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Abstract

Brain-derived neurotrophic factor (BDNF) is a growth factor that is dynamically expressed in the
brain across postnatal development, regulating neuronal differentiation and synaptic plasticity. The
neurotrophic hypothesis of psychiatric mood disorders postulates that in the adult brain, decreased
BDNF levels leads to altered neural plasticity, contributing to disease. Although BDNF has been
established as a key factor regulating the critical period plasticity in the developing visual system,
it has recently been shown to also play a role in fear circuitry maturation, which has implications
for the emergence of fear-related mood disorders. This review provides a detailed overview of
developmental changes in expression of BDNF isoforms, as well as their receptors across
postnatal life. In addition, recent developmental studies utilizing a genetic BDNF single nucleotide
polymorphism (Val66Met) knock-in mouse highlight the impact of BDNF on fear learning during
a sensitive period spanning the transition into adolescent time frame. We hypothesize that BDNF
in the developing brain regulates fear circuit plasticity during a sensitive period in early
adolescence, and alterations in BDNF expression (genetic or environmental) have a persistent
impact on fear behavior and fear-related disorders.
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INTRODUCTION

Advances in psychiatry and neuroscience have enhanced our understanding of the neural
circuitry implicated in anxiety- and stress-related disorders, with a primary focus on
characterizing inappropriate and exaggerated fear responses in the developed brain. Current
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clinical treatments have been implemented based on their efficacy in a physiologically
mature neural framework. Although existing behavioral and psychopharmacological
therapies offer significant benefit to adult patients suffering from anxiety disorders, such as
PTSD, a comparative lack of knowledge about the development of fear neural circuitry may
limit successful treatment outcomes in children and adolescents.[!] In addition, the peak
emergence of anxiety- and stress-related disorders occurs in pediatric and adolescent
populations,[2 which highlights the importance of identifying not only the circuit-based but
also molecular mechanisms for fear regulation from a developmental perspective.

One of the prevailing molecular frameworks thought to underlie mood disorders, including
anxiety disorders, has been the neurotrophic hypothesis. This hypothesis postulates that
growth factors in the adult brain, which provide continuing trophic support, are decreased by
environmental and physiological stressors leading to altered neural plasticity in key regions
implicated in anxiety and fear responses, including the hippocampus, prefrontal cortex, and
amygdala. It is important to point out that chronic stress has opposite effects on brain-
derived neurotrophic factor (BDNF) in the amygdala compared to hippocampus, with an
increase in expression observed in the amygdala and a decrease in hippocampus. Ultimately,
changes in activity of inhibitory and excitatory inputs in both structures result in enhanced
net activation of the hypothalamic-pituitary-adrenal axis, which controls stress response.
Excellent reviews of the studies establishing this neurotrophic hypothesis have been
published.[3-5] In contrast, less is known about how these trophic factors impact the
developing fear circuitry, especially in a time frame that corresponds to the peak onset and
emergence of these disorders during the transition from childhood to adolescence. This
review will provide a detailed overview of developmental expression changes of one such
trophic factor, BDNF as well as its receptors. In addition, although BDNF has been
established as a key factor in the developing brain for regulating the critical period related to
visual system plasticity,[> 61 its role in the developing fear circuitry has only recently been
examined. This review will detail recent developmental studies utilizing a human genetic
BDNF single nucleotide polymorphism (SNP; Val66Met) knock-in mouse that highlights the
functional consequence of altered BDNF availability on fear learning during a sensitive
period spanning the transition into adolescence. Clinical implications for neuropsychiatric
disease and future directions will also be discussed.

NEUROTROPHINS

Neurotrophins, comprising of NGF, BDNF, NT-3, NT-4, are a unique family of polypeptide
growth factors that influence the proliferation, differentiation, survival, and death of
neuronal and non-neuronal cells. The effects of neurotrophins depend upon their levels of
availability, their binding affinity to transmembrane receptors, and the downstream signaling
cascades that are engaged following receptor activation. Although the biological roles for
neurotrophins were initially characterized during early prenatal development of the
peripheral nervous system, it is now clear that they have multiple roles in the adult central
nervous system, such as regulating neuronal connections, plasticity, and neurotransmitter
release.[”] The predominant neurotrophin in the brain is BDNF, which is initially synthesized
as a precursor or a proneurotrophin that is subsequently cleaved to release the mature, active
proteins!® 9l (Fig. 1). Mature BDNF binds preferentially to the tropomyosin-related kinase B

Depress Anxiety. Author manuscript; available in PMC 2016 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dincheva et al.

Page 3

(TrkB) receptor, activating the downstream signaling molecules mitogen-activated protein
kinase (MAPK), phospholipase C gamma, and phosphatidylinositol-3 kinase. These
signaling cascades result in neuronal survival, differentiation, and enhancement of neuronal
mechanisms regulating learning and memoryl10-14] (Fig. 1).

ProBDNF is also a biologically active signaling molecule,[15-17] however, its effects on
neuronal survival and functioning are to a large degree opposite to those of mature
BDNF.[18] Unlike mature BDNF, proBDNF binds specifically to the p75 neurotrophin
receptor (p75NTR), a member of the tumor necrosis factor super family.l”] p75NTR activation
leads to decreased neuronal complexity and increased apoptosistt9-211 (for review, Roux and
Barker[22]: Fig. 1). In addition, proBDNF negatively regulates neuronal mechanisms
implicated in learning and memory,[17: 19. 23, 24] 3gain indicating an opposite role in synaptic
plasticity compared to mature BDNF.

EXPRESSION PATTERNS FOR BDNF ISOFORMS AND RECEPTORS
ACROSS DEVELOPMENT

Brain-Derived Neurotrophic Factor

Detection of BDNF and its isoforms has proven challenging in the developing brain due to
relatively low abundance of the growth factor. ELISA-based immunoassays have been the
main methodology utilized to assess BDNF protein levels, however, the main disadvantage
of this technique is that it does not differentiate between the pro- and mature isoforms of the
polypeptide. Nevertheless, ELISA assays have provided valuable information on relative
total BDNF expression throughout postnatal life in rodents. The consistent pattern observed
in multiple studies is that endogenous levels of BDNF in the brain rise dramatically in early
postnatal life and peak in the third to fourth postnatal week, a time period that corresponds
with the transition into adolescence. Developmental expression of BDNF in the rat brain has
shown that at postnatal day (P)0, very low levels are detected in the hippocampus, septum,
olfactory bulb, and hypothalamus but none in cerebral cortex, striatum, and cerebellum.[25]
At P10, BDNF is weakly detected in all brain regions tested except in the cerebellum
whereas in the hypothalamus levels are almost five times higher than PO. At P20, levels are
again increased and BDNF expression exhibits a pattern unique to each brain region. In the
hippocampus, BDNF expression gradually rises between P20 and P120, at which point it
reaches a plateau. Interestingly, in the cortex, BDNF levels peak at P20, after which they
gradually decline to about 50%. In the striatum, the highest level of BDNF expression is
attained at P30 followed by a decrease. In the olfactory bulb and hypothalamus, levels also
peak between P20 and P30. Confirming results from rat brains, in the mouse brain BDNF
levels increase between P1 and P21 in the cortex, hippocampus, striatum, septum,
cerebellum, and olfactory bulb. The largest increase is detected in the hippocampus where
levels rise from ~25 ng per gram (ng/g) wetweight to about 300 ng/g.[26] This developmental
pattern is also supported by polymerase chain reaction analyses of BDNF mRNA in mouse
hippocampus indicating a peak during week 3 of postnatal life.[27: 28] |n all, these rodent
studies suggest that in multiple brain regions, BDNF levels increase significantly during the
first month of postnatal development, which may be followed by a slight decline into
adulthood (Fig. 2A).
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ProBDNF and mature BDNF utilize distinct receptors to mediate divergent neuronal
functions[18 291 suggesting that the two isoforms may also exhibit a differential expression
pattern in the developing brain. To address this question, Hempstead and colleagues have
generated a knock-in mouse in which wild-type(WT) BDNF is expressed with a C-terminal
hemagglutinin (HA) epitope tag (Badnf-HA) to enhance BDNF protein detection.[15]
Hippocampal lysates from BDNF-HA/+ mice have been subjected to immuno-analysis using
HA-specific antibodies, allowing for the pro- and mature BDNF polypeptides to be resolved
based on size. ProBDNF is easily detectable at P4 and levels significantly increase by the
second postnatal week, however, by 10 weeks of age, levels are below those of P4,
indicating a hippocampal proBDNF peak in early postnatal life. In contrast to proBDNF, the
mature isoform is weakly detected on P4 and is expressed throughout postnatal
development.[23] A follow-up study utilizing the same BDNF-HA/+ mouse model, further
elucidates the early postnatal proBDNF expression in hippocampus by showing low
expression at PO but levels are rapidly increased at P15 followed by a gradual reduction at
P21, P42, and into adulthood. On the other hand, mature BDNF levels are highest at P21 and
although they decrease at later ages, this isoform is still readily detectable in adulthood.[17]
Thus, unlike mature BDNF, proBDNF developmental effects may be most relevant very
early in postnatal life when axonal projections are being established and synapses are
forming (Fig. 2B). The transient postnatal peak in pro-BDNF has been hypothesized to
correspond to later development of BDNF-processing enzymesl2®] as well as higher levels of
p75NTR in the hippocampus at this age,*> 23 particularly in CA1 pyramidal cell apical
dendrites, postsynaptic to the Schaffer collateral axon terminals.[23] ProBDNF negatively
regulates neuronal remodeling, synaptic transmission, and synaptic plasticity in
hippocampus, which occurs at the highest rate in early postnatal development.[*7] Thus, the
developmental timing of proBDNF peak expression may be closely related to its function in
establishing efficient circuitry connections in the maturing brain. Conversely,
immunoanalysis of BDNF from WT murine hippocampi has suggested that the mature form
is predominant at all ages.[3%] Methodological differences may account for these diverging
results.

BDNF Prodomain

The BDNF prodomain is highly conserved across species highlighting its importance in
CNS function. Detection of the prodomain in murine hippocampus is first observed at P5. At
1 month of age, levels have significantly increased by nearly 4.5-fold and they remain high
into adulthood.[] Developmentally, WT prodomain levels peak after the time of highest
proBDNF expression, when cleavage of proBDNF becomes more efficient.[15] The
prodomain is secreted from cultured neurons and alters neuronal processes involved in
learning and memory.[®: 311 A common SNP has been identified in the human BDNF gene,
which results in an amino acid substitution from valine (Val) to methionine (Met) at position
66 in the BDNF prodomain.[32] This SNP is expressed in about 30% of the Caucasian
population!33] and is associated with structural and functional alterations of the
hippocampus.[32 34361 Neuropsychiatric disorders such as major depressive disorder as well
as elevated expression of anxiety-related traits including harm avoidance, fear of uncertainty,
and anticipatory worry are more prevalent in Met allele carriers than noncarriers.[37: 38l
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Additionally, patients with PTSD carrying the Met allele exhibit poorer response to
exposure-based cognitive behavior therapy.[391 At a cellular level, the presence of the Met
allele results in altered availability of the variant BDNFye; protein.[32: 40431 |nterestingly,
this SNP introduces a structural shift in the BDNF prodomain conferring biologically
relevant function. The Met66 prodomain negatively regulates development of hippocampal
neurons by binding to SorCS2, a VPS10 family member, which subsequently interacts with
p75NTR (Fig. 1). Met66 prodomain levels are developmentally regulated and they follow the
general expression pattern of the Val66 (WT) prodomain, however, in comparison, Met66
hippocampal content is lower at all ages. There is an increase in Met66 expression between
P5 and 4 weeks of age in murine hippocampus and another increase in levels into
adulthood.[®] Met66 prodomain signaling might have a narrow window of biological
relevance in early adolescence, when both, prodomain and p75NTR, levels are relatively
high[® 151 (Fig. 2C). Developmental expression of SorCS2 remains to be elucidated.
Additionally, in carriers of the Val66Met mutation, even though prodomain levels are lower
than Val66, the Met66 peptide is produced and it has biological relevance that is not
observed with the WT prodomain.[®]

TrkB Receptor

In rodents, full-length TrkB (TrkB.FL) mRNA levels remain relatively even from birth
throughout development and into adulthood.[27: 44 451 Conversely, hippocampal mMRNA
levels of the truncated TrkB isoform (Trk.T1), lacking a catalytic domain, gradually increase
between P1 and P21 followed by a reduction.l44] Additionally, regional and species
specificity in the expression patterns of mMRNA for both receptor isoforms has been reported.
A peak at about P10-P15 has previously been reported in rat forebrain for TrkB.T1
mRNA.[#5] |n rat hippocampus, TrkB.FL mRNA expression slightly but significantly
decreases from P1 through P7 to P14, and remains relatively stable into adulthood. TrkB.T1
MRNA expression strongly increases during the first two postnatal weeks, and again at 2
months of age, which is then followed by a decrease.[6]

Full-length TrkB protein levels vary from the mRNA expression pattern. In the rat
hippocampus, TrkB.FL protein is highly expressed during the first few days of postnatal life
and expression levels are maintained until P15-P21. This plateau is followed by a drop into
adulthood.[46: 471 Protein expression in the rat forebrain follows a similar pattern.[45] The
truncated TrkB protein, on the other hand, increases between P2 and P50 and may be the
predominant form in adult rat hippocampus, hypothalamus, and forebrain[45-47] (Fig. 2A).
In addition, onset of protein expression for the two isoforms varies with TrkB.T1 being first
detected at P1, whereas low levels of full-length TrkB are observed at late embryonic
stages.[48]

p75NTR Receptor

Additional support for the early-life biological relevance of proBDNF and the BDNF
prodomain comes from the expression pattern of their neurotrophic coreceptor, p75NTR,
Analyses in mice have shown that hippocampal p75NTR levels are highest in the first
postnatal week, with a significant reduction by 4 weeks and minimal expression by 6 weeks
of age, recapitulating the proBDNF expression pattern[!® 171 (Fig. 2B). Furthermore,
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p75NTR mRNA levels in rat primary visual cortex parallel developmental p75NTR protein
levels observed in mouse hippocampus.[4°]

IMPACT OF ALTERED BDNF SIGNALING ON FEAR CIRCUITRY IN THE

ADULT

BDNF signaling through the TrkB neurotrophin receptor has been established as a major
regulator of adult fear circuitry function as well as expression of fear behavior.[5% Neural
circuitry regulating expression of learned fear is a complex network of fronto-limbic brain
structures with the amygdala being the main control center. During auditory cued fear
conditioning, cortical and thalamic projections converge on the lateral nucleus of the
amygdala (LA),[31-531 which, along with the basal nucleus of the amygdala (BA) integrate
appropriate sensory information and relay it to the central nucleus (CE).[4 During
extinction learning, the prelimbic cortex (PL), which is located dorsally within the vmPFC,
is necessary for the expression of learned fear behaviors,[5%] whereas the more ventrally
located infralimbic cortex (IL) is associated with suppression of conditioned fear
responses.[6-601 |nfusion of BDNF protein into the IL but not the PL facilitates fear
extinction even without extinction training, whereas sequestering endogenous BDNF
diminishes extinction learning.[82. 621 Furthermore, extinction training increases BDNF
expression in the ventral hippocampus, which is associated with increased IL activity,
facilitating extinction learning.[2] Additionally, lentiviral expression of the truncated TrkB
receptor in the basolateral amygdala impairs consolidation of fear extinction in rats.[63]
BDNF haploin-suffiecient (BDNF*/~) mice display impairment of contextual fear
learning.[54] In accordance, full-length TrkB overexpression leads to enhanced contextual
fear learning and hippocampal long term potentiation (LTP).[8%] Thus, modulation of BDNF
signaling alters functioning of the fear circuitry leading to divergent behavioral outcomes in
adult rodents.

CHANGES IN BRAIN MATURATION AND FEAR-RELATED PHENOTYPES
ACROSS DEVELOPMENT

The prefrontal and subcortical brain regions, which regulate fear learning and expression,
undergo pronounced developmental changes from childhood into adulthood. However,
structural and functional development of the human brain is a nonlinear process,[23: 29, 66]
giving rise to a developmental mismatch model, suggesting that during adolescence
subcortical regions are further ahead in their maturation trajectories compared to prefrontal
ones.[%7] Consistent with this model, magnetic resonance imaging (MRI) scans of human
cortical gray matter for subjects between the ages of 4 and 21 years show that high-order
association cortices mature later in development compared to sensorimotor regions, whose
function they integrate.[®8] In the prefrontal cortex, maximum synaptic density peaks at
around 4 years of age,[%9] followed by a substantial reduction in gray matter between
adolescence and adulthood thought to be due to increased myelination in peripheral regions
of the cortex that regulate cognitive processes.[79 There is an about 17% decrease in gray
matter volume in the human prefrontal cortex between the ages of 10 and 26.[7] This earlier
maturation of limbic regions compared to prefrontal regions in humans provides a basis for
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nonlinear changes in behavioral phenotypes across development.[72] Mirroring changes in
the circuitry maturation, fear expression also exhibits qualitative changes across
development in both humans and rodents.[”3] In WT mice, it has been shown that there is a
sensitive period for both fear extinction as well as contextual fear retrieval that spans the
same developmental stage. Specifically, in both rats and mice, fear extinction learning and
retention are attenuated during adolescence.[”4-76] Relative to pre- and postadolescent
animals, adolescents exhibit diminished fear extinction learning that is paralleled by an
absence of extinction learning-induced plasticity within the I1L.[76] This blunted fear
extinction during adolescence is associated with a lack of activity in the prefrontal cortex,
specifically IL, as assessed by phospho-MAPK immunohistochemistryl74l or c-Fos
immunohistochemistry[76] compared with younger and older ages. Electrophysiological
recordings in the prefrontal cortex across development reveal that fear conditioning-induced
potentiation as well as extinction-induced enhancement of IL synaptic plasticity in adult
mice is lacking in adolescent mice.[78] These studies suggest that the development of cued
fear extinction progresses in a nonlinear manner, with adolescents showing diminished
extinction learning relative to preadolescents and adults. In contrast to cued fear extinction
learning, adolescent mice appear to be insensitive to contextual fear conditioning. Unlike
juvenile and adult mice, adolescent mice returned to the context in which they experienced
an aversive event do not display a fear response. This suppression of contextual fear during
adolescence is due to a failure of contextual fear retrieval as opposed to acquisition because
the same animals tested in early adulthood display a fear response to the context.l””] Thus,
during early adolescence, WT mice undergo a disjunction in fear expression in which they
are particularly sensitive to cued fear associations and insensitive to contextual fear
associations.

Human studies of fear learning across development have been hindered by methodological
limitations and the design of appropriate aversive testing conditions for children and
adolescents. These settings include but are not limited to the use of white noise, unpleasant
images, and the combination of the two as unconditioned stimuli, which correspond to the
mild electric shock in the rodent paradigm.[78 79 Similarly to rodents, humans also exhibit
selective attenuation in fear extinction in adolescent development compared to children and
adults.[76] Furthermore, a functional connectivity MRI study between the medial prefrontal
cortex and the amygdala shows that from childhood to adolescence there is a change in
activity correlation between these two regions involved in fear expression regulation, which
is then stabilized into adulthood. These findings suggest dynamic maturational interaction
for the medial prefrontal cortex and amygdala during adolescence.[80]

THE EFFECT OF BDNF ON CRITICAL AND SENSITIVE PERIOD PLASTICITY

The impact of postnatal BDNF signaling on circuitry maturation has been most clearly
delineated in the context of plasticity in the mouse visual cortex. Monocular deprivation
during a defined postnatal time window leads to persistent loss of visual acuity. In mice, this
critical period has been confined to P19-P32.[81] Timed intracortical delivery of BDNF
protein alters the formation of ocular dominance columns, as well as cortical plasticity after
monocular deprivation.[82] In addition, in transgenic mice overexpressing BDNF, the critical
period for ocular dominance plasticity is shifted to an earlier time frame and leads to
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accelerated maturation of visual acuity. Constitutive postnatal overexpression of BDNF also
enhanced the maturation of GABAergic innervation in the visual cortex, in particular the
parvalbumin-positive neurons, suggesting that BDNF produced and secreted from excitatory
cortical neurons impacts the maturation of the inhibitory circuit during this period that spans
the transition into adolescence. (6]

In contrast, less is known about the impact of BDNF signaling on fear-related circuits in this
time frame that spans the third to fourth postnatal week. Recently, we have performed a
series of studies assessing the impact of diminished BDNF signaling during this early
adolescent sensitive period. We have utilized a knock-in mouse line, which carries the
human Val66Met SNP leading to decreased BDNF bioavailability.[32 401 Adult mice
expressing the Met allele recapitulate the phenotypic hallmarks of humans with this
polymorphism, especially with regard to altered anxiety- and fear-related behaviors.[40. 83]
First, we have sought to determine the impact of the BDNF SNP on the contextual fear
retrieval. In WT mice, contextual fear expression is temporarily suppressed during a distinct
period in adolescence, but re-emerges at later, postadolescent ages.[’7] We have previously
shown that adult BDNFMeUMet mice have a deficit in acquisition of contextual fear
associations, possibly related to high BDNF dependence of hippocampal plasticity.[40]
Interestingly, BDNFMeUMet mice in early adolescence (P29), do not exhibit alterations in
contextual fear suppression as compared to age-matched WT littermates. However, when
previously conditioned BDNFMeUMet mice are tested in adulthood, they fail to display the
delayed expression of contextual fear compared to WT micel44] (Fig. 3A and B), suggesting
that diminished BDNF bioavailability may permanently alter hippocampal function in Met
allele carriers, leading to persistent functioning that is indistinguishable from that in early
adolescence.

This behavioral outcome of diminished BDNF availability would also predict that increasing
BDNF-TrkB signaling results in early emergence of contextual fear in rodents. To better
address this question, we have used a mouse line with a genetic deletion of one of BDNF’s
receptors, the truncated TrkB receptor (TrkB.T177), which lacks the intracellular tyrosine
kinase domain.[4% 841 TrkB.T1 receptors primarily play a role as BDNF scavengers or
dominant negative receptors sequestering BDNF that would otherwise lead to activation of
full-length TrkB receptors and downstream signaling cascades.[85-87] When tested at P29,
TrkB.T17/~ mice display an opposite behavioral pattern, exhibiting significantly heightened
contextual fear expression in early adolescence compared to WT littermates (Fig. 3A and C).
Contextual fear in P29 TrkB.T1~/~ mice is indistinguishable from adult contextual fear
levels for control mice (Fig. 3C), suggesting that complete loss of TrkB.T1 may have led to
an enhanced functional maturation of hippocampal-amygdala-prefrontal circuitry via
increased signaling through full-length TrkB.

EFFECT OF THE BDNF MET ALLELE ON THE DEVELOPMENT OF CUED
FEAR EXTINCTION LEARNING

Our previous studies implicate BDNF in modulating contextual fear learning during
adolescence,[44] however, it is still unclear what the developmental impact of the BDNF
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Val66Met SNP is on cue fear extinction. In order to address this question, we have analyzed
preadolescent (P23) and early adolescent (P29) extinction learning in the BDNFMeUMet mjce
and compared it to fear extinction in adult BDNFMeYMet mice All animal care is in
accordance with Weill Cornell Medical College, Institutional Animal Care and Use
Committee, National Institutes of Health Care and Use of Laboratory Animals. Cued fear
conditioning apparatus and procedure have also previously been described.[88] Briefly, mice
are fear conditioned with three tone-shock pairings. Extinction training consists of five tone
presentations in a novel context repeated daily for 4 days after fear acquisition. At P23,
preadolescent BDNFMeUMet mice exhibit fear extinction levels similar to those of WT
littermates (two-way analysis of variance (ANOVA) with post hoc Bonferroni test; trial x
genotype interaction: [F (1, 12) = 1.15, P> .05]; effect of trial: [~ (1, 12) = 85.88, P<.
0001]; Fig. 4A). Both groups show a significant decrease in freezing behavior to tone
following repeated presentations. In early adolescence, there is no effect of the Met allele on
extinction learning and BDNFMeUMet mice as well as controls display blunted extinction
learning (two-way ANOVA with post hoc Bonferroni test; trial x genotype interaction: [F (1,
26)=0.26, P> .05]; Fig. 4B). This behavioral phenotype has previously been associated with
altered synaptic plasticity in prefrontal cortical regions at this developmental stage.[7¢]
However, adult BDNFMeUMet mice continue to display high freezing compared to age-
matched controls, which exhibit enhanced extinction learning comparable to preadolescent
mice (two-way ANOVA with post hoc Bonferroni test; trial x genotype interaction: [F (1,
30) =9.70, P< .01]; effect of genotype: [~ (1, 30) = 28.36, < .0001]; Fig. 4C). These
results suggest that, similar to the context fear expression, the impairment in cued fear
extinction emerges in a time frame corresponding to the transition from adolescence to
adulthood. In all, these findings also highlight that the impact of the Met allele in both
contextual fear expression and cued fear extinction emerges as BDNF levels and BDNF-
TrkB signaling are declining after peaking in early adolescence. The developmental onset of
fear behavior deficits in BDNFMeYMet mice also parallels the late adolescent emergence of
elevated anxiety-like behaviors in these mice.[89]

CONCLUSION AND FUTURE DIRECTIONS

Adolescence is a developmental stage, behaviorally and physiologically conserved across
species, characterized by the transition of mammals from dependence to independence.[%0]
During this period, learning the optimal fear response to various environmental cues is a
crucial adaptation for survival. During this time period the fear circuitry has been shown to
be particularly plastic and is greatly affected by genetic factors. In this review, we have
discussed the developmental trajectories of neurotrophin expression, including BDNF,
proBDNF, and the prodomain as well as their respective receptors, highlighting the effects
that changes in availability of these factors during adolescence may have on the maturation
of fear circuitry and ultimately anxiety-related behavior. We have then focused on a
particular human BDNF SNP that confers decreased BDNF bioavailability, and utilizing a
knock-in mouse model identified alterations in the developmental trajectories of fear
learning. With regard to the implications for the human BDNF Val66Met SNP, the absence
of delayed contextual fear expression observed in BDNFMeUMet mice may be suggestive of
an adaptive role in protecting BDNF Met allele carriers from re-experiencing previously
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conditioned aversive fears, despite their increased tendency for higher anxiety-like behavior
in adulthood.[40: 911 Future studies are needed to investigate this apparent discrepancy
between high anxiety-like behavior during adulthood and a lack of expression of previously
conditioned contextual fear memories in BDNFMeUMet mice. 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. In all, these analyses of the BDNF neurotrophin
system across postnatal development demonstrate the complexity of the interactions between
molecular function, development, and behavioral subdomains and that a polymorphism may
confer both risk and resilience for anxiety, depending on the timing and nature of fear
exposures. Ultimately, exploratory analyses in polymorphic mice can generate and refine
hypotheses for association testing in human population samples.

In addition, our studies with the BDNFMeUMet mice support the idea that alterations in
neurotrophin signaling during a sensitive period in early adolescent development may
underlie risk for psychiatric disorders later on in life. Thus, elucidating the precise
developmental changes in neurotrophin signaling impacting fear and anxiety circuitry
maturation would facilitate the appropriate timing of intervention for optimal behavioral
outcomes. We have identified a discrete window of sensitivity during early adolescence,
which might present an opportunity for therapeutic intervention to normalize fear-related
behaviors by correcting circuit-level deficiencies associated with the human BDNF Met-
allele.
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BDNF isoforms and their receptors. BDNF is initially synthesized as the precursor protein
proBDNF, which is cleaved to release the prodomain and mature BDNF. All three BDNF
isoforms display biological functions. In BDNF isoforms containing the Val66Met SNP, the
prodomain binds to SorCS2, which in turn interacts with the p75NTR to induce growth cone
pruning. proBDNF binds specifically to p75NTR, which leads to apoptosis and pruning of
dendritic spines through interaction with sortilin and SorCS2, respectively. Mature BDNF
binds preferentially to TrkB receptors, activating downstream signaling cascades resulting in

neuronal survival, differentiation, and synaptic plasticity.
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Schematic summary of expression levels of BDNF isoforms and their receptors in rodent
hippocampus relative to developmental stage. (A) BDNF levels peak in early adolescence,

followed by a plateau in adulthood. Full-length TrkB is the predominant receptor isoform in
early development, however, truncated TrkB levels increase in late adolescence.[25: 26, 45-47]

(B) Levels of both, proBDNF and its receptor p75NTR are highest during the first weeks of

postnatal development, after which expression rapidly decreases to low levels in
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adulthood.[5 171 (C) Met66 prodomain levels rapidly increase within the first month of life,
which coincides with high levels of p75NTR expression.[®: 9]
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Figure 3.

BDNF modulates contextual fear learning during adolescence. (A) Schematic representation
of behavioral paradigm. Average freezing behavior to context at 24 hrs or 2 weeks following
fear acquisition in (B) BDNF Val66Met and (C) truncated TrkB receptor-deficient mice
compared to littermate controls.[44] All results are presented as means + SEM. *P< .001.
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Figure 4.
Adolescent mice homozygous for the BDNF Val66Met polymorphism exhibit reduced

extinction learning, which persists into adulthood. Average freezing behavior during early
(extinction day 1) and late (extinction day 4) extinction trials of BDNF WT (Val/Val) and
knock-in (Met/Met) mice during (A) early development, (B) adolescence, and (C)

adulthood. All results are presented as means = SEM obtained from 3-10 mice per group. *P
<.001. P, postnatal day.
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