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TITIEVSKY, A. V., O. RAILOMA, S. A. NIEMINEN AND M. M. AIRAKSINEN. Influence offlumazenil on the 
learning-enhancing effect of ambocarb in rats. PHARMACOL BIOCHEM BEHAV 47(3) 681-688, 1994.-The effects of 
flumazenil (Ro 15-1788) and a new/3-carboline, ambocarb (AMB), on learning were investigated using the multichoice maze. 
The drugs, administered either alone or simultaneously, were injected once a day before training for eight days. AMB, 
administered alone, improved the performance and decreased the working errors, whilst flumazenil had no effect on perfor- 
mance during its sole administration but weakly prevented the learning-improving effect of AMB. More significantly, fluma- 
zenil antagonized the motor activity depressed by AMB. In the study ex vivo, flumazenil decreased and AMB increased the 
apparent affinity of [3H]flunitrazepam to the central benzodiazepine receptors. Flumazenil reversed the action of AMB on 
the central benzodiazepine receptors, but failed to reduce significantly the modulative effects of AMB on [3H]muscimol and 
[35S]t-butylbicyclophosphorothionate ([3~S]TBPS) binding. These data indicate that flumazenil, due to its action on the central 
benzodiazepine receptors, more effectively reverses the inhibition of motor activity than the performance-improving effect of 
AMB. 

Flumazenil /3-Carbolines Benzodiazepine receptor Learning Spatial discrimination test 

BENZODIAZEPINES have long been known to impair many 
forms of learning in many species, including man (41). Since 
benzodiazepines induce anterograde amnesia and sedation, 
some of the inverse agonists of the central benzodiazepine 
receptors (CBRs) with a/3-carboline structure enhance mem- 
ory and/or increase vigilance (28,34,43). Higher doses of/3- 
carbolines have an opposite effect, impairing memory in these 
tasks which assess a function of acquisition (12). 

The effects of/3-carbolines on learning and memory are 
suppressed by administration of flumazenil (Ro 15-1788), 
which, with high affinity and great specificity, dose-depen- 
dently prevents all effects that CBR agonists and inverse ago- 
nists can produce via the CBR (16,20,34). Some investigators 
have reported that flumazenil also has an intrinsic positive 
effect on cognition (21,24). Thus, it could be proposed that 
the described effects on learning are mediated by the CBR and 
flumazenil merely attenuates the sensitivity to -r-aminobutyric 
aCidA (GABAA) agonists. However, not only the activation of 
CBRs, but also the modulation of peripheral benzodiazepine 

receptors (PBRs) leads to the enhancement of learning. Though 
PBRs are physically and pharmacologically distinct from CBRs 
(2,3,4,37), CBRs and PBRs appear to mediate some common 
behavioral actions on performance and anxiety (9,18). These 
effects are antagonized by the specific PBR antagonist PK 
11195, but not by flumazenil (9). Nevertheless, several studies 
have suggested that effects of Ro 5-4864 may be the result of 
interactions with the GABA/benzodiazepine complex (4,13). 

Therefore, since certain CBR and PBR ligands, through 
an interaction with the same macromolecular complex, can 
differently affect learning and memory, the present study in- 
vestigated the effects of a novel B-carboline, ambocarb 
(AMB), in an appetitive discrimination task maze combined 
with studies on CBRs, PBRs, and muscimol binding sites of 
the GABA/benzodiazepine complex. Since one may presume 
that the effect of AMB on the anxiety level in animals reflects 
inherent properties as an agonist of CBR (23), the drug was 
administered both alone and in the presence of the specific 
antagonist of the CBR, flumazenil. 

To whom requests for reprints should be addressed. 
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METHODS 

Animals and General Procedures 

Fifty-four male H a n ' W i s t a r  rats (National Laboratory 
Animal Center, Kuopio, Finland) aged 12-14 weeks at the 
beginning were used in four series of experiments. The rats 
were housed two per steel cage. Pelleted food (SDS, UK) and 
tap water were available ad lib. Animals were maintained on 
a 12-h light period (lights on 0700-1900). The temperature of 
the animal room was 21 + IoC and the relative humidity 50- 
60°70. Four days before the training the animals were trans- 
ferred to the testing laboratory and placed on a food- 
deprivation schedule so that they weighed approximately 85070 
of their free-feeding weight during the training period. The 
weight of rats decreased equivalently in all groups observed. 
For avoidance of inadvertent alterations within the GABA/ 
benzodiazepine (BDZ) chlorine ionophor receptor complex, 
the animals were habituated to handling four days prior to 
the maze trials. At the same time, the rats were injected with 
sterile water (1 ml/kg of body weight) once a day. 

Drugs 

AMB, 4'-oxo-(2',2'-dimethyl)-3,4-tetramethylene harman, 
was synthesized in the Department of Pharmacology of the 
Donetsk Medical Institute (Ukraine) and in the Department 
of Coal Chemistry of the Institute of Physical and Organic 
Chemistry (Donetsk, Ukraine). It was dissolved in sterile wa- 
ter. Flumazenil (Ro 15-1788), provided by Hoffmann-La 
Roche (Basel, Switzerland), was suspended in sterile water 
with a drop of Tween 80. 

Test Apparatus 

The six-unit T-maze was modified from an appetitive spa- 
tial discrimination maze task. It consists of six 50 x 40-cm 
units with 35-cm-high walls, separated from a start box and a 
goal box (25 × 25 x 20 cm) by a guillotine door (Fig. 1). 
The goal box was equipped with pelleted (45 rag) prize food 
(Campden Instruments Ltd, Loughborough, Leics, UK). The 
series of three units were connected with a passage as marked 
at Fig. 1. Each unit contained a T-wall, behind which a clear 
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FIG. 1. Apparatus used for the testing of learning. The six-unit 
T-maze consists of six 50 x 40-cm units with 35-cm-high wails, sepa- 
rated from a start box and a goal box (25 x 25 x 20 cm each) by a 
guillotine door. The two series of three working units were connected 
with a U-shaped passage. Each unit (except start and goal boxes) 
contained a T-wall, behind which a clear Plexiglas barrier was placed 
on the left or right side. The correct alley was always indicated with 
white labels on the back wails of the units, and incorrect choices were 
indicated with black labels. The barriers were changed randomly after 
each training trial, and were identical for all the animals trained on 
that day. The rats were trained to discriminate the correct (white) 
colour and were allowed to find a path to the goal box for up to 10 
min. The experimental procedure is described in Methods. 

Plexiglas barrier was placed randomly on the left or right side. 
The correct path was always indicated with white labels on 
the back walls of the units, and incorrect choices were indi- 
cated with black labels (Fig. 1). The rats were trained to dis- 
criminate the correct (white) colour. The path was changed 
randomly after each training trial, and it was identical for all 
the animals trained on that day. The maze was dimly illumi- 
nated with indirect light and observed by a video camera 
hooked 2.5 m above the maze. 

Procedure 

Once a day during the two days before the training trials, 
all the rats in pairs were allowed to become familiar with the 
final doorway to the goal box equipped with prize food. Dur- 
ing the training a rat was placed into the start box, the door 
was opened, and the rat was allowed to find a path to the 
goal box for up to 10 min. AMB was injected daily (3.0 mg/ 
kg, IP) 30-45 min before the training trials. The dose and the 
time of administration of AMB were set from our initial stud- 
ies, which showed that AMB at this dose has higher effect on 
retention performance (Airaksinen et al., submitted) and after 
30 min of IP injection reaches the peak of concentration in 
the rat blood. Flumazenil was administered SC at a dose of 3 
mg/kg 20 min before the training trials. The same dose and 
the time of administration of flumazenil were used in the pre- 
vious studies which reported the performance-enhancing ef- 
fect of flumazenil (21,24,32). The drugs were administered in 
the injection volume of 1 ml/kg. Control injections of sterile 
water were administered SC for AMB-treated and IP for flu- 
mazenil-treated groups. In the experiment with AMB and flu- 
mazenil, the drugs were injected at the same time and doses 
for comparison with administration of drugs alone. Animals 
in the control group were injected with sterile water (1 ml/kg) 
30 min and 20 min before training IP and SC, respectively. 
The correct and error choices and the retracings and the time 
used until the animal reached the goal box were monitored. 
The rat was allowed to eat during 2 min in the goal box before 
it was removed into the home cage. The intertrial interval 
was 24 h, and the trials were repeated at eight days starting 
approximately at 1000. 

Ligand Binding Assay. 

Benzodiazepine binding assay. The animals were sacrificed 
by decapitation 1 h after the end of the last trial session, and 
the cerebral cortex or the whole brain were quickly dissected 
on ice and stored overnight at - 20°C. 

The synaptosomal membranes were prepared as previously 
described (36). In brief, tissue material was homogenized with 
a glass-Teflon homogenizer in 32 volumes (w/v) of ice-cold 
tris0aydroxymethyl)aminomethane (Tris)-HCl buffer (50 mM, 
pH 7.4). The homogenates were centrifuged at 48 000 x g 
for 15 rain and the resulting pellets washed twice by centrifu- 
gation (48 000 x g for 15 min) before binding experiments. 
Finally, the pellet was diluted to the approximate protein con- 
centration of 0.15 mg per probe, measured by the method of 
Lowry et al. (26). Binding of [3H]flunitrazepam (0.125-8 nM, 
sp act 79 Ci/mmol; Amersham, UK) and [3H]Ro 5-4864 (0.5- 
16 nM, sp act 86.3 Ci/mmol; New England Nuclear, Boston) 
were carried out in a total incubation volume of 250 #1. Non- 
specific binding was determined in the presence of flunitra- 
zepam (10 t~M) or Ro 5-4864 (10 ~M), respectively. 

After 60 min incubation (in duplicate test tubes on crushed 
ice) all the reactions were stopped by rapid filtration over 
Whatman GF/B filters. The filters were washed three times 
with 4 ml of ice-cold Tris-HCl buffer. Filters were allowed to 
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solubilize in 5 ml of American Chemical Society scintillation 
liquid for 24 h before the radioactivity was measured. 

[3H]Muscimol binding assay. Brains were rapidly removed 
and placed in beakers containing ice-cold 50 mM Tris-HCl 
buffer (pH 7.4). Brain regions were dissected and weighed. 
Membranes for assays were prepared as described previously 
(40). Tissues were homogenized in 32 volumes 50-mM Tris- 
HCI buffer with a glass-Teflon homogenizer. The homoge- 
nates were then centrifuged at 40 000 × g for 20 min (4°(2). 
The pellet was washed four times by suspension in Tris-HC1 
buffer and centrifugation, and then frozen at - 2 0 ° C .  

After thawing, the pellets were resuspended in 50 mM Tris- 
citrate buffer (pH 7.4) and centrifuged as before. A final wash 
and resuspension was performed in 20 volumes 50-mM Tris- 
citrate buffer (pH 7.4). Binding of [3H]muscimol (using con- 
centration 1-64 nM, sp act 25 Ci/mmol; Amersham) was de- 
termined in a final volume 500 #l (final protein concentration 
approximately 0.2 mg). After 30 min of incubation on ice the 
reactions were stopped by rapid filtration through the GF/B 
Whatman filters. The filters were washed three times with 4 
ml of ice-cold Tris-citrate buffer. Nonspecific binding was 
determined using 10 #M GABA. 

[SsS]TBPS binding assay. Cerebral cortical membranes for 
these experiments were prepared by four-times washing as de- 
scribed in the [3H]muscimol binding section above, frozen at 
- 20°C, and stored at least 24 h before binding assay. 

After thawing the pellets were resuspended in 50 mM Tris- 
citrate buffer containing 1 mM ethylenediaminetetraacetic 
acid (EDTA; pH 7.5) and centrifuged at 40 000 x g for 20 
rain (4°C). The washing procedure was repeated once. A final 
resuspension was performed in 20 volumes of the same buffer. 
[35S]TBPS binding was determined using a modification of the 
method of (39) as described by Havoundjian et al. (17) with 
reducing the volume of incubation. Incubations consisted of 
50/~1 [35S]-TBPS (sp act 118-85 Ci/mmol, New England Nu- 
clear), 150 #1 tissue homogenate (approximately 0.50 mg pro- 
tein), and drugs or buffer to a final volume of 0.25 ml. Incu- 
bation at 25 °C was initiated by addition of radioligand and 
terminated after 90 min by filtration through Whatman GF/B 
glass fiber filters with three 5-ml washes with Tris-citrate 
buffer (pH 7.5) maintained at room temperature. Nonspecific 
binding was determined using 20/~M picrotoxin (Sigma Chem- 
ical Co., St. Louis) and was usually <20°70 of total binding. 
After filtration all filters were placed into the 5 ml of Ameri- 
can Chemical Society scintillation liquid for 24 h before radio- 
activity was measured. 

Protein concentration was measured in all experiments by 
the method of Lowry et al. (26). 

Data Analysis 

The statistical significance of differences was assessed with 
analysis of variance (ANOVA) (repeated measures for behav- 
ioral data [two-factor: one factor, trial; second factor, dose] 
and one-factor for binding studies). Mann-Whitney U test 
was used for post hoc comparisons. The criterion of statistical 
significance was p < 0.05. Statistical analysis was performed 
with StatView SE + Software (Abacus Concepts, Inc., Berke- 
ley, CA). 

RESULTS 

Behavioral Data 

In the behavioral experiments animals received either ster- 
fie water, AMB alone, flumazenil alone, or AMB + fluma- 
zenil. Although there were no differences in the running time 
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FIG. 2. The time (in seconds) spent in the multichoice maze until the 
animal reached the goal box. Flumazenil (3 mg/kg, SC) and AMB 
(3 mg/kg, IP) were injected daily 20 min and 30 min, respectively, 
before the trial. The drugs were injected either alone or jointly; t h e  

control group received sterile water (I ml/kg) at the exact time as the 
drugs. Scores are mean + SE; n = 13-14 per group. 

of rats (Fig. 2) from start to goal box between control group 
and drugs-alone groups, r~(3,320) = 2.53, p > 0.05, NS (re- 
peated ANOVA), animals receiving simultaneous administra- 
tion of AMB and Ro 15-1788 used less time for decision of 
the linear maze task than animals of the control group, F(I,  
184) = 5.4, p < 0.05 (repeated ANOVA), or AMB-alone an- 
imals, F(1,144) = 6.54,p = 0.021 (repeated ANOVA). 

AMB reduced the number of errors (i.e., the number of 
visits to the wrong-choice alleys) (Fig. 3) during the adminis- 
tration alone as compared to the control, F(1,312) = 18.26, 
p < 0.001, whereas flumazenil alone showed no effect, F( l ,  
296) = 0.71, NS (repeated ANOVA), but weakly prevented 
the improving effect of AMB on performance in the last days 
of training, F(I,  280) = 2.06, NS (in comparison with the 
control). 

Similar effects were observed when we registered not only 
errors of performance or learning but also the number of all 
mistakes, which includes the number of revisited alleys and 
boxes (Fig. 4). These errors, in our opinion, might particularly 
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FIG. 3. The number of "working errors," which are the number of 
selections of the incorrect alleys after the daily treatment by drugs 
and solvent during the eight day trials. The rats were trained to dis- 
criminate the alleys marked by the light colour at the corner of t h e  

correct alleys. Scores are mean + SE; n = 13-14 per group. 
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FIG. 4. The number of all errors, which includes also the number of 
retracings to the previous box. For more details, see text. Scores are 
mean + SE; n = 13-14 per group. 

reflect the level of  fear in the animals. A M B  improved the 
performance f rom the third day to the last day of  trials as 
compared to the control,  F(1, 234) = 12.74, p = 0.001 (re- 
peated ANOVA) .  Flumazenil  did not  have any effect on per- 
formance and learning during its sole administrat ion,  F(1, 
296) = 0.52, NS (flumazenil vs. controls,  repeated ANOVA) ,  
nor did it prevent the improving effect o f  A M B  up to the last 
two days o f  trials, F ( I ,  216) = 0.13, NS (flumazenil + A M B  
vs. A M B  alone, repeated ANOVA) ;  F(1, 216) = 3.89, p = 
0.05 (flumazenil + A M B  vs. control ,  repeated ANOVA) .  

AMB-treated rats significantly enhanced their retention 
performance in comparison to the control  (Mann-Whi tney  U 
test: U = 90.5, p = 0.01 and U = 40.5, p < 0.001 at three 
and eight days of  trials, respectively) as also estimated by the 
increase in the percent o f  correct choices up to 70°70 at the last 
day o f  trials (Fig. 5). The control  and flumazenil-alone groups 
did not  increase to the same extent their levels o f  performance.  
There was no difference between the control  and Ro 15-1788 
groups,  F(1,296)  = 0.67, NS (repeated ANOVA) .  Flumazenil  
did not  prevent the performance-enhancing effect o f  AMB 
during the entire period o f  the trials, F(1, 280) = 5.24, p 
= 0.03 (flumazenil + A M B  vs. control ,  repeated ANOVA) .  
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FIG. 5. The percent of correct choices, which was evaluated as a 
percent of choice of the correct alleys from all possible choices (cor- 
rect, wrong, and retracings). Scores are mean + SE; n = 13-14 per 
group. 

Only on the last day of  trials did we observe an antagonizing 
action of  flumazenil on the effect of  AMB (Mann-Whitney U 
test: U = 30.5, p < 0.002, AMB alone vs. AMB + fluma- 
zenil). 

However,  we registered a slight decrease in motor  activity 
in the AMB-treated group (Fig. 6). This effect was significant 
f rom the latter part o f  the trial days, F(1, 156) = 1.78, NS 
(for first four  days, repeated ANOVA);  F(1, 156) = 4.2, p 
< 0.05 (for last four trials days as compared to the control,  
repeated ANOVA) .  On these last four days we observed a 
very significant effect of  flumazenil to antagonize the activity 
depressed by AMB,  F(1, 156) = 8.07, p < 0.01 (repeated 
ANOVA) .  However ,  rats treated with flumazenil alone 
showed no enhancement of  their activity when compared to 
the control,  F(1, 148) = 1.47, NS. To examine whether these 
effects reflect the specific actions o f  AMB and flumazenil on 
the GABA/benzodiazep ine  complex we investigated the action 
o f  these drugs ex vivo on the GABAA receptors. 

Ligand Binding Data 

In the cerebral cortices of  vehicle-treated rats used in the 
maze experiments we observed an increase in the number o f  
the CBRs, F(1, 11) = 17.32, p = 0.002 (one-way ANOVA)  
and U = 0, p = 0.004 (Mann-Whitney U test), but no in- 
crease in PBRs,  F( I ,  11) = 0.37, NS, as compared to the 
number of  receptors in the cerebral cortex of  handling- 
habituated rats, which did not participate in the experiment 
(Fig. 7, bot tom panel). Learning did not  change the apparent 
affinity either o f  CBRs or o f  PBRs in the rat cerebral cortex 
(Fig. 7, top panel). AMB alone did not  change the number of  
CBRs, F(1, 8) = 2.39, NS (one-way ANOVA)  a n d p  > 0.05 
(Mann-Whi tney  U test), whereas flumazenil alone reduced the 
number  o f  CBR in the cerebral cortex, F(1, 8) = 30.54, p < 
0.001 (one-way ANOVA).  However,  AMB significantly 
decreased (Fig. 7, bot tom panel) the number of  CBRs in 
the cerebral cortex o f  the handling-habituated rats not  used 
in the maze procedure, F( I ,  9) = 8.18, p < 0.05 (one-way 
ANOVA).  

The drugs had no effect on the number o f  PBRs. Neverthe- 
less, opposite effects of  AMB and flumazenil were observed 
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FIG. 6. The motor activity of rats in the control and in the drug- 
treated groups. The activity was expressed as number of crossings of 
the lines of choice (the conventional lines which delimit the boxes) 
per second during the acquisition of the maze task. Scores are mean 
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FIG. 7. The characteristics of the [3H]flunitrazepam and [3H]Ro 5- 
4864 binding to rat cerebral cortical membranes ex vivo after the end 
of the training trials. The brains were removed after 1 h from the last 
training in the maze. (Top) The apparent affinity (Kd; nM) of the 
ligands. (Bottom) The number of binding sites (Be;  fmol/mg pro- 
tein) estimated from the Scatchard analysis. First and second groups 
of columns from the left represent the binding of ligands to the corti- 
cal membranes of handling-habituated and AMB-treated rats (3 rag/ 
kg, IP), which were not used in any experiments. Scores are mean ± 
SE; n = 3-5 per each group. 

in their actions on the apparent affinities of CBRs and PBRs 
(Fig. 7, top panel). AMB alone increased and flumazenil alone 
decreased the affinity of the CBRs, F(1, 8) = 10.93, p = 
0.013 (AMB alone, one-way ANOVA) and F(1, 8) = 5.99, 
p < 0.05 (flumazenil alone, one-way ANOVA), but did not 
decrease the affinity of the PBRs, F(I ,  8) = 2.15, NS (AMB 
alone, one-way ANOVA) and F(I,  8) = 2.54, NS (flumazenil 
alone, one-way ANOVA) in comparison with the vehicle- 
treated control. Flumazenil inhibited the affinity-increasing 
effect of AMB on CBRs, F(1, 8) = 3.31, NS (flumazenil + 
AMB vs. control, one-way ANOVA). 

Neither control, AMB, nor flumazenil treatment had any 
direct influence on the number of [~H]muscimol sites (Fig. 8) 
or [35S]TBPS binding sites (Fig. 9) in the cerebral cortex,/;'(3, 
17) = 1.43, NS and F(3, 14) = 2.39, NS for muscimol and 
TBPS binding sites, respectively (one-way ANOVA). How- 
ever, in the cerebral cortices of vehicle-treated controls 
(Mann-Whitney U test: U = 0, p = 0.004, as compared to 

intact group) and AMB-treated rats (Mann-Whitney U test, 
U = 0, p = 0.02, as compared to vehicle-treated control) an 
increase in the apparent affinity of GABA binding sites was 
observed. Flumazenil alone did not change the apparent affin- 
ity of GABA binding sites (p > 0.05) in the cerebral cortex 
(Fig. 8) and did not reverse the affinity-increasing effect of 
AMB (Mann-Whitney Utes t :p  > 0.05). 

Learning increased the apparent affinity of [asS]TBPS 
binding sites in the rat cerebral cortex (Fig. 9, top panel) as 
estimated for the control, AMB-treated, and flumazenil- 
treated groups, F(3, 14) = 4.96, p < 0.05 in comparison with 
the intact group. However, treatment by AMB increased the 
affinity of [35SlTBPS binding sites (Fig. 9), F(l ,  7) = 8.62, 
p < 0.05 (one-way ANOVA) and U = 1, p < 0.05 (Mann- 
Whitney U test), as compared to the control group (rats partic- 
ipated in the learning procedure). Flumazenil on its own had 
no effect on the affinity of [35SlTBPS binding sites and weakly 
inhibited the action of AMB, F(1, 7) = 4.12, p = 0.09; U 
= 3, NS (Mann-Whitney U test) as compared to the control; 

F(I,  7) = 0.45,p > 0.05, NS (AMB-treated vs. AMB + flu- 
mazenil). 
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FIG. 9. The characteristics of the [35S]TBPS binding to rat cerebral 
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the left in each panel). The membranes were extensively washed as 
described in Methods. (Top) The apparent affinity(Ka). (Bottom) The 
number of binding sites (Bm~). Scores are mean :t: SE; n = 4-5 per 
group. 

DISCUSSION 

Although flumazenil is described as a ligand of CBRs 
which prevents and reverses, dose-dependently, all the effects 
of BDZ agonists and inverse agonists on the CBRs (15), in 
our study we have shown only a weak reversing effect of 
flumazenil at a low dose on the performance-enhancing effect 
of AMB. The weak effect of flumazenil on learning might not 
be due simply to the low dose. The low, nonanxiogenic dose 
of flumazenil used in our experiments was selected from the 
investigations (24) which have shown an enhancement of re- 
tention in an active avoidance task in mice with pretraining 
flumazenil at similar, presumably purely antagonistic, doses. 
As has also been reported, this same low dose of flumazenil 
(5 mg/kg or less) given prior to training, has enhanced reten- 
tion of habituation to a buzzer (21) and active (24) and inhibi- 
tory avoidance learning (21,32) in rats. 

The question remains as to how AMB and flumazenil exert 
their effects on learning./3-Carbolines are known to bind with 
high affinity to the CBRs (1,5,14,35), and some have been 
proposed as endogenous ligands for these receptors (5,7,31). 

We have found (Airaksinen, unpublished results) that AMB 
posesses the properties of a positive modulator or partial ago- 
nist of CBR. But since the effects of AMB on learning were 
weakly suppressed by administration of flumazenil, a specific 
antagonist of CBRs, it may be assumed that these effects are 
only partly mediated by CBRs in this learning task. One possi- 
bility to explain this is that these drugs, and the possible en- 
dogenous modulatory mechanism that their actions suggest, 
affect only the acquisition of behaviors that involve or require 
a good perception of stress or anxiety. 

AMB in the small doses possibly increased the level of 
arousal during the training session and seemed to decrease the 
anxiety induced by reinforcements as observed for reduction 
of the number of retracings (Fig. 4). This explanation is in 
agreement with the observation that, in rodents, arousal- 
enhancing drugs improve learning (27) and that several /3- 
carbolines increase arousal (22,30). Similar effects were found 
in humans, where the/3-carboline ZK 93426 improved perfor- 
mance in two cognitive tasks (10). 

Another possibility would be to link the effects of AMB 
on learning to its anxiolytic effects. Thus, depending on the 
fearfulness of the condition, AMB could induce performance- 
enhancing effects. However, the performance-enhancing ef- 
fects of an anxiogenic /3-carboline, methyl /3-carboline-3- 
carboxylate (BCCM), in mice were not seen in the dose range 
of the anxiogenic or convulsive effects of this drug (33). 

Flumazenil did not reduce the performance-enhancing ef- 
fect of AMB for most of the training. However, inhibition of 
AMB-induced improvement of performance in the latter 
phase of the trials indicated that flumazenil acts better when 
the information acquired during the trials can be transformed 
into long-term memory. Nevertheless, flumazenil effectively 
increased the animal motor activity inhibited by AMB during 
the whole training period. In rats, Ro 15-1788 has clearly 
prevented the anxiolytic properties of diazepam without abol- 
ishing the drug's amnestic effects (42), whilst in man fluma- 
zenil may antagonize the subjective and objective measures of 
sedation in diazepam-treated subjects without any effect on 
amnesia (19). Thus the learning effects of AMB may be medi- 
ated by a different (flumazenil-insensitive) subset of the mod- 
ulation of acquisition and consolidation. 

In our experiments flumazenil was ineffective on its own 
on the modulation of learning and acquisition. These data 
do not agree with the observations, which showed (24) that 
flumazenil could enhance learning and memory over a large 
range of doses (2.5 to 40 mg/kg). However, the fact that 
flumazenil was ineffective on its own at this low dose and 
only weakly inhibited the effect of AMB in this task which 
was very sensitive to AMB, but effectively affected the motor 
activity, suggests that a mechanism involving BDZ agonists 
acting at CBRs normally differentially modulates these behav- 
iors. 

Binding studies with flumazenil and AMB in the cerebral 
cortices of rats used in the experiment suggested that fluma- 
zenil is a very potent ligand for the CBRs [as is well known 
from the literature; for a review, see (11)] and appears to 
interact with the same number of sites of the CBRs as AMB. 
Although our binding studies indicate that flumazenil binds 
to the same receptor population of CBRs as AMB and reverses 
the AMB-mediated increasing of the apparent affinity of the 
CBRs, further studies indicated that the mode of interaction 
of flumazenil with the CBRs is different from that of AMB. 

AMB increased the affinity of [3H]muscimol binding sites, 
but flumazenil failed to inhibit this effect. Originaily described 
as being essentially a pure antagonist ligand of the CBR (6,15), 



FLUMAZENIL AND AMBOCARB, EFFECT ON LEARNING 687 

flumazenil has been shown, however, to have intrinsic proper- 
ties on the BDZ receptor, behaving either as a weak agonist 
(16) or as a weak inverse agonist (8,11). The direction of in- 
trinsic efficacy (agonist to inverse agonist) varies according to 
the test situation and, frequently, to the dose of  flumazenil 
administered. We propose that at this low dose and in this 
learning task flumazenil acts as an antagonist of  CBRs and 
its weak action on the allosteric effects of  AMB shares a dif- 
ferent mechanism in modulating the benzodiazepine sites of  
the GABAA receptor complex. 

Allosteric action of  GABAA receptor ligands on [35S]TBPS 
binding at or near the GABAA receptor-coupled chloride 
channel has been of  considerable interest because of its poten- 
tial to predict the pharmacological efficiency of the ligands. 
AMB in well-washed cortical membranes significantly in- 
creased the affinity of  [3sSITBPS binding sites. Recent studies 
have indicated that the effects of benzodiazepines and positive 
modulators of the GABAA receptor complex are highly depen- 
dent on GABA levels. Benzodiazepines either cause enhance- 
ment (25,29,39) or have no effect (38) on [35S]TBPS binding 
in well-washed membrane preparations of the rat brain. In 
our same experimental conditions (frozen, extensively washed 
membranes) flumazenil had no effect on either the changes 
of [35S]TBPS binding sites or its apparent affinity. However, 
flumazenil weakly inhibited the effect of  AMB. This may sug- 
gest that only part of  the action of AMB on [35S]TBPS binding 
was mediated by the occupation of  the central benzodiazepine 
receptor. 

The intrinsic activity of  Ro 15-1788 was not apparent in 
our test situations, which were sensitive to agonist-like or par- 
tial agonist-like effects. Apart from certain tests in which the 
intrinsic actions of flumazenil have been consistently evident 
(the social interaction test of  anxiety, the holeboard in rats), 

in our T-maze situation this intrinsic action was weak when 
compared with that of  AMB. 

The AMB-induced change results in an activation of  
GABA-mediated neurotransmission, as may be shown by the 
increase of apparent affinity of GABA and [35SlTBPS binding 
sites in the cerebral cortex of rats treated with AMB. The CBR 
antagonist flumazenil is thought to push the receptor towards 
a predominantly neutral state, in which a functionally relevant 
conformational change has not been produced (11). Fluma- 
zenil would thereby block the ability of  AMB to induce 
changes in the benzodiazepine binding sites, but we can sup- 
pose that it did not block other possible binding sites for the 
/~-carboline AMB, coupled or nonrelated with the BDZ recep- 
tors. 

There are critical differences in the pharmacological mech- 
anisms underlying the behavioral actions of AMB and fluma- 
zenil on learning and also in their influences on the compo- 
nents of  the GABA/benzodiazepine chlorine ionophor 
receptor complex. The results of our experiment demonstrate 
that flumazenil inhibited the consolidation but failed to affect 
the acquisition of  a spatial memory in a multichoice paradigm 
enhanced by daily pretreatment with AMB, indicating that 
there is a different action of the BDZ ligands on working 
memory and the process of  consolidation. It is possible that 
AMB mainly affected working memory as the result of  the 
high levels of  performance achieved earlier in training. Fluma- 
zenil was much more effective at reversing the effect of AMB 
on the animal motor activity than its effects on learning. 

ACKNOWLEDGEMENTS 

This work was financially supported by the Academy of Finland 
and a grant from Orion Farmos Company, Ltd (Finland). 

REFERENCES 

1. Airaksinen, M. M.; Mikkonen, E. Affinity of/$-carbolines on rat 10. Duka, T.; Stephens, D. N.; Krause, W.; Dorow, R. Human stud- 
brain benzodiazepine and opiate binding sites. Med. Biol. 58: 
341-344; 1980. 

2. Basile, A. S.; Bolger, G. T.; Lueddens, H. W. M.; Skolnick, P. 
Electrophysiological actions of Ro5-4864 on cerebellar Purkinje 
neurons: Evidence for "peripheral" benzodiazepine receptor-me- 
diated depression. J. Pharmacol. Exp. Ther. 248:463-468; 1989. 

3. Basile, A. S.; Skolnick, P. Subcellular localization of "peripheral 
type" binding sites for benzodiazepines in rat brain. J. Neuro- 
chem. 461:305-308; 1986. 

4. Benavides, J.; Malgouris, C.; Imbault, F.; Begassat, F.; Uran, 
A.; Reault, C.; Dubroeucq, M. C.; Gueremy, C.; Le Fuz, G. 
Peripheral type benzodiazepine binding sites in rat adrenals: 
Binding studies with [3H]PK 11195 and autoradiographic localiza- 
tion. Arch. Int. Pharmacodyn. 266:38-49; 1983. 

5. Braestrup, C.; Nielsen, M.; Olsen, C. E. Urinary and brain beta- 
carboline-3-carboxylates as potent inhibitors of brain benzodiaze- 
pine receptors. Proc. Natl. Acad. Sci. U. S. A. 77:2288-2292; 
1980. 

6. Braestrup, C.; Schmiechen, R.; Neef, G.; Nielsen, M.; Petersen, 
E. N. Interaction convulsive ligands with benzodiazepine recep- 
tors. Science 216:1241-1243; 1982. 

7. De Robertis, E.; Pena, C.; Paladini, A. C.; Medina, J. H. New 
developments on the search for the endogenous ligand(s) of cen- 
tral benzodiazepine receptors. Neurochem. Int. 13:1-11; 1988. 

8. De Vry, J.; Slangen, J. L. The Ro 15-1788 cue: Evidence for 
benzodiazepine agonist and inverse agonist properties. Eur. J. 
Pharmacol. 119:193-197; 1985. 

9. Drugan, R. C.; Holmes, P. V. Central and peripheral benzodiazepine 
receptor: Involvement in the organism's response to physical and psy- 
chological stress. Neurosci. Biobehav. Rev. 15:277-298; 1991. 

ies on the benzodiazepine receptor antagonist /~-carboline ZK 
93426: Preliminary observations on psychotropic activity. Psy- 
chopharmacology (Berl.) 93:421-427; 1987. 

11. File, S. E.; Pellow, S. Intrinsic actions of the benzodiazepine 
receptor antagonist Ro15-1788. Psychopharmacology (Berl.) 88: 
1-11; 1986. 

12. File, S. E.; Pellow, S. Low and high doses of benzodiazepine 
receptor inverse agonist respectively improved and impair perfor- 
mance in passive avoidance but do not affect habituation. Behav. 
Brain Res. 30:31-36; 1988. 

13. Gee, K. Phenylchquinolines PK 8165 and PK 9084 allosterically 
modulate [35S]t-hutylbicyclophosphorothionate binding to a 
chloride ionophore in rat brain via a novel Ro5-4864 binding site. 
J. Pharmacol. Exp. Thee 240:747-753; 1987. 

14. Guzman, F.; Cain, M.; Larscheid, P.; Hagen, T.; Cook, J. M.; 
Schweri, M.; Skolnick, P.; Paul, S. M. Biomimetic approach 
to potential benzodiazepine-receptor agonists and antagonists. J. 
Med. Chem. 27:564-569; 1984. 

15. Haefely, W. The preclinical pharmacology of flumazenil. Eur. J. 
Anaesthesiol. $2:25-36; 1988. 

16. Haefely, W.; Hunkeler, W. The story of flumazenil. Eur. J. An- 
aesthesiol. $2:3-14; 1988. 

17. Havoundjian, H.; Paul, S. M.; Skolnick, P. Acute, stress- 
induced changes in the benzodiazepine/GABA receptor complex 
are confined to the chloride ionophore. J. Pharmacol. Exp. Thee 
237:787-793; 1986. 

18. Holmes, P. V.; Drugan, R. C. Differential effects of anxiogenic 
central and peripheral benzodiazepine receptor ligands in tests of 
learning and memory. Psychopharmacology (Bed.) 104:249-254; 
1991. 



688 TITIEVSKY ET AL.  

19. Hommer, D. W.; Breier, A.; Paul, S. M.; Davis, M.; Weingart- 
ner, H. Ro 15-1788, a specific benzodiazepine antagonist, blocks 
the sedative, anxiolytic and attentional but not the amnestic 
effects of diazepam in humans. Psychopharmacol. Bull. 23:204; 
1987. 

20. Izquierdo, I.; Medina, J. H. GABAA receptor modulation of 
memory: The role of endogenous benzodiazepines. Trends Phar- 
macol. Sci. 12:260-265; 1991. 

21. Izquierdo, I.; Pereira, M. E.; Medina, J. H. Benzodiazepine re- 
ceptor ligand influences on acquisition: Suggestion of an endoge- 
nous modulatory mechanism mediated by benzodiazepine recep- 
tors. Behav. Neural Biol. 54:27-41; 1990. 

22. Jensen, L. H.; Stephens, D. N.; Sarter, M.; Petersen, E. N. Bidi- 
rectional effects of/3ocarbolines and benzodiazepines on memory 
processes. Brain Res. Bull. 19:359-364; 1987. 

23. Komissarov, I. V. Investigation of the mechanisms of action of 
nonbenzodiazepine anxiolytics. Soy. Med. Rep. G. Neurophar- 
macol. 2:63-111; 1992. 

24. Lal, H.; Kumar, B.; Forstrer, M. G. Enhancement of learning in 
mice by a benzodiazepine antagonist. FASEB J. 2:2707-2711; 
1988. 

25. Lloyd, K. G.; Danielou, G.; Thuret, F. Differentiation of activi- 
ties within the GABAA-chloride ionophore complex by means of 
35S-TBPS binding. In: Biggio, J.; Costa, E., eds. Choride chan- 
nels and their modulation by neurotransmitters and drugs. New 
York: Raven Press; 1988:199-207. 

26. Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. 
Protein measurement with the folin phenol reagent. J. Biol. 
Chem. 193:265-275; 1951. 

27. Martinez, J. L.; Jensen, R. A.; McGaugh, J. L. In: Deutsch, J. 
A., ed. The physiological basis of memory. New York: Academic 
Press; 1983:49-70. 

28. Nagatani, T.; Yamamoto, T. Antagonism by propyl-/~-carboline- 
3-carboxylate of passive avoidance impairment induced by diaze- 
pam. Eur. J. Pharmacol. 198:109-112; 1991. 

29. Nielsen, M.; Honore, T.; Braestrup, C. Radiation inactivation of 
brain [35S]t-butylbicyclophosphorothionate binding sites reveals 
complicated molecular arrangements of the GABA/benzodiaze- 
pine receptor chloride channel complex. Biochem. Pharmacol. 
34:3633-3642; 1985. 

30. Ongini, E.; Barzaghi, C.; Marzanatti, M. Intrinsic and antagonis- 
tic effects of beta-carboline FG 7142 on behavioral and EEG 
actions of benzodiazepines and pentobarbitai in cats. Eur. J. 
Pharmacol. 95:125-129; 1983. 

31. Pena, C.; Medina, J. H.; Novas, M. L.; Palladini, A. C.; De Rob- 
ertis, E. Isolation and identification in bovine cerebral cortex of 
n-butyl 13-carboline-3-carboxylate, a potent benzodiazepine bind- 
ing inhibitor. Proc. Natl. Acad. Sci. U. S. A. 83:4952-4956; 1986. 

32. Pereira, M. E.; Medina, J. H.; Izquierdo, I. Efect of pretraining 
flumazenil administration on retention of three different tasks in 
rats. Braz. J. Med. Biol. Res. 22:1501-1505; 1989. 

33. Raffalli-Sebille, M. J.; Chapouthier, G. Similar effects of a beta- 
carboline and of flumazenil in negatively and positively rein- 
forced learning tasks in mice. Life Sci. 48:685-692; 1991. 

34. Rafalli-Sebille, M.-J.; Chapouthier, G.; Venault, P.; Dodd, R. 
H. Methyl B-carboline-3-carboxylate enhances performance in a 
multiple-trial learning task in mice. Pharmacol. Biochem. Behav. 
35:281-284; 1990. 

35. Rommelspacher, H.; Nanz, C.; Borbe, H. O.; Feshke, K. J.; 
Muller, W. E.; Wollert, U. l-Methyl-/~-carboline (harmane), a 
potent endogenous inhibitor of benzodiazepine receptor binding. 
Naunyn Schmiedebergs Arch. Pharmacol. 314:97-100; 1980. 

36. Saano, V. Affinity of various compounds for benzodiazepine 
binding sites in rat brain, heart, and kidneys in vitro. Acta Phar- 
macol. Toxicol. 58:333-338; 1986. 

37. Schoemaker, H.; Boles, R. H.; Horst, D.; Yamamura, H. J. 
Specific high-affinity binding sites for [3H]-Ro5-4864 in rat brain 
and kidney. J. Pharmacol. Exp. Ther. 225:61-66; 1983. 

38. Squires, R. F.; Casida, J. E.; Richardson, M.; Saederup, E. 
[35S]t-Butylbicyclophosphorothionate binds with high affinity to 
brain specific sites coupled to gamma-aminobutyric acid-A and 
ion recognition sites. Mol. Pharmacol. 23:326-336; 1983. 

39. Supavilai, P.; Karobath, M. Differential modulation of [35S]T- 
BPS binding by the occupancy of benzodiazepine receptor with 
its ligands. Eur. J. Pharmacol. 91:145-146; 1983. 

40. Tehrani, M. H. J.; Vaidyanathaswamy, R.; Verkade, J. G.; 
Barnes, E. M. Interaction of t-butylbicyclophosphorothionate 
with gamma-aminobutyric acid-gated chloride channels in cul- 
tured cerebral neurones. J. Neurochem. 46:1542-1548; 1986. 

41. Thiebot, M. H. Some evidence for amnestic-like effects of benzo- 
diazepines in animals. Neurosci. Biobehav. Rev. 9:95-100; 1985. 

42. Thiebot, M. H.; Childs, M.; Soubrie, P.; Simon, P. Diazepam- 
induced release of behavior in an extinction procedure: Its rever- 
sal by Ro 15-1788. Eur. J. Pharmacol. 88:111-116; 1983. 

43. Venault, P.; Chapouthier, G.; Carvalho, L. P.; Simand, J.; 
Morre, M.; Dodd, R. H.; Rossier, J. Benzodiazepine impairs and 
/3-carboline enhances performance in learning and memory tasks. 
Nature 321:864-866; 1986. 


