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Abstract
A common single-nucleotide polymorphism in the human brain-derived neurotrophic factor (BDNF)
gene, a methionine (Met) substitution for valine (Val) at codon 66 (Val66Met), is associated with
alterations in brain anatomy and memory, but its relevance to clinical disorders is unclear. We
generated a variant BDNF mouse (BDNFMet/Met) that reproduces the phenotypic hallmarks in
humans with the variant allele. Variant BDNFMet was expressed in brain at normal levels, but its
secretion from neurons was defective. In this context, the BDNFMet/Met mouse represents a unique
model that directly links altered activity-dependent release of BDNF to a defined set of in vivo
consequences. Our subsequent analyses of these mice elucidated a phenotype that had not been
established in human carriers: increased anxiety. When placed in conflict settings, BDNFMet/Met

mice display increased anxiety-related behaviours that were not normalized by the antidepressant,
fluoxetine. A genetic variant BDNF may thus play a key role in genetic predispositions to anxiety
and depressive disorders.

Brain-derived neurotrophic factor (BDNF), a molecule known to regulate neuronal survival
and plasticity, is widely expressed in the developing and adult mammalian brain (Huang &
Reichardt 2001, Chao 2003). In addition to regulating neuronal survival and differentiation,
BDNF participates in activity-dependent plasticity processes such as long-term potentiation,
learning and memory (Lu 2003a). Recently, a common single nucleotide polymorphism (SNP)
in the BDNF gene leading to a valine to methionine substitution at position 66 in the prodomain
(Val66Met) has been identified and shown to influence human hippocampal volume and
memory (Egan et al 2003). This BDNF SNP only exists in human and is found to be also
associated with altered susceptibility to a variety of neuropsychiatric disorders (Momose et al
2002, Neves-Pereira et al 2002, Sklar et al 2002, Ventriglia et al 2002, Sen et al 2003). This
polymorphism in the BDNF gene represents an important initial example of a role for
neurotrophins in behavioural processes in humans. This review will focus on the behavioural
consequences of this variant form of BDNF in humans, and compare and contrast these findings
with those in newly generated mouse model containing this variant BDNF SNP.
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Molecular mechanism underlying variant BDNFMet

The actions of BDNF are dictated by two classes of cell surface receptors, the TrkB receptor
tyrosine kinase and the p75 neurotrophin receptor (p75NTR), a member of the tumour necrosis
factor (TNF) receptor superfamily (Chao 2003). BDNF binding to TrkB receptor produces
neurotrophic responses through rapid activation of the PI3 kinase, Ras/MAPK and PLCγ
pathways, thus influence transcriptional events that has multiple effects on cell cycle, neurite
outgrowth and synaptic plasticity (Qui & Green 1991, Traverse et al 1992, Cowley et al
1994, Mazzucchelli et al 2002, Rosenblum et al 2002, Chao et al 2006). Signal transduction
through p75 independently gives rise to increase in JNK (c-Jun N-terminal kinase) and NF-
κB (nuclear factor κB), thus triggering apoptosis (Roux & Barker 2002). Consistent with the
critical role of BDNF in synaptic plasticity, BDNF is synthesized and released in an activity-
dependent manner (Lu 2003b). In the mammalian brain, BDNF is synthesized as a precursor
called proBDNF, which is proteolytically cleaved to generate mature BDNF. ProBDNF may
preferentially bind p75NTR, whereas mature BDNF preferentially binds TrkB receptor (Lee et
al 2001, Teng et al 2005).

The molecular mechanisms underlying altered BDNFMet function have begun to be studied
primarily in in vitro cell culture systems. The Met substitution in the prodomain was shown in
neurosecretory cells and primary cultured neurons to lead to three trafficking defects: (1)
decreased variant BDNF distribution into neuronal dendrites; (2) decreased variant BDNF
targeting to secretory granules; and (3) subsequent impairment in regulated secretion (Egan et
al 2003, Chen et al 2004, Chen et al 2005). In addition, when expressed together in the same
cell, BDNFMet alters the trafficking of wild-type BDNF (BDNFVal) through the formation of
heterodimers that are less efficiently sorted into the regulated secretory pathway (Chen et al
2004). These initial findings are consistent with previous studies indicating that the prodomain
of neurotrophins plays an important role in regulating their intracellular trafficking to secretory
pathways (Suter et al 1991). Together, these in vitro studies with BDNFMet point to the presence
of a specific trafficking signal in the BDNF prodomain region encompassing the Met
substitution that is required for efficient BDNF sorting.

Recently, a trafficking protein, sortilin, was shown to be necessary for the efficient sorting of
BDNF to the regulated secretory pathway. Sortilin interacts specifically with BDNF in a region
encompassing the Met substitution (Chen et al 2005). Replacement of Met at this position led
to decreased interaction of BDNF with this trafficking protein and suggests that decreased
protein–protein interaction between BDNF and the trafficking machinery as one plausible
molecular model for the secretion defect observed with the variant BDNF. This variant BDNF
provides an example of how appropriate trafficking of BDNF may have a significant impact
on the physiological responses to neurotrophins.

However, fundamental questions remain as to how these in vitro effects relate to the in vivo
consequences of this SNP in humans. The main caveat to these in vitro overexpression studies
has been that overexpression of neurotrophins has itself led to altered trafficking fates in
cultured neurons (Farhadi et al 2000). As the majority of BDNF is released from the regulated
secretory pathway in neurons, impaired regulated secretion of BDNFMet represents a
significant decrease in available BDNF.

It also remains possible that there are additional defects in BDNFMet processing that may
contribute to the observed deficits, although in vitro studies in neurons suggest no defect in
BDNFMet processing (Egan et al 2003, Chen et al 2004). It has been reported that tissue
plasminogen activator, by activating the extracellular protease plasmin, converts proBDNF to
the mature BDNF, and that such conversion is critical for late-phase long-term potentiation in
the mouse hippocampus (Pang et al 2004). Given that proBDNF preferentially activates
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p75NTR over TrkB receptor, it is likely that proteolytic conversation of proBDNF may be
implicated in BDNF functioning.

Variant BDNFMet and behavioural impairments
Until recently, no genetic associations had been identified linking neurotrophin genes to human
cognitive functioning. Given BDNF’s established role in mediating processes related to
learning and memory (Korte et al 1995, Patterson et al 1996, Desai et al 1999), this increased
susceptibility to cognitive impairment suggests that the variation in BDNF may play a role in
the development of neuropsychiatric disorders as well as affect nervous system functioning.

However, in any study attempting to associate a gene with pathology or behavioural variation,
it is often unclear how the change in genotype results in the phenotypic change. This is
especially difficult when attempting to link a change in genotype with a discrete change in
cognitive functioning. It is possible that the identified genetic variant has a direct effect on
cognition, but it is also plausible that the genetic variation mediates an effect through some
other downstream functional change, or through the regulation of some other gene. These
caveats must be kept in mind during this discussion. In addition, the majority of studies that
have been conducted to date have either excluded subjects not of European descent, or have
removed other ethnic groups prior to data analysis.

One of the most reliable effects observed in carriers of the Met allele (Val/Met) is a difference
in hippocampal morphology. In studies of brain morphometry using structural magnetic
resonance imaging (MRI) scans, Val/Met individuals have repeatedly been shown to have a
smaller hippocampal volume relative to controls who are homozygous for Val allele (Val/Val)
(Pezawas et al 2004, Szeszko et al 2005, Bueller et al 2006, Frodl et al 2007). This difference
may be related to the role that BDNF and its receptors play in the development as well as
continued plasticity of the brain (Huang & Reichardt 2001, Lu et al 2005). Despite a wealth
of information on individuals heterozygous for the Met polymorphism, little information exists
for individuals who are homozygous for the Met allele (Met/Met) as this genotype is rare in
the general population, comprising only 4% of people in Caucasian populations (Shimizu et
al 2004, Gratacos et al 2007). In addition to effects on the hippocampus, studies have also
shown decreased volume in the dorsolateral prefrontal cortex, an area associated with planning
and higher order cognitive functioning, as well subcortical regions such as the caudate nucleus
in carriers of the Met allele (Pezawas et al 2004). Recently it was found that Met allele carriers
having smaller temporal and occipital lobar grey matter volumes (Ho et al 2006).

One of the common behavioural phenotypes associated with the variant BDNFMet is
impairment of higher cognitive abilities. Individuals with the Val/Met genotype have been
shown to perform more poorly than control subjects (Val/Val) on memory tasks that rely
heavily on the hippocampus (Egan et al 2003, Hariri et al 2003). On the basis of batteries of
neuropsychological tests, carriers of the Met allele (Val/Met and Met/Met) were shown to
perform worse on tasks that involved recalling places and events, but did not differ from Val/
Val individuals on tasks that have been classically shown to be less hippocampal-dependent,
such as word learning and planning tasks (Egan et al 2003, Hariri et al 2003). The pattern of
brain activation in Val/Met individuals also significantly differed from that of Val/Val subjects
during tasks that rely on the hippocampus. Using functional MRI (fMRI), Hariri et al (2003)
showed that during a place recognition task, a task that has been shown to result in strong
hippocampal activation (Gabrieli et al 1998, Schacter et al 1999, Schacter & Wagner 1999),
individuals with the Val/Met genotype had significantly lower levels of activation compared
to Val/Val individuals during both the encoding and retrieval portions of the task. In a similar
functional imaging study, Egan et al (2003) employed a task that required individuals to
remember a set of stimuli and recall the stimulus that had been presented two stimuli prior to
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the current stimulus (N-back task), a paradigm that typically results in suppression of the
hippocampus. They found that individuals with the Met/Met genotype did not show the same
level of hippocampal suppression as subjects with the Val/Val or Val/Met genotypes. These
findings taken together suggest that carriers of the Met allele have a selective impairment in
hippocampal-dependent memory.

Anxiety is a common symptom among most psychiatric disorders. Several recent studies have
looked at the relationship between BDNFMet and trait anxiety. The results have been
conflicting, with the Val allele associated with vulnerability in one study and the Met allele
designated as the ‘risk’ allele in another study (Sen et al 2003, Jiang et al 2005, Lang et al
2005). Inconsistency across genetic studies may be attributable to sampling and measurement
issues, genetic heterogeneity due to differential sampling of populations or low frequency of
homozygous Met carriers, which may lessen the effect size of any particular association. It
may also relate to a failure to take into account relevant gene-by-gene and gene-by-environment
interactions. A recent investigation found the association between incident stroke and
depression with the strongest association for met/met genotype participants (Kim et al 2007).
So this study provides evidence for a gene–environment interaction with respect to the impact
of stroke on depression. Another study revealed a significant three-way interaction between
BDNF genotype, 5-HTTLPR, and maltreatment history in predicting depression (Kaufman et
al 2006). Children with the BDNFMet allele and two short alleles of 5-HTTLPR had the highest
depression scores, but the vulnerability associated with these two genotypes was only evident
in the maltreated children.

Variant BDNFMet knock-in mouse
Recently, a variant BDNF mouse (BDNFMet/Met) that reproduces the phenotypic hallmarks in
human with this BDNF SNP was generated (Chen et al 2006). The expression of BDNFMet is
regulated by endogenous BDNF promoters in the BDNFMet knock-in mouse, which fully
mimic the human BDNFMet polymorphism. The BDNFMet knock-in mice has allowed for
assessment of the in vivo consequences of BDNFMet not only for biochemical but also
anatomical and behavioural measures.

Initial secretion studies were performed on neurons obtained from the BDNFMet mice, and
BDNF in the resultant media was measured by enzyme-linked immunosorbent assay (ELISA).
There was a significant decrease in activity-dependent secretion of endogenous BDNF from
BDNFMet/Met mice (~30% decrease). As the majority of BDNF is released from the regulated
secretory pathway in neurons, impaired regulated secretion from BDNFMet/Met neurons
represents a significant decrease in available BDNF.

Subsequent anatomical analyses showed there was a significant decrease in hippocampal
volume in both BDNF+/Met and BDNFMet/Met mice. Furthermore, Golgi staining was used to
visualize individual dentate gyrus neurons of the hippocampus. At 8 weeks of age, there was
no difference in the cell soma area among BDNFMet mice and their littermate controls but a
decrease in dendritic arbour complexity in BDNFMet mice. Behavioural studies determined
that there was a specific impairment in hippocampal contextual fear conditioning in both
BDNF+/Met and BDNFMet/Met mice, whereas there was no difference in cue-dependent fear
conditioning. BDNFMet mice thus appear to replicate the two hallmark alterations in
hippocampal anatomy and hippocampal-dependent learning as human carriers of the
BDNFMet allele. These results suggest that BDNFMet mice are a valid animal model for the
human variant BDNF SNP.

Subsequent analyses of these mice elucidated a phenotype that had not been established in
human carriers: increased anxiety. When placed in conflict settings, BDNFMet/Met mice display
increased anxiety-related behaviours in three separate tests and thus provide a genetic link
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between BDNF and anxiety. Human genetic association studies have been inconclusive as to
the contribution of this SNP to with increased anxiety. Two main differences in the mouse
study design probably contributed to discerning this anxiety-related phenotype. First, mice
were subjected to conflict tests to elicit the increased anxiety-related behaviour, whereas human
studies relied on questionnaires. Second, the anxiety-related phenotype was only present in
mice homozygous for the Met allele, which suggested that association studies that focused
primarily on humans heterozygous for the Met allele may not detect an association.

The form of anxiety elicited in these BDNFMet/Met mice was not responsive to a common
selective serotonin reuptake inhibitor (SSRI). These results suggest that humans with this allele
may not have optimal responses to this class of antidepressants. Currently, there are no reliable
genetic or non-genetic biomarkers to predict who will respond to an SSRI. The transgenic
BDNFMet/Met mouse may serve as a valuable model to identify novel pharmacological
approaches to treating anxiety symptoms that underlie many neuropsychiatric disorders.

Conclusions
The human genetic variant BDNF (Val66Met) represents the first example of neurotrophin
family member, has been linked to anatomical and behavioural phenotypes in humans.
However, its relevance to clinical disorders is unclear. The generation of BDNFMet mouse
model to test in a more controlled and precise manner, than in human studies, the contribution
of this variant BDNF SNP to neuropsychiatric disease processes. In all, these findings indicate
a new direction in therapeutic strategies to rescue anxiety symptoms in humans with this
polymorphic allele. Drug discovery strategies to increase BDNF release from synapses or to
prolong the half-life of secreted BDNF may improve therapeutic responses for humans with
this common BDNF polymorphism.
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