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Abstract Rationale: Compounds selective for the GABAA

receptors containing an α5 subunit have been reported
to enhance performance in the hippocampally mediated
delayed-matching-to-position version of the Morris water
maze, in which reduction in the time required to find a
hidden platform relative to an initial trial is used as an index
of learning and memory. Objective: In the present study,
we have used one such compound, α5IA-II, to examine
whether these effects occur during the encoding, consol-
idation or recall phases of this paradigm. Methods: α5IA-II
was administered in the absence or presence of the ben-
zodiazepine site antagonist flumazenil, so as to limit its
action to periods associated with encoding, consolidation
and recall. Drug doses and timings of administrations
were defined using occupancy data derived from an in
vivo [3H]flumazenil binding assay. Similar experiments
were carried out to study the memory-disruptive proper-
ties of chlordiazepoxide (CDP). Results: The trial 1 to trial
2 difference was increased when α5IA-II was given before
either trial 1 or trial 2, indicating an effect on the encoding
and recall phases, respectively, of learning and memory.
Conversely, α5IA-II had no effect on performance when
given immediately after trial 1, suggesting that it had no

effect on the consolidation phase. In contrast to the
facilitation of performance produced by the α5-selective
inverse agonist α5IA-II given during the encoding and recall
but not the consolidation phase, the non-selective agonist
CDP impaired performance when given during the encoding
and recall phases, whilst having no effect on the consolida-
tion phase. Conclusions: These data further highlight the
cognition-enhancing properties of GABAA α5-selective
inverse agonists and define the functional specificity of
these effects in terms of encoding and recall processes in the
Morris water maze.
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Introduction

Benzodiazepines have long been known to disrupt memory
in human (Ghoneim and Mewaldt 1975; Duka et al. 1996a)
and animal studies (McNaughton and Morris 1987) as a
result of their action at GABAA receptors, where they
facilitate the effects of the neurotransmitter GABA. In
contrast, drugs that act at the same binding site, but which
decrease GABA’s effects (inverse agonists), have been
reported to exert promnestic effects in both animal models
(Venault et al. 1986; Jensen et al. 1987; Sarter and Stephens
1988) and human experiments (Duka et al. 1996b).

GABAA receptors are ligand (GABA)-gated ion chan-
nels that are pentameric assemblies of subunits derived
from the 16 members of this family (α1-6, β1-3, γ1-3, δ, ɛ,
θ and π; Simon et al. 2004) the majority of which comprise
α, β and γ subunits arranged with a 2:2:1 stoichiometry
(Minier and Sigel 2004). The benzodiazepine agonists,
such as diazepam and chlordiazepoxide (CDP), exert their
effects via a specific recognition site on particular subtypes
of the GABAA receptor. More specifically, they enhance
the inhibitory actions of GABA at GABAA receptors
containing β, γ2 and either an α1, α2, α3 or α5 subunit
(Sieghart 1995). On the other hand, non-selective benzo-
diazepine site inverse agonists, such as FG 7142, also affect
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these same GABAA subtypes but they decrease the
inhibitory effects of GABA.

The opposing effects of benzodiazepine site agonists and
inverse agonists at the receptor level are reflected in vivo.
For example, in addition to their contrasting effects on
memory, benzodiazepine site agonists are anxiolytic and
anti-convulsant (Stephens et al. 1987; Argyropoulos and
Nutt 1999) whereas non-selective inverse agonists are
anxiogenic and pro-convulsant or convulsant (Petersen
1983; Dorow et al. 1983). These properties restrict the
potential use of inverse agonists as palliative treatments for
disorders where memory impairment is indicated.

Recent advances using transgenic mice and subtype-
selective pharmacological tools have begun to dissect out
which of the particular pharmacological properties of the
non-selective agonists are associated with certain GABAA

receptor subtypes (Rudolph and Möhler 2004). For
example, α1-containing GABAA receptors are associated
with the sedating effects of diazepam (Rudolph et al. 1999;
McKernan et al. 2000) whereas the α2 and/or α3 subtypes
are associated with the anxiolytic effects (Löw et al. 2000;
Atack et al. 2005, 2006; Dias et al. 2005). With respect to
the α5 subtype, preferential expression of these receptors
within the hippocampus implies a role in hippocampal
functions, such as learning and memory (Wisden et al.
1992; Fritschy and Möhler 1995; Sur et al. 1999; Sieghart
and Sperk 2002). In accordance, reduced expression of α5
subunit-containing GABAA receptors has been reported to
be associated with facilitation of aspects of cognition
(Collinson et al. 2002; Crestani et al. 2002) and has resulted
in these receptors to become a putative target for subtype-
selective inverse agonists as cognition enhancers (Maubach
2003).

Subtype selectivity for the benzodiazepine site of
GABAA receptors may be achieved in either of the two
ways: either via selective affinity or selective efficacy
(Atack 2005). Subtype-selective affinity is defined in terms
of a compound having much higher affinity for a particular
subtype, whereas with subtype-selective efficacy, a com-
pound binds with equivalent affinity for the benzo-
diazepine site of the different GABAA receptors but has
efficacy only at certain subtypes. Compounds possessing
α5-selective inverse agonist efficacy have been described
(Chambers et al. 2004; Sternfeld et al. 2004; Street et al.
2004). Of these, the best characterised is α5IA, a
triazolophthalazine which has recently been shown to
enhance performance in a hippocampal-dependent [de-
layed-matching-to-position (DMTP)] version of the Morris
water maze (Figure 1; Dawson et al. 2006). Moreover, and
unlike non-selective inverse agonists, this compound was
not anxiogenic nor did it have pro-convulsant and kindling
liabilities.

The process of learning and memory can be roughly
divided into three stages: encoding, consolidation and
retrieval (recall) (Abel and Lattal 2001). The original in-
formation must enter the sensory channels (e.g., via visual,
olfactory, auditory or tactile stimuli) and then be rapidly
encoded into a form that passes into the short-term
memory. Some of this information may then be consoli-

dated into long-term storage. The final stage of processing
is ‘recall’, involving the retrieval and use of information
that was stored earlier. Whilst molecular genetic (gene
deletion or gene mutation) and lesioning studies can
identify genes and brain structures important for studying
cognitive processes, they are not amenable to differential
manipulation at each separate stage of memory processing,
so that it is difficult to distinguish their effects on encoding,
consolidation or retrieval. In contrast, pharmacological
approaches offer the highest temporal specificity because
they can be applied and removed from the system within a
relatively short-time window. For example, a pharmacolog-
ical approach to inactivating the hippocampus at appropriate
times during or after training in a water maze (using an
AMPA receptor antagonist) demonstrated that inactivation
during encoding, consolidation and retrieval disrupted
hippocampally mediated encoding, consolidation and recall
of spatial memory (Riedel et al. 1999).

Because GABAA α5-selective inverse agonists have
previously been reported to enhance performance in the
DMTP water maze task (Chambers et al. 2004; Dawson
et al. 2006), the purpose of the present study was to
examine the effects of such a compound more system-
atically on the separate phases of encoding, consolidation
and recall. This was achieved by administering an α5-
selective inverse agonist, α5IA-II—a compound structur-
ally related to α5IA (Sternfeld et al. 2004; Street et al.
2004; Stephens et al. 2005; Dawson et al. 2006), before
trial 1 (to modulate the encoding phase), after trial 1 (to
modulate the consolidation phase) or, after a delay, before
trial 2, which occurs 4 h after trial 1 (to modulate the recall
phase). To limit the action of α5IA-II to the desired phase
of memory processing, the prototypic benzodiazepine site
antagonist flumazenil was used to block the action of
α5IA-II. Finally, given that clinical treatment with non-
selective benzodiazepine site agonists gives rise to
impairments on encoding (anterograde amnesia), but not
to impairments on recall (retrograde amnesia; Ghoneim
and Mewaldt 1975), the effects of CDP on water maze
DMTP encoding, consolidation and recall were evaluated.
This would provide important data for comparison to the
effects of α5IA-II.
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Trial 1 Trials 2, 3, 4

2Time, hr.

RecallEncoding Consolidation

Fig. 1 General scheme of the design of the delayed-matching-to-
position version of the Morris water maze. The difference between
the time taken to find the platform during trials 1 and 2 (the
‘savings’ time) is used as an index of the rats’ ability to ‘remember’
the location of the platform. When the rat locates the platform on
trial 1, it is allowed to spend 30 s on the platform, so that it might
use the visual cues around the maze to encode the position of the
platform. This information is held in short-term memory and then,
provided the interval between trials 1 and 2 is sufficient, becomes
consolidated into a longer-term memory store from which it can be
retrieved during the recall phase
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Materials and methods

Materials

α5IA-II(3-(5-methylisoxazol-3-yl)-6-(2-pyridyl)-1,2,4-tri-
azolo[3,4-a]phthalazine) was synthesised by the Medicinal
Chemistry Department of Merck, Sharp & Dohme
(Sternfeld et al. 2004; Street et al. 2004) as were flumazenil
and bretazenil. CDP hydrochloride was purchased from
Sigma-Aldrich (Poole, Dorset, UK). [3H]flumazenil ([3H]
Ro 15–1788; 70–87 Ci/mmol) was purchased from
PerkinElmer Life and Analytical Sciences (Boston, MA,
USA).

α5IA-II (1 mg/kg in 70% polyethyleneglycol 300),
flumazenil (10 mg/kg in 0.5% methylcellulose) and CDP
(5 mg/kg in saline) were all dosed via the i.p. route with a
dosing volume of 1 ml/kg. The dose of 1.0 mg/kg α5IA-II
was chosen on the basis of preliminary (unpublished)
Morris water maze studies in which this dose produced a
robust, reproducible cognitive-enhancing effect. The dose
of 5.0 mg/kg CDP was selected on the basis that it has
previously been shown to impair spatial learning in the

Morris water maze (McNamara and Skelton 1993). The
dose of 10.0 mg/kg flumazenil was chosen on the basis that
this dose was shown to block the cognitive-enhancing
effects of α5IA—a compound structurally related to α5IA-
II (Dawson et al. 2006).

In vitro efficacy

Efficacy was measured using whole-cell patch-clamp
electrophysiology of L(tk−) cells stably expressing human
recombinant GABAA receptors. Cells expressing human
β3 and γ2 plus either α1, α2, α3 or α5 subunit were
grown on glass coverslips, and pipettes with a resistance of
5–10 MΩ were used to patch-clamp whole cells using an
Axopatch-200B patch-clamp amplifier. The peak ampli-
tude of the currents produced by a 5-s application of an
EC20-equivalent concentration of GABAwas compared to
the corresponding GABA-evoked currents observed after a
30-s pre-treatment with α5IA-II. The modulation of the
GABA EC20 current by α5IA-II was calculated as:

AmplitudeGABAþ�51A�II � AmplitudeGABA
� ��

AmplitudeGABAð Þ� � � 100

For each individual patch-clamped cell, a concentration–
effect curve was constructed with curve-fitting being
performed using a non-linear least square method using
GraphPad Prism (GraphPad Software, San Diego, CA,
USA). From these data, maximum efficacy and EC50 were
determined for each cell (Brown et al. 2002).

In vivo experiments

All aspects of animal care and use were carried out in
accordance with the UK Animals (Scientific Procedures)
Act, 1986, and its associated guidelines.

Subjects

Male, hooded Lister rats were housed in groups of four in
solid-bottomed cages with sawdust bedding. They were
given free access to water and were given 15 g expanded
diet daily after the experimental session. Outside the
experimental session, they were kept in a humidity- and
temperature-controlled room (21±1°C, 55±5% relative
humidity). Rats were maintained on a 12-h photoperiod
with lights on at 0700 h. All receptor occupancy studies
and water maze studies were conducted between 0800 and
1600 h.

Receptor occupancy of α5IA-II and flumazenil

Male hooded Lister rats (250–300 g; Harlan, UK) were
administered i.p. (dose volume=1 ml/kg; n=6–8/group)
with either vehicle, α5IA-II (1 mg/kg in 70% polyethylene-
glycol 300) or flumazenil (10 mg/kg in 0.5% methylcel-
lulose) for periods of 0.25, 0.5, 1, 2 or 4.5 h. Three minutes
before these times, rats were given an i.v. injection of [3H]
flumazenil (1 ml/kg of a 15-μCi/ml solution made up in
isotonic saline) following which they were killed by
stunning and decapitation.

Brains were removed, weighed, rapidly homogenised
(using a Polytron PT2100 homogenizer) in ten volumes of
ice-cold buffer (50 mM Tris–HCl, pH 7.5) and 300 μl
aliquots of homogenate were filtered through pre-soaked
Whatman GF/B filters using a filtration manifold (Hoefer
Scientific Instruments). Filters were then washed with
10 ml of buffer and then placed in vials, scintillation fluid
added, and radioactivity counted using a Beckman LS 6500
scintillation counter. Non-specific binding was established
in a separate group of rats using 5 mg/kg of the non-
selective benzodiazepine ligand, bretazenil, with a 0.5-h
pre-treatment time.

Typically, total counts in vehicle-treated animals were in
the region of 2,000 dpm and non-specific binding in the
region of 150 dpm. For vehicle- and drug-treated animals,
specific binding was calculated (actual counts minus
counts in the non-specific binding, i.e. bretazenil, animals)
and occupancy was defined as the extent by which the
specific binding in drug-treated animals was reduced
relative to specific binding in the vehicle group.
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The Morris water maze delayed-matching-to-position
(DMTP) task

The Morris water maze is a 2-m-diameter tank filled with
an opaque mixture of water and white dye maintained at
26–28°C and in which was placed a 10-cm-diameter
platform, submerged 2 cm below the surface. The tank was
surrounded by a curtain on which were attached high-
contrast, black-and-white patterned pictures (42×30 cm),
visible from the water surface, that served as spatial ‘extra-
maze’ cues. A video camera was mounted directly above
the centre of the pool and was connected (via a VCR) to an
image analyser (VP 200, HVS Image, UK) which digitised
the image. The dark heads of hooded Lister rats provided a
high-contrast image against the white-coloured water that
could be tracked and quantified using HVS Water 2020
software (HVS Image, UK) and which provided measures
including latency to reach the platform, length of path
taken, swimming speed and time spent in pre-defined areas
of the pool.

Male hooded Lister rats (250–350 g; Harlan, UK)
received four trials per day for each of 8–10 days during
which the submerged platform was placed in a different
location each day but remained constant throughout the
day. The maximum trial length was 60 s and if the rat had
not located the platform, the trial ended automatically and
the rat was placed on the platform. The rat remained on the
platform for a 30-s inter-trial interval (ITI). At the end of
the ITI, the rat was placed into the pool again but at a
different location; and upon release, the next trial began.
This procedure was repeated until four trials had been
completed. On trial 1, the latency to find the platform is
relatively long, but it is shorter on trials 2, 3 and 4,
demonstrating that the animal’s memory for the platform
location improves each time it escapes to the hidden
platform. The improvement in the animal’s memory was
quantified by subtracting the trial 2 latency from the trial 1
latency to give the savings score. The savings score from
each day was used to calculate the ‘mean savings’ value
across either the training phase or the compound-testing
phase.

Prior to compound testing, animals were assigned to
treatment groups in such a way as to ensure that the level of
performance (using mean savings) during the training
phase was not significantly different (i.e. groups were
balanced according to baseline performance). The com-
pound treatment phase lasted for 5 days and was identical
to the methodology described above with the exception that
a 4-h delay period was inserted between trial 1 and trial 2.
On drug-testing days, animals received trials 3 and 4 at 30 s
intervals after trial 2 to reinforce the rule that, within any
day, the platform position is fixed, but that it changes
position between days. However, data from trials 3 and 4
were not evaluated for the purposes of the present report.

Effect of α5IA-II on encoding

Rats received injections of either vehicle or α5IA-II (n=20/
group) 0.5 h before trial 1, and then either vehicle or
flumazenil was administered immediately, 1.5 and 3 h after
trial 1. This dosing regime of flumazenil was based upon its
rapid clearance and relatively transient receptor occupancy
(see Fig. 3). There were four groups (n=10/group) which
were vehicle/vehicle (control); α5IA-II/vehicle, to demon-
strate the effects of α5IA-II on the acquisition (encoding)
of the platform location during trial 1; α5IA-II/flumazenil,
in which the effects of α5IA-II are blocked by flumazenil
administration after trial 1 and during the consolidation
period; and vehicle/flumazenil, which controls for any
potential effects of flumazenil in the α5IA-II/flumazenil
group.

Effect of α5IA-II on consolidation

Rats received injections of either vehicle or α5IA-II (n=20/
group) immediately after trial 1, and then either vehicle or
flumazenil was administered 0.25 h before trial 2. Thus,
there were four groups (n=10/group) which were vehicle/
vehicle (control); α5IA-II/vehicle, to show the potential
effects of α5IA-II on the consolidation of the memory trace
acquired during the acquisition stage; α5IA-II/flumazenil,
in which the potential effects of any α5IA-II that remain
4.5 h after administration on recall are blocked by
flumazenil; and vehicle/flumazenil, which controls for
any potential effects of flumazenil in the α5IA-II/
flumazenil group.

Effect of α5IA-II on recall

Rats received injections of either vehicle or α5IA-II (n=20/
group) 0.5 h before trial 2, and then either vehicle or
flumazenil was administered 0.25 h before trial 2. Thus,
there were four groups (n=10/group) which were vehicle/
vehicle (control); α5IA-II/vehicle, to show the potential
effects of α5IA-II on the retrieval of the memory of the
platform location; α5IA-II/flumazenil, in which the poten-
tial effects of α5IA-II on recall are blocked by flumazenil
before the retrieval of the memory during trial 2; and
vehicle/flumazenil, which controls for any potential effects
of flumazenil in the α5IA-II/flumazenil group.

Effect of CDP on encoding, consolidation and recall

Vehicle was administered 0.5 h before trial 1 with CDP
being given either 0.5 h before trial 1, immediately after
trial 1 or 0.5 h preceding trial 2 to examine its effects on
encoding, consolidation and recall, respectively.
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Statistical analyses

Mean savings and mean swim speed during the compound
testing phase were subjected to a one-way analysis of
variance (ANOVA) with one between factor of treatment
(four levels). Post hoc analysis was conducted using linear
contrasts or Newman–Keuls multiple range analysis at the
95% confidence level.

Results

Intrinsic efficacy of α5IA-II

Figure 2 shows the efficacy profile of α5IA-II at different
subtypes of human recombinant GABAA receptors. There
was a marked reduction in the GABA EC20-evoked current
at the α5 subtype with the maximum efficacy being −45%
(i.e. the GABA EC20 current is reduced by almost half in
the presence of α5IA-II; Table 1). In comparison, the non-
selective full inverse agonist DMCM has an efficacy of
between −53 and −71% at the different subtypes, with α5
efficacy being −57% (Dawson et al. 2006). Hence, α5IA-II
has efficacy at the α5 subtype which approaches full
inverse agonism. In contrast, the efficacy at the α1, α2 and
α3 subtypes is much less, α5IA-II being essentially an
antagonist at the α2 subtype (maximum efficacy=−7%)
and a weak partial inverse agonist at the α1 and α3
subtypes (efficacy=−14 and −17%, respectively). The
functional affinity of α5IA-II (i.e. the EC50) ranges
between 2.5 and 5.6 nM (Table 1) and is consistent with
the binding affinity of this compound (Ki values ranging
from 0.8 to 2.7 nM; Table 1). Because the efficacy profile
of α5IA-II is that of a predominantly α5-selective inverse
agonist with weak partial inverse agonism at the α1, α2
and α3 subtypes, the in vivo effects are likely to be
primarily related to inverse agonism at the α5 subtype.

Occupancy of α5IA-II and flumazenil

The occupancy at the benzodiazepine site of rat brain
GABAA receptors, achieved by the doses of α5IA-II and
flumazenil used in these experiments, was measured as the
ability of both compounds to inhibit the binding of [3H]
flumazenil in vivo. A dose of 1 mg/kg α5IA-II produced
sustained, and high levels of occupancy with maximum
occupancy (80±2%) being achieved within 15 min of
dosing with 21±3% remaining occupied 4.5 h after dosing
(Fig. 3). In contrast, the occupancy of flumazenil was
much more transient; maximum occupancy (98±1%) was
achieved within the first 15 min, but by 1 h post-
administration, occupancy had dropped to 30±4%, and
by 2 h, there was essentially no occupancy remaining
(occupancy=2±2%).

These data were used to establish the requirements for
repeated administration of flumazenil during the 4-h ITI
when blocking the effects of α5IA-II during consolidation
and to give flumazenil 15 min before trial 2 to block the
effects of α5IA-II on recall.

Effect of α5IA-II on encoding

Treatment groups balanced on the basis of mean savings
were such that there were no significant differences
between groups before the compound treatment phase
[F(3,36)=0.00, P=0.999]. Levene’s test for equality of
variances between groups reveals these to be non-
significantly different [F(3,36)=0.29, P=0.83] showing an
equal range of performance across the treatment groups
(data not shown).

There was a main effect of treatment on the savings
between trials 1 and 2 [F(3,36)=3.03, P<0.05] with post
hoc linear contrasts showing (Fig. 4) that the mean savings
of the α5IA-II/vehicle group and the α5IA-II/flumazenil
group were significantly higher than those of the group
treated with vehicle/vehicle (F(1)=5.29, P<0.05 and
F(1)=4.65, P<0.05, respectively). There was no effect of
treatment on mean swim speed during the compound
testing phase [F(3,36)=0.05, P=0.982] (data not shown).

In keeping with its behaviourally silent profile, post hoc
analysis revealed that treatment with flumazenil in com-
bination with prior vehicle treatment had no effects in any
of the above measures.
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Fig. 2 Efficacy of α5IA-II at recombinant human GABAA stably
expressed in mouse fibroblast L(tk−) cells. The effects of α5IA-II
on the current produced by a submaximal concentration of GABA
(equivalent to an EC20) were measured by whole-cell patch clamp
electrophysiology, and α5IA-II attenuated the GABA-evoked cur-
rent to a greater extent at α5- compared to α1-, α2- or α3-
containing GABAA receptors. Values shown are mean±SEM
(n=3–4/data point). Inset shows the structure of α5IA-II

Table 1 Comparison of the affinity and efficacy of α5IA-II at
different subtypes of human recombinant GABAA receptors

Human recombinant GABAA receptors containing β3, γ2 plus

α1 α2 α3 α5

Affinity (Ki), nMa 1.4±0.7 2.7±0.8 1.4±0.4 0.80±0.34
Maximum % modulation −14±4 −7±3 −17±5 −45±3
EC50, nM 3.2 N.F. 5.6 2.5
aData from Stephens et al. (2005)
N.F. Not fitted due to small responses
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Effect of α5IA-II on consolidation

Treatment groups balanced on the basis of mean savings
were such that there were no significant differences
between groups before the compound treatment phase
[F(3,36)=0.00, P=0.999]. Levene’s test for equality of
variances between groups reveals these to be non-sig-
nificantly different [F(3,36)=0.29, P=0.83] showing an
equal range of performance across the treatment groups
(data not shown).

There was no effect of treatment on the savings between
trials 1 and 2 (F(3,36)=0.06, P=0.979). Hence, when
administered before the ‘consolidation’ phase (after trial 1),
α5IA-II did not significantly increase mean savings
compared to vehicle-treated animals (Fig. 5).

Effect of α5IA-II on recall

Treatment groups balanced on the basis of mean savings
were such that there were no significant differences
between groups before the compound treatment phase
[F(3,36)=0.01, P=0.999]. Levene’s test for equality of

Fig. 4 Effect of α5IA-II on the encoding phase of the delayed-
matching-to-position version of the Morris water maze. The effects
of α5IA-II on the mean savings (i.e. the increased ability to find the
platform in trial 2 in the α5IA-II/veh. group) was not blocked by
administration of flumazenil immediately after trial 1 and during the
period before trial 2 (the α5IA-II/flumazenil group). Data shown are
the mean±SEM (n=10/group). *Significantly different to perfor-
mance in the veh./veh. group, P<0.05
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A α5IA-II B  FlumazenilFig. 3 Time course of occu-
pancy of the benzodiazepine site
of rat brain GABAA receptors
by a α5IA-II or b flumazenil.
Rats received either vehicle,
α5IA-II (1 mg/kg i.p. in 70%
PEG 300 vehicle) or flumazenil
(10 mg/kg i.p. in 0.5% methyl-
cellulose vehicle) and were
killed at various times later with
occupancy being measured
using a [3H]flumazenil in vivo
binding assay. Values shown are
mean±SEM (n=6–8/group)

Fig. 5 Effect of α5IA-II on the consolidation phase of the delayed-
matching-to-position version of the Morris water maze. There was
no effect of α5IA-II on the mean savings (i.e. the increased ability to
find the platform in trial 2) when administered immediately after
Trial 1. Data shown are the mean±SEM (n=10/group)
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variances between groups reveals these to be non-sig-
nificantly different [F(3,36)=0.31, P=0.816] showing an
equal range of performance across the treatment groups
(data not shown).

Figure 6 shows that there was a main effect of treatment
(F(3,36)=2.92, P<0.05) with post hoc linear contrasts
revealing that mean savings of the α5IA-II/vehicle group
were significantly higher than those of the vehicle/vehicle
group (F(1)=5.87, P<0.05), suggesting that α5IA-II can
improve performance due to an effect on recall and that this
effect could be blocked by flumazenil since the α5IA-II/
flumazenil group showed no such enhanced performance.

Effect of CDP on encoding, consolidation and recall

Treatment groups balanced on the basis of mean savings
were such that there were no significant differences
between groups before the compound treatment phase [F
(3,36)=0.0, P=1.0]. Levene’s test for equality of variances
between groups reveals these to be non-significantly dif-
ferent [F(3,36)=0.44, P=0.727] showing an equal range of
performance across the treatment groups (data not shown).

Figure 7 shows that pretreatment with CDP had marked
effects on the performance of animals in the water maze
DMTP task. During the compound testing phase, there was

a main effect of treatment [F(3,36)=3.36, P<0.05]. Linear
contrasts revealed that CDP had significant detrimental
effects on savings when it was administered before trial 1
(encoding) [F(1)=4.15, P<0.05] and when given before
trial 2 (recall) [F(1)=6.33, P<0.05]. There was no effect of
CDP on savings when administered immediately after trial
1 (consolidation). There was no effect of CDP on mean
swim speed during the compound testing phase [F(3,36)=0.4,
P=0.752] (data not shown).

Discussion

α5 subunit-containing GABAA receptors are limited in
their distribution in the brain and are most prominently
located within the hippocampus (Wisden et al. 1992;
Fritschy and Möhler 1995; Sur et al. 1999; Sieghart and
Sperk 2002). Because the hippocampus has been suggested
to play a key role in learning and memory, especially in
relation to spatial information (Morris et al. 1982; Milner
et al. 1998), it has been hypothesised that the α5 subtype of
GABAA receptors plays a role in normal, hippocampally
mediated cognitive functions (Maubach 2003), as well as
in the amnestic effects of benzodiazepines (Dawson et al.
2006). Consistent with that notion, reduced expression of
α5-containing receptors facilitated trace fear conditioning
(Crestani et al. 2002), whereas deletion of the α5 subunit
resulted in an improved performance in a spatial learning

Fig. 6 Effect of α5IA-II on the recall phase of the delayed-
matching-to-position version of the Morris water maze. When given
before trial 2, α5IA-II enhanced the ability to find the platform in
trial 2 (α5IA-II/veh. group) and this effect could be blocked by
administration of flumazenil subsequent to α5IA-II administration
but before trial 2. Data shown are the mean±SEM (n=10/group).
*Significantly different to performance in the veh./veh. group,
P<0.05

Fig. 7 Effect of chlordiazepoxide (CDP) on the encoding, consol-
idation and recall phases of the delayed-matching-to-position
version of the Morris water maze. When given before either trial
1 (Encoding) or trial 2 (Recall), CDP impaired the ability to find the
platform in trial 2, indicating an effect on encoding and recall.
However, when given after trial 1, CDP had no effect, suggesting
that it plays no role during consolidation (Consolid.). Data shown
are the mean±SEM (n=10/group). *Significantly different to
performance in the veh. group, P<0.05
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task that requires intact hippocampal function but did not
affect learning that occurs independently of the hippocam-
pus (Collinson et al. 2002).

The fact that loss of α5-containing GABAA receptors
actually enhanced performance in the DMTP version of the
water maze suggested that a compound which reduced the
function of this receptor subtype (i.e. an inverse agonist)
should enhance performance in this assay (Collinson et al.
2002). This idea found support in that two structurally
diverse compounds (a triazolophthalazine and a pyrazolo-
triazine) with selective inverse agonist properties at α5-
containing receptors both enhanced the performance of
normal rats in this assay (Chambers et al. 2004; Dawson
et al. 2006). In the present study, we employed a com-
pound, α5IA-II, that is very similar in structure to the
triazolophthalazine α5IA (Sternfeld et al. 2004; Street et al.
2004), to examine at which stage in the learning and
memory process such compounds exert their effects. α5IA-
II has an efficacy profile very similar to that of α5IA
(Fig. 2) and an affinity (0.8–2.7 nM, depending on subtype)
only slightly lower than that of its structural analogue (0.6–
0.9 nM; Dawson et al. 2006). It occupies the benzodiaz-
epine site of rat brain GABAA receptors well and with a
potency (occupancy 0.5 h after 1 mg/kg dose of 76%;
Fig. 3) that is comparable to that seen in mice (90%;
Stephens et al. 2005).

Moreover, this occupancy is relatively sustained such
that 4.5 h after dosing, the compound occupies 21% of
GABAA receptors. Hence, when α5IA-II is dosed 0.5 h
before trial 1, it has the potential to have effects throughout
the 4-h consolidation period before recall and, indeed,
during the recall phase itself. Therefore, to prevent α5IA-II
having continued effects at different stages of the learning
and memory process, the benzodiazepine site antagonist,
flumazenil, was employed to block the effects of α5IA-II
during these latter stages. However, because flumazenil is
rapidly cleared, its occupancy is only relatively short lived
(Fig. 3) and three separate doses were required to block the
effects of α5IA-II during the 4-h period between trials 1
and 2 (Fig. 4).

The key results from the present series of experiments
were that α5IA-II affects encoding and recall but does not
affect the consolidation phases of performance in the
DMTP version of the Morris water maze. With respect to
encoding, it is striking that the effects of α5IA-II were not
affected by the administration of flumazenil immediately
after completion of trial 1 (Fig. 4). This suggests that the
memory trace is produced quickly, either during the swim
trial (up to 60 s) plus 30 s ITI on the hidden platform, or
during the short time required for flumazenil to displace
α5IA-II from its binding sites within the brain. That the
memory trace may be rapidly acquired is further indirectly
supported by the observation that administration of α5IA-
II immediately after trial 1 (Fig. 5) has no effect on
performance.

Consistent with the α5-selective inverse agonist im-
proving subsequent performance when it was given during
the initial encoding, the non-selective benzodiazepine site
agonist CDP given just before initial acquisition impaired

the rats in their subsequent performance during recall.
Although we cannot be sure whether the action of CDP in
this experiment is attributable to the effects on acquisition,
rather than on consolidation or recall, the fact that when
CDP was given immediately after the acquisition phase
with no effects on subsequent recall suggests strongly that
it did, indeed, block acquisition. These effects are unlikely
to be due to motor impairment because CDP was without
effects on mean swimming speed throughout the testing
period (data not shown). The literature from human studies
of the mnemonic effects of benzodiazepines indicates that
when given after acquisition, benzodiazepines may facil-
itate memories of the events immediately before drug
treatment (Ghoneim et al. 1984), presumably because they
block the formation of memory for events experienced
under the drug, so that these events no longer interfere with
memory for events experienced immediately before drug
administration (Hinrichs et al. 1984). That we saw no
evidence in the present experiments that administration of
CDP after acquisition exerted these kinds of retrograde
facilitatory effects may be attributable to the familiarity of
the home environment experienced after acquisition, which
would be expected to make minimal demands on memory
processing.

The data suggesting that an α5-selective inverse agonist
enhances and a non-selective benzodiazepine site agonist
(CDP) impairs performance when given during the recall
phase are somewhat surprising because clinically, benzo-
diazepine agonists have been reported not to impair the
retrieval (recall) of previously acquired information
(Ghoneim and Mewaldt 1990). This raises the possibility
that either the process of learning and memory is different
in rats and man or, alternatively, that the so-called en-
coding, consolidation and recall stages of the water maze
paradigm differ from the analogous phases in tests of
human memory. In this latter regard, it may therefore be
necessary to reconsider what the terms ‘consolidation’ and
‘recall’ represent in the present paradigm.

If the standard consolidation theory is applied to the
present observations, one could question the validity of the
term ‘consolidation’ in the water maze assay. Thus, it could
be argued that the 4-h period between acquisition and recall
in the water maze DMTP task is not long enough for full
consolidation to take place and that information learned
during the encoding phase has not been transferred to the
neo-cortex, and hence become independent of the hippo-
campus (i.e. has not become “consolidated” in the classical
sense). Indeed, the existence of temporally graded retro-
grade amnesia suggests that consolidation is a slow,
gradual process with memory becoming ‘fixed’ as time
passes and it becoming independent of the hippocampus
(Squire and Alvarez 1995), presumably as a consequence
of protein synthesis (Goelet et al. 1986; Davis and Squire
1984; Schafe and LeDoux 2000), although the extent to
which these memory traces are ‘fixed’ is the subject of
much debate (Nadel and Moscovitch 1997, 1998; Nader et
al. 2000; Nadel and Land 2000).

It might be argued that the findings reported in this study
are specific to the Morris water maze paradigm. However,
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α5IA-II has been shown to facilitate the performance of
rats in the hippocampus-dependent contextual conditioning
paradigm (Cobain 1999, unpublished data). Furthermore,
α5IA—a compound structurally related to α5IA-II, has
been reported to improve performance in contextual con-
ditioning (Dawson et al. 2006). Although neither of these
studies investigated the encoding, consolidation and recall
processes individually, these findings suggest that the
effects of α5IA-II from the present study are not specific to
the Morris water maze. Further investigation of the effects
of α5IA-II on encoding, consolidation and recall processes
specific to contextual conditioning would clearly be of
interest in light of the present findings.

Based on the preferential localization of the α5 subtype
in the hippocampus, the effect of α5IA-II on recall is
assumed to be hippocampally mediated. However, it
should be recognised that α5-containing GABAA receptors
are also found in the neo-cortex, albeit as much lower
levels of expression than in the hippocampus (Sur et al.
1999). As a result, it is possible that the effects on recall of
α5IA-II may be an effect on retrieval of consolidated
information from the neo-cortex. Nevertheless, the most
parsimonious explanation for the effects of α5IA-II on
recall is that they are related to the hippocampus. With this
in mind, it could be predicted that compounds such as
α5IA-II may be less useful in facilitating recall of well
learned, fully consolidated (i.e. neo-cortically located)
material, but would be effective in facilitating recall of
weak or labile, hippocampally mediated memories.
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