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SHEPHARD, R. A. AND M. S. HAMILTON. Chlordiazepoxide and valproate enhancement of saline drinking by nondeprived rats: 
Effects of bicuculline, picrotoxin and R015-1788. PHARMACOL BIOCHEM BEHAV 33(2) 285-290, 1989.--Drinking of 0.85% 
saline by nondeprived rats was significantly enhanced by ehlordiazepoxide (5 or 10 mg/kg) and by valproate (100 or 300 mg/kg), drug 
effects being strongest in the earlier parts of a 30-minute test. When given alone, both bicuculline and picrotoxin significantly reduced 
saline drinking at 2.5 mg/kg, but not 1.5 mg/kg. Administration of valproate at either dose or of chlordiazepoxide (10 mg/kg) 
completely prevented bicucuUine action and 5 mg/kg ehlordiazepoxide reduced it. Picrotoxin, however, largely prevented the actions 
of both chlordiazepoxide and valproate. The increase in saline drinking induced by valproate (300 mg/kg) was also blocked by 
RO15-1788 (10 or 25 mg/kg). These findings are discussed in the context of the three-site model of the GABA/benzodiazepine receptor 
complex. It is concluded that drugs acting at the benzodiazepine site or the chloride ion channel affect saline drinking, but that there 
is little evidence of an important functional role for the GABA a site at present. 
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IT is now established that benzodiazepine anxiolytics can enhance 
fluid consumption by rats, even in situations where aversive 
components such as novelty or punishment are absent (1, 5, 6, 20, 
24, 43). Enhanced drinking with benzodiazepines is especially 
evident in situations of high fluid palatability, for instance when 
subjects are water deprived, or when consumption of highly- 
preferred solutions of condensed milk, sucrose, saccharin or 
sodium chloride is measured (6,35). These effects on fluid 
consumption probably depend upon interaction with brain benzo- 
diazepine receptors since, in addition to the effects of anxiolytic 
benzodiazepines, essentially opposite effects of the inverse agonist 
CGS 8216 have been reported (9,18). Moreover, RO15-1788 
antagonises both enhanced saline drinking induced by cMordiaz- 
epoxide (43) and attenuated condensed milk drinking induced by 
CGS 8216 (9). Beyond this, however, there has been little analysis 
of the mechanisms by which benzodiazepines enhance drinking or 
of how this relates to other effects of these drugs, e.g., anxiolytic 
or anticonvulsant actions. 

A number of lines of evidence derived from biochemical, 
neurophysiological and behavioral studies suggest that many 
actions of benzodiazepines are mediated by GABA systems [e.g., 
(8, 13, 33, 34)]. More specifically, it has been proposed that there 
is a macromolecular GABA/benzodiazepine receptor complex, the 
main elements of which are a GABA~ receptor, a benzodiazepine 
binding site and a chloride ion permeability channel which 
functions as a final common pathway at the complex mediating 

subsequent neural events (8, 12, 13, 25). The prototypical 
antagonists at these sites are, respectively, bicucuUine, RO15- 
1788 and picrotoxin. 

The GABA agonist valproate has consistently been shown to 
simulate anxiolytic actions of benzodiazepines in a variety of 
behavioral test procedures (19, 22, 28, 30, 37, 39). Antagonism of 
the antineophobic effects of valproate by RO15-1788 as well as by 
pierotoxin (39) suggests a relationship of this action to the 
benzodiazepine receptor complex (8), but valproate does not 
potentiate the antineophobic effects of chlordiazepoxide but rather 
attenuates them (37). Increases in brain GABA levels by inhibition 
of GABA transaminase does not appear to explain behavioral 
effects of valproate (30, 33, 34). In order to assess the generality 
of these interactions one should compare the effects of valproate 
with benzodiazepines in procedures not directly related to anxiety, 
such as enhanced drinking. 

The present paper reports results of four experiments on 
chlordiazepoxide and valproate enhancement of saline drinking by 
rats. Experiments One and Two examine effects of chlordiazep- 
oxide (0, 5 or 10 mg/kg) alone and in combination with bicuculline 
(0, 1.5 or 2.5 mg/kg) or picrotoxin (0, 1.5 or 2.5 mg/kg), 
respectively, in 3 x 3 design experiments. The third assesses 
valproate (0, 100 or 300) rng/kg alone and in combination with 
bicuculline (0, 1.5 or 2.5 mg/kg) in a 3 × 3 design and the fourth 
examines 300 mg/kg valproate alone and combined with picro- 
toxin (1.5 mg/kg) or RO15-1788 (10 or 25 mg/kg). 
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METHOD 

Subjects were 45 experimentally-naive adult male Wistar rats, 
bred in our laboratory, caged individually and weighing 350--450 
g throughout the study. They were maintained on a 12-hr light/ 
dark cycle at 22°C. Groups of 10 rats were used for Experiments 
One, Two and Three and 15 for Experiment Four. Within these 
groups, rats were randomly allocated to blocks which received the 
drug treatments in fully randomised and balanced repeated meas- 
ures designs. 

The animals were tested in their home cages and prior to testing 
were thoroughly acclimatised to all aspects of the procedure 
(including IP injection of vehicle). Their drinking water bottles 
were replaced by pipettes with 0.1 ml calibrations attached to 
drinking tubes containing 0.85% saline for one hour per day for 14 
days prior to beginning observations. Apart from these and test 
periods, animals had free access to food and water at all times. On 
test days fluid consumption was assessed 6, 12, 18, 24 and 30 
minutes after the start and is expressed in ml. Test days were 
separated by three to five days during which control injections 
were given. Fluid intake invariably returned to control levels on 
the days between drug tests. Results were analysed by ANOVA 
with further comparisons based on the error terms. 

All drug injections or appropriate vehicle controls were given 
IP 30 minutes prior to making saline available and beginning 
observations. The experiments used chlordiazepoxide hydrochlo- 
i'ide (Roche), sodium valproate (Labaz Sanofi), bicuculline (Sig- 
ma), picrotoxin (Sigma) and RO 15-1788 (Roche). Chlordiazepoxide 
and valproate doses are expressed as salt. Drug dosages and the 
group sizes needed to produce statistically-reliable results were 
chosen on the basis of pilot work. Where combinations of drugs 
were given, these were as single injections. One percent Tween 80 
was used to suspend RO15-t788. 

RESULTS 

Experiment One 

Analysis of variance showed significant main effects of chlor- 
diazepoxide (C), F(2,18) = 136.5, p<0.001, of bicuculline (B), 
F(2,18) = 19.5, p<0.001, and of observation time, (T), F(4,36) = 
59.9, p<0.001. Significant interactions also occurred between 
CB, F(4,36)=3.4, p<0.05, and CT, F(8,72)=5.7, p<0.001. 
The CT interaction can be understood by reference to Fig. 1, 
which shows the time course of the effects of chlordiazep- 
oxide only. 

As can be seen, chlordiazepoxide increased saline drinking 
throughout the test at both doses, but the size and statistical 
significance of this effect declined somewhat over time, and was 
nonsignificant for 5 mg/kg in the last period. The limited effects of 
bicuculline in this study are shown in Fig. 2 which depicts drug 
effects on saline drinking in the whole 30-min period. Given 
alone, bicuculline significantly reduced saline drinking at 2.5 
mg/kg, but not at 1.5 mg/kg. However, its efficacy was reduced 
by 5 mg/kg chlordiazepoxide and it was completely inactive in the 
presence of 10 mg/kg of the benzodiazepine. Variance measures 
are omitted from Figs. 1 and 2 for clarity because they were fairly 
constant and small. The average standard deviation for the 45 drug 
conditions/observation periods was 0.063. 

Experiment Two 

Analysis of variance showed significant main effects of chlor- 
diazepoxide (C), F(2,18)= 125.0, p<0.001, of picrotoxin (P), 
F(2,18) = 78.3, p<0.001, and of observation time (T), F(4,36)= 
25.5, p<0.001. Significant interactions also occurred between 
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FIG. 1. The figure shows the effects of chlordiazepoxide (5 mg/kg or 10 
mg/kg) on saline drinking across time. Data shown are cumulated means 
but significance tests are based on six-minute observation periods, e.g.. 
18-24 min. Significance of the differences from control are shown by 
stars: Significant beyond ~" 5% level; ~r~ 1% level; ~ r ~ r  0.1% level. 

CP, F(4,36) = 7.6, p<0.001, and CT, F(8,72) = 3.8, p<0.01. The 
CT interaction was similar to that observed in Experiment One in 
that chlordiazepoxide selectively increased drinking in the earlier 
observation periods (data not shown). The effects of the drug 
treatments on drinking in the full 30 min of the test are shown in 
Fig. 3 which, like Fig. 1, shows highly significant enhancement of 
saline drinking with chlordiazepoxide alone at both 5 mg/kg and 
10 mg/kg dose levels. Like bicuculline, picrotoxin alone inhibited 
saline drinking at 2.5 mg/kg, but not at 1.5 mg/kg. Picrotoxin, 
however, reduced saline drinking in the presence of chlordiazep- 
oxide, this effect being highly significant in all four conditions 
where two drugs were given. Indeed, Fig. 3 shows that the 
efficacy of chlordiazepoxide was greatly attenuated by the pres- 
ence of picrotoxin, especially by the 1.5 mg/kg dose. Variance 
measures are omitted from Fig. 3 for clarity because they were 
fairly constant and small. The average standard deviation for the 
45 drug conditions/observation periods was 0.068. 

Experiment Three 

Analysis of variance showed significant main effects of val- 
proate (V), F(2,18) = 26.6, p<0.001, of bicucuUine (B), F(2,18) = 
10.5, p<0.01, and of observation period (P), F(4,36)= 17.0, 
p<0.001. Significant interactions also occur between VB, F(4,36) = 
7.2, p<0.001, and VP, F(8.72)=2.7, p<0.05. The VP interac- 
tion can be understood by reference to Fig. 1, which shows the 
time course of the effects of valproate only. As can be seen, 300 



GABA MECHANISMS AND SALINE DRINKING 287 

1.0-- 1.e- 

0.0-- .v.lliC Uii~l~~ka D ~  0,0- 

0.0- o.e- 

0.4- 0.4- 

0.2 - 0.0 - 

0 0 
o 0 10 

CHLOROIAZEPOXIOE DOSE {mgtkg) 

- .  

/ 

o o o  

[' I 1~0 0 0 
¢HL.O~IAZI[POXIOE DOM[ (mO/kSl) 

FIG. 2. The figure shows the effects of nine combinations of chlordiaz- 
epoxide (0, 5 or 10 mg/kg) with bicuculline (0, 1.5 or 2.5 mg/kg) on saline 
drinking (ml) in 30 rain. Three stars denote significantly different from no 
chlordiazepoxide control beyond 0.1% level. Three white stars on black 
denote significantly different from no bicucuUine control beyond 0.1% 
level. 

FIG. 3. The figure shows the effects of nine combinations of chlordiaz- 
epoxide (0, 5 or 10 mg/kg) with picrotoxin (0, 1.5 or 2.5 mg/kg) on saline 
drinking (ml) in 30 min. Stars denote significantly different from no 
chlordiazepoxide control (one, 5% level; three, 0.1% level). Three white 
stars on black denote significantly different from no picrotoxin control 
beyond 0.1% level. 

mg/kg of valproate increased saline drinking throughout the test, 
but the size and statistical significance of this effect declined 
somewhat over time, and was nonsignificant in the 18-24-min 
period. The lower dose of valproate (100 mg/kg), however, only 
significantly increased saline drinking in the first two six-min 
periods. The limited effects of bicucuUine in this study are shown 
in Fig. 5 which depicts drug effects on saline drinking in the whole 
30-min period. Given alone, bicuculline significantly reduced 
saline drinking at 2.5 mg/kg, but not at 1.5 mg/kg. However, it 
was completely inactive in the presence of either valproate dose. 
The 100 mg/kg dose of valproate only significantly enhanced 
drinking over the 30-min period in the 2.5 mg/kg bicuculline 
condition. The higher dose of valproate (300 mg/kg) significantly 
enhanced saline drinking in all bicuculline conditions. The inter- 
dependence of drug effects on the dose of the other compound 
gave rise to the significant VB interaction. Since bicucnlline was 
inactive in the presence of valproate, curves for the combinations 
were omitted from Fig. 4 for clarity. As can be adduced from Fig. 
5 and from the nonsignificanee of the BP and VBP interactions 
they would lie close to those shown, save for the 2.5 mg/kg 
bicuculline, no valproate condition. Variance measures are omit- 
ted from Figs. 4 and 5 for clarity because they were fairly constant 
and small. The average standard deviation for the 45 drug 
conditions/observation periods was 0.072 ml. 

Experiment Four 

Analysis of variance showed significant effects of the drugs 

used (D), F(4,56) = 10.9, p<0.001, of the observation period (P), 
F(4,56) = 32.4, p<0.001, and of the DP interaction, F(16,224) = 
1.8, p<0.05. As for Experiment Three, there was a tendency for 
rats to drink more saline early in the session and this was 
exaggerated by 300 mg/kg valproate, giving rise to the P and DP 
effects. The drug effects are shown in Fig. 3, which clearly 
illustrates that valproate (300 mg/kg) significantly increased drink- 
hag over 30 min and that drinking was reduced back to control 
levels by addition of RO15-1788 (10 or 25 mg/kg) and also by 
picrotoxin (1.5 mg/kg). Variance measures are omitted from Fig. 
6 for clarity because they were fairly constant and small. The 
average standard deviation for the 25 drug conditions/observation 
periods was 0.081 mi. 

D I S C U S S I O N  

Experiments One and Two clearly show enhancement of drink- 
ing of 0.85% saline solutions by chlordiazepoxide. This accords 
with a number of previous reports of enhanced drinking with 
benzodiazepines reviewed earlier. In previous studies of benzodi- 
azepines and saline drinking, water-deprived rats have been used 
(6,43). The published procedure has some advantages over the 
present one in that it generates much higher levels of saline 
drinking by control subjects and drug effects which are arithmet- 
ically larger (though smaller as a proportion of the baseline). 
However, the use of water-deprived rats produces a complicated 
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FIG. 4. The figure shows the effects of valproate (100 mg/kg or 300 
mg/kg) on saline drinking across time. Data shown are cumulated means 
but significance tests are based on six-minute observation periods, e.g., 
18-24 min. Significance of the differences from control are shown by 
stars: Significant beyond ~t 5% level; ~t"k 1% level; ~'k~r 0.1% level. 

time-course of drinking and drug action. It also necessitates 
consideration of the possibility that drug-induced increases in plain 
water consumption by deprived rats (10, 20, 43) might contribute 
to the effects on saline drinking. Since 0.85% lies within a highly 
palatable range of sodium chloride concentrations (14,44) and 
subjects were familiarised with it before drug testing, no compo- 
nent of aversiveness of neophobia is evident in this procedure. 
Therefore, anxiolytic actions of chlordiazepoxide cannot readily 
explain the present behavioral effects. It may be, however, that the 
brain mechanisms by which benzodiazepines enhance drinking are 
similar to those involved in attenuation of anxiety. 

Experiments Three and Four clearly show the drinking of saline 
by rats to be consistently and significantly elevated by valproate 
(300 mg/kg), and, in the early part of the sessions of Experiment 
Three by 103 mg/kg valproate. This finding extends the parallel 
between effects of valproate and of benzodiazepines, already 
known to share anticonvulsant, muscle relaxant and apparent 
anxiolytic properties in animal model procedures (19, 29, 34) by 
showing similarity in a behavioral procedure not related to anxiety 
systems (6). 

Bicuculline, however, was virtually inactive in these studies 
apart from a suppression of drinking induced by 2.5 mg/kg alone. 
This treatment induced minor convulsive phenomena in 10/20 
subjects during the preobservation period and the 2.5 mg/kg dose 
is clearly at the upper extreme of the range suitable for behavioral 
experimentation. Even this dose, however, was completely with- 
out effect on saline drinking when given with chlordiazepoxide (10 
mg/kg) or valproate (IO3 mg/kg or 300 mg/kg); coadministration 
of valproate also eliminated convulsive effects of bicuculline but 
1/10 rats receiving 5 mg/kg chlordiazepoxide plus 2.5 mg/kg 
bicuculline showed some evidence of these. We have already seen 
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FIG. 5. The figure'shows the effects of the nine combinations of valproate 
(0, 100 or 300 mg/kg) with bicuculline (0, 1.5 or 2.5 mg/kg) on saline 
drinking (ml) in 30 minutes. Three stars denote significantly different from 
appropriate no valproate control beyond 0.1% level. Three white stars on 
black significantly different from no bicuculline control beyond 0.1% 
level. 

that convulsant effects of bicuculline were confined to the preob- 
servation period and this drug is known to have a short half-life in 
rats. Even though effects of 2.5 mg/kg bicuculline alone were 
evident using the present methods it could be argued that our 
preinjection times were too long for antagonism of chlordiazep- 
oxide and valproate effects to occur. For this reason a replication 
was attempted using five-minute preinjection times and lower 
bicuculline doses (Shephard, unpublished). With this modification 
it became impossible to establish a dose of bicuculline which 
reduced saline drinking (with or without chlordiazepoxide or 
valproate), which did not also induce convulsive phenomena and 
therefore no publishable data were gathered. 

Picrotoxin alone also reduced saline drinking and induced 
minor convulsive reactions (4/10 subjects) at 2.5 mg/kg in 
Experiment Two. No convulsant effects of any other picrotoxin 
regime used were noted. The interaction of picrotoxin with 
chlordiazepoxide was clearly very different from the bicuculline/ 
chlordiazepoxide interaction. Although the 1.5 mg/kg dose of 
picrotoxin lacked effect on saline drinking alone it greatly atten- 
uated the effects of chlordiazepoxide, to nonsignificance in the 
case of the 5 mg/kg dose. Chlordiazepoxide at both dose levels, 
did however significantly increase drinking when given with 2.5 
mg/kg picrotoxin. The apparently greater effectiveness of the 
lower picrotoxin dose in antagonising chlordiazepoxide may seem 
paradoxical but at least two explanations should be considered. 
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FIG. 6. The figure shows the effects of drug conditions shown on saline 
drinking (ml) in 30 minutes. Three asterisks denote significantly different 
from vehicle control beyond 0.1% level. 

Firstly, since 2.5 mg/kg picrotoxin produced overt toxic signs 
which were antagonised by chlordiazepoxide, it may be that at 
least some of the enhancement in drinking induced by chlordiaz- 
epoxide here is a by-product of this reduced toxicity. Secondly, 
and perhaps not unrelatedly, 2.5 mg/kg picrotoxin produced large 
reductions in drinking alone and it is generally easier to increase 
behavior from a low baseline. It should be noted that although 
chlordiazepoxide increased drinking in the presence of 2.5 mg/kg 
picrotoxin, it barely returned it to the control level shown by 
undrugged rats even at 10 mg/kg. Effects of 1.5 mg/kg picrotoxin 
which greatly attenuated chlordiazepoxide action whilst being 
inactive alone, should be regarded as more useful for analytical 
purposes, and this dose prevented the effects of valproate (300 
mg/kg), in Experiment Four. RO15-1788 (10 or 25 mg/kg) 
prevented the effects of valproate on saline drinking (Fig. 6). This 
agent also prevents actions of chlordiazepoxide (43) and CGS 
8216 (9) in this paradigm but is inactive alone [(9,43); Shephard, 
unpublished]. 

The most striking finding of the present investigations is the 
contrast between the effects of bicuculline and picrotoxin in 
antagonising both chlordiazepoxide and valproate-induced en- 
hancement of saline drinking. Whereas bicuculline fails to do this 
even at a rather toxic dose, picrotoxin is effective at a dose which 
is too low to affect the behavior alone. In order to assess the 
implications of these interactions, they should be compared with 

those observed in other behavioral procedures. The literature on 
interactions between benzodiazepines and bicuculline or picro- 
toxin in procedures regarded as anxiety models is somewhat 
diffuse and contradictory (32-34). However, whilst picrotoxin has 
generally proved effective in antagonising apparent anxiolytic 
actions of benzodiazepines (2, 16, 36, 40), studies of bicuculline/ 
benzodiazepine interactions have shown antagonism (3), no effect 
of bicuculline in the presence of diazeparn (7) and even potentia- 
tion of some effects of chlordiazepoxide by bicuculline (4). 
Reduction of conditioned suppression induced by chlordiazep- 
oxide is antagonised by picrotoxin, but not bicuculline (21). 
Similarly, in drug discrimination procedures, the stimulus prop- 
erties of various benzodiazepines are antagonised by picrotoxin 
(17,27) but not by bicuculline (15, 23, 26). 

These studies would seem to clarify the mechanism of action of 
valproate at the GABA/benzodiazepine receptor complex. The 
emerging view of the latter (8, 12, 13, 25) is that the three main 
elements of the complex are a GABA binding site of the GABA a 
receptor type, a benzodiazepine binding site and a chloride ion 
permeability channel which functions as a final common pathway 
at the complex mediating subsequent neural events. The prototyp- 
ical antagonists at these sites are, respectively, bicuculline, RO15- 
1788 and picrotoxin, the drugs investigated in the present experiments. 
As bicuculline failed to alter valproate action even at high doses, 
stimulation of GABAa receptors would not seem to be the 
mechanism of action of valproate. Antagonism at either the 
benzodiazepine receptor or the chloride ion channel prevented the 
effects of valproate, as had been shown in some studies of other 
behavioral actions (22, 30, 39). Of these two sites, the displace- 
ment of receptor-bound tritiated dihydropicrotoxinin but not triti- 
ated diazepam, by valproate (42) would suggest the chloride ion 
channel as the more probable site of action of valproate. More- 
over, picrotoxin appears to be a competitive antagonist of the 
effects of valproate in enhancing food intake suppressed by 
novelty (39), suggesting a common site of action. Further work 
would be needed to determine why behavioral effects of valproate 
can be disrupted by both antagonists [(22,39), Experiment Four] 
and agonists (37) at the benzodiazepine site, whilst being insen- 
sitive to actions at the GABA a site [(22), Experiment Three]. 
Since benzodiazepines and related drugs are known to affect other 
neurotransmitter systems, such as serotonin and norepinephrine 
(33,40), it would also be of interest to test drugs affecting these 
systems in the saline drinking paradigm. Methysergide, clonidine 
and propranolol might be especially worth examining as these 
have been shown to have anxiolytic activity. 

It may be that the different sites of action of bicuculline and 
picrotoxin at the benzodiazepine receptor complex explain the 
differences in efficacy between them. Since picrotoxin seems to 
act at the chloride ion channel, the "effector" of the receptor 
complex, it might be expected that picrotoxin would be an 
effective antagonist of the actions of benzodiazepines and related 
drugs. By contrast, bicuculline seems relatively inactive in behav- 
ioral studies which may be due to a comparatively marginal role of 
the GABA a receptor site in mediating these functional activities of 
the benzodiazepine receptor complex. Such an hypothesis would 
also explain why the GABAa agonist muscimol so persistently 
fails to elicit benzodiazepine-like behavioral effects (4, 11, 12, 31, 
38, 41) despite evidence that it enters the brain and produces 
neurophysiological effects following peripheral injections of low 
doses (12). 
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