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Introduction
Vitamin D is a neurosteroid that exerts its effects either 

as a transcription factor regulating gene expression [1] or 
via rapid non-genomic actions through signal transduction 
systems [2]. The genomic effects of vitamin D are widespread 
with many thousands of vitamin D response elements 
found genome wide [1]. There is considerable evidence to 
show that vitamin D has many functions in the adult brain, 
including calcium homeostasis and signaling, regulation 
of neurotrophic factors, neuroprotection, and modulating 
neurotransmission and synaptic plasticity [3]. Moreover, 
there is evidence from epidemiological studies linking vitamin 
D deficiency in adulthood and a range of neuropsychiatric and 
neurodegenerative disorders [4-6].

The evidence that vitamin D deficiency can lead to cognitive 
impairments is mixed, and cross- sectional studies are unable 
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Abstract
Vitamin D deficiency has been associated with a range of neuropsychiatric and neurodegenerative disorders, including 
schizophrenia, autism, depression, Alzheimer’s disease and cognitive impairment. The active form of vitamin D, 
1,25(OH)2D3, is a neurosteroid that has a wide range of functions within the adult brain including calcium maintenance, 
regulation of neurotrophic factors, neurotransmission, and neuroprotection. Using a model of adult vitamin D (AVD) 
deficiency in BALB/c mice, we have previously shown an imbalance between excitatory and inhibitory neurotransmission, 
which is relevant to many neuropsychiatric disorders. The aim of this study was to determine whether AVD deficiency 
had an effect on hippocampal function. We first analysed the proteome of the hippocampus and found evidence of 
altered glutamate and GABA signaling, that was consistent with previous studies, with proteomic changes related to 
synaptic plasticity and glutathione synthesis. We measured the concentration of glutathione in whole brain and showed 
that AVD- deficient mice had reduced glutathione levels. We next used a selective hippocampal- dependent learning 
and memory task, active place avoidance, and found that AVD-deficient mice took longer to learn the task compared to 
controls. Finally, structural and diffusion tensor imaging using MRI did not reveal any gross alterations in hippocampal 
structure or white matter bundles within the brains of AVD-deficient mice. Taken together, these results indicate that 
vitamin D deficiency in otherwise healthy adult rodents is sufficient to impair cognition and alter brain function, which 
provides important new convergent clues for understanding how vitamin D deficiency impacts on the adult brain.
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to exclude reverse causality. However, a few prospective 
studies link low baseline vitamin D levels with subsequent 
mental states, particularly later in life [7]. For example, a 
study in community dwelling older women showed that 
participants with deficient serum vitamin D levels had greater 
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The primary aim of this study was to determine whether 
AVD deficiency had an effect on hippocampal function. 
We first analysed the proteome of the hippocampus to 
examine the effect of AVD deficiency on altered excitatory 
and inhibitory neurotransmitter systems. To confirm these 
proteomic findings we used a number of different approaches. 
These included measuring the level of glutathione in whole 
brain and using the APA to measure hippocampal- dependent 
learning and memory task. Finally, we conducted structural 
and diffusion tensor imaging using MRI to measure brain 
structure and neuronal integrity. Our hypothesis was that 
AVD-deficient BALB/c mice would show changes in the 
expression of proteins specifically involved with glutamate 
and GABA signaling, synaptic plasticity, calcium regulation 
and neuroprotection and that this would be associated with 
structural and functional changes within the hippocampus.

Methods
Animals

Ten-week old male BALB/c mice (Animal Resources 
Centre, Canning Vale, WA, Australia) were obtained and 
housed in groups of 3-4 in individually ventilated OptiMICE 
cages (Animal Care Systems, CO, USA), with bedding 
(Sanichips, Harlan Laboratories, USA) and nesting material 
at the Queensland Brain Institute Animal House Facility, 
University of Queensland.

Mice were assigned to either a control diet (Standard 
AIN93G Rodent diet with 1,500 IU vitamin D3/kg (prior to 
irradiation with 25 kGy), Specialty Feeds, WA, Australia) or a 
vitamin D-deficient diet (Vitamin D Deficient with 0 I.U vitamin 
D3/kg, AIN93G Rodent diet, Specialty Feeds, WA, Australia) for 
10 weeks, until they were 20-weeks old (or 30-weeks old for 
the LTP experiment). The mice were maintained on a 12-hour 
light-dark cycle (lights on at 07:00 h) with ad libitum access 
to food and water. They were housed under incandescent 
lighting free from UVB radiation. All experimental work was 
performed with approval from the University of Queensland 
Animal Ethics Committee, under the guidelines of the National 
Health and Medical Research Council of Australia.

Sixty-one mice were used in this study; 8 mice for were 
used in the proteomics analysis (n=4 control and 4 AVD-
deficient mice), 23 mice were included in the APA experiment 
(n=11 control and 12 AVD-deficient mice), 15 mice were 
included for the MRI analysis (n=7 control and 8 AVD-deficient 
mice), and 15 mice were used to assess glutathione levels 
(n=8 control and 7 AVD-deficient mice).

Proteomics
Tissue collection

The mice were euthanized by CO2, followed by 
decapitation. The whole brain was removed and the whole 
hippocampus was collected using a mouse 1mm brain block 
(David Kopf Instruments, California, USA) and free-hand 
dissection using The Mouse Brain in Stereotaxic Coordinates 
as a reference [26]. Tissue was frozen on dry ice and stored at 
-80°C until further processing.

cognitive impairments on the Pfeiffer Short Portable Mental 
State Questionnaire, compared to participants with sufficient 
vitamin D levels [8]. A recent prospective study has shown 
that vitamin D deficiency was associated with accelerated 
decline in cognitive domains including episodic memory 
and executive function [9]. Moon [10] found that vitamin D 
deficient patients had lower fractional anisotropy (FA) values, 
a measure of white matter bundles, on MRI scans from 
vitamin D insufficient patients primarily in frontal regions of 
the brain and greater memory deficits, compared to patients 
with sufficient vitamin D levels. However, no causal role of 
vitamin D in cognitive impairment has been established.

We have previously used a model of adult vitamin 
D (AVD) deficiency in BALB/c mice and shown in whole 
brain tissue that amino acid metabolism is altered, with 
reduced levels of glutamate and glutamine and elevated 
levels of γ-aminobutyric acid (GABA) and glycine [11]. We 
have recently shown that AVD deficiency did not affect 
proliferation or incorporation of adult hippocampal neurons 
within the dentate gyrus, at baseline or after voluntary wheel 
running in BALB/c mice [11]. However, we found that levels 
of glutamic acid decarboxylase (GAD) 65 and GAD67, which 
are involved in the metabolism of glutamate and GABA, were 
down-regulated in the brains of AVD-deficient mice [12]. An 
imbalance in glutamate/GABA systems has been implicated 
in a range of neurological disorders including schizophrenia, 
autism and cognitive impairment [13-15]. One potential 
role for the active metabolite of vitamin D, 1,25(OH)2D3, in 
the brain may be through altered calcium homeostasis. For 
example, 1,25(OH)2D3 decreases voltage-dependent calcium 
current (VDCC) expression in hippocampal cultures [16] and 
hippocampal VDCC expression increases with age and inhibits 
synaptic plasticity [17]. Vitamin D has also been shown to 
have a role in antioxidant metabolism via down regulation of 
the expression of inducible nitric oxide synthesis (iNOS) [18] 
and regulation of γ-glutamyl transpeptidase [19], an enzyme 
important in the glutathione pathway. More recently, an 
invivo study has shown that treatment with 1,25(OH)2D3 
leads to upregulation of enzymes involved in glutathione 
synthesis, such as glutathione reductase and glutamate 
cysteine ligase, and to an increase in glutathione levels [20].

A previous study in adult rats showed that eight weeks 
of a vitamin D depleted diet led to decreased induction 
of long term potentiation (LTP) in the hippocampus of 
anesthetized animals, compared to rats fed on a control 
diet or vitamin D supplemented diet [21]. LTP is important 
in learning and memory and it is well known that glutamate 
neurotransmission plays a central role in LTP [22]. The active 
place avoidance (APA) task is a hippocampal-dependent 
learning and memory task for rodents that is dependent 
on avoidance of an aversive event. The APA has greater 
complexity than the more widely used Morris water maze, 
and yet only requires a single trial per day [23, 24]. The APA 
test requires the hippocampus during both acquisition and 
for performance once the procedure is learnt [25], although 
there are few studies to date that have used APA to test the 
effect of AVD deficiency on hippocampal-dependent learning 
and memory.
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40 with collision energy spread of 15). Data was acquired and 
processed using Analyst TF 1.5™ software (AB Sciex, CA, USA).

Protein identification and quantification
ProteinPilot™ v4.5 software (Applied Biosystems, Forster 

City CA) utilising the Paragon Algorithm was used for the 
identification of proteins. MS/MS data was searched against 
the Uniprot FASTA formatted database. Search parameters 
included trypsin as the digestion enzyme, MMTS as cys-
modification, biological modifications allowed (using the set 
provided with the software) and ‘thorough’ search setting. 
The criterion for a positive identification was a confidence 
score of ≥ 95% and a minimum of 2 peptides per protein. 
Proteins were considered significantly different between 
control and AVD-deficient diets when a p-value of less than 
0.05 was given. Without correcting for multiple comparisons, 
a dataset of these proteins was generated with fold change 
from control and the UniProtKB protein codes for analysis 
using Ingenuity Pathway Analysis (IPA) (Ingenuity System Inc, 
Redwood City, CA).

Ingenuity pathway analysis
Data was analysed using the ‘Core Analysis’ function in 

IPA. Data was analysed in the context of canonical pathways, 
biological processes and networks. The proteins included in 
the analysis were not corrected for multiple comparisons, 
so that a larger list of candidate proteins (the dataset) could 
be analysed using IPA. However, results from the pathway 
analysis were only considered significant with p-values less 
than 0.01. Significance of the canonical pathways was tested 
by the Fisher Exact test p-value. The significance calculated 
was a measurement of the likelihood that the pathway 
is associated with the dysregulated proteins by chance. 
Canonical pathways were ordered by significance and the 
ratio value (number of significant proteins in a given pathway, 
divided by total number of molecules that make up that 
pathway).

Biological functions were grouped in: Diseases and 
Disorders, Molecular and Cellular Functions and Physiological 
System Development and Function. Proteins from the 
dataset that were associated with bio functions in the 
Ingenuity Pathways Knowledge Base were considered for 
analysis. Fischer’s exact test was used to calculate a p-value 
determining the probability that each biological function 
assigned to the dataset was due to chance alone.

HPLC analysis
Mice were euthanized by CO2, followed by decapitation. 

The whole brain was removed and the left hand cerebrum 
was collected using free-hand dissection. Tissue was frozen 
on dry ice and stored at -80°C until further processing for 
HPLC analysis.

Tissue extracts were analysed for total glutathione based 
on the method described by [27]. Basically, analyses were 
performed on an Agilent 1100 series HPLC system equipped 
with a Coulochem III electrochemical detector with a glassy 
carbon electrode (ESA Inc., MA, USA). Analyte separation 
was performed on a Jupiter C18 5 µm 300A column (4.6 x 

Tissue preparation
Hippocampal tissue from two of four mice from each 

cage, totaling 8 mice (n = 4 control and 4 AVD-deficient) was 
used in the proteomics analysis. The hippocampal tissue 
was homogenized and then sonicated in 8M urea, 20mM 
Tris, 4% Chaps and 1% DTT lysis buffer with 1X protease and 
phosphatase inhibitors (Roche Diagnostics, Castle Hill, AUS). 
The samples were placed on a rotator and spun slowly for 4 
h, followed by centrifugation at 15°C for 30 min at 13,000 g. 
The supernatant was removed and placed into a new tube. 
Protein concentration of the supernatant was determined 
using a Bradford assay following the standard protocol.

iTRAQ labeling
For each sample, 100 µg of protein was reduced with 2.5 

mM TCEP (60ºC for 1 h and cysteine residues alkylated with 
10 mM MMTS (room temperature for 15 min). Protein was 
precipitated with 4 volumes of ice-cold acetone overnight at 
-20°C. Protein was collected by centrifugation and the pellet 
resuspended in 0.5 M TEAB containing 0.1 % SDS. Protein 
was digested with sequencing grade trypsin (Promega, WI, 
USA) overnight. For each sample, the isobaric tagging iTRAQ 
reagent (AB Sciex, CA, USA) was added to the digest and 
incubated for 1 h at room temperature. After labeling the 
eight-labeled peptide samples were pooled and evaporated 
to dryness in a speed vac.

SCX Peptide Fractionation
The labeled peptide mix was resuspended in 0.1 % 

acetic acid containing 2% acetonitrile. Chromatography 
was performed on an 1100 series HPLC (Agilent, CA, USA) 
equipped with a fraction collector. Samples were fractionated 
using a Zorbax 300-SCX column (5 µm, 4.6 x 50 mm, Agilent, 
CA, USA) using a linear gradient from 0-250 mM ammonium 
acetate containing 2 % acetonitrile at 0.5 mL per minute with 
30 s fractions. Fractions were combined accordingly to give a 
total of 15 fractions. Combined fractions were desalted using 
Empore C- 18 7mm/ 3 mL SPE cartridges (Agilent, CA, USA).

Mass Spectrometry 
Peptides were dissolved in 1% formic acid and injected 

onto a Shimadzu Prominence nanoLC system (Shimadzu, 
Kyoto, Japan) at a flow rate of 1 µL/min onto a Vydac Everest 
C18 300 A, 5 µm, 150 mm x 150 µm column (Grace, Colombia, 
MD, USA). Chromatographic separation was performed using 
a linear gradient 10-60% solvent B over 48 min. Mobile phases 
consisted of solvent A (1% acetonitrile, 0.1% formic acid) 
and solvent B (0.1% formic acid, 90% acetonitrile). The HPLC 
eluent was interfaced to a TripleTOF 5600 LC/MS/MS system 
using a Nanospray III ionisation source (Applied Biosystems, 
Forster City, CA). Source conditions included an ion spray 
voltage of 2700 V, nebulizer gas flow of 10, curtain gas flow 
of 30, interface heater temperature at 150°C and collision-
induced dissociation settings included CAD gas of 10 and a 
declustering potential of 80 V. MS TOF spectra were acquired 
across the range m/z 350 - 1800 for 0.5 s followed by 20 data-
dependent MS/MS measurements on pre-cursor ions (100 
counts/s threshold, +2 to +5 charge state, collision energy of 
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250 mm, Phenomenex, NSW, Australia) using an isocratic 
mobile phase consisting of 3 % methanol and 0.1 % TFA in 
water. The column flow rate was 0.7 ml/min and analytes 
were detected using an electrochemical detector in DC mode, 
using a detector potential of 900 mV and 1000 mV potential 
for the guard cell. The data was acquired and processed using 
Chemstation software (Agilent, CA, USA).

Active place avoidance
The apparatus for the APA (Bio-Signal Group, NY, USA) 

consisted of an elevated arena with a grid floor surrounded 
by a 30 cm high transparent circular barrier, producing an 
enclosed arena 77 cm in diameter. The arena was located 
in a room with visual cues placed on the walls. The arena, 
including the grid floor, rotated clockwise at a speed of 1 rpm 
and an electric shock could be delivered through the grid floor. 
The position of the animal in the arena was tracked using 
an overhead camera linked to Tracker software (Bio-Signal 
Group, NY, USA). During trials, a mouse was placed in the 
arena and trained to avoid a 60° shock zone, the positioning 
of which was kept constant in relation to the room and to the 
external visual cues; the mouse's “start” position was always 
opposite the shock zone, near the barrier of the arena.

On Day 1 (habituation day), the mice were free to explore 
the arena with no shock given, for 5 min. On the next 4 
consecutive days, Days 2 to 5 (test days), entrance into the 
shock zone led to the delivery of a brief foot shock (500 ms, 
60 Hz, 0.5 mA). If, after the initial shock, the animal remained 
in the shock zone, further shocks were delivered at 1.5 s 
intervals until the animal moved out of the zone. Each test 
session lasted 10 min and recorded tracks were analyzed 
offline using Track Analysis software (Bio-Signal Group, 
NY, USA). To assess the extent of learning, the following 
parameters were measured: number of foot shocks delivered 
during the 10 min trial, latency to first entry into the shock 
zone, and the distance travelled during the trial.

The second APA test that was performed at 20-weeks old, 
had the location of the shock zone and start zones moved, 
compared to the initial APA at 9-weeks old, to increase the 
difficulty of the task. The extra-maze cues were also changed 
for the second APA test.

Magnetic resonance imaging
Mice were anaesthetized by an i.p injection of Lethabarb 

at 100 mg/kg body weight and transcardially perfused with 
40 ml of phosphate buffered saline (PBS) and 40 ml of 4 % 
paraformaldehyde (PFA) in 0.1 M PBS. The brains were 
removed and post fixed in 4 % PFA for 24 h before being 
stored in sodium azide (0.05%) in 0.1M PBS (PBS azide) for 
future analysis.

Brains were incubated in 0.1% Magnevist (gadopentetate 
dimeglumine, Bayer Healthcare Pharmaceuticals Inc., NJ, 
USA) in PBS for 4 days prior to imaging. MRI data were 
acquired with the samples immersed in Fomblin fluid (Solvay 
Solexis, Italy), using a 16.4 T (89 mm) Bruker micro-imaging 
system (Bruker Biospin, Karlsruhe, Germany) and a 15 mm 
SAW coil (M2M Imaging, USA). High-resolution anatomical 

images were acquired using three- dimensional (3D) gradient-
echo FLASH (fast low angle shot) T1/T2*-weighted using 
repetition time (TR) 50 ms, echo time (TE) 12 ms, number of 
excitation averaging (NEX) 1 at 30 micron isotropic resolution. 
3D Diffusion-weighted images (DWI) were acquired using 
Stjskal-Tanner DW spin-echo sequence using the following 
parameters: TR = 400 ms; TE = 22.8 ms; 80 micron isotropic 
resolution and a signal average of 1. DWI data were composed 
of two images acquired without diffusion weighting (b0) and 
thirty direction DW images (b value of 5000 s/mm2, δ/∆ = 
2.5/14 ms). The samples were maintained at 22°C.

Brain volumetric measurements using segmented 
3D MRI atlas

Anatomical MR images were cleaned of any non-brain 
tissue using a mask created in ITK- SNAP (www.itksnap.
org). Inter-group differences in brain volumes were mapped 
using voxel-based morphometry [28]. Firstly, a study-specific 
BALB/c template was created using Advanced Normalization 
Tools (ANTs) buildtemplateparallel script (http://picsl.upenn.
edu/software/ants/), where high-resolution gradient-echo 
images of all mice from the study (N = 15) were aligned to 
a common reference space via a 12 degrees-of-freedom 
(DOF) affine alignment, followed by 5 iterative symmetric 
diffeomorphic registrations [29]. Secondly, the resulting 
BALB/c template was registered using ANTs diffeomorphic 
registration to an adult C57Bl/6 MRI atlas that contains 18 
segmentations of brain structures [30]. Finally, the warp 
information from the previous steps was used to register 
the segmented structures back to the individual subjects for 
analysis of inter-group differences in brain region volumes. 
Volumes for each brain segment were calculated using ITK-
SNAP. See Table 1 for brain regions analysed.

Voxel based morphometry of DTI maps
Non-brain tissue was removed from diffusion MR images 

by creating a mask of each brain in ITK-SNAP. DTI maps, 
consisting of fractional anisotropy (FA), mean diffusivity 
(MD), axial diffusivity (AD) and radial diffusivity (RD), were 
generated using MRTrix 0.2.9 (www.mrtrix.org). A study 
specific FA template was created using ANTs build template 
parallel script, and subsequently the other of DTI parameters 
were co-registered to the template space. VBM analyses were 
performed using FSL randomise (fsl.fmrib.ox.ac.uk) using 5000 
permutations [31], threshold-free cluster enhancement and 
correction for multiple comparisons. The FA, MD, AD, and RD 
maps were assessed for inter-group differences using tract-
based spatial statistics (TBSS) as previously described [32]. All 
FA images were aligned onto the ANTs FA template using a 
nonlinear registration algorithm within the TBSS package and 
the white matter tracts were skeletonized (using FA threshold 
of 0.3) to create a skeleton template. Subsequently, all DTI 
maps from each subject were skeletonized. The FA skeleton 
from each sample was registered to the template using TBSS 
nonlinear registration method.

The other DTI maps (MD, AD, and RD skeletons) are co-
registered to the template by applying the same transformation 
calculated for the FA. TBSS analyses were performed using 

http://www.mrtrix.org
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Protein 
No.

Accession 
No.

Gene 
Name  Protein Name Pept-ides  % Cov Mean 

Cont
Mean 
AVD  FC P-value

422 Q9WV80 Snx1 Sorting nexin-1 3 5.75 1.0001 1.2605 1.2603 0.001

1007  Q99LI8 Hgs
Hepatocyte growth factor- 
regulated tyrosine kinase 
substrate

4 3.23  1.0047  0.7119  -1.4112  0.002

1374 Q56A07 Scn2b Sodium channel subunit beta-2 2 5.58 0.8280 1.2618 1.5238 0.002
1063 P63325 Rps10 40S ribosomal protein S10 2 13.94 1.2953 2.3771 1.8351 0.003
673 O54774 Ap3d1 AP-3 complex subunit delta-1 6 3.67 1.2388 0.6064 -2.0427 0.005
984 Q9R0P5 Dstn Destrin 3 15.15 0.7890 1.7844 2.2615 0.005
1189 Q9Z2D6 Mecp2 Methyl-CpG-binding protein 2 2 3.31 1.0342 0.6078 -1.7015 0.005
163  Q8BGQ7 Aars Alanine--tRNA ligase, Cytoplasmic  8  6.71  1.0410  0.7817  -1.3316  0.006
747 Q61595 Ktn1 Kinectin 3 1.58 1.0268 0.5136 -1.9992 0.008
1241 Q9CYR6 Pgm3 Phosphoacetylglucosamine mutase  3  4.98  0.9864  0.7734  -1.2754  0.008

329 Q9D051 Pdhb Pyruvate dehydrogenase E1 
component subunit beta  5  10.03  0.7227  1.4883  2.0593  0.008

1420 Q3UBX0 Tmem109 Transmembrane protein 109 3 7.41 1.0633 0.6594 -1.6125 0.008

1745 Q8VDP6 Cdipt CDP-diacylglycerol--inositol 3- 
phosphatidyltransferase  2  4.7  0.9876  1.6796  1.7006  0.009

1593 Q9WV54 Asah1 Acid ceramidase 2 3.05 0.8656 1.3823 1.5969 0.010
732 Q60605 Myl6 Myosin light polypeptide 6 4 21.85 0.9320 0.3505 -2.6588 0.010
1069 Q9D883 U2af1 Splicing factor U2AF 35 kDa subunit  2  8.79  0.7820  0.4190  -1.8663  0.010

553 Q68EF6 Begain Brain-enriched guanylate kinase-
associated protein  3  5.50  0.9216  0.4622  -1.9936  0.014

1104 P27671 Rasgrf1 Ras-specific guanine nucleotide-
releasing factor 1  3  2.46  0.9780  0.6214  -1.5738  0.015

631 P15105 Glul Glutamine synthetase 4 8.58 0.8174 1.4467 1.7698 0.016

667 Q9CXZ1 Ndufs4 NADH dehydrogenase 
[ubiquinone] iron-sulfur protein 4  2  12.00  1.0614  0.5591  -1.8983  0.016

558 Q8C8N2 Scai Protein SCAI 3 7.10 0.8066 1.2477 1.5468 0.017

1272 Q9ES28 Arhgef7 Rho guanine nucleotide exchange 
factor 7  2  2.90  0.9912  0.5186  -1.9114  0.018

287 P63024 Vamp3 Vesicle-associated membrane 
protein 3  6  38.83  0.9981  0.5565  -1.7936  0.020

538 Q9CYZ2 Tpd52l2 Tumor protein D54 3 18.18 0.9264 0.4654 -1.9906 0.021
45 P60469 Ppfia3 Liprin-alpha-3 11 9.88 1.0726 0.8688 -1.2345 0.024

1608 O54724 Ptrf Polymerase I and transcript 
release factor  2  4.59  1.1661  0.6941  -1.6800  0.024

1030 P51855 Gss Glutathione synthetase 4 7.38 0.8774 0.5838 -1.5029 0.025
263 P12023 App Amyloid beta A4 protein 6 6.75 1.0800 0.7106 -1.5198 0.026
601 Q8C854 Myef2 Myelin expression factor 2 2 3.89 1.0670 1.7657 1.6548 0.029
529 O35874 Slc1a4 Neutral amino acid transporter A  3  7.52  0.7254  1.0378  1.4306  0.030
95 P02468 Lamc1 Laminin subunit gamma-1 9 5.41 0.9576 0.6145 -1.5582 0.031
50 Q9QYX7 Pclo Protein piccolo 21 3.37 1.2671 0.8413 -1.5061 0.032

536 B1AXV0 Frrs1l DOMON domain-containing 
protein FRRS1L  3  11.6  1.0615  1.2256  1.1545  0.033

1032  P31648 Slc6a1 Sodium- and chloride- dependent 
GABA transporter 1  3  3.84  1.3463  1.7726  1.3166  0.034

103 P09405 Ncl Nucleolin 10 9.19 1.1258 0.6735 -1.6715 0.036
858 Q80VP1 Epn1 Epsin-1 2 2.44 0.9593 1.3059 1.3613 0.038
293 Q8CHU3 Epn2 Epsin-2 4 6.72 1.0502 0.6278 -1.6727 0.038
2185 Q9D8B7 Jam3 Junctional adhesion molecule C  2  5.16  0.9084  0.5570  -1.6309  0.039
703 Q922D8 Mthfd1 C-1-tetrahydrofolate synthase 2 2.67 0.8567 0.6992 -1.2252 0.040

Table 1: Proteins that were found to be significantly different between control and AVD- deficient male BALB/c mice (p <0.05) in order 
from lowest p-value to highest.

Abbreviations = Accession No. is the UniProtKB protein code, % Cov = % Coverage (95 CI), FC = Fold Change, Cont = Control AVD = AVD-
deficient
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5000 permutations (31), threshold-free cluster enhancement 
and correction for multiple comparisons. The resulting t-map 
was thresholded > 0.95 to assess statistical significance.

Statistical Analysis
Results were analysed for statistical significance using SPSS 

(version 20.0) software. All data were analysed for the main 
effects of Diet (control or AVD-deficient) using analysis of 
variance (ANOVA) or, where appropriate, repeated measures 
ANOVA. Significant differences (p < 0.05) were followed up 
with post-hoc t-tests.

Results
AVD deficiency altered the hippocampal proteome

Using iTRAQ proteomics we identified 2,648 proteins, 
1,373 of these proteins had 2 or more peptides identified with 
> 95% confidence. All other proteins had less peptides (0 or 
1) identified with 95% confidence. Levels of 45 proteins were 
significantly different between control and AVD-deficient 
mice (p < 0.05) and 32 of these had a fold change >1.5. Of the 
significantly different proteins, 15 proteins were up-regulated 
following AVD deficiency and 30 proteins were down-
regulated (Table 1). For all proteins identified using protein pilot 
and their quantification values, see Supplementary File 1.

As hypothesized a number of proteins were identified 
that were significantly different with AVD deficiency that 
are involved in glutamate and GABA signaling; including 
glutamine synthetase, neutral amino acid transporter 
A, GABA transporter 1 and glutamate decarboxylase 2. 
Furthermore, we identified an effect of AVD deficiency on an 
R-type calcium channel subunit and two proteins involved in 
glutathione synthesis, including glutathione synthetase and 
5-oxoprolinase.

Analysis using Ingenuity Pathway Analysis (IPA) showed 
the top canonical pathway affected by AVD deficiency was 
the γ-glutamyl cycle (p = 0.0004) (Table 2), which is involved 
with the synthesis of glutathione, biosynthesis of reductants 
and may be involved with amino acid transport [33]. Other 
canonical pathways that were identified as significantly 
different were Glutamine Biosynthesis I (p = 0.002), Glutamate 
Receptor Signaling (p = 0.006), Glutathione Biosynthesis 
(p = 0.006) and GABA Receptor Signaling (p = 0.008). See 
Supplementary File 2 for the full list of significant (p < 0.01) 
canonical pathways.

The top six most significant biological functions associated 
with the dataset were ‘Small Molecule Biochemistry’ (p<0.001, 
19 molecules), ‘Cell-To-Cell Signaling and Interaction’ 
(p<0.001, 17 molecules), ‘Molecular Transport’ (p <0.0001, 17 
molecules), ‘Cellular Assembly and Organisation’ (p<0.001, 15 
molecules), ‘Amino Acid Metabolism (p<0.001, 10 molecules) 
and ‘Behaviour’ (p<0.001, 10 molecules). These bio functions 
are listed in Table 3.

Within these significant biological functions, IPA 
identified a number of processes associated with the 
dysregulated proteins including release of amino acids and 
neurotransmitters, uptake and metabolism of amino acids, 

Canonical Pathways p-value Ratio 
values

γ-glutamyl Cycle 0.0004 0.13
Glutamine Biosynthesis I 0.002 1.00
D-mannose Degradation 0.002 1.00
Epithelial Adherens Junction Signaling 0.003 0.02
Glutamate Dependent Acid Resistance 0.004 0.50
Tight Junction Signaling 0.005 0.02
Sertoli Cell-Sertoli Cell Junction Signaling 0.005 0.02
Glutamate Receptor Signaling 0.006 0.04
Glutathione Biosynthesis 0.006 0.33
GABA Receptor Signaling 0.008 0.03
Agrin Interactions at Neuromuscular Junction 0.008 0.03

Table 2: Significant (p < 0.01) canonical pathways identified using 
Ingenuity Pathway Analysis in order of significance. Ratio values are 
the number of proteins dysregulated out of the number of proteins 
in the pathway.

Bio Functions No. of Molecules
Small Molecule Biochemistry 19
- release of neurotransmitter 6
- release of amino acids 5
- metabolism of amino acids 5
- modification of L-glutamic acid 2
- transport of amino acids 4
- uptake of amino acids 3
- synthesis of amino acids 3
- metabolism of glutamine 2
- release of L-glutamic acid 3
- accumulation of ceramide 2
- secretion of catecholamine 3
Cell-To-Cell Signaling and Interaction 17
- binding of lymphoma cell lines 3
- plasticity of synapse 4
- quantity of synapse 3
- binding of carcinoma cell lines 2
- neurotransmission 6
Molecular Transport 17
- secretion of molecule 9
- transport of molecule 13
Cellular Assembly and Organisation 15
- quantity of vesicles 5
- quantity of synaptic vesicles 3
- retraction of dendrites 2
- translocation of vesicles 2
- retraction of neuritis 3
- remodeling of actin filaments 2
- quantity of synapse 3
- enlargement of endosomes 2
- secretion of vesicles 2
Amino Acid Metabolism 10
Behaviour 10
- emotional behavior 7
- contextual learning 2
- contextual conditioning 4
- conditioning 5
- cued conditioning 3
- fear 3
- long-term memory 3
- active avoidance response 2
- discrimination 2
- startle response 3
- spatial learning 4

Table 3: The top 6 most significant bio functions identified using 
Ingenuity Pathway Analysis, with detailed lists of biological processes 
that may be impacted by the dysregulated proteins within each bio 
function to p < 0.001. If a biological process was identified in two bio 
functions, it is still only listed once.

https://www.scholars.direct/Articles/brain-disorders/jbd-3-009-supply-file-1.doc
https://www.scholars.direct/Articles/brain-disorders/jbd-3-009-supply-file-2.doc
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plasticity of synapse, quantity of vesicles and synapses, 
retraction of dendrites and remodeling of actin filaments; 
as well as behaviours involved in emotion, contextual 
conditioning, fear, and learning and memory. To view all 
biological processes identified by IPA grouped by main 
biological function and then in order of significance see 
Supplementary File 3.

AVD deficiency was associated with reduced 
whole brain glutathione levels

In conjunction with the two proteins involved in the 
γ-glutamyl cycle that were differentially regulated with AVD 
deficiency we examined whether the synthesis of glutathione 
was altered.

There was a significant effect of Diet (F1,13 = 26.43, p < 
0.001) on total glutathione levels, with a significant decrease 
in the levels of glutathione in AVD-deficient mice (mean ± 
SEM; 513.27 µg/mg ± 53.72 for controls and 210.91 µg/mg ± 
12.22 for AVD-deficient mice).

Hippocampal-dependent learning and memory 
was impaired in AVD-deficient mice

Mice were tested prior to dietary manipulation to gain a 
baseline result in the learning and memory task and to ensure 
that there was no difference between the two groups. All 
mice learnt to avoid the shock zone over the four test days 
(F1,22 = 34.40, p < 0.001, Figure 1.c) and their latency to enter 
the shock zone was significantly increased over the four days 
of testing (F1,22= 13.08, p < 0.001, Figure 1.a). The distance 
travelled during the 10 min test was significantly reduced 
over the course of the four test days for all mice (F1,22 = 29.29, 
p < 0.001, Figure 1.e). These results showed that all mice 
were able to learn the paradigm.

Following ten weeks of dietary manipulation the mice 
were retested. During this second round of testing, there was 
a significant effect of Diet (F1,21 = 15.52, p = 0.001, Figure 1.b) 
on the latency to enter the shock zone over the test days, 
with controls showing an increased latency compared to 
AVD-deficient mice. There was no significant effect of Diet 
(F1,21 = 0.60, p = 0.446) on the maximum time to avoid shock 
over the course of the test days but there was a significant 
effect of Diet (F1,21 = 5.30, p = 0.032) on Day 2, with a shorter 
maximum time to avoid in the AVD-deficient mice (209.18 s ± 
31.93 in Controls and 124.67 s ± 19.52 in AVD-deficient mice).

The number of shocks received by all mice was 
significantly reduced over the test days (F1,21= 47.49, p < 
0.000). Furthermore, there was no significant effect of Diet 
(F1,21 = 2.62, p = 0.121, Figure 1.d) on the number of shocks 
over the four test days. On the final test day, Day 5, the 
number of shocks was no longer significant (F1,21 = 4.10, p 
= 0.056). However, when analyzing the first 5 min of Day 
5, AVD-deficient mice received significantly more shocks 
compared to controls (F1,21 = 6.27, p = 0.021) (1.09 shocks 
± 0.28 in controls and 3.83 shocks ± 1.01 in AVD-deficient 
mice), but not in the second 5 min (F1,21 = 0.01, p = 0.947) of 
Day 5 (1.55 shocks ± 0.41 in controls and 1.58 shocks ± 0.38 
in AVD-deficient mice). Furthermore, there was no significant 

difference in the number of shocks between the first 5 min 
and the second 5 min by control mice (F1,10 = 1.10, p = 0.320). 
However, there was a significant reduction in shock number 
for AVD-deficient mice in the second 5 min (F1,11 = 5.75, p = 
0.035), suggesting that they were still learning how to avoid 
the shock zone.

There was no significant main effect of Diet (F1,21 = 2.95, p 
= 0.180) on the distance travelled over the five days of testing. 
There was however, a significant Diet x Day interaction (F1,21 = 
3.85, p = 0.015, Figure 1.f), with AVD-deficient mice exhibiting 
hyperlocomotion compared to controls towards the end 
of the testing. On Day 1, there was no significant effect of 
Diet (F1,21 = 1.89, p = 0.184) on the distance travelled during 
habituation to the arena. On test days, when shock was 
applied to the shock zone, there was still no effect of Diet 
(F1,21 = 0.19, p = 0.667) on the distance travelled on Day 2. 
However, there was a significant effect of Diet (F1,21= 5.55, 
p = 0.028) over the four test days, with AVD-deficient mice 
travelling more than the controls.

Assessing the difference between the number of shocks 
received on the final day of testing before being placed on 
diet, compared to the number of shocks on the final day of 
testing after dietary manipulation, there was a significant 
Diet x Day (F1,21 = 5.14, p = 0.034) effect. AVD- deficient mice 
received significantly more shocks during the second APA test 
compared to control mice.

Brain Volumes (mm3) Control mice 
(n =7)

AVD-deficient mice 
(n = 8)

White Matter 
Structures#   

Anterior commissure 1.59 ± 0.03 1.60 ± 0.03
CC/Ext capsule 9.43 ± 0.11 9.29 ± 0.26
Fimbria 1.97 ± 0.02 1.91 ± 0.04
Internal capsule 1.67 ± 0.01 1.62 ± 0.05
Brain Regions#   
Amygdala 9.53 ± 0.08 9.46 ± 0.23
Basal forebrain 9.68 ± 0.11 9.76 ± 0.15
Rest of midbrain 10.49 ± 0.09 10.29 ± 0.18
Brain stem 48.11 ± 0.62 46.19 ± 1.36
Caudate putamen 20.63 ± 0.23 20.55 ± 0.36
Central grey 3.39 ± 0.05 3.39 ± 0.07
Cerebellum 41.76 ± 0.95 40.76 ± 1.14
Globus pallidus 2.12 ± 0.02 2.08 ± 0.05
Hippocampus 22.98 ± 0.12 22.92 ± 0.37
Hypothalamus 9.47 ± 0.12 9.47 ± 0.18
Inferior colliculi 4.19 ± 0.06 4.06 ± 0.10
Superior colliculi 6.58 ± 0.10 6.55 ± 0.14
Neocortex 109.02 ± 1.13 109.36 ± 1.98
Thalamus 20.85 ± 0.26 20.85 ± 0.46
Total Brain volume$ 387.35 ± 3.90 383.69 ± 7.90

Table 4: Volumetric brain analyses.

#The volumes of white matter structures and segmented brain 
regions were calculated using the registration of segmented 3D atlas
$Total brain volume was calculated excluding the olfactory bulbs.
There were no significant differences of brain volumes between 
control and AVD-deficient mice.

https://www.scholars.direct/Articles/brain-disorders/jbd-3-009-supply-file-3.doc
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Figure 1: AVD deficiency impairs performance on the active place avoidance task. The results of the APA prior to dietary manipulation 
are shown in a, c and e with the results of the second APA post-dietary manipulation shown in b, d and f. During the first APA, all mice 
increased their latency to enter the shock zone over the four test days (a) and in the second APA, there was a significant difference 
between controls and AVD-deficient mice in their latency to enter the shock zone (b), AVD-deficient mice had a reduced latency 
compared to controls. All mice significantly reduced the number of shocks they received over the four test days (during both APA tests) 
and overall there was no significant effect of Diet (c and d).
Finally, the distance travelled in the arena is shown in e and f. During the second APA post- dietary manipulation, AVD-deficient 
travelled further than controls. (n = 11-12, * p < 0.05).
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AVD deficiency was not associated with changes 
in brain structure or neuronal integrity

Magnetic resonance imaging was used to assess gross brain 
structure, and neuronal integrity via diffusion tensor imaging 
(DTI). There was no significant effect of Diet (F1,13 = 0.16, p = 
0.698) on total brain volumes (Controls = 387.35 ± 3.90 mm3 
and AVD-deficient = 383.69 ± 7.90 mm3). Total brain volumes 
excluded the olfactory bulbs, which are sometimes damaged 
during brain extraction. There was also no significant effect 
of Diet on any white matter structure volume (F1,13 < 2.20, p 
> 0.160) or brain region volume, including the hippocampus 
(F1,13 < 1.49, p > 0.244). See Table 4 for details.

Using both voxel based morphometry (VBM) and tract 
based spatial statistics (TBSS) analysis of the FA, median 
diffusivity (MD), axial diffusivity, and radial diffusivity maps 
showed no significant differences between control and AVD-
deficient mice throughout the brain following threshold-free 
cluster enhancement and correction for multiple comparisons. 
Mean whole brain values were also analysed for FA (0.225 ± 
0.005 for controls and 0.216 ± 0.002 for AVD-deficient mice, 
F1,13 = 0.47, p = 0.505) and MD (0.301 ± 0.003 for controls and 
0.297 ± 0.003 for AVD-deficient mice, F1,13 = 1.03, p = 0.330) 
and there were no significant differences seen between 
control and AVD-deficient mice. AVD deficiency did not alter 
neuronal integrity following 10 weeks of dietary manipulation 
in adult male BALB/c mice.

Discussion
The main findings from this study indicate convergent 

evidence of an effect of AVD deficiency on glutamate and 
GABA signaling, synaptic plasticity and on glutathione 
synthesis that is associated with impaired hippocampal-
dependent learning and memory. Taken together, these 
results provide further evidence that vitamin D deficiency 
in otherwise healthy adult rodents is sufficient to impair 
cognition and alter brain function. We identified a number of 
canonical pathways affected by AVD deficiency including the 
γ-glutamyl cycle, important for the production of glutathione, 
an important antioxidant; and glutamate and GABA receptor 
signaling and glutamine biosynthesis. Furthermore, we 
identified some key biological functions that may be affected 
by AVD deficiency including small molecule biochemistry, cell-
to-cell signaling and interaction, molecular transport, cellular 
assembly and organization and amino acid metabolism. We 
did not see changes in white matter bundles, as measured 
be DTI, suggesting that hippocampal alterations are an early 
consequence of vitamin D deficiency.

The proteomic analysis also identified decreased 
hippocampal expression of CaV2.3 in AVD- deficient mice. 
This protein makes up the α1E subunit of the R-type voltage-
dependent calcium channel (VDCC). CaV2.3 is expressed in 
both pre-and post-synaptic structures of mouse hippocampus, 
with strong expression in the stratum radiatum [34]. It is still 
not clear what role R-type VDCCs play in synaptic processing 
in the hippocampus. Dendritic spine calcium influx is inhibited 
by R-type VDCCs, apparently via selective activation of a Ca-
activated K+- channels [35]. Alternatively, R-type VDCCs of the 

dendritic tufts enhance plateau potentials in CA1 neurons 
[36]. In addition, pre-synaptic R-type calcium channels 
increase glutamate release in the hippocampus, amplifying 
post-synaptic depolarisation [37]. Calcium influx is an early 
molecular requirement for LTP induction [38]. R-type VDCC 
inhibition prevents coincident perforant pathway and Schaffer 
collateral LTP induction [36] and CaV2.3 has been implicated 
in calcium influx during presynaptic LTP induction [39]. Of 
relevance to the present study is that Cav2.3 knockout mice 
exhibit impaired spatial memory [40].

We have previously shown that AVD deficiency in male 
mice leads to reduced glutamate levels and increased GABA 
levels, measured by HPLC in whole brain; and a small but 
significant reduction in the GAD enzymes in whole brain, 
measured by western blot [12]. We have now provided 
further evidence to show that there is a significant reduction 
in GAD65 in the hippocampus of male BALB/c mice using 
proteomic analysis.

Studies in knockout mice have shown that ablation of 
GAD67 results in neonatal lethality and reductions in GABA 
levels to 7% of WT mice [41]. GABA is necessary during 
development to regulate neocortical neurogenesis [42]. 
However, in GAD65 knockout mice, there was no change to 
GABA levels and it was shown that GAD65 is not required 
for development but is important for modulating inhibitory 
neurotransmission in response to increased demand [43]. 
GAD65 is localized to axon terminals and is reversibly bound 
to the membrane of synaptic vesicles [44, 45]. Further 
studies in the GAD65 knockout mice have shown that 
GAD65 mediates activity-dependent GABA synthesis [46] but 
moreover, has a significant impact on GABA release during 
sustained activation, possibly through mobilization of vesicles 
or replenishment of vesicles at the synapse [47]. Therefore, 
it is feasible that the reduction in GAD65 protein expression 
associated with AVD-deficiency could have an impact on 
GABAergic inhibitory neurotransmission.

Another important protein involved in GABA signalling 
that was found to be upregulated by AVD deficiency was the 
GABA transporter 1 (GAT1 or SLC6A1). GAT1 is also localized 
to GABAergic interneuron axons and nerve terminals and is 
responsible for GABA reuptake from the synaptic cleft [48]. 
With reductions in GABA synthesis, due to lower levels of the 
GAD65 enzyme, it is plausible to suggest that this would lead to 
upregulation of GAT1 in an attempt to restore intracellular GABA 
levels. Reductions in GAD65 in a pathophysiological pain model, 
did accompany elevated levels of GAT1, although it was unclear 
which protein expression level change preceded the other [49].

AVD deficiency and oxidative stress
The top recognized pathway altered by AVD-deficiency 

was the γ-glutamyl cycle with significant changes in the level 
of two enzymes; glutathione synthetase was down-regulated 
and 5-oxoprolinase was up-regulated as shown in Figure 2. A 
secondary significant canonical pathway was also identified 
involving glutathione, which was glutathione biosynthesis. 
We have previously published a reduction in glutamate levels 
and an increase in glycine levels with AVD deficiency in whole 
brain [12] and these changes have also been added to Figure 2.
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Furthermore, vitamin D treatment has previously 
been shown to up-regulate γ-glutamyl transpeptidase and 
increase glutathione levels invitro (19) (also noted on Figure 
2). 5- oxoprolinase may be up-regulated in an attempt to 
compensate for lower glutamate levels and with a reduction 
in glutamate plus a reduction in the level of glutathione 
synthetase, this could lead to the lower levels of glutathione 
seen in AVD-deficient mice.

Using both proteomics and HPLC, we have shown that 
the γ-glutamyl cycle has been dysregulated following AVD 
deficiency leading to a reduction in total glutathione levels 
within the brain. Oxidative stress can lead to cell membrane 
dysfunction, DNA damage and inactivation of proteins, 
eventually leading to cell death. Studies have shown that 
people with mild cognitive impairment have higher levels 
of oxidative stress compared to healthy controls [50]. 
Furthermore, a study performed in rats showed that even 
in young animals (3 months of age), induction of oxidative 
stress led to impairments in spatial learning and memory 
[51]. Induced oxidative stress, via exposure to 100% oxygen 
for 48 h, produced an abnormal accumulation of synaptic 
vesicles in swollen nerve terminals and a reduction in 
neurotransmission [52]. In addition, following the induction 
of oxidative stress, synaptic membranes were shown to have 

elevated markers of oxidative stress including lipid peroxides 
and protein carbonyls, and a change in membrane surface 
potential. It was proposed that this would result in reduced 
membrane fusion between nerve terminal membranes and 
synaptic vesicles and produce the subsequent decline in 
neurotransmission shown previously [51, 52].

Synaptic plasticity
Analysing the differentiated proteins from the proteomics 

using IPA provided us with interesting candidate pathways 
that may underpin the changes found in hippocampal- 
dependent learning and memory in AVD deficiency. The 
analysis revealed that a number of proteins down regulated 
with AVD deficiency were involved in synapse formation, 
vesicle formation and release, synapse strength and plasticity. 
Reductions in APP, PPFIA3, MECP2 and RASGRF1 have all 
previously been reported to impair synaptic plasticity and 
were all down regulated in AVD-deficient mice [53-56].

RASGRF1 normally facilitates neurite outgrowth in 
response to NGF and BDNF (54), yet is decreased with AVD 
deficiency. RASGRF1 knockout mice have impaired long-term 
memory but intact learning and short-term memory in an 
emotional conditioning task [57]. In addition, hippocampal-
dependent learning using the Morris water maze was impaired 

Figure 2: The impact of AVD deficiency on the γ-glutamyl cycle. Elevated levels of glycine and reduced levels of glutamate were 
observed in AVD-deficient BALB/c mice in a previous study [12]. In vitro treatment of vitamin D has previously been shown to stimulate 
γ-glutamyl transpeptidase, which resulted in increased levels of glutathione [19]. Finally, in this study we observed a decrease in 
glutathione synthetase and an increase in 5-oxoprolinase. Figure modified from Singh [66].
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in these mice [58]. MECP2 loss-of-function mutant mice have 
impaired spatial learning and memory on the Morris water 
maze, impaired contextual conditioned fear memory and 
show deficits in hippocampal-dependent long-term social 
memory [53]. In addition, they have abnormal synaptic 
structure and function [53]. Although these studies show 
deficits with the complete absence of the protein of interest, 
they do provide evidence that these proteins are important 
for proper synaptic plasticity and favourable learning and 
memory. AVD-deficient BALB/c mice have not been tested 
on the Morris water maze, however we used an alternative 
hippocampal-dependent learning and memory task, the APA. 
There are limited numbers of studies using the APA to assess 
GABAergic neurotransmission on hippocampal-dependent 
learning and memory, although, one study using an agonist of 
the GABAB receptor, showed disruption of spatial avoidance 
using this test [59]. Studies using the active place avoidance 
have been used to show impairments in glutamatergic 
neurotransmission with systemic administration of MK-
801, a non-competitive NMDA receptor antagonist. MK-801 
treatment leads to increased travel on the arena, increased 
errors and reduced time avoiding the shock zone in Long-
Evans rats [60].

Gross brain structure and neuronal integrity 
were not altered with AVD deficiency 

Although there is significant epidemiological evidence 
on the association between vitamin D deficiency and 
cognitive impairment, dementia, Alzheimer’s disease and 
cerebrovascular disease [8, 61, 62], very few studies have 
looked at the relationship between vitamin D deficiency and 
MRI pathologies in humans [10, 62]. For example, one study 
performed in humans, which was the first of its kind, showed 
that vitamin D deficient patients with memory complaints 
had lower FA values in most areas of the brain [10]. Using 
both VBM and TBSS, in the current study there were no 
differences between control and AVD-deficient mice on a 
range of standard DTI parameters including FA, a measure of 
microstructural integrity [63].

Limitations and Strengths
Using proteomics the effects of AVD deficiency on protein 

expression in the hippocampus was analysed and a number of 
candidate proteins were identified, however this was limited 
to one brain region, ideally future experiments should include 
analysis of other brain regions. Furthermore, the results 
from the proteomics analysis are preliminary and require 
further validation, via technical or proteomic replication. 
The proteomic results have provided a list of up and down-
regulated proteins. However, this study cannot tell if these 
proteins are altered by vitamin D directly, altered through 
down-stream effects of vitamin D-targeted gene changes, or 
as a result of compensatory effects. To enable us to unravel 
the mechanism by which AVD deficiency impacts on the 
brain, it is important to differentiate between the two forms 
of protein expression changes. However, iTRAQ has been 
shown to be much more sensitive than both 2D difference 
gel electrophoresis and cleavable isotope-coded affinity tags, 

identifying significantly more peptides from each protein and 
a greater number of differentiated proteins without affecting 
accuracy [64].

Future Directions
This study has shown that multiple pathways involving 

glutathione, glutamate and GABA were dysregulated by AVD 
deficiency, including glutathione biosynthesis, glutamate 
and GABA receptor signaling, and glutamine biosynthesis. 
Furthermore, IPA has implicated AVD deficiency in changes 
to neurotransmission and amino acid metabolism. Changes 
to amino acid metabolism that alter the availability of 
glutamate and glutamine could then have downstream 
effects on neurotransmission and glutathione maintenance. 
Alternatively, elevated oxidative stress could deplete 
glutathione stores, leading to reductions in glutathione 
components, such as glutamate, which would then lead to 
impaired neurotransmission. Future experiments should 
address these issues. For example, if oxidative stress is 
driving all these changes, treating AVD- deficient mice with 
n-acetylcysteine, a molecule known to increase glutathione 
levels [65], should correct reductions in glutamate levels and 
changes in neurotransmission.

Future experiments will be needed to discover the 
mechanism behind AVD deficiency’s impact on hippocampal-
dependent learning and memory. Future studies should 
examine the effects of an extended period on vitamin D 
deficiency prior to MRI or alternatively, since most of the 
studies linking vitamin D deficiency to cognitive impairment, 
Alzheimer’s disease and MRI pathology have occurred in 
elderly populations, a future experiment should test the 
effects of AVD deficiency in older mice and assess both 
cognitive domains and connectivity in the brain using DTI.

Importantly, the current findings provide convergent 
evidence to support the epidemiological link between 
adult vitamin D deficiency and neuropsychiatric and 
neurodegenerative disorders, including cognitive impairment; 
and has provided essential clues regarding the mechanism of 
how vitamin D deficiency may lead to such adverse outcomes.
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