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ABSTRACT
GABAa re c e p to r -c h a n n e ls  in  d isso c ia ted  r a t  sy m p ath e tic  gang lion  

n e u ro n es  h av e  b een  s tu d ie d  by  co n v en tio n al p a tc h  clamp te ch n iq u es , 
w ith  bo th  w hole-cell an d  o u ts id e -o u t p a tch  configurations*

T hese GABAa re c e p to r -c h a n n e ls  a re  show n to  be pharm acologically  
sim ilar to  th o se  of mammalian c e n tra l  n e u ro n e s , b e in g  in h ib ite d  b y  
b icucu lline, p ic ro tox in , p icro tox in in  and  pen icillin , an d  p o te n tia te d  by  
p en to b arb ito n e . F u rth e rm o re , p e r ip h e ra l GABAA-c h a n n e ls  resem ble  c e n tra l  
o n es  in  th e ir  c u r  re n t-v o lta g e  re la tio n sh ip  (w hole-cell an d  B ingle-channel) 

and  in  th e  v o lta g e -d ep e n d e n ce  of th e ir  k in e tic  p ro p e r tie s  (noise 
an a ly s is ) .

The mechanism of action  of th e  well e s ta b lish e d  GABAa a n tag o n is t, 
p icro tox in , h a s  been  f u r th e r  in v e s tig a te d  in  th e se  n eu ro n es . The e ffe c ts  

of p icro tox in  on GABA noise, on  th e  GABA c u r re n t-v o lta g e  re la tio n sh ip , 
an d  on s in g le -ch a n n e l c u r r e n ts  have  b een  co n sid e red . Also th e  ra te  of 

o n se t of b lock  by  p icro tox in  w as found  to  be ’u se -d ep en d en t* . Based on 
th e se  r e s u l ts  an d  p re v io u s  r e p o r ts ,  th e  m echanism  o f ac tion  of 
p icro tox in  a p p e a rs  to  be a  complex ch an n e l block r a th e r  th a n  an  open  
ch an n e l b lock, a s  o rig in a lly  p ro p o sed .

The an a ly s is  of GABAa s in g le -ch a n n e l c u r r e n ts  evoked  b y  h ig h  
co n cen tra tio n s  o f GABA h as  p ro v id ed  b asic  inform ation  ab o u t th e  k in e tic  
b eh av io u r of th is  re c e p to r -c h a n n e l in  r a t  su p e r io r  c e rv ica l gang lion  
n eu ro n es. A nalysis of th e  ’p ro b a b ility  o f be ing  o p en ’ of th e se  ch an n e ls  
h a s  rev ea led  k ine tic  h e te ro g e n e ity , w hich w as n o t a p p a re n t  from  

p rev io u s ly  re p o r te d  s in g le -ch a n n e l an a ly s is  em ploying low a g o n is t 
c o n ce n tra tio n s . Random ization te s t in g  o f o b se rv ed  an d  sim ulated  
s in g le -ch an n e l a c tiv ity  (sim ulated a c tiv ity  of id en tica l an d  in d e p e n d e n t 
ch an n e ls) v e r ify  th a t  th is  k in e tic  h e te ro g en e ity  w as a  reed phenom enon.

The m ost f re q u e n tly  o b se rv ed  co n d u ctan ce  lev e l of th e  GABAa 
re c e p to r -c h a n n e ls  in  th e se  n e u ro n e s  (m easured  from  s in g le -ch a n n e l 
c u r re n ts )  w as approx im ately  30pS (a t room te m p e ra tu re ) . C onductance 
levels  o f 15-18pS and  22-23pS w ere  a lso  common, while co n d u ctan ce  

lev e ls  of 33-36pS and  7-9pS w ere occasionally , b u t re lia b ly  o b se rv ed . 
In c re a s in g  th e  te m p e ra tu re  o r re d u c in g  th e  pH, in c re a se d  th e  am plitude 
o f th e  m ost f re q u e n tly  o c c u rr in g  co n d u c tan ce  level.
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1. INTRODUCTION
GABA fu n c tio n s  a s  a n  i n h i b i t o r y  t r a n s m itte r  in  v e r te b ra te s  and

in v e r te b ra te s  (rev iew ed b y  G ersch en fe ld , 1973; C u rtis  & Jo h n sto n , 1974;
De F eu d is , 1977). The p re se n c e  o f GABAa re c e p to r -c h a n n e ls  in  mammalian
(ra t)  sy m p ath e tic  gang lion  n eu ro n es  h as  b een  d em o n stra ted  bo th  from
b in d in g  s tu d ie s  ( Iv e rse n  & Kelly, 1975; Bow ery e t  al., 1978; B alcar e t  a  1.,

1986) an d  from  electrophyB iological s tu d ie s  (De G roat, 1970; Bowery &
Brown, 1974; Adams & Brown, 1975; C ull-C andy & Mat h ie , 1986). A few
re p o r ts  s u g g e s t  th a t  th e se  re c e p to rs  have  some physio log ica l fu n c tio n .
GABA-containing in te rn e u ro n e s  h ave  b een  d e tec te d  in  a d u lt  r a t  su p e r io r

c e rv ica l g ang lion  (SCG) n e u ro n e s  b y  m eans o f im m unohistochem istry
(Wolff e t  al,, 1986). Also a  f a s t  dep o lariz in g  p o te n tia l, s e n s itiv e  to
b icucu lline  and  p icro tox in , can  be evoked  in  SCG n e u ro n e s  by

% %

stim ula tion  of th e  p reg an g lio n ic  n e rv e  f ib re s  (E ugene, 1987; E ugene & 

Taxi, 1988). Also, F a rk a s  e t  al, (1986) o b se rv ed  th a t  a c tiv a tio n  of GABAa 

(and  GABAq) re c e p to rs  on r a t  SCG n e u ro n e s  in h ib ited  (n e rv e -ev o k ed ) 
re le a se  of ace ty lcho line .

B inding s tu d ie s  a lso  s u g g e s t  th e  p re se n c e  o f GABAq (baclofen  
sen s itiv e ) re c e p to rs  in  mammalian SCG n e u ro n e s  (B alcar e t  al,, 1986), a s  
does th e  s tu d y  b y  F a rk a s  e t  al, (1986; see above). GABAq re c e p to rs  a re  
pharm acologically  d is tin c t from  GABAa re c e p to r s  an d  a re  coupled  v ia  GTP 
b in d in g  p ro te in s  (A ndrade, M alenka & Nicoll, 1986; Holz, Rane & Dunlap, 
1986) e i th e r  to  K+ ch an n e ls  (N ew berry  & Nicoll, 1984; Gfthwiler & Brown, 
1985) o r  to  v o lta g e -g a ted  C a2+ ch an n e ls  (D unlap & F isch b ach , 1981; Deisz 
& Lux, 1985; R obertson  & T aylor, 1986).

The th e s is  d e sc r ib e s  some p h y s ica l an d  pharm acological p ro p e r tie s  
o f th e  GABAa re c e p to r -c h lo r id e  c h an n e ls  p re s e n t  on  r a t  sy m p ath e tic  
n e u ro n e s . The th e s is  is  d iv ided  in to  th re e  ’resu lts*  sec tio n s  (C h ap te rs  3. 

4 and  5 ) each  o f w hich co n ta in s  a  sum m ary, in trodu ction , r e s u lts  an d  
d iscu ssion  of a  p a r tic u la r  top ic . The f i r s t  o f th e se  r e s u l ts  sec tio n s  
(C h ap te r 3) in v e s tig a te s  f u r th e r  th e  m echanism  of ac tio n  of p ic ro to x in  in  
sy m p ath e tic  gang lion  n eu ro n es . C h ap te r 4 d e sc r ib e s  p ro p e r tie s  of GABAa 
re c e p to r -c h a n n e ls  rev ea led  by  an a ly s is  of s in g le -c h a n n e l c u r r e n ts  

a c tiv a te d  b y  h ig h  c o n ce n tra tio n s  of GABA. The fined r e s u l ts  sec tion  

(C h ap te r 5) d e sc r ib e s  th e  ac tio n  of se v e ra l GABAa re c e p to r -c h a n n e l 
a n ta g o n is ts  an d  m odulatory  drugB , on  th e  re c e p to r s  in  th is  p re p a ra tio n  
an d  in v e s t ig a te s  th e  e ffe c t of te m p e ra tu re  and  pH on s in g le -ch a n n e l 
co n d u c tan ce . T h ere  is  an  ad d itio n a l o v e ra ll d iscu ss io n  (C h ap ter 6 ) w hich 

b r in g s  to g e th e r  many o f th e  e lec tro p h y sio lo g ica l s tu d ie s  on  GABAa 
re c e p to r -c h a n n e l g a tin g  and  th e  e ffe c ts  of vo ltag e  on th is  channel.
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2. M E T H O D S

2.1 Preparation  o f  d isso c ia ted  ce lls
S ym pathetic  gang lion  n e u ro n e s  w ere d isso c ia ted  from  17-day  old 

female Sprague-D aw ley  r a t s  a s  p re v io u s ly  d e sc r ib e d  (C ull-C andy e t  al, 
1986; C ull-C andy & Mat h ie , 1986) w ith  some m odifications. B riefly , 
sy m p ath e tic  g an g lia  w ere rem oved from  r a t s  k illed  b y  chloroform  
a n aes th es ia ; gan g lia  w ere c leaned  of fa t ,  an d  each  gang lion  c u t  in to  two 
o r  th re e  p ieces. The p ieces  w ere  in c u b a ted  a n d  a g ita te d  fo r  15 min a t  

37°C in  10ml HEPES b u ffe re d  MEM (Minimum E ssen tia l Medium, Eagle 

Modified; Flow), co n ta in in g  266U/ml co llagenase  (W orthington Biochemical 
C orpora tion). Following c e n tr ifu g a tio n  a t  200g fo r  lm in , th e  gan g lia  
w ere  in cu b a ted  fo r  a  f u r th e r  30 min a t  37°C in  10ml MEM co n ta in in g  
6mg/ml bovine serum  album in (Sigma); ll,000U /m l t ry p s in  (Sigma, ty p e  

X ll-S ) ; 3/ig/m l d eoxyribonuclease  I (Sigma, ty p e  IV), an d  con tin u a lly  
a g ita te d . The enzym e reac tio n  w as s to p p ed  b y  a d d itio n  o f medium 
co n ta in in g  r a t  serum  (2% by  volum e), an d  th e  gang lion  p ieces  w ere  
m echanically  d isso c ia ted  b y  re p e a te d  p a ssa g e  th ro u g h  a  flamed down 
p a s te u r  p ip e tte . The re su lt in g  cell su sp e n s io n  w as sp u n  th ro u g h  h o rse  
serum  (a t 200g fo r  5 min) to  p ro d u ce  a  p e lle t th a t  w as re su sp e n d e d  in  a  
medium co n ta in in g  foe ta l ca lf serum  (2% com plem ent in a c tiv a te d ; Sigm a), 
r a t  serum  (2%), NaHC03 (0.131% b y  w e ig h t), D -glucose (1.05% b y  w eigh t), 
NGF-75 (0.025 Mg/ml; Sigm a), L -g lu tam ate  (2mM, Sigm a), pen ic illin  
(50U/ml; Sigm a), s trep to m y cin e  (50U/ml; Sigm a), in su lin  t r a n s f e r r in  
sodium  se len ite  (lMg/ml; Sigm a), 199 low b ica rb o n a te  E arles  Modified s a lts  
(10% b y  volume; Flow). The cells  w ere  f i l te re d  th ro u g h  a  50/xM m esh 

o n to  a ir  d ried  co llagen  coated  c o v e r s lip s  in  m ultiw ell p la te s  (Nunc) a t  a  
d e n s ity  o f 1.5 g an g lia  p e r  well. T hese  w ere th e n  in c u b a ted  a t  37 *C in  a  
w a te r - s a tu ra te d  a to m sp h ere  of 95% a ir  and  5% C 02.

2.2 E lectrophysio logical reco rd in g
For e lec tro p h y sio lo g ica l ex p erim en ts  ce lls  w ere  u su a lly  u sed  w ith in  

5-6  h r s  o f p la tin g , a lth o u g h  in  some experim en ts  th e y  w ere u sed  u p  to  
8h r  a f te r  d issoc ia tion . S ingle c h an n e l c u r r e n ts  w ere  re c o rd ed  from  

o u ts id e -o u t p a tc h e s  o b ta in ed  from  th e  cell soma, by  m eans of 
co n v en tio n a l p a tch -c lam p  m ethods (Hamill, M arty , N eher, Sakm ann, an d  
S igw orth , 1981). The ce lls  w ere  v iew ed w ith  p h ase  c o n tra s t  o p tic s  u s in g  
a  w a te r im m ersion o b jec tiv e  (to ta l m agnification x640). The cells  and  
p a tc h e s  w ere b a th ed  in  an  e x trace llu la r so lu tion  co n ta in in g  (mM): NaCl, 
150; KC1, 2.8; CaCl2, 1*0; HEPES, 10; MgCl2, 2; pH 7.2. The e x tra ce llu la r
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so lu tion  (also con ta in in g  GABA a n d /o r  GABA-modulating d ru g s  su ch  a s  
p ic ro tox in , w here  in d ica ted ) w as ap p lied  to  th e  p a tc h  o r  w hole-cell v ia  a  

tw o-w ay Hamilton ta p  co nnec ted  to  a  c a th e te r  p o sitioned  u n d e r  th e  w a te r 
im m ersion lens. Total exchange of so lu tion  in  th e  b a th  (ju d g in g  from  
th e  10-90% rise -tim e  o f ch an g es  in  p ip e tte  t ip  p o te n tia l w hen th e  b a th  
so lu tion  w as ch an g ed  from  one co n ta in in g  70mM NaCl to  one  co n ta in in g  

150mM NaCl) u su a lly  took approxim ately  l -4 s .  When a  cell w as d ire c tly  
in  th e  p a th  of th e  o u tle t tu b e , th e  so lu tion  ch an g e  a ro u n d  th e  cell took 

300-400ms ( ju d g in g  from  th e  sp eed  of developm ent o f w hole-cell 
c u r r e n ts ) .

P a tc h -p ip e tte s  w ere filled  w ith  an  in te rn a l so lu tion  w hich con ta ined  
(mM); CsCl, 140; CaCl2, 1.0; K-HEPES, 10; K-EGTA, 10; pH 7.2. W here 
in d ica ted  4mM Mg-ATP o r  3mM MgCl2 p lu s  ImM GTP w as a lso  ad d ed  to  
th e  p ip e tte  so lu tion . The Mg-ATP and  GTP w ere k e p t a s  fro zen  s to ck  

so lu tio n s . P a tc h -p ip e tte s  w ere pu lled  from  th ick-w aU ed o r from  
th in-w aU ed, bo rosilica te  g la ss  co n ta in in g  g la ss  f ib re s  (O.D. 1.5mm & l.D. 
1.17mm fo r th in -w alled  g la ss ; O.D. 1.5mm & l.D. 0.86mm fo r  th ick -w alled  
g la ss , C lark  E lectrom edical). T hin-w alled  g la ss  w as u se d  on ly  fo r  
w hole-cell re c o rd in g  fo r  no ise  a n a ly s is , s in ce  th is  re q u ire d  a  low p ip e tte  
s e r ie s  re s is ta n c e . In  o rd e r  to  re d u c e  s t r a y  cap ac itan ce , th e  sh a n k s  of 
p ip e tte s  w ere coated  w ith  S y lg a rd  re s in , an d  th e  level of e x te rn a l 
so lu tio n  in  th e  re c o rd in g  cham ber (l.D. 10mm) was m aintained a t  a  low 
level. The t ip s  of p ip e tte s  w ere  h e a t p o lish ed , an d  w hen filled  w ith  th e  
in te rn a l  so lu tion  u sed  fo r th e  re c o rd in g , had  re s is ta n c e s  o f 5-15MQ. Seal 
re s is ta n c e s  of a t  le a s t 100GQ w ere ro u tin e ly  o b ta in ed . S ingle c h an n e l 
c u r r e n ts  w ere  re c o rd ed  w ith  an  A xopatch IB am plifier (Axon In s tru m e n ts  
Inc; in te rn a l f i l te r  s e t  a t  10kHz), on to  F.M. ta p e  (Racal S to re  4; 5kHz 
-3dB ). W hole-cell c u r r e n ts  w ere  re c o rd e d  w ith  an  EPC-7 am plifier (L ist 
e lec tro n ics) o r an  A xopatch IB am plifier (Axon In s tru m e n ts  Inc; in te rn a l 

f i l te r  s e t  a t  10kHz), on to  F.M. ta p e  (Racal s to re  4; 2.5kHz -  3dB). AH 
exp erim en ts  w ere p erfo rm ed  a t  room te m p e ra tu re  (21-23°C). S ym pathetic  
gang lion  n e u ro n e s  w ere  u sed  fo r th e  in v e s tig a tio n  of th e  mechanism of 
ac tio n  of p icro tox in , w hile su p e r io r  c e rv ica l gang lion  n e u ro n e s  alone 
w ere u se d  fo r all o th e r  experim en ts.

2.3 Ionophoretic  applica tion  o f  GABA
In  some experim en ts  GABA w as app lied  on to  in d iv id u a l cells  

iono p h o re tica lly , r a th e r  th a n  in  th e  b a th in g  medium, to  o b ta in  c o n s is te n t 

d u ra tio n  GABA ap p lica tio n s . The iono p h o re tic  p ip e tte  (approxim ate 
re s is ta n c e  150MQ) con ta ined  0.1M GABA a t  pH 4.0 an d  w as p laced  a  few
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Mm from  th e  cell. High re s is ta n c e  f ib re  filled  iono p h o re tic  p ip e tte s  w ere  
u sed  to  re d u c e  th e  leakage of GABA betw een  p u lse s  (P ep er & McMahan, 
1972). GABA w as e jec te d  a s  th e  an ion  an d  a  po sitiv e  re ta in in g  c u r r e n t  
was u sed  to  f u r th e r  e n su re  th a t  leakage of GABA betw een  p u lse s  w as 
minimized. Cells w ere co n tin u o u sly  p e rfu se d  w ith  e x te rn a l so lu tion  to  
p re v e n t  accum ulation of GABA. D uring  in d iv id u a l ex p erim en ts  th e  
am plitude an d  d u ra tio n  of ionophore tic  p u lse s  w as k e p t c o n s ta n t an d  
an y  movement of th e  ionophore tic  p ip e tte  was k e p t to  a  minimum. 

R esu lts  w ere  u sed  on ly  if  com plete re c o v e ry  of GABA re sp o n se s  w as 

o b ta in ed  a f te r  w ashou t o f th e  GABA m odulating  d ru g  (fo r example 

p icro tox in ).

2.4 A n alysis  o f  w hole-cell c u rre n t noise
A nalysis of w hole-cell c u r r e n t  noise (Katz & Miledi, 1972; A nderson  & 

S te v e n s , 1973) w as basica lly  a s  d e sc rib e d  e lsew h ere  (C olquhoun, D reyer 
an d  S h erid an , 1979) . S ignals  from  m agnetic  ta p e  w ere band  p a ss  
f il te re d  a t  0.1 -  250Hz, 0.1 -  500Hz, o r  0.1 -  1000Hz (-3dB, e ig h t pole 
B u tte rw o rth - ty p e  f il te r , B arr an d  S tro u d , norm al mode). The re c o rd s  

w ere  low -p ass  f il te re d  a t  0.5 tim es th e  sam pling fre q u e n c y  to  avoid  
a lia sin g . Sam pling freq u e n c ie s  of 512Hz, 1024Hz, o r  2048Hz w ere u sed  
to  o b ta in  s p e c tra  th a t  ex ten d ed  u p  to  256, 512Hz o r  1024Hz. The 
se p a ra tio n  of in d iv id u a l p o in ts  in  th e  sp ec tru m  (th e  reso lu tio n ) was 
cho sen  a s  0.5 o r  1.0Hz. Sampled s ig n a ls  w ere ed ited  m anually an d  
d iv id ed  in to  sec tio n s  of le n g th  l / f r e s . For each  sec tio n  a  pow er 
sp ec tru m  w as ca lcu la ted  by  m eans of a  f a s t  fo u r ie r  tran sfo rm . A ’n e t ’ 
sp ec tru m  fo r th e  d ru g - in d u c e d  noise w as com puted b y  a v e ra g in g  th e  
s p e c tra l  d e n s itie s  from  each  sec tio n  in  th e  p re se n c e  of d ru g , an d  

s u b tra c t in g  from th is  th e  sim ilarly  o b ta in ed  m ean sp ec tru m  in th e  
a b sen ce  of d ru g . The re s u lt in g  d ru g - in d u c e d  one s id ed  n e t  sp ec tru m  
w as f i t te d  by  th e  sum of two L o ren tz ian s , u s in g  th e  m ethod of 
w eigh ted  le a s t- s q u a re s  (Colquhoun e t aL, 1979). The co n d u c tan ce  (7 ) o f 

th e  u n d e rly in g  s in g le  c h an n e ls  w as estim ated , on th e  a ssu m p tio n  th a t  a  
n eg lig ib ly  small f ra c tio n  o f c h an n e ls  w ere open , from  th e  a re a  u n d e r  th e  

f i t te d  sp ec tru m , acco rd in g  to:

7T [G i(0 )fcx + ^a(0 )^ c 2]
7 =   (1)

2Mj ( Hn ” ^eq)

w h ere  Mf is  th e  m ean m em brane c u r r e n t ,  an d  V^q a re  th e  ho ld ing
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p o ten tia l a n d  th e  GABA equ ilib rium  p o te n tia l re s p e c tiv e ly , GKO) is  th e  
zero  fre q u e n c y  asym pto te  an d  is  th e  h a lf-p o w er fre q u e n c y  o f each  
L oren tz ian . The time c o n s ta n ts , t ,  u n d e rly in g  th e  c u r r e n t  flu c tu a tio n s  
w ere ca lcu la ted  from  th e  h a lf-p o w er fre q u e n c ie s  o f th e  two L o ren tz ian s  
acco rd in g  to , t  = (2‘rrfc )m~1t

2.5 A n alysis  o f  sin g le-ch an n el c u r re n ts  

R eplayed sin g le  ch an n e l c u r r e n ts  w ere f il te re d  a t  1.5-2.5kHz (-3dB 
B arr & S tro u d , e ig h t-p o le  BesBel ty p e ) and  d ig itized  co n tin u o u sly  a t  
15-25kHz (ten  tim es th e  f i l te r  c u t-o f f  fre q u e n c y ) . S ingle  ch an n e l 

t ra n s it io n s  w ere d e tec te d  b y  a  50% th re sh o ld  c ro s s in g  program ; a 
re so lu tio n  of 1.5 x th e  f i l te r  rise -tim e  w as s u b se q u e n tly  im posed on  th e  
r e s u l ts  (C olquhoun an d  S igw orth , 1983), g iv in g  re so lu tio n s  o f 200- 300m s . 
The th re s h o ld -c ro s s in g  m ethod w as co n sid e red  a d e q u a te  becau se  i t  w as 

n o t n e c e s sa ry , fo r  th e  p u rp o se s  of d e fin in g  b u r s ts  of o p en in g s , to  have  
a v e ry  h ig h  re so lu tio n . F u rth e rm o re , th e  excep tionally  la rg e  am ount o f 
o p e n -c h an n e l noise made th e  u se  of tim e-co u rse  f i t t in g  im practical.

2.5.1 S h u t tim e, open time a n d  b u r s t  le n g th  d is tr ib u tio n s  A nalysis 
w as re s tr ic te d  to  th o se  r u n s  of s in g le  ch an n e l c u r r e n ts  d u r in g  w hich 

th e  ch an n e l opened  m ostly to  th e  approx im ate ly  30pS co n d u c tan ce  level. 
Any o p en in g s  to  o th e r  co n d u c tan ce  lev e ls  w ere excluded , a s  w ere  th e  
s h u t  p e r io d s  be fo re  an d  a f te r  th e  o p en ing . On th e  r a r e  occasions w hen  
th e re  w ere  two o r  more ch an n e ls  open  sim ultaneously  th e  whole e v e n t 
w as d is re g a rd e d , a s  w ere  th e  c losed  in te rv a ls  e ith e r  s id e  o f it. 

D is trib u tio n s  of s h u t  tim es w ere  f i t te d  from  250m s w ith  p ro b a b ility  
d e n s ity  fu n c tio n s  u s in g  th e  m ethod of maximum likelihood (C olquhoun & 
S igw orth , 1983). B u rs ts  w ere  defined  a s  a  s e r ie s  of o p en in g s  s e p a ra te d  
b y  c losed  in te rv a ls  s h o r te r  th a n  some c r itic a l va lu e , The v a lu es  of tc 
w ere  d e term ined  from  sh u t-tim e  d is tr ib u tio n s  u s in g  th e  m ethod of eq u a l 
p e rc e n ta g e  o f m isclassified  b u r s ts  (C olquhoun & Sakm ann, 1985), th e  two 
s h o r te s t  sh u t-tim e  com ponents be in g  defin ed  a s  in t r a b u r s t  c losed  tim es. 

D is trib u tio n s  of b u r s t  le n g th s  w ere  a lso  f i t te d  w ith  p ro b a b ility  d e n s ity  
fu n c tio n s  by  th e  m ethod of maximum likelihood. F or d isp lay  p u rp o se s , a ll 

h is to g ram s show th e  d is tr ib u tio n  o f log in te rv a l, w ith  th e  o rd in a te  on a 
s q u a re  ro o t Beale (McManus e t  a l., 1987; S igw orth  k  S ine, 1987). 
T h e re fo re  each exponen tia l a p p e a rs  a s  a  p eaked  fu n c tio n , th e  maximum 
o f w hich c o rre sp o n d s  to  th e  time c o n s ta n t of th e  exponen tia l.
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2.5.2 P ro b a b ility  o f  being open  B u rs ts  w ith in  c lu s te r s  w ere defined  
a s  a  s e r ie s  of o p en in g s  s e p a ra te d  by  closed  in te rv a ls  s h o r te r  th a n  some 
c r itic a l v a lu e , t c. The p ro b ab ility  of being  open , p 0» fo r  b u r s ts  w as 
ca lcu la ted  by  num erical in te g ra tio n  of th e  d ig itized  re c o rd , a cco rd in g  to

in te g ra l
Po = ------------------------------------------------

b u r s t  le n g th  x mean am plitude

w h ere  th e  mean am plitude fo r each  c lu s te r  w as de term in ed  from  p o in t 

am plitude histograms (see below). ThiB allowed fo r  an y  sm all c h an g e s  in  
s in g le -ch a n n e l c u r r e n t  w ith te m p e ra tu re  (o r o th e r  fa c to rs ) , th a t  may 

have  o c c u rre d  d u r in g  th e  experim ent. This m ethod of c a lcu la tin g  p 0 is  
le s s  d e p e n d e n t on  th e  re so lu tio n  of th e  sy stem  th a n  ca lcu la tion  of po 
from  op en  an d  s h u t  tim es, b ecause  a n y  lin ea r f i l te r  will n o t ch an g e  th e  

a re a  u n d e r  th e  o b se rv ed  c u r r e n t  tra c e .

2.5.3 A m plitude d is tr ib u tio n s  The excep tionally  la rg e  op en  ch an n e l 
noise (com pared to  th e  s h u t ch an n e l noise) of th e  GABA-evoked ch an n e ls  
in  th e se  cells made f it t in g  o f ch an n e l am plitudes w ith  c u r s o r s  r a th e r  

du b io u s . T h e re fo re , in  most c a se s , th e  am plitude  lev e ls  of s ing le  
ch an n e l c u r r e n ts  w ere ob ta ined  from  d is tr ib u tio n s  o f th e  am p litudes of 

in d iv id u a l d a ta  p o in ts  (w ith s u b tra c tio n  of th e  mean sh u t-c h a n n e l level). 
T hese  a re  re fe r re d  to  a s  ’p o in t am plitude h is to g ra m s’. In  m ost c a se s  
p o in ts  fo r  th e  h is tog ram  w ere se lec ted  from th e  re c o rd  d u r in g  p e rio d s  
w hen th e  ch an n e l w as sh u t, o r  from  p e rio d s  while i t  w as ’o p en ’ (i.e. 
w ith o u t re so lv ed  s h u t  pe rio d s) so th a t  m ost of th e  p o in ts  re p re s e n tin g  
tra n s it io n s  betw een  open  an d  s h u t  lev e ls  w ere excluded . H istogram s w ere  

f i t te d  w ith  a  s in g le  G aussian , o r w ith  th e  sum of se v e ra l G aussians, b y  
th e  m ethod of maximum likelihood (C olquhoun & S igw orth , 1983); 

re a so n ab le  looking f i ts  w ere u su a lly  o b ta in ed  d e sp ite  th e  fa c t  th a t  one 
w ould n o t, in  p rin c ip le , ex p ec t th e  d is tr ib u tio n s  (fo r open  p o in ts  a t  

le a s t)  to  be exactly  G aussian. S ingle  ch an n e l c u r r e n ts  w ere  f il te re d  a t

2kHz o r 2.5kHz (-3dB) and  sam pled a t  te n  tim es th e  f i l te r  c u t-o f f

fre q u e n c y .
The p o ssib le  p re sen c e  of d isc re te  su b lev e ls  w as f u r th e r  in v e s tig a te d  

b y  in sp ec tio n  of th e  d is tr ib u tio n  of th e  m ean am p litu d es  o f s h o r t  

s t r e tc h e s  of d a ta  th a t  had  low v a ria n ce , an d  w hich th e re fo re  
re p re s e n te d  so jo u rn s  a t  a  fa ir ly  c o n s ta n t am plitude  lev e l (u s in g  th e  
’su b lev e l d e tec tio n ’ m ethod of P a tlak , 1988). The v a ria n c e  an d  mean
am plitude  w ere  ca lcu la ted  fo r  sec tio n  o f 10 p o in ts  (0.5ms), su ccess iv e
sec tio n s  be in g  ta k e n  by  ad v an c in g  a long  th e  d ig itized  re c o rd  b y  one
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po in t each  time. All th o se  sec tio n s  fo r  w hich th e  s ta n d a rd  d ev ia tion  was 
g re a te r  th a n  some spec ified  m ultiple (u su a lly  1.0 ) o f th e  base line  r.m .s. 

noise w ere  elim inated, an d  th e  h is to g ram s w ere c o n s tru c te d  from  th e  
mean am plitudes of sec tio n s  n o t so elim inated. T hese will be re fe r re d  to  
a s  ’mean lo w -variance  am plitude h is to g ram s’.

co n d u c tan ces , assum ing  a  lin ea r c u r re n t-v o lta g e  re la tio n sh ip  an d  a 
re v e rs a l  p o ten tia l of OmV. The re v e rs a l  p o te n tia l e stim ated  from  
w hole-cell and  s in g le -ch a n n e l c u r re n t-v o lta g e  re la tio n sh ip s  ra n g e d  from  
0 to  3mV, (th e  th e o re tic a l va lu e , estim ated  from  th e  ch lo rid e  
co n ce n tra tio n s , r a th e r  th a n  ch lo rid e  a c tiv itie s , is  -2.8mV). P o in t 

am plitude and  lo w -variance  am plitude h is to g ram s g av e  some id ea  of 

w h e th er o r  n o t th e re  w ere s ig n ific a n t c o n tr ib u tio n s  from  lev e ls  o th e r  
th a n  th e  approxim ately  30pS level d u r in g  a  c lu s te r .

2.5.4 Randomization te s t  B u rs ts  w ith in  th e  same c lu s te r  and  from
d iffe re n t c lu s te r s ,  w ere com pared b y  a  random ization  t e s t  (P atlak , O rtiz  
& Horn, 1986) in  o rd e r  to  de term ine  w h e th e r th e  o p en  tim es an d  s h u t  
tim es o c u rr in g  d u r in g  d if fe re n t b u r s ts  a ll came from  th e  same 
d is tr ib u tio n  of open  and  s h u t  in te rv a ls . T his te s t  w as u sed  to  com pare 
th e  v a lu es  of p^, mean op en  time and  mean s h u t  time fo r b u r s ts  of a t  
le a s t 200ms d u ra tio n  (more th a n  40 op en in g s) and  a t  th e  same a g o n is t 

co n cen tra tio n . B riefly , th e  o b se rv e d  s c a t te r  (o b se rv ed  S) fo r  th e  b u r s ts  
was ca lcu la ted  acco rd in g  to

w here N is  th e  num ber o f b u r s ts  com pared , n j is  th e  num ber of 
o p en in g s  in  th e  ith  b u r s t ,  is  th e  m ean open  time (or p 0, o r  mean

ov era ll p 0, o r  o v e ra ll mean s h u t  tim e). H istogram s of random ized s c a t te r  
(’random ized  S’) w ere o b ta in ed  u n d e r  th e  nu ll h y p o th e s is  th a t  b u r s ts  
a re  hom ogeneous, b y  g e n e ra tin g  1000 o r m ore s e ts  o f N b u r s ts ,  b y  th e  

u se  of random ization . S e ts  of a rtif ic ia l b u r s t s ,  co n ta in in g  n%, n 2 > • • • • 
, n N o p en in g s , w ere g e n e ra te d  by  a  random  selec tion  o f open  an d  s h u t  
tim es from  th e  to ta l popu la tion  of o b se rv e d  in te rv a ls . Each a rtif ic ia l 
b u r s t  co n s is ted  of th e  same num ber of o p en in g s  a s  th e  o b se rv e d  b u r s ts .  
A va lue  of random ized  S w as ca lcu la ted  b y  eq u a tio n  (flj fo r each  s e t  of 
N b u r s t s  g e n e ra te d  in  th is  way. I f  th e  random ized S v a lu es  exceed th e  

o b se rv ed  S v a lue  on ly  ra re ly  (in a  p ro p o rtio n  P, say , of c a se s) , th is

S ingle ch an n e l c u r r e n t  am p litu d es  a re  m ostly  quo ted  a s

s h u t  time) fo r  th e  f t*1 b u r s t ,  and  y  is  th e  o v e ra ll m ean o p en  tim e (o r
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im plies th a t  th e  open  time (or p 0 o r  s h u t  time) g en u in e ly  d if fe r  be tw een  

b u r s ts .
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3. MECHANISM OF ACTION OF PICROTOXIN AT GABAa 
RECEPTOR-CHANNELS IN DISSOCIATED SYMPATHETIC NEURONES OF THE

RAT

17



3.1 S U M M A R Y
1. The m echanism  of ac tio n  of p icro tox in  on GABAa re c e p to r  

ch an n e ls  h as been  in v e s tig a te d  in  r a t  sy m p ath e tic  n e u ro n e s  w ith  
w hole-cell vo ltag e  clamp. In  ad d itio n , th e  ac tion  of p ic ro tox in , on  s ing le  

GABA-channels, h as  been  exam ined in  o u ts id e -o u t m em brane p a tch e s  from  

th e se  cells.
2. P icro tox in , a t  c o n ce n tra tio n s  w hich dram atically  re d u c ed  th e  

am plitude of w hole-cell GABA c u r r e n ts ,  d id  n o t a l te r  th e  s p e c tra l  time 

c o n s ta n ts  o r s in g le  ch an n e l co n d u ctan ce  estim ated  by  th e  a n a ly s is  of 
GABA a c tiv a te d  c u r r e n t  noise. T his w as o b se rv e d  a t  p o te n tia ls  bo th  

n eg a tiv e  and  po sitiv e  to  th e  GABA re v e rs a l  p o te n tia l (i.e. fo r  bo th  
inw ard  an d  o u tw ard  G A B A -currents). I t  th e re fo re  seem s u n lik e ly  th a t  

p icro tox in  a c ts  by  a  simple v o lta g e -d e p e n d e n t (or v o lta g e -in d e p en d e n t)  
ch an n e l b lock ing  m echanism. In  th e  a b sen ce  of p ic ro to x in  a n d  a t  -60mV 

th e  slow and  fa s t  time c o n s ta n ts  from  th e  noise w ere 43 * 17ms an d  2.3 
* 1.4ms, while th e  estim ated  s in g le  ch an n e l co n d u c tan ce  w as 11.8 * 2.4 
pS.

3. P icro toxin , a t  c o n ce n tra tio n s  w hich m arkedly  re d u c ed  th e  
am plitude of w hole-cell GABA c u r re n ts ,  d id  n o t a l te r  th e  sh ap e  of th e  
w hole-cell GABA c u rre n t-v o lta g e  re la tio n sh ip , in d ica tin g  th a t  th e  block 

by  p icro tox in  w as n o t v o lta g e -d ep e n d e n t.
4. Closed time d is tr ib u tio n  of GABA a c tiv a te d  ch lo rid e  ch an n e ls  

w ere o b ta in ed  from  all s h u t  tim es d u r in g  th e  ap p lica tio n  of low 
c o n ce n tra tio n s  of GABA to  s in g le  o u ts id e -o u t p a tch e s . T hese 
d is tr ib u tio n s  w ere f it te d  w ith fo u r  exponen tia l com ponents. D is trib u tio n s  
of to ta l b u r s t  d u ra tio n s  w ere a lso  o b ta in ed  from  th e  same re c o rd s , and  
th e se  w ere f it te d  w ith th re e  o r fo u r  exponen tia l com ponents. P icro toxin  
had no c o n s is te n t e ffe c t on  th e  time c o n s ta n ts  of e ith e r  th e  s h u t  time 

d is tr ib u tio n s  o r th e  to ta l b u r s t  le n g th  d is tr ib u tio n s , a lth o u g h  th e  la t te r  

time c o n s ta n ts  w ere n o t well s e p a ra te d . P icro tox in  a lso  did  n o t a lte r  th e  
a p p a re n t am plitude of th e  main co n d u ctan ce  s ta te . However, p icro tox in  
d id  red u c e  th e  fre q u e n c y  of ch an n e l o p en in g s.

5. The ap p lica tion  of b r ie f  ionophore tic  p u lse s  o f GABA, to  cells  

u n d e r  w hole-cell vo ltage-clam p, rev ea led  th a t  th e  ra te  of o n se t of block 
by  p icro tox in  w as acce le ra ted  in  th e  p re se n c e  o f GABA. In  th e  ab sen ce  
o f ag o n is t, p icro tox in  p ro d u ced  only  a  slowly e q u ilib ra tin g  block.

6. Our d a ta  a re  c o n s is te n t w ith  a  m echanism  w h ereb y  p icro tox in  
b in d s  p re fe re n tia lly  to  an  a g o n is t bound  form of th e  re c e p to r  and  
s tab ilize s  an  a g o n is t bound  s h u t  s ta te . This cou ld , fo r  exam ple, mean 
th a t  p icro tox in  en h an ces  th e  o c c u rre n c e  of a  d e se n s itiz ed  s ta te  o r  an
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a llo s te rica lly  blocked s ta te .



3,2 I N T R O D U C T I O N

The in h ib ito ry  ac tio n  o f p ic ro tox in  on  GABA re c e p to r s  in  bo th  
v e r te b ra te s  and  in v e r te b ra te s  is  well e s ta b lish e d . The block of 
GABAergic sy n a p se s  by  p icro tox in  w as o rig in a lly  d e sc rib e d  fo r in se c t 
a n d  c ru s ta c e a n  m uscle (R obbins & Van d e r  Kloot, 1958; G ru n d fe s t e t  al., 

1959; Van d e r  Kloot & R obbins, 1959; U sherw ood & G ru n d fe s t, 1965; 
T akeuch i & T akeuchi, 1969). Galindo (1969) w as f i r s t  to  d e sc rib e  th e  

b lock ing  e ffe c t o f p ic ro tox in  on  GABA re sp o n se s  in  mammalian n eu ro n e s  
(from th e  c u n ea te  n u c leu s) and  sim ilar e ffe c ts  have  s u b se q u e n tly  been  
d e sc r ib e d  a t  v a rio u s  s i te s  in  th e  v e r te b ra te  c e n tra l  n e rv o u s  system  (for 

rev iew s see  K rn jev ic , 1974; Kelly & B eart, 1975; N is tri A C onstan ti, 1979). 
D espite  a  num ber of s tu d ie s  show ing th e  in h ib itio n  o f GABA re sp o n se s  
b y  p ic ro tox in , th e  p re c ise  m echanism (s) of ac tio n  of th is  a n ta g o n is t is 

s till  u n c lea r.
E lec trophysio log ical s tu d ie s  o f v e r te b ra te  n eu ro n e s  have  g en e ra lly  

s u g g e s te d  th a t  p icro tox in  is  n o t com petitive , a s  ju d g e d  b y  d isp lacem ent 
of GABA o r muscimol d o se - re sp o n se  c u rv e s  (C onstan ti & N istri, 1976; 
G allagher e t al, 1978; Simmonds, 1978; 1980; 1982; Nicoll & Wojtowicz, 
1980; L ebeda e t al, 1982; Akaike & Oomura, 1984; Akaike e t  al, 1985; 
Kaneko & T ach ibana, 1986). In  c o n tra s t ,  sim ilar e lec tro p h y sio lo g ica l 
s tu d ie s  in  c ru s ta c e a n  m uscle s u g g e s t  th e  m echanism  of ac tio n  of
p ic ro to x in  to  be com petitive  (G ru n d fes t e t  al, 1959; S han k  e t  al, 1974), 
non-com petitive  (T akeuchi & T akeuchi, 1969; C o n stan ti & Quilliam, 1974; 
E arl & L arge , 1974) o r  mixed com petitive p lu s  n o n /u n co m p etitiv e  
(C onstan ti, 1978; Adams e t  al, 1981b; Sm art & C onstan ti, 1986). Data from  

lig an d  b in d in g  s tu d ie s  is  c o n tra d ic to ry ; th e  in te ra c tio n  betw een  GABA 
a n d  p ic ro to x in  b in d in g  a p p a re n tly  d e p en d s  to  some e x te n t on th e
co n d itio n s  of th e  experim en t (fo r a  rev iew  see  O lsen, 1982). For 
exam ple, s ev e ra l g ro u p s  h ave  d em o n stra ted  th a t ,  u n d e r  low te m p e ra tu re  
co n d itio n s  (0-4 °C) p ic ro tox in  (or d ih y d ro p ic ro to x in in , a  lig an d  th o u g h t to  
a c t  a t  th e  same s ite  a s  p icro tox in ; Ja rb o e  e t. al., 1968; T icku e t. ai., 

1978) and  GABA do n o t com pete fo r  th e  same b in d in g  s ite  on  mammalian
n e u ro n e s  (Enna e t al, 1977; G reenlee e t al, 1978; O lsen e t  al, 1978b;
T icku e t  al, 1978; Willow & Jo h n sto n , 1980), o r on  c ru s ta c e a n  m uscle 

(Olsen e t  al., 1978a; K ro g sg aa rd -L a rse n  e t  ai, 1979; L eeb -L u n d b e rg  & 
O lsen, 1980; Willow, 1981). In  c o n tra s t  to  th e se  r e p o r ts ,  Q uast & B ren n er 
(1983) an d  Supavila i e t al (1982) have show n th a t  a t  37°C and  w ith  
150mM ch lo rid e , p icro tox in  can  re d u c e  spec ific  b in d in g  of GABA to  
mammalian n eu ro n a l m em branes, a lth o u g h  th is  is p ro b ab ly  an  a llo s te r ic ,
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r a th e r  th a n  a d ire c t, e ffe c t of p ic ro tox in  on th e  GABA b in d in g  s ite . 

T aken to g e th e r , th e se  re s u l ts  s u g g e s t  th a t  p icro tox in  b in d s  to  a  s ite  

d is tin c t from  th e  GABA re c e p to r  s ite  (i.e. th a t  i t  is  n o t a  t ru e  
com petitive  an tag o n is t) .

S ev e ra l m echanism s of ac tion  could r e s u l t  in  in h ib itio n  w hich is  no t 
com petitive. The p u rp o se  of th e  p re s e n t  s tu d y  w as to  in v e s tig a te  
f u r th e r  th e  mechanism of action  of p ic ro tox in  on  mammalian n eu ro n a l 
GABAa re c e p to rs . In  p a r t ic u la r  th e  p re s e n t  s tu d y  exam ines th e  

p o ssib ility  th a t  p icro toxin  a c ts  b y  an  open  ch an n e l b lock ing  m echanism , 
a s  o rig in a lly  su g g es te d  fo r GABA-channels in  c ra y f ish  m uscle (T akeuchi 

& T akeuch i 1969; Klunk e t al, 1983) and  more re c e n tly  in  b u llfro g  d o rsa l 
ro o t gang lion  n eu ro n es  (Akaike e t al, 1985). Also th e  p o ssib ility  of a 

le ss  d ire c t  e ffe c t of p icro tox in  on th e  GABA-channel (C onstan ti, 1978; 
B ark er e t ai, 1983; Segal & B ark er, 1984) has been  in v e s tig a te d . A 

p re lim in ary  re p o r t  of some of th e se  r e s u l ts  h as  a p p ea re d  (C ull-C andy, 
M athie & Newland, 1987).
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RESULTS

3.3 Influence o f  p icro toxin  on GABA c u r r e n t  noise
I t  w as c lea r from  w hole-cell c u r r e n t  re c o rd in g s  th a t  in  sy m p ath e tic  

n e u ro n e s  re sp o n se s  to  GABA w ere in h ib ited  in  th e  p re se n c e  of 
p ic ro tox in . T his re d u c tio n  in  GABA c u r r e n t  o c c u rre d  a t  ho ld ing  
p o te n tia ls  bo th  n eg a tiv e  an d  p o sitiv e  to  th e  GABA re v e rs a l  p o ten tia l (th e

th e se  ex perim en ts). Fig. 3.1A show s a  ty p ica l w hole-cell re sp o n se  to  
10/iM GABA in  a  sy m p ath e tic  n eu ro n e  held  a t  -70mV. GABA p ro d u ced  a 
la rg e  inw ard  c u r r e n t  re sp o n se  accom panied by  an  in c re a se  in  m em brane 
c u r r e n t  no ise. In  th e  p re se n c e  of 2/*M p icro tox in  (see fo r  example Fig. 
3 .IB) th e  s te a d y  s ta te  GABA c u r r e n t  am plitude w as re d u c ed  to  25% of 
th e  co n tro l level in  th e  same cell. The in itia l p eak  o b se rv ed  w hen 

p ic ro to x in  w as s im ultaneously  app lied  w ith  GABA m ight be ex pec ted  fo r 
an y  slow ly d isso c ia tin g  a n ta g o n is t. In  th is  experim en t th e  in itia l p eak  
of th e  re sp o n se  in  th e  p re se n c e  of p icro tox in  w as la rg e r  th a n  th a t  of 

th e  co n tro l. T his w as n o t a lw ays o b se rv ed ; in  o th e r  c a se s  th e  p eak  was 
sm aller in  th e  p re se n c e  of p ic ro tox in  (Fig. 3.2). T h is v a ria b ility  
p ro b a b ly  re f le c ts  d iffe ren c es  in  th e  r a te s  of p e rfu s io n  of d ru g s . The 
p o te n tia tio n  of th e  peak  is  d iff icu lt to  explain . For exam ple, b in d in g  
s tu d ie s  s u g g e s t  th a t  e i th e r  p icro tox in  h as  no e ffe c t on  th e  b in d in g  of 
GABA, o r  d e c rea se s  GABA b in d in g , r a th e r  th a n  en h an c in g  th e  b in d in g . 
H ow ever, su ch  re s u l ts  a re  d iff icu lt to  re la te  to  e lec tro p h y sio lo g ica l 
exp erim en ts  since  i t  is  unknow n w hat s ta te  of th e  re c e p to r -c h a n n e l th e  
d ru g s  a re  b in d in g  to.

As can  be seen  from th e  ty p ic a l example in  Fig. 3.2A p icro tox in  a lso  
in h ib ite d  GABA re sp o n se s  a t  p o s itiv e  m em brane p o te n tia ls , a t  w hich th e  
re sp o n se  w as a n  o u tw ard  c u r r e n t .  In  th is  exam ple, a t  a  ho ld ing  
p o te n tia l o f +20mV, th e  s te a d y -s ta te  c u r r e n t  am plitude  (p ro d u ced  b y  

10/jM GABA) w as re d u c ed  to  65% of th e  co n tro l level, b y  th e  ad d itio n  of 
2/iM p ic ro to x in  (Fig. 3.2B). I t  th e re fo re  a p p e a rs  th a t  th e  block p ro d u ced  
by  p ic ro to x in  is  in d e p en d e n t of th e  d irec tio n  of c u r r e n t  flow.

Noise an a ly s is  o f c u r r e n t  f lu c tu a tio n s , p ro d u ced  b y  GABA in  th e  

ab se n c e  an d  p re sen c e  of p icro tox in , w as u sed  to  d e term ine  w h e th e r 

p ic ro to x in  cau sed  an y  d e tec tab le  ch an g es  in  th e  k in e tic s  o r  co n d u ctan ce  
of th e  GABAa re c e p to r -c h a n n e l. All sp e c tra l  d e n s ity  fu n c tio n s  of GABA 
c u r r e n t  no ise, w h e th e r p ro d u ced  in  th e  ab sen ce  o r p re se n c e  of 
p ic ro to x in , w ere b e s t f i t te d  b y  th e  sum of two L oren tz ian s. A 
re p re s e n ta t iv e  sp ec tru m  of c u r r e n t  noise, p ro d u ced  b y  IOmM GABA in  a

p o ten tia l was betw een  zero  and  +3mV u n d e r  th e  cond itions of
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Fig. 3.1 Com parison of w hole-cell G A BA -currents and  noise s p e c tra
reco rd ed  in  a  sym pathetic  n eu ro n e  in  co n tro l medium an d  in  th e  
p re sen c e  of 2mM p icro tox in . A, w hole-cell c u r r e n t  re sp o n se  to  IOmM GABA 
(Vm=-70mV). GABA app lica tion  is in d ica ted  by a rro w s; inw ard  c u r r e n t  is  
dow nw ards. Note th e  in c rease  in  noise d u rin g  GABA app lication . B, 
w hole-cell re sp o n se  (same cell as  A) to  th e  ap p lica tion  of 2/iM p icro tox in  
w ith 10/iM GABA, ( ap p lica tion  in d ica ted  by  a rro w s ). Note th e  in itia l 
peak  w hich d ecay s  rap id ly . C alib ration , 150pA an d  20s. C, sp e c tra l  
d e n s ity  fu n c tio n  of GABA c u r r e n t  noise in  A (band p a ss  f il te re d  0.1 -  
1000Hz, -3dB ). P o in ts in  th e  sp ec tru m  betw een  2-400Hz w ere f it te d  w ith  

th e  sum of two L o ren tz ian s  (co n tin u o u s c u rv e ) . Time c o n s ta n ts  
calcu la ted  from  th e  half pow er fre q u e n c ie s  of th e  in d iv id u a l L o ren tz ians 
(dashed  c u rv e s )  w ere 1.4ms and  28.5ms (ind ica ted  b y  a rro w s). The 
estim ated  s in g le  ch an n e l co n d u ctan ce  (7 ) was 16.7pS. For th e  p lo t, 

p o in ts  above 20Hz w ere a v e ra g e d , to  g ive  an  approxim ately  c o n s ta n t 
f re q u e n c y  sp ac in g  of th e  p o in ts  above 20Hz. D, s p e c tra l  d e n s ity  
fu n c tio n  of GABA c u r re n t  noise in  th e  p re sen c e  of p icro tox in , d u rin g  th e  
s tead y  s ta te  p a r t  of th e  re sp o n se  in  B (band  p a ss  f il te re d  0.1 -  1000Hz, 
-3dB). The d is tr ib u tio n  w as f it te d  w ith  th e  sum of two L oren tz ians; 
2-400Hz ( co n tin u o u s c u rv e ). Time c o n s ta n ts  of in d iv id u a l L o ren tz ian s  

w ere 1.5ms and  25ms, (ind ica ted  by  a rro w s), estim ated  sing le  ch an n e l 
cond u ctan ce  fo r GABA-noise in  th e  p re sen c e  of p icro tox in  was 17.3pS.
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cell held  a t  -70mV, is  i l lu s tra te d  in  F ig. 3.1C. The b a ck g ro u n d  noise 
sp ec tru m  h as been  s u b tra c te d  and  th e  co n tin u o u s  line  th ro u g h  th e  

p o in ts  is  th e  sum of two L o ren tz ian s  f it te d  to  th e  d a ta  (th e  w hole-cell 
c u r r e n t  was b a n d -p a ss  f il te re d  a t  D.C. to  1000Hz, -3dB ). In  th is  example 
th e  time c o n s ta n ts  ca lcu la ted  from th e  ha lf pow er fre q u e n c ie s  of th e  two 
L oren tz ian s  w ere 1.4ms an d  28.5ms, and  th e  estim ated  s in g le  ch an n e l 

co n d u ctan ce  was 16.7pS. F ig u re  3 .ID show s a sp ec tru m  of GABA noise 
o b ta in ed  from th e  same cell in  th e  p re se n c e  o f 2 jjM  p icro tox in . The 
sp e c tra l  time c o n s ta n ts  (1.5ms and  25ms in  th e  p re se n c e  of p icro toxin) 
w ere v ir tu a lly  u n a lte re d , and  th e  estim ated  s in g le  ch an n e l co n d u ctan ce  

was v e ry  sim ilar to  th e  co n tro l value; in  th is  cell i t  was 17.3pS in  th e  
p re sen c e  of p icro tox in . Sim ilarly, a t  p o te n tia ls  p o sitive  to  th e  GABA 
re v e rsa l  p o ten tia l, p icro tox in  had  no obv ious e ffe c t on th e  time 
c o n s ta n ts  u n d e rly in g  GABA noise, o r on th e  estim ated  s in g le  ch an n e l 

co n d u ctan ce  (Fig. 3.2C,D), a lth o u g h  th e  time c o n s ta n t of th e  slow 
com ponent was its e lf  v o lta g e -d e p e n d e n t (bo th  in  co n tro l co n d itio n s  an d  
in p ic ro tox in ). The time c o n s ta n ts  o f GABA noise  in  F ig. 3.2C, w ith  th e  
cell held  a t +20mV w ere 1.5ms an d  39ms, while in  th e  same cell in  th e  
p re sen c e  of p icro tox in  th e  GABA-noise time c o n s ta n ts  w ere 1.6ms and  
49ms (Fig. 3.2D). For th is  cell th e  s in g le  ch an n e l co n d u ctan ce  was 
estim ated  to  be 9.8pS in co n tro l co n d itio n s , an d  12pS in  th e  p re se n c e  of 
p icro tox in .

At an y  g iven  hold ing  p o ten tia l th e  time c o n s ta n ts  and  sing le  ch annel 
co n d u ctan ce  estim ated  from  GABA c u r r e n t  noise v a r ie d  som ew hat from  
cell to  cell. For example, fo r GABA noise in  th e  ab sen ce  of p icro tox in  
(reco rd ed  from  sev en  cells  held  a t  -60mV) th e  time c o n s ta n ts  w ere 43 * 
17ms and  2.3 * 1.4ms (mean * S.D.), while th e  estim ated  s in g le  ch an n e l 
co n d u ctan ce  was 11.8 4 2.4 pS (mean * S.D.); no te  th a t  th e  s ta n d a rd  
dev ia tio n s  a re  la rg e , com pared w ith  th e  m eans, fo r  th e se  v a lu es . 
However, th e  time c o n s ta n ts  an d  co n d u c tan ce  estim ated  in  an y  g iv en  cell 
a t  a  p a r tic u la r  p o ten tia l, rem ained  much th e  same ir r e s p e c tiv e  of th e  
p re sen c e  o r ab sen ce  of p icro tox in .

The e ffe c t of p icro tox in  (2-6/iM) on th e  time c o n s ta n ts  and  

s in g le -ch a n n e l co n d u ctan ce  estim ated  from  GABA noise (evoked by 
10-30mM) was a sse sse d  in  a  to ta l of n ine  cells, held  a t  p o te n tia ls  betw een 
+30 an d  -70mV. For each  cell GABA noise w as o b ta in ed  bo th  in  th e  
ab sen ce  an d  in  th e  p re sen c e  of p icro tox in , a t  a  p a r tic u la r  p o ten tia l. 
N either th e  fa s t  o r slow time c o n s ta n ts , o r  th e  estim ated  s in g le -ch a n n e l 

co n d u ctan ce  w ere a lte red  b y  p icro tox in  (fo r all p a ram ete rs : P > 0.05, 
Wilcoxon te s t ,  9 cells).
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Fig. 3.2 A, whole—cell c u r r e n t  re sp o n se  to  IOmM GABA (app lication
in d ica ted  by a rrow s) in  a  cell held a t  +20mV. C alib ration  lOOpA and  20s. 
B, w hole-cell re sp o n se  (same cell as  A) to  th e  ap p lica tion  of 
p ic ro to x in  w ith IOmM GABA (ind ica ted  by  a rro w s). Note th e  p re se n c e  of
a n  in itia l peak  w hich d ecay s  ra p id ly  a t  p o s itiv e , a s  well a s  n eg a tiv e
p o te n tia ls  (Fig. 3 .IB). C alib ration  50pA an d  20s. C, sp ec tru m  of th e

GABA c u r r e n t  noise show n in  A (band p ass  f il te re d  0.1-500Hz, -3dB ). 
D is trib u tio n  f it te d  w ith th e  sum of two L oren tz ians; 2—400Hz (con tinuous 

c u rv e ) . Time c o n s ta n ts  d e riv ed  from  th e  ha lf pow er fre q u e n c ie s  of th e  
in d iv id u a l L o ren tz ians (d ash ed  c u rv e s)  w ere 1.5ms an d  39ms (ind ica ted  
by  a rro w s). Estim ated s in g le  channel co n d u ctan ce , y -  9.8pS. P o in ts 
above 20Hz w ere  a v e rag e d , su ch  th a t  above 20Hz th e  fre q u e n c y  sp ac in g  

of th e  p o in ts  rem ained approxim ately  c o n s ta n t. D, sp ec tru m  of GABA 
c u r r e n t  noise in  th e  p re se n c e  of p icro tox in , d u rin g  th e  s te a d y  s ta te  

p a r t  of re sp o n se  B; band  p a ss  f il te red  0.1 -  500Hz, -3dB ). The 
d is tr ib u tio n  was f it te d  (2 to  300Hz) w ith th e  sum of two L o ren tz ians; 
time c o n s ta n ts  w ere 1.8ms and  49ms; estim ated  sing le  ch an n e l 

co n d u c tan ce , 7  = 12.0pS.
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3.4 Picrotoxin on w hole-cell c u rre n t-vo lta g e  rela tionsh ip
From p rev io u s ly  re p o rte d  s tu d ie s  i t  is  u n c lea r w h e th e r th e  block by  

picrotoxirn’n is  v o lta g e -d ep e n d e n t (Akaike & Oomura, 1984; Akaike e t al., 
1985; Akaike e t al., 1986). A v o lta g e -d e p e n d e n t ch an n e l b lo ck er would 
ch an g e  th e  sh ap e  of th e  c u rre n t-v o lta g e  p lo t since  th e  d e g re e  of block 
d ep en d s  on  th e  p o ten tia l (as a  co n seq u en ce  of th e  c h a rg e  asso c ia ted  

w ith  th e  b locking  molecule).
GABA w hole-cell c u r re n t-v o lta g e  re la tio n sh ip s  w ere c o n s tru c te d  

from  th e  peak  am plitudes of re sp o n se s  evoked  by ionophore tic  p u lse s  of 
GABA. A lthough p icro tox in  red u ced  th e  size of th e  G A BA -current in  all 
cells  exam ined, th e re  was no dram atic  e ffe c t of p icro tox in  on th e  sh ap e  
of th e  GABA c u rre n t-v o lta g e  re la tio n sh ip  o v e r th e  vo ltag e  ra n g e  50mV to  
-150mV (5/5 cells). An example is  i l lu s tra te d  in  Fig. 3.3. The two GABA 

c u r re n t  vo ltage  re la tio n sh ip s  shown in Fig. 3.3A w ere ob ta in ed  from a 
s ing le  cell, con tin u o u sly  p e rfu se d  e ith e r  w ith  co n tro l b a th in g  medium, o r 
medium co n ta in in g  ImM picro tox in . Each p o in t is  th e  am plitude of a 
GABA re sp o n se  a t th e  end  of a 2.2s d u ra tio n  ionophore tic  p u lse  of GABA. 
Examples of GABA re sp o n se s  ob ta in ed  in  co n tro l medium a t  p o ten tia ls  
betw een +30 and  -120mV a re  show n in  Fig. 3.3B, w hile Fig. 3.3C show s 
GABA re sp o n se s  re c o rd ed  u n d e r id en tica l cond itions, excep t fo r th e  
ad d itio n a l p re sen ce  of l^M p icro tox in  (app lied  in  th e  b a th in g  medium). I t  
is c lea r from  Fig. 3.3 th a t  ImM picro tox in  red u ced  th e  am plitude of th e  
GABA re sp o n se s  w ith  v e ry  little  a lte ra tio n  of th e  sh ap e  of th e  
c u r re n t-v o lta g e  re la tio n sh ip . Norm alizing th e  d a ta  in d ic a te s  th a t  th e  
re la tio n sh ip s  w ere superim posab le  (not show n).

The e ffe c t of p icro toxin  on th e  GABA c u rre n t-v o lta g e  re la tio n sh ip  
was exam ined w ith b r ie f  (e.g. 10ms) a s  well a s  w ith  long (e.g . 2.2s) GABA 
p u lse s , and  gave th e  same re s u lts . Also, w hen GABA-pulse am plitude w as 
in c re a se d  in  th e  p re se n c e  of p icro tox in , to  g ive  re sp o n se s  of th e  same 
size a s  in  co n tro l, th e n  th e  c u rre n t-v o lta g e  p lo ts  w ere superim posab le  (1 

cell). The c u rre n t-v o lta g e  p lo ts su g g e s t  th a t  th e  block by  p icro tox in  is 
n o t v o lta g e -d ep e n d e n t.

3.5 Single-channel b u rs t- le n g th  and open ing  fre q u e n c y
3.5.1 D istribu tion s o f  sh u t tim es

The e ffec t of p icro tox in  (1 o r 2mM) on c u r r e n ts  evoked  by  GABA 
(2, 3 o r 5/iM) was a sse ssed  in  th re e  o u ts id e -o u t p a tch e s . A la rg e r  
num ber of p a tch e s  w ere examined b u t  th e  low fre q u e n c y  of o p en in g s  in  
th e  p re se n c e  of p icro tox in  m eant th a t  i t  was d iff icu lt to  o b ta in  enough
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Fig. 3.3 GABAa w hole-cell c u r re n t-v o lta g e  re la tio n sh ip s  re c o rd ed  from 
a  s ing le  cell in  th e  a b se n c e (•) and  p re se n c e  (o) of IaiM p icro tox in . The 
cell was con tin u o u sly  p e rfu se d  w ith co n tro l medium o r  medium co n ta in in g  
ImM picro tox in , and  c u r r e n ts  w ere evoked  by  2.2s d u ra tio n  ionophore tic  

p u lse s  of GABA app lied  e v e ry  5.6s. Each po in t is th e  c u r r e n t  am plitude 
a t  th e  end  of a  sing le  p u lse  (or th e  av e rag e  of two re sp o n se s) . B, 
example GABA re sp o n se s  o b ta ined  a t  th e  hold ing  p o te n tia ls  in d ica ted  to  
th e  r ig h t  of th e  tra c e s . GABA was app lied  ionophore tica lly  onto  th e  cell 
fo r th e  period  in d ica ted  by  th e  ho rizo n ta l b a r. C alib ra tions (also re fe r  
to C) lOOpA, Is . C, example GABA re sp o n se s  o b ta in ed  in  th e  p re sen c e  of 
ImM p icro tox in  a t  th e  p o ten tia ls  in d ica ted ; GABA w as ionophore tica lly  
app lied  onto  th e  cell fo r th e  period  in d ica ted  by  th e  ho rizo n ta l b a r.
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d a ta  fo r a c c u ra te  h is tog ram s of s h u t  tim es o r b u r s t  le n g th s . For each  of 
th e  th re e  p a tch e s , s in g le -ch a n n e l c u r r e n ts  evoked  by  GABA w ere 
re c o rd ed  in  th e  ab sen ce  and  in  th e  p re se n c e  of p icro tox in . T hese
c o n ce n tra tio n s  of GABA p ro d u ced  a fa ir ly  h igh  o p en in g  fre q u e n c y ,

th o u g h  two ch an n e ls  only  ra re ly  opened  sim ultaneously . The
c o n ce n tra tio n s  of p icro tox in  chosen  w ere ones w hich s ig n ifican tly

re d u c ed  th e  w hole-cell re sp o n se s  p ro d u ced  by  2-5mM GABA.
F ig u re  3.4 and  Table 3.1 g ive  d e ta iled  a n a ly se s  of s in g le  ch an n e l 

re c o rd in g s  from a re p re se n ta tiv e  p a tch , held a t  -90mV. The p a tch  was 
in itia lly  exposed to  5/iM GABA, followed by  5mM GABA p lu s  ImM picro tox in ; 

i t  was th e n  re tu rn e d  to  5mM GABA. Fig 3.4A, C, show h is to g ram s of th e  
d is tr ib u tio n s  of th e  logarithm * of a ll s h u t  tim es lo nger th a n  200^s th a t  

w ere m easured  from  th e  re c o rd  of GABA* s in g le -ch a n n e l c u r r e n ts  in  th e  
ab sen ce  (Fig. 3.4A) and  p re sen c e  (Fig. 3.4C) of l^M p icro tox in . Each 

exponen tia l com ponent a p p e a rs  as  a  p eaked  fu n c tio n , th e  maximum of 
w hich c o rre sp o n d  to  th e  time c o n s ta n t of th e  exponen tia l (see McManus 
e t al, 1987; S igw orth  &. S ine, 1987). Both of th e  u n tran sfo rm ed  
d is tr ib u tio n s  w ere f it te d  w ith fo u r exponen tia l com ponents, betw een
250^s and  Is . In  th e  p re sen c e  of 5^M GABA th e  time c o n s ta n ts  fo r  th e
s h u t  tim es w ere 0.24, 2.0, 41 and  287ms, and  th e  re la tiv e  a re a s  u n d e r  

th e  f it te d  c u rv e s , of th e  fo u r com ponents, w ere 62%, 26%, 11% and  0.7% 
re sp e c tiv e ly . In  th e  p re se n c e  of 5/xM GABA p lu s  ImM p icro tox in  th e  two 
s h o r te s t  time c o n s ta n ts  ( r y an d  t 2 in  Table 3.1) w ere no t d e tec tib ly  
ch an g ed , be ing  0.24 and  2.0ms, and  th e  lo n g e r time c o n s ta n ts  ( t 3 an d  t 4 

in  Table 3.1) w ere only  s lig h tly  a lte re d , to  38 and  209ms re sp ec tiv e ly . 
The re la tiv e  a re a s  u n d e r  th e  f it te d  c u rv e , of th e  th re e  s h o r te s t  
exponen tia l com ponents, w ere s lig h tly  le ss  th a n  in  th e  p re sen c e  of 5^M 
GABA alone, being  (for , t 2 and  r 3) 56%, 23%, and  6% re sp e c tiv e ly ,

while th e  a re a  of th e  lo n g e s t com ponent (t 4) w as no ticeab ly  g re a te r ,

be in g  15%. This may sim ply re f le c t a  re d u c ed  o p en ing  f re q u e n c y  in  th e  
p re se n c e  of p icro tox in . The time c o n s ta n ts , to g e th e r  w ith  th e ir  re la tiv e  
a re a s , m easured  from  GABA a c tiv a te d  s in g le -ch a n n e l c u r r e n ts  following 

w ashou t of p icro tox in , a re  also  g iv en  in  Table 3.1.
S h u t time d is tr ib u tio n s  (con ta in ing  all s h u t  tim es lo n g e r th a n  200^s) 

w ere  o b ta ined  from two o th e r  p a tch es ; in  each  case  a  s e p a ra te  
d is tr ib u tio n  was ob ta ined  fo r GABAa s in g le -c h a n n e l c u r r e n ts  in  th e  

ab se n c e , an d  in  th e  p re se n c e  of p icro tox in . All of th e  s h u t time 

d is tr ib u tio n s  w ere well f it te d  w ith th e  sum of fo u r  exponen tia l fu n c tio n s . 
P icro toxin  had no c o n s is te n t e ffec t on an y  of th e  time c o n s ta n ts ; th e  
mean of th e  fo u r time c o n s ta n ts  ( t x ,  t 2 , t 3 and  r 4 ) m easured  from th e
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Fig. 3.4 A, d is tr ib u tio n  of all s h u t  tim es m easu red  from  an
o u ts id e -o u t p a tch  exposed to  5^M GABA (Vm= -90mV). D is trib u tio n  f it te d  
(over th e  ra n g e  250/js to  Is )  w ith  fo u r exponen tia l com ponents 
(con tinuous cu rv e ); time c o n s ta n ts  w ere: 0.24 (re la tiv e  a re a , 62%), 2.0 
(26%), 41 (11%) and  287ms (0.7%). B, b u r s t  le n g th  fre q u e n c y  d is tr ib u tio n  
(for th e  same d a ta  as  A); c ritic a l gap  le n g th  to  define  th e  b u r s ts  

=5.lm s. D is trib u tio n  f it te d  (over th e  ra n g e  0.2 to  900ms) w ith  th re e  
exponen tia ls  (con tinuous c u rv e ) . Time c o n s ta n ts  w ere  0.36 (re la tiv e  
a re a , 34%), 3.0 (19%), an d  26.4ms (47%). C, d is tr ib u tio n  of a ll s h u t tim es 
m easured  from an  o u ts id e -o u t p a tch  (same a s  fo r A an d  B) exposed to  
5mM GABA p lu s  ImM p icro tox in  (Vm= -90mV). D is trib u tio n  f it te d  from 0.25 
to  4000ms w ith fo u r exponen tia ls  (cu rv e ); time c o n s ta n ts  w ere 0.24 

(re la tiv e  a re a , 56%), 2.0 (23%), 38 (6%) and  209ms (15%). D, f req u e n cy  
d is tr ib u tio n  of b u r s t  le n g th s  (fo r th e  same d a ta  a s  C); c r itic a l gap  

len g th  = 7.4ms. D is trib u tio n  f i t te d  by  th re e  expo n en tia ls  (cu rv e ); time 
c o n s ta n ts  w ere 0.26 (re la tiv e  a re a , 45%), 2.0 (17%) an d  22.1ms (39%). For 
A—D sin g le  ch an n e l re c o rd s  w ere low p a ss  f il te re d  2.5KHz (-3dB), and  a 
re so lu tio n  of 200^s was im posed on th e  data; note th e  ab sen ce  of b r ie f  
e v e n ts  in  th e  h is tog ram s due to  reso lu tio n  lim itation. For d isp lay  
p u rp o se s , d is tr ib u tio n s  a re  of th e  logarithm s of th e  in te rv a ls , su ch  th a t  
each  exponen tia l com ponent a p p e a rs  as  a peaked  fu n c tio n  w hose maximum 
c o rre sp o n d s  to th e  time c o n s ta n t of th e  exponential. E, ch an g e  in  mean 
c u r r e n t  w ith  time fo r th e  co n tin u o u s  re c o rd in g  an a ly sed  in  A—D; p a tch  
p e rfu se d  w ith  5mM GABA followed by 5/iM GABA p lu s  1/iM p icro tox in , and  

th e n  re tu rn e d  to  5^M GABA (as in d ica ted  by  h o rizo n ta l b a rs ) . The mean 
c u r r e n t  in  each b in  was ca lcu la ted  from  th e  in te g ra l o f co n secu tiv e  10s 
sec tio n s  of da ta .
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TABLE 3.1: E ffect of p icro tox in  on Bhut tim es o f GABA ch an n e ls ,
m easured  from  a  s ing le  o u ts id e -o u t p a tch .

Time co n stan ts (m s),an d  re la tiv e  a re a s  of each  com ponent 

t  j , A reax r 2 f  A rea2 r 3 , Area3 t 4 ,  Area4

C ontro l:
GABA (5^M) 0 .24 0.62 2 .0  0 .26  41 0.11 287 0.007

*GABA (5/xM) 0 .24  0.56 2 .0  0.23 38.0  0 .06  209 0.15
p lu s
P ic ro to x in
(l^M)

+Wash: 0 .26  0 .6  3 .0  0 .26  76 0.11 233 0.03
GABA (5;jM)

The d a ta  is  from a sing le  o u ts id e -o u t p a tch  (also re p re se n te d  in  Fig. 
3.4). GABA a c tiv a te d  sing le  ch an n e l c u r r e n ts  w ere  re c o rd e d  befo re  
(con tro l d a ta ) , d u rin g  (second row *),and  a f te r  ( th ird  row + ), th e  
ap p lica tion  of ImM picro tox in . Closed time d is tr ib u tio n s  w ere c o n s tru c te d  

from  s in g le -ch a n n e l c u r r e n ts  reco rd ed  u n d e r  each  condition . Each closed 
time d is tr ib u tio n  was f it te d  w ith fo u r exponen tia l com ponents. The fo u r 
co rre sp o n d in g  time c o n s ta n ts  ( r l t  r 2f t 4 ) a re  g iv en  w ith th e ir
re la tiv e  a re a  u n d e r  th e  f it te d  c u rv e  (A rea!, A rea2> A rea3f A rea4 ).
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th re e  p a tch e s  in  th e  ab sen ce  of p icro tox in  w ere  t x r  0.25 4 0.05ms, r 2 -  
1.63 4 0.19ms, t 3 = 17.5 4 9.6ms an d  t 4  = 207 4 61ms, while in  th e  
p re se n c e  of p icro tox in  th e se  mean time c o n s ta n ts  w ere 0.24 4 0.02ms, 
1.55 4 0.20ms, 16.8 4 8.7ms and  231 4 35ms re sp e c tiv e ly  (mean 4 S.E.M., n 

= 3).
The two s h o r te s t  time c o n s ta n ts  in  th e  s h u t  time d is tr ib u tio n s  

(0.24 and  2.0ms fo r th e  p a tch  in  Fig. 3.4) w ere in te rp re te d  a s  c lo su re s  
d u rin g  a s ing le  re c e p to r  ac tiv a tio n  (i.e. th e  o p en in g s  o c c u rre d  in 

b u rs ts ) ,  by analogy  w ith th e  k in e tic s  of o th e r  re c e p to r -c h a n n e ls . 
I n t r a b u r s t  s h u t tim es of v e ry  sim ilar d u ra tio n  have p re v io u s ly  been  
de term ined  fo r GABAa re c e p to r-c h a n n e ls  in  c u ltu re d  mouse sp inal and  
ch ick  c e re b ra l n eu ro n es  (M athers, 1985; Weiss, 1988; M acdonald e t a  I, 
1989a; Weiss & M agleby, 1989), as  well a s  in  bovine chrom affin  cells 
(Bormann & Clapham, 1985) and in c u ltu re d  r a t  b ra in  a s tro c y te s  
(Bormann & K ettenm ann, 1988). The two lo n g er time c o n s ta n ts  w ere 
co n sid e red  to  re p re s e n t  c lo su res  betw een  re c e p to r  ac tiv a tio n s . The two 
fa s te s t  time c o n s ta n ts  ( t j  and  r 2) w ere v e ry  sim ilar fo r each  of th e  
th re e  p a tc h s  an a ly sed , w h ereas th e  two lo n g er time c o n s ta n ts  ( r3 and  
t 4 )  v a ried  som ewhat from  p a tch  to p a tch . This would be expec ted  if th e  
two s h o r te s t  time c o n s ta n ts  in  th e  s h u t  time d is tr ib u tio n  re p re se n te d  
c lo su res  d u rin g  a sing le  re c e p to r  ac tiv a tio n  , and  if th e  two lo n g e r time 
c o n s ta n ts  re p re se n te d  c lo su res  betw een  re c e p to r  a c tiv a tio n s . The two 
lo n g er time c o n s ta n ts  would th e re fo re  d ep en d  n o t on ly  on  th e  k in e tic s  
of in d iv id u a l ch an n e ls , b u t also on th e  num ber of ch an n e ls , which is  
likely  to  v a ry  from  p a tch  to  p a tch . With th is  in te rp re ta tio n , th e  second  
and  th ird  time c o n s ta n ts  ( t 2 and  t 3 ) of each  s h u t  time d is tr ib u tio n  (with 

th e ir  re la tiv e  a reas ) w ere u sed  to  ca lcu la te  c ritic a l gap  le n g th s  (tc)> to  
define  b u r s ts  of o p en in g s  in  th e  same s tr e tc h  of d a ta . The m ethod of 
equal p e rc en ta g e  of m isclassified  s h u t  tim es was u sed  to  ca lcu la te  tc 
(C olquhoun &. Sakm ann, 1985).

3.5.2 D istribu tion s o f  b u rs t len g th s
F ig u re  3.4B,D show d is tr ib u tio n s  of b u r s t  le n g th s  m easured  from  

GABAa sing le  channel c u r r e n ts  re c o rd ed  in  a p a tch  held  a t  -90mV (same 
p a tch  as  Fig. 3.4A,C). The d is tr ib u tio n s  co n ta in  all b u r s t  le n g th s  lo n g er 

th a n  200^s m easured  in  th e  ab sen ce  (Fig. 3.4B; -  5.1ms) o r  p re sen c e

(Fig. 3.4D; tc = 7.4ms) of p icro tox in . For d isp lay  p u rp o se s  only, th e  
d is tr ib u tio n s  a re  of th e  log in te rv a ls . D is trib u tio n s  of th e  u n tra n sfo rm e d  
in te rv a ls  w ere f it te d , o v e r th e  ra n g e  0.2 to  900ms, w ith  th re e  
exponen tia ls . In  th e  p re sen c e  of 5mM GABA the  time c o n s ta n ts  of th e
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b u r s t  le n g th  d is tr ib u tio n  w ere, 0.36, 3.0 and  26.4ms, an d  th e  re la tiv e  
a re a s  of th e se  exponential com ponents w ere 34%, 19% and  47%
re sp e c tiv e ly . In  th e  p re se n c e  of 5mM GABA p lu s  ImM p icro tox in , th e  time 
c o n s ta n ts  w ere a p p a re n tly  s lig h tly  s h o r te r ,  being  0.26, 2.0 an d  22.1ms. 
F u rth e rm o re  th e  re la tiv e  a re a  of th e  s h o r te s t  exponen tia l com ponent 
a p p ea re d  to  be g re a te r  w ith  5mM GABA p lu s  ImM p icro tox in ; th e  re la tiv e  

a re a s  of th e  3 exponen tia ls  (from b r ie fe s t  to  lo ngest) w ere  45%, 17% and  
39% re sp ec tiv e ly . However th e  time c o n s ta n ts  w ere  n o t v e ry  well 
s e p a ra te d  in  th e  d is tr ib u tio n s  (see Fig. 3.4B, D fo r an  example) and  in  
one of th e  o th e r  p a tch e s  th e  sum of fo u r  exponen tia ls  p ro v id ed  a b e t te r  

f i t  to  th e  d is tr ib u tio n  th a n  th e  sum of th re e  exponen tia ls . T here  is  too 
little  d a ta  a t  p re s e n t  to  be su re  of th e  e ffe c t (if any) of p icro tox in  on 
th e  le n g th  of b u r s ts  of o p en in g s of GABAa re c e p to r -c h a n n e ls . However, 
ta k e n  to g e th e r  w ith th e  noise ex p erim en ts  (w here ^fa a t  from  th e  noise 

g iv es  a  reaso n ab le  estim ate  o f b u r s t  le n g th , see  fo r  example Howe, 

C olquhoun & C ull-C andy, 1988), th e re  is  no ev idence  fo r a  m arked e ffe c t 

of p icro tox in  on b u r s t  len g th .

3.5.3 In te g ra te d  o p en -tim e
I t  was a p p a re n t from  c u rs o ry  exam ination of s in g le  ch an n e l 

c u r r e n t  re c o rd s , th a t  p icro tox in  re d u c ed  th e  fre q u e n c y  of ch an n e l 
o p en in g s. This e ffe c t is  d e sc rib ed  more q u a n tita tiv e ly  in  Fig. 3.4E 
w hich show s th e  e ffec t of ImM p icro tox in  on th e  mean c u r r e n t  evoked  by 
5mM GABA in  an  o u ts id e  o u t p a tch  held  a t  -90mV (same p a tc h  a s  Fig. 
3.4A-D). The mean c u r r e n t  was m easured  by  in te g ra tin g  su ccess iv e  10s 
sec tion  of th e  co n tin u o u s c u r r e n t  re c o rd  (to ta l d u ra tio n  310s). 5mM GABA 
was p re s e n t  th ro u g h o u t th e  e n tire  re c o rd , w h ereas ImM p icro tox in  w as 
app lied  only  fo r 140s, d u rin g  th e  pe rio d  90s to  230s a f te r  th e  s t a r t  of 
th e  re c o rd in g . I t  is  a p p a re n t from  Fig. 3.4E th a t  ImM p icro tox in  

red u ced  th e  mean c u r r e n t  evoked by  5mM GABA; th e  ov era ll mean 
c u r r e n t  was red u ced  from  0.49pA to 0.17pA by  ImM p icro tox in . I t  is  also  
a p p a re n t from  Fig. 3.4E th a t  th e  s in g le  ch an n e l a c tiv ity  did no t re co v e r 
to  co n tro l levels w ith in  80s a f te r  th e  w ashou t of ImM p icro tox in , a t  

w hich time re c o rd in g  was s to p p ed . The re a so n  fo r  th is  is  u n c lea r , b u t  
may r e s u l t  from  a slow w ashou t of p icro tox in , a s  s u g g e s te d  by  th e  
r e s u lts  p re s e n te d  in  the  n ex t sec tion , o r may re p re s e n t  a ’ru n  down’ of 
GABA re c e p to r -c h a n n e l a c tiv ity  (G yenes e t ai., 1988;Stelzer e t ai., 1988).

A lthough th e se  re s u l ts  s u g g e s t  th a t  p ic ro tox in  re d u c e s  th e  
open ing  fre q u e n c y , th e re  w as a lack of co n sis ten cy  in  th e  e ffec t of 
p icro tox in  on th e  sh u t time d is tr ib u tio n s  since th e  tim e c o n s ta n ts  of
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th e se  d is tr ib u tio n s  w ere not well se p a ra te d .

3.6 R ate o f o n se t o f block b y  p icrotoxin  
The ra te  of o n se t of block by  p ic ro tox in  w as slow enough  to  be 

followed u s in g  b r ie f  (8-20ms) ap p lica tio n s  of GABA a t  fre q u e n c ie s  o f 0.5 
to  2.5Hz. In  all experim ents th e  ionophore tic  p ip e tte  w as positioned  
close to  th e  cell so th a t  th e  w hole-cell c u r r e n ts  reach ed  a  peak  w ith in  
le ss  th a n  200ms. The b ack g ro u n d  level of GABA was k e p t to  a  minimum 

by  u s in g  h igh  re s is ta n c e  io n o p h o re tic  p ip e tte s  (>150M0), w ith  a b ra k in g  
c u r r e n t ,  and  by  w ash ing  the  cell co n tin u o u sly  w ith co n tro l medium.

In  all of th e  cells  examined (6 cells) i t  was c lea r th a t  th e  ra te  of 
o n se t of block by p icro tox in  was acce le ra ted  by  GABA. An example of 
th is  is  shown in  Fig. 3.5. The cell was held  a t  -70mV an d  p e rfu se d  a t  a  
c o n s ta n t ra te  w ith b a th in g  medium. The u p p e r  tra c e  of Fig. 3.5A show s 

a co n tin u o u s  w hole-cell c u r r e n t  re c o rd  (excep t fo r  a  50s p e rio d  
in d ica ted  by  th e  d ash ed  line). 10ms ionophore tic  p u lse s  of GABA w ere 
app lied  e v e ry  400ms, in c lu d in g  d u rin g  th e  50s p e riod  n o t show n. These 
p u lse s  of GABA evoked b rie f, ra p id ly  r is in g  inw ard  c u r r e n t  re sp o n se s  
(dow nw ard deflections in th e  re c o rd ) , w hich had a c o n s ta n t am plitude in  
th e  co n tro l medium. 10mM picro tox in  was app lied  to  th e  b a th in g  medium 

2s a f te r  th e  s ta r t  of th e  re c o rd , and  was app lied  fo r 4.8s. U nder th e  
co n d itio n s  of th is  experim ent, 10^M p icro tox in  p ro d u ced  a maximum 
am ount of inh ib ition  w ithin  approx im ately  5s. I t  is  a p p a re n t  from  Fig. 
3.5A th a t  w hen GABA p u lses  w ere app lied  co n tin u o u sly  th e  p icro tox in  
block w as com pletely re v e rse d  w ith in  56s following w ash -o u t of 
p icro tox in .

Fig 3.5B i l lu s tra te s  th e  ra te  of o n se t of block by  10/xM p icro tox in  
in  th e  same cell, in  th e  ab sen ce  of GABA p u lses . Fig. 3.5B show s a 
co n tin u o u s w hole-cell c u r r e n t  re c o rd  in te r ru p te d  by  a  b r ie f  gap  (dashed  
line) d u r in g  p icro tox in  app lica tion , an d  a  50s gap  (d ash ed  line) d u r in g  
re c o v e ry  from p icro tox in . The re sp o n se s  to  GABA in  th e  a b sen ce  of 
p icro tox in  w ere of re la tiv e ly  c o n s ta n t p eak  am plitude. The GABA p u lse s  

w ere  sw itched  off 1.2s b e fo re  an d  fo r 33s d u rin g , th e  ap p lica tio n  of 
10/iM p icro tox in  in  th e  b a th in g  medium. I t  is  a p p a re n t  from  Fig. 3.5B 
th a t  w hen GABA p u lses  w ere app lied  e v e ry  400ms, th e  rem oval of GABA 
betw een  th e  p u lse s  was no t com plete, s ince  th e  c u r r e n t  re sp o n se s  

re tu rn e d  to  th e  baseline only  w hen th e  p u lse s  w ere tu rn e d  off 
com pletely. P icrotoxin  was app lied  on ly  w hen th e  c u r r e n t  tra c e  had 
re tu rn e d  to  th e  baseline level to  e n su re  th a t  no GABA was p re s e n t  
d u r in g  th e  in itia l app lication  of p icro tox in . The GABA p u lse s  w ere
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Fig. 3.5 Experim ent il lu s tra tin g  th a t  block by  p ic ro tox in  o c cu rs
more rap id ly  in  th e  p re sen ce  of GABA. A, u p p e r  tra c e : co n tin u o u s 

w hole-cell c u r r e n t  re co rd  (except fo r  a  50s in te rv a l, in d ica ted  by  d ash ed  
line); Vm = -70mV. Downward d e flec tions a re  inw ard  c u r r e n t  re sp o n se s  
to  10ms ionophoretic  p u lse s  of GABA app lied  e v e ry  400ms, (m onitored on 
low er tra c e ) . IOmM picro tox in  w as b a th  app lied  d u r in g  a  p e riod  of 4.8s 

in d ica ted  by  th e  ho rizo n ta l b a r above th e  re c o rd ; maximum block had 
o c c u rre d  w ith in  le ss  th a n  5s of p icro tox in  app lica tion . B, u p p e r  tra c e :

co n tin u o u s w hole-cell c u r r e n t  re c o rd  (same cell a s  A) in te r ru p te d  b y  a
b rie f  gap  (dashed  line) d u rin g  p icro tox in  ap p lica tion , an d  a 50s gap  

(dashed  line) d u rin g  reco v e ry  from  p icro tox in . The p u lse s  of GABA w ere 
tu rn e d  off befo re , an d  d u rin g  th e  in itia l 33s of 10pM p icro tox in  
ap p lica tion  (the  period  in d ica ted  by  ho rizo n ta l b a r  and  a rro w s). The 
block had reach ed  only  35% of th e  maximum a f te r  33s of p icro tox in  
ap p lica tion , in  th e  ab sen ce  of GABA p u lses . C alib ration  lOOpA and  

400ms. C, p lo t of th e  peak  am plitude of co n secu tiv e  GABA re sp o n se s  
evoked d u rin g  co n tinuous reco rd in g  from  th e  cell d ep ic ted  in  A and  B 
(deno ted  a s  a and  b re sp ec tiv e ly ) . Each po in t is  th e  p eak  am plitude of 
a s ing le  re sp o n se  and  is p lo tted  a g a in s t th e  time a t  w hich i t  o c c u rre d  in
re la tio n  to  th e  s t a r t  of th e  re c o rd  (time zero). 10mM picro tox in  was

app lied  to  th e  cell tw ice, a, betw een th e  period  5.5 to  10.3s an d  b, 177 
to  218s from  th e  s ta r t  of th e  re co rd . The time axis is  no t co n tin u o u s; a 
125s gap  (dashed  line) d u rin g  re c o v e ry  from  th e  f i r s t  ap p lica tion  of 
p icro tox in , and  a 33s gap  (dashed  line) d u rin g  th e  second  ap p lica tion  of 
p icro tox in , w hen th e  GABA p u lses  w ere tu rn e d  off. Complete re c o v e ry  
from p icro tox in  o c cu rred  w ithin  28s of th e  w ashou t of th e  f i r s t  
app lica tion  of p icro tox in  (p a rt a ). Note th e  re sp o n se s  d u r in g  th e
re c o v e ry  from p icro tox in  dep ic ted  in  p a r t  b w ere la rg e r  th a n  th e
co n tro l re sp o n se s .
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reap p lied  33s a f te r  th e  s ta r t  of th e  ap p lica tio n  of p icro tox in . The peak  
am plitude of th e  re sp o n se  evoked  by  th e  f i r s t  GABA p u lse  in  th e  

p re se n c e  of p icro tox in  was in h ib ited  by only  35% of th e  maximum 
in h ib ition . This c o n tra s ts  w ith th e  experim en t d ep ic ted  in  Fig. 3.5A, in  

w hich IOmM picro tox in  p ro d u ced  maximal block w ith in  5s of ap p lica tion  
(which in c lu d es  time fo r p icro tox in  to  re a ch  th e  cell). The only  

d iffe ren ce  betw een Fig 3.5A and B is  th e  p re sen c e  o r ab sen ce  of GABA 
d u rin g  th e  in itia l app lication  of p icro tox in .

d ep ic ted  in  Fig. 3.5A,B illu s tra tin g  in  p a r tic u la r  th e  re c o v e ry  from  
p icro tox in . The p lo t is of th e  peak  am plitude of co n secu tiv e  GABA 
re sp o n se s  evoked  d u rin g  a co n tin u o u s re c o rd in g  from  th e  cell. Each 

po in t is  th e  peak  am plitude of a  s in g le  re sp o n se , and  is  p lo tted  a g a in s t 
th e  time a t  w hich i t  o c c u rre d  in  re la tio n  to  th e  s t a r t  of th e  re c o rd  (time 

zero). I t  is  a p p a re n t from p a r t  a  (Fig. 3.5C) th a t  w ith GABA p u lses  
p re s e n t  th e  ra te  of re c o v e ry  from  p icro tox in  was fa r  slow er th a n  th e  
ra te  of o n se t of block, w hen p icro tox in  was app lied  fo r  4.8s. Maximum 
block o c c u rre d  w ith in  5s of th e  ap p lica tio n  of 10/iM p icro tox in , w h ereas  
com plete re c o v e ry  re q u ire d  28s. In  all cells  w here  th e  am plitude of GABA 
re sp o n se s  reco v ered  to  approxim ately  100% of co n tro l and  w here  GABA 

p u lses  w ere app lied  d u rin g  th e  e n tire  experim ent, th e  ra te  of re c o v e ry  
from  p icro tox in  was slow er th a n  th e  ra te  of o n se t of block. However, 
th is  o b se rv a tio n  was n o t in v e s tig a te d  f u r th e r .  In  th e  experim en t 
dep ic ted  in  p a r t  b of Fig. 3.5C, th e  am plitude of GABA re sp o n se s  th a t  
followed re c o v e ry  from  p icro tox in  w ere  la rg e r  th a n  co n tro l GABA 
re sp o n se s , p ro b ab ly  as  a  r e s u lt  of a ch an g e  in  th e  re la tiv e  position  of 

th e  ionophore tic  p ip e tte .a n d  th e  cell.
I t  w as a p p a re n t th a t  a lth o u g h  p icro tox in  could p ro d u ce  th e  same 

d eg ree  of block in  th e  ab sen ce  of GABA, a s  in  i ts  p re se n c e , th e  block 
o c cu rred  more slowly. F ig u re  3.6 show s a  com parison, o b ta in ed  w ith a 

sing le  cell, of th e  r a te s  of o n se t of block by  p icro tox in  in  th e  ab sen ce  
of GABA, and  w hen 18ms GABA p u lse s  w ere app lied  e v e ry  2s. Fig. 3.6A 
d ep ic ts  an  experim ent d u rin g  w hich th e  GABA p u lse s  w ere  applied  

d u rin g  th e  e n tire  ap p lica tion  of p icro tox in . I t  is  a p p a re n t from th e  
co n tin u o u s w hole-cell c u r r e n t  tra c e  th a t  app lica tion  o f 10/iM p icro tox in  to  
th e  b a th in g  medium p ro d u ced  a  rap id  re d u c tio n  in  th e  size of th e  GABA 
c u r re n ts ;  peak  re sp o n se  am plitude w as red u ced  to  20% of co n tro l 
(maximum in h ib ition  u n d e r  th e se  cond itions) w ith in  20s of p icro tox in  

app lication . Fig. 3.6B d ep ic ts  an  experim en t d u rin g  w hich th e  GABA 
p u lses  w ere tu rn e d  off 2s befo re , and  fo r th e  in itia l 120s of ap p lica tion

Fig. 3.5C is  a more re p re se n ta tio n  of th e  r e s u l ts
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of 10/xM picro toxin . In  th is  case , th e  peak  am plitude of th e  f i r s t
re sp o n se  e lic ited  in  th e  p re sen c e  of p icro tox in  (120s from  th e  s ta r t  of
th e  app lication ) was only  re d u c ed  to  65% of co n tro l, in d ica tin g  th a t  th e
o n se t of block by  p icro tox in  o c c u rre d  fa r  more slowly in  th e  ab sen ce ,

th a n  in  th e  p re se n c e , o f GABA. F o u rteen  experim en ts  of th e  ty p e
illu s tra te d  in  Fig. 3.6B w ere perform ed; co n tro l re sp o n se s  w ere o b ta ined

r
in each  and  com plete re c o v e ry  occui^ed a f te r  rem oval of p icro tox in . The 
on ly  p a ram ete r to  be v a ried  betw een  th e se  ex p erim en ts  w as th e  p e riod  
of time d u rin g  th e  in itia l ap p lica tion  of p icro tox in  fo r w hich th e  GABA 
p u lse s  w ere tu rn e d  off (v a ried  betw een 11 and  300s). The solid sym bols 

in  Fig. 3.6C (plot b) show re s u lts  from  th e se  experim en ts. Each p o in t is 
th e  peak  am plitude of th e  f i r s t  re sp o n se  to  a  GABA p u lse  in  th e  
p re sen c e  of p icro tox in  (ex p ressed  a s  a  % of con tro l) p lo tted  a g a in s t th e  
pe rio d  of time d u rin g  w hich p icro tox in  had  been  app lied  in  th e  ab sen ce  

of GABA p u lses . T his g ra p h  th e re fo re  show s th e  ra te  of o n se t of block 
by 10/xM p icro tox in  in  th e  ab sen ce  of GABA. For com parison  th e  open  
sym bols (p lo t a) re p re s e n t  th e  p eak  am plitude (as a  % of th e  con tro l) of 
su ccess iv e  sing le  re sp o n se s  from  th e  experim ent d ep ic ted  in  Fig. 3.6A, 

p lo tted  a g a in s t i ts  time of o c cu rren c e  in re la tio n  to  th e  s t a r t  of 
p icro tox in  app lica tion  (a t time zero). This p lo t th e re fo re  show s th e  ra te  
of o n se t of block by IOmM picro tox in  in th e  same cell, in  th e  p re sen c e  of 
GABA (applied  fo r 18ms e v e ry  2s). I t  is  a p p a re n t th a t  th e  o n se t of 
block by p icro tox in  in  th e  ab sen ce  of GABA is  slow re la tiv e  to  th e  block 
in  th e  p re sen ce  of GABA. R esponses w ere re d u c ed  to  25% of co n tro l in  

approxim ately  290s in  th e  ab sen ce  of GABA, com pared to  an  eq u iv a len t 
d eg ree  of block being  o b ta ined  w ith in  18s in  th e  p re se n c e  of GABA. In  
sum m ary, p icro tox in  p ro d u ced  only  a  slowly e q u ilib ra tin g  block in  th e  
ab sen ce  of GABA.
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Fig. 3.6 Experim ent il lu s tra tin g  th e  slow o n se t of block by  p icro tox in  
in  th e  ab sen ce  of GABA. A, u p p e r  reco rd : co n tin u o u s  w hole-cell
c u r r e n t  tra ce ; Vm = -70mV. Downward deflec tio n s  a re  inw ard  c u r r e n t  
re sp o n se s  to  ionophore tic  p u lses  of GABA (18ms) app lied  e v e ry  2s 

(ionophoretic  c u r r e n t  m onitored on low er tra c e ) . 10/*M picro tox in , 
app lied  to  th e  b a th in g  medium d u rin g  th e  time in d ica ted  by  th e  
h o rizo n ta l b a r, p ro d u ced  a  ra p id  re d u c tio n  in  th e  size of th e  
G A BA -currents. Maximum block had o c cu rred  w ith in  lesB th a n  20s of 
p icro tox in  application ; re sp o n se  am plitude d u r in g  maximum block was 20% 

of con tro l. B, w hole-cell c u r r e n t  re c o rd  (same cell a s  A) in te r ru p te d  by  

a  long gap  (d ash ed  line) d u rin g  p icro tox in  app lica tion . The 18ms p u lse s  
of GABA w ere app lied  e v e ry  2s ex cep t fo r 2s b e fo re , an d  120s d u r in g , 
th e  in itia l app lication  of lO^M p icro tox in  (applied  d u r in g  th e  p e rio d  
in d ica ted  by th e  ho rizo n ta l b a r and  a rro w s). The f i r s t  re sp o n se  in  th e  
p re se n c e  of p icro tox in  was 65% of con tro l. C, p lo t of th e  peak  am plitude 

of in d iv id u a l GABA re sp o n se s  v s  time a f te r  th e  in itia l ap p lica tio n  of IOmM 

picro tox in . Each po in t of g ra p h  a  (open c irc les) is  th e  peak  am plitude 
of a  s ing le  re sp o n se  from A, p lo tted  a g a in s t i ts  time of o c cu rren c e  in  
re la tio n  to  th e  s ta r t  of p icro tox in  app lica tion  (a t time zero ). R esponse 
am plitude was red u ced  to  25% of co n tro l w ith in  18s of IOmM picro tox in  
app lica tion . Each po in t of p lo t b (closed c irc les) r e p re s e n ts  a  s ing le  
experim en t of th e  ty p e  dep icted  in  B; to ta l of 14 experim en ts  from  one 
cell. Each po in t is th e  peak  am plitude of th e  f i r s t  GABA re sp o n se  
e lic ited  in  th e  p re sen ce  of IOmM picro toxin ; p icro tox in  app lied  up  to  th is  
re sp o n se  fo r th e  pe rio d  in d ica ted  on th e  time axis. R esponses w ere  
re d u c ed  to  25% of con tro l in  approxim ately  290s.
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D I S C U S S I O N

I t  is g en era lly  c o n sid e red , on th e  b asis  of d o se -re sp o n se  d a ta , th a t  
a t  le a s t p a r t  of th e  action  of p icro tox in  in  bo th  v e r te b ra te s  and  
in v e r te b ra te s  is  no t com petitive. A lthough is is  d iff icu lt to  in te r p r e t  
r e s u lts  from  b in d in g  s tu d ie s  in  te rm s of m echanism s of action  (because  

th e  s ta te  of th e  re c e p to r -c h a n n e l complex to w hich th e  d ru g s  a re  
b in d in g  is  unknow n), b in d in g  s tu d ie s  g en e ra lly  s u g g e s t  th a t  p icro tox in  
b in d s  to a  s ite  d is tin c t from th e  GABA re c e p to r  s ite , b u t th a t  th e re  is 
a llo s te ric  in te ra c tio n  betw een th e  a g o n is t and  a n ta g o n is t b in d in g  s ite s . 
S ev e ra l m echanism s of ac tion  could re s u l t  in  in h ib itio n  of m acroscopic 
(w hole-cell) GABA c u r re n ts  th a t  is n o t com petitive , in c lu d in g  simple open  
ch an n e l block, complex ch an n e l block, en hancem en t of d e sen s itiz a tio n , 
o r a  com bination of th e se . These p o ssib ilitie s  will now be c o n s id e red  in  
th e  lig h t of th e  r e s u lts  p re se n te d  h e re , an d  of p re v io u s  s tu d ie s .

I t  shou ld  be noted  th a t  p ic ro tox in , r a th e r  th a n  p icro tox in in , was 

u sed  th ro u g h o u t th is  s tu d y . P icrotoxin  is  an  equim olar m ixture of 
p ic ro tin  and  p icro tox in in , and  se v e ra l s tu d ie s  s u g g e s t  th a t  p icro tox in in  
is  th e  sole ac tiv e  com ponent (Ja rboe  e t al., 1968; T icku e t al., 1978; 
Simmonds, 1982).

3.7 General p ro p e r tie s  o f GABAA rec e p to r  channels
Before d iscu ss in g  th e  e ffe c t of p icro tox in  on GABA* c u r r e n ts  i t  is  

w o rth  co n sid e rin g  b rie fly  th e  g e n e ra l p ro p e r tie s  of GABAa 
re c e p to r -c h a n n e ls  in  r a t  sy m p ath e tic  n e u ro n es . In  th is  s tu d y  th e  
sp e c tra  of GABA c u r r e n t  noise w ere d e sc rib e d  by  th e  sum of two 
L oren tz ian s. The c o rre sp o n d in g  time c o n s ta n ts  w ere som ew hat v a riab le  
from cell to  cell, be ing  in  th e  ra n g e s  1 -4 .7ms and  35-69ms (a t -60mV). 
These v a lu es  a re  sim ilar to  th o se  p re v io u s ly  re p o r te d , in  w hich GABA 
s p e c tra  w ere  f it te d  w ith th e  sum of two L oren tz ian  com ponents, in  r a t  
sy m pathetic  neurones(C ull-C andy  &, M athie, 1986; C ull-C andy, M athie & 
Newland, 1987), bovine chrom affin  and  g lan d u la r ce lls  (Inenagah  & 
Mason, 1987; C ull-C andy, Mathie & Powis, 1988), r a t  and  mouse c e n tra l 
n e u ro n e s  (Sakm ann, Hamill, Borm ann, 1983; C ull-C andy & Ogden 1985; 
C ull-C andy & Usowicz, 1989a), an d  c ru s ta c e a n  m uscle (Dudel, F in g e r & 

S te tm eier, 1980). The d is tr ib u tio n s  of b u r s ts  le n g th s , m easured  d ire c tly  
from GABAa sing le  ch an n e l c u r r e n ts ,  re c o rd ed  from  r a t  sym pathetic  
n eu ro n es  w ere f it te d  w ith th re e  o r  fo u r exponen tia ls . In  th e  case  of 
th re e  exponen tia ls , th e  time c o n s ta n ts  w ere in th e  ra n g e s  0.3 -  0.4ms, 1.0 
-  3.5ms an d  17 -  45ms. D is trib u tio n s  of b u r s t  le n g th s , o r of a p p a re n t 
open  tim es, m easured  d ire c tly  from GABAa sing le  ch an n e l c u r r e n ts
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re c o rd ed  from v a rio u s  v e r te b ra te  n eu ro n e s  h ave  a lso  b een  f it te d  w ith  a t  
le a s t two exponen tia l fu n c tio n s  (Jackson  e t al,, 1982b; Miledi, e t al,, 1983; 

Sakm ann e t al,, 1983; Bormann & Clapham, 1985; M athers, 1985; Allan & 
A lb u q u erq u e , 1987; Bormann & K ettenm ann, 1988; ffrench -M ullen  e t al., 
1988; M athers & Wang, 1988; Weiss, 1988; M acdonald e t  al., 1989a; Weiss &. 
M agleby, 1989). The time c o n s ta n ts  of b u r s t  le n g th  d is tr ib u tio n s  

o b ta in ed  in  th e  p re s e n t  s tu d y  w ere w ith in  th e  ra n g e  of th e  v a lu es  fo r 
b u r s t  le n g th s  re p o rte d  fo r mammalian chrom affin  cells  and  a s tro c y te s  
(Miledi e t al., 1983; Jackson  e t al., 1982b; Borm ann & Clapham, 1985; 
Bormann & K ettenm ann, 1988), b u t m ost c losely  a g re e  w ith  th o se  
re p o r te d  by  Macdonald e t al., (1989a) fo r o p en in g s  to  th e  main 
co n d u ctan ce  s ta te  o b se rv ed  in  c u ltu re d  mouse sp in a l n eu ro n e s  (which 
w ere 1.0ms, 5.5ms, and  29.8ms). I t  h as  u su a lly  been  found  fo r  o th e r  
ag o n is t a c tiv a te d  ch an n e ls , th a t  th e  time c o n s ta n ts  d e riv ed  from  noise 

r e p re s e n ts  th e  b u r s t  of ch an n e l o p en in g s  p ro d u ced  b y  a  s in g le  re c e p to r  
ac tiv a tio n  (i.e. th e  'b u rs t- le n g th * ) . T here  is  some ag reem en t betw een  
th e  time c o n s ta n ts  estim ated  from  GABA noise’ an d  th e  lo n g e r time 
c o n s ta n ts  of th e  d is tr ib u tio n s  of b u r s t  le n g th s , th o u g h  th e re  is  a  lo t of 
v a ria b ility  in  th e se  estim ates betw een  p re p a ra t io n s  (and betw een 
re p o r te d  v a lu es).

The am plitude of th e  most f re q u e n tly  o b se rv ed  co n d u ctan ce  level in  
s in g le -ch a n n e l re c o rd in g s  u n d e r  co n tro l cond itions in  r a t  sym pathetic  
n e u ro n es  was ab o u t 30pS. Also levels  of ab o u t 22-23pS and  15-18pS w ere 
o ften  o b se rv ed , while levels  of 7-9pS could  a lso  be seen  w ith  reaso n ab le  
re liab ility  (see C hap ter 4). I t  is  th e re fo re  no t s u rp r is in g  th a t  th e  
con d u ctan ce  estim ated  from GABA noise in  th e se  cells  w as sm aller th a n  
th e  main s ta te  con d u ctan ce  level m easured  d ire c tly  from  sing le  ch an n e l 
re c o rd s  (mean co n d u ctan ce  estim ated  from  noise w as 11.8 * 2.4pS; mean 
* S.D., n ~ 7, -60mV). GABAa re c e p to r  ch an n e ls  in  o th e r  v e r te b ra te  
cells a p p a re n tly  open  to  s e v e ra l d is c re te  co n d u ctan ce  levels  w ith  

am plitudes betw een 10 and  45pS (Hamill e t al, 1983; Miledi e t ai, 1983; 
C o ttre ll e t al, 1985; Bormann e t al, 1987; Huck & Lux, 1987; 1987; 

Bormann & K ettenm ann, 1988; M cBurney e t ai, 1985; Weiss e t ai, 1988; 
Macdonald e t al, 1989a; Yang & Zorum ski, 1989).

A com plication in  th e  in te rp re ta tio n  of th e  e ffe c ts  of p icro tox in , is 
th e  su g g es tio n  th a t, in  fro g  se n so ry  n e u ro n es , th e re  a re  th re e  

fu n c tio n a lly  d iffe re n t su b ty p e s  (in te rm s of s in g le -ch a n n e l co n d u ctan ce  
and  GABA co n cen tra tio n  dependence) of th e  GABAa re c e p to r -c h a n n e l 
complex, and  th a t  th e se  su b ty p e s  a lso  d iffe r  in  th e ir  s e n s itiv ity  to  
p icro tox in  (Yasui e t ai, 1985). The p o ssib ility  of more th a n  one ty p e  of
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GABA A re c e p to r-c h a n n e l in  r a t  sy m p ath e tic  n eu ro n e s  is d iscu ssed  
f u r th e r  in  C hap ter 4.
3.8 P ossib le  m echanism s o f  action  o f  p icro toxin  on GABAa r e c e p to r  

ch a n n e ls
3.8.1 Sim ple open channel b lock

The sim plest m echanism  of action  of p icro tox in  th a t  would re s u l t  in 
b lock of GABAa c u r r e n ts  th a t  is  n o t com petitive , is  sim ple seq u en tia l 
open  ch an n e l block, a s  o rig in a lly  p ro p o sed  b y  A rm strong  (1971) an d  
ex ten d ed  by Adams (1976):

2 kx k x P A+B
A + R  ----- * AR A2R A2R* v * A2R*B (1)

k-1 2k-1 « k-Q

w here  A re p re s e n ts  th e  a g o n is t molecule, R th e  c losed  re c e p to r  channel, 
R* th e  open  re c e p to r  ch an n e l, B th e  b locker m olecule, and  P, a, k x , k - x 
, Jq.B and  k_B a re  th e  fo rw ard  and  backw ard  m icroscopic r a te  c o n s ta n ts  
fo r tra n s itio n s  betw een s ta te s . A co n seq u en ce  of th is  seq u en tia l 
m echanism  of block is  th a t  th e  b locked ch an n e l m ust re -o p e n  in  o rd e r  
fo r  th e  b locking  molecule to  d isso c ia te  and  th e  ch an n e l to  sh u t. The 
e ffe c t of open ch an n e l b lo ck ers  on sing le  ch an n e l c u r r e n ts  d ep en d s  on 
th e  re la tiv e  ra te  of d issoc ia tion  of th e  b locker from th e  ch an n e l, and  

th e se  e ffe c ts  can be p re d ic te d  from  schem e (1). F u rth e rm o re , in  th e  
s im plest case  w here a g o n is t s p e c tra  can  be f it te d  by  a  sing le  
L o ren tz ian , w ith a  time c o n s ta n t th a t  re f le c ts  th e  b u r s t  le n g th  of th e  
u n d e rly in g  sing le  channel c u r r e n ts ,  th e  e ffe c t of a  simple open  ch an n e l 
b lo ck er on th e  sp e c tra  can  a lso  be p re d ic te d . A lthough th e  g a tin g  of 
GABAa re c e p to r  ch an n e ls  a p p e a rs  f a r  more complex th a n  th a t  d ep ic ted  in  

schem e (1), i t  is  s till p o ssib le  to  a s s e s s  w h e th e r p ic ro to x in  a c ts  a s  a 
simple open  channel b lo ck er from  i ts  e ffe c ts  on GABA sp e c tra , an d  
s in g le -ch an n e l c u r re n ts .

When co n sid e rin g  sing le  channel c u r r e n ts ,  an  open  ch an n e l b locker 
would be expected  to  red u c e  th e  d u ra tio n  of in d iv id u a l o p en in g s  (from 

1 /a  to  l/(a+[B ]k+.B)» in  schem e (1), w here [B] is th e  co n cen tra tio n  of 
b locker) an d  in c rease  th e  to ta l b u r s t  d u ra tio n  (due to  th e  in tro d u c tio n  
of se v e ra l blockage g ap s, betw een  in d iv id u a l o p en in g s , d u r in g  a  s ing le  

a c tiv a tio n ). However, th e  to ta l open  time p e r  b u r s t  is  expected  to  be 
in d e p e n d e n t of th e  a n ta g o n is t co n cen tra tio n , s in ce  th e  blocked ch an n e l 
h as  to  re -o p e n  in  o rd e r  fo r th e  b lo ck er molecule to  d isso c ia te  and  th e  
ch an n e l to sh u t, and  becau se  th e  ch an n e l is  'memoryless* (Neher & 

S te in b ach , 1978; Colquhoun & Hawkes, 1982; 1983). The e x ten t of th e
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c h an g es  in  open time and  b u r s t  le n g th  would of c o u rse  d epend  on th e  
d issoc ia tion  ra te  of th e  open  ch an n e l b lo ck er (assum ing sim ilar 
a ssoc ia tion  ra te  c o n sta n ts ) .

Open channel b lo ck ers  would a lso  be expected  (d ep en d in g  on th e  
d issoc ia tion  ra te ) to  change  a s ing le  L o ren tz ian  sp ec tru m  to  a 
d o u b le -L o ren tz ian , w ith one time c o n s ta n t fa s te r ,  an d  th e  o th e r  slow er, 
th a n  th e  time c o n s ta n t of th e  co n tro l sp ec trum ; th e  f a s te r  time c o n s ta n t 
re p re se n tin g  (v e ry  rough ly ) th e  in d iv id u a l o p en in g s, and  th e  slow er 
time c o n s ta n t re fle c tin g  th e  b u rs ts .  The fa s t  time c o n s ta n t shou ld  g e t 
b r ie fe r , and  th e  slow time c o n s ta n t lo n g e r, a s  th e  a n ta g o n is t 

co n ce n tra tio n  is  in c reased  (Adams, 1976; N eher & S te in b ach , 1978). 
F u rth e rm o re , th e re  should  be a  lin ea r re la tio n sh ip  betw een  th e  
a n ta g o n is t co n cen tra tio n  and th e  sum of th e  rec ip ro ca l of th e  f a s t  and  
slow time c o n s ta n ts , m inus th e  rec ip ro ca l of th e  co n tro l time c o n s ta n t, 
th a t  is , Tf_l + t s" ‘ -  r c_ l (C olquhoun & S h e rid an , 1981; Ogden, 

S iegelbaum  & C olquhoun, 1981).

In  th e  case  of th e  n ico tin ic  acety lcho line  re c e p to r , th e re  a re  
num erous d ru g s  whose b locking action  can  be d e sc rib e d , a t  le a s t to  a 
f i r s t  approxim ation, by a simple open  ch an n e l block m echanism . These 
d ru g s  p ro d u ce  th e  p red ic ted  ch an g es  in  th e  open  time, b u r s t  le n g th  and  

noise s p e c tra  of n ico tin ic  ace ty lcho line  re c e p to r  ch an n e ls . In c luded  in  
th is  c a te g o ry  a re  tu b o c u ra rin e  (Manalis, 1977; A scher, M arty & Neild, 
1978; Katz & Miledi, 1978; Colquhoun, D reyer & S h e rid an , 1979; A scher, 
L arge & Rang, 1979; Rang, 1982), gallaraine (Katz & Miledi, 1978; 
C olquhoun & S h erid an , 1981), some b a rb itu ra te  local a n a e s th e tic s  (Adams, 
1976; 1977), and  low co n cen tra tio n s  of QX222, a  lignocaine d e riv a tiv e  

(Ruff, 1977; 1982; N eher & S te inbach , 1978). D rugs w hich a p p e a r  to  ac t, 
a t  le a s t in  p a r t ,  as  open  channel b lo ck ers  of a n o th e r  a g o n is t-g a te d  ion 

channel, th e  N -m ethy l-D -aspartic  a c id -ac tiv a te d  ch an n e l (NMDA channel) 
inc lude  m agnesium , nick le, cobalt, and  m anganese ions (Ault e t al, 1980, 
M ayer e t al, 1984; Nowak e t al, 1984; M ayer & W estbrook, 1985; 1987; 
A scher & Nowak, 1988; Mayer e t ai, 1988), MK-801 (H uettner & Bean, 

1988), desip ram ine  (S ern ag o r, Kuhn, V yklicky &. M ayer, 1989) and  

phen cy c lid in e  (B ertolino, Vicini & Costa, 1978).

An open ch an n e l b locking mechanism may acco u n t fo r  p a r t  o f th e  
action  of pen icillin  a t  GABAa re c e p to r  ch an n e ls . T h ere  a re  a  lim ited 
num ber of q u a n tita tiv e  s tu d ie s  of th e  e ffe c t o f pen icillin  on GABAa 
channel k in e tics . However Chow & M athers (1986) o b se rv e d  th a t  

penicillin  red u ced  th e  fa s t  time c o n s ta n t of ch an n e l open  time 
d is tr ib u tio n s  fo r GABA c u r re n ts  from  mouse sp in a l n eu ro n es , while
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B ark er e t a1 (1983) re p o rte d  th a t  penicillin  cau sed  complex ch an g es  in  
th e  pow er sp e c tra  of GABA c u r re n ts  from mouse sp in a l n eu ro n es . 

F u rth e rm o re , Sm art (1983) su g g e s te d  th a t  pen icillin  b in d s  p re fe re n tia lly  
to  th e  opfcB bound , A2I^8 p ec ie s, b ased  on q u a n tita tiv e  a n a ly s is  of GABA 
d o se -re sp o n se  d a ta  (m easured in  c ru s ta c e a n  m uscle).
In te rm ed ia te  dissociation ra te  C hanges in  open  tim es and  b u r s t

le n g th s  of GABAa re c e p to r-c h a n n e ls , and  ch an g es  in  th e  GABA noise 
sp ec tru m  would be more obv ious w ith  an  in te rm ed ia te  d issoc ia tion  ra te  
b lo ck er th a n  w ith e ith e r fa s t  o r slow d issocia tion  ra te  b lo ck ers . We 

could no t d e te c t any  e ffec t of p icro tox in  on th e  time c o n s ta n ts  of GABA 

s p e c tra  in  r a t  sym pathetic  n e u ro n es , w here th e  s p e c tra  w ere f it te d  w ith 
th e  sum of two L oren tz ian  com ponents in  co n tro l co n d itio n s  and  in  th e  
p re se n c e  of p icro toxin . A lack of e ffe c t of p icro tox in  on GABA s p e c tra  

h as  been  p rev io u s ly  o b se rv ed , in  mouse sp in a l n eu ro n e s  and  
hippocam pal n e u ro n es  (B arker, M cBurney & M athers, 1983; Segal & 
B ark er, 1984) a lth o u g h  in  c o n tra s t  to  th e  p re s e n t  w ork , s p e c tra  w ere 
f i t te d  w ith  a sing le  L oren tzian , and  a  na rro w er f re q u e n c y  ra n g e  was 
in v e s tig a te d  (0.1 to  100Hz o r 0.2 to  200Hz re sp ec tiv e ly ). However, B ark er 

e t a 1 (1983) o b se rv ed  ’excess* noise a t  th e  h igh  fre q u e n c y  en d  of m any 
of th e ir  f it ted  sp e c tra .

In  th e  p re s e n t s tu d y  th e  e ffec t of p icro tox in  on GABAa 
s in g le -ch a n n e l c u r r e n ts  was m easured  d irec tly , w ith  th e  minimum 
reso lv ab le  in te rv a l s e t a t  200ms (1.5 tim es th e  f i l te r  r is e  tim e). For th e  
th re e  p a tch e s  an aly sed  no c o n s is te n t e ffe c t o f p ic ro to x in  on  b u r s t  
le n g th s  w as o b se rv ed . Akaike & Oomura (1984) and  Akaike e t al (1985) 

have p rev io u s ly  o b serv ed  th a t  p icro tox in  did no t p ro d u ce  th e  ’flickery* 

block of GABA sing le  ch an n e l c u r r e n ts  (in b u llfro g  sy m pathetic  
n eu ro n es) expected  of an  in te rm ed ia te  d issocia tion  ra te  op en  ch an n e l 
b locker. However no m easure of th e  e ffe c t of p ic ro tox in  on ch an n e l 
open  tim es o r b u r s t  le n g th s  w as made. Taken to g e th e r , o u r  noise and  
sing le  ch an n e l d a ta  s u g g e s t th a t  p icro tox in  does n o t a c t a s  an  
in te rm ed ia te  d issocia tion  ra te  open  ch an n e l b locker.
Rapid d issocia tion  ra te  The p re s e n t  o b se rv a tio n  th a t  p icro tox in  did 
no t re d u c e  th e  a p p a re n t co n d u ctan ce  of GABAa re c e p to r  ch an n e ls , 

m easured  d ire c tly  from sing le  ch an n e l re c o rd in g s  o r  estim ated  from  
GABA s p e c tra , is  in c o n s is te n t w ith a v e ry  rap id ly  d isso c ia tin g  open 
ch an n e l b locking mechanism. A v e ry  rap id ly  d isso c ia tin g  open  ch an n e l 

b locker (which would be likely  to  have low potency ; equ ilib rium  c o n s ta n t 
fo r open  ch an n e l block, K& say , in  th e  o rd e r of 1-lOOmM) would be 
expected  to p ro d u ce  an  a p p a ren t red u c tio n  in  s in g le  ch an n e l
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co n d u c tan ce , because  open ings would be v e ry  s h o r t  a n d  th e  tra n s it io n s  
o f th e  ch an n e l betw een  th e  fu lly  open  s ta te  and  th e  b locked s ta te  would 
be too rap id  to  be fu lly  reso lv ed . Such a  ra p id  open  ch an n e l b lock is  
seen  fo r a  v a r ie ty  of channel ty p e s  and  b lo ck ers , in c lu d in g  block of 
n ico tin ic  ace ty lcho line  ch an n e ls  b y  carbam ylcholine o r ace ty lcho line  its e lf  
(S ine & S te inbach , 1984b; O gden & C olquhoun, 1985), block of ATP 

sen s itiv e  potassium  ch an n e ls  in  fro g  sk e le ta l m uscle by  Cs+ an d  Ba+ 
(Quayle, S tan d en , S tan fie ld , 1986), an d  block o f Ca2+-a c tiv a te d  K+ 
ch an n e ls  of bovine chrom affin  cells  by  in te rn a l Na+ (Yellen, 1984), to  
m ention b u t a few. A lthough we did n o t in v e s tig a te  th e  p o ssib ility  th a t  
p icro tox in  cau sed  a  s h if t  in  th e  re la tiv e  fre q u e n c y  of o c cu rren c e  of th e  
v a r io u s  co n d u ctan ce  levels to  o nes of lower am plitude , a  s ig n ific an t 

ch an g e  would have b een  expected  to  re d u c e  th e  ch an n e l co n d u ctan ce  
estim ated  from noise.

Slow d issocia tion  ra te  On th e  b a s is  of o u r s ing le  channel d a ta  and
noise an a ly s is , an d  th e  noise a n a ly s is  of B ark er e t al (1983) and  Segal & 

B ark er (1984), a  slowly d isso c ia tin g  open ch an n e l block m echanism  fo r 
p ic ro tox in  can n o t easily  be ru le d  o u t. A slow ly d isso c ia tin g  open  
ch an n e l b locker (K$ in  th e  nM ran g e ) may p ro d u ce  on ly  a s lig h t ch an g e  
in  a p p a re n t b u r s t  len g th , because  w ith  a ty p ica l asso c ia tio n  ra te  (K+b in  
schem e 1) of th e  o rd e r  of 5 x 107M“ 1s ” 1, m ultip lied  by  a co n cen tra tio n  
of say  20nM, would c o n tr ib u te  only  I s " 1 to  th e  rec ip ro ca l mean open 

time (l/(a + [B ]k fB) in  schem e 1). F u rth e rm o re , th e  ex p ec ted  b lockage 
g ap s  ( l / k _ B in  schem e 1; of th e  o rd e r  of seconds) would be so long  as 
to  be d iff icu lt to  d is tin g u ish  from  o th e r  s o r ts  of long  s ile n t p e rio d s  
su ch  a s  g ap s  betw een ac tiv a tio n s , o r g a p s  th a t  re s u l t  from  

d esen s itiza tio n . Indeed  th e  th re e  o u ts id e -o u t p a tc h e s  an a ly sed  
co n ta in ed  long g a p s -b e tw e e n -b u rs ts , w ith mean v a lu es  in  th e  ra n g e  of 

20-300ms.
A f u r th e r  p red ic tio n  th a t  can  be made from  th e  seq u e n tia l b lock ing  

schem e (1) is  th a t  a slowly d isso c ia tin g  open  ch an n e l b locker may 
ex h ib it 'u se -d e p e n d e n c e ', th a t  is , th e  b lo ck er becom es more e ffec tiv e  as  
more ch an n e ls  a re  opened , and  since  th e  blocking  molecule d isso c ia te s  
re la tiv e ly  slowly from th e  ch an n e l, th e  b lo ck er accum ula tes. Such 

U B e-dependence has been  w idely d e sc rib e d  fo r th e  ac tio n  of v a rio u s  
o p e n -c h an n e l b lo ck ers , in c lu d in g  local a n a e s th e tic  block of v o lta g e -g a ted  
sodium ch an n e ls  in  n e rv e  (S tr ic h a r tz , 1973; C ourtney , 1975; K hodorov, 
1976; C ahalan, 1978) and  in  m uscle (S chw artz  e t al, 1977) an d  fo r 
gang lion ic  b locking d ru g s  a c tin g  on n ico tin ic  re c e p to rs  a t  m uscle end  
p la te s  (M agazanik & Vyskocil, 1976; B u rg e rm e is te r e t al, 1977; M aleque e t
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aJ, 1982), and  fo r block of NMDA re c e p to r -c h a n n e ls  by  ketam ine 
(M acdonald e t a  I, 1987; M ayer e t al, 1988). A lthough th e  u se -d e p e n d e n t 
e ffe c t of p icro tox in  o b se rv ed  in  th e  p re s e n t  s tu d y  may re f le c t an  
u n d e rly in g  slowly d isso c ia tin g  open ch an n e l b locking  m echanism , th is  is 

n o t a  u n iq u e  in te rp re ta tio n . A complex ch an n e l b lock ing  m echanism  may 
a lso  re s u l t  in  u se -d ep e n d en c e  (see below).

A kaike e t  al (1985) su g g es te d  th a t  th e  s ite  of ac tion  of p icro tox in  is 
in  th e  channel, since p icro tox in  in h ib ited  GAB A re sp o n se s  in  b u llfro g  

s e n so ry  n e u ro n es , w hen th e  a n ta g o n is t w as app lied  in trac e llu la r ly . 
However, we have no t been  ab le  to  block o r re d u c e  s ig n ifican tly  th e  
w hole-cell GABA c u r r e n ts  in  r a t  sy m p ath e tic  n e u ro n e s  b y  in c lu d in g  
p icro tox in  (up  to  40/xM) in s id e  th e  p a tch  p ip e tte s  ( re s u lts  no t show n). An 

a lte rn a tiv e  in te rp re ta tio n  of th e  r e s u l ts  of Akaike e t al (1985) is th a t  
p ic ro tox in  can  reach  its  s ite  of action  th ro u g h  th e  m em brane r a th e r  th a n  

v ia  th e  open  channel.
T h ere  is  some ev idence , how ever to  s u g g e s t  th a t  p icro tox in  does no t 

a c t a s  a slowly d isso c ia tin g  open ch an n e l b locker. The co n ce n tra tio n  of 

p icro tox in  re q u ire d  to  re d u c e  GABA c u r r e n ts  by  50% (IC50 value) in  
v e r te b ra te  n e u ro n es , has been  estim ated  to  be in  th e  ra n g e  0.6/*M (S igel 
& B aur, 1988) to  37/iM (Bowery & Brown, 1974). In  c o n tra s t  a  slowly 
d isso c ia tin g  ch an n e l b locker would be expec ted  to  have a  Kq in  th e  nM 
ra n g e , th o u g h  IC50 could be co n sid e rab ly  g re a te r  th a n  th e  tru e  if 
m easurem ents w ere made u n d e r  cond itions w here  a  small p ro p o rtio n  of 
ch an n e ls  w ere open. T hus, fo r schem e (1), th e  ra tio  of th e  p ro p o rtio n  
of ch an n e ls  in  th e  open  (A2R*) s ta te  a t  equ ilib rium  in  th e  ab sen ce  
(P i (0) say ), to  in th e  p re sen c e  (Pi(B) say) of b locker, is  l+ (x BP i(0 ) /J fB) 
w here  ICB is th e  equ ilib rium  d issoc ia tion  c o n s ta n t, an d  x B is  th e  
co n cen tra tio n  of b locker. U nder co n d itions w here th e  c o n cen tra tio n  of 
b locker p ro d u c e s  50% in h ib itio n  (i.e. xB = IC50) th e n  P x (0 ) /P j (B) = 2. 
T hus 1 /P i (0) = ICso/lffl. C onsequen tly  JfB will be eq u a l to  IC50 only  
w hen all ch an n e ls  w ere open a t  equ ilib rium  in  th e  ab sen ce  of b locker 

(i.e. w hen P i(0 )= l) , o therw ise  IC 50 will be g re a te r  th a n  fCB. The 

m easurem ent of lfB v a lu es  from  b in d in g  s tu d ie s  is  d iff icu lt re la te  to  
ac tu a l po ten cy  since  i t  is  no t know n to  w hich conform ation  of th e  
re c e p to r -c h a n n e l th e  d ru g  is b in d in g  (fo r example p ic ro to x in  could have  
h ig h e s t a ffin ity  fo r th e  re c e p to r  ch an n e l complex in  th e  d esen s itized  
s ta te ) .

The slowly develop ing  block by  p icro tox in  in  th e  ab sen ce  of GABA 
o b se rv ed  fo r r a t  sym pathetic  n e u ro n e s  in  th e  p re s e n t  s tu d y , s u g g e s ts  
th a t  th e re  is no ab so lu te  re q u irem en t th a t  th e  ch an n e l be open befo re
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p icro tox in  block can  occur. In  ag reem en t w ith  th is  o b se rv a tio n ,
Y akush iji e t al. (1987) and  Kudo e t al. (1984) o b se rv ed  th a t  p re tre a tm e n t 
w ith  p ic ro tox in  enhanced  th e  d eg ree  of block of GABA re sp o n se s  in  fro g  
sp in a l co rd  n eu ro n es  and  fro g  sy m p ath e tic  g an g lion  n eu ro n es . Of
co u rse  th is  may still mean th a t  p ic ro tox in  is  an  open  ch an n e l b locker, 
b u t  th a t  i t  can  gain  access  to  th e  ch an n e l v ia , say  th e  m em brane lip id . 

I t  is in te re s t in g  to note th a t  th e  o n se t of block of GABA c u r r e n ts  by  
t-b u ty lb icy c lo p h o sp h o ro th io n a te  (TBPS), a com pound th o u g h t to  a c t  a t  

th e  same s ite  as  p icro tox in  and  p ic ro tox in in  on th e  GABAa

re c e p to r -c h a n n e l (S q u ire s  e t al, 1983) a lso  o c c u rs  slowly in  th e  ab sen ce  

o f GABA (Van R enterghem  e t al, 1987). F u rth e rm o re , b o th  th e  b in d in g  
an d  th e  d issocia tion  ra te s  of TBPS b in d in g  can  be m easured  in  th e  

ab sen ce  of a g o n is t (Maksay & T icku, 1985; S q u ire s  e t al, 1983). I t  should  
be no ted  th a t  TBPS b ind ing , r a th e r  th a n  p ic ro to x in  b in d in g , has
g e n e ra lly  been  u sed  to  in v e s tig a te  th e  in te ra c tio n  betw een  th e  p icro tox in  
s ite  and  th e  GABA b ind ing  s ite  since TBPS b in d s  to  th e  same s ite  a s  
3H -d ih yd rop icro tox in in , b u t has th e  a d v a n ta g e s  of h ig h e r  a ff in ity  and  
low er levels  of n o n -sp ec ific  b in d in g  (S q u ire s  e t al, 1983).

S tab iliza tion  of a  tra n sm itte r  o p e ra ted  ion ch an n e l in  an  open  b u t 
b locked s ta te  shou ld  re s u lt  in th e  re c e p to r  hav in g  a  h ig h e r a ff in ity  fo r 

th e  a g o n is t in  th e  p re sen c e  of b lo ck er (N eher & S te in b ach , 1978). 
However b in d in g  s tu d ie s  su g g e s t th a t  p icro tox in  re d u c e s , r a th e r  th a n  
in c re a se s , th e  a ff in ity  of GABA an d  muscimol fo r th e  GABAa re c e p to r  
(Fujim oto & O kabayashi, 1981; S upav ila i e t al, 1982; Matsumo & F u kuda , 

1982; Q uast & B ren n er, 1983).
The p re s e n t  o b se rv a tio n  th a t  th e  block of GABA re sp o n se s  in  r a t

sy m p ath e tic  n eu ro n es  by p icro tox in  is v o lta g e -in d e p e n d e n t can n o t be
ta k e n  a s  ev idence  a g a in s t an  open  ch an n e l b lock ing  m echanism  sin ce  th e

two com ponents of p icro tox in  (p ic ro tin  an d  p icro tox in in) a re  n e u tra l
m olecules (P o rte r , 1967). In  ag reem en t w ith th e se  r e s u l ts ,  Adams e t ai,

(1981b) o b se rv ed  th a t  p icro toxin  did no t a lte r  th e  v o lta g e -d ep e n d e n ce  of
th e  decay  of GABAergic in h ib ito ry  p o s t sy n a p tic  c u r r e n ts  in  c ra y f ish
s t r e tc h  re c e p to rs . F u rth erm o re  y<\Kus,hijt and Akaike e t al

(1986) o b se rv ed  th a t  p icro toxin  did no t a lte r  th e  c u r re n t-v o lta g e
re la tio n sh ip  of w hole-cell GABA c u r r e n ts  from  bullfrog , s e n so ry  n eu ro n es .

ftkaike, Ocmufo. and
However, th e  o b se rv a tio n  k y ^  Akaike e t al (1985) th a t  p icro tox in
elim inated th e  n o n -lin ea rity  (outw ard  rec tifica tio n ) of w hole-cell GABA
c u r r e n t  vo ltage  re la tio n sh ip s  (for b u llfro g  d o rsa l ro o t ganglion
n eu ro n es) is incom patible w ith th e  p re s e n t  re s u lts .
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3.8.2 Complex channel block
Complex channel block m echanism s a re  s till ex p ec ted  to  sh o rte n  

in d iv id u a l o p en in g s  (e.g. O gden & Colquhoun, 1985) an d  may invo lve 
e i th e r  th e  in tro d u c tio n  of ad d itio n a l (possib ly  lo n g -liv ed ) b locked s ta te s  

in to  th e  simple seq u en tia l mechanism d esc rib e d  above, o r cyclical 

schem es w h ereb y  th e  ch annel can  sh u t w ithou t r e tu rn in g  to  th e  open  
s ta te  and  w ith th e  blocking molecule s till bound . I t  is  a lso  possib le  
e ith e r  th a t  th e  an tag o n is t b in d s  to  more th an  one s ite  (p e rh a p s  w ith 
d if fe re n t a ffin itie s) to  p ro d u ce  two o r more b locked s ta te s ,  o r th a t  th e  

a n ta g o n is t a c ts  a t  a  s ite  (or s ite s) away from  th e  ion ch an n e l, b u t 
b locks th e  ch an n e l a llo s terica lly , o r both.

Such complex blocking m echanism s can  r e s u l t  in  ’u se -d e p e n d e n c e ’, 
say  if  th e  a n ta g o n is t b in d s  w ith  h ig h e r a ff in ity  to  th e  ag o n is t bound  
re c e p to r-c h a n n e l and  s tab ilizes  an  ag o n ist bound s h u t s ta te . T h e re fo re  
th e  u se -d e p e n d e n t block by  picro toxin  of GABA c u r r e n ts  in  r a t  
sy m pathetic  n eu ro n es  may be due to  a complex ch an n e l block mechanism . 
U se -d ep en d en ce  has been o b se rv ed  fo r th e  complex block of o th e r  
a g o n is t g a ted  ion ch an n e ls  in c lu d in g  block of n ico tin ic  acety lcho line  

re c e p to rs  in  r a t  subm and ibu lar gang lia  by hexam ethonium , w hich a p p e a rs  
to  g e t tra p p e d  w ith in  a  s h u t ch an n e l and  can  th e re fo re  d issoc ia te  only  
slowly from  th e  re c e p to r-c h a n n e l (G urney & Rang, 1984), and  fo r th e  
block of NMDA re c e p to r-c h a n n e ls  by ketam ine (M acdonald, M iljkovic, 
P e n n e fa th e r , 1987; M ayer e t al 1988). More re le v a n t to  th e  p re s e n t  
s tu d y , Van R enterghem  et. al, (1987) o b se rv ed  th a t  th e  o n se t of block of 
GABAa c u r r e n ts  by TBPS was u se -d e p e n d e n t (m easured  from  X enopus  
oocy tes w hich had been  in je c ted  w ith  ch ick  b ra in  mRNA). The 
o b se rv a tio n  by Van R enterghem  e t aJ (1987), th a t  th e  o ffse t of TBPS 
block w as also u se -d e p e n d e n t, is  c o n s is te n t w ith conclusions from  

b in d in g  s tu d ie s  in  w hich th e  d issocia tion  ra te  of TBPS b in d in g  from  r a t  
b ra in  m em branes was in c reased  in  th e  p re sen c e  of GABA o r muscimol 
(M aksay & Ticku, 1985; T rif iltt i  e t al, 1984). In  view  of th e  
u se -d e p e n d e n t o n se t of block, i t  th e re fo re  seem s like ly  th a t  th e  

asso c ia tio n  ra te  of p icro toxin  b in d in g  to th e  GABAa re c e p to r  would also  
be in c re a se d  in  th e  p re sen ce  of GABA. The u s e -d e p e n d e n t block by  
p icro tox in  may explain th e  o b serv a tio n  by  C o n stan ti (1978) th a t  
p icro tox in  caused  "fad ing" of th e  f i r s t  GABA te s t  p u lse  in  th e  p re sen c e  

of p icro tox in , which was not seen  in  su b se q u e n t GABA re sp o n se s  (in 
lo b s te r  m uscle). U se-dependence  may also explain  th e  ’peak  in  re s id u a l 
c u r r e n t ’ re p o rte d  fo r th e  e ffec t of p icrotoxin  on fro g  s e n so ry  n eu ro n es  
a t  low GABA co n cen tra tio n s  (Yashui, Ish izu k  & Akaike, 1985). Sim ilarly,
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u se -d ep e n d en c e  could explain o u r o b se rv a tio n  (see F igs. 3.1 and  3.2) 
(and  th a t  of Kudo e t a J, 1984) th a t, w hen p icro tox in  was app lied  
s im ultaneously  w ith th e  f i r s t  GABA ap p lica tion , th e  in itia l p a r t  of th e  
GABA re sp o n se  decayed  v e ry  rap id ly , com pared w ith  th a t  o b se rv ed  in 

th e  ab sen ce  of p icro toxin .
A ran g e  of com pounds, w hen exam ined in  detail 

(e lectrophysio log ica lly ) ap p ea r to  a c t, a t  le a s t in  p a r t ,  a s  complex 
b lo ck ers  of a g o n is t-g a te d  ion ch an n e ls . Complex b lo ck e rs  of th e  

n ico tin ic  ace ty lcho line  re c e p to r-c h a n n e l (some of w hich w ere  o rig in a lly  
th o u g h t to  a c t a s  simple open ch an n e l b lockers) inc lude  p ro ca in e  (Katz & 
Miledi, 1975; Adams, 1977), tr if lu o p e raz in e  (Clapham & N eher, 1984b), 
benzocaine (Ogden e t al 1981), p e n to b a rb ito n e  (Gage & M ckinnon, 1985), 
su b s ta n c e  P (Clapham & Neher 1984a; Role, 1984), an d  clonidine 
(C ull-C andy, M athie & Powis, 1988). A lthough many of th e se  com pounds 

p ro d u ce  obv ious, th o u g h  complex, ch an g es  in  th e  s p e c tra  and  
s in g le -ch a n n e l c u r r e n ts  of th e  re le v a n t a g o n is t-g a te d  io n -ch an n e ls , i t  is  

feasib le  th a t  th e  b locking  and  u n b lock ing  r a te s  fo r p icro tox in  a re  su ch  
th a t  th e  ch an g es  in  th e se  p a ram ete rs  a re  too small to  be d e tec ted  in  th e  
p re s e n t  s tu d y .

A mechanism d iff icu lt to d is tin g u ish  from  complex ch an n e l block is 

enhancem ent of d esen sitiza tio n , no t le a s t because  th e  p h y s ica l m echanism  
of d e sen s itiza tio n  is  no t u n d e rs to o d . For example, Clapham & N eher 
(1984a) su g g e s te d  th a t  the  inh ib ition  of n ico tin ic  ace ty lch o lin e -in d u ced  
c u r re n ts  in  iso la ted  bovine chrom affin  cells  by  su b s ta n c e  P, could 
equally  well be due to  enhancem ent of th e  ra te  of d e sen s itiz a tio n  o r 
complex channel block (with a  slow d issocia tion  ra te )  in  w hich th e re  w as 
an  ad d itio n a l pa thw ay  from blocked to  d e sen s itiz ed  s ta te s . E ith er way, 
su b s ta n c e  P cau sed  a decrease  in th e  d u ra tio n  of b u r s ts ,  a d ec rea se  in  
th e  num ber of o p en in g s  p e r b u rs t ,  a  re d u c tio n  in  th e  mean open time 
and  an  in c rease  in  in te r b u r s t  in te rv a l w ith in  c lu s te rs .  E nhancem ent of 
d esen s itiz a tio n  has also  been  su g g e s te d  a s  th e  m echanism  of in h ib itio n  
of GABA * c u r r e n ts  of ch ick  sp inal co rd  n e u ro n e s  b y  tr if lu o p e raz in e  

(Yang & Zorum ski, 1989). However, un like  Clapham & N eher (1984a), 
Yang & Zorm uski (1989) o b se rv ed  th a t  tr if lu o p e raz in e  d id  n o t a l te r  th e  

open  tim es of GABAa sing le  channel c u r r e n ts  (or a l te r  th e  c o rn e r 
f re q u e n c y  of th e  s ing le  L oren tz ian  sp e c tra ) . Akaike e t  al (1987) 
o b se rv ed  th a t  p icro tox in  speeded  th e  ra te  of in ac tiv a tio n  of w hole-cell 
GABAa c u r re n ts  of bull frog  d o rsa l ro o t ganglion  cells, an d  su g g e s te d  
th a t  th is  was c o n s is te n t w ith a ch an n e l-b lo ck in g  m echanism .
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3.8.3 Combination o f  m echanism s
An ex tension  of th e  complex b lock ing  m echanism  is  th e  su g g es tio n  

th a t  p icro tox in  ex h ib its  two o r more m echanism s of action . This 
p o ss ib ility  can n o t be excluded  in  th e  case  o f th e  p re s e n t  re s u lts .  

In d eed  ex tensive  q u a n tita tiv e  s tu d ie s  of GABA d o se -re sp o n se  d a ta  from  
c ru s ta c e a n  m uscle have led  C onstan ti (1978) and  Sm art & C onstan ti 

(1986) to  su g g e s t th a t  p ic ro tox in in  is  a  'mixed an tagonist*  p ro d u c in g  an  
'ap p aren t*  com petitive block (b ind ing  a t  a  s ite  o th e r  th a n  th e  GABA 
b in d in g  site ) p lu s  a  block th a t  is  n o t com petitive . Sm art & C onstan ti 
(1986) p roposed  th e  following cyclical schem e fo r GABAa re c e p to r -c h a n n e l 

in h ib itio n  by  p icro tox in in  (see also  C olquhoun, 1980, fo r  th e  in h ib itio n  of 
e n d -p la te  ace ty lcho line  re c e p to rs  by  tu b o c u ra rin e )

a:B i

— AR

VB2
*  A; A2R*

f tB3 K b  ^  AB3 ( 2 )

BR BAR BA2R BA2R

w here  R is th e  re c e p to r , w ith  two b in d in g  s ite s  fo r  th e  a g o n is t (A), B is 
th e  an tag o n is t, A2R* is  th e  on ly  open  s ta te , an d  ffei to  Kq3* a re  th e
equ ilib rium  d issocia tion  c o n s ta n ts  fo r  th e  b in d in g  of a n ta g o n is t to  th e
v a rio u s  s ta te s  of th e  re c e p to r-c h a n n e l. In  th is  schem e th e  a n ta g o n is t 
can  combine w ith th e  re c e p to r -c h a n n e l (a t a s ite  o r  s ite s  o th e r  th a n  th e  
a g o n is t b ind ing  site ) w hen th e  ch an n e l is  s h u t  a s  well a s  w hen i t  is 
open.

A p p aren t com petitive in h ib itio n  would o ccu r if  th e  a n ta g o n is t had 
p re fe re n tia l  a ffin ity  fo r th e  u n liganded  (R) o r m onoliganded (AR) s ta te s , 
while uncom petitive  block (such  as  a llo s te ric  block of th e  open  channel)

o c cu rs  w hen th e  a n ta g o n is t b in d s  p re fe re n tia lly , o r  on ly , to  th e  A2R
sp ec ies . O bviously if th e  a ff in ity  of p icro tox in  fo r th e  fo u r p ro p o sed  
s ta te s  of th e  GABA re c e p to r -c h a n n e l a re  d if fe re n t (as su g g e s te d  by 
C o n stan ti, 1978 and  Sm art & C onstan ti, 1986), th e n  th e  a p p a re n t 
m echanism  of action  of p icro tox in  will v a ry  acco rd in g  to th e  cond itions 
of th e  experim ent. This may explain  an y  a p p a re n t  d iffe ren c es  in  th e  

e ffe c t of p icro tox in  (in) on GABA d o se -re sp o n se  c u rv e s  o b se rv ed  by  
v a rio u s  in v e s tig a to rs . Van R enterghem  e t al (1987) have p ro v id ed  
f u r th e r  su p p o r t fo r un eq u al b ind ing  of p ic ro to x in -lik e  a n ta g o n is ts  to  th e  
closed  and  open s ta te s  of th e  GABAa re c e p to r , s ince  it  was o b se rv ed  
th a t  th e  re la tiv e  equ ilib rium  block by  TBPS was re d u c ed  w hen th e  GABA 

c o n ce n tra tio n  was in c reased  (e.g . TBPS has low er a ffin ity  fo r A2R and 
A2R* sp ec ies  th a n  fo r A o r AR sp ec ie s). T his would tie  in  w ith th e
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o b se rv a tio n  th a t  GABA ag o n is ts  red u c e  th e  am ount o f [35S]-TBPS bound 
in th e  s te a d y  s ta te , a t le a s t w hen non s a tu ra tin g  co n ce n tra tio n s  of TBPS 
w ere u sed  (S q u ire s  e t al., 1983; R am anjaneyln & T icku, 1984; Supavila i & 
K orobath, 1984; T rifille t e t. al., 1984). Based on schem e (2), Sm art & 

C onstan ti (1986) p ro p o sed  th a t  p icro tox in  s tab ilize s  th e  closed  form  of 
th e  re c e p to r-c h a n n e l, p e r tu r b s  th e  a llo s te ric  o r  conform ational 
equ ilib rium  c o n s ta n t betw een th e  open  an d  closed re c e p to r  s ta te s , and  
a ffe c ts  th e  ag o n is t b in d in g  a ffin ity  (and v ica  v e rsa ) . The co n cen tra tio n  

ra n g e s  of p icro tox in  (and  of GABA) exam ined in  th e  p re s e n t  s tu d y  w ere 
fa r  too lim ited to  determ ine w h e th e r p icro tox in  exh ib ited  su ch  a 'mixed 
an tagon ism ' of GABAa re c e p to r -c h a n n e ls  in  r a t  sy m p ath e tic  n eu ro n es . 
However all of th e  p re s e n t  re s u lts  a re  c o n s is te n t w ith su ch  a  mechanism .
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4. GABAA RECEPTOR-CHANNELS IN RAT SUPERIOR CERVICAL GANGLION 

NEURONES ACTIVATED BY HIGH CONCENTRATIONS OF GABA
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4.1 S U M M A R Y
1. S ingle ch an n e l c u r r e n ts  evoked  b y  h ig h  co n ce n tra tio n s  of 

GABA (10-2000mM) have b een  an a ly sed  to  in v e s tig a te  th e  c h a ra c te r is t ic s  
o f GABAa re c e p to r-c h a n n e ls . C u rre n ts  w ere re c o rd ed  from  o u ts id e -o u t 
p a tc h e s  from  r a t  su p e r io r  c e rv ica l gang lion  n eu ro n es . When h igh  
c o n ce n tra tio n s  of GABA w ere app lied  to  a  p a tch , ch an n e l o p en in g s  

o c c u rre d  in  p ro longed  c lu s te r s  (3.8 ± 3 .7seconds, mean * S.D. n  = 19, a t  
50^M GABA) co n sis tin g , on a v e rag e , of 350 a p p a re n t o p en in g s  p e r  c lu s te r  
(mean of 4 c lu s te rs , 50/jM GABA), an d  in d iv id u a l c lu s te r s  w ere s e p a ra te d  
by  long s ilen t in te rv a ls .

2. C hannel o p en in g s  w ere  to  m any (o ften  ill-d e fin ed ) co n d u ctan ce  
s ta te s  (ran g e  7-35pS), b u t th e  most f re q u e n tly  o b se rv e d  co n d u ctan ce  
level w as approxim ately  30pS, (29.6 * 0.34pS; mean * S.E.M., n=42). Only 
th o se  c lu s te r s  d u r in g  w hich th e  ch an n e l w as open  to  th is  main s ta te  

co n d u ctan ce  fo r a t  le a s t 95% of th e  c lu s te r  open  time w ere  u sed  in  th e  
an a ly s is  of p ro b a b ility  of be in g  open . O ther f r e q u e n tly  o b se rv e d  
co n d u ctan ce  levels  w ere 15-18pS and  22-23pS, while lev e ls  of 33-36pS 
an d  7-9pS w ere occasionally , b u t re liab ly  o b se rv ed .

3. B u rs ts  w ithin c lu s te rs  w ere  d e fin ed  a s  a  s e r ie s  of o p en in g s  
se p a ra te d  by  closed in te rv a ls  s h o r te r  th a n  some c r itic a l va lue , tc* At 
50/jM GABA th e  mean b u r s t  le n g th  w as 439 * 434ms (mean * S.D., n  = 40, 
t c = 50ms). The p ro b a b ility  of be in g  open , p 0» d u r in g  b u r s t s  w ith in  
c lu s te r s  h as been  an a ly sed  a s  a  fu n c tio n  of GABA co n cen tra tio n .

4. As expected , in c re a s in g  th e  c o n ce n tra tio n  of GABA re s u lte d  in  
an  o v e ra ll in c rease  in  p 0« However, fo r  a  g iv en  a g o n is t co n cen tra tio n  
th e re  w as a  wide sp re a d  in  p 0, fa r  g re a te r  th a n  th a t  p re d ic te d  fo r  a  
p o pu la tion  of iden tica l an d  in d e p e n d e n t re c e p to r -c h a n n e ls  (d em onstra ted  
b y  com parison w ith sim ulated  ch an n e l a c tiv ity ) .

5. The wide ran g e  of p 0 v a lu es  a t  a  p a r t ic u la r  co n ce n tra tio n  of 
GABA w as no t due  to  in a p p ro p r ia te  se lec tion  of tc. At 50/*M GABA th e  
ra n g e  of po v a lu es  was sim ilar fo r tc of 20-1000ms, a lth o u g h  th e  o v e ra ll 
m ean Po became lower (0.71 r a th e r  th a n  0.81).

6. I t  is  u n like ly  th a t  v a r ia b ility  in  p 0 a ro se  from  o v e rla p p in g  
a c tiv ity  of two o r more ch an n e ls . T h ere  w as no detectab le  te n d en c y  fo r 

Po to  be h ig h e r in  th e  m iddle of c lu s te r s  th a n  a t  th e ir  e n d s , and  a t  
m ost of th e  o b se rv ed  p 0 v a lu e s  even  a  b r ie f  o v e rlap  sho u ld  g ive r is e  to  

double o p en in g s, w hich w ere  no t in  fa c t o b se rv ed .
7. The v a lu es  fo r  Po, mean open time, an d  m ean s h u t  time fo r 

b u r s ts  w ith in  th e  same c lu s te r ,  an d  betw een  d if fe re n t c lu s te rs ,  w ere 
com pared by  a random ization  te s t .  The aim of th is  te s t  w as to  determ ine
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w h e th e r th e  wide v a ria b ility  in  p 0 could p lau sib ly  o ccu r if  all th e  open  
and  closed in te rv a ls  came from  th e  same popu la tion . V alues of p 0 w ere 
found  to  d iffe r no t only  betw een  one ch an n e l and  a n o th e r  (i.e. betw een  
c lu ste rs)}  b u t a.lso fo r  th e  same ch an n e l a t  d if fe re n t tim es (i.e. 
betw een  b u r s ts  w ith in  a  c lu s te r) .

8. The inc lusion  of ImM GTP in s id e  th e  p a tc h  p ip e tte  did no t 

re d u c e  th e  v a ria b ility  in  Po v a lu es  o b ta in ed  a t  50pM GABA. Sim ilarly 
th e re  was no re d u c tio n  in  th e  v a ria b ility  in  p 0 v a lu es  w hen 4mM Mg-ATP 
w as in c luded  in  th e  p ip e tte  so lu tion  an d  th e  e x te rn a l su rfa c e  o f th e  
m em brane p a tch  was p e rfu se d  w ith IOmM p e n to b a rb ito n e .

9. The h e te ro g en e ity  of GABAa re c e p to r  ch an n e l p ro p e r tie s  may 
re s u l t  e i th e r  from  se v e ra l s t ru c tu ra l ly  d is tin c t p o p u la tio n s  of GABAa 
re c e p to r -c h a n n e ls , o r one popu la tion  of GABAa re c e p to r -c h a n n e ls  th a t  
ch an g es  i ts  a c tiv ity  w ith  time, o r  bo th .



4.2 I N T R O D U C T I O N  
S tu d ies  on th e  k in e tic s  of GABAa re c e p to r -c h a n n e ls  in  v a rio u s  

v e r te b ra te  n eu ro n es  (by  th e  u se  of p a tch -c lam p  tech n iq u es) have 
em ployed only low c o n cen tra tio n s  of ag o n is t. The most re c e n t of th e se  
r e p o r ts  s u g g e s t a s in g le  p opu la tion  of GABAa re c e p to r -c h a n n e ls  w ith  
complex g a tin g  (M athers, 1985; M athers & Wang, 1988; M acdonald e t al., 

1989a; Weiss & M agleby, 1989). For o th e r  a g o n is t-g a te d  ion ch an n e ls , 
su ch  a s  th e  m uscle n ico tin ic  ace ty lcho line  re c e p to r -c h a n n e l, k in e tic  
a n a ly s is  of s in g le -ch an n e l c u r r e n ts  a c tiv a te d  by  h igh  c o n ce n tra tio n s  of 
a g o n is t have p ro v id ed  ad d itio n a l and  com plem entary  inform ation  to  th a t  
o b ta ined  a t  low a g o n is t co n ce n tra tio n s  (e.g . S ine & S te in b ach , 1984a, 
1987; O gden & C olquhoun, 1985; A uerbach  & Lingle, 1986, 1987; C olquhoun 
& Ogden, 1988). T here  a re  how ever, no p u b lish e d  s tu d ie s  of GABAa 
s in g le -ch a n n e l c u r r e n ts  a c tiv a te d  b y  h ig h  c o n ce n tra tio n s  of ag o n is t. The 

aim of th is  c h a p te r  was to  in v e s tig a te  p ro p e r tie s  of th e  GABA* 
re c e p to r -c h a n n e l by  an a ly s in g  s in g le -ch a n n e l c u r r e n ts  a c tiv a te d  by  h igh  
c o n ce n tra tio n s  of GABA in  o u ts id e -o u t p a tc h e s  from  r a t  su p e r io r  c e rv ica l 
gang lion  n eu ro n es.
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R E S U L T S

4.3 Basic fe a tu re s  o f  re sp o n ses  to  high con cen tra tion s o f  GABA

W hole-cell c u r r e n t  re sp o n se s  to  GABA show ed obvious 
d e se n s itiz a tio n  a t  co n ce n tra tio n s  above 10/iM. Fig. 4.1A show s a  ty p ica l 
w hole-cell re sp o n se  to  80/jM GABA in  a  su p e r io r  ce rv ica l gang lion  (SCG) 
n eu ro n e  held  a t  -60mV. The c u r r e n t  was re d u c ed  to  approxim ately  15% 

of th e  peak  am plitude w ith in  90s. D esensitiza tion  was a lso  a p p a re n t in  
th e  s ing le  ch an n e l re c o rd s , a s  il lu s tra te d  in  Fig. 4 .IB. The in itia l 

ap p lica tio n  of a  d e se n s itiz in g  co n ce n tra tio n  of GABA (50/*M in  th e  
example) to  an  o u ts id e -o u t p a tch  re su lte d  in  th e  s im ultaneous open ing  of 
s e v e ra l ch an n e ls  (up to  fo u r , in  th is  p a tch ). However, in  th e  co n tin u ed  
p re se n c e  of GABA th e  re c e p to rs  d e sen s itiz ed , su ch  th a t  a p p a re n tly  on ly  
one channel w as ac tiv e  a t  a  tim e. In  th e  example il lu s tra te d  th is  
o c c u rre d  w ithin  ab o u t 7s of GABA ap p lica tion . U nder th e se  co n d itions 
th e  o th e r  re c e p to rs  had  e n te re d  lo n g -liv ed  d e sen s itiz ed  s ta te s  (or th e  
num ber of fu n c tio n a l re c e p to r s  had fa llen ). In  a  d e sen s itiz ed  
o u ts id e -o u t p a tch  su ch  a s  th e  one d ep ic ted  in  Fig. 4.1C, th e  o p en in g s  
o ccu r in  p ro longed  c lu s te r s  each  of which can  la s t  s e v e ra l seco n d s, and  
th e se  c lu s te rs  a re  s e p a ra te d  by  long s ile n t in te rv a ls  ( ls -4 8 0 s). For 
exam ple, th e  c lu s te rs  il lu s tra te d  in  Fig. 4.1C w ere s e p a ra te d  by  s h u t  
p e rio d s  of betw een 7.6 an d  51s. At 50mM GABA th e  mean c lu s te r  le n g th  
w as 3.8 * 3.7s (mean * S.D., n = 19 c lu s te rs )  fo r c lu s te r s  w hich opened  
mainly to  th e  30pS co n d u ctan ce  level.

In  th e  p re s e n t  s tu d y , a n a ly s is  of th e  p ro b a b ility  of be ing  open  was 
re s tr ic te d  to  th o se  c lu s te r s  th a t  opened  m ostly to  a  30pS level, s ince  
th is  was th e  most f re q u e n tly  o c c u rr in g  co n d u c tan ce  s ta te . B u rs ts  w ith in  

c lu s te r s  w ere defined  a s  a  s e r ie s  of o p en in g s  s e p a ra te d  by  closed 
in te rv a ls  s h o r te r  th a n  some c r itic a l va lue , tc (see M ethods). A ty p ica l 
b u r s t  from  w ith in  one of th e  c lu s te rs  in  Fig. 4.1C, is  i l lu s tra te d  on an  
expanded  time base  in  Fig. 4 .ID. At 50/xM GABA th e  mean b u r s t  le n g th  (*
S.D.) was 439 1 434ms (n = 40, t^ = 50ms), an d  th e  a p p a re n t num ber of 
o p en in g s  p e r  c lu s te r  w as ab o u t 350. The a p p a re n t  mean op en  time and  
mean s h u t  time w ere 8.9ms an d  3.66ms re sp e c tiv e ly  (a t 50/jM GABA). I t  is  
h ig h ly  likely  th a t  all o p en in g s  o c c u rr in g  d u r in g  su ch  a  s in g le  c lu s te r  

a r is e  from  th e  con tinued  a c tiv ity  of th e  same re c e p to r -c h a n n e l (see 
la te r) . The p ro b ab ility  of be ing  open , Po, d u r in g  b u r s ts  w ith in  c lu s te r s  
has been  an a ly sed  a s  a  fu n c tio n  of GABA co n cen tra tio n  (see below).
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Fig. 4.1 D esensitization  of GABA-responses in  w hole-cell an d  o u ts id e -o u t 
p a tch e s . A, w hole-cell c u r r e n t  re sp o n se  of a cell held  a t  -60mV, 

show ing d esen s itiza tio n  in  th e  co n tin u ed  p re se n c e  of 80mM GABA. 
C alib ra tion  90pA and  10s. B, A pplication of 50a<M GABA (d ru g  p e rfu s io n  
s ta r t s  a t  th e  b eg in n in g  of th e  tra c e ) to  an  o u ts id e -o u t p a tch , cau s in g  
sim ultaneous open ing  of u p  to  4 ch an n e ls . The num ber of open  ch an n e ls  
a re  in d ica ted  on th e  r ig h t  hand  side. A fter 5-10s in  th e  co n tin u ed  
p re se n c e  of 50/iM GABA only  one ch an n e l is  ac tiv e  a t  a  tim e. C alibration  

3pA and  2s <vm = -80mV). C, exam ples of *desensitization  c lu s te r s 1 of
o p en in g s  p ro d u ced  by 50/xM GABA. The fo u r co n secu tiv e  c lu s te r s  w ere 
re c o rd ed  in  th e  co n tin u ed  p re se n c e  of GABA and  approx im ately  120s 
a f te r  th e  in itia l GABA ap p lica tio n . In d iv id u a l c lu s te r s  a re  s e p a ra te d  by  
long s ile n t in te rv a ls  of 7 -5 I s  ( -lOOmV). C alib ra tion  3pA and  2s. D,
an  example of a  s in g le  b u r s t  shown on an  expanded  time base . As 

in d ica ted , th is  b u r s t  is  th e  f i r s t  one in th e  second c lu s te r  in  tra c e  C, 
a n d  exceeds 2s in  d u ra tio n  (defined  by  a ^  of 50ms). Note th a t  th e  
e ffec tiv e  f il te r in g  of th e  p lo t is  890Hz (-3dB). C alib ra tions 3pA and  
200ms. T = 22° C.



4.4 M ultiple conductance s ta te s  
Many d if fe re n t co n d u ctan ce  levels  of th e  GABAa re c e p to r-c h a n n e l 

w ere  o b se rv ed  in  all p a tc h e s  an d  a t  all GABA c o n ce n tra tio n s  (10-2000mM), 
ra n g in g  from  7-35pS. T hese co n d u ctan ce  s ta te s  w ere  o fte n  d iff icu lt to  
re so lv e , a p p a re n tly  because  th e  levels  w ere too close to g e th e r  an d  too 
s h o r t- liv e d , and  because  of th e  excep tionally  la rg e  open  ch an n e l noise 
(re la tiv e  to  th e  sh u t-c h a n n e l noise). In  te rm s of th e se  v a rio u s  
co n d u ctan ce  lev els, c lu s te rs  of ch an n e l o p en in g s  fe ll in to  th re e  g en e ra l 

ca teg o rie s : (1) w ith in  a  s in g le  c lu s te r  th e  ch an n e l may a p p e a r  to
’w obble1 betw een many d if fe re n t co n d u c tan ce  lev e ls , (2) th e re  may be  a 
few c lea r, la rg e  ch an g es  in  co n d u ctan ce  w ith in  a  c lu s te r , w hich w ere 
obv ious from  open p o in t am plitude and  mean lo w -variance  am plitude 
h is to g ram s, an d  (3) th e re  may be whole c lu s te r s  w hich have p r e t ty  
c o n s is te n t levels, th a t  c lea rly  d iffe r  from one c lu s te r  to  a n o th e r  in  th e  

same p a tch . The following th re e  F ig u res  (F igs. 4.2, 4.3 & 4.4) i l lu s tra te  
exam ples of each  of th e se  c a te g o rie s  of ch an n e l o p en in g s  w ith in  c lu s te rs .

I t  is  c lea r from  th e  s ing le  ch an n e l re c o rd s  in  Fig. 4.2A & B th a t  

th e  same ch an n e l a p p e a rs  to  open  to  m any d if fe re n t ill-d efin ed  
co n d u ctan ce  levels, none of w hich c o rre sp o n d  to  th e  o v e ra ll mean open  
ch an n e l am plitude (2.45pA) de term ined  from th e  mean low v a rian ce  
am plitude  h istogram  of th is  c lu s te r  (Fig. 4.2D). Fig. 4.2B also  show s
th a t  th e  c u r r e n t  d u rin g  a n  in d iv id u a l ch an n e l open ing  was much no isie r 
th a n  th e  base line  (sh u t chan n e l).

D iscrete  m ultiple co n d u ctan ce  lev e ls  could n o t be re so lv ed  as 
d is c re te  p eak s  from  th e  open  p o in t am plitude d is tr ib u tio n  in  Fig. 4.2C. 
Open p o in t am plitude h is to g ram s w ere g e n e ra te d  from  th e  am plitudes of 
in d iv id u a l d a ta  p o in ts  o f th e  d ig itized  c u r r e n t  re c o rd , d u r in g  p e rio d s  
w hen th e  ch an n e l w as open . The p re se n c e  o f a  wide ra n g e  of 
co n d u ctan ce  levels  was, how ever, re fle c ted  b y  th e  much la rg e r  s ta n d a rd  
dev iation  (S.D.) of th e  open  p o in t am plitude d is tr ib u tio n , com pared w ith  
th e  (S.D.) of th e  s h u t  p o in t am plitude d is tr ib u tio n , b o th  of w hich could  
be f it te d  rea so n ab ly  well w ith s in g le  G aussian  fu n c tio n s . The S.D. of 

th e  open  and  s h u t  p o in t am plitude d is tr ib u tio n s  in  th is  example w ere 
0.54pA a n d  0.1 IpA re sp e c tiv e ly , so th e  ex cess  open  ch an n e l noise 
v a rian ce  is 23-fold g re a te r  th a n  th e  s h u t ch an n e l v a rian ce . The mean 
am plitude of 2.5pA c o rre sp o n d s  to  a  co n d u c tan ce  of 21pS. Fig. 4.2D 

il lu s tra te s  th a t  m ultiple co n d u ctan ce  levels  could  a lso  n o t be d e tec te d  as  
obv ious d isc re te  p eak s  from  th e  mean lo w -variance  am plitude  h istogram . 
T his h istog ram  co n sis ted  of th e  mean am plitudes of sec tio n s  of d ig itized  
c u r r e n t  re c o rd  (10 p o in ts ) th a t  had  a v a rian ce  as  low a s  th a t  of th e
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Fig. 4.2 A, a  se lec ted  re c o rd  to  i l lu s tra te  re p e a te d  tra n s it io n s  betw een 
m ultiple co nductance  levels  o c cu rin g  d u r in g  a s in g le  c lu s te r  (50/jM GABA, 
o u ts id e -o u t p a tch , Vm = -120mV). Long s h u t p e rio d s , >56s, o c cu rred  on 
e ith e r  s ide  of th e  c lu s te r  (not show n). C alib ration  2pA and  Is . B, 
sec tio n s  of th e  c lu s te r  in  A, on  a n  exp landed  time sca le , to  i l lu s tra te  
w hat a p p e a r  to be tra n s it io n s  betw een  d is c re te  co n d u c tan ce  s ta te s .  The 
d o tted  lines in d ica te  th e  s h u t  level an d  th e  mean open  level o f 2.45pA 

(eq u iv a len t to  20.4pS), a s  ob ta in ed  from  th e  lo w -v arian ce  am plitude 

d is tr ib u tio n  (D). C alib ra tion  2pA and  10ms; re c o rd s  f il te re d  a t  2kHz, 
-3dB. C, am plitude h is tog ram s fo r  open  and  s h u t  p o in ts  d u r in g  th e  
c lu s te r . Each h is togram  was f it te d  w ith  a  s in g le  G aussian; mean open  
p o in t am plitude of 2.51pA, (eq u iv a len t to  20.9pS). Note th a t  m ultiple 
co n d u ctan ce  s ta te s  w ere n o t d isce rn ib le  as  d isc re te  p eak s  from  th e  
p o in t am plitude d is tr ib u tio n , a lth o u g h  th e  w id th  of th e  open  p o in t 

am plitude d is tr ib u tio n  (S.D. of 0.54pA) was fa r  g re a te r  th a n  th a t  of th e  
s h u t  p o in t d is tr ib u tio n  (S.D. O .llpA ). C u rre n ts  u sed  fo r th e  h is tog ram  
w ere f il te re d  a t 2kHz, -3dB . F req u en cy  scale r e f e r s  to  th e  open  p o in t 
h istogram . D, mean lo w -variance  am plitude h istogram  fo r th e  open  
s ta te s  of th e  c lu s te r  in  A. The h istogram  was f it te d  w ith  a  s ing le  
G aussian , mean open level 2.45pA (eq u iv a len t to  20.4pS). C u rre n ts  u sed  
fo r th e  h istogram  w ere f il te re d  a t  2kHz, -3dB. T = 22°C.
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s h u t  channel. The h is tog ram  shown in  Fig. 4.2D h as  b een  f it te d  w ith  a  
s in g le  G aussian d is tr ib u tio n ; a lth o u g h  th e re  is some s ig n  of m ultiple 
p eak es  in  th e  h is to g ram f th e se  a re  no t c lea rly  de fin ed , and  w ere n o t 
c o n s is te n t from  one c lu s te r  to  a n o th e r .

The am plitudes of v a rio u s  condu ctan ce  lev e ls  of th e  GABAa 
re c e p to r -c h a n n e l could , how ever, be c lea rly  re so lv ed  w hen th e  ch an n e l 

opened  to  one level fo r a  la rg e  p ro p o rtio n , o r all of th e  open  time 
d u r in g  a  c lu s te r  (exam ples of w hich a re  il lu s tra te d  in  F igs. 4.3 & 4.4). 
F ig. 4.3A shows an  example o f a  c lu s te r  th a t  o p en s  in itia lly  to  a  c u r r e n t  
level (or levels) of 1.68-2.15pA. A fter approxim ately  1.8s th e  c u r r e n t  
d ro p p e d  to  0.76pA; i t  r e tu rn e d  b r ie f ly  to  th e  h ig h e r  level, an d  th e n  
co n tin u ed  a t  0.76pA fo r a  f u r th e r  3.5s. Fig. 4.3B il lu s tra te s  d ire c t  
t ra n s it io n s  betw een  c u r r e n t  levels  of 0.76pA and  th e  h ig h e r level 
(1 .68-2 .15pA) on a fa s te r  sw eep sp eed . The p re sen c e  of su ch  tra n s it io n s  

an d  of d ire c t c lo su re s  from  th e  h ig h e r  level, in d ica te  th a t  th e se  e v e n ts  
a re  due to m u ltip le -co n d u c tan ces  of a  s ing le  ch an n e l, r a th e r  th a n  

superim posed  o p en in g s from  sev e ra l ch an n e ls . Fig. 4.3C & D il lu s tra te  
th a t  th e  0.76pA level an d  th e  h ig h e r  level could be c lea rly  re so lv ed  a s  
d isc re te  p eak s  bo th  from  th e ir  open  po in t, an d  mean low -variance  
am plitude h istogram s. In  bo th  c a se s  th e  0.76pA h istog ram  w as compiled 
from  th e  d a ta  se p a ra te ly  from  th e  o th e r  h is tog ram s an d  f it te d  w ith  a  
sin g le  G aussian d is tr ib u tio n . I t  is  c lea r from Fig. 4.3C &D th a t  th e  
h ig h e r level may co n s is t of two o r more co n d u ctan ce  s ta te s ,  since  th e  
p o in t am plitude, and  mean lo w -variance  am plitude h is to g ram s of th e  
h ig h e r level could no t be well f i t te d  w ith a  s in g le  GausBian. I t  can  be 
seen  by  com paring th e  h is to g ram s in  Fig. 4.3C & D th a t  th e  ap p ea ra n ce  
of more th a n  one com ponent in  r a th e r  more obv ious in  th e  mean 
low -variance  am plitude p lo t th a n  in  th e  open  po in t am plitude p lo t. Both 

a re  f it te d  reaso n ab ly  well by  th e  sum of two G aussians, and  th e  
estim ates of th e  two d is c re te  h ig h e r levels (1.68 an d  2.15pA from  th e  

fo rm er and  1.71 and  2.21pA from  th e  la tte r)  ag re e  well, espec ia lly  in  
view  of th e  fa c t th a t  th e  d is tr ib u tio n s  a re  not, in  p rin c ip le  expec ted  to  

be d e sc rib e d  exactly  by  a  sum of G aussians. I t  can  be seen  th a t  th e  
lin es  d raw n  in Fig. 4.3B a t  th e  1.68 an d  2.15pA level c o rre sp o n d  on ly  

ro u g h ly  w ith d isc re te  co n d u c tan ce  lev e ls  in  th e  d a ta , so  i t  may well be 
th a t  th e  d e sc rip tio n  in  te rm s of two d is c re te  levels  is  an  
oversim plification . The lev e ls  su g g e s te d  in Fig. 4.3 (v iz  0.76, 1.7 and  
2.2pA) co rre sp o n d  to  s in g le  ch an n e l co n d u c tan ces  of 7.6, 17 an d  22pS 
re sp ec tiv e ly .

Fig. 4.4 A,B,C and D i l lu s tra te s  fo u r  re p re se n ta tiv e  c lu s te r s  (from
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Fig. 4.3 A, a  s ing le  c lu s te r  se lec ted  to  i l lu s tra te  sw itch in g  betw een  
h ig h  condu ctan ce  an d  low conductance  levels. The low level is  ab o u t

0.76pA and  th e  h ig h  level may ac tu a lly  co n s is t of two r a th e r  c losely
spaced  levels (1.68 and  2.15pA; su g g es te d  by  th e  su b lev e l d e tec tio n  p lo t 

in  D). These levels a re  in d ica ted  by  do tted  lin es  (o u ts id e -o u t pa tch ) 2mM 
GABA, Vjn = -lOOmV). Long s h u t  p e rio d s  o c c u rre d  on e i th e r  s ide  of th is  

c lu s te r . At p o in ts  a, b an d  c d u rin g  th e  c lu s te r , th e  c h an n e l sw itched  
betw een  d is tin c t co n d u ctan ce  s ta te s  (7.6pS, 17-22pS and  closed).
C alib ration  2pA and  Is . B, sec tio n  b and  c of th e  c lu s te r  in  A, show n
on an  expanded  time scale. The do tted  lines in d ica te  th e  s h u t  level an d
th e  co nductance  levels of 7.6, 16.8 and  21.5pS. C alib ra tion  2pA and  
10ms; (f ilte r  2.5kHz, -3dB ). C, po in t am plitude h is to g ram s fo r th e  
c lu s te r  shown in  A. S ingle G aussians w ere se p a ra te ly  f i t te d  to  th e  s h u t  
po in t am plitude h istog ram  an d  to  th e  le ft hand  open  p o in t am plitude 
d is tr ib u tio n  (mean am plitude 0.76pA). The sum of two G aussians w as 

f it te d  to  th e  r ig h t  hand  open  po in t am plitude d is tr ib u tio n  (mean 
am plitudes, 1.71 an  2.21pA). The freq u en cy  scale r e f e r s  to  th e  r ig h t  
hand  d is tr ib u tio n  (maximum freq u e n cy  of th e  0.76pA d is tr ib u tio n  was
11,000 p e r  O.lpA). C u rre n t re c o rd  f ilte red  a t  2.5kHz, -3dB . D, mean 
lo w -variance  am plitude d is tr ib u tio n s  of th e  open  s ta te s  of th e  c lu s te r  in  
A. The le f t  hand d is tr ib u tio n  w as f itte d  w ith  a  s in g le  G aussian  (mean 
am plitude 0.76pA); th e  sum of two G aussians was f it te d  to  th e  r ig h t  hand  
h istogram  (mean am plitudes 1.68 and  2.15pA). C u rre n t re c o rd  f il te re d  a t  
2kHz (-3dB). The fre q u e n c y  scale re fe rs  to  th e  r ig h t  han d  d is tr ib u tio n  

(th e  maximum fre q u e n c y  of th e  0.76pA peak  occu red  a t  11,000 p e r  O.lpA).
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d if fe re n t p a tch e s) , d u rin g  w hich th e  GABA* re c e p to r -c h a n n e l opened  to  
on ly  one level, o r  to  two closely  spaced  co n d u ctan ce  levels. Fig. 4A,B 
il lu s tra te s  two c lu s te rs  w hich a p p ea re d  to  open  mainly to  one 
d is tin g u ish ab le  level, s in ce  th e  open  p o in t am plitude h is tog ram  of each 
of th e se  c lu s te rs  was a d eq u a te ly  f it te d  by  a s ing le  G aussian fu n c tio n  
(th o u g h , a s  alw ays; i ts  S.D. was much g re a te r  th a n  th a t  fo r  th e  sh u t 

p o in t am plitude h istog ram ). The estim ated  co n d u ctan ce  lev e ls  w ere  
32.5pS (Fig. 4.4A) and  30.4pS (Fig. 4.4B) fo r a  re v e rs a l  p o ten tia l of OmV. 

Fig. 4.4C, D show s two c lu s te rs  each  of w hich a p p ea re d  to  open to  a t  
le a s t two closely  sp aced  co n d u ctan ce  levels  fo r  la rg e  p ro p o rtio n s  of 
th e ir  open  time, a s  ju d g e d  by th e ir  open  p o in t am plitude h istog ram s, 
w hich w ere f it te d  w ith  th e  sum of two G aussians. The estim ated  

co n d u ctan ce  levels fo r th e  c lu s te r  i l lu s tra te d  in  Fig. 4C w ere 19.3pS and  
25.1pS (re la tiv e  a re a s  0.61 an d  0.39, re sp ec tiv e ly ); th e  estim ated  

co n d u ctan ce  levels  fo r th e  c lu s te r  show n in  Fig. 4D w ere 15.8pS and  
19.9pS (re la tiv e  a re a s  0.62 and  0.38, re sp ec tiv e ly ) . I t  was common to  see 
c lu s te r s  which had p r e t ty  c o n s is te n t am plitudes th a t  c lea rly  d iffe red  
from  one c lu s te r  to  a n o th e r  in  th e  same p a tch .

The am plitudes of th e  d if fe re n t, c lo se ly -sp aced  (se p a ra te d  by  only  a  
few pS), and  o ften  ill-d e fin ed , co n d u ctan ce  lev e ls  of th e  GABAa 

re c e p to r -c h a n n e l w ere in fe re d  by  f i t t in g  of p o in t am plitude , and  mean 
lo w -variance  am plitude h is to g ram s o f c lu s te r s  w hich opened  on ly  to  one 
level fo r  th e  whole of th e  c lu s te r  (e.g . Fig 4.4A & B), o r  w hich opened  
to  a  few condu ctan ce  lev e ls , and  rem ained  a t  each of th e se  levels  fo r a  
la rg e  p ro p o rtio n  of th e  ch an n e l open  time (e.g. Fig. 4.3). Estim ates of 
th e  am plitudes of th e  v a rio u s  co n d u ctan ce  levels  w ere n o t made from  
c lu s te r s  su ch  a s  th e  one d ep ic ted  in  Fig. 4.2, s in ce  th e  levels  w ere 
ill-d e fin ed . The most f re q u e n tly  o c c u r r in g  co n d u ctan ce  lev e ls  w ere in  

th e  ra n g e  28.5-30.5pS. However co n d u ctan ce  levels  of approx im ately  
15-18pS and  22-23pS w ere also f re q u e n tly  o b se rv ed , and  levels  of 
ro u g h ly  33-36pS an d  7-9pS w ere re liab ly , b u t on ly  ocassionally  
o b se rv ed .

In  th e  p re s e n t  s tu d y , th e  a n a ly s is  of th e  p ro b a b ility  o f be ing  open 
Po, a s  a  fu n c tio n  of GABA co n cen tra tio n  w as re s tr ic te d  to  th o se  c lu s te r s  
d u rin g  w hich th e  channel w as open  to  th e  main s ta te  co n d u ctan ce  fo r a t  
le a s t 95% of th e  open  time d u r in g  th e  c lu s te r . The am plitude o f th e  
main condu ctan ce  level w as 29.6 * 0.34pS (mean * S.E.M., n=47 c lu s te rs ) . 
An example of a  c lu s te r  w hich opened  m ainly to  th is  co n d u ctan ce  level is 
i l lu s tra te d  in  Fig. 4.4B. The q u estio n  of w h e th e r p 0 is  th e  same a t th e  
o th e r , le ss  common, co n d u ctan ce  levels  h as  n o t been  in v e s tig a te d .
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Fig. 4.4 Selected  c lu s te r s  in  w hich th e  ch an n e l op en s to  a s ing le  
co n d u ctan ce  level, o r to  two closely  sp aced  co n d u ctan ce  levels. The 
s h u t  and  open  po in t am plitude h is to g ram s a re  show n to th e  r ig h t  of 

th e ir  co rre sp o n d in g  c u r r e n t  re c o rd s . A, c lu s te r  re c o rd ed  from  an  

o u ts id e -o u t pa tch  in  2mM GABA ( -lOOmv). The open p o in t
am plitude h istogram  was f i t te d  w ith a  s ing le  G uassian d is tr ib u tio n ; mean 
am plitude of 3.25pA (eq u iv a len t to  32.5pS). B, a  c lu s te r  in  a  p a tc h  
exposed to  50mM GABA (Vm -  -90mV). A sing le  G aussian  was f i t te d  to
th e  co rre sp o n d in g  open p o in t am plitude h istogram ; mean am plitude 
2.74pA (30.4pS). C, a  c lu s te r  in  th e  p re sen c e  of 2mM GABA, (V^ 

=-100mV). The co rre sp o n d in g  open p o in t am plitude h istog ram  was f it te d  
w ith th e  sum of two G aussians; mean am plitudes 1.93 and  2.51pA (19.3 
and  25.1pA; re la tiv e  a re a s  0.61 an d  0.39 re sp e c tiv e ly ) . D, a  c lu s te r  in  
th e  p re sen c e  of IOOmM GABA (Vm -  -80mV). The co rre sp o n d in g  open  
po in t am plitude h istogram  was f it te d  w ith th e  sum of two G aussians; 

mean am plitudes 1.26 and  1.59pA (15.8 and  19.9pS; re la tiv e  a re a s  0.62 
and  0.38, re sp ec tiv e ly ). C alib ration  fo r A-D: 2pA and  500ms. T = 
22-23 °C. S h u t po in t am plitude h is to g ram s w ere  f it te d  w ith s ing le  
G aussians (mean OpA). The fre q u e n c y  sca les  r e f e r  to  th e  open p o in t 
am plitude h istog ram s. C hannel re c o rd s  low -pass f il te re d  a t  1kHz (-3dB) 
fo r il lu s tra tiv e  p u rp o ses .



4.5 P robab ility  o f  being open a s  a  function  o f  GABA concen tration
4.5.1 Shut time d is tr ib u tio n  and choice o f  c ritica l g a p  len g th . The aim

of Po d e term ina tions is to define th e  equ ilib rium  re sp o n se  to  specified  
a g o n is t c o n ce n tra tio n s  of an  ind iv idua l re c e p to r -c h a n n e l, a f te r  
elim ination, as  fa r  a s  possib le , o f th e  e ffe c ts  of d esen s itiz a tio n . In  
o rd e r  to  ach ieve  th is  i t  is  n e c e ssa ry  to  id e n tify  sec tio n s  of th e  re c o rd  
(b u rs ts )  d u rin g  w hich one in d iv id u a l channel show s re p e a te d  a c tiv a tio n s  

w ithou t e n te r in g  any  d esen s itized  s ta te  (and w ithou t in te rfe re n c e  from 
th e  open ing  of an y  o th e r  channel). The d iv ision  of th e  o b se rv ed  re c o rd  
in to  c lu s te rs , w hich p ro b ab ly  all o rig in a te  from  th e  same channel (see 
below), is q u ite  c lea r. I t  is  v e ry  likely  th a t  all th e  GABA ch an n e ls  in  

th e  p a tch  a re  in  lo n g -liv ed  d e se n s itiz ed  s ta te s  d u r in g  th e  long  s ile n t 
p e rio d s  th a t  s e p a ra te  c lu s te rs , as  in  th e  case  of th e  n ico tin ic  re c e p to r  
(Sakm ann e t a1., 1980; Sine & S te in b ach , 1987; C olquhoun & O gden, 1988).

G rea te r am biguities a rise  in  t ry in g  to  decide w h e th e r th e  b r ie fe r  
s h u t  p e rio d s , w ith in  c lu s te rs , a re  s p e n t  in  (sh o rt- liv e d )  d e sen s itiz ed
s ta te s  o r  w h e th er th e y  a re  s p e n t  in  th e  re s tin g  (i.e. a c tiv a teab le ) s ta te  
betw een ac tiv a tio n s  of a  n o n -d e sen s itiz ed  re c e p to r . T his problem  is , of 
c o u rse , p a r tic u la r ly  a cu te  a t  lower a g o n is t co n ce n tra tio n s  (when 

in te rv a ls  betw een ind iv idua l a c tiv a tio n s  a re  lo n g e r), w hich is  one of th e  
re a so n s  w hy Po v a lu es  a re  n o t g iv en  fo r GABA co n ce n tra tio n s  below 
IOmM. In  th e  case  of th e  n ico tin ic  re c e p to r  th e re  a re  c lea rly  Bhut 
p e rio d s  (gaps) w ith in  c lu s te rs  th a t  a re  sp e n t in  s h o r t- liv e d  d e sen s itiz ed  
s ta te s  (Sakm ann e t a]., 1980), and  th e  same is  p ro b ab ly  a lso  t ru e  of
GABA-receptors. I t  is  th e re fo re  n e c e s sa ry  to  d e fin e  a  c r itic a l gap
len g th , t c , to  define  b u rs ts ,  th a t  is  s h o r t  enough  to  exclude most su ch  
b rie f  d e sen s itiz ed  p e rio d s , b u t to  in c lu d e  m ost of th e  g a p s  betw een 
in d iv id u a l ch an n e l ac tiv a tio n s . In  th e  case  of th e  n ico tin ic  re c e p to r  i t  
was su g g es te d  by  Cachelin & C olquhoun (1989) th a t  th e  long g ap s  
betw een c lu s te rs  co rre sp o n d  w ith  th e  m icroscopic com ponent of 
d e sen s itiza tio n  th a t  h as a  time c o n s ta n t of a  few seco n d s, (Katz &
T hesleff, 1957; F eltz  & T rau tm ann , 1982) w h ereas th e  b r ie fe r  d e sen s itiz ed  

p e rio d s  w ith in  c lu s te rs  c o rre sp o n d  w ith 'u ltra -fa s t*  m acroscopic 
d e sen s itiza tio n  w ith a  time c o n s ta n t o f th e  o rd e r  of 100ms (e.g . B ek k ers , 
1986; B re tt e t al., 1986). U n fo rtu n a te ly  re la tiv e ly  little  is know n ab o u t 
GABA d esen s itiz a tio n , ev en  on th e  m acroscopic scale (a lth o u g h  see Akaike 

e t aL, 1986; Cash & Subbarao , 1987; Ikem oto e t  al., 1988). In  p a r tic u la r , 
n o th in g  is known ab o u t u l t r a - f a s t  d esen s itiza tio n , so th e  choice of 
c ritic a l gap  len g th , t c, could n o t be unam biguous, and  m ust be based
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la rg e ly  on in sp ec tio n  of th e  d is tr ib u tio n s  of in tr a c lu s te r  s h u t  tim es (i.e. 
s h u t tim es w ithin  c lu s te rs ) .
4.5.2 In tra c lu s te r  s h u t  tim es. F req u e n c y  h is to g ram s of in tr a c lu s te r  
s h u t  tim es w ere c o n s tru c te d  u s in g  th e  in te rv a ls  m easured  by  th e  50% 
th re sh o ld  c ro ss in g  ro u tin e  (low p a ss  f il te re d  2kHz -3dB , f i l te r  r is e  time 
167m s ). These h is tog ram s w ere f it te d  w ith  p ro b a b ility  d e n s ity  fu n c tio n s  

from 250m s  to  2000ms by  th e  m ethod of maximum likelihood (C olquhoun & 

S igw orth , 1983).
Fig. 4.5 il lu s tra te s  a ty p ica l d is tr ib u tio n  of th e  logarithm  of 

in tr a c lu s te r  s h u t tim es (see McManus, Blatz & M agleby, 1987; S igw orth  & 
Sine, 1987) which w ere m easured  from  six c lu s te rs ,  all re c o rd ed  from  th e  
same o u ts id e -o u t p a tch , and  exposed  to  50mM GABA. Each exponen tia l 
com ponent a p p e a rs  as a  p eaked  fu n c tio n , th e  maximum of w hich 
c o rre sp o n d s  to  th e  time c o n s ta n t of th e  exponential. In  th is  example, 

th e  h istogram  was f it te d  w ith  fo u r ex p o nen tia ls , w ith  time c o n s ta n ts  of 
0.15, 2.26, 25.2, an d  1210ms (re la tiv e  a re a s  0.63, 0.28, 0.08, an d  0.006 
re sp e c tiv e ly ). The f i t  is  n o t v e ry  c lea rly  d e fin ed , w hich is  no t 
s u rp r is in g  in  view of th e  o th e r  ev idence  g iv en  h e re  th a t  GABAa 
re c e p to r -c h a n n e ls  do no t show hom ogenous k in e tic  b eh av io u r; th e re  may 

well be fa r  more th a n  fo u r time c o n s ta n ts . A lthough th e  time c o n s ta n ts  
of d is tr ib u tio n s  can n o t, in  g en e ra l, be eq u a ted  w ith  th e  mean lifetim es of 
p a r tic u la r  s ta te s , o r s e ts  of s ta te s ,  i t  is  n e c e s sa ry  to  p o s tu la te  some 
approxim ate p h y sica l s ig n ifican ce  to  th e  time c o n s ta n ts  in  o rd e r  to  
p ro ceed . The fa s te s t  two com ponents a re  like ly  to  re p re s e n t ,  p rim arily , 
sp o n tan eo u s  s h u t p e rio d s  w ith in  s in g le  ch an n e l a c tiv a tio n s , b ecause  we 
have found  sim ilar time c o n s ta n ts  a t  low er GABA c o n ce n tra tio n s , a t  w hich 
in d iv id u a l ch an n e l a c tiv a tio n s  a re  b e t te r  se p a ra te d : fo r  example w ith  
2 -5 mM GABA we find  time c o n s ta n ts  of ab o u t 0.25 ± 0.07ms an d  1.6 * 

0.34ms (mean * S.D., n -  7). Com parable v a lu es , fo r  s h u t  p e rio d s  w ith in  
s ing le  channel ac tiv a tio n s , have  b een  found  fo r  GABAa c h an n e ls  in  o th e r  
p re p a ra tio n s , in c lu d in g  c u ltu re d  mouse sp in a l an d  ch ick  c e re b ra l  
n e u ro n es  (M athers, 1985; Weiss, 1988; M acdonald e t a l., 1989a; Weiss & 

M agleby, 1989), a s  well a s  fo r  bovine chrom affin  ce lls  (Borm ann & 
Clapham, 1985), and  c u ltu re d  a s tro c y te s  from  r a t  c e re b ra l  hem isp h eres  
(Bormann & K ettenm ann, 1988). In  ad d itio n , sim ilar d u ra tio n
'w ith in -ac tiv a tio n -g ap s*  have  been  found  fo r o th e r  a g o n is t-a c tiv a te d  

ch an n e ls , in c lu d in g  n icotin ic  ch an n e ls  (C olquhoun & Sakm ann, 1981, 1985; 

Sine & S te inbach , 1984a, 1986), an d  g lu tam ate  ch an n e ls  (C ull-C andy & 
P a rk e r , 1982; Howe e t al., 1988).

I t  is  reaso n ab le  to  su p p o se  th a t  th e  nex t slow est time c o n s ta n t
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Fig. 4.5 F req u en cy  histogram  of all in tr a c lu s te r  s h u t tim es, m easured  
from  6 c lu s te rs  (from the  same p a tch ) , w hich opened  m ostly to  th e  30pS 
level; p a tch  exposed to 50mM GABA; Fm = -70mV; T = 22° C. The
h istogram  show s th e  d is tr ib u tio n  of log s h u t  tim es, w ith  th e  o rd in a te  on 

a  sq u a re  roo t scale , fo r  d isp lay  p u rp o se s . The u n tra n sfo rm e d  s h u t  tim es 
w ere sim ultaneously  f it te d  w ith fo u r exponen tia ls  from  0.25 to  2000ms 
(con tinuous cu rv e ). The time c o n s ta n ts  w ere 0.15, 2.26, 25.2 and  1210ms; 
re la tiv e  a re a s  w ere 0.63, 0.28, 0.08 an d  0.006 re sp ec tiv e ly . C u rre n ts  

f ilte red  a t 2kHz, -3dB; reso lu tion  s e t  a t  250/*s. Note th a t  th e  f i t  is  n o t 
v e ry  c lea rly  defined .
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re p re s e n ts ,  p rim arily , g ap s  betw een  ch an n e l a c tiv a tio n s  (th o u g h  a t  h ig h  
co n ce n tra tio n s  th e se  may no t be d is tin g u ish ab le  from  in tra -a c tiv a tio n  
g ap s). T hus i t  seem s reaso n ab le  to  u se  a  c ritic a l gap  le n g th  of ab o u t 
50ms to  define  b u r s ts  w ith  50/iM GABA, on ly  th e  lo n g est in tr a c lu s te r  time 
c o n s ta n t in  Fig. 4.5 be ing  excluded .

4.5.3 E stim ates o f  Po cu rves . As exp ec ted , in c re a s in g  th e  co n cen tra tio n  
of GABA re su lte d  in  an  ov era ll in c re a se  in  th e  p ro b a b ility  of be ing  open, 

Po* Fig* 4.6B show s th e  in c re ase  in  mean p ro b a b ility  of be ing  open  
d u rin g  b u r s ts  (of a t  le a s t 100ms), o v e r th e  GABA co n ce n tra tio n  ra n g e  
10-2000/jM; th e  tj. va lue  u sed , an d  th e  num ber of b u r s ts  an a ly sed  a re  
in d ica ted  fo r each  co n cen tra tio n . The r e s u lts  w ere pooled from  d iffe re n t 

o u ts id e -o u t p a tch e s  held  a t -60 to  -lOOmV, an d  inc lu d e  a to ta l of 270 
b u r s ts .  The mean p ro b ab ilitie s  (* S.D.) of be in g  open  w ere  0.35 4 0.17 
(10/jM, n=14 b u rs ts ) ,  0.29 4 0.22 (20/jM, n=60) 0.43 4 0.19 (30/iM, n=10), 

0.80 4 0.12 (40mM, n=20), 0.77 4 0.16 (50mM, n=95), 0.83 4 0.11 (100/uM, 
n=31), an d  0.83 4 0.1 (2000a*M, n=40). I t  is  a p p a re n t from  Fig. 4.6B th a t  
th e  maximum mean p 0 fa lls  well below 1.0, ev en  a t  th e  h ig h  co n cen tra tio n  
of 2mM GABA (w here th e  mean maximum p 0 v a lu e  was 0.83). 
F u rth e rm o re , ev en  a t  th e se  h ig h  co n ce n tra tio n s , th e  main s ta te  
co n d u ctan ce  was s itll approx im ately  30pA, in d ica tin g  th a t  ra p id  open  
ch an n e l block by  th e  GABA molecule its e lf  was no t re sp o n sib le  fo r th e  
low maximum p 0.

A s tr ik in g  fe a tu re  of th e  p 0 v s  GABA co n ce n tra tio n  re la tio n sh ip  is 
th e  wide ra n g e  of p 0 v a lu es  o b se rv ed  fo r a n y  g iv en  a g o n is t 
c o n cen tra tio n . Fig. 4.6A show s th e  p ro b a b ility  of be in g  open  fo r 270 
in d iv id u a l b u rs ts ,  th e  mean of w hich a re  in d ica ted  in  fig . 4.6B. For 
example, a t  a  co n cen tra tio n  of 50mM GABA th e  p ro b a b ility  o f be ing  open  
ran g ed  from  0.26 to  0.99 (95 b u rs ts ) ,  an d  a t  20mM GABA th e  ra n g e  was 
0.01-0.79 (60 b u rs ts ) .  Such a w ide ra n g e  of p 0 v a lu es  h as  no t

p rev io u s ly  been  seen  fo r  p o p u la tions of a g o n is t-a c tiv a te d  ch an n e ls  w hich 
a re  hom ogeneous (see fo r  example, Sakm ann, P a tlak  & N eher, 1980; 
C ull-C andy, Miledi & P a rk e r , 1981; C olquhoun & O gden, 1988).

4.5.4 E xpected sp rea d  o f  p 0 fo r  a  hom ogeneous population  o f  
recep to r-ch a n n els . I t  is  n o t im m ediately obv ious how m uch v a ria b ility  

would be expected  in  Pot from one b u r s t  to  a n o th e r , if th e  re c e p to rs  
beh av ed  in  a hom ogeneous m anner. Sim ulations h ave  th e re fo re  been  
perfo rm ed  in  o rd e r  to  de term ine  th e  a n tic ip a te d  sp re a d  of Po v a lues. To 
d a te  th e re  a re  no c o n s is te n t models of GABA* re c e p to r -c h a n n e l g a tin g
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Fig. 4.6 D ependence of p ro b ab ility  of be ing  open (d u rin g  b u r s ts  w ith in  
c lu s te rs )  on GABA co n cen tra tio n . A, p ro b a b ility  of being  open a s  a 

fu n c tio n  of GABA co n cen tra tio n  (10-2000/jM). Each p o in t r e p re s e n ts  a 
s ing le  b u rs t;  th e  num ber of b u r s ts ,  n, a t  each co n cen tra tio n , w ere 10/iM 
(n = 14), 20mM (n =53), 30/*M (n =10), 40mM (n = 20), 50mM (n = 95), IOOmM 
(n = 31) and  2000mM (n = 40). R esu lts  w ere pooled from  five  d if fe re n t 
o u ts id e -o u t p a tch es  held a t  -60 to  -lOOmV, T = 22-23° C. The c r itic a l 
gap  le n g th , t c, u sed  to  define th e  b u r s ts  is  g iv en  above each  
co n cen tra tio n . Note th e  ra n g e  of p 0 v a lu es  a t  each  co n cen tra tio n . The 
co n cen tra tio n  axis is no t con tin u o u s. B, mean p 0 v s  GABA co n cen tra tio n  

(same d a ta  as  in  A). The v e rtic a l b a rs  re p re s e n t  4 S.D.; th e  num ber of 
b u r s ts  (n) av erag ed  fo r each  po in t is g iven  a t  each co n cen tra tio n ; th e  
tc va lue  u sed  to  define th e  b u r s ts  is th e  same a s  in  A. Note th e  la rg e  

S.D., due to th e  wide s c a t te r  of p 0 v a lu es , and  th a t  p 0 in c re a se s  w ith 

in c re a s in g  GABA co n cen tra tio n  u p  to  approx im ately  40-50/xM.



(a lthough  see M acdonald e t aI., 1989a; Weiss & M agleby, 1989), an d  in  
p a r tic u la r  no models of GABAa re c e p to r -c h a n n e l g a tin g  in  p e r ip h e ra l 
n e u ro n es . T h ere fo re  th e  sim plest m echanism s of ch an n e l g a tin g  th a t  

could  p ro d u ce  b u rs t in g  b eh av io u r w ere  u sed , v iz .

£+ 1  P
CL C s v  A 0 (1)

k~y a

an d

P ^+B
CL *. ■■■ "*■ 0 v -  Cg (2)

a k -  B

w here  0  r e p re s e n ts  an  open  ch an n e l, CL re p re s e n ts  a  lo n g -liv ed  s h u t
s ta te  (e n try  in to  w hich will end  a  b u rs t)  an d  Cs re p re s e n ts  a

sh o r t- liv e d  s h u t s ta te . The tra n s itio n  ra te s  (k-y  , Iq-i , fit P \  a » &fB »
an d  Jl_b) show n in  bo th  ( 1 ) and  (2 ) w ere se lec ted  to  g iv e  th e  mean

num ber of open ings p e r  b u r s t  as  approx im ately  35, th e  mean open  time

a s  8.9ms an d  th e  mean s h u t time a s  3.66ms, w ith  th e  Po w ith in  b u r s ts
be ing  0.72. T hese a re  th e  v a lu es  o b se rv ed  experim en tally  w ith  50/iM
GABA, u s in g  a t c of 50ms (w ith th e  excep tion  of p 0» w here  th e  mean
o b se rv ed  p 0 was 0.76). T hus fo r schem e (1) th e  tra n s it io n  ra te s  w ere:
fo r  k_x, 7 .8 s"1; fi, 265s” 1; «, 112s"1; k+y , 0.1 s" 1

. For schem e (2) th e  r a te s  u sed  w ere: a, 3 .2 s"1;
0 .1 s"1; A+0  , 109.2s"1; k_B , 273s"1. A random  num ber g e n e ra to r
(Wichman & Hill, 1985) w as u sed  to  g e n e ra te  sim ulated  re c o rd s  from

th e se  models, and  th e  sim ulated re c o rd s  w ere d iv ided  in to  b u r s t s  u s in g
a  c ritic a l sh u t time of 1 0 0 ms; b u r s ts  w ere  well s e p a ra te d  b ecause  th e

(lO W )
m ean lifetim e of CL w as made v e ry  lo n g £ , B u rs ts  s h o r te r  th a n  100ms 
w ere d isco u n ted , as in  th e  an a ly s is  of th e  re a l ex p erim en ts, and  a  

h is togram  of po v a lu es  from  th e  rem ain ing  b u r s ts  w as c o n s tru c te d . The 
re s u l ts  fo r both  models w ere (as u sual) in d is tin g u ish ab le , so th e  re s u l ts  

fo r  model (1) only  a re  show n in  Fig. 4.7. The h is togram  of sim ulated  pb 
fo r model (1) is  show n in  Fig. 4.7A, and  th e  h istog ram  of th e  o b se rv ed  
Po ob ta ined  from th e  experim ental d a ta  is  show n in  Fig. 4.7B, (th e  
h is to g ram s of th e  sim ulated and  o b se rv ed  d a ta  co n ta in  304 and  87 
b u r s ts  re sp ec tiv e ly ). C learly  th e  expected  sp re a d  of Po v a lu es , fo r  
re c e p to rs  th a t  behave hom ogeneously, is  m uch le ss  th a n  th e  o b se rv ed  

sp re a d  (S.D. of p 0 fo r th e  sim ulated and  o b se rv ed  b u r s ts  w ere 0.057 and  
0.16, re sp ec tiv e ly ).

Two experim ental problem s could have  c o n tr ib u te d  to  th e  v a ria b ility  
in  po, nam ely, (1 ) in a p p ro p ria te  selec tion  of tc an d , (2 ) u n d e te c te d
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Pig. 4.7 Com parison of th e  o b se rv ed  sp read  of p ro b a b ility  o f be ing  
open , Po, w ith th a t  expec ted  fo r  a  popu la tion  of id e n tic a l an d  
in d e p en d e n t re c e p to r -c h a n n e ls . A, h istogram  of p 0 fo r  304 b u r s t s  of 
more th a n  100ms d u ra tio n , o b ta in ed  from  a sim ulated  re c o rd  of ch an n e l 
open ing  and  closing  d u ra tio n s , u s in g  a t c of 100ms (see te x t fo r  d e ta ils) . 
Mean p 0 was 0.72. B, h is tog ram  of p 0 of 87 o b se rv ed  b u r s ts  (50/*M GABA; 
<c = 50ms; b u rs ts  more th a n  100ms d u ra tio n ; T = 22-23°C). Mean Po was 
0.76. Note th e  la rg e r  sp re a d  of po fo r  th e  o b se rv ed  b u r s ts ,  com pared 

w ith  th e  sim ulated b u r s ts  (S.D. o f th e  p0 fo r th e  sim ulated  b u r s t s  was 
0.057, and  fo r th e  o b se rv ed  b u r s ts  w as 0.16).



p re se n c e  of more th a n  one ac tiv e  ch an n e l d u rin g  p a r t ,  o r  all, of some of 
th e  b u rs ts .  The p o ssib le  c o n trib u tio n  of th e se  two a r te fa c ts  will now be 
co n sid e red .

4.5.5 E ffe c t o f  t c  on th e  estim ation  o f  p 0. A lthough on ly  one va lue  of 
tc (for a  g iven  GABA co n cen tra tio n ) can  be optimum fo r estim ation  of th e  
equ ilib rium  c o n c e n tra tio n -re sp o n se  c u rv e , i t  seem s leg itim ate  to  in sp ec t, 
em pirically , th e  sp re a d  of Po v a lu es  o b ta in ed  w ith  each  of a  ra n g e  of ^  
v a lu es . This allowed u s  to  check  th a t  th e  ap p ea ra n ce  of g re a t  

h e te ro g en e ity  is no t c ritic a lly  d e p e n d e n t on t c , th e  optimum value  fo r 

w hich was o ften  n o t c e r ta in . H istogram s of Po v a lu es  fo r  in d iv id u a l

g ap  d u ra tio n s , t c (see A uerbach  & Lingle, 1986). Fig. 4.8 i l lu s tra te s  th e  
e ffe c t of se lec tin g  d if fe re n t v a lu es  fo r tc on th e  sp re a d  of p 0, and  on 

th e  ov era ll mean p©, of b u r s ts  re c o rd ed  in  th e  p re sen c e  of 50/iM GABA.
The g ra p h  in c lu d es  d a ta  from  tw en ty  c lu s te r s  (a t ho ld ing  p o ten tia ls  

o f -60mV to  -lOOmV). For each  c u rv e , b u r s ts  w ith in  th e  tw en ty  c lu s te rs  
w ere defined  by  one of th e  tc v a lu es , 20, 50, 100, 200 o r 1000ms 
(ind ica ted  nex t to  c o rre sp o n d in g  c u rv e ) , and  only b u r s ts  of more th a n  
100ms d u ra tio n  w ere in c lu d ed . I t  is  c lea r from  Fig. 4.8 th a t ,  a t  50/iM 

GABA, th e re  is a wide sp re a d  in  p 0 re g a rd le s s  of tc. T his s u g g e s ts  th a t  
b u r s ts  a re  h e teogenous since  th e  va lue  of p 0 v a rie s  from  one b u r s t s  to  
a n o th e r  (see random ization  te s t ,  below, fo r  f u r th e r  a n a ly s is ) . R educing 
th e  value of l c obv iously  in c re ase d  th e  num ber of b u r s ts  and  red u ced  
th e  len g th  of each b u r s t .  However, a t  50/iM GABA th e  m ean p 0 was 
in c re a se d  on ly  s lig h tly  w hen th e  va lue  w as re d u c ed . T hus, th e  mean 
Po w as re d u c ed  from  0.81 to  0.71 w hen th e  ^  was in c re a se d  from  20ms 
to  200ms. The ch an g e  may re f le c t th e  in c lu sion  of some of th e  b rie f  
d e sen s itiz a tio n  g ap s  w ith th e  lo n g e r tc o r exclusion of some of th e  
in te r-a c tiv a tio n  g ap s  a t  th e  s h o r te r  tc, o r  bo th .

4.5.6 Two ch a n n els  a c tiv e  s im ultaneously . The le n g th  of experim entally  
o b se rv ed  ru n s  of s ing le  o p en in g s  (c lu s te r s  w ith o u t double  ev en ts )  w as 
so long th a t  th e  p ro b a b ility  of two ch an n e ls  be ing  ac tiv e  d u rin g  a  

c lu s te r  is  extrem ely low (C olquhoun & Hawkes, in  p re p a ra tio n ) . For 
exam ple, b u r s t  #13 of th e  c lu s te r  i l lu s tra te d  in  Fig. 4.9 co n sis ted  of 41 

o p en in g s  w ith a p 0 of 0.28. Even fo r th is  low o b se rv ed  p 0 i t  is  un like ly  
(P=0.01) th a t  more th a n  24 co n secu tiv e  s ing le  o p en in g s  would be seen  
b efo re  th e  f i r s t  double ev en t, if  th e re  w ere ac tu a lly  two in d e p en d e n t 
an d  id en tica l ch an n e ls  ac tiv e  th ro u g h o u t th e  b u rs t .  F u rth e rm o re , th e re

b u r s ts  w ere  th e re fo re  ca lcu la ted  u s in g  a  ra n g e of c ritic a l

81



30

20

10

8
6
4

2

0

4
2

0

4
2
0

4
2

0

4
2

0

Mean R>Pen
▲ □ ■ o •

V  }  I

tc (ms)

20

50

100

200

* *  1000
1 1------1 1---------- 1 1-------1 1------ 1 1

0-2 0-4 0-6 0-8 10

Probability of being open

82



Fig. 4.8 E ffect of se lec tin g  d if fe re n t v a lu es  fo r  th e  c r itic a l gap  
d u ra tio n , tc, on th e  sp re a d  of Po v a lu es  an d  on th e  o v e ra ll mean p0. 

D is trib u tio n s  of po fo r b u r s ts  w ith in  c lu s te rs ,  o v e r a  ra n g e  of tc 
(20-1000ms); th e  tc va lue  u sed  in  each  p lo t is  g iv en  on th e  r ig h t  hand  

s ide  (•, t c 20ms; o, tc 50ms; ■, tc 100ms; D,tc 200ms; A, tc = 1000ms). 
The o v era ll mean p 0 fo r  each  tc is  in d ica ted  by  th e  a rro w s  (iden tified  

b y  th e ir  co rre sp o n d in g  sym bols) above th e  d is tr ib u tio n s : mean p 0 = 0.64 
(tc -  1000ms; num ber of b u r s ts ,  n=20), 0.71 (tc = 200ms; n=37), 0.74 (<c -  
100ms; n=59), 0.76 (tc = 50ms; n=84), an d  0.81 (tc = 20ms, n=131). Note
th e  wide sp re ad  in  Po re g a rd le s s  of tc» and  th a t  ch an g in g  tc from  20 to  
1000ms sh if ts  th e  mean p> b y  on ly  0.17. R esu lts  r e p re s e n t  d a ta  from  20 
c lu s te r s  reco rd ed  from o u ts id e -o u t p a tch e s  (Vm = -60 to  -lOOmV)
exposed to  50^M GABA. Only b u r s ts  of more th a n  100ms d u ra tio n  w ere 
in c luded . Each p o in t r e p re s e n ts  th e  c e n tre  of a  b in; b in  w id th  = 0.033; 

T = 22-23°C.



was no ten d en cy  fo r th e  p 0 to  be la rg e r  fo r  b u r s t s  in  th e  middle of a 
c lu s te r , com pared w ith b u r s ts  a t  th e  e n d s  of a  c lu s te r ,  a s  would have  

been  expected  if th e re  had been  p a rtia l o v e rlap  of b u r s ts  of a c tiv ity  of 
two in d ep en d en t.

4.6 Randomization  te s t  fo r  h e te ro g e n e ity  o f  b u r s ts
The v a lu es  ob ta in ed  fo r Po > a s  well a s  mean open  time and  s h u t

time, fo r  b u r s ts  w ith in  th e  same c lu s te r  an d  betw een d if fe re n t c lu s te rs , 
w ere  com pared by  m eans of a  random ization  te s t  (see P a tlak , O rtiz  & 

Horn, 1986). The aim of th is  te s t  was to  examine w h e th e r th e  wide 
v a ria b ility  in  p 0 could p lau sib ly  o c cu r if  a ll open  an d  closed  in te rv a ls  
came from  th e  same population , th a t  is , from  ch an n e ls  show ing
hom ogeneous b ehav iou r.

Values of p 0, and  of mean open time an d  mean s h u t  time, fo r  p a irs  

of b u r s ts  of a t  le a s t 200ms d u ra tio n  (more th a t  40 o p en in g s) w ere 
com pared a t  th e  same ag o n ist co n cen tra tio n . F ig u re  4.9 show s an
example o f su ch  an an a ly sis  app lied  to  two c lu s te r s  of o p en in g s. The 
sing le  ch an n e l re c o rd s  (Fig. 4.9A) show two c lu s te rs  (c lu s te r  1, an d
c lu s te r  2) re co rd ed  from  a s ing le  p a tch  in  th e  p re se n c e  of 50/*M GABA. 
These two c lu s te rs  have been  se lec ted  to  i l lu s tra te  m arked ly  d if fe re n t 

Po v a lu es  fo r b u r s ts  w ithin  th e  same c lu s te r , and  fo r  b u r s ts  from  
d if fe re n t c lu s te rs . C luster 2 o c c u rre d  2.8s la te r  th a n  c lu s te r  1. 
T o g e th er th e  two c lu s te rs  w ere d iv ided  in to  13 b u r s ts  u s in g  a  tc of
50ms. The Po va lu es  fo r  th e  six b u r s ts  in  c lu s te r  1 ra n g e d  from  0.70 -  
0.96, while th e  p 0 v a lu es  of th e  sev en  b u r s t s  in  th e  second c lu s te r  
ra n g e d  form  0.20 -  0.49.

Fig. 4.9B in d ica tes  th e  re s u l t  of com paring , w ith th e  random ization  
te s t ,  th e  va lu es  of pt>, mean open  time an d  mean s h u t  time of b u r s ts  

num ber 2 and  3 from  th e  same c lu s te r  (Fig. 4.9A, c lu s te r  1). B u rs t 2 
had  a po of 0.70 while th e  pb o f b u r s ts  3 w as 0.96. The h is to g ram s of 
random ized s c a tte r  (random ized S) w ere  o b ta in ed  u n d e r  th e  nu ll 
h y p o th e s is  th a t  th e  two b u rs ts  w ere hom ogenous, by  g e n e ra tin g  1000 
p a irs  o f b u r s ts ,  by  u se  of random ization  (see M ethods). T h ere  is  good

ev id en ce  th a t  bo th  th e  po and  th e  s h u t time, d iffe red  betw een  th e  two
b u r s ts ,  s ince  th e  estim ated  p ro p o rtio n  of random ized  S v a lu es  w hich 
exceeded th e  o b se rv ed  S  value fo r Po an d  also  fo r s h u t  tim es, w as zero  
(i.e. none of th e  1000 random ized S v a lu es  exceeded th e  o b se rv ed  S). 
However th e  p ro p o rtio n  of random ized S w hich exceeded  th e  o b se rv ed  S 

fo r  th e  open  tim es was 0.123, so th e re  was no com pelling ev idence  th a t  
th e  open  tim es d iffe red  betw een th e se  b u r s ts .  F ig u re  4.9C show s a
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Fig. 4.9 Random ization te s t  to  com pare b u r s ts  w ith in  a c lu s te r  and
b u r s ts  from d iffe re n t c lu s te rs . A, re c o rd s  se lec ted  to  i l lu s tra te

d if fe re n t p 0 va lu es  fo r b u r s ts  w ith in  a c lu s te r  and  fo r b u r s t s  from two 
d if fe re n t c lu s te rs ,  in  th e  same o u ts id e -o u t p a tch . The re c o rd  show s two 
su ccess iv e  c lu s te rs . The f i r s t  c lu s te r  (u p p e r tra c e )  o c c u rre d  2.8s
b efo re  th e  second c lu s te r  (lower tra ce ; 2.8s gap  no t show n). The two
c lu s te r s  have been  su b d iv id ed  in to  13 b u r s ts  (num bered  b u r s t  # 1-13 
above each  b u rs t)  u s in g  a t c of 50ms. C orresp o n d in g  p 0 v a lu es  a re  a lso  
g iv en  (50pM GABA, Vm = -80mV; T = 22°C; e ffec tiv e  f i l te r  ing  670Hz, -  

3dB). B, h istog ram s show ing random ized s c a t te r  fo r  p 0 (le ft) , fo r  open  
tim es (middle) and  fo r s h u t tim es (r ig h t)  o b ta in ed  u n d e r  th e  nu ll 
h y p o th es is  th a t  b u r s ts  #2 and  #3 a re  hom ogenous (see te x t fo r  d e ta ils) . 
1000 p a irs  of a rtif ic ia l b u r s ts  w ere com pared. The a rro w s  in d ica te  th e  
level of th e  o b se rv ed  s c a t te r  fo r b u r s t  #2 and  b u r s t  #3. The p ro p o rtio n  

of random ized S v a lu es  w hich exceed th e  o b se rv ed  S v a lu es  is in d ica ted  
above each  h istogram  (P v a lu es). C, h is tog ram s of random ized s c a t te r  
fo r Po (left), fo r open  tim es (middle) and  fo r s h u t tim es (r ig h t)  ob ta in ed  
w hen com paring two b u r s ts  (3 and  13) from d if fe re n t c lu s te r s .
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sim ilar com parison fo r b u r s t s  num ber 3 and  num ber 13 (i.e. b u r s ts  from  
d if fe re n t c lu s te rs ) . B u rs t num ber 3 con ta ined  64 o p en in g s  an d  had a pc 
of 0.96, while th e  Po of b u r s t  num ber 13 w as 0.28 an d  co n s is ted  of 41 
o p en in g s . U sing 1000 p a irs  of a rtif ic ia l b u r s ts  (p ro d u ced  by  
random ization), th e  P v a lu es  fo r Po» mean open  time an d  mean s h u t  time, 
w ere  all 0.000, in d ica tin g  a d iffe ren ce  in  th e  k in e tic  p ro p e r tie s  of th e  

two b u r s ts .
V alues of p 0» and  of mean open  time and  mean s h u t  tim e, have b een  

com pared fo r  s e ts  of 2-20 b u r s ts ,  c o n s id e rin g  b u r s ts  of more th a n  200ms 
d u ra tio n  (more th a n  40 open in g s) an d  a t  a  s ing le  a g o n is t co n cen tra tio n . 
In  o rd e r  to  elim inate an y  b ias  in  se lec tin g  b u r s ts ,  all b u r s t s  re c o rd ed  
from  an y  p a r tic u la r  o u ts id e -o u t p a tch , w hich sa tis f ied  th e  c r i te r ia  

p re v io u s ly  in d ica ted  (in te rm s of am plitude, and  of d u ra tio n ), w ere 
com pared . F ig u re  4.10 show s th e  re s u l t  of su ch  a  random ization  te s t ,  
u sed  to  com pare all of th e  b u r s ts  th a t  w ere lo n g e r th a n  200ms (20 in  

to ta l) re c o rd ed  from a s ing le  p a tch  exposed to  50/iM GABA. The b u r s ts  
w ere defined  by  a  tc of 50ms and  o rig in a ted  from  six c lu s te rs . The p 0 
of th e  20 o b se rv ed  b u r s ts  ra n g e d  from  0.56 to  0.89, and  th e  g ra n d  mean 
Po w as 0.73. The random ization  p ro c e ed u re  w as u sed  to  g e n e ra te  104 
s e ts  of 20 a rtif ic ia l b u r s ts ,  in  o rd e r  to  c o n s tru c t h is to g ram s of 
random ized  S fo r p0 , an d  fo r  th e  open  tim es an d  s h u t  tim es. In  th is  
example th e  estim ated  P v a lu es  w ere: 0.0001 fo r s h u t  tim es, 0.0003 fo r 
Po, and  0.0000 fo r open  tim es, in d ica tin g  th a t  all th re e  p a ra m ete rs  w ere  
s ig n ific a n tly  d if fe re n t fo r  b u r s t s  w ith in  an d  betw een  th e  c lu s te r s ,  
re c o rd e d  in  th is  p a r tic u la r  p a tch .

In  sum m ary, th e  p 0> mean open tim e, and  mean s h u t  time have been  
found  to  d iffe r  betw een  one ch an n e l an d  a n o th e r  (i.e. betw een  c lu s te r s ) ,  

an d  fo r th e  same ch an n e l a t d if fe re n t tim es (i.e. betw een  b u r s ts  w ith in  
th e  same c lu s te r) .

4.7 Whole-cell doae -re sp o n se  rela tion sh ip
The Po v b  GABA co n ce n tra tio n  re la tio n sh ip  was n e ce ssa rily  ob ta ined  

from  s in g le -ch an n e l c u r r e n t  re c o rd in g s  in  w hich th e  GABA* 
re c e p to r -c h a n n e ls  w ere d e sen s itiz ed  (so th a t  c lu s te r s  of o p en in g s, 
re s u lt in g  from th e  a c tiv ity  of in d iv id u a l ch an n e ls , w ere  well s e p a ra te d ) . 
T h e re fo re  a  w hole-cell GABA d o se -re sp o n se  re la tio n sh ip  w as o b ta in ed  fo r 

com parison  w ith th e  p lo t of p 0 v s  GABA co n cen tra tio n .
The w hole-cell d o se -re sp o n se  re la tio n sh ip  il lu s tra te d  in  Fig. 4.11 

co n ta in s  d a ta  pooled from 12 cells (clam ped a t  -60mV). The norm alized 
re sp o n se s  a re  th e  peak  am plitudes of th e  c u r r e n t  re sp o n se s  ex p re ssed
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Fig. 4.10 Random ization te s t  to  com pare 20 b u r s ts  from 6 c lu s te rs , 
re c o rd ed  from one p a tch  exposed to  50/iM GABA; Vm = -70mV; T = 22° C. 
B u rs ts  w ere defined  b y  a ^  of 50ms. The h is to g ram s a re  of random ized 
s c a t te r  (Randomized S) of A, open  tim es, B, s h u t  tim es, and  C, p 0, 
o b ta in ed  u n d e r th e  nu ll h y p o th e s is  th a n  th e  20 b u r s ts  a re  hom ogenous, 
and  u s in g  104 random izations (see M ethods fo r  d e ta ils) . A rrow s in d ica te  
th e  level of th e  o b se rv e d  s c a t te r  (O bserved  S). The p ro p o rtio n  of 
random ized S v a lu es  w hich exceeded th e  o b se rv ed  S va lue  is  shown to 
th e  r ig h t  of each h is tog ram  (as P  v a lu es). Note th e  la rg e r  s c a tte r  in  

open  tim es, s h u t tim es, and  p 0f fo r  th e  o b se rv ed  b u r s t s  com pared to  
th a t  expected  fo r re c e p to r -c h a n n e ls  show ing hom ogeneous beh av io u r.

I
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a s  a  p e rc en ta g e  of th e  p eak  re sp o n se  to  IOmM GABA in  th e  same cell. 
This was n e c e ssa ry  s in ce  th e  ab so lu te  am plitude of c u r r e n t  re sp o n se s  to 
a  g iven  co n cen tra tio n  of GABA, (a t a p a r tic u la r  ho ld ing  p o ten tia l) , v a ried  
from  cell to cell (up  to  a  two fold d iffe ren ce ). I t  is a p p a re n t from th e  
re la tio n sh ip  th a t  a t  c o n ce n tra tio n s  of GABA below 20mM, th e  norm alized 
re sp o n se s  did no t v a ry  g re a tly  from  cell to  cell, in  c o n tra s t  to  th e  wide 

v a ria b ility  in  re sp o n se s  to  co n ce n tra tio n s  above 2 0 Par t  of th is  
v a r ia b ility  is u n d o u b ted ly  due  to  d iffe ren c es  in  th e  ex tend  of 

d esen s itiz a tio n  a t  th e  a p p a re n t  peak  of th e  w hole-cell c u r r e n t  re sp o n se s .
Fig. 4.11B i l lu s tra te s  th re e  re p re se n ta tiv e  w hole-cell c u r r e n ts  

re c o rd ed  from th e  same cell in  re sp o n se  to  5, 10 and  20/jM GABA. T here  
w as no a p p a re n t d e sen s itiz a tio n  below 10^M GABA, b u t above th is  

co n cen tra tio n  th e re  was p ro n o u n ced  d esen s itiza tio n . The w hole-cell 
d o se -re sp o n se  re la tio n sh ip  f la tte n s  above 30>̂ M GABA, p ro b ab ly  p a r tly  a s  
a r e s u lt  of a tte n u a tio n  of th e  p eak  re sp o n se  b y  d e sen s itiz a tio n . By 

com paring F igs. 4.6 an d  4.11 i t  can  be seen  th a t  th e  low est 

co n ce n tra tio n  of GABA u sed  to  determ ine  th e  p 0 v s  GABA co n cen tra tio n  
re la tio n sh ip  (IOmM) is  close to  th e  a p p a re n t ECS0 of GABA in th e se  cells. 
The EC50 of GABA w as ta k e n  a s  th e  co n ce n tra tio n  w hich p ro d u ced  a 
re sp o n se  of approxim ately  50% of th e  a p p a re n t maximum re sp o n se  (Fig. 
4.11A).

4.8 E ffe c t o f  g u a n o sin e  5* tr ip h o sp h a te  (GTP)
In  ad d itio n  to  GABAa re c e p to rs , GABAg re c e p to rs  h av e  a lso  been  

fo und  in  mammalian s u p e r io r  c e rv ica l gang lion  (SCG) n e u ro n e s  (Balcar e t  
alt 1986). In  c u ltu re d  r a t ,  mouse and  ch ick  d o rsa l ro o t ganglion  (DRG) 
n e u ro n es , a c tiv a tio n  of GABAb re c e p to rs  h as been  show n to  in h ib it 
v o lta g e -ac tiv a te d  calcium  ch an n e l c u r re n ts ,  via ac tiv a tio n  of 
m em brane-bound  GTP b in d in g  p ro te in s  (Dunlap & F isch b ack , 1981; Deisz 
& Lux, 1985; Dolphin e t a  I, 1986; Dolphin &. S co tt, 1987; Holz e t aJ, 1986; 
G reen & C ottre ll, 1988). F u rth e rm o re , v o ltag e  a c tiv a te d  Ca2+ c u r r e n ts  in  
c u ltu re d  and  f re s h ly  d isso c ia ted  SCG n e u ro n e s  a re  in h ib ited  by  th e  
n o n -h y d ro ly sa b le  GTP analogue , guan o sin e  5*-0(3-thio) tr ip h o sp h a te , 

G TP-y-S, (Wanke e t ai, 1987; Dolphin & S co tt, 1989). In  c o n tra s t ,  in  r a t  
and  g u in e a -p ig  hippocam pal pyram idal cells, GABAg re c e p to rs  a re  coupled  
to  K+ ch an n e ls  v ia a G T P-binding  p ro te in  (N ew berry  & Nicoll, 1984; 
Gahwiler & Brown, 1985; Inoue e t aJ, 1985; A ndrade, M alenka & Nicoll, 
1986). I t  was th e re fo re  of in te r e s t  to  de term ine  w h e th e r th e  wide 
v a ria b ility  in  p 0 o f  GABAa re c e p to r -c h a n n e ls  (a t a  g iv en  a g o n is t 
co n cen tra tio n ) was th e  r e s u l t  of m odulation of th e se  re c e p to r -c h a n n e ls
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Pig. 4.11 A, w hole-cell d o se -re sp o n se  re la tio n sh ip  fo r d a ta  pooled from 
12 cells <Vm = -60mV). In  each  cell peak  re sp o n se s  w ere  norm alized 
w ith  re s p e c t to  th e  peak  re sp o n se  to  IOmM GABA. The n u m b ers  in  
p a re n th e s is  in d ica te  th e  num ber of re sp o n se s  a v e rag e d  fo r each  po in t. 
V ertical b a rs  re p re s e n t  * S.E. (w here th e se  v a lu es  a re  la rg e r  th a n  th e  
sym bol). The co n cen tra tio n  of GABA w hich p ro d u ced  a  re sp o n se  of 

approxim ately  50% of th e  a p p a re n t maximum re sp o n se , w as ab o u t IOmM; 
th e  p la teau  of th e  d o se -re sp o n se  re la tio n sh ip  o c c u rre d  above 30mM GABA. 
B, re p re se n ta tiv e  c u r r e n t  re sp o n se s  from  one cell (u sed  in  A) evoked by  
5, 10 and  20^M GABA. C alib ration  400pA, 20s.



by  m em brane-bound GTP b in d in g  p ro te in s  a c tiv a te d  by  GABA v ia  GABAg 

re c e p to rs .
G uanosine 5’ tr ip h o sp h a te  (GTP), r a th e r  th a n  th e  n o n -h y d ro ly sa b le  

analogue g uanosine  5’-0 (3 -th io ) tr ip h o sp h a te  (GTP-y-S) was u sed  in  th e se  
experim ents because, in  th e  case  of v o lta g e -ac tiv a te d  calcium  ch an n e ls  in  

DRG n eu ro n es , G TP-r-S  h as an  ad d itio n a l a g o n is t- in d e p e n d e n t e ffe c t on 

th e se  ch an n e ls  (S co tt & Dolphin, 1986; Dolphin & S co tt, 1987).
F ig u re  4.12A i l lu s tra te s  p0 v a lu es  fo r  b u r s ts  in  th e  ab sen ce  an d  

p re sen ce  of ImM GTP in sid e  th e  p ip e tte . The p a tc h e s  w ere  exposed to  
50pM GABA, and  th e  <c value  u sed  to  se lec t b u r s ts  w as 50ms. Each 
g ra p h  in c lu d es  d a ta  from  fo u r d if fe re n t o u ts id e -o u t p a tc h e s  (e ig h t in  
all), held a t  -60 to  -lOOmV. I t  is  c lea r from  Fig. 4.12A th a t  inc lusion  of 

ImM GTP in sid e  th e  p ip e tte  did no t re d u c e  th e  am ount of v a r ia b ility  in 
Po v a lu es . The S.D. of Po v a lu es  in  th e  p re sen c e  of in tra c e llu la r  GTP 

was p rac tica lly  th e  same a s  th e  S.D. in  th e  ab sen ce  of GTP (0.18 and  
0.16 re sp ec tiv e ly ). From Fig. 4.12A it  a p p e a rs  th a t  in tra c e llu la r  GTP 
re d u c es  th e  overa ll mean p 0 from 0.76 to  0.47 (P<0.05, S tu d e n t’s t-T e s t) . 
However, th is  d iffe ren ce  may well r e s u l t  from  th e  u se  of a  small num ber 
of p a tch es . In  ad d itio n  th e re  may be s e v e ra l d if fe re n t ty p e s  of GABAa 
re c e p to r-c h a n n e ls  in  th e se  n e u ro n e s  w ith  d if fe re n t k in e tic s , su ch  th a t  

no t all ty p e s  of th e  re c e p to r -c h a n n e l w ere ac tiv e  in  each  p a tch . In  
su p p o r t of th is , i t  w as found  th a t  fo r some of th e  p a tch e s , th e  o v era ll 
mean p 0 of a  p a r tic u la r  p a tch  was s ig n ific an tly  d if fe re n t (P<0.05, t-T e s t)  
from th e  o v era ll mean p 0 of a  d if fe re n t p a tch  u n d e r  id en tica l cond itions.

4.9 E ffect o f  adenosine 59 tr ip h o sp h a te  and p en tobarb iton e
A denosine 5’ tr ip h o sp h a te  (ATP) was in c luded  in  th e  p a tch  p ip e tte  

(p lus m agnesium  ions) d u r in g  one experim en t to  a sc e r ta in  w h e th e r th e  
wide v a ria b ility  in  Po could have re su lte d  from  in te rn a l p h o sp h o ry la tio n  
of th e  GABAa re c e p to r -c h a n n e l by  a  m em brane-bound  Mg-ATP d ep en d e n t 

p h o sp h o ry la tin g  p ro te in . In  ad d itio n  to  GABA, p en to b a rb ito n e  (a t a 
co n cen tra tio n  w hich did  n o t d ire c tly  a c tiv a te  th e  GABAa 

re c ep to r-c h a n n e ls )  w as ad d ed  to  th e  e x tra ce llu la r  su rfa c e  of th e  
o u ts id e -o u t p a tch , to  de term ine  if th e  wide v a ria b ility  in  p 0 was a lte re d  
by  a d ru g  th a t  is  th o u g h t to  in c re a se  ch an n e l op en  time (S tu d y  & 
B arker, 1981; Jack so n  e t aJ, 1982b; M acdonald e t a  I., 1989b). S ince 
Mg-ATP was inc luded  in s id e  th e  p ip e tte  d u r in g  th e  same experim en t in  
w hich p e n to b a rb ito n e  was a lso  u sed  (only one experim ent) no a ttem p t 
was made to determ ine th e  e ffe c ts  of th e se  a g e n ts  in d iv id u a lly , on say  
th e  overa ll mean p Q. F ig u re  4.12B d ep ic ts  p 0 fo r b u r s ts  (p ro d u ced  by
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50mM GABA) in th e  ab sen ce  o r p re se n c e  of 4mM Mg-ATP in sid e  th e  
p ip e tte , p lu s  10/jM p e n to b a rb ito n e  in  th e  e x tra ce llu la r  medium. Only 
b u r s ts  of more th a n  100ms d u ra tio n  w ere u sed  in  th e  a n a ly s is  ( tc of 
50ms was u sed  th ro u g h o u t) . The c o n tro l d a ta  (50pM GABA) w as o b ta in ed  
from fo u r o u ts id e -o u t p a tch e s , and  th e  d a ta  fo r  p e n to b a rb ito n e  and  
Mg-ATP was re c o rd ed  from  one p a tc h  (d if fe re n t from  th e  co n tro l 
p a tch e s) . I t  is  a p p a re n t  from Fig. 4.12B th a t  th e  p re se n c e  of 
in tra c e llu la r  Mg-ATP an d  e x trace llu la r p e n to b a rb ito n e  d id  n o t re d u c e  th e  

wide v a ria b ility  in  p 0 v a lu es . In  co n tro l co n d itio n s  th e  S.D. w as 0.16, 
while in  th e  p re sen c e  of Mg-ATP p lu s  p en to b a rb ito n e , th e  S.D. w as 0.13. 

A lthough Mg-ATP p lu s  p e n to b a rb ito n e  p ro d u ced  an  a p p a re n t re d u c tio n  in  
th e  o v e ra ll mean p 0 (from 0.76 to  0.57), th is  ag a in  p ro b a b ly  re f le c ts  th e  

small num ber of p a tch e s  u sed  and  th e  p o ssib le  p re se n c e  of sev e ra l 
k ine tica lly  d if fe re n t GABAa re c e p to r -c h a n n e ls , (see GTP R esu lts).
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Fig. 4.12 A, d is tr ib u tio n  of p 0 fo r b u r s ts  (> 100ms d u ra tio n ) re c o rd ed  
in  th e  ab sen ce  and  p re sen ce  of ImM GTP con ta in ed  in  th e  p ip e tte  

so lu tion; p a tch  exposed to  50a*M GABA; Vm = -60 to  -lOOmV; -  50ms. 
Mean po in  th e  ab sen ce  o f GTP (closed c irc les) w as 0.76 4 0.16 (mean 4 

S.D., n=87 b u rs ts ) ;  mean p 0 in  th e  p re se n c e  of GTP (open c irc les) w as
0.47 4 0.18 (mean 4 S.D., n = 98 b u r s ts ) .  Each d is tr ib u tio n  in c lu d es  d a ta  

from  a d iffe re n t s e t  of fo u r p a tch e s . Each p o in t m arks th e  c e n tre  of a 
bin; b in  w idth  = 0.067. B, d is tr ib u tio n  of p 0 (b u r s ts  > 100ms d u ra tio n ) 
reco rd ed  in  th e  ab sen ce  o r p re se n c e  of 4mM Mg-ATP con ta in ed  in  th e  
p a tch  p ip e tte  and  w ith  10/iM p e n to b a rb ito n e  in  th e  b a th in g  medium: 

p a tch  exposed to 50/iM GABA. Mean Po in  th e  p re se n c e  of GABA alone 
(closed c irc les) was 0.76 4 0.16 (mean 4 S.D., n = 87 b u r s ts ,  4 p a tch es); 

mean p 0 in  th e  ad d itiona l p re sen c e  of Mg-ATP, p lu s  p e n to b a rb ito n e  
(open c irc les) was 0.57 4 0.13 (mean 4 S.D., n -  50 b u r s ts ,  1 p a tch ). 

Each p o in t m arks th e  c e n tre  of a  b in; b in  w id th  = 0.067.



D I S C U S S I O N

4.10 M ultiple co n d u cta n ce  s ta te s
A co n d u ctan ce  level of ab o u t 30pS w as th e  m ost common in  th e  

p re s e n t  w ork, and  v a lu es  of ab o u t 22-23pS, 15-18pS an d  7-9pS could 
also  be seen  w ith reaso n ab le  re liab ility . However, th e  r e s u l ts  a re  su ch  
th a t  th is  can n o t be re g a rd e d  a s  an  ex h au stiv e  lis t. For much of th e  
tim e, open  ch an n e ls  w ere n o t in  an y  c lea rly - id en tif ia b le  d is c re te  
co n d u ctan ce  level, b u t r a th e r  ap p ea re d  noisy . Some of th is  no isy  
a p p ea ran ce  may r e s u l t  from  th e  ch an n e l o sc illa tin g  re la tiv e ly  q u ick ly  
betw een v a rio u s  c losely  sp aced  an d  d is c re te  co n d u c tan ce  levels.
However th e  only  ev idence  fo r c lose ly  spaced  d is c re te  co n d u ctan ce  
levels in  th e se  n eu ro n es  is  th a t  (1) th e  open  po in t am plitude h is tog ram s 
and  mean low -variance  am plitude h is to g ram s cou ld , in  m any case s , be 

f it te d  w ith  th e  sum of two o r more G aussians w hich had c lose ly  sp aced  
m eans, an d  (2) w hen c o n sid e rin g  c lu s te r s  of p r e t ty  c o n s is te n t am plitude, 
th e  am plitudes c lea rly  d iffe red  from  one c lu s te r  to  a n o th e r  in  th e  same 
p a tch , an d  o ften  by  only  a  few pS. I t  is  in te re s t in g  to  no te  th a t  
n ico tin ic  ace ty lcho line  re c e p to rs  in  r a t  sy m p ath e tic  n e u ro n e s  a lso  a p p e a r  
noisy  in  th e ir  open  s ta te  (Mathie e t a], 1988). In  c o n tra s t ,  v a rio u s
g ro u p s  have  re p o r te d  th a t  GABAa re c e p to r -c h a n n e ls , in  o th e r  v e r te b ra te  
n e u ro n es , open  to  a num ber of d is c re te  b u t more w idely spaced  m ultiple 
co n d u ctan ce  levels  (see Table 4.1 fo r  re fe re n c e s ) . Table 4.1 l is ts  th e  
co n d u ctan ce  levels of GABA* re c e p to r -c h a n n e ls  m easu red  from  v a rio u s  
cell ty p e s , and also  l is ts  th e  re la tiv e  fre q u e n c y  of o c cu rren c e  of th e se  
levels (w hen g iven ), and  th e  ch lo ride  c o n ce n tra tio n s  u sed . Since th e  
m ethods of m easuring  th e  am plitudes of s ing le  ch an n e l c u r r e n ts  in  some 
of th e se  s tu d ie s  w ere of re la tiv e ly  low re so lu tio n , i t  is  n o t p o ssib le  to  

de term ine  w h e th er th e re  was ev idence  th a t  th e se  GABAa re c e p to r  
ch an n e ls  opened  to  c lose ly  spaced  d is c re te  co n d u c tan ce  levels. O ther
amino acid  ac tiv a ted  ch an n e l ty p e s , su ch  a s  mammalian c e n tra l  g lu tam ate
re c e p to r -c h a n n e ls , an d  g lyc ine  re c e p to r  c h an n e ls  a p p e a r  f a r  le ss  no isy  
th a n  GABAa re c e p to r  ch an n e ls  an d  also h av e  more d isc re te -lo o k in g  
su b co n d u c tan ce  levels  (Hamill e t  ai, 1983; Borm ann e t  a  J, 1987; 
C ull-C andy & Usowicz, 1987, 1989b; J a h r  & S tev en s , 1987; C ull-C andy, 
Howe & Ogden, 1988).

A lthough th e  co n d u ctan ce  levels  of GABAa re c e p to r -c h a n n e ls  in o th e r  

p re p a ra tio n s  a re  re p o r te d  to  be more d is c re te  th a n  in  th e  p re s e n t  
w ork , th e re  is little  ag reem en t in  th e  am plitudes re p o r te d  fo r  th e  
v a rio u s  co n d u ctan ce  levels  (ran g e  6-45pS). T his may re s u lt ,  in  p a r t ,
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from  d iffe ren ces  in  experim en tal con d itio n s , su ch  a s  te m p e ra tu re  
(21-26 °C fo r th e  c ited  p a p e rs ) , pH, and  ch lo rid e  a c tiv itie s  (th e  
co n ce n tra tio n s  u sed  ra n g e d  from  120 to  150mM an d  w ere  sym m etrical 
ab o u t th e  cell m em brane). We have fo und  th a t  b o th  te m p e ra tu re  and  pH 
a lte r  th e  s in g le -ch a n n e l co n d u ctan ce  of GABAa re c e p to r  c h an n e ls  in  r a t  
sym p ath etic  n eu ro n es . In c re a s in g  th e  te m p e ra tu re  re s u lte d  in  an  

in c re ase  in th e  am plitude of th e  main co n d u ctan ce  level (Qlo 
approxim ately  1.3; e ffe c t of te m p e ra tu re  on th e  am plitude of th e  o th e r  

cond u ctan ce  levels  w as n o t in v e s tig a te d ) . In c re a s in g  th e  pH re su lte d  in  
a  d ec rea se  in  co n d u ctan ce  of th e  main level (we o b se rv e d  th a t  an  
in c re a se  of 3pH u n its , from  5.3 to  8.3, re d u c ed  th e  s in g le -ch an n e l 
co n d u ctan ce  from  approx im ately  40pS to  25pS). T hus on ly  m odest 
d iffe ren c es  would be ex pec ted  to  r e s u l t  from  d iffe re n c e s  in  th e se  
cond itions.

An a lte rn a tiv e  exp lanation  fo r  th e  re p o r te d  d iffe re n c e s  in  th e  
am plitudes of th e  co n d u ctan ce  levels  is  th a t  d if fe re n t form s o f th e  
GABAa re c e p to r  a re  p re s e n t  in  d if fe re n t cell ty p e s .

4.11 H eterogeneous p ro p e r tie s  o f  GABAa r e c e p to rs  in  r a t  s u p e r io r  
c e rv ica l gang lion  n e u ro n e s

The p ro b ab ility  of be ing  open, a s  well a s  th e  mean open  tim es and  
mean s h u t  tim es have been  found  to  d iffe r  no t only  betw een  one ch an n e l 
and  a n o th e r  (i.e. betw een c lu s te rs ) , b u t p ro b ab ly  fo r th e  same channel 
a t  d if fe re n t tim es (i.e. betw een  b u r s t s  w ith in  a  c lu s te r ) . T hese 
d iffe ren c es  have been  show n to be fa r  g re a te r  th a n  th o se  expected  fo r 
a  ch an n e l which beh av es  hom ogeneously. The fa c t th a t  th e re  a re  k in e tic  
d iffe ren c es  betw een b u r s ts  w ith in  a  s ing le  c lu s te r  s tro n g ly  s u g g e s ts  
th a t  th e re  is a t  le a s t one hom ogeneous p o pu la tion  of GABA* re c e p to rs  
w hose a c tiv ity  ch an g es  re la tiv e ly  slowly w ith  time. The fin d in g  th a t  th e  
ch an n e l k in e tic s  w ere d if fe re n t betw een  b u r s ts  from d if fe re n t c lu s te rs  
in d ica te s  th a t  th e re  may, in  ad d itio n , be two o r more d is tin c t  GABAa 
re c e p to r -c h a n n e l ty p e s  w hich exh ib it d if fe re n t k in e tic s .

Many g ro u p s  have s tu d ie d  th e  k in e tic s  of GABAa re c e p to r  ch an n e ls  
in  v a rio u s  v e r te b ra te  cell ty p e s , by  th e  u se  of p a tch -c lam p  te ch n iq u es , 

and  em ploying low a g o n is t c o n ce n tra tio n s . T hese in c lu d e  c u ltu re d  
mammalian n eu ro n es  and  a s tro c y te s  (Sakm ann e t  ai, 1983a; Borm ann &. 

Clapham, 1985; M athers, 1985; M athers & Wang, 1988; M acdonald e t  ai, 
1989a), c u ltu re d  ch ick  n e u ro n e s  (Weiss, 1988; Weiss & M agleby, 1989) an d  
d isso c ia ted  fro g  n eu ro n es  (ffrench-M ullen  e t aI, 1988). At low 
c o n ce n tra tio n s  of GAB A (below 5a»M) th e  main co n d u ctan ce  s ta te  of th e
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GABAa re c e p to r  ch an n e ls  in  th e se  p re p a ra tio n s  a p p e a rs  to  behave 
hom ogeneously. However, in  none of th e se  s tu d ie s  w ere re sp o n se s  to  
h igh  ag o n is t c o n ce n tra tio n s  re c o rd ed . So i t  is  n o t know n w h e th e r GAB A* 
ch an n e ls  in  o th e r  p re p a ra t io n s  show  th e  s o r t  of h e te ro g e n e ity  o f open  
and  s h u t tim es re p o r te d  h e re .

A ch an n e l w hich can  sw itch  betw een  d if fe re n t k in e tic  ’m odes1 is  no t 
u n p re c e d e n te d . The w ord ’mode’ is u sed  h e re  m erely  to  re fe r  to  a  
s u b se t of open and  closed  s ta te s  o f th e  re c e p to r -c h a n n e l w ith in  w hich 
th e  ch an n e l may oscilla te  fo r  re la tiv e ly  long p e rio d s  o f time, befo re  
sw itch ing  to  a  d if fe re n t s u b se t {’mode’) in  w hich open tim es a n d /o r  
closed tim es a re  d if fe re n t. R are, b u t su d d en , ch an g e s  in  th e  k in e tic s  of 
an  in d iv id u a l ch an n e l h ave  been  o b se rv ed  fo r o th e r  a g o n is t-a c tiv a te d  
ch an n e ls , in c lu d in g  g lu tam ate  re c e p to rs  in  lo cu st m uscle (P atlak  e t  ai, 
1979; C ull-C andy e t a], 1981), n ico tin ic  acety lcho line  re c e p to rs  in

X enopus  m yocytes (A uerbach & Lingle, 1986), an d  g lu tam ate  re c e p to rs  in 

c e reb e lla r  g ran u le  n e u ro n es  (Howe e t  al, 1988). Voltage a c tiv a ted  ion 
ch an n e ls  also  occasionally  sw itch  betw een  d if fe re n t k in e tic  s ta te s ,  a s  
o b se rv ed  fo r  sodium ch an n e ls  in  a d u lt f ro g  sk e le ta l m uscle (P atlak  e t al, 
1986) an d  calcium ch an n e ls  in  c a rd iac  cells  (Hess e t al, 1984). Sim ilarly, 
B latz & M agleby (1986) have re p o r te d  th e  ex istence  of two k in e tic  modes 
of sp o n tan eo u s  ’f a s t ’ ch lo rid e  ch an n e ls  in  c u ltu re d  r a t  sk e le ta l m uscle, 
th o u g h  one mode con tained  on ly  1% of all open and  s h u t  in te rv a ls . The 
p re s e n t  w ork, how ever, is  th e  f i r s t  r e p o r t  of th is  s o r t  of b eh av io u r of 
sing le  GABA* re c e p to r -c h a n n e ls  in  a  mammalian n eu ro n e .

The p re sen c e  of two (or more) k ine tica lly  d is tin g u ish ab le  p o p u la tions 
of GABAa re c e p to rs , r a th e r  th a n  one ty p e  w ith modal b eh av io u r, has 
been  su g g es te d  by  a  few g ro u p s . Cash & S u b b arao  (1987) d e tec ted  two 
p h a se s  of d e sen s itiz a tio n  of GABAa re c e p to rs , each  w ith  f i r s t - o r d e r  

k in e tic s , w hen m easured  by  th e  tran sm em b ran e  flux  of 3 6Cl" in  sealed  
r a t  b ra in  m em brane v esic le s , u s in g  quenched -flow  te ch n iq u es . The two 
p h a se s  w ere th o u g h t to  o rig in a te  from  two se p a ra te  pop u la tio n s  of 
GABA* re c e p to rs  since, a t  a  co n ce n tra tio n  of GABA below s a tu ra tio n  
level, th e  re la tiv e  Cl" flux  a c tiv itie s  d u r in g  th e  two p h a se s  w ere 

co n ce n tra tio n  in d ep en d en t. Yasui e t al (1985) had p re v io u s ly  su g g e s te d  
th e  p re se n c e  of k in e tica lly  d is tin g u ish ab le  p o p u la tio n s  of GABA* 
re c e p to rs  in  fro g  s e n so ry  n e u ro n es , based  on re s u lts  from  th e  se p a ra te  
an a ly s is  of GABA c u r r e n t  noise d u r in g  th e  peak  and  th e  s te a d y  s ta te  
p h a se s  of w hole-cell re sp o n se s  in  th e se  n e u ro n es . The a n a ly s is  w as 
based  on th e  parabo lic  re la tio n sh ip

<r2 = N i2p 0 (1-po)
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w here i is  th e  s ing le  ch an n e l c u r r e n t  am plitude, N is th e  to ta l num ber 
of ch an n e ls , and  po is  th e  p ro b a b ility  o f be ing  open  o f in d iv id u a l 
ch an n e ls . The re la tio n sh ip  can  be w ritten

<r2 = (i -T/N) T

w here T = Nip0 is  th e  w hole-cell c u r r e n t  am plitude. The n o n -lin e a rity  of 
a  p lo t of tr2/T  v s  T was ta k en  to  in d ica te  h e te ro g en e ity  of th e  GABAa 
re c e p to r , th e  d if fe re n t s u b ty p e s  being  p re s e n t  in  d if fe re n t num bers  and  

hav ing  d if fe re n t co n d u c tan ces  (approxim ately  4, 13 and  25pS). However, 

i t  is well docum ented th a t  m ultiple co n d u ctan ce  lev e ls  o fte n  o rig in a te  
from th e  same GABAa re c e p to r -c h a n n e l, r a th e r  th a n  o rig in a tin g  from  
d if fe re n t channel ty p e s , a s  o b se rv ed  in  r a t  and  mouse b ra in  and  sp in a l 
co rd  n eu ro n es  (Bormann e t  al, 1987; M cBurney e t  al, 1988; Weiss e t al, 
1988; M acdonald e t al, 1989a). Akaike e t  al, (1986) a lso  in te rp re te d  th e ir  
r e s u lts  in  te rm s of th e  p re se n c e  of a t le a s t two ty p e s  o f k ine tica lly  

d is tin g u ish ab le  GABAa re c e p to r -c h a n n e ls  p re s e n t  in  fro g  sen so ry  
n eu ro n es . The ra te  of ac tiv a tio n  of w hole-cell GABA c u r r e n ts  w as found  
to  be com posed of two exponen tia l com ponents w hich had d if fe re n t 
c o n cen tra tio n  dep en d en c ies . The fin d in g  th a t  th e se  two com ponents 
reco v e red  from d esen s itiz a tio n  w ith d if fe re n t time c o u rse s , w as ta k en  a s  
ev idence  fo r a t le a s t two re c e p to r  su b ty p e s .

T h ere  is much in d ire c t  ev idence  fo r th e  ex isten ce  of s tru c tu ra l ly  
d is tin c t p o pu la tions of GABAa re c e p to rs . Num erous g ro u p s  have 
d e sc rib ed  th e  ex istence  of m ultiple b ra in  b in d in g  s ite s  fo r 
benzodiazep ine lig an d s , in c lu d in g  Lippa e t al (1985) who dem o n stra ted  
th a t  flu n itrazep am  labelled  a t  le a s t th re e  d is tin c t m acrom olecules in  
mouse c e reb e lla r m em branes (see L ippa e t al., 1985, fo r f u r th e r  
re fe re n c e s ) . More re c e n tly  D uggan & S tep h en so n  (1988) h ave  shown 
h e te ro g en e ity  in benzodiazep ine  b in d in g  s ite s  w hen u s in g  p u rif ied  GABAa 
re c e p to rs  from bovine b ra in  (as well as  m em brane bound  GABAa 
re c e p to rs ) . The d isp lacem ent of [ 3H ]-flun itrazepam  b in d in g  a c tiv ity  to  
th e  p u rif ied  GABAa re c e p to rs , b y  e th y l-/? -ca rb o lin e -3 -ca rb o x y la te  (a 

benzodiazep ine ligand) w as b e s t  d e sc rib e d  by  a two s ite  model. 

F u rth e rm o re , d iffe ren c es  in  th e  re la tiv e  p o ten c ies  o f a g o n is ts  an d  
a n ta g o n is ts  on GABAa re c e p to rs  from  v e r te b ra te s  an d  in v e r te b ra te s  

s u g g e s ts  th e  p re sen c e  of d if fe re n t GABAa re c e p to r  ty p e s  (fo r reveiw  see 
N istri & C onstan ti, 1979).

M olecular biology has re c e n tly  p ro v id ed  d ire c t ev idence  fo r th e  
ex istence , in  mammalian and  ch ick  b ra in , of m ultiple isoform s of th e  a, § 
and  r  su b u n its  w hich c o n s ti tu te  th e  GABAa re c e p to r -c h a n n e l (F ucks &
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S ieg h a rt, 1988; L evitan  e t al, 1988; P r i tc h e tt  e t  al, 1989). F u rth e rm o re , 
L evitan  e t aJ (1988) have dem o n stra ted  th a t  d if fe re n t a s u b u n it  isoform s, 
w hen ex p re ssed  in  X enopus  o o cy tes w ith a  s in g e l ty p e  of 0 su b u n it, 
form ed fu n c tio n a l re c e p to rs  fo r w hich GABA had a p p a re n tly  d if fe re n t 
po tencies . T here  is  th e re fo re  a  p o ssib ility  th a t  s tru c tu ra l ly  d is tin c t 
ty p e s  of th e  GABAa re c e p to r  ch an n e l ex is t in  s u p e r io r  ce rv ica l gang lion  
n eu ro n es.

The p re s e n t  w ork p ro v id e s  s tro n g  ev id en ce  fo r  a t  le a s t one 

s tru c tu ra l ly  hom ogeneous popula tion  of GABAa re c e p to r  ch an n e ls  whose 
a c tiv ity  ch an g es . The re s u l ts  a lso  s u g g e s t th e  p o ss ib ility  th a t ,  in  r a t  
su p e r io r  c e rv ica l ganglion  n e u ro n e s , th e re  a re  two o r  more s t ru c tu ra l ly  
d is tin c t p o p u la tions of GABAa re c e p to r -c h a n n e ls  w hich ex h ib it d if fe re n t 

k in e tic s .

4.12 General fe a tu r e s  o f  th e  p 0 c u rv e
The maximum p 0 va lu e  th a t  could  be ach ieved  a t  h igh  GABA 

c o n cen tra tio n s , 0.83, was c lea rly  le ss  th a n  1.0. I t  is  u n lik e ly  th a t  th is  
re su lte d  from  ra p id  o p en  ch an n e l block by GABA, since  th e  a p p a re n t 
co n d u ctan ce  of th e  s in g le  ch an n e ls  w as n o t re d u c e d  by  h igh  
c o n ce n tra tio n s  of GABA. T his is  in  c o n tra s t  to  th e  e ffe c t of h igh  

c o n ce n tra tio n s  of ace ty lcho line  a c tin g  a t  n ico tin ic  ace ty lch o lin e  re c e p to r  
ch an n e ls  in  fro g  m uscle; in  th is  case  th e re  is  a n  obv ious re d u c tio n  in  
th e  a p p a re n t ch an n e l co n d u ctan ce , because  bo th  open  and  s h u t  
(blocked) tim es a re  too b r ie f  to  be fu lly  re so lv ed  b y  th e  re c o rd in g  
system  (Ogden & C olquhoun, 1985). One p o ssib le  exp lana tion  fo r th e  low 
maximum Po is th a t  s h o r t  d esen s itiz a tio n  g ap s  have been  in a d v e r te n tly  
inc luded  in  th e  b u r s ts .  As d iscu ssed  in  th e  R esu lts , am b igu ities a ro se  
in  try in g  to  decide w h e th e r th e  b r ie fe r  sh u t p e rio d s  w ith in  c lu s te r s  (of 
le ss  th e n  100ms) w ere s p e n t in  s h o r t  lived  d e se n s itiz ed  s ta te s  o r 

w h e th e r th e y  w ere s p e n t in  th e  re s tin g  (i.e. ac tiv a tab le ) s ta te  of th e  
n o n -d e sen s itiz ed  re c e p to r . A more likely  exp lanation  fo r th e  low 
maximum Po is th a t  GABA may be a  p a r tia l  ag o n ist. T ha t is , th e  open ing  
ra te  of th e  a g o n is t bound re c e p to r -c h a n n e l may be little  g re a te r  th a n  
th e  sh u ttin g  ra te  in to  th e  bound  b u t a c tiv a tab le  s ta te , (i.e. low 0/a; see 

Colquhoun & Ogden 1988); a maximum p 0 of 0.83 c o rre sp o n d s  w ith  0 /a  = 
4.9.

S ev era l g ro u p s  have in fe r re d  low v a lu es  of 0 /a  (betw een  2.8 and  
6.6) from o b se rv a tio n s  of th e  ac tiv a tio n  of GABAa re c e p to rs  by  low 

c o n ce n tra tio n s  of GABA, in  bovine chrom affin  cells, mouse sp in a l 
n e u ro n es , and  c u ltu re d  r a t  c e re b ra l a s tro c y te s  (Sakm ann e t  al, 1983b;
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Bormann & Clap ham, 1985; Bormann & K ettenm ann, 1988). In  all th re e  
cases  th e  GABAa re c e p to r -c h a n n e l g a tin g  a t  low a g o n is t co n cen tra tio n  
could be d e sc rib e d  b y  a  simple seq u e n tia l re a c tio n  schem e, b ased  on 
th a t  o rig in a lly  p ro p o sed  by  Del Castillo an d  Katz (1957) fo r 

a g o n is t-a c tiv a te d  ch an n e ls , viz

2/r+i k+1 P
A+R k-  AR+A A2R A2R*

k - x 2 k - x «

w here  A is  th e  a g o n is t m olecule, R is  th e  re c e p to r , AR an d  A2 R a re  
m ono-and b iliganded  closed  s ta te s  re sp e c tiv e ly , A2R* is  th e  on ly  open  
s ta te  of th e  re c e p to r-c h a n n e l, and  k+x » &-i t P an d  « a re  th e  tra n s itio n  
ra te  c o n s ta n ts  betw een th e  v a rio u s  s ta te s . In  each  case , th e  h is tog ram s 
of sh u t tim es a t  low a g o n is t co n ce n tra tio n s  w ere f i t te d  w ith  two 

exponen tia l com ponents, th e  s h o r te s t  of w hich w ere in te rp re te d  a s  
nachsch lag  g ap s  (Colquhoun & Sakm ann, 1981). The sum of two 
exponen tia l com ponents was a lso  a d eq u a te  to  d e sc rib e  th e  h is to g ram s of 
b u r s t  le n g th s , th e  s h o r te s t  com ponent ta k e n  to  r e p re s e n t  iso la ted  b r ie f  
o p en in g s, and  th e  lo n g e r com ponent co rre sp o n d in g  to  b u r s ts  of 
re -o p e n in g s . Values of P and  a w ere d e rv ied  u s in g  th e se  re s u l ts  
to g e th e r  w ith th e  num ber of nachsch lag  g a p s  p e r  b u r s t ,  a cco rd in g  to  
C olquhoun & Hawkes (1977, 1982). R ecen tly , how ever, com prehensive  
an a ly s is  of GABAa s in g le  ch an n e l c u r r e n ts  h as led M acdonald e t  al. 
(1989a) and  Weiss & M agleby (1989) to  p ro p o se  th a t  th e  k in e tic s  of th e  
main co n d u ctan ce  s ta te  of GABAa re c e p to r -c h a n n e ls  is  fa r  more complex 
th a n  can  be d e sc rib e d  b y  th e  seq u e n tia l schem e g iv en  above. In  fa c t 
bo th  s tu d ie s  re p o r t  a t  le a s t  3 open  s ta te s  an d  3 s h u t  s ta te s  fo r  GABAa 
re c e p to r -c h a n n e ls  in  c u ltu re d  ch ick  c e re b ra l  and  mouse sp in a l n eu ro n es  
(and p ro pose  k in e tic  schem es w hich would f i t  th e ir  d a ta ) . I t  is  
th e re fo re  d ifficu lt, a t  p re s e n t ,  to  g ive d e fin ite  v a lu es  fo r  p/<*t s ince  th e  
g a tin g  of GABAa re c e p to rs  a p p e a rs  more complex th a n  in  th e  schem e 
g iven  above, and  th e  models p ro p o sed  by  Weiss & M agleby (1989) and  

M acdonald e t al (1989a), have  y e t to  be confirm ed.
At h ig h  c o n cen tra tio n s  of GABA, i t  is  o b se rv ed  th a t  th e  gap  betw een 

c lu s te rs  u su a lly  g re a tly  exceeds th e  d u ra tio n  of a  c lu s te r ,  ev en  w hen 
th e re  a re  sev e ra l ch an n e ls  in  th e  p a tch . I t  is  th e re fo re  expected  th a t  

one of th e  m acroscopic d e se n s itiz a tio n  time c o n s ta n ts  will be com parable 
to  th e  mean c lu s te r  le n g th , w hich in  th e  p re s e n t  s tu d y  w as ab o u t 3.8s 
a t 50jiM GABA. T his is sim ilar to  th e  most rap id  time c o n s ta n t of 
m acroscopic d esen s itiz a tio n  re p o r te d  fo r fro g  sp in a l n eu ro n e s  (Akaike e t
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al, 1986) and  fo r A plysia  n eu ro n es  (Ikem oto e t a1, 1988).
In  th e  p re s e n t s tu d y , th e  GABA co n ce n tra tio n  vs w hole-cell peak  

c u r r e n t  re la tio n sh ip  did no t have a c lea rly  defined  maximum, p ro b ab ly  
a s  a  r e s u l t  of a tte n u a tio n  of th e  peak  c u r r e n t  re sp o n se  by  fa s t  re c e p to r  
d e sen s itiz a tio n . I t  was th e re fo re  n o t reaso n ab le  to  estim ate  p rec ise ly  

th e  EC50 fo r GABA o r th e  Hill co effic ien t fo r  GABA, from th is
d o se - re sp o n se  re la tio n sh ip . However, a  GABA co n cen tra tio n  of ab o u t 
10a*M p ro d u ced  a re sp o n se  th a t  was approx im ately  50% of th e  a p p a re n t 
maximum re sp o n se  am plitude (i.e. EC50 was approxim ately  10/xM). This 
v a lu e  is  in  reasonab le  ag reem en t w ith  EC50 v a lu es  determ ined  fo r 
v a r io u s  iso la ted  cell p re p a ra t io n s  in  w hich th e  c o n ce n tra tio n  of GABA 
was know n (i.e. w here  th e re  w ere no  problem s w ith  GABA u p ta k e , 

m etabolism  o r d iffu sion  of GABA). EC50 v a lu es  of betw een 10 to  42mM 
h ave  been  re p o rte d  fo r  r a t  and  fro g  d o rsa l ro o t gang lion  n e u ro n es  

(Akaike e t al, 1985; Akaike e t al, 1986; Hamann e t al, 1988), ch ick
n e u ro n e s  (Choi & F ischbach , 1981) an d  X enopus  o o cy tes w hich had been  
in je c te d  w ith  mRNA coding  fo r GABAa re c e p to rs  (S igel & B aur, 1987; Van 
R en terghem  e t al, 1987; L ev itan  e t  al, 1988). I t  is  p ro b ab le  th a t  fa s t  
d e se n s itiz a tio n  of GABAa re c e p to rs  a lso  d is to r te d  th e  a p p a re n t 
d o se - re sp o n se  re la tio n sh ip s  de term ined  in  a t  le a s t some of th e se  cases.

4.13 P ossib le  in tracellu la r m odulation o f  GABAA rec e p to r-ch a n n e ls
S ev era l re c e n t s tu d ie s  s u g g e s t th a t  th e  GABAa re c e p to r -c h a n n e l 

can  be m odulated by  v a rio u s  in tra c e llu la r  fa c to rs . The ac tiv a tio n  of
p ro te in  k in ase  C was shown to in h ib it GABAa m ediated c u r r e n ts  in
a cu te ly  d issoc ia ted  hippocam pal n e u ro n e s  (S te lze r & Wong, 1989) and  in  
X enopus  oocy tes which had been  in je c ted  w ith  to ta l mRNA from  ch ick  
fo re b ra in  (Sigel & B aur, 1988). F u rth e rm o re , an  A T P -dependen t p ro c e ss  
a p p e a rs  to  be n e ce ssa ry  fo r  th e  m ain tenance of GABAa re c e p to r  fu n c tio n  
in  b o th  acu te ly  d isso c ia ted  hippocam pal n e u ro n e s  an d  c u ltu re d  ch ick  
sp in a l c o rd  neu ro n es  (G yenes e t al, 1988; S te lze r e t al, 1988). These
m odula to ry  e ffec ts  may be m ediated v ia p h o sp h o ry la tio n  of th e  GABAa

re c e p to r , and  sev e ra l p u ta tiv e  s ite s  have  been  su g g e s te d . T hese 
inc lude  a  cA M P-dependent k inase  co n se n su s  seq u en ce  on th e  fi su b u n it 
o f th e  GABAa re c e p to r-c h a n n e l (Schofield e t al, 1987) an d  a  s ite  on th e  a 
s u b u n it  w hich has been  show n to  be p h o sp h o ry la ted  by  a
re c e p to r-a s so c ia te d  p ro te in  k inase  (Sweetnam  e t al, 1988). M odulation of 
GABAa re c e p to r-c h a n n e ls  by  re c e p to r -  o r m em brane-bound  k in ases  o r
p h o sp h a ta se s , could conceivab ly  o ccu r in  th e  p re s e n t  s tu d y  w hen 
Mg-ATP w as included  in  th e  p ip e tte . However th e  o b se rv a tio n  th a t  th e
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inc lusion  of Mg-ATP in s id e  th e  p ip e tte  had  no e ffe c t on th e  wide 
v a ria b ility  in  p<>, s u g g e s ts  th a t  th e  o b se rv ed  k in e tic  h e te ro g en e ity  of 
th e  GABAa re c e p to r  ch an n e ls  did n o t re s u l t  from  m odulation o f th e se  
re c e p to r  ch an n e ls  by an  A T P -dependen t p ro c e ss , p o ssib ly  invo lv ing  
m em brane bound  p ro te in s .

F ree ly  d iffu sib le  cytoplasm ic fa c to rs  have also  been  im plicated in  th e  

m odulation of GABAa re c e p to r -c h a n n e ls . For example, F eltz  e t  ai, (1987) 
and  B eh ren d s e t al, (1988) have  re p o r te d  th a t  ra is in g  th e  in tra c e llu la r  
calcium co n cen tra tio n  (in th e  ra n g e  10-8M to  10“ 6M) d e p re s se s  GABAa 
re c e p to r -c h a n n e l a c tiv ity , in  fro g  sen so ry  n e u ro n es  an d  in  ch ick  
n e u ro n es . M odulation of th e  GABAa re c e p to r  ch an n e l by  fre e ly  d iffu sib le  
cytoplasm ic fa c to rs  seem s u n lik e ly  in  th e  p re s e n t  s tu d y , since  all of th e  
re c o rd in g s  w ere o b ta ined  from  o u ts id e -o u t p a tch e s , an d  th e  p a tch  
p ip e tte  (in trace llu la r) so lu tion  co n ta in ed  a  v e ry  low, b u ffe re d  calcium 

co n cen tra tio n  (lOmM EGTA + ImM CaCl2). Also, in  m ost experim en ts, GTP, 
ATP, o r  any  o th e r  fa c to rs  th o u g h t to  m odulate o th e r  ion ch an n e ls , w ere 
no t inc luded  in  th e  p ip e tte  so lu tion .

In  th is  s tu d y  th e  p re sen c e  of GTP on th e  cytoplasm ic side of th e  
m em brane p a tch  a p p ea red  to  have  no e ffe c t on th e  w ide v a ria b ility  in 
po, so i t  ap p ea re d  th a t  GTP b in d in g  p ro te in s  have no p ronounced  
e ffe c ts  on th e  k ine tic  b eh av io u r of GABAa re c e p to r -c h a n n e ls . If  i t  w ere 
th e  case  th a t  th e  only  ro u te  by  w hich GTP b ind ing  p ro te in s  could be 
a c tiv a te d , w ere by  ac tiv a tio n  of GABAb re c e p to rs , th e n  th e  lack of e ffec t 

of in tra c e llu la r  GTP could  mean m erely th a t  th e re  a re  no GABAb 
re c e p to rs  in  th is  p re p a ra tio n  (a lth o u g h  see  Balcar e t al, 1986), o r th a t  
some in tra c e llu la r  fac to r is m issing w hich is  invo lved  in  th e  coup ling  of 
GABAb re c e p to rs  to  GTP b in d in g  p ro te in s  and  to GABAa re c e p to rs . I t  is 
in te re s t in g  to  no te  th a t  we did n o t o b se rv ed  a c u r r e n t  re sp o n se  to  

baclofen (a se lec tive  GABAb a g o n is t) , in  r a t  su p e r io r  c e rv ica l gang lion  
n e u ro n es  (in th e  whole cell c o n fig u ra tio n  and  a t  n eg a tiv e  hold ing  
p o ten tia ls) , d e sp ite  th e  o b se rv a tio n  by  Balcar e t al, (1986) of GABAb 
re c e p to r  b in d in g  in  th e se  cells. This a p p a re n t d isc rep e n c y  is  no t 

su rp r is in g  in  view of th e  com position of th e  re c o rd in g  so lu tio n s  u sed  in  
th e  p re s e n t  s tu d y . F irs tly  th e  u se  of Cs+ in  place of K+ in  th e  p a tch  
p ip e tte  so lu tion  would re d u c e  an y  potassium  co n d u ctan ce  ac tiv a ted  by 
baclofen. Secondly  an y  e ffe c t of baclofen on v o lta g e -ac tiv a te d  calcium 

co n d u c tan ces  was red u ced  b y  th e  inc lusion  of lOmM EGTA in s id e  th e  
p a tch  p ip e tte , an d  th e  exclusion of fa c to rs  th o u g h t to  be re q u ire d  to  
p re v e n t  'w ash-out*  of v o lta g e -a c tiv a te d  calcium c u r re n ts  (Chad & E ck ert, 
1986; B yerly  & Y azejian, 1986; Belles e t al, 1988). F u rth e rm o re , th e
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experim en ts w ere no t d esig n ed  to  o b se rv e  v o lta g e -a c tiv a te d  calcium 
c u r re n ts ,  o r  a g o n is t g a ted  potassium  c u r re n ts .
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5. SOME GENERAL PHARMACOLOGICAL AND PHYSICAL PROPERTIES OF 
GABAa RECEPTOR-CHANNELS IN SYMPATHETIC NEURONES OF THE RAT
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5.1 SUMMARY
1. The ac tio n s  of th re e  GABAa a n ta g o n is ts , an d  two p u ta tiv e  

GABAa p o te n tia tin g  lig an d s , on  GABA c u r r e n ts  in  r a t  su p e r io r  c e rv ica l 
gang lion  n eu ro n es  have  been  a s se s se d  u s in g  w hole-cell p a tch -c lam p  
tech n iq u es .

2. GABA-activated inw ard  and  o u tw ard  c u r r e n ts  w ere in h ib ite d  by  

10/iM p icro tox in in , 100/jM penicillin  and  10^M b icucu lline.

3. P en to b a rb ito n e , a t  a  c o n ce n tra tio n  below th a t  w hich h a s  a  
GABA mimetic e ffe c t on  mammalian c e n tra l  n eu ro n es , p o te n tia ted  GABA 
c u r r e n ts  evoked  in  r a t  su p e r io r  c e rv ica l gang lion  n eu ro n es .

4. G lutam ate, a t  a  co n ce n tra tio n  w hich did n o t evoke a d e tec tib le
c u r r e n t  in  th e se  cells, had no e ffe c t on th e  am plitude of w hole-cell GABA
c u r r e n ts  (inw ard  o r  o u tw ard ).

5. The w hole-cell GABA c u r  re n t-v o lta g e  re la tio n sh ip  in  th e se  

n e u ro n es  was v ir tu a lly  lin ea r o r  show ed s lig h t o u tw ard  re c tific a tio n  o v e r 
th e  p o ten tia l ra n g e  +50 to  -150mV.

6. The e ffe c ts  of te m p e ra tu re  and  pH on th e  am plitude  o f th e
main s ta te  co n d u ctan ce  level of GABAa re c e p to r -c h a n n e ls  w as m easured
from  s in g le -ch a n n e l c u r r e n ts  re c o rd ed  from  o u ts id e -o u t p a tch es . 
In c re a s in g  th e  te m p e ra tu re  o r re d u c in g  th e  pH of th e  e x te rn a l so lu tion  
in c re a se d  th e  am plitude of th e  most f re q u e n tly  o c c u rr in g  co n d u ctan ce  
level. The Q i0 was approxim ately  1.3, and  a d ec rea se  of 3 pH u n its , from
8.3 to  5.3, in c reased  th e  co n d u ctan ce  from  approxim ately  26pS to  40pS.
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5.2 INTRODUCTION 
T his c h a p te r  in c lu d es  a  num ber of f u r th e r  p ro p e r tie s  o f GABAa 

r e c e p to r -c h a n n e ls  in  su p e r io r  c e rv ica l gang lion  n e u ro n es , w hich w ere 
in v e s tig a te d  d u r in g  th e  co u rse  of th is  s tu d y . In  g en e ra l th e se  to p ics  
w ere exam ined in  le ss  d e ta il th a n  th e  top ics  co v ered  in  th e  p re v io u s  two 
sec tio n s , and  have been  inc luded  h e re  a s  a n  (appendix) to  th e  main 

experim ental w ork.
One aim of th is  c h a p te r  w as to  determ ine  w h e th e r p e r ip h e ra l 

GABAa re c e p to r -c h a n n e ls  resem ble c e n tra l  ones in  th e ir  c u r  re n t-v o lta g e  
re la tio n sh ip .

A second aim of th is  c h a p te r  w as to  d em o n stra te  th a t  p e r ip h e ra l 
GABAa re c e p to r -c h a n n e ls  show ed pharm acological sim ila rity  to  th o se  of 

mammalian c e n tra l n eu ro n es . T h e re fo re  th e  e ffe c ts  of th e  well e s ta b lish e d  
GABAa a n ta g o n is ts , p icro tox in in , b icucu lline , and  penecillin , w ere te s te d  

on GAJBA re sp o n se s  in  th e se  n e u ro n e s  (for rev iew s see  e .g . K rn jev ic , 
1974; Kelly & B eart, 1975; N istri & C onstan ti, 1979; F a r r a n t  & W ebster, 
1988). The e ffe c ts  of a  low co n cen tra tio n  of p en to b a rb ito n e  (10/iM) was 
also  te s te d  on GABA re sp o n se s  in  th e se  n eu ro n es . At low c o n ce n tra tio n s , 
d e p re s s a n t b a rb itu ra te s  su ch  a s  p e n to b a rb ito n e  p o te n tia te  th e  in h ib ito ry  
e ffe c ts  o f GABA in  th e  mammalian c e n tra l  n e u rv o u s  sy stem  (Schm idt, 
1963; Nicoll, 1972; Ransom & B ark er, 1976; M acdonald & B ark e r, 1979). 
However a t  h ig h e r c o n ce n tra tio n s  (above 50/jM fo r p en to b arb ito n e ) some 

b a rb itu ra te s  d ire c tly  a c tiv a te  ch lo rid e  ch an n e ls  (e .g . Jack so n , L ecar, 
M athers & B ark er, 1982). The e ffe c ts  of g lu tam ate  on  GABA re sp o n se s  in  
th e se  n eu ro n es  w ere  a lso  in v e s tig a te d  since  i t  h as  b een  su g g e s te d  th a t  
g lu tam ate  en h an ces  GABA re sp o n se s  in  mammalian n e u ro n e s  (S te lze r & 
Wong, 1989a).

F inally , th e  e ffe c ts  of te m p e ra tu re  and  pH on th e  GABAa 
s in g le -ch a n n e l co n d u ctan ce  was a lso  in v e s tig a te d  (in o u ts id e -o u t 
p a tch e s) .
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RESULTS

5.3 Pharmacological p ro p e r tie s  o f  th e GABAa recep tor-ch em n el
For th is  s e r ie s  of experim en ts, GABA w as ap p lied  to  th e  cell by  

io n ophoresis , u s in g  b r ie f  p u lse s  o f be tw een  5 and  20ms d u ra tio n . The 
ce lls  w ere co n tin u o u sly  p e rfu se d  a t  a  c o n s ta n t ra te ,  e i th e r  w ith  co n tro l 
e x te rn a l medium, o r w ith  th is  medium co n ta in in g  th e  a p p ro p r ia te  
co n cen tra tio n  of a n ta g o n is t o r  p o te n tia tin g  ligand .

5.3.1 Bicuculline
B icuculline re v e rs ib ly  in h ib ited  GABA* re sp o n se s  in  r a t  su p e r io r  

c e rv ica l gang lion  (SCG) n e u ro n es . A ty p ica l example of th is  an tagon ism  is  

i l lu s tra te d  in  Fig. 5.1, fo r  a  cell clam ped a t  -80mV. Each dow nw ard
deflec tion  of th e  co n tin u o u s  w hole-cell c u r r e n t  tra c e  show n in  Fig. 5.1 A 

is  an  inw ard  c u r r e n t  re sp o n se  to  a  5ms p u lse  of GABA (app lied  e v e ry  
0 .7s). I t  is  c lea r th a t  p e rfu s io n  of th e  cell w ith  2/xM bicucu lline  g re a tly  
re d u c ed  th e  GABA re sp o n se s . The peak  re sp o n se  d u r in g  s te a d y -s ta te  
in h ib itio n  was approx im ately  11% of th e  co n tro l am plitude. I t  is  also  c lea r 
from  Fig. 5.1A th a t  th e  in h ib itio n  by  b icucu lline  w as ra p id ly  re v e rs ib le . 
T h ree  of th e  re sp o n se s  d ep ic ted  in  Fig. 5.1A a re  show n on an  expanded

time scale in  Fig. 5 .IB, to  show  th e  time c o u rse  of th e se  re sp o n se s  in
more detail. T hese re sp o n se s  w ere re c o rd ed  befo re , d u r in g , an d  a f te r  
th e  app lication  of 2j*M b icucu lline . A lthough th e re  is  no obv ious 
d iffe ren ce  in  th e  time c o u rse  of th e  re sp o n se s  in  th e  p re se n c e  of
b icucu lline , com pared to  th e  co n tro l, th is  w as n o t in v e s tig a te d  fu r th e r .

5.3.2 Penicillin
Penicillin  (ImM o r 100/aM) re v e rs ib ly  in h ib ited  b o th  inw ard  and  

o u tw ard  GABAa c u r r e n ts  in  r a t  SCG n e u ro n es . Examples o f th is  a re  
show n in  Fig. 5.2. The co n tin u o u s w hole-cell c u r r e n t  i l lu s tra te d  in  Fig. 

5.2A is  from  a cell held  a t  -80mV, w hich was exposed to  ImM penicillin  

(d u r in g  th e  p e rio d  in d ica ted ). Inw ard  c u r r e n t  re sp o n se s  w ere evoked  by  
8m8 ionophoretic  p u lse s  o f GABA (applied  e v e ry  1.2s) an d  a p p e a r  a s  
dow nw ard d eflec tions of th e  c u r r e n t  tra c e . I t  is  c lea r from  Fig. 5.2A 
th a t  th is  dose of pen icillin  cau sed  a la rg e  b u t re v e rs ib le  in h ib itio n  of 
th e  GABA re sp o n se s . The peak  re sp o n se  w as re d u c ed  to  16% of th e  
c o n tro l am plitude by  ImM penicillin . I t  is  a p p a re n t from  Fig. 5.2B, w hich 
show s a con tin u o u s c u r r e n t  tra c e  from  th e  same cell clam ped a t  +50mV, 
th a t  ou tw ard  c u r r e n ts  (w hich a p p e a r  a s  upw ard  d e flec tio n s  of th e  
c u r r e n t  tra c e ) w ere  a lso  blocked by  ImM penicillin . I t  can  be seen  th a t
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Fig. 5.1. A, con tin u o u s w hole-cell c u r r e n t  re c o rd  show ing in h ib ition  of 
GABA c u r re n ts  by  2juM bicucu lline. The base line  is ind ica ted  by  th e  
d ash ed  line and  each dow nw ard deflection  is  an  inw ard  c u r r e n t  in 
re sp o n se  to  an  ionophore tic  p u lse  of GABA (5ms p u lses  g iv en  once e v e ry  
720ms, cell held a t  -80mV). 2/*M bicucu lline  w as b a th  app lied  d u rin g  th e  
p e riod  in d ica ted  by  th e  ho rizo n ta l b a r . C alib ration  lOOpA and  10s. B, 
th re e  c u r r e n t  re sp o n se s  from  th e  tra c e  in  A on an  expanded  time scale 

to show th e  time co u rse  of th e  re sp o n se s . The second re sp o n se  was 

reco rd ed  in  th e  p re sen c e  of 2/*M b icucu lline , while th e  f i r s t  and  th ird  
re sp o n se s  w ere reco rd ed  befo re  and  a f te r  b icucu lline  app lication , 
re sp ec tiv e ly . C alib rations lOOpA and  200ms. Note th a t  th e  a r te fa c t  a t the  

s t a r t  of each re sp o n se  is due to th e  ionophore tic  e jec tio n  c u r re n t .
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Fig. 5.2. A, co n tin u o u s w hole-cell c u r r e n t  re c o rd  show ing in h ib itio n  of 
in w ard  GABA re sp o n se s  by  ImM penicillin  in  a  cell held  a t  -80mV. Each 
dow nw ard deflection  is  an  inw ard  c u r r e n t  re sp o n se  to  an  8ms d u ra tio n  
pu lse  of GABA. P u lses  w ere  app lied  to  th e  cell e v e ry  1.2s (in d ica ted  b y  

th e  dot above each  re sp o n se )) an d  ImM pen icillin  w as b a th  app lied  
d u r in g  th e  pe rio d  in d ica ted  b y  th e  ho rizo n ta l b a r. C alib ra tions lOOpA 
and  10s. B, co n tin u o u s w hole-cell re co rd  show ing th e  in h ib itio n  of 
o u tw ard  GABA c u r r e n ts  by  ImM penicillin , w ith  th e  cell he ld  a t  +50mV. 
8ms p u lses  of GABA w ere app lied  e v e ry  1.2s, excep t fo r  5s b e fo re , and  
10s d u r in g  th e  in itia l ap p lica tio n  of ImM penicillin . Penicillin  w as b a th  

app lied  d u r in g  th e  period  in d ica ted  by  th e  ho rizo n ta l b a r . C alib ra tions 
lOOpA and  10s. C, co n tin u o u s  w hole-cell c u r r e n t  re c o rd  show ing 

in h ib ition  of inw ard  GABA c u r r e n ts  by  IOOmM penicillin  (cell clam ped a t  
-80mV, same cell a s  A). P u lses  of GABA w ere app lied  e v e ry  1.2s ex cep t 

fo r  12s b e fo re  an d  11s d u r in g  th e  in itia l b a th  ap p lica tio n  of IOOmM 
penicillin . Note th a t  th e  f i r s t  GABA re sp o n se  in  th e  p re se n c e  of lOO^M 
penicillin  w as maximally in h ib ited . C alibration  50pA an d  10s. D, th re e  
re sp o n se s  from A, on  an  expanded  time scale to  show th e  time c o u rse  in  
more d e ta il, re c o rd ed  (from le f t to  r ig h t)  b efo re , d u r in g , and  a f te r  th e  
ap p lica tio n  of ImM penicillin . C alib ration  lOOpA and  200ms.
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d u rin g  b a th  ap p lica tio n  of ImM pen icillin , GABA did  n o t e lic it an y  
d e tec tib le  re sp o n se , an d  th e  re sp o n se s  re c o v e re d  to  co n tro l am plitude 
following w ashou t of th e  an tag o n is t. For th is  p a r tic u la r  cell penicillin  
a p p e a rs  to  be a  more p o te n t in h ib ito r  of o u tw ard  r a th e r  th a n  inw ard  
c u r r e n t  re sp o n se s , b u t th is  w as n o t in v e s tig a te d  f u r th e r .  Fig. 5.2C 
show s a n o th e r  c u r r e n t  tra c e  from  th e  same cell, held  a t  -80mV. Note th a t  
th e  co n tro l re sp o n se s  a re  sm aller th a n  th o se  in  F ig. 5.2A & B since  th e  
ionophore tic  p ip e tte  w as moved betw een  th e se  experim en ts. For th e  

experim en t il lu s tra te d  in  Fig. 5.2C th e  8ms p u lse s  of GABA w ere app lied
e v e ry  1.2s ex cep t fo r  12s b e fo re , an d  fo r th e  f i r s t  l l s  o f th e  b a th

app lica tion  of lOO^M penicillin . I t  is  c lea r  from  Fig. 5.2C th a t  th e  f i r s t  
re sp o n se  to  GABA elic ited  in  th e  p re se n c e  of lOO^M penicillin  was 
maximally in h ib ited , since  th e  su b se q u e n t re sp o n se s  w ere of th e  same 
p eak  am plitude. T his s u g g e s ts  th a t  th e  ac tio n  of pen icillin  is  no t 

u se -d e p e n d e n t. T h ree  re sp o n se s  from  Fig. 5.2A a re  show n in  Fig. 5.2D 
on an  expanded  time scale to  i l lu s tra te  th e  e ffe c t of pen icillin  on th e  
time co u rse  and  am plitude of th e  GABA c u r re n ts .  Note th a t  th e  a r te fa c t  
a t  th e  s t a r t  o f each  re sp o n se  is  due  to  th e  ionophore tic  e jec tio n  
c u r re n t .

5.3.3 Picrotoxinin
GABA * re c e p to r -c h a n n e ls  in  r a t  SCG n eu ro n e s  w ere a lso  in h ib ited  

by  p icro tox in in . Fig. 5.3 show s th e  ty p ica l e f fe c t of b a th  ap p lica tion  of 
10/iM p icro tox in in  on  GABA re sp o n se s , evoked  in  a  cell clam ped a t  -80mV. 
5ms d u ra tio n  p u lse s  of GABA w ere app lied  e v e ry  1.2s. I t  is  c lea r from  
th e  co n tinuous c u r r e n t  re c o rd  show n in  Fig. 5.3A th a t  10/jM p icro tox in in  
p ro d u ced  a la rg e  and  re v e rs ib le  in h ib itio n  o f th e  GABA* re sp o n se s , th e  
peak  am plitude d u r in g  s te a d y -s ta te  in h ib itio n  in  th is  experim en t w as 

approxim ately  15% of th e  co n tro l am plitude. Fig. 5.3B show s th re e  of 
th e se  re sp o n se s  on an  expanded  time scale. T hese re sp o n se s  w ere
re c o rd ed  (from le ft to  r ig h t)  b e fo re , d u r in g  and  a f te r ,  th e  b a th
app lica tion  of 10/jM picro tox in in .

5.3.4 P entobarb itone
A ty p ica l example of th e  e ffe c t of p en to b a rb ito n e  on GABA* 

c u r re n t  re sp o n se s  in  r a t  SCG n e u ro n e s  is  i l lu s tra te d  in  Fig. 5.4. Two 

w hole-cell c u r r e n t  tra c e s  reco rd ed  from  th e  same cell (clam ped a t  -80mV) 
a re  show n in Fig. 5.4A, th e  u p p e r  tra c e  reco rd ed  in  co n tro l medium, and  
th e  lower tra c e  re c o rd ed  in  th e  p re se n c e  of 10/iM p e n to b a rb ito n e . The 
inw ard  c u r r e n t  re sp o n se s  (dow nw ard d eflec tions of th e  tra c e s )  w ere
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Fig. 5.3. A, co n tin u o u s w hole-cell c u r r e n t  tra c e  show ing th e  in h ib itio n  of 
inw ard  GABA c u r r e n ts  by p icro tox in in . 5ms d u ra tio n  p u lses  of GABA w ere 
applied  e v e ry  1.2s th ro u g h o u t th e  e n tire  re c o rd , and  10/*M p icro tox in in  
was b a th  app lied  d u rin g  th e  period  in d ica ted  by  th e  ho rizo n ta l b a r. 
Each dow nw ard deflection  of th e  tra c e  is  an  inw ard  c u r r e n t  re sp o n se  

(cell a t -80mV). C alib ra tions 200pA and  20s. B, th re e  re sp o n se s  (from A) 
on an  expanded  time scale , re c o rd ed  (from le f t to  r ig h t)  be fo re , d u rin g , 
and  a f te r  th e  b a th  app lica tion  of 10/4/! p icro tox in in . C alib ration  200pA 
and 200ms.
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IOjjM P e n t o b a r b i t o n e

GABA . iT
10gM P e n t o b a r b i t o n e

Fig. 5.4. A, two c u r r e n t  re c o rd s  i l lu s tra tin g  th e  e ffe c t of IOmM 
p en to b a rb ito n e  on GABA* c u r re n ts .  The u p p e r  tra c e  show s a con tin u o u s 
c u r r e n t  re c o rd  from  a cell held a t  -80mV w hich was con tin u o u sly  

p e rfu se d  w ith co n tro l b a th in g  medium. The lower tra c e  was reco rd ed  
u n d e r  id en tica l cond itions excep t fo r th e  ad d itiona l p re se n c e  of 10/iM 
p e n to b a rb ito n e  in  th e  b a th in g  medium. Each dow nw ard deflection  is an  
inw ard  c u r r e n t  re sp o n se  to  a  20ms ionophore tic  p u lse  of GABA (ind ica ted  
b y  do ts). C alib ra tions ( re fe r  to bo th  tra c e s )  lOOpA, 5s. Note th e  v a ria b  le 

am plitude of th e  re sp o n se s  due to  v a ria b ility  in  th e  c u r r e n t  p a ss in g  
p ro p e r tie s  of th e  ionophoretic  p ip e tte . B, sing le  re sp o n se s  (from A) in 
th e  ab sence  (u p p e r tra c e ) and  p re sen c e  (lower tra c e ) of lO^M 
p en to b arb ito n e , on an  expanded  time scale. The s h o r t  b a r above each 

tra c e  in d ica tes  w hen GABA was app lied . C alib ra tions re fe r  to  bo th  tra c e s ; 
lOOpA, 200ms.
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evoked  e v e ry  2.2s by  20ms d u ra tio n  ionophore tic  p u lse s  of GABA. In  th is  
example th e  peak  am plitudes of th e  re sp o n se s  w ere no t c o n s ta n t, due to  

v a ria b ility  in  th e  c u r r e n t  p a ss in g  p ro p e r tie s  of th e  io n o phore tic  p ip e tte . 
Even so, i t  is  a p p a re n t from Fig. 5.4 th a t  o v e ra ll 10/*M p en to b a rb ito n e  
p ro d u ced  a s lig h t in c re ase  in  th e  peak  am plitude of th e  GABA re sp o n se s . 
More obv iously , p en to b a rb ito n e  p ro lo n g ed  th e  re sp o n se s , a s  i l lu s tra te d  
more c lea rly  in  Fig. 5.4B w hich show s, on an  expanded  time scale, a 

re sp o n se  re c o rd ed  in  th e  ab sen ce  (u p p e r tra c e )  and  p re sen c e  (lower 

tra c e ) of IOmM p en to b arb ito n e .

5.3.5 Glutamate
I t  has  p rev io u s ly  b een  re p o r te d  th a t  g lu tam ate , a t  co n cen tra tio n s  

a s  low a s  lj*M, p o te n tia te s  GABA* re sp o n se s  in  a d u lt g u in e a -p ig  
hippocam pal n e u ro n es  (S te lze r & Wong, 1989a). In  c o n tra s t  to  th is  

how ever, IOmM glu tam ate  did n o t have  an y  d e tec tib le  e ffe c t on GABAa 
c u r r e n t  re sp o n se s  in  r a t  SCG n eu ro n es . T his lack of e ffe c t of 10^M
glu tam ate  on bo th  inw ard  and  o u tw ard  GABA c u r r e n ts  is  i l lu s tra te d  in  
Fig. 5.5, w hich show s w hole-cell c u r r e n ts  evoked by  b a th  app lied  GABA 
to  one cell clam ped a t  -80mV o r  +60mV. I t  is  a p p a re n t  from  Fig. 5.5A 
(cell a t  -80mV) th a t  th e  inw ard  c u r r e n t  evoked  by  10^M GABA in  th e  
sim ultaneous p re sen c e  of IOmM g lu tam ate  (bo th  d ru g s  w ere  app lied  in
th e  b a th in g  medium) was of th e  same am plitude as  th e  re sp o n se s
re c o rd ed  in  th e  ab sen ce  of g lu tam ate. I t  is  c lea r from Fig. 5.5B th a t  a t  a  
hold ing  p o ten tia l of +60mV, 10^M g lu tam ate  did  n o t evoke a n y  d e tec tib le  
c u r r e n t  re sp o n se  in  th e se  cells. F u rth e rm o re  Fig. 5.5B il lu s tra te s  th a t  
th is  co n cen tra tio n  of g lu tam ate  had no e ffe c t on  th e  am plitude of

ou tw ard  GABA re sp o n se s , evoked b y  a submaximal co n cen tra tio n  of GABA 

(IOmM).

5.4 P h y sica l p ro p e r tie s  o f  th e  GABAa recep to r-ch a n n el
5.4.1 Whole-cell c u rre n t-v o lta g e  rela tion sh ip

F ig u re  5.6A. i l lu s tra te s  a  ty p ica l w hole-cell c u r re n t-v o lta g e  
re la tio n sh ip  m easured  from  a s in g le  r a t  SCG n eu ro n e  w hich was clam ped 
a t  p o ten tia ls  betw een  +60 and  -120mV. The re sp o n se s  w ere  e lic ited  by  
8ms d u ra tio n  ionophore tic  p u lse s  o f GABA app lied  e v e ry  2s from  an  

ionophoretic  e lec tro d e  co n ta in in g  0.1M GABA a t  pH 4.0 (c o n s tan t e jec tio n  
c u r r e n t  u sed  th ro u g h o u t) . The cell w as co n tin u o u sly  p e rfu se d  w ith  
ex te rn a l so lu tion  to  p re v e n t accum ulation of GABA. Each p o in t on th e  
g ra p h  in  Fig. 5.6A is th e  mean p eak  am plitude of betw een  1 and  9 
re sp o n se s  (with * S.E.M. w here  th is  was g re a te r  th a n  th e  size of th e
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r
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B

10pM GABA 
+

IOjjM Glutamate lOptl GABA

10pM GABA

A
BOmV

10pM Glutamate

50pAL
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+  

1 OjjM Glutamate lOpM GABA

Fig. 5.5. W hole-cell c u r r e n t  re sp o n se s  il lu s tra tin g  th e  lack  of e ffe c t of 
g lu tam ate  on inw ard  an d  ou tw ard  GABA c u r re n ts  in  r a t  SCG n eu ro n es . A, 
th re e  inw ard  c u r r e n t  re sp o n se s  evoked  by  b a th  ap p lica tion  of lO^M
GABA, app lied  fo r betw een  9.2 an d  13.5s (as in d ica ted  by  th e  ho rizo n ta l
b a rs ) ;  cell a t -80mV. The GABA re sp o n se s  w ere re c o rd ed , from  le f t  to 
r ig h t ,  b efo re , d u rin g , and  a f te r  th e  sim ultaneous b a th  app lica tion  of

IOmM glutam ate. C alib ra tions (also ap p ly  to  B) 10s, 50pA. B, co n secu tiv e
w hole-cell c u r r e n t  re sp o n se s  evoked  by  b a th  ap p lica tio n  of 10pM 

glu tam ate, IOmM GABA, IOmM GABA p lu s  IOmM glu tam ate, and  th e n  10^M 
GABA (b a th  app lied  fo r  th e  p e rio d s  in d ica ted  by  th e  ho rizo n ta l b a rs ); 
cell a t  +60mV.
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Fig. 5.6 A, w hole-cell c u r re n t-v o lta g e  re la tio n sh ip  fo r  a  s ing le  cell. 
Each po in t is  th e  mean peak  am plitude of be tw een  1 an d  9 re sp o n se s  (*

S.E.M., w here  th is  was g re a te r  th a n  th e  size  of th e  sym bol). Each 
re sp o n se  w as e lic ited  by  a n  8ms d u ra tio n  io n o p h o re tic  p u lse  o f GABA, 
app lied  e v e ry  2s w ith a c o n s ta n t e jec tio n  c u r r e n t .  Note th a t  th e  
c u rre n t-v o lta g e  re la tio n sh ip  is approxim ately  lin e a r o v e r th e  vo ltage  

ran g e  s tu d ied  (+60mV to  -120mV; line  d raw n  b y  ey e), an d  th a t  th e  
c u r re n t  re v e rs e s  a t  +3mV. B, re p re se n ta tiv e  w hole-cell c u r r e n ts  evoked 
a t  v a rio u s  hold ing  p o ten tia ls  (in d ica ted  to  th e  r ig h t  of each  tra c e ) . The 
a r te fa c t a t th e  s ta r t  of each  tra c e  is  due to  th e  io n o phore tic  e jec tio n  
c u r re n t .  C alib ra tions 50pA, 200ms (re fe r  to  a ll t r a c e s ) ,  and  inw ard  
c u r re n ts  a re  dow nw ards. T=21-23°C.
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sym bol). For th is  p a r tic u la r  cell, th e  w hole-cell c u r re n t-v o lta g e  
re la tio n sh ip  was p rac tica lly  lin ea r o v e r th e  vo ltag e  ra n g e  +60mV to 
-120mV. In  all cells exam ined (8 cells) th e  w hole-cell c u r re n t-v o lta g e  
re la tio n sh ip  was lin ea r o r  show ed s lig h t o u tw ard  rec tific a tio n . Fig. 5.6B. 
d ep ic ts  example re sp o n se s  from  th is  cell a t  p o te n tia ls  be tw een  +60mV and  
-120mV. As expec ted , w ith approxim ately  sym m etrical ch lo rid e  

c o n ce n tra tio n s , th e  re sp o n se s  w ere inw ard  a t  h y p e rp o la rized  p o ten tia ls  
a n d  re v e rse d  close to  ze ro  mV. The re v e rs a l  p o ten tia l, estim ated  from  

w hole-cell c u rre n t-v o lta g e  re la tio n sh ip s , ra n g e d  from OmV to  +3mV. The 
th e o re tic a l value, estim ated  from  th e  ch lo rid e  c o n ce n tra tio n s , r a th e r  th a n  
th e  ch lo rid e  a c tiv itie s  is , -2.8mV. Since th e  time to  peak  of th e  
re sp o n se s  was re la tiv e ly  slow (approxim ately  100ms a t  -60mV in  th is  
exam ple), and  th e  r a te  of rem oval of GABA from  th e  v ic in ity  of th e  
re c e p to rs  w as unknow n, th e  ra te  of decay  of th e  re sp o n se s  is  expec ted  

to  g re a tly  exceed th e  b u r s t  le n g th  of th e  channel.

5.4.2 E ffect o f  tem pera tu re  on sin g le-ch an n el conductance
The e ffe c t of te m p e ra tu re  on GABA* re c e p to r -c h a n n e ls  in  r a t  SCG 

n eu ro n es  was in v e s tig a te d  u s in g  o u ts id e -o u t p a tch e s . A flow h e a te r  and  
a flow cooler (G rant In s tru m e n ts , C am bridge) w ere  u sed  to  ch an g e  th e  
te m p e ra tu re  of th e  ex tra ce llu la r  b a th in g  medium from  room te m p e ra tu re  
to  a s  low a s  4.5° C an d  to a s  h ig h  a s  33° C. The flu id  c irc u la tin g  th e  
cooler and  h e a te r  con ta ined  20% a n tifre e ze . T his flu id  w as co n tin u o u sly  
c irc u la ted  th ro u g h  a  m etal ja c k e t s u rro u n d in g  th e  re c o rd in g  cham ber 
(35mm diam eter p la s tic  d ish ) ex cep t fo r  a  10mm diam eter c irc u la r  hole 
b en ea th  th e  b a th  w hich was n e c e s sa ry  fo r th e  m icroscope lig h t. The 
co o led /h ea ted  flu id  was a lso  co n tin u o u sly  c irc u la ted  th ro u g h  a g la ss  
ja c k e t. Within th is  ja c k e t w ere se v e ra l loops th ro u g h  w hich th e  

ex trace llu la r medium p assed  ju s t  p r io r  to  e n t r y  in to  th e  re c o rd in g  b a th . 
To help  m aintain a s te a d y  te m p e ra tu re  in  th e  v ic in ity  o f th e  p a tch , th e  
p e rfu s io n  o u tle t was only  a  few mm from  th e  p a tch  a t  one en d , and  n ea r 

to  th e  ex it of th e  h eated /co o led  ja c k e t a t  th e  o th e r  en d . F u rth e rm o re , a  

small volume was m aintained in  th e  b a th , and  th e  b a th  w as co n tin u o u sly  
p e rfu se d . The te m p e ra tu re  in  th e  b a th  was m onitored w ith a  th e rm is te r  

p laced in  th e  b a th in g  medium a  few  mm from  th e  p a tch . Rapid ch an g es  
in  te m p e ra tu re  w ere no t possib le  w ith th is  s e t-u p , an d  th e re fo re  each  
p a tch  w as only exposed to  one o r  two d if fe re n t te m p e ra tu re s . In  all 
experim en ts in v e s tig a tin g  th e  e ffe c ts  of te m p e ra tu re , th e  pH of bo th  th e  
ex trace llu la r and  in tra c e llu la r  so lu tio n s  w ere m aintained a t  pH 7.2.

The e ffec t of te m p e ra tu re  on th e  am plitude of th e  main
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co nductance  s ta te  of GABAa re c e p to r -c h a n n e ls  in  r a t  sym pathetic  
n eu ro n es  is  i l lu s tra te d  in  Fig. 5.7. Only th is  co n d u c tan ce  level was 
co n sid e red  b ecause  th e  o th e r  levels  w ere le ss  f r e q u e n t and  in  some 

cases  le ss  d isc re te .T h e  d a ta  d isp lay ed  in th e  p lo t of co rd  co n d u ctan ce  
v s  te m p e ra tu re  ( in  °Celcius) in  Fig. 5.7A. w as pooled from  59 
o u ts id e -o u t p a tch es) w hich w ere clam ped betw een  -70mV an d  -200mV. The 

am plitude of th e  m ost f re q u e n tly  o c c u rr in g  co n d u c tan ce  level in  th e  
s in g le -ch a n n e l c u r r e n ts  re c o rd ed  from  each  p a tch , w as estim ated  from  
th e  c o rre sp o n d in g  open  p o in t am plitude h istogram . Such h is to g ram s w ere  
ob ta in ed  from  th e  am plitudes of in d iv id u a l d a ta  p o in ts  d u r in g  p e rio d s  
w hen th e  ch an n e l was open , w ith  s u b tra c tio n  of th e  mean sh u t-c h a n n e l 
level. The co n d u ctan ce  w as ca lcu la ted  assum ing  a  lin ea r c u rre n t-v o lta g e  

re la tio n sh ip  o v e r th e  v o ltag e  ra n g e  OmV to  -200mV, an d  ta k in g  th e  GABA 

re v e rsa l  p o ten tia l (Egaba) a s  OmV, since  Egaba estim ated  from  w hole-cell 
an d  s in g le -ch a n n e l c u r re n t-v o lta g e  re la tio n sh ip s  w as betw een  OmV and  
+3mV. I t  is c lea r  from Fig. 5.7A th a t  in c re a s in g  th e  te m p e ra tu re  
in c reased  th e  am plitude of th e  most f re q u e n tly  o c c u rr in g  co n d u ctan ce  
level. A Qio was estim ated  from  a  lin e a r  re g re s s io n  f i t  to  an  A rrh en iu s  
p lo t of th e  d a ta  show n in  Fig. 5.7A (i.e. a  p lo t of In co n d u ctan ce  v s  T "1, 
in  °Kelvin; no t show n); th e  Q 10 w as approxim ately  1.3 (coeffic ien t of 
re g re ss io n , 0.9935).

For some p a tc h e s , s in g le -ch a n n e l c u r r e n ts  w ere  re c o rd ed  a t  

s e v e ra l holding p o ten tia ls , so th a t  a  com parison could  be made betw een  
th e  estim ated  slope co n d u ctan ce  an d  <j6rd co n d u ctan ce . For exam ple, 
a lth o u g h  on ly  3 p a tc h e s  w ere m aintained a t  approx im ately  7°C, a  to ta l of 
18 estim ates of co rd  co n d u ctan ce  w ere o b ta ined  since  s in g le -ch an n e l 
c u r r e n ts  w ere re c o rd ed  from  each  p a tch  a t  s ev e ra l d if fe re n t hold ing  
p o ten tia ls . Fig. 5.7B show s two s in g le -ch a n n e l c u r re n t-v o lta g e  p lo ts  
ob ta in ed  from two o u ts id e -o u t p a tch e s , one m aintained a t  7.5°C, th e  
o th e r  a t  room te m p e ra tu re  (22-23°C), an d  w hich w ere b o th  clam ped a t  

p o ten tia ls  betw een -80mV and  -190mV. The slope c o n d u c tan ces  w ere 
ob ta in ed  from  lin ea r re g re s s io n  of th e  p o in ts  betw een -80mV an d  -150mV, 

and  also  assum ing  th e  c u r r e n t  r e v e rs e d  a t  OmV. Note th a t  th e re  a p p e a rs  
to  be s lig h t o u tw ard  rec tific a tio n  a t  p o ten tia ls  more h y p e r  po la rized  th a n  
-150mV. The estim ated  slope co n d u c tan ces  w ere 17.4pS a t  7.5° C 

(re g re s s io n  coeffic ien t, 0.9981), and  29.6pS a t  22-23? C (re g re s s io n  
coeffic ien t, 0.9997), w hich closely  a g re e  w ith  th e  co rd  co n d u c tan ces  
estim ated  a t th e se  te m p e ra tu re s . Fig. 5.7C show s example re c o rd s  of 

s in g le -ch an n e l c u r r e n ts  re c o rd ed  a t  7.5°C (u p p e r tra c e )  an d  22-23°C 
(lower tra ce ) from th e  tw o p a tc h e s  show n in F ig. 5.7B, clam ped a t
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Fig. 5.7. E ffect of te m p e ra tu re  on th e  s in g le  ch an n e l co n d u ctan ce  of
.h

GABAa re c e p to r -c h a n n e ls . A, p lo t o f th e  cjord co n d u ctan ce  v s  
te m p e ra tu re , assum ing  a  lin e a r  c u r re n t-v o lta g e  re la tio n sh ip , and  c u r r e n t  
re v e rs a l  a t  zero  mV. R esu lts  w ere pooled from  59 o u ts id e -o u t p a tch e s ,
th e  num ber of p a tc h e s  a v e rag e d  fo r each  p o in t iB g iv en  in  p a re n th e se s .

r
For each  p a tch  th e  am plitude of th e  m ost f r e q u e n tly  occLjHng 
co n d u ctan ce  level was estim ated  from  th e  c o rre sp o n d in g  open  p o in t 
am plitude h is tog ram s. O u ts id e -o u t p a tc h e s  w ere  clam ped a t  -70  to  
-200mV. The v e rtic a l b a rs  th ro u g h  each  p o in t a re  *S.E.M. (w here th is  is 

la rg e r  th a n  th e  size  o f th e  sym bol), while th e  h o rizo n ta l b a rs  g ive  th e  
te m p e ra tu re  ran g e . B, GABAa s ing le  ch an n e l c u r re n t-v o lta g e  re la tio n sh ip s  
m easured  a t  7.5°C (o) an d  22-23° C (•) . The d a ta  w as o b ta in ed  from two 
d if fe re n t o u ts id e -o u t p a tch e s , and  th e  am plitudes w ere  estim ated  from  

th e  po in t am plitude h is to g ram s o b ta in ed  a t  each  p o ten tia l. Slope 
co n d u c tan ces  w ere ob ta ined  from lin ea r re g re ss io n  of th e  p o in ts  betw een  
OmV an d  -150mV, assum ing  th e  c u r r e n ts  re v e rse d  a t  OmV. Slope 
co n d u c tan ces  w ere 17.4pS a t  7.5° C, an d  29.6pS a t  22-23° C. C, s in g le  
ch an n e l c u r r e n t  re c o rd s  from  th e  two o u ts id e -o u t p a tc h e s  (in B) a t  
7.5°C (u p p e r tra ce ) and  22-23°C (lower tra c e ) ; bo th  a t  -lOOmV. D, ty p ica l 

po in t am plitude h is to g ram s fo r some o f th e  d a ta  illu s tra te d  in  A,B,C. 
Each h istogram  w as f it te d  w ith  a s in g le  G aussian . At 7.5° C, -lOOmV, th e  
mean am plitude w as 1.82pA (eq u iv a len t to  18.2pS), while a t  22-23° C, 
-lOOmV, th e  mean am plitude was 2.94pA (29.4pS). The fre q u e n c y  sca le  
re f e r s  to  th e  1.82pA histogram ; th e  maximum fre q u e n c y  of th e  2.94pA 

h istogram  w as 500 p e r  O.lpA.
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-lOOmV. I t  i8 c lea r from  Fig. 5.7C (no te  th e  d if fe re n t am plitude  sca les  on 

each  tra c e ) an d  Fig. 5.7B, th a t  th e  am plitude of th e  c u r r e n ts  a t  7.5°C 
w ere approx im ately  60% of th e  am plitude a t  22-23° C. Example open  p o in t 
am plitude h is to g ram s fo r th e  m ost f re q u e n tly  o c c u rr in g  co n d u ctan ce  
level re co rd ed  a t  7 .5°C an d  a t  22-23°C (and a t  -lOOmV), to g e th e r  w ith a  
s h u t  po in t am plitude h istogram , a re  show n in  Fig. 5.7D (d a ta  from  th e  

same two o u ts id e -o u t p a tc h e s  u sed  fo r  Fig. 5.7B,C). The two o p en  p o in t 
am plitude h is tog ram s an d  th e  s h u t  p o in t h is tog ram  w ere in d iv id u a lly  

f it te d  w ith  s in g le  G aussians (con tinuous c u rv e s  on each  h is tog ram ), w ith 

m eans a t  OpA fo r th e  s h u t  p o in t h is tog ram , a t  1.82pA fo r th e  7.5° C open  
p o in t am plitude h istog ram , and  a t  2.94pA fo r th e  22-23°C open  po in t

18.2pS and 29.4pS a t  7.5 °C and  22-23°C re sp e c tiv e ly . Note th a t  th e  
sp re a d  of th e  open  p o in t am plitude h is to g ram s a re  g re a te r  th a n  th a t  of 

th e  s h u t  p o in t am plitude h istog ram , p ro b ab ly  a s  a  r e s u l t  of open 
ch an n e l noise, an d  p o ssib ly  from  inc lu sion  of co n d u ctan ce  levels o th e r  
th a n  th e  m ost f re q u e n tly  o c c u rr in g  co n d u ctan ce  level, in  th e  open  p o in t 
am plitude h is to g ram s (see C h ap ter 4). F u rth e rm o re , th e  sp re a d  of th e  
s h u t  po in t am plitude h is tog ram  a t  22-23° C w as g re a te r  th a n  th e  s h u t  
p o in t am plitude h istog ram  o b ta in ed  a t  7.5°C (w hich is  th e  one i l lu s tra te d  

in  Fig. 5.7D).

in c re a se  th e  co n d u c tan ce  of th e  most f re q u e n tly  o c c u rr in g  co n d u ctan ce  
level of GABAa re c e p to r -c h a n n e ls  in  r a t  sy m p ath e tic  n e u ro n e s . However 
i t  should  be no ted  th a t  o th e r  possib le  e ffe c ts  of ch an g in g  th e  
te m p e ra tu re  (su ch  a s  a  ch an g e  in  th e  re c e p to r -c h a n n e l k in e tic s) w ere  
no t in v e s tig a te d .

5.4.3 E ffe c t o f  pH  on s in g le  channel condu cta n ce
The pH of th e  e x tra ce llu la r  medium, w hich w as u se d  to  p e r fu s e  

o u ts id e -o u t p a tc h e s , was b u ffe re d  a t  v a lu es  betw een  5.3 an d  10.8. HEPES 
b u ffe r  (lOmM) was u e sd  fo r pH 7.0 an d  above, an d  MES b u ffe r  (lOmM) 

w as u sed  fo r pH 6.0 and  below. The pH of th e  e x tra ce llu la r  so lu tion  was 
t i t r a te d  by  th e  ad d itio n  of h y d ro ch lo ric  acid  o r sodium  h ydrox ide . The 

pH of th e  in tra c e llu la r  medium was m aintained a t  pH 7.2, an d  experim en ts  
w ere co n d u cted  a t  room te m p e ra tu re  (22-23°C).

o c c u rr in g  co n d u ctan ce  level of GABAa re c e p to r -c h a n n e ls  in  r a t  SCG 
n eu ro n es  is i l lu s tra te d  in  F ig . 5.8. The co rd  co n d u ctan ce  v s  pH p lo t 
il lu s tra te d  in  Fig. 5.8A. co n ta in s  d a ta  from 53 o u ts id e -o u t p a tc h e s , w hich

am plitude h istogram . T hese a re  eq u iv a len t to co n d u c tan ces  of

In  conclusion , th e  e ffe c t o f in c re a s in g  th e  te m p e ra tu re  is  to

The e ffe c t of pH on th e  am plitude of th e  m ost f re q u e n tly
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w ere  p e rfu se d  w ith  e x trace llu la r medium b u ffe re d  a t  pHs betw een  5.3 
a n d  10.8 (in trac e llu la r  pH m aintained a t  pH 7.2; te m p e ra tu re  22-23°C; 

ho ld ing  p o te n tia ls  betw een -60mV and  -90mV). The co rd  co n d u ctan ce  of 
th e  s in g le -ch a n n e l c u r r e n ts  re c o rd ed  from  each  p a tch , w ere  estim ated  
from  th e  c o rre sp o n d in g  open p o in t am plitude h is to g ram s, assum ing  a 
lin ea r c u r re n t-v o lta g e  re la tio n sh ip  and  c u r r e n t  re v e rs a l  a t  OmV. I t  is  

c lea r  from  Fig. 5.8A th a t  th e  am plitude of th e  m ost f re q u e n tly  o c c u rr in g  
co n d u ctan ce  level was re d u c ed  w hen  th e  pH w as made more alkaline; th e  

am plitude w as red u ced  from  approx im ate ly  40pS a t  pH 5.3 to  a b o u t 
25.5pS a t  pH 8.3. T his p o in t is a lso  c lea r from Fig. 5.8B, w hich show s 
c u r r e n ts  re c o rd e d  from  th re e  o u ts id e -o u t p a tch e s  (all clam ped a t  -70mV) 
w hich w ere p e rfu se d  w ith  ex trace llu la r medium b u ffe re d  a t  pH 5.3 
(u p p e r tra c e )  pH 8.2 (middle tra c e )  an d  pH 10.8 (lower tra c e ) . I t  a p p e a rs  
from  Fig.5.8A & B th a t  th e re  is  a  g ra d u a l decline in  th e  am plitude of th e  

m ost f r e q u e n tly  o c c u rr in g  co n d u c tan ce  level, w ith  in c re a s in g  pH. 
However, th e  p o ssib ility  th a t  th e re  is  a  s h if t  in  th e  re la tiv e  f re q u e n c y  

of o c cu rren c e  of th e  v a rio u s  co n d u c tan ce  levels, w ith  pH, can n o t be 
excluded .

Examples of open  and  s h u t p o in t am plitude h is to g ram s (ob tained  
from  two of th e  o u ts id e -o u t p a tc h e s  u sed  fo r  Fig. 5.8A, an d  clam ped a t  
-60mV) a re  i l lu s tra te d  in  Fig. 5.8C. Each of th e  s h u t  and  open  po in t 
am plitude h is to g ram s w ere f i t te d  se p a ra te ly  w ith s ing le  G aussians. The 
mean of th e  G aussian f it te d  to  th e  pH 8.2 h istogram  w as 1.43pA 
(co rre sp o n d in g  to  23.8pS), while th e  mean of th e  pH 6.2 G aussian  was 

2.04pA (eq u iv a len t to  34pS).
In  conclusion , in c re a s in g  th e  pH, re d u c e s  th e  am plitude of th e  

m ost f r e q u e n tly  o c c u rr in g  co n d u ctan ce  level of GABAa re c e p to r -c h a n n e ls  
in r a t  SCG n e u ro n es . However, p o ssib le  ad d itio n a l e ffe c ts  of pH, say  on 
th e  k in e tic s  of GABA* re c e p to r -c h a n n e ls , w ere no t in v e s tig a te d .
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Fig. 5.8. E ffect of pH on th e  co n d u ctan ce  of GABA* re c e p to r -c h a n n e ls . 
A, p lo t of co rd  co n d u ctan ce  (assum ing lin ea r c u rre n t-v o lta g e  re la tio n sh ip  
and  c u r r e n t  re v e rsa l  a t  OmV) v s  pH. R esu lts  w ere pooled from  54 
o u ts id e -o u t p a tch e s , th e  num ber of p a tc h e s  av e rag e d  fo r each  p o in t is  
g iven  in  p a re n th e se s . The v e r tic a l b a rs  re p re s e n t  *S.E.M. (w here la rg e r  

th a n  th e  sym bol size). The hold ing  p o ten tia ls  u sed  w ere -60mV to  -90mV, 
T=21-23°C. B, s ing le  ch an n e l c u r r e n ts  re c o rd ed  a t  pH 5.3, 8.2, and  10.8, 
a s  in d ica ted  (all c u r r e n ts  w ere a t  -70mV, T=21-23°C). C alib ra tions a re  all 

2pA and 10ms; th e  am plitude b a r  r e f e r s  to  all tra c e s . C, p o in t am plitude 
h is to g ram s fo r two of th e  o u ts id e -o u t p a tch e s  in c luded  in  A (bo th  a t  
-60mV). Each p eak  of th e  p o in t am plitude h is to g ram s w ere f i t  
in d iv id u a lly  w ith a  s in g le  G aussian. Mean am plitudes w ere 0, 1.43, an d  
2.04pA fo r  th e  s h u t  ch an n e l, o p en in g s  a t  pH 8.2, and  o p en in g s  a t  pH 6.2 

re sp e c tiv e ly . The s h u t  p o in t am plitude h istogram  w as o b ta in ed  from  th e  
p a tch  a t  pH 8.2. Note th e  d ecrea se  in  co n d u ctan ce  w ith  in c re a s in g  pH 
value.
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5. DISCUSSION
5.5 Pharmacological p ro p e r tie s

The GABAa re c e p to r -c h a n n e ls  in  r a t  su p e r io r  ce rv ica l ganglion  
(SCG) n e u ro n e s  a p p e a r  pharm acologically  sim ilar to  th o se  o f mammalian 
c e n tra l  n e u ro n e s , ju d g in g  by  th e  in h ib itio n  of GABA re sp o n se s  in  SCG 
n e u ro n e s  by  b icucu lline , p ic ro tox in  (see sec tion  3), p icro tox in in  and  

pen icillin , an d  by  th e  p o ten tia tio n  of th e se  re sp o n se s  by  p e n to b a rb ito n e . 
F u rth e rm o re , in  th e se  n eu ro n es , th e  se lec tiv e  GABA* a g o n is t, muscimol, 
w as fo und  to  a c tiv a te  sim ilar s in g le -ch a n n e l c u r r e n ts  to  th o se  ac tiv a te d  
by  GABA ( re s u lts  n o t show n). However, th e  lack  of e ffe c t of 10^M 
g lu tam ate  on th e  am plitude of GABA c u r r e n ts  in  SCG n e u ro n e s  c o n tra s ts  
w ith o b se rv a tio n s  from  mammalian c e n tra l  n eu ro n es  (S te lze r & Wong, 
1989a). In  a cu te ly  d isso c ia ted  a d u lt hippocam pal n e u ro n e s , g lu tam ate  
en h an ces  GABA* c u r r e n ts ,  a t  c o n ce n tra tio n s  too low to  evoke a  d e tec tib le  

c u r r e n t ,  a lth o u g h  th e se  ce lls  do re sp o n d  to  g lu tam ate  (S te lze r & Wong, 
1989a). The rea so n  fo r th is  d isc re p a n c y  is  u n c lea r, a lth o u g h  a  likely  

exp lana tion  could be th a t  th is  e ffe c t of g lu tam ate  re q u ire s  th e  p re sen c e  
o f g lu tam ate  re c e p to rs  coupled  to  second  m essen g er sy stem s (rev iew ed  
b y  B errid g e , 1987; Sm art, 1989) o r , le ss  like ly , th a t  f a s t  g lu tam ate  
re c e p to r s  a re  n e c e ssa ry  fo r th e  e ffec t. The g lu tam ate  re c e p to rs  coupled  
to  second m essen g er Bystems may be a b se n t from p e r ip h e ra l n eu ro n es  
(w hich also  lack f a s t  g lu tam ate  ch an n e ls). A lte rn a tiv e ly , a n  in tra c e llu la r  
fa c to r  n e c e ssa ry  fo r th e  ac tion  of g lu tam ate  may be a b se n t from  o u r 
so lu tions; S te lze r k  Wong (1989a) inc luded  ATP and  leu p ep tin  (a Ca2+ -  
a c tiv a te d  n e u tra l  p ro te a se  in h ib ito r) in  th e  p ip e tte  ( in te rn a l)  so lu tion , 
w h ereas  th e se  a g e n ts  w ere no t in c luded  in  o u r  in te rn a l so lu tion .

5.6 P h ysica l p ro p e r tie s
The c u rre n t-v o lta g e  re la tio n sh ip  of GABA a re c e p to r -c h a n n e ls  in  r a t  

SCG n e u ro n e s  (bo th  w hole-cell an d  s in g le -ch an n e l) a re  c o n s is te n t w ith  

th o se  o b se rv ed  in  many ty p e s  of mammalian n eu ro n e  (Ashwood e t ai., 
1987; Borm ann e t ai., 1987; R obertson , 1989). The v o ltag e  s e n s itiv ity  of 
GABA a re c e p to r -c h a n n e ls  in  a  v a r ie ty  of v e r te b ra te s  an d  in v e r te b ra te s  
is  d iscu ssed  in C h ap ter 6, w here  th e  e ffe c ts  of v o ltag e  on w hole-cell 

a n d  s in g le -ch a n n e l c u r re n t-v o lta g e  re la tio n sh ip s  an d  on GABA noise and  
on  th e  decay  of GABAergic in h ib ito ry  p o s t sy n a p tic  p o te n tia ls , a re  
d isc u sse d .

As ex p ec ted , in c re a s in g  th e  te m p e ra tu re  (betw een  ab o u t 5° and  

33 °C) re su lte d  in  an  in c re a se  in  th e  co n d u c tan ce  o f GABAa re c e p to r  
c h an n e ls  in  r a t  sy m p ath e tic  n eu ro n es . In  c o n tra s t  to  th e  p re s e n t  w ork,
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m ost p u b lish ed  s tu d ie s  have u sed  noise an a ly s is  to  in v e s tig a te  th e  e ffe c t 
o f te m p e ra tu re  on th e  co n d u ctan ce  o f ag o n is t g a ted  ion ch an n e ls , b u t 

h av e  y ielded  sim ilar Q 10 v a lu es . For exam ple, S te ttm eie r & F in g e r (1983) 
re p o r te d  a  Q 10 of approx im ately  1.6 fo r  q u isq u a la te  ac tiv a te d  ch an n e ls  in 
c ra y f is h  m uscle, and  A nderson  e t  ai, (1977) re p o r te d  a  Qi0 of 1.2 (a t 
te m p e ra tu re s  above 6 .6°C) fo r  lo c u s t m uscle g lu tam ate  re c e p to rs . The 

e ffe c t of te m p e ra tu re  on s ing le  ch an n e l co n d u c tan ce  h as, how ever, been  
m easured  d ire c tly  fo r  c h an n e ls  a c tiv a te d  by  ace ty lcho line  a t  th e  r a t  

e n d -p la te , w here  th e  Q10 was 1.3 (M ulrine k  Ogden, 1989).
The p re s e n t  w ork a lso  show s a d ire c t  e ffe c t of e x tra ce llu la r  pH on 

th e  co n d u ctan ce  of s in g le  GABAa re c e p to r  ch an n e ls  in  r a t  sym pathetic  
n e u ro n es . In  ag reem en t w ith  th is  w ork, G allagher e t  a  I, (1983) o b se rv ed  
th a t  an  in c re a se  in  ex tra ce llu la r  pH re d u c ed  th e  am plitude of 
io n o phore tica lly  evoked  GABA re sp o n se s  in  c a t  d o rsa l ro o t gang lion  

n e u ro n es . However, th is  e ffe c t could have  re s u lte d  from  an in c rease  in  
g lia l cell GABA u p ta k e  (since in ta c t gang lia  w ere u sed ) o r  from  a  ch ange  
in  a ff in ity  of GABA fo r th e  re c e p to r , r a th e r  th a n  from  a  ch an g e  in 
s in g le -ch a n n e l co n d u ctan ce  (or s in g le -ch a n n e l k in e tic s) .

E x trace llu la r pH h as  th e  o p p o site  e ffe c t on th e  co n d u ctan ce  of 
n ico tin ic  acety lcho line  re c e p to r  ch an n e ls  a t  th e  fro g  e n d -p la te , p o ssib ly  

b ecause  th e  acety lcho line  ch an n e l co n d u c ts  ca tio n s  r a th e r  th a n  an ions. 
T hus a t  th e  fro g  e n d -p la te , th e  am plitude of ace ty lcho line  evoked 
m in ia tu re  end  p la te  c u r r e n ts  (m .e.p.c) o r e .p .c , o r  th e  co n d u ctan ce  
estim ated  from  ace ty lch o lin e  noise, is  re d u c ed  b y  a  re d u c tio n  in  
e x tra ce llu la r  pH (S cuka, 1977; L andau e t ai., 1981).

C hanges in  e x trace llu la r pH could a lte r  th e  c h a rg e  on spec ific  
g ro u p s  close to  th e  e x tra ce llu la r  m outh of th e  ch an n e l (by  p ro to n a tio n  
o r  d ep ro to n a tio n ), o r  may ch an g e  ex tra ce llu la r  su rfa c e  c h a rg e  sc ree n in g , 

bo th  of w hich may be expec ted  to  a l te r  th e  r a te  of t r a n s f e r  of ions 
th ro u g h  th e  channel. For example Imoto e t  ai, (1988) re p o r te d  th a t  th re e  

an ionic r in g s  located  (1) n e a r  th e  e x te rn a l m outh of th e  Torpedo  
ace ty lcho line  re c e p to r  ch an n e l, (2) n e a r th e  in te rn a l m outh, and  (3) 

in te rm ed ia te  betw een  th e se  two, a re  m ajor d e te rm in an ts  of th e  ra te  of 
ion t r a n s p o r t  th ro u g h  th is  channel. Imoto e t  ai, (1988) d em o n stra ted  th a t  
re d u c in g  th e  n e t n eg a tiv e  c h a rg e  on th e se  r in g s  (by  p o in t m utations) 
re d u c ed  th e  s ing le  ch an n e l co n d u ctan ce . T his could explain  th e  o b se rv ed  
d ec rea se  in  co n d u ctan ce  of f ro g  ace ty lcho line  c h an n e ls  w hen th e  
e x tra ce llu la r  pH is red u ced .
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6. OVERALL DISCUSSION

6.1 General p ro p e r tie s  o f  GABA& re c e p to r  ch a n n e ls  

The GABA* re c e p to r  ch an n e ls  p re s e n t  in  v a rio u s  cells  a p p e a r  to  be 
d iv e rse , in  te rm s of th e ir  k in e tic s , co n d u ctan ce  s ta te s ,  and  s e n s itiv ity  to  
m em brane p o ten tia l. The a p p a re n t m echanism (s) an d  s ite (s )  o f ac tion  of 
a n ta g o n is ts  and  p o te n tia tin g  lig a n d s  a lso  d if fe rs  be tw een  cell ty p e . 
T h ere  a re  a lso  a p p a re n t  d iffe ren c es  in  th e  re la tiv e  p o ten c ies  of v a rio u s  
a g o n is ts  and  a n ta g o n is ts  be tw een  cell ty p e s  (for reveiw  e .g . N istri & 
C onstan ti, 1979). This v a ria b ility  may a r is e  from  re a l d iffe ren c es  in  th e  
p ro p e r tie s  of th e  GABA* re c e p to r  ch an n e ls  in  th e se  d if fe re n t 
p re p a ra tio n s . However, some v a ria b ility  may well also  r e s u l t  from  
d iffe ren c es  in  th e  experim ental co n d itio n s  an d  an a ly tica l m ethods, some 

of w hich will be co n sid e red  la te r .

6.1.1 Noise a n a ly s is
Noise an a ly s is  of a g o n is t evoked  c u r r e n ts  has  b een  w idely u sed  to  

estim ate  th e  k in e tic s  an d  co n d u ctan ce  of th e  u n d e rly in g  s in g le  ch an n e ls . 
In  th e  simple case  w here  th e  ch an n e l can  ad o p t on ly  tw o k ine tica lly  
d is tin g u ish a b le  s ta te s  th e  time c o n s ta n t de term ined  from  th e  ha lf-pow er 
fre q u e n c y  of th e  s in g le  L o ren tz ian  sp ec tru m  will c o rre sp o n d  to  th e  
e ffec tiv e  lifetim e of th e  ch an n e l ac tiv a tio n , p ro v id ed  th a t  th e  in te rv a ls  
betw een  ch an n e l a c tiv a tio n s  a re  long , and  th e  ch an n e l is  open  fo r m ost 
o f th e  time d u r in g  th e  ac tiv a tio n  (i.e. co n ta in s , a t  m ost, on ly  b r ie f  s h u t 
g aps) (Katz & Miledi, 1972; A nderson  & S tev en s, 1973). I t  h as  become 

c lea r, how ever, th a t  fo r  m ost a g o n is t a c tiv a te d  ion  c h an n e ls  th e re  is  
more th a n  one k in e tic a lly -d is tin g u ish ab le  open  s ta te  (as ju d g e d  b y  th e ir  
m u lti-exponen tia l open  time d is tr ib u tio n s ) , an d  th e  o p en in g s  (a t low 
a g o n is t co n cen tra tio n s) te n d  to  o ccu r in  b u r s ts  in te ru p te d  by  b r ie f  
g ap s . T his ty p e  of b eh av io u r is  ex h ib ited  b y  m uscle n ico tin ic  

ace ty lcho line  re c e p to r -c h a n n e ls  (C olquhoun & Sakm ann, 1981; Dionne & 
Leibow itz, 1982; Jack so n  e t. al. ,1982a; Jak so n  e t. ai. ,1983; A uerbach  & 
S achs, 1983; 1984; Sine & S te in b ach , 1984a; 1986), lo c u s t m uscle g lu tam ate  
re c e p to r  ch an n e ls  (C ull-Candy & P a rk e r , 1982), mammalian n eu ro n a l 
g lu tam ate  re c e p to r-c h a n n e ls  (C ull-C andy, Howe & O gden, 1988; Howe et. 
al., 1988) an d  n eu ro n a l GABAa re c e p to r -c h a n n e ls  (Jackson , Lecar, 
M athers & B ark er, 1982; Sakm ann, Hamill & Borm ann, 1983a; Borm ann & 
Clap ham, 1985; M athers, 1985; Allan & A lb u q u erq u e , 1987; Borm ann & 

K ettenm ann, 1988; ffrench -M ullen , Tokutom i & Akaike, 1988; M athers &
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Wang, 1988; Weiss, 1988; MacDonald e t  ah, 1989a; Weiss & M agleby, 1989). 
The time c o n s ta n ts  d e riv ed  from  noise a n a ly s is  in  th e se  cases  a re  
ex p ec ted , u n d e r  th e  co n d itions m entioned above, to  be good estim ates of 
th e  m ean b u r s t  le n g th  (Colquhoun k  Hawkes, 1977). In d eed  th is  a p p e a rs  

to  hold t r u e  fo r  s e v e ra l ty p e s  of a g o n is t g a ted  ion ch an n e ls , in c lu d in g  
th o se  ac tiv a te d  by  a s p a r ta te ,  in  r a t  c e re b e lla r  g ra n u le  cells  (C ull-C andy, 
Howe k  Ogden, 1988; Howe e t  al., 1988); th e  time c o n s ta n ts  of th e  two 
slow est com ponents de term ined  from  s in g le -c h a n n e l b u r s t  le n g th  
d is tr ib u tio n s  fo r  th e  50pS o p en in g s  p ro d u ced  b y  a s p a r ta te  (2.25 and  
10.3ms) c losely  a g re e  w ith  th e  time c o n s ta n ts  estim ated  from  th e  two 

L oren tz ian  s p e c tra  of w hole-cell a s p a r ta te  noise  (3.1 and  15ms). O ther 
exam ples inc lude  ion c h an n e ls  a c tiv a te d  b y  g lu tam ate  an a lo g u es  in  lo cu st 
m uscle (C ull-Candy &. P a rk e r , 1983) an d  th o se  a c tiv a te d  b y  a s p a r ta te  in  
la rg e  c e reb e lla r  n eu ro n es  of th e  r a t  (C ull-C andy k  Usowicz, 1989a, 

1989b). Sim ilarly, C ull-C andy e t. ai.,(1988) re p o r te d  th a t  in  bovine 
chrom affin  cells, th e  s ing le  L oren tz ian  time c o n s ta n t of n ico tin ic  
acety lcho line  noise c o rre sp o n d ed  to  th e  lo n g e r com ponent of th e  b u r s t  
le n g th  d is tr ib u tio n  de term ined  by them  in  th e  same p re p a ra tio n . 
P rev io u s  noise an a ly s is  (Fenw ick e t. al., 1982) an d  re c o rd in g s  of s in g le  
ch an n e l c u r r e n ts  in  w hole-cell vo ltage  clam p (Clapham k  N eher, 1984a, 

1984b), in  th e  same cell ty p e , su g g e s te d  s lig h tly  lo n g e r mean open 
t im e s /b u rs t  le n g th s .

6.1.2 C h a ra c te r is tic s  o f  GABA a c h a n n e ls  from  n o ise  a n a ly s is
Many g ro u p s  have u sed  noise a n a ly s is  to  make in itia l e stim ates of 

GABAa ch an n e l k in e tic s  in  a  wide ra n g e  o f p re p a ra tio n s . In  e a r ly  

experim en ts  m ost GABAa noise s p e c tra  w ere d e sc rib e d  by  a  s in g le  
L o ren tz ian , a lth o u g h  th e re  w as wide v a ria b ility  in  th e  va lue  of th e  time 

c o n s ta n t estim ated  from  th e  ha lf pow er f re q u e n c y . Table 6.1 sum m arises 
th e  time c o n s ta n ts  estim ated  from  GABAa s p e c tra  w hich w ere  f i t te d  w ith  
sing le  L o ren tz ian s, and  also  th e  fre q u e n c y  ra n g e  w hich w as co n sid e red , 
an d  th e  p re p a ra tio n . I t  is  a p p a re n t from  Table 6.1 th a t  th e  time 
c o n s ta n ts  v a ried  betw een 3 -  46ms. The f in d in g  in  th e  p re s e n t  s tu d y  
th a t  GABAa c u r r e n t  noise in  r a t  sy m p ath e tic  n e u ro n e s  w as d e sc rib e d  by  
th e  sum of two L o ren tz ian s  is  c o n s is te n t w ith  m ore re c e n t  experim en ts  
in  s e v e ra l d if fe re n t p re p a ra t io n s  and  re f le c ts  im proved fre q u e n c y  
re so lu tio n . Table 6.2 sum m arises th e  r e s u l ts  from  se v e ra l g ro u p s  in  
w hich GABA sp e c tra  w ere d e sc rib ed  by  th e  sum of two L oren tz ian s. I t  

can be seen  from  Table 6.2 th a t  th e  two time c o n s ta n ts  d e riv ed  from 
a n a ly s is  of GABA noise a re  fa ir ly  c o n s is te n t fo r  a  ra n g e  of p re p a ra t io n s ,
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in c lu d in g  c ra y fish  m uscle (Dudel e t. a i., 1980) mammalian sy m p ath e tic  
n e u ro n es  an d  bovine chrom affin  cells  (C ull-C andy & M athie, 1986; 
C ull-C andy, M athie & Newland, 1987; C ull-C andy, M athie & Powis, 1988), 
bovine la c to tro p h s  (In en ag ah  & Mason, 1987) an d  mammalian c e n tra l  
n e u ro n e s  (C ull-C andy & O gden, 1985; C ull-C andy &. Usowicz, 1989a). The 
fa s t  time c o n s ta n ts  a re  in  th e  ra n g e  l-5 m s, and  th e  slow tim e c o n s ta n ts  
in  th e  ra n g e  10-53ms. The tim e c o n s ta n ts  of GABA noise in  r a t  
sy m pathetic  n e u ro n e s , de term ined  in  th e  p re s e n t  s tu d y , fa ll w ith in  th e se  

ra n g e s , be ing  2.3 4 1.4ms and 43 4 17ms (mean S.D.; n=7; -60mV). As 
d e ta iled  in  Table 6.2, n eu ro n es , in  ad d itio n  to  th o se  of r a t  sy m pathetic  
gang lia , ex h ib it a  wide ra n g e  of v a lu es  fo r  th e  f a s t  and  slow time 
c o n s ta n ts  estim ated  from  noise. I t  seem s reaso n ab le  th a t  th e  s in g le  
L oren tz ian  time c o n s ta n ts  from  e a r ly  s tu d ie s  re f le c t  e ith e r  th e  dom inant 
com ponent in  th e  noise, o r  y ield  a  va lue  in te rm ed ia te  be tw een  s h o r t  and  

long b u r s ts .  In  th is  re g a rd  In en ag ah  & Mason (1987) re p o r te d  th a t  (fo r 
a n te r io r  p i tu i ta ry  cells) some of th e  noise s p e c tra  w ere d e sc rib e d  by  th e  
sum of two L o ren tz ian s  w ith  time c o n s ta n ts  of 5 and  35ms, w h ereas  fo r 
o th e r  s p e c tra , a  s in g le  L o ren tz ian  w ith  a  time c o n s ta n t of 26ms p ro v id ed  
an  a d eq u a te  f it. The o b se rv ed  v a ria b ility  in  time c o n s ta n ts  d e riv ed  from 
noise may re f le c t th e  p re se n c e  of more th a n  on ty p e  o f GABAa 
re c e p to r -c h a n n e l, and  th is  p o ss ib ility  is  d isc u sse d  e lsew h ere  (C hap ter 
4). F u rth e rm o re , from  a n a ly s is  of s in g le -ch a n n e l c u r r e n ts  (see  below) i t  
is  c lea r th a t  th e  two com ponents w hich could  be re so lv ed  in  th e  s p e c tra  
w ere n o t enough  to  d e sc rib e  th e  num ber o f open  an d  closed  s ta te s  
o b se rv ed .

6.1.3 C h a ra c te ris tic s  o f GABA^ channels from th e  d eca y  o f  in h ib ito ry  
p o s t syn a p tic  c u rre n ts , i .p .s .c .s

F or sev e ra l a g o n is t-a c tiv a te d  ch an n e ls , th e  decay  of e x c ita to ry  o r 
in h ib ito ry  p o s t sy n ap tic  c u r r e n ts  (e .p .s .c . o r  i.p .s .c . re sp ec tiv e ly )  a re  
d e sc rib e d  by  a s in g le  exponen tia l w hose time c o n s ta n t re f le c ts  th e  mean 
open  time o r th e  b u r s t  le n g th  of th e  u n d e rly in g  s in g le  ch an n e ls . A good 
example of th is  is  p ro v id ed  b y  th e  m uscle n ico tin ic  ace ty lcho line  
re c e p to r .

The d ecay  of GABAergic i .p .s .c .s  in  a  ra n g e  of p re p a ra t io n s  have  

b een  f i t te d  w ith s ing le  exp o n en tia ls , o r  w ith th e  sum of two exponen tia ls  

(see Table 6.3 fo r  re fe re n c e s ) . Table 6.3 l is ts  th e  time c o n s ta n ts  of 
s in g le -  an d  b i-ex p o n en tia l d ecay s  of GABAergic i .p .s .c .s  fo r a  num ber of 
cell ty p e s . As w ith  th e  time c o n s ta n ts  d e riv ed  from  noise a n a ly s is , th e re  
a re  a wide ra n g e  of v a lu es  of th e  decay  time c o n s ta n ts  fo r  GABAergic
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i.p .s .c .s , ra n g in g  from  3.5 to  60ms fo r s in g le  exponen tia l f i ts .  I t  is  
th e re fo re  d iff icu lt to  a s s e s s  w h e th e r th e  time c o n s ta n ts  of th e  i.p .s .c . 
decay s  a re  id en tica l w ith th e  time c o n s ta n ts  de term ined  from  GABA noise. 
However in  cases  w here  time c o n s ta n ts  fo r i.p .s .c . decay  ra te  and  fo r 
GABA c u r re n t  noise have b een  m easured  in  th e  same p re p a ra tio n , th e re  
is  u su ally  reaso n ab le  ag reem en t be tw een  th e se  two estim ates  (Dudel e t. 
al., 1980; F ab er & Korn, 1980; C ull-C andy, 1986). This s u g g e s ts  th a t  in  
th e se  p re p a ra tio n s  a t  le a s t, th e  d ecay  ra te  of GABAergic i.p .s.c.*s is 

go v ern ed  by  th e  c lo su re  of ch an n e ls  w hich a re  a c tiv a te d  on ly  once, and  
no t by  th e  rem oval of GABA from  th e  sy n ap se .

6.1.4 C h aracteristics  o f  GABAa channels from sin g le  channel cu rren ts:  
sh u t tim es, open tim es, and b u rs t le n g th s

I t  is  only  re c e n tly  th a t  i t  h a s  become p o ssib le  to  an a ly se  GABA* 

sin g le  ch an n e l c u r r e n ts  in  de ta il, a s  a  re s u l t  o f th e  developm ent of 
p a tch -clam p te ch n iq u es  to  o b ta in  low noise re c o rd in g s  from  c u ltu re d  (or 
d issoc ia ted ) v e r te b ra te  n e u ro n es , o r of X enopus  oo cy tes  w hich have 

been  in jec ted  w ith  mRNA fo r GABAa re c e p to r -c h a n n e ls . D is trib u tio n s  of 
open tim es and  o f b u r s t  le n g th s , m easured  d ire c tly  from  sin g le  ch an n e l 
c u r r e n t  re c o rd s  from  v a rio u s  p re p a ra tio n s , h ave  b een  f i t te d  w ith  one, o r 
th e  sum of sev e ra l, exponen tia l d ecays. Table 6.4 l is ts  th e  time c o n s ta n ts  
of th e se  exponen tia l d ecays, and  in d ica te s  th e  co n d u ctan ce  s ta te  
an aly sed  (when sp ec ified ), th e  f il te r  f re q u e n c y , an d  th e  re so lu tio n  of 
th e  an a ly sed  d a ta . The o rig in a l e stim ates  o f th e  open  tim es of GABAa 
re c e p to r-c h a n n e ls  p ro b ab ly  r a th e r  re f le c t th e  b u r s t  le n g th , o r  th e  mean 
open time, fo r  sev e ra l re a so n s . F irs tly , th e  d a ta  w as heav ily  f il te re d , 

an d  a  low re so lu tio n  was im posed on th e  d a ta  (i.e. th e  dwell tim es in  th e  
open  o r s h u t s ta te s  had to  be of a  re la tiv e ly  long d u ra tio n  to  be 
inc luded  in  th e  a n a ly s is ) . F u rth e rm o re , no c o rrec tio n  fo r m issed e v e n ts  
was made (see C olquhoun & S igw orth , 1983), an d  th e  p re se n c e  of v a rio u s  
cond u ctan ce  am plitudes w as n o t c o n sid e red . As a  r e s u lt ,  b r ie f  open  an d  

s h u t  tim es w ere m issed and  estim ates  of th e  d u ra tio n  in  th e  v a rio u s  
open  and  s h u t s ta te s  w ere in a c c u ra te . From th e  most re c e n t s tu d ie s , 
w hich a re  of b e t te r  re so lu tio n , an d  c o n sid e r one co n d u c tan ce  lev e l a t  a  
time, it  a p p e a rs  th a t  GABAa re c e p to r  ch an n e ls  open  to  a t  le a s t th re e

open s ta te s  and  th re e  b u r s t  s ta te s . As g iven  in  Table 6.4, th e  mean

lifetim es of th e se  th re e  open  s ta te s  a p p e a r  to  be a s  follows; (1) le ss  
th a n  1ms, (2) betw een 2 and  5ms, an d  (3) a ro u n d  6 to  12ms, while th e  
a p p a re n t b u r s t  le n g th s  a re  approx im ately  1ms, 6ms, an d  30ms (M athers,
1985; M athers & Wang, 1988; MacDonald e t al., 1989a; Weiss & M agleby,
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1989), a i  le a s t fo r GABA* re c e p to r-c h a n n e ls  in  c u ltu re d  em bryonic ch ick  
and  v e r te b ra te  neu rones. In d eed  MacDonald e t. ai. (1989a) and  Weiss &, 
M agleby (1989) have bo th  p ro p o se d  models fo r  th e  b eh av io u r of GABA* 
re c e p to r  ch an n e ls  in  th e se  p re p a ra t io n s . In  ag reem en t, th e  p re s e n t  

s tu d y  show s th a t ,  fo r r a t  sy m p ath e tic  n e u ro n e s , th e  d is tr ib u tio n s  of 
b u r s t  le n g th s  a re  b e s t d e sc rib e d  b y  th e  sum of a t  le a s t th re e  

exponen tia ls  w hose time c o n s ta n ts  a re  w ith in  th e  ra n g e s  g iv en  above.
I t  should  be noted th a t  in  all o f th e se  s tu d ie s , on ly  c u r r e n ts  

evoked  by  low co n cen tra tio n s  of GABA w ere a n a ly se d , an d  no m ention 
was made of any  h e te ro g en e ity , in  te rm s of open  a n d /o r  s h u t  tim es 

(which would be d ifficu lt, if  n o t im possible, to  d e te c t in  low 
co n ce n tra tio n  experim ents). T his c o n tra s ts  w ith  th e  h e te ro g en e ity  of 
open  and  s h u t  tim es o b serv ed  in  r a t  s u p e r io r  ce rv ica l gang lion  n e u ro n e s  
in  th e  p re se n c e  of h igh  c o n ce n tra tio n s  o f GABA ( sec tio n  4). The 

d iffe ren c es  in  th e  open tim es an d  b u r s t  le n g th s  estim ated  fo r  GABA* 
re c e p to r-c h a n n e ls  from d if fe re n t p re p a ra t io n s  (see Table 6.4), may 
re f le c t th e  ex istence  of d if fe re n t re c e p to r  s u b ty p e s , a lth o u g h  d iffe ren c es  
in  an a ly tica l tech n iq u es  u n d o u b ted ly  a ffe c t th e se  estim ates.

6.1.5 C onductances estim a ted  from  GABA no ise  a n d  s in g le  channel 
c u r r e n ts

As d iscu ssed  in c h a p te r  4, GABAa re c e p to r -c h a n n e ls  in  sev e ra l 
ty p e s  of mammalian n eu ro n es, in c lu d in g  r a t  sy m p ath e tic  n e u ro n e s , open  
to  s e v e ra l conductance  levels, and  th e  co n d u ctan ce  s ta te  m ost f re q u e n tly  
occupied  is 27-31pS (in approx im ate ly  145mM sym m etrical ch lo rid e  
so lu tions). The o b serv a tio n  th a t  in  r a t  sy m p ath e tic  n e u ro n e s  th e  
co n d u ctan ce  estim ated  from noise a n a ly s is  is f a r  low er th a n  th is , be ing  

11.8 * 2.4pS (mean * S.D., n=7, -60mV), is  c o n s is te n t w ith  th e
o b se rv a tio n  th a t  th e se  ch an n e ls  open  to  co n d u ctan ce  levels  lower th a n  
th e  approx im ately  30pS level fo r a  la rg e  p ro p o rtio n  of th e  ch an n e l open  
time. Sim ilarly, th e  conductance  estim ated  from  noise in  r a t  and  mouse 
sp inal co rd  n eu ro n es  was on ly  4.5-24pS (M cBurney & B ark e r, 1978; 
B ark er, M cBurney & M acdonald, 1982), a lth o u g h  th e  main s ta te  
co n d u ctan ce  level m easured d ire c tly  from  s in g le  ch an n e l c u r r e n ts  in  
th e se  cells  was 27-30pS (Hamill, Borm ann & Sakm ann, 1983; M athers, 1985; 

Borm ann, Hamill & Sakm ann, 1987; M acdonald e t  a i., 1989a). This 
d iffe ren ce , how ever, may p a r tly  be explained  b y  d iffe ren c es  in  th e  ionic 
cond itions; th e  single ch an n e l re c o rd in g s  w ere  made in  sym m etrical 
ch lo rid e  so lu tions of approxim ately  145mM, b u t th e  noise re c o rd in g s  w ere 
made u s in g  m icroelectrodes co n ta in in g  3M KC1 (fo r v o ltag e  clam p),
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re su ltin g  in unknow n in tra c e llu la r  ch lo rid e  c o n ce n tra tio n s .
I t  h as g en e ra lly  been  found  fo r o th e r  a g o n is t g a ted  ion ch an n e ls  

th a t  th e  co n d u ctan ce  estim ated  from  noise is  low er th a n  th e  la rg e s t  
co n d u ctan ce  m easured  d ire c tly  from  sin g le  ch an n e l c u r r e n ts ,  w hen th e re  

is  a  h igh  fre q u e n c y  of o c cu rren c e  of low er co n d u ctan ce  levels. For 
example, in  r a t  c e n tra l  n eu ro n es , th e  ag o n is ts  q u isq u a la te  and  ka in ate  
a c tiv a te  two d if fe re n t re c e p to r -c h a n n e ls  (q u isq u a la te  an d  k a in a te  

re c e p to r-c h a n n e ls  re sp ec tiv e ly )  w hich open  to  a  50pS co n d u ctan ce  level 

fo r  only a  small p ro p o rtio n  of th e  channel open  time, th e  g re a te r  
p ro p o rtio n  of time be ing  s p e n t in  low er am plitude co n d u ctan ce  s ta te s  
(C ull-Candy & Usowicz, 1987; J a h r  &, S tev en s, 1987). As a  co n sequence  
th e  co nductance  am plitudes estim ated  from  k a in a te  o r  q u isq u a la te  noise 
in  th e  same cells  (or o th e r  ty p e s  of r a t  c e n tra l  n e u ro n e s), u n d e r  sim ilar 
ionic cond itions, a re  f a r  le ss  th a n  50pS (C ull-C andy, Howe & Ogden, 

1988). The co n d u ctan ce  am plitudes estim ated  from  noise can  be th e  same 
a s , o r only  s lig h tly  le ss  th a n , th e  co n d u c tan ces  m easured  d ire c tly  from 

sing le  ch an n e l c u r r e n ts  w hen th e  ch an n e ls  only  open  to  one co n d u ctan ce  
level. In c luded  in  th is  c a te g o ry  a re  lo cu st m uscle g lu tam ate  re c e p to rs  
(A nderson, C ull-C andy & Miledi, 1978; P a tlak , G ration & U sherw ood, 1979; 
C ull-C andy, Miledi & P a rk e r , 1981). However, ev en  fo r ch an n e ls  which 
o pen  to  one co n d u ctan ce  level, th e  co n d u ctan ce  estim ated  from  noise can  
be fa r  lesB th a n  th a t  m easured  d ire c tly  from s in g le -ch a n n e l c u r re n ts .  
This is th e  case  fo r ace ty lcho line  re c e p to rs  a t  th e  fro g  n eu ro m u scu la r 
ju n c tio n , w here  th e  co n d u ctan ce  estim ated  from  noise fo r  s e v e ra l 
ace ty lch o lin e -lik e  a g o n is ts  (Colquhoun e t  ai., 1975; D rey er e t ai., 1976) 
a re  fa r  lower th a n  th e  co n d u c tan ce  m easu red  d ire c tly  from  

s in g le -ch an n e l c u r r e n ts  (G ardner e t ai., 1984).

6.2 S e n s itiv ity  o f  GABA^ rec e p to r-ch a n n e ls  to  m em brane p o ten tia l
6.2.1 M acroscopic c u rre n t-v o lta g e  re la tio n sh ip

M acroscopic c u rre n t-v o lta g e  re la tio n sh ip s  show v a ry in g  d e g re e s  of 
o u tw ard  rec tifica tio n  (i.e. la rg e r  c u r r e n ts  a t  p o s itiv e , com pared w ith  th e  
eq u iv a len t n eg a tiv e  p o ten tia ls)  in  d if fe re n t cells. T hese inc lu d e  GABAa 
re c e p to rs  from lo cu st and  c ra y f ish  m uscle (O nodera k  T akeuch i, 1976; 

Dudel, 1977; C ull-C andy k  Miledi, 1981) mammalian n e u ro n e s  (Ashwood et. 

ai., 1987; Bormann e t. al., 1987; R obertson , 1989), f ro g  n e u ro n e s  (Akaike 
e t. ai., 1986), ch ick  n e u ro n e s  (Weiss e t. ai., 1988), tu r t le  p h o to re c ep to r 
cells  (Kaneko k  T ach ibana, 1986) and  mammalian g land  cells  (Kehl e t. ai., 
1987). In  th e  p re s e n t  s tu d y  th e  w hole-cell GABA c u r re n t-v o lta g e  re la tio n  
of r a t  sym pathetic  n eu ro n e s  w ere p ra c tica lly  lin ea r, o r  ex h ib ited  some
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o u tw ard  rec tific a tio n  ,over th e  v o ltag e  ra n g e  +50 to  -120mV. These 
c u rre n t-v o lta g e  p lo ts  w ere  c o n s tru c te d  b y  m easu rin g  th e  peak  am plitude 
of re sp o n se s  to  iono p h o re tic  p u lse s  o f GABA (so th e  e x ten t to  w hich 
th e y  r e p re s e n t  equ ilib rium  c u r re n t-v o lta g e  c u rv e s  is  u n c e rta in ) ; 
o u tw ard  rec tific a tio n  w as m ost p ro m in en t w ith  long  d u ra tio n  ionophore tic  
p u lse s  (w hen th e  am plitude a t th e  end  of th e  p u lse  was m easured). Yang 

& Zorum ski (1989) re p o r te d  th a t  th e  w hole-cell (m acroscopic) GABA 
c u rre n t-v o lta g e  re la tio n  fo r  ch ick  sp in a l n e u ro n es  w as lin ea r, a s  also  

a p p e a rs  to  be th e  case  fo r  A plysia  n eu ro n e s  (Ikem oto e t. aJ., 1988) and  
r a t  c e re b ra l  a s tro c y te s  (Bormann & K ettenm ann, 1988).

D ifferences in  experim en tal co n d itio n s  o r  in  th e  v o ltag e -d ep en d en ce  
of th e  b u r s t  le n g th  of GABAa ch an n e ls  may help  to  explain  th e  a p p a re n t 
d isc rep a n c ie s  be tw een  re s e a rc h  g ro u p s . F or exam ple, Dudel (1977) 
concluded  th a t  th e  o u tw ard  re c tif ic a tio n  th a t  he o b se rv ed  w hen 

m easu ring  th e  peak  am plitude of GABA-mediated i.p .s .c .s  in c ra y fish  

m uscle (w ith K -ace ta te  filled m icroelectrodes) la rg e ly  re su lte d  from 
ch an g es  in  th e  in tra c e llu la r  ch lo rid e  c o n cen tra tio n . F u rth e rm o re , th e  
c o n s ta n t field  eq u a tio n , an d  se v e ra l e n e rg y  b a r r ie r  m odels fo r  ion 
perm eation  th ro u g h  m em brane ch an n e ls , p re d ic t  o u tw ard  rec tifica tio n  
w hen in tra c e llu la r  and  e x trace llu la r c o n ce n tra tio n s  of th e  pe rm eatin g  ion 
a re  u n eq u al. In d eed , Kehl e t. al. (1987) o b se rv e d  th a t  w hole-cell 
(m acroscopic) GABA c u rre n t-v o lta g e  re la tio n sh ip s  of r a t  p a r s  in term edia  
cells, a p p e a r  lin ea r in  sym m etrical ch lo ride  so lu tio n s , b u t  ou tw ard ly  
re c tify in g  w hen th e  in tra c e llu la r  ch lo ride  c o n cen tra tio n  is  lower th a n  th e  

e x tra ce llu la r  ch lo rid e  co n cen tra tio n . The u se  of non-sym m etrica l ch lo ride  
so lu tions by o th e r  g ro u p s  may also  c o n tr ib u te  to  some of th e  a p p a re n t 
re c tific a tio n  (see O nodera & T akeuchi, 1976; Dudel, 1977; C ull-C andy & 
Miledi, 1981; Ashwood e t. a i., 1987; Ikem oto e t. al., 1988). D iscrepancies 

re su lt in g  from  re c o rd in g  m ethods a re  exem plified by  th e  r e s u l ts  of 
Bormann e t. al. (1987) and  R obertson  (1989). Both g ro u p s  p ro d u ced  
c u r re n t-v o lta g e  p lo ts  by  ap p ly in g  vo ltage  s te p s  d u r in g  s te a d y -s ta te  
GABA c u r r e n t  re sp o n se s  in  sym m etrical ch lo rid e  so lu tio n s  (u s in g  

c u ltu re d  mammalian n e u ro n es). I t  was found  th a t  th e  c u r re n t-v o lta g e  

re la tio n sh ip s  w ere lin ea r w hen th e  in s ta n ta n e o u s  c u r r e n t  following a 

vo ltag e  s te p  was m easu red , b u t th a t  th e  re la tio n sh ip s  w ere  o u tw ard ly  
re c tify in g  if th e  s te a d y -s ta te  c u r r e n ts  w ere m easured . F u r th e r  
c o n sid e ra tio n s  inc lu d e  th e  p o ssib ility  th a t  GABA a c tiv a te s  a  channel 
o th e r  th a n  th e  GABAa ch lo rid e  ch an n e l, o r re g u la te s  a  v o lta g e -d e p e n d e n t 
ch an n e l, v ia  GABAb re c e p to rs . In  th is  re g a rd , a c tiv a tio n  of GABAg 
re c e p to rs  in  c u ltu re d  r a t ,  m ouse, and  ch ick  d o rsa l ro o t gang lion  (D.R.G.)
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n eu ro n es  in h ib its  v o ltag e -ac tiv a ted  calcium  c h a n n e ls t v ia  ac tiv a tio n  of 
m em brane bound GTP b in d in g  p ro te in s  (Dunlap & F isch b ach , 1981; Deisz 

& Lux, 1985; Dolphin e t. al., 1986; Holz e t. al., 1986). In  c o n tra s t ,  

a c tiv a tio n  of GABAb re c e p to rs  in  r a t  and  g u in e a -p ig  hippocam pal ce lls , 

r e s u lts  in  th e  open ing  of potassium  ch an n e ls  (N ew berry  & Nicoll, 1984; 
Gahwiler & Brown, 1985; Inoue e t. al., 1985; A ndrade  e t. al., 1986). 
F u rth e rm o re , b ind ing  s tu d ie s  s u g g e s t th e  p re se n c e  of GABAb re c e p to rs  
in  r a t  su p e rio r  c e rv ica l gang lion  n e u ro n e s  (Balcar e t  al., 1986). However, 
little  co n trib u tio n  to  th e  GABA c u rre n t-v o lta g e  re la tio n  from  calcium  o r 
potassium  co n d uctances would be expec ted  in  w hole-cell p a tch -c lam p  
re c o rd in g s  in which th e  p a tc h  e lec tro d e  co n ta in ed  caesium  in  p lace of 
po tassium , a  h igh  level of calcium  b u ffe r  (e .g . lOmM EGTA), an d  none of 
th e  in trac e llu la r  fa c to rs  th o u g h t to  be n e c e ssa ry  to  m aintain  calcium 
ch an n e l a c tiv ity , su ch  a s  ATP( B yerly  & Y azejian, 1986; Chad & E ck ert, 

1986; Belles e t al., 1988).
F u r th e r  in s ig h t in to  th e  p o ssib le  vo ltage  s e n s itiv ity  o f GABA* 

re c e p to r-c h a n n e ls  has been  g a ined  from  a n a ly s is  of GABA c u r r e n t  noise, 
s ing le  channel c u r re n ts ,  an d  GABAergic in h ib ito ry  p o s t sy n ap tic  
c u r r e n ts  (i.p .s .c .’s).

6.2.2 S in g le -ch a n n el c u rre n t-v o lta g e  re la tio n sh ip
S in g le-channel c u r r e n t  re c o rd in g  te ch n iq u es  (Hamill, M arty , N eher, 

Sakm ann & Sigw orth , 1981) allow th e  e x tra ce llu la r  and  in tra c e llu la r  ionic 
com positions to  be con tro lled . The p re s e n t  s tu d y  h as show n th a t ,  in  r a t

p
syn^athetic neu ro n es, th e  s in g le -ch a n n e l c u r re n t-v o lta g e  re la tio n  (of a 
p a r t ic u la r  conductance  s ta te ) w as lin ea r o v e r th e  vo ltag e  ra n g e  0 to 

-120mV, w ith  approxim ately sym m etrical ch lo rid e  c o n ce n tra tio n s . L inear 
s in g le -ch an n e l c u rre n t-v o lta g e  (in sym m etrical ch lo rid e  so lu tions) have 
p rev io u s ly  been  o b serv ed  fo r  ch ick  c e re b ra l  n e u ro n e s , mouse sp in a l 
n e u ro n e s  and  bovine chrom affin  cells  (Hamill e t. ai., 1983; C o ttre ll e t. ai., 
1985; Bormann et. ai., 1987; Weiss e t. ai., 1988). As p re d ic te d  by  v a rio u s  

models of ion perm eation  th ro u g h  ch an n e ls , s in g le -ch a n n e l 
c u rre n t-v o lta g e  re la tio n sh ip s  a re  o u tw ard ly  re c tify in g  in  
non-sym m etrical ch lo ride  so lu tions (Hamill e t. ai., 1983; Bormann e t. ai., 
1987) .This would s u g g e s t th a t ,  in  th e se  p re p a ra t io n s  a t  le a s t, any  
a p p a re n t  rec tifica tion  of w hole-cell re c o rd s  (in sym m etrical ch lo ride) 

does not re s u lt  from v o lta g e -se n s itiv ity  of th e  s in g le -ch a n n e l 
co n d u ctan ce , a lthough  a Bhift in  th e  re la tiv e  f re q u e n c y  of o c c u rre n c e  of 
th e  v a rio u s  conductance  lev e ls  c an n o t be excluded . In  a  d if fe re n t 
p re p a ra tio n  how ever (adu lt g u in e a -p ig  hippocam pal n eu ro n es) th e

144



co n d u ctan ce  of th e  GABAa re c e p to r  ch an n e ls  a p p e a rs  to  be 
v o lta g e -se n s itiv e , s ince th e  s in g le  ch an n e l c u r re n t-v o lta g e  p lo t (in 

sym m etrical ch loride) showed o u tw ard  rec tific a tio n  (G ray & Jo h n sto n , 
1985).

6.2.3 Voltage dependence  o f  GABAa k in e tic s ;  no ise , i .p .s .c ., 
s in g le -ch a n n e l

Table 6.5 sum m arizes th e  e ffe c t of m em brane p o ten tia l on th e  time 

c o n s ta n t(s )  estim ated  from GABA noise (Tn o i s e )  o r  th e  decay  of
GABAergic i .p .s .c .’s (Ttp Sc)» in a  v a r ie ty  of p re p a ra tio n s . The tab le
in d ic a te s  th e  vo ltage ra n g e  co n sid e red  and  th e  d ep o lariza tio n  re q u ire d  

to  p ro d u ce  an  e -fo ld  change  in  r  (w here g iv en ). For th e  m ajo rity  of
c ase s , h y p e r  po larization  d e c rea se s  t , h en ce , th e  d u ra tio n  of th e

r
o p en in g s  o r bijjbts u n d e rly in g  th e  re sp o n se  become b r ie fe r  w ith  

h y p e r  p o la riza tion . This is  c o n s is te n t w ith  th e  o b se rv ed  o u tw ard  
re c tific a tio n  of w hole-cell equ ilib rium  GABA c u r re n ts .  T hus, in  c ra y fish  
an d  lo cu st, depolarization  p ro lo n g s th e  GABAergic i.p .s .c . (Dudel, 1977; 
Adams e t. al., 1981a) and  p ro longs Tno1se (Dudel e t. ai., 1980; C ull-C andy 
& Miledi, 1981), w ith an  e -fo ld  ch an g e  re q u ir in g  approx im ately  200mV 
depo lariza tion  (Adams et. al., 1981a; C ull-C andy & Miledi, 1981). A sim ilar

v o ltag e  s e n s itiv ity  has been  o b se rv ed  fo r Tip s c , r n o l8 e , and  th e  decay
of v o ltag e -ju m p  re laxations (Tjuinp), re c o rd ed  from  mammalian n eu ro n es  
(C ollingridge e t. al., 1984; Segal & B ark er, 1984; R obertson , 1989). In  th e  
p re s e n t  s tu d y  th e  slow er time c o n s ta n t from  th e  no ise  w as a lso
p ro lo n g ed  by  depo lariza tion  (w ithin a  g iv en  cell). However, th e  two
Tnoise v a r i e d  somewhat from  cell to  cell, m aking i t  u n rea so n ab le  to  pool 
r e s u l ts  a t  a  g iven  po ten tia l.

In  c o n tra s t  M cBurney & B ark e r (1978) an d  B ark e r e t. al. (1982) 

o b se rv e d  little  v o ltag e -d ep en d en ce  o f Tn o i a e  *n c u ltu re d  sp in a l 
n e u ro n es . I t  is  u n c lea r w h e th er th e se  d isc rep a n c ie s  re f le c t re a l
d iffe ren c es  in  th e  GABAa re c e p to r -c h a n n e ls  in  th e se  p re p a ra t io n s , o r 
ju s t  d iffe ren c es  in  experim ental te c h n iq u e s . The la rg e  v a ria b ility  in  th e  
v a lu es  of Tnoise  from cell to  cell fo r  a n y  one p re p a ra t io n  may have 

o b scu red  th e  de tec tion  of small ch an g es  in  Tnoj ae w ith  po ten tia l,
e sp ec ia lly  if on ly  a r a th e r  narrow  vo ltag e  ra n g e  w as co n sid e red .

The lack of vo ltage d ep en d en ce  o f th e  open  tim es m easured  
d ire c tly  from  sing le  channel c u r r e n ts  in  c u ltu re d  ch ick  c e re b ra l  
n e u ro n e s  (Weiss, 1989) is d ifficu lt to  reconcile  w ith th e  g e n e ra l fin d in g  
of a  p ro lo n g a tio n  of Tnoise  and  Tipsc  w ith  dep o lariza tio n . A possib le  

exp lanation  is  th a t  th e  b u r s t  le n g th , b u t n o t th e  open  time is  p ro longed
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by depo lariza tion  (say by  in c re a s in g  th e  num ber of o p en in g s  p e r  b u rs t)  
s ince Tno1ae and  Tipsc p ro b ab ly  re f le c t b u r s t  le n g th  r a th e r  th a n  th e  

d u ra tio n  of ind iv idua l o p en in g s. This would be c o n s is te n t w ith  th e  
o b se rv a tio n  th a t, in  c u ltu re d  ch ick  c e re b ra l  n e u ro n e s , dep o lariza tio n  
in c reased  th e  p ro b ab ility  of fin d in g  th e  ch an n e l in  an  open  s ta te , w here  
an  e-fo ld  change  is p roduced  by  a n  approx im ately  lOOmV dep o lariza tio n  

(Weiss, 1989).
In  conclusion, vo ltage  a p p e a rs  to  a l te r  th e  k in e tic s  r a th e r  th a n  

th e  conductance  of GABAa ch an n e ls  in  a  wide sp ec tru m  of cell ty p e s , 
su ch  th a t  th e  time sp e n t in  th e  open  s ta te  is  in c re ase d  by 
depolarization .
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