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A bstract

D epo lariza tion -dependen t calcium  in flux  is b iphasic in  synaptosom es (N achshen 

and B laustein, 1980, 1982). The "fast" and "slow" com ponents o f 4^Ca++ in flux  are 

proposed to  occur through  separate calcium  channels. In this repo rt the fast and  slow 

com ponents o f  depo lariza tion -dependen t 4^Ca++ in flux  are resolved. The fast 

com ponent is inactivated  by predepolarization, inh ib ited  by  low concentrations o f 

lanthanum  and closely correlates w ith the  rap id  release o f sH -n o rep in ep h rin e  from  

synaptosom es. T he  properties o f the fast com ponent o f in flux  suggest tha t it is m ediated 

by calcium  channels w hich inactivate during  the firs t second o f depolarization. The 

slow com ponent is no t sensitive o f  predepolarization and is p a rtia lly  dependen t on the 

in ternal N a+ con ten t o f the synaptosom es. It is proposed th a t du ring  depolarization a 

portion  o f the slow  com ponent o f Ca++ in flux  in  synaptosom es is m ediated  by a N a-/C aQ 

exchange m echansim .

The in flux  m ediated  by calcium  channels is no t sensitive to  Bay K  8644 (0.01-1 

m M ), n itrend ip ine  (0 .1-10 m M ) or n ifed ip ine  (0 .01-10 mM ). C alcium  channels o f 

synaptosom es are best classified as N -ty p e  (N ow ycky et al. 1985).

P reincubation  o f  synaptosom es w ith 1 m M  8-brom o cA M P, 50 tiM. forskolin  and 

10 fiM diacetate phorbol ester d id  not a lter depo lariza tion -dependen t 4^Ca++ influx. 

U n d er sim ilar preincubation  conditions forsko lin  and  diacetate phorbol ester significantly  

increased the ^ P j  incorporation  into several synaptosom al proteins (M r 55, 76, 81 kD).

R ecen t evidence indicates th a t the  n itrend ip ine  recep to r o f skeletal muscle 

calcium  channels is a substrate  fo r cAM P dependent p ro tein  kinase (C urtis and C atterall, 

1985). These results suggest tha t the regulation o f  calcium  channels by 

phosphory lation /dephosphory lation  m ay be exerted via the d ihydropyrid ine  receptor. 

C alcium  channels o f  synaptosom es are no t sensitive to d ihydropyrid ines and  are not
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regulated  by e ith e r cA M P or pro tein  kinase C dependent phosphorylation. The results 

dem onstrate tha t calcium  channels in brain nerve term inals are pharm acologically d istinct 

from  calcium  channels o f  o ther systems.
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In troduction

A. O verview

M ost cells generate a  small electrical poten tial across th e ir  m em branes. What 

distinguishes nerve and muscle from  non-excitab le  tissue is th a t the  electrical energy 

stored across the m em brane as voltage can be selectively dissipated in  o rd e r to produce 

cu rren t. T he tran sfe r o f  inform ation  throughout a  given neuron is accom plished by  the 

conductance o f electrical signals along the cell m em branes. T he m ost im portan t m ode of 

conduction is the  action  potential. A ction potentials are transien t voltage changes 

produced across the  m em brane w hich are generated  by tim e-d ep en d en t alterations o f 

m em brane perm eability  to N a+ and K + (H odgkin and H uxley, 1952). These ions 

traverse the hydrophobic  lip id  m em brane through in tegral m em brane pro teins w hich 

form  aqueous filled  channels. The voltage sensitiv ity  and tran sien t nature  o f  the ion 

fluxes are  im parted  by gating m echanism s in trinsic  to the  channel. A ction potentials are 

generated  by  the  d issapation o f  the m em brane voltage due to ion flow  through  the 

channels. T hese potentials spread vectorially along m em branes by affecting  sim ilar 

conductance changes in  the channels o f the ad jacen t patches o f  m em brane. In  this 

fashion action potentials o f  equivalent voltage am plitude are sequently  produced along 

the en tire  neuronal m em brane. This regenerative fea tu re  m akes the action potential 

ideal fo r in tracellu lar com m unication betw een the dendrites, cell body and nerve 

term inal, distances w hich  are frequently  m easured in m illim eters.

The role o f  neurons in inform ation  transfer requ ired  the co -o rd in a ted  in teraction of 

indiv idual cells. C oping w ith  the task o f in tercellu lar com m unication is an obstacle 

w hich spurred  fu r th e r  specialization o f the neuron. B ridging the extracellular gap 

betw een neurons is accom plished by the release o f neuro transm itters from  specialized
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presynaptic  term inals. These chem icals d iffuse  across the synaptic c left to the 

postsynaptic neuron  w here they bind to specific receptors fo r that p a rticu la r chem ical. 

This in  tu rn  m ay generate  a response in the postsynaptic cell and the  process o f action 

po ten tia l conduction  and  transm itter release is repeated in  the postsynaptic neuron. The 

role o f  the  presynaptic  term inal is to convert the electrical signal o f  the  presynaptic  cell 

to a corresponding  release o f neuro transm itter. The relationship betw een presynaptic 

ionic fluxes and the release o f  neuro transm itter at m am m alian nerve  term inals has not 

been accurate ly  described.

B. T he "Calcium  Hypothesis"

K a tz  and  M iledi established the frog neurom uscular ju n c tio n  as a  m odel o f synaptic 

func tion . A ction  potentials (A P) in  the nerve fibers leading to the m uscle w ere evoked 

by  ex tracellu lar stim ulation  o f  the nerve while the post synaptic po tentials (PSP) were 

recorded  from  the m uscle. Tetrodotoxin  (TTX ) inhib its voltage-sensitive  sodium  

channels and  blocked bo th  the nerve fiber AP and the subsequent m uscle PSP (K atz  and 

M iledi, 1968). It appeared  tha t propagation o f the action po ten tia l in to  the term inal 

reg ion  is requ ired  to in itia te  the  release process. However, i f  the stim ulus w ere localized 

so as to produce non-regenerative  electrotonic potentials in  the term inals, a  PSP could be 

e lic ited  in  the  presence o f T T X  or in the absence o f NaQ. These results dem onstrated 

tha t the  requ irem en t o f N aQ in the release process is lim ited to it’s role in  generating the 

action poten tia l and th a t the release is the result o f  term inal depolarization  and not 

d irec tly  due to N a+ in flux  (K atz and  M iledi, 1967b). I t had been previously  observed 

tha t n e ith e r action potentials (K atz and M iledi, 1965) nor electrotonic potentials (K atz 

and M iledi, 1967a) evoked a  PSP when calcium  was om itted from  the m edia. In both 

instances the depolarizing stim ulus invaded the term inal region b u t fa iled  to stim ulate
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release. U tilizing localized ionotophoretic Ca++ injections it was determ ined tha t Ca++ 

m ust be present precisely during  the term inal depolarization in  o rder to affect 

transm itte r release (K atz and M iledi, 1967a). This suggested tha t the in flux  o f  Ca++ is 

the link  betw een term inal depolarization and transm itter release.

The small size o f the neurom uscular synapse makes the d irec t m easurem ent o f 

presynaptic  activ ity  d ifficu lt and  postsynaptic recordings are em ployed as indicators o f 

p resynaptic  transm itter release. To overcom e these lim itations K atz  and M iledi adopted 

the squid giant synapse, a p reparation  in w hich both p re - and postsynaptic elem ents o f 

the synapse can be sim ultaneously im paled w ith  m icroelectrodes. As in  the 

neurom uscular preparation, T T X  blocked both the presynaptic action potential and the 

PSP (K atz  and  M iledi, 1967c). D irect in tracellu lar stim ulation o f the presynaptic 

term inal produced an electrotonic potential w hich elicited a  PSP. The m agnitude o f the 

PSP versus presynaptic depolarization is a steep function  indicating  th a t the PSP has a 

voltage threshold. V oltage-sensitive N a+ and K + currents can be blocked by 

te trodo tox in  and  tetraethylam m onium  respectively. In these preparations a small 

regenerative calcium  cu rren t can be m easured which is restricted  to the presynaptic 

term inal (K atz  and  M iledi, 1969a, 1969b). It was clear tha t the previously observed 

threshold behavior o f the PSP is a m anifestation o f  the voltage dependency o f the 

presynaptic  calcium  channels. These results corroborated their previous observations in 

the neurom uscular junction . In addition it was observed tha t electrotonic potentials of 

equivalent m agnitude as action potentials are as effective  in triggering transm itter release 

and  eliciting post synaptic potentials (K atz and M iledi, 1967c). Increasing [Ca+]0 

augm ents the PSP by increasing Ca++ influx and hence facilita ting  transm itte r release 

(K atz  and M iledi, 1968, 1970). The role o f Ca++ in  the release process was confirm ed 

w hen M iledi (1973) observed tha t injections o f Ca++ directly  into the presynaptic 

term inal resulted in post synaptic responses in the absence of appreciable depolarization
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o f the presynaptic m em brane. These results dissociated the depolarization o f the 

presynaptic term inal from  the release o f transm itter and  established Ca++ in flux  as the 

link betw een the two processes. F u rth e r evidence supporting this hypothesis was 

provided  by Llinas et al. (1972) and Llinas and N icolson, (1975) by loading the squid 

synapse w ith  the biolum inescent Ca++ probe aequorin. The results dem onstrated tha t the 

build  up  o f ionized Ca++ in  the presynaptic term inal closely correlates w ith the  release 

o f  transm itter and  the generation o f post synaptic responses. These experim ents led 

K a tz  and  M iledi to propose the "Calcium Hypothesis" (K atz and M iledi, 1969a). They 

envisioned tha t the invasion o f the action potential in to  the nerve term inal causes a  

depolarization o f the m em brane resulting in  the opening o f voltage-sensitive calcium  

channels. T he build  up o f ionized Ca++ w ith in  the cytoplasm  o f the term inal triggers 

the release o f neurotransm itter.

C. C ellu lar M etabolism  o f Calcium

T he pivotal role played by calcium  in  the exocytosis process requires tha t the 

in tracellu lar concentration  o f this ion be e ffic ien tly  constrained w ith in  narrow  limits. 

The m aintenance of in tracellu lar ionized Ca++ a t low levels is the  result o f interplay 

betw een the fluxes across the m em brane, bu ffering  and  energy -dependen t sequestering 

(R equena, 1983). In regulating in ternal Ca++ the transm em brane N a+ and electrical 

gradients are im portan t considerations in a num ber o f systems (R equena, 1983; Di Polo 

and Beauge, 1983). [Ca]j o f the squid giant axon is 110 nM  (DiPolo et al., 1982) despite 

the concentration  o f 4 mM in hem olym ph (B laustein, 1974). The squid axon is 

particu larly  well suited fo r the study o f ionic fluxes because the in terio r o f  the axon is 

su ffic ien tly  large to allow dialysis and hence control o f the in ternal solutions. It is 

proposed tha t the low concentration in axoplasm  is m aintained by an outw ardly  directed
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calcium  pum p and the N aQ/C a j exchange (NaCaX ) (R equena, 1983). A large portion  o f 

the Ca++ e fflu x  from  squid axon was found  to be dependen t on the  N a+ gradient 

(Blaustein and  H odgkin , 1969). R eduction  Na- dram atically  stim ulates the rate o f  Ca++ 

efflux  w hich  persists despite reduced A TP concentrations (B laustein and H odgkin , 1969; 

B laustein and  R ussell, 1975; B laustein, 1977). These results im ply th a t the energy 

requ ired  to ex trude  Ca++ from  the axoplasm  is supplied  by the inw ard  m ovem ent o f Na+ 

dow n it’s electrochem ical gradient. From  energetic considerations the coupling o f  two or 

m ore N a+ w ould be requ ired  to exchange fo r  a single Ca++. D epolarization induced by 

electrical stim ulation  o r elevated K Q was found  to reduce Ca++ e fflu x  from  dialyzed 

axons (B rinley  and  M ullins, 1974; M ullins and B rinley, 1975; B laustein et al., 1974). 

T he observed  voltage sensitiv ity  confirm s tha t the process is electrogenic, translocating at 

least th ree  N a+ in exchange fo r each Ca++.

C oupling o f  Ca++ in flux  to the ouabain -insensitive  N a+ efflux  is also observed in 

squid axon (B aker e t al., 1969). Ca++ in flux  is strongly  dependent on the resting 

m em brane po ten tia l and Na-. D epolarization induced  by elevated K Q substantially  

increased Ca++ in flux  indicating tha t the transport m echanism  is electrogenic (DiPolo et 

al., 1982). In flu x  through th is system  is no t inh ib ited  w hen the m em brane potential is 

held a t the  Ca++ reversal potential (R equena et al., 1983). D uring depolarization  the 

in flux  o f  Ca++ in to  the axon is 70% via a T T X -sensitive  pathw ay (ie. sodium  channel), 

about 20% by a N aj-dependent (NaCaX ) and the rem ain ing  penetrates through a route 

w hich is insensitive to concentration  changes o f N a+, Ca++, A TP or T T X  (DiPolo et al.,

1982). It is proposed tha t the  Ca++ fluxes dependen t on N a+ (ie. in flux  and e fflux ) are 

m anifestations o f  a single system  that runs according  to the d irection  o f the N a+ 

electrochem ical g rad ien t (M ullins and B rinley, 1975). T he b i-d irec tio n a l nature  o f this 

exchange underscores it’s im portance in  regulating the in tracellu lar concentration o f 

ionized Ca++ (R equena, 1983; Di Polo and Beauge, 1983).
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D. M orphological and M etabolic C haracteristics o f Synaptosomes

D espite the abundance o f  evidence supporting  the "Calcium  Hypothesis" in the 

inverteb ra te  system , the ro le  o f calcium  in  the release process o f the mammalian 

nervous system rem ains uncerta in  because the small size and  inaccessibility  o f the 

term inals elim inates d irec t electrical recording techniques. The m ajority  o f  evidence 

supporting  the "Calcium Hypothesis" in  the m am m alian central nervous system  is derived 

from  a p reparation  o f p inched  o f f  nerve-endings term ed "synaptosomes" (W hittaker, et 

a l., 1964). Synaptosomes are  isolated from  the bulk  o f  b rain  tissue by hom ogenization 

and  sucrose density  cen trifu g a tio n  (G ray  and W hittaker, 1962; D eR obertis e t al., 1962). 

D uring the d isrup tion  process the  presynaptic  term inal and  the  postsynaptic density  to 

w hich i t  is attached are to rn  aw ay from  the axon and post-synap tic  cell, respectively. 

T he axon at its a ttachm ent to the  synaptic term inal is slender, typically  m easuring one 

f if th  the d iam eter o f  the synapse. D uring hom ogenization this ju n c tu re  is severed and 

the synaptic m em brane reseals. This resealing process occurs rap id ly  since the soluble 

enzym es and m etabolites endogenous to the nerve term inal rem ain  trapped w ithin the 

synaptosom e (Johnson and W hittaker, 1963; M agan and W hittaker, 1966; B radford , 1969; 

B radford  and Thom as, 1969). Inspection via electron m icroscopy reveals oval structures 

approxim ately  0.5 pm  in  d iam eter w ith  continuous delim iting m em branes containing 

num erous organelles and  an occasional small m itochondria  (W hittaker, 1969). Typically 

contained w ith in  synaptosom es are round organelles approxim ately  42 nm  in diam eter 

w hich are believed to represen t synaptic vesicles. Dense and coated vesicles are also 

seen in  appropriately  stained  preparations.

The m ost im portan t crite ria  fo r defin ing  the in teg rity  o f the synaptosome 

preparation  is tha t it re ta in  the functional activity  characteristic  o f  nerve term inals from
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in tac t tissue. The synaptosom es should dem onstrate basic com petency regarding the 

utilization o f  substrate to generate m etabolic interm ediates and synthesize energy storage 

com pounds. Only i f  these c rite ria  are fu lfilled  can the p reparation  be expected to 

accurately  reflec t the norm al physiology o f a synaptic term inal.

Synaptosomes suspended in ringer solution actively resp ire  utilizing glucose as a 

substrate  (B radford, 1969). Incubation w ith glucose increases oxygen consum ption and 

stim ulates the  synthesis o f A TP and phosphocreatine. G lucose stim ulated oxygen 

consum ption and synthesis o f energy storage phosphates are inhib ited  by m etabolic 

poisons w hich block glycolysis o r oxidative phosphorylation (B radford , 1969). U nder 

conditions w hich enhance oxidative phosphorylation, synaptosom es convert 14C-glucose 

in to  a varie ty  o f m etabolic in term ediates (B radford and Thom as, 1969). Following 

incubation , 14C label was found  in COz, lactate and am ino acids. Glucose stim ulated 

m etabolism  is also linked  to 32P-phosphate  incorporation in to  phospholipids (H okin and 

H okin , 1955; H okin and H okin, 1958; A b d e l-L a tif 1966). The diverse variety  o f 

m etabolic activities dem onstrated by synaptosomes suggests the  presence o f the enzym es 

and  cofactors know n to be involved in these processes (B radford and Thom as, 1969).

E. Ion T ransport by Synaptosomes

The ability  o f neuronal m em branes to generate and m aintain ion gradients is of 

param ount im portance to the norm al functioning  of the synapse. Synaptosomes confine 

N a+, K + and the cytoplasm ic soluble enzym e lactate dehydrogenase in an osmotically 

sensitive com partm ent (M archbanks, 1967). By exam ining the d ifferen tia l d is tribu tion  of 

these synaptosom al constituents under iso- and hyperosm otic conditions it  was shown 

tha t this osom otically sensitive com partm ent represents the intrasynaptosom al volume. 

Synaptosom es m aintain a high [K ]j and reduced [Na]- w ithin  this space (M archbanks and
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Cam pbell, 1976; Cam pbell, 1976). This d ifferen tia l d is tribu tion  o f ions is sensitive to 

the m etabolic inh ib ito rs cyanide and iodoacetate (B radford , 1969). These results im ply 

tha t N a+ and K + are actively pum ped against the ir respective concentration gradients. 

The transm em brane m ovem ent o f  N a+ can be m onitored by the flux  o f radiolabeled 

^ N a +. The accum ulation o f the tracer ^ N a + w ith in  synaptosom es is stim ulated by 

cyanide and iodoacetate (Ling and A b del-L atif, 1968). In  the  presence o f m etabolic 

inh ib ito rs N a+ e fflux  was reduced  ow ing to the  shortage o f m etabolic energy, 

consequently the  synaptosom es becam e loaded w ith  N a+ by passive inw ard d iffusion . 

U n d er sim ilar conditions the e fflu x  o f  N a+ is inh ib ited  by ouabain  (Ling and A bdel- 

L a tif , 1968). These results suggest th a t the e fflu x  o f N a+ from  synaptosom es is an 

energy dependent process and is m ediated  by N aK -A T P ase. The synaptosom al K j 

con ten t can be m easured by atom ic absorption o r radiolabeled ^ K + accum ulation 

(Escueta and A ppel, 1969). The [K ]j increases from  71 m M  im m ediately following 

isolation to 103 m M  afte r incubation  a t 37° C. Since the [K ]0 in  these experim ents was 

10 m M  these values represen t a significant accum ulation against a  concentration 

gradient. T his up take  is inh ib ited  by the m etabolic poisons cyanide and 2 ,4- 

d in itrophenol as well as by the N aK -A T Pase inh ib ito r ouabain. The accum ulation o f K + 

by synaptosom es also appears to be an energy dependent process (Escueta and Appel, 

1969). Isolated plasm a m em branes w hich display N aK -A T P ase  activ ity  can be prepared 

by sub -frac tio n a tio n  o f synaptosom es (Hosie, 1965). N a+, K + and M g++ each 

indiv idually  stim ulate the m em brane associated ATPase and act synergistically in 

com bination (Hosie, 1965). This ATPase activ ity  is inh ib ited  by  ouabain. ATPase 

activ ity  w ith sim ilar cation requirem ents and ouabain sensitiv ity  is localized in plasma 

m em branes o f  in tac t synaptosom es (K urokaw a and K ato , 1965; F esto ff and A ppel, 1968). 

The activ ity  o f the N aK -A T Pase and K + uptake both  vary w ith  the extracellular [Na+]0 

(F esto ff and A ppel, 1968; Escueta and A ppel, 1968). This N a+-dependency  is consistent
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w ith the properties o f  N aK -A T P ase previously reported  in  nerve (Skou, 1957). These 

results support the hypothesis tha t the synaptosom al m em brane acts as a perm eability  

b a rrie r to d iffu sin g  ions and  is capable o f  generating asym m etric ion d istributions by 

en ergy -dependen t transport processes.

U tiliz ing  a ligh t scattering technique fo r  m easurem ent o f osm otic swelling (K och, 

1961; K een  and  W hite, 1970) K een  an d  W hite (1971) determ ined  the relative 

perm eabilities o f N a+, K + and Cl” (1:19:12). Sim ilar perm eability  ratios have been 

repo rted  (B laustein and  G oldring , 1975). Synaptosom es have m em brane perm eability  

characteristics sim ilar to  in tac t neurons and  m ay generate resting  m em brane potentials 

close to the K + d iffu sio n  potential. T he resting m em brane po tential fo r these 

p reparations can  be approxim ated  using the  C onstant F ield  E quation  p rov ided  the m ajor 

determ inants o f  m em brane potential are N a+, K + and Cl~ (G oldm an, 1943; H odgkin and 

K atz, 1949). U tiliz ing  this m ethod the resting  m em brane po ten tia l o f  synaptosom es has 

been estim ated to be -27 mV (Cam pbell, 1976). A  m ore d irec t assessm ent o f  the 

m em brane poten tia l is obtained by  the use o f  po ten tial sensitive fluorescent probes 

(W aggoner, 1979). These agents are perm ean t to the cell m em brane and w ork by 

poten tia l dependen t red istribu tion  betw een the bathing m edia and the  in te rio r o f  the 

synaptosom e. T he fluorescen t probe 3,3’-d ip h en y l 2,2’-  oxacarbocyanine was used by 

B laustein and  G oldring  (1975) to m easure the resting and  stim ulated  m em brane potentials 

o f  synaptosom es. The results dem onstrated  tha t the  [K +]j is approxim ately  100 m M , thus 

corroborating  previous estim ates while fu r th e r  supporting  the  conclusion tha t the 

synaptosom al resting poten tia l is p rim arily  determ ined  by the equ ilib ration  d istribution  

o f  potassium .

F. M etabolism  O f N euro transm itter By Synaptosomes
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1. U ptake o f Precursors and N eurotransm itters

Synaptosom es are capable o f  the synthesis and  storage o f  a  num ber of 

neurotransm itters. T he m etabolic precursors requ ired  fo r  the synthesis o f 

neurotransm itters are specifically  transported  across synaptosom al m em branes by high 

affin ity  systems. Such systems are know n to transport the  neuro transm itter precursors 

choline (Haga and  N oda, 1973; Y am am ura and Snyder, 1973) and try tophan  (Belin e t al., 

1974; H am on e t al., 1974). A cetylcholine (ACh) is form ed th rough  the acetylation of 

choline by a  reaction  requiring  acetylcoenzym e A and  the enzym e choline 

acetyltransferase. A n e ffic ien t m echanism  fo r the accum ulation o f  choline is im portant 

to neurons because nervous tissue is incapable o f  synthesizing choline de. novo (Bremer 

and G reenberg , 1961; A nsell and Spanner, 1967; B row ning and Schulm an, 1968). 

Between 50 and 80 p ercen t o f  the choline entering the synaptosom es by the  h igh a ffin ity  

transport system  (K jvj=2/iM ) is converted to acetylcholine (Jope, 1979). This suggests a 

tigh t coupling o f  choline uptake to transm itter synthesis (B arker and M ittag, 1973; Jope 

and Jenden , 1978). H igh a ffin ity  choline transport (H A C hT) is proposed to occur 

through a  carrie r m ediated  system  whose energy is derived  from  the inw ardly  d irected  

sodium  gradient. H A C hT  is inh ib ited  by incubation  w ith  m etabolic poisons, ouabain 

and  K + free  m edia (Jope, 1979). These treatm ents inh ib it the N aK -A T Pase and 

decrease the inw ardly  d irec ted  N a+ gradient (A bdel-L atif, 1969).

T ryp tophan  is an essential am ino acid and a d irec t precursor o f the 

neuro transm itter sero tonin . T ryp tophan  uptake is m ediated  by a  h igh a ffin ity  

m echanism  (H am on e t al., 1974) w hich segregates the precursor to be utilized for 

transm itter synthesis in to  a specific in tra-synaptosom al pool (G raham e-Sm ith , 1971; 

Shields and  Eccleston, 1972). T ryptophan uptake is via a carrier m ediated Na+-
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dependent m echanism  sim ilar to tha t described fo r choline uptake (G raham e-Sm ith and 

P arfitt, 1970).

Synaptosomes also have high a ffin ity  uptake m echanism s fo r many 

neurotransm itters. This m echanism  is best exem plified by the uptake o f norepinephrine 

(N E) into synaptosom es (Colburn e t al., 1968). The accum ulation o f N E by

synaptosom es is non-com petitively  inhib ited  in K + free  m edium  or by inclusion of 

ouabain  o r m etabolic inhib itors (Bogdanski, 1968; W hite and K een, 1970). These 

treatm ents are know n to reduce the inw ardly d irected  Na+ grad ien t by  com prom ising the 

activ ity  o f  the m em brane associated N aK -A TPase (A b d e l-L atif , 1969). The inhibition 

o f  N E uptake by these treatm ents appears to be secondary to  the build  up o f

in tracellu lar N a+. These results are consistent w ith a carrie r w hich co-transports

norepinephrine and N a+. The energy expended to accum ulate N E w ithin the nerve

term inals is derived  from  the sodium  electrochem ical g radien t. Incubation o f 

synaptosom es in N a+ free m edia increases the carrier m ediated  e fflux  o f N E indicating 

the m echanism  is reversible depending on the direction o f the Na+ gradient (Bogdanski, 

1973). Both the uptake and C a++ independent efflux  o f N E are equally inhibited  by 

desipram ine (R aiteri et al., 1977). Sim ilar mechanisms fo r the uptake o f  norepinephrine, 

dopam ine, serotonin and  several putative am ino acid  transm itters have been 

dem onstrated in  synaptosom es (Iverson, 1970; A bdel-L atif, 1973; Snyder et al., 1973).
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2. Release o f N eurotransm itter

The release o f neurotransm itter from  nerve term inals m ust satisfy  several c rite ria  in  

o rder to be recognized as a stim ulus-induced  secretion. The release should  be 1) rapidly 

induced  by depolarization, 2) be Ca++ dependent and 3) blocked by M g++ and  other 

antagonistic d ivalent ions. Ca++-d ep en d en t, K 0-evoked  release o f  norepinephrine 

(B laustein e t al., 1972; M ulder e t al., 1975; H aycock e t al., 1978), dopam ine (D rapeau 

and  B laustein, 1983; Leslie e t al., 1985), gam m a-am inobutyric  acid (H aycock e t al., 1978; 

Arias and  T apia, 1986), serotonin (M ulder et a!., 1975), acetylcholine (Suszkiw and 

O’Leary , 1982, 1983; A dam -V izi and L igeti, 1984) and  several am ino acid transm itters 

(Snyder et al., 1973) has been dem onstrated in  synaptosom es. T he  release o f  these 

transm itters is stim ulated  by elevated K Q (B laustein e t al., 1972; D rapeau and  B laustein,

1983), vera trid ine  (Blaustein, 1975; Patrick  and  Barchas, 1976; Schoffelm eer and 

M ulder, 1983) and incubation w ith ouabain (A dam -V izi and L igeti, 1984). These 

treatm ents depolarize the synaptosom es and increase the in tracellu lar free  Ca++ via it’s 

en try  through  vo ltage-stim ulated  channels (N achshen and B laustein, 1980, 1982) and 

exchange m echanism s (Blaustein and O born, 1975; Blaustein and E ck to r, 1976). The 

depo lariza tion -dependen t release o f  neuro transm itters, activation o f Ca++ influx 

(B laustein, 1975) and  the build  up o f  free  cytosolic C a++ (H einonen e t al., 1985) have 

sim ilar voltage threshold  characteristics in synaptosom es. It appears th a t the threshold 

behavior o f  the release process is a m anifestation o f the voltage-dependency o f Ca++ 

entry . V eratrid ine is know n to depolarize excitable cells (U lbrich t, 1969) by irreversib ly  

opening Na+ channels (Ohta et al., 1973). With channels locked in the  open 

conform ation  Na+ moves into the cells causing depolarization. Synaptosomes incubated  

w ith vera trid ine  becom e depolarized (Blaustein and G oldring , 1975) resulting in the 

activation o f  vo ltage-dependent Ca++ en try  (Blaustein, 1975) and increased cytosolic free
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Ca++ (H einonen e t al., 1985). V eratrid ine-stim ula ted  Ca++ en try  and  transm itter release 

are inh ib ited  in  N a+ free  m edium  or in the presence o f  tetrodotox in  (B laustein, 1975). 

Ca++-d ep en d en t transm itte r release from  peripheral nerve term inals is com petitively 

inh ib ited  by M g++ (M eiri and R aham im off, 1972; K rn jev ic , 1974). E levated M g++ 

inh ib its the  depo lariza tion -dependen t Ca++ in flux  (D rapeau and  N achshen, 1984) and 

release o f  transm itte r (Cotm an e t al., 1976; D rapeau and  N achshen, 1984) in 

synaptosom es. The inorganic calcium  channel antagonists barium  and strontium  

(H agiw ara and  B yerly, 1981) also in h ib it Ca++ in flux  and  release in  synaptosom es 

(Cotm an e t al., 1976; D rapeau  and N achshen, 1984). D epolarization in  the absence o f 

CaQ is in su ffic ien t to d irec tly  induce transm itter release from  this p reparation . H ow ever 

release can  be stim ulated  w ithou t depolarization by trea tm en t o f  the synaptosom es w ith  

the Ca++ ionophore A23187 (Holz, 1975; R edburn  e t al., 1975; Shira et al., 1984). 

Incubation  w ith  ionophore stim ulates Ca++ en try  and  transm itte r release w hich is 

independen t o f any changes in  the m em brane potential. These results support the 

"Calcium  H ypothesis", and indicate tha t the m echanism  o f transm itter release a t central 

synapses is sim ilar to th a t a t peripheral synapses.

G. C alcium  T ransport By Synaptosomes

1. C alcium  E fflu x

N a+/C a ++ exchange (N aCaX ) with properties sim ilar to those o f  squid axon has 

been described fo r synaptosom es (Blaustein and O born, 1975; B laustein and  E cktor, 1976; 

C outinho e t al., 1984) and isolated plasm a m em branes (E dreich  et al 1983). N aCaX  

m ediated  Ca++ e fflu x  is reduced  by low ered N aQ and reversed (ie. calcium  in flux) by 

total rep lacem ent o f N aQ (Blaustein and W eismann, 1970). These results suggest that
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N aC aX  is a  reversible system  w hich transports Ca++ depending on the d irec tion  o f  the 

N a+ gradient. Synaptosomes loaded w ith  N a+ by veratrid ine or ouabain  trea tm en t also 

have a h igher background level o f  free  cytosolic Ca++ m easured w ith  quin2 (N achshen, 

1985). The increase is a ttribu ted  to  the decreased efflux  resulting from  a reduction in 

the  inw ardly  d irected  Na+ gradient. Ca++ efflux  m ediated by this exchange system is 

the  prim e determ inant o f in tracellu lar free  Ca++ levels in synaptosom es (N achshen, 

1985).

2. Calcium  Influx

D epolarization-dependent C a++ in flux  is biphasic in  synaptosom es (N achshen and 

B laustein, 1980, 1982) and is m ediated by kinetically  d istinct "fast" and  "slow" calcium  

channels. The Ca++ influx  via the "fast" com ponent is com plete w ith in  the in itia l 2 

seconds o f  depolarization. This phase is elim inated in synaptosom es pre incubated  under 

depolarizing conditions suggesting th a t this pathw ay undergoes vo ltage-dependen t 

inactivation. Ca++ in flux  during  the fas t phase is com petitively inh ib ited  by barium  and 

stron tium  and blocked by low concentrations o f  lanthanum . The transien t nature and 

perm eability  characteristics o f  the fast in flux  is consistent w ith a calcium  channel which 

inactivates w ithin several seconds follow ing depolarization (N achshen and  B laustein, 

1980, 1982). This channel does no t conduct Na+ (K rueger and N achshen, 1980) and is 

not blocked by tetrodotoxin  (N achshen and Blaustein, 1980). The Ca++ in flux  through 

the channel is blocked by M g++, Sr++, Ba++, N i++, Cd++, and La+^ in a dose-dependent 

fash ion  (N achshen, 1984). In flux  inh ib ition  can be overcom e by increasing the 

concentration  o f CaQ in a  m anner suggesting tha t the m etal ions com pete w ith  Ca++ fo r 

a  b inding site w ith in  the channel. The sequence o f cation b ind ing  to the channel 

(Ca>Sr>Ba>Mg) and pH sensitiv ity  (N achshen and B laustein, 1979) are  consistent w ith
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anionic sites inside the channel to w hich cations m ust b ind while crossing the m em brane 

(D iam ond and W right, 1969; N achshen, 1984). T he "slow" phase o f Ca++ in flux  is 

resistan t to prolonged depolarization indicating tha t this pathw ay does not inactivate. 

This pathw ay conducts barium  and strontium  to a lesser extent than the fast phase and is 

blocked by relatively high concentrations o f lanthanum . I t is no t certain w hether the 

slow phase o f Ca++ in flux  occurs through  a non-inactivating  channel (N achshen and 

B laustein, 1980, 1982) or a carrier m ediated system (Blaustein and O born, 1975; 

B laustein and E cktor, 1976; C outinho e t al., 1984). R ecent experim ents have exam ined 

the relationship o f  "fast" Ca++ influx to  transm itter release (R edburn  et al., 1975; Floor, 

1983; D rapeau and Blaustein, 1983; Suszkiw and O’Leary, 1983; Leslie e t al., 1985; 

D aniell and Leslie, 1985). Biphasic transm itter release from  synaptosom es during  the 

in itia l 5 seconds o f depolarization, appears to correlate w ith  the tw o phases o f  Ca++ 

in flux  (F loor, 1983; D rapeau and B laustein, 1983; Leslie e t al., 1985; Daniell and Leslie,

1985).

In  addition to the channel m ediated in flux , a  second phase o f  Ca++ in flux  is observed 

w hich is dependent on the Na+ gradient and  m em brane potential (Blaustein and O born, 

1875; C outinho e t al., 1984). This Ca++ in flux  is pow ered by Naj content o f 

synaptosom es (Blaustein and O born, 1975; C outinho et al., 1984). Increasing [K +]0 , 

depolarizes the synaptosom es due to the relatively high perm eability  o f  the resting 

m em brane to this ion (K een and W hite, 1971; Blaustein and G oldring, 1975). 

D epolarization increases the outw ardly d irected  electrical g rad ient realized by N a+ ions. 

The outw ard chem ical gradient fo r N a+ is exacerbated by the iso-osm otic replacem ent of 

Na+ w ith K +. D uring elevated K Q-depolarization  both the chem ical and electrical 

gradients fo r Na+ are altered  so as to prom ote Na+ efflux. Coupling o f Ca++ influx  to 

this augm ented Na+ efflux  is predicted  (C outinho e t al., 1984) bu t no t clearly 

dem onstrated. Ca++ en try  in synaptosom es is proposed to occur through three d istinct
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pathways. "Fast" and "slow" calcium channels (Nachshen and Blaustein, 1980, 1982) and 

the Naj/CaQ exchange (Blaustein and Oborn, 1975; Coutinho et al., 1984). At present 

the separation of these individual pathways has not been adequately achieved.

H. Effects of Dihydropyridine Drugs on Calcium Channels

Despite compelling evidence indicating that the fast component of synaptosomal 

Ca++ influx is channel mediated, little information exists regarding the modulation of 

these channels. One mode of regulating Ca++ flux is by ligand binding to the channel 

proteins. Dihydropyridine (DHP) drug binding to smooth muscle preparations is to a 

single class of saturable, high affinity sites (KD 0.1-0.5 nM). There is good correlation 

between the affinity of DHP binding and the inhibition of depolarization induced 

muscle contraction in ileum (Bolger et al., 1983). Similar to smooth muscle, DHP 

binding to cardiac muscle is associated with high affinity sites (KD 0.1-0.5 nM) (Miller,

1984). However, the pharmacological blockade of Ca++ influx by dihydropyridine drugs 

occurs at 2-3 orders of magnitude higher concentrations than their affinities for the 

binding sites (Lee and Tsien, 1983; Kass 1983). The reason for the discrepancy between 

binding and effect in cardiac muscle is as yet unclear. It has been postulated that the 

affinity of the channel for these drugs is regulated by an intrinsic modification of the 

channel which is not expressed in isolated preparations (Miller, 1984). Alternatively this 

may reflect a voltage-dependent drug/channel interaction (Bean, 1984; Sanguinetti and 

Kass, 1984). The T-tubular system of skeletal muscle contains calcium channels which 

are inhibited by DHP channel antagonists (Sanchez and Stefani, 1978; Eisenberg et al.,

1983). These channels are of the low affinity type and are only blocked by high 

concentrations of drugs (Gonzales-Serratos et al., 1982). Despite some discrepancies 

most studies of muscle preparations are consistent with the idea that the dihydropyridine
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binding sites represent voltage sensitive calcium channels (Bolger et al., 1983; Lee and 

Tsein, 1983; Kass et al., 1983; Miller, 1984).

The hypothesis that dihydropyridine drugs alter calcium channel activity in 

neuronal tissue is more complicated (Miller, 1984). High affinity DHP binding sites in 

synaptosomes have similar properties to those of cardiac and smooth muscle (Murphy 

and Synder, 1982; Gould et al., 1982; Ehlert et al., 1982; Belleman et al., 1983; Triggle 

and Janis, 1983). However the correlation between binding and pharmacological effect 

is exceptionally poor in synaptosomes where dihydropyridines are usually ineffective in 

blocking Ca++ fluxes at concentrations of 10“5 M (Nachshen and Blaustein, 1979; Daniell 

et al., 1983; Rampe et al., 1984; Creba and Karobath, 1986; Wei and Chiang, 1986). The 

hypothesis that these binding sites are associated with synaptosomal calcium channels 

remains speculative. Some evidence indicates that the DHP receptors measured in 

synaptosome preparations may be localized in the postsynaptic elements which are 

attached to the synaptosomes (Siekewitz et al., 1985). Dihydropyridine binding to these 

receptors would not alter Ca++ influx into synaptosomes and give the impression that the 

DHP receptors are inactive.

Three types of calcium channels coexist in chicken dorsal root ganglion cells 

(Nowycky et al., 1985). These channels can be distinguished by differences in voltage 

sensitivity, kinetics, unitary conductances and sensitivity to cadmium. T-type channels 

produce small currents which rapidly inactivate and are not sensitive to blockade by 

cadmium. L-type channels require strong depolarizations for activation, do not 

inactivate and are sensitive to low concentrations of cadmium. N-type channels undergo 

inactivation like T-type channels but are sensitive to cadmium like L-type channels. 

Only the L-type channels are sensitive to dihydropyridines. Incubation of dorsal root 

ganglion neurons with Bay K 8644 strongly enhances the L-type channel currents. L- 

and T-type channels have also been observed in cultured heart cells (Nilius et al., 1985).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 7

V oltage-sensitive calcium  channels in  neuronal cell cultures are sensitive to 

d ihydropyrid ine drugs (F reedm an e t al., 1984; N ow ycky et al., 1985; C reba and 

K arobath , 1986). H ow ever the relevance o f these calcium  channels to the release of 

transm itter is not know n. R ecen t reports indicate tha t in  neurons w here L -  and N -type  

channels coexist, the N -ty p e  channels predom inate a t the neuro transm itter release sites 

(T hayer e t al., 1986). C u ltu red  hippocam pal neurons w ere shown to have both 

d ihydropyrid ine  sensitive and  insensitive calcium  channels. The m ajo rity  o f  voltage- 

stim ulated  Ca++ in flux  in  these neurons is blocked by  n itrend ip ine . In con trast the 

release o f  transm itter from  these neurons is inh ib ited  by cadm ium  bu t unaffected  by 

d ihydropyrid ines. T he results suggest th a t only calcium  channels w hich are not sensitive 

to  d ihydropyrid ine  drugs (ie. N -ty p e) generate the Ca++ fluxes relevant to the release o f 

neuro transm itter. T he function  o f  the DHP sensitive Ca++ fluxes in  this p reparation  is 

no t know n. Sim ilar results have been observed in cu ltu red  ra t superior cervical ganglion 

cells (H irn ing  e t al., 1986). I t appears tha t calcium  channels in  som atic m em brane are 

pharm acologically d istinc t from  those o f the nerve term inals (M iller, 1985; Reynolds et 

a l., 1986; M iller, 1987).

I. R egulation o f C alcium  In flux  by Phosphorylation

Slow channels in cardiac muscle appear to be regulated by a cA M P-dependent 

phosphorylating m echanism . Procedures w hich increase the in tracellu lar levels o f  cAM P 

(Josephson and Sperelakis, 1978; Vogel and  Sperelakis, 1981; L i and Sperelakis, 1983) or 

reduce in tracellu lar A TP (Schneider and Sperelakis, 1974, 1975; Sperekalis et al., 1979) 

selectively m odulate the activ ity  o f slow channels w ithout having appreciable e ffec t on 

voltage-sensitive sodium  or potassium  channels. The results suggest tha t only 

phosphorylated slow channels are available to becom e activated upon depolarization.
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Prolonged in tracellu lar perfusion o f snail neurons results in  a loss o f  Ca++ currents 

w hich is a ttribu ted  to the inactivation o f the channels (K ostyuk et al., 1979). This 

decline in  channel activ ity  can be reversed by in tracellu lar perfusion  w ith cAM P, A TP 

and M g++ (K ostyuk, 1981). It is proposed tha t due to in tracellu lar dialysis, factors 

im portan t to the norm al functioning o f  the calcium  channels are rem oved from  the 

cytoplasm . The reversal o f this phenom ena by  perfusion w ith  cAM P and ATP indicates 

that the activ ity  o f  the  calcium  channels is regulated by  a phosphorylation-dependent 

m echanism . R ecent da ta  suggests a second class o f calcium  channels in  this preparation 

w hich are not sensitive to dialysis and not m odulated by  cA M P (K ostyuk e t al., 1985). 

These results corroborate the recent observations th a t several pharm acologically distinct 

types o f calcium  channels can coexist w ithin  an indiv idual neuron (Nowycky e t al.,

1985). P hosphoryaltion-dependent m echanisms are proposed to regulate the receptor 

operated  (Sieglebaum et al., 1982; Shuster et al., 1985) and  calc ium -dependent (Ewald et 

al., 1985) potassium  channels o f mollusc.

T he m echanism s w hich m odulate the activ ity  o f  synaptosom al calcium  channels 

are not know n. The possibility tha t the Ca++ influx  through these channels could be 

regulated by a phosphorylation-dependent m echanism  w ould have im portan t im plications 

in the release o f neurotransm itter. The role o f protein  phosphorylation in regulating the 

influx  o f  Ca++ in synaptosom es is one of the objectives o f  this research.

J. R egulation o f  Calcium  Channels by Inactivation

Inactivation o f voltage-stim ulated  Ca++ en try  is observed in a num ber o f preparations 

(H agiw ara and Byerly, 1981; Tsien, 1983). A simple voltage-dependent process sim ilar 

to tha t described fo r the Na+ cu rren t o f the squid axon (H odgkin and Huxley, 1952) has 

been described fo r calcium  channels o f m arine egg m em branes (Hagiwara et al., 1975;
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Fox, 1981) and cu ltu red  heart cells (Lee and  Tsien, 1982). In  these p reparations the rate 

o f inactivation  proceeds a t iden tical rates regardless o f w hether the cu rren t is carried  by 

calcium , s tron tium  or barium  and is unaffected  by previous loading o f the  cells w ith 

calcium . N either Ca++ in flux  nor elevated Caj a lter the channel activ ity . In  contrast the 

inactivation  o f Ca++ curren ts  in  m olluscan neurons (T illotson, 1979; E ckert and 

T illo tson, 1981; Plant and Standen, 1981), Param ecium  (Brehm  et al., 1980), insect 

m uscle (A shcroft and  S tanfield , 1982) and  frog heart (M entrard  et a l., 1984) appear to 

be m ediated by the  en try  o f  Ca++. In A plysia neurons 1) depression o f  the  peak 

am plitude o f the Ca++ cu rre n t depends on the ex tent o f Ca++ en try  and no t the level o f 

depolarization, 2) depolarization to the Ca++ equilibrium  po tential (+140 m V) results in 

m inim al developm ent o f inactivation , and 3) barium  and strontium  curren ts display less 

inactivation  than  calcium  fo r  any  given depolarization (T illotson, 1979). These results 

cannot be explained by  vo ltage-dependen t inactivation . It is proposed th a t increased 

ionized Ca++ near the  inside o f the  channel prom otes inactivation. T his e ffec t is 

specific  fo r  Ca++ since o th er cations w hich perm eate the  m em brane th rough  the calcium  

channel do no t support inactivation  (T illotson, 1979). T he exact m echanism  of th is type 

o f inactivation  is not know n. In tracellu lar in jection  o f EG T A  into A plysia neurons only 

partia lly  inh ib its the inactivation  process (Brown e t al., 1981). I t appears th a t both  Ca++ 

and vo ltage-dependen t inactivation  processes are operative in  mollusks.

D epo lariza tion -dependen t Ca++ in flux  occurs a t two rates in  synaptosom es 

(N achshen and B laustein, 1980, 1982). N on-linear in flux  as previously dem onstrated, 

could be explained i f  a  po rtion  o f the Ca++ in flux  were to inactivate. Inactivation  of 

Ca++ in flux  has been show n in  synaptosom es (N achshen and  B laustein, 1980, 1982; 

Suszkiw and  O’Leary, 1983; N achshen, 1985). The data  suggest tha t vo ltage-dependen t 

inactivation  is a regulatory  m echanism  o f  the synaptosom al calcium  channels. The role
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o f inactivation  in  determ in ing  the in flux  o f  Ca++ into synaptosom es is an objective  o f 

this research.

K . Sum m ary

Synaptosomes have m any o f  the  m etabolic characteristics o f  nervous tissue in vivo. 

H igh  energy phosphates generated  from  the m etabolism  o f glucose by m itochondria  are 

u tilized  to support a  p lethora o f basic cellu lar activ ities. The m em brane o f  synaptosom es 

effectively  isolates the  in tracellu lar com partm ent o f synaptosom es from  the external 

environm ent. T he perm eability  p roperties o f  th is m em brane in  con junction  w ith  the 

active transport processes prom ote transm em brane cation gradients and  electrical 

potentials characteristic  o f m ore in tac t nervous tissue. Synaptosom es are  capable o f the 

specific  transpo rt o f precursors and  utilize these m etabolites to synthesize

neuro transm itter. These transm itters are  stored  by  synaptosom es and  are  released in

response to  depolarization in  the presence o f Ca++. In general, these observations a ttest 

to the  com petency o f the synaptosom e preparation  as a  suitable m odel fo r  nerve 

term inals in  v ivo.

With this established, synaptosom es can be used to test the applicab ility  o f the

"Calcium  Hypothesis" to the m am m alian central nervous system . I have used this

p reparation  to probe the nature  o f  the m em brane perm eability  changes associated w ith 

depolarization. The voltage and tim e-dependency  o f channel m ediated  Ca++ in flux  is 

described  and  two modes of non -channel in flux  are iden tified . M odulation o f 

presynap tic  calcium  channels is particu larly  im portan t due to th e ir relevance to 

neu ro transm itte r release. M odulation o f the channels by the d ihydropyrid ine  class o f
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organic channels blockers is exam ined. I have also tested the hypothesis that 

channels may be regulated by a phosphorylation-dependent m echanism  sim ilar to 

described fo r card iac slow channels.
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O bjectives of th is Research

1. M easure the depolarization-dependent Ca++ influx  during  the f irs t 5 seconds o f 

depolarization. Q uantitatively describe the contribution  o f calcium  channels to 

this influx .

2. D escribe the properties o f these channels.

3. Isolate and iden tify  a lternate pathways o f Ca++ in flux  (ie. non-channel) during  

the in itia l 3 seconds o f depolarization.

4 . C orrelate the depolarization-dependent Ca++ in flux  w ith  the release o f 

neuro transm itter.

5. D eterm ine i f  calcium  channels in synaptosomes are a ffected  by d ihydropyrid ine

drugs.

6. D eterm ine if  calcium  channels in synaptosomes are regulated by  phosphorylation.
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M ethods

A. H ep es-b u ffered  K rebs R inger Solutions

H ep es-b u ffe red  K rebs R inger (N a-H K R ) contains: 140 fflM N aCl, 5 m M  KC1, 1.3 mM 

M gCl2, 10 mM  Hepes b u ffe r  pH  7.4, and 10 m M  glucose. H igh potassium  solutions 

w ere p repared  by the iso-osm otic replacem ent o f NaCl w ith KC1. The non-depolariz ing  

H K R  (5 mM  K + H K R ) corresponding to the elevated K Q solutions w ere m ade by iso- 

osm otic replacem ent o f sodium  w ith  choline (C h -H K R ). U n d er these conditions the 

N a+ concentration  in  both the elevated and  norm al K + solutions is equivalent. The Ca++ 

concentrations o f  these solutions varied from  0.02 to 1.0 m M  depending  on the

requ irem ents o f the experim ent. In  some experim ents Na+ was om itted  from  the

pre incubation  solutions. These solutions w ere m ade by replacem ent o f  Na+ w ith 140

m M  choline (C h-H K R ). Osm olarity o f the solutions w ere 320 m O sm oles/liter.

B. P reparation  o f Synaptosomes

A dult w hite  rats w ere decapitated , and the isolated cortex dispersed in to  0.32 M  sucrose 

using a  g lass-teflon  hom ogenizer. C ellular debris was rem oved by  low speed 

cen trifuga tion  (3000 x G /1 0  mins). The resulting supernatan t was cen trifuged  10,500 x 

G /2 0  m inutes. This pellet represents a crude synaptosom e p reparation  (P2) and can be 

d irec tly  used fo r some types o f experim ents. F u rth e r p u rifica tion  o f the synaptosom es 

can  be perfo rm ed  by the m ethods o f Hajos (1975) or G ray and W hittaker (1962).

1. H ajos P reparation
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P2 synaptosomes were resuspended in 0.32 M sucrose and layered onto 0.8 M sucrose. 

This gradient was centrifuged at 9,000 x G/20 minutes. During this time the 

synaptosomes move into the 0.8 M sucrose layer but do not pellet due to the relatively 

low gravitational forces. This 0.8 M sucrose phase was collected and slowly diluted with 

distilled water in order to bring the osmolarity to 320 mOsm. Synaptosomes were then 

pelleted and resuspended in Hepes-buffered Krebs Ringer (HKR).

2. Gray and Whittaker Preparation

P2 synaptosomes suspended in 0.32 M sucrose were layered over a discontinuous gradient 

of 0.8 M and 1.2 M sucrose and centrifuged at 105,000 x G/75 minutes. Synaptosomes 

form a band at the 0.8-1.2 M sucrose interface. The synaptosomes were harvested and 

slowly diluted with HKR to adjust the osmolarity to 320 mOsm. This enriched 

synaptosomal preparation is pelleted and resuspended in HKR.

P_, Gray/W hittaker and Hajos synaptosomes were utilized in the course of this study. In 

addition, synaptosomes prepared from cortex (ie. brainstem removed) and whole brain 

(ie. cortex and brain stem) were compared as indicated in the figure legends.

C. Measurement of Intrasynaptosomal Volume

The volume of the synaptosomes is evaluated by the differential distribution of the 

volume marker 3H -H 20  and the extracellular marker 14C sucrose. 100 ftl of synaptosomes 

was mixed with 100 jul of HKR containing both markers. The synaptosomes are 

incubated for 10-30 minutes before pelleting by centrifugation. Both markers appeared 

to equilibrate with their appropriate spaces within 10 minutes of incubation. The
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to equilibrate  w ith the ir appropriate  spaces w ith in  10 m inutes o f  incubation. The 

supernatan t was separated from  the pellet and sam pled fo r specific activ ity  o f  SH and 

14C (D PM //il). The pellet was dissolved in 1% T riton X -100  in 0.1 N HC1. A n aliquot 

o f the dissolved pellet was counted in  aqueous fluor (D PM /pellet). The volume 

associated w ith each m arker is calculated by dividing the num ber o f  DPM  in the pellet 

(D PM /pellet) by the specific activ ity  o f the incubation solution (D PM //d). The volume 

calculated  fo r is the total pellet volume (/d /pellet). The volum e calculated for

^ C -su c ro se  is the ex tra -ce llu lar volume (/il/pellet) associated w ith  the pellet. The 

d ifferences betw een these volumes (ie. total -  extracellular) is the  intra-synaptosom al 

volum e (/il/pellet). T he calculated volumes are expressed as a  ra tio  o f the  synaptosomal 

pro tein  (m gP/pellet). The calculated synaptosom al volum es w ere also corrected fo r 

contam ination by non-synaptosom al structures. A pproxim ately 20% o f  the  measured 

volum e was not associated w ith synaptosomes based on electronm icroscopic criteria 

(Suszkiw et al., 1986). The m easured volumes o f synaptosomes w ere reduced 20% to 

account fo r this contam ination. Intrasynaptosom al volumes (/d /m gP ) were determ ined 

fo r synaptosom es preincubated  in either N a-H K R  or C h -H K R .

D. M easurem ent o f Synaptosomal Sodium and Potassium C oncentrations

The conten t o f N a+ and K + ions in synaptosomes was determ ined  by filtering  250 yX of 

synaptosomes onto 0.65 y m  filters and extensively washing aw ay extrasynaptosom al 

sodium  and potassium  by 25 ml washing w ith  145 mM  choline H K R . The washed filters 

were placed into 1 ml o f 0.1 N  HC1. The HC1 solution was assayed fo r Na+ and K + 

content by Atomic A bsorption. Samples were burned in a a ir-acety lene  flam e and the 

emissions recorded at 589 nm (Na+) and 766.5 nm (K +). Sodium  and potassium 

standards were prepared  in  0.1 N  HCI and ranged from  12.5-250 mM. Both standard

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 6

H K R  were analyzed by this m ethod. The content o f ions were expressed as /im ol/m g 

protein. The ion content o f  synaptosom es was corrected fo r 20% non-synaptosom al 

content (Suszkiw et al., 1986). It was assumed that the contam inating structures were 

m etabolically inert and therefo re  equilibrated  w ith  N a+ and K +. T herefo re  0.2 x 140 

mM N a+ or 0.2 x 5 mM  K + was subtracted  from  the respective total ion contents. The 

corrected  values represent the ionic con ten t o f in tact synaptosomes.

E. Calcium  Influx  M easurem ents

C alcium  influx  was m easured by m ixing solutions w ith  rap id  syringe in jections using a 

1:1 synaptosom es:HK R m ixing paradigm . Synaptosomes were routinely  suspended in 

H K R  containing no calcium . The influx  o f 45Ca m easured by  m ixing 250 /xl 

synaptosom es w ith 250 jil o f  e ither 100 mM  K + H K R  or 35 mM  K + H K R  containing 2 

m M  45Ca++. The fina l incubation  conditions w ere e ither 52.5 mM  K + o r 20 mM  K + 

H K R  containing 1 mM  45Ca++. The corresponding low potassium  conditions w ere 5 mM  

K + w ith  e ith e r 47.5 mM  or 15 mM  choline in replacem ent o f sodium . The Na+ 

concentration and osm olarity in both  elevated and norm al K +-H K R  w ere constant. 

U p take  incubation was term inated  by in jection  o f 0.5 ml o f H K R  contain ing  20 mM 

EG TA . A sam ple (0.8 ml) o f  the synaptosomes was filte red  onto 0.65 fim  M illipore 

filters and washed three tim es w ith  5 ml o f H K R . The calcium  trapped  within 

synaptosom es was released by placing the filte r into 0.5 ml o f 1% T riton  X -100  in 0.1 N 

HC1. 45Ca in the m ixture was determ ined  by liquid scintillation counting  in  aqueous 

fluor. The specific activ ity  o f the ^ C a ++ in the uptake solution was m easured. The 

protein  concentration o f the solution was determ ined by the m ethod o f  Low ry et al. 

(1951) and the calcium  influx  expressed as (nmoles Ca++/n tg  p ro te in /u p tak e  interval). 

The calcium  concentrations during  uptake ranged from  0.02 to 1.0 m M  depending on the
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The calcium  concentra tions during  uptake ranged from  0.02 to 1.0 m M  depending  on the 

requirem ents o f  the  experim ent. T racer 45Ca varied  w ith  the concen tration  o f added 

Ca++.

1. D ihydropyrid ine  D rugs

Synaptosom es (1 m gP /m l) w ere preincubated  w ith  drugs 20 m inutes p rio r to test o f 

calcium  in flux . 250 /il o f  synaptosom es w ere m ixed w ith  250 /xl o f  e ither 35 m M  K + or 

5 mM  K +/3 0  m M  choline H K R  containing 2 mM  45C a++. In flux  was quenched a fte r 5 

seconds by the add ition  o f  H K R /2 0  mM  EG TA .

2. cA M P, F orsko lin , Phorbol Esters

Synaptosom es (1 m gP/m l) were p reincubated  20 m inu ted  p rio r to test fo r calcium  

influx . 0.5 m l o f  synaptosom es were m ixed w ith 0.5 m l o f  e ither 35 m M  K + or 5 mM 

K * /3 0  m M  choline contain ing  2 mM 45Ca++. In flux  was quenched  a fte r  5 seconds by 

the add ition  o f 0.5 m l o f H K R /2 0  mM  EG TA .

F. Inactivation  o f C alcium  Influx

In these experim ents 50 /d  o f  synaptosom es were predepolarized  by addition  o f  450 /il o f 

57.8 m M  K + H K R  contain ing  no calcium . A fte r the predepolariztion  in terval, 0.5 ml o f

52.5 m M  K + H K R  containing 1 mM  45Ca++ was rap id ly  in jec ted  and uptake was 

allowed to p roceed  fo r  1 second prio r to add ition  o f H K R  containing 20 m M  EGTA. 

Samples w ere filte red  and treated  as in calcium  in flux . Basal uptake o f calcium  is that 

in  5 mM  K + H K R  containing 47.5 mM choline substitu ted  fo r sodium . U ptake values
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are expressed as a  percentage o f  calcium  uptake in non-predepo larized  synaptosomes 

exposed to 52.5 m M  K + H K R  45Ca++ fo r 1 second. T he n o n -lin ea r decrease in 

fractional up take versus predepolarization in terval represents the voltage dependent 

inactivation o f  the calcium  influx.

G. R eactivation  o f Calcium  Influx

25 /il o f  synaptosom es are  m ixed w ith  an equal volum e o f  100 m M  K + H K R  and 

incubated  10 seconds, an  in terval w hich previous experim ents have shown that the 

po tassium -stim ulated  4^ C a + +  in flux  is 80% inactivated. Follow ing pre incubation  475 /il 

o f  H K R  contain ing  no potassium  is added so tha t the ex tra-synap tosom al potassium  

concentra tion  is restored  to the contro l 5 m M  level. T he synaptosom es w ere allowed to 

recover from  the depolarization fo r betw een 1 and 60 seconds and  then  m ixed w ith 525 

/xl o f  100 m M  K + H K R  or 5 m M  K +/95  mM  choline H K R  contain ing  1 m M  45Ca++. 

C alcium  up take  was allow ed to proceed fo r 1 second p rio r to quench by addition  of 

H K R  contain ing  20 m M  EG TA . Synaptosomes w ere filtered  an d  assayed fo r 4^Ca 

content. R ecovery  is expressed as a  frac tion  o f  the up take p rio r to any 

predepolarization . A p lo t o f the recovery Interval versus calcium  uptake during  the 1 

second up take  in terval is a  m easure o f the recovery o f  calcium  in flux  from  inactivation.

H. V oltage D ependency o f Inactivation

50 /il o f  synaptosom es w ere m ixed w ith 450 /il o f 16, 27, 38, 58, and  83 m M  K + H K R . 

A fte r 2 seconds 1 ml o f  71, 66, 61, 53, and 41 m M  K + H K R /1 .1  m M  45C a++ was added 

and incubated  1 second p rio r to quench. The firs t additions a ltered  the predepolarizing 

conditions to various potassium  levels w hile the second paired  add ition  changed the K +
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^-*Ca++ influx  interval. The influx during  each influx  interval is expressed as a fraction  

of in flux  in  52.5 mM K + H K R  into synaptosomes w hich were not predepolarized.

I. L anthanum  Blockade o f Calcium  Influx

N on-predepolarized  calcium  influx was m easured by m ixing 125 /tl o f synaptosomes w ith 

125 /d  H K R  and incubating 20 seconds before adding 250 /il o f 100 mM K + H K R  

containing 40 /iM 45C a++. A fte r 1 second 45C a++ influx was quenched by addition  of 

0.5 ml H K R  containing 20 mM  EG TA . T he corresponding non-predepolarized  influx 

was m easured by adding 5 mM  K +/95 mM  choline H K R  containing I mM  45C a++ 

during  the influx  interval. Predepolarized ^ C a ++ influx  was m easured by  m ixing 125 /il 

o f synaptosom es w ith 125 /il 100 mM K + H K R  and incubating fo r 20 seconds. ^ C a ++ 

in flux  was stim ulated by adding 250 /il 52.5 mM  K + H K R  containing 2 mM  45C a++ and 

in flux  quenched a fte r 1 second by the addition  o f 0.5 ml o f H K R /2 0  mM  EG TA . 

Paired samples were determ ined w ith 20 /iM  lanthanum  present du ring  the in flux  

interval.

J. M easurem ent o f the Slow Com ponent o f C alcium  Influx

Synaptosomes were p reincubated  20 m inutes in either 140 mM  N a+ (Na-SYN) or 140 

m M  choline (Ch-SYN) H K R . 25 /tl o f synaptosomes were m ixed w ith 25 /il o f  100 mM 

K + H K R . Following 10 seconds incubation in flux  was stim ulated by addition  o f 450 /il 

o f 52.5 mM  K + H K R  containing 1.1 mM 45C a++. Influx was quenched by addition of

1.5 ml o f H K R  containing 20 mM  EGTA. The corresponding non-stim ulated  influx  was 

m easured by addition o f 25 /il o f 5 mM K + H K R  during the first m ixing and 450 /tl of 

5 mM  K +/47.5 mM ch o lin e /1.1 mM 45Ca++ during the influx interval. The same
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5 m M  K +/47.5 mM  c h o lin e /1.1 m M  45Ca++ during  the in flux  in terval. The same 

experim ents w ere repeated w ith  Ch-SY N  except N a+ was not p resen t in  any o f  the H K R  

solutions.

K . N orepinephrine Release

Synaptosomes are loaded w ith  sH -norep ineph rine  by  30 m inu te  incubation  in the 

presence o f 0.1 /iM  n o rep in ep h rin e /sH -norep inephrine . A fte r  incubation  20 /iM 

desipram ine was included in the H K R  solutions to in h ib it fu r th e r norep inephrine 

incorporation . Release was stim ulated by  1:1 m ixing (ie. 250 /xl:250 /il)of the loaded 

synaptosom es w ith  5 mM  K + H K R  or 100 mM  K + H K R  solutions contain ing  2 mM 

Ca++. Release was quenched by addition  o f 0.5 ml H K R  contain ing  20 m M  EG TA . 

Synaptosom es w ere filered  onto W hattman G F /F  filters  and the  rad ioactiv ity  released 

in to  the supernatant assayed. V oltage-dependent transm itter release is tha t in  52.5 mM 

K + H K R  m inus tha t in 5 m M  K + H K R . The am ount released is expressed as a 

percentage o f the initial 3H -norep inephrine  content o f the synaptosom es.

L. P reparation  o f  Synaptosomes fo r Phosphorylation E xperim ents

32Synaptosom es suspendend in H K R  (1 m gP/m l) were m ixed w ith  H K R  containing P  ̂

and  incubated  under oxygen for 30 m inutes at 30° C. Follow ing preincubation  0.25 ml 

aliquots o f synaptosom es were d istribu ted  into separate tubes and 5 pi o f various drugs 

added. These samples were incubated  another 20 m inutes befo re  the addition  o f 125 pi 

o f 10% SDS and the m ixture boiled 2 m inutes. A fte r the sam ples had  cooled, 27 pi of 

the  follow ing m ixture was added; 500 mM T ris/H C l pH 7.4, 25 mM  B -m ercaptoethanol, 

sucrose (0.5 gm /m l) and  10% brom ophenol blue tracking dye.
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M. Polyacrylam inde G el E lectrophoresis

The G el electrophoresis technique is a varian t o f  the m ethods o f Laem m li (1970). The 

resolving gel (11cm x 16cm x 1.5mm) was 7.5% acry lam ide, 0.2% bisacrylam ide, 0.38 M 

T ris /C l pH  8.8, 0.1% SDS; the stacking gel (11cm  x 2cm  x 1.5 m m ) was 3% acrylam ide, 

0.08% bisacry lam ide, 0.12 M  T ris/C l pH  6.8, 0.1% SDS. Gels w ere polym erized w ith  

0.05% N ,N ,N *-tetram ethylenediam ine and  0.1% am m onium  persu lfa te . T he gels were 

m ounted in to  a  Bio R ad eletrophoresis apparatus. Both upper and  low er b u ffe r  was 25 

mM  T ris /C l pH  8.3, 0.2 M  glycine, 0.1% SDS. 50 /xl o f  synaptosom es (75 ng  protein) 

was loaded in to  each well. The gels w ere run  a t 25 m A u n til the  tracking  dye had 

moved 1 cm  in to  the  resolving gel and then  ru n  a t 50 m A fo r 4 hours. T he gel was 

stained in  0.25% R -2 5 0  commassie blue, 40% m ethanol and 10% acetic acid. Destain 

was 40% ethanol and 10% acetic acid. The gel was d ried  on W hatm an No. 1 f il te r  paper 

under vacuum  and  placed on K odak X -O m at film  fo r 72 hours. T he optical density  o f 

the au toradiogram  bands w ere assessed by scanning on a  Biom ed Instrum ents 

densitom eter m odel S L -T R F F . The relative incorporation  o f 32P-t into the pro tein  bands 

is in fe rred  from  the area under the densitom etric  scans.

N. Incubation  o f Synaptosom es w ith Drugs

Stock solutions o f  Bay K  8644 and  8-B rom o cA M P w ere m ade in H 20 ,  n ifed ip ine  and 

n itrend ip ine  in  E tO H , and m yristate and 12,13-diacetate  phorbol esters in DMSO. Stock 

solutions w ere m ade 500X m ore concentrated  than req u ired  by the experim ents, resulting 

in the add ition  o f  0.5% DMSO or E tO H  to the sam ples. To contro l fo r effects o f  the 

drug vehicles, 0.5% o f H 20 ,  EtO H  or DMSO was added to  contro l samples. These
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concentrations o f H 20 ,  DMSO and E tO H  do not a ffec t 45C a++ in flux . Preincubation 

w ith drugs was 20 m inutes unless otherw ise stated. In  o rder to m ain tain  a constant 

drugrprotein ra tio , synaptosom es w ere resuspended in  H K R  to 1 m gP/m l p rio r to 

experim ents.

O. D eterm ination O f F ree Bay K  8644 C oncentration D uring P reincubation

F ree drug  concentration (ie. unbound) was m easured in  the H K R  solutions a fte r the  20 

m inu te  preincubation. T he assay conditions fo r b inding w ere exactly  the same as fo r  the 

p re incubation  p rio r to 45C a++ uptake experim ents except fo r the  inclusion o f SH -B ay  K  

8644. A fte r incubation a  sam ple o f  the synaptosome m ix ture  was counted to determ ine 

the  specific ity  o f the SH -B ay  K . The rem ainder was pelleted by cen trifugation  and  the 

3H -B ay  K  D PM  rem aining in  the supernatan t assayed.

P. S tatistical M ethods

Pooled and  Paired T -T ests  w ere perform ed by EPISTATS. A  stastical package w ritten  

in basic fo r  the IBM PC (T racy , 1982). N onlinear least squares curve fittin g  program  is 

w ritten  in  basic fo r  the A pple lie  com puter. The M arquard t m ethod (M arquardt, 1962) 

is used in the fitting  program .
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Discussion

A. Intra-synaptosom al Concentrations o f Sodium and Potassium Ions

One m ethod o f determ ining the resting m em brane potential o f  synaptosom es is to 

m easure the in tracellu lar volume and content o f d iffusable ions. From  these data the 

intrasynaptosom al concentrations o f the  perm eable ions are calculated and the m em brane 

poten tia l estim ated by the C onstant F ield  Equation (G oldm an, 1943; H odgkin and K atz, 

1949). In  Table 1. the ionic content (jm iole/m gP) o f N a+ and K + is shown for 

synaptosom es incubated in either 140 m M  sodium  (N a-SY N ) or 140 m M  choline (C h- 

SYN) containing K rebs R inger. The volumes o f N a-SY N  and Ch-SY N  synaptosom es are

2.7 and 2.4 /il/m gP, respectively. By evoking the sim plifing assum ption tha t the ions are 

evenly d istribu ted  w ith in  the volum e o f  the synaptosomes the average intracellular 

concentrations o f Na+ and  K + can be calculated from  the synaptosom al content 

(/im ol/m gP) and volume (/il/m gP). The m em brane potentials are calculated by a 

m odified  version o f  the C onstant F ield  Equation (see Cam pbell, 1976). This form ulation 

ingnores the contribution  o f CI“ d iffu sion  to the resting m em brane potential. Blaustein 

and  G oldring (1975) found that replacem ent o f  C1Q w ith m ethylsulfate d id  not a lte r the 

m em brane potentials m easured by fluorescent dyes. These results indicate tha t C l" is not 

an im portan t determ inant o f the  m em brane potential o f synaptosomes and  suggests that 

the m odified  equation should yield a  valid estim ate o f this param eter. T he perm eability  

ratios em ployed were determ ined by K een and White (1971) and are identical to those 

determ ined  by Blaustein and G oldring  (1975).
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PNa/ PKlN aJo + W o  
E = 60 Log ---------------------------------m

P N / P K[N a 1, + [K],

P N . / P K  -  0  0 5

The calculated  resting m em brane potentials a fte r 10 m inutes p re incubation  are  -51 mV 

fo r N a-SY N  and -83  m V for C h-SY N  (Table 1.).

Synaptosom es incubated  in  140 mM N a+ have a h igh  concen tra tion  of Na- (85 mM ). 

H ow ever, this does no t appear to re flec t a d e fic it in  N a+ transport. U nder sim ilar 

incubation  conditions N aK -A T P ase is responsible fo r a s ign ifican t portion  o f  the ATP 

tu rnover in  synaptosom es (Scott and N icholls, 1980). L ikew ise, the elevated Na- does 

n o t appear to be due to an increase in the m em brane perm eability  to N a+ (K een and 

W hite, 1971). T he perm eability  ratio PN a/ p K_ ° f  synaptosom es is sim ilar to the resting 

perm eability  ra tio  o f  o ther neuronal m em branes (H odgkin and  K atz , 1949; G orm an and 

M arm or, 1970). T he observation that Na- is low er than  N ac , suggests tha t the Na+ 

transpo rt system  and plasma m em brane are acting in  concert to exclude N a+ from  the 

in te rio r o f  the synaptosom es. O ne explanation fo r the unusually high determ ination  o f 

Na^, is th a t no t all the Na+ associated w ith  the osm otically-sensitive com partm ent is 

confined  w ith in  synaptosom es. T he estim ate th a t 80% o f the vesiculated structures in 

these p reparations are synaptosom es is based on m orphological c rite ria  (Suszkiw e t al.,

1986). In ferrin g  the functional in teg rity  o f  the plasma m em branes by this approach is 

problem atic. I f  a sm aller percentage (ie. <80%) o f the vesiculated particles in  the 

p reparation  are "functionally" in tact synaptosom es then  the estim ates o f Na^ based on 

these calculations would decrease as a function  o f the increased contam ination (see 

m ethods). To firm ly  establish the functional volume o f the synaptosom es in these
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preparations w ould requ ire  a detailed  analysis o f  the osm otically-sensitive com partm ent. 

Such experim ents are  beyond the scope of this research p ro ject. H ow ever, to reduce the 

calculated Na- o f  synaptosom es to 15 m M  requires th a t a t m ost 35% o f the vesiculated 

structures in  the p reparation  be in tac t synaptosom es. It is d o u b tfu l th a t the 

m orphological data  has overestim ated the in tact synaptosom e population  by greater than  

50%. D espite these argum ents it seems clear tha t the  N aj concentrations o f  synaptosom es 

is g rea ter than  expected  o f in tac t neuronal tissue. The estim ate o f  85 m M  fo r N aj a fte r 

10 m inu te  p re incubation  in  N a-H K R  probably  represents an  up p er lim it fo r  this value.

A consequence o f  an elevated [Na+]j is a  reduction  o f the  inw ardly  d irec ted  Na+ 

gradient. This w ould be expected to com prom ise the N aQ/C a- exchange located in  the 

synaptosom al plasm a m em branes (B laustein and  O born, 1975; C outinho e t al., 1984). 

D espite the reduced  grad ien t, the NaQ/C a- exchange m echanism  operates a t a  su ffic ien t 

level to  m ain tain  the resting Ca- concentration  (100-200 nM ) a t low levels (N achshen, 

1985; Suszkiw e t al., 1986).
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i-VI 1
Na4

1 V-iJ tv
K+ [Na+ ] [ K+ 3

Na-SYN 0 0.31 + 0. 08 0.21 + 0.06 77 + 20 77 + 21 ---

10 0.33 + 0. 03 0.22 + 0. 03 85 + 8 83 + 9 -51
20 0.37 + 0. 05 0.23 + 0.03 99 ± 13 87 + 10 -51
30 0.38 + 0. 09 0.23 ± 0. 04 104 ± 24 86 + 14 -51

Ch-SYN O 0.01 + 0.01 0.24 ± 0.05 6 + 3 122 22 -----

10 0.01 + 0. 003 0.29 ± 0.06 4 ± 1 120 + 27 -83
20 0.01 + 0.01 0.26 0.05 6 ± 2 109 + 19 -80
30 0.01 + 0. 01 0.24 + 0. 04 5 + 2 98 ;+ 15 -78

Voluses Na-SYN 2.7 ul/mg P
Ch-SYN 2.4 ul/mg P

PNa / p K [ N a + ] o  + [ K + ] 0  

I

W PK ~ °*05

Ch  *  6 0  L o g ----------------------- - -----------------------
pNa/pK [*«» U  + £K+H

Table 1. Sodium  and  potassium  concen tra tions of synaptosom es

Synaptosomes were incubated  fo r 30 m inutes in e ither 140 mM  N a (N a-SY N ) or 140 
mM  Choline (Ch-SYN ) H K R . The volumes o f Na-SY N  and C h-SY N  synaptosom es are
2.7 and 2.4 jd /m gP  respectively. The m em brane potentials are  calculated from  a 
m odified  version o f the C onstant Field Equation (see text).
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B. T im e Course o f  D epolarization-D ependent Calcium  Influx

Raising the K 0 from  5 to 52.5 mM  depolarizes synaptosom es and causes an increase 

in  m em brane perm eability  to Ca++. To probe the nature  o f  this perm eability  change, 

45Ca++ in flux  under depolarizing and non-depolarizing conditions was exam ined. Three 

d istinc t modes o f Ca++ influx can be discerned based on kinetic  and voltage-dependent 

characteristics (fig. 1A).

The specific depolarization-dependent 4^Ca++ in flux  was calculated as that 

m easured in 52.5 mM K + H K R  (fig. 1A, triangles) m inus tha t in 5 mM  K + H K R  (fig. 

1A, squares). The specific total depolarization-dependent in flux  (fig. IB, triangles) was 

calculated. The voltage-dependent in flux  is characterized by a fast in itial phase w hich 

dim inishes w ith in  several seconds to a slow phase. The biphasic curve suggests tha t 

4^ C a ++ in flux  is com posed o f  two com ponents. The total depolarization-dependent 

in flux  data  was best described by the following equation:

J = P ( l - e “^ l  t ) + k2t P = 2.4 + 0.4 nm ol/m gP

k j = 2.0 + 0.8 s e c '1

k , = 0.24 + 0.1 nm oI/m gP/sec

Where J is the Ca++ influx in nm oles/m gP at any given tim e (t), P is the value o f the 

influx  a t the plateau, k 2 is the rate coeffic ien t o f the fast phase and k2 is the rate o f the 

slow phase.

I t was previously observed tha t the fast com ponent is elim inated by preincubating 

synaptosom es under depolarizating conditions (52.5 mM  K +, 20 sec.) p rio r to testing fo r 

4^Ca++ in flux  (Nachshen and B laustein, 1980; Suszkiw and O ’Leary, 1982). The data fo r
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the slow com ponent o f  ^ C a ++ in flux  a fte r the inactivation  o f the fast com ponent (fig. 

IB , circles) was best described by a  linear model.

J = k t + b k = 0.25 ± .003 nm ol/m gP /sec

b = 0.19 + .009 nm ol/m gP

Where k  is the  rate  o f  the slow com ponent and  b the Y -in te rcep t. The rate o f the 

linear com ponent o f  the total depo larization-dependent in flux  (fig. IB , triangles) appears 

to correlate w ith  th a t calculated fo r the d irect linear f i t  o f the isolated slow com ponent 

in flux  (fig . IB , squares), 0.24 and  0.25 nm ol/m gP /sec . respectively . The sim ilarity 

betw een the rates fo r  the isolated slow com ponent and linear phase o f  the total influx 

curve suggests tha t these 45Ca++ in flux  m ay be m ediated  by th e  same pathw ay. It 

appears tha t the fast and slow com ponents o f  45C a++ in flux  are independent events 

w hich are sim ultaneously activated  by depolarization. The total depolarization- 

dependen t 45C a++ influx is the sum  o f both these com ponents. In  o rder to accurately 

determ ine the tim e course o f the fast in flux , the slow com ponent (fig. 1A, squares) was 

sub tracted  from  the total depo larization-dependent in flux  (fig . 1A, triangles). The 

isolated fast in flux  was fit by the following equation (fig . 1C).

J = P ( l - e 'kt) P = 2.1 + .009 nm ol/m gP

k = 2.2 + 0.5 sec-1

Where P is the  in flux  plateau and k is the rate coeffic ien t o f  the fast com ponent. The 

rate  coefficien ts calculated fo r the fast com ponent o f total in flux  (k |= 2 .0  sec-1) (fig. IB, 

triangles) is in good agreem ent w ith that calculated fo r the isolated fast com ponent 

(k=2.1 sec"1) (fig. 1C).
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These results dem onstrate  th a t vo ltage-dependent C a++ in flu x  is m ediated by two 

d istinc t pathw ays. T he fast com ponent o f in flux  is transien tly  activated  by 

depolarization and is elim inated by  previous exposure to depolarizing conditions. The 

slow com ponent o f  in flux  is relatively linear w ith respect to tim e and  is no t sensitive to 

predepolarizing conditions. Both the fast and slow com ponents o f  Ca++ in flux  are 

sim ultaneously activated  by  depolarization. In  th is instance the fas t com ponent o f influx 

is superim posed on the  slow in flux  com ponent. C onsequently the  to tal depolarization-  

dependent Ca++ in flux  is the  sum  o f both  the slow and fas t processes.
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Figure 1. Tim e course o f depo lariza tion-dependent calcium  influx

Calcium  influx  was determ ined by incubating synaptosom es in either 5 mM  K + H K R  or
52.5 mM  K + H K R  containing 1 m M  •*Ca++. The fast com ponent o f  Ca++ in flux  was 
inactivated bv predepolarizing synaptosomes 20 seconds in  52.5 mM  K + H K R  prio r to 
testing fo r “*Ca++ influx . D ata represent M eans + SD (n=6). Smooth curves were 
d raw n to the  non -linear least squares f i t  o f the data (see text).

A. Triangles 52.5 mM  K + H K R
Circles 52.5 m M  K + H K R  predepolarized
Squares 5 m M  K + H K R

B. Triangles 52.5 mM  K + H K R  m inus 5 mM K + H K R
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C. Inactivation  o f Calcium  Influx

The fast com ponent o f Ca++ influx is elim inated by preincubating  synaptosomes 

under depolarizing conditions (fig. 1A, circles). T he following experim ents were 

designed to characterize the inactivation process o f the fast Ca++ in flux  com ponent. The 

in flux  o f ^ C a ++ per unit tim e is reduced the longer the synaptosom es are preincubated 

under depolarizing conditions (52.5 mM  K + H K R ). T he observed reduction  o f ^ C a ++ 

en try  per standard  in terval (ie. 1 sec. influx in terval) represents the depolarization- 

dependent inactivation o f  the Ca++ influx. The onset o f  inactivation is rap id  during  the 

in itial 10 seconds o f predepolarization and eventually declines to reveal a  constant non­

inactivating residual o f ^ C a ++ influx  (fig. 2). The inactivation data  was best described 

by the the following equation:

Q = Pe-k t  + b  P = 0.91 + 0.01

k = 0.29 ±  0.04 sec 

b -  0.09 ± 0.01

Q is the fraction  o f inactivated channels at any given tim e (t), P is the frac tion  of 

influx  undergoing inactivation, k is the rate coeffic ien t fo r the inactivation process and 

b is the frac tion  o f non-inactiva ting  influx. This inactivation curve is the composite o f 

synaptosom es preincubated in either 140 mM or 92.5 mM  N a+ H K R . The synaptosomes 

preincubated  in  reduced  N aQ are presum ed to have lower Na^. This d id  not change the 

calculated param eters fo r the inactivation curves and the results fo r both synaptosom al 

preincubations were com bined fo r curve fitting  purposes.

An alternative explanation fo r channel inactivation would be th a t the synaptosomes 

repolarized during the test interval. Repolarization would decrease Ca++ in flux  by
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causing de-activa tion  ra th e r than inactivation. The inw ard  m ovem ent o f C l” could 

poten tially  result in  the hyperpolarization (ie. repolarization) o f  the  m em brane potential. 

T o  elim inate its possible red istribu tion , the chloride in H K R  solutions was replaced in 

som e experim ents w ith  m ethysulfate. M ethylsulfate is an im perm ean t anion which 

substitu tes fo r Cl-  in the extracellu lar solutions. Inactivation  was unchanged by the 

absence o f C l0 (fig. 2, open triangles). To fu th e r test th a t repolarization  was not 

responsible fo r the observed inactivation , the m em brane po ten tia l o f  synaptosom es was 

m easured during  depolarization. Synaptosomes were equ ilib ra ted  w ith  the fluorescent 

dye 3 ,3’-  dihexyloxacarbocyanine. This dye responds to changes in voltage by 

red istribu ting  across m em branes, w hich is associated w ith  a change in  the emission 

in tensity  (Sims e t al., 1974; W aggoner, 1979). E levation o f  the  ex ternal potassium  

depolarized the synaptosom es fo r a t least 5 m inutes (Suszkiw e t al., 1985). 

D epolariza tion-dependent inactivation cannot be explained  by  repolarization  of the 

m em brane potential and hence de-activa tion  o f  the C a++ in flux .

This inactivation was perfo rm ed  in the presence o f no ad ded  calcium  in the 

incubation  m edia. U n d er these conditions only background concentrations o f Ca++ are 

present. It seems unlikely  that this concentration o f Ca0 would generate  su ffic ien t Ca++ 

in flux  to cause s ign ifican t accum ulation w ithin the synaptosom es. This argum ent is 

supported  by  the observation tha t w hen synaptosom es are depolarized  in  Ca++ free 

solutions there is no increase in  the Ca++ content o f synaptosom es as m easured by Q uin- 

2 (N achshen, 1985). T his im plies th a t during  depolarization n e ith e r Ca++ influx  nor 

C a++ release from  in ternal stores was stim ulated. T herefore  it appears that a t least in 

reduced  Ca++ solutions (ie. the conditions o f these experim ents), channel inactivation is 

vo ltage-ra ther than  calcium -dependent.

The biphasic inactivation  curve is consistent w ith the previous observations that 

C a++ in flux  occurs at two d istinc t rates in synaptosom es (N achshen and B laustein, 1980).
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It is in teresting  to hypothesize tha t the voltage-dependent inactivation o f  channels is the 

m ajo r de term inan t o f the tim e course o f Ca++ in flux . In this instance the rap id  and 

n on -in ac tiv a tin g  phases o f  inactivation  (fig. 2) would correspond to the "fast" and  "slow" 

phases o f  calcium  in flux  (fig. IB). This conclusion would be supported  i f  the rate 

coeffic ien ts fo r  the inactivation  process equalled those fo r the decay o f calcium  influx. 

These results are  d iff icu lt to com pare due to d ifferences in  tim e resolution o f the 

experim ental protocols. The predepolarizing m anipulations in  the inactivation 

experim ents lim ited the f irs t available m easurem ent o f influx  to 1 second. Previous 

results ind ica te  tha t a sign ifican t portion, i f  not all o f the "fast" in flu x  is com plete 

w ith in  th is tim e in terval (N achshen and  B laustein, 1982; N achshen, 1985; Suszkiw e t al.,

1986). This invalidates the d irec t quantita tive  com parison o f these rate  param eters. This 

does no t exclude the possibility tha t voltage-dependent channel closure regulates the 

in flu x , how ever it does po in t ou t the  requ irem ent o f  experim ents w ith  b e tte r tim e 

resolution.
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F igure 2. V oltage-dependent inactivation and  reactivation

Inactivation: Synaptosomes w ere  predepolarized in  52.5 m M  K + H K R  fo r various
intervals p rio r to testing fo r Ca+{' influx. The influx m easured a fte r each 
predepolarization  in terval is expressed as percentage o f the Ca++ influx  in to  non- 
predepolarized synaptosom es.

R eactivation: Synaptosomes w ere predepolarized 10 seconds in  52^5 mM  K + H K R
before  addition  o f H K R  so tha t the [K +] was re turned  to 5 mM . 45Ca++ influx was 
m easured as the synaptosomes recovered from  inactivation. The influx is expressed as a 
percentage o f the  in flux  in non-predepolarized  synaptosomes.
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D. R eactivation o f Calcium  Influx

The following experim ents were perform ed to test fo r the recovery o f Ca++ 

in flux  following voltage-dependent inactivation. P reincubation o f synaptosom es fo r 10 

seconds under depolarizing conditions inactivates the 4^Ca++ in flux  by 80% (fig . 2). 

Following inactivation, the recovery o f Ca++ in flux  is prom oted by incubating  the 

synaptosom es under non-depolariz ing  conditions. The recovery process (fig. 2) is 

described by the following equation:

a  q ^ l - e  + Q2 0 ] — 0.63 + 0.06

k = 0.16 ±  0.04 sec -1 

Q2 = 0.18 + 0.0 5

O  is the frac tion  o f in flux  available to activate a t any given tim e (t) during  recovery,^rec

qx is the final level o f  recovery, k  is the rate  coeffic ien t o f recovery and q2 is the 

residual non-inactiva ting  frac tion  o f influx. The depolarization-dependent 45Ca++ influx 

recovers to 81% o f  its in itia l activ ity  a fte r 60 seconds incubation  un d er resting 

conditions. In flux  recovers to near control levels w ithin  three m inutes (data not shown). 

The recovery o f influx  (0.16 sec-1) is slower than the inactivation (0.28 sec-1) (fig. 2).

Inactivation o f  the fast com ponent o f  Ca++ influx  occurs in response to 

depolarization o f the synaptosom es (fig. 2). The behavior o f Ca++ fluxes o f o ther 

neuronal systems suggests tha t the inactivation should subside w hen synaptosomes are 

re turned  to the ir resting m em brane potential (H agiw ara and Byerly, 1981). The voltage- 

dependent inactivation o f Ca++ influx is readily  reversible under physiological
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conditions. V o ltage-dependen t activation  (fig. 1), inactivation (fig. 2) and  recovery  (fig. 

2) are characteristic o f  a num ber o f  calcium  channels (H agiw ara and  B yerly, 1981; Tsien,

1983).
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E. Voltage D ependency o f Inactivation

Inactivation  is a func tion  o f the  predepolarization  in terval (fig. 3). It was o f 

in terest to determ ine if  the inactivation  process is also a  function  o f the 

predepolarization  voltage. To test this hypothesis synaptosom es w ere predepolarized to 

d iffe ren t m em brane potentials by  varying the K c  in  the  p re incubation  solutions. The 

4^Ca++ in flux  a fte r  p re incubation  was determ ined  and  the frac tional influx  plotted 

versus K Q (fig . 3A) and the  calculated m em brane po ten tial (fig . 3B). It is clear tha t the 

larger the K Q and hence the  level o f  depolarization during  p re incubation  the greater the 

resu ltan t inactivation . The level o f  inactivation is d irec tly  proportional to the  calculated 

m em brane po ten tia l (s lope= -1.026 m V -1). This is consistent w ith  the observation tha t 

the ra te  o f  inactivation  in  52.5 m M  K + H K R  (k=0.28 sec _1) is slow er than tha t 

m easured in  75 mM  K + H K R  (k=0.46 sec _1). C alcium  channel inactivation is a 

func tion  o f  the p redepolarizing  voltage and  tim e. Ca++ in flux  (N achshen and B laustein, 

1980, 1982) and  transm itter release (B laustein e t a l., 1972; D rapeau and B laustein, 1983) 

display sim ilar vo ltage-dependen t characteristics.
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Figure 3. V oltage dependency o f the  inactivation process

Left: Synaptosomes w ere p reincubated  fo r 2 seconds by incubation  in 15, 25, 35, 52.5 
and 75 mM  K + H K R . A fte r p reincubation  the K + o f each sam ple was ad justed  to 52.5 
m M  K + containing 1 mM  Ca++. The in flux  during  each in terval is expressed as a 
percentage o f the in flux  o f non-predepolarized  synaptosom es in  52.5 mM K + H K R .

R ight: Inactivation is expressed as a function  o f the calculated predepolarization 
potential (D iscussion A).
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F. Blockade o f Calcium  Influx  by  L anthanum

L anthanum  has roughly the same ionic radius as calcium  b u t has a  valence o f three 

(T akata et al., 1966). It inh ib its the release o f  neuro transm itter at the neurom uscular 

ju n c tio n  (H euser and  M iledi, 1971) and  the squid giant synapse (M iledi, 1971). The 

inh ib ito ry  e ffec t o f  La+^ in  these preparations is a ttribu ted  to  its blockade o f inw ard 

Ca++ fluxes (M iledi, 1971). In accordance w ith these observations, La+^ has been shown 

to be a  po ten t inh ib ito r o f synaptosom al Ca++ in flux  (N achshen and B laustein, 1980) and 

transm itter release (D rapeau and B laustein, 1983). The follow ing experim ents were 

designed to test the e ffec t o f  La+^ on the fast and slow com ponents o f Ca++ in flux  (fig. 

2 ).

T he depolarization-dependent 4 ^Ca++ in flux  o f synaptosom es was exam ined in the 

presence o f  20 /iM  La+^. La+^ inh ib ited  85% of the 45Ca++ in flux  into synaptosom es. 

T he 45Ca++ in flux  in this p reparation  is m ediated by both the fast and  slow pathways. 

In  o rd er to  elim inate the fast com ponent o f 4^Ca++ in flux , synaptosom es w ere first 

p redepolarized  20 seconds prio r to testing fo r 45Ca++ influx. The slow com ponent o f 

4^Ca++ in flux  was not significantly  altered  by the La+^ treatm ent. The results suggest 

tha t the 4SC a“' in flux  in to  non-predepolarized  synaptosomes in the presence o f La+^ is 

equivalent to the slow com ponent o f  in flux  in  the absence o f La+^ (Paired  T -T est, 

p=0.001). In  e ffect, the fast com ponent o f 4^Ca++ influx  was equally inh ib ited  by  e ither 

vo ltage-dependen t inactivation o r by incubation w ith La+^ during  the in flux  interval. 

The results suggest tha t La+^ selectively inhibits the fast com ponent o f Ca++ influx. 

These find ings fu rth e r support the conclusion that the transien t and slow com ponents of 

Ca++ in flux  are m ediated by d istinct pathways. The voltage dependency and sensitivity 

to La+^ are considered to be properties com m on to m any calcium  channels (H agiw ara
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and Byerly, 1981; Tsien, 1983; Reuter, 1983). The results reported here are entirely 

consistent with the idea that the fast component of depolarization-dependent Ca++ influx 

in synaptosomes is mediated by voltage-sensitive calcium channels.
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Figure  4. B lockade o f calcium  Influx by lan thanum

45Ca++ influx  (non- p redepo larized l was stim ulated  by incubating  synaptosom es in  52.5 
mM  K + H K R  containing 20 mM  45Ca++. Synaptosomes w ere incubated  20 seconds in 
52.5 m M  K + H K R  (predepolarized) p rio r to the add ition  o f 20 /iM C?++- Paired 
samples were m easured fo r both  data  in the presence (+) o f 20 /xM La+ . Data are 
M eans ± SD (n=3).
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G. C haracterization o f the Slow C om ponent Calcium  Influx

Synaptosomes incubated  in 140 mM  N a+ H K R  accum ulate Na+ (Table 1). A t rest 

both  the electrical and  chem ical gradients favor the inw ard  flux  o f  N a+. Synaptosomes 

u tilize the  energy stored in  the N a+ gradient to pow er the e fflu x  o f Ca++ (Blaustein and 

O born, 1975; Blaustein and E ck to r, 1976; C outinho et al., 1984). R eduction  in the NaQ 

slows Ca++ efflux  while total N aQ replacem ent prom otes Ca++ influx (Coutinho et al.,

1984). These observations are  consistent w ith  the properties o f  the N a+/C a ++ exchange 

m echanism  (NaCaX) described in  o ther systems (Blaustein and H odgkin, 1969; Barker et 

al., 1969). Raising the K Q in  the incubation m edia is a m anipulation utilized to 

depolarize synaptosomes. In o rder to m aintain the physiological osm olarity o f these 

solutions, K q is iso-osm otically exchanged fo r N aQ. The result o f increasing K Q from  5 

to 52.5 mM  is a calculated depolarization o f approxim ately 40 mV (Discussion A) and a 

reduction  o f the NaQ from  140 to 92.5 mM . U nder these conditions the electrical and 

concentra tion  gradients m ay prom ote the e fflu x  o f Na+ from  synaptosom es (Coutinho et 

a l., 1984). N a+ e fflux  has been shown to be linked to the in flux  o f Ca++ in 

synaptosom es (Blaustein and  O born, 1975; C outinho et al., 1984). H ow ever most o f  these 

d ata  w ere obtained utilizing Ca++ in flux  intervals o f m inutes ra ther than  seconds. The 

con tribu tion  o f  N aCaX  to the C a++ influx  during  the in itial seconds o f depolarization 

(fig . 1) is not certain . The following experim ents were designed to test w hat portion of 

the slow com ponent o f Ca++ in flux  is m ediated by the N aCaX .

Synaptosomes were incubated  in either 140 mM  choline (C h-SY N ) or 140 mM N a+ 

H K R  (N a-SY N ). The Na- concentration o f Na-SYN and Ch-SY N  synaptosomes is 

approxim ately  83 and 4 mM  respectively (Table 1). N a-SY N  were preincubated under 

depolarizing conditions to inactivate the fast com ponent o f ^ C a ++ influx. The 

rem ain ing  influx is via the slow com ponent. A fter preincubation  K + H K R  was added so
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th a t K c  was brought to 52.5 mM  and the NaQ reduced from  140 to 92.5 mM  (fig. 4, 

top , triangles). B ackground 45Ca++ in flux  was m easured in  5 m M  K +/47.5 mM choline 

H K R  (fig. 4, top, squares). The NaQ o f both depolarized and non-depolarized  samples is 

equivalent in  this paradigm  so tha t the additional ^ C a ++ in flux  m easured arises from  

the  change in  m em brane potential and no t from  differences in the Na+ gradient. The 

specific  voltage-dependent slow com ponent in flux  is shown (fig. 4, bottom , triangles). It 

is no t clear w hether the depolarization augm ents ^ C a ++ in flux  as a consequence o f 

vo ltage-dependent changes in  the N a+ gradient or by a d irec t e ffec t on the Ca++ influx. 

To delineate the  role o f  N a+ in generation o f  the  slow com ponent a sim ilar analysis fo r 

C h-SY N  in flux  was perfo rm ed  except th a t neither the 5 m M  K + H K R  (fig. 4, m iddle, 

squares) nor the  52.5 mM  K + H K R  (fig. 4, m iddle, circles) contained N aQ. Following 

p reincubation , C h-SY N  have low levels o f Na- (Table 1), and are incapable o f 

supporting  N a-/C aQ exchange. The depolarization-dependent Ca++ influx  in  

predepolarized  C h-SY N  is m ediated by  pathw ays o ther than the fast com ponent o f 

in flu x  o r the  N aj/C aQ exchange m echanism . The d ifferen ce  in  the voltage-stim ulated 

slow in flux  o f N a-SY N  (fig . 4, bottom , triangles) and C h-SY N  (fig. 4, bottom , circles) 

represents the depolarization-augm ented , N a—dependent Ca++ influx. The additional 

Ca++ in flux  observed in N a-SY N  is d riven  by the h igher levels o f  N aj in this 

p reparation . A pproxim ately  50% o f the depolariza tion-dependent slow in flux  o f N a- 

SYN can  be a ttribu ted  to the Na+ gradient. These results dem onstrate tha t the N a-- 

dependen t Ca++ influx  m akes a significant contribution  to the total Ca++ in flux  at short 

depolarization intervals and that this en try  is sensitive to changes in  m em brane potential.

It appears that the slow phase of C a++ influx is m ediated  by two pathways. The 

f irs t is dependent on the Na+ gradient and the m em brane potential and is probably 

conducted through a reversal o f an electrogenic N a j/C aQ exchange m echanism . Similar 

concentra tion  and voltage dependencies are observed fo r the N aCaX  m echanism  o f squid
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axon (M ullins and B rinley, 1975; M ullins et al., 1981). T he second com ponent is clearly 

observed in  C h-SY N  and  is dependent on the m em brane po tential only and m ay 

represent a  n o n -inac tiva ting  Ca++ channel or a  C a-/C aQ exchange m echanism . Two 

modes of slow in flux  sim ilar to those described above have previously  been reported  in 

synaptosom es (C outinho e t al., 1984) and synaptic plasm a m em brane vesicles isolated 

from  brain  (E rdreich  e t al., 1983). H ow ever these studies exam ined the in flux  over 

relatively long in tervals o f depolarization (>30 sec.) and  do no t reflec t the slow in flux  

w hich occurs du ring  channel activ ity .

These results ind icate  tha t the N aj/C aQ exchange is capable o f  m aking a significant 

con tribu tion  to 45C a++ in flux  during  the intervals in  w hich C a++ channels are  active (fig. 

1). The follow ing experim ents were designed to  q uan tify  the  con tribu tion  o f  the N aj- 

dependent Ca++ in flux  to the total depo lariza tion -dependen t Ca++ in flux  m easured in a 

p reparation  w here both  the Ca++ channels and Na^/CaQ are  active. N a-SY N  were 

depolarized in  52.5 m M  K Q containing 92.5 m M  N aQ or reduced  70 m M  NaQ/22 .5  mM  

choline. Both groups are N a-SY N , therefore  the m agnitude o f  the depolarization and 

the channel m ediated in flux  is equivalent, how ever the N aQ o f  the  depolarizing solutions 

is altered  by  22.5 mM. 45C a++ in flu x  was no t significantly  d iffe ren t fo r synaptosom es 

incubated  in  5 m M  K Q w ith e ith e r 92.5 o r 70 mM  N aQ (fig . 5). The synaptosom es 

bathed  in reduced  N aQ (ie. 70 mM ) have an  augm ented outw ardly  d irec ted  [Na+] 

gradient. This d iffe ren ce  in  Na+ grad ien t does not stim ulate additional 45C a++ 

accum ulation. U n d er depolarizing conditions the synaptosom es incubated  in 70 mM  N a0 

accum ulated  sign ifican tly  m ore 45C a++ than  those incubated  in  92.5 mM sodium . The 

specific uptake in the reduced  N aQ (70 mM ) environm ent was 25% greater than  tha t in 

control N aQ (92.5 mM ).

When the  transm em brane [N a+] g radient is small the enhancem ent o f 45C a++ in flux  is 

only observed under depolarizing conditions. The influence o f  voltage on the exchange
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appears to  be m ore im portan t than the alteration  o f the Na+ chem ical gradient. The 

results suggest tha t the depolarization directly  stim ulates the outw ardly  directed 

electrochem ical g rad ien t fo r N a+ w hich ind irectly  increases Ca++ in flu x  through the 

stim ulation  o f  the N aj/C aQ exchange. H ow ever it is im portan t to em phasize that the 

electrochem ical g rad ien t fo r N a+ is the p rim ary  determ inant o f d irec tion  and m agnitude 

o f  the  N aCaX . Though both the electrical and  chem ical com ponents are  su ffic ien t to 

d rive  the exchange, these forces are  m ore in fluen tia l w hen acting in concert.

A n additional fac to r w hich m ay con tribu te  to the m easured "calcium  influx" is a 

reduction  o f Ca++ efflux . R educed N aQ w ould be expected to decrease the inw ardly 

d irec ted  [Na+] g rad ien t and consequently  the Ca++ e fflu x  through the N aCaX . E ffects 

on Ca++ e fflu x  are not observed in synaptosom es until the [Na+]Q is reduced  below  50 

mM  and the in flux  m easured a t relatively long (>30 sec) intervals (B laustein and O born, 

1975). R educed  e fflu x  w ould no t be expected to in te rfe re  w ith  the m easurem ent o f 

Ca++ in flux  a t 1 second and 70 m M  [Na+JQ.

T he  results dem onstrate th a t N a+-d ep en d en t Ca++ in flux  can m ake a  significant 

con tribu tion  to the total Ca++ in flux  a t short depolarization intervals. In  add ition  it 

em phasizes tha t depo lariza tion -dependen t Ca++ influx is m ediated  by several d iffe ren t 

pathw ays. The total in flux  observed is a sum m ation o f these com ponents. Isolation o f 

the  flux  through an indiv idual pathw ay requires the p roper conditions to control fo r the 

rem ain ing  fluxes.
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Figure 5. C haracterization  of th e  slow com ponent o f calcium  influx

The slow com ponent o f Ca++ in flux  was m easured in  either N a-SY N  or Ch-SYN. The 
fast com ponent was elim inated h y  preincubating synaptosom es 10 seconds in  52.5 mM 
K + H K R  prio r to adding 1 mM Ca++. The K +-stim ulated  influx is calculated as that 
in 52.5 mM  K + m inus that in 5 mM  K + H K R .
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N a-SY N  in 52.5 mM K + H K R  
N a-SY N  in 5 mM  K +H K R

Ch-SY N  in 52.5 mM K + H K R  
Ch-SY N  in 5 mM  K + H K R

N a-SY N  K  -stim ulated
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F igure 6. C ontribution  o f the  slow com ponent o f calcium  in flux  during  the  f irs t second

o f depolarization

45Ca++ in flux  in  N a-SY N  was m easured a t rest (5 mM  K + H K R ) and  w hen depolarized 
(52.5 mM  K + H K R ). The N aQ was varied  (70 or 92.5 m M ) by iso-osom otic replacem ent 
o f  N a+ w ith choline. D epolarized in flux  in  70 mM  N aQ was significantly  greater than 
th a t in  92.5 m M  N aQ based on paired  T -T est (p=0.001, n=4).
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H. R elationsh ip  o f N orep inephrine  Release to C alcium  Influx

In m uch o f  the early  w ork the on the release o f neuro transm itters from  

synaptosom es the preparations w ere depolarized fo r prolonged in tervals (>30 sec.)- It is 

now  clear tha t the m ajo rity  o f  Ca++ en tering  during  these treatm ents was no t m ediated 

by  the  vo ltage-dependen t Ca++ channels. M ore recent experim ents have exam ined the 

relationship  o f  Ca++ in flux  to transm itte r release during  the in itia l 5 seconds of 

depolarization (R edburn  e t al., 1976; Floor, 1983; D rapeau and B laustein, 1983; Suszkiw 

and O’L eary , 1983; Leslie e t al., 1985; D aniell and  Leslie, 1985). D uring  this in terval 

m ost o f  the  Ca++ w hich enters is via channels. T he follow ing group o f experim ents 

w ere perfo rm ed  in  o rd er to determ ine the  relationship  betw een channel m ediated  Ca++ 

in flux  and  neu ro tran sm itte r release.

In tra-synap tosom al norep inephrine  (N E) pools w ere labeled by incubating 

synaptosom es w ith  0.1 /iM SH -N E . The uptake o f N E a t this ex ternal concen tra tion  is 

v ia the  N aQ-d ep en d en t h igh  a ffin ity  uptake m echanism  (K M=0.4 pM ) w hich is specific 

to catecholam inergic synaptosom es (C olburn e t al., 1968; Iversen, 1973). T he uptake o f 

n o rep inephrine  by o th er types o f  synaptosom es and n o n -neu rona l structures w hich lack 

the h igh  a ffin ity  system  is m inim al u n der these conditions. T he vo ltage-stim ulated , 

CaQ-d e p e n d en t release o f H -n o rep in ep h rin e  (N E) is biphasic (fig. 7). A rap id  in itial 

phase o f  release appears to term inate  w ith in  the f irs t 2 seconds w hile a slow er tonic 

release persists th rough  5 seconds o f  depolarization. The p ro file  o f  SH -N E  release is 

sim ilar to the in flux  o f 45C a++ m easured under identical conditions (fig. 8). ^H -N E  

release and ^ C a ++ influx data  w ere f it by the following equation:

J  = P ( l - e " k »t ) + k2t
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J is the Ca++ in flux  (nm ol/m gP) or the ^H -N E  release (% control), P is the plateau 

phase o f  each event, k 2 is the rate  coeffic ien t o f the fast com ponent and k 2  is the rate 

o f  the slow com ponent. The param eters determ ined fo r these events are com pared below.

Release In flux

P = 3.2 + 0.8 % P = 2.4 + 0.4 nm ol mg-1

k x = 2.1 ± 1 .1  s e c '1 k j = 2.0 ± 0.8 s e c '1

k2 = 0-7 -  ^  s e c '1 k2 = 0.2 + 0.1 nmol m g-1 s e c '1

B oth Ca++ en try  and ^H -N E  release are biphasic through the  f irs t 5 seconds o f 

depolarization. The rate coefficien ts o f the  fast com ponents o f  in flux  and release are 2.0 

and  2.1 sec- *, respectively. The k x coeffic ien t determ ined fo r Ca++ in flux  is a measure 

o f the tim e course o f fast Ca++ in flux  (ie. channel m ediated). These results suggest that 

the Ca++ influx  m ediated  by the channel and the in itial phase o f  transm itter release 

proceed a t identical rates. This is expected i f  the Ca++ in flux  is the trigger fo r 

transm itte r release. The la ter com ponent o f  Ca++ influx  has been ascribed to non­

channel pathw ays (fig. 5). The slope o f  the linear portion  o f the transm itter release 

curve is 3.5 fo ld  greater than corresponding portion o f  the Ca++ influx  curve. A release 

w hich exceeds Ca++ en try  w ould be p red ic ted  i f  the synaptoplasm  becam e loaded with 

ionized Ca++. Such a situation could occur i f  the capacity  o f the Ca++ sequestering 

system  w ere surpassed due to Ca++ loading during  prolonged depolarization (>2 sec). In 

add ition , synaptosom es depolarized by elevated K Q may have an outw ardly d irected  Na+ 

electrochem ical g rad ient (fig. 6). This w ould inh ib it the efflux  o f  C a++ through the 

N ac /C a- exchanger and would be expected to fu rth e r augm ent cytoplasm ic ionized Ca++ 

levels (B laustein and O born, 1975; Blaustein and E cktor, 1976). This exchanger is the
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m ain determ inan t o f  ionized Ca++ under resting conditions and is the prim ary 

m echanism  o f  reducing in tracellu lar ionized [Ca++] following the loading o f 

synaptosom es w ith  this ion (N achshen, 1985).

These results support the conclusion that transm itter release during the firs t seconds 

o f  depolarization  is stim ulated by Ca++ en try  th rough  voltage-sensitive channels. The 

slow phase o f Ca++ influx  qualitatively correlates w ith  a reduced rate o f  transm itter 

release. It appears th a t coupling o f transm itter release to  Ca++ in flux  m ediated via 

e ith e r channel o r exchange m echanism  are equally e ffective  in synaptosomes. R ecent 

experim ents suggest tha t Ca++ in flux  m ediated by the N a-/C aQ exchange m echanism  may 

partic ipate  in  the  regulation o f  evoked transm itte r release (M eiri et al., 1986). 

R eduction  o f the N aQ during electrical stim ulation o f the frog neurom uscular ju nc tion  

leads to an  increase in the recorded end plate potential (M oiser et al., 1986). It is 

proposed th a t incubation in  low N aQ increases Caj by abolishing its e fflux  and 

stim ulating influx  through the N aj/C aQ exchange m echanism  (M oore e t al., 1986). A 

sim ilar exchange m ediated Ca++ influx  m ay play an  im portan t role in regulating 

transm itter release from  synaptosomes.

B iphasic transm itter release has previously been reported  w ithin this time range. 

Dopam ine release and Ca++ influx  exh ib it a fast and slow com ponent (D rapeau and 

B laustein, 1983). Sim ilar results have been observed fo r norepinephrine (Leslie e t al., 

1985; D aniell and Leslie, 1985) and Substance P (Floor, 1983). These reports emphasize 

tha t despite the continued  presence o f depolarizing-stim ulus, the evoked transm itter 

release exhib ited  rap id  tem poral decay. It has been proposed tha t the abatem ent o f the 

fast phase processes (ie. transm itter release and Ca++ in flux) results from  the voltage- 

dependent inactivation o f Ca++ channels (N achshen and B laustein, 1980; D rapeau and 

B laustein, 1983; Suszkiw and O’Leary, 1983).
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Figure 7. D epolarization-dependent release of norepinephrine

Synaptosom es w ere p reloaded w ith H -n o rp e in ep h rin e  as described  in the methods. 
Release o f  H -N E  was stim ulated by incubating  the synaptosom es in  52.5 m M  K + H K R  
contain ing  1 m M  Ca++. B ackground release was m easured in  5 m M  K + H K R . The 
specific  release was calculated as the d ifference  in release in 52.5 m M  K + m inus 5 mM 
K + H K R . T he released H -N E  is expressed as a percentage o f the H -N E  content of 
synaptosom es. T he sm ooth curve were d raw n to the n o n -lin ear least squares f i t  o f the 
data.
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F igure 8. C om parison o f depo lariza tion -dependen t calcium  in flu x  an d  norep inephrine 

release

T he depo lariza tion -dependen t release o f  H -n o rep ineph rine  (% synaptosom al content) 
and  Ca++ in flux  (nm ol/m gP) were com pared. Both influx  and  release w ere m easured 
u n der identical conditions (52.5 m M  K + H K R /1  mM  Ca++). The sm ooth curves were 
d raw n to the  n o n -lin ear least squares f i t  o f the  data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7 3

I. E ffects  o f  D ihydropyrid ine D rugs on Calcium  Influx

Synaptic m em branes derived from  synaptosom e preparations have high a ffin ity  

b inding  sites fo r d ihydropyrid ine drugs (K D O.I-I-O nM ) w hich are sim ilar to the 

b inding  sites o f  o ther tissues (M urphy and Snyder, 1982; G ould e t ah , 1982; E h lert et al., 

1982; Bellem ann e t al., 1983; Janis and T riggle, 1983). D ihydropyrid ine drug b inding  to 

these recep tors does not a lter the vo ltage-dependent Ca++ in flux  o f  synaptosom es 

(N achshen and B laustein, 1979; D aniell e t al., 1983; R am pe et a l., 1984; C reba and 

K aro b ath , 1986; Wei and C hiang, 1986). T he idea that these b inding  sites are associated 

w ith  func tiona l calcium  channels in  synaptosom es rem ains questionable. R ecently , a 

rep o rt show ed an apparen t block o f Ca++ in flu x  by n itrend ip ine  (K j^ppsd.7 nM ) w hich 

correla ted  w ith  the dissociation constant (K D=0.35 nM ) fo r sH -n itren d ip in e  binding 

(T u rn er and  G old in , 1985). T he results w ere in p art a ttrib u ted  to the experim ental 

conditions w hich proported ly  m inim ize the con tribu tion  o f the N a j/C aQ exchange to the 

to tal C a++ in flux . The following experim ents were perfo rm ed  to investigate the  effects 

o f  d ihydropyrid ine  channel agonists and  antagonists on synaptosom al Ca++ influx .

In  perform ing  these experim ents care was taken to assure th a t the m ost favorable 

conditions w ere em ployed to prom ote the d ihydropyrid ine affects. Synaptosom es were 

p rep ared  from  w hole brain  (ie. cortex and brainstem ) or cortex only  so tha t regional 

d ifferences in d ihydropyrid ine  sensitiv ity  would not be overlooked. In add ition  it was 

suggested that the d ifferences in  sensitivity  to d ihydropyrid ine drugs m ay vary w ith  the 

m ethod o f synaptosom e preparation  (T urner and G oldin, 1985). To address this issue 

synaptosom es w ere p repared  by two d iffe ren t m ethods and com pared regarding drug 

sensitiv ity . F inally , several recent reports have suggested th a t the d ihydropyrid ine  drug 

sensitiv ity  increases during subm axim al stim ulation (M iddlem iss and Spedding, 1985;
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R am pe e t al., 1984). In deference to this suggestion Ca++ in flux  was studied under 

reduced  depolarizing conditions.

The Ca++ in flux  into crude (P2 ) synaptosomes is linear to 10 seconds, indicating that 

voltage-dependent inactivation is m inim al under these conditions (fig . 8). Based on this 

inform ation  ^**Ca++ in flux  m easured in 20 mM K Q fo r 5 seconds was used as the test fo r 

drug  sensitivity. The depolarization-dependent ^  Ca++ in flux  o f  P 2 , H ajos whole brain  

and  H ajos cortical synaptosomes are equivalent (fig. 9). Bay K  8644 is a proposed 

calcium  channel agonist in  smooth muscle (Schramm e t al., 1983). T he e ffec t o f Bay K  

8644 on the depolarization-dependent ^ C a ++ in flux  in  P2  and H ajos synaptosom e 

preparations is shown in figu re  10. In all cases the drug  trea ted  45C a++ in flux  d id  not 

significantly  d iffe r  from  the control values. It is concluded tha t n e ith e r the m ethod o f 

p reparation  nor the d ifferences in  the origin o f the synaptosom es is im portan t in regards 

to sensitivity  to Bay K  8644. The depolarization-dependent 45C a++ in flux  in  P2  

synaptosom es incubated w ith Bay K  8644, N ifedipine and  N itrend ip ine  w ere not 

significantly  d iffe ren t from  control values (fig. 11). The synaptosom es incubated  w ith 

N ifed ip ine  w ere p re-equ ilib ra ted  in  140 mM choline H K R  (C h-SY N ). The potency of 

the  dihydropyrid ines fo r  blocking Ca++ influx  is m axim ized un d er reduced Nac 

conditions (T urner and G oldin , 1985).

The observations are in  agreem ent w ith num erous reports th a t d ihydropyrid ine  drugs 

do not alter calcium  channel function  in synaptosomes (N achshen and B laustein, 1979; 

D aniell e t al., 1983; Ram pe e t al., 1984; C reba and K arobath , 1986; Wei and Chiang, 

1986; M iller and Freedm an, 1984). W hether the lack o f e ffec t o f  d ihydropyrid ine  drugs 

represents insensitive channels or those that lack viable recep to r/channel interaction 

cannot be acertained from  these experim ents. H ow ever these results are in  direct 

conflic t w ith recent published data  (T urner and G oldin, 1985). The d ifferences between 

this data and theirs cannot be explained by the d ifferences in p reparation , since at least
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in part bo th  studies u tilized  the H ajos m ethod o f synaptosom e preparation . A partial 

explanation fo r this discrepancy is tha t these authors reported  the free  concentration  o f 

drugs ra th e r than  the total added drug concentration. T hey  reasoned th a t only free  drug 

is in equ ilib rium  w ith  the receptors and  therefo re  represents the effective  blocking 

concentration  o f the drug. This approach can lead to erroneous results w hen the 

synaptosom al p ro te in  concentration  and hence the am ount o f  no n -sp ec ific  b inding  o f  the 

drugs is high. In  the experim ents described above the  p ro te in  concen tra tion  was held 

constant a t 1 m g/m l throughout all d rug  incubation experim ents. W hen the incubating  

concentration  o f Bay K  8644 was 10 nM  or 1 pM , the m easured free  drug concentrations 

are 2.1 nM  and 0.3 pM  respectively. A t th is pro te in  concentra tion  the am ount o f  free  

drug  is sign ifican tly  reduced . These unbound  d rug  concentrations do not alter 

depo lariza tion -dependen t ^ C a ++ influx  (fig. 10). T he am ount o f n o n -specific  drug 

binding  is expected  to increase w ith the synaptosom al p ro te in  concentration . When 

pre incubating  w ith  high pro te in  the free  d rug  concen tra tion  is expected  to be 

sign ifican tly  low er than the  total added drug concentration . T he p ro te in  concentration  

in  the T u rn er and  G oldin experim ents was 20 m gP /m l. It seems plausable tha t non­

specific  b ind ing  could low er the free  drug concen tration  to  the nanom olar range as 

reported . H ow ever the total am ount -of drug  added to  the synaptosom es would be 

sign ifican tly  h igher. T he total added drug during  p re incubation  is no t rep o rted  by these 

authors and  cannot be determ ined  from  the m ethodological descrip tion  o f the work. A t 

1 m gP /m l synaptosom al pro tein  concentration (conditions o f this w ork) the d ifference 

betw een total and free  d rug  concentrations cannot account fo r the high a ffin ity  block o f 

calcium  channels described by these authors.

Synaptosom es have calcium  channels w hich are no t sensitive to d ihydropyrid ine 

drugs. The activation and inactivation kinetics o f  the C a++ in flux  and  its b lockade by 

La+^ suggests th a t synaptosom es have a single class o f  calcium  channels whose properties
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are sim ilar to N -ty p e  channels (N ow ycky et al., 1985). These channels m ediate Ca++ 

in flux  w hich supports neuro transm itter release (fig. 8). This is in  agreem ent w ith the 

recen t report th a t in  neurons w here several types o f calcium  channels coexist, the N - 

type channels p redom inate a t the neuro transm itte r release sites (T hayer et al., 1986).
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Figure 9. D eterm ination o f sub-m axim al depolarizing conditions

Synaptosomes w ere depolarized in  20 m M  K + H K R  containing 1 mM ^ C a ++. The 
background influx was m easured in  5 mM  K +/1 5  mM  choline H K R . The specific K +- 
stim ulated  influx is calculated as tha t in 20 m M  K + m inus tha t in  5 m M  K + H K R .
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Figure 10. C om parison of the  calcium  influx  o f several types o f synaptosom es

The K +-d ep en d en t 5Ca++ influx in crude (P2), H ajos Whole Brain (WB) and Hajos 
Cortical (C) synaptosom es was determ ined under sub-m axim al stim ulating conditions (ZU 
mM  K + H K R / 1 mM 45Ca++/5  sec.). The in flux  in  the various preparations was not
significantly  d ifferen t.
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F igure  11. E ffec ts  of Bay K 8644 on depo lariza tion -dependen t calcium  in flux

C rude (P 2 ), H ajos Whole B rain (WB) and H ajos C ortical (C) synaptosom es were 
p re incubated  20 m inutes w ith  Bay K  8644. Ca++ in flux  was stim ulated  by  incubation 
in  20 m M  K + H K R  contain ing  1 m M  Ca++. Bay K  d id  n o t sign ifican tly  a lter Ca++ 
in flu x  in any o f the  preparations.
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Figure 12: E ffec ts  o f d ihydropyrid ine agonists and an tagon ists  on

d ep o larisa tion -• dependent calcium  influx

C rude (P^) synaptosom es w ere p reincubated  20 m inutes w ith  Bay K  8644, N ifedip ine or 
N itrend ip ine . T he synaptosom es trea ted  w ith  Bay K  and N ifed ip ine  w ere N a-SY N  while 
those trea ted  w ith  N itren d ip in e  w ere C h-SY N . Ca++ in flux  w as stim ulated by 
incubation  in  20 mM  K + H K R  containing 1 mM  5Ca++ fo r 5 seconds. None o f the 
treatm ents s ign ifican tly  altered  Ca++ influx.
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J. R egulation of Calcium Influx  by Phosphorylation

V oltage-sensitive calcium  channels o f snail neurons and the slow channels o f cardiac

m uscle appear to be regulated by a phosphorylation-dependent m echanism  (K ostyuk,

1981; Sperelakis, 1985). In these tissues, channels w hich are phosphorylated have a

higher probability  o f opening upon depolarization then  non-phosphorylated  channels.

T he  m agnitude o f the Ca++ in flux  evoked by a given depolarization is dependen t on the

ratio  o f  phosphorylated to  non-phosphorylated  channels. R egulation o f  presynaptic

calcium  channels could be an im portan t strategy fo r m odulating the release o f

neuro transm itter from  nerve term inals. The following experim ents w ere designed to test

i f  p ro te in  phosphorylation is a regulatory  m echanism  o f synaptosom al calcium  channels.

Synaptosomes were p reincubated  w ith 8-brom o cAM P (1 m M ), forskolin  (50 pM ) or

12 ,13-diacetate phorbol ester (10 pM) and the effects o f these drugs on  45C a++ influx

tested  under sub-m axim al stim ulating conditions (fig. 12). N one o f the drug  treatm ents

a lte red  the 45Ca++ influx  w ith respect to the control values. T he results suggest that the

voltage-sensitive calcium  channels in  synaptosom es are no t regulated  by a

phosphory lation-dependent m echanism . In light o f  these results it is im portan t to

dem onstrate that these drug treatm ents were stim ulating phosphate incorporation into

synaptosom al proteins. To test fo r effects on phosphorylation, synaptosom es were

preincubated  w ith 32P- p rio r to addition o f  drugs. Samples o f  these synaptosom es were

prepared  fo r gel electrophoresis and autoradiography (fig. 13). Three p ro tein  bands were
•a ̂

choosen to illustrate the incorperation o f  P-. Peak I is a single protein  band (M f 55
■an

kD ) and  Peak II is a doublet (M r 81 ,76 kD). The relative incorporation  o f Pj into 

each p ro te in  band was inferred  from  the area under each autoradiogram  peak (fig. 14). 

Forskolin  reversibly activates adenylate cyclase by associating w ith the catalytic subunit 

(Seamon, 1985). Incubation o f  rat brain  slices w ith 25 pM  forskolin  increases the
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cA M P levels by  35-fo ld  (Seamon e t al., 1981; Daly e t al., 1982). Incubation  o f

32synaptosom es w ith  forskolin  significantly  increased the P j incorporation  in to  both

Peaks I and  II (Table 2). These results suggest th a t forskolin  caused a su ffic ien t rise in

cA M P levels to stim ulate pro te in  kinase activ ity . In  contrast 8 -B r cA M P did  not

increase incorporation  in to  any o f  the pro teins exam ined. This is consistent w ith a

previous report tha t neither 8 -B r cA M P nor IBM X stim ulate phosphorylation in  in tact

synaptosom es (K rueger e t al., 1977). Forskolin  m ay be m ore effective in  prom oting

cA M P -dependen t phosphorylation because it stim ulates the synthesis o f  cA M P in the

in tracellu lar space. T his com partm ent m ay not be readily  accessible to bath  application

32o f  cA M P. D espite the  increased Pj incorporation  stim ulated  by forskolin , the  activ ity  

o f  calcium  channels was not altered.

Protein  kinase C is present in  b rain  w here a large portion  is localized in 

synaptosom es (N ishizuka, 1983). A ctivation  o f this enzym e is dependent on 

diacylglycerol, Ca++ and phospholipid. Phorbol esters substitu te  fo r diacylglycerol and

directly  activate pro tein  kinase C (N ishizuka, 1983). M yristate and 12,13-diacetate

32phorbol esters significantly  increased Pj incorporation  in to  bo th  peaks (Table 2). This 

stim ulation was no t associated w ith an increase in  depolariza tion -dependen t ^ C a ++ 

influx . These results suggest th a t the p ro te in  phosphorylation m ediated  by a  cA M P 

dependent m echanism  and protein  kinase C do not regulate the activity  o f  synaptosom al 

calcium  channels.

These results are in agreem ent w ith  the recent observation that 12-deoxyphorbol 13- 

isobutyrate 20-acetate  phorbol ester enhanced transm itter release from  the squid giant 

synapse (A gustine et al., 1986). The augm ented release resulted from  an increase in the 

duration  o f the action potential ra ther than a d irec t e ffec t on Ca++ in flux  indicating tha t 

the activ ity  o f calcium  channels was not altered  by the drug. In PC12 and endocrine 

cells phorbol esters stim ulate an increase in  norep inephrine and pro lactin  release
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respectively , w ithout increasing the  cytosolic free  Ca++ levels (Pozzan e t al., 1984; Frey 

et al., 1986). E nhanced release in  these preparations does no t stem  from  increased Ca++ 

in flux . These results suggest th a t the phosphorylation m ediated  by  p ro te in  kinase C is 

im portan t in regulating exocytosis at a step a fte r  the en try  o f  Ca++ (K n igh t and B aker, 

1983).
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F igure  13. E ffec ts  o f cAMP, Forskolin  and  D iacetate  Phorobol E ster on 

D epo lariza tion -dependen t calcium  in flux

Synaptosom es w ere p reincubated  20 m inutes w ith  1 m M  8-B rom o cAM P, 50 /iM 
F orskolin  o r 10 pM  12,13-D iacetate Phorbol Ester. 5Ca++ in flux  was m easured by 
incubating  the synaptosomes in 20 mM  K + H K R  fo r 5 seconds. In flux  is expressed as a 
percentage o f  sim ilar n on -trea ted  controls. N one o f the treatm ents significantly  altered 
Ca++ influx.
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Origin

8-Br-cAMP -  + -  —

Forskolin — — + —

Diacetate PE — — — +

Myristate PE — — — —

F igure 14. Phosphory lation  of synaptosom al proteins

Synaptosomes were p reincubated  30 m inutes w ith ^ P - .  1 mM  8-B rom o cAM P, 50 fiM
Forskolin , 10 p M  12,13-D iacetate Phorbol Ester o r 7 (iM  M yristate Phorbol E ster were 
added 20 m inutes before samples w ere prepared  fo r  electrophoresis on 7.5% 
polyacrylam ide gels. The first five lanes (left) are the autoradiogram s fo r the various 
treatm ents. T he righ t-m ost lane is the protein  staining pattern .
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Control 8 -b ro m o  cAMP F o rsK o lin

II

12.13 Diacetate 
Phorbol E ster

II

Myristate Phorbol Ester

II

Molecular Weight Standards

31 4 5 66.2 92 .5

Figure 15. D ensitom etric scan o f the  autoradiogram

A utoradiogram s o f  the gels (fig. 14) w ere developed fo r 72 hours. T he densitom etric 
scanning patterns w ere determ ined. Peak I is a single pro tein  band (M r 55 kD ) and Peak 
II is a doublet (M r  76,81 kD). Forskolin  and bo th  Phorbol Esters appeared  to increase 
the phosphorylation o f bo th  Peak I and Peak II.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8 7

Stimulation of Phosphorylation (Control - 1.0)

Peak I Peak II

8-bromo cAMP 1.2 ± 0.2 0.9 ± 0.1

Forskolin 2.0 ± 0.5 * 1.3 ± 0.1

12,13 Diacefate 
Phorbol Ester

Myristate 
Phorbol Ester

3.1 ± 0.9 * 1.6 ± 0.3

3.7 ± 1.2 * 1.6 ± 0.2

Table 2. Q u an tifica tion  o f th e  phosphory lation  o f P eaks I  and I I

The relative incorporation  o f ^ P -  in to  each band is in fe rred  from  the area under the 
densitom etric  scan (fig. 15). The incorporation  in to  each Peak is expressed as a fold 
increase o ver the  no n -trea ted  control. 50 (iM  Forskolin , 10 /iM  D iacetate and  7 n M 
M yristate Phorbol Esters significantly  increased the P- incorporation  in to  both  Peaks I
and II
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Conclusions

T he vo ltage-stim ulated  Ca++ in flux  described in synaptosom es is m ediated  by at 

least th ree  d istinct pathw ays. The most prom inent com ponent is near maximally 

activated  by incubation  in  52.5 mM  K + H K R  and accounts fo r 80% o f the Ca++ influx 

m easured during  the in itia l second o f depolarization. T his com ponent has been term ed 

the fast Ca++ influx . The rate  o f  in flux  m ediated by the fast com ponent progressively 

decreases during  depolarization so tha t a f te r 1 second this com ponent is com pletely 

abolished and no longer contributes to Ca++ influx. Predepolarization o f synaptosomes 

p rio r to  testing fo r  Ca++ in flux  elim inates the fast com ponent. It appears tha t the 

pathw ay  w hich m ediates this in flux  undergoes vo ltage-dependent inactivation . Stronger 

depolarizations p rio r to testing fo r Ca++ influx fu r th e r  enhances the inactivation 

ind icating  th a t this process is voltage as well as tim e-dependen t. Based on these 

observations it is hypothesized tha t the fast Ca++ in flux  in synaptosom es is m ediated  by 

channels. T he  inactivation  o f the  fast com ponent results from  the progressive voltage- 

d ependen t closure o f the calcium  channels.

T he tim e-course  o f channel-m ediated  Ca++ in flux  closely parallels the release o f 

norep inephrine from  synaptosom es. The correlation o f  these events attests to the 

physiological relevance o f the Ca++ influx. The channel is not m odulated by 

d ihydropyrid ine  drugs bu t is blocked by low concentrations o f the calcium  channel 

antagonist lanthanum . The vo ltage-dependent inactivation  and insensitivity  to 

d ihydropyrid ines ten tatively  classify this channel as an N -ty p e  calcium  channel 

(N ow ycky e t al., 1985). This calcium  channel is not regulated by a cA M P or Protein 

K inase C dependent phosphorylation mechanisms.

Several recen t reports have exam ined cu ltu red  neurons in w hich both 

d ihydropyrid ine  sensitive (L -type) and insensitive (N -ty p e) calcium  channels coexist
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(Thayer et al., 1986; H irning et al., 1986). In these preparations Ca++ in flux  is blocked 

by d ihydropyrid ine drugs b u t the corresponding transm itter release was unaffected . The 

channels which are blocked by d ihydropyrid ine drugs m ediate Ca++ in flux  which is not 

associated w ith  transm itter release. These observations re -en fo rce  the developing view 

tha t the .Ca++ channels a t nerve term inals are o f  the N -ty p e . This conclusion is 

consistent w ith  the results presented here w hich characterize synaptosom al calcium  

channels as N -type .

Phorbol esters have recently  been linked to augm ented secretion from  a num ber of 

cell types. In the squid giant synapse phorbol esters enhanced transm itter release by 

inh ib iting  presynaptic K + currents (A ugustine e t al., 1986). This resulted in a 

broadening o f the presynaptic action potential, prolonged depolarization and an increase 

in Ca++ influx. The action o f phorbol esters d id  not d irectly  alter the activ ity  o f the 

presynaptic calcium  channels. In  P C -12 and cu ltu red  endocrine cells phorbol esters 

stim ulate release w ithout altering Ca- (Pozzan et al., 1984; F rey  e t al., 1986). 

P reincubation o f  synaptosom es w ith phorbol esters increases the depolarization- 

stim ulated , Ca++-dependen t release o f dopam ine by 40% (Shu and Selm anoff, 1986). It 

appears tha t the activation o f p ro te in  kinase C alters transm itter release a t a step after 

the en try  o f Ca++ (K nigh t and Baker, 1983). These results are consistent w ith the 

observation tha t phorbol ester treatm ents stim ulate significant phosphorylation bu t do not 

regulate the activ ity  o f synaptosom al Ca++ channels. The phorbol esters may enhance 

neurotransm itter release by m odulating the release mechanism.

R ecently  the isolated dihydropyrid ine receptor (ie. Ca++ channel) o f the skeletal 

muscle T -tu b u le  system was found  to be a substrate fo r an endogenous phosphorylating 

m echanism  (C urits and C atterall, 1985). It appears that the m odulation by 

d ihydropyrid ine drugs and regulation by phosphorylation occurs through the same 

subunits o f the calcium  channel. It can be in ferred  that d ihydropyrid ine receptors and
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phosphorylation sites are linked characteristics o f  the calcium  channels w hich have these 

particu lar subunits. Slow channels o f cardiac muscle appear to f i t  this crite ria  (R euter, 

1983; Sperelakis, 1985). In  contrast, the  calcium  channels o f synaptosom es are not 

sensitive to d ihydropyrid ine  drugs and are not regulated  by  phosphorylating mechanisms. 

These results suggest tha t the calcium  channels localized w ithin  the nerve term inals of 

m am m alian b rain  are pharm acologically d istinc t from  the calcium  channels o f  skeletal 

and cardiac muscle.

P reincubation  under depolarizing conditions abolishes the fast com ponent o f  Ca++ 

in flux  in  synaptosom es. The rem aining Ca++ in flux  a fte r  channel inactivation  constitutes 

a  second com ponent o f  depo lariza tion -dependen t Ca++ in flu x  w hich is term ed the  slow 

com ponent. Slow Ca++ influx  is linear th rough  the f irs t 5 seconds o f  depolarization and 

conducts Ca++ a t 20% the rate o f the fast com ponent. This phase o f in flux  is no t altered 

by  prolonged depolarization indicating tha t this com ponent does no t inactivate. In 

con trast to fas t Ca++ in flux , the slow com ponent is n o t blocked by lanthanum  and is 

p robab ly  no t m ediated  by channels. The slow com ponent o f  Ca++ influx  can be fu rth e r 

subdiv ided  in to  two com ponents based on sensitiv ities to the transm em brane Na+ 

grad ien t. Synaptosom es w hich have a larger [Na+]j generate  50% m ore slow com ponent 

in flux  then  those w ith  low [Na+]j. The results indicate th a t depolarization, in 

con junction  w ith  reduced  [Na+]Q m ay cause a reversal o f the N a+ electrochem ical 

g rad ien t in  those synaptosom es w hich have elevated [Na+]-. The depolarization- 

stim ulated  N a+ e fflu x  may be linked to the in flux  o f  Ca++ through the N a-/C ac 

exchange m echanism  (C outinho e t al., 1984). The slow com ponent com ponent o f  Ca++ 

in flux  is both  vo ltage- and N a--dependent. The voltage sensitivity indicates th a t the 

exchange m echanism  is electrogenic, suggesting tha t the transport stoichiom etry m ust be 

a t least 3 Na^ p er C aQ. The slow com ponent o f Ca++ in flux  in synaptosom es w ith 

relatively low [Na+]- (ie. Ch-SY N ) probably  represents the voltage-stim ulated  C aj/C a0
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exchange or a non -in ac tiv a tin g  channel. The slow com ponents o f  Ca++ in flux  appear to 

support a  reduced  ra te  o f  transm itter release. This observation suggests th a t the fas t and 

slow Ca++ en try  pathw ays are located w ith in  relatively  close prox im ity  to the 

neuro transm itte r release sites.
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