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Abstract-The technique of radiotracer 36Cl- influx in primary culture of rat cerebellar granule cells 
was applied to study the mechanism of inactivation of the GABAA receptor-activated chloride channel. 
During sustained application of GABA, muscimol and THIP the specific bicuculline-sensitive 36Cl- 
influx tends to decline with time. The sequence in decay half-time is GABA < muscimol < THIP. 
Diazepam accelerates the rate of decay of the peak response to GABA. (-)-Baclofen enhances the rate 
of decline of the response to muscimol in a dose-dependent manner. Treatment of the cells with pertussis 
toxin antagonized the effect of (-)-baclofen. It is concluded that rat neonatal cerebellar neurons 
maintained in tissue culture exhibit complex inactivation of the GABAA channel, indicating some 
interaction with the GABAB receptor system. 

The structure of the y-aminobutyric acid/benzo- 
diazepine (GABA*) receptor [l] has many impli- 
cations for the mechanisms by which binding of 
GABA to recognition site and opening of the integral 
chloride channel occurs. Both the electrophysio- 
logical [2-4] and the 36C1- flux measurements [5-71 
indicate that during sustained application of GABA 
the number of open GAGA* channels decreases 
with time (desensitization of the GABA* receptor). 
36C1- flux measurements performed after pre- 
incubation of membrane vesicles from the rat cere- 
bral cortex with GABA demonstrated that the 
desensitization and chloride exchange processes 
occurred in the same ranges of time and GABA 
concentration. Evidence was obtained that channel 
opening and desensitization are independent pro- 
cesses each mediated by two GABA binding sites. 
Some other evidence obtained from 36C1- flux 
measurements is also discussed in terms of desen- 
sitization of the GABA* channel [8-121. 

We have used radiotracer 36C1- influx in a primary 
culture from rat cerebellum [ll, 121 to investigate 
the inactivation of GABA* channels on neurons. 
The cerebellar primary culture is extremely useful in 
this respect because of the large proportion (90%) of 
small and uniform granule cells receiving innervation 
from GAD antibody-positive GABAergic inter- 
neurons [ 131. 

MATERIALS AND METHODS 

Tiwue culture. A primary culture of rat cerebellar 
neurons was obtained as previously described [14]. 
Cells from cerebella of &day-old rats were dis- 
sociated with trypsin and DNAse and plated at 
5 X lo6 cells/dish on poly-L-lysine (Sigma Chemical 
Co., St Louis, MO) coated dishes in Eagle’s basal 
medium (Sigma Chemical Co.), 10% bovine serum 

(Gibco), 25 mm KCl, 2 mM glutamine and 100 pg/ 
ml gentamycin. Cytosine arabinofuranoside (10 yM) 
was added to the culture after 18-24 hr in vitro to 
inhibit the replication of non-neuronal cells. Cultures 
were used after 6 days in vitro. Viability of cells was 
98% as determined by the method of Jones and Senft 
[151. 

36C1- influx measurements. We used the procedure 
previously described [ll, 121 with slight modi- 
fications as follows. The growth medium was aspir- 
ated and immediately replaced with 1 ml HEPES 
buffer (15 mM, pH 7.4 [16]) containing 2 PM bicu- 
culline methiodide [12]. Then the cells were allowed 
to cool slowly to 4’ (30min). The viability of the 
cultures did not change during the above procedures. 
The 36C1- measurements, performed at 4”, were 
initiated by replacing the above solution with an 
identical one containing in addition 2.5 @Zi/ml 36C1-. 
After a prescribed time interval (7-28 set) the incu- 
bation solution was aspirated and the cells were 
rinsed rapidly three times (less than 3 set) with 10 ml 
of the above buffer containing 1 mM furosemide and 
picrotoxin. The cultures were dried and solubilized 
in 1 ml of 0.1 N NaOH. After 2 hr at room tem- 
perature the radioactivity of a 0.9 ml sample was 
counted using a standard scintillation technique. A 
sample (0.1 ml) was taken for estimation of the pro- 
tein content [17]. All data were normalized to a 
standard protein content (1 mg protein), 

Pertussis toxin treatment. Pertussis toxin treatment 
was performed as described by Xu et al. [16]. The 
cells were treated with 1 pgg/ml pertussis toxin (List 
Biochemicals, Lot No. 39) for 14 hr before the 36C1- 
experiment. The effectiveness of the pertussis toxin 
treatment was checked in an experiment (kindly 
performed by Dr W. J. Wojcik) which utilized 
[33P]NAD for ribosylation. The autoradiogram 
demonstrated that labelling of the 39-41 kD protein 
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Fig. 1. Time course of the agonist-induced Wl- influx 
in cerebellar granule cells. (0) 30pM THIP; (x) 3 PM 
muscimol; (0) 3 PM GABA; (0) 30pM GABA. Five 
independent runs with five parallels each. Data are given 

as mean f SE. 

occurred almost exclusively in non-treated cells, indi- 
cating that the pertussis toxin treatment was effective 
(>90% ribosylation). 

Materials. THIP (RBI), (-)-baclofen (Ciba- 
Geigy, Basel, Switzerland), GABA, BMI, muscimol 
(Sigma), pertussis toxin (List Biochemials, 
Campbell, CA) and 36C1- (NaCl solution, ICN) were 
used. Diazepam (Hoffman-LaRoche, Nutley, NJ) 
was dissolved in dimethylsulphoxide (DMSO). The 

resence of 0.005% DMSO did not influence the 
&Cl- influx measurements. 

RESULTS 

36C1- influx experiments 

Preliminary studies have shown that the maximal 
response to agonists was obtained with 3-5 PM 
GABA [ 12],1-3 PM muscimol and 25-30 PM THIP 
in 7 sec. After 7 set the peak responses start to 
decline with different time courses characteristic of 
the different agonists (Fig. 1). The sequence of the 
fading half-times with the different agonists was 
GABA < muscimol < THIP. Application of a lo- 
fold higher concentration of GABA gave a faster 
rate of fading of the peak response (Fig. 1). 

In a separate experiment cells were preincubated 
with 3 PM GABA for 20 sec. Then the solution was 
aspirated and the cells were tested for GABA and 
muscimol-induced (3 PM each) 36C1- influx. Table 1 
shows that this preincubation resulted in a complete 
disapppearance of these responses to GABA and 
muscimol. 

Diazepam (1 PM) not only potentiated the 

Seconds 

Fig. 2. Time course of the effect of diazepam on GABA- 
induced 36C1- influx in cerebellar granule cells. (0) 3 pM 
GABA; (0) 3 PM GABA + 1 PM diazepam. Three inde- 
pendent runs with five parallels each. Data are given as 

mean -+ SE. 

response to GABA but also accelerated the initial 
rate of its fading. After the initial phase (10 set) the 
fading of the response in the presence of diazepam 
paralleled that with GABA alone (Fig. 2). 

In the presence of (-)-baclofen (300 @I) the fad- 
ing rate of the peak response to muscimol was 
changed (Fig. 3A). The response to 3 PM muscimol 
(measured after 14 set) was decreased by (-)-baclo- 
fen in a dose-dependent manner (Fig. 3B). Statistical 
analysis indicated no significant deviation of the 
value measured for 36C1- influx in the presence of 
3 ,uM muscimol and 300 PM (-)-baclofen from the 
basal level of 36C1- influx. Similar results were 
obtained with THIP (data not shown). Preincubation 
of the cells with 300pM (-)-baclofen (15 min, 4”) 
did not influence the response to muscimol in a 
subsequent incubation. When the cells were pre- 
incubated with both muscimol(3 PM) and (-)-baclo- 
fen (3OOpM) no response to muscimol was seen in 
the subsequent influx experiment after 7 sec. There 
was no change in basal chloride exchange activity of 
the cells or the responses to agonists after pertussis 
toxin treatment. However, no effect of (-)-baclofen 
on the responses to muscimol and THIP (at 14 set) 
was seen in cells pretreated with pertussis toxin (Fig. 
4B). Viability tests indicated no change in the pro- 
portion of viable cells after preincubation with 
300 ,uM (-)-baclofen and pertussis toxin treatment. 

DISCUSSION 

Rat cerebellar cells maintained in primary cultures 

Table 1. The effect of preincubation (20sec) with GABA (3 PM) on the 
muscimol- and GABA-induced 36C1- influx in cerebellar granule cells 

36C1- influx (nmol/mg protein) at 7 set* 

Agonists No preincubation Preincubation 

3 PM GABA 22.7 + 3.1 14.0 k 2.1 
3 PM muscimol 23.8 f 3.6 12.6 2 0.9 

* Three independent runs with five parallels each. Data are given as mean 
2 SE. Basal value is 13.3 f 0.7 nmol/mg protein. 
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Fig. 3. (A) Time course of the effect of (-)-baclofen on the muscimol-induced ‘W- influx in cerebellar 
granule cells. (x) 3 PM muscimol; (*) 3 PM muscimol + 300 PM (-)-baclofen. Five independent runs 
with five 

P 
arallels each. Data are given as mean + SE. (B) The effect of (-)-ba’clofen on the muscimol- 

induced %Z- influx at 14sec in cerebellar granule cells. Empty bar: basal influx; right-hatched bar: 
muscimol 3 m alone; criss-cross bars: 3 m muscimol + 50, 100, 300 PM (-)-baclofen; left-hatched 
bars: 50, 100 and 3OOpM (-)-baclofen alone. Data are given as mean f SE. ‘P < 0.01, **P < 0.05. 

show desensitization of the GABA* channel after 
preincubation with GABA. The concentration of 
GABA required for complete desensitization in 
20sec is in the micromolar concentration range. 
Similar conditions were observed on neurons in elec- 
trophysiological measurements (for a review see 
Ref. 4). Experiments performed on membrane ves- 
icles [5-71 showed that the desensitization was deter- 
mined by the time of exposure and the concentration 
of GABA. We have calculated their product (Rd = 
[GABA] X t) and found it to be constant over a 
large range of response (5 x 10m5 [Mxsec]). 
Interestingly the Rd value characterizing GABA* 
channels in cultured cerebellar neurons is found to 
be similar, -5 X 10e5 Mxsec. The desensitization of 
the GABA* channel in these different models (e.g. 
cortical vesicles vs cerebellar neurons) is similar in 
this respect. 

Rat cerebellar cells tested in resting conditions 
(E,” = E0 = -7OmM) show a decay of the peak 
responses to different agonists and GABA with 
diazepam. A higher concentration of GABA gives a 
faster decay of the peak response indicating that the 
faster rate of disappearance &f the peak response to 
GABA is not due to metabolism or uptake. The 
decrease of the peak response to 30 PM GABA with 
time is different from the decay of the peak response 
to 3 PM GABA with diazepam. We regard the dif- 
ferential decline of the peak responses to agonists 
and GABA with diazepam as a result of two pro- 
cesses, GABA* channel controlled 36Cl- efflux and 
desensitization of the GABA* channel. Supposing 
desensitization is the rate limiting process the dif- 
ferent half-time obtained with different agonists and 
GABA with diazepam reflect their different desen- 
sitization properties. The estimated half-times char- 
acterizing the decay of the peak response to the 
different agonists in our 36C1- exchange measure- 
ments at 4” (GABA 14 set; muscimol 25 set; THIP 
35 set) seems to correlate with the desensitization 
half-times obtained from electrophysiological 
measurements on hippocampal neurons at room tem- 
perature (GABA 1.1 I 0.3 set; muscimol 
3.3 +- 2.3 set; THIP 6 + 3 set [18]). Differences in 
the corresponding absolute values are consistent with 
a decrease in the conductance of GABAA channels 

at low temperature [19]. There is also electro- 
physiological evidence for the desensitization accel- 
erated by diazepam [20,21]. In addition, in 
agreement with our observations, the extent of 
desensitization was also found to be higher after 
GABA response was stimulated by chlordiazepoxide 
WI* 

In contrast, the sequence of the decay half-times 
for the different agonists does not correlate with the 
sequence in the process of equilibrium binding to 
GABA* receptors (& values). Why does the 
GABAA channel-activated chloride exchange decay 
considerably faster in the presence of GABA than 
in the presence of muscimol? One possible answer 
is because the GABA* channel-activated chloride 
exchange and desensitization of the GABA* channel 
are independent processes [7]. In this work we 
addressed another possible answer. In the line of 
evidence that GABA is also an agonist at the 
GABAa receptor, we investigated the effect of the 
GABAa agonist, (-)-baclofen, on the response to 
muscimol. The response to muscimol disappeared 
completely in 14 set when 300 PM (-)-baclofen was 
present and decreased considerably in 7 sec. This 
effect of (-)-baclofen needs GABA* channels to 
be activated, because (-)-baclofen alone does not 
influence the basal chloride influx. Preincubation 
with (-)-baclofen did not decrease the response to 
muscimol. However, when preincubation was per- 
formed with (-)-baclofen together with muscimol 
the response to muscimol was abolished. A viability 
test indicated no change in the number of viable cells 
after preincubation with 300 PM (-)-baclofen; thus, 
the above effects of (-)-baclofen are not related to 
some toxic effect of higher (-)-baclofen con- 
centration. Preliminary electrophysiological 
measurements suggest that the effect of (-)-baclofen 
is not due to the release of GABA because bath 
application did not depolarize the cells to induce 
such a release [(-)-baclofen was not seen as an 
effective inactivator of the muscimol response in 
these trials, indicating a need for Ca2+ or some other 
second messenger being absent or washed out during 
the whole cell recording procedure]. 

To address this issue further we tried to antagonize 
the effect of (-)-baclofen. Much evidence suggests 
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Fig. 4. (A) The effect of pertussis toxin treatment of the granule cells on the ADP ribosylation of a 39- 
41 kD protein. (B) Pertussis toxin treatment antagonizes the effect of (-)-baclofen on the muscimol 
induced %- influx at 14 set in cerebellar granule cells. Empty bar: basal influx; right-hatched bars: 
30 PM THIP and 3 PM muscimol, respectively; miss-cross bars: 30 FM THIP + 300 PM (-)-baclofen 
and 3 PM muscimol + 300 nM (-)-baclofen, respectively. Data are given as mean -C SE. **P < 0.05. 

that the GABAn receptor belongs to the super- 
family of GTP binding protein coupled receptors 
[16,22,23]. Therefore we examined the effect of 
pertussis toxin, which is known to inactivate some 
G protein by ADP-ribosylation [16]. The effective 
treatment with pertussis toxin clearly abolished the 
effect of (-)-baclofen on the response to muscimol 
and THIP. The above results suggest that at least 
two mechanisms exist by which GABAA channels 
quieten down. One of them is the intrinsic desen- 
sitization of the GABAA channel, the other is one 
which proceeds via interaction with a G protein 

coupled to the GABAa receptor. 
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