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The human Val 66Met single nucleotide polymorphism in the brain-derived neurotrophic factor (BDNF) gene impacts BDNF signaling at
the cellular level. At the neural-systems level, it is associated with differences in prefrontal cortex (PFC) and hippocampal function during
performance of cognitive and affective tasks. Because the impact of this variant on basal prefrontal and hippocampal activity is not known
but may be relevant to understanding the function of this gene in health and disease, we studied 94 healthy individuals with H2

15O PET to
assess regional cerebral blood flow (rCBF) during rest and tested for between-genotype differences. Because BDNF and gonadal steroid
hormones conjointly influence neuronal growth, survival, and plasticity in hippocampus and PFC, we also tested for sex � genotype
interactions. Finally, in light of the known impact of BDNF on plasticity and dendritic arborization, we complimented direct rCBF
comparisons with connectivity analyses to determine how activity in hippocampal and prefrontal regions showing between-genotype
group differences covaries with rCBF in other nodes throughout the brain in a genotype- or sex-dependent manner. Compared with Val
homozygotes, Met carriers had higher rCBF in prefrontal (BA25 extending into BA10) and hippocampal/parahippocampal regions.
Moreover, there were significant sex � genotype interactions in regions (including frontal, parahippocampal, and lateral temporal
cortex) in which Val homozygotes showed higher rCBF in females than males, but Met carriers showed the opposite relationship.
Functional connectivity analysis demonstrated that correlations of BA25, hippocampus, and parahippocampus with frontal and tempo-
ral networks were positive for Val homozygotes and negative for Met carriers. In addition, sex � genotype analysis of functional
connectivity revealed that genotype affected directionality of the inter-regional correlations differentially in men versus women. Our data
indicate that BDNF allelic variation and sex interactively affect basal prefrontal and hippocampal function.

Introduction
Brain-derived neurotrophic factor (BDNF), the most abundant
neurotrophin in the human CNS, is robustly expressed in the
hippocampus (Conner et al., 1997) and cortical regions, includ-
ing prefrontal cortex (PFC) (Hofer et al., 1990; Huntley et al.,
1992; Pezawas et al., 2004; Weickert et al., 2005), and is important
in regulating synaptic plasticity as well as neuronal survival, mi-
gration, differentiation, and dendritic growth (Huang and Reich-
ardt, 2001). In rodents, inhibition of BDNF signaling impairs
spatial learning and memory (Linnarsson et al., 1997; Mizuno et

al., 2000). Because of its critical involvement in brain regions and
cognitive operations important for higher-order human function
and because of its role in the mesolimbic dopamine circuit (Ber-
ton et al., 2006), BDNF is of interest in the pathogenesis of a
number of psychiatric disorders and may have implications for
their treatment.

A human functional single nucleotide polymorphism
(SNP) with a valine (Val) substituted by a methionine (Met) at
codon 66 (rs6265) in the 5� pro-region of the BDNF gene on
chromosome 11p13 is observed with a population frequency
of 20 –30% in Caucasians (Shimizu et al., 2004). This SNP
affects intracellular processing and activity-dependent modu-
lation of BDNF (Egan et al., 2003; Chen et al., 2004), which, in
turn, influences long-term changes in hippocampal synapses
(Lu, 2003). The BDNF Met allele is associated with poorer
episodic memory (Hariri et al., 2003), abnormal cognition-
and affect-related hippocampal activation, and reduced levels
of hippocampal n-acetyl aspartate, an intracellular marker of
neuronal integrity (Egan et al., 2003). The Val66Met polymor-
phism has also been associated with susceptibility to neuropsychiat-
ric disorders, particularly schizophrenia (Neves-Pereira et al., 2005),
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Alzheimer’s disease (Ventriglia et al., 2002), bipolar disorder (Sklar
et al., 2002), anxiety (Soliman et al., 2010), and depression (Gatt et
al., 2009), all of which have sexually dimorphic expression of
disease onset, severity, and/or course (World Health Organiza-
tion, 2008).

Sex specificity in illnesses in which BDNF may play a role
could occur because of common effects of ovarian steroids and
BDNF on molecular and neural systems (Miranda et al., 1993;
Murphy et al., 1998). Estrogen and BDNF activate similar
signal transduction pathways through estrogen receptors and
trkB, respectively (Scharfman and MacLusky, 2006), and con-
jointly influence neural growth, survival, and plasticity in hip-
pocampus and PFC (Henderson, 1996; Benraiss et al., 2001).
Additionally, the BDNF gene contains a functional estrogen-
response element, and estrogen-ligand complexes can bind this
sequence, inducing BDNF expression (Sohrabji et al., 1995). Be-
cause of these BDNF and gonadal hormone interactions, we hy-
pothesized that the Val 66Met polymorphism would affect brain
function and circuit-level activity differently in men and women.

To elucidate the effect of this SNP, and its interaction with sex,
on basal brain function, we used the H2

15O positron emission to-
mography (PET) technique, a gold-standard method for measuring
resting regional cerebral blood flow (rCBF), an indicator of local
cerebral metabolism and a parameter that is as yet unstudied in
this context. We assessed so-called resting rCBF as a function of
BDNF genotype in men versus women, with particular focus on
hippocampal/parahippocampal and prefrontal BDNF-rich brain
regions. In addition, because BDNF mediates synaptic plasticity

(Yang et al., 2009; Ninan et al., 2010) and dendritic arborization
(Tyler and Pozzo-Miller, 2003; Ji et al., 2010), we hypothesized
that functional interactions between BDNF-rich regions and
other parts of the brain would vary with BDNF genotype and sex.

Materials and Methods
Participants
Ninety-four healthy, right-handed Caucasians, aged 18 to 50 years, were
recruited and screened with the Structured Clinical Interview for
DSM-IV Axis I Disorders and DSM-IV Axis II Disorders Research Ver-
sion (First et al., 1996) to ensure that they were free of confounding past
or present psychiatric illness. In addition, board-certified physicians,

including radiologists, assessed each subject
with physical examination, medical history re-
view, a battery of laboratory tests, and a struc-
tural MRI scan to rule out significant medical
illness, substance abuse, centrally active medi-
cations, or neurostructural abnormalities.
Study procedures were approved by the Na-
tional Institutes of Health Institutional Review
Board and Radiation Safety Committee, and all
participants provided written informed
consent.

Each of the 94 participants underwent two
resting PET scans and was genotyped. There
were 66 Val homozygotes (mean � SD age,
31.1 � 8.5 years) consisting of 33 males and 33
females (aged 30.1 � 8.1 and 30.0 � 8.8 years,
respectively), as well as 28 Met carriers
(mean � SD age, 32.1 � 9.1 years), consisting
of 14 males and 14 females (aged 31.1 � 8.6
and 33.0 � 9.8 years).

BDNF Val 66Met genotyping
Blood was collected from all subjects, and
DNA was extracted using standard methods.
BDNF genotyping and allelic discrimination
were determined by TaqMan 5� exonuclease
assay using a custom-designed assay (Ap-

plied Biosystems). BDNF genotype frequencies were in Hardy–Wein-
berg equilibrium (X2 � 0.09). To examine occult genetic
stratification, a common functional polymorphism in catechol-O-
methyltransferase Val 158Met was genotyped, and no significant vari-
ation in allele frequency was found.

PET data acquisition
Subjects were instructed to refrain from alcohol, nicotine, and caffeine
for 4 hours before the scan and were told not to ingest over-the-counter
medications that could affect rCBF for the preceding 24 h. On the day of
the study, participants were instructed to lie still in the scanner and rest
with their eyes closed. An intravenous bolus of 10 mCi of H2

15O was
administered before each of two 60 s scans performed 6 min apart. PET
data were collected with a GE Advance three-dimensional PET scanner
(septa retracted, 4.25 mm slice separation, 35 slices, axial field of view of
15.3 cm; GE Healthcare). Scans were corrected for attenuation and were
reconstructed into 32 axial planes (6.5 mm full-width at half-maximum).

PET data analysis
Preprocessing. The reconstructed PET data were processed and analyzed
with SPM5 (Wellcome Department of Cognitive Neurology, University
College London, London, UK; http://www.fil.ion.ucl.ac.uk/spm/). Im-
ages were coregistered, corrected for background activity, anatomically
normalized to an average template, scaled proportionally to remove vari-
ations in global blood flow, and smoothed using a 10 mm Gaussian
kernel. After preprocessing, the two resting rCBF scans of each subject
were averaged and entered into group-level analyses.

rCBF analyses. To test for rCBF differences between genotype groups
across the entire brain, a voxelwise random effects analysis was per-
formed. In light of our a priori, region-specific hypotheses, small volume

Figure 1. BDNF allelic variation affects rCBF. Areas of significant between-genotype group differences: Met carriers showed
greater rCBF values than Val homozygotes. Sagittal views (top) and rCBF values (bottom) for BA25 (p � 0.00006, p � 0.05, SVC for
FWE) (left), right hippocampus (p � 0.001, uncorrected) (middle), and left parahippocampal gyrus (p � 0.0003, p � 0.05, SVC for
FWE) (right). Error bars are �1 SEM. There were no regions in which rCBF in Val homozygotes was greater.

Table 1. Regions showing increased rCBF for BDNF Met carriers compared with Val
homozygotes

Brain region

MNI coordinates

Cluster size t values p valuesx y z

L subgenual cingulate (BA25) �4 28 �12 176 4.04 0.00006*
L insula �42 �10 �2 168 3.97 0.00007
R inferior temporal gyrus 50 �60 �2 43 3.71 0.0002
L parahippocampal gyrus �14 6 �28 41 3.58 0.0003*
R middle temporal gyrus 60 4 �18 60 3.53 0.0003
R hippocampus 32 �10 �12 13 3.30 0.0007

No regions showed the opposite effect. * FWE corrected at p � 0.05 for SVC. Cluster size reported at p � 0.001. L,
Left; R, right.
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correction (SVC) for familywise error (FWE) was additionally applied to
results within the hippocampal/parahippocampal complex and PFC; an-
atomical regions of interest were created with the Wake Forest Pick-Atlas
tool in SPM for left and right hippocampi, parahippocampal gyri, and
PFC (composed of BA9, BA10, BA11, BA25, and BA46, combined). To
test for male–female differences in the effect of the Val 66Met polymor-
phism on resting rCBF, a voxelwise sex � genotype interaction analysis
was performed.

Functional connectivity analyses. To test for between-genotype differ-
ences in functional connectivity, rCBF was extracted from spheres with 5
mm radii drawn around seed voxels within regions of interest hypothe-
sized a priori (hippocampus/parahippocampal gyrus and PFC) that best
distinguished the Val homozygotes from the Met carriers as delineated by
the between-genotype analysis (shown in Table 1). First, to determine a
search area for the between-genotype and the sex � genotype correla-
tional analyses, rCBF from these spheres was entered into a series of
voxelwise regression analyses that were run on the entire cohort, regard-
less of sex or genotype. Next, the rCBF values for each of these spheres
were entered into voxelwise regression analyses for each genotype group
separately to determine group-specific correlational patterns within the
search area. Finally, between-genotype analyses were performed on the
resulting correlational maps for each seed region.

To test for sex � genotype effects on functional connectivity, we used
the same search areas as defined above: connectivity maps for the hip-
pocampus/parahippocampal gyrus and PFC seed regions that best dis-
tinguished rCBF in the Val homozygotes from rCBF in the Met carriers
for the entire group, regardless of genotype or sex. Within these whole-
group connectivity maps, sex � genotype interaction analyses were per-
formed on the correlational data.

Results significant at the p � 0.001 level with cluster size �10 voxels
are reported. Peak voxel p values are given, with FWE correction for
multiple comparisons indicated when SVC was applied.

Results
BDNF genotype and rCBF
Whole-brain voxelwise analysis examining the main effect of geno-
type revealed no regions in which rCBF of Val homozygotes ex-
ceeded that of Met carriers. In contrast, compared with Val
homozygotes, Met carriers demonstrated increased resting rCBF in
regions hypothesized a priori (Fig. 1), specifically in ventrome-
dial PFC (BA25 extending into BA10; p � 0.00006, uncorrected;
p � 0.05, SVC for FWE), left parahippocampal gyrus (p �
0.0003, uncorrected; p � 0.05, SVC for FWE), and right hip-
pocampus (p � 0.0007, uncorrected). Met carriers also showed
greater rCBF in the left insula and right lateral temporal regions
not hypothesized. Details of these findings are reported in
Table 1.

Sex and rCBF
Whole-brain voxelwise analysis examining the main effect of
sex in this cohort revealed an extensive group of regions in
which resting rCBF was higher in women than in men. These
included regions hypothesized a priori [medial PFC (mPFC)/
BA10, p � 0.002, FDR corrected; right hippocampus, p �
0.0001, FDR corrected; and bilateral parahippocampal gyri, p �
0.002, FDR corrected]. There were no regions in which rCBF for
men were greater than women in either genotype group. Details
of these findings are reported in Table 2, and representative data
are shown in Figure 2.

Sex � genotype interactions on rCBF
Whole-brain voxelwise analysis evaluating the relationship be-
tween BDNF genotype and sex revealed interactions in several
brain regions as detailed in Table 3. Specifically, genotype effects
differed in men versus women in the right parahippocampal
gyrus (p � 0.0006, uncorrected) and the right dorsolateral PFC

(DLPFC, BA9, p � 0.0009, uncorrected), as well as in the right
caudate (p � 0.0003, uncorrected), left fusiform gyrus (BA37,
p � 0.0005, uncorrected), and left inferior temporal gyrus (BA20,
p � 0.0009, uncorrected). For all of these regions, rCBF was
higher in females than males for the Val homozygotes, whereas
the opposite relationship was seen for Met carriers. This consis-
tent pattern is demonstrated in Figure 3 for right parahippocam-
pal gyrus. Conversely, this pattern was reversed in only a single
locus in the left precuneus, in which rCBF was higher in males
compared with females for Val homozygotes, and the opposite
was seen for Met carriers (BA7, p � 0.0001, uncorrected).

BDNF genotype and functional connectivity
Three separate between-genotype analyses of functional connec-
tivity were performed using seed regions from left BA25 in the

Table 2. Locales within regions hypothesized a priori (PFC and medial temporal
cortex) in which resting rCBF was higher in women than in men

Brain region

MNI coordinates
Cluster

size Z values p valuesx y z

R hippocampus 22 �30 �2 16822 5.66 0.000000007*
L parahippocampal gyrus (BA36) �38 4 �32 209 4.56 0.000003*
R parahippocampal gyrus (BA36) 32 8 �38 254 4.08 0.00002
L superior frontal gyrus (BA10) �16 52 �4 453 4.47 0.000004*
L superior frontal gyrus (BA8) �38 26 46 123 4.24 0.00001
R superior frontal gyrus (BA10) 16 58 �6 2724 4.06 0.00002
R middle frontal gyrus (BA10) 50 12 50 216 4.33 0.000008
R middle frontal gyrus (BA10) 40 52 22 2724 3.98 0.00003
L middle frontal gyrus (BA10) �34 60 6 453 3.89 0.00005
L middle frontal gyrus (BA6) �36 4 58 74 3.53 0.0002
R inferior prefrontal gyrus (BA47) 34 46 �2 2724 4.20 0.00001
L inferior prefrontal gyrus (BA47) �52 24 �8 10 3.33 0.0004
R orbital frontal gyrus (BA11) 40 58 �10 2724 4.05 0.00003
R DLPFC (BA46) 52 30 30 77 4.04 0.00003
L DLPFC (BA9) �4 58 34 2724 3.77 0.00008
Dorsal anterior cingulate (BA32) 0 26 32 2724 3.90 0.00005

No regions showed the opposite effect. * FWE corrected at p � 0.05. Cluster size reported at p � 0.001. Additional
regions, including thalamus, right putamen, right postcentral gyrus, left cerebellum, bilateral superior temporal
gyrus, angular gyrus, supramarginal gyrus, and visual association cortex, also showed higher rCBF for women than
men at p � 0.0006, uncorrected. L, Left; R, right.

Figure 2. Sex differences in rCBF. Statistical parametric map and graph (MNI coordinates x,
y, z � 22, �30, �2) showing sex differences in right hippocampus in which rCBF was higher
in females than males. p � 0.05, FWE corrected. Additional regions in which this effect was
seen are given in Table 2.
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PFC, right hippocampus, and left parahippocampus as defined
by the between-genotypes analysis shown in Table 1. Detailed
results of these analyses are given in Table 4. Between-genotype
differences in inter-regional correlations of these three regions
showed a predominant pattern such that the correlations were
positive in Val homozygotes but robustly negative in Met carri-
ers. This predominant pattern is demonstrated in Figure 4 for the
relationship between the BA25 seed region and inferomedial
BA11. Findings in the opposite direction (inter-regional func-
tional connectivity positive in Met carriers but negative in Val
homozygotes) were sparse (Table 4).

Sex � genotype interactions on functional connectivity
To investigate sex � genotype interactions on functional connec-
tivity, we used the same approach as in the genotype analysis of
functional connectivity mentioned above: connectivity maps for
three seed regions from left BA25, right hippocampus, and left
parahippocampus as defined in Table 1 were derived for the en-
tire group regardless of genotype or sex, and these three connec-
tivity maps were used as search areas for our analysis of sex �
genotype effects on functional connectivity. A consistent pattern
of interactions was seen for functional connectivity with all three
seed regions such that, for Val homozygotes, inter-regional cor-
relations were more robustly positive for females than males,
whereas for Met carriers, this pattern was reversed in that corre-

lations for males were more robustly positive than for females. An
example of this pattern is shown in Figure 5 for the relationship
between the left parahippocampal seed region and the right para-
hippocampal gyrus. No interactions in the opposite directions
were observed. Complete details are given in Table 5.

Discussion
BDNF is a key regulator of long-term potentiation and promotes
synaptic plasticity and efficacy via excitatory glutamatergic neu-
rotransmission in the hippocampus (Messaoudi et al., 1998;
Drake et al., 1999; Tartaglia et al., 2001; Bramham and Mes-
saoudi, 2005). The BDNF Val 66Met polymorphism attenuates
activity-dependent but not constitutive BDNF signaling in cul-
tured hippocampal neurons (Egan et al., 2003; Lu, 2003) and has
been linked to both hippocampal and prefrontal abnormalities
by functional neuroimaging. Previous fMRI experiments, whose
measurements inherently depend on computing differences be-
tween two brain states and thus provide only relative measures of
activation over baseline (DeYoe et al., 1994), have shown abnor-
mal hippocampal recruitment during memory-related tasks
compared with control tasks (Egan et al., 2003; Hariri et al., 2003;
Hashimoto et al., 2008). Other fMRI studies have also found
activation differences in mPFC dependent on BDNF genotype in
which Met carriers showed reduced ventral mPFC activity during
memory extinction (Soliman et al., 2010). However, it has re-
mained unclear until the present work whether this polymor-
phism has implications for the cerebral metabolic landscape
during the so-called basal or resting state. We used a gold-
standard PET method that allows task-independent brain func-
tion, specifically rCBF, a parameter tightly coupled to cerebral
glucose metabolic rate, to be measured and mapped without ref-
erence to any other brain state.

Table 3. Regions showing significant interaction between BDNF allelic variations
and sex differences on rCBF

Brain region

MNI coordinates
Cluster

size t values p valuesx y z

Val � Met (female � male)
R caudate 18 4 18 29 3.52 0.0003
L fusiform gyrus �28 �48 �14 63 3.39 0.0005
R parahippocampal gyrus 18 �2 �30 69 3.33 0.0006
L inferior temporal gyrus (BA20) �30 �8 �42 227 3.23 0.0009
R DLPFC (BA9) 16 60 32 21 3.16 0.0009

Val � Met (male � female)
L precuneus (BA7) �10 �54 62 358 3.83 0.0001

Cluster size reported at p � 0.001. L, Left; R, right.

Figure 3. BDNF genotype � sex interaction affects rCBF. Statistical parametric map and
graph (MNI coordinates x, y, z � 18, �2, �30) showing sex � genotype interaction in right
parahippocampus in which rCBF was higher in females than males for the Val homozygotes,
whereas the opposite relationship was seen for Met carriers. p � 0.0006, uncorrected.

Table 4. Regions showing differential functional connectivity of rCBF for BDNF Val
homozygotes and Met carriers

Seed/brain region

MNI coordinates
Cluster

size t values p valuesx y z

Connectivity with BA25
Val � Met

R fusiform gyrus (BA37) 48 �64 �20 119 4.33 0.00002
R precuneus (BA7) 10 �84 44 122 4.11 0.00005
L fusiform gyrus (BA37) �46 �68 �18 248 4.00 0.00007
Orbital frontal gyrus (BA11) 2 26 �24 70 3.88 0.0001
R inferior temporal gyrus (BA20) 52 �30 �22 46 3.80 0.0001
R inferior temporal gyrus (BA20) 50 14 �30 23 3.67 0.0002
R precuneus (BA7) 24 �64 60 44 3.59 0.0002
L inferior temporal gyrus (BA20) �50 �32 �22 16 3.47 0.0004

Met � Val
R PFC (BA10) 14 56 22 12 3.56 0.0003
L precentral gyrus (BA4) �30 �26 52 19 3.48 0.0004

Connectivity with right hippocampus
Val � Met

R middle temporal gyrus (BA21) 50 �36 �12 251 4.11 0.00004
R inferior frontal gyrus (BA45) 46 28 6 70 3.98 0.00007
R parahippocampal gyrus (BA28) 22 �12 �24 47 3.79 0.0001
R inferior frontal gyrus (BA47) 24 26 �20 19 3.45 0.0004

Connectivity with left parahippocampus
Val � Met

L inferior frontal gyrus (BA44) �52 8 8 88 3.78 0.0001
L fusiform gyrus (BA37) �44 �48 �20 25 3.61 0.0003
L middle frontal gyrus (BA8) �22 26 48 13 3.49 0.0004
R inferior frontal gyrus (BA45) 48 22 8 12 3.45 0.0004

Met � Val
L precentral gyrus (BA4) 14 �30 58 23 3.63 0.0002

Cluster size reported at p � 0.001. L, Left; R, right.
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Our data demonstrate that, even at rest, rCBF in bilateral hip-
pocampal/parahippocampal and medial frontal regions of
healthy individuals is affected by the BDNF Val 66Met polymor-
phism. In addition to providing an important perspective on
fMRI activation studies, these data suggest that there exists a
potent, genetically mediated bias in the basal activity of fronto-
temporal circuitry. Because BDNF generally facilitates neural ac-
tivity in hippocampus and cortex (Henderson, 1996; Benraiss et
al., 2001), this bias in Met carriers—increased regional activity at
baseline— could reflect a neural-systems-level accommodation
for the relatively inefficient, activity-dependent BDNF signaling
associated with Met alleles at the cellular level (Egan et al., 2003).
Whether this is additionally related to previously reported
compensatory increases in peripheral serum concentration of
BDNF in healthy Met carriers (Lang et al., 2009) is unclear,

and, given the broad impact of BDNF on neuronal develop-
ment, activity, and plasticity, delineating the precise roots of
such speculated accommodation necessarily requires addi-
tional research. Nonetheless, it is remarkable that even subtle

Figure 4. BDNF allelic variation affects rCBF functional connectivity. Statistical parametric map and graphs showing differential functional connectivity between genotype groups. Between-
group difference in functional connectivity between the BA25 seed region (red circle) and BA11; between-group difference in the slopes of the correlations was significant at the p � 0.0001 level.
Post hoc analysis of extracted rCBF values (at MNI coordinates x, y, z � 2, 26, �24) demonstrated a positive correlation for the Val homozygotes (r � 0.23, p � 0.05) and a negative correlation for
the Met carriers (r � �0.56, p � 0.002).

Figure 5. BDNF genotype � sex interaction affects rCBF functional connectivity. Statistical
parametric map and graph (MNI coordinates x, y, z � 32, �48, �6) showing sex � genotype
interaction (p � 0.0004, uncorrected) in functional connectivity between the left parahip-
pocampal seed region (red circle indicated on the right rather than left sagittal view for illus-
tration) and the right parahippocampal gyrus. The correlation was robustly positive for female
Val homozygotes, whereas in male Val homozygotes, the correlation was negative; conversely,
for Met carriers, the inter-regional correlation was robustly positive for males but negative for
females.

Table 5. Regions showing interaction between sex and BDNF Val 66Met
polymorphism on rCBF functional connectivity

Seed/brain region

MNI coordinates
Cluster

size t values P valuesx y z

Connectivity with BA25
Val � Met (female � male)

R inferior frontal gyrus (BA45) 36 22 8 66 3.80 0.0001
R hippocampus 34 �42 �2 21 3.70 0.0002
L middle frontal gyrus (BA8) �40 28 46 44 3.64 0.0002
Ventral anterior cingulated (BA24) 4 �4 46 27 3.47 0.0004

Connectivity with right hippocampus
Val � Met (female � male)

L DLPFC (BA9) �54 14 34 470 4.69 0.000005*
L middle frontal gyrus (BA6) �38 2 50 166 4.61 0.000007*
L middle frontal gyrus (BA10) �22 56 22 212 4.59 0.000008*
L middle temporal gyrus (BA39) �50 �72 28 471 4.52 0.00001*
R DLPFC (BA9) 56 12 38 184 4.29 0.00002
R cingulate gyrus (BA29) 8 �48 8 98 4.23 0.00003
R hippocampus 30 �16 �20 29 4.19 0.00003
R postcentral gyrus (BA4) 18 �36 74 300 4.18 0.00003
R DLPFC (BA9) 28 44 38 148 3.97 0.00007
R precentral gyrus (BA4) 24 20 58 161 3.97 0.00007
R superior frontal gyrus (BA8) 10 38 54 42 3.80 0.0001
R cerebellum 44 �68 �26 250 3.77 0.0002
R postcentral gyrus (BA4) 28 �44 64 45 3.76 0.0002
L middle frontal gyrus (BA10) �26 64 �4 87 3.72 0.0002
R precentral gyrus (BA4) 30 �16 64 47 3.59 0.0003
R parahippocampal gyrus (BA35) 20 �34 �12 61 3.59 0.0003
Dorsal anterior cingulate (BA32) �4 32 �10 45 3.58 0.0003
L medial frontal gyrus (BA6) �18 �2 64 28 3.52 0.0003
L postcentral gyrus (BA4) �22 �32 72 36 3.42 0.0005

Connectivity with left parahippocampus
Val � Met (female � male)

L precentral gyrus (BA6) �60 �18 44 120 4.44 0.00001
R fusiform gyrus (BA18) 26 �78 �20 159 4.17 0.00004
R precentral gyrus (BA8) 8 �26 74 96 3.99 0.00007
L fusiform gyrus (BA18) �28 �86 �22 111 3.77 0.0002
R postcentral gyrus (BA4) 58 �20 54 17 3.72 0.0002
R middle frontal gyrus (BA8) 34 32 52 16 3.61 0.0003
R ventral anterior cingulated (BA24) 14 �6 46 33 3.44 0.0003
R middle temporal gyrus 38 6 �24 24 3.54 0.0003
R parahippocampal gyrus 32 �48 �6 18 3.51 0.0004
L parahippocampal gyrus (BA28) �24 4 �22 13 3.36 0.0004

* FWE corrected at p � 0.05. Cluster size reported at p � 0.001. L, Left; R, right.
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differences in this molecule result in measurable neurofunc-
tional alterations, particularly in key components of the de-
fault resting state network (Raichle et al., 2001), in a
cognitively and affectively unchallenged state.

Our finding of increased resting rCBF in women compared
with men is consistent with several previous studies (Devous et
al., 1986; Yoshii et al., 1988; Slosman et al., 2001) and has been
hypothesized to reflect physiologic compensation for the smaller
brain size found in women (Ho et al., 1980a,b; Ankney, 1992).
The observation that sex effects in several regions within fronto-
temporal structures are interactively modulated by BDNF allelic
variation is in line with a substantial body of animal literature
demonstrating parallel and interacting actions of estradiol and
BDNF in the brain. Not only do estrogen receptors, BDNF, and
trkB show regional coexpression in the hippocampus and frontal
cortex (Miranda et al., 1993; Sohrabji and Lewis, 2006), both
BDNF and estradiol increase adult neurogenesis (Ormerod et al.,
2004; Sairanen et al., 2005), provide neuroprotection (Kipri-
anova et al., 1999; Shughrue and Merchenthaler, 2003), and fa-
cilitate memory formation (Mizuno et al., 2000; Frick et al.,
2002). Additionally, BDNF mRNA levels are reduced in ovariec-
tomized female rats and are rescued by estradiol replacement in
the hippocampus and cortex (Singh et al., 1995; Sohrabji et al.,
1995; Liu et al., 2001). Despite this ample preclinical evidence for
sex � genotype interaction, there is a paucity of human data
demonstrating true statistical interactions between genotype and
sex, although several authors have reported genotype effects oc-
curring only in one sex and not the other (Henningsson et al.,
2009; van Wingen et al., 2010). The generally greater magnitude
of BDNF genotype effects in men than women in these select
regions agrees with studies finding genotype effects on fronto-
temporal measures selectively in men, including those examining
serotonin transporter availability (Henningsson et al., 2009) and
activation during memory tasks (van Wingen et al., 2010). How-
ever, our findings of reversed sex effects on resting rCBF in Val
homozygotes versus Met carriers indicate that the combined ef-
fects of sex and BDNF signaling on neurophysiological function
are likely to be complex.

Because both BDNF and estradiol play important roles in ax-
onal guidance and dendritic arborization (Dominguez et al.,
2004) as well as in synaptogenesis (Tanapat et al., 1999; Scharf-
man and MacLusky, 2005), we postulated that BDNF function, as
predicted by genotype, both alone and in conjunction with sex,
may modulate the functional connectivity of areas impacted by
BDNF genotype. In keeping with this hypothesis, significantly
greater positive correlations between rCBF in the BA25 and that
in mPFC and between hippocampus and parahippocampus were
seen in Val homozygotes compared with Met carriers during rest,
consistent with previous documentation of greater resting net-
work connectivity in these areas in Val homozygotic children
(Thomason et al., 2009). These findings are complimented by the
sex � genotype interactions, which demonstrated consistent
genotype-determined differences in sexually dimorphic patterns
of inter-regional cooperativity within BA25 and hippocampal/
parahippocampal regions. The correlations of rCBF between
these regions were modulated differentially by sex, with correla-
tions more robustly positive for Val homozygotic females than
males, whereas for Met carriers, this pattern was reversed. These
results together suggest that, when investigating genotypic mod-
ulation on neurophysiology, sex difference is an important factor
that should be considered in explaining the findings.

Our results are also relevant in considering the neural sub-
strate of neuropsychiatric disorders. For example, the “neurotro-

phin hypothesis ” of depression speculates that incompetent
BDNF function is directly related to the pathophysiology of de-
pression. Although previous genetic association studies of BDNF
Val 66Met polymorphism in depression have generated inconsis-
tent results (Surtees et al., 2007; Chen et al., 2008; Verhagen et al.,
2010), our data suggest that several brain regions known to dis-
play depression-related abnormalities could also be modulated
by the BDNF Val 66Met polymorphism. The hippocampus, BA25,
and mPFC have been shown to exhibit abnormal depression-
related variations, including hyperperfusion in BA25 in chronic/
treatment-resistant patients (Mayberg, 1994; Drevets et al., 1997;
Mayberg et al., 2005; Duhameau et al., 2010), hyperactivation of
hippocampus to emotional stimuli (Lau et al., 2010), and hyper-
recruitment of PFC when downregulating amygdala responses to
negative stimuli (Johnstone et al., 2007). Our finding of increased
resting rCBF in these same regions in healthy Met carriers with-
out clinical depression mirrors this systems-level pathological
phenotype and suggests that inefficient BDNF protein processing
may translate to limbic functional changes that could have im-
portance in illness states. Conversely, abnormally increased sub-
genual cingulate and default network functional connectivity
observed in depressed patients (Greicius et al., 2007) was mani-
fested differently in Met carriers in our study, suggesting that the
confluence of BDNF genotype effects and depression pathophys-
iology is intricate and requires additional investigation.

There are several caveats that warrant mention regarding the
present work. First, we were unable to document menstrual cycle
phase on all women in the study, which prevents the investigation
of the effect of this important variable in our data. Future re-
search, including such hormonally related parameters, will pro-
vide crucial information. Second, although our study controlled
for age, race, sex, and past psychiatric illness, genes interact with
many factors, including early life stress, hormones, and the envi-
ronment to influence the underlying neurobiology of the inter-
mediate phenotype. Although our sample size is adequate, these
factors could contribute variance to findings in the present study.
In addition, resting state by definition implies unrestricted
thought process, and variation in the content of the thought pro-
cess or in the response to the scanning session may be affected by
genotype, and these effects also may interact with sex and other
personality-related features. Such experiential variability could
be reflected in our rCBF results.

In conclusion, our data identify in healthy individuals BDNF
genotype-determined differences in basal resting activity and
inter-regional activity relationships within medial frontotempo-
ral nodes important in neuropsychiatric illnesses, such as depres-
sion. The fact that sex differences in these measures in these
regions are modulated by BDNF genotype serves as an important
impetus to further examine BDNF– gonadal hormone interac-
tions on resting network dynamics in both healthy individuals
and patients with major depression.
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H, Saijo T, Inoue M, Rosén I, Träskman-Bendz L, Farde L, Eriksson E
(2009) Genetic variation in brain-derived neurotrophic factor is associ-
ated with serotonin transporter but not serotonin-1A receptor availability
in men. Biol Psychiatry 66:477– 485.

Hofer M, Pagliusi SR, Hohn A, Leibrock J, Barde YA (1990) Reginal distri-
bution of brain-derived neurotrophic factor messenger-RNA in the
adult-mouse brain. EMBO J 9:2459 –2464.

Ho KC, Roessmann U, Straumfjord JV, Monroe G (1980a) Analysis of brain

weight. I. Adult brain weight in relation to sex, race, and age. Arch Pathol
Lab Med 104:635– 639.

Ho KC, Roessmann U, Straumfjord JV, Monroe G (1980b) Analysis of brain
weight. II. Adult brain weight in relation to body height, weight, and
surface area. Arch Pathol Lab Med 104:640 – 645.

Huang EJ, Reichardt LF (2001) Neurotrophins: roles in neuronal develop-
ment and function. Annu Rev Neurosci 24:677–736.

Huntley GW, Benson DL, Jones EG, Isackson PJ (1992) Developmentalex-
pression of brain derived neurotrophic factor messenger-RNA by neu-
rons of fetal and adult monkey prefrontal cortex. Brain Res Dev Brain Res
70:53– 63.

Ji Y, Lu Y, Yang F, Shen W, Tang TT, Feng L, Duan S, Lu B (2010) Acute and
gradual increases in BDNF concentration elicit distinct signaling and
functions in neurons. Nat Neurosci 13:302–309.

Johnstone T, van Reekum CM, Urry HL, Kalin NH, Davidson RJ (2007)
Failure to regulate: counterproductive recruitment of top-down
prefrontal-subcortical circuitry in major depression. J Neurosci
27:8877– 8884.

Kiprianova I, Freiman TM, Desiderato S, Schwab S, Galmbacher R, Gillardon
F, Spranger M (1999) Brain-derived neurotrophic factor prevents neu-
ronal death and glial activation after global ischemia in the rat. J Neurosci
Res 56:21–27.

Lang UE, Hellweg R, Sander T, Gallinat J (2009) The Met allele of the BDNF
Val66Met polymorphism is associated with increased BDNF serum con-
centrations. Mol Psychiatry 14:120 –122.

Lau JY, Goldman D, Buzas B, Hodgkinson C, Leibenluft E, Nelson E, Sankin
L, Pine DS, Ernst M (2010) BDNF gene polymorphism (Val66Met) pre-
dicts amygdala and anterior hippocampus responses to emotional faces in
anxious and depressed adolescents. Neuroimage 53:952–961.

Linnarsson S, Björklund A, Ernfors P (1997) Learning deficit in BDNF mu-
tant mice. Eur J Neurosci 9:2581–2587.

Liu Y, Fowler CD, Young LJ, Yan Q, Insel TR, Wang Z (2001) Expression
and estrogen regulation of brain-derived neurotrophic factor gene and
protein in the forebrain of female prairie voles. J Comp Neurol
433:499 –514.

Lu B (2003) BDNF and activity-dependent synaptic modulation. Learn
Mem 10:86 –98.

Mayberg HS (1994) Frontal-lobe dysfunction in secondary depression.
J Neuropsychiatry Clin Neurosci 6:428 – 442.

Mayberg HS, Lozano AM, Voon V, McNeely HE, Seminowicz D, Hamani C,
Schwalb JM, Kennedy SH (2005) Deep brain stimulation for treatment-
resistant depression. Neuron 45:651– 660.
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