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Hippocampal volume shrinks in late adulthood, but the neuromolecular factors that trigger hippocampal decay in aging humans remains
a matter of speculation. In rodents, brain-derived neurotrophic factor (BDNF) promotes the growth and proliferation of cells in the
hippocampus and is important in long-term potentiation and memory formation. In humans, circulating levels of BDNF decline with
advancing age, and a genetic polymorphism for BDNF has been related to gray matter volume loss in old age. In this study, we tested
whether age-related reductions in serum levels of BDNF would be related to shrinkage of the hippocampus and memory deficits in older
adults. Hippocampal volume was acquired by automated segmentation of magnetic resonance images in 142 older adults without
dementia. The caudate nucleus was also segmented and examined in relation to levels of serum BDNF. Spatial memory was tested using
a paradigm in which memory load was parametrically increased. We found that increasing age was associated with smaller hippocampal
volumes, reduced levels of serum BDNF, and poorer memory performance. Lower levels of BDNF were associated with smaller hippocampi and poorer memory, even when controlling for the variation related to age. In an exploratory mediation analysis, hippocampal
volume mediated the age-related decline in spatial memory and BDNF mediated the age-related decline in hippocampal volume. Caudate
nucleus volume was unrelated to BDNF levels or spatial memory performance. Our results identify serum BDNF as a significant factor
related to hippocampal shrinkage and memory decline in late adulthood.

Introduction
Significant shrinkage of gray matter occurs in late adulthood,
with the hippocampus showing disproportionately faster rates of
decay than sensory areas (Raz et al., 2005; Driscoll et al., 2009;
Kennedy et al., 2009). The prefrontal cortex, entorhinal cortex,
and caudate nucleus also shrink in late adulthood and contribute
to the pattern of cognitive decline often observed in older adults
(Raz et al., 2005; Driscoll et al., 2009; Walhovd et al., 2009).
However, despite the convincing pattern of regional brain
shrinkage, very little is known about the underlying molecular
mechanisms that provoke deterioration of brain tissue in elderly
humans (Fjell et al., 2010). Given the regionally specific patterns
of age-related deterioration and regional variation in the concentration of molecules that could be contributing to volume decline, it is unlikely that a common molecular factor would explain
age-related shrinkage of brain tissue in all regions. Instead, it is
more likely that the molecular mechanisms underlying hippocampal shrinkage are different from those underlying shrinkage of the prefrontal cortex or caudate nucleus (Fjell et al., 2010).
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Changes in the concentration of brain-derived neurotrophic
factor (BDNF) might be contributing to shrinkage of the hippocampus in late adulthood. BDNF, a molecule that is highly
concentrated in the hippocampus (Phillips et al., 1990; Wetmore
et al., 1990; Murer et al., 2001), is important in synaptic plasticity
(Kang and Schuman, 1995; Figurov et al., 1996; Stoop and Poo,
1996; Pang et al., 2004; Tanaka et al., 2008) and is thought to
contribute to neurogenesis in the dentate gyrus (Takahashi et al.,
1999; Benraiss et al., 2001; Pencea et al., 2001), but its concentration
declines in late adulthood (Lommatzsch et al., 2005; Ziegenhorn et
al., 2007) (but see Lapchak et al., 1993). In humans, a single nucleotide polymorphism in the BDNF gene affects the regulated secretion
of BDNF in the hippocampus (Egan et al., 2003) and has been related
to lower serum levels of BDNF (Ozan et al., 2010) and smaller hippocampal volumes (Pezawas et al., 2004; Szeszko et al., 2005; Bueller
et al., 2006). Smaller hippocampal volumes predict more rapid conversion to dementia (Grundman et al., 2002) and poorer memory
function (Erickson et al., 2009).
BDNF is also present in the caudate nucleus but is less concentrated than in the hippocampus (Altar et al., 1993; Kawamoto
et al., 1996; Schmidt-Kastner et al., 1996; Murer et al., 2001).
Therefore, we reasoned that declining levels of BDNF might have
regionally specific effects and explain age-related loss of volume
in the hippocampus but not the caudate nucleus. Furthermore,
both the hippocampus and caudate nucleus are involved in learning and memory: the caudate nucleus with procedural memory
and the hippocampus with episodic memory. Therefore, we pre-
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Figure 1. The spatial memory task load was parametrically manipulated between one, two, or three items (2-item condition
shown here). Participants were asked to remember the locations of one, two, or three black dots. After a brief delay, a red dot
appeared, and participants were asked to respond whether the location of the red dot matched or did not match one of the
locations of the previously shown black dots.

dicted that age-related loss of hippocampal volume, but not caudate nucleus volume, would translate to poor memory
performance on a task related to hippocampal function (Erickson
et al., 2009) and that serum BDNF levels would be related to
decline in hippocampal volume and memory performance.

Materials and Methods
Participants. We recruited 142 participants between 59 and 81 years of
age (mean, 66.5 years; 76% female). All participants were screened for
dementia with the revised and modified Mini-Mental Status Examination (Kukull et al., 1994) and were excluded from participation if they did
not reach the required cutoff of 51 (maximum score of 57). All participants met or surpassed criteria for participating in a magnetic resonance
imaging (MRI) study, including no previous head trauma, no previous
head or neck surgery, no diagnosis of diabetes, no neuropsychiatric or
neurological condition including brain tumors, and no metallic implants
that could interfere with or cause injury attributable to the magnetic
field. Finally, all participants signed an informed consent approved by
the University of Illinois.
MRI protocol and image processing. For all participants, highresolution (1.3 ! 1.3 ! 1.3 mm) T1-weighted brain images were acquired using a three-dimensional magnetization prepared rapid gradient
echo imaging protocol with 144 contiguous slices collected in an ascending fashion. All images were collected on a 3 T Siemens Allegra scanner
with an echo time of 3.87 ms, repetition time of 1800 ms, field of view of
256 mm, an acquisition matrix of 192 ! 192 mm, and a flip angle of 8°.
For segmentation and volumetric analysis of the left and right hippocampus and caudate nucleus, we used the Oxford University Centre
for Functional MRI of the Brain (FMRIB) Integrated Registration and
Segmentation Tool (FIRST) in the FMRIB Software Library (FSL) version 4.0. FIRST is a semiautomated model-based subcortical segmentation tool using a Bayesian framework from shape and appearance models
obtained from manually segmented images from the Center for Morphometric Analysis, Massachusetts General Hospital (Boston, MA). Structural and landmark information were obtained from 317 manually
segmented and labeled T1-weighted images of the brain from normal
children, adults, and pathological populations (including schizophrenia
and Alzheimer’s disease) and were modeled as a point distribution model
in which the geometry and variation of the shape of the structure are
submitted as priors. Volumetric labels are parameterized by a threedimensional deformation of a surface model based on multivariate
Gaussian assumptions. FIRST then searches through linear combinations of shape modes of variation for the most probable shape given the
intensity distribution in the T1-weighted image (for an additional description of this method, see Patenaude et al., 2007a,b). Previous studies
have successfully used this technique to segment hippocampal volumes
in elderly individuals (Erickson et al., 2009, 2010).

This method first runs a two-stage affine
registration to a standard space template
(Montreal Neurological Institute space) with 1
mm resolution using 12 degrees of freedom
and a subcortical mask to exclude voxels outside the subcortical regions. Second, the left
and right hippocampus and caudate nucleus
were segmented with 30 modes of variation.
Modes of variation were optimized based on
leave-one-out cross-validation on the training
set and increases the robustness and reliability
of the results (Patenaude et al., 2007b). Finally,
boundary correction takes place for each structure that classifies the boundary voxels as belonging to the structure or not based on a statistical
probability (Z score " 3.00; p # 0.001). The
hippocampus volume comprised the dentate
gyrus, the ammonic subfields (CA1–CA4), the
prosubiculum, and the subiculum. The caudate nucleus comprised both the head and tail
of the region. Segmentations from each participant were visibly checked for any significant
occurred during the segmentation process. No

error that could have
errors were noted.
Intracranial volume (ICV) is frequently used to adjust the regional
volumes for gender and for height (Raz et al., 2005). Here, we calculated
ICV as the sum of gray, white, and CSF and adjusted the volume of each
region by this measure using the FMRIB automated segmentation tool in
FSL version 4.0 (Zhang et al., 2001; Smith et al., 2004). In accordance
with other volumetric analyses, adjustment was performed for each region by an analysis of covariance approach: adjusted volume $ raw
volume % b ! (ICV % mean ICV), where b is the slope of a regression of
a region of interest volume on ICV (Raz et al., 2005; Erickson et al., 2009;
Kennedy et al., 2009). Adjusted volume was used for all analyses described in this study.
Spatial memory task. To test whether BDNF and hippocampal volume
would be related to age-related changes in memory function, all participants completed a computerized spatial memory task approximately 1
week before the MR session. Spatial memory was tested by a task associated with a genetic risk for Alzheimer’s disease and hippocampal volume
(Greenwood et al., 2005; Erickson et al., 2009). First, a fixation crosshair
appeared for 1 s, and participants were instructed to keep their eyes on
the crosshair. After the fixation, one, two, or three black dots appeared at
random locations on the screen for 500 ms. The dots were removed from
the display for a period of 3 s. During this time, participants were instructed to try to remember the locations of the previously presented
black dots. At the end of the 3 s delay, a red dot appeared on the screen in
either one of the same locations as the target dots (match condition) or at
a different location (nonmatch condition). Participants had 2 s to respond to the red dot by pressing one of two keys on a standard keyboard:
the “x” key for a nonmatch trial, and the “m” key for a match trial (Fig. 1).
Forty trials were presented for each set size (one, two, or three locations),
with 20 trials as match trials and 20 trials as nonmatch trials. Participants
were instructed to respond as quickly and accurately as possible. Several
practice trials were performed before the task began to acquaint the
participants with the task instructions and responses.
Blood collection and BDNF ELISA. Blood sampling for BDNF analysis
was performed approximately 2 weeks before the MRI session. Fasted
subjects reported to the laboratory at 8:00 A.M., at which time blood
from the antecubital vein was collected in sterile serum separator tubes
(BD Biosciences). The blood samples were kept at room temperature for
15 min to allow for clotting, after which the samples were centrifuged at
1100 ! g at 4°C for 15 min. Serum was then harvested, aliquoted, and
stored at %80°C until analysis. Serum BDNF was quantified using an
ELISA (ChemiKine BDNF Sandwich ELISA kit, CYT306; Millipore Bioscience Research Reagents) following the instructions of the manufacturer. The intra-assay and interassay coefficients of variation were 3.7
and 8.5%, respectively. Briefly, serum samples were diluted 1:80 in the
supplied sample diluent and assayed against a standard curve with a 500
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pg/ml highest concentration. The supplied
mouse anti-human BDNF–biotin primary antibody and streptavidin–horseradish peroxidase
secondary antibody were used at a dilution factor
of 1:1000. After incubation with the provided
substrate solution, the reaction was stopped with
the addition of stop solution, and the plate was
read at 450 nm using a spectrophotometric plate
reader (Multiskan Plus; Thermo Labsystems).
Analyses. We examined whether age and
BDNF levels were related to volume of the hippocampus or caudate nucleus by a series of
multiple regression analyses with sex entered as a
control variable. Previous studies and metaanalyses have found that sex covaries with
BDNF (Fukumoto et al., 2010). Because this Figure 2. A, Scatter plot showing the negative association between serum levels of BDNF and increasing age ( p # 0.05). B, The
study focused on BDNF associations with ag- proposed and tested mediation model. In this model, both BDNF and hippocampal volume mediate age-related spatial memory
ing, we wanted to isolate and remove any vari- deficits, but BDNF also mediates age-related hippocampal decline.
ation related to sex. However, we also
examined any moderating effects of sex on hipzero using a two-tailed z test with &1.96 as the critical values in a unit
pocampal volume and memory performance by running additional analnormal distribution. Simulations suggest that the modified Sobel test is
yses with interaction terms included in the model. We report T scores
preferable when sample sizes are larger than 50 (MacKinnon et al., 1995).
and standardized ! values. Age and BDNF levels were entered as continuous regressors with left and right hippocampal volume, left and right
caudate nucleus volume, and spatial memory performance [accuracy
Results
rates (percentage correct) and response times] entered as dependent
Hippocampal, but not caudate nucleus, volume declines with
variables in separate multiple regression models. Normality and hoincreasing age
moscedasticity of the residuals were interrogated using Q–Q and P–P
Consistent with previous research (Raz et al., 2005), hippocampal
plots. All correlation coefficients from the Q–Q plots were linear (rq "
volume declined with advancing age after adjusting for total in0.99), suggesting that all residuals followed a unit normal distribution
tracranial volume and sex (Fig. 3). Multiple regression analyses
without outliers. We used Shapiro–Wilk statistics to confirm normality
indicated a main effect of age on the left hippocampus (! $
of the residuals (W " 0.987). We can conclude from these diagnostic tests
%0.37; T $ %5.38; p # 0.001) and the right hippocampus (! $
that our data were suitable for multiple linear regression analyses. To
%0.40; T $ %5.92; p # 0.001). However, inconsistent with some
correct for multiple comparisons, we used a false discovery rate of p #
0.026 as a threshold for all results from the regression analyses.
previous studies (Raz et al., 2005), we failed to find an age-related
As an exploratory analysis, we examined whether (1) hippocampal
decline in volume of the left caudate nucleus (! $ 0.03; T $ 0.37;
volume would mediate spatial memory decline, (2) BDNF would mediNS) or the right caudate nucleus (! $ %0.02; T $ 0.30; NS).
ate hippocampal decay, and (3) BDNF would mediate spatial memory
deficits (Fig. 2 B). Detailed descriptions of mediation analyses have been
BDNF levels decline with increasing age
described in depth previously (Salthouse et al., 2003; Madden et al., 2007;
Erickson et al., 2009). Briefly, mediation is a hypothesis about causal
Consistent with other studies (Lommatzsch et al., 2005; Ziegenhorn
relations, but conclusions of a causal relation are only valid if the assumpet al., 2007), serum BDNF levels declined with advancing age (Fig.
tions are valid (Judd and Kenny, 1981; Baron and Kenny, 1986; MacKinnon
2A). Specifically, we found that, after adjusting for variation attribet al., 2007). Mediation analyses can be conducted by running a series of
utable to sex, increasing age was negatively associated with BDNF
multiple regression analyses such as those described above. If a relation
levels (! $ %0.24; T $ %3.20; p # 0.002).
exists between an independent variable ( A) and a dependent variable
( B), a third variable might mediate the relation between A and B if
controlling for the variance attributable to the mediator variable reliably
Mediation effects of BDNF and age-related decline in
reduces the variance in B explained by A.
hippocampal volume
The hippocampus volume, but not the caudate nucleus, met criteria
As described in Materials and Methods, mediation is a statistical
for a test of mediation (see Results). To test whether BDNF mediates
method to test causal associations (MacKinnon et al., 2007).
age-related decline in hippocampal volume, we first ran regressions beHowever, the interpretations of causality in a mediation analysis
tween age and hippocampal volume with sex entered as a control variare only valid as long as the assumptions of the direction of the
able. This allowed us to determine the relation between age and
effects between variables are valid and all other potentially conhippocampal volume after adjusting for variation attributable to sex.
founding variables are accounted for. In the exploratory analysis
Next, a regression analysis was conducted between BDNF and left and
and model we propose here, we make the assumption that ageright hippocampal volume with sex entered as a control variable. This
allowed us to determine the relation between BDNF and hippocampal
related changes in BDNF precipitate hippocampal deterioration
volume. Finally, a regression analysis was conducted with sex entered as
and not that hippocampal deterioration would precipitate a dea control variable, and BDNF and age entered as continuous variables of
cline in circulating BDNF levels (Fig. 2 B). The latter hypothesis,
interest. If the magnitude of the association between age and hippocamhowever, is feasible and should be considered when interpreting
pal volume is significantly reduced when BDNF levels are controlled,
the results herein (see Discussion).
then it can be concluded that BDNF levels mediate the relation between
First, levels of BDNF were positively correlated with left
age and hippocampal volume. Similar tests were done to examine
(! $ 0.19; T $ 2.52; p # 0.01) and marginally with the right
whether BDNF or hippocampal volume mediates the relation between
(! $ 0.14; T $ 1.89; p # 0.06) hippocampal volumes (Fig. 4).
age and memory deficits. To test whether the effect of mediation was
Furthermore, BDNF levels mediated the relation between
significant, we used a version of the Sobel test (Sobel, 1982) popularized
increasing age and shrinkage of hippocampal volume. Specifby Baron and Kenny (1986). The Sobel test determines whether the effect
of the mediator on the dependent variable is significantly different from
ically, BDNF mediated the age-related decline in left hip-
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Figure 3. A, Example of hippocampal segmentation and scatter plots showing decline in volume of the left and right hippocampus between 59 and 81 years of age (significant at p # 0.001).
B, Example of caudate nucleus segmentation and scatter plots showing no significant decline in volume of the caudate nucleus between 59 and 81 years of age.

Spatial memory performance declines
with increasing age
We found that memory performance declined with advancing age (Table 1). Specifically, after adjusting for sex, increasing
age was associated with lower accuracy
rates for the one-item condition (! $
%0.23; T $ %2.98; p # 0.003), the twoitem condition (! $ %0.19; T $ %2.54;
p # 0.01), and the three-item condition
(! $ %0.35; T $ %4.67; p # 0.001) of the
spatial
memory task. Similarly, response
Figure 4. Scatter plots of the association between the volume of the left and right hippocampus and BDNF levels (left, signiftimes increased with advancing age for the
icant at p # 0.05; right, marginally significant at p # 0.06).
one-item condition (! $ 0.17; T $ 2.28;
p # 0.02), the two-item condition (! $
0.20; T $ 2.76; p # 0.006), and the threepocampal volume (Z $ %2.13; p # 0.03) and marginally with
item condition (! $ 0.18; T $ 2.40; p # 0.01).
the right hippocampal volume (Z $ %1.87; p # 0.06). After including BDNF in the regression model, the effect of age on the left
Mediation effects between hippocampal volume and
hippocampal volume was attenuated but still significant (! $
age-related decline in spatial memory performance
Larger hippocampal volumes were positively associated with spatial
%0.32; T $ %4.32; p # 0.001), as was the effect of age on right
memory performance (Table 1). Specifically, left hippocampus
hippocampal volume (! $ %0.37; T $ %5.17; p # 0.001). This
volume was positively related to accuracy rates for the one-item
finding suggests that an age-related decline in BDNF levels parcondition (! $ 0.26; T $ 3.30; p # 0.001), the two-item conditially contributes to the volumetric shrinkage of the hippocamtion (! $ 0.22; T $ 2.75; p # 0.007), and the three-item condipus associated with advancing age.
tion (! $ 0.35; T $ 4.52; p # 0.001), and right hippocampus
volume was positively related to accuracy rates for the one-item
BDNF is unrelated to caudate nucleus volume
condition (! $ 0.23; T $ 2.82; p # 0.005), the two-item condiWe tested whether caudate nucleus volume was correlated
tion (! $ 0.37; T $ %5.38; p # 0.001), and the three-item conwith BDNF levels after adjusting for sex. We found that BDNF
dition (! $ 0.19; T $ 2.40; p # 0.01). Similar effects were found
was not predictive of either the left caudate nucleus volume
between the left and right hippocampus and response times
(! $ 0.04; T $ 0.52; NS) or the right caudate nucleus volume
(Table 1). Because of the covariation between age and hip(! $ 0.04; T $ 0.55; NS).
pocampal volume, we examined whether hippocampal volume
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Table 1. Partial correlations (controlling for sex) between measures of memory performance and age, BDNF, the left hippocampus volume, the right hippocampus volume,
the left caudate nucleus volume, and the right caudate nucleus volume
Age
BDNF
Left hippocampus
Right hippocampus
Left caudate nucleus
Right caudate nucleus

One-item RT

Two-item RT

Three-item RT

One-item ACC

Two-item ACC

Three-item ACC

0.21**
%0.22**
%0.33***
%0.24**
0.03
0.02

0.24**
%0.16*
%0.25**
%0.20**
0.05
0.03

0.22**
%0.22**
%0.22**
%0.16*
0.10
0.09

%0.26**
0.05
0.23**
0.20**
0.07
%0.02

%0.21**
0.12
0.17*
0.14
0.03
%0.003

%0.38***
0.06
0.33***
0.30***
0.03
0.006

*p # 0.05; **p # 0.01; ***p # 0.001. RT, Response time; ACC, accuracy.

was related to spatial memory performance even after adjusting
for variation attributable to age. When age was included as a
covariate in the regression model, the associations between hippocampal volume and spatial memory performance described
above remained significant (all p # 0.05).
We ran a series of mediation analyses to determine whether
hippocampal volume significantly mediated age-related deficits
for any condition on the spatial memory task. In short, we found
that volume of the left and right hippocampus mediated agerelated changes in performance for some of the spatial memory
conditions. We found that the left hippocampus significantly mediated the age-related increase in response times for the one-item
condition (Z $ 3.26; p # 0.001) and the two-item condition (Z $
2.38; p # 0.01) and marginally for the three-item condition (Z $
1.86; p # 0.06). The left hippocampus also mediated age-related
deficits in accuracy rates for the one-item condition (Z $ %2.20;
p # 0.02) and the three-item condition (Z $ %2.59; p # 0.009)
and marginally for the two-item condition (Z $ %1.83; p #
0.06). The volume of the right hippocampus was less robustly
related to age-related memory loss. Specifically, the volume of the
right hippocampus significantly mediated the age-related increase in response times for the one-item condition (Z $ 2.55;
p # 0.01) and marginally for the two-item condition (Z $ 1.76;
p # 0.07) but failed to mediate the age-related increase in response times for the three-item condition (Z $ 1.23; p # 0.21).
The volume of the right hippocampus marginally mediated the
age-related decline in accuracy rates for the one-item condition
(Z $ %1.69; p # 0.08), failed to mediate the age-related decline in
accuracy for the two-item condition (Z $ %1.45; p # 0.14), but
significantly mediated the age-related decline in accuracy rates
for the three-item condition (Z $ %2.47; p # 0.01). It is evident
from these results that the volume of the left hippocampus mediates age-related declines in performance on this task more than
the right hippocampus.
Caudate nucleus volume is unrelated to spatial
memory performance
As expected, there were no significant associations between caudate nucleus volume and spatial memory function (Table 1). In a
series of multiple regression analyses, we found that the left caudate nucleus was not significantly related to accuracy rates for the
one-item condition (! $ 0.09; T $ 1.13; NS), the two-item condition (! $ 0.07; T $ 0.84; NS), or the three-item condition (! $
0.06; T $ 0.77; NS). Similarly, the right caudate nucleus volume
was not significantly related to accuracy rates for the one-item
(! $ %0.00; T $ %0.03; NS), the two-item (! $ 0.03; T $ 0.45;
NS), or the three-item (! $ 0.03; T $ 0.42; NS) memory conditions. Response times for all three memory conditions were also
unrelated (all p " 0.05) to left or right caudate nucleus volume
(Table 1). Because of the lack of an association between memory
performance and caudate nucleus volumes, mediation analyses
were not undertaken with these data.

BDNF is positively related to spatial memory performance
BDNF levels were negatively associated with response times on
the spatial memory task after controlling for sex (Table 1). Specifically, higher levels of BDNF were associated with faster
responding on the one-item memory condition (! $ %0.22; T $
%2.75; p # 0.007), the two-item memory condition (! $ %0.17;
T $ %2.19; p # 0.03), and the three-item condition (! $ %0.23;
T $ %2.88; p # 0.005). Importantly, even after adjusting for age,
the association between BDNF and memory performance measured
by response times as described above remained significant (all p #
0.05). Interactions with sex were not significant. Conversely, BDNF
was unrelated to accuracy rates. BDNF was unrelated to accuracy for
the one-item condition (! $ 0.04; T $ 0.46; NS), the two-item
condition (! $ 0.11; T $ 1.34; NS), and the three-item condition
(! $ 0.04; T $ 0.56; NS). After including age in the regression model
along with interactions with sex, the relationship between BDNF and
accuracy rates remained nonsignificant (all p " 0.05).
In a mediation analysis, we found that BDNF significantly mediated the age-related increase in response times for the one-item condition (Z $ 1.96; p # 0.05) and marginally for the three-item
condition (Z $ 1.88; p # 0.06) but not for the two-item condition
(Z $ 1.38; p # 0.16). Therefore, although we found a relation between BDNF and spatial memory performance as measured by response times, age-related changes in BDNF failed to significantly
mediate variation in performance except for the one-item condition.
Mediation effects of hippocampal volume and the association
between BDNF and spatial memory
We ran a series of mediation analyses to determine whether hippocampal volume significantly mediated the association between
BDNF and spatial memory performance. In short, we found that
volume of the left, but not the right, hippocampus mediated the
association between BDNF and spatial memory. We found that
the left hippocampus mediated the BDNF association with response times for the one-item condition (Z $ %2.15; p # 0.03)
and the two-item condition (Z $ %1.99; p # 0.04) and marginally for the three-item condition (Z $ %1.82; p # 0.06). The left
hippocampus also mediated the BDNF association with accuracy
rates for the three-item condition (Z $ 2.11; p # 0.03) and marginally for the one-item (Z $ 1.82; p # 0.06) and two-item (Z $
1.68; p # 0.09) conditions. The volume of the right hippocampus
did not mediate the association between BDNF and either response times or accuracy rates. These results indicate that shrinkage of the left hippocampal volume at least partially mediates the
BDNF association with memory performance.

Discussion
The volume of the hippocampus shrinks in late adulthood (Raz et
al., 2005; Kennedy et al., 2009), which increases the risk for cognitive impairment (Grundman et al., 2002). However, the molecular factors contributing to hippocampal volume decline in
humans has been a matter of speculation. BDNF is critical for
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memory formation and long-term potentiation (Korte et al.,
1995; Mu et al., 1999) and is thought to regulate neurogenesis
(Benraiss et al., 2001; Lee et al., 2001; Pencea et al., 2001; KatohSemba et al., 2002). In humans, serum and plasma BDNF levels
decline with advancing age (Lommatzsch et al., 2005; Ziegenhorn et
al., 2007), and genetic studies have identified a single nucleotide
polymorphism on the BDNF gene that moderates age-related cognitive decline over a 10 year period (Erickson et al., 2008; Sublette et
al., 2008). Given this research, we reasoned that BDNF levels might
be associated with age-related hippocampal volume loss. Consistent
with this hypothesis, we found that increasing age was associated with
reduced levels of BDNF, and reduced levels of BDNF were related to
both decline in hippocampal volume and elevated memory deficits.
In rodents, BDNF moderates synaptic plasticity and neurogenesis in the dentate gyrus and has been directly related to learning rates in spatial memory paradigms (Hwang et al., 2006; Rex et
al., 2007; Silhol et al., 2007). By blocking either the release of
BDNF or the binding of BDNF to its receptor (TrkB), long-term
potentiation is effectively eliminated in the hippocampus (Pang
et al., 2004). Furthermore, inducing BDNF production and secretion in the hippocampus can rescue long-term potentiation
and relieve spatial memory deficits in aged mice (Rex et al., 2006,
2007; Simmons et al., 2009). In a rodent model of successful aging
in which the animals have longer lifespans and preserved memory capacities, BDNF levels were higher than in animals that experience normal age-related patterns of decline (Silhol et al., 2008).
BDNF also moderates tau formation (Elliott and Ginzburg, 2006),
!-amyloid neurotoxicity (Arancibia et al., 2008), and hippocampaldependent memory performance in animal models of Alzheimer’s
disease (Tapia-Arancibia et al., 2008; Blurton-Jones et al., 2009). In
summary, BDNF has been convincingly demonstrated to relate to
memory formation, neurogenesis, and Alzheimer’s disease pathology in aged animals.
In humans, postmortem research has found reduced levels of
BDNF in the hippocampus of older adults compared with
younger adults and lower levels in individuals with Alzheimer’s
and Parkinson’s diseases compared with age-matched controls
(Hock et al., 2000; Murer et al., 2001). Given the challenges associated with measuring BDNF in postmortem tissue, recent studies have examined circulating BDNF in living subjects. The
functional significance of BDNF in the blood is a matter of debate, but our results, along with others (Lommatzsch et al., 2005;
Ziegenhorn et al., 2007; Gunstad et al., 2008), demonstrate that
circulating BDNF levels decline with advancing age. However,
the degree to which serum BDNF reflects BDNF levels in the
brain (e.g., hippocampus) remains a matter of speculation. Several studies have now reported positive correlations (r $ 0.81)
between serum BDNF and BDNF in both the prefrontal cortex
and hippocampus (Karege et al., 2002; Elfving et al., 2009; Sartorius
et al., 2009), suggesting that there might be a link between peripheral and central sources of BDNF. BDNF is produced and secreted at several sites in the periphery (e.g., platelets), and,
therefore, the results from our study and previous studies could
be attributable to parallel actions on peripheral sources and central sources of BDNF and not necessarily attributable to central
levels influencing the concentration of BDNF in the periphery.
Thus, previous studies on correlations between BDNF in the serum and brain cannot make inferences about the locus of its
release (Pan et al., 1998; Sartorius et al., 2009). However, our
results build on these previous studies and demonstrate that
serum BDNF levels are correlated with measurements of hippocampal volume, an important link that suggests some association between BDNF in the blood and measures of brain integrity
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(Lang et al., 2007). Future longitudinal studies should assess the
possibility that declining BDNF could be a precursor to cognitive
or cortical decay.
Several studies suggest that BDNF levels change rapidly with
environmental stimulants such as acute (e.g., 30 min) periods of
exercise (Gold et al., 2003). Such fluctuation in circulating BDNF
levels could influence reliability estimates of serum BDNF. Furthermore, given that we collected blood '2 weeks before the
neuroimaging session, it is possible that BDNF levels fluctuated
across this period. However, our results suggest that any changes
in BDNF concentrations across the 2 week period are not enough
to eliminate the association with hippocampal volume and memory. Nonetheless, increasing levels of BDNF with exercise suggest
that BDNF levels are modifiable. Several studies have found that
higher aerobic fitness levels are associated with larger hippocampal volumes (Erickson et al., 2009) and greater volumes of prefrontal and temporal brain regions (Colcombe et al., 2003). It is
possible that BDNF plays a critical role in the effects of exercise on
the human brain (Kramer and Erickson, 2007).
We found evidence that declining levels of BDNF mediate
age-related decline of the left and right hippocampus. Furthermore, BDNF and hippocampal volume mediated spatial memory
performance. Interestingly, the mediation results of the hippocampus on age-related memory decline were relatively specific
to the left hippocampus and not to the right. Other studies have
reported asymmetries in the volume and function of the left and
right hippocampus (Erickson et al., 2009) and suggest that the left
and right hemispheres might play different, but complementary,
roles in memory tasks that emphasize speed. Our results suggest
that the left hippocampus is related to measures of speed for all
memory set sizes and the right hippocampus only for the threeitem condition.
Although intriguing, these mediation analyses were conducted on cross-sectional data, so it is equally likely that shrinkage of the hippocampus results in lower BDNF levels in the blood.
In fact, in another set of mediation analyses, we found that left
hippocampal volume mediated the BDNF–spatial memory association. This finding highlights the difficulty of determining the
direction of the effects on cross-sectional data. Besides the temporal constraints of interpreting the results from the mediation
analysis, other unmeasured third variables correlated with both
hippocampal volume and BDNF levels could also influence and
explain the mediation results. The only way to formally test for
mediation is through a longitudinal study that measures both
circulating BDNF levels and hippocampal volumes at multiple
time points. Nonetheless, our cross-sectional findings highlight
the importance of BDNF as a factor associated with age-related
hippocampal volume decay.
We found that circulating levels of BDNF were specific to the
volume of the hippocampus and were unrelated to the volume of
the caudate nucleus. BDNF is found in the striatum and interacts
with the dopaminergic system to regulate parkinsonian symptoms in rodent models (Murer et al., 2001; Collier et al., 2005).
Although we failed to find an association between blood levels of
BDNF and caudate nucleus volume, we also failed to find any
decline in volume of the caudate nucleus with increasing age.
This was surprising given that several studies have identified the
caudate nucleus as an important site of age-related volume loss
(Raz et al., 2005). Our failure to find an age-related decline in
caudate nucleus volume might be attributable to the restricted
age range of this sample compared with other studies that have
reported such effects. Nonetheless, the lack of an association between BDNF and caudate nucleus volume does not suggest that
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BDNF has no relation to the circuitry of the striatum. It is likely
that many different molecules other than BDNF are contributing
to age-related loss of tissue volume in both the caudate nucleus
and the hippocampus. In fact, we found that BDNF only partially
mediated the age-related decline in hippocampal volume, indicating that there are other factors besides declining levels of
BDNF that contribute to hippocampal decay.
There are several important limitations of our study. First,
future studies should examine the association between BDNF
and age-related hippocampal volume loss in longitudinal or randomized designs. Longitudinal and randomized trials will help to
determine mediation effects and directionality. In addition, our
spatial memory findings were only partially related to BDNF levels and only significantly so for response time measures. It will be
important for future studies to examine BDNF levels in relation
to other hippocampal-dependent tasks that are not as reliant on
speeded responses as our task.
In summary, we found an important association between agerelated hippocampal volume loss, decline in spatial memory performance, and reduced levels of circulating BDNF. Given the
importance of determining the biomarkers and molecules associated with volume loss in late adulthood, our finding is clinically
significant and suggests that interventions that elevate levels of
BDNF might help to reduce age-related volume loss. Our mediation analyses, although intriguing, are inherently limited by the
cross-sectional nature of the study and the interpretative difficulties with assigning causation to a correlational model. Additional
research is necessary to convincingly demonstrate a causal relation between declining levels of BDNF and age-related hippocampal decay. It is also critically important for future studies to
identify the potential for healthy lifestyles (e.g., exercise) to moderate BDNF levels in an older adult cohort.
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