP) f r equency and i n f aci l i t at i on of exci t at or y j unct i on pot ent i al s ( EJPs)
was measur ed at cr ayf i sh neur omuscul ar j unct i ons . A 2- s t et anus at 20 Hz
caused t he MEJP f r equency t o i ncr ease an aver age of 40 t i mes and t he EJP
ampl i t ude t o i ncr ease an aver age of 13 t i mes . Bot h MEJP f r equency and EJP
f aci l i t at i on decayed wi t h t wo t i me const ant s . The f ast component of MEJP
f r equency decay was 47 ms, and t hat of EJP f aci l i t at i on was 130 ms . The sl ow
component of MEJP f r equency decay was 0 . 57 s, and t hat of EJP f aci l i t at i on
was - 1 s . These r esul t s wer e consi st ent wi t h t he pr edi ct i ons of a r esi dual cal ci um
model , wi t h a nonl i near r el at i onshi p bet ween pr esynapt i c cal ci umconcent r at i on
and t r ansmi t t er r el ease .

I NTRODUCTI ON

When an act i on pot ent i al i nvades a ner ve t er mi nal , t he vol t age- dependent
cal ci um channel s i n t he t er mi nal open br i ef l y t o admi t cal ci um, l eadi ng t o
t he phasi c r el ease of neur ot r ansmi t t er and t he subsequent post synapt i c pot en-
t i al ( PSP) ( Ll i nás et al . , 1981) . I f t r ansmi t t er r el ease i s kept at a l ow l evel t o
r educe depr essi on and depl et i on of t r ansmi t t er st or es, t hen f or a per i od af t er
one or mor e act i on pot ent i al s, a pr esynapt i c i mpul se may r el ease mor e
t r ansmi t t er t han a si ngl e i mpul se i n i sol at i on, el i ci t i ng a l ar ger t han nor mal
PSP. Thi s pr ocess i s var i ousl y r ef er r ed t o as synapt i c f aci l i t at i on, augment a-
t i on, pot ent i at i on, or post - t et ani c pot ent i at i on, dependi ng on i t s dur at i on and
t he number of pr esynapt i c act i on pot ent i al s needed t o el i ci t t he ef f ect ( Mag-
l eby, 1979) .

The physi ol ogi cal mechani sm of synapt i c f aci l i t at i on has been st udi ed most
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ext ensi vel y at neur omuscul ar j unct i ons and at t he squi d gi ant synapse . At t he
gi ant synapse, a br i ef f aci l i t at i on i s caused nei t her by changes i n t he pr e-
synapt i c act i on pot ent i al nor by pr esynapt i c af t er pot ent i al s ( Char l t on and
Bi t t ner , 1978) . I nst ead, i t i s pr obabl y due t o t he act i on of a r esi dual i nt r acel -
l ul ar cal ci um or cal ci um compl ex, cal l ed act i ve cal ci um ( Char l t on et al . ,
1982) . The i dea i s t hat a l i nger i ng smal l i ncr ease i n act i ve cal ci um, cal l ed
r esi dual cal ci um, l eads t o an i ncr ease i n t r ansmi t t er r el ease evoked by t he
sudden, br i ef , and const ant i ncr ement i n act i ve cal ci um accompanyi ng a
ner ve i mpul se . Thi s cal ci um i ncr ement r el eases mor e t r ansmi t t er i n t he
pr esence of r esi dual cal ci um because of a nonl i near , power - l aw r el at i onshi p
bet ween t r ansmi t t er r el ease and act i ve cal ci um. A si mi l ar hypot hesi s i s
suppor t ed by somewhat l ess di r ect evi dence at neur omuscul ar j unct i ons ( Kat z
and Mi l edi , 1968 ; Rahami mof f , 1968 ; Zucker , 1977) .

I f t her e i s a pr ol onged i ncr ease i n act i ve cal ci um af t er pr esynapt i c act i vi t y,
t hi s shoul d be r ef l ect ed not onl y i n f aci l i t at i on of t r ansmi t t er r el ease evoked
by a ner ve i mpul se, but al so by an i ncr ease i n t he spont aneousl y occur r i ng
t oni c r el ease of neur ot r ansmi t t er quant a ( Mi l edi and Thi es, 1971 ; Rahami -
mof f and Yaar i , 1973) . I ndeed, st i mul at i on of mot or neur ons i s f ol l owed by
an i ncr eased f r equency of mi ni at ur e endpl at e pot ent i al s ( MEPPs) , l ast i ng
about as l ong as t he var i ous phases of f aci l i t at i on, augment at i on, and pot en-
t i at i on ( Bar r et t and St evens, 1972 ; Er ul kar and Rahami mof f , 1978 ; Lev- Tov
and Rahami mof f , 1980 ; Zengel and Magl eby, 1981) .

Recent l y, Zengel and Magl eby ( 1981) at t empt ed t o use a si mpl e but
pr eci sel y f or mul at ed r esi dual cal ci um model t o r el at e t he t et ani c and post -
t et ani c t i me cour ses of endpl at e pot ent i al ( EPP) f aci l i t at i on and i ncr eased
MEPP f r equency . I n t hi s model , bot h phasi c and t oni c t r ansmi t t er r el ease ar e
cont r ol l ed i n a hi ghl y nonl i near f ashi on by t he i nst ant aneous l evel of act i ve
cal ci umat pr esynapt i c r el ease si t es . Thi s act i ve cal ci umhas t hr ee component s :
( a) a r est i ng or st eady st at e l evel , Cas, pr esent i n t he absence of ner ve act i vi t y
and cont r i but i ng t o t he r est i ng f r equency of MEPPs ; ( 6) an i ncr ement i n
act i ve cal ci ument er i ng f r omt he ext er nal medi umdur i ng an act i on pot ent i al ,
CaE, and causi ng t he phasi c r el ease of t r ansmi t t er ; and ( c) a r esi dual cal ci um,
CaR, af t er ner ve act i vi t y, r epr esent i ng t hat ext r a act i ve cal ci um r emai ni ng
f r om pr evi ous act i vi t y i n t he r egi on of r el ease si t es . The post - t et ani c i ncr ease
i n MEPP f r equency i s due di r ect l y t o CaR, wher eas f aci l i t at i on of spi ke- evoked
r el ease i s due t o CaE added t o CaR.

I n t hi s model , MEPP f r equency i s mor e sensi t i ve t han phasi c r el ease t o
r esi dual cal ci um, and so t he f or mer wi l l show a gr eat er i ncr ease af t er a t et anus .
Mor eover , as r esi dual cal ci um decays, MEPP f r equency shoul d decl i ne t o t he
r est i ng l evel f ast er t han EPP ampl i t ude . Al t hough t he f i r st pr edi ct i on was
conf i r med qual i t at i vel y i n measur ement s of EPPs and MEPPs, t he second was
not . The i ncr ease i n MEPP f r equency was gr eat er t han t he i ncr ease i n EPP
magni t ude ( al t hough l ess so t han pr edi ct ed) , but t hey decl i ned at si mi l ar
r at es, cont r ar y t o pr edi ct i on .

Zengel and Magl eby ( 1981) poi nt ed out t hat i n t he ear l y par t of a t r ai n of
st i mul i , t he pr edi ct ed r el at i on bet ween t he devel opment of EPP f aci l i t at i on
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and MEPP f r equency was mor e cl osel y f ol l owed . They suggest ed t hat t he
ear l y component s of t he i ncr ease i n t r ansmi t t er r el ease, namel y f aci l i t at i on,
mi ght f ol l ow t hei r pr edi ct i ons bet t er t han t he sl ower component s, augment a-
t i on and pot ent i at i on .

We deci ded t o t est t he r esi dual - cal ci um t heor y of t he r el at i on bet ween EPP
ampl i t ude and MEPP f r equency under condi t i ons wher e f aci l i t at i on i s t he
domi nant ef f ect of st i mul at i on . We chose t o st udy t he r el at i on bet ween post -
t et ani c exci t at or y j unct i onal pot ent i al ( EJP) f aci l i t at i on and mi ni at ur e EJP
( MEJP) f r equency at neur omuscul ar j unct i ons i n t he cr ayf i sh opener muscl e .
These synapses di spl ay t wo pr omi nent component s of EJP f aci l i t at i on ( Zucker ,
1974) si mi l ar t o t hose seen at f r og neur omuscul ar j unct i ons ( Magl eby, 1973a ;
Younki n, 1974) , but t her e i s l i t t l e si gn of augment at i on and pot ent i at i on .
Onl y wi t h ver y l ong t r ai ns, l ast i ng >10 mi n, does a sl ow component t er med
l ong- t er m f aci l i t at i on, ki net i cal l y si mi l ar t o pot ent i at i on, become evi dent at
t hese synapses ( Sher man and At wood, 1971) . Cr ayf i sh synapses have t he
f ur t her advant age t hat f i ber s can be f ound t hat di spl ay no si gn of synapt i c
depr essi on, even at nor mal l evel s of t r ansmi t t er r el ease . We r epor t her e t hat
at cr ayf i sh neur omuscul ar j unct i ons t he r esi dual - cal ci um hypot hesi s gi ves a
r easonabl e descr i pt i on of t he obser ved changes i n post - t et ani c MEJP f r e-
quency and EJP ampl i t ude .

METHODS

EJPs and MEJPs wer e r ecor ded i nt r acel l ul ar l y f r om abduct or muscl es of t he dact yl
i n t he f i r st or second wal ki ng l eg of t he cr ayf i sh Pr ocambar us cl ar ki i . Smal l ani mal s, - 8
cm l ong, wer e pr ef er r ed, as t hese had smal l er muscl e f i ber s and consequent l y l ar ger
MEJPs ( Kat z and Thesl ef f , 1957) . The di ssect i on, mount i ng, and i l l umi nat i on of t he
muscl e and mot or ner ves ar e descr i bed i n Dudel and Kuf t l er ( 1961) . The exci t or ner ve
t o t he opener muscl e was st i mul at ed usi ng pl at i num wi r e el ect r odes, wi t h 0. 05- ms,
supr at hr eshol d i sol at ed pul ses . Muscl e pot ent i al s wer e r ecor ded wi t h 2- 4- Ma el ec-
t r odes pul l ed f r omt hi n- wal l ed t ubi ng, wi t h t i p di amet er s ^- 1 j i mand f i l l ed wi t h 4 M
pot assi um acet at e. These wer e connect ed t hr ough a KCl br i dge and an Ag- AgCl
pel l et t o a l ow- noi se DC ampl i f i er ( P- 18 ; Gr ass I nst r ument Co . , Qui ncy, MA) . The
r ef er ence el ect r ode was an Ag- AgCl pel l et i n t he bat h .

Speci al car e was t aken t o keep noi se i n t he r ecor di ng syst em as l ow as possi bl e,
because MEJP ampl i t udes wer e onl y 0. 1- 0 . 75 mV. Hi gh- f r equency noi se was r educed
wi t h a si ngl e- pol e, l ow- pass f i l t er wi t h a cut of f f r equency of 1, 500 Hz . The l ar ge DC
pot ent i al caused by summat i on of EJPs dur i ng a t et anus was el i mi nat ed by connect i ng
t he ampl i f i er out put t o a But t er wor t h t wo- pol e, hi gh- pass act i ve f i l t er wi t h a cut of f
f r equency of 1 Hz . These f i l t er s had no si gni f i cant ef f ect on EJP or MEJPampl i t udes .
The DCmembr ane pot ent i al was al so cont i nuousl y moni t or ed by a di gi t al vol t met er
connect ed bef or e t he hi gh- pass f i l t er . Heal t hy f i ber s mai nt ai ned a membr ane pot ent i al
of - 60 t o - 80 mV f or t he dur at i on of t he exper i ment .

The physi ol ogi cal sol ut i on was composed of ( mM) : 195 NaCl , 5 . 4 KCI , 13 . 5 CaC12,
2. 6 MgC1 2 , 10 HEPES buf f er , adj ust ed t o pH 7 . 3 wi t h NaOH. The t emper at ur e was
kept at 15 ° Cwi t h Pel t i er t her moel ect r i c uni t s and const ant super f usi on wi t h aer at ed
Ri nger .

I n t hese exper i ment s, onl y one st i mul us par adi gm was used . The exci t or ner ve was
st i mul at ed f or 2 s at 20 Hz . Tet ani wer e separ at ed by at l east 30 s, whi ch i s suf f i ci ent
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f or r et ur n of t he EJP ampl i t ude and MEJP f r equency t o basel i ne l evel s bet ween
t et ani . Because of var i abi l i t y bet ween f i ber s, we col l ect ed suf f i ci ent dat a f r om each
synapse t o measur e t he f ul l t i me cour se of EJP and MEJP changes af t er a t et anus .
Exper i ment s usual l y l ast ed 5- 6 hr .

The decay of EJP f aci l i t at i on af t er a t et anus was measur ed usi ng an aver agi ng
comput er ( Neur ol og NL- 750 ; Di gi t i mer Lt d . , Wel wyn Gar den Ci t y, Her t f or dshi r e,
Engl and) t o gener at e aver aged EJPs at var i ous i nt er val s af t er a t et anus . Faci l i t at i on
was measur ed at cl osel y spaced i nt er val s dur i ng i t s ear l y r api d decay and l ess
f r equent l y as t r ansmi ssi on l evel ed of f . Each t et anus was f ol l owed by a si ngl e t est EJP
at one of t he f ol l owi ng i nt er val s ( ms) : 20, 40, 60, 80, 100, 150, 200, 250, 300, 400, 500,
600, 800, 1, 000, 1, 500, or 2, 000 . Ei ght EJPs at each i nt er val wer e aver aged, di spl ayed
on an osci l l oscope scr een, and phot ogr aphed . The or der of measur i ng i nt er val s was
r andomi zed, and r epeat ed checks at t he same i nt er val r eveal ed a st at i onar y decay of
f aci l i t at i on over t he hour r equi r ed t o col l ect t hi s dat a. The f i r st EJP of ei ght t r ai ns
was al so aver aged and measur ed as an unf aci l i t at ed EJP. The f i l m was l at er pr oj ect ed
ont o a gr i d and t he ampl i t udes wer e t abul at ed by hand . EJP f aci l i t at i on at t i me t
af t er a t et anus was cal cul at ed f r om

F. ( t ) = v( t ) / vo - 1,

wher e v ( t ) i s t he aver age EJP ampl i t ude at t i me t af t er t he peak of t he l ast EJP i n t he
condi t i oni ng t r ai n and vo i s t he aver age unf aci l i t at ed EJP ampl i t ude .

MEJP f r equency was measur ed usi ng t wo r ecor di ng par adi gms, one f or det er mi ni ng
r est i ng or cont r ol MEJP f r equency and obt ai ni ng a l ow- r esol ut i on measur ement of
MEJP f r equency f or 20 s af t er a t et anus, and t he ot her f or obt ai ni ng a hi gh- r esol ut i on
measur ement of MEJP f r equency f or 2 s af t er a t et anus .

Each set of dat a consi st ed of one l ow- r esol ut i on measur ement f ol l owed by 10 hi gh-
r esol ut i on measur ement s . For t he l ow- r esol ut i on measur ement s, MEJPs wer e di s-
pl ayed cont i nuousl y on an osci l l oscope sweepi ng at 0 . 5 s/ di v, and successi ve sweeps
wer e r ecor ded on f i l m movi ng ver t i cal l y at 1 mm/ s . The cont r ol MEJP f r equency was
est i mat ed f r om t he number of MEJPs obser ved dur i ng 50 s of r est bef or e a t et anus .
Dur i ng t he t et anus, MEJPs coul d not be di scer ned cl ear l y on t he l ar ge f aci l i t at ed
EJPs, whi ch wer e of t en 20 t i mes t he ampl i t ude of MEJPs . Af t er t he l ast EJP i n t he
t et anus, t i me was di vi ded i nt o 0 . 5- s i nt er val s f or t he f i r st 5 s, and 1- s bi ns f or t he next
15 s . I n t hi s way bi n si ze was changed accor di ng t o t he r at e of change of MEJP
f r equency . Smal l bi n si zes wer e used when MEJP f r equency was hi gh and changi ng
r api dl y, and l ar ge bi n si zes wer e used when MEJP was l ow and changi ng sl owl y . For
each t r ai n, t he r est i ng MEJP f r equency was est i mat ed f r om t he r ecor di ngs pr ecedi ng
t he t r ai n, whi l e t he number s of MEJPs i n t he var i ous i nt er val s af t er t he t r ai n wer e
t abul at ed .

Af t er a set of l ow- r esol ut i on measur ement s, dat a wer e col l ect ed t o det er mi ne t he
det ai l ed t i me cour se of decay of MEJP f r equency dur i ng t he f i r st 2 s af t er t he t et anus .
For t hi s pur pose, t he osci l l oscope was t r i gger ed on t he l ast st i mul us of t he t et anus,
and subsequent MEJPs wer e di spl ayed cont i nuousl y on an osci l l oscope sweepi ng at
20 ms/ di v and phot ogr aphed on f i l m movi ng ver t i cal l y at 20 cm/ s . Post - t et ani c t i me
was now di vi ded i nt o 20- ms i nt er val s f or t he f i r st 200 ms af t er t he l ast EJP, t hen 50-

ms i nt er val s f or t he next 800 ms, and f i nal l y 100- ms i nt er val s f or t he next second . The

number of MEJPs i n each post - t et ani c i nt er val was t abul at ed f or 10 such t et ani
r epeat ed ever y 30 s t o gener at e a set of hi gh- r esol ut i on measur ement s of MEJP
f r equency .

The ent i r e sequence of 10 measur ement s of post - t et ani c MEJP f r equency at hi gh
r esol ut i on, pl us one measur ement of r est i ng and post - t et ani c MEJP f r equency at l ow
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r esol ut i on, was r epeat ed 10- 16 t i mes i n each exper i ment , yi el di ng hi gh- r esol ut i on

dat a f r om 100 t o 160 t et ani at a si ngl e synapse . These dat a coul d l at er be combi ned

and aver aged, or gr ouped i nt o sect i ons cor r espondi ng t o di f f er ent t i mes dur i ng t he

exper i ment t o check f or nonst at i onar i t y i n t he dat a . Dat a f r om synapses whose

behavi or changed wi t h t i me ar e not i ncl uded i n t hi s anal ysi s .

Pr ogr ams wer e wr i t t en i n BASI C ( a) t o sur e ont o f l oppy di scs t he number s of

MEJPs i n di f f er ent t i me bi ns and t he dat a on EJP ampl i t ude, ( b) t o conver t t he

MEJP number s t o f r equenci es, and ( c) t o cal cul at e f aci l i t at i on of EJP ampl i t ude and

MEJP f r equency . Faci l i t at i on of MEJP f r equency at t i me t f ol l owi ng a t et anus was

cal cul at ed f r om

F( t ) = f ( t ) l f a - 1,

wher e f ( t ) i s t he MEJP f r equency at t i me t af t er t he peak of t he l ast EJP i n t he

condi t i oni ng t r ai n andf o i s t he cont r ol MEJP f r equency .

RESULTS

Post - Tet ani c Decay of MEJP Fr equency and EJP Faci l i t at i on

Af t er st i mul at i on f or 2 s at 20 Hz of t he exci t or ner ve, t he MEJP f r equency

r ecor ded f r om opener f i ber s i ncr eased f r om an aver age pr est i mul us f r equency

of 1 . 29 ± 0 . 62 ( SD) t o 47 . 30 ± 24 . 49/ s ( N= 8) at t he end of t he t et anus . The

MEJP f r equency i ncr eased on t he aver age t o 39. 55 t i mes t he r est i ng l evel , or

t he MEJP f r equency showed an aver age f aci l i t at i on at t he end of t he t et anus,

F, of 38 . 55 ± 20 . 76 . Dur i ng t he same t et ani , t he EJPs i ncr eased f r om an

aver age unf aci l i t at ed ampl i t ude of 0 . 25 ± 0 . 21 t o 2 . 57 ± 1 . 34 mV at t he end

of t he t et anus, f or an aver age f aci l i t at i on, Fe , of 12 . 23 ± 5 . 32 . So, as pr edi ct ed

by t he r esi dual - cal ci um model ( Zengel and Magl eby, 1981, and see bel ow) ,

MEJP f aci l i t at i on was subst ant i al l y gr eat er t han EJP f aci l i t at i on . Thi s was

obser ved i n ever y synapse st udi ed .

As i ndi cat ed by t he l ar ge st andar d devi at i ons, t he quant i t at i ve per f or mance

of i ndi vi dual synapses was qui t e var i abl e . I n par t i cul ar , t he unf aci l i t at ed EJP

ampl i t ude var i ed f r om al most zer o i n synapses i n whi ch t he f i r st st i mul us i n

a t r ai n f r equent l y r el eased no quant a, t o mor e t ypi cal synapses i n whi ch t he

unf aci l i t at ed EJP was about t he same aver age ampl i t ude as t he aver age

MEJP si ze, t o t hose synapses i n whi ch t he unf aci l i t at ed EJP usual l y consi st ed

of mor e t han one quant um. The degr ee of EJP f aci l i t at i on was al so qui t e

var i abl e, r angi ng f r om 4. 41 t o 17 . 75 at ei ght synapses ( cf . Zucker , 1974 ;

Bi t t ner and Sewel l , 1976) . The r est i ng and post - t et ani c MEJP f r equenci es

wer e somewhat l ess var i abl e, i ncr easi ng usual l y f r omj ust over 1/ s t o ^- 50/ s .

MEJP ampl i t udes wer e al so var i abl e, r angi ng bet ween 0. 1 and 0 . 75 mV i n

di f f er ent f i ber s and of t en showi ng a t wof ol d var i abi l i t y wi t hi n si ngl e f i ber s .

Much of t he l at t er var i abi l i t y i s due t o t he mul t i t er mi nal i nner vat i on of

cr ust acean muscl es, so t hat a mi cr oel ect r ode wi l l be l ocat ed at di f f er ent

el ect r ot oni c di st ances f r om t he var i ous synapt i c cont act s f r om t he exci t or

mot or neur on ( Fat t and Kat z, 1953) .

Because of t hi s wi de var i abi l i t y i n pr epar at i ons, we deci ded t o col l ect

suf f i ci ent dat a f r om i ndi vi dual synapses t o be abl e t o char act er i ze accur at el y

t he ef f ect s of t et ani on EJP ampl i t ude and MEJP f r equency wi t hout l umpi ng



360

t oget her dat a f r omsever al synapses . A r ough est i mat e of t he ef f ect of a t et anus
on MEJP f r equency was avai l abl e f r om t he l ow- r esol ut i on measur ement of
MEJP f r equency bef or e t he t et anus and f or 20 s af t er war ds . Fi g . 1 shows t hese
dat a f r om one exper i ment . Si nce onl y 12 t r i al s ar e aver aged, t he dat a poi nt s
f l uct uat e about t he pr esumed decay pat h . Never t hel ess, i t i s evi dent t hat
MEJP f r equency had decayed t o near cont r ol l evel s af t er a f ew seconds . I n
most f i ber s, t he decay was near l y compl et e i n - 2 s . Fi g. 2 shows t he decay of
MEJP f r equency f or t he f i r st - 2 s af t er t he t et anus at hi gher r esol ut i on and
accur acy . I n t hi s f i gur e, dat a f r om 120 t r i al s have been aver aged . The dot t ed
l i ne i ndi cat es t he r est i ng MEJP f r equency, 1 . 20/ s, i n t hi s f i ber . Thi s f r equency
was est i mat ed f r om600 s of pr est i mul us r ecor ds . The decay of EJP f aci l i t at i on
i n t hi s f i ber af t er t he same t et ani i s shown i n Fi g . 3 . Each poi nt i s t he
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FI GURE 1 .

	

Low- r esol ut i on measur ement of t he decay of i ncr eased MEJP f r e-
quency f or 20 s f ol l owi ng a t et anus of 40 act i on pot ent i al s at 20 Hz i n t he exci t or
mot or neur on t o t he cr ayf i sh wal ki ng l eg abduct or muscl e. The MEJPs wer e
r ecor ded i nt r acel l ul ar l y f r om a muscl e f i ber . Aver age of 12 t r i al s . Temper at ur e,
15 ° C.

ampl i t ude of ei ght comput er - aver aged EJPs ( see Met hods) . The dot t ed l i ne
shows t he ampl i t ude of t he unf aci l i t at ed EJP as 0. 30 mV. Fr om Fi gs . 1- 3, i t
i s evi dent t hat MEJP f r equency decl i ned f ast er t han EJP f aci l i t at i on, as
pr edi ct ed by t he r esi dual - cal ci um model ( Zengel and Magl eby, 1981, and see
bel ow) . Si mi l ar r esul t s wer e obt ai ned i n al l ei ght exper i ment s t hat wer e
anal yzed .

To compar e decays of EJP ampl i t ude and MEJP f r equency of di ver se
magni t udes i n di f f er ent f i ber s, we pl ot t ed t he nor mal i zed decays i n t he post -
t et ani c f aci l i t at i on of MEJP f r equenci es and EJP ampl i t udes, expr essi ng t hese
as per cent ages of t he maxi mum val ues seen i mmedi at el y af t er t he t et anus .
Fi gs . 4 and 5 show t hi s dat a f or t hr ee addi t i onal pr epar at i ons di f f er ent f r om
t he one i l l ust r at ed i n Fi gs . 1- 3 . These f our f i ber s, and t he ot her f our we
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st udi ed, wer e r emar kabl y uni f or m i n t hei r r api d decays of MEJP f r equency
and sl ower decays of EJP f aci l i t at i on .

Fi gs . 4 and 5 suggest t hat t he post - t et ani c decay of bot h t oni c and phasi c
r el ease can be descr i bed as t he sum of t wo exponent i al s . To est i mat e t he t i me
const ant s of t hese component s, t he measur ement s wer e pl ot t ed on semi l oga-
r i t hmi c coor di nat es af t er subt r act i ng t he cont r ol val ues, as shown i n Fi g. 6 f or
t he dat a of Fi gs . 2 and 3 . A l east - squar es l i ne was f i t t ed t o t he l at e par t of t he
decay . These poi nt s appear t o l i e on a st r ai ght l i ne . Thi s l i ne was ext r apol at ed
t o zer o and subt r act ed f r om t he ear l y poi nt s l yi ng above i t . A l east - squar es

U
C
m

a
W

50

10

0

0 0. 2 0. 4 0. 8 0. 8 1 . 0 1 . 2 1 . 4 1 . 8 1 . 8 2 . 0

Ti me ( e)

FI GURE 2 .

	

Hi gh- r esol ut i on measur ement of t he MEJP f r equency f or 2 s f ol l ow-
i ng a t et anus of 40 pr esynapt i c i mpul ses at 20 Hz . The poi nt s ar e aver ages of
120 t r i al s, f r omt he same f i ber as i n Fi g. 1 . The dot t ed l i ne mar ks t he pr est i mul us
l evel of MEJP f r equency, aver aged f r om 10 mi n of r ecor ds . The sol i d l i ne shows
t he behavi or of a r esi dual cal ci ummodel f i t t ed t o t hi s dat a, r epr esent ed by Eqs .
4 and 7, wi t h t he f ol l owi ng par amet er val ues : K = 1 . 2 quant azyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" s - ' - ( act i ve
cal ci um concent r at i on) - " , Cas = 1 uni t of cal ci um concent r at i on, n = 5, A1 =

1 . 078 uni t s of cal ci um concent r at i on, A2 = 0. 425 uni t of cal ci um concent r at i on,
T7 = 50 . 6 ms, T2 = 0. 563 s .

l i ne was f i t t ed t o t he di f f er ence . Fi nal l y, t he t wo component s ext r act ed by t hi s
met hod wer e r ecombi ned t o f or m a composi t e cur ve t hat can be compar ed
wi t h t he or i gi nal measur ement s . Thi s compar i son r eveal s t hat t he doubl e-
exponent i al anal ysi s pr ovi des a good descr i pt i on of t he decay of bot h EJP
ampl i t ude and MEJP f r equency .

Bot h component s of MEJP f r equency decay wer e consi st ent l y f ast er t han
t he t wo component s of EJP f aci l i t at i on decay . The t i me const ant of t he f ast
component of MEJP decay r at e was 47 . 1 ± 5 . 5 ms, wher eas t hat of t he EJP
ampl i t udes was 129. 5 ± 35 . 5 ms . The t i me const ant of t he sl ow component of
MEJP f r equency decay was 0 . 57 ± 0 . 18 s, and t hat of EJP f aci l i t at i on decay
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was 1 . 01 ± 0. 25 s . The sl ow component of t he EJP decay was 53 ± 5%as l ar ge

as t he f ast component i n si x of t he ei ght synapses st udi ed, but i n t he r emai ni ng

t wo synapses no di st i nct sl ow component was evi dent . The sl ow component of

t he MEJP f r equency was onl y 11 ± 3%as l ar ge as t he f ast component . Thus,
t he sl ow MEJP component was di f f i cul t t o measur e accur at el y, and t he
di f f er ences i n aver age sl ow decay r at e of MEJP f r equency and EJP f aci l i t at i on
can be est i mat ed onl y r oughl y f r om t he dat a .
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FI GURE 3.

	

Post - t et ani c decay of EJP ampl i t ude, measur ed wi t h si ngl e t est
EJPs at var i ous i nt er val s af t er 2- s t r ai ns of act i on pot ent i al s at 20 Hz . The poi nt s

ar e aver ages of ei ght t r i al s, f r omt he same f i ber as i n Fi gs . 1 and 2. The dot t ed
l i ne mar ks t he ampl i t ude of unf aci l i t at ed EJPs . The sol i d l i ne i s t he pr edi ct i on
of t he r esi dual - cal ci um model assumi ng t hat t he r est i ng MEJP f r equency i s
det er mi ned by st eady st at e act i ve cal ci um and r epr esent ed by Eqs. 6 and 7 wi t h
t he f ol l owi ng par amet er val ues : Q= 0. 59 mV/ quant um, T= 4 ms, CaE = 2. 279

uni t s of cal ci umconcent r at i on ; ot her val ues ar e t he same as i n t he Fi g . 2 l egend .

The dashed l i ne i s t he pr edi ct i on of t he r esi dual - cal ci um model assumi ng t hat

t he r est i ng MEJP f r equency i s cal ci um i ndependent , usi ng Eq . 6 modi f i ed as

descr i bed i n t he t ext , and wi t h t he f ol l owi ng par amet er val ues : Cas = 0, f =f o
= 1 . 2 s - 1 , CaE = 2. 410, A1 = 1 . 044, A2 = 1 . 296, TI = 66 . 6 ms, T2 = 2. 35 s ; ot her
val ues ar e as bef or e .

Our measur ement s of t he decay r at e of EJP f aci l i t at i on ar e somewhat

sl ower t han t hose r epor t ed ear l i er ( Zucker , 1974 ; Bi t t ner and Sewel l , 1976) .

The di f f er ence i s pr obabl y due t o t he l ower t emper at ur e used i n t he pr esent

st udy . Our pr el i mi nar y obser vat i ons conf i r m t hat f aci l i t at i on i s pr ol onged at

l ow t emper at ur e .

We want ed t o know whet her a si mpl e model of pr esynapt i c r esi dual act i ve

cal ci umcoul d account quant i t at i vel y f or our measur ement s of t he post - t et ani c
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FI GURE 4.

	

Nor mal i zed post - t et ani c decay of i ncr eased MEJP f r equency f or 2
s af t er 2- s t r ai ns of pr esynapt i c i mpul ses at 20 Hz . Resul t s f r om t hr ee di f f er ent
exper i ment s ar e shown . MEJP f r equenci es wer e conver t ed t o MEJP f aci l i t at i on
val ues usi ng Eq . l , and t hese wer e pl ot t ed as per cent ages of t he maxi mumpost -
t et ani c val ues . The peak and r est i ng MEJP f r equenci es i n t he t hr ee f i ber s wer e
48 . 0 and 1 . 05, 37 . 6 and 1 . 21, and 56 . 9 and 2 . 21 per second . Over l appi ng symbol s
have been di spl aced ver t i cal l y sl i ght l y f or cl ar i t y .
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FI GURE 5 .

	

Nor mal i zed post - t et ani c decay of EJP f aci l i t at i on i n t he same f i ber s
as Fi g . 4 . EJPs wer e conver t ed t o f aci l i t at i on val ues usi ng Eq . 2, and t hese wer e
pl ot t ed as per cent ages of t he maxi mum post - t et ani c val ues . The peak and
r est i ng EJP ampl i t udes wer e 0 . 7 and 0 . 04, 2 . 0 and 0 . 10, and 1 . 8 and 0 . 18 mV.
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decay of MEJP f r equency and EJP ampl i t ude . For t hi s pur pose, we used t he
f or mul at i on pr oposed by Mi l edi and Thi es ( 1971) and devel oped by Zengel
and Magl eby ( 1981) t o pr edi ct t he r el at i on bet ween t he decays of MEJP
f r equency and EJP ampl i t ude . I n t hi s model , t r ansmi t t er r el ease, R( t ) , i s

det er mi ned i nst ant aneousl y by i t s power - l aw dependence on t he t hr ee com-

ponent s of act i ve cal ci um: Cas, t he st eady st at e concent r at i on of act i ve cal ci um

t hat cont r ol s r est i ng MEJP f r equency, CaE, t he act i ve cal ci um t hat ent er s

dur i ng an act i on pot ent i al and l eads t o an EJP, and CaR( t ) , t he r esi dual ext r a

act i ve cal ci um r emai ni ng i n t he ner ve t er mi nal at t i me t af t er a t et anus .
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FI GURE 6.

	

Di ssect i on of t he post - t et ani c decay of MEJP f r equency and EJP
ampl i t ude i nt o t wo exponent i al component s by r egr essi on anal ysi s . ( A) The
l ogar i t hm of MEJP f r equency mi nus t he pr est i mul us f r equency of 1 . 2/ s i s

pl ot t ed vs. t i me f r omt he end of t he t et anus . ( B) The l ogar i t hmof EJP ampl i t ude
mi nus t he unf aci l i t at ed EJP ampl i t ude ( 0. 3 mV) i s pl ot t ed vs . t i me f r om t he
end of t he t et anus . Same dat a as i n Fi gs . 2 and 3. The dot t ed l i nes r epr esent t he
t wo exponent i al component s of MEJP f r equency decay or EJP f aci l i t at i on decay
f i t t ed t o t he dat a as descr i bed i n t he t ext , and t he sol i d l i ne shows t he t i me
cour ses r econst r uct ed f r om t hese component s . The magni t udes and t i me con-
st ant s of t he f ast and sl ow component s of MEJP f r equency decay wer e 39 . 36

and 4. 67 s - 1 , and 59 and 463 ms . Those f or EJP ampl i t ude decay wer e 2 . 53 and
1 . 35 mV, and 153 and 1, 400 ms .

R( t ) = K[ Cas + CaE + Cal l
( t ) ] n'

	

( 3)

wher e Ri s i n uni t s of quant a per second .

The post - t et ani c r at e of spont aneous t r ansmi t t er r el ease, f ( t ) , i s gover ned

by Cas and CaR( t ) i n t he absence of CaE,

f ( t ) = K[ Cas + CaR( t ) 1n,

	

( 4)

wher eas t he r est i ng MEJP f r equency, f o , depends onl y on Cas,

f o = K( Cas) n.

	

( 4a)
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The phasi c r el ease of t r ansmi t t er evoked by an act i on pot ent i al can be
r egar ded as a t r ansi ent but i nt ense i ncr ease i n t he r at e of MEJPs ( Li l ey, 1956) ,
l ast i ng f or a br i ef per i od, T, af t er an act i on pot ent i al . I n t hat case, t he
ampl i t ude of an EJP, v, wi l l be gi ven by t he pr oduct of t he r at e of t r ansmi t t er
r el ease dur i ng t he evoked bur st , R, t he dur at i on of phasi c t r ansmi t t er r el ease,
T, and t he post synapt i c ef f ect i veness of a quant umof t r ansmi t t er , Q:

v = QTR.

The post - t i t ani c EJP ampl i t ude wi l l t hen be gi ven by

v( t ) = QTK[ Cas + CaE + CaR( t ) ] " ,

	

( 6)

wher eas t he unf aci l i t at ed EJP, v o , wi l l be gener at ed by Cas and CaE i n t he
absence of CaR:

vo = QTK( Cas +CaE) " .

	

( 6a)

Si nce bot h MEJP f r equency and EJP f aci l i t at i on decay wi t h f ast and sl ow
component s af t er a t et anus, and bot h ar e supposed t o be due t o t he decl i ne of
CaR, we i magi ne t hat CaR( t ) al so decl i nes wi t h bot h f ast and sl ow component s
t hat can be appr oxi mat ed as exponent i al f unct i ons,

CaR( t ) = Al e - t I T1 + AZe - t / T2.

	

( 7)

Eqs . 4 and 6 descr i be t he decay of MEJP f r equency and EJP ampl i t ude
af t er a t et anus, caused by r esi dual cal ci um, CaR( t ) , decayi ng accor di ng t o Eq .
7 . CaR can be envi saged as t he r esi dual t ai l of CaE, t he cal ci um t hat ent er s
dur i ng act i on pot ent i al s, whi ch accumul at es dur i ng a t et anus and decays
af t er war ds, as di agr ammed i n Fi g . 7 . However , t he pr edi ct ed r el at i on bet ween
MEJP f r equency, f ( t ) , and EJP ampl i t ude, v ( t ) , shoul d be val i d r egar dl ess of
t he sour ce of CaR or t he f act or s cont r ol l i ng i t .

To t est t he abi l i t y of t hi s f or mul at i on t o account f or our r esul t s, we need t o
assi gn val ues t o t he par amet er s . We have no di r ect measur e of t he pr esynapt i c
concent r at i on of act i ve cal ci um, so Cas, CaE, and CaR must be expr essed i n
ar bi t r ar y uni t s . We use Cas as t he basi c concent r at i on uni t t o whi ch act i ve
cal ci um i s scal ed and assi gn i t a val ue of uni t y . Fr omEq . 4a wi t h Cas = 1, we
have K = f o, so Kcan be est i mat ed f r om t he r est i ng MEJP f r equency .

The exponent n can be r el at ed t o t he aver age number of cal ci um i ons t hat
must r eact at pr esynapt i c si t es t o r el ease a quant um of t r ansmi t t er ( Dodge
and Rahami mof f , 1967) . To est i mat e n, we not e t hat Eq . 4 can be r ewr i t t en
as

and Eq . 6 can be r ewr i t t en as

[ . f ( t ) I K] l / n - Cas = CaR( t ) ,

	

( 8)

[ v( t ) I QTK] l l n - CaS = CaR( t ) + CaE .

Wi t h Cas = 1 and t he cor r ect choi ce of n, a pl ot of t he l ef t si des of Eqs . 8 and
9 vs . t i me shoul d yi el d t wo par al l el st r ai ght l i nes, wi t h Eq . 9 di spl aced
ver t i cal l y above Eq . 8 by an amount cor r espondi ng t o CaE. We t r i ed val ues of
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n f r om 2 t o 9 and f ound t hat MEJP dat a pl ot t ed accor di ng t o Eq . 8 and EJP
dat a pl ot t ed accor di ng t o Eq . 9 f el l most cl osel y on par al l el st r ai ght l i nes wi t h
n = 5 . Thi s met hod al so pr ovi ded an est i mat e of CaE, af t er est i mat i ng Qand
T as di scussed bel ow. I t i s not ewor t hy t hat 5 i s si mi l ar t o t he val ue of n t hat
pr ovi ded t he best , al bei t an i mper f ect , f i t t o t he gr owt h of EJP f aci l i t at i on i n
a t et anus i n an ear l i er si mul at i on of a r esi dual - cal ci um model ( Zucker , 1974) .

Wi t h n and Cas det er mi ned as above, we used Eq . 8 t o est i mat e t he decay
of Cal l ( t ) f r om t he r ecover y of post - t et ani c MEJP f r equency . We t hen used
r egr essi on met hods ( see above) t o f i t t wo exponent i al s t o Cal l ( t ) and est i mat e

A, , A2, Tl , and T2 . We f ound t hat Cal l ( t ) coul d be descr i bed adequat el y by Eq .
7, as shown i n Fi g . 8A, and t hat t he descr i pt i on of Cal l ( t ) pr ovi ded a good f i t ,
as woul d be expect ed, t o t he MEJP dat a f r omwhi ch i t was der i ved ( Fi g. 2) .
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FI GURE 7 . Hypot het i cal di agr am of t he r el at i onshi ps bet ween st eady st at e
act i ve cal ci um, Cas, act i ve cal ci um ent er i ng dur i ng an act i on pot ent i al , CaE,
and r esi dual act i ve cal ci um, CaR, af t er one pr esynapt i c i mpul se and i n a t et anus .

CaE coul d al so be est i mat ed f r om Eq . 6a i n a somewhat l ess cumber some
way t han t he met hod descr i bed above . Wi t h Cas = 1, Eq . 6a can be r ewr i t t en
as

CaE = ( v o / QTK) I / " - 1 .

	

( 10)

Qwas est i mat ed f r om t he aver age ampl i t ude of MEJPs . At cr ayf i sh neur o-
muscul ar j unct i ons, phasi c t r ansmi t t er r el ease l ast s ^- 8 ms at 3 ° C and 1 ms at

23 ° C ( Zucker , 1973, and unpubl i shed obser vat i ons) . We used T = 3 or 4 ms
f or 15 °C. Then Eq . 10 coul d be used t o det er mi ne CaE f r omt he unf aci l i t at ed
EJP ampl i t ude, v. , or CaE coul d be est i mat ed by compar i ng Eqs . 8 . and 9 as
descr i bed above .

These pr ocedur es pr ovi ded us wi t h est i mat es f or al l t he par amet er s i n Eqs .
4, 6, and 7 t hat wer e appr opr i at e t o any one set of dat a . Except f or n and CaE,

t hese par amet er s and t he decay of r esi dual cal ci um wer e est i mat ed ent i r el y
f r om t he post - t et ani c decay of MEJP f r equency . These equat i ons wer e t hen



ZUCKERAND LARA- ESTRELLA

	

Resi dual Cal ci um and Synapt i c Faci l i t at i on 36 7

used t o pr edi ct t he post - t et ani c decays of EJP ampl i t ude . One set of model
pr edi ct i ons i s shown as t he sol i d l i ne i n Fi g . 3 . Thi s si mpl e r esi dual - cal ci um
model pr ovi ded a qual i t at i ve, but not quant i t at i ve, pr edi ct i on of post - t et ani c
EJP f aci l i t at i on . Sever al poi nt s of si mi l ar i t y bet ween t he pr edi ct ed and
obser ved behavi or s ar e evi dent . MEJP f aci l i t at i on was much gr eat er and
decayed mor e r api dl y t han EJP f aci l i t at i on, as pr edi ct ed . However , t he t i me
cour se of EJP f aci l i t at i on was not exact l y t hat pr edi ct ed by t he model . I n
par t i cul ar , a smal l er val ue of CaE woul d be r equi r ed t o f i t t he l at e par t of t he
EJP f aci l i t at i on decay t han t hat r equi r ed f or t he ear l y par t .

DI SCUSSI ON

Assumpt i ons and Li mi t at i ons i n Our Model

To under st and t he pr obabl e r easons why t he r esi dual cal ci um model di d not
pr edi ct per f ect l y t he r el at i on bet ween MEJP f r equency and EJP ampl i t ude,
we need t o expl or e t wo assumpt i ons i mpl i ci t i n our f or mul at i on of t he model :
( a) spont aneous and evoked t r ansmi t t er r el ease, bot h r est i ng and post - t et ani c,
ar e det er mi ned ent i r el y by t he concent r at i on of act i ve cal ci um at pr esynapt i c

_r el ease si t es ; ( b) t he r el at i onshi p bet ween t r ansmi t t er r el ease and act i ve
cal ci um can be r epr esent ed by a si mpl e power - l aw equat i on over t he f ul l
r ange of act i ve cal ci um concent r at i on and t r ansmi t t er r el ease.

Regar di ng t he f i r st assumpt i on, t he t emper at ur e dependence ( Bar r et t et al . ,
1978) and ef f ect s of l owcal ci umconcent r at i on ( Andr eu and Bar r et t , 1980) on
r est i ng and post - t et ani c EJP ampl i t ude and MEJP f r equency have l ed t o t he
suggest i on t hat t oni c and phasi c t r ansmi t t er r el ease ar e not cont r ol l ed by
exact l y t he same pr ocesses . I n par t i cul ar , i t was suggest ed t hat a component
of t he r est i ng MEJP f r equency may be l ar gel y cal ci um i ndependent .

I f r est i ng MEJP f r equency i s par t l y cal ci umi ndependent , we shoul d modi f y
Eqs . 4 and 4a by addi ng a cal ci um- i ndependent t er m, f i , t o t hei r r i ght si des
and al l owi ng Cas t o var y . Thi s r esul t s i n Eq . 8 bei ng modi f i ed al so, wi t h f ( t )
- f i r epl aci ngf ( t ) . Si mi l ar l y, Eqs . 6 and 6a shoul d be modi f i ed t o i ncl ude t he
t er m QTfi on t hei r r i ght si des . The ef f ect of addi ng t hi s addi t i onal par amet er
i s t o make Kan ar bi t r ar y scal i ng const ant f or t he uni t s of act i ve cal ci um. We
can set Kt o t he same val ue as we det er mi ned by assumi ng t hat r est i ng MEJP
f r equency was due ent i r el y t o Cas, wi t h Cas set equal t o one. Sol vi ng Eq . 4a
f or Cas yi el ds Cas = [ ( fo - f i ) / K] i 1" , and our est i mat e of Cas wi l l be r educed .
Thi s, i n t ur n, af f ect s our est i mat es of CaE and Cal l : bot h wi l l be i ncr eased ( see
Eqs . 8 and 10) .

To expl or e t he f ul l ef f ect s of t he assumpt i on t hat r est i ng MEJP f r equency
i s cal ci um dependent , we consi der ed t he ext r eme al t er nat i ve t hat r est i ng
MEJP f r equency i s ent i r el y i ndependent of act i ve cal ci um. Thi s i s equi val ent
t o set t i ng f = f o , or Cas = 0. Usi ng t he modi f i ed ver si on of Eq. 8 ment i oned
above, Cal l ( t ) was est i mat ed anew f r om t he decay of MEJP f r equency, f ( t )
( see Fi g . 8B) , and Eq . 6 modi f i ed as descr i bed was used t o pr edi ct EJP
f aci l i t at i on ( dashed l i ne i n Fi g . 3) . Thi s ver si on of t he model descr i bed t he
post - t et ani c decay of MEJP f r equency j ust as wel l as t he f i r st ver si on . I t was
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somewhat mor e successf ul i n pr edi ct i ng t he r el at i on bet ween t he post - t et ani c
decays of MEJP f r equency and EJP ampl i t ude t han t he ver si on t hat assumed
a cal ci um- dependent r est i ng MEJP f r equency . Thus, t he r est i ng r at e of
t r ansmi t t er r el ease may wel l be det er mi ned l ar gel y by f act or s ot her t han
st eady- st at e act i ve cal ci um, as suggest ed by Bar r et t et al . ( 1978) and Andr eu
and Bar r et t ( 1980) .

I t i s unl i kel y t hat r est i ng MEJP f r equency i s ent i r el y i ndependent of
i nt r acel l ul ar cal ci um. St i mul at i on of t he mot or ner ve i n a zer o- cal ci um
sol ut i on, wher e t he el ect r ochemi cal gr adi ent f or cal ci um acr oss t he ner ve
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FI GURE 8.

	

Cal cul at i on of r esi dual act i ve cal ci um, CaR( t ) , f r om t he post - t et ani c
decay of MEJP f r equency, usi ng t he dat a of Fi g . 2 . ( A) These poi nt s wer e
cal cul at ed assumi ng t hat r est i ng MEJP f r equency i s det er mi ned by t he st eady
st at e l evel of act i ve cal ci um, and Cas was set equal t o one . The poi nt s wer e
comput ed usi ng Eq . 8, and t wo exponent i al component s wer e f i t t ed t o t he
poi nt s, as r epr esent ed by Eq . 7, wi t h t he f ol l owi ng par amet er s : A1 = 1 . 078, A2

= 0. 425, Ti = 50 . 6 ms, T2 = 0. 563 s . The sol i d l i ne i s t he sum of t hese t wo
component s . ( B) MEJP i s now assumed t o be cal ci um i ndependent , and Cas
was set t o zer o . The poi nt s wer e comput ed usi ng t he modi f i ed f or mof Eq . 8 as
descr i bed i n t he t ext , and t hese wer e f i t t ed wi t h t he f ol l owi ng t wo exponent i al
component s : A1 = 1 . 044, A2 = 1 . 296, ' r l = 66 . 6 ms, T2 = 2. 35 s . The sol i d l i ne i s
t he sum of t hese component s . These cal cul at i ons of r esi dual cal ci um wer e used
t o gener at e t he pr edi ct i ons of post - t et ani c EJP f aci l i t at i on pl ot t ed i n Fi g . 3.

membr ane i s r ever sed, shoul d l ead t o an ef f l ux of cal ci um and a r educt i on i n
i nt r acel l ul ar cal ci um concent r at i on . Thi s t r eat ment r esul t s i n a r educt i on i n
r est i ng MEJP f r equency ( Er ul kar et al . , 1978) , whi ch suggest s t hat r est i ng

MEJP f r equency i s at l east par t i al l y dependent on i nt r acel l ul ar cal ci um.

Thus, our best pr edi ct i on of t he decay of EJP f aci l i t at i on woul d l i e somewher e

bet ween t he dashed and sol i d l i nes of Fi g. 3 .
I n r egar d t o t he second assumpt i on i mpl i ci t i n our model , i t has of t en been

r epor t ed t hat t he r el at i on bet ween ext er nal cal ci umconcent r at i on and t r ans-
mi t t er r el ease i s l i near i n cr ayf i sh ( Br acho and Or kand, 1970 ; Or t i z and

Br acho, 1972 ; Zucker , 1974 ; St aggs et al . , 1980) , al t hough i t has been poi nt ed
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out t hat sat ur at i on of cal ci um ent r y coul d mask a nonl i near i t y bet ween act i ve
cal ci um and t r ansmi t t er r el ease ( Par nas and Segel , 1981) . Recent l y, mor e
car ef ul measur ement s of t he r el at i on bet ween t r ansmi t t er r el ease and ext er nal
cal ci um i ndi cat e t hat t he r el at i on i s nonl i near ( Dudel , 1981) and t hat i t i s i n
f act consi st ent wi t h a f our t h- or hi gher - power dependence of t r ansmi t t er
r el ease on i nt r acel l ul ar act i ve cal ci um ( Par nas et al . , 1982) . Never t hel ess, i t i s
not cl ear t hat Eq . 3 pr ovi des an accur at e descr i pt i on of t he cal ci um depend-
ence of t r ansmi t t er r el ease, and a sat ur at i ng Mi chael i s- Ment en- t ype r el at i on-
shi p has been pr oposed on bot h t heor et i cal and exper i ment al gr ounds ( Dodge
and Rahami mof f , 1967 ; Zucker , 1974 ; Par nas et al . , 1982) . Thi s cl ear l y woul d
change t he det ai l s of t he expect ed r el at i onshi p bet ween MEJP f r equency and
EJP ampl i t ude .

Anot her over si mpl i f i cat i on i n our use of Eq . 3 i s t hat we t r i ed onl y i nt egr al
val ues of n i n f i t t i ng our obser vat i ons t o a r esi dual - cal ci um model . Thi s i s
appr opr i at e i f we i magi ne t hat exact l y n cal ci um i ons must combi ne i n a
r eact i on l eadi ng t o t r ansmi t t er r el ease . However , i t i s mor e l i kel y t hat var yi ng
number s of cal ci um i ons par t i ci pat e i n r eact i ons l eadi ng t o t he r el ease of a
quant umof t r ansmi t t er , ent ai l i ng a much mor e f l exi bl e r el at i onshi p bet ween
cal ci um and r el ease ( Hubbar d et al . , 1968) . Thi s woul d per mi t a cl oser f i t
bet ween t he model and our dat a .

Consi der i ng t hese l i mi t at i ons i n our f or mul at i on of t he r esi dual - cal ci um
model , i t i s sur pr i si ng t hat t he model descr i bes t he dat a as wel l as i t does .
Al t hough t he r esi dual - cal ci um model i s undoubt abl y over si mpl i f i ed i n t he
f or m we have pr esent ed i t , we f eel t hat t he r esi dual - cal ci um hypot hesi s
r emai ns t he best expl anat i on i n gener al t er ms of MEJP and EJP f aci l i t at i on .

Obj ect i ons t o t he Resi dual - Cal ci um Hypot hesi s

A number of obj ect i ons have been r ai sed t o t he r esi dual - cal ci um model of
f aci l i t at i on . For cr ayf i sh neur omuscul ar j unct i ons, t he most ser i ous pr obl em
had been t he appar ent l i near dependence of t r ansmi t t er r el ease on ext er nal
cal ci um ( Zucker , 1974, 1977) . As ment i oned above, r ecent measur ement s and
t heor et i cal consi der at i ons ( Dudel , 1981 ; Par nas et al . , 1982) have r emoved
t hi s obj ect i on .

Anot her pr obl em, ar i si ng f r om wor k on f r og neur omuscul ar j unct i ons, i s
t hat EJP f aci l i t at i on was r epor t ed t o summat e l i near l y ( Mal l ar t and Mar t i n,
1967 ; Magl eby, 1973a) i n a way i nconsi st ent wi t h a si mpl e r esi dual - cal ci um
model ( Bi t t ner and Schat z, 1981) . However , r ecent and mor e car ef ul meas-
ur ement s of t he accumul at i on of f aci l i t at i on i n f r ogs suggest s t hat f aci l i t at i on
does not summat e l i near l y, but r at her i n a f ashi on consi st ent wi t h a r esi dual -
cal ci um model and power - l aw r el at i on bet ween t r ansmi t t er r el ease and act i ve
cal ci um ( Zengel and Magl eby, 1982 ; see al so Younki n, 1974) . Si mi l ar l y, i n
cr ayf i sh, t he accumul at i on of f aci l i t at i on i n a t r ai n was descr i bed bet t er ,
al t hough st i l l i mper f ect l y, by a power - l aw r esi dual - cal ci um model t han by a
l i near - summat i on model ( Zucker , 1974 ; Bi t t ner and Sewel l , 1976 ; Par nas et
al . , 1982) .

Magl eby ( 1973b) and Zengel and Magl eby ( 1980) have suggest ed t hat t he
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ki net i c behavi or of t he var i ous component s of i ncr eased t r ansmi t t er r el ease at
f r og neur omuscul ar j unct i ons ( sl ow and f ast f aci l i t at i on, augment at i on, and
pot ent i at i on) i s di f f i cul t t o r econci l e wi t h a si mpl e r esi dual - cal ci um hypot hesi s .
Thi s i s par t i cul ar l y t r ue because t he di f f er ent component s appear t o behave
i ndependent l y i n t hei r accumul at i on i n l ong t et ani and t o i nt er act i n a
compl ex f ashi on r at her t han si mpl y summat e, and because f aci l i t at i on i s
speci f i cal l y enhanced by st r ont i um and augment at i on by bar i um.

We do not r egar d t hese pr oper t i es as f undament al l y i nconsi st ent wi t h a
r esi dual - cal ci um hypot hesi s of f aci l i t at ed t r ansmi t t er r el ease . The di f f er ent
ki net i c component s may r ef l ect di f f er ent mechani sms f or t he r emoval of
r esi dual act i ve cal ci um f r om r el ease si t es ( di f f usi on, act i ve ext r usi on, upt ake)
or di f f er ent sour ces f or t he r esi dual cal ci um ( cal ci um i nf l ux i n f aci l i t at i on and
augment at i on, r el ease f r om i nt r acel l ul ar st or es i n pot ent i at i on) . Even one
pr ocess al one, such as di f f usi on, can l ead t o a mul t i - exponent i al decay ( Zucker
and St ockbr i dge, 1983) . The di f f er ent i oni c sensi t i vi t i es of f aci l i t at i on, aug-
ment at i on, and pot ent i at i on may r ef l ect di f f er ent i al ef f ect s of st r ont i um and
bar i um i ons on sever al pr ocesses r esponsi bl e f or t he decay of r esi dual cal ci um.
The nonaddi t i ve i nt er act i on of pot ent i at i on wi t h f aci l i t at i on and augment a-
t i on ( Magl eby, 1973b ; Magl eby and Zengel , 1982) does suggest t hat pot ent i a-
t i on r ef l ect s mor e t han si mpl y t he ef f ect of r esi dual cal ci um summat i ng wi t h
ent er i ng cal ci um i n el i ci t i ng t r ansmi t t er r el ease . Never t hel ess, t hi s i nt er act i on
does not cont r adi ct t he i dea t hat r esi dual cal ci um i s t he maj or pr ocess
r esponsi bl e f or f ast and sl ow phases of f aci l i t at i on ( and augment at i on) , and a
pr ocess cont r i but i ng t o pot ent i at i on .

The r ecent r esul t s of Zengel and Magl eby ( 1981) , i n whi ch a r esi dual -
cal ci um model f ai l ed t o account f or t he r el at i on bet ween post - t et ani c MEJP
f r equency and EJP f aci l i t at i on, cer t ai nl y i ndi cat e t hat a si mpl e r esi dual -
cal ci um hypot hesi s, wher e r esi dual cal ci um sums wi t h ent er i ng cal ci um t o
r el ease t r ansmi t t er i n a power - l aw f ashi on, cannot account f or al l t he ef f ect s
of r epet i t i ve st i mul at i on on enhanced t r ansmi t t er r el ease . Possi bl e addi t i onal
ef f ect s ar e ( a) a change i n cal ci um i nf l ux i n l at e t et ani c and Fost - t et ani c
act i on pot ent i al s, especi al l y si nce changes i n ner ve t er mi nal pot ent i al s have
been obser ved i n l ong t et ani ( Lev- Tov and Rahami mof f , 1980) ; ( b) f at i gue or
exhaust i on of t he r el ease pr ocess, possi bl y but not necessar i l y caused by
depl et i on of t r ansmi t t er st or es, and af f ect i ng phasi c and t oni c r el ease di f f er -
ent l y ; ( c) di f f er ent i al ef f ect s of accumul at ed pr esynapt i c i nt r acel l ul ar sodi um
or magnesi um on phasi c and t oni c r el ease ; and ( d) a secondar y ef f ect of
r esi dual cal ci um on neur osecr et i on, beyond si mpl e summat i on wi t h ent er i ng
cal ci um i n r el easi ng t r ansmi t t er . These pr ocesses woul d not be expect ed t o
pl ay a si gni f i cant r ol e i n shor t - t er m f aci l i t at i on, whi ch may be why, when
f aci l i t at i on domi nat es as i t does i n our exper i ment s and t hose of Par nas et al .
( 1982) on cr ayf i sh, as wel l as t hose of Bar r et t and St evens ( 1972) on f r ogs, a
r esi dual - cal ci um model i s mor e successf ul i n expl ai ni ng t he r esul t s .

We ar e i ndebt ed t o Dr . K. L. Magl eby f or t hought f ul suggest i ons and cr i t i ci sms of an ear l i er
dr af t of t he manuscr i pt . Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant NS
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