Neuroscience 164 (2009) 108 –120

REVIEW
BRAIN-DERIVED NEUROTROPHIC FACTOR AS A MODEL SYSTEM
FOR EXAMINING GENE BY ENVIRONMENT INTERACTIONS ACROSS
DEVELOPMENT
B. J. CASEY,a,d1* C. E. GLATT,a1 N. TOTTENHAM,a1
F. SOLIMAN,a K. BATH,a D. AMSO,a M. ALTEMUS,a
S. PATTWELL,a R. JONES,a L. LEVITA,a B. MCEWEN,b
A. M. MAGARIÑOS,b M. GUNNAR,c K. M. THOMAS,c
J. MEZEY,d A. G. CLARK,d B. L. HEMPSTEADa AND
F. S. LEEa

Endophenotype approach
New findings
BDNF genotype and development on
amygdala-dependent learning
BDNF genotype and early postnatal adversity on brain
morphometry
BDNF genotype interacts with postnatal environment in
MRI-based morphometry
Effects of BDNF genotype and postnatal environment on
measures of anxiety
Limitations and caveats
Novel findings from human data directed further testing
of mouse and new hypotheses
BDNF expression is distributed across the brain
Gender differences
Genetic stratification
Conclusions
Acknowledgments
References

a

Weill Cornell Medical College, 1300 York Avenue, Box 140, New
York, NY 10065, USA
b

The Rockefeller University, 1230 York Avenue, New York, NY, 10065,
USA
c
University of Minnesota, 51 East River Parkway, Minneapolis, MN,
55455, USA
d

Cornell University, Department of Molecular Biology and Genetics,
Ithaca, NY, 14853, USA

Abstract—There has been a dramatic rise in geneⴛenvironment
studies of human behavior over the past decade that have
moved the field beyond simple nature versus nurture debates. These studies offer promise in accounting for more
variability in behavioral and biological phenotypes than studies that focus on genetic or experiential factors alone. They
also provide clues into mechanisms of modifying genetic risk
or resilience in neurodevelopmental disorders. Yet, it is rare
that these studies consider how these interactions change
over the course of development. In this paper, we describe
research that focuses on the impact of a polymorphism in a
brain-derived neurotrophic factor (BDNF) gene, known to be
involved in learning and development. Specifically we
present findings that assess the effects of genotypic and
environmental loadings on neuroanatomic and behavioral
phenotypes across development. The findings illustrate the
use of a genetic mouse model that mimics the human polymorphism, to constrain the interpretation of gene– environment interactions across development in humans. © 2009
IBRO. Published by Elsevier Ltd. All rights reserved.
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With the advances provided by the genomic revolution,
scientists have begun to study the role of genetic variation
in human behavior. This paper attempts to present a research strategy that connects major avenues of genetic
research across disciplines. For example, anatomical information provided by human brain imaging can serve as a
convenient link between anatomical abnormalities seen in
genetically modified mouse models and human behavioral
differences seen as a function of genotype. Alone, each of
these approaches (e.g. molecular, imaging and behavioral)
provides limited information on gene function in complex
human behavior, but together, they are forming bridges between animal models and human psychiatric disorders to
explain gene– environment interactions. Yet, rarely do these
studies consider how these interactions change over the
course of development. Developmental trajectories may offer
a new form of phenotype themselves rather than considering
genotype alone without attention to the age of an organism.
This paper proposes a new direction in such research
and illustrates the importance of collaborations among
neuroscientists, molecular biologists, geneticists, psychiatrists, and developmental and cognitive psychologists to
define the important role of gene– environment interactions
across development in a controlled model system. As an
example, we describe research that focuses on the impact
of a polymorphism in the brain-derived neurotrophic factor
(BDNF) gene and experiential events (e.g. stress, enrichment) on neuroanatomic and behavioral differences
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across development. Not only do we focus on a polymorphism that is essential to developmental processes such
as learning but also we examine the impact of this polymorphism across development. This research illustrates
the use of a genetic mouse model that mimics a functional
BDNF polymorphism found in human populations to generate and refine hypotheses of gene– environment interactions in developing humans.
The central hypothesis of this work is that gene- or
environment-related alterations in BDNF levels will have
a significant impact on behavioral and neuroanatomic
changes that vary with age. Such an approach may move
us away from simplistic notions of risk alleles, recognizing
that an allele may be a risk factor during one period of
development and a protective factor during another. Specifically, because the variant BDNFMet allele shows decreased regulated secretion, we predict that there will be
functional deficits or biases in learning early in development when physiologic levels of BDNF are low (Fig. 1B,
1C). However, when BDNF levels peak during adolescence (Katoh-Semba et al., 1997), this trafficking deficit
may yield only minor differences in these measures. Furthermore, during this period of increased physiologic expression of BDNF the lower secretion conferred by the
BDNFMet allele may actually be protective and lead to risk
for individuals in adolescence without this allele (e.g.
BDNFVal/Val in substance abuse; see meta-analysis by
Gratacos et al., 2007).
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This developmental model also encompasses non-genetic factors. Early environmental risk factors including
physiological or psychological stress result in decreased
neurotrophic support to certain BDNF-rich regions like the
hippocampus (Smith et al., 1995a). The additional deficit in
neurotrophic support in carriers of the Met allele may result
in increased vulnerability to stress, and thus put them at
greater risk for psychiatric disorders (e.g. anxiety, depression, schizophrenia) that have been associated with
stress. During other developmental windows when BDNF
levels are high, carriers of the BDNFVal allele may be at
greater risk for other psychiatric disorders given that stress
can increase BDNF in the amygdala and ventral striatum,
areas implicated in bipolar disorder (e.g. Geller et al.,
2004) and substance abuse (Matsushita et al., 2004; Liu,
2005). Thus, it is important to consider changes in the level
of BDNF across development and the opposing effects
that stress has on BDNF levels in brain regions that support very different forms of learning.
BDNF Val66Met polymorphism and human behavior
BDNF is a member of the neurotrophin family of secreted
peptides that support neuronal growth and survival. No
genetic association had been identified linking neurotrophin genes to deficits in human cognitive functioning until
the recent discovery of a common genetic variant in the
human BDNF gene (Egan et al., 2003), occurring in 20%–

Fig. 1. Model of impact of BDNF across development. (A) The genetic variant BDNF Val66Met leads to an amino acid substitution in the BDNF
prodomain (Val to Met at position 66) that results in decreased activity-dependent secretion of BDNF from neurons. Thus, this trafficking defect leads
to a decrease in the availability of biologically active BDNF. (B) This model predicts that BDNF levels will have different functional consequences
across development. As the variant BDNF (Val66Met) has decreased secretion throughout this period, we anticipate that there will be functional
deficits, evident even in childhood, but (C) these deficits will become diminished by adolescence when BDNF levels peak. In addition, BDNF levels
will be modulated by environmental stressors. Carriers of the Met allele will have decreased secretion and less neurotrophic support for plasticity and
change, whereas Val allele carries will show greater change, including both positive and negative effects on hippocampal structure and function, but
potentially greater neurotrophic support for plasticity and resilience once a stressor is removed.
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30% of the human population (Shimizu et al., 2004). This
single nucleotide polymorphism (SNP) in the human BDNF
gene encodes a valine (Val) to methionine (Met) substitution at codon 66 in the prodomain of the gene (Val66Met),
and results in decreased trafficking of BDNF into the regulated secretory pathway. This deficit leads to impaired
activity-dependent release of BDNF (Fig. 1A). Accordingly,
expression of the BDNFMet allele has been associated with
impairment in select forms of learning and memory (Egan
et al., 2003) and susceptibility to psychiatric disorders
(Neves-Pereira et al., 2002; Sklar et al., 2002; Sen et al.,
2003; Ribases et al., 2003, 2004). As such, it represents
the first alteration in a neurotrophin gene that has been linked
to clinical pathology. Given the established role of BDNF in
promoting learning and memory (Desai et al., 1999; Korte et
al., 1995; Patterson et al., 1996), it is likely that impaired
BDNF secretion, due to expression of the BDNFMet allele,
has pleiotrophic effects in BDNF-dependent processes. Yet,
little work has been done to define the role of BDNFMet on
human learning during development, leaving open a need to
examine how early environmental stress may differentially
affect individuals with BDNF Met or Val alleles.
Unique mouse model of BDNF Val66Met
recapitulates the human polymorphism
All inbred mouse strains contain a Val 66 residue in BDNF.
The BDNFMet mouse is a transgenic knock-in of a Met
residue in this position that mimics the human polymorphism. This model is unique in that it is the only animal
model that fully recapitulates the established phenotypic
effects of a common human polymorphism expressed in
the brain. Unlike traditional transgenic mouse models
which alter the quantitative expression of targeted genes
throughout development or at selected times, this model
introduces the single polymorphic amino acid into the murine genome, thereby providing a precise physiologic
model of the polymorphic effect of human BDNF Val66Met.
Such testable mechanistic approaches cannot be applied
to other frequent polymorphisms related to behavior. For
example, the 5-HT transporter promoter polymorphism
(5HTTLPR) is postulated to be a regulatory polymorphism
but its activity has not been consistently identified. Furthermore, the 5HTTLPR genetic alteration cannot be fully recapitulated in transgenic mice because the regulatory element that is polymorphic in humans does not exist in
non-primate species (Lesch et al., 1997). The mouse
model of BDNF Val66Met has been validated by studies
that have found that animals carrying the Met allele manifested phenotypes similar to those in humans expressing
the BDNFMet allele (i.e. decreased hippocampal size and
impaired hippocampal-dependent learning) (Chen et al.,
2006; Egan et al., 2003; Pezawas et al., 2004).
Developmental approach
Our approach distinguishes itself by undertaking a developmental evaluation of the role of gene– environment interactions on behavior. First, we are examining the effects
of a polymorphism of BDNF, a molecule that is essential for
developmental processes including, neuronal plasticity

(Bramham and Messaoudi, 2005; Liao et al., 2007; Tongiorgi
et al., 2006; Yamamoto and Hanamura, 2005; Barde et al.,
1987; Leibrock et al., 1989; Rattiner et al., 2005; Thoenen,
1995; Lu, 2003); regulation of both short-term synaptic function and long-term activity-dependent synaptic consolidation
(Thoenen, 1995; Katz and Shatz, 1996; Black, 1999; McAllister et al., 1999; Poo, 2001; Barco et al., 2005; Lohof et al.,
1993; Lu and Chow, 1999; Patterson et al., 1996); potentiation of synaptic transmission (Lohof et al., 1993; Kang and
Schuman, 1995; Levine et al., 1995); modulation of long-term
potentiation (LTP) in vitro and in vivo (Korte et al., 1995;
Patterson et al., 1996; Messaoudi et al., 2002); and induction
of morphological changes in dendritic spines (McAllister et
al., 1995; Gomes et al., 2006). Thus, BDNF has a role in (1)
synaptic plasticity; (2) inducing changes in synaptic morphology; and (3) mediating cell survival and cell proliferation
during development. These functions serve to underscore
the importance of considering BDNF in any neurodevelopmental disorder of learning.
BDNF availability changes across development (Fig.
1B, 1C). Although these changes have been shown to
differ by region (Hofer et al., 1990; Maisonpierre et al.,
1990; Katoh-Semba et al., 1997; Webster et al., 2006),
rodent studies suggest that changes in BDNF levels
across development approximate an inverted U-shape
function (Ivanova and Beyer, 2001; Silhol et al., 2005). In
humans, BDNF mRNA levels in cortical regions increase
approximately one-third from infancy to adulthood. They
are relatively low during infancy and childhood, peak during young adulthood, and are maintained at a constant
level throughout adulthood. The increase in BDNF at this
critical time in human development may have important
implications for the etiology and treatment of the severe
mental disorders that tend to present during this time
(Webster et al., 2002). The BDNF Val66Met mouse model
is able to recapitulate this regional and temporal complexity as the single nucleotide polymorphism occurs in the
protein coding sequence and leaves the regulatory elements of the gene unaffected, thus maintaining the normal
regional and temporal expression of this gene.
Endophenotype approach
Our research approach requires the identification of endophenotypes that can be measured across development.
Endophentypes also have been suggested to provide
more robust associations between genetic alterations and
components of psychiatric disorders. Although the major
psychiatric disorders including schizophrenia and affective
disorders display a substantial heritable component, very
few genetic associations to these phenotypes have proven
to be reliable. The majority of allelic associations with
neurobehavioral phenotypes are not consistently replicated (Hirschhorn et al., 2002; Munafo, 2006; Gratacòs et
al., 2007). For example, a recent meta-analysis of 24
studies (composed of more than 3000 subjects) of the
association between the 5-HT transporter-linked polymorphic region and anxiety-related personality traits found
“that the effect, if present, is small (Munafo et al., 2005).”
Methodologic issues may contribute to the difficulties in
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identifying consistent allelic associations to behavioral
phenotypes, and include population stratification in association samples, inconsistency in phenotype definition, and
difficulties in achieving reliable phenotype ascertainment
(Bearden et al., 2004). Biological factors also contribute to
variability in association studies of psychiatric disorders,
such as a substantial non-genetic component that is statedependent or developmentally influenced, as well as the
fact that multiple biological entities are combined in most
diagnostic categories (Willis-Owen et al., 2005). Furthermore, genetic risk is likely distributed across many allelic
variants (Sillanpaa and Auranen, 2004; Flint and Munafo,
2007). These complexities predict that the effect size of
any single risk factor for psychiatric disorders will be small
and difficult to reliably identify.
Endophenotypes are heritable, distinct endpoints in
biology such as anatomy, biochemistry and behavior that
reflect discrete components of pathophysiologic processes.
Endophenotypes have been proposed as attractive targets
for human genetic studies because they are less biologically complex than disease phenotypes and can be more
objectively and reliably ascertained than categorical disorders. These attributes suggest that genetic correlation with
a specific endophenotype should prove more reliable than
associations with disease phenotype, but to date, this is
often not the case. A recent meta-analysis of traditional
neuropsychologically-based endophenotypes has found
that the apparent effect size of candidate polymorphisms
and reliability of allelic associations are no more substantial than is typically seen for disease associations (Flint and
Munafo, 2007).
To ensure the utility of endophenotypes, candidate
gene studies must be focused on validated endophenotypes that are more biologically simple, relate more closely
to the biology of the candidate gene, and are more precisely measured than categorical disorder phenotypes
(see Fig. 2). Specifically, endophenotypes must fulfill several criteria: (1) reflect a biological process that is a component of the more complex disorder phenotype; (2) be
more biologically simple than the disorder phenotype to
ensure that the effect size of any particular risk factor is
relatively large; and (3) the biology of the endophenotype
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must be understood well enough that it can be related to
specific candidate risk factors including genetic, environmental, and developmental ones. In this context, we provide data that focus on simple measures that reflect adaptation to environmental change/stress (e.g. fear conditioning) that appears to lie at the very core of a number of
clinical disorders (Charney and Manji, 2004; Duman et al.,
1997; Nestler et al., 2002; Pine, 2007). Importantly, these
measures can be tested across species (“mice and men”)
and throughout development and have known underlying
biological substrates. Using such measures across development and under varying degrees of stress will ultimately
allow us to examine vulnerability and protection of each
BDNF allele (Val and Met), in an attempt to understand
gene⫻environment interactions across development. Behavioral, imaging and clinical data are presented to illustrate this approach.
Genetically influenced forms of learning that lie at the
core of neurodevelopmental disorders include those that
capture the difficulties some individuals have in: (1) adjusting to new environments (contextual learning); (2) recognizing signals of safety or danger (cued learning); and (3)
learning to adjust behavior when actual associations no
longer exist (extinction). Unlike disease states, the tasks
that examine these types of learning can be assessed
equivalently in typically and atypically developing humans
and mice. Although most studies have emphasized the
role of BDNF in learning and memory processes supported
by the hippocampus, high levels of BDNF mRNA and
protein are expressed in the amygdala (Conner et al.,
1997; Yan et al., 1997) suggesting another important potential site for BNDF-mediated plasticity. In studies focusing on the hippocampus, BDNF has been shown to facilitate LTP at hippocampal CA1 synapses (Korte et al., 1995;
Figurov et al., 1996; Patterson et al., 1996) and BDNF
mRNA levels have been found to increase following induction of LTP (Patterson et al., 1992, 1996; Castren et al.,
1993; Bramham et al., 1996; Barco et al., 2005; Pang and
Lu, 2004; Radecki et al., 2005; Zakharenko et al., 2003).
The activity-dependent secretion of BDNF enhances the
molecular mechanisms of synaptic restructuring needed to
support LTP. We have shown (Chen et al., 2005) that the

Fig. 2. Phenomenological (A) versus biological (B) approach to behavioral genetics.
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Val66Met mutation in the BDNF gene leads to a decrease
in this regulated secretion of BDNF, suggesting that carriers of this allele would have compromised BDNF-dependent synaptic modulation. In humans, Val/Met individuals
have repeatedly been shown to have a smaller hippocampal volume relative to individuals who are homozygous for
the Val allele (Val/Val) (Pezawas et al., 2004; Szeszko et
al., 2005; Bueller et al., 2006).
The current paper emphasizes the amygdala as a potential site for BDNF-mediated plasticity given evidence of high
levels of BDNF mRNA and protein expression (Conner et al.,
1997; Yan et al., 1997). The amygdala has been implicated in
learning and memory processes (McGaugh et al., 1990; Ledoux, 1993; Davis, 1997) and synaptic strength between
neurons of the thalamus and amygdala has been shown
with fear conditioning (Maren, 2005; McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Schroeder and
Shinnick-Gallagher, 2005). Further support for a role of
BDNF within the amygdala during the consolidation of
conditioned fear comes from in situ hybridization studies
where BDNF mRNA levels were elevated temporarily in
the basolateral amygdala during the period following fear
conditioning (Rattiner et al., 2004, 2005; Yee et al., 2006).
Rattiner and others (2005) have argued that BDNF involvement in LTP in the amygdala may best be understood
by using cue dependent fear conditioning as the task reduces learning to rudimentary components (Rattiner et al.,
2005).
We present data from a cued learning paradigm to
precisely assay the learning process (i.e. tracking response latencies over time as slopes), rather than relying
solely on the endpoint of learning (i.e. mean response
latency overall) that would not provide information about
the efficiency or temporal dynamics of learning. As learning is operationally defined in these studies as change in
performance over time, it is important to measure those
changes as a function of time. This approach is routinely
used in animal learning studies (e.g. slope of change by
trial) and takes into consideration differences in baseline
response latencies. Since the BDNF Val66Met polymorphism is hypothesized to impact the efficiency of learning
due to decreased trafficking of BDNF to the synapse,
examining learning over time, provides a more precise
index of these changes and serves as our endophenotype.

NEW FINDINGS
BDNF genotype and development on
amygdala-dependent learning
The amygdala-dependent cued learning task that has
been used in humans builds on animal work but utilizes a
stimulus less aversive than the traditional shock, for use
with children, thus allowing generation of an amygdaladependent learning curve as a function of age and genotype. In the original task, an aversive stimulus is paired
with a neutral cue. With repeated exposure to the aversive
stimulus (e.g. shock), the cue (conditioned stimulus, CS)
begins to elicit the fear response (Ledoux, 1993). In the
version of the task for humans, two distinct visual cues

(CS) are each associated with either an aversive sound or
a neutral one (the unconditional stimuli). Subjects are required to respond to the identity of the cue (not the sound).
Hypothetically, subjects should learn to associate one cue
with the aversive sound throughout the testing session,
which can be indexed by reaction time changes to the cue
associated with the sound. These changes parallel
changes in freezing behavior observed to the cue in toneshock pairings in the animal paradigm. The task is based
on the assumption that responses to the two cues should
be initially equivalent. Once the associations are learned
between cue 1 and the aversive sound (Cs⫹) and cue 2
and the neutral sound (CS⫺), for example, subjects should
be slower to cue 1 as it predicts the more aversive stimulus.
Data on this version of the task indicate that associations between the CS and the unconditioned stimulus can
be formed, as indexed by slowed reaction time to the
aversive CS (Fig. 3). Further, imaging data suggest that
the slower response time to the CS is paralleled by increased percent signal change in the amygdala for the CS
relative to a stimulus never paired with an aversive cue.
These results suggest that amygdala activity to the aversive-associated cue indexes the strength of this learned
association and is consistent with several recent reports in
the literature using similar conditioning paradigms with
humans (Phelps et al., 2004; LaBar et al., 1998; Buchel et
al., 1998, 1999; Buchel and Dolan, 2000; Morris and
Dolan, 2004; Kalisch et al., 2006; Milad et al., 2007;
Schiller et al., 2008; Barrett and Armony, 2008).
To illustrate how learning may differ by genotype
across development, we examined amygdala-based cued
learning with respect to BDNF genotype in children and
adolescents. These data illustrate how tracking temporal
dynamics of learning across development can be informative. These data are consistent with our developmental
model and suggestive of attenuated genotypic differences
in adolescence although a larger sample is needed to
make strong claims. Specifically, these data show slower
responses to the CS in Met allele carriers relative to the
individuals homozygous for the Val allele, with the effect
being largest in children. The difference between the genotype groups is minimized during adolescence, when
levels of BDNF are at their highest before subsequently
returning to adult levels. Although the numbers are small,
these data suggest that individuals with the Met allele may
show no impairment in amygdala-based learning, and may
even show exaggerated learning as indicated by longer
reaction times to the CS relative to a stimulus never paired
with an aversive cue. The difference between genotypes is
particularly evident during childhood, and attenuates during adolescence (Fig. 4), consistent with our model driven
hypothesis that changes in BDNF levels over development
impact learning differentially by genotype.
BDNF genotype and early postnatal adversity on
brain morphometry
BDNF is thought to play a role in the cellular and behavioral responses to adversity and stress (Duman et al.,
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Fig. 3. Cued learning performance. Over the course of learning, subjects become slower to the CS⫹ relative to the CS⫺. This pattern is paralleled
by amygdala activity increases for the CS⫹ relative to the CS⫺.

1997, 2001; Duman and Monteggia, 2006; Garcia, 2002;
Vaidya and Duman, 2001). Exposure to physical stress,
such as restraint or immobilization, downregulates BDNF
expression in the hippocampus, but upregulates BDNF in
the basolateral amygdala (Smith et al., 1995b). Psychological stress produced by exposures to neutral cues previously paired with shock can also affect BDNF mRNA
levels in the dentate gyrus of the hippocampus (Rasmusson et al., 2002). Such psychological stress produces a
heightened sensitivity to previously neutral cues that results in downregulation of BDNF. Decreased expression of
BDNF is hypothesized to play a role in the atrophy of
hippocampal neurons in rats in response to stress (Duman
et al., 1997, 2000). Downregulation of BDNF could contribute to the hippocampal pathology observed in psychiatric disorders such as post-traumatic stress disorder

(PTSD) and depression (Bremner et al., 2000; Mervaala et
al., 2000; Vakili et al., 2000) since these disorders appear
sensitive to stressful life experiences (Breslau et al., 1995;
Kendler et al., 2000). Moreover, reduced hippocampal volumes have been reported repeatedly in carriers of the Met
allele (Val/Met and Met/Met) shown to have reduced BDNF
levels (Pezawas et al., 2004; Szeszko et al., 2005; Bueller
et al., 2006). These findings suggest that stress can have
a significant impact on important neurotrophic factors essential for development.
In order to understand the role of BDNF genotype on
risk or resilience our approach requires that individuals of
different ages and stress exposures be examined. As a
first step, we have examined children exposed to early
postnatal adversity that was limited to their early life histories—previously institutionalized children in orphanages

Fig. 4. Cued learning performance by BDNF genotype and development. Data show the greatest difference in performance between Met allele
carriers and Val/Vals in 21 children, which becomes attenuated in adolescents.

114

B. J. Casey et al. / Neuroscience 164 (2009) 108 –120

abroad. We have collected data on post-institutionalized
children tested between 4 and 12 years of age while living
with their adoptive family in the United States (see Tottenham et al., in press). The children were all placed in an
orphanage within the first year of life. All children were
adopted between 2 months and 5 years. Thus, time in
orphanage is an important variable hypothesized to impact
developmental outcome. We compared this sample of children to a group of age- and sex-matched non-adopted
USA-born children (controls).
BDNF genotype interacts with postnatal environment
in MRI-based morphometry
Analysis of the MRI-based morphometry data with the
post-institutionalized sample shows that overall cortical
volume does not significantly differ between the postnatal
adversity group (mean volume⫽1193 cm3, SD⫽125) and
comparison group (mean volume⫽1232 cm3, SD⫽105;
t(60)⫽1.32, NS), nor was cortical volume related to age of
adoption (F(1,33)⫽1.33, NS). Cortical volume differences
emerged only as a function of postnatal adversity by BDNF
genotype. Specifically, Met allele carriers who experienced
early stress showed smaller cortical volumes over the
course of development relative to their Val/Val peers (see
Fig. 5), consistent with our genetic model. The control
group did not differ by genotype although a pattern appears to be emerging that is consistent with our developmental hypothesis, of diminished genotypic differences by
adolescence when BDNF levels peak (Katoh-Semba et al.,
1997; Silhol et al., 2005). A larger sample will be required
to test hypotheses of our model, but these data suggest,
consistent with the animal literature, that the impact of
early postnatal stress and genotype may be apparent in
later development (Fenoglio et al., 2006).
Regional volumes for the postnatal adversity group
relative to the comparison group were examined. An alpha
of 0.02 (0.05/3) was used to correct for multiple comparisons. Specifically, we examined brain regions known to be
sensitive to stress, including the amygdala and hippocampus in postnatal adversity versus control children. All regional volumes reported below control for total cortical volume (i.e. by dividing regional volume by cortical volume) and
current age. Volumetric measurements (mean adjusted vol-

ume (SD)) did not differ for the amygdala (t(60)⫽1.32, NS)
or the hippocampus (t(60)⫽0.71, NS) between groups.
However, when early-adopted children were distinguished
from later-adopted children (i.e. less than 15 months old vs.
more than 15 months), a one-way ANOVA showed a difference between the four groups (early-adopted, late-adopted,
comparison for early adopted, and comparison for late
adopted) for the amygdala (Fig. 6; F(3,61)⫽4.24, P⬍0.009),
but not for the hippocampus (F(3,61)⫽0.32, NS). Post hoc
tests (LSD) showed that later-adopted children had significantly larger adjusted amygdala volumes than the earlyadopted group and the comparison groups. Adjusted
amygdala volumes did not differ between the earlyadopted children and the comparison groups (Tottenham
et al., in press). Although later-adopted children had the
smallest hippocampal volumes, they were not significantly
different from the other groups. These findings are consistent with rodent studies that show decreased hippocampal
volume and increase amygdala volume following postnatal
stress with longer lasting effects in the amygdala (Vyas et
al., 2002, 2004).
We have shown that elevated amygdala activity and
enlarged amygdala volume are related to a diagnosis of
anxiety in children (Thomas et al., 2001; De Bellis et al.,
2000) and early postnatal adversity (e.g. previously institutionalized) (Tottenham et al., in press). Moreover, mouse
carriers of the Met allele have been shown to have an
elevated amygdala-related (anxious) phenotype by our
group (Chen et al., 2006). We examined the effects of
genotype on amygdala and hippocampal volumes in the
postnatal adversity sample. In the absence of stress, amygdala volume does not differ between genotype groups in
children (Val/Val mean⫽0.0028, Met carrier mean⫽0.0028),
but in the hippocampus, a trend in the hypothesized direction
of smaller volume is seen in Met carriers (Val/Val mean⫽0.0071
and Met carrier mean⫽0.0066, respectively). These data are
similar to previous imaging studies in adults (Pezawas et al.,
2004). However, when we examined the effect of early
adversity by genotype on amygdala volume in the postnatal adversity sample, the amygdala was larger in Met allele
carriers than in individuals with a Val/Val genotype (Fig. 7).
In the absence of stress, children with the Val/Val
genotype showed a trend towards larger hippocampal vol-

Fig. 5. Effect of stress and BDNF genotype on cortical volume across age. Left panel: Cortical volume in increases with age in both PI (stressed) and
control children. Middle and right panels: The two genotype groups did not differ from each other in the non-stressed group (middle panel), whereas
Met carriers in the stressed group (right panel) tended to show increasingly smaller brain volumes over the course of development relative to their
Val/Val peers.
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Fig. 6. Adjusted MRI-based amygdala and hippocampal volumes by group. Children who were adopted out of the orphanage at older ages (⬎15
months old) had larger amygdala volumes than early-adopted children (⬍15 months old) and comparison children, who did not differ from each other.
Adapted from Tottenham et al. (in press).

umes than Met carriers, consistent with previous studies in
adults (Bueller et al., 2006; Szeszko et al., 2005). However, with early postnatal stress, individuals with the Val/
Val genotype had smaller hippocampi relative to controls
(Fig. 7), such that stress makes individuals with Val/Val
genotype resemble Met carriers. These results parallel
findings from the BDNF heterozygous mouse, showing
floor hippocampal volume with no additional change with
stress but increased amygdala volume with stress (Magarinos et al., in press). Thus, the Met allele may increase
vulnerability to early life stress with regard to amygdala
volumes, especially when this early adversity is prolonged

Fig. 7. Effect of stress and BDNF genotype on hippocampal and
amygdala volume. Relative to Met allele carriers (n⫽14), previously
institutionalized individuals homozygous for the Val allele (n⫽5) were
more likely to show a decrease in hippocampal volume following early
adversity. In contrast, Met allele carriers were more likely to show
increases in amygdala volume than individuals homozygous for the
Val allele following stress.

as in the case of those children adopted after the first 15
months of life.
Effects of BDNF genotype and postnatal
environment on measures of anxiety
Both behavioral and imaging endophenotypic data have
been presented to support our model of the importance of
development when examining genetic effects and gene⫻
environment interactions, but how does the BDNF genotype
relate to clinically relevant symptoms? We have previously
shown an “anxious” phenotype in the BDNFMet/Met mouse
(Chen et al., 2006). Specifically, the BDNFMet/Met mouse
shows more time freezing to a CS in the absence of an
aversive stimulus and also spends more time outside the
center of an open field. In parallel human studies, we have
examined measures of anxiety and arousal in humans, as
a function of BDNF genotype to help us assess factors of
risk and resilience in our postnatal adversity sample. The
measures we used included clinical symptoms of anxiety
as measured by the Screen for Child Anxiety Related
Emotional Distress (SCARED) (Birmaher et al., 1997,
1999). The SCARED is a 41-item parent report and child
self-report instrument to assess severity of everyday ratings of anxiety symptoms in children. We have used this
instrument to show associations between elevated amygdala activity and enhanced anxiety in clinical populations
(e.g. children with anxiety and depression, Thomas et al.,
2001). In addition, we collected salivary cortisol to index
the stress response to a novel setting (e.g. first day of
testing at the institute). We show that in children, the Met
allele carriers (n⫽8) have elevated anxiety and stress
responses (see Fig. 8A, B) similar to what has been shown
in the BDNFMet/Met mouse (see Fig. 8C). These data further support our behavioral and imaging genetic studies in
humans, and underscore the power of mouse models to
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Fig. 8. Anxiety and stress response by BDNF genotype. Met allele carriers (n⫽8), previously institutionalized, are more anxious than individuals with
the Val/Val (10) genotype as evidenced by (A) more symptoms of separation anxiety and (B) higher levels of cortisol during a laboratory challenge.
These elevated anxious phenotypes in the Met allele carriers in humans parallel the increased anxiety-related behaviors previously shown in the
Met/Met mouse (see C).

drive a priori hypotheses about human phenotypes. Nonetheless, these findings will need to be replicated in a larger
sample.

LIMITATIONS AND CAVEATS
Unexpected findings, contradictions in the literature, and
potential confounds are always concerns in broad interdisciplinary programs of research. A number of these issues
are described below along with ways in which they could
be adequately addressed in future studies.
Novel findings from human data directed further
testing of mouse and new hypotheses
Our data from our early postnatal stressed sample (previously institutionalized children) suggested no decreases in
hippocampal volume in Met allele carriers. This finding is
actually consistent with recent findings of no further decreased dendritic morphology with stress in the BDNFMet/Met
mouse (i.e. floor effect, see Magarinos et al., in press).
However, our human imaging data showed an enlarged
amygdala in Met allele carriers when controlling for overall
cortical volume, which was unexpected given smaller amygdala volumes in the BDNFMet/Met mouse and less available
BDNF. This finding led to further analysis of amygdala dendritic morphology in the BDNF Met/Met mouse. These analyses show a similar pattern in the BDNFMet/Met mouse (i.e.
larger amygdala volume following stress, see Magarinos et
al., in press). This example shows how our approach provides the opportunity to move back and forth between the
human and mouse in refining hypotheses and interpretations.

BDNF expression is distributed across the brain
Given that BDNF is expressed throughout the brain, localized regional differences may not be predicted. However,
region-specific neuroanatomic data, corrected for total cortical volume, showed regional differences by genotype
following postnatal adversity. In addition, the learning paradigms currently being used with the mouse and human
have baseline controls within the tasks (e.g. orientation/
habituation as baseline for fear conditioning) that provide
the opportunity to test for genotypic specificity in behavior.
These studies demonstrate, at baseline, no behavioral
differences between adult BDNF Val66Met and wild-type
mice (Chen et al., 2006).
Gender differences
Sex differences in response to stress are widely reported in
human and animal studies. Females are more susceptible to
stress-related mood disorders (see Kuehner, 2003 for metaanalysis) and score higher on neuroticism, a risk factor for
mood disorders (see Jorm, 1987 for meta-analysis). Given
inconsistencies in findings on sex differences following
chronic early life stress, such effects should be examined.
However, preliminary behavioral data from our group, in the
BDNF Val66Met mouse, show no sex differences. If differences appear in human subjects, the appropriate mouse
correlate could be studied in both sexes of mice. Future
directions will be to examine female mice to constrain any
observed sex differences that may emerge in humans.
Genetic stratification
One of the primary complications in the analysis of BDNF
genotype effects in humans is genetic stratification of the
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sample that can result in spurious rejection of the null
hypothesis of no genotypic effects. A combination of inclusion of population structure factors and a correction for
co-ancestry background should be used when possible
(Yu et al., 2006) and included into the statistical model to
account for stratification. Further, matching genotypic
groups on ethnicity to the extent possible and performing
secondary analyses to determine if a single ethnicity appears to be driving the effects observed in the primary
analyses are both approaches that have been used to
address stratification.

CONCLUSIONS
This paper provides a new direction and illustrates the
importance of examining gene by environment interactions
across development in a controlled model system. We
specifically focus on the BDNF gene because of its
essential role in synapse formation, learning and development. Such an approach may move us away from
simplistic notions of risk alleles, recognizing that an
allele may be protective during one developmental period and a risk factor during another. For example, with
the variant BDNFMet having decreased regulated secretion, we provide preliminary evidence of functional deficits or biases in learning early in development that are
minimized when BDNF levels peak during adolescence
(Katoh-Semba et al., 1997). This trafficking deficit may
yield only minor genotypic differences in specific types
of learning for the Met allele carriers during this period of
development, and potentially even be protective against
other risk factors (e.g. substance abuse that has been
linked to Val allele) (Gratacòs et al., 2007).
Data generated from developmental approaches as
those described here may allow us to identify critical developmental time points when BDNFMet actions become
established or windows of sensitivity to intervention. Using
the mouse model, we may identify environmental and genetic rescues of the phenotype by controlling the timing of
enrichment to assess benefits at different points of development. Such work is key in constraining the interpretation
of the effects and timing of impoverished and enriched
environments in humans and in developing age-appropriate interventions.
With the continued excitement of the publication of the
human genome, scientists will no doubt continue to uncover the functions of specific genes. These discoveries
will be augmented by connecting major avenues of genetic
research across disciplines, using different approaches
that bridge animal models and human psychiatric disorders, to explain gene– environment interactions across development. Examining how these interactions change over
the course of development rather than during a single
snapshot in time (Viding et al., 2006) may provide a valuable new phenotype of the developmental trajectory itself
rather than genotype alone, without attention to the age of
the organism. Moreover, such an approach may move
psychiatric research closer to preventive strategies for
neurodevelopmental disorders.
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