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Contextual fear conditioning is a behavioral paradigm used to assess hippocampal-dependent memory in
experimental animals. Perception of the context depends on activation of a distinct population of neurons in the
hippocampus and in hippocampal-related areas that process discrete aspects of context perception. In the
Freezing absence of any putatively associated cue, the context becomes the salient element that may warn of an upcoming
Generalization aversive event; and in particular conditions, animals generalize this warning to any new or similar context. In
PTSD this study we evaluated the effects of the number of sessions, the number of unconditioned stimuli per acquisition
session and the distribution of extinction sessions to assess fear acquisition and extinction and determine under
which conditions generalization occurred in adult, male rats. We observed that the organization and spacing of
sessions were relevant factors in the acquisition and extinction of contextual fear memories. Extinction occurred
with significantly greater robustness when sessions were spread over two days. Furthermore, results indicated
that exposure to a single 0.3 mA, 0.5 s footshock in two different sessions could produce context-specific fear,
while more acquisition sessions or more footshocks within a single session produced a generalization of the fear
response to a new context. Notably, when generalization occurred, successive re-exposure to the generalized
context produced extinction in a similar way to the paired exposure. Together, the present findings identify clear
procedural and behavioral parameters amenable to neural systems analysis of three clinically relevant outcomes
of contextual fear conditioning, i.e., memory acquisition, storage and extinction.

1. Introduction

Context can be defined as a multisensory and diverse backdrop, and
is considered stable, despite fluctuations in discrete elements (like ob-
jects, sounds and smells) [1]. Context fulfils a psychological function; it
is essential for abstracting situation-informed meaning from the world.
Furthermore, it assigns contingencies, spatial locations, necessary con-
ditions and unusual circumstances to salient cues and memory traces
[2].

The distinction between harmful, neutral, and beneficial stimuli al-
lows organisms to adapt their behavior to environmental conditions [3].

In humans, the inability to adequately contextualize information can
lead to various symptomatology [2,4-6], which is seen in multiple
psychiatric disorders, such as schizophrenia, posttraumatic stress dis-
order (PTSD), depression, generalized anxiety disease (GAD) and drug
addiction [2,7,8]. These anxiety, stress and trauma disorders are among
the most common and debilitating mental illnesses [9-11]. Among these
disorders, PTSD is likely the most representative pathology of contextual
processing [2].

In many of these anxiety disorders, patients tend to overestimate the
possibility of potential threats in their environment and involuntarily
recall a traumatic memory triggered by a neutral environment that is
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similar to the environment in which the traumatic event occurred [12].
This is thought to be due to a process known as fear generalization, in
which a fear response to a specific stimulus is extended to other similar
stimuli. Thus, after an individual has learned to fear or feel anxious
about a particular stimulus, that fear response may manifest to stimuli
that share similar characteristics with the original stimulus [13,14]. This
phenomenon can be useful in certain contexts, as it allows animals and
humans to generalize cautious responses to potentially threatening
stimuli, even if they are slightly different to the stimulus that originally
triggered fear. However, excessive fear generalization in humans can
lead to problems of irrational anxiety and phobias [15].

Contextual fear conditioning, (CxFC), a variation of classical
Pavlovian conditioning is widely used to investigate the mechanisms of
fear and its generalization, as the neural circuitry underlying these
processes is similar in humans and rodents [16]. In a typical context
conditioning protocol, a conditioned neutral stimulus (CS; a contextual
setting) is paired with an unconditioned stimulus (US; footshock) elic-
iting a conditioned fear response (CR). In rats, the most commonly
employed fear response is freezing, characterized by the total absence of
movement except that necessary for breathing. Then, there is a gradual
decrease in the magnitude and/or frequency of the CR after repeated
exposure of the CS without the US. This process is known as extinction
[17]. Extinction is not eradication of the memory, but rather a new
learning that the CS no longer predicts the US [18-20].

One of the prominent therapeutic modalities in the field of clinical
psychology, aimed at addressing anxiety and fear disorders, is re-
exposure therapy [21-24]. This therapy is based on the behavioral
principle of fear extinction [21]. A consistent problem in these therapies
is the generalization of the original fear memory to neutral con-
texts/situations. Generalization may compromise therapeutic outcomes
by manifesting itself in a wide range of situations, and consequently,
limit the effectiveness of therapeutic exposure and fear extinction in
long-term recovery [13,25]. Therefore, understanding the mechanisms
underlying generalization is essential to optimize therapeutic in-
terventions and mitigate the recurrence of symptoms. This requires a
behavioral model that allows a straightforward assessment of fear con-
ditioning to context and its generalization.

In this study we examined different models of contextual fear con-
ditioning to test whether the intensity of the protocol used influenced
fear extinction and generalization. Our results provide a new under-
standing of the generalization of short-term fear and should facilitate
future research on the psychopathology of anxiety-related disorders.

2. Materials and methods
2.1. Animals

Adult Wistar rats were used (n = 70, 2-3 months-old, 200-512 g).
Rats were housed under a 12:12 h light-dark cycle (2-3 male rats per
cage) with access to food and water ad libitum. All studies were con-
ducted during the light phase. All experimental procedures were
approved by the Animal Welfare Ethics Committee of the Universitat
Jaume I, Castellon (Spain) and developed in accordance with the Eu-
ropean Community Council Directive (86/609/EEC; 2010/63/EU),
Spanish directive BOE 34/11370/2013, and local directive DOGV 26/
2010.

2.2. Apparatus

The conditioning apparatus used consisted of two fear chambers (28
x 21 x 26 cm; Model 80015, Lafayette Instruments, Lafayette, IN, USA)
with an opening in the ceiling where a camera was placed to record
behavior. The chambers were equipped with a stainless-steel, shock-
delivery grid floor (0.9 cm inter-bar separation) and two dim lights. The
chamber could be transformed into multiple contextual configurations,
alternating between walls with a plastic-coated pattern of black and
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white vertical lines, clear plexiglass door and stainless-steel floor bars
(context A), and walls with a plasticized pattern of colored figures,
transparent plexiglass door and smooth plasticized floor (context B).
Odors also differed between contexts, with green forest scented cleaner
in context A and rose scented cleaner in context B (see Table 1).

The equipment was calibrated to deliver discharges with an ampli-
tude of 0.3 mA and a duration of 0.5 s (Lafayette Instruments). The
timing of shock administration was established prior to the behavioral
sessions and was automatically administered through a shocker
controlled by an Arduino card (Uno R3, Ivrea, Italy) using customized
software (HackCS, Castellon, Spain). The apparatus was cleaned before
and after each rat with 30% ethanol.

2.3. Behavioral protocols

Context A consisted of black and white vertical line visual cues, with
a floor of stainless metal bars and a forest-scented cleaner as an olfactory
cue. Context B was in the same experimental room, but the visual cues
were replaced by walls with geometric figures, a black laminated sheet
was placed on the floor to modify its texture and a rose-scented cleaner
was added as an olfactory cue.

One day before commencing the behavioral tests, rats were handled
for 10 min during the light cycle. Rats underwent training sessions the
day after handling. Testing began 2 h after turning on the lights in the
vivarium. Rats were transported to the conditioning room in their home
cages and were returned to the vivarium immediately afterwards.
Contextual adjustments were counterbalanced between rats.

2.3.1. Experiment 1. Fear conditioning extinction testing

Initially, we planned to assess acquisition and extinction by testing
extinction in different day sessions vs extinction across different sessions
on a single day (see Fig. 1A, B).

For extinction across two days (n = 13), the process was divided into
6 sessions of 10 min (2 acquisition and 4 extinction sessions) over 3
days.

Day 1 - Acquisition. In the first session, rats received an electric
footshock after 4 min in the conditioning box. In the second session, 4 h
later, the footshock was applied after 6 min in the conditioning boxes.

Days 2 and 3 - Extinction. On day 2, rats were returned to the con-
ditioning box for extinction sessions 1 and 2, the delay between the two
sessions was 4 h. During these sessions, rats were placed in the boxes
with the same context, but without footshock. On day 3, the same pro-
cedure of day 2 was repeated for extinction sessions 3 and 4, witha 4 h
delay between them.

For extinction within a day (n = 9), conditioning was divided into 7
sessions of 10 min (2 acquisition and 5 extinction sessions) over 3 days.
All the sessions were conducted 4 h apart.

Day 1 - Acquisition. In the first session, rats received an electric
footshock after 4 min in the conditioning box. In the second session, four
h later, the footshock was applied after 6 min in the conditioning boxes.

Day 2 and 3 - Extinction. On day 2, rats were returned to the con-
ditioning box for extinction sessions 1 to 4, 1 h apart, during which rats
were placed in the boxes with the same context, but without receiving
any footshock. On day 3, rats were returned to the conditioning box for
the fifth extinction session.

2.3.2. Experiment 2. Fear conditioning acquisition testing
In this experiment, we aimed to determine which of the proposed

Table 1
Description of the two contexts apparatus.
Context A Context B
Odor Forest scented cleaner Rose scented cleaner
Wall Visual Cues Black and white vertical lines Colorful geometrical shapes
Floor Stainless steel bars Smooth plasticized
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A- Extinction across two days
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Fig. 1. Behavioral testing protocol used in Experiment 1. (A) Protocol of extinction across two days, rats received two acquisition trials on the same day 4 h apart,
and the extinction in four trials during two days with two trials per day 4 h apart. (B) Protocol of extinction in a single day. Rats received two acquisition trials on the
same day 4 h apart. The extinction was in four trials in a single day 1 h apart. An additional single extinction trial was tested next day. PreS1: time lapse before first
shock; PostS1: time lapse after the first shock; PreS2: time before the first shock; PostS2: time after the second shock; T1: first extinction test; T2: second extinction

test; T3: third extinction test; T4: fourth extinction test; T5: fifth extinction test.

conditioning protocols produced a more consistent pattern of fear con-
ditioning acquisition without affecting fear generalization. In the three
behavioral tests, the acquisition of the conditioning was performed in
one context (conditioning context), while the extinction tests were
completed either in the same context as the acquisition (conditioning
context) or in another context (novel context). We performed protocols
to study the effect of the number of footshocks per session and of the
number of acquisition sessions (Fig. 2A).

Rats were divided into groups for use in three different protocols
involving weak (n=16), mild (n=16) and strong conditioning
(n = 16). The weak protocol was the same as used in Experiment 1
"extinction-across-two-days".

Day 1 - Acquisition. In the first session, rats received an electric
footshock after 4 min in the conditioning box. In the second session, 4 h
later, the footshock was applied after 6 min in the conditioning boxes.

Days 2 and 3 - Extinction. On day 2, rats were returned to the con-
ditioning room for extinction sessions 1 and, four h later, session 2, in
which rats were placed in the conditioning boxes, but without footshock.
Half of the rats were placed within the conditioning context and the
other half within the novel context. On day 3, the same procedure of day
2 was repeated for extinction sessions 3 and 4.

We contrasted the previous protocol with one in which the acquisi-
tion consisted of the same number of sessions, but with two footshocks
per session (mild conditioning protocol; Fig. 2B)).

Day 1 - Acquisition. In the first session, rats received a footshock at 4
and 6 min in the conditioning box. In the second session, conducted 4 h
later, the footshocks were applied at 3 and 7 min

Days 2 and 3 - Extinction. On day 2, rats were returned to the con-
ditioning room for extinction sessions 1 and, four h later, session 2, in
which the rats were placed in the conditioning boxes, but without
footshock. Half of the rats were placed in the conditioning context and
the other half in the novel context. On day 3, the same procedure as day
2 was repeated for extinction sessions 3 and 4.

To test the effect of the number of acquisition sessions, we added two

acquisition sessions each containing a footshock (strong conditioning
protocol; Fig. 2C). This protocol was completed over four days, and each
day consisted of two sessions. All sessions in a single day were conducted
4 h apart.

Acquisition ran on days 1 and 2. In the first session, rats received a
footshock after 4 min. In the second session, four h later, the footshock
was applied at 6 min. The following day, the same process was repeated,
changing the timing of the footshocks, in the first session of the day
(session 3) the rats received the footshock at 3 min. In the second session
(session 4) the footshock was applied at 7 min

Extinction was conducted on days 3 and 4 by exposing rats to the
different contexts without footshocks. On day 3, rats were returned to
the conditioning room for extinction sessions 1 and, 4 h later, session 2,
in which rats were placed in the conditioning boxes, but without foot-
shock. Half of the rats were placed in the conditioning context and the
other half in the novel context. On day 4, the same procedure as day 3
was repeated for extinction sessions 3 and 4.

2.3.3. Data analyses

Videos obtained in each session were analyzed in their entirety and
divided into 2 min blocks using Any-Maze 7 software (Stoelting, Kiel,
WI, USA). Freezing was automatically detected by the system and rep-
resented as a percentage of total time analyzed, and freezing was
registered when the period of absolute immobility and curved position
was > 2 s. Measures obtained were plotted as percentages in a database
of the statistical program GraphPad Prism (GraphPad Software Inc., La
Jolla, CA, USA). Normality Shapiro-Wilk and Kolmogorov-Smirnov tests
were applied to assess the normal distribution of data in each sample.
Two-way ANOVAs were performed, followed by Bonferroni and Tukey
post-hoc analyses. The a value was set at 0.05 for all analyses. A context
discrimination ratio was calculated as (Freezingcontext A — Freezingcontext
B) / (Freezingcontext A + Freezingcontext B)-
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Fig. 2. Behavioral testing protocols used in Experiment 2. A. Regular protocol of extinction across two days, rats received two acquisition trials on the same day 4 h
apart. Extinction was conducted in four trials during two days with two trials per day 4 h apart. B. Mild conditioning protocol in which rats received two footshocks in
each of the two acquisition trials on the same day, 4 h apart. Extinction was conducted in four trials during two days in two trials per day 4 h apart. C. Strong
conditioning protocol in which rats received four acquisition trials over two days, 4 h apart for acquisition trials the same day. Extinction was conducted in four trials
during two days with two trials per day 4 h apart. PreS1: time previous to first shock; PostS1: time after the first shock; PreS2: time before the first shock; PostS2: time
after the second shock; PreS3: time prior to third shock; PostS4: time after fourth shock; T1: first extinction test; T2: second extinction test; T3: third extinction test;
T4: fourth extinction test.
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Fig. 3. Comparison of freezing levels observed during the "extinction-across-two-days" and "extinction-within-a-day" protocols. The table documents the intra-group
comparisons in each conditioning session. Error bars indicate standard error of the mean (SEM). * p < 0.05; ns, non-significant. PreS1: time lapse before the first
shock; PostS1: time after the first shock; PreS2: time before the first shock; PostS2: time after the second shock; T1: first extinction test; T2: second extinction test; T3:
third extinction test; T4: fourth extinction test; T5: fifth extinction test.
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3. Results
3.1. Experiment 1. Extinction requires consolidation

Both groups passed the normality tests (Shapiro-Wilk test, extinction
across two days, p = 0.85; extinction within a day, p = 0.374; and
Kolmogorov-Smirnov test, p > 0.1 for both groups).

The main effect of the protocol was not significant F (1, 19) = 1.260,
p = 0.276. Post-hoc Bonferroni test analysis indicated that in the last
extinction session (T4) rats subjected to the extinction across two days
protocol displayed significantly less freezing than rats subjected to the
extinction within a day protocol (p = 0.029). No other comparisons
between protocols were significant (Fig. 3).

We compared the different groups using two-way repeated measures
ANOVA with one group variable (protocol used) and one repeated
measure (conditioning sessions). The main effect observed was associ-
ated with the conditioning session, F (7, 133) = 36.50, p < 0.001, and
the two-way interaction, conditioning sessions x protocol, F (7, 133)
= 4.286, p < 0.001.

Acquisition of conditioned responses was examined by measuring
freezing in sessions Pre S1, Pre S2, Post S2 and T1. On day 1 in the first
conditioning session, rats in both groups displayed exploratory move-
ments for most of the session before the footshock (Pre S1). On the same
day, in the second conditioning session, rats still displayed little freezing
less than 30% freezing during the 6 min prior to the footshock; (Pre S2),
but did display freezing after the footshock (Post S2). Extinction was
tested on days 2 and 3, in sessions T1-T4. No extinction took place in the
"extinction-in-one-day" protocol (Fig. 3). A Tukey post-hoc test indicated
that in the extinction-across-two-days protocol there was a similar
amount of freezing prior to the first and second footshock (Pre S1 and
Pre S2, p = 0.169). Before the footshock during the second conditioning
session (Pre S2) rats froze for significantly less time than during the first
extinction session (T1; p = 0.036), reflecting the acquisition of fear
conditioning. Lastly, rats exhibited significantly less freezing during the
last extinction session (T4) than during T1 (p = 0.005), reflecting the
extinction of conditioned fear (see Table 1 in Fig. 3).

Examination of the extinction-in-one-day protocol, revealed that rats
displayed significantly higher freezing levels during Pre S2 than during
Pre S1 (p = 0.016; Fig. 3). A significant increase in freezing levels was
also observed between the Pre S2 and T1 sessions (p = 0.029), indi-
cating the acquisition of fear conditioning. No significant differences in
freezing levels were observed between the T1 and T4 sessions in the
extinction-in-one-day protocol, indicating that extinction of conditioned
fear had not occurred in this group during a single day (p > 0.999).
There were also no significant differences between T1 and T5
(p = 0.405; Fig. 3A). These data were in contrast with the extinction
observed after the second day, during which a progressive and signifi-
cant decrease in freezing occurred between sessions T1 and T4 (Fig. 3).

3.2. Experiment 2. Fear conditioning acquisition testing

All groups passed the Shapiro-Wilk and Kolmogorov-Smirnov
normality tests (Shapiro-Wilk test: weak protocol, conditioning
context p = 0.983, novel context p = 0.383; mild protocol: conditioning
context p = 0.337, novel context p = 0.699; strong protocol: condi-
tioning context p = 0.165, novel context p = 0.0584; and Kolmogorov-
Smirnov test, p > 0.100 for all groups).

3.2.1. Weak conditioning protocol

We used two-way repeated measures ANOVA for between group
comparisons, with one group variable (extinction in the conditioning or
the novel context) and one repeated measure (conditioning sessions).
The main effects of the conditioning sessions, F (7, 98) = 27.22,
p < 0.001, and context group F (1, 13) = 7.665, p = 0.016, were all
significant, as was the interaction - conditioning session x context group
F (7, 91) = 2.420, p = 0.026. Post-hoc analysis with a Bonferroni test
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indicated that in the first extinction session (T1), rats in the novel
context exhibited significantly less freezing than rats in the conditioning
context (p = 0.049). The same pattern was observed in the second re-
exposure session (T2, p =0.017). No other comparisons between
groups were significant (Fig. 4A).

Extinction was tested on days 2 and 3, in sessions T1-T4 (Fig. 4A),
and the freezing displayed by rats in the conditioning context group
decreased gradually after each re-exposure. A Bonferroni post-hoc test
indicated that rats undertook significantly less freezing during the last
extinction session (T4) than in T1 (p = 0.0323), which reflected an
extinction of the contextual conditioned fear. In contrast, rats in the
novel context group displayed significantly more freezing during Post S2
than during T1 (p = 0.002), which indicated an ability to discriminate
the novel and non-hazardous context, freezing levels were the same
throughout all extinction sessions, with no significant differences be-
tween T1 and T4 (p > 0.99; see Table 1 in Fig. 4A).

3.2.2. Mild conditioning protocol

In this protocol rats underwent two acquisition sessions on the same
day and received two footshocks in each session (Fig. 2). We made be-
tween groups comparisons using two-way repeated measures ANOVA
with one grouping variable (extinction in the conditioning context or
novel context) and one repeated measure (conditioning sessions) and
tested the freezing levels in both groups (same and different context) in
each session. Only the main effects of the conditioning sessions, F (7, 98)
= 34.20, p < 0.001 was significant. Neither the main effects of the
context group F (1, 15) = 1.756, p = 0.205 nor the interaction condi-
tioning session x context group effects F (7, 105) = 0.6633, p = 0.703
was significant. Rats in both groups displayed the same behavioral
pattern in all sessions, as demonstrated by the lack of significant dif-
ferences in the post-hoc analyses (Pre S1, p = 0.773; Post S2 and Pre S3,
p > 0.99; Post S4, p = 0.838; T1, T2, T3 and T4, p > 0.99) (Fig. 4B).
Thus, this protocol resulted in a generalization process in which the
discriminative capacity to differentiate between the conditioning or
non-conditioning contexts was impaired.

Acquisition of context fear conditioning was examined by measuring
freezing in sessions Pre S1, Pre S3, Post S4 and T1. In Pre S1, rats dis-
played mainly exploratory-like behavior, after receiving the two foot-
shocks in the first acquisition session, in Pre S3 rats exhibited higher
freezing levels, but these did not reach statistical significance compared
to Pre S1 (p = 0.072). In the conditioning context group, a decrease in
freezing levels was observed after footshock between Post S2 and Post S4
sessions (p = 0.015), indicating a deteriorated response of rats to foot-
shock with the addition of new US. However, relative to Pre S3, rats had
statistically higher freezing levels during the first extinction session, T1
(p = 0.008), indicating the acquisition of fear conditioning. Moreover,
during T1 rats displayed higher freezing levels than during Post S4
(p = 0.004). Lastly, during T4, rats displayed significantly less freezing
than during T1 (p = 0.031), manifesting the extinction of conditioned
fear. Freezing levels decreased after each extinction session, reaching
statistical significance between T1 and T4 (p = 0.021), clearly reflecting
a process of context-conditioned fear extinction.

3.2.3. Strong conditioning protocol

Rats in this protocol underwent a total of four acquisition sessions
across two days, receiving a single footshock in each session (Fig. 2).
Group comparisons were performed using two-way repeated measures
ANOVA with one group variable (extinction in the conditioning context
or novel context) and one repeated measure (conditioning sessions) and
compared the freezing levels exhibited by both groups (in the same and
different context) in each session. The main effect of the conditioning
sessions, F (7,98) = 44.90, p < 0.001 was significant, whereas the main
effect of the context group F (1, 17) = 0.2355, p = 0.634 and the
interaction (conditioning session x context group) effects F (11, 187)
= 0.3796, p = 0.963 were not significant. Rats in both groups displayed
the same behavioral pattern in all sessions, as demonstrated by the lack
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conditioning context (Ext same context, plotted in grey) or a novel context (Ext
different context, plotted in orange). (A) Protocol "one footshock - two acqui-
sition sessions", (B) Protocol "two footshocks - two acquisition sessions", (C)
Protocol "one footshock - four acquisition sessions", and (D) Analysis of the
context discrimination in the different protocols described in Experiment 2. (E)
Discrimination ratio between extinction in the conditioning context versus the
novel context. Tables illustrate the within-group comparisons for each condi-
tioning session. Error bars indicate standard error of the mean (SEM).
* P < 0.05; **P < 0.01 ***P < 0.001, ns, non-significant. PreS1: time previous
to first shock; PostS1: time after the first shock; PreS2: time before the first
shock; PostS2: time after the second shock; PreS3: time prior to third shock;
PostS4: time after fourth shock; T1: first extinction test; T2: second extinction
test; T3: third extinction test; T4: fourth extinction test.
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of significant differences in post-hoc analyses (p > 0.99 for all com-
parisons; Fig. 4C).

Acquisition of context fear conditioning was examined by measuring
freezing in sessions Pre S1, Pre S2, Pre S3, Pre S4, Post S4 and T1. A
Bonferroni post-hoc test indicated that for both groups (conditioning
and novel context), rats displayed a similar amount of freezing in Pre S1
and Pre S2 (p > 0.99 for both groups). After the two footshocks received
in the two first acquisition sessions, in Pre S3, rats displayed signifi-
cantly higher freezing levels than in Pre S2 (p < 0.001, for both groups).
Moreover, freezing levels were augmented significantly after the third
acquisition session, with significant differences between Pre S3 and Pre
S4 (conditioning context, p = 0.009; novel context, p = 0.041). No
significant differences were observed between Post S4 and T1 (p > 0.99
for both groups). Significant differences were observed in T1 and T4 in
the conditioning context (p =0.002) and in the novel context
(p = 0.013); indicating that an extinction process was occurring in a
similar way to that in generalized contexts (Fig. 4C) [26].

3.2.4. Contextual discrimination in the different protocols

We analyzed the effects of the different protocols on the discrimi-
native process when rats were tested in the conditioning context or the
novel context (Fig. 4D). Within the conditioning context group, post-hoc
analyses indicated significant differences between the weak and strong
protocols in extinction sessions T1, T2 and T4 (p = 0.016, p = 0.04 and
p = 0.047, respectively), indicating the effect of increased conditioning
sessions on freezing levels and the extinction pattern.

It is noteworthy, however, that in the novel context group, rats in the
weak protocol displayed significantly less freezing than rats in the mild
and strong protocols (p < 0.001, for both comparisons), indicating the
ability of the weak protocol to produce context-specific fear condition-
ing. This same pattern was repeated in T2 (weak vs mild, p = 0.004 and
weak vs strong, p < 0.001) and in T3 (weak vs mild, p = 0.031 and weak
vs strong, p < 0.005). Finally, in T4, significant differences were only
observed between the weak and strong protocols (p = 0.003).

The freezing discrimination index provides a measure of how the two
groups of rats react to the different contexts. A positive value indicates
that rats undertake more freezing when tested in the conditioning
context, while a negative value indicates the opposite. A value close to
0 indicates that there is no substantial difference in freezing behavior
between the two contexts. Rats in the weak protocol make a clear dif-
ferentiation between contexts, with more freezing in the conditioning
context (index value 0.4), while rats in the mild and strong conditioning
protocols had values close to 0, indicating little differentiation between
the two contexts and context fear generalization (Fig. 4E).

4. Discussion

The major goal of the present study was to develop a robust behav-
ioral protocol for the study of the acquisition, retrieval, and extinction of
contextual fear conditioning in rats. Therefore, we tested three acqui-
sition protocols and two extinction protocols, and under our experi-
mental conditions, the protocol that produced the best acquisition of
context-specific fear conditioning and the best extinction was the
"weak" or "extinction-across-two-days" protocol (Fig. 4). Furthermore,
we demonstrated that an increase in the number of sessions and/or
footshocks produced an increase in freezing levels, and a generalization
to the original conditioning context.

We also observed that re-exposure to the aversive, conditioning
context in an interrupted manner on the same day did not produce a
reduction in freezing levels (Fig. 3). However, when the same four re-
exposure sessions were performed on two separate days and separated
by 4 h, a decrease in freezing extinction levels was observed. This effect
may be the result of the participation of several neural systems. If
contextual conditioning and extinction are at least in part analogous to
cued conditioning and extinction, then acquisition and extinction
depend on neural activity in the lateral amygdala, while retrieval of



M. Navarro-Sanchez et al.

extinction memories involves the infralimbic prefrontal cortex [27,28].
However, in contextual fear memory, the hippocampus has a central role
in perception and the amygdala is central to the acquisition of the fear
memory [29,30]. In contrast, it is unclear whether a particular
anatomical structure stores extinction memories or whether it is the
coherence between retrosplenial cortex, hippocampus and amygdala
activity that supports this function [31-33]. Nonetheless, the reconso-
lidation of memories requires a time-restricted synthesis of new proteins
in relevant brain circuits [34-36].

Additionally, the data obtained in our optimal "extinction-across-
two-days" protocol, follow the Rescorla-Wagner learning model [26]
(Fig. 5), in which both the acquisition and extinction of learning, in this
case context fear conditioning, follow an asymptotic curve, based on
stimulus unexpectedness (AV = (A-)). a is a constant in that A aA VT
refers to the association ability of a CS to an US. When calculating the
value of a for our data, despite theoretically being a constant, we
observed that for acquisition a had a value of 0.4, while for extinction, it
had a value of 0.24. This « variation could be related to the use of a
context as a CS instead of a discrete stimulus. The most relevant aspect of
this model is the prediction error (A — V). The term A corresponds to the
maximum associative strength of a T US, and it is 100 if the US is present,
and 0 if the US is not present. Our data display an asymptotic growth and
decay of learning (Fig. 5, graph), as theorized in the Rescorla-Wagner
model [26].

However, when we increased the number of footshocks per acqui-
sition session ("mild protocol") or increased the number of acquisition
sessions ("strong protocol"), we observed an increase in freezing levels
when rats were exposed to a novel unpaired context, with no differences
between the freezing displayed in the conditioning context and this
novel context, as a generalization process had occurred (Fig. 4). These
results are consistent with previous research demonstrating that when
fear was tested in a novel context, the one and two footshock groups
failed to freeze, whereas the 5-footshock group displayed a time-
dependent generalization of contextual memory [37]. Although this
earlier study investigated how modifying the intensity of the imple-
mented protocol affected the generalization of fear to the context, it
focused on the incubation process of fear memory. Their research
demonstrated how fear memories generalize over time, involving pro-
cesses of forgetting specific contextual cues, becoming more vague and
generalized memories. However, our study focused on investigating the
intensity of the behavioral protocol required to allow the study of
short-term generalization, without involving memory processes.

In the weak conditioning protocol, we observed that the modification
of visual, olfactory, and tactile parameters, without the modification of
spatial parameters, was sufficient for rats to recognize the new context
as non-threatening (Fig. 4). This is in line with a previous study in mice
that observed that the modification of these parameters produced

100
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generalization just after the consolidation of memory [12]. However,
this study did not consider how generalized memories behave during an
extinction process. Moreover, it was based on pre-exposure to the con-
ditioning context. The present study revealed how generalized false
memories can also be extinguished by re-exposure, which is of consid-
erable therapeutic value in clinical psychology. In addition, in the pre-
sent research we did not use pre-exposure to the conditioned context,
since it was observed previously that pre-exposure to certain visual cues
reduced their efficacy as feedback stimuli, decreasing the ability of rats
to avoid a shock in a passive avoidance test [38], which when extrap-
olated to Pavlovian conditioning could affect the ability of rats to
respond to different contexts during the extinction process, leading to
biased results.

Results obtained using the "mild" and "strong" protocols present
similarities with the symptomatology described in humans with disor-
ders such as GAD and PTSD, such as the generalization of fear to novel
contexts [39-41].

It is noteworthy that, according to our results, the generalized fear to
an unpaired context followed the same scheme of extinction as the
originally paired context, when the rats were re-exposed to this unpaired
context without US. Studies with rats have revealed that extinction of
the generalized contextual fear conditioning depends on the infralimbic
cortex [42]. However, the best way to perform extinction needs to be
considered. In many studies, extinction is obtained by exposing rats for
15 min or more to the conditioned context, but without the US [37,42].
In our studies, we observed that even four re-exposures in a single day
were not sufficient to produce extinction, but when the four re-exposure
trials extended across two days, a strong and specific extinction was
observed.

Another aspect that could be considered is the possible effect of
circadian activity on the CxFC process. Some studies have reported a
dependency of the process on hippocampal expression of circadian-
related genes such as Period genes [43]. Circadian expression of
endogenous corticoids may also have an impact on contextual fear
extinction [44]. However, the effect of circadian activity should be
considered as another aspect that is independent of the features that
configure the context [45]. In fact, it has been reported that conditioning
of nocturnal rodents during the inactive (light) phase improved acqui-
sition, but not extinction [46,47]. Thus, when performing a CxFC pro-
tocol, care could be taken to complete the different steps within the same
circadian phase. However, variations in different step time points within
the inactive or active phases, apparently does not produce an impact on
fear memory in either mice [48] or rats [49].

The reliability of these protocols suggests they represent good animal
models for studying how a mental burden can become a generalization
perception that requires the mobilization of additional mental resources
to face the problem. For example, the generalized perception could
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Fig. 5. Rescorla-Wagner simulation. PreS1: time previous to first shock; PostS1: time after the first shock; PostS2: time after the second shock; T1: first extinction test;

T2: second extinction test; T3: third extinction test; T4: fourth extinction test.
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become pathological and represent a model of GAD or PTSD. Further
studies are needed to determine the anatomical and biochemical ele-
ments involved in the transition between specific contextual condi-
tioning to generalized fear to any context, and the persistence of
contextual fear in conditions in which contextual fear should be extin-
guished [20,39,50].

Finally, one limitation of the present work is that we only used male
rats, thus parameters may need to be adapted when studying females.

5. Conclusions

In these studies, we identified some key parameters for the acquisi-
tion, extinction, and maintenance of contextual fear memories in adult
male rats. From the behavioral analysis of six contextual fear condi-
tioning protocols, it was concluded that the organization and spacing of
the sessions are relevant factors for the acquisition, retrieval, and
extinction of contextual fear memories. Our results indicated that
extinction of fear of context occurred with greater statistical robustness
when extinction sessions were completed over two days. Furthermore,
our results indicated that the exposure to single footshocks of 0.3 mA for
0.5 s in two different acquisition sessions can produce context-specific
conditioned fear. Increasing the number of footshocks or the number
of acquisition trials resulted in a generalization process. Acquired
generalized responses to unpaired contexts can be extinguished in the
same way as regularly acquired contextual memories by re-exposure
trials to this context without US.

Further examination of new protocols and contextual configurations
in male and female experimental animals is needed to better understand
the neural circuits involved in context processing in normal subjects and
to identify abnormalities that may accompany various psychiatric dis-
orders [2,3].
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