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A B S T R A C T   

The extinction of conditioned fear is frequently used in laboratories as a model for human exposure therapy and 
is crucial for studies of posttraumatic stress disorder (PTSD). However, the efficacy of specific protocols can vary 
greatly, and the underlying brain mechanisms are not sufficiently clarified. To address this issue, variable 
starting time (one or twenty-eight days after fear conditioning) and extinction protocols were used, and the 
efficacy and durability of fear extinction were also studied. Changes in the behavior, stress hormone levels and 
neuronal activation patterns of stressed rats were analyzed. Conditioned fear was rapidly and efficiently extin-
guished by all the protocols investigated. However, when these extinction protocols were initiated one day after 
fear training, conditioned fear relapsed spontaneously four weeks later. In contrast, when extinction trials were 
started 28 days after conditioning, no relapse occurred. Hormone measurements taken by the end of extinction 
trials indicated that adrenocorticotropin, but not corticosterone responses reflected behavioral extinction 
without any sign of relapse. The last extinction training increased the activation of the medial prefrontal cortex 
and decreased the activation of the central and medial amygdala when extinction began one day after fear 
conditioning. By contrast, the activation of the basolateral amygdala and the entire hippocampus decreased by 
the last training session when extinction started 28 days after fear conditioning. Our findings show that 
extinction training can extinguish remote fear memories more effectively than recent ones, and that the brain 
mechanisms underlying remote and recent fear memory extinction differ. Laboratory models should also focus on 
a later time point to increase their translational value.   

1. Introduction 

Memories of frightening traumatic events can persist for a lifetime. 
Fear memory resistance to extinction can result in fear-related disorders 
such as anxiety and post-traumatic stress disorder (PTSD) [22,61], 
which prevalence is increasing worldwide. Except for certain cases (e.g. 
soldiers) [65], life-threatening events are unpredictable, therefore the 
preventive treatment to avoid the development of PTSD should start 
after the triggering incident. The most recommended treatment for 
PTSD is psychotherapy, which might focus on the memory of the trau-
matic event or its meaning during an exposure therapy [3,14,18,20]. 

The laboratory model of this therapy is called fear extinction [31,40,69]. 
For each trial, a conditioned stimulus (CS), such as a tone, is combined 
with a negative unconditioned stimulus (US), such as electric foot-shock. 
After the trials, the CS evokes fear responses such as freezing. Once 
learned, however, the animal is repeatedly presented to the CS in the 
absence of the US which induces the conditioned fear responses to 
extinguish [36]. The conditioned fear memory is not erased by extinc-
tion [44]; the “bad” fearful memory co-exists with the new “safe” 
memory learned through fear extinction [29,38,6,70]. The same cue is 
used to retrieve both memories, and it is unclear which memory will be 
retrieved in any given situation [49]. 
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The goal of exposure therapy is to assist in breaking the cycle of fear 
and avoidance and prevent relapse. To achieve this result with animal 
models, various protocols are used, ranging from less intensive, albeit 
prolonged [41,54] to rather intensive extinction trainings [58,69]. A 
systematic comparison of such protocols and the durability of extinction 
following them is still lacking. Moreover, many researchers focus on fear 
extinction in rodents shortly after conditioning training (starting 1–72 h 
after fear conditioning) [43,61]. However, research indicates that the 
level of fear at the time of intervention is critical to the effectiveness of 
extinction [35]. Another study found that immediate extinction cannot 
prevent the recovery of an extinguished fear response, and that the de-
gree of fear expressed during treatment is more important to its 
long-term efficacy than the acquisition-extinction interval [27]. While 
those studies were limited to 24 h after extinction training, our study 
aimed to extend this time frame to several weeks. In fact, symptoms of 
PTSD appear in human patients 2–6 months after trauma [1]. Thus, 
treatment usually begins long after trauma exposure. Laboratory models 
should also focus on a later time point to increase their translational 
value. Indeed, our previous research confirmed that a radically different 
neural activation pattern occurred 1 day (recent) than 28 days (remote) 
after fear conditioning, despite the same behavioral response [62]. 

The medial prefrontal cortex (mPFC) [22,24,42], amygdala [21,32, 
34] and hippocampus (HC) [12,4] are all heavily involved in the 
extinction of conditioned fear and may undergo structural and func-
tional changes [31,52,55]. HC–cortical networks are responsible for the 
context (as neutral conditioned stimulus) representation, whereas the 
basolateral amygdala (BLA) processes the pairing of the conditioned 
stimulus (e.g. context) with the unconditioned stimulus (e.g. electric 
shock) [16,46]. Furthermore, because the mPFC is thought to be 
responsible for the consolidation of extinction learning, its activation 
may prevent fear memory relapse [37]. 

Our aim was to investigate the efficacy of fear extinction training 1 or 
28 days after fear conditioning, as well as the associated neural and 
hormonal changes. We measured the freezing behavior of rats to assess 
the efficacy of three different extinction protocols based on their starting 
point (1 day vs 28 days) after fear induction. As fear can easily reappear 
even after successful extinction [23,30], the durability of fear extinction 
was also investigated four weeks later. Repeated blood sampling was 
conducted to analyze the adaptation of the stress hormone response 
(adrenocorticotropin (ACTH) and corticosterone). Furthermore, in the 
three previously mentioned brain regions (mPFC, amygdala and HC), we 
compared context-induced neuronal activation by c-Fos immunohisto-
chemistry with and without extinction training [13]. 

2. Materials and Methods 

2.1. Animals 

Subjects were male Wistar rats (n = 140, Charles River, Hungary) 
weighing approximately 300 g at the start of the experiments. Food and 
water were available ad libitum, while temperature and relative hu-
midity were kept at 22 ± 2 ◦C and 60 ± 10%, respectively. Rats were 
maintained in a reversed light cycle of 12 h with lights off at 9:00 h. 
Acclimatization to the day–night schedule lasted 2 weeks. Rats were 
isolated 3 days before the fear conditioning, and thereafter housed 
individually in Techniplast 1291 H Eurostandard Type III H cages (425 
×266 × 185 mm). 

Experiments were carried out in accordance with the European 
Communities Council Directive recommendations for the care and use of 
laboratory animals (2010/63/EU) and were reviewed and approved by 
the Animal Welfare Committee of the Institute of Experimental 
Medicine. 

2.2. Shock exposure 

Electric foot-shocks were administered at Day 0 (D0) as described in 

earlier studies [62]. Between 10 and 12 h a.m., in a separate, quiet room 
with day-light illumination, 3 mA electric shocks were administered via 
the metal grid floor of a Plexiglas cage (30 ×30×30 cm). For 5 min, two 
shock trains were delivered every minute (i.e., each subject received 10 
shocks). Each shock train lasted 1 s and was made up of 0.01 s shocks 
separated by 0.02 s breaks. Control rats were placed in a similar box for 
5 min, but no shocks were administered. Between shock sessions the box 
was cleaned with soapy water and then with tap water. 

2.3. Extinction protocols 

During extinction rats (n = 10 animals per protocol) were placed in 
the shocking apparatus but were not subjected to foot-shocks. We used 
three different extinction protocols, beginning on day 1 (D1, 24 h after 
fear conditioning) or day 28 (D28) following the foot-shock exposure. 
The extinction protocol and further investigations are depicted on Fig. 1. 
(Exp.1). 

Protocol 1 (7 ×1): Animals were reintroduced into the shocking 
chamber for 5 min once daily for 7 days without receiving shocks, and 
then at day 28 (D28) or day 56 (D56) (e.g., 3 weeks after the extinction 
protocol was terminated) to study possible relapse. 

Protocol 2 (3 ×5): Next, we used a more intensive protocol to test 
whether the intensity of the extinction training influences the durability 
of extinction. The 5 min reintroduction occurred 5 times per day, 3 days 
in a row, and once at D28/D56 (to test for relapse). Within a day, there 
was a 60-minute gap between two replacements. 

Protocol 3 (1 ×5): Observing extinction after 6 repetitions in the 
previous trial (3 ×5), our next question was whether further confirma-
tory reinstatement is required for durability. Thus, in this protocol the 
reintroduction was done 5 times for 5 min on the first day of the 
extinction procedure, once the next day, and once on D28/D56 
(relapse). Within a day, there was a 60-minute gap between two 
replacements. 

Protocol 1 was used in a separate set of animals for stress hormone 
measurement and c-Fos immunohistochemistry (IHC) investigation. 

2.4. Behavioral analysis 

Behavior was video-recorded, and later scored by an experimenter 
blind to the treatment groups using computer-based event recorder 
software (H77, Budapest, Hungary). Freezing behavior (no active 
movements except for breathing) was expressed as percentage of the 
total time of the test (5 min). Fear relapse was measured by the differ-
ence of the time percentage of freezing between the last day of extinction 
and 28 days after the extinction began (D28/D56). 

2.5. Hormone measurements 

In a separate set of animal (n = 40, ten in each experimental group) 
blood samples were collected from the tail vein during Protocol 1 right 
at the end of the appropriate reintroduction (Fig. 1, Exp.2). One day 
before the foot-shock, basal levels were measured. Additional blood 
samples were collected immediately following the foot-shock, on the 
first and last days of the extinction, and 28 days after the protocol began 
as a relapse sample. 

Blood samples were cooled on ice and after centrifugation 
(3000 rpm/min for 20 min) at 4 ◦C the serum was stored at − 20 ◦C for 
later hormone measurement. Plasma ACTH and corticosterone was 
measured by radioimmunoassay (RIA) in 50 or 10 μl unextracted 
plasma, respectively, as described earlier using specific antisera devel-
oped in our Institute [68]. The intra-assay coefficients of variation were 
4.7 or 12.3%, respectively. Samples from one experiment were 
measured in one RIA. 
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2.6. Immunohistochemistry 

In another set of rats (n = 5 in each experimental groups) neuronal 
activation patterns were studied by c-Fos immunohistochemistry on 
perfused brains collected 90 min after a single replacement at D1 or D28 
or after the last extinction training day of Protocol 1 [62] (Fig. 1, Exp.3). 
Half of the animals were shocked while the other half were non-shocked 
controls (but were placed in the shocking chamber) with a single 
replacement into the context or after extinction (grouping variables 
were (each with two options, -totaling 2×2x2 =8 groups): foot-shock, 
starting day of extinction and the fact of extinction). 

Animals were anaesthetized by the mixture of Ketamine (75 mg/kg), 
Xylazin (15 mg/kg) and Pipolphen (7.5 mg/kg) intraperitoneally and 
perfused through the ascending aorta with 150 ml ice-cold 0.1 M 
phosphate-buffered saline (PBS) followed by 300 ml 4% para-
formaldehyde (PFA) in 0.1 M PBS. The brains were removed, overnight 

post-fixed in PFA solution and cryoprotected by 20% sucrose in PBS at 
4 ◦C. Six series of 30 µm frozen sections were cut in the frontal plane on 
a sliding microtome. Floating sections were permeabilized by 0.5% 
Triton X-100 for 30 min. Endogenous peroxidase activity was blocked 
by 0.5% H2O2 for 30 min. Nonspecific antibody binding was prevented 
by 2% bovine serum albumin blocking solution for 30 min. The c-Fos 
protein was labeled for 48 h with a rabbit polyclonal antibody (1:5000, 
Santa Cruz Biotechnology, USA, sc-52). Primary antibodies were 
detected by biotinylated anti-rabbit goat serum (1:500) and avi-
din–biotin complex (1:1000, Vectastain ABC Kit, Vector Laboratories, 
USA) diluted in 0.05 M Tris buffer (pH 7.6) (Sigma-Aldrich). The 
peroxidase reaction was developed in the presence of 3,3′-dia-
minobenzidine tetrahydrochloride hydrate (DAB, Fluka, 0.2 mg/ml), 
nickel–ammonium sulfate (0.1%) and H2O2 (0.003%) dissolved in 
0.05 M Tris buffer. The sections were mounted on glass slides in chrome- 
gelatin solution (0.5% gelatin, 0.05% chrome(III)-sulfate). Dried 

Fig. 1. Schedule of experiments. On Day 0, we 
performed the foot-shock (red flash) in each 
experiment; on all other days the animals were 
returned to the same chamber without further 
foot-shock. Black triangles indicate the intro-
duction of animals into the shocking chamber 
and the recording of their behavior during the 
extinction protocols. Syringes represent blood 
sampling from tail in Experiment 2. On Day 
− 1, the basal hormone levels were measured. P 
(perfusion) denotes the day when the trans-
cardial perfusion for immunohistochemistry 
was performed in Experiment 3.   
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sections were incubated for 3 min in mixture of Xylene isomers and 
covered by a DPX mounting medium (Sigma). Section planes were 
standardized according to the atlas of Paxinos and Watson [45]. For 
quantifying c-Fos activation, microscopic images were digitized by an 
OLYMPUS CCD camera (2040 × 1536 pixels/image) using a 20x 
objective, and stained particles were counted by means of the Scion-
Image software developed at the National Institutes of Health, USA. 
Uniform thresholds were used, the size of stained particles was set be-
tween 20 and 200 pixels. At each level, the c-Fos signal was counted 
bilaterally in three sections that were 180 µm apart, and their average 
was considered. 

The following brain regions were investigated: cingulate cortex area 
1 (Cg1), prelimbic cortex (PrL), infralimbic cortex (IL) and dorsal 
peduncular cortex (DP) from the mPFC, the basolateral (BLA), central 
(CeA) and medial (MeA) part of the amygdala and area 1–3 of cornu 
ammonis (CA1–3) from the dorsal HC (Fig. 5). In all experimental setup 
control group meant non-shocked animals placed into the shocking 
chamber without shock. 

For better understanding of the mechanism behind the extinction of 
fear memory we illustrate the differences of the percentage of changes of 
the number of c-Fos immunopositive cells compared to the average of 
the respective non-shocked control animals (i.e., D1 extinction group 

Fig. 2. Expression of fear response (freezing) during extinction. A-C represent the time spent freezing when the extinction started 24 h (D1) after fear conditioning 
(recent fear memory protocols). D-F represent figures on remote fear response (e.g., extinction started on day 28 after fear conditioning). n = 10/group. 
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with fear conditioning was compared to D1 extinction group without 
fear conditioning using previous cage-mates which were tested on the 
very same days). 
((

c − Fosimmunopositivecellsinshockedanimal
averageof c − Fosimmunopositivecellsinallnon − shockedanimals

)

∗ 100
)

− 100  

2.7. Statistical analyses 

Data were analyzed by analysis of variance (ANOVA) using the 
STATISTICA 13.3 software package (TIBCO, USA). Two-way (factors 
protocol and starting date of extinction), three-way (factors foot-shock, 
starting day of extinction and the fact of extinction), repeated measure 
(factor foot-shock, repeated factor time) ANOVA or general linear model 
(factors foot-shock and time of extinction, repeated factors days, time 
points) were conducted. In case the main effect of ANOVA was signifi-
cant multiple pairwise comparisons were made by the Newman Keuls 
post hoc analysis. In case of changes in freezing (relapse on Fig. 3) the 
data were additionally tested by single sample t-test against 0 repre-
senting no relapse. Data were expressed as mean±SEM and the level of 
significance was set at p < 0.05. 

3. Results 

3.1. Experiment 1: Comparison of the effectiveness and durability of fear 
extinction protocols 

The freezing time was significantly reduced at the end of all three 
extinction protocols (Fig. 1) when compared to the first reintroduction 
to the fear context (Fig. 2; 7 ×1 protocol, effect of days: F(6,108)=34.459, 
p < 0.01; 3 × 5 protocol, effect of days: F(2,36)=88.488, p < 0.01; effect 
of time within the day: F(4,72)=15.446, p < 0.01; interaction between 
day and time: F(8,144)=7.371, p < 0.01; 1 × 5 protocol, effect of time: 
F(5,80)=20.001, p < 0.01). Indeed, in all cases, the animals showed 
reduced freezing already during the second reintroduction, which was 
further reduced on days 5 and 6 (7 ×1 protocol) or until the seventh 
occasion (2. day 2. replacement) (3 ×5 protocol). Based on these find-
ings, we terminated the extinction after the sixth occasion (the freezing 
was at its lowest at this point) and examined the extinction’s durability 
in this case as well (Fig. 2 C,F). 

All in all, all extinction protocols effectively diminished freezing in 
trauma context (even when comparing the first and last trial for all 
protocol, time: F(1,52)= 234.053, p < 0.01). The effectiveness of 
extinction was not different whether we started the protocol one or 28 
days after fear conditioning. Moreover, there was no significant differ-
ence between the different experimental protocols as well 
(F(5,52)= 1.403, p = 0.239). The only detectable difference was that - 
starting 28 days after the trauma - the 3 × 5 extinction protocol was 
more effective than the 1 × 5 one (protocol x time: F(5,52)= 4.711, 
p < 0.01; 3 × 5 vs 1 × 5: p = 0.015). 

When extinction was started at the following day after fear condi-
tioning, spontaneous relapse of fear was observed on D28 independently 
from the protocol (Fig. 3, significant effects by single sample t-test). 
However, when extinction was started on D28, the effect was more 
durable (no significant effects by single sample t-test; two-way ANOVA, 
starting date of extinction: F(1,52)=27.641, p < 0.01). 

The manifestation of fear was similar as described above during 
Exp.2 and 3 (Suppl. Figs. 1 and 2). During Exp.2 we even counted the 
number of faeces boli left in the shocking chamber after reintroduction 
and discovered a positive correlation between fear manifestation 
(freezing) and the number of faeces boli (Suppl. Fig. 1C, D). 

3.2. Experiment 2: ACTH and Corticosterone levels on recent and remote 
fear extinction protocols 

ACTH plasma concentration increased significantly after the foot- 
shock (effect of foot-shock: F(1,96)= 31.952, p < 0.01), remained high 
during the first reintroduction and then decreased 7 days later (days: 
F(4,96)= 6.412, p < 0.01; shock x day: F(4,96)= 6.049, p < 0.01) inde-
pendently from the start of the extinction protocol (Fig. 4A,B). When we 
returned the animals to the shocking chamber (context) 21 days after the 
extinction training ended, we found no hormonal relapse. 

Corticosterone levels were higher in fear conditioning groups (effect 
of foot-shock: F(1,141)= 5.391, p < 0.05) and increased in the days 
following the foot-shock (effect of day: F(4,141)= 4.665, p < 0.01; 
Fig. 4C,D). However, we were unable to detect any extinction-like 
changes or differences in the timing of the two extinctions (D1 vs 
D28). Accordingly, no relapses were detected. 

3.3. Experiment 3: Measurement of context-induced c-Fos activation in 
brain areas related to PTSD 

The statistical data of neuronal activation is presented in Table 1. 
Previous aversive event affected (mostly reduced) the fear conditioning 
box-induced neuronal activation in a limited part of the mPFC (Cg1 and 
IL), BLA, and all three examined HC regions (Table 1. column Trauma;  
Fig. 5). 

The starting day of extinction, on the other hand, had a significant 
effect in all studied brain areas (Table 1. column Start day), with higher 
levels in D28 groups compared to D1 groups. Extinction training 
decreased context-induced activation of MeA neurons while increased it 
in all three HC regions (Table 1. column Extinction). The effect of fear 
conditioning was influenced by the starting point of the extinction 
protocol in PrL, IL, BLA, CeA and CA3 regions (Table 1. column Tr x 
Day). The extinction training significantly affected the effect of fear 
conditioning in IL and whole HC (Table 1. column Tr x Ext). The starting 
point of the protocol influenced the effectiveness of extinction training 
in PrL, the entire amygdala, and HC (Table 1. column Day x Ext). Indeed, 
the extinction training starting on D1 or D28 modified the effect of fear 
conditioning on complementary brain areas. When started on D1, 
extinction training enhanced the fear conditioning-induced activation in 
the mPFC (more specifically in IL and DP), while in CeA and MeA 
reduced it (Table 2., interactions). On the other hand, when extinction 

Fig. 3. Relapse of fear response. When animals were reintroduced to the 
shocking cage 28 days (D1 protocol) or 56 days (D28 protocol) after shock, 
freezing increased in the D1 series but not in the D28 series. The data represent 
the difference in freezing between D28/56 and the last occasion of extinction. 
Single sample t test; D1(7 ×1): t(9)= 2.595, p = 0.029; D28(7 ×1): t(9)= 0.712, 
p = 0.494; D1(3 ×5): t(9)= 4.074, p = 0.003; D28(3 ×5): t(9)= − 0.565, 
p = 0.585; D1(1 ×5): t(9)= 4.243, p = 0.004; D28(1 ×5): t(9)= − 0.107, 
p = 0.917; n = 10/group *p < 0.05, * *p < 0.01 vs D1 by two-way ANOVA; 
$p < 0.05, $$p < 0.01 vs 0 by single sample t-test. 
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training started on D28, it reduced context-induced neuronal activation 
in BLA and all three regions of HC (Table 3. interactions). 

4. Discussion 

The main findings of this study were that (1) all protocols effectively 
reduced freezing as a sign of fear. (2) However, spontaneous relapse of 

fear was detected in protocols when the fear extinction was commenced 
on the day after fear conditioning, but not when the extinction training 
started at later time point (e.g. 28 days after fear conditioning). (3) 
ACTH levels measured at specific time points after a 5 min context 
exposure showed extinction without relapse; however, corticosterone 
levels were only affected by fear conditioning and no extinction could be 
detected. (4) When comparing recent and remote fear extinction 
training, distinct reminder-induced activation patterns of different brain 
areas were observed. When extinction began one day after fear condi-
tioning, mPFC, CeA, and MeA were more involved, whereas BLA and HC 
were more affected by later extinction training. 

PTSD patients are constantly re-experiencing the traumatic event 
through flashbacks trigged by environmental cues [67]. To avoid this 
disorder, therapeutic techniques must be carried out as efficiently as 
possible. In our hands all of the protocols we used diminished the sub-
jects’ freezing behavior, suggesting the erasure of their fearful mem-
ories. However, the durability of the extinction might be crucial. Fear 
extinction research suggested that slowing or impeding fear relapse may 
improve the long-term outcome of fear extinction [28]. When extinction 
training began 28 days after fear conditioning in Experiment 1, no sig-
nificant spontaneous relapse of fear memory was detected compared to 
recent extinction protocols. The relapse was more pronounced when the 
extinction was more intense over a shorter time-period (3 ×5 or 1 ×5 
protocols), so we chose the less intensive protocol (7 ×1) for future 
studies. Our findings were somewhat unexpected, implying that the 

Fig. 4. Hormone levels during extinction. ACTH (A, B) and corticosterone (C, D) levels were measured at the end of a 5 min exposure to context (or at rest, Basal 
levels) using extinction protocol 1. (7 ×1) started 1 (A, C) or 28 (B-D) days after unconditioned stimulus (foot-shock). Shocked animals had higher hormone levels 
regardless of when the extinction began. ACTH levels decreased during extinction, but corticosterone levels did not. Relapse was not present in any cases. n = 10/ 
group; * *p < 0.01 vs basal level; +p < 0.05 vs. D0 (foot-shock); $p < 0.05, $$p < 0.01 vs Control, non-shocked; #p < 0.05, ##p < 0.01 vs basal level in all cases. 

Table 1 
c-Fos activation, results of three-way ANOVA.  

Brain 
area 

Trauma Start 
day 

Extinction Tr x 
Day 

Tr x 
Ext 

Day x 
Ext 

Tr x 
Day X 
Ext 

Cg1 6.50 56.75      
PrL  145.92  4.77  13.52  
IL 6.88 122.69  5.93 4.94   
DP  134.25      
BLA 5.97 213.33  10.44  41.17 5.64 
CeA  593.62  25.39  18.66 7.04 
MeA  677.71 5.58   8.12  
CA1 9.41 12.31 7.78  3.97 5.35  
CA2 28.80 38.60 9.86  9.51 15.84  
CA3 32.41 14.24 17.64 6.19 21.53 17.07  

The F(1,29) values are given in the Table. Note, only significant changes are 
included, in case of non-significant changes the squares are left empty. 
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effect of immediate intervention was not as long-lasting as remote 
extinction therapy. However, a previous study already suggested that 
immediate extinction cannot prevent the recovery of an extinguished 
fear response [27]. Nevertheless, these findings, may aid in under-
standing the ineffectiveness of some early therapeutic interventions, 
such as Critical Incident Stress Management [17,66]. More research on 
the topic is required to fully elaborate this hypothesis. 

Studies investigating victims of traumatic events have demonstrated 
the importance of stress hormone levels in PTSD [50,60]. ACTH has long 

been recognized as a modulator of fear extinction. Administration of this 
hormone can impair extinction of conditioned avoidance behavior [63], 
while its antagonizing can facilitate fear extinction [15]. These data 
suggested that ACTH might contribute even to relapse. In our hands, at 
the end of a contextual reminder, the ACTH levels were higher during 
and one day after the electric foot-shock-induced trauma than in the 
control group. The fear conditioning box-induced level of this hormone 
had decreased significantly by the end of the fear extinction training and 
had remained low three weeks later, indicating no relapse. Since, 

Fig. 5. c-Fos activation on different brain areas 
in comparison to non-traumatized groups. (A) 
Representation of the examined brain areas. 
Extinction initiated at D1 (B) increased context- 
induced neuronal activation in some prefrontal 
cortical regions while decreasing it in the 
amygdala and hippocampus, whilst extinction 
initiated at 28 days (C) after fear conditioning 
only reduced it in the hippocampus. Abbrevia-
tions: Parts of the medial prefrontal cortex: Cg1: 
cingulate cortex 1; PrL: prelimbic cortex; IL: 
infralimbic cortex; DP: dorsal peduncular cor-
tex; CA1–3: cornu ammonis, different parts of 
the hippocampus; BLA: basolateral amygdala, 
CeA: central amygdala, MeA: medial amygdala, 
different parts of amygdala. n = 5/group 
* p < 0.05, ** p < 0.01 effect of extinction.   
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contrary to freezing, the ACTH concentrations were unaffected by the 
start of the extinction protocol (D1 vs D28), this hormone does not 
appear to be a good predictor of later relapse and does not appear to 
contribute to it. 

On the other hand, a growing body of evidence suggests that glu-
cocorticoids positively correlate with fear extinction success by influ-
encing fear memory formation and consolidation. [7]. Therefore, it was 
surprising that – although fear conditioning increased context-related 
corticosterone levels - no significant decrease of corticosterone was 
found after fear extinction. It is important to consider that corticosterone 
secretion shows ultradian rhythms [59], while we were concentrating 
on a single time point. Moreover, it follows ACTH changes with a 
considerable delay, thus, the chosen timepoint (right at the end of a 
contextual reminder, 5 min stimulation) may not be appropriate for its 
study. Therefore, further studies on the connections between cortico-
sterone fluctuation and fear extinction are required to discern the reason 
behind our results. Nonetheless, it is clear that acutely detectable 
corticosterone levels are not the primary determinant of the animal’s 
behavior during extinction, but they may have long-term consequences 
(i.e. affecting the behavior on the next day). 

Our group earlier investigated the effect of previous fear condition-
ing on context-induced neuronal activation [62]. In contrast to previous 
results in mPFC now we have seen reduced neuronal activation both at 
D1 and D28, while previously at D28 an increased activation was 
detected (see Fig. 5, white columns). In terms of the BLA, we confirmed 
previously detected reduction at D1 and enhancement at D28. We also 
replicated the findings in HC, with decreased activation at D1 and a 
non-significant increase in activation at D28 following trauma. 

The timing of extinction modulated mPFC activity differently, indi-
cating its importance in the process (Exp.3, Fig. 5). In general, context- 
induced c-Fos activation was stimulated by extinction at D1 only, IL and 
DP regions being the most sensitive ones. These findings are consistent 
with current knowledge of fear extinction circuitry, in which the IL 

subregion can enhance extinction by inhibiting the amygdala [9]. 
Recent research found that a thalamo-amydalar pathway is impli-

cated in remote, but not recent memory formation [56]. In contrast, 
orexin A, through regulation of the activity of the amygdala, could in-
fluence the retention of recent fear memory extinction, without affecting 
remote fear extinction [54]. In line with the divergent role of amygdala 
in recent and remote fear memory formation our c-Fos expression 
analysis showed a reduced activation after extinction with the D1 pro-
tocol. Interestingly, when the extinction training started 28 days after 
fear conditioning, it induced an activation of CeA and MeA compared to 
D1, with significant reduction in BLA compared to the non-extinction 
group. We might assume that these shifts contribute to the durability 
of the extinction. Indeed, previous studies has shown that manipulating 
the BLA can lead to a decreased fear relapse [48]. 

It has also been demonstrated that HC participates in fear extinction 
[11,12,2,19]. When we used a single acute reminder, HC showed 
reduced activation only 1 but not 28 days after fear conditioning sup-
porting changes in neuronal network activity. On the contrary, the 
extinction-induced impairment was only visible with the D28 protocol. 
This is in line with previous studies indicating that HC regions are 
associated with relapse of contextual fear memory after fear extinction 
[57]. Moreover, we can interpret the low c-fos levels as a sign that this 
brain area is less sensitive to environmental challenges. It might be 
considered as a reflection of isolation, which is an important symptom of 
PTSD [64]. 

5. Limitations 

Our study has certain limitations. To begin with, we only used male 
rats. Although masculinity is inconclusively associated with PTSD, in 
fact, there is a well-established 2:1 gender prevalence ratio favouring 
women [10,25,26]. Thus, females are more likely to require treatment 
by exposure therapy than male. Moreover, the underlying brain mech-
anisms might be also sex-dependent [33,39]. Thus, the impact of the 
examined parameters on females remains to be elucidated. 

In addition, we kept the time between the exposure training and the 
examination of the relapse constant instead of focusing on the time from 
the trauma exposure. We cannot entirely close out the possibility that 56 
days after trauma the D1 group would also show extinction. However, in 
previous studies both rats [47] and mice [8] showed progressive in-
crease rather than spontaneous decrease in fear response over time (e.g. 
comparing 1-month with 2-month after fear conditioning). Moreover, 
relapse in rats was suggested to be influenced more by the extinction-test 
interval than the acquisition-extinction interval [27]. Indeed, in another 
rat study when extinction was started after conditioning the freezing 
gradually "recovered", which can be explained by the independent 
storage of conditioning and extinction memory of fear [51]. However, in 
support for the effectiveness of the early intervention we have to admit 
that our D1 extinction started 24 h after fear conditioning, which might 
be already out of the window of memory consolidation, another prob-
ably optimal timepoint for exposure therapy [53,5]. 

We must admit that in our present set of data at D28 the control 
group have higher levels than at D1, which was previously detected in 
some, but not all, brain regions. We took extra precautions to ensure that 
the data could be compared, such as processing brains from all groups on 
the same day and using the same conditions and frame for immuno-
histochemistry and analysis (all compared slides were processed 
simultaneously). The inconsistencies can be explained by individual 
variations and further studies should focus on confirming the results. 

6. Conclusions 

Surprisingly, remote fear memories were more susceptible to 
extinction than recent ones. Differences in reminder-induced brain 
activation patterns suggest network reorganization over time which may 
open a time-window for neuronal plasticity and enables successful fear 

Table 2 
c-Fos activation to trauma-context, when the extinction training started on D1. 
Results of two-way ANOVA.  

Brain area Trauma Extinction Tr x Ext 

Cg1 9.36 6.30  
PrL  6.86  
IL  10.93 4.80 
DP  20.56 8.89 
BLA 10.46 17.34  
CeA 14.35 31.77 13.60 
MeA   26.90 
CA1 6.09 10.73  
CA2 15.77 23.61  
CA3 20.14 20.88  

The F(1,13) values are given in the Table. Note, only significant changes are 
included, in case of non-significant changes the squares are left empty. 

Table 3 
c-Fos activation to trauma-context, when the extinction training started on D28. 
Results of two-way ANOVA.  

Brain area Trauma Extinction Tr x Ext 

Cg1    
PrL 6.09 7.00  
IL 8.81   
DP    
BLA  24.13 14.51 
CeA 15.03   
MeA  8.49  
CA1   4.40 
CA2 13.47  10.19 
CA3 9.08  29.09 

The F(1,16) values are given in the Table. Note, only significant changes are 
included, in case of non-significant changes the squares are left empty. 
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extinction. As remote extinction protocol resembles human situations 
more closely (e.g., treatment normally start after appearance of the 
symptoms) we suggest that preclinical studies should focus on this later 
time point, particularly when looking for pharmacological treatment or 
its combination with exposure therapy. 
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