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Reconsolidation is a time-limited process under which reactivated memory content can be modified. Works focused on
studying reconsolidation mainly restrict intervention to the moments immediately after reactivation and to recently ac-
quired memories. However, the brain areas activated during memory retrieval depend on when it was acquired, and it is
relatively unknown how different brain sites contribute to reconsolidation and persistence of reactivated recent and
remote fear memories. Here, we sought to investigate the participation of prelimbic (PL) and anterior cingulate cortices
(ACQ) in recent (1 d old) and remote (21 d old) fear memory reconsolidation and persistence. Male Wistar rats were sub-
mitted to the contextual fear conditioning protocol. Tamoxifen (TMX), an estrogen receptor modulator known to inhibit
protein kinase C activity was used to interfere with these processes. When infused into the PL cortex, but not into the ACC,
TMX administration immediately or 6 h after recent fear memory reactivation impaired memory reconsolidation and per-
sistence, respectively. TMX administered immediately after remote memory reactivation impaired memory reconsolidation
when infused into the PL cortex and ACC. However, remote memory persistence was only affected when TMX was infused
6 h after memory reactivation into the ACC and no effect was observed when TMX was infused 6 h after memory reacti-
vation into PL cortex. Together, the findings provide further evidence on the participation of PL cortex and ACC in recon-
solidation of recent and remote fear memories and suggest that the persistence of a reactivated fear memory becomes

independent on the PL cortex with memory age and dependent on the ACC.

Memory reconsolidation is a postretrieval/reactivation process sug-
gested as the mechanism under which memories can be updated or
changed (Sara 2010). After retrieval and reactivation, the consoli-
dated memory trace is destabilized and reconsolidated thereatter,
being susceptible to interventions during this period. Changes in
memory reconsolidation are observed at short-term moments,
such as 1 d after intervention and are long-lasting (Nader et al.
2000; Nader and Einarsson 2010; Alberini 2011; Stern et al.
2012). This feature may open an avenue for treating mental disor-
ders, such as posttraumatic stress disorder (Gisquet-Verrier and Le
Dorze 2019; Lisboa et al. 2019). The reconsolidation time window
is suggested to last up to 6 h (Nader et al. 2000; Stern et al. 2012)
however, most studies restrict the drug administration to moments
immediately after reactivation of recent fear memories (Stern et al.
2012; Wan et al. 2014; Amiri et al. 2015; Murkar et al. 2019). Some
authors have suggested that reactivation of a recent memory might
contribute to memory persistence, a mechanism required to sus-
tain long-term memories that involve late waves of protein synthe-
sis (Nakayama et al. 2013, 2015; da Silva et al. 2016, 2020;
Krawczyk et al. 2019). Behaviorally, amnesia induced by interfer-
ences in memory persistence is observed in a long-term manner,
that is, 7 d after memory reactivation, and not in the short-term,
such as 1 d later (Nakayama et al. 2015; da Silva et al. 2020). For in-
stance, it has been found that inhibiting, PKC into the rats PL cor-
tex for 6, 9, or 12 h, the protein synthesis in the basolateral
amygdala 9.5 h, or ERK1/2 in the mice dorsal hippocampus 3 h af-
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ter memory reactivation, respectively, impaired memory persis-
tence without affecting the reconsolidation (Nakayama et al.
2013; Krawczyk et al. 2019; da Silva et al. 2020).

The brain areas activated during memory retrieval depend on
when it was acquired. Evidence suggest that recent memories are
more dependent on hippocampus activity to be retrieved than re-
mote memories, which are dependent on cortical activity
(Frankland et al. 2006; DeNardo et al. 2019; Makino et al. 2019), al-
though there are studies showing that independent on the memo-
ry age, the hippocampus is also recruited (Makino et al. 2019).
Similarly, it has been suggested that the reconsolidation of recent
and remote fear memories relies on the hippocampus and cortical
regions, respectively (Lee 2010; Einarsson and Nader 2012; Stern
et al. 2014; Inaba et al. 2016; Vanvossen et al. 2017). More specif-
ically, it has been shown that the reconsolidation of remote fear
memories depends on the activity of the anterior cingulate
(ACC) and prelimbic cortex (PL; Einarsson and Nader 2012; Stern
et al. 2014), areas that integrate the medial prefrontal cortex
(Vertes 2006) and that are directly or indirectly connected with
the dorsal hippocampus (Debiec et al. 2002; Restivo et al. 2009;
Goshen et al. 2011; Tayler et al. 2013; Aceti et al. 2015;
Dolleman-van der Weel et al. 2019).
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mPFC and recent or remote memory reactivation

Tamoxifen (TMX) is an estrogen receptors modulator (Wang
et al. 2002; Eigeliene et al. 2016) and inhibitor of protein kinase
C (PKC) activity, both in rodents and humans (Abrial et al.
2013). Among the downstream-induced effects of PKC activation,
the AMPA receptors trafficking and enhancement of BDNF (brain-
derived neurotrophic factor) expression are of relevance to sustain-
ing long-term memory (Giese and Mizuno 2013). PKC activity in
the PL cortex is necessary for both, reconsolidation and persistence
of a reactivated fear memory (da Silva et al. 2020). Given systemi-
cally and immediately or 6 h after memory reactivation, TMX im-
paired the persistence of a contextual recent fear memory without
affecting the reconsolidation (da Silva et al. 2016). However, it is
unknown whether remote fear memory is susceptible to interfer-
ences in reactivated memory persistence and which brain areas
are involved in reactivation-induced persistence of fear memory.
Thus, we hypothesized that the reconsolidation and persistence
of recent or remote reactivated fear memories would be differently
coordinated by the PL cortex and ACC. Then, we evaluated the
short- (1 d after) and long-term (7 d after) effects of TMX infused
into the PL or ACC immediately or 6 h after recent or remote fear
memory reactivation.

Results

The effect of tamoxifen infused into the PL cortex
immediately or 6 h after reactivation of recent fear

memory
Animals conditioned to Context A were randomly allocated in
two groups and received vehicle or TMX (0.25 ng/0.2 uL/side)
into the PL cortex immediately (n=7-9) after memory reactiva-
tion. Repeated-measures ANOVA showed significant effect of
Context A reexposures [F5)=21.83; P=0.0001], treatment
[F(1,14y=19.16; P=0.0006], and the interaction between Context
A reexposures and treatment [F(z g =3.3752; P=0.04862]. As
shown in Figure 1B, all groups presented similar freezing time
during memory reactivation. During Test A; (P=0.001; Hedges’ g
effect size g=2.745) and Test A, (P=0.006; Hedges’ g effect size g
=1.481), the Tukey post-hoc test showed significant difference
between control and TMX-treated groups. The TMX-treated
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Figure 1.

group presented less freezing time than controls and this effect
lasted for at least 1 wk, suggesting an impairment in memory
reconsolidation.

An independent group of conditioned animals was randomly
allocated in two groups and received vehicle or TMX (0.25 png/0.2
pL/side) into the PL 6 h (n=9-11) after memory reactivation.
Repeated-measures ANOVA showed an effect of Context A reexpo-
sures [F(236)=24.58; P=0.00001], treatment [F(18=21.40; P=
0.0002], and the interaction between Context A reexposures and
treatment [F(; 36)=10.62; P=0.0002]. As shown in Figure 1C, there
are no differences among groups during memory retrieval and Test
A, (P=0.11). However, during Test A, (P=0.0001; Hedges’ g effect
size g=3.224), the Tukey post-hoc test showed a significant differ-
ence between control and TMX-treated groups, suggesting an im-
pairment in reactivated-memory persistence.

The effect of tamoxifen infused into the ACC immediately
or 6 h after reactivation of recent fear memory

Animals conditioned to Context A were randomly allocated in two
groups and received vehicle or TMX (0.25 pg/0.2 puL/side) into the
ACC immediately (n=8/group) after memory reactivation.
Repeated-measures ANOVA showed a significant difference of
Context-A reexposures [F(z 28)=36.30; P=0.00001], however, no
significant difference of treatment [F(;,14)=0.09; P=0.75] or the in-
teraction between Context A reexposures and treatment was ob-
served [F328=0.15; P=0.85]. As observed in Figure 2B,
TMX-treated group present similar percentages of freezing time
along the sessions, suggesting no effect in memory reconsolida-
tion. There was a reduction of freezing time in Test A, when com-
pared with memory retrieval, suggesting an extinction of fear
memory in both groups.

An independent group of conditioned animals was randomly
allocated in two groups and received vehicle or TMX (0.25 ng/0.2
pL/side) into the ACC 6 h (n=7/group) after memory reactivation.
Repeated-measures ANOVA showed a significant difference of
Context A reexposures [F(224)=16.92; P=0.00003], however, no
significant difference of treatment [F; 12)=0.09; P=0.76] or the in-
teraction between Context A reexposures and treatment was ob-
served [F;,4=0.06; P=0.94]. As observed in Figure 2C,
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Recent fear memory reconsolidation and persistence relies on the PL cortex. (A) The diagram represents the experimental design. Animals were

familiarized to Context A, that was paired with three footshocks (US) a day later. After 24 h, immediately or 6 h after recent memory reactivation, the
animals received bilateral infusion of either vehicle (Veh) or TMX (0.25 pg/0.2 pL) intra-PL cortex. One and seven days later, the animals were submitted
to Tests A; and A, to assess TMX effects on memory. (B) Effects of TMX when given into PL cortex immediately after reactivation of recent fear memory.
TMX-treated animals presented less freezing time than controls during Test A; and Test A,, suggesting an impairment of recent memory reconsolidation.
(C) Effects of TMX when given into PL cortex 6 h after reactivation of recent fear memory. TMX-treated animals presented less freezing time than controls
only during Test A,, suggesting an impairment of recent memory persistence. Values are expressed as mean + S.E.M. The asterisk indicates a statistically
significant difference (P <0.05) from the respective control group. (Repeated-measures ANOVA followed by the Tukey test.)
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Figure 2. Recent fear memory reconsolidation and persistence do not rely on the ACC. (A) The diagram represents the experimental design. Animals
were familiarized to Context A, that was paired with three footshocks (US) a day later. After 24 h, immediately or 6 h after recent memory reactivation,
the animals received bilateral infusion of either vehicle (Veh) or TMX (0.25 pg/0.2 pL) intra-ACC. One and seven days later, the animals were submitted
to Tests A; and A, to assess TMX effects on memory. (B) Effects of TMX when given into ACC cortex immediately after reactivation of recent fear memory.
TMX-treated animals did not show significant differences in freezing behavior when compared to respective controls during Test A; and Test A,. (C) Effects
of TMX when given into ACC cortex 6 h after reactivation of recent fear memory. TMX-treated animals did not show significant differences in freezing
behavior when compared to respective controls during Test A; and Test A,. Values are expressed as mean £ S.E.M. The hashtag indicates a statistically
significant difference (P<0.05) from the reactivation session. (Repeated-measures ANOVA followed by the Tukey test.)

TMX-treated group present similar percentages of freezing time PL cortex immediately (n=7-9) after remote memory reactivation,
along the sessions, suggesting no effect in memory reconsolida- conducted 21 d after fear conditioning. Repeated-measures
tion. There was a reduction of freezing time in Test A, when com- ANOVA showed significant effect of Context A reexposures
pared with memory retrieval, suggesting an extinction of fear [F2,28)=29.14; P=0.00001], treatment [F 14)=15.15; P=0.001],
memory in both groups. and an interaction between Context A reexposures and treatment

[F2,28)=26.52; P=0.00001]. As shown in Figure 3B, all groups pre-
sented similar levels of freezing during memory retrieval. During

The effect of tamoxifen infused into the PL cortex Test Ay (P=0.0007; Hedges’ g effect size g=5.046) and Test Ay (P

immediately or 6 h after reactivation of remote fear 0.0001; Hedges’ g effect size g=2.099), the Tukey post-hoc test
memory showed significant difference between control and TMX-treated
Animals conditioned to Context A were randomly allocated in two groups and this effect lasted for at least 1 wk, suggesting an impair-
groups and received vehicle or TMX (0.25 1g/0.2 pL/side) into the ment of remote memory reconsolidation.
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Figure 3. Remote fear memory reconsolidation relies on the PL cortex. (A) The diagram represents the experimental design. Animals were familiarized to
Context A, that was paired with three footshocks (US) a day later. After 21 d, immediately or 6 h after remote memory reactivation, the animals received a
bilateral infusion of either vehicle (Veh) or TMX (0.25 pg/0.2 pL) intra-PL cortex. One and seven days later, the animals were submitted to Tests A; and A, to
assess the TMX effects on memory. (B) Effects of TMX when given into PL cortex immediately after reactivation of remote fear memory. TMX-treated
animals presented less freezing time than controls during Test A; and Test A,, suggesting an impairment of remote memory reconsolidation. (C)
Effects of TMX when given into PL cortex 6 h after reactivation of remote fear memory. TMX-treated animals did not show significant differences in freezing
behavior when compared to respective controls during Test A; and Test A,, suggesting that the persistence of a reactivated remote memory is independent
of the PL cortex. Values are expressed as mean+ S.E.M. The asterisk indicates a statistically significant difference (P<0.05) from the respective control
group. The hashtag indicates a statistically significant difference (P<0.05) from Veh of Test A, compared to the memory reactivation section
(Repeated-measures ANOVA followed by the Tukey test).
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An independent group of conditioned animals was randomly
allocated in two groups and received vehicle or TMX (0.25 pg/
0.2pL/side) into the PL cortex 6 h (n=10/group) after remote
memory reactivation, conducted 21 d after fear condition-
ing. Repeated-measures ANOVA showed significant effect of
Context-A reexposures [F; 36, =24.50; P=0.0001], however, no sig-
nificant difference of treatment [F(; 15,=0.73; P=0.40] or the inter-
action between Context-A reexposures and treatment was
observed [F (3 36,=0.52; P=0.59]. As observed in Figure 3C no chan-
ge in freezing behavior was observed, suggesting that persistence of
a reactivated remote memory is independent of the PL cortex.

The effect of tamoxifen infused into the ACC cortex
immediately or 6 h after reactivation of remote fear

memory
Animals conditioned to Context A were randomly allocated in
two groups and received vehicle or TMX (0.25 pg/0.2 plL/side)
into the ACC immediately (n=7-8) after remote memory
reactivation, conducted 21 d after fear conditioning. Repeated-
measures ANOVA showed significant effect of Context A reexpo-
sures [F(226)=19.14; P=0.00001], treatment [F(:13,=25.06; P=
0.0002], and an interaction between Context A reexposures and
treatment [F(; »6)=3.4285; P=0.04770]. As shown in Figure 4B,
all groups presented similar levels of freezing during memory re-
trieval. During Test A; (P=0.027; Hedges’ g effect size §=1.569)
and Test A, (P=0.001; Hedges’ g effect size §=2.213) the Tukey
post-hoc test showed a significant difference between control
and TMX-treated groups, suggesting an impairment of remote
memory reconsolidation.

An independent group of conditioned animals was randomly
allocated in two groups and received vehicle or TMX (0.25 ng/0.2
pL/side) into the PL 6 h (n=9/group) after remote memory reacti-
vation, conducted 21 d after fear conditioning. Repeated-measures
ANOVA showed significant effect of Context-A reexposures [F( 32,
=15.14; P=0.00002], treatment [F(; 16 =5.76; P=0.02], and the in-
teraction between Context-A reexposures and treatment [F; 32)=
3.14; P=0.046]. As observed in Figure 4C the TMX-treated group
presented less fear behavior than control in Test A, (P=0.02;
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Hedges’ g effect size §=1.391) suggesting that persistence of reacti-
vated remote memory is dependent of the ACC.

Discussion

Our results showed that TMX administered into the PL cortex im-
mediately after memory retrieval impaired the reconsolidation of
recent and remote fear memory; the treatment with TMX into
the PL cortex 6 h after memory reactivation impaired the persis-
tence of the recent fear memory, but not the persistence of remote
memory; the TMX infusion into the ACC immediately after mem-
ory retrieval impaired the reconsolidation of remote fear memory
without affecting the recent memory; the treatment with TMX
into the ACC 6 h after memory reactivation impaired the persis-
tence of the remote fear memory, but not the persistence of the re-
cent fear memory.

Rats that received TMX into the PL cortex immediately after
memory reactivation presented less freezing behavior than con-
trols on the following day, suggesting an impairment in fear mem-
ory reconsolidation. This result agrees with studies showing the
participation of this area in reconsolidation of recent fear memo-
ries by inhibiting mTOR, blocking the CB1 or the alpha-1 adrener-
gic receptors, by inactivating it with muscimol or activating it with
DREADDs or with a NMDA receptor agonist (Do Monte et al. 2013;
Stern et al. 2014, 2015; Levin et al. 2017; Vanvossen et al. 2017; Ye
et al. 2017). Importantly, the TMX effect lasted for at least 1 wk,
suggesting no spontaneous recovery of fear memory, a result that
agrees with reports showing no spontaneous recovery of fear mem-
ory 1 wk after impairing memory reconsolidation (Duvarci and
Nader 2004; Bustos et al. 2006; Stern et al. 2012). The reconsolida-
tion time-window is suggested to last up to 6 h after reactivation
(Nader et al. 2000; Bustos et al. 2006; Stern et al. 2012). Indeed,
the TMX infusion into the PL 6 h after memory reactivation did
not change the freezing behavior when the animals underwent
Test A; (24 h later), confirming previous studies showing that at
this time-point interferences in memory reconsolidation are not
observed (Nader et al. 2000; Stern et al. 2012). However, a reduc-
tion in freezing behavior, but not significant, was observed in
Test A; of TMX-treated rats. Since only one dose of TMX was tested,
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Figure 4. Remote fear memory reconsolidation and persistence relies on the ACC. (A) The diagram represents the experimental design. Animals were
familiarized to Context A, that was paired with three footshocks (US) a day later. After 21 d, immediately or 6 h after remote memory reactivation, the
animals received a bilateral infusion of either vehicle (Veh) or TMX (0.25 pg/0.2 pL) intra-ACC. One and seven days later, the animals were submitted
to Tests A; and A, to assess TMX effects on memory. (B) Effects of TMX when given into ACC immediately after reactivation of remote fear memory.
TMX-treated animals presented less freezing time than controls during Test A; and Test A,, suggesting an impairment of remote memory reconsolidation.
(C) Effects of TMX when given into ACC 6 h after reactivation of remote fear memory. TMX-treated animals presented less freezing time than controls only
during Test A;, suggesting an impairment of recent memory persistence. Values are expressed as mean + S.E.M. The asterisk indicates a statistically signifi-
cant difference (P<0.05) from the respective control group (Repeated-measures ANOVA followed by the Tukey test).
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it remains to be confirmed whether no short-term amnesic effect is
indeed observed 6 h after memory reactivation. However, when
these animals were retested 7 d later, a reduction in freezing behav-
ior was observed, suggesting an impairing effect in memory persis-
tence. Of note, a similar result was observed after the systemic
administration of TMX, the inhibition of PKC or PKM( in the PL
cortex, or the inhibition of protein synthesis in the basolateral
amygdala (Nakayama et al. 2013; da Silva et al. 2016, 2020).
Together, these results provide further evidence that the PL is re-
cruited for recent fear memory reconsolidation and persistence of
reactivated fear memory.

Consistent with the reconsolidation theory, it has been ob-
served that the earlier the intervention is performed after memory
retrieval, the weaker the memory trace will be reconsolidated
(Helfer and Shultz 2019). For instance, MK801 impaired procedural
memory reconsolidation when administered up to 90 min after re-
trieval and anisomycin caused passive-avoidance amnesia in mice
when injected 30 min or less after memory reactivation (Judge and
Quartermain 1982; Przybyslawski and Sara 1997). Further, inhibit-
ing mRNA synthesis in the hippocampus immediately, but not 3 h
after spatial memory reactivation, impaired memory reconsolida-
tion (da Silva et al. 2008) and either cannabidiol or delta-9-
tetrahydrocannabidiol impaired memory reconsolidation immedi-
ately or 30 min after contextual fear memory reactivation, but not
6 h later (Stern et al. 2012, 20135). Together, these studies suggest
that when memory retrieval and the drug administration become
unpaired on time, no short-term amnesic effect is observed.
However, inhibiting the protein synthesis or Arc expression in
basolateral amygdala 9.5 h or 7 h after memory retrieval, respec-
tively, induced a long-term amnesic effect, altering the animal
behavior 7 d, but not 2 d later (Nakayama et al. 2013, 2016). A sim-
ilar result was observed here with TMX administration or when the
PKMC in the PL cortex was inhibited 6 h or PKC 6, 9 or 12 h after
memory retrieval (da Silva et al. 2020). Curiously, inhibiting PL
cortex PKM(¢ 1 h, or hippocampal ERK1/2 3 h, after memory re-
trieval specifically impaired memory persistence (Krawczyk et al.
2016; da Silva et al. 2020). Thus, suggesting that memory reactiva-
tion triggers independent mechanisms underlying memory recon-
solidation and/or persistence, however, evidence on these aspects
are still incipient.

It has been suggested that the reconsolidation of recent
memories is less dependent on cortical regions such as the ACC
(Do-Monte et al. 2013; Makino et al. 2019). To explore this, the
effect of TMX infused in this region immediately or 6 h after re-
cent memory reactivation was investigated. The infusion of TMX
into the ACC immediately after memory reactivation did not
change the freezing behavior when compared to controls 1 or 7
d later, suggesting no impairment in memory reconsolidation
and persistence. This result is in line with works showing that
the infusion of anisomycin into the ACC of mice after reactiva-
tion of a recent fear memory did not change the freezing behav-
ior (Frankland et al. 2006). However, our result contrasts with
findings showing that anisomycin given into the rat ACC imme-
diately after reactivation of a recent fear memory impaired mem-
ory reconsolidation (Einarsson and Nader 2012). The intensity of
conditioning training or previous stress has been suggested as a
boundary condition to memory labilization and reconsolidation
(Alberini 2011; Espejo et al. 2016), however, this factor is unlikely
to account for the different results observed, since we have adopt-
ed a weaker fear conditioning protocol than Einarsson and Nader
(2012). Another difference is the drug used, since anisomycin
blocks protein synthesis, while TMX interferes with estrogen-
mediated signaling and inhibits PKC (Horgan et al. 1986;
O’Brian et al. 1990). The PKC role in memory reconsolidation
has been addressed. For instance, inhibiting PKC in the dorsal
hippocampus or the PL cortex immediately after memory retriev-
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al impaired recent fear memory reconsolidation (Bonini et al.
2007; da Silva et al. 2020). However, the hippocampal contribu-
tion to recent memory reconsolidation is greater than that of
the cortical areas such as the ACC (Webb et al. 2017). Together,
our findings reinforce previous results suggesting that the ACC
is not involved in recent fear memory reconsolidation and sug-
gest that this area is not recruited for persistence of reactivated re-
cent fear memories.

Then, to investigate whether the PL cortex and ACC would be
recruited for reconsolidation and/or persistence of an older memo-
ry, rats received TMX into the PL cortex immediately after reactiva-
tion of remote fear memory. A significant and long-lasting
reduction in freezing behavior was shown when compared with
controls during Test A,, suggesting an impairment of remote fear
memory reconsolidation. This result is in line with previous studies
showing that the activity of the PL cortex underlies reconsolida-
tion of remote fear memory (Stern et al. 2014). Further, this result
suggests the participation of estrogen receptors and/or PKC activity
in this area underlying remote fear memory reconsolidation.
However, to the best of our knowledge, no studies are investigating
these aspects. TMX-treatment into the PL cortex 6 h after the reac-
tivation of a remote fear memory did not change freezing behavior
when animals were tested 1 d later, confirming that after the end of
the reconsolidation time-window, no effect is observed on the fol-
lowing day. Further, no reduction in freezing behavior was ob-
served 7 d later, suggesting that persistence of reactivated remote
fear memory is independent of the PL cortex. It has been proposed
that recent memory retrieval may trigger mechanisms that inde-
pendently govern memory reconsolidation and persistence
(Krawczyk et al. 2016, 2019; da Silva et al. 2020). Here, we observed
that PL cortex subserves the reconsolidation of both, recent and re-
mote fear memory, however, the long-term effect of TMX, ob-
served when it was infused 6 h after memory reactivation, is
spared in remote fear memory, suggesting that the mechanisms
underlying remote memory reconsolidation and persistence do
not overlap in the PL cortex.

When TMX was given into the ACC immediately after reacti-
vation of the remote fear memory, it produced a significant reduc-
tion in freezing behavior when compared with controls during Test
A, suggesting an impairment of memory reconsolidation.
Importantly, the effect lasted at least 1 wk (Test A;), suggesting
no spontaneous recovery of the fear memory. This result is in
line with previous studies showing that protein synthesis inhibi-
tion in this area disrupted remote contextual fear memory reconso-
lidation (Einarsson and Nader 2012), however, it disagrees with a
study showing that protein synthesis inhibition in the ACC imme-
diately after remote memory reactivation is resistant to the
reconsolidation-impairing effect (Frankland et al. 2006). This dif-
ference might be related to the treatment adopted, since TMX in-
terferes with specific intracellular signaling pathways (Zarate and
Manji 2009) and anisomycin disrupts the general protein synthe-
sis; the species used, that is, rats versus mice; and the memory
age since Frankland et al. (2006) tested a 36-d old memory and
here a 21-d old fear memory was tested. Together, the present re-
sults provide further evidence on the role of the ACC in remote
fear memory reconsolidation.

When TMX was infused into ACC 6 h after remote fear mem-
ory reactivation, no effect was observed on the following day, a re-
sult consistent with a study showing that the blockade of AMPA/
kainate receptors in the ACC 6 h after remote memory reactivation
did not affect freezing expression 24 h later (Einarsson et al. 2015).
Here, a significant reduction in freezing behavior of TMX-treated
rats was observed 7 d later, suggesting that persistence of reactivat-
ed remote fear memory depends on the ACC, providing evidence
that memory retrieval may trigger mechanisms underpinning re-
mote fear memory reconsolidation and persistence along the
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medial prefrontal cortex, and that remote memory reconsolida-
tion, but not its persistence, overlap in PL.

It is well accepted that ACC activity sustains the expression of
remote memories (Frankland et al. 2004). However, since the effect
of TMX 6 h after reactivation of remote fear memory in the ACC
was not tested in the absence of the Test A;, we cannot exclude
the possibility that TMX effect is a long-term effect in fear memory
retrieval, as observed by other authors (Parsons and Davis 2011).
The connections between the ACC, dorsal hippocampus and ento-
rhinal cortex are important not only to sustain remote fear memo-
ries, but it is also necessary for memory consolidation (Insel and
Takehara-Nishiuchi 2013; Tayler et al. 2013; Bero et al. 2014;).
For instance, optogenetic inhibition of the medial prefrontal cor-
tex inhibited the entorhinal-hippocampal circuit activation and
impaired long-term memory consolidation, suggesting that early
cortical activity is critical for a stimulus-induce hippocampal acti-
vation and memory consolidation (Bero et al. 2014). At a recent,
but not at a remote time point, spine density or c-Fos expression
is higher in the hippocampus than in ACC of fear conditioned
rats, whereas an inverse temporal pattern is observed in ACC, sug-
gesting that gradual changes occur modifying the connectivity be-
tween the hippocampus and the ACC after the formation and
reactivation of the remote memory (Restivo et al. 2009; Aceti
etal. 2015). These studies align with the hypothesis that enhance-
ment of ACC activity along time supports remote fear memories
expression. However, some studies suggest that the CA1l region

A PL Cortex

Figure 5. The representative sites of drug infusion in the prelimbic and
anterior cingulate cortices. (A) The arrowhead indicates the methylene
blue tag in the prelimbic cortex (PL cortex). (B) The arrowhead indicates
the methylene blue tag in the anterior cingulate cortex (ACC).
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of the hippocampus is required for remote memory reactivation
since inhibiting the protein synthesis in the hippocampus im-
paired a remote memory reconsolidation (Debiec et al. 2002;
Goshen et al. 2011). It remains to be investigated whether these
connections contribute to the TMX effect observed in the persis-
tence of remote memory and to the dissociation of the ACC and
the PL cortex participation in the reconsolidation and persistence
processes.

The effects of TMX observed here agree with works showing
the role of PKC in memory reconsolidation and persistence
(Bonini et al. 2007; da Silva et al. 2016, 2020). However, its poten-
tial effect as a modulator of estrogen receptors cannot be excluded.
The ERalpha and ERbeta estrogen receptors are expressed in
the medial prefrontal cortex (Almey et al. 2014), ample evidence
supports their role in memory processing (Tuscher et al. 2015)
and the TMX consolidation impairing effect of inhibitory
avoidance depended on ERalpha receptors (Lichtenfels et al.
2017). Furthermore, studies comparing males and females have
suggested differences in fear memory consolidation, extinction,
and labilization/reconsolidation processing (Chang et al. 2009;
da Silva et al. 2016; Franzen et al. 2019). Given systemically,
TMX did not impair fear memory persistence in estrous females, al-
though it similarly impaired memory persistence in proestrous and
diestrous females and in males (da Silva et al. 2016). However, it is
yet unknown whether and which estrogen receptor located in the
medial prefrontal cortex is involved in TMX-induced effects in re-
cent and remote fear memory reconsolidation and persistence.

In conclusion, our findings provide further evidence on the
role of the PL and the ACC in recent and remote fear memory
reconsolidation and suggest that as memory ages, the persistence
of a reactivated fear memory becomes independent of the PL cor-
tex and dependent of the ACC.

Materials and Methods

Animals

Adult male Wistar rats, 3 mo old, weighing between 290-320 g
(from the Biological Sciences Sector of the Federal University of
Parand) were used. The animals were housed in plastic home cages
in groups of four to five per cage with access to food and water ad
libitum. The animals were kept in controlled temperatures of 22 +
2°C and a 12-h light—dark cycle (7:00 a.m.-19:00 p.m.). The exper-
iments were performed in accordance with the Guide for the Care
and Use of Laboratory Animals and the ARRIVE Guidelines
(National Research Council 2011), and after the approval of the ex-
perimental protocol by the Ethics Committee for the care and use
of laboratory animals of the Biological Sciences Sector of the
Federal University of Parana (authorization number 1011).

Drug

Tamoxifen (TMX; 0.25 pg/0.2 uL Sigma) a nonselective PKC inhib-
itor and a selective estrogen response modifier, was dissolved in sa-
line containing 20% dimethyl sulfoxide, that alone was used as
control (DMSO; Talebi et al. 2010).

Stereotaxic surgery and drug infusion

Rats were acclimated in the laboratory vivarium for 24 h and then
were anesthetized with ketamine (75 mg/kg; Carlier, Brazil) and
xylazine (15 mg/kg; Sespo, Brazil), associated with local anesthesia
(3.0% lidocaine with norepinephrine 1:50000; Dentsply, Brazil).
After anesthesia, rats were positioned in a stereotaxic frame and
two stainless-steel guide cannulas (length: 11 mm; outer diameter:
0.7 mm) were implanted bilaterally aiming at the PL cortex or ACC
following the coordinates (AP=+11.8 mm interaural, ML=+0.6
from central suture, DV =-1.8 from the skull) of The Rat Brain in
Stereotaxic Coordinates (Paxinos and Watson 2009) and with
two screws and dental acrylic they were fixed to the skull. A stylet
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was introduced inside each guide cannula to prevent obstruction.
After the surgery, the animals received 0.4 mL of ibuprofen orally
(20 mg/mL, Natulab, Brazil), and returned to the home cage.

After 10 d, the animals underwent the protocol of contextual
fear conditioning. Immediately or 6 h after memory reactivation,
rats received a bilateral infusion with dental needles introduced
through the guide cannulas until their tips were 1.5 mm (PL cortex)
or 1.2 mm (ACC) below the cannula end.

The drug was injected over 1 min (0.2 pL/side) using two 5.0
pL Hamilton syringes connected to an automatic infusion pump
(Insight, Brazil). A polyethylene catheter was inserted between
the upper end of the dental needles and the syringes. To monitor
the flow of the drug, an air bubble was displaced inside the polyeth-
ylene. The needles were kept for additional a 45 sec after the end of
the injections to prevent backflow.

After the end of experiments, the animals were anesthetized
as mentioned above, the methylene blue was infused through
the guide cannulas, the animals were killed, and the brains were re-
moved to confirm the drug infusion sites. Brain slices (50 um thick)
were obtained on a vibratome (Leica), and slides were mounted,
stained with nissl, and the infusion site was ascertained. The ani-
mals were included in the statistical analysis when the infusion
was bilateral in the PL or ACC cortices (Fig. 5).

General procedures

To avoid possible circadian influences on learning and memory
processing, the experiments were performed between 1:00 and
5:00 P.M. and conducted similarly to previous studies (da Silva
et al. 2020). All animals were moved and acclimated to the exper-
imental room for 30 min before each session. The experimental
rooms were kept under controlled temperature (21+2°C) and
brightness (~78 lux).

Contextual fear conditioning was done in Context A, a cham-
ber, made of gray aluminum sidewalls, with a transparent acrylic
top cover and front wall (26 x31.5x21 cm; Insight, Brazil), the
floor was composed of stainless steel-bars (3 mm in diameter and
spaced 0.9 mm) connected to a shock generating source. Context
B (34 x26 x 33 cm), an unpaired chamber, had transparent acrylic
walls and floor, and a black top cover to provide different clues
from the paired context. Context B was used to assess the general-
ization of fear.

Contextual fear conditioning protocol consisted of the fol-
lowing sessions: on the first day the animals were familiarized to
Context A for 3 min. After 24 h, the animals were submitted to
Context A, after the initial 30 sec the animals received the uncon-
ditioned stimulus (US) that consisted of three footshocks of 0.8
mA/3 secin 30 sec intervals. After the last US, the animal remained
for 30 sec in Context A and then returned to the home cage. When
the recent memory was evaluated, the reactivation session was
conducted 24 h after conditioning and the animals were exposed
to Context A for 3 min without the US presentation. After this ses-
sion, the animals received immediately or 6 h later, bilateral infu-
sions of vehicle or TMX into the PL cortex or ACC. After 1 or 7 d,
the animals were reexposed to Context A for 3 min, these sessions
were named Test A; and Test A,, respectively. To evaluate the re-
mote memory, the animals were submitted to a reactivation ses-
sion 21 d after fear conditioning (Stern et al. 2014). Then, the
animals received immediately or after 6 h, bilateral infusions of ve-
hicle or TMX into the PL cortex or ACC. One or 7 d later, the ani-
mals were submitted to Test A;, and Test A,, respectively. The
chambers were cleaned with a 10% ethanol/water solution after
each session.

The freezing behavior, characterized as the total absence of
body and head movements, except those associated with breathing
(Blanchard and Blanchard 1969) was evaluated. The sessions were
recorded by a video camera and freezing time was quantified in sec-
onds using a stopwatch by a blind and trained observer and ex-
pressed as a percentage of the total session time.

After the end of the behavioral experiments, to confirm the
injection side, the rats were anesthetized using 1.0 mL/kg of a sol-
ution containing xylazine (10 mg/mL, Carlier) and chloral hydrate
(2.3 mg/mL, Vetec) intraperitoneally (i.p.). Methylene Blue dye
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(0.2 pL/hemisphere) was injected through the guide cannulas for
the subsequent evaluation of the locations where vehicle or TMX
was infused.

Brains were removed and immersed in a 10% formalin solu-
tion. The brain slices (50 pm thick) were obtained in a vibratome
(Leica), mounted on microscope glass slides, and the injection
site was determined. Animals were included in the analysis when
both sides of the PL cortex or the ACC were correctly marked by
methylene blue.

Experimental design

Experiment 1: To evaluate whether TMX infused into the PL cortex
interferes in the reconsolidation or persistence of a reactivated re-
cent memory rats that underwent contextual fear conditioning
were randomly allocated to receive a bilateral infusion of either ve-
hicle or TMX (0.25 ng/0.2 pL/side) intra-PL cortex immediately or
6 h after the reactivation session (Fig. 1).

Experiment 2: To evaluate whether TMX infused into the
ACC interferes in the reconsolidation or persistence of a reactivated
recent memory rats that underwent contextual fear conditioning
were randomly allocated to receive a bilateral infusion of either ve-
hicle or TMX (0.25 pg/0.2 pL/side) intra-ACC immediately or 6 h
after the reactivation session (Fig. 2).

Experiment 3: To evaluate whether TMX infused into the PL
cortex interferes in the reconsolidation or persistence of a reactivat-
ed remote memory, rats that underwent contextual fear condition-
ing were randomly allocated to receive a bilateral infusion of either
vehicle or TMX (0.25 pg/0.2 pL/side) intra-PL cortex immediately
or 6 h after the reactivation session (Fig. 3).

Experiment 4: To evaluate whether TMX infused into the
ACC interferes in the reconsolidation or persistence of a reactivated
remote memory, rats that underwent contextual fear conditioning
were randomly allocated to receive a bilateral infusion of either ve-
hicle or TMX (0.25 pg/0.2 puL/side) intra-ACC immediately or 6 h
after the reactivation session (Fig. 4).

Statistical analysis

The results are expressed as mean +S.E.M. After ensuring the ho-
mogeneity of the data, the percentage of freezing time observed
in Context A (reactivation session, Test A;, and Test A,) was ana-
lyzed by repeated-measures analysis of variance (ANOVA). The
Tukey test was used for post-hoc comparisons when ANOVA
achieved significant interaction between the main factors treat-
ment and reexposures to Context A. The level of statistical signifi-
cance was set at P<0.05. For statistical analysis, Statistica 12
(StatSoft) was used, and GraphPad Prism 8 (GraphPad Prism) was
used for graphing. The formula for Hedges’ g, which reflect the
mean differences between two groups (n < 20 per group) that could
be dissimilar in size, was used to calculate the size effect. Large ef-
fect size was considered when the g value was >0.8 (Ellis 2010).
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