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Abstract

Remote memory consolidation, extinction, and itpaimments have been of interest to researchers for
years, especially due to its clinical relevancepatients with emotional disorders, like PTSD (Post
Traumatic Stress Disorder), anxiety, and phobiasnéuronal substrates are key elements to unddrsta
the persistent nature of remote memory and opesmaperspective to novel therapeutic approaches for
human fear-related disorders. While the majorityegforts investigate the mechanisms and ensembles o
recent fear memory extinction (hours to days follgconditioning), only a few refer to the remoitrad
point (i.e. weeks after conditioning), usually d#siog successful memory extinction. The neuronal
correlates of impaired remote fear memory extinmctigere yet beyond the scope. Here we present
selective impairment of contextual remote fear mgmextinction in alpha calcium/calmodulin-
dependent protein kinase CaMKIl) autophosphorylation-limited mice (T286A. To map brain
regions involved in this phenomenon, we applieéeaing of c-Fos expression, a neuroplasticity nrarke
across 23 brain areas following contextual feard@é@ning and extinction of recent (1-day old) and
remote (30-days old) fear memory in WT and T286hice. Following impaired remote fear memory
extinction in T286A" mice, we found upregulated c-Fos expression inehrhinal cortex (ENT),
nucleus reuniens (RE), centromedial (CM), mediocalof®ID), anterodorsal (AD) thalamic nuclei, and
medial septum (MS), compared to WT animals perfogmormal remote fear memory extinction. Thus

our data suggest thatCaMKIl-autophosphorylation-dependeti-os expression in these areas controls
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distant contextual fear extinction and may shedtitlign these brain regions as potential targets for

therapeutic strategies against emotional disorslerk as PTSD.

INTRODUCTION

Fear and anxiety are evolutionarily conserved ewsnsti They aid survival by increasing
awareness and enable rapid responses to enviroalnhaairds (LeDoux et al. 2012). Excessive fear and
anxiety, on the other hand, are hallmarks of aetamf disabling disorders like phobias or PTSDstPo
Traumatic Stress Disorder) that affects millionspabple throughout the world (Atwoli et al. 2015;
Sareen 2014). A clinical approach to treat PTS&xitction-based exposure therapy. Extinction legrn
relies on acquiring new environmental informatibiatt suppresses the previously learned fear (Paviov
1927; Eisenberg et al. 2003; Myers and Davis 2@1irk and Mueller 2008; Pape and Pare 2010) as
well as some unlearning processes (Khalaf et dl828ellfy and Kwapis 2020; Dunsmoor et al. 2015;
Clem and Schiller 2016). Impaired extinction reqdlilad et al. 2009), and high stability of remote
memories (Frankland et al. 2006; Alberini 2011;fGed al. 2014; Tsai and Graff 2014) are proposed a
the mechanisms of pathological fear memories camditobserved in PTSD subjects. Still, little is
known how distant fear becomes attenuated, thusratahding the neural circuits underlying proceassin
of fear memory, its extinction, and how they drivehavior are especially important in regards to the

storage period of the memory.

Hippocampus is a crucial structure for encoding amdlating of contextual fear memory
(Anagnostaras et al. 1999; Franidaet al. 2007; Varela et al. 2016). The standaodiehof systems
consolidation states that memories are first emtddehe hippocampus and then stored in the cortex
(Squire and Bayley 2007). Distribution of the nevggthered information through broadly scattered
cortico-hippocampatetworks enables its long-term storage and acdhtystver time (Frankland et al.
2004; Squire et al. 2015; Vetere et al. 2017; Wéteet al. 2013).

Long-term memoryconsolidation involves neuronal remodeling at kb system and synaptic
levels (Bailey and Kandel 1993; Dudai 2004; Franland Bontempi 2005; Restivo et al. 2009). The
basic synaptic processes, that enable storage lvizgally related information, involveCaMKII
activity (Giese and Mizuno 2013; Lisman et al. 2008man et al. 2012xCaMKIl is also essential for
synaptic plasticity of cortical (Frankland et al(2; Hardingham et al. 2003) and subcortical basgas
(Giese et al. 1998; Irvine et al. 2006). Franklamd co-workers reported tha@€aMKII*" heterozygous
mice show impaired cortical, but not hippocampalA38CAl), NMDAR-dependent long-term
potentiation and their remote long-term contexttedr memory is severely impaired while recent

memory is spared (Frankland et al. 2001). Not adaMKII activity but also its regulation through
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autophosphorylation plays an important role in lb@gn memory formation. aCaMKII
autophosphorylation at Threonine 286 (T286) is m&skfor contextual long-term memory formation and
hippocampal LTP (Giese et al. 1998; Irvine et &l12, Kimura, Silva, and Ohno 2008). Our group
previously showed that the autophosphorylationeiksfit mutant miceCaMKIl "% (Giese et al. 1998)
are impaired in fear memory extinction (Radwanskale2011; Radwanska et al. 2015). However, the
studies on the role of autophosphorylatioruGBMKII-T286 in extinction are limited to recent merg
extinction paradigms (Kimura et al. 2008; Radwanskal. 2015), while its role in remote fear memory

extinction remains unknown.

In the present study, we tested the rolen@GBMKII-T286 in extinction of recent and remote
contextual fear and analyzed the brain networksdha activated. To this end, we employadaMKI|
autophosphorylation-deficient heterozygous miceBE#"). To reveal the neuronal correlates of remote
contextual memory extinction, we employed c-Fosresgion mapping. Our results show that T286A
mice have exclusively impaired remote contextualr fextinction, while recent memory is spared.
Moreover, the impairment is linked with upregulatiof fear extinction-induced c-Fos expression i th
cortical and thalamic regions in the mutants inidiigathat these brain areas participatetime- and

aCaMKIIl autophosphorylation-dependent remodelingafitextual fear memory network.

MATERIALS AND METHODS

1. Animals

For this study male mice, weighing 20-30 g wereduge= 3-6 for c-Fos and n = 7 for the behavioral
experiment). The animals were maintained on a lightydark cycle with food and wated libitum. We
used the Tg(CaMKIIT286A)xTg(Thyl-EGFP) mice obtained from crogs aCaMKIl
autophosphorylation-deficient mutant mieceC&MKII-T286A) (Giese et al. 1998) and heterozygofis
Thyl-GFP M line mice (Thyl-GFP and genotyped as previously described (Feng .e2@00).
Behavioral experiments were conducted in the lgltase of the cycle, and mice were 8-10 weeks old at
the time of training. All procedures conducted e tstudy were approved by the 1st Local Ethical

Committee, Warsaw, Poland (permission number: 2B}

2. Contextual fear conditioning

The animals were trained in a conditioning chamfdded Associates Inc, St Albans, USA) in a
soundproof box as previously described (Radwanskh 2015). The chamber floor had a stainlesd stee
grid for shock delivery. Prior to the training, tbbamber was cleaned with 70% ethanol and a paper

towel sprayed with ethanol was placed under thd fidor. In order to camouflage any noise in the
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behavioral room, background noise was supplietiécchamber by a white noise generator positioned on
the side of the soundproof box. On the conditiordayg, the mice were brought from the housing room
into a holding room where they were allowed to iatatize for 30 min before training. Next, mice were
placed in the chamber and after a 148 s introduqteriod, a foot shock (2 s, 0.7 mA) was presented.
The shock was repeated 5 times, with an inter-tniarval of 90 s. Thirty seconds after the lasicéhthe

mouse was returned to its home cage.

Contextual fear memory was tested and extinguidhddy (recent, also called Rec) or 30 days (remote
also called Rem) after training by re-exposing mmeuse to the conditioning chamber for 20 minutes
(extinction session), and they were sacrificed @®after the beginning of the extinction sessioantol
mice underwent the same procedure but without spoegentation (CTX) or were anesthetized twenty-
six hours after training (without extinction sesgi¢5US), or were taken directly from their homges
(Naive) (Figure 1C). Freezing behavior and locomatctivity were scored by the experimenter blind to
the mice genotype from the movies recorded by @&ovidamera placed on the door of the sound
attenuating box and measured automatically by Viee®ze® software (Med Associates Inc, St Albans,
USA).

3. c-Fos immunoreactivity

The mice were deeply anesthetized with sodium pemtotal (50 mg/kg intraperitoneal (i.p.)) and
perfused transcardially with 20 ml of PBS (PhospHaiffered saline; POCH, Poland), followed by 50 ml
of 4% paraformaldehyde (PFA; Sigma-Aldrich, Polaimdp.1 M PBS, pH 7.5. Brains were stored in the
same solution for 24 h aP@ Next, the brains were transferred to the solutb80% sucrose in 0.1 M
PBS (pH 7.5) and stored &tCG4for 72h. Brains were frozen at ZDand coronal sections (40 um) cut in
the frontal plane on a cryostat microtome (YD-19Q6ica). Coronal slices were stored in 220n
PBSAF (PBS, 15% sucrose, 30% ethylene glycol, 0.06%3). Every sixth section through the whole
brain was used for immunostaining. Sections wershed three times for 6 min in PBS, followed by
incubation inblocking solution (5% NDS; Jackson Immuno Rese&8fb6 Triton X-100; Sigma Aldrich)

in PBS for 2h at room temperature (RT). Next, saxdtiwere incubated with c-Fos polyclonal antibody
(sc-52; Santa Cruz Biotechnology, 1:1000) for 12I87C, washed three times in TBS (0,3% Triton X-
100 in PBS) and incubated with secondary antibddy00) conjugated with Alexa Fluor 594 (Invitrogen
A-11062) for 2h at room temperature. After incubativith the secondary antibody slices were washed
three times for 6 min in PBS and mounted on miaypgcslides covered with mounting dye with DAPI
(Invitrogen, 00-4959-52).
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4. Immediate Early Gene (IEG) quantification

c-Fos expression was analyzed in 23 brain regimhgre c-Fos positive cells were counted with 10x
magnification, in the red spectrum (568 nm lasasitation) under a confocal microscope (SP5, Leica).
Each photomicrograph was followed with image adtjais in a blue-green spectrum (488 nm laser
excitation) that highlighted major structures ie thrain of mice with Thyl-GFP background. Cells aver
considered positive for c-Fos immunoreactivityhié tnucleus was the appropriate size (area ranging f

5 to 160 urf) and was distinct from the background. For eaattqrhicrograph converted into an 8-bit
grayscale, the same threshold was used and selaoted of interest were measured using ImageJ
software (National Institute of Health, Bethesdd)MThe densities of the nuclei were counted (by an
experimenter blind to the experimental conditios) & number of immunostained nuclei within the
analyzed region, divided by the area of that regineasured on the picture and expressed in pixets).
position of the analyzed brain regions was deteechiaccording to the atlas of the mouse brain (Fiank
and Paxinos 2019).

5. Statistics

For statistical analysis one-way or two-way analysdivariance (ANOVA) with Sidak and Tukeyjest-

hoc test for multiple comparisons was used when ap@tp Differences between the experimental
groups were considered significantpifi<10.05. Statistical tests and the results are detaildhe text,
Sup. Figure 1. and figure legends. All data weralyaed with GraphPad Prism 8 software for Windows
(GraphPad Software, San Diego, California USA, wgvaphpad.com). Anatomical cases were excluded

if they had significant damage to the brain tissue.

RESULTS

1.aCaMKIl T286A " mutation results in contextual remote fear memonextinction deficits.

Contextual fear conditioning training was useddst the formation and extinction of recent (1 darydl
remote (30 days) memory in mice. Mice (n = 7 pggezimental group) were trained in a novel context
according to a previously published protocol (5.% BhA; 2 s) (Radwanska et al. 2015). After 1 or 30
days, animals underwent a fear extinction sesdiofiT(- 20 minutes of exposure to the experimental
context without US presentation) to extinguish rgcer remote contextual fear memory. On the
following day (day 3 or 32), the fear extinction mary was tested in the same context for 5 minutes
(TEST)(Figure 1A).

Contextual fear conditioning induced the formatafrrobust recent and remote contextual fear
memory both in wild-type (WT) mice and heterozygotd BCaMKIl autophosphorylation-deficient
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mutant mice (T286X), measured as freezing in the conditioned cor{tiay 2 and day 31, respectively)
(Figure 1A-B). Both WT mice and T286A heterozygous mutants presented a significant dserén
levels of contextual freezing during the recenr festinction test (day 3), as compared to the bagm

of extinction session (day 2) (Two-way ANOVA showealy a significant effect of time point §Fss) =
31.6, p < 0.001] on freezing levels), confirmedpogt hoc Tukey's test (WT: p = 0.05 and T286Ap <
0.001). A similar decrease during remote fear etitim testing (day 31 vs. 32) was observed (Two-way
ANOVA showed a significant effect of time pointdF = 40.76, p < 0.001] and training{F+= 6.219,

p = 0.01] on freezing levels) only in the WT graimp= 0.008), but not in T286Amice (p = 0.82), where
no significant change in the level of freezing wasserved between the sessioRiggre 1B). This
observation shows impaired remote contextual feinetion memories in T286/A mice.

2. The effect of T286A" mutation on fear extinction-induced c-Fos expressh in the dorsal
hippocampus.

To examine the activity of brain structures invalvia impaired remote fear memory extinction
of T286A" mice, we analyzed c-Fos expression as a proxy ofonal activity (Sagar et al. 1988;
Guzowski et al. 2005). c-Fos was analyzed in fixpegimental groups (animals per group: n = 3-6)
(Figure 1C). c-Fos-positive cellular nuclei have been countedhe dorsal hippocampus, amygdala,
cortex, thalamus, and septum, a total of 23 braigions Figure 1F, Supplementary. Figure 1,
Supplementary Table J; the two-way ANOVA F-statistic andost-hoc tests collected in the table for

each structure can be found 8upplementary Table 2.

Contextual fear conditioning and extinction haveerbeshown to be hippocampus-dependent
(Bissiere et al. 2011; LeDoux and Phillips 1992;r&taand Holt 2000; Maren and Quirk 2004). In the
CAL field of hippocampus we observed significarieetfs of genotype on c-Fos expression, however, the
post hoc tests revealed no significant differentes-Fos counts between the experimental groups
(Figure 2A). The CA3 showed significant effects of genotypel d@raining for c-Fos expression, but
similarly to CA1, there were no significant diffeies in the c-Fos signdFigure 2B). Only the WT
Naive group has more c-Fos positive cells than A28p = 0.024). In the DG we have detected a
significant effect of genotype and training on sFaxpression. WT mice demonstrated increased c-Fos
expression in Context group (p = 0.01) comparethéoNaive group, but when compared to 5US group
similar increase was noticed in Context group (pG01), Rec (p < 0.001) and Rem (p < 0.03) extnct
(Figure 2C). In the hippocampus of T286Amice we found no significant changes in the c-Fos signal

between experimental groups.
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3. The effect of T286A" mutation on fear extinction-induced c-Fos expressh in the
amygdala.

Amygdala is involved in the encoding of contextigsdr (Herry et al. 2010; LeDoux and Phillips
1992; Lee et al. 2013; Orsini and Maren 2012; Ehriand Josselyn 2016) and is also known to be
involved in recent (Ehrlich et al. 2009; Herry ahtbns 2004; Hobin et al. 2003) and remote fear
extinction (Cambiaghi et al. 2016; Gadeal. 2004; Silva ail. 2018; da Silva et al. 2020). Therefore, we
measured c-Fos densities in basolateral (BLA)rdat@ A), central (CeA - consisting of capsular and
lateral division that were analyzed together), emtromedial (CeM) nuclei of amygdakidure 3).

BLA showed a significant effect of training, buttrgenotype, on c-Fos expression. In T286A
mice c-Fos density was elevated in BLA followingn@e extinction when compared to Naive (p =
0.001), 5US (p < 0.001) and Ctx group (p < 0.(Higygre 3A). In the LA, a significant effect of training
on c-Fos was observed. Expression of c-Fos, whempared to the 5US group, was elevated after remote
extinction in both genotypes WT (p = 0.002) and &8 (p = 0.021) mice. Whereas only WT animals
presented increased c-Fos density in the Rem grompared to Naive (p < 0.001) and Rec (p = 0.034)
of the same genotypé-igure 3B). In the CeA we have noticed a significant tragnieffect on c-Fos
expression. WT animals expressed more c-Fos faligwemote extinction than Naive animals (p <
0.011) and 5US (p = 0.019) group of the same g@eofigure 3C). Such differences were not observed
in the mutants. The analysis of c-Fos expressiofigll showed neither significant genotyperaining
interaction nor effects of genotype or conditiGiigire 3D). Thus T286A" and WT animals exhibited
similar c-Fos expression patterns in BLA, LA, Cafda&CeM across all training conditions. This conBrm
that the amygdala is an important component offéhe extinction memory circuit, however, its adiyvi

during the training is not regulated b€aMKII.

4. The effect of T286A" mutation on fear extinction-induced c-Fos expressh in the cortex.

The medial prefrontal cortex (mPFC), including bptielimbic (PrL) and infralimbic (IL) areas,
is implicated in fear conditioning and extinctiolwad et al. 2015; Do-Monte et al. 2015; Frankland et
al. 2004; Giustino and Maren 2015; Peters et d092@Ramanathan et al. 2018; Wheeler et al. 20118). T
cingulate cortex (CG) is activated by remote cotuaikfear memory, as shown by c-Fos and Zif268
imaging (Frankland et al. 2004), moreover, the ipg¥sce of reactivated fear memory becomes CG-
dependent with time (da Silva et al. 2020). Twbdsvisions of retrosplenial cortex, namely granular
(RSG) and agranular (RSA), as well as entorhinatexo (ENT) were also selected since they
communicate directly with the hippocampus (Baldi &ucherelli 2014; 2015; Corcoran et al. 2011; Suh
et al. 2011).

In the PrL there was a significant genotype X frgjninteraction and significant effect of
training, but not genotype, on c-Fos expression. iM€e had similar levels of c-Fos-positive nuclei

density in every condition, while significantly higr levels were observed in the remote extinctibn o

7
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T286A" mice compared to the Rec (p = 0.01), Ctx (p = D)OBUS (p < 0.001) and Naive (p = 0.003)
groups of the same genotype. Thest hoc tests found no significant differences between 6/28
heterozygotes and WT in c-Fos levels, in all fiemditions Figure 4A). In the IL, a significant effect of
training on c-Fos levels was observed. Comparédbive group of WT animals elevated expression of c-
Fos was found in Ctx (p = 0.030), Rec (p = 0.038) Rem (p = 0.010) groups, while comparing to 5US
only in Ctx (p = 0.041) and Rem (p = 0.014) of #ane genotype. In T286Amice, increased levels of
c-Fos expression were noted in the animals follgwéontext exposure (p = 0.024 compared to 5US
group) and after remote extinction (p = 0.024 comegdo Naive and p < 0.001 compared to 5US). Both
WT and T286A" animals expressed similar levels of c-Fos acrdiséva training conditions Figure
4B). In the CG we also found a significant effectraining on c-Fos density. In WT animals an incesas
c-Fos expression was found in the Ctx group whenpawed to Naive (p = 0.035) and 5US (p = 0.020).
T286A" mice in turn showed more c-Fos positive cellshimRec (p = 0.031) and Rem extinction groups
(p = 0.005) when compared to the 5US grobjgyre 4C). In the RSA there was neither significant
genotype X training interaction nor effect of gemat or training on c-Fos expressioRigure 4D).
However, in the RSG, a significant effect of traipion c-Fos density was found; following remote
extinction (p = 0.036) the levels of c-Fos expressiere higher compared to the Naive group. No
differences between WT and T28BAnice were detected in any of the experimental gsdigure 4E).
There was a significant genotype x training inteoa; effect of training and genotype on c-Fos Isve

the ENT. T286A", but not WT animals, exhibited significant increasFos densities following remote
extinction when compared to Naive (p < 0.001), 5P 0.001), Ctx (p = 0.001) and Rec (p = 0.001)
groups. We also observed more c-Fos-positive tefl286A" mice after remote extinction, compared to
WT littermates (p = 0.011F{gure 4F).

5. The effect of T286A" mutation on fear extinction-induced c-Fos expressh in the
thalamus.

Our data indicate that the PrL and ENT are hypasaietd by remote fear attenuation in the
T286A" mice, as compared to other training groups. Asetfieain structures are directly interconnected
with hippocampus and amygdala (Do-Monte et al. 2E&tBlich et al. 2009; Hefner et al. 2008; Herry et
al. 2010; Milad and Quirk 2012; Vertes et al. 2006)by surpassing the thalamic and septal nuclei
(Aggleton et al. 2016; Do-Monte et al. 2015; Krktend Price 1977; Unal et al. 2015) we chasgoup
of anterior (anterodorsal - AD, anteromedial - Adhteroventral - AV, laterodorsal - LD) and midline
(centromedial - CM, mediodorsal - MD, paraventrisil PVT, nucleus reuniens - RE) thalamic nuclei
together with medial (MS) and lateral (LS) septatlei to examine their c-Fos expressigigure 5)
Moreover, contemporary studies implicate PVT (Dortp et al. 2015; Penzo et al. 2015), RE
(Ramanathan et al. 2018; Silva et al. 2018; Vattad 2017; Wheeler et al. 2013; Silva et al. 2024,
(Bradfield et al. 2013; Lee et al. 2012; Li et 2004) and LS (Vetere et al. 2017) in threat memory
processing but their role in remote fear memorgratation, remains elusive.
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In the CM we observed a significant interactionwestn training and genotype, as well as a
significant effect of genotype and condition onasfevels. Theost hoc Sidak tests found that T288A
mice of Rem group showed elevated c-Fos expressimpared to that in Naive, 5US, Ctx, and Rec (p <
0.001 equally). T286A mice have a significantly higher expression of &Falowing remote extinction
than the control WT animals (p < 0.0qQE)jgure 5A). Similar to the CM, there was a genotype x tranin
interaction, the effect of genotype and trainingcelRos expression in MD. The remote extinction group
of T286A™ mice had increased density of c-Fos compared toeN&US, Ctx, and Rec (p < 0.0Q%;
value equal to every comparison) of the same genotypeetVer, this group also had higher c-Fos levels
than WT littermates sacrificed after a remote estiim (p < 0.001)Figure 5B). In the PVT there was a
significant effect of training on c-Fos expressiBoth WT and T286X mice demonstrated increased c-
Fos counts after remote extinction: in WT compa@daive (p < 0.001), 5US (p < 0.001), Ctx (p =
0.002) and Rec (p = 0.042) of the same genotyp&286A" analogously Naive (p < 0.001), 5US (p <
0.001), Ctx (p < 0.001), and Rec (p = 0.004). pbst hoc Sidak test revealed no significant difference in
c-Fos density between Rem extinction groups of Vdd #286A7 mice (Figure 5C). In the RE we
observed a significant genotype x training intecacand the effect of training on c-Fos levétsst hoc
test showed, however, that only the T286Animals following remote extinction had raisedasEounts
compared to the Naive (p = 0.002), 5US (p < 0.0CL}, (p < 0.001) and Rec (p = 0.041) groups of the
same genotype. Moreover, following the remote exiom training T286A" mice showed significantly
more c-Fos positive cells than their WT littermafes= 0.016)(Figure 5D). Within the anterior division
of the thalamus, there was a significant interactietween the condition and training and the eftéct
training on the expression of c-Fos in AD. Agaiignfficantly more c-Fos-positive cells was detected
after remote extinction, compared to Naive (p =38)Q 5US (p = 0.020), Ctx (p = 0.049) and Rec (p =
0.010) groups, exclusively in T288Amice. Additionally, the Rem group of T288Amice presented
higher levels of c-Fos than Rem WT animals (p 49)@Figure 5E). In the AM we found a significant
effect of training on c-Fos density. Neverthelesgnificant differences were found neither withiarn
between the genotypes in all five training gro(iigure 5F). In the AV there was a significant effect of
training on c-Fos level$ost hoc Sidak tests revealed elevated c-Fos levels ifRéra group of T286&
mice in contrast to the 5US (p = 0.005) and Rec=(p.018) conditions, however, there were no
significant differences in c-Fos density betweesn genotypegFigure 5G). In the LD we have observed
a significant effect of training on c-Fos countsit mo effect of the genotype. The T286/animals
showed increased c-Fos counts following contexbexpe as compared to the control groups: Naive (p =
0.017) and 5US (p = 0.03@igure 5H). There was a significant effect of training, bot genotype, on
c-Fos expression in LS. However, tipest hoc tests revealed that only T288#nice expressed
significantly more c-Fos after remote extinctiomanhthe Naive (p = 0.009) or 5US (p = 0.006) mice of
the same genotyp@-igure 51). In the MS, there were statistically significarffeets of training and
genotype on c-Fos levels. Only T286Anice had higher c-Fos density in the remote extinagroup as
compared to the Naive (p < 0.001), 5US (p < 0.0CH,(p = 0.016) and Rec (p = 0.048) control groups
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Circuits of impaired remote extinction

There were also significantly more c-Fos positieéiscin T286A" MS than in the WT following remote
extinction (p = 0.030fFigure 5J).

DISCUSSION

In the current study, we analyzed neuronal comsladf remote contextual fear memory
extinction and the role of autophosphorylationa@aMKII in this process. We have shown for the first
time that the T286& mice exhibit impaired extinction of remote contedtfear memory, with spared
extinction of recent contextual fear. Our resuksndnstrate that remote fear memory extinction failu
was associated with upregulated c-Fos levels in ENT, RE, CM, MD, AD, and MS. c-Fos
immunomapping have been previously used to analgmeonal substrates of many aspects of contextual
fear memory processing, including fear memory emgpdPark and Chung 2019; Lin et al. 2018;
Frankland et al. 2004), recall (Wheeler et al. 2048l et al. 2001; Conejo et al. 2007), recenirestion
(Park and Chung 2019; Knox et al. 2016), remoténetion (Silva et al. 2018) and even extinction
deficits (Park and Chung 2019; Hefner et al. 20D8ukdar et al. 2018). Nevertheless, none of these
studies investigated the role of autophosphorytatitilCaMKII in remote fear memory extinction. None
of them, also have mapped the activity of brainmeg associated with remote fear extinction-deficit
that resemble clinically observed emotional disssdsuch as PTSD (Milad et al. 2009).

T286A mutants have severely impaired contextual feamory after a single conditioning trial,
but after a massed training protocol, T286A mutaais form contextual recent (1 d) and remote (30 d)
long-term memory (Irvine et al. 2005; Irvine et2011). This fact overlaps with our findings on 628"
mutants after intensive training they expressed bothemé@nd remote fear memory at the levels of WT
mice. Moreover, it has been shown that extinctibnrexent contextual fear is impaired in T286A
(Radwanska et al. 2011; Radwanska et al. 2015)reid86A" mutant mice (Kimura et al. 2008). In the
present study, we show for the first time that T286mice exhibit intact recent but impaired remote fea
memory extinction. In our experiments, WT and T286#ice learned similarly during recent extinction
session, while Kimurat al. (2008) observed better extinction performance if kMce, in an adequate
paradigm (24 h after conditioning). This discrepalikely results from the differences in the strémgf
fear conditioning training (1 vs. 5US). Thus oumndata and the review of the literature indicatat th
autophosphorylation oBCaMKIl affects persistence and stability of contmitfear memory and that
deficits in@CaMKII activity can be overcome by the intensitytioé training (Irvine et al. 2005; Irvine et
al. 2011).

In order to characterize brain circuits activateg impaired extinction, we used c-Fos

immunostaining to map brain regions related to extoal fear, and extinction learning.
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Circuits of impaired remote extinction

The hippocampus is involved in context-dependearnieg and fear memory (Kim and Fanselow
1992). Even in the absence ofCaMKIl autophosphorylation, contextual fear corafiing is
hippocampus-depende (Irvine et al. 2011). Studies omCaMKII*" mutants indicate that c-Fos
expression in the CA1 and/or CA3 areas of the lippmpus remains unchanged after fear conditioning,
recent or recall of contextual fear, as comparad/Tomice (Frankland et al. 2004; Yamasaki et a0&0
The remote recall of contextual fear downregulaté®s in the hippocampus of WT (Graff et al. 2014;
Wheeler et al. 2013), but not #CaMKII*" mice (Frankland et al. 2004). Contrary to our owson,
recent extinction of contextual fear enhances cexpgession in the hippocampus of WT as compared to
the Naive group of mice (Park and Chung 2019)s Thpossibly due to the difference in the basale
of c-Fos in Naive groups or, again fear conditigngmotocol (3 vs. 5 US). Noteworthy, we also obedrv
an upregulation of c-Fos signals in DG, in CTX, Raocd Rem group of WT mice compared to 5US
condition, which confirms the involvement of DGdantext perception and extinction learning (Khataf
al. 2018; McHugh et al. 2007; Besnard and Sahay6R0Olhe remote extinction, although does not
change c-Fos expression in dorsal CA1, CA3, and(Bitva et al. Graff 2018), which is in agreement
with our results, except for DG. However, to ouoWwhedge, there is no study examining IEG expression
in recent or remote fear extinction memories of TR86A” mice. Our analysis of c-Fos activation in the
hippocampus revealed a significant effect of gepetyn c-Fos levels expression in the DG, CA1l, and
CA3 areas of the hippocampus, however no differebegween WT and T286Amice across all tested

conditions were significant.

Nevertheless, it has been also proposed that pEotdampus remodel remote memories in the
absence of the original trace, an idea coined “asene construction theory” (for review see: Baand
Maguire 2019), thus unchanged neural activatiothnhippocampus during remote fear extinction may
not exclude its potential involvement in remote meymprocessing (see: Goshen et al. 2011; Taylal. et
2013). Complementary to this, a new study revedled the CA3 field of hippocampus plays a
modulatory role of remote, but not recent recallfedr memorwia long-range inhibitory pathway to
anterodorsal thalamus nucleus (Vetere et al. 200)s, it appeared plausible that similar mechasism
may be implicated in other hippocampus-originatimdibitory long-range connections, as some
examples of such circuits have also been previowegigrted in cortical (Melzer et al. 2012; Jinnaakt
2007; Yamawaki et al. 2019), septal (Takacs eR@l5; Toth and Freund 1992), and amygdalar nuclei
(Lubkemann et al. 2015). However, such discretaallys sparse projection could be missed with the c-

Fos labeling approach that we used here.

Another dominant brain hub, functionally intercootesl with hippocampus and implicated in
fear learning and its extinction is amygdala (Hezral. 2010; LeDoux and Phillips 1992; Lee efall 3;
Orsini and Maren 2012; Ehrlich et al. 2009; Ehrlaid Josselyn 2016; Herry and Mons 2004; Hobin et
al. 2003; Cambiaghi et al. 2016; I6&t al. 2004; Silva et al. 2018)
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Circuits of impaired remote extinction

Successful extinction of recent contextual fearsdoet specifically elevate c-Fos expression in
amygdala, which is in line with our results (Pankl&Chung 2019)0ur c-Fos analysis shows a significant
effect of training on c-Fos expression in LA, Cafdyd BLA, and enhanced c-Fos expression in LA, CeA,
and CeM of WT mice following a remote fear extinati session, supporting their role in this
phenomenonKigure 3). In contrast, the BLA exhibited no differencesifros levels between conditions
in WT mice, but a significantly stronger activatidaring remote extinction was detected in T286A
mice (Figure 3A). This stands in opposition to the results obtaibg Silva et al(2018), where WT mice
reflected higher c-Fos levels upon successful remsodtinction of contextual fear, although authors
analyzed BLA complex (basolateral and lateral nuoigether), while we have separated those strastur
Nevertheless, our results suggest tt@aMKII activity in BLA is involved in, but not crital for remote
fear memory processing. There are, however, noinecitbnal conclusions on whether th€aMKII
activity is essential for amygdala-dependent leagnimoreover, the role efCaMKIl in amygdala has not
been studied extensively. For example, one studyshhat inhibition ofuCaMKII activity in LA by
KN-62 leads to impairment of fear memory acquisitidgRodrigues et al. 2004). However, the c-Fos
expression in BLA ofiCaMKII*" mice was similar to WT littermates following coxiieal fear learning
(Yamasaki et al. 2008). Our pairwise comparisons-Bbs expression showed no significant differences
in c-Fos activation between T288Aand WT mice across all conditions, in any of tlegions of
amygdala Figure 3). Therefore, our observations provide anotherep@fcevidence in understanding the
role of thewCaMKII in amygdala-dependent learning and sugdestiCaMKII activity in the amygdala
is unlikely to be responsible for fear extinctiaildire.

The medial prefrontal cortex projections origingtinom the hippocampus are implicated in fear
memory extinction (Knapska et al. 2012; Giustinod aMlaren 2015). Several reports found the
retrosplenial and entorhinal cortices to be invdhe both fear extinction and contextual learnimg i
remote time-points (Corcoran et al. 2013; Silvalet2018; Baldi and Bucherelli 2014). In the cutren
study, we have noticed a lack of significant chanigec-Fos signal between T28%/and WT groups in
any of the conditions in PrL, IL, CG divisions offAC, and retrosplenial cortekigure 4). It is likely
that IL and CG are not directly implicated in cotitdependent extinction learning, as we observed no
differences in c-Fos expression between extincémom context groups, regardless of high c-Fos
activation, confirming the proposed role of theBactures in recognizing the contextual, rathentha

emotional component of fear memory (Silva et al. 180

Interestingly, the PrL, RSG, and ENT exhibited sHoyperexpression following impaired
extinction. Nevertheless, only ENT activity wasrsfigantly higher in T286A" than in WT mice Figure
4). High upregulation of PrL activity follows an dogical activation pattern found in BLA, which is
unique for impaired extinction in T286Amice. This confirms the previous observation tfas with

poor extinction memory showed higher unit activiyPrL than animals with good extinction memory
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(Burgos-Raobles et al. 2009). PrL and BLA are anataity and functionally interconnected (Vertes
2004; Hoover and Vertes 2007). The PrL is respdaéily eliciting fear (Milad and Quirk 2012; Peteats

al. 2009; Knapska and Maren 2009; Quirk and Be®62®ierra-Mercado et al. 2011), while BLA is
implicated in extinction memory encoding and coitldlon (Herry and Mons 2004; Zhang et al. 2020),
but also in regulating the expression of IEGs ie thippocampus during contextual fear memory
acquisition (Huff et al. 2006; Tronson et al. 2Q1&yditionally, the excitatory PrL-BLA pathway is
activated when animals encounter the fearful cdrdéxa remote time point to promote a high featesta
(Arruda-Carvalho and Clem 2014), and is presumablypressed when fear is attenuated (Cho et al.
2013; Laricchiuta et al. 2021). Consequently, tHeBLA connection is enhanced when the extinctién o
fear is impaired (Park and Chung 2020). Poor etiinaetention also correlates with upregulatedos-F
in these structures (Stafford et al. 2013). Therdirfigs are further supported by our observation,
suggesting that PrL is likely working in concertttwvBLA upon extinction failure of remote contextual
fear, although this mechanism is probably a@aMKII autophosphorylation-dependent.

Finally, we show that the entorhinal cortex is sy engaged when a mouse is unable to
extinguish remote contextual fear. Three lines\aflence support this hypothesis. Firstly, inhibitiof
the BLA-ENT impairs the acquisition of contextuaaf memories (Sparta et al. 2014). Secondly,
blocking the ENT activity deteriorates extinctioh @ntextual fear (Baldi and Bucherelli 2014). And
finally, blocking CaMKII activity in this structur@revents extinction of inhibitory avoidance memory
(Bevilaqua et al. 2006), suggesting that the ENTanselement of the neuronal circuit of defective

extinction and plausibly acts as a discriminatothaf emotional component of contextual fear.

A considerably large extent of evidence supportivjamic nuclei function in fear learning and
its extinction has been provided for PVT (Do-Moeteal. 2015; Chen and Bi 2019; Penzo et al. 2015;
Barson, Mack, and Gao 2020, RE (Ramanathan andnvE#9; Silva et al. 2018; Wheeler et al. 2013;
Vetere et al. 2017; Troyner and Bertoglio 2021y&#t al. 2021), MD (Corcoran et al. 2016; Herrd an
Garcia 2002; Li et al. 2004; Lee and Shin 2016) @M (Furlong, Richardson, and Mcnally 2016).
Relatively less is known about anterior thalamiclaiy however their connections with hippocampus,
anterior cingulate and retrosplenial cortices saggeat they might be involved in remote and cotuigix
memory processing (Jankowski et al. 2013), &isb in fear and extinction (Corcoran et al. 2016;
Marchand et al. 2014; Dupire et al. 2013; Jenlghsl. 2002; Vetere et al. 2021). Anteriorly to the
thalamus is septum, whose principal role is to mrtheta rhythms of the hippocampus (for review:
Buzsaki 2002; Colgin 2016; Vinogradova 1995). M8 &i$ are anatomically connected with RE, ENT,
RSC, (Bokor et al. 2002; Unal et al. 2015) and gladicipate in fear memory processing (Vetere et al
2017; Knox et al. 2016; Tronson et al. 2009).
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Despite this, we have not found significant changes-Fos activity in PVT, AM, AV, LD
thalamic nuclei, and lateral septum of T2868ompared to WT littermate mice in any of examined

conditions Figure 5).

On the other hand, we found high temporal- and nedespecific upregulation of the PVT
activity, where both genotypes showed hyperexposasei c-Fos following remote extinctiorFifure
5C), supporting its predominant role in processingr fmemory at remote time-points (Do-Monte et al.
2015; Silva et al. 2018). No genotype effect, imiusuggests thatCaMKII activity in the PVT is
dispensable during extinction learning. Moreov&yT activity is crucial for two contrasting form$ o
fear regulation at the same time, retrieval antihetion (Do-Monte et al. 2015; Tao et al. 2021)jieh
can explain higher activity found in both genotygefiowing remote extinction. It would be then
adequate to distinguish those opposite circuithiwithe PVT in future experiments, by labeling exrgr

cells of fear memory and validate its activity.

Interestingly, in our paradigm, impaired extinctiovas associated with a prominent c-Fos
increase in CM, MD, RE, AD, and M&ifure 5). Such distinctive activity patterns suggest thalline,
anterodorsal thalamus, and medial septum servealasddes in the brain circuit of impaired remotarfe
extinction and their activity depends on autophosphorylatior@a@aMKII-T286. Accumulating data
present that RE serves as a relay for modulatiorermfuring, aversive memories at system levels
(Wheeler et al. 2013; Vetere et al. 2017; Quetl.e2@G20; Ferraris et al. 2021) through CA1-RE-mPFC
pathway during recent fear extinction (Ramanattiaal.€2018) or IL-RE-BLA during remote (Silva et al
2021). Our observations show that RE is activatednvfear memory cannot be extinguished, however,
similar to Silva et al. (2021) we did not see etedaRE c-Fos expression upon successful remote
extinction in WT mice Eigure 5D). Successful contextual fear memory extinctionsdoet activate the
CM at remote time-point (Silva et al. 2018), whistsupported by our observation. Neverthelessntece
cued fear memory extinction induces c-Fos in thiscture (Furlong et al. 2016). The latter findiisg
inconsistent with our results and shows that CMifferently activated upon contextual and cued méce
fear extinction. Moreover, an increase in actigifyCM was noted exclusively after impaired rematerf
extinction Eigure 6A), which suggests that CM might be involved in argvexpression of fear when the
animal is re-exposed to the fearful context, bus tmypothesis has to be confirmed with additional

experiments.

The MD is reciprocally interconnected with IL, PEENT, and BLA (Tao et al. 2021; Lee et al.
2012; Zhang and Bertram 2002), and as shown by ¢lzem colleagues (2002), stimulation of MD
induces LTP in the BLA and ENT, which correspormlsipregulated c-Fos observed in these structures
following remote extinction of T286/A mice. This implies the possibility of the existenaf PrL-MD-
BLA-ENT functional connectivity upon impaired rermsogxtinction of contextual fear. In line with this

idea is the MD-BLA inactivation, which resulted impairment of recent fear extinction. This evidence
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also shows that MD-BLA feedforward inhibition supgolong-lasting fear attenuation (Baek et al.
2019). And finally, MD-mPFCinputs potentiation are required for the recall remote extinction
memory, supporting the notion that the engram estadit memory is scattered throughout the brain

network and is possibly controlled by subcortiegions (Hugues and Garcia 2007).

Consequently, AD is one of the major inputs to R8& Groen and Wyss 1990; van Groen and
Wyss 2003; Shibata 1993) and provides reciprocahections to hippocampus (Wyss et al. 1979; Vetere
et al. 2021). It has been shown that retrospleARltheta coherence increased after recent and e2mot
fear extinction, while gamma coherence prior to tertual fear conditioning predicted successful

extinction (Corcoran et al. 2016). et al.

The recent contextual fear retrieval requires Aflvity (Lopez et al. 2018), while the remote -
its active suppression through long-range inhilyitprojections from CA3 (Vetere et al. 2021). It is,
therefore, possible that low hippocampal activifyT@86A" mice, observed here, disrupted feedback
with AD and resulted in its hyperactivation upomte extinction. As Vetere et al. (2021) reports, a
similar effect was observed when inhibition of GA&#ic (CA3-AD) projections resulted in upregulated
c-Fos in AD only at remote time point of fear retral.

Impaired remote fear extinction is also accomparniigd hyperactivity in the MS region,
indicating a contribution of MS activity to the @dtion consolidation deficits. This observatiomdae
further supported by MS inactivation studies, shigathe evidence for MS involvement in auditory (Xia
et al. 2018) and contextual fear conditioning (@dtaau et al. 2007) through adaptive processirteof
contextual component or involvement in the acgioisitof fear extinction (Knox and Keller 2016).
Together with anatomical data, indicating densepvigections reaching ventral and dorsal hippocampus
(Amaral and Kurz 1985; Nyakas et al. 1987; Mulled &emy 2018; Khakpai et al. 2013) or ENT (Unal
et al. 2015) this may suggest a putative role of ®8ng with ENT and hippocampus) in processing the
contextual components of the possibly dangerougamment. Another line of support is that MS-CA1l
and MS-ENT connectome is involved in encoding secehown by (Justus et al. 2017; Fuhrmann et al.

2015). However, the detailed role of the MS in r&rextinction is far from clear.

Remote memory processing has been shown to engagel ippocampal-thalamic-cortical
networks (Wheeler et al. 2013; Sileaal. 2018; Vetere et al. 208ijva et al. 2021). Nevertheless, here
we provide evidence for septal-thalamic-corticajiomal co-activation upon remote fear extinctioatth
depends on autophosphorylationadaMKII-T286. Such observation indicates that ac¢iowa of these
brain areas changes in time and might be regulayedCaMKIl activity. A similar hypothesis was
proposed by Corcoran et al. (2013) who showed Rikak activation is differently engaged upon recent
and remote fear extinction. Therefore, the dateonmted here support the notion whereby the fear
extinction learning engages different neuronal oeksw and potentially uses different molecular

mechanisms as compared to recent fear extinctiogefhier, our results contribute to knowledge about
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functioning of circuits beyond impaired fear extioa, which is of great interest both for clinical
applications and for the basic understanding of owgnprocesses. Yet, further studies including
functional manipulation of septal-thalamic-cortiqgethways are necessary for a more comprehensive

understanding of their role in remote fear extimti
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Figure 1. Consolidation of remote fear extinction rmemory is impaired in T286A" mice.
(A-B) Experimental timeline and freezing levels of WT éapcircle), and T286A (black, full circle)
mice during fear conditioning, recefft) or remote(B) fear extinction session and retention test of fear
extinction memory. The WT mice, as well as T286@xhibited normal contextual recent fear extingtion
as they freeze significantly less during the testmpared to the first 5 minutes of extinction s&ssi
However, T286A" mice showed impaired remote fear extinction cddatibn compared to WT
littermates. Two-way ANOVA, and Tukeyjmost-hoc test were used; data with SEM * p < 0.05, **p <
0.01 ** *p < 0.001.(C) An experimental design for c-Fos expression analyBl) An example of a

microphotograph of immunolabeled c-Fos protélit). An overview of analyzed brain structures.

Figure 2. A c-Fos expression in the dorsal hippocapus fields CA1l, CA3, and DG do not differ
between WT and T286A" mice subjected to contextual fear conditioning andextinction.
Expression of c-Fos in the dorsal hippocampus. ®Geayg represent WT, control animals, while red bars
represent T286A aCaMKIl mice. (A) In the dCAL, no significant differences were obserin c-Fos
expression, in both WT (n=5-6) and T286/n=4-6) mice(B) Naive group of T286X (n=5-6) animals
exhibit diminished c-Fos levels in the dCAS fielfltbe hippocampus compared to WT (n=5-6) controls.
(C) In the dDG, there were no significant differenéeghe c-Fos levels between WT (n=4-6) and
T286A" (n=5-6) mice across all training conditions. MeanSEM are shown; Two-way ANOVA with
Sidakpost hoc test, gray * indicates significant difference beem conditions within the WT genotype,
while red T286A"; # indicates a significant difference between dggmes, within the condition. * p <
0.05, * p <0.01, ** p <0.001.

Figure 3. Regional activation of amygdalar structues did not differ between both genotypes, WT
and T286A" following extinction learning.
c-Fos density in amygdala. Gray bars represent d@fitrol animals, while red bars represent T286A
ECaMKIl mice. (A-D) No changes of c-Fos expression were observed bet@i@86A” and WT
animals in any of the subregions of amygdala. Me&a8&M are shown. For WT (n=5-6 in BLA, LA and
CeA, n=4-6 in CeM). For T286A(n=5-6 in BLA and LA, n=4-6 in CeA, n=5-6 in CeMJwo-way
ANOVA with Sidak post hoc test, gray * indicates significant difference beém conditions within the
WT genotype, while red T2864 * or p < 0.05, * p < 0.01, *** p < 0.001.

Figure 4. T286A™ aCaMKII but not WT mice display hyperactivation in t he ENT cortex following
remote fear memory extinction.
Expression of c-Fos in cortical structures. Graysbeepresent WT, control animals, while red bars
represent T286A aCaMKII mice. (A-E) In the PrL (n=4-6 for both WT and T2884, IL (n=4-6 for
both WT and T286X), CG (n=4-6 for both WT and T286A, RSA (n=5-6 for both WT and T286A
and RSG (n=5-6 for WT and n=4-6 for T286Athe c-Fos expression remained similar betweenand
T286A" animals in all five condition(F) In the ENT, T286A" (n=5-6) mice exhibit elevated c-Fos
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Circuits of impaired remote extinction

density following remote extinction in contrasttheir WT (n=4-6) littermates. Means £ SEM are shown
Two-way ANOVA with Sidakpost hoc test, gray * indicates significant difference beeén conditions
within the WT genotype, while red in T288A # indicates a significant difference between ggpes,
within the condition. * or # p < 0.05, ** p < 0.0%* p < 0.001.

Figure 5. Vast activation of CM, MD, RE, AD, and MS nuclei following remote extinction in
T286A"" aCaMKIl mice, but not WT.
Expression of c-Fos in midline thalamus, anteti@amus, and septum. Gray bars represent WT, dontro
animals, while red bars represent T286&CaMKIl mice. (A-B) Increased c-Fos density was observed
in T286A" compared to WT, following remote extinction in Cid MD (n=5-6 for WT and n=4-6 for
T286A" mice in both regions)C) In the PVT, no differences between WT (n=5-6) a2@GA"" (n=4-

6) mice were noted in any of the five conditiof®-E) T286A" animals that underwent remote
extinction procedure exhibited significantly elex@dtevels of c-Fos in RE (n=3-6 for WT and n=4-6 fo
T286A™) and AD (n=5-6 for WT and n=3-6 for T288A as compared to their WT littermat&B-1) In

the AM (n=4-6 for WT and n=3-6 for T2864, AV (n=4-6 for WT and n=3-6 for T286A), LD (n=4-6

for WT and n=4-5 for T286K) and LS (n=5-6 for WT and n=4-6 for T288A the WT and T286X
mice have comparable c-Fos densities across allcinditions(J) Again, in the MS, the T286A (n=3-

6) mice have significantly more c-Fos-positive sethan WT (n=3-6) animals following remote
extinction. Means = SEM are shown. Two-way ANOVAtwiSidak post hoc test, gray * indicates
significant difference between conditions withire tlvT genotype, while red T286A # indicates a
significant difference between genotypes, withia dondition. * or # p < 0.05, ** p < 0.01, *** or## p

< 0.001.
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