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ABSTRACT

Introduction: Neurodegeneration is a process that is characterized by the loss of
neuronal structure and function and eventually ends with neuronal death. An elevated
level of inducible nitric oxide synthase (INOS) is suggested to accompany this process
by inducing oxidative and nitrosative damage. Vitamin D is reported to protect glial cells
against neurotoxicity via suppressing iNOS synthesis. Though there was no data about
whether iNOS is regulated by vitamin D in hippocampal neurons. In this study our aim was
to determine any alteration in iNOS expression of hippocampal neurons in response to
vitamin D treatment.

Method: Twenty four and 48 hours of vitamin D treatments were performed on primary
hippocampal neuron cultures that were prepared from Sprague dawley rat embryos
(E18). The alterations in the iNOS mRNA expression were determined with quantative
real time polymerase chain reaction (qRT-PCR). The cytotoxicity levels of each group
were investigated by the measurement of lactate dehydrogenase (LDH) that is released
to culture medium.

Results: No difference was observed between groups in 24 hours of treatment regarding the
iNOS expression. Though the iNOS mRNA level of vitamin D treated group was significantly
lower than that of control group on the 48th hours of treatment (p<.001). Vitamin D treatment
also attenuated the LDH release which is an indicator of cytotoxicity (p<.001).

Conclusion: Our results indicated that vitamin D has the potential to prevent oxidative
damage by suppressing iNOS expression. (Archives of Neuropsychiatry 2014; 51: 163-168)
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OZET

Amag: Norodejenerasyon, sinir hiicrelerinin yapi ve fonksiyonlarini kaybetmesine bagli
olarak néron oliimii ile sonuglanan bir siirectir. Bu siirecte artan indiiklenebilir nitrik
oksit sentaz (iNOS) seviyelerinin, hiicrelerin oksidatif ve nitrozatif hasarina sebep olarak
norodejenerasyona eslik ettigi diisiintilmektedir. Vitamin D'nin ise glia hiicrelerinde iNOS
sentezini baskilayarak hiicreleri norotoksisiteye karsi korudugu ileri siiriimektedir. Ancak
iNOS'un hippokampal néronlarda vitamin D tarafindan diizenlenip diizenlenmedigini gosteren
herhangi bir calisma yoktur. Bu calismadaki amacimiz, hippokampal ndronlarin vitamin D
uygulamasina cevap olarak iNOS anlatimlarinda bir degisiklik olup olmadigini belirlemektir.

Yontem: Sprague dawley cinsi siganlarin 18 giinliik embriyolarinin hippokampuslarindan
hazirlanan primer ndron Kkiiltiirlerine 24 ve 48 saat siire ile vitamin D uygulandi. iNOS
mRNA miktarlarindaki dedisimler kantitatif gercek zamanli polimeraz zincir reaksiyonu
(qRT-PCR) yontemi ile belirlendi. Tiim gruplarin sitotoksisite seviyeleri kiiltiir medyumuna
salinan laktat dehidrogenazin (LDH) 6lgiilmesi ile belirlendi.

Bulgular: Yirmi dort saat boyunca vitamin D uygulanan grupla diger gruplar arasinda
herhangi bir iNOS anlatimi acisindan bir fark gézlenmezken, 48 saat siireyle vitamin
D uygulanan hippokampal néronlarin iNOS mRNA seviyelerinin kontrol gruplarina
kiyasla anlamli derecede diisttigii saptandi (p<0,001). Ayrica, vitamin D uygulamasinin
sitotoksiste belirteci olan LDH salinimini da azalttigi saptandi (p<0,001).

Sonug: Sonuglarimiz, vitamin D’nin iNOS anlatimindaki artisi engelleyerek, hippokampal
noronlar oksidatif hasara karsi koruyabilecegdini gdéstermektedir. (Archives of
Neuropsychiatry 2014; 51: 163-168)

Anahtar kelimeler: Alzheimer hastaligl, vitamin D, indiiklenebilir nitrik oksit sentaz
(iNOS), primer hippokampal ndron kiltiiri

Cikar Catismasi: Yazarlar bu makale ile ilgili olarak herhangi bir cikar catismasi
bildirmemislerdir.

Introduction

The studies focusing on cognition indicated the hippocam-
pus and temporal lobes as the sites for learning and memory
(1). Hippocampus is very important for cognitive functions and
is one of the sites that is effected earliest in Alzheimer’s dis-
ease (AD) (2). AD is the most frequent reason for dementia in

the elderly (3,4) and this particular neurodegenerative disease
is also accompanied by neuroinflammation (5). This inflam-
mation in the brain is determined by astrogliosis, microgliosis
and the alterations in the acute phase proteins (6). Elevation
of the levels of inducible nitric oxide synthase (iNOS) due to
the inflammation was reported in the brains of AD patients in
various studies (5,7,8,9,10,11,12,13).
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Vitamin D (1,25-dihydroxyvitamin D,) is a secosteroid hormone
and recently named as a “neurosteroid”. The relation between
vitamin D and neurodegeneration becomes a matter of interestin
recentyears. The insufficiency or deficiency of 25-hydroxyvitamin
D,, the most common form of vitamin D in circulation was report-
ed in AD, mood disorders, Parkinson’s disease (PD) and cognitive
decline (14,15,16,17,18,19,20,21). Vitamin D supplementation was
reported to induce axonogenesis (22), prevent amyloid beta 1-42
induced cytotoxicity (23), favor amyloid beta phagocytosis and
clearance (24,25,26). Besides vitamin D regulated nerve growth
factor (NGF) levels in cortical neurons and glial cells (27,28).

Vitamin D receptor (VDR) mediates cellular action of vitamin
D and is a member of steroid hormone receptor superfamiliy. Our
previous studies demonstrated the genetic relation between VDR
and AD for the first time (29). We recently reported that “TaubF”
haplotype of VDR gene increases the risk of devoloping AD (30).
Our results was supported by other studies demonstrating the
associaiton between VDR polymorphisms and cognitive decline
(31,32), AD (33,34) and PD (35,36).

Present studies indicate that vitamin D may play a crucial role
in mechanisms of neurodegeneration. Within this perspective,
our aim was to determine whether the expression of iNOS, one of
the major actors of oxidative damage, is regulated via vitamin D in
primary hippocampal neurons.

Methods

Primary hippocampal neuron cultures

Neuronal cultures were prepared from the hippocampi of
embryonic day 18 (E18) Sprague Dawley rat embryos as pre-
viously described in Goslin and Baker’s (37) and in our study
(38). The cells were dissociated mechanically. The cells were
plated onto poly-L-ornithine (Sigma P-4957. Sigma-Alderich
Chemie GmbH, Steinheim, GE) covered 6-well plates (Corn-
ing 3506. Corning Inc. New York, USA)at a density of 6x10° per
dish in Leibovitz 15 (GibcoBRL 11415-064) containing 0.1 mg/
ml conalbumin (Sigma C-7786), 0.63 mg/ml sodium bicarbonate
(GibcoBRL 25080-094), 0.1 mM putrescine (Sigma P-7505), 10
ng/ml insulin (GibcoBRL 12585), 30nM sodium selenite (Sigma
S-5261), 20nM progesterone (Sigma P-6149), 20mM glucose
(Sigma G-7021), 10 1U/ml Penicillin-Streptomycin (PenStrep,
Sigma P-4333) and incubated for a day at 37°C and 5% C02 in
a humidified atmosphere. The next day L15+ medium replaced
with neurobasal medium, NBM (GibcoBRL 21103-049), con-
taining 1:50 B-27 (GibcoBRL 17504-044), 10 1U/ml PenStrep, 7
of 9% NaCl2 (Sigma S-3014). Cells were incubated at 37°C in
5% C02 humidified atmosphere for 7 days until the neurons
extend their neurites and became mature (Figure 1) and half
of the medium was changed once per 3 days. The neuron/glia
ratio of the cultures was determined by immunofluorescent
labeling with neuronal (Millipore MAB2300. Millipore Corp.
California, USA) and glial (Invitrogen AB5804. Invitrogen Inc.,
New York, USA) markers and nuclei staining DAPI (4',6-Di-

amidino-2-Phenylindole) using The Leica Application Suite
Image Overlay Software. The glia ratio to total cell number of
the cultures were 20% (Figure 2). Thus the cultures were de-
termined as neuron-rich cultures. The study was approved by
the Animal Welfare and Ethics Committee of Istanbul Univer-
sity with the number of 11608/17.05.2006 and the procedures
involving experimentation on animal subjects are done in ac-
cordance with both the guide of the Istanbul University, and
with the National Research Council’s guide for the care and
use of laboratory animals.

Experimental design

On the 7™ day of culture 3 groups were established: Vitamin
D treated group; On the 7™ day, 10°* M 1,25 dihidroksivitamin D,
(calcitriol, 1,25-dihydroxycholecalciferol, Sigma C-9756. Sig-
ma-Alderich Chemie GmbH, Steinheim, GE) which dissolved in
absolute ethanol was administrated to the neurons for 24 and
48 hours. Ethanol treated grup; On the 7" day, 10 M absolute
ethanolwas administrated to the neurons for 24 and 48 hours.
Untreated control group; On the 7™ day, culture media was
changed at the same time with other groups but no treatment
was performed. Culture media was not changed until RNA iso-
lations. Each group was established in 6 individual dishes. The
experiments were repeated three times.

Total RNA isolation and cDNA syhthesis from cultured

neurons

Total RNA isolation from cultured neurons were performed
with RNA isolation kit (High Pure RNA isolation kit Roche 11
828 665 001. Roche Diagnostics GmbH Roche Applied Science

Figure 1. Phase-contrast image of seven-day-old primary hippocampal
neurons x20
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Mannheim, GE) according to the manufacturer’s protocol.
Concentration of RNAs were determined with NanoDrop-
™ 1000 (Thermo Fisher Scientific™ Delaware, USA). Equal
amount of total RNA (400 ng) for each group were used for
cDNA sythesis (Transcriptor First Strand cDNA Synthesis Kit,
Roche 04 379012 001. Roche Diagnostics GmbH Roche Applied
Science Mannheim, GE).

Quantitative real time polymerase chain reaction (qRT-PCR)

Afterthe cDNA synthesis the changes in the mRNA levels of
the target genes were investigated with gRT-PCR. Experiments
were performed on Roche LIGHTCYCLER 480 (Roche_Applied
Biosystems™, California, USA), using UPL probes and Light-
cycler 480 Probe Master Mix kit (Roche 04707494001, Roche
Applied Biosystems™, California, USA). Relative expression
levels of INOS (NOS2- NM_012611.3 UPL Probe #128, Roche
04693647001) mRNA was determined after the normalization
of the data with 3 reference (housekeeping) genes Actin Beta
(ACTB) (Universal Probe Library (UPL) Rat ACTB Gene Assay,
05046203001 Roche_Applied Biosystems™, California, USA),
Glyceraldehyde 3 phosphate dehydrogenase (GAPDH)(UPL
Rat GAPDH Gene Assay, 05046203001 Roche_Applied Biosyste-
ms™, California, USA) and hypoxanthine guanine phosphori-
bosyl transferase (HPRT) (Rat HPRT NM_012583.2 UPL Probe
#95, 04692128001 Roche_Applied Biosystems™, California,
USA). Reaction mixture excluding cDNA template was utilized
as a negative control. Each PCR amplification was performed
in triplicate.

Cytotoxicity

The amount of lactate dehydrogenase (LDH) released into
the culture medium which represents the level of the cytotox-
icity in all groups was determined with Cytotoxicity Detection
kit (Roche 11 644 793 001. Roche Diagnostics GmbH Roche Ap-
plied Science Mannheim, GE) by ELISA according to the man-
ufacturer’s protocol.

Figure 2. Seven-day-old primary hippocampal neurons.

Neurons are green (FITC-labeled PAN neuronal marker antibody), glia
are red (Texas Red-labeled GFAP antibody), the nuclei are blue (DAPI).
Glia ratio in cultured cells was 20%. x40.

Statistical analysis

Every ELISA sample was read for three times and the mean
values were used for percentage calculations. Mean value of
negative control is subtracted from the mean values of sam-
ples and control groups. Cytotoxicity levels of the samples
compared to control group were calculated according to the
formula given below and Microsoft Office Excel was used for
graphics.

Cytotoxicity (%) = [(expected value — low control)/ (high
control - low control)]x100.

Ctvalues obtained from qRT-PCR were used on the formula
given below for determining the relative expression levels of
the target genes and Microsoft Office Excel was utilized for
calculations and graphics. ACt= 2 (Geometric mean of reference genes - Ct target
sene) More sophisticated analyze for qRT-PCR results was done
with “Relative Expression Software Tool, REST 2008” (Corbett
Research Pty LtD and Michael Pfaffl, New South Wales, AU)
whose algorithm has PCR efficiency, normalization factor and
95% confidence interval calculation.

Raw data of each group analyzed on GraphPad InStat
DTCG 3.06 (GraphPad Software, Inc. San Diego USA) with one-
way ANOVA method and p<0,05 mean statistically significant.

Results

Cytotoxicity

Lactate dehydrogenase (LDH) release which is also a
marker for oxidative stress related cell death attenuated sig-
nificantly in primary hippocampal neurons treated with vita-
min D for 48 hours when compared with untreated control
group (p<.001). On the other hand there was no difference for
the LDH release between 10 M ethanol treated primary hip-
pocampal neurons and untreated control group after 48 hours
of treatment.

0,6
05
0.4

0,3

= Control

0,2 = \Vitamin D

0,1

0-
24 48
Treatment periods (hours)

Relative expression of iINOS mRNA

Figure 3. iNOS mRNA expression of 24 and 48 hours vitamin D treated
hippocampal neurons

There was no statistically significant difference between vitamin D
treated group and control group in 24 hours of treatment (p>0.05). iINOS
mRNA level was significantly decreased in vitamin D treated group in
48 hours of treatment when compared with control group (*p<.001).
Data were given as mean and SD.
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iNOS mRNA expression

No significant difference was observed for iNOS mRNA
levels of any group in 24 hours of treatment (Figure 3). INOS
mRNA level of 10 M vitamin D treated group was significantly
decreased in 48 hours of treatment compared to the untreated
control group (p<.001) (Figure 3). There was no difference for
the iINOS mRNA levels between 10 M ethanol treated prima-
ry hippocampal neurons and untreated control group after 48
hours of treatment.

Discussion

Neurodegeneration is accompanied by the immune re-
sponse in neurodegenerative disorders like Alzheimer's dis-
ease or multiple sclerosis. Due to this information these neu-
rodegenerative disorders are also defined as “inflammatory
brain disorders” besides being defined as progressive neuro-
degenerative diseases (5,7). This particular immune response
reveals itself by the elevation of cytokines and chemokines
due to the induction of amyloid beta aggregations (7,8,9). While
contributing to the immune response, the elevation of interleu-
kin 1 B (IL1 B) and tumor necrosis factor alpha (TNFa) levels
were demonstrated to induce the iINOS expression (39).

iNOS has been thought to cause neuronal damage and
death by catalyzing NO production and NO-mediated neuronal
damage and death is explained by the inhibition of mitochon-
drial cytochrome oxidases by NO over-production (40,41,42).
The inhibition of mitochondrial cytochrome oxidases inhibit
neuronal respiration and cause neuronal depolarization and
glutamate release, followed by excitotoxicity via the N-meth-
yl-D-aspartate (NMDA) receptors (41,42). Inhbition of iINOS
was reported to attenuate the two major components of AD
type pathology, amyloid beta and hyperphosphorylated tau ag-
gregations (5).

Given its ability to regulate the mechanisms that control ox-
idative stress, intracellular calcium levels, immune response
and neurotrophic factor synthesis, we suggest that the vitamin
D might play a role in the mechanisms that cause neurode-
generative disorders and might also be a key molecule that
suppresses neurodegenerative mechanisms and regulates the
altered expressions of the related proteins (20,23,27,38,43,44).

In the peresent study, although it was statistically not sig-
nificant, INOS mRNA level of 24 hours vitamin D treated neu-
rons was attenuated compared to the untreated control group.
On the other hand, low levels of iINOS expression and LDH
relase, which is also an indicator of oxidative stress related
cell death, were both demonstrated in the conventional cul-
ture conditions in 48 hours of vitamin D treated hippocampal
neurons. Besides vitamin D maintained iNOS expression in a
precise level and did not let it to be elevated in those neurons.
Our results are in accordance with our recent study which
demonstrated dependence of iINOS gene expression to vita-

min D-VDR pathway in cortical neurons. Vitamin D treatment
attenuated the iINOS expression in cortical neurons also in 48
hours of treatment (45). In that study, we demonstrated with the
siRNA mediated gene silencing experiments that this action of
vitamin D is mediated trough VDR, not via 1,25-MARRS, vitamin
D membrane receptor (45). Although the effect of vitamin D on
iNOS was suggested to be mediated with cytokines, the fact
that iNOS gene has VDR response element (VDRE) on it suggest
that this action is more likely to be a direct effect (46,47). Atten-
uation of iINOS expression and the cytotoxicity after 48 hours
of vitamin D treatment in the present study indicates the pres-
ence of similar mechanisms in hippocampal neurons. Regarding
these results vitamin D might be considered as one of the ways
to deal with the oxidative stress mechanisms that occur in the
neurodegenerative disorders like Alzheimer's disease.

Our previous study demonstrated that vitamin D sup-
pressed beta amyloid induced cytotoxicity by suppressing the
expression of L-type voltage sensitive calcium channel A1C
(LVSCC A1C), inducing VDR epression and NGF release in cor-
tical neurons (23). Another interesting result was beta amyloid
1-42 has a potential to attenuate the utilization of vitamin D by
suppressing the expression of VDR (23). Elevation of LVSCC
A1C protein in response to vitamin D-VDR pathway disruption
by VDR siRNAs was observed in both hippocampal and cor-
tical neurons (27,38). Higher expression of this channel was
known to be associated with cell death related to disrupted
calcium homeostasis in aging and neurodegeneration (48). Be-
sides vitamin D-VDR pathway disruption by VDR siRNAs was
demononstrated to mimic the beta amyloid induced toxicity in
cortical neurons (23,27). We reported the presence of 25-hy-
droxyvitamin D, 24-hydroxylase (240Hase) enzyme which is an
indicator of vitamin D utilization in cortical and hippocampal
neurons in the literature for the first time (38). The study also
pointed out higher requirement of vitamin D in hippocampus
which is an important brain region especially for Alzheimer’s
disease, given the higher expression of 240Hase in hippocam-
pal neurons when compared with cortical ones (38). Support-
ing studies reported that vitamin D strongly induces phagocy-
tosis and clearence of beta amyloid by macrophages of AD
patients and protects neurons against apoptosis (24,25).

In 2011, Annweiler and Beauchet published a new AD
treatment protocol (AD-IDEA) combining memantine, a drug
used in AD treatment and vitamin D (49), and reported that 6
months of memantine+vitamin D supplementation incresed
mini mental status examination (MMSE) scores by 4 points
when compared with only memantine treated patients (50).
The fact that vitamin D regulates iNOS, a major component of
oxidative damage in hippocampal neurons which are crucial
for cognitive functions, indicates its importance in Alzheimer’s
disease. Although they are very limited in number, all of these
recent studies underline the importance of vitamin D, a mole-
cule synthesized from sun in prevention of neurodegeneration.
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