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Memory extinction involves the formation of a new associative memory that inhibits a previously conditioned association.

Nonetheless, it could also depend on weakening of the original memory trace if extinction is assumed to have multiple com-

ponents. The phosphatase calcineurin (CaN) has been described as being involved in extinction but not in the initial con-

solidation of fear learning. With this in mind, we set to study whether CaN could have different roles in distinct components

of extinction. Systemic treatment with the CaN inhibitors cyclosporin A (CsA) or FK-506, as well as i.c.v. administration of

CsA, blocked within-session, but not between-session extinction or initial learning of contextual fear conditioning. Similar

effects were found in multiple-session extinction of contextual fear conditioning and in auditory fear conditioning, indicat-

ing that CaN is involved in different types of short-term extinction. Meanwhile, inhibition of protein synthesis by cyclo-

heximide (CHX) treatment did not affect within-session extinction, but disrupted fear acquisition and slightly impaired

between-session extinction. Our results point to a dissociation of within- and between-session extinction of fear condition-

ing, with the former being more dependent on CaN activity and the latter on protein synthesis. Moreover, the modulation

of within-session extinction did not affect between-session extinction, suggesting that these components are at least partially

independent.

After their consolidation, conditioned fear memories can be mod-
ified by phenomena such as extinction and reconsolidation. Even
though these processes have opposite behavioral outcomes, with
the former leading to fear decay, and the latter leading to its
strengthening (Pavlov 1927; Nader et al. 2000), both can be mod-
ulated by similar pharmacological interventions. Protein synthe-
sis inhibitors, for instance, may cause amnesia by blocking
reconsolidation when injected after a brief reexposure to the con-
ditioned stimulus, whereas the same drugs may preserve memory
after a longer reexposure by blocking extinction (Eisenberg et al.
2003; Pedreira and Maldonado 2003; Suzuki et al. 2004).

In order to interpret these results, our group has proposed a
theoretical model in which reexposure to the conditioned stimu-
lus leads to the activation of two parallel plasticity systems, the
first responsible for memory strengthening through classic con-
solidation pathways, and the second for labilization of existing
memory traces through other molecular mechanisms (Osan
et al. 2011). During reconsolidation, these systems would work
in opposite directions, with the former reinforcing the original
memory trace, and the latter destabilizing it. On the other
hand, during memory extinction, both of them could conceiv-
ably act in concert, but on different components of the process:
while consolidation mechanisms would be involved in formation
of the extinction memory, the labilization system could act by
transforming or weakening the original memory trace (Almeida-
Corrêa and Amaral 2014). Based on these assumptions, extinction
should rely on distinct components, which could contribute dif-
ferently to its behavioral outcomes in different situations (Barad
2006; Maren 2011; Riebe et al. 2012).

This hypothesis has recently received support from a study in
which different auditory fear extinction protocols—in this case
consisting of a single long tone or a series of short ones—were
shown to preferentially facilitate within-session or between-
session extinction, respectively (Plendl and Wotjak 2010). Using
these protocols, pharmacological blockade or genetic ablation of
the CB1 receptor were shown to affect within-session extinction,
but not between-session extinction (Plendl and Wotjak 2010) or
initial fear conditioning (Marsicano et al. 2002). This suggests
that different extinction protocols may have different molecular
requirements, with the CB1 receptor being more important for
within-session extinction than for between-session extinction.
Interestingly, this receptor was also shown to be important for
memory destabilization during reconsolidation (Suzuki et al.
2008; Kim et al. 2011; Lee and Flavell 2014), suggesting that it
could be a part of a putative molecular system involved in the labi-
lization of established memories during both reconsolidation and
extinction (Almeida-Corrêa and Amaral 2014).

Another molecule proposed to be more important for extinc-
tion than for initial fear learning is the phosphatase calcineurin
(CaN). Animals with a forebrain-specific CaN knockout have nor-
mal reference memory in the water maze, but show impaired per-
formance in the delayed-match-to-place version of the task (Zeng
et al. 2001), indicating that CaN might be important for the mod-
ification of previously learned behavioral responses. Mice with ge-
netic inhibition of calcineurin activity also present enhanced
initial learning of some tasks (Malleret et al. 2001; Baumgärtel
et al. 2008; Havekes et al. 2008; de la Fuente et al. 2014) but
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impaired extinction of taste and contextual fear conditioning
(Baumgärtel et al. 2008; Havekes et al. 2008). Moreover, CaN activ-
ity in the amygdala seems to be unaltered (Lin et al. 2003a) or re-
pressed during initial learning (Baumgärtel et al. 2008), but both
its activity (Lin et al. 2003a) and protein content (Merlo et al.
2014) in the amygdala and its nuclear content in the hippocam-
pus (de la Fuente et al. 2011) are increased after extinction.
Finally, blockade of calcineurin activity in the hippocampus (de
la Fuente et al. 2011) or of its expression in the amygdala (Merlo
et al. 2014) can disrupt extinction of fear conditioning, and its
inhibition in the amygdala interferes with memory destabiliza-
tion during reconsolidation of an inhibitory avoidance memory
(Fukushima et al. 2014). Taken together, these results suggest
that CaN seems to be more involved in labilization of an existing
memory trace than in formation of a fear memory.

Since such a profile is consistent with what has been de-
scribed for the CB1 receptor (Marsicano et al. 2002; Almeida-
Corrêa and Amaral 2014), it is possible that CaN might also
have distinct effects on different components of memory extinc-
tion—for example, in within- and between-session extinction.
Such a demonstration would be important in terms of describing
a set of molecular mechanisms specifically involved in short-
term extinction, and for supporting the idea that different compo-
nents of extinction depend on parallel and partly independent
plasticity systems. With this in mind, we studied the outcomes
of calcineurin inhibition on different fear extinction protocols,
focusing on possible dissociations between its short- and long-
term effects.

Results

CaN inhibition does not affect the formation

of contextual fear memory
It is widely described that protein synthesis plays a key role in the
establishment of a new memory (Hernandez and Abel 2008). In
order to validate our contextual fear-conditioning protocol
in Swiss Webster mice, thus, we injected the protein synthesis
inhibitor cycloheximide (CHX, 100 mg/kg, i.p.) 30 min before a
fear conditioning session, consisting of 3 min in the context in
which animals received a pair of 0.8 mA footshocks. As expected,

protein synthesis inhibition during training impaired freezing
responses measured in a test 24 h later (Fig. 1A, n ¼ 15–18;
Student’s t test, P ¼ 0.003). On the contrary, injection of the
CaN activity inhibitor cyclosporin A (CsA, 20 mg/kg, i.p.),
60 min before training did not influence formation of the condi-
tioned memory, as tested either 24 h (Fig. 1B, n ¼ 15–16;
Student’s t test, P ¼ 0.43) or 30 min after the conditioning session
(n ¼ 11–13; Student’s t test, P ¼ 0.49) in different animals (Fig.
1C). These results indicate that, unlike protein synthesis, CaN
does not seem to play a major role in the initial learning of contex-
tual fear conditioning.

Systemic CaN inhibition blocks within-session, but

not between-session contextual fear extinction
In order to evaluate the effects of inhibiting CaN activity on the
extinction of contextual fear memory, we first trained the animals
on a conditioning protocol similar to the one used in the previous
experiment. Twenty-four hours after training, mice were injected
with CsA (20 mg/kg; i.p.) or its vehicle (DMSO) 60 min before an
extinction session, which consisted of a 30-min reexposure to the
conditioning context in the absence of shock. Twenty-four hours
after the extinction session, the animals were tested in the same
context for 3 min (Fig. 2A).

Although both groups showed similar levels of freezing at the
beginning of the extinction session, animals in the control group
showed a gradual decrease in freezing along this session, while an-
imals treated with CsA showed a slight increase in freezing (Fig.
2B, n ¼ 21–22; data from two pooled experiments; two-way
repeated-measures ANOVA; P (drug) ¼ 0.001; P (time) ¼ 0.16; P
(interaction) ¼ 0.0004), indicating that the blockade of CaN pre-
vented within-session extinction. When tested 24 h later, howev-
er, animals of both groups decreased their levels of freezing in
comparison to the beginning of the extinction session (two-way
repeated-measures ANOVA; P (drug) ¼ 0.30; P (time) , 0.001; P
(interaction) ¼ 0.73) and did not differ significantly from each
other (Student’s t test with Welch’s correction, P ¼ 0.20), suggest-
ing that CaN did not have a significant effect on long-term
(between-session) extinction.

Given that CsA inhibits CaN through an indirect mecha-
nism, by forming a complex with cyclophilin (CyP) (Huai et al.

Figure 1. CsA does not affect initial learning of contextual fear conditioning. (A) Mean time spent freezing (%) (+SEM) by mice treated with CHX
(100 mg/kg) or saline 30 min before the conditioning session, during the preshock period of the training session (preshock) and during the test
session 24 h later, showing a significant effect of the drug on memory formation (n ¼ 15 (CHX), 18 (DMSO); Student’s t test, P ¼ 0.003); (∗∗) P ,

0.01. (B) Mean time spent freezing by mice treated with CsA (20 mg/kg) or vehicle (DMSO) 60 min before the conditioning session, during the preshock
period of the training session and during the test session 24 h later. There was no significant difference in freezing between groups (n ¼ 16 (CsA), 15
(DMSO); Student’s t test, P ¼ 0.43); (C) Mean time spent freezing by mice treated with CsA or vehicle as in B, but with the test session performed
30 min after the end of training. There was no significant difference in freezing between groups (n ¼ 11 (CsA), 13 (DMSO); Student’s t test, P ¼ 0.49).
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2002), we sought to validate this result with the injection of an-
other CaN inhibitor, FK-506 (5 mg/kg, i.p.). Similar effects were
obtained with this drug, with differences in freezing observed be-
tween groups at the end of the extinction session (Fig. 2C, n ¼ 6–
9; two-way repeated-measures ANOVA; P (drug) ¼ 0.02; P (time) ¼
0.07; P (interaction) ¼ 0.30). Once more, both groups showed de-
creased freezing 24 h later (two-way repeated-measures ANOVA;
P (drug) ¼ 0.96; P (time) , 0.0001; P (interaction) ¼ 0.07) with
no difference between them in the test session (Student’s t test
with Welch correction, P ¼ 0.38), corroborating the hypothesis
that CaN seems to play a role in the rapid decrease of the fear re-
sponse during the extinction session, but not in the formation
of a long-term extinction memory.

The distinct effects of CaN inhibi-
tion on short- and long-term extinction
point to a possible dissociation and inde-
pendence of these different components
of extinction. To further investigate this
possibility, we tested if there was a cor-
relation between freezing levels at the
end of the extinction session and in the
test session on the following day among
individual animals. When analyzing ani-
mals in the control group, a correlation
between freezing during the last 3 min
of the extinction session and freezing
during the 24 h test was found (Fig. 2D;
n ¼ 27; r ¼ 0.79; P , 0.0001). When con-
sidering animals treated with either CsA
or FK-506, on the other hand, this corre-
lation was not significant (Fig. 2E; n ¼
31; r ¼ 0.32; P ¼ 0.07). Note that the
high correlation found among control
animals was mainly due to animals
showing high baseline freezing and a
small degree of extinction—if only ani-
mals displaying freezing levels up to +1
SD from the mean during the initial
3 min of the extinction session are con-
sidered (thus ensuring similar baseline
freezing levels among animals), the cor-
relation is much more modest in controls
(n ¼ 15; r ¼ 0.57; P ¼ 0.027; data not
shown), and remains nonsignificant in
treated animals (n ¼ 21, r ¼ 0.35, P ¼
0.12; data not shown). This suggests
that, although they are partly correlated
in control animals, within- and between-
session extinction can occur indepen-
dently of each other in some cases, as
when CaN is inhibited.

Intracerebroventricular (i.c.v.)

injection of CsA also blocks

within-session extinction
To confirm that the effects on freezing
observed with systemic injection of CsA
were due to its effects in the brain, we re-
peated the experiment described above,
but this time administering the drug
(15 mg/mL, 2 mL/mouse), or its vehicle
(DMSO 85%, 2 mL) via intracerebro-
ventricular (i.c.v.), free-hand injection
(Fig. 3A). The outcomes of CsA i.c.v. in-
jection were similar to the results found

with systemic CsA injections, with a decrease in freezing observed
in controls but not in animals treated with CsA over the 30-min ex-
tinction session (Fig. 3B, n ¼ 7–8; two-way repeated-measures
ANOVA; P (drug) ¼ 0.04; P (time) ¼ 0.001; P (interaction) ¼
0.08). Again, both groups showed extinction from one day to the
next (two-way repeated-measures ANOVA between initial 3 min
of extinction and test session; P (drug) ¼ 0.49; P (time) , 0.0001;
P (interaction) ¼ 0.72), with no significant difference in freezing
between groups in the test session (Student’s t test, P ¼ 0.57).

On the contrary, CHX injection (55 mg/3 mL/mouse) did not
significantly affect within-session extinction, with both groups
showing a decrease in freezing levels over this session (Fig. 3C,
n ¼ 8–9; two-way repeated-measures ANOVA; P (drug) ¼ 0.32; P

Figure 2. CsA and FK-506 block within-session but not between-session extinction of contextual fear
conditioning. (A) Schematic representation of the protocol used in the experiments. (B) Mean time spent
freezing (%) (+SEM) by mice treated with CsA (20 mg/kg) or vehicle (DMSO) 60 min before a 30-min
extinction session, with bars representing early (0–3 min), intermediate (14–17 min), and late (27–
30 min) periods of this session, as well as a drug-free test 24 h later. CsA blocked within-session extinction
(n ¼ 22 (CsA), 21 (DMSO), data from two pooled experiments; two-way repeated-measures ANOVA; P
(drug) ¼ 0.001; P (time) ¼ 0.16; P (interaction) ¼ 0.0004; (∗∗) P , 0.01, (∗∗∗) P , 0.001, Bonferroni
post hoc test), but not between-session extinction (two-way repeated-measures ANOVA between
initial 3 min of the extinction session and the test session; P (drug) ¼ 0.30; P (time) , 0.0001; P
(interaction) ¼ 0.73; Student’s t test with Welch’s correction for group comparison in the test session,
P ¼ 0.20). (C) Mean time spent freezing by mice treated with FK-506 (5 mg/kg) or vehicle (DMSO)
60 min before the extinction session, using the same protocol as in B. FK-506 blocked within-session ex-
tinction (n ¼ 9 (FK-506), 6 (DMSO), two-way repeated-measures ANOVA, P (drug) ¼ 0.02; P (time) ¼
0.07, P (interaction) ¼ 0.30; (∗) P , 0.05, Bonferroni post hoc test), but not between-session extinction
(two-way repeated-measures ANOVA between initial 3 min of the extinction session and the test session
24 h after; P (drug) ¼ 0.96; P (time) , 0.0001; P (interaction) ¼ 0.07; Student’s t test with Welch’s cor-
rection for group comparison in the test session, P ¼ 0.38). (D) Correlation between freezing levels (%) of
control mice during the final 3 min of the extinction session (within-session extinction) and during the
test session 24 h later (between-session extinction). A significant correlation was observed (n ¼ 27; r ¼
0.79; P , 0.0001), mostly due to animals showing high-freezing levels in both sessions. (E)
Correlation between freezing levels (%) (+SEM) of mice treated with CsA (20 mg/kg, black dots) or
FK-506 (5 mg/kg, white squares) during the final 3 min of the extinction session and during the test
session 24 h later, indicating a nonsignificant trend for a weak correlation between these values (Fig.
2E; n ¼ 31; r ¼ 0.32; P ¼ 0.07).
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(time) , 0.0001; P (interaction) ¼ 0.95). Both groups also showed
a decrease in freezing levels between the beginning of the extinc-
tion session and the test session (two-way repeated-measures
ANOVA; two-way repeated-measures ANOVA; P (drug) ¼ 0.29; P
(time) , 0.0001; P (interaction) ¼ 0.99); however, there was a
small but significant difference between groups in the 24 h test
(Student’s t test, P ¼ 0.003), indicating a slight impairment of
between-session extinction by CHX. Nevertheless, the fact that
both groups present a significant decrease in freezing from 1 d
to the next suggests that some degree of extinction can occur
even when protein synthesis is inhibited.

Within-session effects of CaN inhibition are

also observed in multiple-session contextual

fear extinction
To analyze whether the effects observed with CaN inhibition dur-
ing a single 30-min session would also occur in multiple-session
extinction, we used a similar contextual fear conditioning proto-
col as the one described above, but divided extinction in either
daily 5-min sessions over 6 d or daily 10-min sessions over 3 d, in-
jecting animals with systemic CsA (20 mg/kg) or DMSO before
each session. Sessions began 24 h after conditioning, were spaced
24 h apart, and were followed by a drug-free test session 24 h
after the last extinction session. No significant differences were
observed between groups during the initial 3 min of the extinc-
tion sessions in either protocol (Fig. 4A,B; two-way repeated-mea-
sures ANOVA, n ¼ 11–12, P (drug) ¼ 0.76; P (time) ¼ 0.33; P
(interaction) ¼ 0.18 for 5-min sessions; n ¼ 5–7, P (drug) ¼ 0.70,
P (time) ¼ 0.03, P (interaction) ¼ 0.27 for 10-min sessions).
However, when the final minutes of the sessions (2 min for
5-min sessions, 3 min for 10-min sessions) were analyzed across

days, a significant drug effect was ob-
served, with treated animals showing in-
creased levels of freezing at the end of the
sessions (two-way repeated-measures
ANOVA, P (drug) ¼ 0.009; P (time) ¼
0.27; P (interaction) ¼ 0.67 for 5-min ses-
sions; P (drug) ¼ 0.0002, P (time) ¼ 0.02,
P (interaction) ¼ 0.24).

Between-session extinction was
much more robust in the daily 10-min
session protocol than in the 5-min ses-
sion one (as shown by the time effects
in the ANOVA results); still, when the
first 3 min of the first extinction session
were compared with the drug-free test
session, a significant effect of time was
observed in both protocols (two-way
repeated-measures ANOVA P (drug) ¼
0.82; P (time) ¼ 0.0005; P (interaction)¼
0.33 for 5-min sessions; P (drug) ¼ 0.95; P
(time) ¼ 0.002; P (interaction) ¼ 0.73 for
10-min sessions). Again, no difference
between groups was found in the test
day in either protocol (Student’s t test,
P ¼ 0.68 for 5-min sessions, P ¼ 0.71 for
10-min sessions), suggesting that CaN
blockade did not affect long-term extinc-
tion on either protocol, despite its effect
on within-session extinction. We note
that the comparison between different
intervals in each session had not been
planned a priori for the 5-min sessions,
but became a relevant exploratory analy-

sis to perform after the striking effects of CsA on within-session ex-
tinction were observed in the single-session protocol.

CaN inhibition blocks within-session auditory

fear extinction

Contextual and cued fear conditioning are known to have differ-
ent neurobiological requirements, with cued fear conditioning be-
ing less dependent on the hippocampus for its formation and
retrieval (Kim and Fanselow 1992). For this reason, we also tested
the effect of systemic CaN inhibition in an auditory fear extinction
protocol. Animals were initially conditioned with three tones
(100 dB, 1 kHz, 20 sec/each) paired with 0.6-mA, 2-sec footshocks.
Twenty-four hours later, they were injected with CsA (20 mg/kg,
i.p.), or DMSO 60 min before an extinction session, which consist-
ed of exposure to a 180-sec tone in a novel context (Fig. 5A), a pro-
cedure previously shown to maximize within-session extinction
(Plendl and Wotjak 2010). Similarly to what was observed in con-
textual fear conditioning, animals in the control group showed a
greater decrease in freezing levels over the extinction session
than those injected with CsA (Fig. 5B, n ¼ 8/group; two-way re-
peated-measures ANOVA, P (drug) ¼ 0.02; P (time) ¼ 0.004; P
(interaction) ¼ 0.47). In a test session 24 h later, no difference
was observed between groups when average freezing levels over
three 20-sec tones were measured (Student’s t test, P ¼ 0.61),
with both groups showing a slight decrease in freezing compared
with the first 60 sec of the extinction session (two-way repeated-
measures ANOVA, P (drug) ¼ 0.42, P (time) , 0.0001, P (inter-
action) ¼ 0.40). The small (albeit significant) degree of between-
session extinction is actually expected from the single-tone proce-
dure used (Plendl and Wotjak 2010)—we note, however, that the
long 60-sec continuous tone in the beginning of the extinction

Figure 3. I.c.v. injections of CsA and CHX affect different components of contextual fear extinction.
(A) Schematic representation of the protocol used in the experiments. (B) Mean time spent freezing (%)
(+SEM) by mice treated with CsA (2 mL, 15 mg/mL) or vehicle (DMSO 85%) 60 min before a 30-min
extinction session, showing within-session extinction impairment in CsA-treated animals (n ¼ 7 (CsA),
8 (DMSO); two-way repeated-measures ANOVA; P (drug) ¼ 0.04; P (time) ¼ 0.001; P (interaction ¼
0.08; (∗) P , 0.05, Bonferroni post hoc test) and no effect on the test session 24 h later (two-way
repeated-measures ANOVA between initial 3 min of the extinction session and the test session;
P (drug) ¼ 0.49; P (time) , 0.0001; P (interaction) ¼ 0.72; Student’s t test for group comparison in
the test session, P ¼ 0.57). (C) Mean time spent freezing by mice treated with CHX (55 mg/3 mL/
mouse) or vehicle (saline) 60 min before a 30-min extinction session, showing no significant effect of
treatment on within-session extinction (n ¼ 8 (CHX), 9 (saline); two-way repeated-measures ANOVA;
P (drug) ¼ 0.32; P (time) , 0.0001; P (interaction) ¼ 0.95), and a slight difference between groups
during the test session 24 h later (Student’s t test, P ¼ 0.003, (∗∗) P , 0.01), even though between-
session extinction still occurred in both groups (two-way repeated-measures ANOVA between initial
3 min of the extinction session and the test session; P (drug) ¼ 0.29; P (time) , 0.0001; P
(interaction) ¼ 0.99).
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session might not be fully comparable to the three 20-sec tones
used in the test session.

To address this issue, we also used a different extinction pro-
tocol using 30 nonreinforced 20-sec tones with variable inter-
vals, which allows comparison with the test session and causes

more robust extinction across days (Plendl and Wotjak 2010).
Strikingly, we found that this protocol did not induce within-
session extinction in either group—on the contrary, freezing
levels in response to the tones actually increased slightly through-
out the session (Fig. 5C, two-way repeated-measures ANOVA,
P (drug) ¼ 0.88, P (time) ¼ 0.0002, P (interaction) ¼ 0.51).

Figure 4. CsA impairs within-session extinction of contextual fear con-
ditioning over multiple sessions. (A) Schematic representation of the pro-
tocol and mean time spent freezing (%) (+SEM) of mice treated with CsA
(20 mg/kg) or vehicle (DMSO) 60 min prior to six daily 5-min extinction
sessions. Line graphs show freezing levels for the first 3 min and the last
2 min of the session for each day of extinction, as well as for the 3 min
of the test session. No difference between groups is found during the
initial 3 min of the extinction sessions (n ¼ 11 (CsA), 12 (DMSO);
two-way repeated-measures ANOVA, P (drug) ¼ 0.76, P (time) ¼ 0.33,
P (interaction) ¼ 0.18). However, a significant difference is observed in
the final 2 min of the sessions (two-way repeated-measures ANOVA, P
(drug) ¼ 0.009, P (time) ¼ 0.27, P (interaction) ¼ 0.67). Both groups
show a similar degree of extinction when the initial 3 min of the first
session are compared with the drug-free test session (two-way
repeated-measures ANOVA; P (drug) ¼ 0.82; P (time) ¼ 0.0005; P
(interaction) ¼ 0.33; Student’s t test for group comparison in the test
session, P ¼ 0.68). (B) Schematic representation of the protocol and
mean time spent freezing (%) (+SEM) of mice treated with CsA
(20 mg/kg) or vehicle (DMSO) 60 min prior to three daily 10-min extinc-
tion sessions. Line graphs show freezing levels for the first 3 min and the
last 3 min of the session for each day of extinction, as well as for the
3 min of the test session. No difference between groups is observed
during the initial 3 min of the extinction sessions, with a significant
effect of time showing that extinction occurs over days (n ¼ 5 (CsA), 7
(DMSO); two-way repeated-measures ANOVA, P (drug) ¼ 0.70, P
(time) ¼ 0.04, P (interaction) ¼ 0.27). At the end of the sessions,
however, large differences in freezing are observed between the groups
(two-way repeated-measures ANOVA, P (drug) ¼ 0.0002, P (time) ¼
0.02, P (interaction) ¼ 0.23; (∗) P , 0.05, (∗∗) P , 0.01, (∗∗∗) P , 0.001,
Bonferroni post hoc test). Both groups show similarly robust extinction
when the initial 3 min of the first session are compared with the drug-free
test session (two-way repeated-measures ANOVA; P (drug) ¼ 0.96; P
(time) ¼ 0.002; P (interaction) ¼ 0.73; Student’s t test for group compar-
ison in the test session, P ¼ 0.71).

Figure 5. CsA impairs within-session but not between-session extinc-
tion of auditory fear conditioning. (A) Schematic representation of the
protocol and mean time spent freezing (%) (+SEM) of mice treated
with CsA (20 mg/kg) or vehicle (DMSO) 60 min before an extinction
session consisting of a single 3-min tone. Bars on the right of the left
line show freezing during the 3-min pretone period, the early (0–
60 sec), medium (60–120 sec) and late (120–180 sec) periods of the
tone, and 1-min period after the tone, showing increased freezing of
the CsA-treated animals compared with controls toward the end of the
session (n ¼ 8/group, two-way repeated-measures ANOVA, P (drug) ¼
0.02, P (time) ¼ 0.004, P (interaction) ¼ 0.47). Bars on the right of the
dashed line show mean freezing time for the three 20-sec tones in the
test session 24 h later, with both groups showing a similarly small,
albeit significant, decrease in freezing between the first minute of the ex-
tinction session and the test session average (n ¼ 10/group, two-way
repeated-measures ANOVA, P (drug) ¼ 0.42, P (time) , 0.0001, P
(interaction) ¼ 0.40; Student’s t test for group comparison in the test
session, P ¼ 0.61). (B) Schematic representation of the protocol and
mean time spent freezing (%) (+SEM) of mice treated with CsA
(20 mg/kg) or vehicle (DMSO) 60 min before an extinction session con-
sisting of thirty 20-sec tone presentations, with a variable interval of 5–
20 sec. Bars on the left side of the dashed line show freezing during the
30 tones, grouped in 3-tone blocks, with no difference in freezing
between CsA-treated and control animals and absence of extinction
during this session for both groups (n ¼ 10/group, two-way repeated-
measures ANOVA, P (drug) ¼ 0.88, P (time) ¼ 0.0002, P (interaction) ¼
0.05). Bars on the right of the dashed line show mean freezing time for
the three 20-sec tones in the test session 24 h later, indicating significant
between-session extinction in both groups, with no difference between
them in the test session (n ¼ 10/group, two-way repeated-measures
ANOVA between first three tones of extinction and test, P (drug) ¼
0.58, P (time) , 0.0001, P (interaction) ¼ 0.23; Student’s t test for
group comparison in the test session, P ¼ 0.98).
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Nevertheless, both groups showed a clear decrease in freezing
across days (two-way repeated-measures ANOVA, P (drug) ¼
0.58, P (time) , 0.0001, P (interaction) ¼ 0.23). Interestingly, no
effect of CsA was observed on either within- or between-session
freezing levels. This experiment demonstrates that within-session
and between-session extinction can occur largely independently
of each other, and suggests that the effect of CsA on auditory
fear conditioning is restricted to protocols in which within-
session extinction can be observed.

CsA does not cause nonspecific modulation

of anxiety or locomotion levels
Since all of the effects of CaN inhibition were observed with pre-
extinction injections, it could be argued that the results could
be related not to memory extinction, but to nonspecific modula-
tion of anxiety and/or locomotion levels (Von Hörsten et al.
1998). However, injection of CsA (20 mg/kg) had no effect on anx-
iety levels in the elevated plus maze, measured either by time spent
in the open arms (Fig. 6A), or by the number of open arm entries
(Fig. 6B) (n ¼ 12/group; Student’s t test, P ¼ 0.61 for time, P ¼
0.47 for entries). Concerning locomotion, CsA injection led to
a slight but significant increase in average distance traveled in
a 10-min open field session (Fig. 6C; n ¼ 20–21, data from
two pooled experiments; two-way repeated-measures ANOVA, P

(drug) ¼ 0.02, P (time) , 0.0001, P (interaction) ¼ 0.95). This
also argues against a nonspecific modulation of freezing by CsA
in the extinction experiments, as from the locomotor effects ob-
served one would expect a slight decrease in this behavior, and
not an increase, as observed in the extinction experiments.

As a last control to address the possibility that a nonspecific
effect of CsA on freezing levels might occur in conditioned ani-
mals, we trained animals in the same contextual fear-condition-
ing protocol used in the previous experiments, and 24 h later
placed the animals for 30 min in a different context. In this
case, freezing levels were low in the beginning of the session;
nevertheless, immobility levels actually increased throughout
the session, not due to increased freezing but rather due to a
large percentage of animals showing sleep-like behavior after
some time of exploration (Fig. 6D). No significant effect
of CsA was observed in this case (two-way repeated-measures
ANOVA, P (drug) ¼ 0.18; P (time) , 0.0001, P (interaction) ¼
0.92), and although immobility levels were slightly (and non-
significantly) higher in the CsA group, we note that the large
sample size used in this experiment provided us with a power of
97% to detect a difference between groups as large as that ob-
served in Figure 2B. This suggests that, even if there was a slight
effect of CsA on immobility, it is highly unlikely that it could ac-
count for the results observed in the single-session extinction
experiments.

Discussion

Based on the results presented here, we
suggest that memory extinction seems
to depend on two distinct components:
one involved in the rapid adaptation of
behavior during the extinction session
and another involved with the formation
of a long-term extinction memory. Inhi-
bition of CaN activity affects the within-
session component of extinction, but
not the between-session one, and this ef-
fect on the short-term does not influence
the long-term consolidation of extinc-
tion, at least in the protocols we have
used. Remarkably, this seems to occur
in various forms of memory extinction,
including single-session and multiple-
session contextual extinction and single-
tone auditory extinction, and with both
systemic and central injections.

On the other hand, calcineurin in-
hibition does not seem to affect the
initial consolidation of contextual fear
conditioning, as tested either 30 min or
24 h later. On this matter, conflicting
results have been reported using dif-
ferent paradigms, with some studies
showing facilitation of conditioning by
FK-506 (de la Fuente et al. 2014), anti-
sense DNA against genes coding for the
catalytic subunits of CaN (Ikegami and
Inokuchi 2000), and transgenic inhibi-
tion of CaN (Malleret et al. 2001; Baum-
gärtel et al. 2008; Havekes et al. 2008)
and others finding no effect of the latter
intervention (Zeng et al. 2001). Still, in
accordance with our results, most of
these studies have found that the trans-
genic (Baumgärtel et al. 2008; Havekes

Figure 6. Effects of CsA on elevated plus maze performance, open field exploration and immobility in a
novel context after fear conditioning. Mean+SEM of (A) time (n ¼ 12/group; Student’s t test, P ¼ 0.61)
and (B) number of entries (Student’s t test, P ¼ 0.47) in the open arms of the elevated plus-maze over
5 min by animals treated with CsA (20 mg/kg) or vehicle (DMSO) 60 min before the task. (C)
Locomotion (mean+SEM) of mice during the 10-min open field exploration session, measured in arbi-
trary units (n ¼ 21 (CsA), 20 (DMSO), two pooled experiments; two-way repeated-measures ANOVA, P
(drug) ¼ 0.02, P (time) , 0.0001, P (interaction) ¼ 0.95). Inset shows mean+SEM of the pooled loco-
motion in each group of animals over the whole session (Student’s t test, P ¼ 0.02); (∗) P , 0.05. (D)
Mean time (%) (+ SEM) of time spent in immobility of fear-conditioned mice treated with CsA
(20 mg/kg) or vehicle (DMSO) 60 min before a 30-min session in a novel context (different from the con-
ditioning one). 3-min bins represent early (0–3 min), intermediate (14–17 min), and late (27–30 min)
periods of this session. Both groups show an increase in immobility over time, mostly due to sleep activity,
with no significant difference between groups (three pooled experiments, n ¼ 28 (CsA), 25 (DMSO);
two-way repeated-measures ANOVA; P (drug) ¼ 0.11; P (time) , 0.0001; P (interaction) ¼ 0.79).
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et al. 2008), pharmacological (de la Fuente et al. 2011), or tran-
scriptional (Merlo et al. 2014) inhibition of calcineurin impairs
various aspects of memory extinction.

It should be noted that, unlike what occurred in our study,
some of these previous investigations (de la Fuente et al. 2011;
Merlo et al. 2014) did find an effect of calcineurin inhibition on
long-term extinction. This disparity could be due to methodolog-
ical differences such as different animal species or strains, differ-
ent behavioral protocols, or different sites of CaN inhibition. In
these previous studies, which used inbred C57BL/6 mice (de la
Fuente et al. 2011) and rats (Merlo et al. 2014), animals were
trained in an auditory fear conditioning paradigm, even though
they were tested for contextual fear conditioning in de la Fuente
et al. (2011). Furthermore, in these studies CaN was inhibited
locally in the hippocampus by FK-506 (de la Fuente et al. 2011)
or in the amygdala by an antisense oligodeoxynucleotide (Merlo
et al. 2014), a fact that might also account for the observed
disparities.

The different effects of CaN on within- and between-session
extinction in our experiments, as well as the observation that the
latter can be induced in the absence of the former, suggest a pos-
sible dissociation between these two components. This temporal
dissociation of extinction is analog to that of memory consoli-
dation, in which it is possible to identify two distinct, and to a
certain point independent, phases of memory processing and for-
mation (Izquierdo et al. 1998). Importantly, a recent study dem-
onstrated a similar dissociation of auditory fear extinction into
two distinct components (defined by the authors as “fear relief”
and “relearning”) by manipulating the CB1 receptor (Plendl and
Wotjak 2010). Our study extends this result to contextual fear
conditioning and adds a second molecular component to the
within-session/fear relief system responsible for the rapid labiliza-
tion of conditioned responses.

On the other hand, between-session extinction or “relearn-
ing” seems to depend more on processes that are also important
for the initial consolidation of memory, such as protein synthesis
(Suzuki et al. 2004), activation of NMDA receptors (Szapiro et al.
2003; Davis 2011) and others. In our study, protein synthesis
inhibition did not cause a significant impairment in short-term
extinction of contextual fear conditioning, but a significant dif-
ference was observed on freezing levels on the test 24 h later.
Nevertheless, although there was a slight effect of protein synthe-
sis inhibition on long-term extinction, levels of freezing were still
much lower in the test session when compared with the begin-
ning of the extinction session, suggesting that some degree of
extinction can happen without protein synthesis, as shown in
other studies (Lattal and Abel 2001; Lattal et al. 2004). An al-
ternative interpretation for these results would be that CHX treat-
ment was not sufficient to inhibit protein synthesis to a level that
would completely block extinction. One way or another, this re-
sult highlights once more the dissociation of extinction into
two components that seem to depend on distinct biochemical
pathways.

Concerning the specificity of the pharmacological effects we
describe, it is known that CsA acts by binding to cyclophilins,
forming a CaN-inhibiting complex, while FK-506 forms a similar-
ly acting complex with FK-506 binding protein (FKBP) (Liu et al.
1991; Schreiber 1991; Bram et al. 1993; Kissinger et al. 1995;
Huai et al. 2002). It is possible that interference with these targets,
rather than CaN inhibition, could underlie the observed behavio-
ral effects, as both cyclophilin D (Mouri et al. 2010) and FKBP
(Bennett et al. 2002) have been suggested to be involved in
memory formation. However, the very similar effects obtained
with the two drugs, as well as the literature showing the involve-
ment of calcineurin in other forms of extinction using transgenic
inhibition (Baumgärtel et al. 2008) makes it much more likely that

our findings are indeed due to inhibition of CaN activity in the
brain.

Since CsA and FK-506 injections were performed before the
extinction session (as there is no other way to analyze their effects
on within-session extinction), one should always consider the
possibility of nonspecific pharmacological effects unrelated to
memory extinction that could affect the freezing behavior of
animals. This is particularly important due to the fact that chronic
CsA treatment has been previously shown to cause side effects
such as increased anxiety (Sato et al. 2007) and hypolocomotion
(Von Hörsten et al. 1998; Sato et al. 2007). However, in our tests
in the elevated plus maze, no significant effect of acute CsA in-
jections was found, while treated animals showed a small increase
in the distance traveled during open field exploration, arguing
against a locomotor or anxiogenic effect as the cause of the in-
crease in freezing at the end of the extinction sessions. Further-
more, no significant difference in behavioral immobility over
a 30-min session was observed when animals were conditioned
but tested in a different context. Another strong argument against
the possibility of a nonspecific effect is the fact that initial freez-
ing levels did not differ between groups at the beginning of the
extinction sessions in any of the experiments. Moreover, the pos-
sibility that this pattern could be due to an effect being present
90 min but not 60 min after the injection due to pharmacokinetic
reasons is ruled out by the fact that CsA injection 60 min before
conditioning had no effect on freezing 30 min after training
(i.e., 90 min after the injection), as shown in Figure 1C. Taken to-
gether, these data corroborate our hypothesis that the effects seen
with CsA treatment are indeed due to a modulation of within-
session extinction.

Overall, based on the data presented here, we believe that
CaN may be part of a memory labilization system that leads to
the rapid modification of behavioral responses during extinction.
Other possible components of this system include the CB1 recep-
tor (Plendl and Wotjak 2010) and L-type voltage-gated calcium
channels (LVGCCs) (Cain et al. 2002), which have also been
shown to be necessary for within-session extinction of fear condi-
tioning. Interestingly, all three of these molecules seem to be spe-
cifically involved in extinction, but not in the initial acquisition
of fear conditioning (Cain et al. 2002; Marsicano et al. 2002;
Baumgärtel et al. 2008; Havekes et al. 2008). The three of them
have also been reported to be required for memory destabilization
during reconsolidation (Suzuki et al. 2008; Kim et al. 2011; De
Oliveira Alvares et al. 2013; Fukushima et al. 2014), along with
other mechanisms such as AMPA receptor endocytosis (Hong
et al. 2013) and protein degradation through the ubiquitin–pro-
teasome system (Lee 2008; Lee et al. 2008; Sol Fustiñana et al.
2014). This is in line with the view that these molecular compo-
nents could be part of a system involved in the labilization of syn-
aptic plasticity established by consolidation of the original
memory trace (Almeida-Corrêa and Amaral 2014).

In this sense, it is interesting to speculate on which synaptic
processes these molecular mechanisms might be regulating.
Some studies have mentioned the possible involvement of
calcineurin, CB1 receptors, and LVGCCs with LTP reversal or
depotentiation (Christie et al. 1997; Zhuo et al. 1999; Gerdeman
et al. 2002; Jouvenceau et al. 2003; Lin et al. 2003b). Interestingly,
all three mechanisms seem to interact in endocannabinoid-medi-
ated LTD in the hippocampus, with calcineurin apparently inte-
grating the postsynaptic activation signal provided by LVGCCs
and the presynaptic signal mediated by CB1 receptors (Heifets
et al. 2008). Calcineurin has also been shown to activate down-
stream targets that can mediate synaptic depression phenomena,
such as AMPA receptor endocytosis (Beattie et al. 2000; Kim et al.
2007) and protein degradation through the ubiquitin–protea-
some system (Fukushima et al. 2014). Notably, both of these
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targets have also been implicated in memory destabilization dur-
ing reconsolidation (Lee et al. 2008; Hong et al. 2013) and in ex-
tinction (Kim et al. 2007; Dalton et al. 2008; Lee et al. 2008),
suggesting that this memory labilization system might mediate
both the labilization component of reconsolidation and the
within-session component of memory extinction.

Taken together, the data presented here argue in favor of
viewing memory extinction as the result of at least two separate,
and partially independent, physiological processes, as previously
suggested by other authors (Barad 2006; Plendl and Wotjak
2010; Riebe et al. 2012). We believe that such a framework can
help to solve some of the divergences in the existing extinction lit-
erature, such as the conflicting results concerning the dependence
of this process on protein synthesis (Berman and Dudai 2001;
Lattal and Abel 2001; Vianna et al. 2001; Lattal et al. 2004).
Furthermore, the detailed understanding of these different com-
ponents of extinction can contribute to the development of
more effective ways to modulate this process for the treatment
of anxiety disorders, as they might comprise distinct targets for
exposure-based therapies, as well as for the pharmacological
and/or behavioral potentiation of their effects.

Materials and Methods

Animals
Experiments were performed on male Swiss Webster mice aged 8–
12 wk, provided by the Federal University of Rio de Janeiro (UFRJ)
and the Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro,
Brazil. The animals were housed in groups of up to five per cage,
kept on a 12 h light–dark cycle (lights on at 6 a.m.), and received
food and water ad libitum. All procedures were approved by the
Institutional Ethical Committee for the Care and Use of
Laboratory Animals of the Federal University of Rio de Janeiro
(CEUA-CCS IBQM046 and CEUA-CCS 175/13) in compliance
with the Brazilian Ethical Committee of the Use of Animals in
Science (CONCEA) and US National Institute of Health (NIH)
guidelines.

Drugs
The protein synthesis inhibitor cycloheximide (CHX; Fluka
Analytical/Sigma-Aldrich) was dissolved in 0.9% saline and in-
jected intraperitoneally (i.p.; 100 mg/kg) or intracerebroventricu-
larly (i.c.v.; 55 mg/3 mL/mouse). The calcineurin activity inhibitor
cyclosporin A (CsA, Sigma-Aldrich or Biomanguinhos) was dis-
solved in dimethyl sulfoxide 100% (DMSO, Merck) for i.p. injec-
tions (20 mg/kg) and in 85% DMSO for i.c.v. injections (15 mg/
mL, 2 mL/mouse). Drug samples from the two different sources
used had very similar effects in the single-session extinction pro-
tocol and were thus pooled together in Figure 2B. The calcineurin
activity inhibitor FK-506 (Tacrolimus, Sigma-Aldrich) was dis-
solved in 100% DMSO for i.p. injections (5 mg/kg).

Intracerebroventricular injections (i.c.v.)
Each animal was anesthetized using inhalational isoflurane
(Isoforine, Cristália). Immediately after effective anesthesia was
obtained, a 0.33-mm caliber needle was positioned perpendicular-
ly at the midline, at a point equidistant from the animal’s eyes and
its ears, and lowered 3.5 mm down (Laursen and Belknap 1986).
The needle was connected through polyethylene tubing to a
10-mL Hamilton syringe that was used to deliver 3 mL (CHX) or
2 mL (CsA), or their vehicles gradually for 5 sec. After injection,
the needle was left in place for an additional 10 sec to avoid reflux.
The precision of i.c.v. injections was evaluated after behavioral
testing and euthanasia by macroscopically analyzing the injec-
tion tract left in the brain. Animals in which the needle mark
did not reach the lateral ventricle were excluded from the
analyses.

Apparatus
Fear conditioning was assessed in either one of two chambers. The
first, used for contextual fear conditioning, was a rectangular
chamber (14 × 25, 25 cm high) with aluminum side walls and a
front wall and ceiling door made of plexiglass; its grid floor,
made of stainless-steel bars (spaced 12.5 mm), was connected to
a circuit board and a shock generator that could deliver electrical
footshocks (Insight Ltd). The second, used for auditory fear condi-
tioning, was a square chamber (25 × 25, 25 cm high) made of
black methacrylate, with a plexiglass front wall; its stainless-steel
grid floor and ceiling speakers were connected to a computer-
controlled shock and sound generator system (Panlab/Harvard
Apparatus). For testing in a different context after tone condition-
ing, its shape and color were modified by adding hard plastic
white walls, an acrylic cylinder (20 cm diameter), and a plain met-
al coverage on its grid floor. For testing in a different context after
contextual fear conditioning, the same acrylic cylinder was used
but with a distinct floor and lowered room lighting as well. In ad-
dition to these visual elements, the odor was also modified be-
tween contexts. While the training context was sanitized with
70% ethanol after removal of each animal, the testing context
was cleaned with a mixture of disinfectant (eucalyptus scent)
and 70% ethanol at a ratio of 1:1.

General procedures and data collection
For 2 d before the behavioral experiments, animals were weighed,
had their tails marked for identification and were handled for
�2 min each to become used to contact with the experimenters.
Behavioral testing was carried out during the diurnal phase
(8 a.m.–5 p.m.). On days when the behavioral tasks were per-
formed, animals were transferred to the testing room at least
60 min before the start of the session. Light, temperature and
room noise were controlled. Freezing behavior was defined as
the total absence of body and head movements, except those as-
sociated with breathing and/or tail shaking, and was quantified
by a trained observer blind to the experimental groups, using a
stopwatch. Freezing measurements were expressed as a percentage
of total session time. All sessions were filmed to allow later analy-
sis of freezing behavior.

Contextual fear conditioning
The training session (conditioning) consisted of placing the ani-
mals in the context, which could be freely explored for 2 min.
After this habituation time, animals received two footshocks
(2 sec, 0.8 mA) with a 30-sec interval, followed by an additional
60 sec of exploration after the last shock before returning to their
home cages. At distinct intervals after the training session, extinc-
tion sessions and/or retrieval tests were performed as described
below. For extinction experiments, only animals with freezing
levels .5% during the initial period (3 min) of the extinction ses-
sion, indicating minimal learning of the task, were included in the
analyses.

Effect of calcineurin and protein synthesis inhibition

on fear learning
In experiments in which this protocol was used, animals received
systemic injections of 10 mL/kg of CHX (100 mg/kg) or its vehicle
(0.9% saline) (n ¼ 15–18) 30 min before the conditioning session,
or of 2.5 mL/kg CsA (20 mg/kg) or its vehicle (DMSO) (n ¼ 15–16)
60 min before this session. Twenty-four hours after the training
session the animals returned to the conditioning context for a
3-min test session with no shock, in which freezing time was re-
corded and used as a memory index. Two additional groups of an-
imals treated with 2.5 mL/kg CsA (20 mg/kg) or its vehicle
(DMSO) (n ¼ 11–13) 60 min before training received a similar
training session but were tested 30 min after the end of the
session.
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Effect of calcineurin inhibition on single-session

contextual fear extinction
Animals were trained without pharmacological treatment accord-
ing to the protocol described above. Twenty-four hours later, they
were divided into the experimental groups and received injections
of 2.5 mL/kg of CsA (20 mg/kg) (two experiments with CsA from
different suppliers, n ¼ 9–12 each), 2.5 mL/kg of FK-506 (5 mg/
kg) (n ¼ 9), or their vehicle (DMSO) 60 min (n ¼ 6–12 for each ex-
periment) before the extinction session. The extinction session
consisted of a reexposure to the conditioning context for
30 min with no shock. Twenty-four hours after the extinction ses-
sion, animals returned once more to the context for a 3-min test
session to assess between-session extinction.

Effect of intracerebroventricular inhibition of calcineurin

or protein synthesis on contextual fear extinction
Animals were initially trained as described in previous protocols.
Twenty-four hours later, they received i.c.v. injections of CsA
(n ¼ 7), CHX (n ¼ 8) or their respective vehicles (85% DMSO or
0.9% saline, n ¼ 9 in each experiment), following the protocol
previously described. Sixty minutes after the injection, mice un-
derwent a 30-min extinction session (as described above).
Twenty-four hours after the extinction session, they were reex-
posed to the context for a 3-min test session.

Effect of calcineurin inhibition on multiple-session

contextual fear extinction
Animals were initially trained as previously described. Over the
following days, they underwent either three daily 10-min ex-
tinction sessions (n ¼ 11–12/group) or six daily 5-min extinction
sessions (n ¼ 5–7/group), consisting of reexposure to the context
without shock or other stimuli). Sixty minutes before each ses-
sion, they were given i.p. injections of 2.5 mL/kg of CsA
(20 mg/kg) or DMSO. Twenty-four hours after the last extinction
session, the animals returned to the experimental context for a
3-min test session without pharmacological treatment.

Effect of calcineurin inhibition on auditory

fear extinction
In the training session, animals were placed in the conditioning
context (context A) and could explore it freely for 3 min. After
this initial period, they heard three tones (100 dB, 1 kHz, 20 sec
each) that coterminated with footshocks (0.6 mA, 2 sec). The
tones were separated by fixed intervals of 30 sec. After the last
tone, animals remained in the box for 60 sec before returning to
their home cages. Twenty-four hours after training, the animals
underwent an extinction session in a different context (context
B), which was a modification of the original one with the addition
of some elements (see Apparatus).

Twenty-four hours after conditioning, mice received system-
ic injections of 2.5 mL/kg of CsA (20 mg/kg) or its vehicle
(DMSO). Sixty minutes later, they underwent an extinction ses-
sion in context B according to one of two protocols. For single-
tone extinction (n ¼ 8/group), animals were placed in the context
and after 3 min of free exploration heard a single 3-min long un-
paired tone (100 dB, 1 kHz). For multiple-tone extinction, ani-
mals (n ¼ 10/group) were placed in the context and after 3 min
heard thirty 20-sec long unpaired tones (100 dB, 1 kHz, 20 sec),
separated by variable intervals of 5–20 sec. Sixty seconds after
the extinction protocol, animals were placed back in their home
cages. In the single-tone protocol, animals’ freezing behavior
was measured for 3 min before the tone, throughout the duration
of the tone (which was divided into 60-sec intervals for analysis),
and for 1 min after the tone. In the multiple-tone protocol, freez-
ing was measured throughout the duration of each tone, with
tones grouped into blocks of three for analysis.

Twenty-four hours after extinction, animals were reexposed
to context B for a test session, which consisted of 3 min of explo-
ration followed by three unpaired tones (100 dB, 1 kHz, 20 sec

each), with 30-sec intervals, and an additional 60 sec on the
chamber after the tone, with freezing levels measured during
the tones.

Elevated plus maze
The maze was made of liquid-impervious laminated wood (closed
arms) and acrylic (open arms) and consisted of four 30 cm × 6 cm
arms that were elevated 50 cm above the floor. The closed arms
had 15-cm high walls, while the open arms had 0.5-cm side edges
and a 1-cm front edge to prevent the animals from slipping. A cen-
tral area of 5 × 5 cm was considered neutral area and was the start-
ing point of the animals. Animals (n ¼ 12/group) were positioned
in the neutral zone, 60 min after systemic injection of CsA
(20 mg/kg) or vehicle (DMSO), and could freely explore the
maze for 5 min. The maze surface was cleaned with ethanol 70%
between test sessions to avoid remaining odours from previously
tested animals. The behavior of animals was analyzed by the abso-
lute time spent and number of entries into the open arms, both of
which are negatively correlated with anxiety. An arm entry was
counted after the animal crossed the neutral area borders with
all four paws.

Open field exploration
Sixty minutes after systemic injections of 2.5 mL/kg CsA (20 mg/
kg) or vehicle, animals (n ¼ 20–21; two similar experiments
pooled) were placed into a black wooden box (30 × 30 × 30 cm)
to freely explore it for 10 min. The sessions were recorded with a
webcam and locomotion during the task was calculated automat-
ically using the MouseTracker software (Tort et al. 2006).

Exposure to a novel context
One day after contextual conditioning (as previously described)
animals (three pooled experiments, n ¼ 25–27) received injec-
tions of 2.5 mL/kg of CsA (20 mg/kg) or DMSO 60 min before a
30-min exposure session to a novel context. This session consisted
in a simple presentation of a novel context (a transparent glass cyl-
inder with a 20-cm diameter, placed in a new experimental room),
which the animals could freely explore for 30 min, without any
further stimuli. Immobility behavior (consisting either of freezing
or sleeping behavior) was measured throughout the session.

Statistical analysis
Data from all experiments were analyzed in GraphPad Prism 6.0.
Comparisons between groups were performed using Student’s t
test (with or without Welch’s correction, depending on the differ-
ence between variances in each experiment), for comparisons in-
volving a single test session. Two-way repeated-measures ANOVA
was used for experiments involving multiple comparisons of
freezing at different times, with time and treatment as indepen-
dent variables and post hoc Bonferroni tests for comparison be-
tween groups at specific times. This kind of analysis was used to
evaluate within-session extinction (using multiple time points
throughout the duration of the extinction sessions) as well as
between-session extinction (using the beginning of the extinction
session and the test session as the two time points).

Pearson’s correlation coefficient was used to compare the
data of individual animals on short- and long-term extinction
(Fig. 2D,E). For the statistical power calculations concerning the
experiment in Figure 6D, we used the mean difference in freezing
levels between groups in Figure 2B (i.e., a 94% increase in freezing
levels in the CsA group) as the difference to be detected by the ex-
periment, and the sample size, standard deviation and within-
animal correlation values observed in the experiment in Figure
6D as input parameters. Power calculations were performed using
G∗Power 3.1 (Faul et al. 2007).

P values ,0.05 were considered statistically significant in all
experiments. All results are expressed as mean+ standard error of
the mean (SEM).
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