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Summary. Chloride-36 exchange into three different membrane 
vesicle preparations from rat brain homogenate was followed. 
The different preparations all contained the same sealed vesicu- 
lar components characterized by their rates of chloride ex- 
change. The GABA-mediated 36C1 exchange in all the prepara- 
tions occurred in two phases shown to be mediated by two 
distinguishable receptors present in the activity ratio of 5 : 1 as 
previously described (Cash, D.J., Subbarao, K. 1987. B i o c h e m -  
is try  26:7556, 7562). Reported differences do not result from dif- 
ferences in the membrane preparations used or from the use of a 
GABA-mimetic instead of GABA, but from experimental differ- 
ences. The preparations compared were made with mild or vigor- 
ous homogenization and with different extents of purification 
from solutes or membrane components: (i) a synaptoneurosome 
preparation, (ii) a Ficoll gradient preparation, and (iii) a washed 
P2 preparation. In each preparation the same four populations of 
membrane vesicles were characterized by their 36C1- influx rates: 
(i) a major population (40-50%) (tl/2 - 1.4 rain), (ii) a slower 
exchanging major population (40-55%) (t~/, = 24 rain), (iii) a 
minor population (5-12%) containing active GAB A receptor and 
having the GABA-independent permeability of the slower ex- 
changing population, and (iv) a very small exchange (-2%) (tl/2 
0.2 see). The GABA-independent 36C1 exchange processes were 
kinetically first order. The relative quantities of the different 
vesicle populations varied slightly with the preparation and puri- 
fication technique. The identity of these components, observed 
in the different preparations, was attributed to the vesicle forma- 
tion being dependent on the morphology and properties of the 
membrane rather than the preparation method. The soluble brain 
extract was GABA-mimetic with the two observed receptors, 
causing channel opening and desensitization. But little washing 
of the membrane was required to observe the function of both 
receptors. Muscimol was GABA-mimetic with both receptors. 
With muscimol, channel opening occurred at 2.6-fold lower con- 
centrations while desensitization was unaltered relative to 
GABA. This is additional evidence that these responses are me- 
diated by different pairs of binding sites. The dependence of 
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desensitization rate on muscimol concentration indicated that 
there are two binding sites mediating desensitization, as de- 
scribed with GABA. 
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tor. chloride exchange, muscimol �9 rat brain 

Introduction 

Transmembrane chloride exchange, dependent on 
GABA receptor agonists and effectors, has been 
observed with preparations from brain homogenate 
containing sealed vesicles (S~inchez, Toledo & Gon- 
zfilez, 1984; Schwartz, Skolnick & Hollingsworth, 
1984; Allan et al., 1985; Subbarao & Cash, 1985). 
These observations provided an opportunity for the 
study of the responses of the GABA receptor by 
direct measurement of 36C1- translocation in mem- 
brane preparations, which can be mixed rapidly 
with solutions of known and controlled composi- 
tion. Measurements of the function of the GABA 
receptor could be made, which are complementary 
to the information from electrophysiological tech- 
niques (for reviews see Krnjevik, 1981; Enna & 
Gailagher, 1983) and measurements of high affinity 
ligand binding (for reviews see Olsen, 1982a,b; 
Snodgrass, 1983; DeFeudis, 1984a,b; Johnston, 
Allan & Skerritt, 1984). The whole progress of the 
36C!- exchange could be followed by making mea- 
surements in short times. Rate constants of 36Cl- 

exchange and receptor desensitization, which to- 
gether control the extent of 36C1- exchange, could 
be determined (Cash & Subbarao, 1987a-d). 

These measurements of efflux (Schwartz et al., 
1984; Schwartz et al., 1985) or of influx (S~inchez et 
al., 1984; Allan et al., 1985; Harris & Allan, 1985; 
Subbarao & Cash, 1985) of 36C1- radiotracer were 
made with membrane preparations prepared in dif- 
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ferent ways. Some differences in results were ap- 
parent. For example, a "Synaptoneurosome" prep- 
aration exhibited chloride exchange stimulated by 
pentobarbital (Schwartz et al., 1984; Schwartz, et 
al., 1985), which was not appreciable with other 
preparations (Allan & Harris, 1986b; Cash & Sub- 
barao, 1988). This was also observed in influx mea- 
surements (Schwartz, Suzdak & Paul, 1986b) and 
was thought to indicate the presence of some en- 
dogenous GABA (Schwartz et al., 1984, 1985, 
1986a,b) rather than a property of the membrane 
itself. 

Desensitization of the receptor was followed by 
measuring the decrease in GABA-mediated influx 
of 36C1-, due to prior incubation of the membrane 
with neurotransmitter (Subbarao & Cash, 1985) us- 
ing a preparation homogenized in sucrose solution, 
purified on a Ficoll gradient, and washed and resus- 
pended in a solution containing glucose. In these 
experiments, two phases of desensitization were 
seen with rates increasing with GABA concentra- 
tion. A slower phase with a half time of -600 msec 
at saturation with GABA was preceded by a fast 
phase with a half time of - 40  msec at saturation. 
Subsequently, a similar experiment was made with 
the "Synaptoneurosome" preparation and musci- 
mol (Schwartz et al., 1986a,b). In that experiment, 
desensitization was seen in several seconds without 
the initial fast phase. Although GABA-mediated 
36C1- influx progressed in two phases with the 
former preparation (Subbarao & Cash, 1985; Cash 
& Subbarao, 1987a-d), no initial rapid phase was 
reported with muscimol or pentobarbital with the 
"Synaptoneurosome" preparation (Schwartz et al., 
1986a,b). 

The fundamental properties of individual recep- 
tors in native membrane should be independent of 
the experimental procedure. It was important to es- 
tablish which results are general properties of these 
membrane preparations and which are peculiar to 
particular experimental methods. Variations in pro- 
cedure might conceivably have caused differences 
in the observations. (i) Differences in the specific 
membrane vesicles or in the state of the receptor(s) 
might have been caused by the different preparation 
techniques. (ii) Differences in the solution composi- 
tion, including the presence of solutes extracted 
from the brain might have resulted from different 
preparation and washing procedures. (iii) Differ- 
ences in the 36C1- exchange might have resulted 
from differences in experimental design or tech- 
nique, or from the use of difference agonists. The 
suitability of different preparations has been 
the subject of discussion (Harris & Allan, 1985; 
Schwartz et al., 1985; Allan & Harris, 1986a; Harris 
& Allan, 1986; Paul et al., 1986). 

In this paper, we report an investigation of the 
effect of various experimental differences on the 
results observed, (i) differences in homogenization 
procedure, (ii) the presence of active substances in 
the brain extract, and (iii) the use of the GABA- 
mimetic, muscimol, instead of GABA. With three 
different membrane preparations, we compared the 
GABA receptor-mediated chloride exchange, as 
well as the unspecific (GABA-independent) chlo- 
ride exchange, which reflects the total vesicular vol- 
ume. (i) The "Synaptoneurosome" preparation 
(Hollingsworth et al., 1985), in which unbroken 
cells are removed by filtration after a mild homoge- 
nization, was considered suitable (Schwartz et al., 
1985; Paul et al., 1986) because of the demonstrated 
presence of sealed postsynaptic vesicles said to 
result from the gentle treatment. A similar "Micro- 
sac" vesicle preparation (Harris & Allan, 1985; Al- 
lan & Harris, 1986a,b), also derived from the same 
preparation (Daly et al., 1980) has been used. These 
preparations are both homogenized by hand in 
buffer solution without sucrose, but differ by the 
presence of the filtration step in the former. (ii) A 
"Ficoll gradient" preparation (Subbarao & Cash, 
1985; Cash & Subbarao, 1987c), purified after a vig- 
orous, short homogenization in sucrose solution fol- 
lowed by subsequent removal of heavy components 
by centrifugation, was shown to exhibit GABA- 
mediated chloride exchange in two phases, each 
described by first order processes of 36C1- exchange 
and desensitization (Cash & Subbarao, 1987a-d). 
(iii) A "Washed P2" preparation prepared as (ii) but 
not purified on a Ficoll gradient, exhibited the same 
properties of GABA-mediated chloride exchange as 
(ii) (Cash & Subbarao, 1987a-d). 

We found that these different preparations con- 
tained the same vesicular components. Two major 
components of approximately equal volume un- 
dergo GABA-independent chloride exchange. A 
small fraction of the internal volume undergoes 
GABA receptor-mediated chloride exchange. This 
occurs in two phases, due to two distinguishable 
receptors with muscimol as well as GABA. 

Materials 'and Methods 

WASHED P2 FRACTION 

Male Sprague-Dawley rats, four to seven weeks old, were killed 
by decapitation with a guillotine. The cerebral cortex, quickly 
removed, was rinsed with cold saline, cut into 1-mm slices and 
suspended in 30 ml of solution A (0.32 N sucrose, 10 mM N-(2- 
hydroxyethyl) piperazine-N'-2-ethanesulfonic acid (HEPES), 
pH 7.5, containing the protease inhibitors, leupeptin (5 txg/ml), 
antipain (5 /xg/mt), pepstatin A (5 /xg/ml), aprotinin (10 p,l/ml) 
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(Sigma Chemical) phenyl methyl sulfonyl fluoride (1 mM) and the 
antioxidant, butylated hydroxytoluene (20 /xM). All solutions 
were at 0-4~ and the manipulations were performed on ice. The 
mixture was homogenized with spinning double-sided knives us- 
ing a Virtis 45 homogenizer (setting 30, 5 sec). To this homoge- 
hate, 30 ml of solution B (145 mM NaC1, 5 mM KCI, I m g  MgCI2, 
t mg  CaCI2, 10 m g  glucose, 10 mM HEPES, pH 7.5), was added 
with gentle stirring. The mixture was centrifuged for 4 rain, 270 
x g. The supernatant (Si) was centrifuged for 30 min, 23,640 x g. 
The supernatant ($2) was used as the cerebral cortex extract in 
some experiments (see Fig. 2). In this case, the volumes of solu- 
tions A and B used prior to this step were halved (to t5 ml). The 
pellet (P2) was resuspended in 10 ml of solution B using a glass- 
Teflon homogenizer by hand (eight strokes), diluted to 30 ml with 
solution B and centrifuged for 30 min, 23,640 • g. The pellet 
(washed P2) was resuspended in 10 ml of solution B and diluted 
to 750/~g protein/ml. Protein concentration was assayed by the 
bicinchoninic acid method (Smith et al., 1985). 

FICOLL GRADIENT PREPARATION 

The resuspended P2 fraction was layered onto a 4-12% FicolI 
gradient (20 ml) in solution A and centrifuged 1 hr, 110,000 • g. 
The middle band (8-10% Ficoll) was diluted with twice the vol- 
ume of solution B with gentle stirring, allowed to stand for 20 rain 
and centrifuged for 30 rain, 35,000 • g. The pellets were resus- 
pended in 8 ml of solution B and made up to 750/xg protein/ml. 

was immediately passed through a Whatman GF/C filter disc. 
The filter was washed three times with 10 ml buffer at 0~ dried 
at 100~ and counted with toluene-based scintiI}ation fluid. 

G A B A -  OR MUSCIMOL-MEDIATED 

CHLORIDE EXCHANGE 

The 36C1- influx was measured at 30~ pH 7.5 using the quench 
flow apparatus as described previously (Cash & Subbarao, 
1987b). The membrane (225/xl) was mixed with solution contain- 
ing ~CI (15 /zCi/ml) in the absence or presence of GABA or 
muscimol (225/xl) and the specific influx was terminated by mix- 
ing with a solution containing 3 mM bicuculline methiodide (225 
/xl). Each time point is derived by subtracting the mean of tripli- 
cate background determinations from the mean of triplicate mea- 
surements in the presence of agonist. The background measure- 
ment was unaffected by the presence of bicuculline methiodide 
(1 raM) showing that the concentration of free endogenous 
GABA in solution did not significantly affect the measurements. 
When bicuculline methiodide (1 raM) was present with the 
GABA (I raM), the measurement was equat to the background 
indicating that all the GABA-specific chloride exchange was due 
to the GABAA receptor. 

G A B A -  OR MUSCIMOL-MEDIATED 

RECEPTOR DESENSITIZATION 

SYNAPTONEUROSOME PREPARATION 

(HOLLINGSWORTH ET AL.,  1985) 

The sliced cerebral cortex (see above) in 7 ml of solution C (118 
mm NaCI, 4.7 mM KCI, 1.18 mM MgSO4, 2.5 mM CaCI2, 10 mM 
HEPES, pH 7.4) containing the protease inhibitors and antioxi- 
dant present in solution B (see above) was homogenized using a 
glass-Teflon homogenizer by hand (seven strokes). The suspen- 
sion was diluted with 30 ml of solution C and passed twice 
through three layers of 100 /xm Nylon mesh. The filtrate was 
passed through a 10-/xm Millipore filter (LCWP 047) and centri- 
fuged for 15 min, 1100 x g. The pellet was suspended in 10 mt of 
solution C using a glass-glass homogenizer by hand made up to 
30 ml with solution C and centrifuged for 15 min, 1100 • g. The 
pellet was resuspended in 8 ml of solution C and adjusted to a 
concentration of 750/xg protein/mh In various experiments de- 
scribed, this preparation was followed with solution B, or the 
wash of the membrane was omitted, or the protease inhibitors 
and antioxidant were omitted. These modifications did not cause 
significant differences in the chloride exchange observations. 

UNSPECIFIC ( G A B A - I N D E P E N D E N T )  

CHLORIDE EXCHANGE 

The membrane preparation was kept on ice. A sample (225 /*l) 
was withdrawn and incubated in a test tube at 30~ for 3 rain in a 
water bath. The isotope influx was initiated by the addition of 
36C1- (225 /zl) (7.5 p.Ci/ml) in the buffer solution to the briskly 
vortexed membrane suspension. Incubation at 30~ was contin- 
ued. In some cases, GABA (2 raM) was added in the 36C1 solu- 
tion to determine the GABA-specific 36C1- influx. At the end of 
the reaction time, a solution containing bicuculline methiodide (3 
mM) was added to the vortexed membrane suspension, which 

Desensitization was followed at 30~ pH 7.5, by measuring the 
decrease in the GABA- or muscimoI-mediated 3~C1- influx, due 
to preincubation with GABA or muscimol, using the quench flow 
apparatus as described previously (Aoshima, Cash & Hess, 
1981; Cash & Subbarao, 1987c). The equilibrium value (M~) was 
determined by omitting GABA from the first incubation and ex- 
tending the second (assay) incubation time to 4 sec. 

Results 

M e a s u r e m e n t s  o f  t h e  t r a n s m e m b r a n e  e q u i l i b r a t i o n  
o f  36C1- in t h e  t h r e e  m e m b r a n e  p r e p a r a t i o n s  a r e  

s u m m a r i z e d  in  F ig .  1 a n d  t h e  T a b l e .  F o r  all  t h e  

p r e p a r a t i o n s ,  t h e  G A B A - i n d e p e n d e n t  36C1- ex -  

c h a n g e  p r o g r e s s e d  in t w o  m a j o r  p h a s e s  w i t h  h a l f  

t i m e s  o f  tj/2 = 1.4 r a in  a n d  tv2 = 24 ra in .  T h e s e  t w o  

p h a s e s  c o r r e s p o n d  to  t r a n s m e m b r a n e  e q u i l i b r a t i o n  

o f  c h l o r i d e  i n t o  t w o  p o p u l a t i o n s  o f  v e s i c l e s  w i t h  

a p p r o x i m a t e l y  e q u a l  t o t a l  i n t e r n a l  v o l u m e .  In  e a c h  

c a s e ,  t h e  36C1 e x c h a n g e  w a s  k i n e t i c a l l y  f i rs t  o r d e r .  

T h e s e  t w o  m a j o r  p h a s e s  w e r e  p r e c e d e d  b y  a v e r y  

s m a l l ,  r a p i d  p h a s e  o f  36C1 u p t a k e  e q u i v a l e n t  to  

c i r c a  2 %  o f  t h e  t o t a l  i n t e r n a l  v o l u m e .  E q u a t i o n  (1) 

d e s c r i b e s  t h e  p r o g r e s s  o f  36C1 in f lux  i n t o  t w o  m a i n  

c o m p a r t m e n t s  f o l l o w i n g  a s m a l l ,  r a p i d  u p t a k e  o f  
36C1-, 

M~ = Ma + Mb (1 - exp - kbt) + M~. (1 - exp - kct) 

(1) 
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Fig. 1. Unspecific (GABA-independent) and GABA-mediated 
chloride exchange with the membrane preparations described in 
the Table. Influx of 36C1- at 30~ pH 7.5 measured as described 
in Materials and Methods. Measurements were made in the ab- 
sence (open symbols) and the presence (filled symbols) of 1000 
tzM GABA. The two major phases of unspecific influx with half 
times of 1.4 and 24 min are shown as well as the GABA-mediated 
influx. (a) The "Ficoll gradient" preparation i f ] J )  and the 
"Washed Pz" fraction (O,O) in solution B. The "Synaptoneuro- 
some" preparation in solution C (/k,A). The filter blank is sub- 
tracted. The lines are computed from Eq. (1) and the values 
given in the Table. (b) the "Synaptoneurosome" preparation in 
solution C measured with the quench flow machine. The counts 
include the assay background. The different symbols refer to 
different "Synaptoneurosome" preparations 

where M; is the fraction of the total unspecific 36C1- 
influx, which has occurred at time t, Mo, Mb and Mc. 
are the fractions of the total chloride exchange 
equilibrated in three phases and kb and kc are first 
order rate constants for chloride exchange in the 
two major phases. The value given for Ma (Table) 
includes counts occluded in the membrane on the 
filter. For the different preparations, the 36C1- equil- 
ibration in each phase proceeds with the same first 
order rate constant. The relative quantity of each 
phase varies slightly in the different preparations 
(Table). The "Washed P2" fraction contains some- 
what more of the faster exchanging fraction, but 
purification on the Ficoll gradient enriches the prep- 
aration in total internal volume (Table) and in- 
creases the proportion of the slower exchanging 
fraction to the same value as that in the "Synapto- 
neurosome" preparation (Fig. la). 

The GABA-mediated 36C1- influx (Fig. 1, filled 
symbols) was determined in the same experiments 
as the GABA-independent 36CI- exchange. On av- 
erage it was larger in the "Synaptoneurosome" 
preparation than in the P2 fraction and it was not 
significantly enriched by the Ficoll gradient purifi- 
cation (Table). The GABA-independent 36C1- influx 
into the volume, which undergoes GABA-mediated 
36C1- exchange, took place mainly in the period 5 
min to 1 hr (Fig. la). Thus, the GABA receptor- 
accessed internal volume consists of the slower ex- 
changing membrane fraction. Figure lb shows mea- 
surements of GABA-mediated 36C1- influx to the 
"Synaptoneurosome" preparation made with the 
quench flow machine. These results are similar to 
those made with the washed P2 preparation (Cash & 
Subbarao, 1987b). 

Previously, we reported that the chloride ex- 
change measured with the "Ficoll gradient" and the 
"Washed P2" preparations progressed in two 
phases described by Eq. (2) (Cash & Subbarao, 
1987 b,c) 

[Mt] 
[M~] = 1 - exp 

--[JA (_1 -- ex{ -- at) + j ~  (.1 - e x p  - /~0] 
(2) 

where Mt/M= is the fraction of equilibration of the 
GABA-specific 36C1- influx into the vesicles, JA and 
J9 are initial first order rate constants for chloride 
exchange in the two phases of 36C1- influx, and a 
and 13 are the first order rate constants for desensi- 
tization (depletion of JA and JB) of those phases, 
respectively. The progress of the GABA-mediated 
36C1- influx with the "Synaptoneurosome" prepara- 
tion was followed with different concentrations of 
GABA (Fig. 3). With this preparation also, the mea- 
surements could not be fitted by the equation for a 
single phase of chloride exchange (Eq. (2) where JA 
= 0), but the progress of ion exchange was de- 
scribed by Eq. (2). The 36C1- influx mediated by 
muscimol with the "Synaptoneurosome" prepara- 
tion also proceeded in two phases, following Eq. (2) 
as illustrated in Fig. 4. 

Desensitization of the receptor by GABA in the 
"Synaptoneurosome" preparation was followed by 
measuring the decrease in chloride exchange medi- 
ated by GABA, caused by preincubation of the mem- 
brane with GABA (Aoshima et al., 1981; Subbarao 
& Cash, 1985; Cash & Subbarao, 1987c). The loss of 
activity could not be fitted by the expression for a 
single phase of desensitization (Eq. (3) where A = 
0). The activity decreased in two phases (Fig. 5) 
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Table.  Properties of  the internal compar tments  undergoing chloride exchange  in membrane  preparat ions made from rat cerebral cortex 
by different methods  " 

Washed  P2 Ficoll gradient  Synap toneu rosome  

Total internal vo lume .  [Cll ]/[Clo ]b 

Specific (GABAR accessed)  internal vo lume .  [Clt-]/[Clo ]b 
Fraction of  chloride exchange  

(A) mediated by G A B A  
(B) in the rapid GABA- independen t  phase ,  ~ M,  
(C) in the second GABA- independen t  phase,  Mb 
(D) in the third GABA- independen t  phasefl  M~ 

Rate cons tan ts  for chloride exchange  
(A) in the second GABA- independen t  phase,  kb 
(B) in the third GABA-independen t  phase,  k~. 

3 .16/xl /mg protein 
0.21 /xl/mg protein 

4.01 /xl/mg protein 
0.21 /xl/mg protein 

2.68 bd/mg protein 
0 .29/xl /mg protein 

0.064 0.053 0.109 
0.12 0.08 0.06 
0.49 0.40 0.39 
0.39 0.52 0.55 

7.5 x 10 .3 sec -1 8.5 x 10 3 sec- i  9.0 x 10 3 sec- i  
5.5 • l0 -4 sec -1 4.5 • 10 -4 sec -1 4.5 • 10 .4 sec -~ 

~ The preparat ions were incubated with 3.75 btCi ~CI /ml with membrane  concentrat ions  of 375/xg protein/ml in solution B (250 txg 
protein/mt in solution C for the synap toneurosome  preparation) at 30 ~ pH 7.5. 
h Since the equilibration measured  is of  specific activity, the actual volume depends  on the ratio of  the concentra t ions  inside [CI~ ] and 
outside [Clo ] the vesicles.  

The value of M,, includes 36C1 occluded in the membrane  on the filter. 
d The value for M, includes the G A B A  receptor-specific internal volume given in (A). 
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Fig. 2. Chloride exchange  mediated by the cerebral  cortex extract  measured  with the " W a s h e d  P2" preparation.  The 36C1 influx 
progresses  in two phases  described by Eq. (2) (described in the text). The preparation used was a " W a s h e d  P2" fraction shown  not to 
contain a G A B A  concentra t ion  in solution which significantly affects chloride exchange  (Cash & Subbarao,  1987b,c). (The background 
36C1- influx, with no added GABA,  was not  decreased by the addition of  bicuculline or picrotoxin.) (a) The membrane  in solution B was 
mixed with 1 vo lume of  solution D (50% solution A, 50% solution B) or solution $2 containing 36C1- in the presence  or absence  of  
GABA,  and the progress  of  36C1- influx (7.5 txCi/ml) was measured  as described in Materials and Methods.  The lines were compu ted  
with Eq. (2) (see text  for definitions of  parameters)  with the values of  the parameters  as follows: (D) 40 b~M G A B A  in solution B, Ja = 
2.2 sec l, c~ = 3.5 sec ~, J8 = 0.44 sec < , /3  = 0.3 s e c < ;  ((3) 40/xM G A B A  in solution $2, JA = 3.5 sec 1, c~ = 5.0 sec ~, J~ = 0.7 sec ~,/3 
= 0.4 sec-I ;  (V) solution $2 (no added GABA),  Ja = 0.8 sec -~, c~ = 1.4 sec l, j~ = 0.16 sec i,/3 = 0.14 s e c t  Solution $2 is seen  to 
mediate chloride exchange.  (b) The membrane  in solution B was mixed with 1 volume of  solution D or solution $2. After  incubat ion for 
6 sec, 1 volume of  solution B containing 36C1 in the presence or absence of GABA was added and the progress  of  36C1 influx (5 b~Ci/ml) 
was measured.  Values of  the  parameters  were as follows: (�9 40 txM G A B A  after preincubation with solution D, Jm = 1.7 sec l, c~ = 3.5 
sec-1, j e  = 0.50 sec ~,/3 = 0.25 sec ~; ([~) 40 b~M GAB A after preincubation with solution $2, Ja = 0, J8 = 0.3 sec ~,/3 = 0.25 sec ~; (A) 
solution B (no added GABA)  after preincubat ion with solution $2, Ja = 0, J8 - 0.1 sec ~,/3 = 0.08 sec < .  The  chloride exchange  is seen  
to have  been desensi t ized relative to (a) by preincubation with solution $2. For  these exper iments ,  the vo lumes  of  solution used  in the 
preparation were halved (to give 30 ml $2 per cerebral cortex) 

following Eq. (3) (Cash & Subbarao, 1987c,d) 

- l n  l - ~  = A e x p - % t p  +Bexp-Bptp  (3) 

where the subscript p denotes the preincubation, tp 
is the preincubation time and % and /3p are first 
order rate constants for desensitization during the 

preincubation in the first and second phases, re- 
spectively. A and B are complex constants depend- 
ing on the assay (36C1- influx) incubation conditions 
(Cash & Subbarao, 1987c). The fast phase corre- 
sponded to the loss of 80% of the channel opening 
activity. Similar observations have been made with 
the "Washed P2" and "Ficoll gradient" prepara- 
tions (Cash & Subbarao, 1987c). 
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Fig. 3. Chloride exchange  mediated by G A B A  with the "Synap-  
t oneu rosome"  preparation.  The membrane  suspens ion  was 
mixed with 1 volume of solution C containing 36C1- in the pres- 
ence or absence  of G A B A  and the progress  of  36C1- influx was 
followed as described in Materials and Methods.  The lines are 
computed  with Eq. (2) with the values of  the parameters  as fol- 
lows: (O) 20/J.M GABA,  JA = 1.3 sec -t, c~ = 2.1 sec -~, JB = 0.18 
sec I , / 3 = 0 . 1 8 s e c  I ;(D) 1000/xMGABA, J A = 2 3 s e c  I , a = 1 8  
sec ~, JR = 2.6 sec 1,/3 = 1 sec 1. Two phases  of36C1 - influx can 
be seen. The fast phase  alone would give 47% (with 20 //.M 
GABA) or 72% (with 1000/xM GABA) of the equilibrated influx 
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Fig. 4. Chloride exchange  mediated by muscimol  with the "Syn-  
ap toneu rosome"  preparation in solution B, as described for 
GABA in Fig. 3. Values of  the parameters  were as follows: (O) 
20/xM muscimol ,  JA = 2.0 sec -t ,  c~ = 1.5 sec -t ,  J~ = 0.45 sec i,/3 
= 0.15 sec 1; ([~1) 100//,M muscimol ,  JA = 8.0 sec -t ,  c~ = 15 sec -~, 
Je = 2.0 sec -~,/3 = 0.7 sec ~. Two phases  of  36C1 influx can be 
seen. The fast phase  alone would give 73% (20/xM muscimol)  and 
44% (100/~M muscimol)  of  the equilibrated influx. M~ was deter- 
mined with 1000/xN G A B A  incubated for 4 sec. 

Desensitization of the GABA receptor in the 
"Synap toneurosome"  preparation during incuba- 
tion with muscimol was followed in the same way 
(Fig. 6a). As with GABA, the desensitization pro- 
ceeded in two phases. The ordinate intercept of the 
second phase of desensitization was independent of 
the muscimol concentration, showing that the sec- 
ond phase is due to a second, distinguishable recep- 
tor (Cash & Subbarao, 1987c). The value of this 
intercept indicated that 80% of the initial activity 
was lost in the first phase, the same fraction of ac- 
tivity as in the experiments with GABA. 

~-1 

- 2  .I " I 

preineubation time, tp (seconds) 

Fig. g. Desensi t izat ion of G A B A  receptor  in the "Synapto-  
n c u r o s o m e "  preparat ion by G A B A  in solution C. The 36C1- in- 
flux in the presence of 1000 /~M GABA for 400 msec was mea- 
sured following preincubation for time, tp with GABA as 
described in Materials and Methods. The value for M= (3213 
counts/10 min) was determined by incubation with 1000 /xM 
GABA for 4 sec. In the first order plot, the chloride exchange 
activity is seen to have decreased in a fast phase preceding the 
measurements. The ordinate intercept does not decrease with 
increasing [GABA] below saturation. The lines are calculated 
with Eq. (3) with the values of/30 given (assay conditions, J a  = 

15 sec ', c~ = 19 sec-', J~ = 3.7 sec-', /3 = 1.3 sec-'); (O) no 
GABA, (A) 40/xM GABA,/3p = 0.18 sec-~; (O) 100/xg GABA, 
/3p = 0.5 sec i; (El) 1000/xM GABA,/3p = 1.2 sec i 

The dependence on muscimol concentration of 
the rate of desensitization of the GABA receptor, 
measured with the synaptoneurosome preparation, 
is shown in Fig. 7. The steepness of the response 
curve requires the binding of muscimol at two sites 
on the receptor to cause desensitization, in agree- 
ment with the results with GABA (Cash & Subba- 
rao, 1987c). 

To investigate the effect of solutes in the brain 
extract on the chloride exchange process, the su- 
pernatant solution from the centrifugation after the 
Virtis homogenization was added back to the mem- 
brane in the quench flow machine. The soluble brain 
e x t r a c t - m e d i a t e d  36C1- influx in a manner equiva- 
lent to circa 20/.~M GABA in the reaction solution 
(Fig. 2a). When added with 40/J,M GABA, the brain 
extract caused only a small change in the progress 
of 36C1- influx as would be predicted (Fig. 2a). 
When the brain extract was added 6 sec before 40 
/.t,M GABA and the 36C1 tracer, the progress of the 
36C1- influx was retarded by an extent equivalent to 
desensitization by circa 20 ]J.M GABA in the reac- 
tion solution (Fig. 2b). The 36C1- influx due to the 
brain extract alone also was slowed by preincuba- 
tion for 6 sec with the extract (Fig. 2b). Because of 
this effect of the brain extract on densensitization 
and channel opening, the importance of  thorough 
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Fig. 6. Desensitization of the GABA receptor in the "Synaptoneurosome" preparation by muscimol in solution B. (a) The 36C1 influx 
in the presence of 1000/~M muscimol for 320 msec was measured following preincubation for time t v with muscimol as described in 
Materials and Methods. The lines are calculated with Eq. (3) using the values of the parameters given (assay conditions, JA = 15 sec-% 

= 20 sec-', JB = 3.6 sec-%/3 = 1.3 sec ~); (Q) no muscimol, (A) 20 ~M muscimol, % = 1 sec ~, Bp = 0.08 sec-~; (O) 40/~M muscimol, 
% = 4 sec-% /3p = 0.27 sec-~; (E/) 1000 tzM muscimo1, /3~ -- 1.3 sec L Inset: First order plot of the activity decrease. The initial fast 
phase corresponds to the loss of 80% of the activity. The ordinate intercept of the second phase is independent of muscimol 
concentration. (b) Computer simulation of an experiment with 50 ~M muscimol in both incubations. The lines correspond to assay 
(second incubation) times of 5 sec, 1 sec and 320 msec. The values used are, in the assay, dA = 5 sec-% ~ = 4 sec-% d~ = 1.3 sec-%/3 = 
0.27 sec ~ and in the preincubation, % = 4 sec-%/3, = 0.27 sec-L The fast phase is not seen with a long assay time in which the 36Cl- 
exchange is equilibrated in a time less than the assay time 

wash ing  o f  the  m e m b r a n e  on the  r ep roduc ib i l i t y  of  
the  m e a s u r e m e n t s  and  the  o b s e r v a t i o n  o f  two  
p h a s e s  was  i nves t i ga t ed .  The  p r o g r e s s  o f  the chlo-  
r ide  e x c h a n g e  as wel l  as the  de sens i t i z a t i o n  was  
fo l l owed  us ing  the  " S y n a p t o n e u r o s o m e "  p r e p a r a -  
t ion in wh ich  the m e m b r a n e  was  not  w a s h e d  be-  
t w e e n  the d e c a n t i n g  o f  the  h o m o g e n i z a t i o n  so lu t ion  
and  r e s u s p e n s i o n  o f  the  m e m b r a n e  in the  r eac t i on  
so lu t ion ,  as  o r ig ina l ly  d e s c r i b e d  ( S c h w a r t z  et a l . ,  
1984, 1985, 1986a; H o l l i n g s w o r t h  et  al . ,  1985). The  
resu l t s  o f  t h e s e  e x p e r i m e n t s  we re  no d i f fe ren t  f rom 
usua l ,  showing  bo th  the  p r o g r e s s  o f  36C1- influx and 
d e s e n s i t i z a t i o n  in two  p h a s e s  wi th  bo th  G A B A  and 
m u s c i m o l  (Figs .  3-6). T h e s e  m e a s u r e m e n t s  (with a 
m e m b r a n e  c o n c e n t r a t i o n  o f  750/xg p ro te in /ml )  were  
m a d e  wi th  a so lu t ion  d i lu ted  50-fold r e l a t ive  to the  
or ig inal  c e r e b r a l  c o r t e x  ex t r ac t  (or  r e l a t ive  to the  
e x p e r i m e n t s  wi th  the  e x t r a c t  a d d e d  back) .  This  
c o m p a r e s  wi th  a c i r ca  four - fo ld  d i lu t ion  in m e a s u r e -  
m e n t s  wi th  10 m g  p ro t e in /ml  and  no wash ing  stage.  

The  p o s s i b i l i t y  o f  r e m o v a l  o f  e n d o g e n o u s  
G A B A  f rom so lu t ion  by  its u p t a k e  into ves ic l e s  was  
i nves t iga t ed .  A f t e r  the  first  cen t r i fuga t ion  in the  
" S y n a p t o n e u r o s o m e "  p r e p a r a t i o n ,  ha l f  o f  the  p rep-  
a ra t ion  was  r e s u s p e n d e d  in so lu t ion  C con ta in ing  
the G A B A - u p t a k e  inh ib i to r s ,  g u v a c i n e  (500/zl)  and  
n ipeco t i c  ac id  (500 /XM) and  ha l f  in so lu t ion  C as 
usual .  Wi th  no  fu r the r  w a s h i n g  o f  the  m e m b r a n e ,  
the  p r o g r e s s  o f  36C1 u p t a k e  wi th  100 /xM G A B A  
was  m e a s u r e d  a f t e r  s t and ing  for  4 hr  at  4~ Both 
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Fig. 7. Dependence of the rate of desensitization of the GABA 
receptor mediated by muscimol on muscimol concentration. (O) 
the second phase rate constant,/3; (�89 the first phase rate con- 
stant, c~ (on ordinate scale • 20). The line is calculated from the 
expression,/3 = kJ(1 + K/[L]) 2, where the maximal rate, k2 = 
1.25 sec-% the dissociation constant, K = 40 p.M, and [L] is the 
concentration of muscimol. The rate of desensitization from the 
singly liganded receptor is relatively small (cf. Cash & Subbarao, 
1987b) and is neglected in this treatment. This dependence on 
muscimol concentration is similar to that for GABA (Cash & 
Subbarao, 1987b,c) 

p h a s e s  o f  36C1- e x c h a n g e  we re  o b s e r v e d  in each  
case ,  bu t  the  s a m p l e  con ta in ing  the  G A B A - u p t a k e  
inh ib i to rs  had  its ch lo r ide  e x c h a n g e  ac t iv i ty  de-  
c r e a s e d  a b o u t  2 .4-fold  (JA = 1.5 sec  --J, JR = 0.5 
sec  -1 c o m p a r e d  wi th  JA = 3.0 sec  -1, JR = 1.2 s ec - l ) .  
The  " u n s p e c i f i c " ,  b a s e l i n e  up to  10 sec  was  unaf-  
f ec t ed  by  the  G A B A - u p t a k e  inh ib i to r s  ind ica t ing  



236 D.J. Cash and K. Subbarao: Membrane Preparation Methods and Chloride Flux 

that the concentration of GABA that caused this 
desensitization did not give significant 36C1- ex- 
change. These concentrations of the uptake inhibi- 
tors do not affect the responses of the receptor to 
GABA (Cash & Subbarao, 1987b). 

Discussion 

UNSPECIFIC (GABA-INDEPENDENT) CHLORIDE 
EXCHANGING MEMBRANE 

The different preparations studied were remarkably 
similar. The GABA-independent transmembrane 
chloride exchange occurred in two main phases cor- 
responding to two major populations of internal vol- 
ume (Fig. 1). The relative quantities (total volume) 
of the different populations can vary slightly with 
preparation method, and can be changed by purifi- 
cation procedures (Table). The different popula- 
tions of vesicle each exchanged chloride with the 
solution with first order kinetics. The rates of chlo- 
ride exchange were the same for the corresponding 
populations in the different preparations regardless 
of the preparation procedure. This identity of rates 
requires not only membrane of the same permeabil- 
ity, but internal compartments of the same surface/ 
volume ratio. Very likely the vesicles from the dif- 
ferent preparations are the same size. A similar, 
biphasic chloride exchange has been observed with 
crayfish muscle strips (Ticku & Olsen, 1977). 

GABA RECEPTOR-MEDIATED CHLORIDE 
EXCHANGING MEMBRANE 

The different preparations also contained a minor 
vesicular component (Table), which gave chloride 
exchange mediated by GABA, attributed to the 
GABA receptor (Figs. 1 and 3). These GABA-spe- 
cific vesicles underwent unspecific chloride ex- 
change at the rate of the slower exchanging major 
population. This fraction, containing functional 
GABA receptor, cannot at present be unambigu- 
ously identified with a visualized population of 
membrane particles because of its relatively low in- 
ternal volume (6-12% of the total). 

Measurements of GABA receptor-mediated 
36C1- influx (Fig. 3) and receptor desensitization 
(Fig. 5) with the "Synaptoeneurosome" prepara- 
tion gave the same results as with the other prepara- 
tions (Cash & Subbarao, 1987b,c). The chloride 
exchange progressed in two phases, each progres- 
sively attenuated by desensitization. Each phase 
is described in terms of a first order rate constant 
for ion exchange and a first order rate constant for 

desensitization. The ordinate intercept (tp = 0) of 
the second phase in the first order plot of chloride 
exchange activity (Fig. 5) was independent of 
GABA concentration and corresponded to circa 
20% of the initial chloride exchange activity. Thus, 
the chloride exchange is mediated by two distin- 
guishable receptors with different desensitization 
rates present in the activity ratio of 5 : 1 with this 
preparation as has been explained elsewhere (Cash 
& Subbarao, 1987c). 

COMPARISON OF MUSCIMOL WITH GABA 

With muscimol, the 36C1 influx (Fig. 4) and recep- 
tor desensitization (Fig. 6) proceeded in the same 
way as with GABA. Two phases were evident and 
the measured activities in each phase were similar 
to those with GABA. The ordinate intercept of the 
slower phase was independent of muscimot concen- 
tration. Thus, muscimol is GABA-mimetic with 
both receptors, which are present in an activity ra- 
tio of circa 5:1 at saturation with muscimol. The 
dependence of desensitization rate on muscimol 
concentration (Fig. 7) is the same as on GABA con- 
centration, with a half-response concentration near 
100 ~M muscimol. This dependence requires two 
muscimol binding sites mediating desensitization 
(Fig. 7, legend) as found previously with G A B A  
(Cash & Subbarao, 1987b,c). For both receptors, 
the half-response concentration for chloride ex- 
change with muscimol (35/xM) is 2.6-fold lower than 
that with GABA, while the concentration depen- 
dence of desensitization is not significantly differ- 
ent for these two ligands. This supports previous 
evidence that these different responses are medi- 
ated by different pairs of binding sites (Cash & Sub- 
barao, 1987b). 

SATURATION CURVES FOR RECEPTOR RESPONSES 
AND CHLORIDE EXCHANGE 

The 36C1- influx will cease when, (i) equilibration of 
36C1- across the membrane is reached (a function of 
internal volume), or (ii) all the receptor is desensi- 
tized (a function of the ratio of initial ion-exchange 
rates to desensitization rates, (JA/O~ + JB/~) (Eq. (1) 
and internal volume), or (iii) the 36C1- exchange is 
first inhibited by receptor antagonists (a function of 
the rates of ion-exchange and desensitization and 
internal volume). The half-response concentration 
(or ECso) for 36C1- influx in the finite time is a com- 
plex function of the above-mentioned properties 
(Eq. (1)). The concentration giving maximal 36C1 
influx is reached before that for maximal response 
of receptor. Hence, the same is true for the half- 
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response concentration. These measured concen- 
trations decrease with increasing ion-influx assay 
time. For example, the determined half-response 
concentrations for GABA receptor in a rat brain 
preparation were 105 and 82/XM (chloride exchange 
rate) and 115 and 114 /~M (desensitization rate) for 
the two receptors, respectively. The ECs0 value for 
36C1 influx, observed in the same experiments 
(Cash & Subbarao, 1987d), which varied with the 
assay time was 4 p,M (50-sec assay), 9 /XM (5-sec 
assay), 12/xg (3-sec assay) and 20/XM GABA (1-sec 
assay), as predicted from the determined values of 
the parameters. Only determinations of initial rate 
give a half-response concentration for response of 
the receptor. There is no discrepency between the 
high dissociation constants of the receptor (Cash & 
Subbarao, 1987b,c) and low ECs0 values for 36C1 
influx (for example, see Allan & Harris, 1986b; 
Yang & Olsen, 1987; Schwartz & Mindlin, 1988). 

Some values reported for the concentration of 
response of the GABA receptor have been re- 
viewed briefly (Cash & Subbarao, 1987b,c; Yang & 
Olsen, 1987). Values given for the half-response 
concentration vary over the range circa 1-100 /ZM 
GABA. The extent to which these differences de- 
pend on the experimental technique or reflect real 
differences in the receptors is not fully known at 
this time. Recently, different GABA receptors 
cloned from different cDNAs from bovine brain and 
expressed in Xenopus oocytes have been reported 
to differ in their response to increasing GABA con- 
centration (Levitan et al., 1988). Thus, it is possible 
that differences in dissociation constant might 
result from the expression of different receptor sub- 
units. 

ENDOGENOUS SOLUTE ACTIVITY 

The solution from the brain homogenate contained 
active factor(s), equivalent to circa 40/J,M GABA in 
a volume of 30 ml per cerebral cortex, which caused 
channel opening and desensitization of the GABA 
receptor (Fig. 2). When this was added back to puri- 
fied membrane (1 : 1), it removed the fast phase in 
less than 6 sec, and the slow phase more slowly. 
After removal of this supernatant solution and re- 
suspension of the membrane in the final solution 
with no washing, a procedure, which diluted the 
active contaminant by only circa 40-fold, the 36C1- 
exchange and receptor desensitization were seen to 
take place in two phases as normally observed 
when the membrane was washed thoroughly. Thus, 
there is no very active (high affinity) contaminant in 
solution in these preparations that might prevent 
the observation of the two receptors. 

The sodium-independent binding of GABA to 
membrane preparations (Peck, Schaefer & Clark, 
1973; Zukin, Young & Snyder, 1974; Enna & Sny- 
der, 1975) is believed to be a measure of GABA 
receptor. Measurements of GABA and muscimol 
binding to membrane prepared with tissue grinders 
(e.g., Potter Elvehjem type) were affected by en- 
dogenous GABA (see Fisher, Tuchek & Johnson, 
1986), which apparently was slowly released from 
the membrane internal volume (Greenlee, Van Ness 
& Olsen, 1978). With washed membrane, binding to 
two types of site was observed (Beaumont et al., 
1978; Skerritt, Chow & Johnston, 1982). GABA 
binding to three different sites characterized by dif- 
ferent dissociation constants, the highest of which 
is circa t ]J~M, has been reported (Falch & 
Krogsgaard-Larsen, 1982; Olsen, 1982a). That the 
GABA binding measurement is made after confor- 
mational changes, of which the equilibrium is 
shifted by GABA, is supported by (i) the long time 
(minutes) of the progress of GABA binding and (ii) 
the higher affinity of GABA in binding measure- 
ments than in measurements of initial rates of chlo- 
ride exchange or desensitization. These conforma- 
tional changes may result from or constitute 
receptor desensitization. 

Apparently, quantities of endogenous GABA 
approaching 1 /XM (overall concentration) are 
present in these membrane preparations. At this 
concentration, desensitization was seen in chloride 
exchange measurements (Cash & Subbarao, 1987c) 
and conformational changes were involved in mea- 
surements of GABA binding (see above). Yet, 
added GABA mediated substantial 36C1- influx. An 
explanation of this paradox in that in these experi- 
ments the endogenous GABA has been removed 
from the outside solution by being pumped into an 
internal compartment by the GABA-uptake mecha- 
nism, which remains active in the solution condi- 
tions used (containing glucose, oxygen, sodium and 
a low concentration of potassium outside the vesi- 
cles). When a membrane preparation was allowed 
to stand in the presence of GABA-uptake inhibi- 
tors, the chloride exchange activity was reduced 
2.4-fotd by an endogenous substance (presumably 
GABA) at a concentration, which did not mediate 
36C1- influx detectable in 10 sec. Apparently studies 
of the function of the active site of the receptor can 
be made with these preparations when the solution 
conditions allow continued functioning of the 
neurotransmitter-uptake mechanism. Our results 
show that relatively concentrated membrane prepa- 
rations (10 mg protein/ml prepared with no addi- 
tional washing stages) could contain endogenous 
activity equivalent to circa 7 ].AM GABA (overall 
concentration). 
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COMPARISON OF RECEPTOR-MEDIATED 
MEASUREMENTS WITH OTHER REPORTS 

In measurements of the progress of 36C1- influx, the 
fast phase should be apparent as a positive ordinate 
intercept from extrapolation of the measurements 
during the slower, second phase. In the examples 
given with muscimol (Schwartz et al., 1986b; 
Schwartz & Mindlin, 1988) this could be the case. 
With pentobarbital, a slow phase of 36C1- exchange, 
but no significant fast phase, was reported (Schwartz 
et at., 1986b). Pentobarbital increases the amplitude 
of the GABA-mediated 36C1- exchange due to the 
slower desensitizing receptor, but not that due t o  
the faster desensitizing receptor (Cash & Subbarao, 
1988). Thus, this observation is consistent with 
channel opening mediated by pentobarbital together 
with endogenous GABA. The reactivation of inhib- 
ited receptor, which is expected in these conditions 
(Cash & Subbarao, 1988), is evident from the shape 
of the 36C1 influx curve (Schwartz et al., 1986b). 

In the measurement of desensitization of the 
receptor by muscimol, no fast phase was apparent 
before the slower phase proceeded in several sec- 
onds (Schwartz et al., 1986b). The reason why the 
faster phase, which reflects the activity of most (4/5) 
of the receptor, was not observed is demonstrated 
by the simulation of this experiment with various 
assay times shown in Fig. 6b. In the assay (second 
incubation) conditions, the 36C1- exchange is equili- 
brated in a time that is less than the incubation time 
(5 sec). To follow a desensitization process by mea- 
suring the decrease of ion exchange due to a prein- 
cubation, the assay conditions must give less than 
complete ion-exchange. The simulation shows that 
a significant loss of 36C1- influx is not observed with 
a 5-sec assay until after the first phase of desensi- 
tization is complete. With a 320-msec incubation, 
the faster phase would be seen. 

OTHER STUDIES OF RECEPTOR-CONTAINING 
MEMBRANE VESICLES 

With the membrane preparation from the electric 
organ of Electrophorus electricus, the measurement 
of transmembrane flux of 86Rb+ or 22Na+ indicated 
that 15-25% of the total ion exchange was mediated 
by acetylcholine receptor (Hess et al., 1975; Kim & 
Hess, 1981; Sachs et al., 1982). A total internal vol- 
ume of 1.9 ~l/mg protein and an acetylcholine re- 
ceptor-accessed internal volume of 0.5 p~l/mg pro- 
tein were reported (Sachs et at., 1982). The purified 
fraction of vesicles containing functional receptor 
has an internal volume of 2.0-2.4 /~l/mg protein 
(Hess, Cash & Aoshima, 1980; Hess et al., 1981; 

Sachs et al., 1982). With membrane preparations 
from the electric organ of Torpedo sp. (Jeng, St. 
John & Cohen, 1981), 68% of the total ZZNa+ ex- 
change was mediated by acetylcholine receptor. 
The estimated internal volume was 0.26 ~l/mg pro- 
tein, and for the purified preparation, 0.68 /~l/mg 
protein, 90% of which was accessed by acetylcho- 
line receptor. As the authors pointed out (Jeng et 
al., 1981), these estimates appeared to be low, pos- 
sibly because of the efflux assay method employed. 

MEMBRANE VESICLE FORMATION 

The nature of the sealed vesicles in brain homoge- 
hate was independent of the method of preparation. 
This suggests that vesicle formation is characteris- 
tic of the morphology and properties of the mem- 
brane rather than on the method of homogenization. 
Particular types of vesicles are formed from a par- 
ticular membrane. A similar conclusion was sug- 
gested by a consideration of the precise first order 
kinetics of ion-exchange and receptor desensitiza- 
tion observed with acetylcholine receptor as well as 
GABA receptor (Cash et al., 1988). The high value 
of internal volume/rag protein in the brain prepara- 
tions (which are rich in membrane protein) relative 
to those from the electric organs of fish might result 
from a larger proportion of membrane, which has a 
morphology favorable for resealing after homogeni- 
zation. The shape of the presynaptic terminal and 
postsynaptic boutons favors the formation of syn- 
aptosomes and neurosomes. 

CONCLUSION 

Three different types of vesicles in membrane prep- 
arations from rate cerebral cortex homogenate were 
characterized. These vesicles had quantitatively the 
same properties when the membrane was prepared 
in different ways. The vesicles containing active 
GABA receptor displayed the properties of the two 
distinguishable receptors previously described. 

Apparent differences in various reports are not 
due to different membrane preparation methods or 
to the use of the GABA-mimetic, muscimol. Discre- 
pencies could arise due to the following. (i) The use 
of solutions, which do not support the continued 
functioning of a GABA-uptake system in the sus- 
pension will give rise to GABA in the external solu- 
tion. (ii) In the absence of an active GABA-uptake 
system different degrees of removal of GABA from 
the external solution by washing the membrane lead 
to different receptor activities. (iii) The choice of 
different 36C1- influx assay times leads to different 
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half-response concentrations for 36C1- exchange. 
(The concentration dependence for receptor itself 
requires the determination of initial rates.) (iv) The 
choice of a too large 36C1- influx assay time leads to 
the eclipse of the faster phase of desensitization. 

In appropriate conditions, native membrane 
preparations exhibit kinetically homogeneous 
GABA receptor activity, which can be followed in 
times from milliseconds to minutes in a system suit- 
able for biochemical manipulation. The measure- 
ments are suitable for quantitative analysis. 

The authors thank Mr. George G. Mayes for performing the 
experiments with GABA-uptake inhibitors. K.S. was a recipient 
of a Missouri Institute of Psychiatry Fellowship. 

References 

Allan, A.M., Harris, R.A. 1986a. y-Aminobutyric acid agonists 
and antagonists alter chloride flux across brain membranes. 
Mol. Pharmacot. 29:497-505 

Allan, A.M., Harris, R.A. 1986b. Anaesthetic and convulsant 
barbiturates alter y-aminobutyric acid stimulated chloride 
flux across brain membranes. J. Pharmacol. Exp. Ther. 
238:763-768 

Allan, A.M., Harris, R.A., Subbarao, K., Cash, D.J. 1985. Dem- 
onstration of GABA stimulated 36C1 flux with isolated brain 
membranes. Fed. Proc. 44:1634 

Aoshima, H., Cash, D.J., Hess, G.P. 1981. The mechanism of 
inactivation (desensitization) of the acetylcholine receptor. 
Investigations by fast reaction techniques with membrane 
vesicles. Biochemis03~ 20:3467-3474 

Beaumont, K., Chilton, W.S., Yamamura, H.I., Enna, S.J. 
1978. Muscimol binding in rat brain: Association with synap- 
tic GABA receptors. Brain Res. 148:153-162 

Cash, D.J., Langer, R.M., Subbarao, K., Bradbury, J.R. 1988. 
Transmembrane flux and receptor desensitization measured 
with membrane vesicles: Homogeneity of vesicles investi- 
gated by computer simulation. Biophys. J. 54:909-919 

Cash, D.J., Subbarao, K. 1987a. 3,-Aminobutyric acid (GABA) 
mediated transmembrane chloride flux with membrane vesi- 
cles from rat brain measured by quench flow technique: Ki- 
netic homogeneity of ion-flux and receptor desensitization. 
Life Sci. 41:437-445 

Cash, D.J., Subbarao, K. 1987b. Channel opening of-y-aminobu- 
tyric acid receptor from rat brain: Molecular mechanisms of 
the receptor responses. Biochemistry 26:7562-7570 

Cash, D.J., Subbarao, K. 1987c. Desensitization of 3,-aminobu- 
tyric acid receptor from rat brain: Two distinguishable recep- 
tors on the same membrane. Biochemistry 26:7556-7562 

Cash, D.J., Subbarao, K. 1987d. Two desensitization processes 
of GABA receptor from rat brain: Rapid measurements of 
chloride ion flux using quench-flow techniques. FEBS Lett. 
217:129-133 

Cash, D.J., Subbarao, K. 1988. Different effects of pentobarbital 
on two y-aminobutyrate receptors from rat brain: Channel 
opening, desensitization and an additional conformation 
change. Biochemistry 27:4580-4590 

Daly, J.W., McNeal, E., Partington, C., Neuwirth, M., Crevel- 
ing, C.R. 1980. Accumulation of cyclic AMP in adenine-la- 
belled cell-free preparations from guinea pig cerebral cortex: 
Role of alpha-adrenergic and H~-bistaminergic receptors. J. 
Neurochem. 35:326-347 

DeFeudis, F.V. 1984a. GABA receptors in the vertebrate CNS. 
Nearochern. Res 9:405-412 

DeFeudis, F.V. 1984b. Ligand-binding studies on GABA recep- 
to r s - re la t ion  to physiology and behavior. In: Brain Recep- 
tor Methodologies. P. Merrangos, I.C. Campbell, R.M. 
Cohen, editors, pp. 3-35. Academic, New York 

Enna, S.J., Gallagher, J.P. 1983. Biochemical and electrophysio- 
logical characteristics of mammalian GABA receptors. Int. 
Rev. Neurobiol. 24:181-212 

Enna, S.J., Snyder, S.H. 1975. Properties ofy-aminobutyric acid 
(GABA) receptor binding in rat brain synaptic membrane 
fractions. Brain Res. 100:81-97 

Falch, E., Krogsgaard-Larsen, P. 1982. The binding of the 
GABA agonist [3H]THIP to rat brain synaptic membranes. J. 
Neurochern. 38:1123-1129 

Fisher, T.E., Tuchek, J.M., Johnson, D.D. 1986. A comparison 
of methods for removal of endogenous GABA from brain 
membrane prepared for binding assays. Neurochem. Res. 
11:1-8 

Greenlee, D.V., Van Ness, P.C., Olsen, R.W. 1978. Endogenous 
inhibitor of GABA binding in mammalian brain. Life Sci. 
22:1653-1662 

Harris, R.A., Allan, A.M. 1985. Functional coupling of 3,-amino- 
butyric acid receptors to chloride channel in brain mem- 
branes. Science 228:1108-1110 

Harris, R.A., Allan, A.M. 1986. GABA receptor-mediated chlo- 
ride transport in a cell-free membrane preparation from brain. 
Science 233:229 

Hess, G.P., Andrews, J.P., Struve, G.E., Coombs, S.E. 1975. 
Acetylcholine-receptor-mediated ion flux in electroplax 
membrane preparations. Proc. Natl. Acad. Sci. USA 
72:4371-4375 

Hess, G.P., Aoshima, H., Cash, D.J., Lenchitz, B. 1981. The 
specific reaction rate of acetylcholine-receptor-controlled ion 
translocation: A comparison of measurements with mem- 
brane vesicles and with muscle cells. Proc. Natl. Acad. Aci. 
USA 78:1361-1365 

Hess, G.P., Cash, D.J., Aoshima, H. 1980. Kinetic mechanism 
of acetylcholine-receptor controlled ion flux: Flow quench 
kinetic measurements of acetycholine-induced flux in mere- 
brain vesicles. Neurochem. Int. 2:233-242 

Hollingsworth, E.B., McNeal, E.T., Burton, J.L., Williams, 
R.J., Daly, J.W., Creveling, C.R. 1985. Biochemical charac- 
terization of a filtered synaptoneurosome preparation from 
guinea pig cerebral cortex: Cyclic adenosine 3 ' :  5'- 
monophosphate-generating systems, receptors and enzymes, 
J. Neurosci. 5:2240-2253 

Jeng, A.Y., St. John, P.A., Cohen, J.B. 1981. Fractionation by 
velocity sedimentation of Torpedo nicotinic post-synaptic 
membranes. Biochim. Biophys. Acta 646:411-421 

Johnston, G.A.R., Allan, R.D., Skerritt, J.H. 1984. GABA re- 
ceptors. In: Handbook of Neurochemistry. (2 nd Ed.) A Laj- 
tha, editor. Vol. 6, pp. 213-237. Plenum, New York 

Kim, P.S., Hess, G.P. 1981. Acetylcholine receptor-controlled 
ion flux in electroplax membrane vesicles: Identification and 
characterization of membrane properties that affect ion flux 
measurements. J. Membrane Biol. 58:203-211 

Krnjevic, K. 1981. Desensitization of GABA receptors in GABA 
and benzodiazepine receptors. E. Costa, G. DiChara, and 
G.L. Gessa, editors pp. 111-120. Raven, New York 



240 D.J. Cash and K. Subbarao: Membrane Preparation Methods and Chloride Flux 

Levitan, E.S., Scofield, P.R.. Burt, D.R., Rhee. L.M., Wisden, 
W., Kohler, M., Fujita, N., Rodriguez, H.F., Stephenson, 
F.A., Darlison, M.G., Barnard, E.A., Seeburg, P.H. 1988. 
Structural and functional basis for GABAA receptor heteroge- 
neity. Nature (London) 335:76-79 

Olsen, R.W. 1982a. Biochemical properties of GABA receptors. 
In: The GABA Receptors. S.J. Enna, editor, pp. 63-91. Hu- 
mana, Clifton (N J) 

Olsen, R.W. 1982b. Drug interactions at the GABA receptor- 
ionophore complex. Annu. Rev. Pharmacol. Toxicol. 22:245- 
277 

Paul, S.M., Schwartz, R.D., Creveling, C.R., Hollingsworth, 
E.B., Daly, J.W., Skolnick, P. 1986. GABA receptor-medi- 
ated chloride transport in a "cell-free" membrane prepara- 
tion from brain. Science 233:228-229 

Peck, E.J., Schaefer, J.M., Clark, J.H. 1973. y-Aminobutyric 
acid, bicuculline and post-synaptic sites. Biochem. Biophys. 
Res. Commun. 52:394-400 

Sachs, A.B., Lenchitz, B., Noble, R.L., Hess, G.P. 1982. A new 
method for large scale preparation of membrane vesicles 
which are selectively permeable to specific ions: Acetylcho- 
line-receptor-containing vesicles. Anal. Biochem. 124:185- 
190 

Sfmchez, G.M., Toledo, M.C., Gonzgtlez, M.P. 1984. The chlo- 
ride channel opening by GABA as an energy dependent pro- 
cess. Rev. Esp. Fisiol. 40:375-380 

Schwartz, R.D., Jackson, J.A., Weigert, D., Skolnick, P,  Paul, 
S.M. 1985. Characterization of barbilurate-simulated chlo- 
ride efflux from rat brain synaptoneurosomes. J. Neurosci. 
5:2963-2970 

Schwartz, R.D., Mindlin, M.C. 1988. Inhibition of the GABA 
receptor-gated chloride ion channel in brain by noncompeti- 
tive inhibitors of the nicotinic receptor-gated cation channel. 
J. Pharmacol. Exp. Ther. 244:963-970 

Schwartz, R.D., Skolnick, P., Hollingsworth, E.B., Paul, S.M. 
1984. Barbiturate and picrotoxin-sensitive chloride efflux in 
rat cerebral cortical synptoneurosomes. FEBS Lett. 175:193- 
196 

Schwartz, R.D., Skolnick, P., Scale, T.W., Paul, S.M. 1986a. 
Demonstration of GABA/barbiturate-receptor-mediated 
chloride transport in rat brain synaptoneurosomes: A func- 
tional assay of GABA receptor-effector coupling. Adv. Bio- 
chem. Pharm. 41:33-49, and In: GABA-ergic Transmission 
and Anxiety. G. Biggio, E. Costa, editors, pp. 33-49. Raven, 
New York 

Schwartz, R.D., Suzdak, P.D., Paul, S.M. 1986b. y-Aminobu- 
tyric acid (GABA)- and barbiturate-mediated 36C1 uptake in 
rat brain synaptoneurosomes: Evidence for rapid desensitiza- 
tion of the GABA receptor-coupled chloride ion channel. 
Mol. Pharmacol. 30:419-429 

Skerritt, J.H., Chow, S.C., Johnston, G.A.R. 1982. Differences 
in the interactions between GABA and benzodiazepine bind- 
ing sites. Neurosci. Lett. 33:173-178. 

Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K., 
Gartner, F.H., Provenzano, M.D., Fujimoto, E.K., Goeke, 
N.M., Olson, B.J., Klenk, D.C. 1985. Measurement of pro- 
tein using bicinchoninic acid. Anal. Biochem. 150:76-85 

Snodgrass, S.R. 1983. Receptors for amino acid transmitters. In: 
Handbook of Psychopharmacology, Vol. 17, Biochemistry 
Studies of CNS Receptors. L.L. Iversen, S.D. Iversen, and 
S.H. Snyder, editors pp. 167-239. Plenum, New York 

Subbarao, K., Cash. D.J. 1985. Functional responses of 3'- 
aminobutyric acid receptor flom brain. Soc. Neurosci. 11:275 
(Abstr.) 

Ticku, M.K.,  Olsen, R.W. 1977. y-Aminobu~yric acid-stimulated 
chloride permeability in crayfish muscle. Biochim. Biophys. 
Acta 464:519-529 

Yang, J.S.-J., Olsen, R.W. 1987. y-Aminobutyric acid receptor- 
regulated 36C1- flux in mouse cortical slices. J. Pharmacol_ 
Exp. Ther. 241:677-685 

Zukin, S.R., Young, A.B., Snyder, S.H. 1974. y-Aminobutyric 
acid binding to receptor sites in the rat central nervous sys- 
tem. Proc. Natl. Acad. Sci. USA 71:4802-4807 

Received 13 January 1989; revised 26 May 1989 


