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A B S T R A C T   

Adolescence is a key phase of development for perturbations in fear extinction, with inability to adequately 
manage fear a potent factor for developing psychiatric disorders in adulthood. However, while behavioral cor-
relates of adolescent fear regulation are established to a degree, molecular mediators of extinction learning in 
adolescence remain largely unknown. In this study, we observed fear acquisition and fear extinction (across 4 
and 7 days) of adolescent and adult mice of both sexes and investigated how hippocampal levels of different 
plasticity markers relate to extinction learning. While fear was acquired evenly in males and females of both ages, 
fear extinction was found to be impaired in adolescent males. We also observed lower levels of GluA1, GLUN2A 
and GLUN2B subunits in male adolescents following fear acquisition, with an increase in their expression, as well 
as the activity of Erk-mTOR pathway over subsequent extinction sessions, which was paralleled with improved 
extinction learning. On the other hand, we detected no changes in plasticity-related proteins after fear acqui-
sition in females, with alterations in GluA1, GluA4 and GLUN2B levels across fear extinction sessions. Addi-
tionally, we did not discern any pattern regarding the Erk-mTOR activity in female mice associated with their 
extinction performance. Overall, our research identifies sex-specific synaptic properties in the hippocampus that 
underlie developmentally regulated differences in fear extinction learning. We also point out hippocampal 
NMDA-Erk-mTOR signaling as the driving force behind successful fear extinction in male adolescents, high-
lighting this pathway as a potential therapeutic target for fear-related disorders in the adolescent population.   

1. Introduction 

Fear-related disorders, such as post-traumatic stress disorder (PTSD), 
as well as anxiety disorders are highly prevalent, afflictive psychiatric 
ilnesses (Hoppen and Morina, 2019; Remes et al., 2016) characterized 
by aberrant processing of fear-inducing experiences resulting in a psy-
chological state of persistent, generalized fear (Lissek, 2012; Norrholm 
and Jovanovic, 2018). It is believed that the key role in the onset and 
maintenance of this unremitting form of fear belongs to dysregulated 
acquisition of fear and its subsequent extinction (Pitman et al., 2012). 
Furthermore, the still most effective treatment for PTSD and anxiety – 
cognitive-behavioral exposure therapy – relies on the principles of fear 
extinction learning (de Quervain et al., 2017). This emphasizes the 
importance of fear extinction paradigms as vital methods for under-
standing behavioral and molecular mechanisms involved in the 

pathophysiology of PTSD and anxiety as well as for optimizing and 
improving upon existing treatment protocols. 

While current treatments for fear-related disorders are administered 
with moderate efficiency in adults (Popiel et al., 2015; Rauch et al., 
2019; Zoellner et al., 2019), less attention is paid to their application in 
the adolescent population (Mavranezouli et al., 2020; Williams et al., 
2022). Adolescence is a developmental window of vulnerability for the 
onset of a number of psychiatric illnesses (Paus et al., 2008), most 
notably anxiety (Beesdo et al., 2009; Siegel and Dickstein, 2012), and it 
is estimated that around 75 % of adults with fear-related disorders met 
diagnostic criteria during late childhood and adolescence (Kim-Cohen 
et al., 2003). It is therefore not surprising that adolescence is marked by 
impaired fear extinction compared to adulthood (Baker and Richardson, 
2015; Kim et al., 2011; Lu et al., 2019; McCallum et al., 2010; Pattwell 
et al., 2012), which highlights the importance of understanding 
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molecular mechanisms of fear regulation in this developmental period. 
Furthermore, even though anxiety and PTSD are twice as likely to 

occur in female subjects (Catuzzi and Beck, 2014; Haskell et al., 2010), a 
single behavioral study to date explored extinction in adolescent females 
(Perry et al., 2020), creating the need for deeper analyses of molecular 
mediators of extinction learning in female mice, particularly 
adolescents. 

In recent years, relatively few rodent studies examined molecular 
mechanisms of fear extinction during adolescence. Within the existing 
literature, Pattwell and colleagues demonstrated electrophysiological 
alterations of glutamatergic transmission and changes in synaptic plas-
ticity in brain regions of adolescent mice involved in extinction learning 
processes (Pattwell et al., 2012). However, it remains unclear how 
different N-methyl-D-aspartate (NMDA) and α-amino-3--
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits 
affect extinction performance in adolescent cohorts. Furthermore, we 
also explored the role of other plasticity-related proteins in fear 
extinction, such as neural cell adhesion molecules (NCAMs) and 
mammalian target of rapamycin (mTOR), along with its upstream 
stimulator-extracellular signal regulated kinase (Erk) and downstream 
effector, P70 S6 kinase (P70S6K). Given that hippocampus is heavily 
involved in different types of associative learning (Corbit and Balleine, 
2000; Corcoran et al., 2005; Rajji et al., 2006; Zhang et al., 2017), 
including both contextual (Corcoran et al., 2005; Lacagnina et al., 2019) 
and cued extinction (Soler-Cedeno et al., 2019; Zhang et al., 2017), we 
aimed to investigate how hippocampal levels of these plasticity-related 
proteins relate to fear extinction across development in both male and 
female mice. 

2. Experimental procedures 

2.1. Animals 

All experiments were carried out on adolescent and adult (aged 29 
and 70 days) male and female C57BL/6 mice acquired from the Jackson 
Laboratory and bred in our facilities. Animals were housed 4 per stan-
dardized cage and had ad libitum access to food and water. They were 
held under a 12 h light/dark cycle in a room with controlled tempera-
ture of 20 ± 2 ◦C. To account for litter-driven effects, animals from 
different litters were randomly assigned to each experimental group. All 
experimental procedures were approved by the Ethical Committee of 
“VINČA” Institute of Nuclear Sciences-National Institute of thе Republic 
of Serbia (Application No. 10/2019) and by the Ethical Committee of the 
Veterinary Directorate of the Republic of Serbia (Approval No. 
323–07–00275/2020–05). All animal procedures were carried out in 
compliance with the U.K. Animals (Scientific procedures) Act, 1986 and 
the EU Directive 2010/63/EU for animal experiments. 

2.2. Experimental design 

Upon reaching postnatal days 29 and 70 (P29 and P70) – that is, 
adolescence and adulthood –, animals were subjected to cued fear 
conditioning and extinction protocols that lasted up to 8 days total. 
Namely, mice were randomly assigned to one of the three experimental 
protocols: fear conditioning (FC), fear extinction 4 days (E4) and fear 
extinction 7 days (E7). Each protocol subset was made up of 4 experi-
mental groups: P29 males, P70 males, P29 females and P70 females, 
bringing the total to 12 distinct groups, consisting of 12–15 animals each 
(Fig. 1.). 

FC groups were comprised of mice undergoing just the fear condi-
tioning procedure. On the other hand, animals assigned to E4 and E7 
groups were fear conditioned and subsequently subjected to 4 or 7 
consecutive days of extinction respectively (Fig. 1.). One hour after their 
last behavioral test, all animals were euthanised by cervical dislocation 
and their hippocampi were isolated for further molecular analyses. 

2.3. Behavioral analyses 

Cued fear conditioning was performed in a specialized square 
chamber set in a sound-attenuated box (Ugo Basile S.R.L., Gemonio, 
Italy), with foot shocks delivered via metal rods located on the chamber 
floor. Within a single trial, mice were first habituated to the conditioning 
chamber (sprayed with 0.1 % (vol) peppermint extract dissolved in 70 % 
EtOH) for 2 min and then fear conditioned using three tone-shock pre-
sentations. These stimuli pairings included a 30 s (5 kHz, 70 dB) tone 
(conditioned stimulus, CS) which coterminated with a 0.7-mA foot 
shock (unconditioned stimulus, US) during the last second. Stimuli 
presentations were separated by intervals of 30 s (intertrial intervals, 
ITIs). After the final CS-US presentation, animals were allowed to 
recover in the conditioning arena for 1 min before being returned to 
their home cages. The arena was scrubbed clean in between each animal 
with peppermint-scented ethanol. 

24 h following the conditioning procedure, mice were subjected to 
the first of 4 or 7 extinction trials depending on the group in question. 
Each subsequent trial was performed 24 h after the previous one. 
Extinction sessions were carried out in a new arena (green cylindrical 
chamber scented with 0.1 % (vol) lemon extract dissolved in 70 % EtOH) 
in order to eliminate the influence of conditioning context on FE. Ani-
mals were given 2 min for acclimation to chamber conditions, after 
which they were exposed to five 30 s tones (5 kHz, 70 dB) in the absence 
of US. ITIs between the tones lasted 30 s. After the final tone presenta-
tion, mice remained in the arena for 1 min before being returned to their 
home cages. The arena was cleaned after each animal with lemon- 
scented ethanol. 

All behavioral tests were computer-controlled using the EthoVision 
XT behavioral software (Noldus, Wageningen, the Netherlands) and 
mice were videotaped for later analysis of freezing behavior by re-
searchers blind to experimental groups. Freezing is defined as the lack of 
visible muscle movements except ones required for respiration (Pattwell 
et al., 2012) and was quantified as a species-specific measure of fear. 
Percentage of time spent freezing was calculated by dividing the number 
of seconds spent freezing during CS presentation by the duration of the 
stimulus (30 s). Fear conditioning and fear extinction procedures were 
performed following protocols established by Pattwell and colleagues. 

2.4. Preparation of the synaptosomal fraction 

After cervical dislocation, brains were swiftly taken out and 

Fig. 1. Schematic representation of experimental procedures. Abbreviations – FC: 
fear conditioning; P29: postnatal day 29; P70: postnatal day 70; E1-E7: fear 
extinction days 1–7. 
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hippocampi dissection was performed on ice. Crude synaptosomal 
fractions were prepared in line with the protocol outlined by Ronald 
Duman’s lab (Dwyer et al., 2012; Li et al., 2010). In short, tissue was 
homogenized in a solution containing 0.32 M sucrose, 20 mM HEPES 
(pH 7.3), 1 mM EDTA, 1 protease inhibitor cocktail, 5 mM NaF and 
1 mM NaVO3 and then centrifuged for 10 min at 2800 rpm. Pellets 
(nuclear fraction) were discarded, while supernatants were additionally 
centrifuged at 12000 rpm for 10 min to acquire pellets with crude syn-
aptosomes. These pellets were then resuspended and sonicated in RIPA 
lysis buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 % 
Triton X-100, 0.1 % SDS, 2 mM EDTA, 1 mM NaVO3, 5 mM NaF and 1 
protease inhibitor cocktail. 

2.5. Western blot analysis 

Synaptosomal protein concentration was determined through a 
spectrophotometric method adjusted by Markwell (Markwell et al., 
1978). Samples were then dissolved in denaturing buffer according to 
Laemmli (Laemmli, 1970) and incubated at 100 ◦C for 5 min 40 μg of 
total proteins were loaded on 7.5 % and 10 % gels and subjected to 
SDS-PAGE electrophoresis at a constant voltage (100 V). Using a stan-
dard blot system (mini Transblot, Bio-Rad), proteins were transferred 
onto a PVDF membrane (Immobilon-P membrane, Millipore) for 2 h at 
400 mA or overnight at constant voltage (30 V). The membrane was 
then blocked for 1 h in 5 % non-fat dry milk dissolved in 
phosphate-buffered saline and incubated in primary (overnight at 4 ◦C) 
and secondary HRP-conjugated antibodies (2 h at room temperature). 
Dilutions and catalogue numbers of primary antibodies used in this 
study are presented in Table 1., with β-actin applied as the loading 
control. Secondary antibodies used for detection were rabbit anti-mouse 
IgG-HRP and goat anti-rabbit IgG-HRP (Abcam). Signals were detected 
by enhanced chemiluminescent reagent (Pierce) and SuperSignal Femto 
Maximum Sensitivity Substrate (Thermo Scientific) after exposure to 
X-ray film (Fuji Photofilm). Protein bands were analyzed by densitom-
etry using Image J analysis PC software (NIH, Bethesda, MD) and 
quantities of all analyzed proteins were normalized to β-actin levels. 

2.6. Statistical analyses 

Data analysis was performed using IBM SPSS Statistics 20, STATIS-
TICA 7 and GraphPad Prism 8 software and within-sex comparisons 
were carried out on both the behavioral and molecular level. Freezing 
behavior across fear conditioning and each day of fear extinction was 

analyzed with two-way repeated measures ANOVA, with Bonferroni 
correction for post hoc analysis. In addition, we also calculated several 
behavioral parameters which cannot be mutually compared between 
different experimental protocols (FC vs E4 vs E7 groups), and this data 
was consequently analyzed by independent samples t-test. Western blot 
results were processed by two-way ANOVA, with post hoc Tukey test 
used for determining between-group differences in order to assess the 
influence of age, experimental protocol or their interaction on the 
measured protein levels in male and female mice. All data are presented 
as a mean value ± S.E.M. and statistical significance was accepted at 
p < 0.05. 

3. Results 

3.1. Fear acquisition and fear extinction across development 

In our research, we performed a detailed examination of fear-related 
behavior of adolescent and adult mice of both sexes. We monitored 
animals’ freezing behavior and calculated parameters indicative of their 
performance in different phases of fear-related learning. 

First, we wanted to determine whether fear is equally acquired in 
male and female mice regardless of their age. To that end, we analyzed 
animals’ freezing behavior across the fear conditioning paradigm. Even 
though male adolescents generally froze more than their adult coun-
terparts, we found no statistically significant differences in fear acqui-
sition across development in either of the sexes (Fig. 2. A and B). We 
should note that the same behavioral pattern was also observed in ani-
mals that went on to experience 4 and 7 days of extinction respectively 
(data shown in supplementary information, Fig. 1. SI and Fig. 2. SI). 

Next, we explored animals’ freezing behavior across 4 and 7 days of 
fear extinction, which allowed us to perform a comprehensive analysis 
of extinction learning in adolescent and adult mice of both sexes. We 
found that adolescent males exhibit higher freezing percentages during 
the first trial of Day 3 and Day 4 in both E4 (Day 3, age x trial: F(4100)=
3.41, p < 0.05; Day 4, age x trial: F(4100)= 5.15, p < 0.05; Fig. 3. A) 
and E7 groups (Day 3, age x trial: F(4,92)= 4.05, p < 0.05; Day 4, age x 
trial: F(4,92)= 4.44, p < 0.05; Fig. 3. C). This difference was abolished 
by Day 5, with comparable levels of freezing between adolescents and 
adults continuing until the end of the experiment. On the other hand, 
females failed to demonstrate any consistent differences in freezing 
behavior, with adult mice freezing more than adolescents during the 
second trial of Day 2 and Day 5, but only in the E7 group (Day 2, age: F 
(1,22)= 14.27, p < 0.05; Day 5, age: F(1,22)= 4.37, p < 0.05; Fig. 3. D). 

In addition, based on the freezing percentages outlined in Fig. 3, we 
calculated two behavioral parameters indicative of long-term and short- 
term extinction learning. Spontaneous recovery of fear with time allows 
us to evaluate animals’ ability to consolidate and retrieve extinction 
memory. Here, spontaneous recovery (SR) between different days was 
calculated by subtracting the percentage of freezing at the end of the 
previous day from the percentage of freezing at the start of the next day 
of FE. Our results show that adolescent males had greater fear recovery 
between first and second day in the E7 group (SR1: t(23) = 3.32, 
p < 0.05; Fig. 4. B), as well as between second and third (E4, SR2: t 
(25) = 3.11, p < 0.05; E7, SR2: t(23) = 2.95, p < 0.05; Fig. 4. A and 4. 
B), and third and fourth day of extinction in both E4 and E7 groups (E4, 
SR3: t(25) = 3.52, p < 0.05; E7, SR3: t(23) = 2.97, p < 0.05; Fig. 4. A 
and B) compared to adult mice. In females, there were some differences 
in fear recovery across the two ages, but they did not reach statistical 
significance for any day of FE. 

Finally, whereas spontaneous recovery between extinction sessions 
is indicative of long-term learning processes, within-session reduction of 
fear can be taken as a measure of short-term extinction acquisition. 
Within-session extinction is calculated as a differential between the 
freezing percentage at the beginning and at the end of a single extinction 
session within any given day of FE. In males, adolescents exhibited 
greater within-session extinction (WSE) than adults for days 3 and 4 in 

Table 1 
Dilutions and catalogue numbers of primary antibodies used for Western blot analysis. 
Abbreviations – GluA1: AMPA receptor subunit 1; GluA4: AMPA receptor sub-
unit 4; GLUN2A: NMDA receptor subunit 2A; GLUN2B: NMDA receptor subunit 
2B; psaNCAM: polysialylated neural cell adhesion molecule; NCAM: neural cell 
adhesion molecule; pErk1/2: phosphorylated extracellular signal-regulated ki-
nase 1/2; Erk1/2: extracellular signal-regulated kinase 1/2; pmTOR: phos-
phorylated mammalian target of rapamycin; mTOR: mammalian target of 
rapamycin; pP70S6K: phosphorylated P70 S6 kinase; P70S6K: P70 S6 kinase.  

Protein Dilution Company Cat. No. 

GluA1 1:500 Santa Cruz Biotechnology sc-55509 
GluA4 1:500 Cell Signaling Technology #8070 
GLUN2A 1:500 Santa Cruz Biotechnology sc-390094 
GLUN2B 1:1000 Millipore MAB5782 
psaNCAM 1:1000 Millipore MAB5324 
NCAM 1:2000 Millipore AB5032 
pErk1/2 (Thr202/Tyr204) 1:1000 Cell Signaling Technology #9101 
Erk1/2 1:1000 Cell Signaling Technology #9102 
pmTOR (Ser 2448) 1:500 Santa Cruz Biotechnology sc-101738 
mTOR 1:600 Santa Cruz Biotechnology sc-136269 
pP70S6K (Thr389) 1:1000 Cell Signaling Technology #9205 
P70S6K 1:1000 Cell Signaling Technology #9202 
β-Actin 1:4000 Abcam ab8227  
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E4 groups (WSE3: t(25) = 2.21, p < 0.05; WSE4: t(25) = 3.84, 
p < 0.05; Fig. 5. A), and for days 3, 4, 6 and 7 in E7 groups (WSE3: t 
(23) = 2.53, p < 0.05; WSE4 t(23) = 3.31, p < 0.05; WSE6: t(23) =
2.15, p < 0.05; WSE7: t(23) = 2.25, p < 0.05; Fig. 5. B). We again 
detected no differences regarding this parameter in female mice, 
although adolescent females showed a trend towards higher WSE than 
adult females for Days 1 and 4 in the E7 group (p < 0.1). 

3.2. Effects of fear extinction on glutamate receptors 

In this paper, we investigated the effects of fear learning and 
extinction across development on the expression of different glutamate 
receptors, synaptic plasticity markers and kinases of the mTOR signaling 
pathway. Levels of all the detected proteins were examined in hippo-
campal synaptoneurosomes of both sexes. Graph values within each sex 
are presented as a % of their designated controls (FC P29 males and 
females respectively). 

Regarding AMPA receptors, we observed an increase in GluA1 in fear 
conditioned (FC) male adults relative to adolescents (age x time point: F 
(2,18)= 12.40, p < 0.05; Fig. 6. A), whereas in E7 groups, adolescents 
exhibited higher expression of GluA1 than adults (age x time point: F 
(2,18)= 12.40, p < 0.05; Fig. 6. A). In addition, elevated levels of GluA1 
as well as GluA4 subunit were detected in E4 and E7 groups of adoles-
cents compared to FC mice (GluA1, time point: F(2,18)= 12.62, 
p < 0.05; GluA4, time point: F(2,18)= 6.93, p < 0.05; Fig. 6. A and B). 
We also found that E4 group of adolescent mice had greater levels of 
GluA4 than adults (age x time point: F(2,18)= 5.01, p < 0.05; Fig. 6. B). 
On the other hand, adolescent females had reduced levels of GluA1 and 
GluA4 subunit in E7 compared to E4 groups (GluA1, time point: F 
(2,18)= 17.41, p < 0.05; GluA4, time point: F(2,17)= 15.37, p < 0.05; 
Fig. 6. A and B), with the FC group also exhibiting lower levels of GluA4 
than E4 adolescents (time point: F(2,17)= 17.94, p < 0.05; Fig. 6. B). In 
adult females, E4 group was associated with increased amount of GluA1 
compared to E7 mice (time point: F(2,18)= 17.41, p < 0.05; Fig. 6. A), 
as well as with higher levels of GluA4 in comparison to FC mice (time 
point: F(2,17)= 15.37, p < 0.05; Fig. 6. B). 

When it comes to NMDA receptors, male mice demonstrated the 
same pattern of expression for GLUN2A and GLUN2B subunits. Adult 
fear conditioned animals (FC group) exhibited elevated levels of both 
subunits compared to their adolescent counterparts (GLUN2A, age x 
time point: F(2, 16)= 7.53, p < 0.05; GLUN2B, age x time point: F 
(2,17)= 7.81, p < 0.05; Fig. 6. C and D), while GLUN2A and GLUN2B 
levels were also increased in E4 and E7 groups of adolescents compared 
to FC mice (GLUN2A, age x time point: F(2, 16)= 7.53, p < 0.05; 
GLUN2B, time: F(2,17)= 4.93, p < 0.05; Fig. 6. C and D). As for females, 
both adolescent and adult E7 mice had decreased expression of GLUN2B 
in relation to their respective FC and E4 groups (time point: F(2,16)=

21.86, p < 0.05; Fig. 6. D). 

3.3. Effects of fear extinction on synaptic plasticity markers 

In order to examine synaptic plasticity changes during fear learning 
and extinction in adolescence and adulthood more thoroughly, we 
detected levels of neural cell adhesion molecule, NCAM and its poly-
sialylated form, psaNCAM. With the exception of E7 groups of female 
mice, adolescents demonstrated higher levels of psaNCAM than their 
adult counterparts regardless of their sex (FC, E4, E7 males, age: F(1, 
16)= 105.85, p < 0.05; FC, E4 females, age: F(1,17)= 101.88, p < 0.05;  
Fig. 7. A). On the other hand, E7 group of adolescent females demon-
strated a substantial drop in psaNCAM levels compared to both FC and 
E4 adolescents (time point: F(2,17)= 38.33, p < 0.05; Fig. 7. A). 

In regard to NCAM, it is expressed in the form of 3 major isoforms: 
120 kDa (NCAM 120), 140 kDa (NCAM 140) and 180 kDa (NCAM 180). 
We observed no significant changes in the expression of NCAM 120, 
while NCAM 140 was only altered in the E7 group of adolescent females, 
which demonstrated lower levels in relation to FC mice (time point: F 
(2,17)= 5.37, p < 0.05; Fig. 7. C). However, we observed several 
notable changes in NCAM 180. In adult males, E7 group exhibited 
significantly lower levels of NCAM 180 than both E7 adolescents (age: F 
(1,17)= 6.56, p < 0.05; Fig. 7. D) and the FC group of adult mice (time 
point: F(2,17)= 5.19, p < 0.05; Fig. 7. D). On the other hand, we 
observed reduced levels of NCAM 180 in the E7 group of adolescent 
females compared to both FC and E4 mice (time point: F(2,16)= 8.61, 
p < 0.05; Fig. 7. D). 

3.4. Effects of fear extinction on mTOR signaling pathway 

Finally, we took a closer look at how different kinases of the mTOR 
signaling cascade are altered with exposure to fear learning and its 
subsequent extinction in our two age cohorts. Since kinase activity is 
best represented as the ratio of phospho- over total- form, we have 
decided to showcase and discuss only the ratio of respective kinases of 
the mTOR pathway. 

In males, adolescents of the E7 group had elevated ratios for both 
Erk1 and Erk2 compared to the adult E7 mice (Erk 1, age: F(1,18)= 7.59, 
p < 0.05; Erk 2, age: F(1,18)= 42.80, p < 0.05; Fig. 8. A and B), with E7 
adolescents also exhibiting increased Erk2 ratio relative to their 
respective FC and E4 groups (age x time point: F(2,18)= 19.65, 
p < 0.05; Fig. 8. B). In addition, Erk1 ratio was significantly lower in the 
E7 adults in comparison to the E4 group (age x time point: F(2,18)=
6.56, p < 0.05; Fig. 8. A). Regarding females, we detected no changes in 
Erk 1 activity across our experiments, whereas the ratio of Erk2 was 
elevated in adolescents of the E7 group compared to the E7 adults (age x 
time point: F(2,18)= 5.62, p < 0.05; Fig. 8. B). Somewhat surprisingly, 

Fig. 2. Cued fear conditioning across development in male and female mice. (A) Males’ freezing behavior across fear conditioning. (B) Females’ freezing behavior across 
fear conditioning. Data are presented as mean ± SEM and were analyzed with two-way RM ANOVA within each sex, followed by post hoc Bonferroni correction, with 
conditioning trials as repeated variables and age as the independent variable. 
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there were no differences in the ratio of mTOR in either of the sexes 
(Fig. 8. C). However, we discovered a number of notable changes 
regarding the activity of the downstream kinase of mTOR, P70S6K. 
Namely, FC adolescent males had decreased ratio of P70S6K relative to 
their adult counterparts (age x time point: F(2,16)= 31.48, p < 0.05; 
Fig. 8. D), whereas P70S6K ratio was elevated in E4 and E7 adolescent 

males compared to E4 and E7 adult mice (age x time point: F(2,16)=
31.48, p < 0.05; Fig. 8. D). FC adolescents also exhibited lower ratio 
than E4 and E7 mice of the same age (age x time point: F(2,16)= 31.48, 
p < 0.05; Fig. 8. D), while FC adults had elevated ratio relative to their 
E4 and E7 groups (age x time point: F(2,16)= 31.48, p < 0.05; Fig. 8. D). 
Regarding females, differences between our two age cohorts could be 

Fig. 3. Cued fear extinction across development in male and female mice. (A) Males’ freezing behavior across 4 days of extinction. (B) Females’ freezing behavior across 
4 days of extinction. (C) Males’ freezing behavior across 7 days of extinction. (D) Females’ freezing behavior across 7 days of extinction. Data are presented as mean 
± SEM and were analyzed with two-way RM ANOVA for each extinction day, followed by post hoc Bonferroni correction, with trial as repeated variable and age as an 
independent variable. Statistically significant differences are given as p < 0.05. (* P29 vs. P70). 
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Fig. 4. Spontaneous recovery of fear across 
development in male and female mice. Freezing 
percentages for spontaneous recovery in E4 (A) 
and E7 (B) groups, calculated as follows: 
SR1 = E2T1-E1T5 ([Ext Day 2, Tone 1] - [Ext 
Day 1, Tone 5]); SR2 = E3T1-E2T5 ([Ext Day 3, 
Tone 1] - [Ext Day 2, Tone 5]); SR3 = E4T1- 
E3T5 ([Ext Day 4, Tone 1] - [Ext Day 3, Tone 
5]); SR4 = E5T1-E4T5 ([Ext Day 5, Tone 1] - 
[Ext Day 4, Tone 5]); SR5 = E6T1-E5T5 ([Ext 
Day 6, Tone 1] - [Ext Day 5, Tone 5]); 
SR6 = E7T1-E6T5 ([Ext Day 7, Tone 1] - [Ext 
Day 6, Tone 5]). Data are presented as mean 
± SEM and were analyzed within each sex with 
independent t-tests for each spontaneous re-
covery parameter. Statistically significant dif-
ferences are given as p < 0.05. (* P29 vs. P70).   

Fig. 5. Within-session extinction of fear across 
development in male and female mice. Freezing 
percentages for within-session extinction in E4 
(A) and E7 (B) groups, calculated as follows: 
WSE1 = E1T1-E1T5 ([Ext Day 1, Tone 1] - [Ext 
Day 1, Tone 5]); WSE2 = E2T1-E2T5 ([Ext Day 
2, Tone 1] - [Ext Day 2, Tone 5]); 
WSE3 = E3T1-E3T5 ([Ext Day 3, Tone 1] - [Ext 
Day 3, Tone 5]); WSE4 = E4T1-E4T5 ([Ext Day 
4, Tone 1] - [Ext Day 4, Tone 5]); 
WSE5 = E5T1-E5T5 ([Ext Day 5, Tone 1] - [Ext 
Day 5, Tone 5]); WSE6 = E6T1-E6T5 ([Ext Day 
6, Tone 1] - [Ext Day 6, Tone 5]); 
WSE7 = E7T1-E7T5 ([Ext Day 7, Tone 1] - [Ext 
Day 7, Tone 5]). Data are presented as mean 
± SEM and were analyzed within each sex with 
independent t-tests for each day of extinction. 
Statistically significant differences are given as 
p < 0.05. (* P29 vs. P70).   
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seen in the E4 and E7 groups. While E4 adolescents had decreased ac-
tivity of P70S6K relative to E4 adults (age x time point: F(2,16)= 27.54, 
p < 0.05; Fig. 8. D), E7 group of adolescents demonstrated greater ki-
nase ratio than adult E7 mice (age x time point: F(2,16)= 27.54, 
p < 0.05; Fig. 8. D). Furthermore, while P70S6K activity in adolescents 
was lower in the E4 group versus both FC and E7 groups (time point: F 
(2,16)= 13.99, p < 0.05; Fig. 8. D), adult females exhibited decreased 
P70S6K ratio in E7 mice relative to their respective FC and E4 groups 
(time point: F(2,16)= 13.99, p < 0.05; Fig. 8. D). 

4. Discussion 

In our study, we observed fear extinction behavior of adolescent and 
adult mice of both sexes across 4 and 7 days of extinction sessions. 
Furthermore, we explored the role of hippocampal glutamate receptors, 
cell adhesion molecules and Erk-mediated mTOR signaling in extinction 
learning across development in both males and females. 

4.1. Adolescence is marked by impaired fear extinction consolidation in a 
sex-specific manner 

Since alterations in extinction behavior can be a consequence of 
differences in fear acquisition, we first demonstrated that males and 
females of both age cohorts acquire fear pretty evenly. While Florido and 
colleagues reported higher freezing in adolescent mice across fear con-
ditioning compared to adults (Florido et al., 2021), several other studies 
showed that adolescents and adults exhibit comparable freezing levels 

during conditioning (Colon et al., 2018; Kim et al., 2011; Lu et al., 2019; 
McCallum et al., 2010). Coupled with our results, this indicates that any 
changes in extinction across development depend solely on altered 
extinction processes. 

Next, we showed that adolescent males have significantly higher 
freezing percentages at the beginning of Day 3 and Day 4 than adults, 
indicating less efficient fear extinction learning of this cohort. In addi-
tion, they also demonstrated higher recovery of fear responses across the 
first 4 days. As spontaneous recovery relates to long-term learning 
processes, this indicates that the observed impairment is related to 
diminished consolidation, retention, and/or recall of extinction memory 
(Quirk and Mueller, 2008). On the other hand, the efficacy of short-term 
learning and acquisition of extinction is reflected in the performance 
within individual extinction sessions (Quirk and Mueller, 2008). Here, 
adolescents had similar or even higher reduction of freezing than adults, 
which, contrary to the findings of Pattwell and colleagues (Pattwell 
et al., 2012), suggests they had no trouble acquiring fear extinction. 
However, as we previously argued, they struggled with extinction 
consolidation, retention and/or recall. Several studies, carried out in 
rats, reported elevated fear recovery and problems with extinction 
retention in male adolescents (Kim et al., 2011; McCallum et al., 2010). 
Interestingly, while there are some notable differences in fear processing 
between mice and rats (Bisby et al., 2021), our results closely matched 
those obtained in adolescent rats (Kim et al., 2011; McCallum et al., 
2010). McCallum and peers also showed that doubling the number of 
extinction trials can significantly improve long-term extinction in ado-
lescents (McCallum et al., 2010), which led us to conduct extinction 

Fig. 6. Protein expression of glutamate receptor subunits. Levels of AMPA (A, B) and NMDA (C, D) subunits were detected in the hippocampal synaptosomal fraction of 
fear conditioned (FC) and fear extinguished (E4 and E7) adolescent and adult mice of both sexes. Graph values within each sex are presented as a % of their 
designated controls (FC P29 males and females respectively). Data are presented as mean ± SEM and were analyzed with two-way ANOVA within each sex, followed 
by Tukey’s post hoc test with age and time point as independent variables. Statistically significant differences are given as p < 0.05. (* P29 vs. P70; # FC vs. E4 
vs. E7). 
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sessions over the additional 3 days. Male adolescents exhibited marked 
improvement in extinction learning at Day 5 already, as they demon-
strated comparable freezing levels to adult mice. This pattern then 
continued across the following 2 days, solidifying the link between the 
number of sessions and efficiency of extinction learning in adolescents. 

To the best of our knowledge, our research also represents the first 
direct comparison of extinction between adolescent and adult females. 
Here, adolescent females failed to show any impairments in extinction 
learning compared to adults, with adult mice even freezing more during 
two separate trials. However, this was not consistenly replicated across 
our experiments. Coupled with a lack of differences in fear recovery and 
within-session extinction, we argue that, overall, females have equally 
successful extinction learning across development. This absence of 
developmental differences in extinction of female mice could be 
attributed to the beneficial effects of gonadal hormones, especially 
estradiol, on extinction learning (Lebron-Milad and Milad, 2012). 
However, females have only just begun producing significant concen-
trations of gonadal hormones during adolescence (Bell, 2018), with 
elevated estradiol even associated with less efficient extinction (Perry 
et al., 2020), suggesting that other mechanisms could be responsible for 
the absence of developmental impairment in females’ extinction 
learning. We should also note here that Perry and colleagues examined 
fear extinction in rats, and this should be considered when discussing 
extinction of adolescent mice, due to species-related differences in fear 
processing of rats and mice (Bisby et al., 2021). 

4.2. Glutamate receptors are involved in fear extinction across 
development in both male and female mice 

The dysregulation of the glutamatergic system across the 

corticolimbic circuitry is heavily associated with fear-related psycho-
pathology (Averill et al., 2017), highlighting the crucial role of gluta-
mate receptors in processing fear-inducing experiences. In our study, 
fear conditioned adolescent males exhibited lower levels of GluA1, 
GLUN2A and GLUN2B subunits compared to adults. This was not asso-
ciated with any differences in fear conditioning, possibly due to fear 
learning being a primarily amygdala-dependent process (Keifer et al., 
2015; Maren and Quirk, 2004). However, it likely contributed to 
impaired extinction of adolescent males down the line, as AMPA and 
NMDA receptors are important for successful extinction learning (Ren 
et al., 2013; Xue et al., 2014; Zhang et al., 2017), owing to their role in 
activity-dependent synaptic plasticity (Sanderson et al., 2008; Shipton 
and Paulsen, 2014). As the expression of GluA1, GLUN2A and GLUN2B 
increased with extinction training sessions, adolescents normalized their 
freezing behavior. However, GluA1, GLUN2A and GLUN2B peaked at 
Day 4 already, whereas extinction improvement is not seen until Day 5, 
indicating they may be involved in extinction consolidation, which 
corresponds to previous studies linking GluA1 to consolidation of 
reward-based associative learning (Cai et al., 2013) and NMDA re-
ceptors to consolidation of fear extinction (Santini et al., 2001). In 
addition, GluA4 subunit is also up-regulated as adolescents undergo 
extinction sessions, exerting a similarly delayed effect as GluA1. Con-
trary to male mice, adolescent females did not experience any extinction 
deficits, with similar patterns of expression for GluA1, GluA4 and 
GLUN2B in both age cohorts. Our results suggest that GluA1, GluA4 and 
GLUN2B are involved in females’ fear extinction during its initial days 
and regardless of their age, with subsequent decrease in GluA1 and 
GLUN2B possibly a result of self-regulatory synaptic scaling-down 
(Perez-Otano and Ehlers, 2005; Wang et al., 2012). Altogether, GluA1, 
GluA4 and GLUN2B are all implicated in fear extinction of female mice, 

Fig. 7. Protein expression of neural cell adhesion molecules. Levels of psaNCAM (A) and NCAM (B, C, D) isoforms were detected in the hippocampal synaptosomal 
fraction of fear conditioned (FC) and fear extinguished (E4 and E7) adolescent and adult mice of both sexes. Graph values within each sex are presented as a % of 
their designated controls (FC P29 males and females respectively). Data are presented as mean ± SEM and were analyzed with two-way ANOVA within each sex, 
followed by Tukey’s post hoc test with age and time point as independent variables. Statistically significant differences are given as p < 0.05. (* P29 vs. P70; # FC vs. 
E4 vs. E7). 
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with AMPA receptors seemingly playing a more prominent role. As 
AMPARs mediate faster synaptic transmission than NMDARs (Clements 
et al., 1998), this offers a potential explanation for females’ overall more 
efficient extinction response. However, this result could also be attrib-
uted to the density of hippocampal AMPA receptors being significantly 
influenced by hormonal changes experienced during the estrous cycle 
(Palomero-Gallagher et al., 2003). On the whole, our results suggest that 
glutamate receptors play an important role in extinction learning of 
adolescent and adult mice of both sexes, with AMPA and NMDA 
up-regulation closely associated with extinction improvements in male 
adolescents. 

4.3. psaNCAM is developmentally regulated in both sexes 

Apart from glutamate receptors, cell adhesion molecules represent 
key regulators of synaptic plasticity, playing an essential role in the 
formation, maturation and maintenance of synapses (Sytnyk et al., 
2017). While NCAM aids in the stabilization of potentiated synapses, the 
attachment of negatively charged PSA tail negatively influences cell 
adhesion, promoting axonal outgrowth and branching as well as syn-
aptogenesis (Kleene and Schachner, 2004; Rutishauser and Landmesser, 
1996). As expression of psaNCAM is most notable during development 
(Kleene and Schachner, 2004), it is not surprising that adolescents 
exhibited higher levels of psaNCAM than adults, regardless of their sex. 
However, psaNCAM levels of adolescent females at Day 7 fell to those of 
adult mice, whereas psaNCAM of adolescent males remained elevated 

relative to adults. Since polysialylated NCAM is required for the estab-
lishment of long-term memory (Lopez-Fernandez et al., 2007; Seymour 
et al., 2008), this indicates that adolescent males still actively consoli-
dated extinction memory at this point, likely due to their initially 
impaired extinction learning. In addition, they maintained the levels of 
synapse-stabilizing NCAM 180 kDa isoform (Fux et al., 2003), further 
indicating their prolonged engagement in extinction learning. On the 
other hand, female adolescents’ NCAM 140 and NCAM 180 levels were 
down-regulated by Day 7, as they demonstrated faster and more efficient 
extinction than their male counterparts. However, while NCAMs do 
contribute to stabilization of extinction memory, their levels, particu-
larly that of psaNCAM, seem to be more developmentally regulated 
rather than associated with extinction performance. 

4.4. Erk-mediated mTOR pathway potentiates fear extinction of 
adolescent males 

Finally, mTOR is an integrator of cell signaling involved in dendritic 
translational control and the resulting long-term synaptic plasticity 
(Hoeffer and Klann, 2010), which forms the basis of long-term extinction 
memory. As mTOR helps shape neuronal response to activity-induced 
signals, its function is closely related to glutamate receptors and 
various protein kinases sensitive to extracellular signals (Hoeffer and 
Klann, 2010). Of them, Erk was consistently reported to be involved in 
extinction-related learning processes (Cestari et al., 2014; Matsuda 
et al., 2015), which prompted us to explore the role of Erk-mediated 

Fig. 8. Protein expression of kinases of the mTOR signaling pathway. Levels of Erk1, Erk2, mTOR, and P70S6K were detected in the hippocampal synaptosomal fraction 
of fear conditioned (FC) and fear extinguished (E4 and E7) adolescent and adult mice of both sexes. All proteins are represented as the ratio between their phospho- 
and total- forms. Graph values within each sex are presented as a % of their designated controls (FC P29 males and females respectively). Data are presented as mean 
± SEM and were analyzed with two-way ANOVA within each sex, followed by Tukey’s post hoc test with age and time point as independent variables. Statistically 
significant differences are given as p < 0.05. (* P29 vs. P70; # FC vs. E4 vs. E7). 
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mTOR pathway in extinction learning of adolescents and adults. In 
males, adolescent E7 group demonstrated greater ratios of Erk 1, Erk 2 
and P70S6K than adults, with notable increase in kinase activity across 7 
days of extinction for Erk 2 and P70S6K. As adolescents likely still 
consolidate extinction memory on Day 7, this suggests that Erk and 
P70S6K participate in their extinction consolidation, whereas the 
extinction-driven increase in Erk2 and P70S6K activity contributed to 
adolescents overcoming their initial extinction impairment. However, 
while we detected elevated kinase activity of adolescents up- and 
downstream of mTOR, its own activity was surprisingly unaltered. 
Additionally, the activity of P70S6K was partially independent of Erk, 
which could be explained by its complex regulation via numerous other 
kinases (Qiu et al., 2004; Romanelli et al., 2002). For the most part, our 
results match the existing literature in the field of fear extinction. Erk 
has a longstanding history of being involved in memory consolidation 
processes (Cestari et al., 2014), and its phosphorylation in the prefrontal 
cortex is necessary for fear extinction consolidation in adult and 
adolescent rats (Hugues et al., 2006; Kim et al., 2011). Meanwhile, the 
activity of P70S6K across the corticolimbic circuitry was previously 
implicated in extinction acquisition and recall (Girgenti et al., 2017; 
Huynh et al., 2018). Regarding mTOR, it is possible that we failed to 
observe changes in its phosphorylation status due to its quick dynamics, 
as associative learning can be followed by very rapid and transient 
mTOR activation in the hippocampus (Bekinschtein et al., 2007). This is 
further bolstered by a finding that fear conditioning had no effect on 
mTOR phosphorylation in the amygdala 40 mins after the behavioral 
session (Florido et al., 2021). Finally, Girgenti and colleagues demon-
strated that facilitation of fear extinction via mTOR complex 1 signaling 
is not necessarily followed by mTOR phosphorylation, as long as its 
upstream (Erk) and downstream (P70S6K) kinases are active (Girgenti 
et al., 2017). As for female mice, we found no discernable pattern of 
expression for kinases across the Erk-mTOR pathway, suggesting some 
other molecular mechanism is responsible for their extinction learning. 

Looking at the broader picture, Erk-mediated mTOR signaling is 
coupled to both NMDA and AMPA receptors. NMDAR activation evokes 
calcium spikes (Grienberger et al., 2014), with reports of both GLUN2A- 
and GLUN2B-dependent calcium influx contributing to Erk phosphory-
lation (El Gaamouch et al., 2012; Jin and Feig, 2010; Kim et al., 2005; 
Krapivinsky et al., 2003; Sun et al., 2018). Consequently, elevated Erk 
activity of male adolescents on Day 7 could be a result of increased and 
maintained GLUN2A and GLUN2B levels observed after extinction ses-
sions. On the other hand, synaptic expression of GluA1 is one of the 
endpoints of mTOR signaling and P70S6K activation (Li et al., 2010). 
Here, P70S6K expression is mostly aligned with that of GluA1, with 
elevated GluA1 levels in male adolescents on Day 7, which highlights 
this subunit as one of the effectors of Erk-mTOR-P70S6K-dependent 
consolidation of extinction learning. 

4.5. Limitations 

Our research should be interpreted considering several limitations. 
Firstly, while we observed differences on behavioral and molecular level 
between male and female mice, we did not delve into the responsible 
mechanisms, as it was not a primary goal of this study. However, since 
gonadal hormones influence extinction learning (Lebron-Milad and 
Milad, 2012; Pace-Schott et al., 2013), it would be useful to analyze their 
levels and study the effects on plasticity-related proteins implicated in 
fear extinction. Additionally, owing to the complexity of experimental 
design and a large number of analyzed proteins, we pooled our samples, 
which precluded us from correlating protein levels to individual ani-
mals’ behavior, an approach that would be better suited for character-
izing individual differences in extinction learning. 

4.6. Conclusion 

Overall, our study shows that adolescent males have impaired fear 

extinction, more specifically impaired consolidation of extinction, with 
no significant differences found in female mice, indicating that adoles-
cence is marked by aberrant fear extinction in a sex-specific manner. 
Furthermore, we identify sex-specific synaptic properties in the hippo-
campus that underlie developmentally regulated differences in extinc-
tion learning. Namely, our results point towards the hippocampal 
NMDA-Erk-mTOR signaling being the driving force behind successful 
extinction learning of adolescent males, highlighting this pathway as a 
potential target for augmenting fear extinction and ameliorating 
symptoms of fear-related disorders in the adolescent population. 
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