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fear learning and memory during this adolescent period. Here 
we show that in BDNF Val66Met mice, the presence of the Met 
allele does not alter contextual fear expression during adoles-
cence, but when previously conditioned BDNF Met/Met  mice are 
tested in adulthood, they fail to display the delayed expres-
sion of contextual fear compared to wild-type BDNF Val/Val  con-
trols, indicating that the Met allele may permanently alter hip-
pocampal function, leading to persistent functioning that is 
indistinguishable from the adolescent state. Conversely, trun-
cated TrkB receptor (TrkB.T1)-deficient (TrkB.T1 –/– ) mice, a ge-
netic mouse model with increased BDNF-TrkB signaling 
through full-length TrkB receptors, exhibit an accelerated ex-
pression of contextual fear during adolescence compared to 
wild-type controls. Our results point to a critical function for 
BDNF-TrkB signaling in fear regulation in vivo, particularly dur-
ing a potentially sensitive period in adolescence. 

 © 2014 S. Karger AG, Basel 

 Introduction 

 Brain-derived neurotrophic factor (BDNF) is a mem-
ber of the neurotrophin growth factor family, which has 
been established to play key roles in the development 
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 Abstract 
 Brain-derived neurotrophic factor (BDNF) is a growth factor 
that plays key roles in regulating higher-order emotional and 
cognitive processes including fear learning and memory. A 
common single-nucleotide polymorphism (SNP) has been 
identified in the human BDNF gene (BDNF Val66Met) that 
leads to decreased BDNF secretion and impairments in spe-
cific forms of fear learning in adult humans and genetically 
modified mice containing this SNP. As the emergence of anxi-
ety and other fear-related disorders peaks during adoles-
cence, we sought to better understand the impact of this 
BDNF SNP on fear learning during the transition through ado-
lescence in BDNF Val66Met knock-in mice. Previously, we have 
shown that contextual fear expression is temporarily sup-
pressed in wild-type mice during a distinct period in adoles-
cence, but re-emerges at later, postadolescent ages. Until re-
cently, it was unclear whether BDNF-TrkB signaling is involved 
in the modulation of hippocampal-dependent contextual 
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and plasticity of the central nervous system and has been 
implicated in neuropsychiatric disorders as well as learn-
ing and memory  [1–3] . BDNF is expressed throughout 
the developing and mature brain, with highest levels ex-
pressed in the hippocampus  [4] . A common single-nu-
cleotide polymorphism (SNP) has been identified in the 
human  BDNF  gene, which results in a nucleotide change 
from G to A at position 196 in the gene, as well as sub-
sequent change in amino acid from valine to methionine 
at position 66 (e.g.  Val66Met) in the prodomain of the 
BDNF protein. In vitro studies of hippocampal neurons 
have shown that this genetic alteration leads to impaired 
trafficking of BDNF, resulting in decreased levels of se-
creted mature BDNF and decreased activation of its re-
ceptor, TrkB  [5, 6] . The BDNF Val66Met polymorphism 
has been the focus of a large number of genetic associa-
tion studies of cognitive function and a host of neuro-
psychiatric disorders. From these studies, it has also 
been associated with altered susceptibility to a variety of 
neuropsychiatric disorders including anxiety and de-
pression  [7–10] , as well as alterations in cognitive pro-
cesses involving the hippocampus  [5, 11] . In parallel, a 
variant BDNF Val66Met knock-in mouse has been gen-
erated, which reproduces the phenotypic hallmarks of 
humans with this polymorphism, especially with regard 
to alterations in hippocampal anatomy and behavior  [5, 
12, 13] .

  While both human and mouse studies of this variant 
BDNF SNP have established alterations in the adult cen-
tral nervous system, the impact of this genetic alteration 
on the developing brain is unclear, especially in light of 
the established findings that the expression of BDNF and 
its receptor, TrkB, is dynamically regulated across post-
natal development  [4, 14–17] . Of particular interest is the 
impact of this SNP on hippocampal function, as the de-
velopment of this structure has been shown to continue 
throughout adolescence in both rodents and nonhuman 
primates  [18, 19] . Longitudinal studies of children and 
adolescents reveal that postnatal hippocampal matura-
tion is not homogenous and that distinct maturational 
profiles exist for specific subregions  [20] . The cause of 
these heterogeneous volume changes remains unknown, 
but it is hypothesized that they may be due to differences 
in neuronal proliferation, synaptic production and/or 
pruning. This heterogeneous postnatal development of 
hippocampal subregions correlates with contextual fear 
data from wild-type mice, showing that contextual fear 
expression during preadolescent ages is intact, temporar-
ily suppressed during adolescence, and then re-emerges 
again during adulthood  [21] , supporting the notion that 

development is not a linear process in which neural mat-
uration occurs uniformly in one direction or another. 
This temporary suppression of contextual fear is associ-
ated with alterations in synaptic activity as well as de-
creased hippocampal signaling of pathways downstream 
of TrkB receptors  [21] . In order to determine whether 
BDNF-dependent signaling is involved in modulating 
contextual fear expression during this periadolescent 
time frame, we have utilized the BDNF Met  knock-in mice 
in order to investigate the role of this Val66Met SNP in 
hippocampal-dependent fear learning and memory dur-
ing adolescence. In order to extend our analyses, we have 
also performed parallel studies in a BDNF gain-of-func-
tion genetic mouse model, in which an endogenous dom-
inant-negative form of the BDNF receptor, truncated 
TrkB (TrkB.T1), has been removed  [15, 22] , resulting in 
elevated BDNF-dependent signaling across postnatal de-
velopment through full-length TrkB receptors.

  Methods 

 Animals 
 The generation of BDNF Met/Met  mice was described previously 

 [12] . Male BDNF Met/Met  mice and wild-type littermates derived 
from heterozygous BDNF +/Met  parents were used for all experi-
ments. The generation of the TrkB.T1 –/–  mice has been described 
previously  [22] . Male TrkB.T1 –/–  mice and wild-type littermates 
derived from heterozygous TrkB.T1 +/–  parents were used for all 
experiments. All experiments were performed in accordance with 
institutional guidelines. The mice were genotyped as described 
previously  [12, 15] . Litters were weaned at postnatal day (PD) 21 
and males from various litters were randomly combined to elimi-
nate any litter-driven effects on behavior. The mice were housed 
4–5 per cage in a temperature- and humidity-controlled vivarium 
maintained on a 12-hour light/dark cycle with ad libitum access to 
food and water. The same cohorts of mice, which were fear condi-
tioned at PD29, were used for contextual fear testing in adoles-
cence (after 24 h) as well as in adulthood (after 2 weeks). Animal 
care was in compliance with guidelines established by Weill Cor-
nell Medical College’s Institutional Animal Care and Use Commit-
tee and the National Institutes of Health.

  Fear Conditioning 
 The mice were fear conditioned in a mouse test cage (Coul-

bourn Instruments, Allentown, Pa., USA) inside a sound-attenu-
ated box. The chamber (context A) was cleaned between each 
mouse and scented with peppermint-scented (0.1%) ethanol 
(70%). On conditioning day, following a 2-min acclimation peri-
od, the mice were conditioned with 3 presentations (trails) of a 
30-second tone (5 kHz, 70 dB) that coterminated with a 1-second, 
0.7-mA foot shock delivered through the electrified floor grid. 
Each trial was separated by a 30-second intertrial interval. After the 
final tone-shock pairing, the mice remained in the conditioning 
chamber for 1 min before being returned to their home cages. 
Memory for the context was assessed after 24 h (long-term mem-
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ory, LTM, test 1) and 2 weeks (LTM test 2) by returning the mice 
to context A. Freezing behavior was videotaped and scored during 
the last 3.5 min of the total 5.5 min spent in the chamber. After the 
contextual fear test, the mice were returned to their home cages. 
Memory for cue was assessed by placing the mice in a novel con-
text, context B – a cylinder cleaned with lemon-scented (0.1%) 
ethanol (70%). After a 2-min acclimation period in context B, the 
mice were presented with 3 × 30-second tones (5 kHz, 70 dB) sep-
arated by an intertrial interval of 30 sec. Freezing behavior was 
scored during each of the 30-second tone presentations. After the 
last tone presentation, the mice remained in the novel context for 
1 min before being returned to their home cages.

  Real-Time qPCR 
 Total RNA was extracted from hippocampi of PD14, 21, 35 and 

60, and 12-week-old male mice using Tri Reagent (Ambion, Aus-
tin, Tex., USA) following the 160   manufacturer’s instructions. The 
reverse transcription reaction (40 µl) contained 1× reaction buffer, 
0.5 m M  dNTPs, 1 µ M  N7 random primers, and the reverse tran-
scriptase (1 µl). cDNA was synthesized using 1.5 µg of total RNA 
with MMuLV reverse transcriptase (New England Biolabs, Ips-
wich, Mass., USA). Reactions were incubated for 5 min at 25   °   C, 10 
min at 37   °   C, and 1 h at 42   °   C. cDNA was collected from the reverse 
transcription reaction using ethanol precipitation, followed by re-
suspension of the cDNA in Tris-EDTA buffer. The real-time PCR 
reactions for gene profiling were carried out in an ABI 7900HT 
real-time PCR machine (Applied Biosystems, Foster City, Calif., 
USA). For TrkB.FL and GAPDH, predesigned and validated prim-
er sequences were chosen from the ABI TaqMan gene expression 
assay library (Applied Biosystems). For TrkB.T1, previously pub-
lished primer sets were used to assess gene expression by SYBR 
green expression assay with melt curve to insure specificity. Am-
plified sequences were 60–120 bp long and exon spanning. PCR 
reactions were performed in triplicate with a minimum of 3 sam-
ples per group. Each reaction (5 µl total volume) contained either 
2.5 µl TaqMan gene expression assay buffer, with 1 µl of cDNA as 
template and 0.3 µm of each primer or 2.5 µl SYBR gene expression 
assay buffer, with 1 µl of cDNA as template and 0.3 µm of each 
primer. Standard curves as well as no template controls were run 
in tandem with the samples. The reactions were incubated at 95   °   C 
for 10 min to activate the HotStar Taq polymerase followed by 40 
cycles at 95   °   C for 15 s (denaturation) and at 60   °   C for 1 min (an-
nealing and extension). The quantity of gene products was esti-
mated based upon the generated standard curve (TaqMan) or melt 
curve (SYBR green) and corrected based upon the abundance of a 
control gene (GAPDH or β-actin).

  Results 

 Recently, studies in wild-type mice have demonstrated 
a unique form of plasticity in fear learning in which con-
textual fear is developmentally suppressed during a de-
fined period in periadolescence (PD29–39) but is re-
trieved at later, postadolescent ages (>PD40)  [21] . To de-
termine whether BDNF, which is developmentally 
regulated postnatally  [4] , is involved in regulating contex-

tual fear expression during this periadolescent period, we 
fear conditioned BDNF Met/Met  mice at PD29 in context A, 
and tested them the following day (24 h later) during 
LTM test 1 for contextual fear, also in context A ( fig. 1 a). 
We found that contextual fear was consistently low across 
all genotypes, recapitulating previous data obtained from 
wild-type, adolescent mice  [21] , suggesting that the hip-
pocampal-dependent memory deficit in BDNF Met/Met  
mice is not evident when all genotypes exhibit contextual 
fear suppression in adolescence (ANOVA ,  F 2, 30  = 3.215, 
p = 0.054;  fig. 1 b).

  When these same mice were tested for contextual fear 
during LTM test 2, 2 weeks later during postadolescence/
early adulthood (PD43), the wild-type BDNF Val/Val  mice 
displayed the expected phenomenon of re-emergence of 
the previously learned contextual fear  [21] , whereas 
BDNF Val/Met  mice displayed only a moderate enhance-
ment of contextual fear expression (ANOVA, F 2, 30   = 
13.791, p  < 0.001;  fig.  1 b). Interestingly, BDNF Met/Met  
mice did not show any evidence of re-emergence of con-
textual fear expression after the 2-week delay (PD43; 
 fig. 1 b), suggesting that learning during the periadoles-
cent period either continues to be suppressed or is alto-
gether lost in these animals. This outcome is consistent 
with previous data in BDNF Met/Met  mice as well as human 
Met allele carriers showing decreased hippocampal mem-
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  Fig. 1.  Effect of BDNF Val66Met on adolescent suppression of con-
textual fear.  a  Schematic representation of behavioral paradigm. 
 b  The mice were fear conditioned with 3 tone-shock pairings; 24 h 
or 2 weeks after fear conditioning, the mice were placed back in the 
conditioning chamber and after a 2-min acclimation period con-
textual fear expression was measured as time spent freezing. All 
results are presented as mean ± SEM determined from analysis of 
7–14 mice per group.  *    p < 0.001. 
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ory in adulthood  [5, 12] . In addition, amygdala-depen-
dent cue memory is intact in both adulthood  [12, 23, 24]  
and adolescence in BDNF Met  mice ( fig. 2 ), emphasizing 
the heightened vulnerability of the hippocampus to al-
tered BNDF signaling.

  While these developmental contextual fear results ob-
tained with BDNF Met  mice suggest that the decreased 
BDNF availability does not alter contextual fear behav-
iors during periadolescence per se, and that the 
 BDNF Met -associated impairments in contextual fear are 
observed later in life, we were interested in understand-
ing the potentially contrasting effects that increased 
BDNF signaling may have on similar behavioral mea-
sures. To better address this question, we used a mouse 
line with a genetic deletion of one of BDNF’s receptors, 
the truncated TrkB receptor (TrkB.T1 –/– ), which lacks 
the intracellular tyrosine kinase domain  [14, 25] . TrkB.
T1 receptors have been primarily proposed to play a role 
as BDNF scavengers or dominant negative receptors se-

questering BDNF that would otherwise lead to activation 
of full-length TrkB receptors and downstream signaling 
cascades  [15–17] . Cultured hippocampal neurons from 
TrkB.T1 –/–  mice have shown enhanced BDNF-depen-
dent TrkB receptor activation as well as enhanced down-
stream signaling in both the PI3K and MAPK pathways 
 [22] . Thus, the TrkB.T1 –/–  mouse line provides an op-
portunity to assess the impact of enhanced BDNF signal-
ing during adolescence. In order to better allow for com-
parisons between TrkB.T1 and BDNF Met  mice, initially 
adult TrkB.T1 –/–  mice were tested on both contextual 
and cue fear learning. No genotypic differences were ob-
served on either contextual or cue fear learning in adults, 
with TrkB.T1 +/+ , TrkB.T1 +/–  and TrkB.T1 –/–  all showing 
equivalent levels of freezing ( fig. 3 a, b). This is consistent 
with previous data in this same mouse line, showing that 
TrkB.T1 does not affect hippocampal basal synaptic 
transmission and long-term potentiation or density of 
hippocampal neurons  [15] . To explore the possibility 
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  Fig. 3.  Contextual and cue fear in TrkB.T1 –/–  mice.  a  Adult con-
textual fear.  b  Adult cue fear.  c  PD29 cue fear. The mice were fear 
conditioned with 3 tone-shock pairings; 24 h later, the mice were 
placed back in the conditioning chamber for contextual fear ex-

pression ( a ) or in a novel context for cue fear expression ( b ,  c ). 
Fear was measured as time spent freezing. All results are presented 
as mean ± SEM determined from analysis of 8–12 mice per group. 

  Fig. 2.  Cue fear in BDNF Val66Met mice at 
PD29. The mice were fear conditioned with 
3 tone-shock pairings; 24 h later, the mice 
were placed in a novel context to assess cue 
fear expression. Fear was measured as time 
spent freezing. All results are presented as 
mean ± SEM determined from analysis of 
2 mice per group. 
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that loss of TrkB.T1 may have differential effects during 
the sensitive period in adolescence, we fear conditioned 
separate cohorts of PD29 mice. We observed no effect of 
TrkB.T1 loss on cue fear learning ( fig.  3 c). In another 
cohort of mice, we tested PD29 TrkB.T1 +/+ , TrkB.T1 +/–  
and TrkB.T1 –/–  mice on the same contextual fear para-
digm as the Val66Met mice described above ( fig.  4 a). 
Based on previous results  [21] , we anticipated that peri-
adolescent mice would display a lack of contextual fear, 
with a delay in significant increase in fear expression, oc-
curring in adulthood. As expected, both TrkB.T1 +/+  and 
TrkB.T1 +/–  mice demonstrated delayed contextual fear 
expression, suggesting that partial loss of TrkB.T1 recep-
tor does not result in developmental differences in con-
textual fear learning ( fig. 4 b). However, TrkB.T1 –/–  mice 
displayed an opposite behavioral pattern, exhibiting sig-
nificantly heightened contextual fear expression in ado-
lescence compared to TrkB.T1 +/+  and TrkB.T1 +/–  litter-
mates (ANOVA ,  F 2, 18  = 18.118, p < 0.001;  fig. 4 b). Con-
textual fear in PD29 TrkB.T1 –/–  mice is indistinguishable 
from adult contextual fear levels for control and hetero-
zygous mice ( fig.  4 b), suggesting that complete loss of 
TrkB.T1 may have led to an enhanced functional matu-
ration of hippocampal-amygdala-prefrontal circuitry. 
Furthermore, TrkB.T1 –/–  mice exhibit a significant de-
cline in fear expression when tested in adulthood com-

pared to other genotypes ( fig. 4 b). We take these data to 
suggest that the association of the context with the aver-
sive stimulus may have been extinguished during re-ex-
posure of the context during adolescence. Because en-
dogenous TrkB.T1 levels peak in this periadolescent time 
frame whereas full-length TrkB receptor expression re-
mains constant across postnatal development ( fig. 5 ), a 
loss of this dominant negative form of TrkB, particularly 
during adolescence, may result in increased signaling 
through full-length TrkB, which has been shown to have 
important roles in long-term potentiation, learning and 
memory  [3] . As such, mice lacking the truncated form of 
the BDNF receptor TrkB.T1 may have undergone more 
rapid neural maturation, resulting in enhanced capacity 
for learning during this age.
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  Discussion 

 The main finding of our study is that expression of 
contextual fear, acquired in adolescence but suppressed 
until adulthood, is modulated by altering BDNF-TrkB 
signaling. Using genetic models of altered BDNF-TrkB 
signaling, we show that contextual fear undergoes fur-
ther suppression in adulthood in BDNF Met/Met  mice, 
with decreased BDNF availability. However, in TrkB.
T1 –/–  mice that have increased BDNF-dependent TrkB 
signaling, fear expression is heightened in adolescence 
but is subsequently attenuated in adulthood compared 
to other genotypes. Because BDNF signaling through 
TrkB receptors has been shown to play an essential role 
in hippocampus-mediated learning  [26, 27] , these stud-
ies suggest the possibility of BDNF’s involvement in set-
ting up the sensitive period for adolescent suppression 
of contextual fear expression observed in wild-type 
mice.

  The hippocampus, along with prefrontal and limbic 
structures, is a primary regulator of contextual fear ex-
pression. Specifically, projections from the hippocampal 
CA1 region to the basal nucleus of the amygdala process 
contextual fear acquisition  [28, 29] . Lesions to the dorsal 
hippocampus disrupt both acquisition and expression of 
contextual fear  [29–31] . Interestingly, the hippocampus 
is one of several structures in the brain involved in cogni-
tive processing, which reaches maturity in late develop-
ment. Hippocampal growth continues throughout ado-
lescence in both rodents and nonhuman primates  [18, 
19] . Furthermore, longitudinal scans of children and ado-
lescents (between the ages of 4 and 25 years) reveal that 
postnatal hippocampal maturation is not uniform 
throughout the structure and that distinct maturational 
profiles exist for specific subregions  [20] . This late matu-
ration of the hippocampus is well demonstrated by the 
finding that contextual fear expression is intact in pre-
adolescence, then temporarily suppressed during adoles-
cence, and subsequently re-emerges in adulthood  [21] . 
Our results suggesting that alterations in BDNF-TrkB 
signaling have a profound effect on contextual fear ex-
pression during adolescence are in accordance with data 
showing that the hippocampus is still undergoing plastic 
changes and can be modified at this developmental peri-
od  [18, 19, 32] .

  One finding of the current work is that TrkB.T1 –/–  
mice do not demonstrate suppression of contextual fear 
during the sensitive period in adolescence, which is ob-
served in wild-type mice ( fig. 4 b). It is intriguing to spec-
ulate whether increased BDNF signaling through full-

length TrkB receptors in these knock-out mice leads to 
early hippocampal maturation, particularly of the neural 
circuitry involved in contextual fear regulation. Thus, the 
sensitive period is shifted to an earlier developmental 
stage. In addition, as endogenous TrkB.T1 receptor levels 
normally peak during this periadolescent period ( fig. 5 ), 
it is possible that during the transition into adolescence 
there is attenuation of baseline BDNF-dependent TrkB 
signaling that is due to this surge in TrkB.T1 receptors 
and which may contribute in setting up this periadoles-
cent development window of contextual fear suppres-
sion. Furthermore, TrkB.T1 –/–  mice, unlike control litter-
mates, do not subsequently exhibit the high levels of con-
textual fear expression in adulthood that is observed in 
wild-type mice  [21] . One explanation for this observation 
may be that the early maturation of the hippocampus 
leads to enhanced fear learning during adolescence; thus 
re-exposure of the context 24 h after conditioning is ef-
fectively an extinction session dissociating the context 
from the unconditioned stimulus. Therefore, the context 
is no longer perceived as a significant threat in adulthood. 
In the future, it will be of interest to further test this hy-
pothesis and also create conditional deletion of the TrkB.
T1 receptor in specific brain regions and developmen-
tally restricted time points in order to parse out the cir-
cuitry involved.

  Another finding of our study is that BDNF Met/Met  
mice exhibit blunted contextual fear expression in adult-
hood comparable to those in adolescence ( fig. 1 b). The 
results suggest that the decreased BDNF availability in 
these mice delays maturation of the hippocampal learn-
ing and memory circuitry. BDNF Met/Met  mice have previ-
ously been shown to exhibit contextual fear deficits in 
adulthood along with decreased hippocampal size, den-
dritic complexity and plasticity deficiencies  [12, 33] . 
Thus, it is unclear whether learning and memory cir-
cuitry ever reaches maturation or if it is locked into an 
immature state presumably due to lack of trophic sup-
port. In addition, wild-type mice have been shown to 
exhibit high levels of contextual fear expression prior to 
entering the sensitive period in adolescence at PD29. It 
would be beneficial to investigate whether BNDF Met/Met  
mice exhibit comparable levels of contextual fear at that 
early age and BDNF-dependent hippocampal deficits 
emerge during the transition from adolescence to adult-
hood. A better understanding of learning and memory 
deficits associated with the BDNF Met  allele may prove 
helpful for the development of better clinical strategies 
for the prevention and treatment of neuropsychiatric dis-
orders.
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  Finally, with regard to the implications for the human 
BDNF Val66Met SNP, the absence of delayed contextual 
fear expression observed in BDNF Met/Met  mice may be 
suggestive of an adaptive role in protecting BDNF Met 
allele carriers from re-experiencing previously condi-
tioned aversive fears, despite their increased tendency for 
higher anxiety-like behavior in adulthood  [12, 34] . Future 
studies are needed to investigate this apparent discrep-
ancy between high anxiety-like behavior during adult-
hood and a lack of expression of previously conditioned 
contextual fear memories in BDNF Met/Met . In addition, 

understanding this phenomenon may shed light on the 
effects of the BDNF Met  allele on the long-term behavioral 
consequences of early-life stress.
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