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Abstract
The investigation of GABAergic systems in learning and extinction has principally focused on
ionotropic GABAA receptors. Less well characterized is the metabotropic GABAB receptor, which
when activated, induces a more sustained inhibitory effect and has been implicated in regulating
oscillatory activity. Few studies have been carried out utilizing GABAB ligands in learning, and
investigations of GABAB in extinction have primarily focused on interactions with drugs of abuse.
The current study examined changes in GABAB receptor function using the GABAB agonist
baclofen (2mg/mL) or the GABAB antagonist phaclofen (0.3mg/mL) on trace cued and contextual
fear conditioning and extinction. The compounds were either administered during training and
throughout extinction in Experiment 1, or starting 24 hours after training and throughout
extinction in Experiment 2. All drugs were administered 1mL/kg via intraperitoneal injection.
These studies demonstrated that the administration of baclofen during training and extinction trials
impaired animals’ ability to extinguish the fear association to the CS, whereas the animals that
were administered baclofen starting 24 hours after training (Experiment 2) did display some
extinction. Further, contextual fear extinction was impaired by baclofen in both experiments.
Tissue analyses suggest the cued fear extinction deficit may be related to changes in the GABAB2
receptor subunit in the amygdala. The data in the present investigation demonstrate that GABAB
receptors play an important role in trace cued and contextual fear extinction, and may function
differently than GABAA receptors in learning, memory, and extinction.
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1. Introduction
Gamma-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the central
nervous system and has been implicated in numerous forms of behavior (Baunez & Robbins,
1999; Kim & Richardson, 2007; Mohler, 2012; Wojnicki, Roberts, & Corwin, 2006).
GABAergic signaling is mediated through two distinct classes of GABA receptors, the
ionotropic GABAA and GABACreceptors, which when activated produce a rapid and very
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short-lived inhibition via chloride current (Enna, 2007; Olsen, 2001; Watanabe et al., 2002),
and the metabotropic GABAB receptor, which is responsible for a slow but sustained
inhibitory current (Bettler et al., 2004; Couve, Moss, & Pangalos, 2000). The GABAB
receptor is composed of two subunits, GABAB1 and GABAB2. The GABAB1 subunit
consists of two isoforms (GABAB1a and GABAB1b) and binds GABA, as well as other
ligands (Pinard, Seddik, & Bettler, 2010). Research has suggested that GABAB receptors
containing the GABAB1a subunit are primarily located presynaptically and those with
GABAB1b subunits are primarily postsynaptic (Vigot et al., 2006). However, this
distribution may differ by brain region and whether the presynaptic neuron is GABAergic or
glutamatergic (Waldmeier, Kaupmann, & Urwyler, 2008). The GABAB2 subunit is
responsible for binding to the intracellular G-protein, which produces presynaptic inhibition
of calcium channels (Barral et al., 2000; Bussieres & El Manira, 1999) or postsynaptic
activation of inward-rectifying potassium channels (Fernandez-Alacid et al., 2009).

Considerable research investigating GABA systems in learning and memory has
demonstrated that the administration of GABAA agonists produces impairments in
acquisition (Baunez & Robbins, 1999) and consolidation (Castellano, Cabib, & Puglisi-
Allegra, 1996; Chapouthier & Venault, 2002; Myhrer, 2003), while GABAA antagonists and
inverse agonists have been demonstrated to consistently enhance acquisition and
consolidation in several learning and memory paradigms (Castellano, Cabib, & Puglisi-
Allegra, 1996; Chapouthier & Venault, 2002; Collinson et al., 2006; McNally, Augustyn, &
Richardson, 2008; Myhrer, 2003), including Pavlovian conditioning (Akirav, Raizel, &
Maroun, 2006; McEown & Treit, 2010; Wilensky, Schafe, & LeDoux, 2000). While these
data contribute to the understanding of rapid inhibitory currents in learning and memory,
GABAA receptors represent only a portion of overall GABAergic signaling.

The data from investigations of GABAB receptor function in learning and memory have
been mixed. For instance, rats exhibited impaired acquisition and consolidation in several
learning and memory tasks following the administration of baclofen, a GABAB agonist
(Castellano, Cabib, & Puglisi-Allegra, 1996; McNamara & Skelton, 1996; Myhrer, 2003;
Stuchlik & Vales, 2009). However, Myhrer (2003) reviewed four studies investigating the
effects of baclofen on the same passive avoidance task, and each study reported different
results, including that baclofen improved (Georgiev, Yonkov, & Kambourova, 1988),
impaired (Swartzwelder et al., 1987), or did not alter performance (Car & Wisniewski, 1998;
Kuziemka-Leska, Car, & Wisniewski, 1999). These differences may reflect the complexity
of metabotropic-mediated inhibitory currents in simple learning and memory tasks.

The results among studies that utilize GABAB antagonists in learning and memory tasks are
also mixed. Studies have reported enhanced learning and memory after the administration of
several GABAB antagonists (Castellano et al., 1993; Getova & Bowery, 1998); however,
these results are not uniform. For instance, Mondadori, Mobius, & Borkowski (1996)
administered a GABAB antagonist, CGP 36742, after a passive avoidance task and found
that the compound enhanced memory for the task. An alternative investigation (Zarrindast et
al. 2002) also administered a GABAB antagonist, CGP 35348, after a passive avoidance task
and found that high doses actually decreased memory, whereas low doses had no effect on
behavior.

Examination of transgenic animals has also yielded differing interpretations of the role of
GABAB in learning and memory. For instance, Jacobson et al. (2006) used a conditioned
taste aversion task and found that GABAB1a knockout (KO) mice demonstrated impaired
acquisition of the taste aversion, while GABAB1b KO mice acquired the taste aversion as
well as the controls. However, Shaban et al. (2006) utilized a two tone Pavlovian
conditioning task and found that GABAB1a KO mice demonstrated an over-generalization of
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fear, or an inability to learn the predictive association; further, GABAB1b KO mice were
unable to acquire the task at all.

The results from the above studies using GABAB ligands demonstrate that the findings are
difficult to merge into a coherent understanding of the role of GABAB receptors in simple
learning and memory tasks. A careful examination of a more difficult version of a Pavlovian
task such as cued and contextual fear (CCF) conditioning, a task in which discrete brain
regions mediate the acquisition of the associations, may provide additional useful
information about the role of GABAB in learning and memory. CCF conditioning allows the
investigation of the association between a conditioned stimulus (CS; cued fear) and an
unconditioned stimulus (US; a foot shock), as well as the association between the US and
the original context in which it was presented (contextual fear). Distinct brain regions,
including the amygdala and hippocampus, differentially mediate each aspect of CCF
(Phillips & LeDoux, 1992). Research has demonstrated that when the CS and US temporally
overlap and co-terminate (delay CCF) the cued fear component requires an intact amygdala
(Goosens & Maren, 2001; Vazdarjanova & McGaugh, 1998), whereas contextual fear
depends on the hippocampus (Esclassan et al., 2009; Kim & Jung 2006; Phillips & LeDoux
1992).

The acquisition of the associations can be made more difficult by inserting a brief interval
between the offset of the CS and the onset of the US (trace CCF; see Figure 1). This change
results in the cued fear association being dependent on both the hippocampus and the
amygdala (Chowdhury, Quinn, & Fanselow, 2005; Makkar, Zhang, & Cranney 2010;
McEchron, et al., 1998; Misane, et al., 2005; Moyer, Deyo, & Disterhoft, 1990; Phillips &
LeDoux, 1992). Trace conditioning does not affect contextual fear because all other
environmental cues remain unchanged during the US presentation, thus the hippocampus
still mediates the contextual fear component (Chowdhury, Quinn, & Fanselow, 2005;
McEchron, et al., 1998; Misane et al., 2005). The use of the trace CCF procedure has
reliably been used to evaluate more subtle learning and memory alterations based on the
increased difficulty of this protocol (Bolton et al., 2012; Holmes et al., 2002; Kinney et al.,
2002).

As with other learning and memory tasks, CCF conditioning also allows for an examination
of the extinction of the learned associations, either by presenting the CS without the US, or
by placing the animal into the original context without any CS or US presentations. Several
studies have demonstrated that GABAergic neurotransmission is likely to play a crucial role
in extinction. For instance, infusing muscimol, a GABAA agonist, prior to extinction
training into either the basolateral amygdala (Akirav & Maroun, 2007) or dorsal
hippocampus (Corcoran & Maren, 2001) enhanced fear extinction. Bicuculline, a GABAA
antagonist, infused into the basolateral amygdala after extinction training also produced
enhanced fear extinction (Berlau & McGaugh, 2006). Further, Yee et al. (2004)
demonstrated that mice lacking the GABAAα5 receptor exhibited impaired fear extinction
(i.e. lack of reduction in freezing behavior).

The data for GABAB in extinction are much less extensive, with the majority of the
investigations designed to primarily investigate drugs of abuse (e.g. Heinrichs et al., 2010;
Lasseter et al., 2009; Voigt, Herrold, & Napier, 2011). These types of studies complicate the
understanding of GABAB in extinction as GABAB is not investigated in isolation.
Alternatively, other studies have utilized transgenic GABAB1 knockouts (Jacobson et al.,
2006), which provide valuable information but at the cost of an altered GABAergic system
throughout development. There exists, then, the considerable need for a better
characterization of the involvement of GABAB receptors in extinction.
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In order to better understand the receptor’s involvement in learning and extinction, we
investigated the effects of pharmacologically altering GABAB receptors on learning and
extinction in the below studies. We utilized trace CCF, a more difficult variation of the
standard delay Pavlovian conditioning that has not been utilized in the examination of
GABAB receptor function. Further, trace conditioning has the added utility of being able to
investigate local neural network interactions as the cued fear association relies on an
interaction of the hippocampus and amygdala. Considerable evidence has indicated that
GABAB receptors play a large role in coordinated network function (Brown, Davies, &
Randall, 2007), therefore a better understanding of the effect of GABAB receptors in a
learning and memory task mediated by connections between brain regions is warranted. In
the experiments below, we investigated the effects of baclofen (GABAB agonist) and
phaclofen (GABAB antagonist) administration on learning and extinction in trace CCF. The
dosage of baclofen selected was based on preliminary testing (unpublished data) and
previous reports of altered learning and memory in other tasks (Nakagawa & Takashima,
1997; Swartzwelder et al., 1987; Wilson et al., 2011), and investigations of sub-anesthetic
concentrations in nociception studies (see De Luca & Massotti, 1990). Considerably fewer
studies have investigated phaclofen in behavior and the dose was selected based on
preliminary testing identifying the minimal dose that induced behavioral or tissue
differences (unpublished data). In order to evaluate if any learning deficits observed may be
associated with alterations in sensory function by the drug treatments we performed two
control tests. The animals were tested for their ability to detect auditory stimuli and to
confirm normal startle reflexes using an acoustic startle task; additionally, the tail flick test
was utilized to ensure that the administered ligands did not alter the perception of pain. We
then examined brain tissue for alterations to GABAergic proteins.

2. Materials and Methods
2.1. Subjects

Sixty male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) approximately three
months of age and weighing 250-300g were used. Rats were housed in a temperature and
humidity controlled facility, and food and water were provided ad libitum. Animals were
housed in pairs and kept on a 12:12 light:dark cycle, lights on at 7:00am. All procedures
were approved by the Institutional Animal Care and Use Committee and were carried out in
accordance with NIH guidelines for the care and use of animals.

2.2. Drug Treatments
R(+)-Baclofen hydrochloride (Sigma-Aldrich, St. Louis, MO) was dissolved in0.9%
physiological saline vehicle at a concentration of 2mg/mL. Phaclofen (Sigma-Aldrich) was
dissolved in 0.9% physiological saline vehicle at a concentration of 0.3mg/mL. Compounds
were administered 1mL/kg body weight via intraperitoneal (i.p.) injection 15 minutes before
behavioral testing. Drug treatment started on Day 1 for all groups in Experiment 1 and on
Day 2 for all groups in Experiment 2, and continued daily until tissue collection. Animals
were randomly assigned to one of three treatment groups (n=10) for a total of n=30 per
experiment. Due to a complication that arose during the experiment, one of the animals in
the baclofen treatment group in Experiment 2 was removed.

2.3. Trace Cued and Contextual Fear Conditioning
In order to examine the effects of altered GABAB tone on learning and extinction, we
utilized a common procedural variant of CCF and methods are as previously described
(Bolton et al., 2012; Kinney et al., 2002). Animals were trained in the trace CCF procedure,
as described in Section 2.3.2. In Experiment 1, drug treatment began 15 minutes before
training on Day 1; for Experiment 2, animals did not receive any drug injections during
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training and the first administration of drug was on Day 2, 15 minutes before testing began.
Drug treatment continued throughout the entire protocol for both experiments.

2.3.1. Apparatus—Fear conditioning training and contextual fear testing were conducted
in a 25.4cm × 25.4cm × 19.05cm (L×W×H) acrylic chamber (San Diego Instruments, San
Diego, CA). The floor of the chamber consisted of a stainless steel grid made of 0.64cm rods
spaced at1.43cm. The chamber was cleaned between subjects using a common household
cleaner, Formula 409 (Clorox Company).

Cued fear testing was conducted in an altered context 43.18cm × 26.67cm × 12.7cm
(L×W×H) made of opaque plastic. In addition to differences in material and shape, a novel
scent cue (vanilla extract) was added to one of the walls. The chamber was cleaned between
animals using a 1% ethanol solution to ensure no olfactory overlap with the training
chamber.

All sessions were programmed and run with Freeze Monitor software (San Diego
Instruments) and freezing behavior (defined as no movement from the animal except for
breathing) was collected by visual inspection every 10 seconds by a researcher. The data
collected for each animal included proportion time freezing in each session.

2.3.2. Training—Subjects were taken individually from the colony room to a testing room
containing the fear conditioning chamber. Animals were allowed to explore the chamber for
two minutes. After the two-minute acclimatization period, the CS, a 2.9kHz 88dB tone, was
presented for 30 seconds. Two and a half seconds following the termination of the CS, a
one-second mild foot shock (0.5mA; US) was presented (see Figure 1). Once the US
terminated, the animals were given another two minutes to explore the chamber before the
next CS-US presentation. The CS-US pairing was presented three more times, for a total of
four pairings. The animals were given a final two minutes in the chamber after the last CS-
US pairing. Data collected from this session consisted of freezing during the first (PreCSUS)
and last two minutes (PostCSUS) of the session.

2.3.3. Cued Fear Test—Animals were placed into the altered context and allowed to
explore for two minutes; after the two-minute exploration, the CS was presented for one
minute. Following the offset of the CS, the animal had another two minutes to explore
before the CS was presented again. The CS was presented in this manner for a total of four
presentations during the cued fear test session (see Figure 1). The first two minutes of the
session (PreCS1), freezing during each CS presentation, and freezing in-between each CS
presentation were separately binned for analyses in order to determine initial fear (freezing)
to the novel context, fear to the CS, and fear expressed between CS presentations. Animals
were tested for cued fear on Days 2, 4, and 6.

2.3.4. Contextual Fear Test—Animals were placed in the original training chamber for
10 minutes; neither the CS nor the US was presented during this time (see Figure 1).
Freezing behavior during the 10-minute session was averaged for each animal. Contextual
fear was tested on Days 3, 5, and 7.

2.3.5. Reminder—On Day 5, after the completion of the second contextual fear test
session, the animals underwent a single reminder trial (see Figure 1). The reminder trial
consisted of a single presentation of the 30-second CS, followed 2.5 seconds later by the
one-second US, and then a two-minute observation period. The data collected were analyzed
separately as the contextual fear test session and the reminder trial (binned into the 30-
second CS and the final two minutes).
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2.4. Acoustic Startle
The animals were tested for their ability to detect the auditory stimulus, as well as to confirm
normal startle reflexes, using a sound attenuation chamber consisting of a transparent
Plexiglas tube (10cm × 20cm) mounted on an accelerometer (San Diego Instruments). Trials
were programmed and run with the Startle software from San Diego Instruments. Rats were
placed into the chambers (28cm × 28cm × 28cm (L×W×H)) and given five minutes to
acclimate with only background noise (65dB) present. Ten millisecond white noise bursts
were presented at 90, 100, 110, and 120dB throughout the session. Each stimulus was
presented five times in random order with inter-trial intervals randomized between 10 and
55 seconds. At the end of the session, animals were returned to their home cage. This test
was done 24 hours after the completion of the fear conditioning procedure. For evaluation,
the data for the first presentation of each stimulus were removed and the remaining four
trials were averaged.

2.5. Tail Flick
After acoustic startle testing, the animals underwent a nociception test to ensure that the
administered ligands did not alter the perception of pain. The tip (end 2cm) of the animal’s
tail was placed into water heated to 55°C; researchers timed and recorded the latency for the
animal to react to (flick) or remove its tail from the water. A maximum of 10 seconds was
set for the animal to react to or remove its tail from the heated water to ensure no damage
occurred, and no animals ever reached this criterion. Fifteen minutes following the tail flick
test, tissue was collected from the animals.

2.6. Tissue Collection
Following the tail flick test, rats were individually euthanized via CO2 asphyxiation and
hippocampi, cortices, and amygdalae were rapidly dissected out and flash frozen for SDS-
PAGE western blotting analysis.

2.7. SDS-PAGE Western Blotting
Each region of tissue was homogenized in RIPA lysis buffer (Cell Signaling, Danvers, MA).
Lysates were centrifuged at 15,000xg for 15 minutes at 4°C; the supernatants were then
collected and protein concentrations were determined using the bicinchoninic acid assay
(Pierce, Rockford, IL). Samples were loaded at a concentration of 20μg into 8% SDS-PAGE
gels and separated via electrophoresis (Laemmli, 1970). Proteins were then transferred to a
nitrocellulose membrane and blocked in 5% BSA mixed in TBS-Tween-20 with 0.02%
sodium azide. Membranes were incubated in primary antibody overnight mixed in 5% BSA-
TBS-Tween-20 (rabbit anti-GABAB1, 1:2000, Cell Signaling; rabbit anti-GABAB2, 1:1000,
Cell Signaling; rabbit anti-GABAAα5, 1:1000, Millipore, Billerica, MA; mouse or rabbit
anti-β-actin, 1:10,000, Cell Signaling). The next day, membranes were incubated in HRP-
conjugated secondary antibodies mixed in 5% milk-TBS-Tween-20 (goat anti-mouse or goat
anti-rabbit, 1:5000, Vector Laboratories, Burlingame, CA) and then probed with Amersham
ECL Plus (GE Healthcare Life Sciences, Piscataway, NJ) and imaged with a Typhoon 9410
Variable Mode Imager (GE Healthcare Life Sciences). Band intensity was determined via
ImageQuant 5.2 (GE Healthcare Life Sciences). Western blots were analyzed by
normalizing the densities of the protein of interest to the density of -actin for each individual
sample. A proportion was determined for each normalized value of the treatment group
protein bands compared to the averaged normalized values for saline control groups run in
the same gel. These proportional values were used for analysis.
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2.8. Statistical Analyses
Analyses were performed using SPSS. Between and within group training, cued and
contextual fear data, and between group PreCS1 data were analyzed using analysis of
variance (ANOVA). Data from tail flick latencies, and western blot analyses were analyzed
via ANOVA. Startle amplitudes were analyzed via repeated measures ANOVA
(RMANOVA), and an ANOVA was completed for each individual startle amplitude if the
RMANOVA was significant. Tukey post-hoc comparisons were performed following a
significant result where applicable.

3. Results
3.1. Trace Cued and Contextual Fear Conditioning

In Experiment 1, drug treatment began on Day 1. One-way ANOVA of each group’s
average proportion time freezing during the first two minutes of training before any CS-US
pairings (PreCSUS, see Figure 2a) did not reveal any significant differences between groups
(F2,27=0.263, p>0.05). Further, there were no differences between groups during the last two
minutes of training (PostCSUS, F2,27=1.259, p>0.05). All groups demonstrated significantly
increased freezing during the last two minutes of training compared to the first two minutes
before any CS-US pairings (PreCSUS vs PostCSUS freezing; saline F1,18=434.571;
baclofen F1,18=30.552; phaclofen F1,18=122.379; p<0.01 for all groups). In Experiment 2,
drug treatment began on Day 2. There were no significant differences between groups
during the first (PreCSUS, F2,26=1.121, p>0.05) or last (PostCSUS, F2,26=0.783, p>0.05)
two minutes of training (see Figure 2b). All groups demonstrated significantly increased
freezing during the last two minutes of training compared to the first two minutes before any
CS-US pairings (PreCSUS vs PostCSUS; saline F1,18=1607.087; baclofen F1,17=182;
phaclofen F1,18=236.455; p<0.01 for all groups).

Cued Fear was tested on Days 2, 4, and 6 in the altered context chamber to determine the
strength of the association between the CS and the US (Figure 3a,b). As demonstrated in
Figure 3a, on Day 2 for Experiment 1, there were no significant differences in freezing
between groups during the CS presentations (F2,27=0.366, p>0.05); however on Day 4, the
baclofen-treated animals demonstrated significantly higher freezing compared to saline-
treated group (F2,27=6.407, p<0.01; Tukey post-hoc saline vs baclofen (SvB) p<0.01). On
Day 6, which occurred 24 hours after the Reminder Trial, this difference disappeared and no
significant differences between groups was observed (F2,27=1.07, p>0.05). In Experiment 2
(Figure 3b), the baclofen-treated animals froze significantly more than the saline-treated
group during the CS presentations on Days 2 (F2,26=5.187, p<0.05; Tukey post-hoc SvB
p<0.05) and 4 (F2,26=8.033, p<0.05; Tukey post-hoc SvB p<0.05). On Day 6, this difference
disappeared and no significant differences between groups were observed (F2,26=2.846,
p>0.05).

Cued fear data were also analyzed to determine if there were any differences in freezing
within treatment group across sessions (Days 2, 4, and 6) as an indication of extinction
(Figure 3a,b). The baclofen group from Experiment 1 did not show any significant change in
freezing behavior across days (see Figure 3a). The saline (F2,27=21.304, p<0.01; Tukey
post-hoc Day 2 vs Day 4 and Day 2 vs Day 6 p<0.01) and phaclofen (F2,27=7.781, p<0.01;
Tukey post-hoc Day 2 vs Day 4 and Day 2 vs Day 6 p<0.01) groups displayed a significant
decrease in freezing across days. In Experiment 2 (see Figure 3b), however, all groups
demonstrated a significant decrease across days (saline: F2,27=4.372, p<0.01, Tukey post-
hoc Day 2 vs Day 4 p<0.05; baclofen: F2,24=5.739, p<0.05, Tukey post-hoc Day 2 vs Day 4
p<0.05; phaclofen: F2,27=14.235, p<0.01; Tukey post-hoc Day 2 vs Day 4 and Day 2 vs Day
6 p<0.05).
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In order to determine if the altered context induced any fear (neophobia), we analyzed the
first two minutes before any CS presentations of the Cued Fear sessions (see Figure 4a,b).
There were no significant differences between groups during the first two minutes before the
CS presentations on any day for Experiment 1 (Day 2: F2,27=0184; Day 4: F2,27=2.286; Day
6: F2,27=1.706; p>0.05 for all Days) nor Experiment 2 (Day 2: F2,26=2.486; Day 4:
F2,26=1.018; Day 6: F2,26=0.14; p>0.05 for all Days).

Additionally, we analyzed the time blocks between the CS presentations (Figure 4c,d).
While there were no differences in freezing in between CS presentations among the groups
on Days 2 or 6 in Experiment 1 (Figure 4c), the baclofen group exhibited significantly
greater freezing compared to the saline-treated group on Day 4 (F2,27=7.614, p<0.01, Tukey
post-hoc SvB p<0.05). In Experiment 2 (Figure 4d) there were no significant differences
between groups for freezing behavior in between CS presentations for any day (Day 2:
F2,26=4.184, p<0.05, Tukey post-hoc did not reveal any significant differences compared to
saline; Day 4: F2,26=3.947, p<0.05, Tukey post-hoc did not reveal any significant
differences compared to saline; Day 6: F2,26=2.247, p>0.05).

Contextual Fear was tested on Days 3, 5, and 7 when the animals were placed back in the
original training context and observed for ten minutes, with no CS or US presentations
(Figure 5). No significant differences were found compared to the saline group in either
Experiment on Days 3 (Experiment 1: F2,27=0.274, p>0.05; Experiment 2: F2,26=3.676,
p<0.05, Tukey post-hoc did not reveal any significant differences compared to saline) or 7
(Experiment 1: F2,27=2.188, p>0.05; Experiment 2: F2,26=0.737, p>0.05). However, in both
experiments (see Figure 5a,b), the baclofen group displayed significantly greater freezing
versus saline controls on Day 5 (Experiment 1: F2,27=4.045, p<0.05; Tukey post-hoc SvB
p<0.05; Experiment 2: F2,26=16.531, p<0.01; Tukey post-hoc SvB p<0.01).

These data were also analyzed to determine if there were any differences in freezing within
treatment groups across days (extinction). As illustrated in Figure 5a, only the saline and
phaclofen groups demonstrated a significant decrease in freezing across days in Experiment
1 (saline: F2,27=9.137, p<0.01, Tukey post-hoc Day 2 vs Day 4 and Day 2 vs Day 6 p<0.01;
baclofen: F2,27=2.354, p>0.05; phaclofen: F2,27=3.453, p<0.05, Tukey post-hoc Day 2 vs
Day 4 p<0.05). Similarly in Experiment 2 (Figure 5b), only the saline and phaclofen groups
exhibited extinction across days (saline: F2,27=19.192, Tukey post-hoc Day 2 vs Day 4 and
Day 2 vs Day 6 p<0.01; baclofen: F2,24=1.045, p>0.05; phaclofen: F2,27=7.667, p<0.01,
Tukey post-hoc Day 2 vs Day 4 p<0.01). No differences were found between groups during
the two minutes after the reminder on Day 5 for Experiment 1 (F2,27=1.069, p>0.05) or
Experiment 2 (F2,26=0.46, p>0.05).

3.2. Acoustic Startle
To determine whether baclofen or phaclofen altered auditory sensitivity, we tested startle
amplitudes to pulses at several decibel levels (Figure 6a,b). For Experiment 1 (Figure 6a),
RMANOVA revealed a significant between-subjects effect (F2,117=8.559, p<0.01, Tukey
post-hoc SvB p<0.01), and the one-way ANOVA revealed significant differences between
the saline and baclofen groups for all startle amplitudes, and between the saline and
phaclofen groups for the 100db startle only (90db: F2,117=5.466, p<0.01, Tukey post-hoc
SvB p<0.01; 100db: F2,117=12.726, p<0.01, Tukey post-hoc SvB and saline vs phaclofen
(SvP) p<0.01; 110dB: F2,177=4.828, p<0.05, Tukey post-hoc SvB p<0.01; 120db:
F2,117=5.428, p<0.01; Tukey post-hoc SvB p<0.01). For Experiment 2 (Figure 6b), drug
administration beginning Day 2, the RMANOVA did not reveal any significant between-
subjects effects for the startle amplitudes (F2,113=1.393, p>0.05).
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3.3. Tail Flick
To determine whether baclofen or phaclofen altered sensitivity to noxious stimuli, the tail
flick test was used to measure analgesia (Figure 6c,d). One-way ANOVA did not reveal any
significant differences between groups for Experiment 1 (F2,27=3.126, p>0.05; see Figure
6c). However, in Experiment 2, drug administration beginning Day 2, the baclofen-treated
animals had a significantly longer tail flick latency compared to the saline-treated animals
(F2,26=9.122, p<0.01, Tukey post-hoc SvB p<0.01; see Figure 6d).

3.4. SDS-PAGE Western Blotting
A significant increase in GABAB2 protein levels in the amygdala was observed in the
baclofen-treated group compared to the saline controls in Experiment 1 (F2,19=5.178,
p<0.05, Tukey post-hoc SvB p<0.05; see Figure 7a). No significant differences in GABAB2
protein levels in the amygdala were found in Experiment 2 (F2,25=2.682, p>0.05; see Figure
7b). No significant differences were found in hippocampal GABAB2 protein levels for either
Experiment 1 (F2,27=0.395, p>0.05; see Figure 7c) or Experiment 2 (F2,25=1.633, p>0.05;
see Figure 7d). Further, there were no significant differences in cortical GABAB2 protein
levels for Experiment 1 (F2,27=1.787, p>0.05; see Figure 7e) or Experiment 2 (F2,25=2.956,
p>0.05; see Figure 7f).

Evaluation of GABAB1 protein levels in several brain regions did not indicate a significant
difference. In the amygdala, there were no significant differences between groups in
GABAB1a protein levels for Experiment 1 (F2,19 =0.986, p>0.05) or Experiment 2
(F2,25=2.696, p>0.05), nor were there any significant differences between groups in
GABAB1b protein levels for Experiment 1 (F2,19=1.063, p>0.05). In Experiment 2, however,
there was a significant reduction of GABAB1b protein levels in the amygdala for the
phaclofen-treated group compared to the saline controls (F2,25=5.039, p<0.05, Tukey post-
hoc SvP p<0.05). In the hippocampus, no significant differences were found in GABAB1
protein levels for Experiment 1 (GABAB1a: F2,27=0.168; GABAB1b: F2,27=0.409; p>0.05
for both subunits) nor in Experiment 2 (GABAB1a: F2,25=0.176; GABAB1b: F2,25=0.154;
p>0.05 for both subunits). Finally, no significant differences were found in cortical
GABAB1 protein levels in Experiment 1 (GABAB1a: F2,27=0.680; GABAB1b: F2,27=0.638;
p>0.05 for both subunits) nor in Experiment 2 (GABAB1a: F2,25=6.712, p<0.01; GABAB1b:
F2,25=4.574, p<0.05, Tukey post-hoc did not reveal any significant differences compared to
saline for either protein).

4. Discussion
In the above studies, we were interested in determining the effect of altered GABAB
function on learning and extinction using the trace cued and contextual fear conditioning
paradigm. In Experiment 1, the GABAB agonist baclofen and GABAB antagonist phaclofen
were administered throughout the entirety of the experiment. Interestingly, the baclofen-
treated animals did not exhibit extinction to the CS or to the context as did the saline- and
phaclofen-treated groups. These extinction deficits are evidenced by the lack of a significant
decrease in freezing to the CS from Day 2 to 4 and by the lack of a significant decrease in
freezing to the original context from Day 3 to 5. Further, we did not observe any significant
differences between groups 24 hours following training, suggesting that these differences
cannot be attributed to alterations in initial learning.

In Experiment 2, we investigated the effects of altered GABAB function in extinction after
subjects had already learned the association (drug starting Day 2). Similar to Experiment 1,
the baclofen-treated animals in Experiment 2 also exhibited an extinction deficit, but only to
the context, as demonstrated by the lack of significantly decreased freezing from Day 3 to 5.
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Contrary to Experiment 1, the baclofen group did demonstrate significantly greater freezing
to the CS presentations compared to the saline group on Days 2 and 4. This difference
suggests that enhanced GABAB receptor activity after the initial fear conditioning may
create an exaggerated fear response (association) compared to the control group. The
baclofen group in Experiment 2 also demonstrated a significant reduction in freezing to the
CS from Day 2 to 4, similar to the saline group, thus demonstrating some extinction to the
CS. When this result is taken into consideration with the baclofen-induced cued fear
extinction deficit from Experiment 1, these data suggest that increased GABAB receptor
function during the initial training impairs the ability to extinguish a fear response to the CS.
This difference is interesting because it suggests that facilitating GABAB receptor activity
during training and not after training may induce an association that is more resistant to
extinction. The baclofen treated animals did display equivalent learning of the association 24
hours post-training; however, this conditioned fear did not dissipate after repeated CS
presentations analogous to controls. Similar to Experiment 1, the phaclofen-treated animals
showed no behavioral differences compared to the saline control group. Future
investigations will help further clarify whether the extinction deficits observed in this study
are inducible via baclofen administration during training only or whether they require the
administration of baclofen during training and throughout testing.

In order to ensure the above change is tied to extinction, we analyzed the data for the first
two minutes of each Cued Fear test session, as well as the time between CS presentations, in
order to determine if the treatment groups were simply freezing throughout the entire
session. Neither the baclofen or phaclofen group demonstrated increased freezing during the
first two minutes of the Cued Fear sessions compared to the saline groups, which suggests
that the increased freezing is specific to the CS presentations. Furthermore, there were no
significant differences between groups in Experiment 2 for freezing between CS
presentations, demonstrating that all of the treatment groups were behaving equivalently
when the CS was not present. However, in Experiment 1 the baclofen group froze
significantly more than the saline group between CS presentations only on Day 4. This
result, taken in conjunction with the above data, suggests that the baclofen group in this
experiment did not benefit from the extinction training on Day 2. As this difference was
only observed during the session when the baclofen group displayed a lack of reduction in
freezing to the CS (that is, not during Days 2 or 6), we are confident this behavior is not
representative of a general elevated anxiety phenotype due to the administration of baclofen.

For contextual fear, all groups demonstrated equivalent freezing to the context on Day 3 (the
first exposure to the original training context after training), demonstrating equivalent
learning of the association between the context and US. The phaclofen-treated groups in
both experiments had no behavioral differences compared to saline controls. However, the
baclofen groups in both experiments demonstrated a contextual fear extinction deficit, as
evidenced by a lack of a significant reduction in freezing from Day 3 to Day 5. These results
suggest that increased GABAB function impairs the extinction of the hippocampally-
mediated contextual fear, regardless of whether or not the drug is present during the initial
training. Further, these differences between groups disappear on Day 7, which occurred 48
hours after the reminder trial, suggesting the reinstatement of the fear association between
the US and the context in the saline and phaclofen groups without any elevation in the
baclofen groups.

The amygdala has been demonstrated to play a role in cued fear association (Goosens &
Maren, 2001; Phillips & LeDoux, 1992; Vazdarjanova & McGaugh, 1998), and would be a
likely site for changes impacting extinction. Additionally, previous investigations of
GABAA systems in extinction have argued that cortical GABAergic neurons projecting to
the amygdala mediate some aspects of extinction (Akirav & Maroun, 2007; Akirav, Raizel,
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& Maroun, 2006; Makkar, Zhang, & Cranney, 2010). The observed cued fear extinction
deficit in Experiment 1 may be related to altered receptivity to GABA in the amygdala. In
Experiment 1, there was a significant increase in the total protein levels of the GABAB2
subunit in the amygdala of the baclofen group, the only group that failed to display cued fear
extinction. The possibility exists that an increase in the GABAB2 subunit may have altered
network connectivity in the amygdala and may be related to the lack of cued fear extinction
seen in Experiment 1. Since the baclofen group in Experiment 2 did show a significant
decease in freezing from Day 2 to Day 4, the lack of altered GABAB2 protein levels in the
amygdala in this experiment may further support the hypothesis that the GABAB2 subunit is
linked with cued fear extinction.

The phaclofen-treated group from Experiment 1 also demonstrated a non-significant
increase in total GABAB2 protein levels (see Figure 7a), but there were no behavioral
differences observed. It is possible, therefore, that the increases in total protein level
observed (significant for baclofen, non-significant for phaclofen) in this experiment are in
response to alterations in GABAB tone, and are not necessarily linked to the behavioral
differences. Equally interesting is that this increase in total protein was not observed in
either treatment group in Experiment 2. It is possible that altering GABAB signaling during
the training session induced a different effect as compared to altering GABAB tone during
other sessions. Specifically, these data suggest that alterations in GABAB signaling coupled
with the delivery of the US appears to produce different alterations in total GABAB receptor
protein levels than when the drug treatments are administered after training. The extent to
which this difference directly impacts brain function and behavior is unclear and certainly
merits further investigation.

Data from the tissue analyses cannot account for all of the behavioral differences mentioned
above. None of the protein markers we examined in the hippocampus indicated a difference
that may be related to the contextual fear extinction deficit seen in both baclofen groups,
suggesting the administration of baclofen may have altered other transmitter systems, or
other GABAergic targets (see below). However, it is clear that increasing GABAB function
via baclofen does inhibit the extinction of a hippocampally-mediated association. Research
indicates that the dorsal hippocampus mediates contextual fear conditioning (Esclassan et
al., 2009; Kim & Fanselow, 1992; Quinn et al., 2005), so it is possible that analyzing whole
hippocampus GABAergic protein levels hindered the discovery of a significant target related
to the observed contextual fear extinction deficits. Alternatively, it is also possible that the
total protein changes in the amygdala could contribute to these observed behavioral changes.
For instance, it has been established that amygdala activity is capable of mediating
performance of hippocampal-dependent behavioral tasks (Galliot et al., 2010; McIntyre,
Marriott, & Gold, 2003; Vafaei et al., 2007). Considering the extent to which amygdala
function contributes to hippocampal-dependent processes, the protein changes in the present
study may have relevance to the behavioral data. The increase in total GABAB2 protein
levels found in the amygdala could have had a direct effect on the hippocampally-mediated
contextual fear extinction deficit seen in Experiment 1. However, the lack of significant
changes in total protein levels of the targets we examined in the amygdala or in the
hippocampus of any of the treatment groups in Experiment 2 make a direct connection
impossible. Thus, while it is possible for the amygdala to be contributing to the contextual
fear extinction deficit in Experiment 1, this explanation does not sufficiently address the
contextual fear extinction deficit observed in Experiment 2.

The extinction deficits associated with the administration of baclofen found in these studies
are surprising considering the extensive literature that suggests extinction is largely
facilitated by inhibitory mechanisms (see Makkar, Zhang, & Cranney, 2010). Possibly
because the bulk of the data are derived from research that used compounds that target
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GABAA receptors, GABAB-driven alterations of extinction may just need to be
characterized further. Alternatively, it is possible that altering the GABAB system may alter
existing circuits through autoinhibition. By preventing the presynaptic release of GABA via
enhancing the function of autoreceptors, baclofen administration could result in the lack of
inhibition on the circuits responsible for maintaining the fear associations, thus the
associations stay intact.

It is possible the baclofen-induced extinction deficits in Experiment 1 may be influenced by
altered auditory processing based on data from the acoustic startle experiments. However,
we believe this is unlikely based on equivalent performance in the fear conditioning
experiments between groups 24 hours post-training. If baclofen impaired detection of the
auditory CS, we would expect differences in the initial cued fear session (e.g. decreased
freezing compared to the saline controls). Given the data of equivalent performance between
groups it seems likely the baclofen group detected the auditory CS consistent with controls.
Further, the differences in acoustic startle were not observed in Experiment 2. A closer
evaluation of the acoustic startle data between the two experiments suggests that the saline
controls in Experiment 1 displayed a much larger startle response than controls in
Experiment 2. This is in contrast to consistent startle amplitudes for both drug treatment
groups in Experiment 1 and 2, suggesting the significant difference may be related to an
elevated response in a subset of controls. These data merit additional investigations and
could be evaluated using both acoustic and tactile startle approaches. Similarly, we believe
the differences in the tail flick nociception task observed only in Experiment 2 are not
directly related to the above extinction deficits. If a true nociceptive reduction were induced
by baclofen, we would expect differences in freezing (decreased compared to the saline
controls) in the initial cued and contextual fear sessions on Days 2 and 3 as reported
elsewhere with drugs associated with analgesia (see Abbot, Melzack, & Leber, 1982). No
such reduction was observed in the above experiments, and data from other investigations
have demonstrated that systemic administration of baclofen at the dosage used in the current
study does not inhibit nociception (De Luca & Massotti, 1990; Smith et al., 1994). As the
difference in tail flick was only significant in one experiment and we have not observed a
similar difference in preliminary studies with baclofen and phaclofen (unpublished results)
we do not believe the extinction deficits are related to altered nociception. These data do
merit additional investigation to determine why the administration of baclofen induced
changes in the above tests; however, given equivalent learning between all groups it seems
unlikely that the extinction deficits observed could be mediated by these differences.

The administration of phaclofen did not alter performance in either experiment, but it did
produce a significant decrease in total protein levels of the GABAB1b subunit compared to
the saline group in the amygdala tissue from Experiment 2. This result suggests that
although phaclofen used at the above concentration may not be altering behavior in CCF, the
drug did induce a physiological effect at the cellular level. The decrease in total protein may
be an initial response to the drug, but these changes do not appear to specifically impact the
fear conditioning as examined in these studies. It is possible that the alteration of total
GABAB1 protein levels may impact performance in other tasks and/or that a higher dosage
of phaclofen may be sufficient to alter performance in trace CCF. The novel finding that
altering GABAB tone impairs extinction merits substantial additional investigations, some of
which include examining alternative doses of phaclofen and baclofen, determining if
phaclofen is able to reverse the baclofen-induced extinction deficits, as well as extending
these investigations into additional learning and memory tasks.

Future experiments are also needed to help elucidate the protein correlates to these
behavioral differences. It is possible that other GABAergic targets (such as inward-
rectifying potassium (GIRK) channels, GAD65/67, or GABA transporters) were altered.
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Studies have demonstrated that the GABAB receptors do not respond in a typical manner
seen with other G-protein coupled receptors. For instance, Wetherington and Lambert
(2002) demonstrated that GIRK-associated postsynaptic GABAB receptors rapidly
desensitized to agonist treatment, whereas GIRK-associated presynaptic GABAB receptors
failed to desensitize even after 24 hours of agonist treatment. Therefore, it is possible that
presynaptic GABAB receptors are less sensitive to prolonged ligand treatment. Other
research has demonstrated that GABAB receptors do not internalize in response to agonist
treatment (Fairfax et al., 2004; Mutneja et al., 2005; Perroy et al., 2003), but that agonist
treatment does produce a decrease in cell surface-expressed receptors (Fairfax et al., 2004).
Further, it would be interesting to determine if the total protein level differences observed
translate to functional or even membrane-expressed differences in GABAB receptors.
Additional studies are also needed to help determine if altering GABAB receptor function
using GABAB antagonists can affect fear learning and extinction.

Overall, the data presented in the above studies suggest a significant role of GABAB
receptor function in fear learning and extinction. In particular, enhanced GABAB function
during training appears to influence the ability to extinguish the fear response to a
conditioned stimulus, and may be mediated by the GABAB2 subunit in the amygdala.
Regardless of when the drug was administered, baclofen impaired the extinction of the fear
association to the original context. It appears that the GABAB receptor may play an
alternative role in learning and extinction compared to the GABAA receptor. Generally,
GABAA agonists tend to impair learning, but enhance extinction. The current study found
that using a GABAB agonist did not impair learning, but that it did prevent extinction.
Future experiments are needed to determine if the administration of phaclofen is capable of
rescuing the extinction deficit induced by baclofen, as well as if a higher dose of phaclofen
alone may be able to affect a change in behavior, and further characterize GABAergic
targets that may mediate these extinction deficits.
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Highlights (limited to 3-5 points, max 85 characters per point)

• Baclofen administered during training impaired extinction to the CS.

• Regardless of time of administration, baclofen impaired contextual extinction.

• GABAB2 subunit in amygdala may mediate extinction to the CS.
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Figure 1.
Schematic representation of the trace CCF protocol. Animals in Experiment 1 were
administered drugs beginning Day 1 of the protocol. Those in Experiment 2 were
administered drugs beginning Day 2 of the protocol.
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Figure 2.
Mean proportion time freezing (±SEM) during the initial two minutes before the first CS-US
pairing (PreCSUS) and the final two minutes after the last CS-US pairing (PostCSUS)
during training on Day 1 for Experiment 1, drug administration beginning Day 1 (a) and
Experiment 2, drug administration beginning Day 2 (b). All groups froze significantly more
in the final two minutes of training (*=significant difference between PreCSUS and
PostCSUS, p<0.05). No significant differences appeared between groups in the first and last
two minutes of training for Experiment 1 or Experiment 2.
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Figure 3.
Mean proportion time freezing (±SEM) during Cued Fear Extinction for Experiment 1 (a)
and Experiment 2 (b). In Experiment 1, drug administration beginning Day 1, all groups
froze equivalently on Days 2 and 6, but the baclofen group did not exhibit a decline in
freezing on Day 4 indicative of extinction (a; *=significant difference compared to the saline
group, p<0.05). Both the saline and phaclofen groups significantly decreased freezing on
Days 4 and 6 compared to Day 2, indicative of the extinction of the fear behavior (# =
significant difference compared to Day 2, p<0.05). For Experiment 2, drug administration
beginning Day 2, the baclofen group froze significantly more than the saline group on Days
2 and 4, but not on Day 6 (b). However, all groups significantly decreased freezing from
Day 2 to Day 4.
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Figure 4.
Mean proportion time freezing (±SEM) during the first two minutes before a CS
presentation by day (a, b) and in between CS presentations by day (c, d) for Experiment 1 (a,
c) and Experiment 2 (b, d). There were no significant differences between groups for either
Experiment 1, drug administration beginning Day 1 (a) or Experiment 2, drug administration
beginning Day 2 (b) for freezing during the first two minutes before a CS presentation. In
Experiment 1, there were no significant differences between groups on Days 2 or 6 for
freezing in between CS presentations, however the baclofen group froze significantly more
than the saline group on Day 4 (c; *=significant difference compared to the saline group,
p<0.05). In Experiment 2, there were no significant differences in freezing in between CS
presentations for any day (d).
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Figure 5.
Mean proportion time freezing (±SEM) during Contextual Fear Extinction for Experiment 1
(a) and Experiment 2 (b). In Experiment 1, drug administration beginning Day 1, all groups
froze equivalently on Days 3 and 5, but the baclofen group did not exhibit a decline in
freezing on Day 4 indicative of extinction (a; *=significant difference compared to the saline
group, p<0.05). Both the saline and phaclofen groups significantly decreased freezing on
Days 5 and 7 compared to Day 3, indicative of the extinction of the fear behavior (# =
significant difference compared to Day 2, p<0.05). For Experiment 2, drug administration
beginning Day 2, all groups froze equivalently on Days 3 and 5, but the baclofen group
froze significantly more than the saline group on Day 5 (b). Further, only the saline and
phaclofen groups exhibited significantly decreased freezing on Day 5 compared to Day 3.
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Figure 6.
Mean startle amplitude (±SEM) to pulses at several decibel levels and for Experiment 1,
drug beginning Day 1 (a) and Experiment 2, drug beginning Day 2 (b). The baclofen group
in Experiment 1 (a) startled significantly less than the saline group at all decibel levels, and
the phaclofen group at 100dB only (*=significantly different from saline, p<0.05). All
groups in Experiment 2 startled equivalently (b). Mean latency (±SEM) for animals to
remove their tails from heated water for Experiment 1 (c) and Experiment 2 (d). All groups
in Experiment 1 have statistically equivalent tail flick latencies (c), whereas the baclofen
group in Experiment 2 had a significantly increased tail flick latency compared to the saline
group (d).
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Figure 7.
Average proportion of GABAB2/ -actin to control (±SEM) for tissue from the amygdala (a,
b), hippocampus (c, d), and cortex (e, f) for Experiment 1 (a, c, e) and Experiment 2 (b, d, f).
The baclofen group in Experiment 1, drug administration beginning Day 1, had
demonstrated significantly more GABAB2 total protein levels compared to the saline group
in the amygdala (a; *=significantly different from saline, p<0.05). There were no significant
differences in GABAB2 total protein levels compared to the saline group for Experiment 1 in
the hippocampus (c) or cortex (e), nor for Experiment 2 in the amygdala (b), hippocampus
(d), or cortex (f).
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