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A B S T R A C T

The degree of generalization from a fearful context to other contexts is determined by precision of
the original fear memory. Experiences before and after fear learning affect memory precision.
Pre-exposure to a similar context before context conditioning results in increased generalization
to the similar context. In contrast, exposure to the conditioning context after fear learning reduces
fear generalization. In the current study we aimed to investigate whether the events before and
after fear learning interact. We hypothesized that pre-exposure-induced enhanced generalization
could be reduced by a return to the conditioning context. We found that, in contrast to previous
findings, pre-exposure did not affect generalization. However, a reminder of the conditioning
context reduced generalization to both a similar and a different context. The results stress the
dynamic nature of emotional memory.

1. Introduction

Generalization of fear allows a subject to treat a new situation that is similar to a threatening experience as potentially harmful
(Dymond, Dunsmoor, Vervliet, Roche, & Hermans, 2015). It is no longer adaptive when a situation that only slightly resembles the
threatening event evokes fear. To model fear generalization from one situation to another, animals are trained to fear a context by
pairing the context with shock (unconditioned stimulus; US). Next, the animals are exposed to a similar context to test the ability to
discriminate between the threatening (conditioning context) and a similar but safe context. A detailed memory of the context in
which fear learning took place supports discrimination and reduces generalization (Hardt, Nader, & Nadel, 2013; Kheirbek,
Klemenhagen, Sahay, & Hen, 2012; Sahay et al., 2011).

Memory has been shown to be far more dynamic than held possible by traditional consolidation views. It is no longer believed
that consolidation results in a fixed memory representation but instead, memories are subject to change in interaction with other
events (Forcato, Rodríguez, Pedreira, & Maldonado, 2010; Osan, Tort, & Amaral, 2011; Ramirez et al., 2013; Sevenster, Beckers, &
Kindt, 2012; Sevenster, Beckers, & Kindt, 2013; Sevenster, Beckers, & Kindt, 2014). More specifically, the ability to discriminate
between similar contexts is affected by experiences before and after fear learning. In the current study we investigated whether
experiences before and after context conditioning interact in producing fear generalization.

First, pre-exposure to a context that is similar, but not the same or different, to the conditioning context enhances generalization
on test. Crucial for the understanding of this increase in fear generalization is the phenomenon of pattern completion. If a new
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situation is sufficiently similar to or matches the stored representation of the context, pattern completion mechanisms will ensure
retrieval of the existing representation (Blumenfeld, Preminger, Sagi, & Tsodyks, 2006; Hunsaker and Kesner, 2013; Leutgeb and
Leutgeb, 2007; Osan et al., 2011). Hence, pattern completion will lead to the retrieval of the similar pre-exposure context during
conditioning; both the pre-exposure and the conditioning context will become linked to the shock (Bae, Holmes, & Westbrook, 2015;
O’Reilly & Rudy, 2001; Rudy and O’Reilly,1999), facilitating generalization to the pre-exposure context. Second, context re-exposure
following fear learning can reduce fear generalization. A return to the conditioning context (without presentation of the US) after
context conditioning reduces generalization to a similar context (de Oliveira Alvares et al., 2012, 2013; Wiltgen and Silva, 2007;
Zhou and Riccio, 1994). It is well-known that the act of recall promotes memory maintenance (Roediger & Karpicke, 2006). Hence,
recall stimulates context specificity of the aversive event, resulting in an increased ability to discriminate between similar contexts.

In sum, it is known that pre-exposure to a similar context before conditioning can enhance generalization whereas exposure to the
conditioning context after fear conditioning can reduce generalization. In the current study we aimed to investigate whether ex-
periences before and after fear conditioning interact. We hypothesized that enhanced fear generalization as a result of pre-exposure
can be reduced by a reminder of the conditioning context. On day 1 mice were pre-exposed to a context that was similar to the
conditioning context (context A), the to-be conditioning context (context B) or a context that was different from the conditioning
context (context C). One day later animals were fear conditioned in context B. Half of the animals were tested first in context A (day
3), followed by test in context B (day 4). The other half were tested first in context B (day 3), followed by test in context A (day 4). All
animals were tested in the different context C on day 5. We expected that generalization to context A would be enhanced in those
animals that were pre-exposed to context A. Furthermore, we expected that this enhanced generalization would be reduced in those
animals first tested in the conditioning context B. Finally, we did explorative analyses to investigate pre-exposure and retrieval effects
on generalization to a different context (context C).

2. Methods and materials

2.1. Animals

Thirty female C57BL/6J mice 10–12 weeks of age were used. Animals were housed in a temperature and humidity controlled
vivarium with a 12 h light – 12 h dark cycle. Food and water were available ad libitum. Experiments were performed during the light
phase. All protocols complied with the European Community Council Directive and were approved by Animal Ethics Committees of
the University of Leuven.

2.2. Apparatus

Testing occurred in two identical conditioning chambers (Panlab Startle & Fear Combined System, Panlab, S.L., Cornellà, Spain).
The animal compartment (25× 25×25 cm) had black methacrylate walls and a transparent front door and was located in a sound-
attenuating cubicle. Shocks were delivered through a stainless steel grid floor. The freezing response was assessed as a measure of
learned fear. Movement of the animal was tracked with a motion sensitive floor and registered with Panlab Freezing v1.3 software.
Movement could range from 0 to 100; If movement on the sensitive floor remained below a 2.5 threshold for at least 1s, behaviour
was classified as freezing. The conditioning chamber was adjusted to create a total of three different contexts (Fig. 1A).

2.3. Context manipulation

The conditioning context B was brightly illuminated (fluorescent lamp) and there was ambient noise produced from the venti-
lation fan (Fig. 1A). For generalization context A, a piece of cardboard was placed diagonally in the compartment to create a
triangular chamber. The chamber was dimly illuminated (small cage lamp) and there was ambient noise produced by the ventilation
fan. In context C, the grid floor was covered with a white sheet. There was no room illumination and no background noise. An odor
cue was provided by placing a tube containing a cotton ball with a drop of mint solution next to the chamber. After every test session,
the chamber was cleaned. Contexts A and B were cleaned with alcohol-detergent solution (70% alcohol, 30 percent detergent), while
context C was cleaned with water. Thus, contexts A and B shared several features, including the grid floor, background noise and odor
but differed in room illumination and shape of the chamber. Context C was designed to have no features in common (expect that the
shape of the context was similar to that of context B).

2.4. Procedure

Testing procedures were adapted from Rudy and O’Reilly (1999) (Fig. 1B). Mice were randomly assigned to one of three pre-
exposure conditions. On the first day of the experiment, mice were pre-exposed for 5min to context A (n=10), context B (n=10), or
context C (n=10). One day later, context conditioning took place in context B. The mouse was placed in the conditioning chamber
and 2min later the first US was delivered (0.3 mA, 2 s). The second US was administered 2min after the first US. One minute later the
animal was returned to the home cage. Tests for conditioned fear in contexts A and B were counterbalanced and took place on day 3
and day 4. All animals were tested in context C on day 5. Thus, half of the animals were first tested in the similar context A (test order
ABC on day 3, 4, 5, respectively), whereas the other half were reminded of the conditioning context before generalization test (test
order BAC on day 3, 4, 5, respectively). Test duration in contexts A, B and C was 5min. During pre-exposure and test no shocks were
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delivered. For a schematic overview see Fig. 1B.

2.5. Data analysis

Freezing levels during pre-exposure and test were averaged over 5min. Conditioning data were averaged per minute to analyze
the course of freezing behavior from the first to the last minute. To test the hypothesis that pre-exposure and a reminder of the
conditioning context interact, freezing to the similar context A was subjected to a univariate ANOVA with condition (pre-exposure A;
pre-exposure B; pre-exposure C) and trial order (no reminder [AB]; reminder [BA]) as between subjects factors. To follow up on a
significant interaction between condition and trial order, analyses were performed for the three conditions separately to assess the
effect of trial order. That is, a univariate ANOVA with trial order (no reminder [AB]; reminder [BA]) as a between subjects factor was
conducted. We expected an effect of trial order only in those animals pre-exposed to the similar context A (pre-exposure A). In the
absence of a significant interaction between condition and trial order, we investigated whether pre-exposure and trial order affected
generalization separately. First, freezing levels to the similar context A were subjected to a univariate ANOVA with condition (pre-
exposure A; pre-exposure B; pre-exposure C) as a between subjects factor. Second, freezing levels to the similar context A were
subjected to a univariate ANOVA with trial order (no reminder [AB]; reminder [BA]) as a between subjects factor. Generalization to
the different context was assessed by subjecting freezing levels to context C to a univariate ANOVA with condition (pre-exposure A;
pre-exposure B; pre-exposure C) and trial order (ABC vs. BAC) as between subjects factors. Follow-up analyses were the same as
described for context A. Due to technical failure, data from two subjects on day 1 (pre-exposure C condition) and data from two
subjects on day 3 (pre-exposure B condition) were not registered. The alpha level was set at 0.05 for statistical analyses. A
Greenhouse-Geisser procedure was used in case of violation of the sphericity assumption in ANOVAs. Data files are available at open
science framework (OSF): https://osf.io/27e5b/?view_only=4c5815917c4049adb6ceae47c581ce3b.

3. Results

3.1. Pre-exposure

Manipulation of the conditioning chamber itself did not affect behavior, since freezing levels during pre-exposure did not differ in

Fig. 1. Illustration of the three contexts (A). Schematic overview of the experimental design (B).
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the different contexts (main effect condition; F(2,25) < 1) (Fig. 2A–C; Table 1).

3.2. Conditioning

There was an increase in freezing behavior from the first to the last minute of conditioning (main effect time; F(1,27) = 175.92,
p < 0.001, η2p= 0.87) that did not differ between conditions (time x condition; F(2,27) < 1.42). There was no difference between
conditions in overall level of freezing during the first and last minute of conditioning (main effect condition; F(2,27) < 1) (Fig. 2A–C;
Table 1).

3.3. Generalization to the similar context A

Contrary to expectation, pre-exposure before and exposure after conditioning did not interact in affecting freezing levels in the
similar context A (condition x test order; F(2,26) < 1) (Table 2). Next, analyzing the effect of pre-exposure alone revealed that pre-
exposure did not affect generalization to the similar context A (main effect condition; F(2,26) < 2.04) (Fig. 3A). Note that when we
analyzed freezing levels in context A only in those animals that were first tested in context A, similar to the experiments by Bae et al.
(2015) and Rudy and O’Reilly (1999), we also did not observe differences between conditions (F(2,11) < 1) (Table 2). Note that there
was substantial generalization to context A, as freezing in animals tested in context A on day 3 did not differ from animals tested in
context B on day 3 (main effect context; F(1,26) < 1).

Analysis did reveal a significant effect of test order (F(1,27)= 4.99, p < 0.034, η2p= 0.16); a reminder of the conditioning context
B one day before the generalization test reduced freezing levels to context A (Fig. 4A). It could be argued, however, that these results
are merely order effects rather than the effect of retrieval. That is, the first test will generally excite more fear behavior than the
second test, regardless of the test context. It is important to note that freezing levels in context B were not affected by test order
(F(1,27) < 1.05). Hence, it is unlikely that reduced responding in context A when first tested in context B was the result of extinction.

Fig. 2. Mean levels of freezing per minute to the pre-exposure context (day 1) and the conditioning context B (day 2) for the pre-exposure A condition (A), the pre-
exposure B condition (B), and the pre-exposure C condition (C). Error bars represent s.e.m.

Table 1
Means (M) and standard deviations (SD) for freezing levels during pre-exposure (day 1) and conditioning (day 2) for the pre-exposure A, pre-exposure B, and the pre-
exposure C conditions.

Pre-Exposure day 1 Conditioning day 2

Pre-exposure A Minute 1 2 3 4 5 1 2 3 4 5
M 1.83 2.73 2.48 8.43 3.47 6.51 4.47 26.23 17.24 52.32
SD 2.12 1.94 3.81 6.62 4.32 6.42 5.84 19.62 22.74 19.05

Pre-exposure B Minute 1 2 3 4 5 1 2 3 4 5
M 2.73 2.67 3.54 2.76 4.65 15.33 11.53 29.16 34.52 54.24
SD 2.49 3.61 3.79 3.64 2.81 12.61 10.78 18.81 23.34 20.24

Pre-exposure C Minute 1 2 3 4 5 1 2 3 4 5
M 3.30 4.22 4.15 6.09 5.25 7.85 4.17 28.43 27.75 61.08
SD 5.48 5.81 3.74 3.66 3.75 9.15 5.10 12.36 17.31 17.09
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3.4. Generalization to the different context C

Pre-exposure did not interact with test order for generalization to the different context C (condition x test order; F(2,27) < 1)
(Table 2). Pre-exposure also did not affect generalization to context C (main effect condition; F(2,27) < 1.91) (Fig. 3B). Finally, test
order did affect generalization to the different context C; we observed lower levels of freezing in those animals that were first tested in

Table 2
Means (M) and standard deviations (SD) for freezing levels during test in context A, context B, and context C for the pre-exposure A, pre-exposure B, and the pre-
exposure C conditions, separated for trial order. Animals that were tested following trial order ABC (No Reminder) were tested in context A on day3, in context B on
day 4, and in context C on day 5. Animals that were tested following trial order BAC (Reminder) were tested in context B on day3, in context A on day 4, and in context
C on day 5.

Trial Order ABC (No Reminder) Trial Order BAC (Reminder)

Test A day 3 Test B day 4 Test C day 5 Test B day 3 Test A day 4 Test C day 5

Pre-exposure A Minute 1–5 1–5 1–5 1–5 1–5 1–5
M 40.50 25.81 27.27 38.72 19.81 1.24
SD 20.65 17.80 16.94 17.21 7.20 1.44

Pre-exposure B Minute 1–5 1–5 1–5 1–5 1–5 1–5
M 61.78 59.06 27.43 46.32 42.82 8.14
SD 32.40 37.00 16.84 7.51 24.10 3.91

Pre-exposure C Minute 1–5 1–5 1–5 1–5 1–5 1–5
M 55.25 45.35 37.44 72.89 35.68 17.63
SD 30.10 28.19 11.88 7.55 13.97 6.26

Fig. 3. Mean levels of freezing to (A) the similar context A and (B) different context C for the pre-exposure A condition, the pre-exposure B condition, and the pre-
exposure C condition, irrespective of trial order. Error bars represent s.e.m.

Fig. 4. Mean levels of freezing to the similar context A for those first tested in the conditioning context (Reminder) and those first tested in the similar context A (No
Reminder) (A). Mean levels of freezing to the different context C for test order BAC and test order (ABC) (B), irrespective of condition. Asterisk indicates a significant
difference between groups. Error bars represent s.e.m.
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context B (main effect test order; F(1,28) = 24.23, p < 0.001, η2p= 0.46) (Fig. 4B). Note that test in context C was always preceded by
exposure to both contexts A and B. It is therefore surprising to find that a reminder of the conditioning context B was no longer
effective when given after exposure to the similar context A.

4. Discussion

In contrast to previous findings (Bae et al., 2015; O’Reilly and Rudy, 2001; Rudy and O’Reilly, 1999), we did not observe
enhanced generalization as a result of pre-exposure to a context that shares features with the conditioning context. Overall, there was
substantial generalization to the similar context one day after conditioning, given that it did not differ from freezing in context B.
Hence, a possible explanation for this failure to replicate could be that the generalization context was in fact too similar to the
conditioning context; this similarity was effective in inducing generalization to such an extent that it did not allow for further
enhanced generalization. In fact, freezing levels to context A did not differ from those in context B one day after conditioning. While
the similar context A and the conditioning context B differed on several aspects, context odor was the same. Given that mice have a
highly sensitive olfactory system (Buck & Axel, 1991; Tazir, Khan, Mombaerts, & Grosmaitre, 2016), differences between visual
aspects in contexts can be overruled by a common scent. While we aimed to reproduce the contexts used in previous studies (Bae
et al., 2015; O’Reilly and Rudy, 2001; Rudy and O’Reilly, 1999) as closely as possible, subtle changes from one set-up to another can
seriously affect generalization. Careful selection of overlapping and different context features is indispensible. Finally, note that the
analyses of pre-exposure effects on generalization to context A in those animals that were first tested in context A were performed on
subgroups of only 4–5 animals. The absence of an effect of context pre-exposure could be attributed to these small sample sizes.

A reminder of the conditioning context reduced generalization to a similar context, in line with previous findings (de Oliveira
Alvares et al., 2012, 2013; Wiltgen and Silva, 2007; Zhou and Riccio, 1994). Given the high similarity between context A and context
B, a reminder of the conditioning context was crucial for reduction of fear generalization to the highly similar context. But dis-
crimination between the conditioning context and the more different context C also benefitted from re-exposure to the conditioning
context. Possibly, the strengthening of context specificity is achieved through updating of a retrieved memory. An abundance of
studies shows that Information present at the time of memory retrieval can be integrated in the retrieved memory (Forcato et al.,
2010; Pedreira, Pérez-Cuesta, & Maldonado, 2004; Sevenster et al., 2012, 2013). As such, the content of the retrieved memory can be
changed. A return to the conditioning context enhances context specificity by strengthening the memory for the context. Rodent
studies demonstrated that reduced generalization by a reminder of the conditioning context was prevented by injection of nimo-
dipine, a memory destabilization-blocking agent, before memory retrieval (de Oliveira Alvares et al., 2013). Thus, when memory
destabilization could not occur, the reduction in generalization was not observed, confirming the idea that through memory retrieval
context specificity can be enhanced.

Interestingly, a reminder of the conditioning context only reduced generalization to context C when applied before exposure to
the similar context A (test order BAC). In contrast, re-exposure to the conditioning context was no longer effective in reducing
generalization when animals were first tested in context A (test order ABC). This could be explained by previous findings showing
that following conditioning (context B), exposure to a similar context (context A) facilitates generalization to a more different context
(context C) (de Oliveira Alvares et al., 2013). In other words, updating of the memory to a more general representation resulted in
overgeneralization of fear. Enhanced generalization to a different context could be prevented by a nimodipine injection before
retrieval (de Oliveira Alvares et al., 2013); when memory destabilization could not occur, the memory was not updated and the
original memory content was preserved. Thus, memory retrieval in similar context A changes the original memory. This updated
memory is less precise than the original memory, impairing the ability to discriminate between the conditioning context and the more
different context C. Remarkably, once the memory is updated, exposure to the original conditioning context does not return it to its
original state, given that generalization to context C is not reduced when preceded by exposures to contexts A and B. Hence, under the
conditions of the current study, a more general memory cannot regain memory specificity.

In sum, we did not observe enhanced generalization as a result of pre-exposure. Instead, there were strong effects of memory
retrieval following fear conditioning. A reminder of the conditioning context substantially reduced generalization to similar and more
different contexts.
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