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Abstract
Mouse models are useful for studying genes involved in behavior, but whether they are relevant for
human behavior is unclear. Here, we identified parallel phenotypes in mice and humans resulting
from a common single-nucleotide polymorphism in the brain-derived neurotrophic factor (BDNF)
gene, which is involved in anxiety-related behavior. An inbred genetic knock-in mouse strain
expressing the variant BDNF recapitulated the phenotypic effects of the human polymorphism. Both
were impaired in extinguishing a conditioned fear response, which was paralleled by atypical
frontoamygdala activity in humans. Thus, this variant BDNF allele may play a role in anxiety
disorders showing impaired learning of cues that signal safety versus threat, and in the efficacy of
treatments that rely on extinction mechanisms such as exposure therapy.

Genetically modified mice provide useful model systems for testing the role of candidate genes
in behavior. The extent to which such genetic manipulations in the mouse and the resulting
phenotype can be translated across species, from mouse to human, is less clear. In this report
we focused on identifying biologically valid phenotypes across species. We utilized a common
single nucleotide polymorphism (SNP) in the brain-derived neurotrophic factor (BDNF) gene
that leads to a valine (Val) to methionine (Met) substitution at codon 66 (Val66Met). In an
inbred genetic knock-in mouse strain that expresses the variant BDNF allele to recapitulate the
specific phenotypic properties of the human polymorphism in vivo, we found the BDNF
Val66Met genotype was associated with treatment resistant forms of anxiety-like behavior
(1). The objective of this study was to test if the Val66Met genotype could impact extinction
learning in our mouse model, and if such findings could be generalized to human populations.

BDNF mediates synaptic plasticity associated with learning and memory (2,3) specifically in
fear learning and extinction (4,5). BDNF-dependent forms of fear learning have known
biological substrates, and lie at the core of a number of clinical disorders (6,7) associated with
the variant BDNF (8–10). Fear learning paradigms require the ability to recognize and
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remember cues that signal safety or threat and to extinguish these associations when they no
longer exist. These abilities are impaired in anxiety disorders such as posttraumatic stress
disorder and phobias (11,12). Behavioral treatments for these disorders such as exposure
therapy rely on basic principles of extinction learning (13) in which an individual is repeatedly
exposed to an event that was previously associated with aversive consequences. Understanding
the effect of the BDNF Met allele on these forms of learning can provide insight into the
mechanism of risk for anxiety disorders, refine existing treatments, and may lead to genotype-
based personalized medicine.

We examined the impact of the variant BDNF on classic fear conditioning and extinction
paradigms adapted to be suitable for each species and that are associated with well known
underlying biological substrates (14,15,16). Fear conditioning consisted of pairing a neutral
cue with an aversive stimulus. With repeated pairings, the cue itself takes on properties of the
aversive stimulus as it predicts threat of an impending aversive event. Extinction consisted of
presenting the cue alone following conditioning, whereby the association is diminished with
repeated exposure to empty threat.

We tested 68 mice (17 BDNFVal/Val, 33 BDNFVal/Met and 18 BDNFMet/Met) and 72 humans
group-matched on age, gender and ethnic background (36 Met allele carriers: 31
BDNFVal/Met and 5 BDNFMet/Met, and 36 nonMet allele carriers: BDNFVal/Val –Table S1). We
found no effect of the BDNF Met allele on fear conditioning in mice as measured by percentage
of time spent freezing in response to the conditioned stimulus (F(2,65) = 1.58, p < 0.22) (Fig.
S1A) or on general fear arousal as measured by freezing during the intertrial interval (ITI) (Fig.
S2). We grouped human Met allele carriers together (Val/Met and Met/Met) for analyses
because the rarity of human Met allele homozygotes prevents enough observations for
meaningful analysis. Similar to the mouse findings, we found no effect of the BDNF Met allele
on fear conditioning in humans as measured by skin conductance response to the cue predicting
the aversive stimulus relative to a neutral cue (F(1,70) = 0.67, p < 0.42) (Fig. S1B).

Analysis of extinction trials showed a main effect of genotype for both mice ((F(2,65) = 6.55,
p < 0.003); Val/Val: 48.8 ± 2.3; Val/Met: 53.2 ± 1.8; Met/Met: 61.3 ± 2.8) and humans ((F
(1,70) = 4.86, p < 0.03); Val/Val: 0.32 ± 0.03; Val/Met: 0.42 ± 0.04), such that extinction
learning was impaired in Met allele carriers relative to nonMet allele carriers. The Met allele
carriers showed slower extinguishing as indicated by an interaction of time X genotype for the
mouse (F(2,65) = 6.51, p < 0.003) (Fig. 1) with no differences in freezing initially, but a dose
response of the Met allele on percent freezing behavior during late trials (Val/Val vs Val/Met:
t(48) = − 2.62, p < 0.01; Val/Val vs Met/Met: t(33) = −4.78, p < 0.0001; Val/Met vs Met/Met:
t(49) = −2.90, p < 0.006) (Fig. 1A). Humans showed a similar pattern to the mice with no
genotypic difference in the initial human skin conductance response during early trials of
extinction (t(70) = −1.57, p < 0.12), but significant differences by late trials (t(70) = −2.43, p
< 0.02, corrected for time) (Fig. 1B). These data demonstrate slower or impaired extinction
related to the Met allele in both mouse and human.

The learning paradigm for humans included a conditioned stimulus paired with the aversive
stimulus and a neutral stimulus that was not paired with the aversive stimulus. This design
allowed for distinguishing between effects due to impaired learning versus a general effect of
heightened anxiety, as generalized heightened anxiety would lead to a similar response to both
the conditioned and neutral cues. Met allele carriers had an overall heightened response to both
conditioned and neutral cues [main effect of genotype (F (1,70) = 7.21, p < 0.009)], but overall
differentiated between the conditioned and neutral cues similar to the nonMet allele carriers
(Fig. S1B). Yet, when examining these effects over time, Met allele carriers took longer to
recognize that the neutral cue was not associated with the aversive stimulus, as evidenced by
significant genotypic differences during late trials (t(70) = −3.46, p < 0.001, corrected for time)
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but not early trials (t(70) = −1.44, p < 0.16) (Fig. 2). Thus, the skin conductance response to
the neutral cue during fear conditioning, showed a similar pattern as that observed during
extinction trials (16).

The genetic findings for both fear conditioning and extinction suggest that learning about cues
that signal threat of an impending aversive event is intact in Met allele carriers. However,
learning that cues no longer signal threat (e.g., extinction) or do not predict threat (cues not
paired with an aversive stimulus) is impaired in Met allele carriers, leading to exaggerated and
longer retention of aversive responses where they are not warranted.

To provide neuroanatomical evidence to validate of our cross-species translation, we used
human functional magnetic resonance imaging (MRI) to define the underlying neural circuitry
of the behavioral effects of BDNF Val66Met and map them to known circuits involved in fear
learning in the rodent (Table S2). We targeted frontoamygdala circuitry that has been
demonstrated to support fear conditioning and extinction in both rodent (17–20) and human
(21–26) studies. Whereas portions of the amygdala have been shown to be essential for fear
conditioning (27,28), ventral prefrontal cortical regions have been shown to be important for
modifying previously learned associations and extinction (19,29). Thus, based on our
behavioral findings in the mouse and human, we hypothesized that ventromedial prefrontal
regions, important in extinction, would be less active in Met allele carriers relative to nonMet
allele carriers and that amygdala activity may be enhanced.

To test this hypothesis we examined the main effect of genotype on brain activity during
extinction of the previously conditioned stimulus. The analysis directly parallels the observed
behavioral main effects of genotype on extinction as measured by mean percent time freezing
in the mice (Fig. 3A) and mean skin conductance response in humans (Fig. 3B) (16) with Met
allele carriers showing weaker extinction. The imaging results showed significantly less
ventromedial prefrontal cortical (vmPFC) activity during extinction in Met allele carriers
relative to nonMet allele carriers (t(68) = −3.78, p < 0.05, corrected), (Fig. 3C) (16). In contrast,
Met allele carriers show greater amygdala activity relative to nonMet allele carriers during
extinction (t(68) = 2.23, p < 0.05, corrected) (Fig. 3D). These findings indicate that cortical
regions previously shown to be essential for extinction (vmPFC) in both rodent and human
(19,26,30) are hyporesponsive in Met allele carriers relative to nonMet allele carriers.
Moreover, Met allele carriers show continued recruitment of the amygdala, a region that should
show diminished activity during the extinction trials of the experiment (26). These findings
are most likely due to the SNP biasing activity-dependent learning rather than affecting CNS
development per se, as there was no evidence of genotypic developmental effects on brain
structure in this ethnicity-, age- and gender- matched sample using MRI-based brain
morphometry (supporting online text). Furthermore, an association between vmPFC activity
and strength of fibers connecting frontolimbic regions is consistent with more effective
extinction learning as a result of better vmPFC modulation of the amygdala (supporting online
text, Fig. S3 and S4).

These experiments identify a behavioral phenotype related to BDNF Val66Met across species
providing evidence for translation from mouse to human. The mouse model provides the
opportunity to test dose-dependent effects of the BDNF Met allele in both a controlled genetic
and environmental background not feasible in humans. These features allow for reliable
assignment of behavioral differences to the effects of the Val66Met polymorphism. The human
behavioral and imaging findings provide confidence that cross-species translation is
biologically valid, by defining the underlying neural circuitry of the behavioral effects of BDNF
Val66Met that can be mapped onto known circuits involved in fear learning and extinction.
The robustness of our findings across species and paradigms is evidenced by work showing
slower extinction coupled with decreased neuronal dendritic complexity in vmPFC in the
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BDNFMet/Met mice in a conditioned taste aversion task compared with wild-type counterparts
(31). Furthermore BDNFMet/Met mice exhibit a trend towards blunted expression of c-Fos in
the vmPFC as compared to wildtype mice after the fear extinction paradigm (supporting online
text, Fig. S5).

Impaired extinction learning has been implicated in anxiety disorders, including phobias and
posttraumatic stress disorder, whereby the individual has difficulty recognizing an event as
safe (32). Our neuroimaging findings of diminished ventromedial prefrontal activity and
elevated amygdala activity during extinction are reminiscent of those reported in patients with
anxiety disorders and depression when presented with empty threat or aversive stimuli (e.g.,
fearful faces) (33,34). Understanding the effect of the BDNF Met allele on specific components
of a simple form of learning provides insight into risk for anxiety disorders and has important
implications for the efficacy of treatments for these disorders that rely on extinction
mechanisms. One such treatment is exposure therapy whereby an individual is repeatedly
exposed to a traumatic event in order to diminish the significance of that event. Our findings
suggest that the BDNF Val66Met SNP may play a key role in the efficacy of such treatments
and may ultimately guide personalized medicine for related clinical disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Altered extinction in mice and humans with BDNF Val66Met
Impaired extinction in Met allele carriers (Val/Met and Met/Met) as a function of time in 68
mice (A) and 72 humans (B) as indexed by percent time freezing in mice and skin conductance
response (SCR) in humans to the conditioned stimulus when it was no longer paired with the
aversive stimulus. All results are presented as a mean ± SEM. *p < 0.01, Student’s t test. **p
< 0.02, Student’s t test. VV = Val/Val; VM = Val/Met; MM= Met/Met.
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Figure 2. Impaired learning of neutral cue in human Met allele carriers
Elevated skin conductance response (SCR) to the cue never paired with the aversive stimulus
during fear conditioning as a function of time in Met allele carriers (VM) relative to nonMet
allele carriers (VV). All results are presented as a mean ± SEM. *p < 0.001, Student’s t test.
VV = Val/Val; VM = Val/Met.
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Figure 3. Neural circuitry of the behavioral effect of BDNF Val66Met during extinction
(A) Average percent freezing during extinction by genotype in 68 mice. (B) Average skin
conductance response (SCR) during extinction by genotype in 72 humans. (C) Brain activity
as indexed by percent change in MR signal during extinction in the ventromedial prefrontal
cortex (vmPFC) by genotype (xyz = −4, 24, 3), with Met allele carriers having significantly
less activity than Val/Val homozygotes [VM < VV = blue], image threshold p < 0.05, corrected.
(D) Genotypic differences in left amygdala activity during extinction (xyz = −25, 2, −20) in
70 humans, with Met allele carriers having significantly greater activity than Val/Val
homozygotes [VM > VV = orange], image threshold p < 0.05, corrected. *p < 0.05. **MM
were included in the analysis with VM, but plotted separately to see dose response. All results
are presented as a mean ± SEM. VV = Val/Val; VM = Val/Met; MM = Met/Met; MR = magnetic
resonance.
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