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Abstract

The GABAg receptor is a heterodimer of GABAg 1) and GABAg ) subunits. There are two isoforms
of the GABAgy) subunit: GABAg(15) and GABAg(1p). Recent studies with mutant mice suggest a
differential role for the two GABAgy) isoforms in behavioural processes. As pharmacological and
genetic studies have implicated GABAg receptors in cognition we investigated the behaviour of
GABAg(1a) '~ and GABAg1p) '~ mice in different types of cognitive paradigms. GABAg(1a)
and GABAg(1p) ~I~ mice were both impaired relative to wildtype controls in a continuous
spontaneous alternation behaviour test of working spatial memory. In contrast to the reported
phenotype of GABAg(1) ~~ mice, however, neither GABAg(15) '~ nor GABAg(1p) '~ mice were
deficient in a passive avoidance task. On the other hand, GABARg15) I~ mice were impaired in
familiar and novel object recognition. We conclude that GABAg1) isoforms contribute differentially
to GABAGR receptor-mediated cognitive processes.
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GABAg receptors are metabotropic GABA receptors formed by the heterodimerization of
GABAg(1) and GABAg ) subunits. They modulate excitability as presynaptic hetero- and
autoreceptors that inhibit the release of neurotransmitters. They are also expressed
postsynaptically, where they induce inhibitory postsynaptic potentials via activation of
inwardly-rectifying potassium channels (reviewed in [2]).

Many studies with GABAg receptor ligands have implicated the GABARg receptor in cognitive
processes (reviewed in [4]). GABAR receptor antagonists improved performance in a number
of different cognitive tests, for example hippocampal-dependent spatial learning and memory
[11,20,26], and passive [19] and active avoidance [10]. In contrast, GABARg receptor agonists
generally (but not always [6,9]) impair learning and memory in these tasks. In addition, deletion
of the GABAgy) receptor subunit profoundly impaired passive avoidance performance in a
gene dose-dependent manner [24].
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The GABAgy) subunit is predominantly expressed in the CNS as one of two isoforms:
GABAR(14) Or GABAg(1p) [2]. Currently no isoform-specific ligands exist with which to
dissect their influences on cognitive processes. Recently, however, mutant mice deficient in
either the GABAR(15) Or GABAg(1p) isoforms have been generated [29]. We have previously
reported that mice deficient in the GABAg 1) isoform were impaired in hippocampal LTP and
in an object recognition task [29]. GABAB(la)‘/‘ mice also did not discriminate between paired
and unpaired tones in a conditioned fear paradigm [25], and failed to acquire a conditioned
taste aversion (CTA) to a novel saccharin solution paired with a LiCl-induced malaise [15].
GABAB(lb)‘/‘ mice, in contrast, acquired CTA normally, but failed to extinguish their aversion
up to 30 days later [15]. These studies indicate that the GABAg 1) isoforms convey specific
and differential components of cognitive processes. However, the impact of the GABAg ;)
isoforms on other types of cognitive processes has yet to be elaborated on.

In this study, we utilized GABAg(15 '~ and GABAg(1p) '~ mice to examine the influence of
the isoforms in three different types of cognitive paradigms. We first aimed to assess novel
and familiar object recognition, thus repeating our previous studies with a larger cohort of mice
[29]. We also examined the mice in a test indicative of spatial working memory, namely
continuous spontaneous alternation behaviour (SAB). Finally passive avoidance was
investigated for comparison with the reported impairment of GABAg1) ~mice, lacking both
GABAgy) isoforms [24].

The generation of GABAB(la)*’*, GABAB(lb)*’* and wildtype mice has been described
previously [15,29]. Briefly, a point mutation knock-in strategy was adopted whereby initiation
codons for the respective isoforms were replaced with a stop codon. Mice were generated and
maintained on a pure BALB/c genetic background. GABAB(la)*’* and GABAB(lb)*’* mice
used in the present experiments were derived from homozygous breeding of siblings
originating from the founding heterozygotic mice, while homozygous wild-type controls for
the GABAgy) isoform mutant mice were derived from mating together wild-type siblings
generated from GABAB(la)”’* and GABAB(lb)”* heterozygous breeding in accordance with
the recommendations proposed by The Jackson Laboratory to obviate genetic drift and the
formation of substrains (http://jaxmice.jax.org/geneticquality/guidelines.html). In order to
reduce the influence of intermale aggression or social dominance hierarchies on cognitive
performance, adult mice were singly housed with sawdust bedding, tissue paper nesting
materials and one Mouse House® (Nalgene, Nalge Nunc International, Rochester, NY) per
cage. Housing was at a temperature of 22-24°C in a 12 h light:dark cycle with lights on at 6.30
am. Food pellets and tap water were available ad libitum (except during experimentation). All
experiments were conducted during the light cycle, using male mice only. All animal
experiments were conducted according to the Swiss recommendations and guidelines and
approved by the Basel-Stadt Cantonal Veterinary Authority.

Experimentally naive, male wild-type (n =19), GABAB(la)‘/‘ (n =15) and GABAB(lb))‘/‘ (n
= 18) mice (mean age 24 (= 0.4) weeks) were tested in an object recognition task as previously
described [29]. The test was based on the original principles of Ennaceur and Delacour, which
relies upon the natural tendency of rodents to attend to a novel object more than to a familiar
one [8]. Briefly, mice were habituated overnight to a new cage (22 x 37 x 15 (h) cm, containing
sawdust bedding and ad libitum standard food and water). The following day at time = 0 min
a clean PVC disc (2 (h) x 5 (d) cm) was placed for 3 min in the centre of the cage. The disc
was then removed and 10 min later replaced by a new, identical clean disc. This was repeated
at time = 24 h. Attime =24 h + 10 min, a clean grey PVVC cone (6 (h) x 5 (d) cm) was placed
in the cage. All objects were presented for a duration of 3 min and were handled only with
tissue paper to prevent contamination with odours. All sessions were recorded on video. The
frequency of stretch attend postures (SAP, defined as head and shoulders distinctly extended
towards the object, from any position within the cage) was scored at least twice for each mouse
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by a trained observer blinded to the animals’ genotypes. This parameter was chosen as it has
been validated in-house as the most sensitive measure for the detection of cognitive enhancers
(data not shown), and eliminates the bias of traditional measures introduced by play behaviour
related to novel objects, for which BALB/c mice are noted [17]. The mean of duplicate scores
for each animal were used for analysis. Data from one GABAB(la)"‘ mouse was eliminated
due to stereotypic circling behaviour during the test which was unrelated to its attention towards
the objects. No other mice in this test, or in other tests, displayed circling behaviour. Data were
analysed within genotype using a 1-way repeated measures analysis of variance (ANOVA),
followed by Fisher LSD post hoc comparisons as appropriate.

In a separate cohort of mice, continuous SAB was assessed in a Y-maze constructed from 3
walled arms (8 cm-long, 6 cm-wide) in a radial arrangement each ending in a 10 cm square
[23]. A clean sheet of paper was placed under the maze and the walls wiped clean for each
mouse, to reduce odor traces between animals. Wildtype (n = 12), GABARg1a) = (n=9) and
GABAB(lb)*’* (n = 9) male mice (mean age 21 (+ 0.6) weeks) were placed individually into
the Y-maze facing the end wall of a randomly allocated arm, and allowed to explore for 5
minutes. The order of the arms (1, 2 or 3) visited were recorded. Overlapping triplets of 3 arm
visits that included each of the three arms was counted as 1 complete spontaneous alternation.
The number of alternations performed was divided by the total number of arms visited minus
2 (i.e. the number of total possible alternations) to obtain % spontaneous alternation (%SA).
Data were analyzed as using 1-way ANOVA for the effect of genotype followed by Fishers
LSD post hoc comparisons.

A one-trial step-through passive avoidance paradigm was performed as previously described
[24]. Briefly, wildtype (n = 23), GABAg(1a) '~ (n = 17) and GABAg(1p) '~ (n = 18) mice
(aged 23 (£ 0.6) weeks) were placed in the light side of a two-compartment trough-shaped
apparatus. The barrier between the compartments was opened, the time taken to break a
photobeam located 10.5 cm inside the dark compartment was recorded automatically (training
latency) and a 0.5 mA foot shock (Campden Instruments 521 C Source Shock, rectangular
current wave) was immediately delivered though the floor and walls. The shock duration was
a maximum of 5 s or until the animal escaped back into the light side. Animals with a training
latency >150 s were not shocked and were excluded from further testing (one wildtype and
two GABAR(1a) ~I~ mice). The retention test was performed 24 hours later and was identical
to the training trial except no shock was delivered. Maximum latency allowed in the retention
testwas 300 s. Data were analysed using a 2-way repeated measures ANOVA, where the factors
were genotype and time.

In the object recognition test, the number of SAPs of wildtype mice were affected by the
different object presentation conditions (F3 72 = 9.45, P < 0.001; Fig. 1). The number of SAPs
to the disc was decreased after a 10-min interval (P < 0.001) indicating that the mice
remembered the object. Interestingly, the number of SAPs to the disc was also reduced 24 h
later (P < 0.001). In our previous study, wildtype mice did not demonstrate recognition of the
familiar disc after a 24-h interval [29]. Using a greater number of animals in the present study
(n =19 in this study versus 7 previously), it was clear that a more persistent memory trace of
the object occurred in the wildtype mice. When presented with the novel cone at 24 hr 10 min,
the number of SAPs increased relative to the disc at maximum recognition (i.e. to the 10 min
disc presentation, P < 0.001) and to the disc presented at time = 24 h (P < 0.01), indicating that
the mice recognised the cone as a novel object.

In contrast, no significant alterations were seen in the number of SAPs performed by
GABAR(1a) ~I~ mice, irrespective of the delay between presentation of familiar objects, or of
the novelty of the object (F3 55 = 0.70, P = 0.56; Fig. 1). This indicated that the
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GABAg(1a) I~ mice failed to recognise a familiar object, or to discriminate between the novel
and familiar objects. This finding replicates that of our previous study [29].

The number of SAPs made by GABAR(1n) ~I~ mice towards the objects was influenced the
different object presentation conditions (F3 71 = 7.35, P < 0.001; Fig. 1). Like the wild type
mice, and in accordance with our previous findings, GABAg1p) ~I~ mice recognised the
familiar disc after a 10-min delay, as indicated by a reduction in the number of object-oriented
SAPs (P < 0.001). However, similar to our original findings [29], the present study indicated
that the GABAR(1p) ~I~ mice did not, on average, maintain a persistent memory trace of the
disc (P = 0.43). In accordance with our previous findings, however, the ability of the
GABAg(1p) ~I~ mice to discriminate between a familiar object (disc at 10 min) and a novel one
(cone at 24 h 10 min) was intact (P = 0.001).

In the SAB test, both GABAgy) isoform mutant strains were impaired relative to wildtype
controls in the proportion of completed alternations (% SAB; F, »7 = 5.067, P < 0.05; Fig. 2).
The number of arms entered, a measure of locomotor activity, was higher in the

GABAg(1p) I~ mice than either the wildtype or GABAR(1a) ~/~ mice (P < 0.001 and P < 0.05,
respectively; Fig. 2). Increased locomotor responses to a hovel environment have been
previously reported for GABAg 1p) ~I~ mice [14]. However, the greater number of arms visited
by the GABAg(1h) ~I~ mice in this study did not improve the proportion of correct alternations
in the SAB test. Although there are criticism of continuous SAB as a cognitive task per se
[12], results of the present study suggest that both the GABAg 1) isoforms may have a role in
working spatial memory. Further delineation of the roles of the isoforms in other more
comprehensive tests of spatial working and reference memory are therefore warranted.

In passive avoidance training all mice vocalized on receiving the shock, indicating that pain
sensory modalities were functional in both isoform-deficient mutant strains. Latency to enter
the dark side was greater at retention testing than during training, although there was no effect
of genotype on either training or retention latency (genotype F; 197 = 0.55, P = 0.58; training
F1107=77.11, P <0.001; interaction F; 197 = 0.30, P = 0.74; Fig. 3). This indicated that the
memory of the shock received in the dark compartment was functional in both mutant strains.
This finding contrasts with that of the aforementioned GABAgy) I~ mice, which lack both
functional isoforms and show profound memory deficits in the retention phase of this test.
[24]. 1tshould be noted however, thatin GABAg1) ~I~ mice, GABAB receptor agonist-induced
responses are completely abolished [16,24]. In contrast, in the GABAg(14) -~ and
GABAg(1h) ~I~ mice the loss of GABAGg receptor function is partial [29], and some GABAg
receptor agonist-induced functions remain in both of these mutant strains [14,21,25,29].
Together these findings indicate that heterodimeric GABAg receptor function is essential for
the retention of passive shock-avoidance training, and that this may be accomplished with
either one of the GABAgy) isoforms.

The present study indicated that the GABARgy) isoforms contribute differentially to distinct
cognitive capabilities. Currently it is difficult to speculate about the neuronal and molecular
mechanisms underlying these differences. The hippocampus is implicated in spontaneous
alternation [18], object recognition [5,7] and passive avoidance [13,28]. As the

GABAR(1a) ~I~ mice are deficient in hippocampal LTP [29], an impairment in this mutant in
all three of these tasks could have been expected, although this was not the case as passive
avoidance capabilities were preserved in these mice. However, it is also clear that learning can
occur in mice in the absence of LTP (reviewed in [1]). Other brain regions are of course also
important in all these tasks, for example the rhinal cortices are crucial for both passive
avoidance (for example, [22]) and object recognition learning (reviewed in [27]). GABAg 1)
isoforms, however, are widely expressed throughout the brain, and the isoforms diverge in
expression profile both between and within various structures, including within the anatomical
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divisions of the hippocampus and neocortex [3]. Furthermore, the ultrastructural expression of
the GABAgy) isoforms differs markedly. In the hippocampus and lateral amygdala the
GABAR;14) isoform is a presynaptic heteroreceptor at glutamatergic terminals, while
GABAR(1p) is mostly postsynaptically located, and both are autoreceptors [25,29]. This pattern
is preserved to a certain degree in layer 5 pyramidal cortical neurons, with the exception that
the autoreceptor is predominantly the GABAg(14) isoform [21].

It is interesting to note that specific isoform deletion produced cognitive impairments in some
tasks, which appears contrary to the cognitive impairing effects of GABAg receptor agonists.
However, GABAGRg receptor agonists baclofen and GHB do not distinguish between
GABAg(y) receptor isoforms [2,14], and hence fail to discriminate between GABAg receptors
expressed presynaptically, postsynaptic or as autoreceptors. Therefore activation of GABAB
receptors at all three sites concurrently can be expected to produce different responses in
comparison to targeted isoform-specific genetic deletions.

To summarise, the present study demonstrated that the GABAg14) isoform is essential for
object recognition and discrimination, while the GABAg1p) isoform may be required more
for either the retrieval or long-term storage of this type of memory. Impairments of both
isoform-deficient mice in continuous SAB indicate that further examination of spatial working
memory are warranted, and may confirm that both isoforms contribute to this cognitive
capability. In contrast, although previous research has demonstrated that complete GABAg
receptor heterodimers are required for effective passive avoidance performance, the present
study shows that the presence of either of the GABAgy) isoforms is sufficient for normal
performance. Previous studies have indicated that cognitive performance may be influenced
by epigenetic factors (for example [30]). Although we cannot draw conclusions about the
potential influence of such factors in the present study, our results indicate that future research
may benefit from pursuit of development of isoform-specific ligands ultimately for the
development of cognitive therapeutics. We conclude that the GABAg(14) and GABAg(1p)
isoforms are molecular variants of the GABARg receptor system which contribute differentially
to specific components of GABAR receptor-mediated cognitive functioning.
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0 Wid-type BN GABA 1, NI GABA g,

Fig. 1.

Number of stretch attend posture performed in an object recognition task by wildtype (n = 19),
GABAg(1a) I~ (n=14)and GABAg(1b) I~ (n = 18) mice towards a disc at initial presentation
(Time = 0:00), to the same (clean) disc 10 min and 24 hr later (Time = 0:10 and 24:00,
respectively) and to a novel cone-shaped object (Time 24:10). ***P < 0.001 vs Time 0:00
within genotype; ##P < 0.001, #P < 0.01 versus Time 0:10 within genotype.
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Fig. 2.

Percentage of correct alternations (a.), number of correct alternations and total number of arms
visited (b.) by wildtype (WT, n = 12), GABAg(15 '~ (12", n=9) and GABAg(p) '~
(1b™=, n = 9) mice in a Y-maze continuous spontaneous alternation task. ***P < 0.001, **P
<0.01, * P < 0.05 versus WT; #P < 0.05 versus 1a™".
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Fig. 3.

Latency of wildtype (WT, n = 23), GABAg(1a) '~ (1a’~, n=17) and GABAg(1p) ' (1b7,
n = 18) mice to enter the dark compartment during training and 24 h later during retention
testing in a one-trial step-through passive avoidance paradigm.

Behav Brain Res. Author manuscript; available in PMC 2010 November 15.



