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Abstract Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder characterized by intracellular
neurofibrillary tangles and extracellular AP deposition.
Growing experimental evidence indicate diverse biological
effects of vitamin D3 including antioxidant, neuroprotec-
tive, anti-inflammatory and cardiovascular benefits.
However, the underlying neuroprotective mechanism of
vitamin Dj is still largely elusive. Therefore, the present
study was aimed to investigate the neuroprotective effects
of vitamin D3 on ICV-STZ induced sporadic AD. Our
study demonstrated that vitamin D3 pretreatment signifi-
cantly improved spatial learning and memory functions and
effectively mitigated ICV-STZ mediated neuronal oxida-
tive stress, mitochondrial aberrations and improved
cholinergic functions. Moreover, vitamin D; attenuated
hippocampal neuroinflammatory response and reduced
neuronal death in cortex and hippocampus. Our findings
indicated that prophylactic vitamin D; supplementation
ameliorated ICV-STZ mediated neurobehavioral alter-
ations, oxidative stress and neuroinflammation thereby
improving cholinergic functions and reversed degenerative
changes in brain. Thus, our study further provides evidence
for its therapeutic supplementation for various neurode-
generative disorders including AD.
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Introduction

Alzheimer’s disease is a multifactorial, age related pro-
gressive neurodegenerative disorder (Anand et al. 2014)
typically characterized by pathological accumulation of tau
protein, extracellular AP deposits, loss of neuronal synap-
ses and pyramidal neurons (Kraska et al. 2012). Despite
major advances in scientific research, the etiology and
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underlying mechanisms of Alzheimer’s disease remains yet
to be elucidated.

Intracerebroventricular injection of sub-diabetogenic
dose of streptozotocin (STZ) induces memory impairment,
defects in brain insulin signaling and glucose metabolism,
cholinergic deficits, oxidative stress and neuroinflamma-
tion culminating in pathological features of AD (Labak
et al. 2010). Vitamin D is a fat-soluble vitamin that plays
an important role in bone metabolism with distinct anti-
inflammatory, anti-oxidant and immune-modulating prop-
erties. Vitamin D3 has recently gained attention for its
widespread presence in various brain regions exerting
neuroprotective effects and its deficiency is associated with
various neurological disorders (Buell and Dawson-Hughes
2008; Keeney and Butterfield 2015), indicating an intimate
relationship between vitamin D deficiency and impaired
cognitive function (Becker et al. 2005; Shen and Ji 2015).

Currently, cholinomimetics as rivastigmine, galantamine
and donepezil are the clinically used FDA approved drugs
for the symptomatic treatment of AD, however, clinically
effective therapeutic drugs for AD are still lacking. Nutri-
tional factors play a central role in promoting health and
clinical evidence establishes direct correlation between
nutritional deficiencies and cognitive dysfunction (Buell and
Dawson-Hughes 2008). These beneficial functions of vita-
min D3 in cognitive dysfunction have led us to explore the
possible neurotherapeutic potential of vitamin D5 in exper-
imental ICV-STZ induced sporadic Alzheimer’s disease.
However, the effect of vitamin D; on ICV-STZ mediated
neurobehavioral, oxidative stress, mitochondrial functions,
histological alterations, neuroinflammation and cholinergic
functions has not been explored yet. Therefore, with this
background, the present study was planned to investigate the
neuroprotective potential of Vitamin D3 in ICV-STZ model
of sporadic Alzheimer’s disease.

Materials and methods
Experimental animals

Two months old adult male wistar rats (200-230 g) bred in
central animal house facility of Punjab University were
used. All animals were housed under standard laboratory
conditions, maintained on a 12 h light/dark cycle and had
free access to food (Ashirwad Industries, Mohali, India)
and water. All experimental animals were acclimatized to
laboratory conditions prior to neurobehavioural tests. All
experiments were carried out between 09.00 and 17.00 h.
The experimental protocols were approved by the Institu-
tional Animal Ethics Committee (PU/IAEC/S/15/37) of
Punjab University, Chandigarh, India and performed in
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accordance with the guidelines of Committee for Control

and Supervision of Experimentation on Animals
(CPCSEA), Government of India, on animal
experimentation.

Drugs and treatment

Vitamin D3 was procured from Hi-media, India. Strepto-
zotocin was purchased from Sigma Aldrich, St. Louis, MO,
USA. Rivastigmine was procured from Sun Pharmaceuti-
cals Industries Ltd. Tumour Necrosis Factor-oo (TNF-a)
ELISA kit was purchased from Ray Biotech, USA, while
NF-kB p65 ELISA kit was procured from QAYEE-BIO for
Life Science, Shanghai. All other chemicals used were of
analytical grade. Vitamin Dj solution was freshly prepared
immediately prior to oral administration in tween 80 and
diluted with distilled water. Streptozotocin was dissolved
in artificial cerebrospinal fluid (aCSF) (2.9 mM KCI,
147 mM NaCl, 1.7 mM CaCl,, 1.6 mM MgCl,, and
2.2 mM b-glucose). In pre-treatment groups, vitamin D3
(42 TU) was administered 7 days before ICV-STZ admin-
istration and continued till end of the study, Post-treatment
vitamin D3 (42 IU) and Rivastigmine (2 mg/kg) were
administered by oral gavage once daily 24 h after ICV-
STZ administration for 21 days (Fig. 1). The dose of
vitamin D5 (Alrefaie and Alhayani 2015; Briones and
Darwish 2014) and rivastigmine (Sachdeva and Chopra
2015) were selected based on previously published
literature.

Surgical induction of sporadic Alzheimer’s disease
using ICV-STZ injection

Intracerebroventricular streptozotocin injection procedure
was made according to Sonkusare et al. (2005). Rats were
anesthetized with chloral hydrate (TCI, India, 350 mg/kg,
i.p.). Briefly, the rat scalp was shaved, and positioned in a
stereotaxic apparatus and a midline sagittal incision was
made in the scalp. Burr holes were drilled in the skull on
both sides over the lateral ventricles using the following
coordinates: 0.8 mm posterior to bregma; 1.5 mm lateral
to sagittal suture and 3.6 mm beneath the cortical surface
of the brain (Paxinos et al. 1980). STZ (3 mg/kg) was
prepared freshly by dissolving in aCSF and injected
bilaterally in two divided doses on first and third day
1.5 mg/kg (3 ul) each day. The wound was sutured fol-
lowed by topical application of antiseptic powder
(Neosporin®). Control animals received ICV injection of
the same volume of aCSF on the first and third day.
Postoperatively, the rats were fed with glucose water and
normal pellet diet for 4 days, followed by normal pellet
diet alone.



Vitamin Dj attenuates cognitive deficits and neuroinflammatory responses in ICV-STZ induced... 41

Pre treatment Vit D3 42 IU p.o

€====meececcccccccccccccccccccccccccccccccccc——c——————— >
Post treatment Vit D; 42 IU p.o
€ >
Pluz Maze
<€ >
| | | ] | | | L1 L1 o Sacrifice
I Days 1 I I | | L I I | >
7 0 3 5 10 15 16 17 18 19 20 21
€-=-=-=—=-== > —
Morris Water Maze

Intracrebroventricular
STZ injection (bilaterally)
3 mg/kg/day

Fig. 1 Experimental design

Neurobehavioural evaluation
Morris water maze (MWM)

Morris water maze (MWM) was used to assess the
learning and memory functions in rat according to Sach-
deva and Chopra (2015). Briefly, the water-maze
apparatus consisted of a circular pool of 151 cm diameter
and 60 cm high, which was divided factitiously into four
equal quadrants (1st, 2nd, 3rd and 4th). The pool was
filled with water (25 £ 1 °C). A platform (12.5 cm in
diameter and 38 cm high) was placed at a constant posi-
tion in the middle of one quadrant, 2 cm below the surface
of water, equidistant from the centre and edge of the pool.
The pool was placed in an illuminated room with some
external cues, which remained in the same location
throughout the training and testing period. On day 16,
each animal was subjected to four training trials per day
for a period of 5 days with an inter-trial interval of
15 min. In each acquisition trial session, rats were indi-
vidually placed in the pool facing the wall at one point
randomly selected from four designated starting points.
The central platform was placed in 4th quadrant for all
session, during trial session. Mean escape latency time to
locate the hidden platform in water maze was recorded as
an index of acquisition or learning. During training ses-
sions, rats were allowed to swim until they found the
hidden platform and if they could not find the platform
within 90 s, they were gently guided to the platform by
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the experimenter. Rats were allowed to remain on the
platform for 15 s before being removed. Twenty four
hours after the fifth day trial, animals were subjected to
probe trial for 90 s by removing the platform from the
pool. During 5 day training trials, mean escape latency
(MEL) and path length to reach the platform were
recorded. The average time spent in the target quadrant
(TSTQ) and numbers of entries in the target quadrant
were recorded during probe trial.

Elevated plus maze task (EPM)

Memory acquisition and retention were tested using ele-
vated plus maze test on day 20 and 21 according to Misra
et al. (2011). The elevated plus maze consisted of two
opposite open arms (50 x 10 cm), crossed with two closed
arms of the same dimensions with 40 cm high walls. The
arms were connected with a central square of dimensions
10 x 10 cm; the entire maze was elevated to a height of
50 cm from the floor. Each rat was placed on the end of the
open arm, facing outwards. The time taken by the rat to
enter the closed arm in the first trial (acquisition trial) on
day 20 was noted and was called as initial transfer latency
(ITL). Cutoff time was fixed at 90 s, and in case a rat could
not find the closed arm within this period, it was gently
pushed into one of the closed arms and allowed to explore
the maze for 30 s. Second trial (retention trial) was per-
formed 24 h after the acquisition trial (day 21), and
retention transfer latency (RTL) was noted.
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Biochemical estimations
Brain homogenate preparation

After behavioral experiments, the rats were sacrificed,
hippocampus and cortex were isolated, weighed and
immediately homogenized in homogenization buffer (1%
IGEPAL CA 630, 10 mM Tris and 150 mM MgCl,, | mM
EDTA, 1 mM EGTA) containing complete protease inhi-
bitor cocktail (Sigma, USA). The homogenate was
centrifuged at 4000g for 20 min at 4 °C. The supernatant
thus obtained, was used for estimation of acetyl-
cholinesterase  activity, lipid peroxidation, reduced
glutathione, nitrite, catalase and superoxide dismutase
activity.

Determination of lipid peroxidation

Malondialdehyde (MDA) levels were measured to assess
lipid peroxidation in hippocampal and cortex homogenates
as according to Wills (1966). Briefly, 0.5 ml of tissue
homogenate and 0.5 ml of Tris—HCl were incubated at
37 °C for 2 h, after incubation, 1 ml of 10% trichloroacetic
acid was added and centrifuged at 1000g for 10 min. To
1 ml of supernatant, 1 ml of 0.67% thiobarbituric acid was
added, and the tubes were kept in boiling water for 10 min.
After cooling, 1 ml double-distilled water was added, and
absorbance was measured at 532 nm using UV-Vis spec-
trophotometer (Parkin Elmer, USA). The results were
calculated using the molar extinction coefficient as
1.56 x 10° M~' cm™" and expressed as n moles per mg
protein of MDA.

Determination of reduced glutathione

Reduced glutathione (GSH) was estimated according to
Jollow et al. (1974). Briefly, 1.0 ml of tissue homogenate
was precipitated with 1.0 ml of sulfosalicylic acid (4%).
The mixture were kept at 4 °C for at least 1 h and then
centrifuged at 1200g for 15 min at 4 °C. To 0.1 ml of
supernatant, 2.7 ml of PBS (0.1 mmol/l, pH 8.0), and
0.2 ml of 0.01 M (5,5 dithio-bis (2-nitro benzoic acid),
DTNB) were added. The yellow colour thus developed was
measured with UV-Vis spectrophotometer at 412 nm.
Results were calculated using the molar extinction coeffi-
cient of chromophore as 1.36 x 10*M ™' cm™" and
expressed as p moles of GSH per mg protein.

Determination of acetylcholinesterase activity
Acetylcholinesterase is the enzyme which catalyzes the

breakdown of acetylcholine, marker of cholinergic neurons
in the brain. It was assessed in hippocampal and cortical
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regions according to Ellman et al. (1961). The assay mix-
ture contained 50 pl of supernatant, 3 ml of sodium
phosphate buffer (pH 8), 0.1 ml of acetylthiocholine
iodide, and 0.1 ml of DTNB (Ellman’s reagent). The
change in absorbance was measured for 2 min at 30 s
interval at 412 nm using a UV-Vis spectrophotometer.
Results were calculated using molar extinction coefficient
of chromophore as 1.36 x 10* M™' ecm™' and expressed
as uM of acetylthiocholine iodide hydrolyzed per min per
mg of protein.

Determination of nitrite levels

The nitric oxide is short-lived so, spontaneously oxidizes to
nitrite and nitrate. The plasma nitrite levels were estimated
according to Green et al. (1982) and Ray et al. (2014).
Equal volumes of supernatant and Greiss reagent (equal
amount of 0.1% naphthyl ethylenediamine dihydrochloride
and 1% sulphanilamide in 5% phosphoric acid) were
mixed, and the mixture was incubated in the dark for
10 min at room temperature. Absorbance was recorded at
540 nm with a UV-Vis spectrophotometer. The nitrite
concentration was calculated from a standard curve using
sodium nitrite as standard and expressed as UM per ml.

Determination of superoxide dismutase

Superoxide dismutase (SOD) activity was assayed
according to Kono (1978). Briefly, the assay procedure
consisted of 0.1 mM EDTA, 50 mM sodium carbonate and
96 mM of nitro blue tetrazolium. In the cuvette, 2 ml of
above mixture was taken, and to it, 50 pl of homogenate
and 50 pl of hydroxylamine hydrochloride (pH 6.0) were
added. The auto-oxidation of hydroxylamine was observed
by measuring the change in optical density at 560 nm using
a UV-Vis spectrophotometer for 2 min at 30 s intervals
and expressed as SOD units per mg protein.

Determination of catalase

Catalase activity was assayed according to Claiborne
(1985). Briefly, the assay mixture consisted of 1.95 ml
phosphate buffer (0.05 M, pH 7.0), 1.0 ml hydrogen per-
oxide (0.019 M) and 50 pl tissue homogenate (10%) in a
final volume of 3.0 ml. Changes in absorbance were
recorded at 240 nm with a UV-Vis spectrophotometer. The
results were obtained as micromoles of hydrogen peroxides
decomposed per mg of protein/min.

Protein estimation

Protein estimation was done by biuret method using bovine
serum albumin (BSA) as standard (Gornall et al. 1949).
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Mitochondrial estimation
Isolation of mitochondria

Mitochondria were isolated as described by Berman and
Hastings (1999). Briefly, cerebral cortex and hippocampus
region were dissected from rat brain and homogenized in
ice-cold isolation buffer (215 mM mannitol, 75 mM
sucrose, 0.1% BSA, 20 mM HEPES, 1 mM EGTA, and pH
7.2) with EGTA [Ethylene glycol-bis (B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid]. Homogenates were centrifuged
at 1000g for 5 min at 4 °C. Pellets were resuspended in
isolation buffer with EGTA and spun again at 13,000g for
5 min 4 °C. The resulting supernatants were transferred
and topped off with isolation buffer with EGTA and again
spun at 13,000g for 10 min 4 °C. Pellets were resuspended
in isolation buffer with EGTA and spun again at
13,000g for 5 min 4 °C. It was incubated with 1 ml with
digitonin for 10 min and again spun at 13,000g for 10 min
at 4 °C. Pellets containing pure mitochondria were resus-
pended in isolation buffer without EGTA.

NADH dehydrogenase activity (complex I)

Nicotinamide adenine dinucleoside (NADH) dehydroge-
nase activity was assessed in cerebral cortex and
hippocampus according to King and Howard (1967). The
method involves catalytic oxidation of NADH to NAD™
with subsequent reduction of cytochrome C. Briefly, the
reaction mixture contained 0.2 M glycyl glycine buffer, pH
8.5, 6 mM NADH in 2 mM glycyl glycine buffer, and
10.5 mM cytochrome C. The reaction was initiated by the
addition of required amount of solubilized mitochondrial
sample, and the absorbance change at 550 nm using UV—
Vis spectrophotometer was recorded over the period of
3 min at 1 min interval and the results were expressed as n
moles of NADH oxidized/min/mg protein.

Succinate dehydrogenase activity (complex II)

Cortical and hippocampal succinate dehydrogenase activity
was measured UV-Vis spectrophotometrically according
to king (King and Howard 1967). The method involves
oxidation of succinate by an artificial electron acceptor,
potassium ferricyanide. The reaction mixture consisted of
0.2 M phosphate buffer, pH 7.8, 1% BSA, 0.6 M succinic
acid, and 0.03 M potassium ferricyanide. The reaction was
initiated by the addition of mitochondrial sample. The
change in absorbance was followed at 420 nm for 3 min at
1 min interval and the results were expressed as n moles of
substrate/min/mg protein.

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) ability
(complex III)

This is an indirect method to measure the activity of the
complex-III. MTT, a pale yellow substrate, produces a
purple product when incubated with mitochondrial sample,
and the number of viable cells/well that is directly pro-
portional to the production of the product, which follows
solubilization with dimethyl sulfoxide (DMSO), can be
measured according to (Mosmann 1983). In general, each
well is incubated in 10 pl of MTT and incubates the plate
in a humidified atmosphere (5% CO, 95% air) at 37 °C for
3 h. The medium was then aspirated off, and lysed with
50% DMSO. The absorbance of the resulting medium was
measured using ELISA reader at 580 nm wavelength.

Cytochrome oxidase assay (complex IV)

Cytochrome oxidase activity was assayed in both cortical
and hippocampal mitochondrial sample according to Sot-
tocasa et al. (1967). The assay mixture contained 0.3 mM
reduced cytochrome C in 75 mM phosphate buffer, and the
reaction was started by the addition of mitochondrial
sample. The change in absorbance was recorded at 550 nm
over the period of 3 min at 1 min interval and the results
were expressed as p moles of Cyt C reductase/min/mg
protein.

Estimation of TNF-a and NF-kB levels

The levels of TNF-a and NF-kB in hippocampal tissue
homogenate = were measured by  enzyme-linked
immunosorbent assay (ELISA) according to the manufac-
turer’s instructions. The quantity of TNF-oo and NF-xB
present in the hippocampal were determined using their
respective standard curve. Values were expressed as
mean £+ SEM. TNF-o and NF-«B is expressed as pg/mg
protein and ng/mg protein, respectively.

Hematoxylin and eosin staining

At the end of experiment, randomly 2 animals were chosen
from each group. The brains were rapidly excised and fixed
by immersion in 10% formalin. Subsequently, they were
embedded in paraffin wax. Both hippocampal and cortical
paraffin (thickness 7 pm) were dewaxed and hydrated
using different gradient of alcohol for hematoxylin—eosin
(H&E) staining. The morphology of the pyramidal neurons
in CAl and CA3 region of hippocampus and cortex was
examined under light microscopy.
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Statistical analysis

Results were expressed as mean &= SEM. The intergroup
variation was expressed by one-way analysis of variance
(ANOVA) followed by Tukey’s test in all the parameters to
assess the significance. However, two-way ANOVA fol-
lowed by Bonferroni’s test was employed to analyze the
learning performance for 5 days in MWM trial in MEL and
pathlength. In all the test, p < 0.05 was taken as criterion
for statistical significance. Prism Graphpad 5.0 (Graphpad
Software Inc, Ca, USA) was used to analyze statistics.

Results
Neurobehavioural observations

Effect of vitamin D3 on cognitive function of rats with ICV-
STZ in Morris water maze task

Mean escape latency The effects of vitamin D3 on ICV-
STZ induced spatial memory functions were studied using
MWM task. The mean escape latencies of ICV-STZ
induced Alzheimer’s animals were significantly increased
on day 21 (p <0.01) compared to sham animals. We
observed a significant decrease in mean escape latency in
vitamin D5 pre-treated animals on day 21 (p <0.01)
compared to ICV-STZ administered animals. Although,
post-treatment vitamin D5 exhibited a marginal decrease in
mean escape latency on day 21, the declined escape latency
was unable to produce statistical significance compared to
ICV-STZ animals. Furthermore, rivastigmine administra-
tion produced progressive decrease in mean escape latency
indicating significant amelioration of impaired memory
functions compared to ICV-STZ animals on day 21
(p < 0.001) (Fig. 2a).

Path length Intracerebroventricular STZ injection dis-
played significant increase in path length on day 21
(» < 0.001) in MWM compared to sham operated animals.
Pre-treatment with vitamin D5 elicited a significant
decrease in path length (»p < 0.01) compared to ICV-STZ
administered animals whereas post-treatment vitamin D3
failed to show any significant improvement in memory
functions compared with ICV-STZ animals. Further,
rivastigmine treated animals displayed significant decrease
in path length of acquisition trial compared to ICV-STZ
animals, indicating of improvement in memory perfor-
mances (p < 0.01) (Fig. 2b).

Time spent in target quadrant (TSTQ) In probe trial, time

spent in the target quadrant is a putative measure of spatial
learning and memory performance. ICV-STZ animals
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spent considerably lesser duration in the target quadrant
compared to sham animals (p < 0.001). Besides, vitamin
Dj; pre-treated animals spent significantly increased time in
the target quadrant compared to ICV-STZ administered
animals (p < 0.01). Conversely, post-treated vitamin D3
animals failed to exhibit any significant improvement in
time spent in target quadrant compared to ICV-STZ
administered animals. Treatment with rivastigmine
demonstrated significant increase in TSTQ compared to
ICV-STZ administered animals (p < 0.05) (Fig. 2d).

Number of entries in target quadrant During probe trial,
number of entries into target quadrant was evaluated as a
measure of memory performances. Intracerebroventricular
injection of sub-diabetogenic streptozotocin exhibited sig-
nificantly decreased number of entries into the target
quadrant compared to sham operated animals (p < 0.05).
Further, vitamin D; pre-treatment revealed significant
increase in the number of entries into the target quadrant
compared to ICV-STZ animals (p < 0.01). Moreover, we
did not observe any significant change in number of entries
into target quadrant in post-treated vitamin D; animals
compared to ICV-STZ animals. Moreover, Rivastigmine
treatment exhibited substantial increase in the number of
entries compared to ICV-STZ animals implying improved
memory performances (p < 0.05) (Fig. 2E).

Effect of vitamin D3 on spatial memory in elevated plus
maze test

Elevated plus maze task was performed to ascertain the
influence of vitamin D3 on spatial memory performances.
In EPM paradigm, the time taken by the rat to move from
the open arm to the enclosed arm (transfer latency, TL) was
taken as an index of memory retention. Retention transfer
latency observed on day 21 indicates sham animals
exhibited improved spatial memory than ICV-STZ injected
animals (p < 0.01). The pre-treated with vitamin D5 and
rivastigmine significantly improved spatial memory func-
tions (p < 0.01) in EPM compared to ICV-STZ animals.
Furthermore, the transfer latencies in vitamin D3 post-
treatment animals did not show any significant improve-
ment compared to ICV-STZ animals (Fig. 2f).

Biochemical observations

Effect of vitamin D3 on SOD levels in cortex
and hippocampus tissue

Superoxide dismutase levels in ICV-STZ animals were
significantly decreased in cortex (p < 0.01) and hippocam-
pus (p < 0.001) compared to sham operated animals. Pre-
treatment with vitamin Dj significantly restored the ICV-
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Fig. 2 Effects of vitamin D5 on spatial learning and memory function
in Morris water maze and elevated pluz maze. a Mean escape latency,
b pathlength, ¢ representative Morris water maze tracking memory
performances, d time spent in target quadrant, e number of entries in
target quadrant, f % initial transfer latency in elevated pluz maze
(n = 7-8). Values were expressed as mean == SEM. Mean escape
latency and pathlength are expressed by two-way ANOVA followed

STZ induced decrease in SOD levels in cortex (p < 0.05)
and hippocampus (p < 0.01) compared to ICV-STZ ani-
mals. Nevertheless, post-treatment failed to rescue the
declined SOD level in cortex and hippocampus indicative of
increased brain oxidative stress. Additionally, we observed a
significant difference in hippocampal SOD levels between
vitamin D5 pre-treatment and post-treatment (p < 0.05), but
not in cortex. Rivastigmine treatment demonstrated signifi-
cant restoration of hippocampal and cortical SOD levels
compared to ICV-STZ animals rescuing the brain cells from
oxidative stress (p < 0.05) (Fig. 3a, b).

Effect of vitamin D3 on catalase levels in cortex
and hippocampus tissue

Intracerebroventricular injection of STZ resulted in sig-
nificantly decreased catalase activity in cortex (p < 0.001)

by Bonferroni’s test. TSTQ, number of entries into the target quadrant
and % initial transfer latency are expressed by one-way ANOVA
followed by Tukey’s test. #¥p < 0.001, #p < 0.01, *p < 0.05—sham
versus ICV-STZ; **p < 0.01, *p < 0.05—ICV-STZ versus vitamin
D; pre-treatment; “p < 0.05—vitamin D pre-treatment versus
vitamin D; post-treatment; $$$p < 0.001, SI*Ep < 0.01, $p < 0.05—
ICV-STZ versus rivastigmine (colour figure online)

and hippocampus (p < 0.001) compared to sham animals.
Pre-treatment with vitamin D5 significantly reversed the
declined catalase activity in cortex (p < 0.01) and hip-
pocampus (p < 0.05) compared to ICV-STZ animals.
However, vitamin Dj post-treatment failed to restore the
catalase activity in cortex and hippocampus. Moreover,
rivastigmine treatment effectively restored catalase activity
in cortex (p < 0.01) and hippocampus (p < 0.01) indicat-
ing improved endogenous anti-oxidant defense (Fig. 3c, d).

Effect of vitamin D3 on GSH levels in cortex
and hippocampus

Reduced glutathione levels were found to be significantly
decreased in ICV-STZ animals compared to sham animals
in both cortex (p < 0.001) and hippocampus (p < 0.01).
Pre-treatment with vitamin D3 demonstrate significant
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SOD

Cortex
SOD units/mg protein
Catalase activity/min

SOD units/mg protein
Catalase activity/min

Hippocampus

Fig. 3 Effects of vitamin D3 on SOD, catalase and GSH levels in
ICV-STZ rats in cortex and hippocampus. a, b SOD units, c,
d catalase activity and e, f GSH levels. Values were expressed as
mean + SEM. ##, <0.001, #p < 0.01—sham versus ICV-STZ:

restoration of the decreased GSH levels in cortex
(» <0.01) and hippocampus (p < 0.01) indicating its
potent anti-oxidant potential. Furthermore, post-treatment
with vitamin D; failed to demonstrate any significant
change in GSH levels compared to ICV-STZ animals.
Furthermore, treatment with rivastigmine displayed com-
parable increase in GSH level in cortex (p < 0.01) and
hippocampus (p < 0.05) with pre-treatment animals

(Fig. 3e, 1).

Effect of vitamin D; on ICV-STZ induced lipid peroxidation
in cortex and hippocampus tissue

Elevated levels of malondialdehyde (MDA) in brain tissue
measures the extent of lipid peroxidative damage owing to
cellular oxidative stress. Malondialdehyde levels were
significantly increased in both cortex (p < 0.01) and hip-
pocampus (p < 0.01) in ICV-STZ animals as compared to
sham animals. Pre-treatment with vitamin D3 significantly
attenuated the elevated MDA level in cortex (p < 0.01) and
hippocampus (p < 0.05) compared to ICV-STZ animals.
Also, post-treated vitamin D; animals also exhibited
decreased MDA levels in cortex (p < 0.05) but not in
hippocampus. Moreover, rivastigmine treatment signifi-
cantly decreased MDA levels in both cortex (p < 0.01) and
hippocampus (p < 0.01) indicating amelioration of cellular
oxidative stress (Fig. 4a, b).

@ Springer

CAT

u moles of GSH/mg protein

n moles of GSH/mg protein

**p < 0.01, *p < 0.05—ICV-STZ versus vitamin D3 pre-treatment;
%p < 0.05—Vitamin D5 pre-treatment versus vitamin D; post-
treatment; $$p < 0.01, $p < 0.05—ICV-STZ versus rivastigmine

Effect of vitamin D3 on plasma nitric oxide levels

Nitric oxide is a short-lived molecule and there is a marked
release of NO in the injured brain leading to nitrative
stress. The involvement of NO in ICV-STZ induced AD
followed by vitamin D5 administration was studied using
Griess assay. In the present study, a significantly elevated
plasma nitrite levels were observed in ICV-STZ animals
compared to sham operated animals (p < 0.001). Pre-
treatment with vitamin D5 significantly reversed the ele-
vated plasma nitrite level (p < 0.01) compared to ICV-STZ
animals indicating reduced nitrative stress. Post-treated
vitamin D; animals also demonstrated decreased nitrite
levels, but did not achieve statistical significance compared
to ICV-STZ animals. Moreover, rivastigmine administra-
tion led to significant decrease in plasma nitrite levels
compared to ICV-STZ animals (p < 0.01) indicating
reduced nitrative stress (Fig. 4c).

Effect of vitamin D3 on cortical and hippocampal
acetylcholinesterase activity in ICV-STZ induced rats

The acetylcholine levels in the hippocampal synapse are
maintained primarily by acetylcholinesterase activity.
Acetylcholinesterase plays an important role in modulating
cognitive functions through catalytic breakdown of
acetylcholine. Increased AChE activity leads to decrease in
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Fig. 4 Effects of vitamin D; on MDA levels in a cortex, b hip-
pocampus and ¢ plasma nitrite levels in ICV-STZ rats. Values were
expressed as mean &+ SEM. 5 < 0.001, #p < 0.01—sham versus

functional ACh levels at the synapse and is widely impli-
cated in various neurodegenerative disorders such as AD.
Acetylcholinesterase activity was significantly increased in
cortex and hippocampus (p < 0.01) of ICV-STZ animals
compared to sham operated animals. Further, pre-treatment
with vitamin D; significantly attenuated the elevated
acetylcholinesterase activity in cortex (p < 0.01) and hip-
pocampus (p < 0.05) compared to ICV-STZ animals.
Additionally, vitamin Dj3 post-treatment demonstrated
marginal decrease in AChE activity in cortex (p < 0.05),
but not in hippocampus. Furthermore, rivastigmine treated
animals caused significant decrease in acetylcholinesterase
levels in cortex (p < 0.01) and hippocampus (p < 0.05)
compared to ICV-STZ animals (Fig. 5a, b).

Mitochondrial estimations

Effect of vitamin D3 on mitochondrial enzyme complex |
activity

Mitochondrial complex I activity was found to be drasti-
cally reduced in ICV-STZ animals compared to sham
animals in both cortex (p < 0.05) and hippocampus
(p < 0.01). In the present study, vitamin D3 pre-treatment
significantly restored the decreased mitochondrial complex
I activity in both hippocampus and cortex (p < 0.01)
compared to ICV-STZ animals. Vitamin D5 post-treatment
also displayed a marginal increase in mitochondrial com-
plex I activity, however, the increasing trend did not
achieve statistical significance compared to ICV-STZ ani-
mals. Additionally, we observed a significant difference
between post-treatment and pre-treatment vitamin D5 in
cortical mitochondrial complex I activity (p < 0.05), but
not in hippocampus. Furthermore, rivastigmine treated
animals exhibited significant increase in mitochondrial

1004
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Plasma nitrite conc.(ug/ml)

ICV-STZ; **p < 0.01, *p < 0.05 —ICV-STZ versus vitamin D3 pre-
treatment; @p < 0.05—ICV-STZ versus vitamin Dj post-treatment;
$p < 0.01, ¥ < 0.05—ICV-STZ versus rivastigmine

complex I activity, compared to ICV-STZ animals in cor-
tex and hippocampus (p < 0.05) (Fig. 6a, b).

Effect of vitamin D3 on mitochondrial enzyme complex II
activity

Mitochondrial complex II levels were significantly
decreased in ICV-STZ animals compared to sham animals
in both cortex and hippocampus (p < 0.01). In the present
study, we observed that vitamin D3 pre-treatment signifi-
cantly increased mitochondrial complex II activity in both
hippocampus and cortex (p < 0.05) compared to ICV-STZ
animals. Post-treatment vitamin D5 exhibited an increasing
pattern of mitochondrial complex II, but failed to display
any significance compared to ICV-STZ animals. Further-
more, rivastigmine treated animals also demonstrated
significant increase in mitochondrial complex II levels in
both cortex and hippocampus (p < 0.01) (Fig. 6c, d).

Effect of vitamin D3 on mitochondrial enzyme complex II1
activity

Cortical (p < 0.01) and hippocampal (p < 0.05) mito-
chondrial complex III activity were significantly decreased
in ICV-STZ animals compared to sham operated animals.
In the present study, vitamin D3 pre-treatment demon-
strated significant improvement in mitochondrial complex
IIT activity in hippocampus (p < 0.05) and cortex
(» <0.01) compared to ICV-STZ animals. Moreover,
vitamin D3 post-treatment revealed increase in hippocam-
pal mitochondrial complex III activity (p < 0.01), but
without changes in cortex compared to ICV-STZ animals.
Furthermore, rivastigmine treated animals demonstrated
significant increase in mitochondrial complex III activity
compared to ICV-STZ animals in both cortex (p < 0.05)
and hippocampus (p < 0.05) (Fig. 6e, f).
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Effect of vitamin D3 on mitochondrial enzyme complex IV
activity

Mitochondrial complex IV activity was decreased in ICV-
STZ animals as compared to sham animals in both cortex
(p < 0.1) and hippocampus (p < 0.05). Pre-treatment with
vitamin D3 showed significantly increased mitochondria
complex IV activity in hippocampus (p < 0.05) and cortex
(» <0.01) compared with ICV-STZ animals. Post-treat-
ment vitamin D; marginally increased the mitochondrial
complex IV levels, but did not show significant increase
compared to ICV-STZ animals. There was a significant
difference between post-treatment vitamin D3 and pre-
treatment vitamin D3 (p < 0.05) in both hippocampus and
cortex. Similarly, rivastigmine treatment also demonstrated
significant increase in mitochondrial complex IV activity in
both cortex (p < 0.01) and hippocampus (p < 0.05) com-
pared to ICV-STZ animals (Fig. 6g, h).

Neuroinflammation studies
Effect of vitamin D3 on NF-xB in hippocampus

Hippocampal NF-kB levels were significantly increased in
ICV-STZ administered animals compared to sham animals
(p < 0.001). Pre-treatment with vitamin Dj significantly
attenuated the elevated NF-xB p65 subunit expression in
the nuclear fraction compared to ICV-STZ animals
(p < 0.01). Post-treatment with vitamin D5 animals failed
to attenuate the increased levels of NF-xB in hippocampus.
Rivastigmine treatment also showed significantly
decreased NF-xB levels compared to ICV-STZ levels
(p < 0.001) (Fig. 7a).

Effect of vitamin D3 on TNF-uo in hippocampus

TNF-o levels were significantly increased in hippocampus
homogenate of ICV-STZ administered rats compared to
sham animals (p < 0.001) suggesting involvement of neu-
roinflammatory component in ICV-STZ induced AD. Pre-
treatment with vitamin Dj significantly attenuated the rise in
TNF-a levels compared to ICV-STZ rats (p < 0.001). Post-
treatment with vitamin D3 showed slight decrease in TNF-o
levels compared to ICV-STZ rats (p < 0.05). Additionally,
rivastigmine significantly reduced the TNF-a levels com-
pared to ICV-STZ rats (p < 0.001). Furthermore, we
observed significant difference between pre-treatment and
post-treatment with vitamin D5 (p < 0.001) (Fig. 7b).

Effects of vitamin D3 on histopathological analysis

Histopathological analysis of hippocampii of sham animals
showed more number of optimum sized, undamaged

neuronal cells and cell layers. However, neuroinflamma-
tion and increased number of apoptotic cells were observed
in the CA1l and CA3 region of the hippocampus in ICV-
STZ-injected rats, indicating significant neurodegeneration.
Pre-treatment with vitamin D5 caused significant attenua-
tion of histological and morphological changes along with
significantly lesser number of apoptotic bodies in hip-
pocampal CAl and CA3 region compared to ICV-STZ
administered group. Post-treatment with vitamin Dj treat-
ment did not result in significant improvement changes in
morphological and histological structures demonstrating
comparable histopathological characteristics as ICV-STZ
administered rats. Rivastigmine significantly attenuated the
ICV-STZ induced cell loss and pyknotic cells, but few
degenerating cells with changes of morphology were
observed.

The neurons in the sham group were large, conical
shaped cells with well-delineated amphophilic cytoplasm
and round vesicular nuclei with prominent nucleoli in CA1
hippocampal region. However, in ICV-STZ treated ani-
mals, the CA1 layer neurons showed pronounced shrinkage
of the neuronal bodies with the nuclei losing their regular
outlines and becoming hyperchromatic. The shrinkage of
the cells also caused a clear space (vacuoles) to form
around each neuron. Vitamin Dj; pretreated animals
exhibited partial to full recovery comparable to the ICV-
STZ animals.

Moreover, neuronal cells in cerebral cortex have
prominent nucleolus typical to large neurons in sham
group, smaller nuclei may be those of smaller neurons or of
associated glial cells in sham animals. ICV-STZ animals
demonstrate severe neuronal death and change in cell shape
as been observed which was significantly reversed in pre-
treatment vitamin D5 and rivastigmine administered group.
However, vitamin Ds post-treatment showed neuronal
death in cortical region, resembling ICV-STZ animals
(Fig. 8a—c).

Discussion

In the present study, we evaluated the neuroprotective
potential of vitamin Dj supplementation in rat model of
ICV-STZ induced neurobehavioral, mitochondrial,
histopathological alterations and cholinergic functions.
Besides alteration in cerebral glucose and energy metabo-
lism, intracerebroventricular injection of STZ, a commonly
used experimental tool to study sporadic AD, induces
neuroinflammation reproducing classical features of AD
(Sharma et al. 2012). Therefore, we evaluated the effect of
vitamin D5 (42 IU/day) using two treatment modalities,
i.e., pre-treatment and post-treatment compared with stan-
dard drug rivastigmine.
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Fig. 7 Effects of vitamin D3 on NFkp (a) and TNF-a (b) levels in
hippocampus of ICV-STZ rats. Values were expressed as mean =+ -
SEM. *5 <0.001—sham versus ICV-STZ; ***p < 0.001,
**p < 0.01—ICV-STZ  versus  pre-treatment  vitamin  Ds;

Intracerebroventricular administration of STZ signifi-
cantly impaired learning and memory performance and
exhibited a higher score of errors and took considerably
longer duration of time to reach the target platform during
training, indicating impaired spatial learning. The pro-
gressive increase in mean escape latency and swim path
length to find the hidden platform during training trials
along with decreased number of entries and time spent in
the target quadrant corroborates the impaired retention
memory elicited by ICV-STZ rats during spatial navigating
task in MWM. Vitamin D5 pre-treatment (42 IU/day),
significantly decreased the mean escape latency and found
the hidden platform sooner than vitamin D5 post-treatment
animals and ICV-STZ animals. Our results along with
previous reports revealed that vitamin Dj; treatment
improved spatial learning, and memory functions in MWM
(Latimer et al. 2014; Mohamed et al. 2015). Further,
vitamin D3 pre-treatment also significantly shortened the
transfer latency into the enclosed arm, eliciting improved
retention memory compared to ICV-STZ animals and
vitamin D3 post-treatment in elevated plus maze. Although,
both pre-treatment and post-treatment strategies elicited
improved spatial learning, vitamin D5 pre-treatment evi-
denced prominent superior efficacy in attenuating ICV-
STZ induced neuronal damage and behavioral dysfunction.

Brain is essentially one of the most metabolically active
organs and owing to its limited availability of endogenous
defense systems, it is extremely prone to free radical
induced oxidative tissue damage (Butterfield 2006;
Markesbery 1997; Wang and Michaelis 2010). Brain
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oxidative stress may be effectively countered through
endogenous antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase (CAT) and glutathione peroxidase
(GPx) (Gandhi and Abramov 2012). An increased neuronal
oxidative stress trigger neuronal damage affecting major
cellular biomolecules (lipids, proteins, DNA and RNA) and
plays a crucial role in the development and progression of
neurodegenerative disorders such as AD (Javed et al.
2011). In the present study, vitamin D3 pretreatment sig-
nificantly rescued the ICV-STZ induced oxidative trigger
and defective endogenous anti-oxidant defense system
back to near basal levels. Thus, our results are concordant
with an earlier report, which demonstrate restoration of
depleted endogenous anti-oxidant defense system, depict-
ing the anti-oxidant potential of vitamin D5 in attenuating
oxidative damage (Kuzmenko et al. 1997).

Increased neuronal oxidative stress worsens peroxida-
tive damage of membrane lipids through MDA generation,
which in turn amplifies neuronal damage severely affecting
key cellular biomolecules and is commonly used as
biomarkers of oxidative damage. In the present study,
overproduction of free radical triggered MDA mediated
hippocampal and cortical oxidative damage. Our findings
corroborate with earlier experimental evidences suggesting
defective anti-oxidant defense system potentiating oxida-
tive damage (Javed et al. 2012; Rai et al. 2014; Sharma and
Gupta 2001).

Furthermore, ICV-STZ administration elevated plasma
total nitric oxide levels fuelling oxidative-nitrative damage,
which provoked peroxynitrite arbitrated neuronal damage
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Fig. 8 Effects of vitamin D5
treatment on histological
changes of ICV-STZ induced
neuronal death in

a hippocampal CA1 region,

b hippocampal CA3 region and
¢ cortex. Each data represents
the mean £ SEM. White arrow
indicates normal cell. Yellow
arrow indicates dead cells
(colour figure online)

and compromised normal brain functions. Moreover, vita-
min D3 administration mitigated iNOS expression, limiting
NO mediated AD pathogenesis (Dulla et al. 2016; Garcion
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Number of dead Pyramidal Neurons
in hippocampus CA1 region
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et al. 1997). Besides, NO and MDA generation, intrac-
erebroventricular STZ displayed mitochondrial aberrations,
and hippocampal mitochondrial
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complex (I, II, IIT and IV) activities triggering neuronal
apoptosis (Correia et al. 2013; Lin and Beal 2006; Paidi
et al. 2015; Witte et al. 2010). Further, vitamin D5 pre-
treatment effectively ameliorated ICV-STZ mediated
oxidative—nitrative damage and restored mitochondrial
complex activities, further substantiating the neuroprotec-
tive potential of vitamin D; (Longoni et al. 2016).
Therefore, it is imperative that the anti-oxidant properties
of vitamin Dj; are critical for attenuating ICV-STZ induced
mitochondrial aberrations, neurotoxicity and cognitive
impairment.

Hippocampal and cortical neurons play a crucial role in
modulating AD pathology, often characterized by marked
neuronal damage to these brain structures (Tiwari et al.
2009). Histopathological evidence suggests that ICV-STZ
promote structural and functional damage to cortical and
hippocampal structures along with B-amyloid peptide-like
aggregates in brain capillaries (Salkovic-Petrisic et al.
2006; Shoham et al. 2003). In the present study, we
observed marked morphological changes in the hip-
pocampal CAl and CAS3 region and cortex of ICV-STZ
induced AD animals. Pre-treatment with vitamin Dj
attenuated ICV-STZ induced morphological alterations in
the hippocampal CA1, CA3 and cortical regions displaying
functional neurotherapeutic benefits further substantiating
neurobehavioral and biochemical results thereby improving
cognitive functions.

Growing experimental evidence suggests that chronic
neuroinflammatory conditions modulate disease progres-
sion in AD pathology. Neuroinflammation is driven by
activated glial cells especially microglia and astrocytes,
along with peripheral leucocytes, which in turn release
copious amounts of proinflammatory cytokine such as
TNF-a, in response to various neuropathological sequalae
(Akiyama et al. 2000; Frankola et al. 2011; Rai et al. 2014).
Therefore, targeting anti-inflammatory mechanisms might
prove beneficial in delaying the AD progression (Wyss-
Coray and Rogers 2012). Clinicopathological evidences
revealed elevated levels of TNF-o have been negatively
correlated with neurodegenerative diseases such as AD
(Buchhave et al. 2010; Kim et al. 2017). Further, NF-xB
plays complex roles in regulating inflammatory disease
progression during CNS stress, which may potentially
modulate neuronal survival through transcription of
chemokines, proinflammatory cytokines and transcription
factors. Recent experimental evidences demonstrate anti-
inflammatory properties of vitamin D3 (Dulla et al. 2016;
Jiang et al. 2015; Nissou et al. 2014). In the present study,
we found that vitamin D; supplementation effectively
mitigated ICV-STZ induced inflammatory damage in cor-
tex and hippocampus, which can be correlated well with
reversal of neuronal injury indicative of increased cell
survival.
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The central cholinergic system, through its neurotrans-
mitter, acetylcholine, regulates neurocognitive functions
and is implicated in various neurodegenerative diseases
including AD, vascular dementia, Huntington’s disease,
stroke, cardiac arrest, Sepsis (Everitt and Robbins 1997),
etc. Cholinergic innervation is high in cortex and hip-
pocampal region and any neuronal loss in these brain
regions can be linked to altered cognitive status (Arendt
et al. 1995; Bobinski et al. 1998). Acetylcholinesterases
hydrolyses acetylcholine into choline and acetate and ele-
vated AChE levels is associated with deregulated
cholinergic system, a measure of severity of cognitive
impairment during various neurodegenerative conditions
including AD (Sarter and Parikh 2005). Cholinergic
degeneration is closely linked to AD progression in
patients and experimental animal models and clinically,
ACHhE inhibitors have been widely used to symptomatically
treat AD induced cognitive impairment (Sonkusare et al.
2005). However, the role of vitamin Dj in regulating the
cholinergic neurotransmission and memory functions has
not been fully explored.

ICV-STZ administration demonstrated a significant
increase in cortical and hippocampal AChE activity as a
result of oxidative-nitrative stress and inflammatory
degeneration, which mimics AD pathology (Kaizer et al.
2005; Sharma et al. 2010; Sonkusare et al. 2005). Fur-
thermore, increased AChE activity can possibly modulate
cytokine levels, exacerbating neuronal injury and memory
dysfunction (Pavlov et al. 2003; Ray et al. 2014). The
results clearly indicate that pre-treatment with vitamin D3
markedly inhibited AChE activity and alleviated the
cholinergic insufficiency thereby increasing the synaptic
levels of available ACh improving neurotransmission.
Consistent with previous reports, evidently, our results
indicate that vitamin D3 supplementation improved
cholinergic functions (Kumar et al. 2011; Peeyush et al.
2010) and improved memory functions. Also recent studies
reported that vitamin D3 enhanced A clearance (Guo et al.
2016; Ito et al. 2011), decreased amyloid burden (Briones
and Darwish 2012; Durk et al. 2014; Yu et al. 2011) and
attenuated neuroinflammatory responses (Briones and
Darwish 2012) and prevented axonal degeneration (An-
nweiler et al. 2014) thereby eliciting neuroprotective effect
against experimental AD.

Conclusion

In conclusion, our results revealed that vitamin D5 pre-
treatment attenuated ICV-STZ induced neurobehavioral,
biochemical and histological abnormalities and memory
deficits whereas post-treatment with vitamin D failed to
exert any considerable beneficial effects on
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neurobehavioral, histopathological and molecular alter-
ations. The neuroprotective effect of vitamin D5 could be
attributed to its possible involvement in modulating
inflammatory brain damage, decreasing neuronal oxidative
stress, improving mitochondrial functions and enhanced
cholinergic neurotransmission. Therefore, our study
underscores the functional importance of prophylactic
maintenance of adequate vitamin D5 levels, might offer
novel therapeutic strategy for the treatment of neurode-
generative diseases such as AD.
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