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Abstract: Adolescence is a developmental phase characterized by emotional turmoil and coincides
with the emergence of affective disorders. Inherited serotonin transporter (5-HTT) downregulation in
humans increases sensitivity to these disorders. To reveal whether and how 5-HTT gene variance
affects fear-driven behavior in adolescence, we tested wildtype and serotonin transporter knockout
(5-HTT−/−) rats of preadolescent, adolescent, and adult age for cued fear extinction and extinction
recall. To analyze neural circuit function, we quantified inhibitory synaptic contacts and, through
RT-PCR, the expression of c-Fos, brain-derived neurotrophic factor (BDNF), and NDMA receptor
subunits, in the medial prefrontal cortex (mPFC) and amygdala. Remarkably, the impaired recall of
conditioned fear that characterizes preadolescent and adult 5-HTT−/− rats was transiently normalized
during adolescence. This did not relate to altered inhibitory neurotransmission, since mPFC inhibitory
immunoreactivity was reduced in 5-HTT−/− rats across all ages and unaffected in the amygdala.
Rather, since mPFC (but not amygdala) c-Fos expression and NMDA receptor subunit 1 expression
were reduced in 5-HTT−/− rats during adolescence, and since PFC c-Fos correlated negatively with
fear extinction recall, the temporary normalization of fear extinction during adolescence could relate
to altered plasticity in the developing mPFC.

Keywords: serotonin transporter; rat; fear extinction; medial prefrontal cortex; NMDA; BDNF;
adolescence; age

1. Introduction

Adolescence is a period of physical and brain maturation that is characterized by emotional
turmoil and an increase in pervasive fears, and coincides with the emergence of anxiety and other
affective disorders [1–7]. Recent data implicates organizational changes of the cognitive control circuitry
regulating emotional behavior in this vulnerability during adolescence. More specifically, there is
evidence for relative immaturity of the medial prefrontal cortex (mPFC) and its top-down control
over subcortical areas mediating emotion and motivation such as the amygdala, whose development
precedes that of the PFC [3]. According to the developmental mismatch hypothesis, the delayed
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maturation of the PFC in comparison to the amygdala results in a temporary imbalance between
emotion and its regulatory processes [8]. However, there are substantial individual differences [9] in
this transient “imbalance” during adolescence, and the underlying mechanisms and factors influencing
the maturation process are not yet clear. As the PFC-amygdala circuit is dysfunctional in anxiety
disorders [10] that frequently emerge during adolescence and often persist into adulthood [11],
the understanding of the maturation of the PFC-amygdala circuit in healthy subjects is expected to
inform the pathophysiology of stress-related neuropsychiatric disorders.

Appropriate PFC-amygdala circuit balance is critical for adequate extinction of fear. Previous
research demonstrated that fear extinction is diminished in pre-adolescents and adolescents compared to
adults, in both humans and animals [12–14]. This phenomenon only applies to fear that is cue-dependent
and thus involving the PFC, whose activity—as assessed by c-Fos immunoreactivity—has been found to
be reduced during adolescence compared to preadolescence and adulthood [12]. In contrast, improved
extinction of contextual fear, as mediated by the hippocampus, is observed in adolescence compared to
preadolescence and adulthood [15].

GABAergic inhibitory signaling plays an important role in this regulation of fear. The excitability
of the basolateral amygdala (BLA), the amygdalar subnucleus responsible for maintaining the learned
fear-association [16], is regulated by inhibitory signaling of local GABAergic interneurons [17],
a mechanism by which fear and anxiety are attenuated [18]. Similarly, top-down control as mediated
by the infralimbic cortex (IL) is modulated by GABAergic inhibition. The infralimbic cortex (IL)
contributes to the inhibition of the fear response in the central amygdala (CeA) after successful fear
extinction via its glutamatergic excitatory projections to the intercalated cells of the amygdala. IL
function is regulated by excitatory inputs from several regions, including the BLA [19–21]. Although
these projections are glutamatergic, their stimulation in vivo primarily inhibits neural activity in
the PFC [22,23], which has been suggested to be caused by robust feedforward inhibition mediated
by GABAergic interneurons [23,24]. Similar to the amygdala, some hippocampal projections may
preferentially target IL interneurons, inhibiting IL output to downstream targets [25]. Besides this
local inhibition, the IL also receives inhibitory innervations from the dorsal raphe nucleus (DRN) [26]
as well as the basal forebrain [27]. Patients suffering from post-traumatic stress disorder, a disorder
of aberrant fear extinction, are characterized by abnormalities in GABAergic signaling within the
prefrontal cortex [28], implicating this local inhibitory circuit in its pathology. However, as of yet,
the exact contribution of these inhibitory circuits to the impaired fear extinction in adolescents remains
to be investigated.

Glutamate receptors represent another signaling system critical for the consolidation of extinction
memories. Previous studies have demonstrated that the partial NMDA receptor agonist D-cycloserine
(DCS) improves extinction retention in adolescent rats [13,29]. This implies that besides alterations in
GABAergic signaling, a failure to recruit N-methyl-D-aspartate (NMDA) receptors may contribute to
the impaired fear extinction during adolescence as well [12].

Brain-derived neurotrophic factor (BDNF) has also been implicated in fear circuitry maturation [30].
BDNF levels in the hippocampus peak during adolescence, suggesting that BDNF plays a key role
in the maturation of subcortical regions. Furthermore, developmental studies utilizing a genetic
BDNF single nucleotide polymorphism (Val66Met) knock-in mouse indicate that BDNFMet/Met mice
tested in preadolescence and early adolescence do not differ from wild-type controls regarding fear
extinction, but show an impairment during adulthood. These results indicate that the impairment
in cued fear extinction in BDNFMet/Met mice emerges in a time frame corresponding to the transition
from adolescence to adulthood and that BDNF may thus be critical in this developmental stage for
appropriate circuit development.

Interestingly, the adolescent behavioral and supposed neural phenotype shows striking similarities
to those seen in carriers of the low activity variant short (s) allele of the serotonin transporter linked
polymorphic region (5-HTTLPR) in humans. Adult s-allele carriers, which presumably display
increased extracellular serotonin levels, show increased acquisition [31] and reduced extinction [32]
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of conditioned fear, together with amygdala hyper-reactivity [33] and attenuated anatomical and
functional coupling between the mPFC and amygdala [34,35]. Thus, the behavioral and brain
phenotypes seen in adult carriers of the s-allele of the 5-HTTLPR may also imply a cortical-subcortical
functional imbalance. Serotonin acts as a neurotrophic factor during development, and variations
in serotonin availability occurring due to a limited availability of 5-HTT are thought to affect the
development of circuits involved in the regulation of emotional behavior [36–38]. This poses the
hypothesis that 5-HTTLPR may affect the development of the cortical-subcortical circuit, such that
the transitions from preadolescence to adolescence, and from adolescence to adulthood are altered in
5-HTTLPR s-allele carriers.

Serotonin transporter knockout (5-HTT−/−) rats are used as a model organism for the 5-HTTLPR
s-allele in humans and show many phenotypical similarities, both adaptive and maladaptive,
to s-allele carriers [39]. Similar to humans and rodents during adolescence, as well as adult
5-HTTLPR s-allele carriers, 5-HTT−/− rodents display impaired fear extinction (recall) [40–46]. Since
5-HTT−/− rats display decreased inhibitory GABAergic control over excitatory neurons in the cortex
during preadolescence [47], reduced expression of BDNF and GABA system components across
development [48], altered NMDA receptor subunit expression in the PFC at adulthood [49], and an
association with impaired fear extinction-reduced c-Fos expression in the IL [46], it is possible that the
5-HTT genotype affects the development of the PFC–amygdala circuitry and thereby fear extinction
recall across developmental stages.

Here, we employed a cued fear extinction paradigm to evaluate how differential 5-HTT expression
affects the development of fear extinction learning and recall across adolescence using homozygous
(5-HTT−/−) and heterozygous (5-HTT+/−) serotonin transporter knockout rats and compared them
to wildtype animals (5-HTT+/+). We assessed the population of inhibitory cells in the IL and BLA
by measuring the number of synaptic contacts expressing the inhibitory markers glutamic acid
decarboxylase 65 and 67 (GAD65/67). Additionally, we assessed expression levels of BDNF, NMDA
receptor subunits, and c-Fos in the PFC and amygdala at baseline and after fear extinction and fear
extinction recall across ages in 5-HTT+/+ and 5-HTT−/− rats.

2. Materials and Methods

2.1. Animals

All experiments were approved by the Committee for Animal Experiments of the Radboud
University Nijmegen Medical Centre, Nijmegen, the Netherlands, and all efforts were made to
minimize animal suffering and to reduce the number of animals used. Serotonin transporter knockout
rats (Slc6a41Hubr) were generated on a Wistar background by N-ethyl-N-nitrosurea (ENU)-induced
mutagenesis [50]. Experimental animals were derived from crossing heterozygous 5-HT transporter
knockout (5-HTT+/−) rats that were outcrossed for at least 12 generations with wildtype Wistar rats
obtained from Harlan Laboratories (Horst, the Netherlands). Ear punches were taken at the age of 21
days for genotyping, which was done by Kbiosciences (Hoddesdon, United Kingdom. Male adult
5-HTT−/−, 5-HTT+/−, and wildtype (5-HTT+/+) rats entered the experiment at p24 (preadolescent),
p35 (adolescent), or p70 (adult). The adult animals were housed in pairs, while the adolescent and
preadolescent animals were housed three per cage, in open cages. All animals had ad libitum access to
food and water. A 12 h light–dark cycle was maintained, with lights on at 8:00 a.m. All behavioral
experiments were performed between 8:00 a.m. and 6:00 p.m.

2.2. Apparatus

A 30.5 × 24.1 × 21 cm operant conditioning chamber (Model VFC-008, Med Associates) was used
for fear conditioning and sham conditioning. The box was housed within a sound-attenuating cubicle
and contained a white LED stimulus light, a white and near infrared house light, as well as a speaker
capable of producing an 85 dB 2.8 kHz tone. The metal grid floor of the apparatus was connected to
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a scrambled shock generator (model ENV-412, Med Associates) configured to deliver shocks at 0.6
mA intensity. Fear extinction and extinction recall were tested in a novel context, in a novel room.
The novel context consisted of a 25 × 25 × 30 cm Plexiglas cage, the bottom of which was covered with
a +/− 0.5-cm-thick layer of black bedding. In this context, 85 dB (measured at the center of the floor)
2.8 kHz auditory stimuli were delivered through a set of external speakers.

2.3. Procedure

In total, 329 rats were exposed to behavioral testing. As genotypes of the animals at some ages were
only known after completion of the protocol, relatively more 5-HTT+/− animals were tested compared to
5-HTT+/+ and 5-HTT−/− rats (n5-HTT

+/+
-p24 = 26, n5-HTT

+/+
-p35 = 30, n5-HTT

+/+
-p70 = 35, n5-HTT

+/−
-p24 = 51,

n5-HTT
+/−

-p35 = 79, n5-HTT
+/−

-p70 = 32, n5-HTT
−/−

-p24 = 25, n5-HTT
−/−

-p35 = 21, n5-HTT
−/−

-p70 = 30). On
the day on which the animals entered the experiment (p24 for the preadolescent group, p35 for the
adolescent group, and p70 for the adult group), the animals were habituated to the conditioning context
for 10 minutes. Twenty-four hours after habituation, animals were given a cued fear conditioning
session. Fear conditioning began with a 2-minute habituation period, followed by 5 instances of a
30-second 85 dB 2.8 kHz auditory stimulus co-terminating with a 1-second 0.6 mA foot shock, followed
by a 1-minute inter-trial interval. Twenty-four, 48, and 72 hours after conditioning, fear extinction and
two sessions of extinction recall were given, respectively. Thus, extinction learning and extinction recall
(2×) were assessed on three consecutive days. In each of these sessions, rats were exposed to a 2-minute
habituation period, after which 24 20-second presentations of the auditory stimulus were given, with
an inter-trial interval of 5 seconds. Sessions were recorded, and freezing was automatically assessed by
a software program (see below). For the conditioning and the habituation to the fear conditioning
chamber, the apparatus was cleaned before and after each animal using a tissue slightly dampened
with 70% EtOH. Water was used for cleaning in between the extinction and extinction recall sessions.

2.4. Assessment of Behavior

Time spent freezing during the conditioning session was not assessed, as previous work as
indicated no differences between genotypes in the acquisition of fear memory [46]. For assessing
the time spent freezing during extinction learning and both extinction recall sessions, we used
the Ethovision 9.0 behavioral software package (Noldus Information Technology B.V., Wageningen,
the Netherlands). Freezing was determined using the Activity Monitor feature of the software package.
The threshold for pixel change between frames was set between 0.05 and 0.09% (depending on the
specific camera in use, but not different between groups). Automatic assessment was compared to
manually scored samples in in total 696 samples of 20 seconds, derived from 29 extinction sessions by
two different observers blind to the genotype of the animal, and proved to be a reliable assessment of
freezing behavior (correlation between manual and automatic outcomes: r = 0.7397). To analyze fear
extinction learning, extinction sessions were divided into 6 blocks representing the average freezing
responses to 4 auditory cue presentations each. Average freezing to all auditory cue presentations
during the recall sessions was used as index for fear extinction recall.

Since 5-HTT+/− and 5-HTT+/+ showed a comparable behavioral profile, we focused on 5-HTT−/−

and 5-HTT+/+ rats during subsequent histological and molecular studies aiming to understand the
mechanisms underlying the genotype × age effects.

2.5. GAD65/67 Immunostaining

The immunostaining procedure was adopted from Olivier et al. (2008) and Nonkes et al.
(2010) [51,52]. Ninety minutes following either the extinction learning session or the second extinction
recall session, a subset of the rats (n = 5, randomly selected) were anesthetized and perfused
transcardially with 0.1 mol/L PBS, pH 7.3, followed by 4% paraformaldehyde dissolved in 0.1 mol/L
phosphate buffer (PB), pH 7.2. The pressure of the perfusion was reduced for the preadolescent
rats. Perfusion continued until signs of successful perfusion were observed (shaking limbs, stiff
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cheeks, etc.). Subsequently, the brains were removed from the skull and post-fixed overnight in 4%
paraformaldehyde at 4 ◦C. Before sectioning, the brains were cryoprotected with 30% sucrose in 0.1
mol/L PB. Forty-micrometer-thick brain sections were cut on a freezing microtome and collected in
six parallel series in 0.1 mol/L PBS containing 0.1% sodium azide. One series from each rat was used
for every staining. The free-floating sections were washed three times in PBS and preincubated with
0.3% perhydrol (30% H2O2, Merck, Darmstadt, Germany) for 30 min. After washing three times
in PBS, the sections were presoaked for 30 min in an incubation medium consisting of PBS with
0.1% bovine serum albumin and 0.5% Triton X-100. The sections were then incubated with goat
anti-GAD65/67, 1:2000 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), overnight on a shaker,
at room temperature, and consecutively incubated for 90 min at room temperature with biotinylated
donkey-anti-goat (Jackson Immuno Research Laboratories, West Grove, PA, USA) diluted 1:1500 in
incubation medium and for 90 min at room temperature with ABC-elite, diluted 1:800 in PB (Vector
Laboratories, Burlingame, CA, USA). Between incubations, sections were rinsed three times with
PBS. The GAD65/67–antibody peroxidase complex was made visible using 3,3-diaminobenzidine
tetrahydrochloride staining. Sections were incubated for 10 min in a chromogen solution consisting of
0.02% 3,3-diaminobenzidine tetrahydrochloride and 0.03% nickel–ammonium sulfate in 0.05 mol/L
Tris-buffer (pH 7.6) and subsequently for 10 min in chromogen solution containing 0.006% hydrogen
peroxide. This resulted in a blue–black staining. The sections were then rinsed three times in PBS and
mounted on gelatin chrome alum-coated glass slides, dried overnight in a stove at 37 ◦C, dehydrated in
an increased series of ethanol, cleared in xylene, embedded with Entellan (Merck), and coverslipped.

2.6. Quantification

Numbers of GAD65/67-immunopositive granules, representing inhibitory synaptic contacts,
were quantified using the software program Fiji ImageJ, a public domain image-processing program
(http://rsb.info.nih.gov/ij/) [53]. Granules were counted in the IL in equally framed sections across groups
at 2.20 from Bregma at ×40 magnification using an Axio Imager.A2 microscope (Zeiss, Oberkochen,
Germany). BLA GAD65/67 immunoreactivity was measured in sections at −1.88 mm from Bregma at
×40 magnification. The results for each subject are expressed as the total amount of immunopositive
granules counted in a standardized sample area measuring 281.6 × 211.2 um within each section.

2.7. Gene Expression Analyses

The remaining animals were sacrificed by rapid decapitation at 90 minutes following either the
extinction learning session or the second extinction recall session. Brains were rapidly removed from
the skull and quick-frozen on dry ice and stored at −80 °C until further processing.

Brains from WT and 5-HTT−/− rats were sectioned into 220 µm coronal slices on a Leica CM3050
S Research Cryostat (Leica Biosystems, Amsterdam, the Netherlands), with a chamber temperature
of −12 ◦C and an object temperature of −10 ◦C, after which regions of interest were punched out.
To be able to relate gene expression profiles following extinction (recall) to basal gene expression
patterns, additional naïve control WT and 5-HTT-/- brains were obtained and processed in a similar
fashion (n5-HTT

+/+
-p24 = 6, n5-HTT

+/+
-p35 = 7, n5-HTT

+/+
-p70 = 7, n5-HTT

−/−
-p24 = 7, n5-HTT

−/−
-p35 = 7,

n5-HTT
−/−

-p70 = 6). Medial prefrontal cortex punches were taken bilaterally with a 1.0 mm diameter
hollow needle from 8 subsequent slices (Bregma ≈ 3.70:2.20 mm), for a total of 32 punches (prelimbic
and infralimbic cortex were punched bilaterally and punches combined to obtain sufficient amounts of
material for gene expression analyses). Likewise, 8–10 1.0 mm diameter punches were taken from the
bilateral amygdala (Bregma ≈ −2.30: −3.30 mm).

Total RNA was isolated by a single step of guanidinium isothiocyanate/phenol extraction
using PureZol RNA isolation reagent (Bio-Rad Laboratories, Italy) according to the manufacturer’s
instructions and quantified by spectrophotometric analysis. Following total RNA extraction,
the samples were processed for real-time polymerase chain reaction (RT-PCR) to assess total BDNF,
NR1, NR2A, and c-Fos mRNA expression. An aliquot of each sample was treated with DNase to avoid

http://rsb.info.nih.gov/ij/
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DNA contamination. RNA was analyzed by TaqMan qRT-PCR instrument (CFX384 real time system,
Bio-Rad Laboratories, Segrate, Italy) using the iScriptTM one-step RT-PCR kit for probes (Bio-Rad
Laboratories, Segrate, Italy). Samples were run in 384 well formats in triplicate as multiplexed reactions
with a normalizing internal control (β-actin). Primers sequences (Table 1) used were purchased from
Eurofins MWG-Operon.

Table 1. Sequences of forward and reverse primers and probes used in real-time PCR analyses and
purchased from Eurofins MWG-Operon.

Gene Forward Primer Reverse Primer Probe

BDNF tot AAGTCTGCATTACATTCCTCGA GTTTTCTGAAAGAGGGACAGTTTAT TGTGGTTTGTTGCCGTTGCCAAG
NR1 TCATCTCTAGCCAGGTCTACG CAGAGTAGATGGACATTCGGG TGGGAGTGAAGTGGTCGTTGGG

NR2A GCACCAGTACATGACCAGATTC ACCAGTTTACAGCCTTCATCC CGTCCAACTTCCCGGTTTTCAAGC
c-Fos TCCTTACGGACTCCCCAC CTCCGTTTCTCTTCCTCTTCAG TGCTCTACTTTGCCCCTTCTGCC
β-actin CACTTTCTACAATGAGCTGCG CTGGATGGCTACGTACATGG TCTGGGTCATCTTTTCACGGTTGGC

Thermal cycling was initiated with an incubation at 50 ◦C for 10 min (RNA retrotranscription) and
then at 95 ◦C for 5 min (TaqMan polymerase activation). After this initial step, 39 cycles of PCR were
performed. Each PCR cycle consisted of heating the samples at 95 ◦C for 10 s to enable the melting
process and then for 30 s at 60 ◦C for the annealing and extension reactions. A comparative cycle
threshold method was used to calculate the relative target gene expression [54]

2.8. Statistics

All statistical analyses were performed using SPSS Statistics version 24.0 (SPSS Inc., IBM, Armonk,
NY, USA). Data are presented as mean ± standard error of the mean (SEM). Behavioral data were
analyzed using a repeated measures analysis of variance (ANOVA), whereas the immunohistochemical
and gene expression were analyzed using a 2-way ANOVA, with genotype and age (preadolescent,
adolescent, adult) as between-subject factors. Statistical testing on the latter was performed on obtained
deltaCT values, whereas data are plotted as fold-change expression levels relative to the preadolescent
5-HTT+/+ group. For Pearson correlation analyses between freezing and neural measures, we averaged
freezing rates observed during all cue presentations to a single measure. Probability p-values of less
than 0.05 were considered significant. Bonferroni correction was applied to correct for multiple testing
in post hoc tests.

3. Results

3.1. Freezing Behavior

Baseline freezing. To measure baseline freezing, we assessed freezing during the 2-minute stimulus
free period preceding the first extinction session. Freezing in response to the novel context was
significantly affected by age (F(2,319) = 41.016, p < 0.001), but not genotype (F(2,319) = 1.745, p = 0.176),
and no significant genotype × age interaction was found (F(4,319) < 1) (Figure 1). Bonferroni post hoc
analysis revealed that adolescent animals froze more upon novel context exposure than adult animals
(p < 0.001), while preadolescent animals froze more than adolescent and adult animals (both p < 0.001).

Fear extinction learning. In the extinction learning session, freezing during the cue presentations
reduced over blocks (F(5,324) = 145.945, p < 0.001), and this reduction (i.e. The speed of extinction
learning) was dependent on both age (block × age interaction; F(10,650) = 3.607, p < 0.001) and genotype
(block × genotype interaction; F(20,650) = 3.458, p < 0.001), but not on a genotype × age interaction
(F(20,1308) < 1) (Figure 1). Exploration of the genotype effect through post hoc tests revealed that
5-HTT−/− rats showed slower extinction learning than both 5-HTT+/− and 5-HTT+/+ rats (both p < 0.001),
whereas 5-HTT+/− and 5-HTT+/+ animals showed similar extinction rates (p = 0.653). Exploration of the
age effect revealed significant differences in extinction learning curves between all three ages, which
seemed to be driven by slower extinction in pre-adolescent compared to adolescent rats (p = 0.006) and



Brain Sci. 2019, 9, 118 7 of 19

lower initial freezing (in block 1) of adult rats compared to preadolescent rats (p = 0.008). There were
no age effects within the genotypes (p > 0.1).

First fear extinction recall. Total freezing during the first extinction recall session was used as a
behavioral indicator of the recall of the extinction memory acquired during the first fear extinction
learning session. We observed a main effect of genotype (F(2,144) = 4.051, p = 0.019), a trend-level
significant main effect of age (F(2,144) = 2.910, p = 0.058) and a genotype × age interaction for this
parameter (F(4,144) = 2.747, p = 0.031) (Figure 1). The latter appeared to be driven by a significant
effect of genotype in the preadolescent (F(2,46) = 6.016, p = 0.005), but not the adolescent (F(2,52) = 1.401,
p = 0.255) and adult animals (F(2,46) = 2.254, p = 0.116). The genotype effect in the preadolescent
group was driven by 5-HTT−/− rats, which froze significantly more than 5-HTT+/− (p = 0.012) and
5-HTT+/+ (p = 0.007) animals, while freezing was not different between 5-HTT+/− and 5-HTT+/+ animals
(p = 1.000). When comparing age effects in genotype groups we observed that fear extinction recall was
significantly affected by age in 5-HTT−/− rats (F(2,35) = 60.527, p = 0.004), but not 5-HTT+/+ (F(2,35) < 1)
and 5-HTT+/− (F(2,74) < 1 rats. The age effect in 5-HTT−/− rats was attributed to improved recall during
adolescence compared to preadolescence (p = 0.004) and adulthood (p = 0.049), in the absence of a
difference between the latter two groups (p = 0.471).

Second fear extinction recall. We found a main effect of genotype (F(2,142) = 8.601, p < 0.001), age
(F(2,142) = 10.756, p < 0.001), and genotype × age interaction (F(4,142) = 2.921, p = 0.023) in freezing
behavior during the second extinction recall session (Figure 1). Here, we found a significant effect of
genotype in the preadolescent (F(2,44) = 7.334, p = 0.002) and the adult group (F(2,46) = 6.115, p = 0.004),
but again not in the adolescent animals (F(2,52) < 1). 5-HTT−/− rats froze more than 5-HTT+/− and
5-HTT+/+ animals in both the preadolescent (p = 0.001 and p = 0.016, respectively) and the adult
(p = 0.005 and p = 0.057 respectively) age groups, while freezing between 5-HTT+/− and wildtype
animals was not different in either age group (both p-values = 1.000). When comparing age effects in
genotype groups, we observed that fear extinction recall was significantly affected by age in 5-HTT−/−

rats (F(2,35) = 75.819, p = 0.002), but not 5-HTT+/+ rats (F(2,35) = 1.286, p = 0.289). In 5-HTT−/− rats,
reduced freezing was observed during adolescence as compared to preadolescence (p = 0.002), but not
adulthood (p = 0.125), whereas freezing at these latter two ages did not differ significantly (p = 0.125).
In 5-HTT+/− rats, a significant effect of age was found (F(2,72) = 20.583, p = 0.037), caused by improved
fear extinction with age (resulting in a significant difference in freezing during recall in preadolescence
vs. adulthood (p = 0.036), whereas the other comparisons were non-significant (all p-values > 0.27)).
As all significant genotype effects were driven by aberrant behavior of the 5-HTT−/− rats, further neural
analyses focused on the comparison of these genotypes with their 5-HTT+/+ counterparts.

In Figure S1, the freezing per genotype across the three ages is depicted, and Figure S2 depicts the
freezing across blocks during the recall sessions.

3.2. GAD65/67 Immunoreactivity

Infralimbic cortex. The number of GAD65/67 immunopositive granules in the IL was significantly
affected by genotype (F(1,24) = 14.326, p = 0.001), but not age (F(2,24) = 2.110, p = 0.143), and no genotype
× age interaction could be detected (F(2,24) = 1.222, p = 0.312, Figure 2). The number of granules
expressing GAD65/67 was significantly reduced in 5-HTT−/− animals compared to 5-HTT+/+ animals
(p = 0.001). Although the effect of genotype did not significantly differ between age groups, post hoc
testing revealed the most prominent effects of genotype in preadolescent rats (p < 0.001), whereas
adolescent and adult rats did not display significant differences between genotypes (p-values > 0.3).

Basolateral amygdala. No effects of genotype (F(1,24) < 1) or age (F(1,24) < 1), nor a genotype ×
age interaction (F(2,24) = 1.583, p = 0.226), were found in the number of GAD65/67 immuno-positive
granules in the BLA (Figure 2).
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Figure 1. Fear conditioning behavioral data across extinction learning and the two extinction recall sessions.
Freezing during the 2-minute stimulus free baseline period preceding extinction learning decreased across
age in all genotypes. Fear extinction learning is impaired in preadolescent 5-HTT−/− rats, normalized in
this genotype during adolescence, and impaired again in adulthood. Fear extinction recall is impaired
in preadolescent 5-HTT−/− rats, normalized in this genotype during adolescence, and impaired again
in adulthood. Data are expressed as the mean % of time spent freezing during stimulus presentations
± standard error of the mean. #: a significant effect of genotype (p < 0.05); $: a significant effect of age
(p < 0.05); ¥: a significant age × genotype interaction (p < 0.05); *: a significant post hoc difference between
5-HTT−/− vs. 5-HTT+/− and/or 5-HTT+/+ rats (p < 0.05); **: a significant post hoc difference between
5-HTT−/− vs. 5-HTT+/− and/or 5-HTT+/+ rats (p < 0.05); & a significant effect of extinction block (p < 0.05);
@ a significant age × block interaction (p < 0.05); % a significant genotype × block interaction (p < 0.05).

3.3. Gene Expression Levels Neuronal Plasticity and Activity Genes

Basal expression. mPFC. In the mPFC of naive control animals (Figure 3, upper panel), c-Fos
expression was affected by genotype (F(1,32) = 16.321, p < 0.001) and age (F(2,32) = 3.502, p = 0.042),
but not by a genotype × age interaction (F(2,32) = 1.828, p = 0.177). These effects appeared to be driven by
significantly lower c-Fos expression levels in 5-HTT−/− compared to 5-HTT+/+ rats (p < 0.001), whereas
adolescent animals tended to display increased expression compared to pre-adolescent (p = 0.036),
but not adult (p = 0.236) rats. BDNF expression was also dependent on genotype (F(1,33) = 29.072,
p < 0.001) and age (F(2,33) = 27.108, p < 0.001), without displaying a genotype × age interaction
(F(2,33) < 1). Additionally, BDNF levels were significantly lower in 5-HTT−/− compared to 5-HTT+/+ rats
(p < 0.001), whereas adolescent rats displayed the highest expression (both p-values < 0.001), whereas
adult rats displayed higher levels than preadolescent rats (p = 0.007). NR1 levels only depended on the
age of the rat (F(2,33) = 71.644, p < 0.001), with again the adolescent rats displaying the highest expression
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(both p-values < 0.001), and adult rats displaying higher levels than preadolescent rats (p = 0.020).
NR2A levels were characterized by a main effect of age (F(2,32) = 113.835, p < 0.001) and a genotype
× age interaction (F(2,32) = 8.020, p = 0.002). Similarly to NR1 and BDNF, NR2A expression levels
were highest in adolescence (both p-values < 0.001), and adult rats showed higher NR2A expression
than pre-adolescent rats (p = 0.001). Moreover, in adolescence, 5-HTT−/− rats displayed significantly
higher NR2A expression levels compared to 5-HTT+/+ rats (p < 0.001), whereas no differences between
genotypes were observed at preadolescence (p = 0.165) and adulthood (p = 0.666).

Figure 2. GAD65/67 immunoreactivity in the infralimbic cortex (IL) and basolateral amygdala (BLA)
of preadolescent (p24), adolescent (p35), and adult (p70) 5-HTT−/− and 5-HTT+/+ rats. GAD 65/67
immunoreactivity is significantly reduced in preadolescent, adolescent, and adult 5-HTT−/− animals in
the IL, but not BLA. #: a significant effect of genotype (p < 0.05).

Figure 3. Relative expression levels of c-Fos, BDNF, NR1, and NR2A in the medial prefrontal cortex
(mPFC) and amygdala of naive preadolescent (p24), adolescent (p35), and adult (p70) 5-HTT−/− and
5-HTT+/+ rats. #: a significant effect of genotype (p < 0.05); $: a significant effect of age (p < 0.05); ¥: a
significant age × genotype interaction (p < 0.05); *: a significant post hoc difference between 5-HTT−/−

vs. age-matched 5-HTT+/+ rats (* p < 0.05; *** p < 0.001).
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Amygdala. In the amygdala (Figure 3, lower panel), c-Fos expression was modulated by age
(F(2,34) = 7.090, p = 0.003), but not genotype (F(1,34) < 1) nor a genotype × age interaction (F(2,34) = 1.171,
p = 0.322). This age effect was driven by a significantly higher expression in adolescent compared to
preadolescent (p = 0.005) and adult rats (p = 0.011), whereas no differences between these latter age
groups were found (p = 1.000). BDNF expression in the amygdala was modulated by a genotype ×
age interaction (F(2,32) = 6.067, p = 0.006), but no main effects (both p-values > 0.2). Further testing
suggested that this interaction was driven by lower amygdala BDNF expression in pre-adolescent
and adolescent 5-HTT−/− rats compared to WTs (p = 0.041 and p = 0.046 respectively), whereas
adult 5-HTT−/− rats tended to display increased amygdala BDNF expression (p = 0.069). Amygdala
NR1 expression was not modulated by genotype, age (both F-values < 1), or a genotype × age
interaction (F(2,32) = 1.059, p = 0.359), whereas NR2A expression was different for the distinct age
groups (F(2,32) = 11.156, p < 0.001), without a significant effect of genotype (F(1,32) < 1) or genotype ×
age interaction (F(2,32) = 2.371. p = 0.110). Further testing revealed that pre-adolescent rats displayed
lower amygdala NR2A expression compared to adolescent and adult rats (both p-values = 0.001),
whereas the latter two age groups were not different (p = 1.000).

3.4. Gene Expression following Fear Extinction Learning

mPFC. Levels of c-Fos expression in the mPFC following extinction learning (Figure 4, upper panel)
were dependent on the rats’ age (F(2,36) = 6.182, p = 0.005), but not on genotype (F(1,36) = 1.032, p = 0.317)
or on the genotype× age interaction (F(2,36) < 1). Preadolescent rats showed lower c-Fos expression than
adolescent (p = 0.014) and adult (p = 0.002) animals, whereas adolescent and adult animals displayed
similar levels (p = 0.850). mPFC BDNF expression following extinction was also dependent on age
(F(2,39) = 7.507, p = 0.002) and showed a trend towards an effect of genotype (F(1,39) = 3.107, p = 0.086),
without displaying a genotype × age interaction (F(2,39) = 1.185, p = 0.316). Similar to naïve animals,
BDNF levels were highest in adolescent rats (p < 0.001 and p = 0.003 compared to preadolescent and
adult rats, respectively), whereas no differences were observed between adult and preadolescent rats
(p = 0.502). Adolescent 5-HTT−/− rats showed lower mPFC BDNF expression than 5-HTT+/+ rats
(p = 0.014), while no significant differences were observed at the other ages (both p-values > 0.5). NR1
levels only depended on the age of the rat (F(2,40) = 30.131, p < 0.001), with again the adolescent rats
displaying the highest expression (both p-values < 0.001), and levels in preadolescent and adult rats
not differing (p = 0.206). Similarly, mPFC NR2A expression following extinction was characterized by
a main effect of age (F(2,39) = 36.840, p < 0.001), but no effect of genotype or genotype × age interaction
(both F-values < 1). Again, expression levels were highest in adolescence (both p-values < 0.001),
and adult rats showed higher NR2A expression than pre-adolescent rats (p = 0.031). No correlations
were observed between basal or cue-induced freezing and mPFC expression levels.

Amygdala. In the amygdala (Figure 4, lower panel), c-Fos expression following extinction learning
was modulated by age (F(2,40) = 5.918, p = 0.006) and a genotype × age interaction (F(2,40) = 3.870,
p = 0.029), whereas the main effect of genotype did not reach significance (F(1,40) = 3.092, p = 0.086). This
age effect was driven by a higher expression in the adolescent compared to preadolescent amygdala
(p = 0.017), whereas neither age group significantly differed from adults (p = 0.547 and p = 0.379
respectively). The interaction was driven by a significant genotype effect in preadolescent rats, with
WTs showing lower expression (p = 0.047), whereas no differences were observed at the other ages (both
p-values > 0.22). Amygdala BDNF expression was also dependent on age (F(2,37) = 5.158, p = 0.011),
without the effect of genotype nor the interaction (both F-values < 1). BDNF levels were higher in the
adult compared to the preadolescent (p = 0.053) and adolescent (p = 0.006) amygdala, whereas the
latter were not different from each other (p = 1.000). Similarly, amygdala NR1 expression following
extinction depended on age (F(2,40) = 4.992, p = 0.012), but not genotype or a genotype × age interaction
(both F-values < 1), with adult rats displaying the same expression levels as the preadolescent rats
(p = 0.149) but higher levels compared to adolescent rats (p = 0.007). These groups did not differ
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from each other (p = 0.927)). Amygdala NR2A expression was not affected by age, genotype, or their
interaction (all F-values < 1).

Correlational analyses across all ages and genotypes related both amygdala BDNF and NR1 levels
to basal anxiety, with lower expression levels following testing being related to higher freezing during
the habituation period (BDNF: r(43) = 0.307, p = 0.045; NR1: r(46) = 0.310, p = 0.036) (Figure S3).
Moreover, amygdala BDNF was negatively related to cue-induced freezing during the extinction
session (r(43) = 0.440, p = 0.003) (Figure S3).

Figure 4. Relative expression levels of c-Fos, BDNF, NR1, and NR2A in the medial prefrontal cortex
(mPFC) and amygdala of 5-HTT−/− and 5-HTT+/+ rats following fear extinction learning during
preadolescence (p24), adolescence (p35), and adulthood (p70). #: a significant effect of genotype
(p < 0.05); ~: a trend-level significant effect of genotype (p = 0.086); $: a significant effect of age (p < 0.05);
¥: a significant age × genotype interaction (p < 0.05); *: a significant post hoc difference between
5-HTT−/− vs. age-matched 5-HTT+/+ rats (p < 0.05).

3.5. Gene Expression following Fear Extinction Recall

mPFC. Following the last fear extinction recall session, expression levels of c-Fos in the mPFC
(Figure 5, upper panel) were modulated by the rats’ age (F(2,25) = 4.993, p = 0.015), genotype
(F(1,25) = 13.612, p = 0.001), and a genotype × age interaction (F(2,25) = 4.046, p = 0.030). Further
testing revealed that WT rats showed highest expression levels in adolescence (p < 0.001 and p = 0.001
compared to preadolescent and adult animals, respectively) and higher levels in adult compared to
preadolescent rats (p = 0.043). No such effect of age was observed in 5-HTT−/− rats (all p-values = 1.000),
resulting in significantly higher mPFC c-Fos expression in WT compared to 5-HTT−/− rats during
adolescence (p = 0.013), but not preadolescence (p = 0.778) or adulthood (p = 0.075). mPFC BDNF
expression following extinction recall was modulated by a genotype × age interaction (F(2,28) = 5.397,
p = 0.010), without the main effects of age (F < 1) or genotype (F(1,28) = 1.084, p = 0.307). This interaction
was caused by a significant effect of age in 5-HTT+/+ rats (F(2,13) = 6.174, p = 0.013) that was absent in
5-HTT−/− rats (F(2,15) = 1.672, p = 0.221), resulting in a significant effect of genotype only at adult age
(p = 0.005, other p-values > 0.2), with 5-HTT+/+ rats displaying lower BDNF expression. Additionally,
mPFC NR1 levels following extinction recall were modulated in a genotype× age manner (F(2,28) = 4.034,
p = 0.029), without main effects of age or genotype (both F-values < 1). Preadolescents (p = 0.960)
of both genotypes showed similar NR1 expression. Adolescent 5-HTT−/− rats were characterized by
lower NR1 expression compared to their 5-HTT+/+ counterparts (p = 0.048), whereas adult 5-HTT−/−

rats tended to show higher expression (p = 0.081). NR2A expression levels were characterized by a
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genotype × age interaction as well (F(2,28) = 4.080, p = 0.028), without significant effects of age (F < 1) or
genotype (F(1,28) = 1.920, p = 0.177). Post hoc testing only revealed a significant effect of genotype during
adulthood, when mPFC NR2A expression in response to extinction recall was significantly increased
in 5-HTT−/− compared to 5-HTT+/+ rats (p = 0.034). No significant differences were found during
preadolescence and adolescence between 5-HTT−/− compared to WT rats (p = 0.106 and p = 0.137,
respectively).

Figure 5. Relative expression levels of c-Fos, BDNF, NR1, and NR2A in the medial prefrontal cortex
(mPFC) and amygdala of 5-HTT−/− and 5-HTT+/+ rats following the second session of fear extinction
recall during preadolescence (p24), adolescence (p35), and adulthood (p70). #: a significant effect of
genotype (p < 0.05); $: a significant effect of age (p < 0.05); ¥: a significant age × genotype interaction
(p < 0.05); ~: a trend-level significant age × genotype interaction (p = 0.054); *: a significant post hoc
difference between 5-HTT−/− vs. age-matched 5-HTT+/+ rats (* p < 0.05; ** p < 0.01).

Correlational analyses across all ages and genotypes revealed that mPFC c-Fos expression was
significantly related to the amount of cue-induced freezing during this last extinction recall session
(r(31) = 0.366, p = 0.043), with reduced c-Fos levels relating to increased freezing, reflecting impaired
extinction recall (Figure S3).

Amygdala. In the amygdala (Figure 5, lower panel), c-Fos expression following extinction recall was
not modulated by age, genotype, or a genotype × age interaction (all F-values < 1). Amygdala BDNF
expression revealed a trend towards an age × genotype interaction (F(2,28) = 3.242, p = 0.054), without a
main effect of genotype (F(1,28) = 1.111, p = 0.301) or age (F(2,28) = 2.450, p = 0.105). Exploratory post hoc
tests revealed a significant reduction in amygdala BDNF expression during preadolescence in 5-HTT−/−

compared to 5-HTT+/+ rats (p = 0.017) that was not observed at other ages (p-values > 0.6). Amygdala
NR1 expression following extinction recall only revealed a significant effect of age (F(2,28) = 5.178,
p = 0.012), but not of genotype (F(1,28) = 1.106, p = 0.302) or of their interaction (F(2,28) = 1.403,
p = 0.262), with adult rats displaying higher expression levels compared to preadolescent (p = 0.035)
and adolescent rats (p = 0.015), whereas these latter groups did not differ from each other (p = 1.000).
Amygdala NR2A expression only revealed trends for a reduced expression in 5-HTT−/− rats across
ages (F(1,28) = 3.871, p = 0.056) and an increase with age (F(2,28) = 2.662, p = 0.087), without interaction
(F < 1). No significant correlations between amygdala gene expression levels and freezing during
extinction recall were observed.
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4. Discussion

Here, we confirm that fear extinction recall is impaired in 5-HTT−/− rats, an established and often
replicated phenomenon [44,45,55,56], as is extinction learning in rats of this genotype [46]. Strikingly,
an effect of age on fear extinction recall was seen only in 5-HTT−/− rats, which enjoyed a transient
normalization (i.e. improvement) of fear extinction recall during adolescence. Whereas augmented
fear extinction learning seems to be responsible for the improved fear extinction recall observed in
5-HTT−/− rats during adolescence, age × genotype effects on learning rates failed to reach significance.
The number of GAD65/67 positive synaptic contacts, indicative of inhibitory regulation, was decreased
in the IL of 5-HTT−/− rats, regardless of age, and no clear effect of age or genotype were seen on
the number of GAD65/67 positive synaptic contacts in the BLA. In naïve rats, we observed increases
in BDNF, NR1, and NR2A expression levels in the mPFC, and in c-Fos in the mPFC and amygdala,
during adolescence. Furthermore, BDNF levels were reduced in 5-HTT−/− rats across all ages. While
no genotype × age interactions were observed following fear extinction learning, fear extinction recall
was associated with a genotype × age interaction for NR1, NR2A, and c-Fos in the mPFC. These data
suggest that specifically (glutamatergic) plasticity changes in the mPFC contribute to the temporary
normalization of fear extinction recall in 5-HTT−/− rats during adolescence.

A number of developmental abnormalities arising from 5-HTT abolishment have been described
in the literature. The development of several motor and sensory functions, namely reflexes, motor
coordination and olfactory discrimination, is delayed in 5-HTT−/− rats but normalized upon reaching
adulthood [57]. Remarkably, other deficiencies seen in adult 5-HTT−/− animals, i.e. impaired object
recognition, object directed behavior, and sensorimotor gating, do not arise until after adolescence [57].
The present results suggest that the abnormal emotional profile seen in 5-HTT−/− rats is subject to
a nonlinear developmental trajectory as well, implying that 5-HTT abolishment influences neural
maturation depending on the developmental phase and locus. The finding of the transiently alleviated
recall of fear extinction during adolescence in 5-HTT−/− rats suggests that the pacing of development
of cortical and subcortical regions may be altered in these rats. Congruent with our findings, a study in
5-HTT−/− mice has demonstrated that increased anxiety, another hallmark trait of the 5-HTT−/− rodent
phenotype, is not present during adolescence [58].

This study does not replicate findings from other studies that suggest fear extinction recall deficits
in adolescent animals and humans with normal 5-HTT expression [12,13], as our results indicate that,
in 5-HTT+/+ animals, fear extinction recall is not significantly affected by age. We corroborate findings
of another study, in which extinction learning was found to be similar between adolescent and adult
C57BL/6J mice [59]. Differences in the details of the experimental procedures may crucially determine
whether an effect of age presents itself. For instance, the experiments may differ in the degree to which
contextual cues from the conditioning session are present during the extinction, which determines the
additional involvement of the hippocampus on fear expression and extinction [60]. This variability
in the reported findings necessitates additional investigation towards the exact circumstances under
which adolescent fear extinction (recall) is impaired.

The inhibitory immunoreactivity in the IL as assessed by immunohistochemistry is reduced in
5-HTT−/− rats across all age groups. This finding is in line with previous observations of reduced
inhibitory synapses onto cortical excitatory neurons in preadolescent 5-HTT−/− rats [47]. Previous
work has, however, associated increased inhibitory synaptic transmission onto IL projection neurons
with impaired retrieval of extinction memory by inhibiting the consolidation of extinction [61], which
contrasts our observation of reduced inhibition in the genotype group with poorest extinction recall.
Yet, here we did not determine the class of neurons targeted by these inhibitory contacts, leaving the
possibility of reduced inhibition of local interneurons in 5-HTT−/− rats open. In any case, the observed
reduction in inhibitory synapses appears to remain stable across the development from preadolescence
to adulthood, making it unlikely that altered development of prefrontal inhibition contributing to the
remarkable development of fear extinction behavior seen in these animals.
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Under basal conditions, in naive rats, c-Fos, BDNF, NR1, and NR2A gene expression levels in
the mPFC were highest during adolescence, indicating that adolescence is indeed a critical period of
mPFC development. For NR2A, we additionally observed that levels were highest during adolescence
in 5-HTT−/− rats. The peak in NMDA receptor expression may relate to pruning (removal of synapses),
known to occur during adolescence and to be NMDA-receptor-dependent [62]. Increased c-Fos
expression levels in the PFC during adolescence may reflect a compensatory attempt of the mPFC to
retain control over the amygdala, while the lower c-Fos expression levels in 5-HTT−/− rats across ages
may correspond to the reduced prefrontal cortical top-down control over the amygdala as reported for
human 5-HTTLPR s-allele carriers [34]. The peak in BDNF levels during adolescence is in line with
previous observations [30]. We also replicated previous observations of reduced BDNF expression
in the PFC of 5-HTT−/− regardless of age [48,63,64]. In the amygdala, c-Fos levels were found to
peak during adolescence, which potentially reflects the increased activity of this area due to reduced
prefrontal top-down control [4]. However, c-Fos remained high during adulthood, which might reflect
the completion of amygdala maturation during adolescence. Amygdala BDNF levels were reduced in
5-HTT−/− rats during preadolescence and adolescence, in line with the overall decreased BDNF levels
in these rats found previously [48,63,64], but BDNF levels tended to be increased in 5-HTT−/− rats
during adulthood. For NR1, no genotype and age effects were observed, and for NR2A there was a
decrease in expression in preadolescent rats. These data show that the mPFC and amygdala mature at
different paces and through different plasticity routes.

BDNF, NR1, and NR2A expression levels in the mPFC after fear extinction learning largely
recapitulated the baseline findings in naive rats, suggesting that extinction learning does not change the
expression of these plasticity factors. During the recall test, however, we observed that (over all animals
and ages combined) c-Fos expression in the mPFC was negatively correlated with cue-induced freezing.
This implies that impaired extinction recall is associated with reduced prefrontal cortex activity and
thereby cognitive control over the emotional response. This finding is in line with the study of Patwell
et al. [12] reporting a link between impaired extinction recall and reduced c-Fos expression in the IL
in adolescent animals. Nonetheless, the increased mPFC c-Fos expression in 5-HTT+/+ adolescents
is quite remarkable. It is important to note that we combined IL and PrL tissue for gene expression
analyses, raising the possibility that the increase in c-Fos expression in adolescent 5-HTT+/+ rats is due
to increased c-Fos expression in the PrL. The function of this is open to speculation. As this observation
does not result in lower freezing levels in adolescent 5-HTT−/− rats, other neuroplasticity changes in the
mPFC or amygdala might counteract this effect. BDNF and NR2A were increased in adult 5-HTT−/−

rats specifically, which thereby seem to be unrelated to the temporary improvement in fear extinction
in adolescent 5-HTT−/− rats. We furthermore observed that adolescent 5-HTT−/− rats display lower
levels of NR1 in the mPFC. The essential NR1 subunit of the NMDA receptor expressed in excitatory
prefrontal cortical neurons has been shown to decrease fear generalization [65]. If NMDAR-dependent
neural signaling in the mPFC is a component of a neural mechanism for disambiguating the meaning
of fear signals, our finding may point towards a temporary improvement in the interpretation of the
fear-predicting cue during adolescence in 5-HTT−/− rats, allowing the animals to discriminate the
fear and safety better. We did not explicitly assess fear generalization in this study, but the measure
that comes closest is baseline freezing observed prior to the tone presentations in the extinction recall
sessions. Interestingly, baseline freezing prior to extinction recall was modulated by genotype, with
5-HTT−/− rats displaying higher freezing than the other groups (Figure S2). Thus, 5-HTT−/− rats showed
higher baseline freezing levels as well as reduced mPFC NR1 expression in adulthood. However, these
measures did not significantly correlate (p > 0.15), leaving our interpretation still speculative. In the
amygdala, c-Fos expression tended to peak in adolescence independently of genotype, which thereby
follows the pattern observed in the mPFC. None of the other genes assessed displayed an expression
pattern that followed the age- and genotype-dependent changes in freezing during extinction learning.
This implies that the amygdala does not play a key role in the temporary disappearance of genotype
effects on freezing during extinction learning in adolescence. We did observe that BDNF and NR1
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expression significantly correlated with baseline freezing behavior. Specifically, lower expression
of both NR1 and BDNF in the amygdala was associated with more freezing during the habituation
period. Furthermore, amygdala BDNF was negatively related to cue-induced freezing during the
extinction session. Amygdala BDNF has been demonstrated to facilitate fear learning [66], which
appears incongruent with our observation. Potentially, lower BDNF levels in the amygdala mediated
unconditioned fear in this study. Overall, our data suggest that the temporary normalization of
fear extinction recall in 5-HTT−/− rats during adolescence relates to neuroplasticity changes in the
mPFC, whereas the amygdala seems to exert more generalized (genotype-independent) effects on the
freezing response.

Some limitations of the study require attention. The quantified granules in the IL are hypothesized
to represent synaptic contacts. However, without performing a functional tracer study, it is not possible
to determine the source of the GABAergic inputs. In addition, it is not certain that these synaptic
terminals interface with neurons that are functional within the circuitry driving fear expression and
extinction. In addition, animals that had undergone one and three days of fear extinction were pooled
to determine GAD65/67 immunoreactivity in the IL and BLA to obtain sufficient statistical power for
a comparison. Since GAD65/67 expression is influenced by recent fear conditioning, it is possible
that levels of expression were affected by this variation in time between conditioning and sacrifice
of the animal. However, all GAD65/67 positive synaptic contacts were included in the assessment
regardless of expression level; given the high signal to the background ratio of the DAB-Ni, variations
in expression due to the varying regimes of fear conditioning is unlikely to have affected the findings.
Furthermore, because CT values were too different between the obtained from the naïve, extinction
learning, and extinction recall group, we did not express the gene expression changes after extinction
as the percentage of baseline gene expression in the naïve animals. For RT-PCR, we punched the
whole mPFC, while we studied the IL part of the mPFC in the immunohistochemical study. This
was necessary to obtain a sufficient amount of tissue for the PCRs and to reduce gene expression
variance due to variations in the precise positioning of the punch needle. As a consequence, it is
possible that differential gene expression in the IL and PrL diluted the effects we observed for the
whole mPFC. Another limitation is that we did not measure freezing during conditioning during
acquisition. We previously observed no genotype differences during fear conditioning in adults [46].
However, we do not know whether genotype differences are also absent during preadolescence and
adulthood. Since freezing during Blocks 1–4 was not different between genotypes during the fear
memory recall/extinction session, it is not likely there were genotype differences in freezing during
conditioning. As yet another limitation, visual observation of Figure 1 implies that the increased
freezing during Session 2 and 3 is due to an extinction learning deficit during Session 1. However,
the observed age × genotype effects as observed during the extinction recall sessions seemed to result
from altered recall of extinction. Nonetheless, additional differences in extinction learning between
genotypes and ages cannot be ruled out. Finally, housing conditions varied between the age groups;
although no animals were kept in isolation, preadolescent and adolescent animals were housed with
more cage mates than adults for practical and ethical reasons. Although this aspect is often overlooked
in animal research concerning stress and psychiatric illness, social elements in housing conditions
have been shown to influence emotional behavior [67] and are known to be especially influential and
instrumental to psychiatric wellbeing during adolescence [68].

5. Conclusions

In conclusion, the present findings show that the influence of genetic reduction of 5-HTT expression
on the development of fear extinction recall manifests in a non-linear pattern, temporarily normalizing
during adolescence, to become deficient again at adulthood. This discovery raises as many questions
as it answers; delayed or aberrant maturation of cortical or subcortical regions or interconnecting tracts
is a likely cause but exploiting this finding for therapeutic benefit will require further specification of
their nature and functional implications. The anatomical and functional development of excitatory
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neurons in the IL projecting to the amygdala are of particular interest for future study. An in vivo
electrophysiology or calcium imaging study in which single neurons or populations of neurons
are followed across the different stages from fear conditioning to extinction and extinction recall
would be enlightening. As it stands, the data suggest that reduced inhibitory signaling within the IL
and temporary altered excitatory signaling in the mPFC represent potential causes for the impaired
control over the amygdala seen in individuals with reduced expression of 5-HTT and its temporary
normalization during adolescence.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3425/9/5/118/s1,
Figure S1: Fear conditioning behavioral data across extinction learning and the two extinction recall sessions,
sorted on genotype, Figure S2: Fear conditioning behavioral data across extinction learning and the two extinction
recall sessions, including baseline, Figure S3: Correlational plots showing associations between brain gene
expression levels and behavioral freezing.

Author Contributions: Conceptualization: P.S., J.R.H., and M.J.A.G.H.; methodology: P.S., J.R.H., M.J.A.G.H.,
and F.C.; validation: P.S., P.B., D.d.L., L.M., B.A., F.R., and M.M.M.V.; formal analysis: P.S. and M.J.A.G.H.;
writing—original draft preparation: P.S., M.J.A.G.H., and J.R.H.; writing—review and editing: P.S., M.M.M.V.,
T.K., M.A.R., F.C., M.J.A.G.H., and J.R.H.; visualization: M.J.A.G.H.; supervision: M.J.A.G.H. and J.R.H.; funding
acquisition: M.J.A.G.H. and J.R.H.

Funding: M.J.A.G.H. is the recipient of VENI grant 863.15.008. This work was supported by Era-Net NEURON
grant “RESPOND” and VIDI grant 864.10.003 awarded to J.R.H. Funding organizations had no further role in the
design of the study or in the collection, analysis, and interpretation of data.

Acknowledgments: We thank Anthonieke Middelman for the breeding and genotyping of the animals, and Jana
van Luttikhuizen and Jos Dederen for their assistance with the immunostainings.

Conflicts of Interest: There are no conflicts of interest.

References

1. Somerville, L.H.; Kelley, W.M.; Heatherton, T.F. Self-esteem Modulates Medial Prefrontal Cortical Responses
to Evaluative Social Feedback. Cereb. Cortex 2010, 20, 3005–3013. [CrossRef] [PubMed]

2. Pine, D.S.; Coplan, J.D.; Papp, L.A.; Klein, R.G.; Martinez, J.M.; Kovalenko, P.; Tancer, N.; Moreau, D.;
Dummit, E.S.; Shaffer, D.; et al. Ventilatory Physiology of Children and Adolescents With Anxiety Disorders.
Arch. Gen. Psychiatry 1998, 55, 123–129. [CrossRef] [PubMed]

3. Somerville, L.H.; Casey, B. Developmental neurobiology of cognitive control and motivational systems.
Curr. Opin. Neurobiol. 2010, 20, 236–241.

4. Somerville, L.H.; Jones, R.M.; Casey, B.J. A time of change: Behavioral and neural correlates of adolescent
sensitivity to appetitive and aversive environmental cues. Brain Cogn. 2010, 72, 124–133. [CrossRef]

5. Dahl, R.E. Adolescent brain development: A period of vulnerabilities and opportunities. Keynote address.
Ann. N. Y. Acad. Sci. 2004, 1021, 1–22. [CrossRef]

6. Steinberg, L. Cognitive and affective development in adolescence. Trends Cogn. Sci. 2005, 9, 69–74. [CrossRef]
7. Britton, J.C.; Lissek, S.; Grillon, C.; Norcross, M.A.; Pine, D.S. Development of anxiety: The role of threat

appraisal and fear learning. Depress. Anxiety 2011, 28, 5–17. [CrossRef]
8. Heller, A.S.; Cohen, A.O.; Dreyfuss, M.F.W.; Casey, B.J. Changes in cortico-subcortical and subcortico-subcortical

connectivity impact cognitive control to emotional cues across development. Soc. Cogn. Affect. Neurosci. 2016,
11, 1910–1918. [CrossRef] [PubMed]

9. Hare, T.A.; Tottenham, N.; Galvan, A.; Voss, H.U.; Glover, G.H.; Casey, B. Biological substrates of emotional
reactivity and regulation in adolescence during an emotional go-nogo task. Biol. Psychiatry 2008, 63, 927–934.
[CrossRef]

10. Shin, L.M.; Liberzon, I. The neurocircuitry of fear, stress, and anxiety disorders. Neuropsychopharmacology
2010, 35, 169–191. [CrossRef]

11. Kim-Cohen, J.; Caspi, A.; Moffitt, T.E.; Harrington, H.; Milne, B.J.; Poulton, R. Prior juvenile diagnoses in adults
with mental disorder: Developmental follow-back of a prospective-longitudinal cohort. Arch. Gen. Psychiatry 2003,
60, 709–717. [CrossRef]

http://www.mdpi.com/2076-3425/9/5/118/s1
http://dx.doi.org/10.1093/cercor/bhq049
http://www.ncbi.nlm.nih.gov/pubmed/20351022
http://dx.doi.org/10.1001/archpsyc.55.2.123
http://www.ncbi.nlm.nih.gov/pubmed/9477925
http://dx.doi.org/10.1016/j.bandc.2009.07.003
http://dx.doi.org/10.1196/annals.1308.001
http://dx.doi.org/10.1016/j.tics.2004.12.005
http://dx.doi.org/10.1002/da.20733
http://dx.doi.org/10.1093/scan/nsw097
http://www.ncbi.nlm.nih.gov/pubmed/27445212
http://dx.doi.org/10.1016/j.biopsych.2008.03.015
http://dx.doi.org/10.1038/npp.2009.83
http://dx.doi.org/10.1001/archpsyc.60.7.709


Brain Sci. 2019, 9, 118 17 of 19

12. Pattwell, S.S.; Duhoux, S.; Hartley, C.A.; Johnson, D.C.; Jing, D.; Elliott, M.D.; Ruberry, E.J.; Powers, A.;
Mehta, N.; Yang, R.R.; et al. Altered fear learning across development in both mouse and human. Proc. Natl.
Acad. Sci. USA 2012, 109, 16318–16323. [CrossRef] [PubMed]

13. McCallum, J.; Kim, J.H.; Richardson, R. Impaired Extinction Retention in Adolescent Rats: Effects of
D-Cycloserine. Neuropsychopharmacology 2010, 35, 2134–2142. [CrossRef] [PubMed]

14. Baker, K.D.; Bisby, M.A.; Richardson, R. Impaired fear extinction in adolescent rodents: Behavioural and
neural analyses. Neurosci. Biobehav. Rev. 2016, 70, 59–73. [CrossRef]

15. Pattwell, S.S.; Bath, K.G.; Casey, B.J.; Ninan, I.; Leea, F.S. Selective early-acquired fear memories undergo
temporary suppression during adolescence. Proc. Natl. Acad. Sci. USA 2011, 108, 1182–1187. [CrossRef]

16. LeDoux, J.; Cicchetti, P.; Xagoraris, A.; Romanski, L. The lateral amygdaloid nucleus: Sensory interface of the
amygdala in fear conditioning. J. Neurosci. 1990, 10, 1062–1069. [CrossRef]

17. Saffari, R.; Teng, Z.; Zhang, M.; Kravchenko, M.; Hohoff, C.; Ambrée, O.; Zhang, W. NPY+−, but not PV+−

GABAergic neurons mediated long-range inhibition from infra- to prelimbic cortex. Transl. Psychiatry 2016,
6, e736. [CrossRef]

18. Ehrlich, I.; Humeau, Y.; Grenier, F.; Ciocchi, S.; Herry, C.; Lüthi, A. Amygdala Inhibitory Circuits and the
Control of Fear Memory. Neuron 2009, 62, 757–771. [CrossRef]

19. Krettek, J.E.; Price, J.L. Projections from the amygdaloid complex to the cerebral cortex and thalamus in the
rat and cat. J. Comp. Neurol. 1977, 172, 687–722. [CrossRef] [PubMed]

20. Little, J.P.; Carter, A.G. Synaptic Mechanisms Underlying Strong Reciprocal Connectivity between the Medial
Prefrontal Cortex and Basolateral Amygdala. J. Neurosci. 2013, 33, 15333–15342. [CrossRef]

21. Little, J.P.; Carter, A.G. Subcellular Synaptic Connectivity of Layer 2 Pyramidal Neurons in the Medial
Prefrontal Cortex. J. Neurosci. 2012, 32, 12808–12819.

22. Floresco, S.B.; Tse, M.T. Dopaminergic Regulation of Inhibitory and Excitatory Transmission in the Basolateral
Amygdala-Prefrontal Cortical Pathway. J. Neurosci. 2007, 27, 2045–2057.

23. Dilgen, J.; Tejeda, H.A.; O’Donnell, P. Amygdala inputs drive feedforward inhibition in the medial prefrontal
cortex. J. Neurophysiol. 2013, 110, 221–229.

24. McGarry, L.M.; Carter, A.G. Inhibitory Gating of Basolateral Amygdala Inputs to the Prefrontal Cortex.
J. Neurosci. 2016, 36, 9391–9406.

25. Sotres-Bayon, F.; Sierra-Mercado, D.; Pardilla-Delgado, E.; Quirk, G.J. Gating of fear in prelimbic cortex by
hippocampal and amygdala inputs. Neuron 2012, 76, 804–812. [CrossRef]

26. Bang, S.J.; Commons, K.G. Forebrain GABAergic Projections From the Dorsal Raphe Nucleus Identified by
Using GAD67–GFP Knock-In Mice. J. Comp. Neurol. 2012, 520, 4157–4167. [CrossRef]

27. Henny, P.; Jones, B.E. Projections from basal forebrain to prefrontal cortex comprise cholinergic, GABAergic
and glutamatergic inputs to pyramidal cells or interneurons. Eur. J. Neurosci. 2008, 27, 654–670.

28. Michels, L.; Schulte-Vels, T.; Schick, M.; O’Gorman, R.L.; Zeffiro, T.; Hasler, G.; Mueller-Pfeiffer, C. Prefrontal GABA
and glutathione imbalance in posttraumatic stress disorder: Preliminary findings. Psychiatry Res. Neuroimaging 2014,
224, 288–295. [CrossRef]

29. Baker, K.D.; Richardson, R. Pharmacological evidence that a failure to recruit NMDA receptors contributes
to impaired fear extinction retention in adolescent rats. Neurobiol. Learn Mem. 2017, 143, 18–26. [CrossRef]

30. Dincheva, I.; Lynch, N.B.; Lee, F.S. The Role of BDNF in the development of fear learning. Depress. Anxiety
2016, 33, 907–916. [CrossRef]

31. Garpenstrand, H.; Annas, P.; Ekblom, J.; Oreland, L.; Fredrikson, M. Human fear conditioning is related to
dopaminergic and serotonergic biological markers. Behav. Neurosci. 2001, 115, 358–364. [CrossRef] [PubMed]

32. Klucken, T.; Alexander, N.; Schweckendiek, J.; Merz, C.J.; Kagerer, S.; Osinsky, R.; Walter, B.; Vaitl, D.;
Hennig, J.; Stark, R. Individual differences in neural correlates of fear conditioning as a function of 5-HTTLPR
and stressful life events. Soc. Cogn. Affect. Neurosci. 2013, 8, 318–325. [CrossRef]

33. Hariri, A.R.; Mattay, V.S.; Tessitore, A.; Kolachana, B.; Fera, F.; Goldman, D.; Egan, M.F.; Weinberger, D.R.
Serotonin transporter genetic variation and the response of the human amygdala. Science 2002, 297, 400–403.
[CrossRef]

34. Pezawas, L.; Meyer-Lindenberg, A.; Drabant, E.M.; A Verchinski, B.; E Munoz, K.; Kolachana, B.S.; Egan, M.F.;
Mattay, V.S.; Hariri, A.R.; Weinberger, D.R. 5-HTTLPR polymorphism impacts human cingulate-amygdala
interactions: A genetic susceptibility mechanism for depression. Nat. Neurosci. 2005, 8, 828–834. [CrossRef]

http://dx.doi.org/10.1073/pnas.1206834109
http://www.ncbi.nlm.nih.gov/pubmed/22988092
http://dx.doi.org/10.1038/npp.2010.92
http://www.ncbi.nlm.nih.gov/pubmed/20592716
http://dx.doi.org/10.1016/j.neubiorev.2016.05.019
http://dx.doi.org/10.1073/pnas.1012975108
http://dx.doi.org/10.1523/JNEUROSCI.10-04-01062.1990
http://dx.doi.org/10.1038/tp.2016.7
http://dx.doi.org/10.1016/j.neuron.2009.05.026
http://dx.doi.org/10.1002/cne.901720408
http://www.ncbi.nlm.nih.gov/pubmed/838895
http://dx.doi.org/10.1523/JNEUROSCI.2385-13.2013
http://dx.doi.org/10.1016/j.neuron.2012.09.028
http://dx.doi.org/10.1002/cne.23146
http://dx.doi.org/10.1016/j.pscychresns.2014.09.007
http://dx.doi.org/10.1016/j.nlm.2016.10.014
http://dx.doi.org/10.1002/da.22497
http://dx.doi.org/10.1037/0735-7044.115.2.358
http://www.ncbi.nlm.nih.gov/pubmed/11345960
http://dx.doi.org/10.1093/scan/nss005
http://dx.doi.org/10.1126/science.1071829
http://dx.doi.org/10.1038/nn1463


Brain Sci. 2019, 9, 118 18 of 19

35. Pacheco, J.; Beevers, C.G.; Benavides, C.; McGeary, J.; Stice, E.; Schnyer, D.M. Frontal-Limbic White Matter
Pathway Associations with the Serotonin Transporter Gene Promoter Region (5-HTTLPR) Polymorphism.
J. Neurosci. 2009, 29, 6229–6233. [CrossRef]

36. Witteveen, J.S.; Middelman, A.; Van Hulten, J.A.; Martens, G.J.M.; Homberg, J.R.; Kolk, S.M.; Martens, G.J.M.
Lack of serotonin reuptake during brain development alters rostral raphe-prefrontal network formation.
Front. Cell. Neurosci. 2013, 7, 143. [CrossRef]

37. Gaspar, P.; Cases, O.; Maroteaux, L. The developmental role of serotonin: news from mouse molecular
genetics. Nat. Rev. Neurosci. 2003, 4, 1002–1012. [CrossRef]

38. Homberg, J.R.; Schubert, D.; Gaspar, P. New perspectives on the neurodevelopmental effects of SSRIs. Trends
Pharmacol. Sci. 2010, 31, 60–65. [CrossRef]

39. Homberg, J.R.; Lesch, K.-P. Looking on the Bright Side of Serotonin Transporter Gene Variation. Biol.
Psychiatry 2011, 69, 513–519. [CrossRef]

40. Narayanan, V.; Heiming, R.S.; Jansen, F.; Lesting, J.; Sachser, N.; Pape, H.-C.; Seidenbecher, T. Social Defeat:
Impact on Fear Extinction and Amygdala-Prefrontal Cortical Theta Synchrony in 5-HTT Deficient Mice.
PLoS ONE 2011, 6, e22600. [CrossRef] [PubMed]

41. Pang, R.D.; Wang, Z.; Klosinski, L.P.; Guo, Y.; Herman, D.H.; Celikel, T.; Dong, H.W.; Holschneider, D.P.
Mapping Functional Brain Activation Using [14C]-Iodoantipyrine in Male Serotonin Transporter Knockout
Mice. PLoS ONE 2011, 6, e23869. [CrossRef]

42. Hartley, C.A.; McKenna, M.C.; Salman, R.; Holmes, A.; Casey, B.J.; Phelps, E.A.; Glatt, C.E. Serotonin
transporter polyadenylation polymorphism modulates the retention of fear extinction memory. Proc. Natl.
Acad. Sci. USA 2012, 109, 5493–5498. [CrossRef]

43. Wellman, C.L.; Izquierdo, A.; Garrett, J.E.; Martin, K.P.; Carroll, J.; Millstein, R.; Lesch, K.-P.; Murphy, D.L.;
Holmes, A. Impaired Stress-Coping and Fear Extinction and Abnormal Corticolimbic Morphology in
Serotonin Transporter Knock-Out Mice. J. Neurosci. 2007, 27, 684–691. [CrossRef]

44. Shan, L.; Schipper, P.; Nonkes, L.J.P.; Homberg, J.R. Impaired Fear Extinction as Displayed by Serotonin Transporter
Knockout Rats Housed in Open Cages Is Disrupted by IVC Cage Housing. PLoS ONE 2014, 9, e91472. [CrossRef]

45. Nonkes, L.J.; De Pooter, M.; Homberg, J.R. Behavioural therapy based on distraction alleviates impaired fear
extinction in male serotonin transporter knockout rats. J. Psychiatry Neurosci. 2012, 37, 224–230. [CrossRef]

46. Shan, L.; Guo, H.-Y.; Heuvel, C.N.A.M.V.D.; Van Heerikhuize, J.; Homberg, J.R. Impaired fear extinction in
serotonin transporter knockout rats is associated with increased 5-hydroxymethylcytosine in the amygdala.
CNS Neurosci. Ther. 2018, 24, 810–819. [CrossRef]

47. Miceli, S.; Kasri, N.N.; Joosten, J.; Huang, C.; Kepser, L.; Proville, R.; Selten, M.M.; Van Eijs, F.; Azarfar, A.;
Homberg, J.R.; et al. Reduced Inhibition within Layer IV of Sert Knockout Rat Barrel Cortex is Associated
with Faster Sensory Integration. Cereb. Cortex 2017, 27, 933–949. [CrossRef]

48. Calabrese, F.; Guidotti, G.; Middelman, A.; Racagni, G.; Homberg, J.; Riva, M.A. Lack of Serotonin Transporter Alters
BDNF Expression in the Rat Brain During Early Postnatal Development. Mol. Neurobiol. 2013, 48, 244–256. [CrossRef]

49. Karel, P.; Calabrese, F.; Riva, M.; Brivio, P.; van der Veen, B.; Reneman, L.; Verheij, M.; Homberg, J.
d-Cycloserine enhanced extinction of cocaine-induced conditioned place preference is attenuated in serotonin
transporter knockout rats. Addict. Biol. 2018, 23, 120–129. [CrossRef]

50. Smits, B.M.G.; Mudde, J.B.; Van De Belt, J.; Verheul, M.; Olivier, J.; Homberg, J.; Guryev, V.; Cools, A.R.; A
Ellenbroek, B.; A Plasterk, R.H.; et al. Generation of gene knockouts and mutant models in the laboratory rat
by ENU-driven target-selected mutagenesis. Pharmacogenetics Genom. 2006, 16, 159–169.

51. Olivier, J.; Van Der Hart, M.; Van Swelm, R.; Dederen, P.; Homberg, J.; Cremers, T.; Deen, P.; Cuppen, E.;
Cools, A.; Ellenbroek, B. A study in male and female 5-HT transporter knockout rats: An animal model for
anxiety and depression disorders. Neuroscience 2008, 152, 573–584. [CrossRef]

52. Nonkes, L.J.; Tomson, K.; Mærtin, A.; Dederen, J.; Maes, J.R.; Homberg, J. Orbitofrontal cortex and amygdalar
over-activity is associated with an inability to use the value of expected outcomes to guide behaviour in
serotonin transporter knockout rats. Neurobiol. Learn. Mem. 2010, 94, 65–72. [CrossRef]

53. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.;
Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012,
9, 676–682. [CrossRef]

54. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.0896-09.2009
http://dx.doi.org/10.3389/fncel.2013.00143
http://dx.doi.org/10.1038/nrn1256
http://dx.doi.org/10.1016/j.tips.2009.11.003
http://dx.doi.org/10.1016/j.biopsych.2010.09.024
http://dx.doi.org/10.1371/journal.pone.0022600
http://www.ncbi.nlm.nih.gov/pubmed/21818344
http://dx.doi.org/10.1371/journal.pone.0023869
http://dx.doi.org/10.1073/pnas.1202044109
http://dx.doi.org/10.1523/JNEUROSCI.4595-06.2007
http://dx.doi.org/10.1371/journal.pone.0091472
http://dx.doi.org/10.1503/jpn.110116
http://dx.doi.org/10.1111/cns.12822
http://dx.doi.org/10.1093/cercor/bhx016
http://dx.doi.org/10.1007/s12035-013-8449-z
http://dx.doi.org/10.1111/adb.12483
http://dx.doi.org/10.1016/j.neuroscience.2007.12.032
http://dx.doi.org/10.1016/j.nlm.2010.04.002
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1006/meth.2001.1262


Brain Sci. 2019, 9, 118 19 of 19

55. Schipper, P.; Kiliaan, A.J.; Homberg, J.R. A mixed polyunsaturated fatty acid diet normalizes hippocampal
neurogenesis and reduces anxiety in serotonin transporter knockout rats. Behav. Pharmacol. 2011, 22, 324–334.
[CrossRef]

56. Schipper, P.; Nonkes, L.J.; Karel, P.; Kiliaan, A.J.; Homberg, J.R. Serotonin transporter genotype x construction
stress interaction in rats. Behav. Brain 2011, 223, 169–175. [CrossRef]

57. Kroeze, Y.; Dirven, B.; Janssen, S.; Kröhnke, M.; Barte, R.M.; Middelman, A.; Van Bokhoven, H.; Zhou, H.;
Homberg, J.R. Perinatal reduction of functional serotonin transporters results in developmental delay.
Neuropharmacology 2016, 109, 96–111. [CrossRef]

58. Sakakibara, Y.; Kasahara, Y.; Hall, F.S.; Lesch, K.-P.; Murphy, D.L.; Uhl, G.R.; Sora, I. Developmental alterations
in anxiety and cognitive behavior in serotonin transporter mutant mice. Psychopharmacology 2014, 231, 4119–4133.
[CrossRef]

59. Hefner, K.; Holmes, A. Ontogeny of fear-, anxiety- and depression-related behavior across adolescence in
C57BL/6J mice. Behav. Brain Res. 2007, 176, 210–215. [CrossRef]

60. Maren, S.; Phan, K.L.; Liberzon, I. The contextual brain: Implications for fear conditioning, extinction and
psychopathology. Nat. Rev. Neurosci. 2013, 14, 417–428. [CrossRef]

61. Vollmer, L.L.; Schmeltzer, S.; Schurdak, J.; Ahlbrand, R.; Rush, J.; Dolgas, C.M.; Baccei, M.L.; Sah, R.
Neuropeptide Y Impairs Retrieval of Extinguished Fear and Modulates Excitability of Neurons in the
Infralimbic Prefrontal Cortex. J. Neurosci. 2016, 36, 1306–1315. [CrossRef]

62. Henson, M.A.; Tucker, C.J.; Zhao, M.; Dudek, S.M. Long-term depression-associated signaling is required for
an in vitro model of NMDA receptor-dependent synapse pruning. Neurobiol. Learn Mem. 2017, 138, 39–53.
[CrossRef]

63. Molteni, R.; Cattaneo, A.; Calabrese, F.; Macchi, F.; Olivier, J.D.; Racagni, G.; Ellenbroek, B.A.; Gennarelli, M.;
Riva, M.A. Reduced function of the serotonin transporter is associated with decreased expression of BDNF
in rodents as well as in humans. Neurobiol. Dis. 2010, 37, 747–755. [CrossRef]

64. Guidotti, G.; Calabrese, F.; Auletta, F.; Olivier, J.; Racagni, G.; Homberg, J.; Riva, M.A. Developmental
influence of the serotonin transporter on the expression of npas4 and GABAergic markers: Modulation by
antidepressant treatment. Neuropsychopharmacology 2012, 37, 746–758. [CrossRef]

65. Vieira, P.A.; Corches, A.; Lovelace, J.W.; Westbrook, K.B.; Mendoza, M.; Korzus, E. Prefrontal NMDA receptors
expressed in excitatory neurons control fear discrimination and fear extinction. Neurobiol. Learn. Mem. 2015,
119, 52–62. [CrossRef]

66. Endres, T.; Lessmann, V. Age-dependent deficits in fear learning in heterozygous BDNF knock-out mice.
Learn. Mem. 2012, 19, 561–570. [CrossRef]

67. Hunter, A.S. The effects of social housing on extinction of fear conditioning in rapid eye movement
sleep-deprived rats. Exp. Brain 2014, 232, 1459–1467. [CrossRef]

68. Crone, E.A.; Dahl, R.E. Understanding adolescence as a period of social–affective engagement and goal
flexibility. Nat. Rev. Neurosci. 2012, 13, 636–650. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/FBP.0b013e328347881b
http://dx.doi.org/10.1016/j.bbr.2011.04.037
http://dx.doi.org/10.1016/j.neuropharm.2016.05.012
http://dx.doi.org/10.1007/s00213-014-3554-x
http://dx.doi.org/10.1016/j.bbr.2006.10.001
http://dx.doi.org/10.1038/nrn3492
http://dx.doi.org/10.1523/JNEUROSCI.4955-13.2016
http://dx.doi.org/10.1016/j.nlm.2016.10.013
http://dx.doi.org/10.1016/j.nbd.2009.12.014
http://dx.doi.org/10.1038/npp.2011.252
http://dx.doi.org/10.1016/j.nlm.2014.12.012
http://dx.doi.org/10.1101/lm.028068.112
http://dx.doi.org/10.1007/s00221-014-3828-x
http://dx.doi.org/10.1038/nrn3313
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Apparatus 
	Procedure 
	Assessment of Behavior 
	GAD65/67 Immunostaining 
	Quantification 
	Gene Expression Analyses 
	Statistics 

	Results 
	Freezing Behavior 
	GAD65/67 Immunoreactivity 
	Gene Expression Levels Neuronal Plasticity and Activity Genes 
	Gene Expression following Fear Extinction Learning 
	Gene Expression following Fear Extinction Recall 

	Discussion 
	Conclusions 
	References

