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Abstract

Vitamin D deficiency is prevalent in adults and is associated with cognitive impairment.
However, the mechanism by which adult vitamin D (AVD) deficiency affects cognitive
function remains unclear. We examined spatial memory impairment in AVD-deficient
BALB/c mice and its underlying mechanism by measuring spine density, long term
potentiation (LTP), nitric oxide (NO), neuronal nitric oxide synthase (nNOS) and endothelial
NOS (eNOS) in the hippocampus. Adult male BALB/c mice were fed a control or vitamin D
deficient diet for 20 weeks. Spatial memory performance was measured using an active place
avoidance (APA) task, where AVD-deficient mice had reduced latency entering the shock
zone compared to controls. We characterised hippocampal spine morphology in the CA1 and
dentate gyrus (DG) and made electrophysiological recordings in the hippocampus of
behaviourally naive mice to measure LTP. We next measured NO, as well as glutathione,
lipid peroxidation and oxidation of protein products and quantified hippocampal
immunoreactivity for nNOS and eNOS. Spine morphology analysis revealed a significant
reduction in the number of mushroom spines in the CA1 dendrites but not in the DG. There
was no effect of diet on LTP. However, hippocampal NO levels were depleted whereas other
oxidation markers were unaltered by AVD deficiency. We also showed a reduced nNOS, but
not eNOS, immunoreactivity. Finally, vitamin D supplementation for 10 weeks to AVD-
deficient mice restored nNOS immunoreactivity to that seen in in control mice. Our results
suggest that lower levels of NO, reduced nNOS immunostaining contribute to hippocampal-

dependent spatial learning deficits in AVD-deficient mice.
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Introduction

Vitamin D deficiency is a global public health burden, affecting millions of people worldwide.
Low serum vitamin D levels are associated with many neuropsychiatric diseases, such as
schizophrenia [1, 2], autism [3, 4] and depression [5, 6]. In these diseases, hippocampal
structural deformation has been reported as a central issue [7-9]. In recent years, there has been
an increasing amount of literature suggesting that vitamin D deficiency is associated with a

reduced hippocampal volume [10, 11] and disrupted hippocampal structural connectivity [12,
13].

The hippocampus is an important brain region contributing to spatial learning and memory,
partly by consolidating short to long term memory. Vitamin D may have a specific role in the
hippocampus, since neurons in the hippocampus and its various subfields express the vitamin
D receptor (VDR) [14]. Moreover, vitamin D supplementation has been shown to improve
hippocampal function [15]. Collectively, the data to date suggest vitamin D deficiency may
play a role in hippocampal-dependent spatial learning [16]. However, the impact of adult
vitamin D (AVD) deficiency on hippocampal-dependent spatial learning has been poorly
understood with little agreement on the association of spatial learning deficits with AVD
deficiency [17]. However, both AVD deficiency [15, 18], and developmental vitamin D (DVD)
deficiency were associated with reduced spatial learning in rats [19]. To further investigate the
effects of AVD deficiency on spatial learning and memory formation in mice, we used an active
place avoidance (APA) task. The APA task is hippocampal-dependent, with performance based

on the animal’s ability to encode and retrieve the spatial memory of a location [20, 21].

Structural transformations of the synapse have been demonstrated following learning of a
spatial learning task, resulting in an increased number of dendritic spines in CA1l neurons
compared to animals who fail to show learning [22-24]. Importantly, AVD deficiency was
shown to reduce the hippocampal synaptic proteins, e.g., synaptojanin and synaptotagmin in
the rat hippocampus [15]. Furthermore, spatial learning and hippocampal mushroom spine
density were associated with the expression of synaptojanin [25]. This evidence indicates that
vitamin D might have an impact on synapse formation, specifically through spine morphology.
With respect to morphology, there are four types of dendritic spines - stubby, filopodia, thin
and mushroom. The spines are highly dynamic and alter their shape over time [26]. However,

repetitive training stabilizes the spine structure [27], and spatial learning performance was
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shown to increase the density of mushroom spines in hippocampal CA1 neurons [24]. Based
on the existing evidence, we hypothesized that AVD deficiency would alter spine morphology

in hippocampal CA1 pyramidal neurons.

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 [28]. LTP is
important in learning and memory and it is well known that glutamate neurotransmission plays

a central role in LTP [29].

AVD deficiency was not shown to alter proliferation or survival of new neurons in the
hippocampus of BALB/c mice [30]. However, AVD deficiency resulted in an imbalance
between excitatory (increased GABA) and inhibitory (depleted glutamate) neurotransmission
in the whole brain of BALB/c mice [31]. Vitamin D has been shown to provide antioxidative
properties [32]. The expression of glutathione in rat astrocyte cells was enhanced with vitamin
D supplementation [33], which may be due to alterations in glucose-6-phosphate
dehydrogenase enzyme which is required for glutathione synthesis [32]. Glutathione is one of
the major antioxidant enzymes and the hippocampus is very susceptible to oxidative damage
due to a high oxygen requirement. Therefore, we hypothesized that the oxidative stress markers
such as, glutathione, nitric oxide (NO), lipid peroxidation and protein oxidation could be

altered in AVD deficiency.

Neuronal nitric oxide synthase (nNOS) releases NO in the mammalian brain [34], and
facilitates the release of neurotransmitters [35] and synaptic communication [36]. nNOS is
found within the spine head [37], thereby regulating synaptic communication in the presynaptic
and post-synaptic terminals for GABA [38] and glutamate [39]. Studies have shown that
vitamin D deficiency downregulates NO synthesizing enzymes [40], and vitamin D
supplementation enhances this enzyme [41]. Therefore, AVD deficiency may have an impact
on GABAergic inhibitory neurons through neuronal nitric oxide synthase (nNOS) and/or
neuropeptide y (NPY). Besides nNOS, the NPY-positive interneurons were also shown to
regulate hippocampal excitatory transmission [42] and ameliorate spatial learning deficits [43].
Hippocampal nNOS cells are often colocalized with NPY interneurons [44]. Thus, nNOS and
NPY positive interneurons are present in the hippocampus and potentially contribute to

hippocampal networks [45, 46].
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In this study, we first aimed to measure hippocampal-dependent spatial memory in BALB/c
mice using the APA task. We characterised spine morphology in the dendrites of pyramidal
neurons in the CAl and DG regions of the hippocampus, and measured synaptic plasticity
using electrophysiological recordings within the hippocampus of behaviorally naive mice. We
next measured the level of neurochemicals such as glutathione, malondialdehyde (lipid
peroxidation), advanced oxidation of protein products (AOPP) and NO in hippocampal tissue.
Finally, we quantified the labelling of hippocampal nNOS, eNOS and NPY in hippocampal
subfields.

Experimental procedures

Animals and housing conditions

We purchased 61 male BALB/c mice (age 10 weeks) from Animal Resources Centre, Canning
Vale, WA, Australia. The BALB/c mice were housed in groups of 4, in OptiMICE cages
(Animal Care Systems, CO, USA), with corn cob bedding (Sanichips, Harlan Laboratories,
USA) at the Animal Facility, Queensland Brain Institute, The University of Queensland,
Australia. The animal housing conditions were maintained with a 12-h light-dark cycle. All of
the animals had free access to water and food. The animals were given either a control diet
(Standard AIN93G Rodent diet with 1500 IU vitamin D3/kg, Specialty Feeds, WA, Australia)
or a vitamin D-deficient diet (Vitamin D Deficient AIN93G Rodent diet, Specialty Feeds, WA,
Australia) (Supplementary table S1). Following behavioural testing, a separate group of AVD-
deficient BALB/c mice (n = 6) were returned to the control diet (vitamin D containing diet) for
10 weeks. The experimental work was completed with approval from the University of
Queensland Animal Ethics Committee (QBI/376/15/NHMRC), under the guidelines of the

National Health and Medical Research Council of Australia.

Active place avoidance test

We tested mice (n = 15/group) in an active place avoidance (APA) task using methods
previously described [47-49]. The APA task has been used to assess hippocampal-dependent
spatial learning and memory formation in rodents [49]. In this task, mice need to avoid a shock
zone on the platform using four external cues hanging on the nearby walls. The apparatus is
made by Bio-Signal Group, which consists of an elevated arena with a grid floor. A transparent

circular boundary (77 cm diameter, 32 cm high, made of plexiglass) is used as a fence and
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placed on the elevated arena. The stage rotated clockwise (1 rpm) and delivered an electric

shock through the grid floor.

The shock zone was defined within a 60° region of the stationary room and kept constant in
relation to the room coordinates. The position of the mouse was tracked by PC-based software
that analysed images from an overhead camera and delivered shocks appropriately (Tracker,
Bio-Signal Group Corp., Brooklyn, NY). A mouse was placed opposite the shock zone facing
the wall and trained to avoid an unmarked invisible shock zone using the four external cues.
Entrance into the shock zone resulted in the delivery of a brief constant mild electrical foot
shock (60 Hz at 0.5 mA for 500 ms). If the mouse remained in the shock zone, it received
additional shocks of the same intensity at 1.5-second intervals until the animal moved out of
the area. The experiment was conducted over five days. A duration of 5 min habituation session
on Day 1 without shock was followed by 10 min testing session for four consecutive days. We
collected data for the latency to enter into the shock zone, the number of shocks received and

the distance travelled using Track Analysis software (Bio-Signal Group).

Perfusion and brain tissue collection

Mice (n = 11/group) were anesthetized by intraperitoneal (i.p.) administration of phenobarbital
injection (0.1 ml, 3.34 ml/kg body weight). Perfusion was carried out transcardially using 50
ml of ice-cold phosphate-buffered saline (PBS) at a pH of 7.6, 0.9% sodium chloride solution
(50 ml) followed by fixative solution (0.01% formaldehyde) (50 ml), and preserved in PBS

overnight in 4°C.

Immunohistochemistry

We used a rotary microtome to slice 10 um coronal sections and collected a one-in-ten series
of the coronal sections to stain nNOS and NPY interneurons (n = 5/group). The sections were
dried at 40°C on a hot plate for 24h, before being placed in Antigen Recovery Solution in an
orbital shaker/incubator for 30 min at 40°C. Sections were blocked at room temperature for
1h with a blocking solution containing 3% normal goat serum, 0.05% saponin, 0.1% Triton X-
100 and 10% sodium azide in PBS. Goat primary antibody of nNOS (at dilution of 1:100),
rabbit primary antibody of NPY (at dilution of 1:1,000) and mouse primary antibody of eNOS
(at dilution of 1:2,000) were purchased from Thermo Fisher Scientific. The antibodies were

used to incubate the sections for 48h at room temperature. Secondary antibodies, Alexa fluor-
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555 anti-goat, Alexa fluor-555 anti-mouse and Alexa fluor-488 anti-rabbit fluorescent markers,
were used at room temperature for 12 h. The sections were quickly washed with PBS twice
followed by three washes with PBS at 15 min intervals. The sections were finally stained with

the nuclei marker DAPI for 15 min (Sigma, 1:5,000). Vectashield (Vector laboratories, USA)

mounting medium was used to mount the sections and they were stored at 4°C.

Golgi-cox impregnation

Perfused brains (n = 6/group) were immersed in a Golgi-cox solution for 2-weeks. Golgi-cox
staining was performed according to [50] with a few modifications. Briefly, 5% potassium
dichromate was dissolved in double distilled water (DDW) to prepare solution-A. Similarly,
5% mercuric chloride and 5% potassium chromate were separately dissolved in DDW to
prepare solution-B and -C under light protected glass container using a magnetic stirrer. Then
5 parts of solution-A and 5 parts of solution-B were added slowly with continuous stirring.
Next, solution-C (4 volume) was diluted with 10 volume DDW (4: 10) and mixed slowly with
the mixture of solution-A and -B to prepare working solution. This working solution was

filtered to remove precipitates and kept in a light-protected container.

Brain sections (thickness 150 um) dried onto gelatin coated slides at 4°C were cut using a
vibratome (Lecia 1000s) in a 30% sucrose solution. The sections were briefly rinsed with
DDW, then, incubated in 30% ammonia solution in the dark for 10 min. The sections were
washed with DDW for 5 min. Subsequently, 1% sodium thiosulfate was added and sections
incubated in the dark for 10 min. The sections were washed in DDW then dehydrated using
graded ethanol and xylene. Mounting was performed using DPX (Dibutylphthalate Polystyrene
Xylene) under the fume hood.

Microscopy

The fluorescence images were captured using a Zeiss Axio Imager Z1 microscope. Cells that
immunolabelled with nNOS and NPY were included in the imaging as a tiled image and
stitched subsequently. An experimenter blind to the treatment conditions counted the number
of nNOS-positive cells, NPY-positive cells and co-localized nNOS and NPY cells. A custom
pipeline developed in Cellprofiler [51] was used for semi-automatic counting. The area of the
hippocampal subfield was measured in Imagel] (Fiji). Four anatomically matched dorsal

sections (starting 1.34 - 2.46 mm posterior to bregma) were included in the counting protocols.
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Spine images were taken using a microscope (Axio Imager, Carl Zeiss) with a 100x oil
objective. The following criteria were considered while selecting the spine of neurons; 1)
branch should be standalone, clearly identifiable from the neighbouring neuron, ii) not
truncated iii) spines were clearly visible. Images of 4/5 branches of a neuron were taken by a
person blind to the treatment conditions. Spine images were captured on spines present on
processes at least 10 um long at the apical dendritic branch of CA1 area. We also captured
dendritic spines present in the molecular layer of the upper and lower dentate gyrus. Z-stack
images were captured with 0.12 um slice interval. We images 100-120 dendrites per sample (n
= 6/group). We analysed a total of approximately 1280 dendrites from 12 animals, by selecting
4-5 dendrites per neuron; 3 neurons per hemisphere and 4 sections per sample. There were
50/60 dendrites per sample (total sample =12). We selected 4/5 dendrites per neuron, 3 neurons

per hemisphere and 4 sections per sample.

Spine analysis

The dendrites were manually traced and the dendritic spines were traced using a point-and-
click method within neurolucida-360 in neurolucida software [52]. Neurolucida explorer
software was used to manually edit the spines. The spine density was analysed by the number
of spines present in the 10 pm length of the dendritic processes. The spine classification was
performed in neurolucida-360 (MBF Bioscience). Neurolucida categorized spine into three
classes; mushroom, stubby and thin. Neurolucida software does not have any feature to classify

filopodia, which may be due to the structural similarity between filopodia and thin spines.

Electrophysiology

Mice (n=4 Control and n=5 AVD-deficient) were anaesthetized and transcardially perfused
with ice cold cutting solution containing (in mM) 118 NaCl, 2.5 KCI, 25 NaHCO3, 1.2
NaH>PO4, 10 D-glucose, 0.5 CaCl,, 3 MgCl, (pH 7.4, osmolarity = 300 - 310 mmol/Kg)
saturated with 95% 02/5% CO. Brains were rapidly removed, glued to a stage and 400 um
coronal whole-brain slices were prepared while submerged in cold cutting solution using a
vibrotome VT1000S (Leica, Wetzlar, DEU). Slices were recovered for 40 min at 32 °C in
saturated ACSF (cutting solution with 2.5 mM CaCl, and 1.3 mM MgCl) before being returned
to room temperature for 2-7 hours. Slices were transferred to a submerged recording chamber

constantly perfused with saturated ACSF and maintained at 32 °C.
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Extracellular recordings were made using glass microelectrodes (5 — 7 MQ) filled with
ACSF from stratum radiatum (CA1 region) or stratum moleculare (dentate gyrus). Stimulating
micropipettes (approx. 1 MQ) were placed either anterograde or retrograde of the recording
electrode on the surface of the slice and input was recruited by an isolated constant voltage
(100 ps duration, 0.05 Hz, AMPI, Jerusalem, ISR). To investigate input recruitment to CA1 or
DG, stimulus intensity was increased from 0 to 50 V, in 10 V increments, and the slope of the
average of three field excitatory post-synaptic potentials (fEPSPs) measured. All subsequent
protocols in each slice utilised stimulus intensities to elicit a fEPSP 30% of maximum
amplitude. Paired pulse ratio was determined by varying the interval between two stimuli to
20, 50, 150 and 400 ms. Long-term synaptic plasticity was examined by applying three trains
of high-frequency stimulation (HFS, 100 Hz for 1 s) separated by five min intervals. Input was
followed at least 60 min after first conditioning stimulus. Recordings in CA1 were discarded if
fEPSP slope deviated > + 25% from the start of the baseline period. In four experiments, a
second stimulating pipette was placed and interleaved opposite the main stimulus electrode,
but no conditioning stimulus was applied. We measured the voltage dependence of Schaffer
collateral-mediated post-synaptic currents (PSC) after application with antagonists (NBQX,
APS5, and PTX) for AMPA, NMDA or GABAA receptors.

Output signal (20 kHz) was recorded using an Axopatch 700A (Molecular Devices,
Sunnyvale, CA, USA) with a CV-7B head-stage (Molecular Devices, Sunnyvale, CA, USA).
Recordings were sampled at 10 kHz and digitized via an ITC-16 (Instrutech Corp., Greatneck,
NY, USA) connected to Axograph X software (Axograph Scientific, www.axograph.com). The
slope and amplitude of an average of five or more fEPSP were measured using the linear curve
or peak fitting in Axograph X software, respectively. An 8-pole Bessel filter (2.5 kHz cut-off)

was applied to representative traces.

Determination of Nitric oxide (NO)

Mice (n = 6/group) were anesthetized by intraperitoneal (i.p.) administration of phenobarbital
injection (0.1 ml, 3.34 ml/kg body weight) and the hippocampus dissected on ice and snap
frozen in liquid nitrogen. Nitric oxide was assayed according to a previous method [53, 54]
using Griess reagent system [55] with a few modifications. In this experiment we used 0.1%
w/v NED solution (naphthyl ethylene diamine di-hydrochloride) instead of 1-napthylamine
(5%). The reaction mixture containing hippocampal tissue homogenate (50 pl supernatant) and

phosphate-buffered saline (50 pl) were incubated at 25°C for 15 min. Then 50 pl of
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sulphanilamide solution (1% sulphanilamide in 5% phosphoric acid) was added and allowed
to sit for 5 min. The absorbance was measured at a wavelength of 540 nm against the

corresponding blank solutions. Sodium nitrite was used as a standard sample.

Determination of reduced Glutathione (GSH)

Glutathione in the hippocampal tissue was measured based on a previous method [56].
Hippocampal tissue homogenate was prepared using 0.6% sulfosalicylic acid and Triton-X
solution, centrifuged at 8000g for 10 min at 2—4 °C and the clear supernatant transferred to a
fresh tube for total GSH assay. The assay mixture contained 20 pl of supernatant, 20 pl of KPE
(potassium phosphate- EDTA buffer) and 120 pl of DTNB [5,5-dithio-bis (2-nitrobenzoic
acid)], and GR (glutathione reductase) solutions. The reaction was initiated with the addition
of 60 ul B-NADPH (Nicotinamide adenine dinucleotide 2'-phosphate). The absorbance was
taken instantly at 412 nm UV-spectrophotometer every 40s for 3.2 min (5 readings).

Determination of oxidized Glutathione (GSSG)

GSSG in the hippocampal tissue was measured based on a previous method [56]. Hippocampal
tissue homogenate of sulfosalicylic acid extract (100 ul) was mixed with 2 pl of 2-vinylpyridine
and left for 1 h at room temperature under a fume hood. Then 6 ul of triethanolamine was
added vigorously and allowed to sit for 10 min for the neutralization process. The reaction was
initiated with the addition of 60 ul B-NADPH. The absorbance was taken instantly at 412 nm
UV-spectrophotometer every 40s for 3.2 min (5 readings).

Determination of advanced oxidation of protein products (AOPP)

We followed spectrophotometric procedure to determine the AOPPs as previously described
[57, 58]. Briefly, 50 ul of supernatant was diluted (1:2) with PBS. Next, 100 ul of 1.16 M
potassium iodide and 50 pl of acetic acid were mixed to read the absorbance at 340 nm
wavelength. The concentration of AOPP was expressed in pmol/mg of tissue. PBS was used

as blank and chloramine T (0-100 umol/l) were used to prepare the calibration curve.

Determination of Malondialdehyde (MDA)

We measured lipid peroxidation colorimetrically according to a previous protocol [59, 60].
Briefly, 100 pl of tissue homogenate was treated with 100 pl of TBA-TCA-HCI (1:1:1 ratio)
reagent (2-thiobarbituric acid 0.37%, 0.25 N HCI and 15% TCA). The solution was placed in

a water bath at 70°C for 15 min. The solution was then cooled and the clear supernatant was

10
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separated to read the absorbance at 535 nm wavelength. Then 1, 1, 3, 3-tetramethoxypropane

was used to prepare standard curve. The level of MDA was expressed as nmol/mg of tissue.

Determination of serum 25-(OH)D

At the end of the behavioural experiment we collected a blood sample from the saphenous vein
of one mouse per cage (n = 6/group) to confirm vitamin D levels. A liquid chromatography-
tandem mass spectrometer (Sciex Instruments, ON, Canada) on a 4000 QTrap API AB mass
spectrometer was used to measure the levels of 25(OH)D in serum samples [61]. As expected,
there was a significant (¢10 = 3.96; p < 0.01) difference on the level of serum 25(OH)D with
AVD-deficient mice having lower serum 25(OH)D (M = 4.87, SEM = 0.29) compared to the
controls (M =23.97, SEM = 4.81).

Data analysis and statistics

Data were analysed with SPSS (Version 25.0) software. We used independent sampling (1 data
point/animal) and tested the data for normality and equal variances. We used parametric
statistical tests and conducted repeated measure ANOVA (considering the variables Day and
Diet) to analyse the data obtained from the active place avoidance test. Unpaired t-test was also
conducted to analyse the effects of Diet (control or AVD-deficient) on the levels of nitric oxide,
glutathione, lipid peroxidation, protein oxidation, nNOS, NPY and eNOS labelling. The p-

values less than 0.05 were considered significant. Data are presented as mean=SEM.

Results

AVD deficiency impaired spatial learning in the active place avoidance test

To test for spatial learning and memory, we trained BALB/c mice in the APA test. We found
a significant main effect of Day (F73,70s= 8.00; p < 0.001) and Diet (¥7,70s=5.18; p = 0.024) on
the latency to enter the shock zone (Fig. 1A). The AVD-deficient mice had a lower latency to
enter the shock zone than control mice. Multiple comparison showed that the control mice had
a significantly higher latency on Day 4 compared to AVD-deficient mice. We also conducted
a partial ANOVA to test the improvement of learning throughout the experiment in the control
and AVD-deficient mice. There was a significant main effect of Control Diet (F;,2;=7.56; p =
0.005) but not AVD-deficient Diet (F;2; = 1.85; p = 0.181) on the latency to enter the shock
zone, suggesting that the AVD-deficient mice had impaired learning of the APA task.
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Fig. 1. The AVD-deficient BALB/c mice showed reduced spatial learning in the active place
avoidance (APA) task. AVD-deficient mice had a lower latency to enter the shock zone (A).
The number of shocks (B) and distance travelled (C) over 4 days of the testing sessions were
not varied between the two diet groups. The groups were: control and AVD-deficient. Values

are mean = SEM; n = 14/15 per group; *p < 0.05.
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There was a significant main effect of Day (F3,70s= 8.10; p <0.001), but not Diet (F,;0s= 3.04;
p = 0.08) on the total number of shocks (Fig. 1B). Further partial ANOVA test showed that the
control and AVD-deficient mice showed a significant main effect on the number of shocks,
suggesting that both groups of mice were able to reduce their exposure to shocks with repeated
training. We also observed a significant main effect of Day (F310s=4.72; p < 0.01), but not
Diet (F1,10s = 0.24; p = 0.624) on the total distance travelled throughout the experimental
sessions (Fig. 1C). So while AVD-deficient mice entered the shock zone earlier, they did not
differ from controls in terms of the number of shocks received nor running ability in the APA

task.

AVD deficiency altered spine morphology in CAl

To understand the underlying basis of spatial learning deficits (Fig. 2A), we measured the
hippocampal dendritic spine morphology using a Golgi-cox staining technique (Fig. 2B). We
observed no significant main effect of Diet on total spine density in the DG and CA1 subfields
(Fig. 2C-E). We then analysed the main effect of Diet on the density of each spine type e.g.,
thin, stubby and mushroom. We found a significant main effect of Diet (£7,;;=14.2; p = 0.004)
on the mushroom spine density in the CA1 proximal dendrites (Fig. 2E) but not in the DG
upper or lower blade (Fig. 2C,D). The AVD-deficient mice had a reduced number of mushroom

spines compared to the controls. No differences were seen in the other spine types.
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Fig. 2. The AVD-deficient mice that were included in the Golgi-cox experiment showed a
lower latency to enter the first shock (A). The hippocampal CA1 pyramidal neuron (B) and
spine types are shown where, the white, black and yellow arrowheads represents stubby
(green), thin (red) and mushroom (blue) spines respectively. AVD deficiency reduced the
density of CA1 hippocampal mushroom spines in the BALB/c mice. There was no effect of
Diet in the dentate gyrus (DG) lower (C) or upper (D) blade, but a significant main effect of
Diet on the spine type in CA1 (E). The head morphology, including head extent and the head
extent to centre of the mushroom spine (F), was reduced in AVD-deficiency. The groups were:

control and AVD-deficient. Values are mean + SEM; n = 6 per group; *p < 0.05.
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Further analysis on the morphology of mushroom spines showed a significant main effect of
Diet on the Head Extent (F7,;;=10.0; p=0.01) and Head Extent to centre (F7,;;=7.5; p=0.02)
of the mushroom spines (Fig. 2F). AVD-deficient mice had a reduced head extent and a

decreased head extent to the centre of the mushroom spines.

AVD deficiency did not impair LTP in CAl pyramidal neurons

To address the role of AVD deficiency on synaptic plasticity, we have studied LTP in CAl
pyramidal neurons using high-frequency stimulation (HFS) of the Schaffer collaterals paired
with depolarisation. We could induce LTP to neurons in both control and AVD-deficient mice
to a similar extent (Fig. 3). Assessment of the voltage dependence of Schaffer collateral-
mediated post-synaptic currents (PSC) using antagonists (NBQX, APS5, and PTX) indicated no
effect of diet on AMPA, NMDA or GABAA receptors, respectively (data not shown).
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Fig. 3. AVD deficiency did not alter LTP in CA1 pyramidal neurons. Using high-frequency
stimulation (HFS) of the Schaffer collaterals paired with depolarisation we could induce LTP

to neurons in both control and AVD-deficient mice to a similar extent. n = 4/5 per group
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AVD deficiency was associated with reduced NO levels in the hippocampus

There was no significant difference in the level of total glutathione (GSH + GSSG) (¢;0= 0.55;
p=0.591, GSH (¢10=0.39; p =0.703), GSSG (¢10=1.22; p = 0.247) (Fig. 4) and GSH to GSSG
ratio (¢;0=1.38; p = 0.196) (Fig. 4). However, there was a significant effect of Diet (¢;9= 2.64;
p =0.024) on the level of NO in the hippocampus (Fig. 4). In addition, there was no significant
effect of Diet on MDA (0= 0.92; p = 0.378) (Fig. 4) or AOPP (¢;0=0.15; p = 0.5876) (Fig. 4)

levels in the hippocampal tissue.

AVD deficiency was associated with reduced hippocampal nNOS expression

An independent samples #-test showed a significant difference between control and AVD-deficient
mice on the number of nNOS™ cells in the CA1 (5= 3.76; p = 0.018), CA2 (¢5= 6.38; p < 0.001), CA3
(ts=3.46; p=10.011) and DG (5= 3.17; p = 0.019; representative immunostaining is shown in Fig
5A-H). The number of nNOS*™NPY™ cells were significantly lower in the AVD-deficient hippocampal
subfields (Fig. 6). Moreover, AVD-deficient mice had significantly fewer nNOS*NPY " cells in the
CALl (25=2.79; p = 0.026) and CA2 (5= 3.70; p = 0.015) but not in the CA3 (ts=2.30; p = 0.074) or
DG (ts= 1.03; p = 0.343). The nNOS NPY" cells were not significantly affected in any of the
hippocampal subfields by AVD deficiency; CAl (15=2.01; p=0.101), CA2 (zs=0.92; p = 0.388),
CA3 (5= 0.618; p =0.074) and DG (#5= 0.68; p=0.515). We also measured fluorescent intensity
of nNOS immunoreactivity in the hippocampal subfields. There was a significant difference
between control and AVD-deficient mice on the percentage change of fluorescent intensity of
nNOS cells in the hippocampus (F1,¢= 20.73, p = 0.002, repeated measures ANOVA), and
this difference was seen in each subregion; CA1 (5= 3.83; p = 0.005), CA2 (t5= 6.40; p <
0.001), CA3 (ts=3.69; p =0.006) and DG (t3=2.41; p = 0.04).

AVD deficiency was not associated with hippocampal eNOS immunoreactivity

An independent samples #-test did not show any significant difference between control and
AVD-deficient mice on the number of eNOS™ cells in the CA1 (z5= 0.22; p = 0.83), CA2 (t5=
0.45; p=0.67), CA3 (= 0.62; p = 0.0.56) and DG (zs= 0.06; p = 0.96) (Fig. 7).
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Fig. 4. AVD deficiency depleted hippocampal nitric oxide in BALB/c mice.

The level of NO was depleted in the hippocampal tissue in AVD deficiency (C). However,
there was no significant main effect of Diet on the level of glutathione oxidized (GSSG) (A),
glutathione reduced (GSH), total glutathione (GSH+GSSG), glutathione ratio (GSH/GSSG)
(B), malondialdehyde (MDA) (D), advanced oxidation of protein products (AOPP) (E) in the
hippocampal tissue. The groups were: control and AVD-deficient mice. Values are mean +

SEM; n = 6 per group; *p < 0.05.
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Fig. 5. Vitamin D deficiency reduced the expression of hippocampal neuronal nitric oxide
synthase (nNOS) in BALB/c mice. The top panels show triple labelling (A,B) of nNOS (C,D),
neuropeptide-Y (NPY) (E,F) and DAPI (G,H) in the hippocampus. Arrowheads indicate
nNOS'NPY ™ (white), nNOS'NPY" (yellow) and nNOS'NPY " (transparent) cells.
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Fig. 6. Vitamin D deficiency reduced the expression of hippocampal neuronal nitric oxide
synthase (nNOS) in BALB/c mice. The vertical axis represents the average number of cells and
the horizontal axis represents various types of cells (nNOS or NPY) in each sub region of the
hippocampus; CA1 (A), CA2 (B), CA3 (C) or DG (D). Values were mean + SEM; n = 5 per
group; *p < 0.05; **p < 0.01; #p < 0.06.
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Fig. 7. Adult vitamin D deficiency did not alter eNOS immunoreactivity in the hippocampus
of BALB/c mice. There was no significant difference in eNOS immunoreactivity in mouse
hippocampal subfields following 10-weeks of adult vitamin D deficiency. The top panel shows
double labelling of eNOS and DAPI of a coronal hippocampal section (A). The middle panel
shows labelling of eNOS and DAPI of hippocampal CA1 region (B) eNOS (C) and DAPI (D).
The bottom panel (E-H) showed measures of percentage fluorescent intensity of eNOS and

nNOS in control and AVD-supplemented mice. Values are mean + SEM, n = 5 per group. *p
<0.05.
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Chronic supplementation of vitamin D prevented the decline of nNOS immunoreactivity in

AVD-deficient mice

Immunoreactivity of nNOS
There were no significant differences in the average number of nNOS counts between control
and AVD-supplemented mice in CA1 (5= 1.82; p = 0.118), CA2 (ts=0.23; p = 0.823), CA3
(ts=1.46; p=0.192) and DG (t5=0.411; p = 0.695) (Fig. 8).

Relative change in nNOS immunoreactivity compared to control mice
The percentage change of nNOS counts in AVD-deficient mice relative to controls were
significantly lower in CA1 (z5=3.81; p =0.01), CA2 (5= 6.39; p = 0.007), CA3 (t5=3.68; p
=0.008) and DG (#5=2.39; p = 0.05) (Fig. 8). However, there were no significant differences
in the percentage change of nNOS counts in AVD-supplemented mice relative to controls in
the CAl (¢5=1.81; p =0.15), CA2 (ts=-0.23; p = 0.82), CA3 (t6=0.61; p = 0.56) and DG (¢s
=-0.40; p = 0.69) (Fig. 7D).
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Fig. 8. Chronic vitamin D supplementation prevents the reduction of nNOS immunoreactive
cells in the hippocampus of AVD-deficient mice. There was no significant difference in nNOS
immunoreactivity in mouse hippocampal subfields following vitamin D supplementation.
nNOS counts/100 mm2 in control and AVD-supplemented mice (A). Percentage change of
nNOS counts in AVD-deficient mice relative to control was significantly lower in hippocampal
subfields. However, relative change to control did not significantly vary in AVD-supplemented
mice in hippocampal subfields (B). All mice were on a diet for 20 weeks. Values are mean +

SEM, n = 4/5 per group. *p < 0.05.
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Discussion

This study investigated impaired spatial memory in AVD-deficient mice and examined
potential neural correlates. There were four main findings from the present study. At the
behavioural level, AVD-deficient mice had a shorter latency to enter the shock zone in the APA
test, indicating a deficit in hippocampal-dependent spatial learning. We found that the density
and morphology of mushroom spines in the hippocampal CA1 dendrites was diminished by
AVD deficiency, despite no effect on LTP recorded in hippocampal slices. Potential cellular
mechanisms underpinning this impairment included a depletion in the level of hippocampal
NO in AVD deficient mice, despite no changes in other oxidative stress markers.
Immunostaining of the hippocampal tissue showed a reduced labelling of nNOS but not NPY.
These results suggest that the effect of AVD deficiency on spatial memory may be due to
depletion of hippocampal NO levels, diminished nNOS immunoreactivity and reduced
mushroom spine formation on CA1 pyramidal neurons in the hippocampus. A summary of the

results are given in Table 1.

Table 1. Summary of the main results.

GS | MD [ AOP | NO | nNO | nNOS+ | nNOS+ | NPY+ | nNOS- | eNOS | Mush | Stu | Thi
H | A P S+ | NPY- | NPY+ NPY+ room | bby | n
CAl J J J - - - \2 - | -
CA2 \2 \2 \ J - - NA | NA | NA
caz | | | ' 7 7 - - _ — | NA [ NA | NA
DG - J - - - - - - -

Nitric oxide (NO), Neuronal nitric oxide synthase (nNOS); Endothelial nitric oxide synthase (eNOS);
neuropeptide-Y (NPY); Glutathione (GSH); Malondialdehyde (MDA); Advanced oxidation of protein products
(AOPP); Cornu Ammonis (CA); Dentate Gyrus (DG); Decreased ({); Not applicable (NA); Unchanged (-).
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To understand the impact of AVD deficiency on hippocampal-dependent function, we tested
BALB/c mice on a spatial learning task. The AVD-deficient mice had a shorter latency to enter
the shock zone, indicating a deficit in spatial memory formation. In addition, the AVD-
deficient mice did not show any significant improvement in their latency to enter the shock
zone throughout the 4 days of training suggesting a reduced ability to learn the task. On the
contrary, control mice showed improved spatial learning and memory formation following
repeated training. This study did not find a difference between control and AVD deficiency on
the number of shocks animals received during the experimental sessions. The parameter
“distance travelled” throughout the experimental sessions also did not show any difference
between the groups. This result clearly indicates that the AVD-deficient mice had similar motor
activity. The APA task requires the mouse to retrieve the spatial information that was formed
on the previous day, and once the mouse enters the shock zone they encode the spatial
information of the invisible shock zone using distal visual cues. Therefore, we argue that the
spatial learning performance in the APA test was purely hippocampal-dependent [21]. These
results support the hypothesis that AVD deficiency impairs hippocampal-dependent spatial

learning and memory formation [15, 18].

To understand the underlying basis of impaired hippocampal-dependent spatial learning, we
measured spine morphology from the CAl apical dendrites and DG dendrites. The
hippocampal-dependent spatial learning task was shown to promote spine formation [22] and
spine density [62] by the alteration of spine distribution and morphological alterations in the
CA1 pyramidal neuron [63]. In addition, spatial learning tasks were also shown to increase the
spine density in the dentate gyrus (DG) [64]. We observed that AVD deficiency reduced the
densities of the mushroom spine in the CA1 but not in the DG regions. Our finding is consistent
with previous studies showing increased mushroom spine density in spatially trained rodents
[24, 65]. By contrast, mushroom spines were not affected following training in the spatial
learning task in the DG regions by AVD deficiency. One possible explanation is that the CAl
hippocampal synapses are selectively vulnerable to vitamin D deficiency and the maturation of
spines is differentially regulated in the DG. Another explanation is that the effect of the spatial
learning task on the DG was transient [66, 67]. It is also possible that the DG has a different
compensatory mechanism to vitamin D deficiency, such as altered neurogenesis. However,
hippocampal CA1 synapses may produce persistent changes following training in the APA task
[68]. Therefore, performance in the APA task may have a selective and consistent impact on

the CA1 region but not in the DG, which may be regulated by vitamin D.
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We further analysed a detailed structure of the mushroom spine heads such as “head extension”,
“head extension to centre” and “head diameter”. We showed a reduced extent of head of the
mushroom spines indicating that the synaptic surfaces were reduced by AVD deficiency. The
spine head is an important parameter for synaptic communication; the bigger the head, the
larger the synaptic contact, resulting in greater synaptic strength. Previous studies showed that
calcium ions regulate the head extension of spine [69, 70]. Since vitamin D regulates calcium
homeostasis it is possible that vitamin D deficiency reduced head extension of the mushroom

spine by regulating calcium ions.

Long term potentiation (LTP) is an important molecular correlate with memory formation,
but it was not impaired in AVD-deficient compared to control mice. There are a variety of
mechanisms responsible for the short and long-term persistence of LTP after a conditioning
stimulus. These include post-translational mechanisms, such as the trafficking of AMPAR to
the post-synaptic density, or transcription- and translation-mediated changes [71, 72].
However, AVD deficiency did not affect the release properties of the perforant pathway or
Schaffer collaterals, or the ability of these inputs to recruit a post-synaptic depolarisation.
Even a strong conditioning stimulus was insufficient to differentiate STP between diets.
These data indicate that AVD deficiency induced changes to the density of mushroom spines
are either not sufficient to effect baseline synaptic neurotransmission or are compensated by
other mechanisms. Another possible mechanism for LTP inhibition is a shifting towards
GABA neurotransmission in the hippocampus, as demonstrated by the enhancement of LTP
with the inclusion of picrotoxin in some studies [73]. More work is required to determine the

mechanism by which AVD deficiency may impact on LTP.

We then measured oxidative stress markers in hippocampal tissue to understand the molecular
basis of the spatial learning deficit. Oxidative stress was shown to impair hippocampal-
dependent spatial learning [74]. Except for NO, we did not show any impact of AVD deficiency
on oxidative stress markers. Our novel result of reduced NO levels is in agreement with data
showing that vitamin D may regulate NO release in the hippocampus [41]. Previous studies
have shown that vitamin D regulates NO release by the activation of endothelial nitric oxide

synthase [40] and inducible nitric oxide synthase [41, 75] enzymes.

NO could have a divergent role in the hippocampus including spatial memory formation [76-

78] and facilitation of LTP [79]. Spatial learning using the radial arm maze was shown to
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increase the release of NO in the hippocampus [80]. In addition, in active avoidance learning,
NO was associated with improved spatial learning via glutamate production in the
hippocampus [81]. However, LTP is normal in mice with a targeted mutation in either nNOS

or eNOS and LTP in CA1 may be NO independent [82].

Nitric oxide is synthesized from three nitric oxide synthase (NOS) enzymes; neuronal (nNOS),
endothelial (eNOS) and inducible (iNOS). The activity of nNOS and eNOS are calcium-
dependent, whereas the activity of iNOS is calcium-independent [83]. The eNOS principally
expresses in endothelial cells [84], iINOS expresses in macrophages and glial cells in the
pathological state [85], whereas nNOS is primarily expressed in GABAergic interneurons [86].
In addition, the expression of hippocampal nNOS was shown to increase following spatial
learning [87]. We therefore, first focus on the hippocampal nNOS interneurons for four
important reasons. First, the majority of NOS activity in the hippocampus is from nNOS
acitivity (98%), and <2% is eNOS activity [82]. Second, nNOS is calcium-dependent, and the
calcium homeostasis is regulated by serum vitamin D. Third, nNOS is expressed in GABAergic
interneurons and we have previously shown altered levels of GABA neurotransmitter in the
whole brain of AVD-deficient BALB/c mice [31]. Fourth, the interaction between the nNOS
and PSD-95 (post-synaptic density) are essential for synapse formation [88, 89]. We found a
reduced nNOS expression in the hippocampal subfields. We did not find any previous evidence
showing the effect of vitamin D on nNOS expression. However, 1,25(OH)2D3 was shown to
increase eNOS via a direct transcriptional regulation [40]. Therefore, the genomic action of
vitamin D may contribute to the reduction of nNOS, which may be the underlying basis of

spatial memory deficits.

Furthermore, eNOS may also be altered by AVD deficiency due to its similarity with nNOS
with regards to calcium-dependency. Therefore, we compared the nNOS and eNOS
immunoreactivity in the hippocampal subfields between AVD-deficient and control mice.
Although, nNOS immunoreactivity was reduced in AVD-deficiency, eNOS immunoreactivity
in the hippocampal subfields were unchanged. Our eNOS finding is not consistent with a
previous study that showed a regulatory role of vitamin D on eNOS in mouse artery [40]. It is
possible that vitamin D has a differential role in blood vessels and hippocampus. Further studies
are required to measure the eNOS immunoreactivity within the blood vessel in the
hippocampus. In our immunostaining experiment, eNOS immunoreactivity could be due to the

presence of eNOS in the blood vessels, astrocytes [90] or in the dendritic spines [91].
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A large number of nNOS interneurons are shown to co-express NPY [44, 92, 93]. A reduced
nNOS expression could be due to the lower levels of NPY [94]. However, we found that the
NPY" cells were only reduced when colocalized with nNOS™ cells, otherwise the expression
of NPY" cells were not affected by AVD deficiency. We also measured nNOS
immunoreactivity in AVD-deficient mice supplemented with vitamin D for 10 weeks. We did
not show any difference in immunoreactivity of nNOS between control and AVD-
supplemented mice. These data show that chronic vitamin D supplementation improves
nNOS expressing components in the hippocampus suggesting a direct role of AVD
deficiency on hippocampal nNOS expression and this should be investigated in future

studies.

Taken together, these data suggest that the reduced levels of NO and immunoreactivity of
nNOS may be associated with reduced CA1 mushroom spine density. For example, NO was
shown to contribute to synaptic function, such as the facilitation of synapse formation and
growth of synaptic terminals [95, 96], and enhancement of synaptic efficiency by LTP
induction [37]. Moreover, NO and nNOS may be responsible for mushroom spine reduction
via its role in LTP in CA1 neurons [97, 98]. Finally, the interaction between NO and nNOS
signalling facilitates synapse formation [99, 100]. In summary, the reduction of hippocampal
nNOS, NO and mushroom spines may affect hippocampal-dependent spatial learning
impairment in AVD deficiency. We have also shown that vitamin D supplementation can
rescue nNOS immunoreactivity within the hippocampus. Future studies should examine the
extent of these changes and whether, for example, L-arginine or vitamin D supplementation

are able to rescue the spatial learning deficits in AVD deficiency.
Acknowledgements

This research was supported by the National Health and Medical Research Council grant
APP1070081 to TB and a University of Queensland International PhD Scholarship to MA.

28


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

References

1.

10.

11.

12.

13.

14.

Cieslak, K., J. Feingold, D. Antonius, et al. (2014) Low vitamin D levels predict
clinical features of schizophrenia. Schizophr Res. 159(2-3): 543-5.

Chiang, M., R. Natarajan, and X. Fan (2016) Vitamin D in schizophrenia: a clinical
review. Evid Based Ment Health. 19(1): 6-9.

Fernell, E., S. Bejerot, J. Westerlund, et al. (2015) Autism spectrum disorder and low
vitamin D at birth: a sibling control study. Mol Autism. 6: 3.

Saad, K., A.A. Abdel-Rahman, Y.M. Elserogy, et al. (2015) Vitamin D status in
autism spectrum disorders and the efficacy of vitamin D supplementation in autistic
children. Nutr Neurosci.

Spedding, S. (2014) Vitamin D and depression: a systematic review and meta-analysis
comparing studies with and without biological flaws. Nutrients. 6(4): 1501-18.

Brouwer-Brolsma, E.M., R.A. Dhonukshe-Rutten, J.P. van Wijngaarden, et al. (2015)
Low vitamin D status is associated with more depressive symptoms in Dutch older
adults. Eur J Nutr.

Bremner, J.D., M. Narayan, E.R. Anderson, et al. (2000) Hippocampal volume
reduction in major depression. Am J Psychiatry. 157(1): 115-8.

Li, W., K. Li, P. Guan, et al. (2018) Volume alteration of hippocampal subfields in
first-episode antipsychotic-naive schizophrenia patients before and after acute
antipsychotic treatment. Neuroimage Clin. 20: 169-176.

Dager, S.R., L. Wang, S.D. Friedman, et al. (2007) Shape mapping of the
hippocampus in young children with autism spectrum disorder. A/JNR Am J
Neuroradiol. 28(4): 672-7.

Shivakumar, V., S.V. Kalmady, A.C. Amaresha, et al. (2015) Serum vitamin D and
hippocampal gray matter volume in schizophrenia. Psychiatry Res. 233(2): 175-9.

Gurholt, T.P., M. Nerhus, K. Osnes, et al. (2018) Hippocampus volume reduction in
psychosis spectrum could be ameliorated by vitamin D. Schizophr Res: 433-435.

Al-Amin, M.M., R.K.P. Sullivan, N.D. Kurniawan, et al. (2019) Adult vitamin D
deficiency disrupts hippocampal-dependent learning and structural brain connectivity
in BALB/c mice. Brain Struct Funct. 224(3): 1315-1329.

Al-Amin, M., D. Bradford, R.K.P. Sullivan, et al. (2019) Vitamin D deficiency is
associated with reduced hippocampal volume and disrupted structural connectivity in
patients with mild cognitive impairment. Hum Brain Mapp. 40(2): 394-406.

Eyles, D.W., S. Smith, R. Kinobe, et al. (2005) Distribution of the vitamin D receptor
and 1 alpha-hydroxylase in human brain. J Chem Neuroanat. 29(1): 21-30.

29


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Latimer, C.S., L.D. Brewer, J.L. Searcy, et al. (2014) Vitamin D prevents cognitive
decline and enhances hippocampal synaptic function in aging rats. Proc Natl Acad Sci
USA.111(41): E4359-66.

Lardner, A.L. (2015) Vitamin D and hippocampal development-the story so far. Front
Mol Neurosci. 8: 58.

Al-Amin, M.M., R.K.P. Sullivan, K.N. Jaeschke, et al. (2017) Impact of combined
adult vitamin D deficiency and second-hit exposures on brain function. CAB Reviews.
12(040): 1-16.

Altemus, K.L., S. Finger, C. Wolf, et al. (1987) Behavioral correlates of vitamin D
deficiency. Physiol Behav. 39(4): 435-40.

Fu, L., Y.H. Chen, X. Chen, et al. (2017) Vitamin D deficiency impairs
neurobehavioral development in male mice. Physiol Behav. 179: 333-339.

Vukovic, J., G.G. Borlikova, M.J. Ruitenberg, et al. (2013) Immature doublecortin-
positive hippocampal neurons are important for learning but not for remembering. J
Neurosci. 33(15): 6603-13.

Willis, E.F., P.F. Bartlett, and J. Vukovic (2017) Protocol for Short- and Longer-term
Spatial Learning and Memory in Mice. Front Behav Neurosci. 11: 197.

Moser, M.B., M. Trommald, and P. Andersen (1994) An increase in dendritic spine
density on hippocampal CA1 pyramidal cells following spatial learning in adult rats
suggests the formation of new synapses. Proc Natl Acad Sci U S A. 91(26): 12673-5.

Andersen, P., E. Moser, M.B. Moser, et al. (1996) Cellular correlates to spatial
learning in the rat hippocampus. J Physiol Paris. 90(5-6): 349.

Mahmmoud, R.R., S. Sase, Y.D. Aher, et al. (2015) Spatial and Working Memory Is
Linked to Spine Density and Mushroom Spines. PLoS One. 10(10): e0139739.

Mclntire, L.B., D.E. Berman, J. Myaeng, et al. (2012) Reduction of synaptojanin 1
ameliorates synaptic and behavioral impairments in a mouse model of Alzheimer's
disease. J Neurosci. 32(44): 15271-6.

Hering, H. and M. Sheng (2001) Dendritic spines: structure, dynamics and regulation.
Nat Rev Neurosci. 2(12): 880-8.

Hofer, S.B. and T. Bonhoeffer (2010) Dendritic spines: the stuff that memories are
made of? Curr Biol. 20(4): R157-9.

Salami, M., S.A. Talaei, S. Davari, et al. (2012) Hippocampal long term potentiation
in rats under different regimens of vitamin D: an in vivo study. Neurosci Lett. 509(1):
56-9.

Bashir, Z.1., Z.A. Bortolotto, C.H. Davies, et al. (1993) Induction of LTP in the
hippocampus needs synaptic activation of glutamate metabotropic receptors. Nature.
363(6427): 347-50.

30


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Groves, N.J., D. Bradford, R.K. Sullivan, et al. (2016) Behavioural Effects of Adult
Vitamin D Deficiency in BALB/c Mice Are not Associated with Proliferation or
Survival of Neurons in the Adult Hippocampus. PLoS One. 11(4): e0152328.

Groves, N.J., J.P. Kesby, D.W. Eyles, et al. (2013) Adult vitamin D deficiency leads
to behavioural and brain neurochemical alterations in C57BL/6J and BALB/c mice.
Behav Brain Res. 241: 120-31.

Bao, B.Y., H.J. Ting, J.W. Hsu, et al. (2008) Protective role of 1 alpha, 25-
dihydroxyvitamin D3 against oxidative stress in nonmalignant human prostate
epithelial cells. Int J Cancer. 122(12): 2699-706.

Garcion, E., L. Sindji, G. Leblondel, et al. (1999) 1,25-dihydroxyvitamin D3 regulates
the synthesis of gamma-glutamyl transpeptidase and glutathione levels in rat primary
astrocytes. J Neurochem. 73(2): 859-66.

Bredt, D.S., C.E. Glatt, P.M. Hwang, et al. (1991) Nitric oxide synthase protein and
mRNA are discretely localized in neuronal populations of the mammalian CNS
together with NADPH diaphorase. Neuron. 7(4): 615-24.

Kuriyama, K. and S. Ohkuma (1995) Role of nitric oxide in central synaptic
transmission: effects on neurotransmitter release. Jpn J Pharmacol. 69(1): 1-8.

Bradley, S.A. and J.R. Steinert (2016) Nitric Oxide-Mediated Posttranslational
Modifications: Impacts at the Synapse. Oxid Med Cell Longev. 2016: 5681036.

Hardingham, N., J. Dachtler, and K. Fox (2013) The role of nitric oxide in pre-
synaptic plasticity and homeostasis. Front Cell Neurosci. 7: 190.

Lange, M.D., M. Doengi, J. Lesting, et al. (2012) Heterosynaptic long-term
potentiation at interneuron-principal neuron synapses in the amygdala requires nitric
oxide signalling. J Physiol. 590(1): 131-43.

O'Dell, T.J., R.D. Hawkins, E.R. Kandel, et al. (1991) Tests of the roles of two
diffusible substances in long-term potentiation: evidence for nitric oxide as a possible
early retrograde messenger. Proc Natl Acad Sci U S A. 88(24): 11285-9.

Andrukhova, O., S. Slavic, U. Zeitz, et al. (2014) Vitamin D is a regulator of
endothelial nitric oxide synthase and arterial stiffness in mice. Mol Endocrinol. 28(1):
53-64.

Rockett, K.A., R. Brookes, 1. Udalova, et al. (1998) 1,25-Dihydroxyvitamin D3
induces nitric oxide synthase and suppresses growth of Mycobacterium tuberculosis
in a human macrophage-like cell line. Infect Immun. 66(11): 5314-21.

Gotzsche, C.R. and D.P. Woldbye (2016) The role of NPY in learning and memory.
Neuropeptides. 55: 79-89.

dos Santos, V.V., D.B. Santos, G. Lach, et al. (2013) Neuropeptide Y (NPY) prevents
depressive-like behavior, spatial memory deficits and oxidative stress following
amyloid-beta (Abeta(1-40)) administration in mice. Behav Brain Res. 244: 107-15.

31


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Tricoire, L., K.A. Pelkey, M.I. Daw, et al. (2010) Common origins of hippocampal
Ivy and nitric oxide synthase expressing neurogliaform cells. J Neurosci. 30(6):
2165-76.

Blackshaw, S., M.J. Eliasson, A. Sawa, et al. (2003) Species, strain and
developmental variations in hippocampal neuronal and endothelial nitric oxide
synthase clarify discrepancies in nitric oxide-dependent synaptic plasticity.
Neuroscience. 119(4): 979-90.

Aoki, C., J. Rhee, M. Lubin, et al. (1997) NMDA-R1 subunit of the cerebral cortex
co-localizes with neuronal nitric oxide synthase at pre- and postsynaptic sites and in
spines. Brain Res. 750(1-2): 25-40.

Lobellova, V., E. Brichtova, T. Petrasek, et al. (2015) Higher doses of (+)MK-801
(dizocilpine) induced mortality and procedural but not cognitive deficits in delayed
testing in the active place avoidance with reversal on the Carousel. Physiol Res. 64(2):
269-75.

Stuchlik, A., T. Petrasek, 1. Prokopova, et al. (2013) Place avoidance tasks as tools in
the behavioral neuroscience of learning and memory. Physiol Res. 62 Suppl 1: S1-
s19.

Wesierska, M., C. Dockery, and A.A. Fenton (2005) Beyond memory, navigation, and
inhibition: behavioral evidence for hippocampus-dependent cognitive coordination in
the rat. J Neurosci. 25(9): 2413-9.

Das, G., K. Reuhl, and R. Zhou (2013) The Golgi-Cox method. Methods Mol Biol.
1018: 313-21.

Carpenter, A.E., T.R. Jones, M.R. Lamprecht, et al. (2006) CellProfiler: image
analysis software for identifying and quantifying cell phenotypes. Genome Biol.
7(10): R100.

Dickstein, D.L., D.R. Dickstein, W.G. Janssen, et al. (2016) Automatic Dendritic
Spine Quantification from Confocal Data with Neurolucida 360. Curr Protoc
Neurosci. 77: 1.27.1-1.27.21.

Tracey, W.R., J. Tse, and G. Carter (1995) Lipopolysaccharide-induced changes in
plasma nitrite and nitrate concentrations in rats and mice: pharmacological evaluation
of nitric oxide synthase inhibitors. J Pharmacol Exp Ther. 272(3): 1011-5.

Al-Amin, M.M., T. Alam, S.M. Hasan, et al. (2016) Prenatal maternal
lipopolysaccharide administration leads to age- and region-specific oxidative stress in
the early developmental stage in offspring. Neuroscience. 318: 84-93.

Sun, J., X. Zhang, M. Broderick, et al. (2003) Measurement of nitric oxide production
in biological systems by using Griess reaction assay. Sensors. 3(8): 276-284.

Rahman, 1., A. Kode, and S.K. Biswas (2006) Assay for quantitative determination of
glutathione and glutathione disulfide levels using enzymatic recycling method. Nat
Protoc. 1(6): 3159-65.

32


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Witko-Sarsat, V., M. Friedlander, C. Capeillere-Blandin, et al. (1996) Advanced
oxidation protein products as a novel marker of oxidative stress in uremia. Kidney Int.
49(5): 1304-13.

Al-Amin, M.M., S.M. Hasan, T. Alam, et al. (2014) Tadalafil enhances working
memory, and reduces hippocampal oxidative stress in both young and aged mice. Eur
J Pharmacol. 745: 84-90.

Niehaus, W.G., Jr. and B. Samuelsson (1968) Formation of malonaldehyde from
phospholipid arachidonate during microsomal lipid peroxidation. Eur J Biochem.
6(1): 126-30.

Al-Amin, M.M., R. Sultana, S. Sultana, et al. (2016) Astaxanthin ameliorates prenatal
LPS-exposed behavioral deficits and oxidative stress in adult offspring. BMC
Neurosci. 17: 11.

Eyles, D., C. Anderson, P. Ko, et al. (2009) A sensitive LC/MS/MS assay of 250H
vitamin D3 and 250H vitamin D2 in dried blood spots. Clin Chim Acta. 403(1-2):
145-51.

Leuner, B., J. Falduto, and T.J. Shors (2003) Associative memory formation increases
the observation of dendritic spines in the hippocampus. J Neurosci. 23(2): 659-65.

Diamond, D.M., A.M. Campbell, C.R. Park, et al. (2006) Influence of predator stress
on the consolidation versus retrieval of long-term spatial memory and hippocampal
spinogenesis. Hippocampus. 16(7): 571-6.

Tronel, S., A. Fabre, V. Charrier, et al. (2010) Spatial learning sculpts the dendritic
arbor of adult-born hippocampal neurons. Proc Natl Acad Sci U S A. 107(17): 7963-
8.

Beltran-Campos, V., R.A. Prado-Alcala, U. Leon-Jacinto, et al. (2011) Increase of
mushroom spine density in CA1 apical dendrites produced by water maze training is
prevented by ovariectomy. Brain Res. 1369: 119-30.

O'Malley, A., C. O'Connell, K.J. Murphy, et al. (2000) Transient spine density
increases in the mid-molecular layer of hippocampal dentate gyrus accompany
consolidation of a spatial learning task in the rodent. Neuroscience. 99(2): 229-32.

Eyre, M.D., G. Richter-Levin, A. Avital, et al. (2003) Morphological changes in
hippocampal dentate gyrus synapses following spatial learning in rats are transient.
Eur J Neurosci. 17(9): 1973-80.

Pavlowsky, A., E. Wallace, A.A. Fenton, et al. (2017) Persistent modifications of
hippocampal synaptic function during remote spatial memory. Neurobiol Learn Mem.
138: 182-197.

Graham, B.P., A. Saudargiene, and S. Cobb (2014) Spine head calcium as a measure
of summed postsynaptic activity for driving synaptic plasticity. Neural Comput.
26(10): 2194-222.

33


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

3.

84.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Harris, K.M. (1999) Calcium from internal stores modifies dendritic spine shape.
Proc Natl Acad Sci U S A. 96(22): 12213-5.

Citri, A. and R.C. Malenka (2008) Synaptic plasticity: multiple forms, functions, and
mechanisms. Neuropsychopharmacology. 33(1): 18-41.

Collin, C., K. Miyaguchi, and M. Segal (1997) Dendritic spine density and LTP
induction in cultured hippocampal slices. J Neurophysiol. 77(3): 1614-23.

Steele, P.M.a.M.D.M. (1999) Inhibitory control of LTP and LTD: stability of synapse
strength. J Neurophysiol 81(4): 1559-1556.

Huang, T.T., D. Leu, and Y. Zou (2015) Oxidative stress and redox regulation on
hippocampal-dependent cognitive functions. Arch Biochem Biophys. 576: 2-7.

Chang, J.M., M.C. Kuo, H.T. Kuo, et al. (2004) 1-alpha,25-Dihydroxyvitamin D3
regulates inducible nitric oxide synthase messenger RNA expression and nitric oxide
release in macrophage-like RAW 264.7 cells. J Lab Clin Med. 143(1): 14-22.

Zou, L.B., K. Yamada, T. Tanaka, et al. (1998) Nitric oxide synthase inhibitors impair
reference memory formation in a radial arm maze task in rats. Neuropharmacology.
37(3): 323-30.

Moosavi, M., L. Abbasi, A. Zarifkar, et al. (2014) The role of nitric oxide in spatial
memory stages, hippocampal ERK and CaMKII phosphorylation. Pharmacol
Biochem Behav. 122: 164-72.

Harooni, H.E., N. Naghdi, H. Sepehri, et al. (2009) The role of hippocampal nitric
oxide (NO) on learning and immediate, short- and long-term memory retrieval in
inhibitory avoidance task in male adult rats. Behav Brain Res. 201(1): 166-72.

Bon, C.L. and J. Garthwaite (2003) On the role of nitric oxide in hippocampal long-
term potentiation. J Neurosci. 23(5): 1941-8.

Sase, A., G. Nawaratna, S. Hu, et al. (2016) Decreased hippocampal homoarginine
and increased nitric oxide and nitric oxide synthase levels in rats parallel training in a
radial arm maze. Amino Acids.

Wang, S., D.X. Pan, D. Wang, et al. (2014) Nitric oxide facilitates active avoidance
learning via enhancement of glutamate levels in the hippocampal dentate gyrus.
Behav Brain Res. 271: 177-83.

Son, H., R.D. Hawkins, K. Martin, et al. (1996) Long-term potentiation is reduced in
mice that are doubly mutant in endothelial and neuronal nitric oxide synthase. Cell.
87(6): 1015-23.

Calabrese, V., C. Mancuso, M. Calvani, et al. (2007) Nitric oxide in the central
nervous system: neuroprotection versus neurotoxicity. Nat Rev Neurosci. 8(10): 766-
75.

Bredt, D.S. (1999) Endogenous nitric oxide synthesis: biological functions and
pathophysiology. Free Radic Res. 31(6): 577-96.

34


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Koprowski, H., Y.M. Zheng, E. Heber-Katz, et al. (1993) In vivo expression of
inducible nitric oxide synthase in experimentally induced neurologic diseases. Proc
Natl Acad Sci U S 4. 90(7): 3024-7.

Tricoire, L. and T. Vitalis (2012) Neuronal nitric oxide synthase expressing neurons:
a journey from birth to neuronal circuits. Front Neural Circuits. 6: 82.

Zhang, S., J. Chen, and S. Wang (1998) Spatial learning and memory induce up-
regulation of nitric oxide-producing neurons in rat brain. Brain Res. 801(1-2): 101-6.

Brenman, J.E., D.S. Chao, S.H. Gee, et al. (1996) Interaction of nitric oxide synthase
with the postsynaptic density protein PSD-95 and alphal-syntrophin mediated by
PDZ domains. Cell. 84(5): 757-67.

Burette, A., U. Zabel, R.J. Weinberg, et al. (2002) Synaptic localization of nitric oxide
synthase and soluble guanylyl cyclase in the hippocampus. J Neurosci. 22(20): 8961-
70.

Doyle, C.A. and P. Slater (1997) Localization of neuronal and endothelial nitric oxide
synthase isoforms in human hippocampus. Neuroscience. 76(2): 387-95.

Caviedes, A., M. Varas-Godoy, C. Lafourcade, et al. (2017) Endothelial Nitric Oxide
Synthase Is Present in Dendritic Spines of Neurons in Primary Cultures. Front Cell
Neurosci. 11: 180.

Fuentealba, P., R. Begum, M. Capogna, et al. (2008) Ivy cells: a population of nitric-
oxide-producing, slow-spiking GABAergic neurons and their involvement in
hippocampal network activity. Neuron. §7(6): 917-29.

Somogyi, J., A. Szabo, P. Somogyi, et al. (2012) Molecular analysis of ivy cells of the
hippocampal CA1 stratum radiatum using spectral identification of
immunofluorophores. Front Neural Circuits. 6: 35.

Morley, J.E., M.M. Alshaher, S.A. Farr, et al. (1999) Leptin and neuropeptide Y
(NPY) modulate nitric oxide synthase: further evidence for a role of nitric oxide in
feeding. Peptides. 20(5): 595-600.

Jedlicka, P., A. Vlachos, S.W. Schwarzacher, et al. (2008) A role for the spine
apparatus in LTP and spatial learning. Behav Brain Res. 192(1): 12-9.

Toni, N., P.A. Buchs, I. Nikonenko, et al. (1999) LTP promotes formation of multiple
spine synapses between a single axon terminal and a dendrite. Nature. 402(6760):
421-5.

Malen, P.L. and P.F. Chapman (1997) Nitric oxide facilitates long-term potentiation,
but not long-term depression. J Neurosci. 17(7): 2645-51.

Bohme, G.A., C. Bon, J.M. Stutzmann, et al. (1991) Possible involvement of nitric
oxide in long-term potentiation. Eur J Pharmacol. 199(3): 379-81.

35


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

99. Phillips, K.G., N.R. Hardingham, and K. Fox (2008) Postsynaptic action potentials
are required for nitric-oxide-dependent long-term potentiation in CA1 neurons of
adult GluR1 knock-out and wild-type mice. J Neurosci. 28(52): 14031-41.

100. Wilson, R.L., J. Yanovsky, A. Godecke, et al. (1997) Endothelial nitric oxide synthase
and LTP. Nature. 386(6623): 338.

36


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476116; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.


https://doi.org/10.1101/2022.01.12.476116
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Electrophysiology

