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Benzodiazepines have been useful tools for investigating mechanisms underlying learning and memory. The present
set of experiments investigates the role of hippocampal GABAA/benzodiazepine receptors in memory consolidation
using Pavlovian fear conditioning. Rats were prepared with cannulae aimed at the dorsal hippocampus and trained
with a series of white noise–shock pairings. In the first experiment, animals received intrahippocampal infusion of
midazolam or vehicle immediately or 3 h after training. Then, 24 h later, freezing to the training context and the
white noise were measured independently. Results show infusion of midazolam immediately, but not 3 h, after
training selectively attenuates contextual fear conditioning. In the second experiment, animals received
intrahippocampal infusions of an antisense oligodeoxynucleotide (ODN) targeting the �5 subunit of the GABAA

receptor or a missense control for several days prior to training and testing. Immediately after training, animals
received an infusion of either midazolam or vehicle. Western blots conducted after testing showed a significant
decrease in �5-containing GABAA receptor protein. This reduction did not alter the effectiveness of midazolam
immediately after training at impairing context fear memory. Therefore, �5-containing GABAA receptors may not
contribute to the effects of midazolam on context fear conditioning when given immediately post-training.

Pavlovian fear conditioning produces fear through learning that
an aversive event is predicted by some neutral stimulus (for re-
view, see LeDoux 2000; Maren 2001; Schafe et al. 2001). Rats
quickly learn to associate a conditional stimulus (CS) with a nox-
ious unconditional stimulus (US) and produce conditional re-
sponses (CRs) that can be reliably measured. In particular, freez-
ing is a CR defined as the absence of all body movement except
that related to respiration (Blanchard and Blanchard 1969;
Fanselow 1980). Fear conditioning creates a long-lasting memory
of the contextual and discrete cues present at the time of train-
ing.

Post-training manipulations of the hippocampus have been
shown to impair contextual fear conditioning (Kim and
Fanselow 1992; Maren et al. 1997; Frankland et al. 1998; Anag-
nostaras et al. 1999; Barrientos et al. 2002; Dash et al. 2002;
Wallenstein et al. 2002; Ji et al. 2003). One current area of re-
search regarding the hippocampus is the analysis of the time
course of mechanisms that underlie consolidation. Consolida-
tion refers to the period after acquisition when a new memory
transforms from an easily disrupted short-term state to a stable
long-term memory (McGaugh 2000). Recent research using in-
hibitors of protein synthesis and gene expression suggests that
memory for inhibitory avoidance has two phases of consolida-
tion, one that occurs around the time of training and another
occurring 3 to 6 h after training (Quevedo et al. 1999; Igaz et al.
2002). Similarly, the consolidation of contextual fear memory is
also time dependent and may have multiple periods of suscepti-
bility to protein synthesis inhibitors (Bourtchouladze et al. 1998).
Other manipulations have been shown to be effective when ad-
ministered only immediately after training (Bianchin et al. 1994;
Ji et al. 2003).

Strong evidence indicates that �-aminobutyric acid (GABA)
receptors are important for hippocampal-dependent learning.
For example, Zarrindast et al. (2002) found that muscimol, a

GABAA agonist, infused into the hippocampus after training in a
passive avoidance task dose dependently decreased memory re-
tention. Furthermore, infusion of bicuculline, a GABAA antago-
nist, decreased the memory-impairing effect of muscimol alone.
This supports the conclusion that memory-impairing effects of
muscimol occur through GABAA receptors (Zarrindast et al.
2002). Other work demonstrates that intrahippocampal infusion
of muscimol impaired one trial inhibitory avoidance when in-
fused immediately but not more than 30 min after training (Ros-
sato et al. 2004).

Several studies have focused on benzodiazepines and their
role in learning and memory. Benzodiazepines enhance the in-
hibitory actions of GABA at the GABAA receptor by increasing the
frequency of chloride channel openings (Study and Barker 1981).
Jensen et al. (1979) showed that intraperitoneal (IP) injection of
the benzodiazepine flurazepam immediately after training in an
inhibitory avoidance task impaired memory. Fanselow and
Helmstetter (1988) demonstrated that the benzodiazepines diaz-
epam, midazolam, and chlordiazepoxide administered IP pre-
training and/or pre-testing attenuated freezing to a context asso-
ciated with shock. Midazolam given into the amygdala prior to
passive avoidance training impairs learning (Dickinson-Anson
and McGaugh 1993). Moreover, in vitro work demonstrates that
administration of midazolam can selectively inhibit long-term
potentiation (LTP), a cellular model of learning and memory
(Evans and Viola-McCabe 1996). The effects of post-training in-
trahippocampal midazolam on memory formation have not
been investigated.

GABAA receptors are formed from a variety of subunits. Re-
search manipulating individual receptor subunits has uncovered
important information about their functional differences (for re-
view, see Rudolph et al. 2001). Interestingly, �5-subunit-
containing GABAA receptors are primarily expressed within the
dendritic fields of the hippocampus (Wisden et al. 1992). The �5
subunit accounts for almost 20% of the total population of
GABAA-containing receptors within the hippocampus (Sur et al.
1999) but only 5% of the total GABAA receptor population in the
brain (Pirker et al. 2000). This concentrated localization suggests
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