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Vitamin D is an important calcium-regulating hormone with diverse
functions in numerous tissues, including the brain. Increasing
evidence suggests that vitamin D may play a role in maintaining
cognitive function and that vitamin D deficiency may accelerate age-
related cognitive decline. Using aging rodents, we attempted to
model the range of human serum vitamin D levels, from deficient to
sufficient, to test whether vitamin D could preserve or improve
cognitive function with aging. For 5–6 mo, middle-aged F344 rats
were fed diets containing low, medium (typical amount), or high
(100, 1,000, or 10,000 international units/kg diet, respectively) vita-
min D3, and hippocampal-dependent learning and memory were
then tested in the Morris water maze. Rats on high vitamin D
achieved the highest blood levels (in the sufficient range) and signif-
icantly outperformed low and medium groups on maze reversal,
a particularly challenging task that detects more subtle changes in
memory. In addition to calcium-related processes, hippocampal gene
expression microarrays identified pathways pertaining to synaptic
transmission, cell communication, and G protein function as being
up-regulated with high vitamin D. Basal synaptic transmission also
was enhanced, corroborating observed effects on gene expression
and learningandmemory.Our studies demonstrate a causal relation-
ship between vitamin D status and cognitive function, and they sug-
gest that vitaminD-mediated changes inhippocampal geneexpression
may improve the likelihood of successful brain aging.

Vitamin D status | cholecalciferol | 25-hydroxyvitamin D

Vitamin D, a secosteroid hormone known for its role in bone
and calcium homeostasis, is now well recognized for its many

diverse functions and actions on a variety of tissues and cell types
(1, 2). Vitamin D typically refers to the precursor forms of the
hormone obtained through the skin’s exposure to sunlight [vitamin
D3 (VitD3)] or from dietary sources (VitD3 or VitD2). A metab-
olite of vitamin D, 25-hydroxyvitamin D (25OHD), is a serum
biomarker of vitamin D status or repletion. In recent years, there
is particular concern that large segments of the population may
have low levels of 25OHD, and therefore are vitamin D-deficient
(3). Due to factors such as reduced intake, absorption, and de-
creased exposure to sunlight, aging adults (≥50 y of age) are es-
pecially susceptible (3–6). Notably, this predisposition for lower
25OHD levels in the elderly has been linked to higher risk for
numerous age-related disorders, including cancer and metabolic
and vascular diseases (7–10).
Inadequate vitamin D status also correlates with a greater risk

for cognitive decline in the elderly (4, 11–15), suggesting that
optimal levels may promote healthy brain aging (16, 17). Because
the brain expresses vitamin D receptors (VDRs) and can syn-
thesize the active form of the hormone, the possible cognitive
enhancing effects of vitamin D may reflect a primary action in the
brain rather than a result of secondary systemic effects (18–22).
Indeed, we and others have shown that vitamin D, as well as the
biologically active form of the hormone, 1,25-dihydroxyvitamin D,
has direct neuroprotective actions and can reduce some bio-
markers of brain aging (20, 23–28).

Given that the aging population is projected to increase dra-
matically in the near future (29), along with estimates that a
significant proportion of the elderly are vitamin D-deficient (3),
there is a critical need to determine whether efforts to improve
vitamin D status can reduce age-related cognitive decline. De-
spite calls for more definitive research along these lines (30), few
long-term intervention studies have examined the impact of
manipulating vitamin D on cognitive function with advancing
age. To test the hypothesis that higher vitamin D levels improve
cognitive function in aging animals, middle-aged male F344 rats
were placed on diets containing low, medium [National Research
Council (NRC)-required], or high levels of VitD3 (or cholecal-
ciferol) for 5–6 mo. The middle-age period was chosen because it
increasingly appears to be an important window of time at which
to initiate interventions designed to preserve cognitive function
into the geriatric period. At midlife, subtle cognitive impairments
begin to appear, along with structural and genomic changes as-
sociated with brain aging (31–34). Our results show that higher
than normal dietary VitD3 may improve the chances of suc-
cessful brain aging and that changes in neuronal synaptic func-
tion in the hippocampus may underlie its protective effects
against age-related cognitive decline.

Significance

Higher blood levels of vitamin D are associatedwith better health
outcomes. Vitamin D deficiency, however, is common among the
elderly. Despite targets in the brain, little is known about how
vitaminDaffects cognitive function. In aging rodents,wemodeled
human serum vitamin D levels ranging from deficient to sufficient
and testedwhether increasingdietary vitaminD couldmaintain or
improve cognitive function. Treatment was initiated at middle
age, when markers of aging emerge, and maintained for ∼6 mo.
Compared with low- or normal-dietary vitamin D groups, only
aging rats on higher vitamin D could perform a complex memory
task and had blood levels considered in the optimal range. These
results suggest that vitamin D may improve the likelihood of
healthy cognitive aging.
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Results
Fig. 1 provides an overview of the present study. Middle-aged rats
on diets containing varying amounts of VitD3 (low, medium, or
high) were trained and tested for cognitive performance. In a
subset of the animals, one hemisphere was used to identify changes
in hippocampal gene expression and the other was used for im-
munohistochemistry (IHC). The remaining rats were used for
hippocampal slice electrophysiology.

Physiological Parameters and Blood Analyses.No differences in food
intake (Table 1) or corresponding body weights (Fig. S1) were
detected between groups throughout the course of the study. At
the beginning, animals weighed ∼500 g, and they gained ∼30–60 g
by the end of the study. Because vitamin D is an important regu-
lator of bone and mineral metabolism, blood chemistry panels
were used to assess the effects of dietary manipulation of VitD3 on
calcium and phosphorus, among other common serum variables
(Table 1 and Table S1). Serum calcium and phosphorus levels
were unchanged with the dietary VitD3 manipulations in this
study, as were multiple markers of kidney or liver function.
To determine if dietary manipulation of VitD3 affected vita-

min D status, blood levels of 25OHD were determined in a
subset of animals using a blood spot LC-tandem MS (MS/MS)–
based method (36, 37). 25OHD is the most common indicator of
vitamin D status because it is a stable and long-lived metabolite
of vitamin D. Results showed that circulating 25OHD levels were

proportional to the amount of VitD3 in the diet. For each
10-fold increase in dietary VitD3 content, circulating 25OHD
levels approximately doubled, confirming that vitamin D status
could be altered by dietary intake (Fig. 2).

Morris Water Maze. After 5–6 mo of dietary VitD3 manipulation,
performance in the Morris water maze (MWM) was evaluated to
determine effects on spatial learning and memory. All groups
learned the task equally well, as demonstrated by similar path
lengths and latencies to the hidden platform during the 3-d training
period (Fig. 3B). Twenty-four hours later, memory was assessed
during the probe trial (platform removed). There was no statistical
difference between groups on either latency (P = 0.14) or path
length (P = 0.22) (Fig. 3C), although animals on the low VitD3
diet showed trends toward higher latencies and path lengths.
We next assessed performance using a more challenging cog-

nitive task requiring animals to learn a new platform location
(spatial reversal) (Fig. 3A). All groups were able to learn the new
location with only 1 d of training because latencies and path lengths
(training day 5) were comparable to those seen during the prior
task (training day 3); there was no difference between groups (Fig.
3B). The reversal probe, conducted 72 h later (day 8), showed that
rats on the high VitD3 diet reached the goal in less time and
traveled shorter distances, significantly outperforming rats in the
other two groups (Fig. 3D, for latency and path length). Repre-
sentative path length tracings (Fig. 3E) demonstrate the signifi-
cantly better performance of the animals on the high-VitD3 diet.

Identification of Vitamin D-Sensitive Genes/Biological Pathways. For
a subset of the animals, the hippocampus of each rat was pro-
cessed on an individual Affymetrix microarray (n = 9 rats for
each treatment group) (Fig. 1). The hippocampus was analyzed
because of its role in learning/memory and susceptibility to age-
related changes in synaptic function. After filtering for present
and well-annotated gene probes (31), 10,071 genes were retained
for testing. Each of these genes was tested by one-way ANOVA
across all three VitD3 treatment groups, and a total of 144 genes
were found to differ at P ≤ 0.005, with a false discovery rate
(FDR) of 0.31 (38); of these genes, 128 were regulated in
a VitD3 dose-dependent manner (Dataset S1). We also analyzed
microarray data using a more rigorous P value of P ≤ 0.0015 and
an FDR of 0.17, which yielded a total of 52 genes (shown at the
top of each treatment category in Dataset S1).
To determine whether significant genes were overrepresented

in certain biological categories, we further analyzed the signifi-
cant genes (P ≤ 0.005) using the Database for Annotation, Vi-
sualization, and Integrated Discovery (DAVID) bioinformatics
tool (39–42). Such an approach can confer biological insight into
a list of statistically significant genes and can also provide a sec-
ond tier of confidence against multiple testing. That is, genes
incorrectly identified by multiple testing error would be highly
unlikely to group within pathways. With high dietary VitD3, the
overrepresented pathways identified by the DAVID analysis
(Table 2) included the categories of G protein-coupled receptor

Fig. 1. Overview of study design. Middle-aged (11–13 mo old) rats were
treated with the indicated diets (VitD3, cholecalciferol) for 6 mo and eval-
uated for learning and memory behavior and other outcome measures.

Table 1. Dietary vitamin D3 (cholecalciferol) treatment

VitD3 treatment and
serum electrolytes Low VitD3 Medium VitD3 High VitD3

VitD3, IU/kg of diet 100 1,000 10,000
Daily food intake,* g 16.4 ± 0.4 16.5 ± 0.4 15.9 ± 0.5
VitD3 dose,*,† IU per day 1.7 ± 0.4 16.5 ± 0.4 159.0 ± 5.2
Serum calcium, mg/dL 11.4 ± 0.1 11.4 ± 0.01 11.5 ± 0.1
Serum phosphorus, mg/dL 5.7 ± 0.3 4.9 ± 0.2 5.5 ± 0.2

*Previously reported in Keeney et al. (35).
†Average daily dose was calculated by dividing the amount of VitD3 in the
diet by the amount consumed in the chow.
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activity, synaptic transmission, and cell communication. In-
terestingly, of the multiple cell types found in the brain (e.g.,
neurons, astrocytes, oligodendrocytes, microglia), the genes in the
high-VitD3 up-regulated pathways appear to be primarily neuronal
in nature. Categories up-regulated in a dose-dependent manner
with VitD3 included cation homeostasis, cytoplasmic membrane
part, and calcium binding, all of which have some component
related to calcium regulation/homeostasis. These latter results
suggest that in addition to its established role in regulating cal-
cium-dependent functions in the periphery, vitamin D appears to
play a similar role in the brain. It is notable that many of the
more highly significant genes (P ≤ 0.0015) were included in the
pathways identified by the DAVID analysis (indicated in Table 2).
To identify genes that might be directly targeted by the VDR, we

searched our list of significant genes (Dataset S1) for those genes
that may contain classical VDR element (VDRE) motifs (43).
Table 3 shows the hippocampal genes that were significantly up-
regulated with high VitD3 and contained putative VDREs. The
corresponding consensus sequences, the highly conserved nucleo-
tides, and the quality score relating homology to the classical motif
are also indicated. Several of these genes (i.e., synaptojanin 1,
synaptotagmin 2, contactin 4, beta-1–syntrophin) are mostly neu-
ronal. More definitive studies, using techniques such as ChIP, will
be required to confirm whether these hippocampal genes with
putative VDREs and identified using an in silico approach, do in-
deed contain functional VDREs.

Visualization of Vitamin D-Sensitive Targets. Several proteins (VDR,
synaptojanin 1, and synaptotagmin 2) were selected for analysis by
IHC. Consistent with prior studies, the presence of VDR was
confirmed in hippocampal neurons (18, 19). No difference in VDR
staining was detected between groups (Fig. S2). Synaptojanin 1 and
synaptotagmin 2, which are highly representative of synaptic plas-
ticity pathways and contain a putative VDRE, were selected to
extend the gene microarray data. The IHC data validated the gene
microarray results by showing a strong effect in the predicted di-
rection for both proteins [synaptojanin 1: P = 0.05, Student t test
(Fig. 4A); synaptotagmin 2: P = 0.03, Student t test (Fig. 4B)].

Hippocampal Slice Electrophysiology. To determine if manipulating
VitD3 status affected physiological functions related to cogni-
tion, long-term potentiation (LTP) was examined in the CA1
region of the hippocampus. The field EPSP slopes were com-
pared before and after theta burst stimulation, and no difference
in LTP between groups was observed (Fig. S3). However, an

input/output (I/O) curve, obtained by plotting progressive
increases in the input stimulation against the measured evoked
response, revealed a significant difference between groups (Fig.
5). Compared with the low- and medium-VitD3 groups, the high-
VitD3 group had a significantly steeper I/O slope. These results
suggest that high VitD3 may improve neuronal excitability, which
is known to decrease with age (44). However, this increased

Fig. 2. Vitamin D status. Serum levels of 25OHD in response to low, medium
(Med), or high dietary VitD3 intake for 6 mo. A 10-fold increase in dietary
VitD3 corresponded (Table 1) to an approximate twofold increase in 25OHD.
[F(2,24) = 55.3; n = 9 rats per group]. *P = 0.01; **P = 0.001. Reported in
Table 1 of Keeney et al. (35).

Fig. 3. High dietary VitD3 improves performance on a cognitive task. (A)
MWM protocol. (B) Latencies and path lengths during training days 1–3. All
groups showed a similar performance and improvement in reaching the
platform. On day 5, all groups learned the new platform location during
spatial reversal training (results are the average of the second and third
trials. (C) Latency and path length to the goal during the probe trial (day 4)
did not differ significantly between groups [latency: F(2,52) = 2.02, P = 0.14;
path length: F(2,52) = 1.57, P = 0.22]. (D) On day 8 (reversal probe trial), the
high-VitD3 group significantly outperformed the other groups on latency
[F(2,52) = 3.8, P = 0.03] and path length [F(2,52) = 4.0, P = 0.02; n = 16–20 per
group]. (E) Representative reversal probe path tracings.
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responsiveness with high VitD3 did not appear to be due to
hyperexcitability, because slice survival and integrity were com-
parable across groups.

Discussion
Despite growing concerns that vitamin D deficiency is a risk
factor associated with unhealthy cognitive aging, few studies have
investigated the effects of chronic vitamin D (VitD3) supplemen-
tation. It is therefore unclearwhether a potential causal relationship
exists. Here, we examined the effects of long-term dietary manip-
ulation of serum vitaminD (25OHD) and tested the hypothesis that
cognitive decline with aging can be slowed or prevented by higher
vitamin D levels. Middle-aged male F344 rats were fed diets con-
taining low, medium (NRC-required), or high VitD3 for 5–6 mo,
followed by assessments of cognitive function, hippocampal elec-
trophysiology, and gene expression. The results of our study provide
evidence of a potential cause-and-effect relationship because rais-
ing 25OHD levels prevented age-related cognitive decline. In
addition, these studies identify effects on synaptic function as
a mechanism by which vitamin D may promote healthy brain
aging (Fig. 6). There are relatively few risks associated with in-
creased vitamin D intake, especially when taken in the inactive
form (VitD3 or cholecalciferol) (45). The most concerning po-

tential side effect is hypercalcemia; however, hypercalcemia is
rarely seen except at serum 25OHD levels far exceeding those
levels recommended for optimum health (45). The animals on the
high-VitD3 diet in this study had 25OHD levels of ∼30 ng/mL with
no changes in serum calcium (Fig. 2 and Table 1).

Higher Vitamin D Levels Reduce Cognitive Deficits at Middle Age. The
MWM task is used to test spatial reference memory and is widely
thought to have relevance for human hippocampal-dependent
memory (46–50). Although not as commonly used, reversal
learning in the MWM is more difficult than the standard task, and
therefore can be used to detect subtle memory deficits (46). Fur-
ther, because of its more complex nature, reversal learning may be
viewed as a task of executive function (51, 52). The middle-age
period is often characterized by the onset of such subtle changes in
cognitive performance, most notably in executive function and
processing speed (32, 53, 54). We initially assessed spatial refer-
ence memory, where rats were trained to locate a hidden platform
in a specific location, and found no significant differences among
groups of middle-aged animals treated with varying levels of
vitamin D. During spatial reversal, however, the animals were re-
quired to learn a new platform location in a single day and then to
remember the new location after several days. This more difficult

Table 2. DAVID functional pathway analysis of up-regulated VitD3-sensitive genes

Biological pathway No. of genes Gene description and symbol DAVID P value

Up-regulated by high dietary VitD3
G protein-coupled receptor activity 5 Dopamine receptor 5 (Drd5); glutamate

receptor, ionotropic, kainate 3 (Grik3);
neuromedin B receptor (Nmbr)*; serotonin receptor
2C (Htr2c), thyroid-stimulating hormone releasing
hormone receptor (Trhr)

0.004

Synaptic transmission 4 Synaptojanin 1 (Synj1)*, synaptotagmin 2 (Syt2),
Drd5, Grik3

0.03

Cell communication 5 Nuclear receptor 4A2 (Nr4a2)*, Drd5, Grik3, Synj1*, Syt2 0.05

Up-regulated by medium and high dietary VitD3 (dose-dependent)
Cation homeostasis 4 Plasma membrane Ca2+ ATPase 4 (Atp2b4)*, Ca2+/calmodulin-

dependent protein kinase IIδ (Camk2d)*, Na+/H+ exchanger
7 (Slc9a7), synaptophysin-like 2 (Sypl2)

0.003

Cytoplasmic vesicle membrane part 5 Vesicular glutamate transporter 2 (Slc17a6)*, Atp2b4*,
Camk2d*, Slc9a7, Sypl2

0.03

Calcium ion binding 4 Delta/notch-like EGF repeat containing (Dner)*;
neurocalcin-delta (Ncald); sparc/osteonectin,
cwcv, and kazal-like 3 (Spock3)*; Atb2b4*

0.05

Specific functional pathways altered in the hippocampus by dietary VitD3 dose are indicated underneath the bold headings.
*Highly significant genes identified in microarrays.

Table 3. Hippocampal genes up-regulated with high VitD3 that contain putative VDREs

Gene symbol Corresponding protein P value* RXR-VDR† Quality score‡

Cntn4 Contactin 4 0.001 AGTTCA TGG AGTTCA 0.74
Ctps2 CTP synthase II 0.003 GGGTCC TAG GGTTCA 0.73
Ppp2r2b Protein phosphatase 2, regulatory

subunit B, beta isoform
0.003 GGGTCA AAG GGTTTA 0.80

Sntb1 Syntrophin, beta-1 0.0002 GGGTCA TCC AGTTCA 0.76
Synj1 Synaptojanin 1 0.0006 GGGTCA TGG GGATCA 0.75
Syt2 Synaptotagmin 2 0.004 GGGTCA AAG GGTCCA 0.73
Tusc3 Tumor suppressor candidate 3 0.001 GGGTCA TTG GGGTCA 0.73

RXR, retinoid-X receptor.
*P value: Significance of up-regulation from microarray.
†VDRE consensus sequence from Jaspar motif database: Pu-G-G/T-T-C/G-A-nnn-Pu-G-G/T-G/T-C-A. Underlined T’s represent highly con-
served nucleotides in the classic consensus VDRE (43).
‡Sequence quality score according to analysis with Partek Genomics software.
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task required differentiating an old, now irrelevant, memory from
a new one, and it may involve both the hippocampus and higher
cortical regions. The low- and medium-VitD3 groups demon-
strated deficits and struggled to recall the new platform location,
appearing lost or confused during the reversal probe. The high-
VitD3 group, on the other hand, performed this task extremely
well, reaching the goal in half of the time and distance compared
with the other two groups. Therefore, these results suggest that
higher serum levels of 25OHD may be protective against some of
the early, subtle changes in cognitive function.

Vitamin D Targets the Molecular Machinery of the Synapse.A common
feature of brain aging is a decrease in synaptic strength or im-
paired communication between neurons (32, 44, 55–58). Synaptic
connections become dysfunctional, perhaps in part as a result of
reduced vesicle trafficking and neurotransmitter release, causing
diminished plasticity (56, 59–61). These changes may contribute to
age-related cognitive decline and appear to be among the earliest
age-related changes that occur in the brain. In aging animals, high
VitD3 up-regulated multiple genes/functional pathways involved
in synaptic vesicle trafficking and neurotransmission (Table 2).
Several genes, including synaptojanin 1 and synaptotagmin 2, con-
tain a potential VDRE in their promoter region and may be subject
to direct modulation by vitamin D (Table 3). Up-regulation of both
of these genes was also confirmed by an increase in the immuno-
reactivity of the corresponding protein in the hippocampus (Fig. 4).
At presynaptic terminals, synaptojanin 1 aids in the recycling of
synaptic vesicles through its phosphatase activity, whereas syn-
aptotagmin 2 initiates vesicle docking and fusion to the presynaptic
membrane through its calcium-sensing function, ultimately result-
ing in the release of neurotransmitter (62, 63). Another component
of the presynaptic machinery increased with high VitD3 was ve-
sicular glutamate transporter 2, a vesicular transporter that pack-
ages glutamate into presynaptic vesicles and makes it available for
release at the synapse (64, 65).
Other genes important for pre/postsynaptic function were also up-

regulated by VitD3 (Table 2 and Dataset S1). These genes included
calcium/calmodulin-dependent protein kinase IIδ (CaMKIIδ) and
receptors for several major neurotransmitters (dopamine, gluta-
mate, and serotonin). The CaMKIIs are calcium-activated enzymes
enriched at postsynaptic sites, and abundant evidence suggests
that they enhance synaptic strength and memory formation (66).
CaMKIIδ is localized to the nucleus and plays a key role in
modulating activity-dependent gene transcription via the cAMP

Fig. 4. High VitD3 enhances expression of synaptic proteins in hippocampal neurons. Representative micrographs of hippocampal sections demonstrate
increased immunoreactivity for synaptojanin 1 (A) and synaptotagmin 2 (B) staining in the CA2/3 and CA1 cell layers, respectively, from high-VitD3 animals
compared with the low- and medium-VitD3 groups. Synaptojanin 1: optical density of low and medium VitD3 = 0.465 ± 0.0.03, optical density of high VitD3 =
0.54 ± 0.0.02 (P ≤ 0.05). Synaptotagmin 2: optical density of low and medium VitD3 = 0.425 ± 0.0.01, optical density of high VitD3 = 0.442 ± 0.0.008 (P ≤ 0.05).

Fig. 5. High dietary VitD3 increases excitability of hippocampal neurons.
The I/O curves show evoked fEPSPs in response to increasing stimulus in-
tensities in hippocampal slices from low-, medium-, and high-vitD3 groups.
The steeper slope with high vitD3 demonstrates a greater response for a
given stimulus [low = 0.27 ± 0.01, medium = 0.25 ± 0.01, and high = 0.34 ±
0.02; F(2,462) = 11.3, P ≤ 0.001]. Results are from 16 to 22 hippocampal slices
from seven to nine animals per group.
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response element binding protein (CREB), a major transcription
factor. CaMKIIδ phosphorylates CREB, leading to the expression
of BDNF, a CNS growth factor that enhances neurogenesis,
dendritic outgrowth, and synaptic plasticity, all of which are
believed ultimately to facilitate memory (32, 66–68). Another
transcription factor that targets BDNF and is up-regulated by high
VitD3 was nuclear receptor 4A2 (Nr4a2), which belongs to a
family of orphan nuclear receptors. Nr4a2 is regarded as a
promising target for enhancing cognition because it appears to
have a role in selectively promoting the consolidation of long-
term memories (69), such as demonstrated here by high-VitD3
animals on the spatial reversal task (Fig. 3 D and E).

Additional Pathways Potentially Related to Cognitive Function.
Consistent with its role as a calcium-regulating hormone in the
periphery (1–3, 5, 7, 70), we found that vitamin D also targeted
calcium-regulatory pathways in the hippocampus (Table 2). These
results complement the effects on synaptic function, because
synaptic processes are also calcium-dependent. We and others have

shown that calcium dyshomeostasis plays a key role in brain-aging
processes (44, 56, 71) and have demonstrated that vitamin D
reverses calcium-related electrophysiological markers of brain aging
(24, 27). Together, these results suggest that the effects of vitaminD
on calcium regulation and synaptic function may interact to counter
cognitive decline with aging.
Other studies have found related effects of vitamin D on

select genes involved in neuronal function, including genes for
neurotrophic factors, calcium-binding proteins, and proteins in-
volved in neurotransmitter synthesis (20, 30). Some studies have
also implicated compounds containing vitamin D in countering
glial reactivity (28). We and others have previously shown that
genes involved in glial reactivity and inflammation, which may
alter neuronal energy metabolism, are among the earliest affected
by brain aging and are correlated with cognitive impairment (28,
34, 41, 72, 73). The observation here that vitamin D is to able
maintain and enhance synaptic function, apparently by increasing
expression of key synaptic molecules, raises the possibility that
vitaminD acts directly on neuronal pathways and does not interact
directly with glial responses in aging.
There is also a well-documented association of vitamin D

deficiency with demyelinating disorders, such as multiple scle-
rosis (1–3, 74). Although the DAVID analysis (Table 2) did not
identify a functional pathway specific for myelin-related pro-
cesses, genes for contactin 4 and beta-1–syntrophin were up-
regulated with high VitD3 (Dataset S1). These genes contain a
putative VDRE (Table 3) and are known to play key roles inmyelin
structure and function. Contactins, in particular, are critical for
anchoring myelin to the axon, and their deletion results in impaired
nerve conduction (75). Moreover, contactin and its anchoring
complex decrease in the CNS with age (34, 76, 77). Given that
alterations in myelin and the resultant slowing of conduction are
linked to impaired brain function (78, 79), the up-regulation of
contactin and syntrophin by vitamin D may reflect another mech-
anistic pathway by which vitamin D enhances cognitive function in
aging (80). Fig. 6 integrates the myelin-related changes, along with
changes at the synapse, into a proposed model showing how VitD3
may facilitate synaptic transmission and influence cognitive pro-
cesses such as memory.

Conclusions
Our studies raise the question of their relevance for human cognitive
aging. Notably, several aspects of brain aging in this animal model
mirror brain aging in humans (81). First, the initial signs of cognitive
aging, characterized by subtle deficits, occur at approximately the
same time in the lifespan of humans and rats, duringmiddle age (32–
34, 82). Second, the behavioral task used here, assessing hippo-
campal-dependent spatial memory, also has relevance for human
memory because patients with hippocampal lesions perform poorly
in a virtual maze test (47, 48). Finally, the vitamin D levels achieved
here model clinically relevant levels found in humans, ranging from
deficient to sufficient (70, 83, 84), and animals with the highest
25OHD levels, considered “optimal” by some recommendations (5,
85–88), outperformed animals with lower levels on a challenging
cognitive task.
Because there are few dose–response studies with vitamin D

(89), it has been difficult to determine what levels are most favor-
able for achieving benefits beyond the known effects on bone (88).
Lower levels, however, are increasingly associated with negative
effects for the brain in human and animal studies (1–8, 11–14, 16,
17, 30, 74, 90–92). Additional studies are required to confirm the
present findings and to better understand the underlying mecha-
nisms, especially as they relate to cognitive health. Importantly,
clinical intervention trials are currently underway, which will assess
the effects of supplementation [2,000 international units (IU) of
VitD3 daily] on cognitive decline in older adults (VITAL-Cog,
DO-HEALTH) (93). Given that the initial signs of cognitive aging
emerge at middle age and that age-related brain disorders, such as

Fig. 6. Proposed model of synaptic changes with VitD3. Optimal levels of
VitD3 stabilize myelin structure and enhance synaptic vesicle recycling and
transcription factors facilitating cognitive processes. Together, these
changes preserve memory in aging. (Inset) Anchoring of the myelin to the
axon facilitated by contactin. (Presynaptic targets) Empty clathrin-coated
vesicles undergo endocytosis or recycling driven, in part, by the phosphatase
synaptojanin 1. Vesicle refilling of glutamate (red molecules) occurs via ve-
sicular glutamate transporter 2 (VGLUT2). Ca2+ enters the synapse via kai-
nate receptor 3 (Grik3), and docking of the filled vesicle is facilitated by Ca2+

binding to synaptotagmin 2. The synapse also contains a dopamine-filled
synaptic vesicle (purple molecules), which can colocalize with kainate re-
ceptor 3 terminals. (Postsynaptic targets) Stimulation of glutamate (or do-
pamine 5) receptors initiates a CaMKIIδ signaling cascade resulting in
activation of transcription factors (CREB3 and NR4A2) and subsequent ex-
pression of genes promoting memory-related processes. (Illustration by Tom
Dolan, University of Kentucky.)
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Alzheimer’s disease, are believed to have a long preclinical phase
(94), our results raise the issue of the timing of the intervention.
Thus, intervention with vitamin D at earlier stages of aging may be
more efficacious in promoting healthy cognitive aging and slowing
the appearance ofmultiplemarkers of the brain-aging process (95).

Materials and Methods
More detailed methods are provided in SI Materials and Methods.

Animals and Vitamin D Diets. All protocols were approved by the Institutional
Animal Care and Use Committee of the University of Kentucky. Sixty middle-
aged male F344 rats (11–13 mo old) were divided into three groups and fed
different dietary amounts of cholecalciferol (VitD3) (70) for 5–6 mo. The
purified AIN-93 (Harlan–Teklad) diet was modified such that each kilogram
of diet contained 100 IU (low), 1,000 IU (medium, typical amount) or 10,000
IU (high) VitD3. Animal weights (Fig. S1) and food intake (Table 1) were
measured two to three times per week.

MWM. MWM procedures were similar to the procedures previously described
(96). Briefly, animals were trained to find a submerged platform in a pool of
water (days 1–3). After learning and memory of this task were assessed (day
4), the platform was moved and rats were trained to learn a new platform
location (day 5). Memory for the new location was assessed on day 8 (Fig.
3A). Maze performance was evaluated by measuring path length and la-
tency to the platform.

Tissue Isolation/Blood Analyses. Rats were deeply anesthetized and perfused
with ice-cold saline,andbrainswere removedfollowingdecapitation. The right
hemisphere was placed in 4% (wt/vol) paraformaldehyde and used for IHC.
The hippocampus of the left hemisphere was dissected for microarray
analyses. Blood spots were collected, and 25OHD levels weremeasured by ZRT
Laboratory using LC-MS/MS methods (37) (Fig. 2). The 25OHD levels detected
by LC-MS/MS correlate well with 25OHD levels obtained by radioimmunoas-
say (36, 37); however, they are somewhat lower because LC-MS/MS can dis-
tinguish 25OHD from other vitamin D metabolites (e.g., 24,25OHD, lactone
form) (97). A chemistry panel was also performed on isolated serum (IDEXX
RADIL, Research Animal Diagnostic Laboratory at the University of Missouri)
(Table 1 and Table S1).

Microarrays. Microarray procedures and analyses were performed as in prior
work (34). Briefly, hippocampal RNA was isolated, quantified, and checked
for RNA integrity. One low-VitD3 sample failed RNA quality control. The
remaining RNA samples were applied to Affymetrix Rat Gene 1.0 ST arrays

(one array per subject). Prestatistical filtering removed poorly annotated
probe sets, low-intensity signals, and outlier values (>2 SD of the group
mean). Filtered data were analyzed by one-way ANOVA to identify signifi-
cant differences, and the FDR procedure (31, 38) was used to estimate the
error of multiple testing. Significant genes were assigned to one of four
idealized expression patterns using Pearson’s test and were separated by the
sign of their correlation; relative gene expression values are provided on the
log-2 scale (Dataset S1). Functional categorization for significant genes was
determined using DAVID bioinformatic tools (39, 42) (Table 2). Results have
been uploaded to the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/).

Identification of Putative VDREs. Partek Genomics software was used to
identify significant genes containing a motif that shared at least 70% ho-
mology with the classic VDRE (Pu-G-G/T-T-C/G-A-nnn-Pu-G-G/T-G/T-C-A) (43).

IHC. VDR and the microarray-identified synaptojanin 1 and synaptotagmin 2
were selected for IHC analysis on 30-μm hippocampal sections. Immunoperox-
idase staining was performed following incubation in primary antibody sol-
utions for 2–3 d and appropriate secondary antibody for 1 h. Because expression
of synaptojanin and synaptotagmin did not differ between the low- and me-
dium-VitD3 groups, they were combined and compared with high VitD3.

Electrophysiology. Analyses were performed on isolated hippocampal slices
from rats not used for microarrays or IHC (Fig. 1). Hippocampal slices were
obtained, and LTP was recorded as previously described (96). I/O relation-
ships were examined by recording fEPSPs in the CA1 region resulting from
stimuli of increasing intensity.

Statistics. Food intake, blood chemistry, and behavior and electrophysiology
data were analyzed by one-way ANOVA with the Newman–Keuls multiple
comparison post hoc test. The Student t test was used for IHC, and a paired t
test was used for body weight comparisons. Statistical significance was de-
fined as P ≤ 0.05. Results are expressed as the average ± SEM.
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