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PHYSIOLOGICAL CONSEQUE,NCES
OF ACh RE,CE,PTOR

AND ESTE,RASE DISTRIBUTION
IN VE,RTE,BRATE ENDPLATES

by

Mir iam l t l .  S,,r lprrun ancl Bruce R. LaNr>

I t r  our  ta lk  th is  a l ternoon,  u 'c  u ' i l l  l i rs t  sunrrnar izc br ic l ly  the 'work l l 'o lu
our  Iaborator \  over  the past  l0  years in  u 'h ich wc used quant i ta t ivc I -M
autoradiography '  to  assess the Iocal izat ic ln and concentrat ions of  acet_v lcho-
l ine esterases (AChE) and rcceptors (AChR) at  var ious ver tcbrate ncuro-
nruscular  junct ions (nnr j ) .  These studies have led us to speculate that  a quantu l 'n
of  ACh can interact  rv i th  a very smal l  posts lnapt ic  a lea at  saturat ing AClr
concenlrat icrns (Fer tuck and Sal i :e ter ,  1976;  Mat thervs-Bel l inger  and Sal-
peter ,  I978) .  This  geonetr ic  ntodel ,  which we wi l l  ca l l  the t< saturated d isc >
nrodel ,  has ccr ta in physio logical  consequences that  wi l l  be d iscussed in tJrc
sccond ; rar t  o f  th is  ta lk .  Thi rd ly ,  we wi l l  te l l  you about  sonte recent  exper i -
nrcnls being conducted in our laboratory (in collaboration with Edu,in Sal .
pctcr)  designed to evaluate the saturated d isc model .

The quanl i ta t ive assessmelr t  o f  AChE and AChR dist r ibut ion at  nnt j 's
rcqui rcd thc developrnent  of  autoradiographic procedures rvhich are repro-
ducib le and easi ly  ca l ibrated.  We wi l l  not  go in to the technical  deta i ls  of
our r< l lat substrate > specinten which we developed for this purpose, since
i t  has been descr ibed fu l ly  in  ear l ier  publ icat ions (e.  g.  Salpeter  and Bach-
nrarrn 196zl ,  1972),  and s ince i t  has now become rout ine for  s i rn i lar  s tudics
in ot l rer  laborator ies (e.  g.  Por ter  and Barnard,1915;  Bourgeois c t  a l . ,  1918).
Wc have cal ibrated th is  specimen for  sensi t iv i ty ,  i .  e .  deternt in ing the number
of radioactive decays rvhich give, on the average, one developed grain (tsach-
r turnn ancl  Salpetcr ,  1967;  Salpcter  and Szabo,  1972;  Fer tuck and Salpeter ,
1974);  and for  resolut ion,  i .  e .  determin ing the d is t r ibut ion of  det ,e loped

t  Scct ior t  of  Ncr. r robio logy and Bchavior  and Dcpartmcnt of  Appl icd I )h1,s ics,  C'or-
nc l l  Un i r c r s i t y ,  I t haca ,  N .  Y . ,  U .  S .  A .  Suppo r t cc l  by  a  I ) os tdoc to ra l  t i c l l owsh ip  f r om Mus -
cu la r  Dys t rophy  Assoc ia t i on  (BRL)  and  by  a  g ran t  f r om  N I I t .NS  09315 .
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s ra ins  cxpec tcc l  l ' r on r  va r i ous  de l i ncd  rad ioac t i \ c  sou rccs  i n  a  t i s sue  (Sa lpc te r
t ' t  a l . .  1969,  l9 l7 ancl  1978 a) .  Using thcse cal ibmt iorrs  w'e arc ablc  to locatc
l l r l rc lcd st ructurcs (* , i th in -5() ( )  to  1.5( l ( )  A res() lu t i ( )n;  dcpcncl ing on thc isoto l tc
ant l  photographic concl i t ions)  aud cstabl is l r  how nrany labelcd nro lecules
i r re presel r t  per  u l l i t  arca or  vct lurnc of  th i l t  s t ructure.

[ r igure I  s l to*s arr  E\ l  r "111111i1; lorat t l  o f 'a  l l lo t lse nnt- i  rv l t t lsc AC'hf1 's
r r c re  l abc - l cd  r v i t h  rH -d i i sop rop l , l f l uo rophospha te  (3H-D I tP )  us ing  l 1 ,p ro -

l ) r i l l e  co r ) t r o l s  t o  avo id  l abc l i ng  r ron -spcc i l i c  cs te rascs  (Rogc rs  c t  o l . ,  1969 ] t .
I . l rc  qra ins i l rc  sccn i r t  a  brrnc l  o lcr l l  ing t l tc  1. ros1- junct iorrnul  l i r l r lcd r r rcr r r l r rurnc
1p . i r n ) .  (Thc  reso lu t i on  i s  I . 5U0  A  undc r  t l r ese  cond i t i ons  \ \ i t h  I l l b rd  L *  cn ru l -
s iorr ,  Salpctcr  t t  r t l . .  1969).  F igure )  is  an EM autoracl iosrant  of  a l izarc l  nmj
* ' l r ose  ACh [ { ' s  * ' c re  l abe l cd  r v i t h r ] s  I - r - t r unga ro tox in  1 r251 -z - l }C1 - )  ( r eso lu -
t i o r r : 800  A  unc l c r  t hcse  conc l i t i ons  w ' i t h  I l f o rd  Lo  cn ru i s i on ,  Su lpc te r  c l
t l . ,  1977).  Thc gra ins are conccl t l r 'a tcd at  thc t r rP -  l . (10()  , {  o l -  the (p. j r l )
ovcr l l ing a rc-q ion of  th ickened post . j r rnct ional  rnernbrur t re ( tp j r t r ) .  I r igure 3
is  a schcnrat ic  c l rar . l ' ing of  a nrouse nrn i  wi th a h is togranr  on c i thcr  s idc.  Thc
( ) l 1e  on  the  r i gh t  r ep resen ts  t he  d i s t r i bu t  r n  o l c l oc lopcd  g ra i r r s  due  to  r l l - l ) t tP

r r r r c l  t hus  l abe led  AChE s i t es  ( sec  Sa lpc r  r ,  I 9 ( r9 ;  Sa lpc te r  e t  a l . ,  I 972 ) *hc rcas
the  onc  on  thc  l e l t  r ep resen ts  t hc  d i sL r i bu t i on  o f  dcve loped  g ra ins  duc  t r r
'2s l -a-BGT and thus labeled AChR s i tes (Fer tuck and Satpeter ,  1976).  Notc

I : t<; .  f  .  '  -  I :L l  ut t lorudio l l rut t t  of  t tk tus? t t t ' t t rot t t t t . t t t t lur  jut t t t i t t r t  i r t  vhi rh t l (  h l i  .s i t t ' .s  ur t  lu ln ' l r ' l
y ' i t h t t l l - l ) l ' P . l : n r u l s i o n :  l - l l i r r d  L 1 ,  I ) c v c l o p c r :  I ) 1 9 ,  I { c s o l u t i o n :  ( l l l ) )  1 , 5 0 0 4 .  l ) c r c l o p c t l
g ra i ns  a r c  c l i s t r i bu t cd  ovc r  r cg i o r l  o f  pos t - j unc t i on l l  l ' o l dc r l  n r cn rb ru r r r c  ( '  20 , f i 001  (Wc

thank  I ) r .  l l edw ig  K . t s l r z , r x  l i r r  t h i s  p i c t u r c ) .

ACh RECEI ' I 'OR AND ESTERASE DIST 'RI I ]U1- ION

Frc;. 2. '_ E,\l utrlorodiogrunt of li:urd trcuronrustulur junttion vlnsc /ChR .sitt,s orc luhrlcd
r i t h t : i ' l - c t -BGT .  Emu ls i on : l l l o r c l  L r ,  De re lope r :  D l9 ,  Rcso lu t i on :  (H I ) )E00A .  Devc loped
grains are concentrated at  top of  the post  junct ional  membranc (  .  20,800).

Frc;. -1. Schcntulir. lruxirtg of nnusc nt'uronttt.stulur jrutttiutt ttith hi.stogrunt.t r(pre.\'eilling
grui t t  d i . r l r ihut ior t .s  due to 3I l -DI 'P lubt l  ( r ight)  utr t l  r " ' I -c t -BGT lubcl  ( l t l r ) . - thc c l is t r i -
bu t i on  a l i c r  3H -DF I )  i s  uha t  uou ld  bc  expec ted  l ' r on r  l ah . r c l cd  s i t c s  a l ong  t he  pos t  j unc t i o l a l
n r cn rbn tnc  ( p j r r )  do r rn  t o  t hc  bo t t on r  o f  t he  -  8 , 000  A  t l c cn  f t ' 1 , 1 . .  

' f h c  
g r i r i n  t l i s t r i bu t i on

' r f t c r  r 23 l - a - I JGT  i s  uha t  woL r l d  bc  cxpec t cd  f r on r  l abc l c t l  s i t c s  conccn t ru r t cd  a l ong  t hc
th i ckcnc r l  t up  -  1 , 000  A  o f  t h , :  p j n r .
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that  r ie  use the term AChl{  (or  I l . )  s) 'no l t \n lously  u ' i th  one ACh binc l ing
s i t c  o r  onc  a -BG ' f  b i r r d ing  s i t c .

Quan t i t i t t i on  o f  t he  AChE and  R  s i t cs  shows  t l t a t  t hc  AC 'hE  i s  p rcscn t

i l t  a  conccntr i l t ion of  -  2 ,500 1-500 s i tes, t r2 i ) l  l ) j t r l  sut l i ree l t rca t ' .  Thc
lL-ceptor  orr  t l te  ot l te l  h l r i ' ,1  is  prcscnt  at  a col lcc l t t rat ior t  6 f  -  l1 ; ,9911:  ' ; ' r '

1  8,000 s i tes1l r2 of  spcci i ' . ,  - . i  . lense t t tcr r rbrat re at  the top of  the p jnt .  Ihe
lcccptor  of  thr . rs  prescl r t  in  a 5-10 fo lc l  l r ig l rcr  concentra l ion lhan esterascs
l t  the top o l ' thc-  p. jnr  whcrcus the cs(cr l tscs excccd rcccptor  at  t l tc  l ro t tor t t  o f
l i r l c l s .  The  o rean i za l i o r r  appea rs  s i r n i l u r  i n  I ' r og  (N la t t hcws - l l c l l i ngc r  anc l
Sa lpc te r ,  1978 )  and  l i za rd  n rusc le  (Land  e t  c / . ,  unpub l i shed . )  as  t l r ; t t  n r cv ious l . r '
sr -en i r t  the l t touse.

- I -h is  
c l is t r ibut ion of  AChI I  and AChR has lcd us to susgesl  thc t r  saturat icd

t l isc l  urodel .  l t  is  bascd at  prescnt  ou t l ic  c lual i tu t ive argunrcnt  t l rn t  a quarr t i r l
packe t  o f  AC l r  ( -  l 0o  ACh  n ro l ccu l t ' s ;  sce  Ku l l i e r  a r t d  Yosh i k r rn t i ,  1975 )
rrced uot  d i { fusc very f i r r  l iom i ts  s i le  o l  re lcase belore i t  can sce a po\ t \ \ t ) r | t ic

a rea  cou la in ing  a  nun rbe r  o f  ACh  b in r l  l r g  s i t cs  cqua l  . t o  t l i c  r t u t l be r  o l  ACh
nro lecu les  i n  t l r e  quan tun r .  (A t  20 ,000  l ; ' t es , "1 r t t t 2 ,  I ( ) , 0 ( )0  b in r l i r t g : i t cs  occup rcs
-  0.5 l r r r r2) .  We u ' i l l  ca l l  th is  the quantar  r rca (Ar .1 ) .  t f  b inding ucrc l -ust  enougJr ,
ln  ACh quanta l  packet  could be fu l ly '  bound i .v i th in th is  smal l  arca and thus,
dur ing nrost  of  i ts  br ie f  l iee l i fe- t inre.  the ACh rv i l l  act  at  \er ,v  h igh concen-
t rat ions.  We calculate t l ra t  th is  ACh concert t rat ion could be ot t  thc averal le
-  l 0 -3  M ,  and  t l r us  n ro re  t han  l 0  t i r nes  l r i ghc r  t ha r r  even  the  h ighes t  equ i l i -
br iunt  d issociat ion cr)nstanls rcpcr l tec l  l i r r  ACh binding to c- i t l tcr  estcra ic
( l l .osenberry.  1975) or  receptor  (e g.  Drel 'c i  and Pcper,  1975.  Sher idan and
Lester .  1977)

\ \ 'e  do not  of  course know the exact  b inding t i l t le  for  ACh t t t  AChR and
thc ' retbre are not  able to def ine the actual  area ( to be cal led Ac)  u 'h ich is  secn
by a quantunr  of  ACh.  The up;rcr  l in t i t  tc t  Ae uas g iven on physio logical
grcrunds by tlartz,ell et al., 197-5, as < 4 y. We expect that Ae is closcr
to Aq lhan th is  upper l imi t  suggests,  and are current ly  engagcd in s tudies
to deterrn ine these l imi ts  n iore prec isc l l ' .

, \  p lausib i l i ty  argurTrent  i r t  favor  o l ' th is  suggcst ior t  is  baset l  o l l  the phy 's io-
IoEi i : . r l  consequences of  inact ivat ing AChE at  thc nrn j 's .  F lar tzc l l  a t  a l .  (1975).

rur  ( , : l ters have shown that  inact iva l ing AChE produces at  ntost  a 20 i l ;  incrcasc
i r ,  the nr in iature endplate current  (ntepc)  anrp l i tude.  Yet ,  as stated abovc * ;

thc AChE is  l re l ieved to res ide in  t l rc  basal  Ianr ina of  thc c lc l ts .  A
pc rs i s t cn l  ques l i on  t hc re lb re  was  how the  ACh  cou ld  ru l t  t hc  g rau l r t l c l

o f  , \ChE, on i ls  u,ay to thc receptor ,  and y 'et  renta in so l i t t lc  a l ' l -cctcd.  l loucvcr
the < saturated d isc > rnodel  would predict  . iust  that .  Wc have shown that

*  Ev i t l cncc  f r o r r . r  o t hc r  l l r f r o l r t o r i c s  h l r r c  cs t . r b i i s l t c t [  t l t t t  t l t c  cs t c r : r scs  a r c  l oca l i z c t i .
u i l h i n  t h c  b u s a l  l u n r i n u  ( ) l '  l l r ' l  c l c t t s  ( l l a l l  a n t l  K c l l c l ' ,  I 9 7 l ;  l l c t z  l r n d  S i t c k t t t ; t t l n ,  l ( ) 7 . 1  :
Mc l \ { a l r r r r r  L t  u ! . .  1978 ) .  Co rn t ' i r r i ng  t hcsc  s tu r l i c s  r r i t h  ou r  ou l l  d : r t r t  (S l l pc t c r  t l  u l . ,  l ( ) 78  h )
\ \ c  suggcs t  l ha t  t hc  cs te rascs  u r c  l oca t cd  i n  l t  s l t c c t  o l ' b l t s i t l  l l t t t t i t l t  o r c r l l i ng  ( he  su r l l r ec
eon t ( r u r s  o l ' t h c  p j n r .

* *  Ou r  p r cv i o r r s l y  pub l i : hc t l  r a l uc  o l ' - 10 ,000  ,  l 0  l l , ,  l l l s  t ( )  hc  co r r cc t c t l  t t o r r l t  by  -  15  " , ,
dtrc to strnrc t r r tcorrcc(ed sys(cnlr t ic  f rct r r rs.

ACh RECEPTOR AN D ESTEI I , . ISE DIS l - I ] I I }L  1 ' I ( ) , \ l o 5

r v i t h i n  t he  recep tc r r  a rea  (Aq )  AChR ou t l t un tbe rs  AC l i l :  -  l i  t o  l .  l hu .  r l '
t he  r c l cased  ACh  ac t cd  ove r  a l t  a rea  Ac  uh i ch  i s  r t o l  r r uch  l r r r uc r thu r r . \ t 1 .
t hcn  c lu r i ng  t he  60 -100  l r sec  o f  t he  n t cpc  r i se  t i n re ,  abou t  l 0  " , ,  o l ' t hc  p l c l ' c t
could b ind to,  and saturate the avai lablc  AChE (occupuncv t i r rc  o l '  , , \ ( 'h
on AChE is  -  I00 l rsec,  Wi lson and Harr is t ' rn .  196 I  z i r rd l {oscnbcrrr ,  1975).
* 'h i le  the remain ing -  80 ' l ;  o f  ACh can interact  u i t l t  reccptors.  [Jv thc t inrc
the ACh leal 'es the receptor  (AChR occupancv t inre on rcceptor  is  -  |  rnscc
i f  i t  cqua l s  chunne l  opcn  t i r ne ,  Ka tz  and  M i l cd i .  l 9 l 3  h ) .  t l r c  ACI rL  u i l l  ag r r i r r
be l iee to hydrolysc i t .  A consequence of  th is  rcasoning u 'ould bc t l ra t  AC'hE
inh ib i t o r s  shou ld  t hen  rnake  on l r '  -  I 0 -20  l ; ,  n ro rc  ACh  ava i l ab l c  f o r  b i nd ing
to rcccptor  ancl  thus at  nrost  increase the l in te to peak and anrpl i tudc o l 'a
nrcpc by '  th is  t r i r ia l  an.rount .  This  is  indeecl  rvhat  Hartzc l l  e t  a l .  (1975) harc
show' l r ,  and nc have conf i r r r ret l  in  prc l inr inary unpuhl ishecl  s tudics.  Of
c() r . r rse c lur ing the dccaf  ing phase of  t l tc  ntcpc in  the absence of  AChE. thc
ACh  can  b ind  repea ted l l ' t o  AChR and  consequcn t l ; ' t l r e  decay  t i n r c  o l  a
nrepc is  lengthened considcrabl l '  (Katz and Vl i led i ,  1973 a ' ) . ' l -he modcl  pre-
d ic ts  that  as AChR s i tc  densi ty  is  decrcasecl .  the ef fect  of  inact ivat ing ACIrE
on l ) tepc arnpl i tude and t inre to 1:cak should be greater .

\ \ 'e  u 'ant  no\ \ '1o descr ibc sorne rccent  exper intc l t ts  ( in  col laborat ion
* ' i th  E.  Salpeter)  a inred at  dcf in ing the pararneters o l  the ( (  saturatec l  d isc r t

nroc le l  nrore quant i ta t i re ly .  T 'he I i rs t  o f  these invol les test ing what  happens
to thc t i r le  to peak.  ancl  arnpl i tude of  a mepc u 'hen the rcceptor  s i te  densi t )  (o)

is  lor rcrcd in  an csterase inact iva led endplate.  We a;e thereby ablc to d is t in-
guish those factors which depend on o (e.  ,q .  d i l lus ion and b inding-hal f  l i t 'e
of  an ACh molecule)  f ronr  those that  do not  (e.  ,g .  confonnat ional  change
t inte to open ion gates) .  We used the l izard in tercosta l  nruscle s ince the conlpact
endplates are lnuch snra l ler  than the e lect r ica l  length constant  and thus nta,v
be uni formly c lanrped.  The muscle is  th in (one to two f iber  layers th ick;  a l lorv-
ing easy v isual izat ion of  the endplates u i th Hof fnran modulat ion opt ics.
The AChE's are inact ivated by DFP ( l  r rM for  20 n in) .  The AChR s i te densi ty
is  lc f ' t  norrnal  or  is  dccreased wi th a-BGT (4 x l0-  8M f . r r  e i ther  20 or  40 min) .
Thc nruscles are vol tage c larnped at  100 nrV and 23" C usi r tg 3-6 ntegol tm
electrodes.  Clamp output  data is  passed through a 2-pole But terworth l i l ter
u ' i t l r  4kHz cut-of f .  Approximately  200 r 'nepcs are obta ined t iom eacl r  J ibcr .
For  cach nrepc,  co lnputer  snrooth ing is  used to f ind both the hal f  r isc t in te,
anci  the anrpl i tude.  Mepc's  are then super inrposed to nratch the hal f  r ise- t in tc
poi r r t .  and the rarv data averaged to improve the s ignal - to-nt t ise rat io .  Af ter
the physio logical  recordings are complete the nruscles are incubated in
l2t l - r -BGT ( ,5 x  l0-7 M for  2 hours) ,  f ixed in  g lutara ldehy 'de and fornra l -
c lc l r l 'dc as descr ibcd for  the f rog (Mat thcws-Bel l inger  and Salpcter ,  l97t i ) ,
anr . l  prcparcd for  EN' l  autoradiographl ' .

l r igurc 4 sho*s sonte vol tage c la l rp t races of  nte lcs at  d i f lere l r t  degrees
of  z- l lGT poisoning.  We see that  in  the csterasc inact ivated endplate the
alnpl i tude dccrcascs and the t ime to pcak le l rgthens af ter  a- l lGT t teatn lent .
[ : igure 5 shoi ls  two averaged t races:  onc of  unusual l l '  lo* '  anrp l i tude lbr
a  no r rna l  l ) r cpa ra t i on  and  the  second  o f  an  unusua l l l ' h i gh  a rnp l i t uc l c  l b r  a
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N0 o-BGT

20'o BGT
z---

pc.s f  r t t t t t  as!( r t r . \ (  i t t t t t  l i t  t t t t 'd ,  nt l lugt '  t lu t t t l ,L l
c c  i s  l r n  l l \ c r i l g c  f r on r  p r cn l r r ; i t i ons  n ( ) t  t r c ; r l c (L
cs  l r e  l ' r o r i r  p r cp l r r a t i ons  t r c r r t cd  l i r r  l 0  r r r i n

l r . ; - l - .  N ( ) t c  i r . r c l c l r s c  i n  t i n r c  t o  pc l r k  l l n ( l  t l c c r c r r sc
nc  sca l c  i s  - 5  nA  r  c r t i ca l I y '  and  0 . . 1  r t t s cc  l t o r i zo r t -

A('h RECI:P'tOR AN'D E.S ' l - l : I l . ' tSL  DISf  R l I lL jT  lON

Ftc;. (r. LIcp<' ri.st' tirrtc | )0-iJO ',',,) rcr.srts
I  ; 'o  t t t r rc lut ior t .  Vcrt ic l r l  crr t l r  b l t rs ref ' rcsct t t
t he  s t xnda rd  dc r i : t t i o r t  o l '  t hc  r i s c  t i n r cs .
I ' l o r i zon t l t l  g r r o r  ba rs  r cp r csen t  t hc  c t l u t t - t
i n g  u n c c r t a i n l y  i n  t h e  a u t o n t d i o g t r p h i c

f l r ( ) ! ( \ \  p l u s  i l t t . ' r s l r t n p l c  r : r r i l r t i 0 t t r  i t t  . i l e

dcns i t 1 .

O . 5 x 1 o a  l x l O a  2 x t O 4
(S i l e  Dens r t y ) - l

Fr<;. 7. . lllapc unplitulc t(r.\us o corrt'kt-
/ i o r .  Ve r t i ca l  c r r o r  bu rs  r op rescn t  t he  l / 2
r v i c l t h  o f  t hc  con rpos i t c  t l i s t r i bu t i on  o l ' an rp l i -
t t r dcs  f o r  a l l  ce l l s  o1 ' a  g i r cn  e -BC ' f  i nac t i va -

t i on  l e r c l .  Ho r i zon ta l  e r r c r r  ba rs  a re  us
g i vcn  i n  t i gu r c  6 .

proport ional  to  the area covered (and thus to o)  and t l ta t  t ,  is  invcrsely  pro-
por t ional  to  the concentrat ion of  reactants (and thr . rs  again to o) .  On the
other  hand,  t . ,  a  t ime delay,  e.  g.  the t ime to open ion chan. t tc ls  once the n Ch
is bound to receptor, must be independent of o. Figure 6 shows that the
t inrc to peak is  proport ional  to  1 lo as is  expected i f  the t i l t le  to  peak were

col ) t ro l led by t ,  and l "  and i f  1 , .  was negl ig ib le * .  This  is  consistent  wi th thc
conclus ions reached by Sl ier idan and Lester  (1977).

The fact  that  the t ime to peak cont inues to lengthen proport ional ly  to
I  /o  ovcr  the ent i re range of  o 's  tested.  suggests that  the ACh is  s t i l l  equal ly  e l lcc-
1 i r  c  in  opcning channels.  even though the reduced o requi res the ACh to spread
o\/cr ir largcr (- 3 fold) area to see an equal number of receptors.

F igure 7 shorvs that  the mepc ampl i tude is  proport ional  to  a.  Thisre lat ion
is conrnatible rvith a model rvhich assurnes that there are 2 ACh (or a-l lGT)

*  No t c  ad t l c t l  i n  p roo f  :  Ncwc r  da t l r  now  suggcs t s  a  sn ra l l  mcasu rab l c  r a l uc  f t r r  / . .  on

thc  y - r l t c r ccp t  i n  I i g . 6  ( Land ,  Sa lpc t c r  and  Sa lpc t c r ,  PNAs ,  1980 ,  i r l  p r css ) '
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h c to1-' '

r l i t h  a - B ( ' i - f ,  t h c  m i d d l c  a n d  b o t t o r l  t ,

a n d . 1 0  n r i n  r e s p c c t i v c l f  i n  . 1  l 0  s  i v l  l .

r ' l '  r r r r t f r l i t t r d e  r v i t l t  i r t e r c l r s i t t g  i t t ; t c t i r . r t i o t t .

t a l l y .

\--- a!"w--

f:rc. 5. -- Tvto urt'ntgttl truce-s of nrcpt,s oJ uppro.tintutt'l.r'equul urrtplitudt'- Top tntce is l'ronr

an tong  t hc  I a rgcs t  o l ' h cuv i l l  a -RG ' l '  i n xc t i \ l t cd  c r r t l p l a t cs  ( . 10  n r i n )  and  bo t t on r  t r uee '  i s
l ' ro ln arnorrg snral lcst  o l ' ry- l l ( i ' f  ur l t rcatcd ent lp lutcs.  Notc thc Iongcr t i r 'nc to pclLk in nrcpc
l ' r on r  o - l l ( i - [  t r cu t c t l  cndp l l r t c .  

- f h i s  
sh r l r v s  t h i r t  t l l c  l cng thcn ing  i n  t hc  t i r l e  t o  pc l t k  u l t c r

AC I .TR  i n l r c t i v l r t i on  i s  no t  an  a r t c l i r c t  o f  I hc  ave  rag ing  p roccdu rc  o f  n r ccps  $ i t h  l ou  s i gnu l -
t o -no i se  ra t i o .  Sca l s :  - 1  nA  l e r t i ca l l y  and  0 .5  r nsec  l i o r i zon ta l l y .

po isoned  p repa ra t i on .  The  two  have  s i r r i l a r  abso lu te  a lnp l i t udes : rnd  ) c t
vcry d i f lerent  r ise t inres.  This shows thut  the incrc i rs i r tg  t t reat t  r isc t i rne rv i th
r lecrcasing o is  not  an ar t i lact  of  the averaging process whcn t l te  s ignal - to-noise
rat io  is  low.  Wc plot tec l  thc corrc la l i r )ns bet \ \ 'cen AChR s i tc  dcnsi ty  and t inre
to pcak ( f ig .  6)  and ampl i tude ( l ig .  7)  of  the nrefcs.

Thc r ise t inre of  a n le pcs is  detcrnr ined by 3 l i tc tors:  the t inrc ( t , , )  lbr  ACh
to c l i l luse f ronr  i ts  s i te  of  re lease to the rcccptor ;  the t i rnc ( /u)  l i r r  AClr  tcr
b ind to the reccptor  ( i .  e .  thc hal l  l i fc  c l l -  the f rce A( 'h) ;  i lnd sonlc cot ls tant
i lc lay t imcs (1, . )  betueen ACh rc lcasc and thc in i l ia t ion of  ion l lux across
the postsynapt ic  nrcnrbrane.  To anal) ,sc thcsc studics *c note that  / ,  is  invcrsc ly

S i t e  Dens i t y
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r i r r t l i n g  s i t c s  ( l { )  P c r  A C l r  r c c c l ) t ( ) r - c l l i l r ) n c l  c ( ) n t p l c \  ( R . . ;  l r r r c l  t h a t  [ r o t l r  r r r u : t
) e  ( ) c c r r p i c ( l  b v  A ( ' h  ( A )  t o  g i v c  i i l i  o | c r r  c l l 1 r r r r r c l  ( l { , , ;  ) .  ( l } i n t l i n g  t o  o r r t -  s i t c
l ( ) ( ' \  n ( ) t  c l l c c l  1 h c  b i r r t l i r r g  t o  l l t c  o t l t c l  s i t c ) .
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I t t l t l t ' 1 .  C o N s r , r l t r t  N ( r s  ( ) t  ; r - l l C l ' { ) N  r r l  I u l . , , r r t \ t  u l : t : (  u \ t N r s s
o t ,  A C t t  r N  ( ) t , r i N t l i ( ;  I ( ) N  (  l A \ N r  I  s
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thc othcr  s i tc  but  not  bc ef lcct ive in  opcning t  chunncl .  a l td  thus be n 'astcd.

Qu l rn t i t u t i vc l y  onc  l i nds  1h l t ,  i f  r r  b i r r t l i r r g  s i t cs  u rc  r cqu i r cc l  t ( )  opc t t  l t t )  i ( ) t l
g r r t c  i r r r r l  i f  o r c  ussu rncs  t l r c  a t r scncc  o f ' coo l . r c r ' : r t i \ i t y  i l l  b i r r c l i ng ,  t hc  a rnp l i t u t l c
should thcn be propof l ional  to  o"- t .  Our rcsul ts  urc t l tcrc l i r rc  co l l lparablc
w i th  l  :  2  ( scc  a l so  Adan ts  and  Sak r l l t t t n ,  l 97 l i ) .

Wc urc now cneagcd i r r  s tudics to dctcrnr i r tc  t l rc  re lat ivc c f l 'ccts  of  l , r  and
/ ,  t>n the t i r le  course of  t l re  nrcpc,  ancl  thc c l tcct  t r l 'cs tcr i tsc i l t i tc t ivut io t t  r r l t
nrepc ampl i tudc and t i rnc to pcak.  Thcsc stuc l ies should a l lorv us to dc l inc
n r ( ) r c  p rcc i sc l l ' t hc  ac ; t ua l  a rea  l o  Ae  anc l  de t cn t t i nc  t he  l i n t i t s  t o  t hc
(  saturated d isc l> model .
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W h c r e  r r  N r r n r l r c r  l l - l r i n r l i i r r l  s i l c :  p c r  I { , .
I l ,  r \ ( ' l t  r c r ' , p1o r  e l l t n t t c l  eon rp l cx
I L  A (  l  l . , . r t l i n g  : i t e
A  A C h
[ ]  t t - b t r r r g l r [ o t o \ i r )  ( a -8 ( ;  I  )
o  I { ' T t r r t r  no t  oe  e  up i c ( l  h )  l J

*  n  s  l ( ) r ' l g  as  ACh  c ( ) r ) cc r ) t n l t i ( ) n  i s  h i g l r  cno r rgh .  r i l l  t l t c  , \C l r  r t t o l ceu l cs  ( ) l  l  ! l u i r r t un l
s i l l  c r c r r t L r i r l l l '  b i r r t l  t o  l l  s  c r c n  l l r o r r q l r  l l r e v  i r . r r c  l o  s p r c i r d  t r r c r  r r  I ; r r g e r  l r r c . r  l \  t  r \
, i ee r c i r scd .  l - hL r s  t h r  r c l i r t i r c  t l c c r s r r sc  i r r  l r t epc  i u rp l i t L r t l c  i s  I r r opo t t i o r t r r i  t t r  t l t c  r c l r t t i r e
r r r r r r r he  r  o l '  AC 'h  r r r o l ccL r l c s  uas t cd  on  p l r t i l r l l )  l - l lG  I  i nac t i r : r t cd  r cecp l ( ) r  e t r t t . r p l c r cs
( r .  r ' .  e t r u t l i l i o r r s  2  i l i r r l  J  l i l r  , r  l ) .

' l ' h i s  
a reun ren t ,  sunu l l a r i z cd  i r r  t ab l c  l ,  dc1 - ' cnc l s  ( ) l l  t he  c l a i n r  uc -  j r - r s t

r r r t lc  (bascd on l igure ( r )  that  nrost  of ' thc ACh prckct  is  l r t  sutura l ing conccn-
r r l i o r r s  du r i ng  t hc  r i se  t i r nc  o1 'a  n rcpc  and  t l r us  c ! cn tL la l l y  l r ound  to  reccp t ( ) r .
s  o is  r lcc lcascd thc ACl i  sprcad o\cr  a largtcr  areu 1o b i r rc l .  

- l - l rc  
t i ruc 1o 1- 'cr rk

ur  l r 'ngt l lcr )  as scc l l  in  I igure ( r .  I  Io*cver  i t -  t l re  rc  \ !crc  onl ) '  one-  b indi r rg s i tc  (R)
. ' r '  rcccptor  c l rannel  co l l rp lcx.  (11, . ) .  then cven though thc ACh u 'ould l r l \c  t ( )
r lc l r l  l -a l thcr  bc l i r rc  b inc l ing ln  unoccupic i l  b inc l i r rg s i tc  ( l t ) .  or )cc bound,  r -uc l l
( ' l r  r nc l l ecu le  shou ld  bc  equa l l y  e l l t c t i ve  i n  opcn ing  thc  i o r r  ga t c .  J ' hus  onc
( )u l ( l  cKpcc t  t ha t  i n i t i a l l v ,  un t i l  ACh  i s  l os l  ou t  o f  t hc  c l c l t  o r  t l r c  conccn tn r t i r r r r
: eo lncs  t oo  d i l u t cd  t o  b ind  e f l ' c c t i ve l y ,  t hc  a rnp l i t u t l e  shou ld  r cn ra in  cons tun l .
r is  rvoulc l  nr t :d ic t  that  a l icr  a. lJG' f  i r tcubl t ion l l rc  r r rcpc anl l ) l i tudc shoulc l
'  indcpcndcnt  of '  o .  I lou 'evcr  i l '  thcrc \ \ 'c rc  2 b int l ing s i tcs pcr  R, .  uncl
, lh  r re 'ec let l  1o bc occuPicd i r r  orr ' lc r  t ( )  ( ) l - 'cn thc chl r r rnc l .  lhcn uhcrrcrcr
) ly  one o l '1hc 2 s i tcs \ \ 'c rcr  occupicd by z- l3G- l ' ,  ar r  ACh coulc l  s t i l l  b ind t r r
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