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Functional Compartmentalization
of the Contribution of Hippocampal
Subfields to Context-Dependent
Extinction Learning

Marta Méndez-Couz, Jana M. Becker and Denise Manahan-Vaughan*

Department of Neurophysiology, Medical Faculty, Ruhr University Bochum, Bochum, Germany

During extinction learning (EL), an individual learns that a previously learned behavior
no longer fulfills its original purpose, or is no longer relevant. Recent studies have
contradicted earlier theories that EL comprises forgetting, or the inhibition of the
previously learned behavior, and indicate that EL comprises new associative learning.
This suggests that the hippocampus is involved in this process. Empirical evidence is
lacking however. Here, we used fluorescence in situ hybridization of somatic immediate
early gene (IEG) expression to scrutinize if the hippocampus processes EL. Rodents
engaged in context-dependent EL and were also tested for renewal of (the original
behavioral response to) a spatial appetitive task in a T-maze. Whereas distal and proximal
CA1 subfields processed both EL and renewal, effects in the proximal CA1 were more
robust consistent with a role of this subfield in processing context. The lower blade
of the dentate gyrus (DG) and the proximal CA3 subfields were particularly involved
in renewal. Responses in the distal and proximal CA3 subfields suggest that this
hippocampal subregion may also contribute to the evaluation of the reward outcome.
Taken together, our findings provide novel and direct evidence for the involvement of
distinct hippocampal subfields in context-dependent EL and renewal.

Keywords: appetitive learning, extinction learning, hippocampus, immediate early gene, spatial memory

INTRODUCTION

A fundamental and indispensable ability of the brain comprises learning of new information
and the creation of responses to it, through which stimulus-response associations are formed.
Equally important is the brain’s ability to distinguish when a former learned response is no longer
valid and, therefore, should no longer be implemented in a stimulus-response. One example of
the above-mentioned phenomena is acquired appetitive/aversive behavior, that is followed by
extinction learning. Extinction learning of conditioned appetitive/aversive behavior plays a key role
in the ability of an individual to interact in a flexible way with the environment (Taylor et al., 2009).

Despite the fact that extinction learning has been studied from a behavioral point of
view for almost a century, the precise physiological principles underlying this behavioral
process remain unclear. Based on the classical studies of Rescorla and Wagner (1972),
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the extinction of previously acquired associations should lead
to an erasure of the original memory trace. However, Pavlov
(1927) found behavioral evidence of spontaneous recovery
(i.e., renewal) of a former conditioned response, subsequent
to extinction training, that is incompatible with the idea
of an erasure of the original association. He suggested that
extinction involves inhibition of the learned behavioral response.
Subsequently, several researchers proposed that the molecular
mechanisms underlying the acquisition and/or consolidation
of extinction memory are similar to those described for the
acquisition and/or consolidation of the original contextual
learning (Lattal et al., 2003; Szapiro et al., 2003; Delamater and
Lattal, 2014). According to several researchers, extinction may be
understood as new learning involving new memory formation, in
conjunction with the conservation of the original memory trace
that is also associated with decreased responding in memory
tasks (Bouton et al., 2006; Archbold et al., 2010). Interestingly,
these two core concepts are not mutually exclusive: part of the
original trace might be erased within brain regions, whereas
other areas retain and update this information. In line with this
possibility, and despite the successful occurrence of extinction
learning, spontaneous recovery can occur if the individual is
re-exposed, after a delay in time, to the context in which the
original experience was learned (André and Manahan-Vaughan,
2015; André et al., 2015a; Packheiser et al., 2019). This renewal of
the original learned behavior suggests that the original memory
trace is at the very least, partly conserved during extinction:
an interpretation that is supported by brain imaging studies in
human subjects (Lissek et al., 2013).

The behavioral context plays a key role in extinction learning
and renewal (Bouton, 2004). Here, discriminating between
aversive and appetitive forms of extinction learning may help
extricate the role of specific brain structures in this process. The
vast majority of studies of the neural basis of the extinction
learning to date, have addressed this phenomenon from the
perspective of aversive conditioning (Szapiro et al., 2003; Vianna
et al, 2003; Cammarota et al, 2007; Kim and Richardson,
2009; Ernst et al., 2017) and suggest that the brain areas that
encode fear conditioning might be the same as those involved in
aversive extinction learning (Akirav and Maroun, 2007; Vlachos
et al., 2011). Given its essential role in spatial, associative and
context-dependent learning (for a review see McDonald and
Mott, 2017), the hippocampus seems a likely location for the
encoding of context-dependent extinction learning. Indeed, a
specific role for the hippocampus in the extinction of conditioned
aversive experience has been proposed (Vianna et al., 2003;
Bouton et al, 2006; Herry et al, 2010; Orsini et al., 2011;
Cleren et al., 2013; Chang et al., 2015; Nagayoshi et al., 2017).
To what extent the hippocampus contributes to extinction
learning of appetitive experience is less clear, although this seems
likely (Conejo et al., 2013; Méndez-Couz et al., 2014, 2015b).
Correlative evidence has been provided by studies that reported
that blockade of neurotransmitter receptors, known to be
important for hippocampal synaptic plasticity and hippocampus-
dependent associative learning, also prevent context-dependent
extinction learning and are involved in its reinstatement (André
and Manahan-Vaughan, 2015; André et al, 2015b). Recent

studies indicate that the hippocampus functionally differentiates
between temporal, spatial and non-spatial experience, by
means of robust proximodistal segregation of encoding of
this information in CAl and CA3 subfields, as well as the
upper and lower blades of the dentate gyrus (DG; Beer et al.,
2014, 2018; Hoang et al, 2018). Although the DG seems
to provide an instructive signal that supports hippocampal
encoding of memories, its role during extinction and retrieval
is controversial and poorly understood (Méndez-Couz et al,
2015a, 2016; Bernier et al., 2017). All these findings suggest that
the hippocampus may be able to differentiate between different
components of an appetitive experience, including extinction
learning and renewal.

In the present study, we examined to what extent the
hippocampus is involved in extinction learning and (behavioral)
renewal of an appetitive spatial memory task conducted in a
T-maze. Using fluorescence in situ hybridization of somatic
immediate early gene (IEG) expression, we observed a regional,
temporal and functional differentiation of the contribution of
hippocampal subfields in extinction-learning or renewal of the
learned behavior. The encoding of both experiences by the same
neurons was detected in specific subfields. Our findings suggest
that extinction learning of a spatial appetitive task comprises
an update of the previously learned experience, rather than de
novo learning of the adapted behavior and provide novel and
direct evidence for subfield-specific hippocampal involvement in
context-dependent extinction learning and renewal of a context-
dependent spatial appetitive task.

MATERIALS AND METHODS

The study was carried out in accordance with the European
Communities Council Directive of September 22nd, 2010
(2010/63/EU) for care of laboratory animals and all experiments
were conducted according to the guidelines of the German
Animal Protection Law. They were approved in advance
by the North Rhine-Westphalia (NRW) State Authority
(Landesamt fiir Arbeitsschutz, Naturschutz, Umweltschutz und
Verbraucherschutz, NRW). All efforts were made to reduce the
number of animals used.

Animals

Male Wistar male rats (280-330 g) were used in this study. Prior
to any other manipulation, the animals were handled for 5 days
by the experimenter. They were weighed prior to commencing
the study and maintained at 85% of their initial body weight.
They had ad libitum access to water. Animals were housed in
sibling groups in temperature and humidity-controlled purpose-
designed animal housing containers in a quiet room with a 12-h
light-dark cycle.

Behavioral Apparatus

Experiments were carried out in an elevated T-maze composed of
a starting box (25 x 20 cm) with a sliding door that separated the
starting box from the main corridor (100 x 20 cm). At the end
of the corridor, two side arms (10 x 40 cm) were positioned in a
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perpendicular manner to the main corridor (Wiescholleck et al.,
2014; Figure 1).

Two different contexts were used for the different phases of
the experiment. Context “A” describes the conditions used for
the acquisition and renewal trials, whereas context “B” described
the conditions used in the extinction learning trials. For each
context, the T-maze differed in terms of the floor pattern, the
distal cues positioned outside the maze and a faint odor that
was placed at the end of the side arms (Wiescholleck et al.,
2014). The room was faintly illuminated during experiments and
animal behavior was recorded by means of a monitoring system
(Videomot; TSE Systems, Bad Homburg, Germany), to permit
offline analysis.

During the experiment, a small number of chocolate sprinkles
(Dr. Oetker, Germany) were placed in a floor indentation at the
end of the target side-arm. These could not be seen from afar and
served as the appetitive reward.

Habituation

During habituation, a smooth plastic floor covering was used that
was distinct from that used in Context A and B. No odor, or
distal, spatial cues were present.

Animals familiarized themselves with the T-maze on the
2 days prior to commencing the study. On the first habituation
day, rats were placed in the starting box (Figure 1), the door
between the box and the maze was opened and they were
allowed to freely explore the maze for 5 min. Chocolate sprinkles
were scattered in both side-arms of the maze to motivate
exploration behavior.

The second habituation day consisted of two sessions of two
trials each, 5 min apart. The food reward was placed only in a
small indentation in the floor at the end of each side-arms. Rats
explored the maze until the reward was found, or a maximal time
of 2 min had elapsed, after which the animals were guided back
to the starting position.

Acquisition Trials in Context A
Animals underwent 3 days of acquisition trials. Each day
consisted of four sessions of five trials. Each trial consisted of a
maximal time of 2 min. The trial was concluded if the animal
found the found reward before 2 min had elapsed. Each trial had
an inter-trial interval of 15 s. Each session was interleaved with a
5-min pause.

Rats left the starting box and explored the maze. A correct and
an incorrect arm were predetermined and remained consistent

k
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FIGURE 1 | Layout of behavioral protocol. Top: on day 1, in context “A”, animals participate in four sessions, comprising of five consecutive trials each (separated
by 5-min intervals) that include a reward probability of 100%. On Day 2, four sessions of five trials at 80% probability is repeated. On Day 3, the reward probability of
the first two sessions is 60%, and of the last two sessions is 30%. Middle: on day 4, 15 extinction learning trials (maximally 30 min in total duration) are followed by
five renewal trials (for maximally 5 min duration). During extinction learning, the context (floor pattern, distal cues, local odor cues) is changed to context “B.” During
the renewal trials, context “A” is restored. Bottom: timeline for the extinction learning and renewal trials. The 15 trials are split into three sessions of five trials each.
Each session is followed by a pause of 5 min duration. Five to ten minutes after the conclusion of the extinction trials, the renewal trials are commenced.
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for all trials. A food reward was placed in an indentation
located at the end of the target (correct) side-arm. The reward
could not be seen from afar: the animal had to approach the
indentation to find it. If the animal chose to enter the wrong
(non-rewarded) arm, the exit to the main corridor was blocked
and the animal was contained in the non-rewarded arm for a
period of 15 s before being allowed to exit the arm and return
to the starting position.

If a rat failed to move during 30 s in a trial, the
entrance door of the maze was closed and the animal was
not allowed to participate in the trial. Such non-decision trials
were excluded from the statistical analysis of right or wrong
choice performance.

Rats participated in 20 trials in total per day over three
contiguous days. The reward probability decreased from 100%
in the first day to 80% on the second day, 60% in the first
10 trials of the third day and a final probability of 30% in the
last 10 trials of the last day (Figure 1). We previously reported
that the reward probability reduction from 100% to 30% on
days 1-3 helps to augment the perseverance of the animals in
engaging in the T-maze task (André et al, 2015a,b). Without
this form of training, testing contextual changes during repeated
extinction trials in the absence of a food reward would not have
been possible. Animals that did not reach the learning criterion,
of at least 80% of correct choices, by the final trial of day three,
were excluded from the study.

Extinction Learning in Context B and

Renewal in Context A

On the day after the conclusion of the acquisition trials (i.e., on
Day 4), animals participated in an extinction learning protocol
(in context “B”) that was immediately followed by re-exposure
to context “A” to trigger renewal (Figure 1).

The protocol consisted of three sessions of five trials
during which the animals were released from the start box
and could freely explore the maze until they entered an
arm, or until maximally 2 min had been spent in the
maze. The intersession time was 5 min and the entire
extinction learning phase was 25 min in total. After the
last extinction learning trial, animals rested for 10 min in
their home cage before participating in the renewal trial.
For this, the context was changed back to context “A”. Rats
engaged in five trials, as described above, for a maximum
of 5 min. The timing of these events was planned such that
somatic Homerla expression served as a biomarker for the
encoding of the extinction learning event and the somatic
expression of Arc indicated renewal (see in situ hybridization
methods below).

During both extinction learning and renewal, no rewards were
present in the T-maze at any time. Furthermore, the animals were
not restrained in a side-arm because of a wrong decision.

Cohort Descriptions

Before starting the study, animals were randomly divided into
three cohorts, Experimental (EXP) animals participated in the
appetitive T-maze protocol as described above. In addition, two
control cohorts were included: Control “naive” animals (N)

participated in the T-maze protocol, but no appetitive rewards
were offered at any stage of the protocol. By contrast, animals
in the “control aleatory reward” (CAR) group received rewards
that were randomly provided through all three elements of the
protocol (acquisition, extinction learning and renewal).

Tissue Preparation

Immediately after the final renewal trial had concluded on day
four, brains were removed within a maximal time of 2 min,
frozen rapidly in —40°C isopentane, covered with parafilm and
aluminum foil and stored at —80°C. Coronal sections (20 m)
of the brain were cut at —20°C in a cryostat (Microm HM-
505E, Heidelberg, Germany) and then mounted on gelatinized
slides. In order to facilitate the later proper localization of
regions of interest, every 12th coronal section underwent Nissl
staining. Regions of interest were subsequently verified using the
stereotaxic atlas of Paxinos and Watson (2004).

In situ Hybridization

The goal of this procedure was to examine the somatic expression
of the IEGs, Homerla and Arc. Due to the brief period of
transcription (<10 min) of these genes and the difference in sizes
of their primary transcripts, the somatic expression for Homerla
occurs 25-30 min after a novel experience and the somatic
expression of Arc occurs <10 min after a novel experience
(Guzowski et al., 1999; Vazdarjanova et al., 2002). Thus, in the
present study Homerla was used as a biomarker to identify
hippocampal neurons that participated in extinction learning,
whereas Arc expression indicated hippocampal neurons that
participated in renewal.

Brain sections were treated using a previously established
double fluorescence in situ hybridization protocol to reveal
Homer la and Arc expression as already described (Griiter
et al, 2015; Hoang et al., 2018). In short, tissue sections were
fixed and acetylated in paraformaldehyde [PFA, 4% (ice-
cold) 10 min], washed in saline sodium citrate (SSC) twice,
and placed for 10 min in acetic anhydride solution (96.96%
diethyl pyro carbonate (DEPC)-water, 0.89% NaCl, 1.62%
triethanolamine, 0.52% acetic anhydride). After an additional
five washes with SSC, tissue sections were prehybridized
in prehybridization buffer (1:1, SSC: prehybridization
buffer) for 30 min at room temperature (RT) followed
by an hybridization process (Griiter et al., 2015). For this
purpose, 1 ng/pnl of RNA probe in hybridization buffer
was applied, comprising 20/1,000 pl of Homerla-Biotin
and 20/1,000 pl Arc-Digoxigenin (50:1:1) in hybridization
buffer. The solution was kept at 90°C for 5 min then
chilled on ice to prevent reannealing until addition onto
each glass slide. The diluted probe was added and samples
were incubated in the humidified hybridization chamber
(56°C, overnight).

One day after the abovementioned procedure, tissue sections
underwent stringency washings to remove non-specific and
repetitive RNA hybridization. First steps comprised five rinsing
steps in SSC at 56°C, followed by RNase A (50 jg/100 ml
2x SSC) at 37°C, followed by rinsing with diluted SSC for
10 min at 37°C and three washings with diluted SSC, from
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37°C to 56°C, finally an additional two washings at RT and
a Tris-buffered saline (TBS) rinse was conducted to bring
back the p.H to 7.5.

For the signal detection of both Homerla-Biotin, and Arc-
DIG, streptavidin was used, so the signal detection had to
be performed sequentially. For Homerla-Biotin an additional
blocking step with 1% bovine serum albumin (BSA) in
TBS-Tween of 70 min was carried out in a humidity chamber
before the first antibody, streptavidin CY2 (Dianova, Cat# 016-
220-084, RRID:AB_2337246) was applied at 1:250, 1% BSA:
TBS-Tween, 30 min. An enhancement step was included,
in which sections were incubated with b-Anti-Streptavidin
(Vector Laboratories Cat# BA-0500, RRID: AB_2336221) at
1:100 in 1% BSA in TBS-Tween, followed by TBS washings
and a de novo incubation with Streptavidin CY2 in the same
conditions at before. Sections were rinsed in TBS and preserved
overnight at 4°C.

One day later, the somatic Arc signal was detected by
Arc-Dig immunohistochemistry. In order to reduce unspecific
background staining, endogenous peroxidase was blocked by
0.3% H,0O; and after that, endogenous biotin and electrostatic
loading of proteins were reduced by 20% avidin (Vector
Labs, Cat# SP2001). Afterwards, the primary antibody
for Anti-Digoxigenin was applied at 1:400 (Roche, Cat
#11207733910, RRID:AB_514500) in 1% BSA (Sigma Aldrich,
St. Louis, MO, USA) in TBS-Tween 20% biotin (Avidin-Biotin
Blocking Kit) for 90 min at RT. The sections were newly washed
in TBS and a biotinylated Tyramid (bT)-enhancement step
was performed for 20 min, consisting of 1% bT and 0.3%
H,0, in TBS. The second antibody was applied after new
rinsing in TBS, Steptavidin Cy5 (Jackson ImmunoResearch
Labs Cat# 016-170-084, RRID:AB_2337245) 1:2,000 in 1%
BSA TBS-Tween. In order to label the nuclei of the cells, 4',6-
diamidino-2-phenylindole (DAPI, Invitrogen, Carlsberg, CA,
USA) was added in a concentration of 1:10,000. Slides were
finally rinsed in TBS and distilled water, air-dried in a photo-box
and mounting with fluorescence specific medium (Dianova
SCR-38447).

Quantification
For the in situ hybridization, we analyzed representative and
randomly chosen small areas within the regions of interest of
the CA1, CA3 and DG of the dorsal hippocampus measured at
—3.30 mm from Bregma (Figure 2C). In addition, Nissl staining
using 1% toluidine blue was performed for surveillance of tissue
quality and spatial orientation. Furthermore, negative controls
were prepared for supervision of specificity. For this purpose,
the probe was omitted in those slides that then underwent the
abovementioned staining protocols. No intranuclear staining
could be observed in these negative controls, indicating that
the staining observed in the test slides was specific. Images
were acquired using a LEICA (Nussloch, Germany) confocal
microscope. Z stacks of 0.5 pwm thickness were acquired with a
60x oil lens.

Only putative cornus ammonis pyramidal and dentate gyrus
granule cells were included in the analyses. Putative glial-cell
nuclei were identified and discarded based on their smaller

nuclear size, and bright, uniform nuclear DAPI counterstaining
(Guzowski and Worley, 2001). These cells do not express Arc and
Homerla (Vazdarjanova et al., 2002), consistent with the idea
of these oncogenes being expressed mostly in excitatory neurons
(Cirelli and Tononi, 2000).

Z- stacks were analyzed using Fiji Image] image software
program (Rueden et al., 2017) and positive cell results were
manually counted and expressed as percentage of the total
neuronal nuclei analyzed per subfield (proximal and distal parts
of CA1, CA3 and upper and Lower blades of DG; Figure 2C) and
animal. To prevent bias, the experimenter was unaware of the
behavioral condition for each image analyzed.

Statistical Analysis

In all cases through the experiment, a p-value < 0.05 was
considered as statistically significant. Data were analyzed using
Sigmastat 11 (Systat Software Inc., Chicago, IL, USA).

For behavioral data, a two-way analysis of variance (ANOV A)
mixed-model with repeated measures was applied to evaluate
possible group differences in the number of correct choices
(correct entries in the rewarded arm) across training sessions.

Post hoc test (Tukey HSD tests) were used to further analyze
group differences in case of significant interaction between group
and training sessions. They were also used to evaluate differences
across training sessions in each experimental group. During the
acquisition trials, the animals participated in four sessions of five
trials each. For the analysis of acquisition behavior, daily trials
were divided into two sessions of 10 trials each, and averages
were calculated. For example, in Figure 2A, D1S1 describes the
outcome of the first two sessions on day 1, D1S2 describes the
final two sessions of day 1. The same principle was followed
for days 2 and 3. Acquisition behavior was then compared
across the experimental (EXP), control naive (N) and CAR
(CAR) cohorts. A separate analysis was conducted across the
three cohorts for their behavior during extinction learning
or renewal.

A one-way repeated measures ANOVA was used to evaluate
the differences in the percentage of correct choices across
extinction sessions and the renewal session in the Experimental
group. The Holm-Sidak method was used as a post hoc analysis
to isolate the differences across sessions.

A two-way mixed-model ANOVA with repeated measures
was carried out to determine the level of exploration of the
animals. Here, the percentage of trials in which the animals left
the start box and entered into the maze was analyzed per day
and session in the same fashion as described above. Post hoc test
(Tukey HSD tests) were used as for pairwise comparisons in case
of significant differences between groups or training sessions.

For in situ hybridization data, the upper and lower blades
of the DG, and proximal-distal parts of the CAl and the
CA3 were averaged per animal and sampled region. Differences
in somatic expression of Arc and HomerlA were then assessed
using a one-way ANOVA of a respective region of interest. The
Kruskal-Wallis test was used as a nonparametric method in cases
were the equal of variances test failed. Either the Holm-Sidak
method, or the Dunn’s method were used as post hoc multiple
comparison tests.
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FIGURE 2 | Extinction learning and renewal occurs in the test, but not control, animals. (A,B) Learning of a spatial appetitive task, extinction learning and renewal in
three test groups. Experimental (EXP) animals learned that a specific side-arm of the T-Maze is rewarded. By the final trials of day 3, reward probability is 30%. No
reward is given during extinction learning or renewal trials. Control “naive” animals never receive a reward. Control aleatory reward (CAR) animals receive a reward
with a 70% probability during all phases of the protocol. (A) For the acquisition trials, results from the first two sessions and last two sessions of each day are pooled
into two groups (S1, S2) for each respective day. EXP animals successfully acquire the spatial learning task as demonstrated by the percentage of correct choices
reaching above 80% (dashed line) by Day 2 (D2S2). CAR animals persist in search behavior that is at chance levels. Naive animals show a decline in choice behavior
by the final two trial blocks of day 3 (D3S2). (B) On Day 4, extinction learning (Ext) is tested in context “B.” All groups perform at chance levels (dashed line) consistent
with extinction learning occurring in the EXP group (and random search behavior occurring in both control groups). EXP animals show significant renewal (Rnw)
behavior. Control animals remain at chance levels. (C) Differences across extinction and renewal sessions in the experimental (EXP) group. EXP animals engaged in
extinction learning, as demonstrated by the decreasing percentage of correct choices across extinction training sessions. Differences were found between first and
last extinction sessions (*p = 0.004), reaching, by the second block, levels around the chance level, as indicated by a dashed line. Afterward, a renewal effect was
evident when animals were confronted again with context A. Here, the percentage of correct responses was significantly higher than in the second and the third
sessions of extinction learning (p < 0.001). (D) DAPI stained section of the dorsal hippocampus showing the regions of interest scrutinized in the distal and proximal
CAT1, distal and proximal CA3 and upper and lower blades of the Dentate Gyrus (DG). Scale bar: 200 um. *p < 0.05, **p < 0.01, **p < 0.001.

RESULTS

Acquisition Successfully Occurs in Animals
That Participate in the Appetitive Learning
Task, but Control Animals Fail to Learn

a reward, and the control aleatory reward (CAR) animals (1 = 8)
received a reward during all sessions that was given with a 70%
probability in a pseudorandom manner. During the 3 days of
acquisition, the experimental animals successfully learned the
task (Figure 2A). The RM ANOVA test revealed a statistically

Animals first participated in 3 days of acquisition trials in context
“A” (Figure 1). During this time, for the test (EXP) animals
(n = 8), the target arm was rewarded to a probability level of
100% on the first day, 80% on the second day, 60% during the
first 10 trials of the third day and 30% in the last 10 trials of the
third day (Figure 1). The naive (N) cohort (n = 8) never received

significant interaction between group and session F(14,146) = 1.98,
p = 0, 023. Specifically, there was a main effect of group
F(2,146) = 19.22, p < 0, 001) that depends on the specific session.
On day three, nine out of 10 trials were performed correctly,
reaching the learning criterion of at least 80% of correct choices.
By contrast, no significant difference in behavioral performance
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was found between the first and the last sessions for the two
control groups (Tukey test for N (p = 0.63) and for CAR (p = 0.96)
groups), that maintained their performance around chance levels
(Figure 2A).

Specifically, a significant difference between EXP and the
CAR cohorts became apparent from the last session of the first
day (Tukey test, p = 0.02) until the last session of the third day
(p < 0.01). A different between EXP and N cohorts was evident
from the second session on the first day (p < 0.05) until the third
day (p = 0.01). No significant difference was evident between the
N and CAR cohorts through the entirety of the acquisition trials
(Figure 2A).

Extinction Learning Occurs in Test, but Not
Control Animals

During extinction learning, animals were exposed to context
“B” (Figure 1). When correct choice behavior during the final
trials of day 3 (acquisition) and the trials on day 4 (extinction
learning) was compared, a significant decline in the correct
choice behavior was evident in the experimental (EXP) group
(Tukey test, p < 0.05). This effect is consistent with the
occurrence of extinction learning. No significant difference in
choice behavior was found between days 3 and 4 in the N or
CAR cohorts, maintaining the chance level of their performance
(Tukey test, p = 0.14 and p = 0.99, respectively). Furthermore,
no significant differences were found between all three cohorts
in the extinction phase: all groups made 50% correct choices on
average (Figure 2B).

When the extinction and renewal progression were analyzed
in the experimental groups across learning sessions, significant
differences between sessions were found [F72;y = 1241,
(p < 0.001)]. Post hoc comparisons using the Holm-Sidak
method indicated that the mean score for the first extinction
session was significantly different from the last extinction session
(p = 0.004).

Renewal of the Previously Learned
Behavior Occurs Only in the Experimental
Cohort

To examine if renewal of the previously learned behavior
occurred, the animals were re-exposed to context “A” after
the conclusion of the extinction learning trials. Specifically, a
significant increase in correct choice behavior was evident in
the EXP cohort when the renewal trials were compared with the
extinction phase (Post hoc Tukey test, p < 0.05). The number
of correct choices in the renewal phase was not significantly
different from the last trials of the acquisition phase (p = 0.99).

By means of an independent analysis of the Extinction
sessions, we found that the renewal session significantly
differed both from the second extinction session (Holm-Sidak,
p < 0.001), as well as from the third extinction session
(p < 0.001).

A significant difference was also evident in the choice
behavior of the EXP cohort compared to both N and CAR
cohorts (post hoc Tukey’s test, p < 0.01 in both cases).
A comparison of the control groups revealed no significant
difference in their performance (p = 0.69).

To examine the exploratory behavior of the animals between
groups, we analyzed the number of times animals left the starting
box and entered into the maze per session. The two-way RM
ANOVA showed an effect of group (F(2,147) = 1.91, p < 0.001)
and an effect of session (F(7,147) = 1.19, p = 0.039). There was no
interaction however between group and session (F(14,147) = 1.198
p = 0.28). The post hoc Holm-Sidak tests revealed differences
in the number of times animal entered into the maze at the
end of the acquisition between experimental animals and the N
group (p < 0.01) and between the rewarded CAR and N animals
(p = 0.01), which never received a reward in the maze.

The Same Cell Assemblies of the
CA1 Region Are Active During Both

Extinction Learning and Renewal

We assessed somatic IEG expression resulting from extinction
learning and renewal in the same animal by exploiting
the fact that Homerla and Arc expression are triggered
25-30 min, and <10 min, respectively after an experience
or learning event (Guzowski et al, 1999; Guzowski and
Worley, 2001; Vazdarjanova et al., 2002; Nalloor et al., 2012).
Thus, we used Homerla as a biomarker for the hippocampal
encoding of extinction learning and Arc as a biomarker
for the renewal event. We subdivided the hippocampus into
regions of interest that allowed scrutiny of the distal and
proximal CA1l regions, the distal and proximal CA3 regions,
and the upper and lower blades of the DG (Figure 2C),
based on recent findings that subcomponents of spatial
information are functionally discriminated by these subfields
(Hoang et al., 2018).

With regard to the CAl region, we detected significant
increases in somatic Homerla and Arc expression as a result
of extinction learning and renewal in the EXP group (n = 7;
Figure 3), compared to expression detected in the control N
(n =7) and CAR cohorts (n = 7). Effects were apparent in both
the proximal and distal subregions of the hippocampus: In the
proximal CA1l, ANOVA revealed differences between groups in
the number of Homerla positive cells (F(3,16) = 12.87, p < 0.01)
that was confirmed by a post hoc test (Holm-Sidak, p < 0.05).
Significant differences in the number of Arc positive cells were
also identified between groups (ANOVA: F(, 1) = 11.76, p <0.01,
Holm-Sidak, p < 0.05). In the distal CA1, differences were found
in the number of Homerla cells using ANOVA (F17) = 9.6,
p = 0.01), and post hoc tests indicated that specific differences
occurred between the Exp and N groups (p < 0.01). In addition,
significant differences were found in the number of Arc reactive
cells (ANOVA: F15) = 3.73, p = 0.04), whereas post hoc tests
(Holm-Sidak, p < 0.05) indicated specific differences between
the Exp and N groups (p = 0.01).

Strikingly, a significant elevation in the number of double-
labeled cells was detected in the EXP cohort compared to the N
and CAR groups, both in the distal CA1 (ANOVA: F(, 17) = 20.49,
p < 0.01, Holm-Sidak, p < 0.05) and in the proximal CAl
(Dunn’s Method, p < 0.01). This suggests that extinction
learning may serve to update an established representation that
is processed in the CA1 region (Figure 3).
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FIGURE 3 | Immediate early gene (IEG) expression in the CA1 region following extinction learning and renewal. (A,B) Significant increases in the percentage of
Homer1a (H1a)-positive cell nuclei are evident in the proximal (A) and distal (B) CA1 regions after extinction learning (Ext) in experimental (EXP) animals compared to
“naive” (never rewarded) animals, and animals that received a control aleatory reward (CAR). Arc expression is also increased in both subfields after the renewal trials.
Both proximal (A) and distal (B) subfields show double-labeled nuclei (“Both”) that indicate IEG activation triggered by both extinction learning and renewal. (C,D)
Photomicrographs show Arc mRNA expression (red dots, indicated by arrows) and H1a (green dots and arrows) in the proximal CA1 (C) and distal CA1 (D) regions
of Experimental (EXP) control naive animals (N) or CAR animals. Blue: nuclear staining with DAPI. The upper left rectangles in each microphotograph include
photomicrographs of the complete section from which the sampling sites were taken. Images were taken using a 63x objective, or a 5x for the complete field view.

Both

The Proximal CA3 Region Encodes Both

Extinction Learning and Renewal

When we scrutinized IEG expression in the soma of the proximal
CA3 region we found that extinction learning triggered a
significant elevation of Homerla expression in the EXP group
(n = 7) compared to naive (N) controls (n = 7; F517) = 8.31,
p < 0.01; Figure 4), but effects were not significant when the
expression of Homerla was compared in the EXP and CAR
(n=7) groups (Holm-Sidak, p = 0.057; Figure 4). The expression
of the H1a in the CAR group was also not statistically significant
from the N group (Holm-Sidak, p = 0.087). Although a tendency
towards an increase in double-labeled cells was evident, this was

not significant. In the proximal CA3 region, Arc expression was
elevated compared to N and CAR groups, consistent with a role
for the CA3 region in renewal (ANOVA: F(317, = 17.26; p < 0.01,
Holm-Sidak: p < 0.01; Figure 4).

In the distal CA3 region, Homerla expression was elevated
in the Exp group compared to Naive (N) controls (ANOVA:
F,17) = 13.70, p <0.01, Holm-Sidak, p < 0.01). However, no
differences were found in expression levels between the Exp
and CAR groups (p = 0.88). By contrast, Homerla expression
was significantly different in CAR and N groups (Holm-Sidak,
p < 0.01). Taken together with observations made for the
proximal CA3 this suggests that, in the CA3 region, the elevation

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2019 | Volume 13 | Article 256


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Méndez-Couz et al.

Hippocampus Encodes Extinction Learning

Ext Rnw Both
A 504 ; Ex
' Proximal CA3 ; T
= == CAR
(TR
(7]
:. %k
» 30
8 *k
(]
2 20
[}
©
o
2 1w
=
£
E
x 0
H1a Arc Both

“p < 0.01.

% Immunoreactive cells (+/- S.E.M.) ®

-
-
10pm
| .. .

FIGURE 4 | IEG expression in the CAS region following extinction learning and renewal. (A) Significant increases in the percentage of Homer1a (H1a)-positive cell
nuclei are evident in the proximal CAS3 region after extinction learning (Ext) in experimental (EXP) animals compared to reinforcement-naive animals. Arc expression
also is increased in EXP animals after the renewal trials, compared to naive (never rewarded) and animals that received a control aleatory reward (CAR).
Double-labeled nuclei (“Both”) are not significantly different across groups. (B) Homeria (H1a) expression is increased in EXP animals compared to naive, but not
CAR groups. Arc expression and double-labeled nuclei (“Both”) are not significantly different across groups. (C,D) Photomicrographs show Arc mRNA expression
(red dots, indicated by arrows) and H1a (green dots and arrows) in the proximal CA3 (C) and distal CA3 (D) regions of Experimental (EXP) control naive animals (N) or
animals that had an aleatory reward (CAR). Blue: nuclear staining with DAPI. The upper left rectangles in each microphotograph include photomicrographs of the
complete section from which the sampling sites were taken. Images were taken using a 63x objective, or a 5x for the complete field view. Scale bar: 10 wm.
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in somatic Homerla expression may have less to do with
extinction learning per se, and more to do with the change in
context and the anticipation of a change in reward conditions.
In the distal CA3 region, no change in Arc expression
occurred in the Exp group compared to both control groups
(ANOVA: F(;17) = 1.07 p = 0.36), indicating that the distal
CA3 region does not encode renewal, or indeed engage in
reactivation of the previously learned experience (Figure 4).

The Dentate Gyrus Processes Renewal

and Information Updating
Scrutiny of IEG expression in the DG revealed significant
double-labeling of cells in the upper blade (H, 7.10,

p = 0.03, n = 7 for all cohorts). This effect was evident
even though Homerla expression was equivalent in all three
cohorts (ANOVA: F516) = 0.06 p = 0.94), and a tendency
towards an increase in Arc expression that proved to be
non-significant (H, = 5.28, p = 0.07). This finding suggests
that although only a low number of cells respond to novel,
or information updating experiences in the DG (Hoang et al,,
2018), the upper blade may be involved in the updating of the
context-dependent experience.

By contrast, the lower blade of the DG appears to be
exclusively involved in renewal (Figure 4). Here, we observed a
significant increase in Arc expression compared to the control
cohorts (H, = 8.43, p = 0.01, post hoc Dunn’s method, p < 0.05).
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FIGURE 5 | IEG expression in the DG following extinction learning and renewal. (A) After extinction learning (H1a) and renewal (Arc), IEG expression in the upper
blade of the DG (Upper DG) is not significantly different across groups. Nonetheless, the number of double-labeled cells (“Both”) that show IEG activation triggered
by both extinction learning and renewal is significantly increased in EXP animals compared to naive (never rewarded) and animals that received a control aleatory
reward (CAR). (B) In the lower blade of the DG (Lower DG), Arc IEG expression corresponding to renewal is elevated in EXP animals compared to naive and CAR
animals. No changes in Homer1a occur following extinction learning. Double-labeled nuclei (“Both”) are not significantly different across groups. (C,D)
Photomicrographs show Arc mRNA expression (red dots, indicated by arrows) and H1a (green dots and arrows) in the upper blade of the DG (C) and lower blade of
the DG (D) regions of Experimental (EXP) control naive animals (N), or animals that received a CAR. Blue: nuclear staining with DAPI. The upper left rectangles in
each microphotograph include photomicrographs of the complete section from which the sampling sites were taken. Images were taken using a 63x objective, or a
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By contrast Homerla expression (ANOVA: Fp 6 = 2.86,
p = 0.09) and double-labeled cells (H, = 2.97, p = 0.23) were
equivalent across all groups (Figure 5).

DISCUSSION

In this study, we demonstrate for the first time that the
hippocampus is intrinsically involved in the processing of both
context-dependent extinction learning and renewal of a spatial
appetitive experience of information processing. Furthermore,

functional compartmentalization of hippocampal encoding of
these experiences takes place.

We chose to include two control groups to exclude the
possibility that motivation, or lack of it, would affect our results.
In the “naive” (N) control group (never rewarded), animals
participated in all elements of the T-maze protocol without ever
receiving a reward. In the CAR group (randomly rewarded),
animals received a random reward with a probability of 70%,
regardless of which stage of the protocol in which they were
engaged. Our experimental (EXP) animals only received a reward
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during the acquisition trials (with a probability of 30% by the last
trial of day 3).

We observed that during the acquisition trials, “naive”
animals that had never experienced reinforcement learning
in the T-maze, participated in a lower number of trials, as
compared to the experimental (test) and CAR animals. They
also demonstrated a reduction in the number of decision trials.
This could be linked to the reduced exploratory behavior
associated to an absence of a reward in the maze, and an
already familiar context. In contrast, the CAR animals showed
a consistent number of pseudo-correct arm choices throughout
the acquisition, extinction and learning phase, serving as a
control for the presence of reward in the maze, and as a
locomotion control.

After the acquisition phase, EXP animals successfully engaged
in extinction learning of the previously reinforced behavior,
thereby achieving a chance level of preference for the former
goal arm. This reduced preference was significantly different
from the last acquisition session of the experimental animals.
However, no difference in performance was found during the
extinction phase between groups, which is easily explained if we
take into account that control animals have not acquired any
arm preference, and therefore, maintained a random choice level
in this phase.

Likewise, EXP animals exhibited renewal of the previously
learned behavior in context “A.” Upon comparing the
performance of the renewal session with the last acquisition
session, it was observed that animals made a lower level of
correct choices during renewal, but still performed better than
during the extinction learning session. This pattern of behavior
has been described for operant conditioning (Bouton, 2004;
Bouton et al., 2006; Todd et al.,, 2014) and in the same T-maze
paradigm used here, where extinction learning and renewal were
separated by at least 24 h (André et al, 2015a,b). Our results
furthermore demonstrate that the renewal effect also occurs
even when the animal is confronted with the original context
soon after extinction learning. Renewal, shortly after extinction
learning and in the absence of a prolonged consolidation period,
has also been demonstrated in pigeons (Packheiser et al., 2019).
These results agree with those obtained for extinction learning of
different kinds of reference memory tasks (Méndez-Couz et al.,
2014, 2016) and concur with results in human studies, where
during extinction in a novel context, participants who showed a
renewal effect, had previously shown quicker extinction learning
and increased hippocampus activation (Lissek et al., 2013; Chang
et al., 2015).

We scrutinized the IEGs Homerla and Arc that demonstrate
a precise time-locked somatic expression following a behavioral
experience. Whereas Homerla achieves peak somatic expression
25-30 min after an experience, peak Arc expression occurs within
5-6 min of neuronal activation (Guzowski et al., 1999). Both
IEGs rapidly disperse into the cytoplasm after somatic expression
(Guzowski et al., 1999; Guzowski and Worley, 2001), Due to the
brief period of transcription of these genes and the difference in
sizes of their primary transcripts, somatic expression gives a very
precise read-put as to the neurons that engage in encoding or
processing of the experience (Nalloor et al., 2012). To determine

whether extinction learning or renewal triggers de novo gene
expression in the hippocampus, we conducted fluorescence
in situ hybridization of Homerla and Arc, whereby Homerla
served as a biomarker for extinction learning and Arc indicated
the somatic location of renewal.

The EXP animals exhibited a relatively fast extinction
response that became evident by the second session of extinction
learning trials (Figure 2C). This is consistent with the effect
of the context change on extinction learning in the T-maze
paradigm used in the present study (André et al., 2015a,b).
This contrasts with the much slower extinction response that
occurs in this paradigm in the absence of a context change
(André and Manahan-Vaughan, 2015; André et al., 2015a,b).
Thus, the context change in the present study may have
had an impact on somatic IEG expression. However, the
timing of our experiments meant that the Homerla “read-
out” for extinction learning corresponded to the animals’
behavior in the second and third extinction learning trials (see
Figures 1, 2C). Thus, although we cannot entirely exclude
that the context change during extinction learning triggered
initial neuronal encoding in its own right [as reflected by the
higher-than-chance choice performance in the first extinction
session (Figure 2C)], extinction learning should have been the
primary determinant of Homerla expression at the time-point
of analysis.

We segregated our hippocampal regions of interest on
the basis of past recent reports of functional discrimination
by distinct hippocampal sub-compartments of temporal,
non-spatial and spatial components of a behavioral experience
(Beer et al., 2014; Hoang et al.,, 2018). In comparison to both
control groups, EXP animals revealed a distinct and functionally
differentiated expression of somatic IEGs as a consequence of
extinction learning and renewal. We observed that the distal
and proximal CAl regions both engage in the encoding of
extinction learning and in the renewal response. The effects
were more pronounced in the proximal CA1 region. Somata that
expressed both IEGs were also evident, suggesting that within
the CA1 region extinction learning and renewal are encoded
within the same neuronal network.

Neuroanatomically speaking, the distal CA1 and proximal
CA3 regions may process information from the “what” visual
stream, whereas the proximal CAl and distal CA3 regions
process information from the “where” visual stream (Amaral and
Witter, 1989) in the context of the “two streams” hypothesis of
visual information processing (Mishkin et al., 1983). Functional
confirmation of this possibility has been provided in recent
years (Chawla et al., 2005; Beer et al., 2014; Hoang et al., 2018).
“What” information relates, for example, to item location in
space, whereas “where” information characterizes the context in
which the experience is made (Hoang et al., 2018). Our finding,
that both the distal and proximal CA1 regions process extinction
learning and renewal, suggests that appetitive spatial learning
in the T-Maze incorporates knowledge about the context in
which the animal finds itself (distal CAl encoding), as well
as the items (e.g., reward, or arm location) located in that
space (proximal CA1 encoding). The pronounced response of
the proximal CAl region is consistent with the saliency of
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the spatial context on both the “A” and “B” spatial learning
conditions used in our study. Motivation may play a greater
role in experience encoding in the distal CA1 region. Here, IEG
effects were only significant when the experimental group was
compared with the control naive (N) animal group. T-Maze
exploration in the CAR group was encouraged by pseudorandom
baiting of T- maze arms. This had an impact on IEG expression
in the distal CAl region both in the extinction learning and
renewal conditions.

The finding that double-labeled cells were detected in both
CALl subfields are also in line with a putative role for the
CA1l region in pattern completion (Mizumori et al, 1989;
Hunsaker and Kesner, 2013; Kyle et al., 2015) and suggests
that the extinction learning event may be encoded in the
CAL1 region the form of an update of the original representation
(that is putatively re-activated during renewal). Alternatively,
the renewal event serves to modify the extinction learning
representation. This latter possibility cannot be excluded,
given that in the present study the renewal event followed
soon after extinction learning and was not punctuated by a
consolidation phase.

In line with the likelihood that the change of context
was a salient aspect of extinction learning and renewal, we
found significant increases of both Homerla and Arc in the
proximal CA3 region (part of the “where” stream’). Although
there was a tendency towards elevations of double-labeling of
soma, effects were not significant. This suggests that in the
CA3 region, extinction learning and renewal are processed by
separate neuronal populations. This would align with a putative
role for the CA3 region in context-dependent pattern separation
(Knierim and Neunuebel, 2016; Loh et al., 2016; Sun et al,,
2017) or in error correction (Knierim and Neunuebel, 2016).
Others have shown a similar segregation of function within the
CA3 region with regard to spatial information processing: the
novel exploration of spatial cues in a defined context results in
activation of somatic IEG expression in the proximal, but not
distal, CA3 region (Hoang et al.,, 2018).

The elevations of Homerla in the proximal CA3 region were
significant in EXP animals compared to the non-reinforced naive
(N), but not compared to the pseudo-randomly rewarded (CAR)
control group. No differences were found, however, between
control groups. Although in the distal CA3 region, we also
detected elevations of Homerla in both EXP and CAR animals,
we also found significant differences in between the rewarded
EXP and N, as well as between CAR and N. This suggests that
the elevations of Homerla expression in the distal CA3 region
were driven in EXP and CAR animals by an expectation of
finding a reward, or the anticipation of a change in reward
conditions, in contrast to the “naive” animals that had never
experienced a reward within the T-maze and did not show
comparable IEG elevations. However, the EXP animals did not
receive a reward in the extinction learning trial, whereas the
CAR will have randomly received one. The elevation of somatic
Homerla expression following the change of the context in
the extinction learning trials, may thus, reflect processing of
a fulfilled, or failed, reward expectation. This interpretation
aligns with recent studies that propose that the DG/CA3 circuit

evaluates the outcome of an experience (Lee et al., 2017) and
that co-activation of the DG/CA3 with the brain’s reward system,
may underlie a reward-related enhancement of long-term
memory (Loh et al,, 2016).

Recently a functional segregation of spatial information
processing has been demonstrated for the upper and lower
blades of the DG (Hoang et al, 2018). Anatomically, the
medial entorhinal cortex (part of the “where” stream) projects
predominantly to the lower blade of the DG (Wyss, 1981;
Tamamaki, 1997). We detected increased Arc expression in
the lower blade consistent with the recruitment by renewal
activation of context-dependent “where” information encoding.
This would agree with the possibility that for context-dependent
extinction learning a reactivation of the previous context is
necessary, in line with the recruitment of hippocampal recall
processes, for which the DG would be necessary (Bernier et al.,
2017). Curiously, however, we also detected double-labeled soma
in the upper blade of the DG, which predominantly receives
“what” information via the lateral entorhinal cortex (Wyss,
1981; Amaral and Witter, 1989; Tamamaki, 1997). This may
reflect the proposed role of the DG in enabling the precision of
discrimination of spatial information (Baker et al., 2016; Hoang
et al., 2018). Specifically, the upper blade has been proposed
to be involved in the encoding of distributed directional cue
information, as gradients of odors, or the shape of a polarized
maze (Hoang et al., 2018). Our data are also consistent with
previous findings showing that the DG is involved in the recall
of an already known place (Emerich and Walsh, 1989; Méndez-
Couz et al., 2015a).

CONCLUSION

It is generally accepted that extinction learning does not
comprise the destruction of the original memory trace
(Lattal et al, 2003; Szapiro et al., 2003). However, it is still
controversial which mechanisms subserve changes in the
establishment of the original memory trace that is required
for the extinction learning to effectively take place (Pagani
and Merlo, 2019). Our results show increased activation of
the distal and proximal CAl regions during both extinction
learning and renewal. Strikingly, an increased level of somata
that express both Hla and Arc mRNA is also evident. This
suggests that portions of the same neuronal ensembles
may participate in both extinction learning and renewal
within this hippocampal subfield and that the CAl region
may be involved in the encoding of multiple (“what” vs.
“where”) facets of the extinction learning experience. By
contrast, the CA3 region may support the encoding of
context-related aspects of extinction learning and renewal
within its proximal subfield, whereas the DG may support
the discrimination of specific features of renewal and
feature updating.

Taken together, our findings suggest that the extinction
learning of robustly stored appetitive spatial behavior may occur
in the form of an update of the previously learned representation,
rather than a new learning process itself. The involvement of the
“where” and what component pathways in this process suggests
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that encoding is highly context-dependent and visuospatial in
nature. Furthermore, our results demonstrate that encoding and
functional discrimination of distributed elements of context-
dependent extinction learning of a spatial appetitive task occurs
in the hippocampus.
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