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Individuals with Down syndrome (DS) exhibit impaired olfactory function and are at a higher risk of developing
Alzheimer’s disease (AD). Olfactory dysfunction may be an early clinical symptom of AD. Recent studies have
demonstrated that vitamin D3 (VD3) exerts neuroprotective effects in mouse models of AD. In this study, we
investigated the effects of VD3 on the morphology, immunolocalization, and markers involved in neuro-
pathogenic processes, apoptosis, proliferation, cell survival, and clearance of amyloid peptides, along with
neuronal markers in the olfactory bulb (OB) of an adult female mouse model of DS. Morphological and molecular
analyses revealed that trisomic mice exhibited a volume reduction in the external plexiform layer, a decrease in
the number of mitral and granule cells, and an increase in the expression of amyloid-p 42, caspase-3 p12, and P-
glycoprotein. VD3 reversed certain morphological abnormalities in the OB of control trisomic mice (Ts(cp,) and
decreased the levels of caspase-3 p12 and methylenetetrahydrofolate reductase in the treated groups. The results
demonstrated that trisomy factor causes morphofunctional abnormalities in the OB of Tsico) mice. Moreover,
VD3 could represent a therapeutic target to attenuate morphological and molecular alterations in OB.

Vitamin D3
Olfactory bulb
Amyloid beta

1. Introduction (Roberts et al., 2016; Zou et al., 2016; Silva et al., 2018).

In DS, olfactory deficits and early onset Alzheimer’s disease (EOAD)

Down syndrome (DS) is a genetic abnormality caused by trisomy of
chromosome 21 (Antonarakis et al., 2004). Trisomy 21 impairs the
physiological and morphological development of the brain and leads to
the impairment of important functions such as olfactory processing
(Murphy and Jinich, 1996; Chen et al. 2006; Cecchini et al., 2016).
Olfactory dysfunction in individuals with or without DS has been asso-
ciated with Alzheimer’s disease (AD) (Ter Laak er al., 1994; Cecchini
et al., 2016) and may represent an early clinical sign of dementia

are observed primarily in adult women and occasionally in men (Hartley
etal., 2015; Cecchini et al., 2016; Schupf et al., 2018). Triplication of the
beta-amyloid precursor protein (APP) located on chromosome 21 is
crucial for the development of EOAD in DS (Hartley et al., 2015). The
increase in the expression of APP and its derivatives contributes to the
abnormal production of amyloid-g peptides (Ap) that primarily include
ApB40 and AP42 peptides (Wiseman et al., 2018). Increased production of
Ap42 peptides promotes the deposition and formation of amyloid

Abbreviations: Ap, amyloid-p; AD, Alzheimer disease; APP, beta-amyloid precursor protein; DS, Down syndrome; EOAD, early-onset Alzheimer’s disease; EPL,
external plexiform layer; GCL, granule cell layer; GL, Glomerular layer; HE, hematoxylin and eosin; IPL, internal plexiform layer; MCL, mitral cell layer; MTHFR,
methylenetetrahydrofolate reductase; NeuN, neuronal nuclei; PBS, phosphate-buffered saline; Pgp, P-glycoprotein; OB, olfactory bulb; VD, Vitamin D; VD3, Vitamin

D3.
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plaques in different brain regions (Head et al., 2012; Head et al., 2016),
including the entorhinal cortex that is involved in olfactory processing
(Hof et al., 1995). Decreased neurogenesis in the olfactory bulb (OB) and
impaired olfactory function has been reported in Ts65Dn mice (Bianchi
et al., 2014); however, the causes of these abnormalities and the rela-
tionship between morphological and molecular changes in response to
Ap peptides in the OB remain unknown.

Ap accumulation may interfere with the processing and transmission
of signals across olfactory glomeruli and between cells in different layers
of the brain (Ter Laak et al., 1994). Moreover, the increase or deposition
of AP42 peptides can activate caspase-3-mediated pro-apoptotic mech-
anisms, trigger inflammation, and consequently lead to neuronal death
(Kavanagh et al., 2014; Han et al., 2017).

In contrast, 1,25-dihydroxyvitamin D3 (1,25 [OH]2D3) and Vitamin
D3 (VD3) have exhibited neuroprotective effects, including neuro-
genesis and degradation of Ap peptides (Anjum et al., 2018). VD3 reg-
ulates the expression of mediators involved in AP efflux such as
P-glycoprotein (Pgp) (Durk et al., 2012; Durk et al., 2014; Landel et al.,
2016). Additionally, a possible relationship between VD3 and folate
levels has also been previously described (Lucock et al., 2018). Folate
metabolism is regulated by methylenetetrahydrofolate reductase
(MTHFR). In the folate metabolic pathway, MTHFR is essential for the
conversion of folate into metabolites that are used in various cellular
processes, including methylation of gene promoters and proteins, amino
acids, DNA, and RNA (Spellicy et al., 2012) and in repair processes and
cell proliferation (Salbaum and Kappen, 2012; Leclerc et al., 2013).

Additionally, certain studies have suggested an association between
MTHFR polymorphisms and the risk for AD (Chhillar et al., 2014; Rai,
2017). Alterations in the expression and production of metabolites
involved in folic acid metabolism induce DNA demethylation. This may
lead to increased expression of certain genes associated with the path-
ophysiology of AD and those that encode enzymes involved in the
cleavage of APP, thus contributing to the increase and deposition of
AP42 (Roman et al., 2019).

Based on these results, we investigated the effects of high doses of
VD3 on the morphology, immunolocalization, and expression of the
neuronal markers AB42, caspase-3 p12, MTHFR, Pgp, and NeuN thart are
involved in neuropathogenic processes, apoptosis, proliferation, cell
survival, and clearance, in the OB of an adult female mouse model of DS.

2. Materials and methods
2.1. Animals

The experimental protocol was performed using six-month-old fe-
male mice of lineages B6EiC3Sn-Rb(12. Ts171665Dn)2Cje/CjeDnJ
(#004850) and B6EIC3SnF1/J (#001875) that were obtained from the
Jackson Laboratory. The mice were maintained at the Institute of Bio-
sciences of the University of Sao Paulo and the Bioterium of the Medical
School of Sao José do Rio Preto (FAMERP) at a light-dark cycle of 12 h
and a temperature of 23 °C ( + 2 °C) with appropriate water provided ad
libitum and standard chow (Nuvilab®, Curitiba, PR, Brazil).

The experiments were performed in accordance with the regulations
of the National Council for the Control of Experiments on Animals
(CONCEA). All experimental protocols were approved by the Ethics
Committee for Animal Experimentation of FAMERP (Protocol No.
001-002447/2015).

2.2. Experimental groups and treatment

All mice were genotyped at 21 days old to determine the control and
trisomic groups (partial trisomy for chromosome 16) according to the
protocol described by (Chaves et al., 2020).

Twenty female mice (14 weeks of age) were divided into four
experimental groups (five mice per group) that included the Tsicp,
(standard diet with positive genotype), Wico) (standard diet with
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negative genotype), Tsqyps) (high-dose VD3 with positive genotype), and
Wiyps) groups (high-dose VD3 with negative genotype) as presented in
Fig. 1.

Mice in the Wtgyps) and Ts(yps) groups received a high-dose VD3 diet
(12,500 TU/kg; Domeneghetti & Correa Ltda®, Jat, SP, Brazil) for 10
weeks as suggested by Wergeland et al. (2011).

The selection of five animals per experimental group was based on
the study by Brianchi et al. (2014). The selection of genotype-positive
and genotypenegative animals belonging to the control and experi-
mental groups was randomized. Additionally, to avoid bias in the
groups, the trisomic control animals were marked on the ear. In contrast,
the trisomic groups were marked with two scratches on the tails in
addition to the markings on the ears. This allowed for better control of
the animals throughout the experimental period. The next steps of the
experimental design were carried out based on the recommendations of
the ARRIVE Guidelines (https://arriveguidelines.org/). Only one
member of the research team was aware of the allocation of the exper-
imental units to the groups at different time points during the
experiment.

2.3. Euthanasia, tissue removal, and processing

At 24 weeks of age, all experimental groups were anesthetized with
high-dose (100 mg/kg) intraperitoneal injection of sodium thiopental
(Thiopental®). After complete sedation, transcardiac perfusion with
phosphate-buffered saline (PBS) was performed, and the brains were
removed and dissected to preserve OBs.

The left OB was dissected and fixed by immersion in 4% para-
formaldehyde diluted in PBS for 24 h at 4 °C. After fixation, the tissues
were embedded in paraffin. The right OB was immersed in liquid ni-
trogen and stored at — 80 °C for western blotting.

2.4. Stereology and morphology

Coronal sections of the OB (6-um thick) were created using a
microtome. For stereology and morphology, sections were stained with
hematoxylin and eosin (HE) and photographed at 400 x magnification
using a Zeiss Primo Star microscope coupled to a camera (Zeiss Axiocam
105 color model). Coronal sections of the OB were photographed at
intervals of 90 um thickness (Tsutiya et al., 2016).

For stereology, four systematically randomized sections from each
animal (five animals per group) were analyzed using ImagelJ software
(National Institutes of Health, USA). The stereological method of Weibel
et al., (1966) used Weibel’s 120-point multipoint grid to measure the
relative volumes of the external plexiform layer (EPL), mitral cell layer
(MCL), glomerular layer (GL), internal plexiform layer (IPL), and
granule cell layer (GCL) (Zhuang et al., 1999). The distances between
the point grids were automatically generated and standardized using an
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(n=0%) (n=03) (n=05) (1 =05)
B
! ! Standard diet and ad libitum water | Treatment period
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Birth 03 14 24 (weeks)
Genotyping test Euthanasia

Fig. 1. (A): Experimental groups and (B): timeline of experimental procedures.
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analysis program. The mean value of the points within the grid is
expressed as a percentage. For morphological analysis, images were
acquired at 400x magnification (five systematically randomly selected
fields/animal), and 20 histological sections in total were analyzed to
count the number of granule and mitral cells (Zhang et al., 2018) using
the program ImagelJ 1.47 Windows version (National Institute of Health,
USA).

2.5. Immunohistochemistry and immunolocalization

The sections were deparaffinized, dehydrated with xylene and
ethanol, and subjected to antigen recovery with citrate buffer (pH 6.0).
After successive washing steps using PBS, the samples were blocked with
endogenous peroxidase containing 3% hydrogen peroxide, and
nonspecific proteins were blocked with nonfat milk (MOLICO®) for 1 h
at room temperature. Sections were incubated for 2 h at room temper-
ature to detect anti-beta amyloid 1-42 (1:1000 dilution; ab201060). The
following day, the sections were washed with PBS and incubated with
the secondary antibody (Goat Anti-Rabbit IgG H&L; 1:500, HRP, Abcam
®, USA, ab97051) for 1 h at room temperature. For the negative control,
serial sections were incubated with only the secondary antibody. The
sections were then washed with PBS, chromogenized with dia-
minobenzidine (DAB), and counterstained with hematoxylin. The sec-
tions were visualized and photographed using a microscope (Camera
Zeiss Axiocam 105 color model coupled with a Zeiss Primo Star micro-
scope model at 40 x magnification). The immunolocalization of
markers was analyzed using Image] 1.47 software Windows version
(National Institute of Health, United States Code, USA).

2.6. Western blotting

OB samples from the control and treated groups (five samples per
group) were lysed in PBS (pH 7.4) containing 1% Nonidet P-40, 0.5%
sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, and 1% SDS that was
supplemented with 1% protease inhibitor cocktail (Sigma-Aldrich; St.
Louis, MO).

After incubation on ice (30 min), the samples were centrifuged, and
the protein fractions were recovered and quantified using the Pierce™
BCA Protein Assay Kit. Three protein pools (each pool corresponding to
two different animals) were prepared, being the samples randomly
distributed among the three pools, and stored in a freezer at — 80 °C.
The pools (25 pg total protein) were then subjected to electrophoresis by
10% or 12% SDS polyacrylamide gels depending upon the molecular
weight of each protein.

After electrophoresis, proteins were transferred to a nitrocellulose
membrane. The membrane was blocked for 1 h at room temperature
with 5% non-fat milk diluted in TBS-T and then incubated overnight at
4 °C with p-actin (1:500; ab8227; abcam®, USA), anti-beta amyloid
1-42 (1:1000; ab201060; abcam®, USA), anti-caspase-3 p12 (1:500;
ab179517; abcam®, USA), MTHFR (1:200; ab203789; abcam®, USA),
anti-P glycoprotein (1:250; ab170904; abcam®, USA), and anti-NeuN
(1:2000; ab177487; Abcam ®, USA) antibodies.

The membrane was washed in TBS-T buffer and incubated with a
secondary antibody (Goat Anti-Rabbit IgG H&L; 1:20,000; HRP, Abcam
®, USA, ab97051) for 2 h. The reaction was detected using a chemilu-
minescent substrate to detect protein bands (Novex™ ECL Chemilumi-
nescent Substrate Reagent Kit).

Semi-quantitative densitometric analyses of the bands were per-
formed using ImageJ 1.47 for Windows (National Institute of Health,
United States Code, USA). p-Actin was used as an endogenous control.
For quantification of immunoblotting, bands were selected to define the
limits of the stops of the detected proteins according to their respective
molecular weights. Subsequently, immunoblotting results were
analyzed using optical densitometry (quantification of pixels per area).
Blots from all sample pools were used to reduce potential errors and
variability. p-actin was used as an endogenous control for each protein
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that was analyzed.
2.7. Statistical analysis

Data were subjected to the Shapiro-Wilk test for normality. Para-
metric data were analyzed using two-way ANOVA (two factors: treat-
ment and trisomy) with a post-hoc Bonferroni test. The independent
variables were trisomy (Ts), vitamin D3 (VD3), and their interactions (Ts
and VD3). Effect sizes were assessed as low (0.01-0.33), moderate
(0.34-0.66), or high (0.66-0.99) and were analyzed using partial eta
squared (np2). Nonparametric data were analyzed using the Scheir-
er-Ray-Hare test and Dunn’s test. To determine the sample size and
statistical calculation of power, we performed the sample calculation in
the program G-power using the following assumptions in ANOVA: fixed
effects, omnibus, and one-way. According to the analyses and the work
of Hong et al. (2011), the total sample size was eight for the four
experimental groups with an actual power of 0.996 ( = 0.8, a = 0.05,
effect size f = 3.28). Statistical significance was set atp < 0.05. The data
were analyzed using SPSS software.

3. Results
3.1. Stereology and morphology

The results of stereological and morphological analyses of the
experimental groups are presented in Fig. 2. In terms of stereology, Ts
mice exhibited a reduction in the volume of the EPL (Fig. 2A). Mice
treated with VD3 exhibited an increase in the number of mitral cells
(Fig. 2B). There were no significant differences in the IPL or GCL be-
tween the experimental groups (Fig. 2C-D).

Morphological analysis revealed that Tsio) possessed a lower
number of mitral cells (F = 9.941, p = 0.006; n2 = 0.383) (Fig. 2E) and
granule cells (F = 6.343, p =0.023; n2 = 0.284) (Fig. 2F-G). The
number of granule cells in the Wtyps) group (p = 0.049) (Fig. 2J) was
higher than that in the Wtioy group.

3.2. Immunostaining and immunoblotting

3.2.1. Trisomic mice exhibited diffuse amyloid deposition and increased
expression of Af42 and caspase-3 p12 in OB

AP42 immunoreactivity was detected in all OB layers of trisomic
mice (Ts(co) and Tsyps) groups). In the Tsico) group, diffuse plaques of
AB42 were observed in the EPL and MCL (white arrowhead, Fig. 3A-B).
Such plaques were not observed in the EPL of the Ts(yps) group; how-
ever, immunoreactivity was still observed in the layers and was present
predominantly in the GL and EPL of the OB (Fig. 3C). In the Wtco)
group, we detected slight positive immunoreactivity for AB42 (Fig. 3D).

The Ts(co) group exhibited an increased expression of Ap42 and
caspase-3 p12 compared to the WT(qoy group (Fig. 3E-G). After VD3
supplementation, we observed no significant differences in the Ap42
expression between the Tsyps) and Tsico) groups (Fig. 3F). However, a
reduction in caspase-3 pl2 levels was observed in the VD3-treated
groups, particularly in Tsiyps) mice (Fig. 3G).

3.2.2. VD3 reduces MTHFR expression but does not affect Pgp and NeuN
expression

The effects of VD3 treatment on the expression of MTHFR, Pgp, and
NeuN are indicated in Fig. 4. NeuN expression was not altered in any of
the experimental groups (Fig. 4B). VD3 supplementation affected the
expression of MTHFR and resulted in decreased levels in the Ts(yps) and
Wrtvps) groups (Fig. 4C). We determined that trisomic factors contrib-
uted to an increase in Pgp in the Ts(co) group, but Pgp expression in the
OB was not altered after VD3 treatment (Fig. 4D).

3.2.3. Possible effects of APP increase in the OB of the Tso) group
To better illustrate the effects of increased expression of APP in the
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Fig. 2. Stereological analysis and morphology in different layers of the OB in the experimental groups. (A): External plexiform, (B): mitial cell, (C): internal
plexiform, and (D): granule cell layer; The rates (in %) of these layers are calculated from the relative volume obtained by multifunctional Weibel grating analysis (A-
D); The number of mitral and granular cells is indicated on the histogram (E-F). Images from HE-stained samples revealing the morphological aspects of the olfactory
bulb in the (G): Tscoy, (H): Wtcoy, (I): Tsevps), and (J): Wtyps) groups. Glomerular layer (GL); external plexiform layer (EPL); mitral cell layer (MCL); internal
plexiform layer (IPL); granule cell layer (GCL). Mitral cells (black arrows). Objective magnification: 40x (G-J). Scale bar: 40 ym (G-J).
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Fig. 4. (A): Immunoblotting for MTHFR, Pgp, and NeuN. Expression analysis of (B): NeuN, (C): MTHFR, and (D) Pgp.

Ts(coy group, Fig. 5 presents the pattern of expression of APP in the
C57BL/6 J mouse (Fig. 5A-E). The figure has been sourced from Allen
Institute for Brain Sciences (2015), Allen Brain Artlas: Mouse Brain
(https://mouse.brain-map.org/) and was adapted with permission from
the Allen Brain Institute (http://www. alleninstitute. org/). It presents a
comparison of APP in the C57BL/6 J mouse to the intrinsic increase in
APP in the B6EiC3Sn-Rb(12. Ts171665Dn)2Cje/CjeDnJ models
(Fig. 5F). Note that the deposition of Ap42 in the EPL and mitral cells
(black arrow) can lead to morphological and molecular changes
(Fig. 5G-H). In Figs. 5I, 5J, and 5 K, the design reveals how the observed
immunolocalization of Ap42 may lead to possible functional effects in
the olfactory bulb.

4. Discussion

During adulthood, individuals with DS exhibit severe impairments in
olfactory function regarding odor discrimination, identification, and
threshold (Cecchini et al., 2016). In the Ts65Dn mouse model, impair-
ment of OB neurogenesis and olfactory function occurred in middle-aged
mice (Bianchi et al., 2014). However, the mechanisms underlying these
changes are not well understood. Considering that individuals with DS
develop AD early in life (Head et al., 2012) and that olfactory
dysfunction is one of the first clinical symptoms of AD (Zou et al., 2016;
Roberts et al., 2016; Silva et al., 2018), knowledge regarding the effects
of Ap42 peptides on the morphological structure and other cellular
mechanisms in the OB is crucial.

Under normal physiological conditions APP is expressed in different
layers of the OB in C57BL/6 J mice (Allen Mouse Brain Atlas: https://
mouse.brain-map.org/) (Fig. 5). This is presented in comparison to the
Rb(12. Ts171665Dn)2Cje/CjeDnJ mice. Increased expression of APP

(villar et al., 2005) and its derivatives results in the increased produc-
tion and accumulation of A.

Thus, according to some reviews detailing the processing of olfactory
information in the OB (Carleton et al., 2002; Nagayama et al., 2014), itis
possible that the increase in AP42 can alter the morphology and
expression of certain molecular markers in the OB, thus leading to ol-
factory dysfunction.

Therefore, given the role of glomeruli in the initial processing and
transmission of information, it is possible that failure at this stage in
response to an increase in Ap42 could impair communication between
OB cells, thus resulting in funetional implications.

Morphologically, an intrinsic reduction in the EPL volume and
number of mitral and granule cells was observed in trisomic mice. The
EPL is largely neurophilic and plays an important role in processing
olfactory information (Hamilton et al., 2005). This layer is composed of
various cell types, including tuft cells and intrinsic interneurons (Ham-
ilton et al., 2005; Nagayama et al., 2014). Olfactory signals are pro-
cessed in the glomerulus and then transmitted to tuft cells and dendrites
of mitral cells that extend into the EPL where further events occur to
allow information to be processed in the OB (Nagayama et al., 2014).

Recently, a study demonstrated that the OB of Ts65Dn mice exhibits
impaired neurogenesis (Bianchi et al., 2014). It is possible that this
impairment affects the morphological structure of the tissue at the
cellular level, thus affecting the morphology and number of some cell
types and, at the same time, the volume of the OB layers, as observed in
this study.

Nevertheless, positive effects on the MCL were observed after VD3
supplementation. VD3 contributes to an increase in the volume of the
MCL and the number of granule cells. The MCL is composed of mitral
cells that receive olfactory stimuli and participate in the regulation of
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Fig. 5. APP expression levels in the different layers of
the olfactory bulb (OB) of the C57BL/6 J mouse (Allen
Mouse Brain Atlas: https://mouse.brain-map.org/) in
comparison to levels in the model B6EiC3Sn-Rb(12.
Ts171665Dn)2Cje/CjeDnJ. (A,B): Three-dimensional
(3D) image of the brain presenting patterns of APP
gene expression in OB layers (coronal: rostral to
caudal). (C): Position 53 Coronal Plate (Bregma
4.045 mm) of the coronal sections of the OB stained
with Nissl and delimitations of the olfactory layers. In
situ hybridization image presenting (D): the cellular
location of APP expression (black arrows) and (E): the
level of expression detected in different layers of the OB
(white artows). (F): APP expression in a Ts65Dn model
and in the human chromosome 21 (HSA 21). (G): Ap42
immunolocalization and deposition (black arrows) in
the OB layers in the Tscq) group. (H): Repercussions on
the morphology possibly due to the increase in Ap42
levels. (I,J): Schematic of synaptic connections in the
mouse OB. (K): Implications that were possible in ol-
factory bulb in the Ts.g, group. Glomerular layer (GL),
external plexiform layer (EPL), mitral cell layer (MCL),
internal plexiform layer (IPL), and granular cell layer
(GCL). Glomeruli (G); periglomerular cells (PG); tufted
cells (T); mitral cells (M). excitatory synapses (black
arrow); PG cells (PG); Granules (G); inhibitory stimuli
(purple arrow).
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information directed to the olfactory cortex via axonal projections from
the OB (Nagayama et al., 2014). Mitral cells represent a small percent-
age of cells in the MCL, and other cell types, including local interneurons
such as granule cells, are observed in this layer (Panhuber et al., 1985;
Nagayama et al., 2014).

Granular cells are abundant inhibitory interneurons in the OB and
play an important role in processing olfactory information, including the
inhibition of tuft and mitral cells via dendrodendritic synapses (Nunes
and Kuner, 2015). Additionally, most newly formed cells in the OB
become granule cells, and a small percentage of cells become peri-
glomerular cells or astrocytes (Pignatelli and Belluzzi, 2010; Li et al.,
2015; Lledo and Valley, 2016). Thus, considering that VD3 regulates a
variety of neurotrophic factors that influence the process of differenti-
ation, survival, growth, neuronal proliferation, and neurogenesis
(Groves and Burne, 2017), VD3 supplementation exerted a positive ef-
fect on the number of granule cells and volume of the MCL as observed in
treated mice.

In parallel with the morphological changes, we observed positive
AP42 staining in the cytoplasm and intercellular space of all OB layers in
the Ts(co) group. The increased Ap42 expression and Ap42 staining with
or without plaque formation in the different OB layers suggest a possible
relationship between the morphological and molecular changes
observed in the trisomic mice. Amyloid plaque accumulation and
deposition have been demonstrated by immunohistochemistry in the OB
and other brain regions of individuals with AD and in the Tg2576 AD
mouse model (Zhang et al., 2010, Kenney et al., 2018). In APP/PS1
transgenic mouse models of AD, plaque deposition of Ap42 impairs ol-
factory function and behavior (Yao et al., 2016). Therefore, based on the
results of this study, it is likely that morphofunctional changes may
occur in the OB of Ts(c) in response to an increase in Ap42.

Although VD3 supplementation did not significantly reduce Ap42
expression in the OB of the Tsxyps) group, it is important to highlight that
deposits in the OB were not observed after VD3 supplementation. This
indicate that a longer treatment period may, perhaps, significantly
reduce Ap42 expression in trisomic mice. The B6EiC3Sn-Rb(12,
Ts171665Dn)2Cje model used in this study was genetically identical
to the Ts65Dn model, and both possessed increased APP expression
(Villar et al., 2005). Under normal physiological conditions, APP is
expressed in the brains of humans and mice (Puig, Combs., 2013).
Although the function of APP and its products are not clear, they play
important roles in synaptic function and plasticity in the mouse brain
(Nalivaeva and Turner, 2013). However, alterations in the processing
and cleavage of APP induce the amyloidogenic pathway, ultimately
leading to an increase in long AP fragments and resulting in the devel-
opment of neuropathologies such as AD (Ludewig and Korte, 2017).
Therefore, amyloid plates in the olfactory bulb may contribute to ol-
factory bulb dysfunction.

During neuropathological development, several markers, including
caspase-3 p12, and signaling pathways are altered (Shen et al., 2017).
Caspase-3 p12 was increased in the OB of Tso) mice. However, VD3
supplementation reduced caspase-3 p12 expression in the Tsyps) and
Wit(yps) groups. In the brain, caspase-3 p12 is involved in the activation
of apoptotic and pro-inflammatory signaling pathways (Kavanagh et al.,
2014).

Additionally, caspase-3 plays an important role in APP degradation
(Rohn and Head., 2009). The increase in caspase-3 indicates greater
proteolytic processing of APP, production of Ap peptides, loss of syn-
apses, death of neurons, and development of AD (Gervais et al., 1999;
Rohn and Head., 2009). In contrast, vitamin D reduces the activation of
apoptotic mechanisms and markers, including caspase-3 (Yuan et al.,
2018). In this context, the reduction in caspase-3 p12 in the treated
groups suggests a beneficial effect of VD3 on the OB.

Other effects of VD3 supplementation included reduction of MTHFR
expression. Thus, MTHFR can be considered an effector of VD3. MTHFR
is involved in DNA synthesis, methylation, and repair mechanisms
(Leclerc, 2013). Additionally, the MTHFR catalyzes the conversion of 5,
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10-methylenetetrahydrofolate to  5-methyltetrahydrofolate.  This
co-substrate remediates homocysteine to methionine (Blom and
Smulders., 2011). MTHFR deficiency has been associated with oxidative
stress, neurotoxic accumulation of homocysteine, and reduced methyl-
ation capacity (Moretti and Caruso, 2019).

Other studies have demonstrated that MTHFR polymorphism leads to
irregular homocysteine metabolism, contributes to hyper-
homocysteinemia, and increases the risk for AD (Rai, 2017; Roméan
et al., 2019). Increased homocysteine levels lead to a decrease in
S-adenosyl-L-methionine levels (SAM), ultimately resulting in deme-
thylation of DNA and overexpression of genes involved in the cleavage
of APP, leading to an increase and deposition of Ap42 (Roman et al.,
2019). Considering these results, the reduction in MTHFR levels in the
brain after treatment may suggest that VD3 affects the expression of this
protein in the brains of the Tsyps) and Wiyps) groups; however, further
studies are required to investigate the effects of this reduction on the
morphophysiology of the olfactory bulb.

Although some studies have demonstrated an increase in Pgp after
VD3 treatment (Chow et al., 2011; Durk et al., 2014), we did not observe
similar results between the experimental groups in this study. However,
we did determine that the trisomy factor contributes to the increased
expression of Pgp in OB. In the brains of mouse models of DS, the
expression of enzymes involved in the clearance of AP, such as
insulin-degrading enzyme and neprilysin, is not altered in the hippo-
campus (Wiseman et al., 2018); however, Pgp expression was not
analyzed in the olfactory bulb in DS mouse models. Pgp is a protein that
is expressed in the brain, primarily in the vasculature and astrocytes
(Aryal et al., 2017). This protein and other transporters of the
ATP-binding cassette (ABC) family are important elements of the
blood-brain barrier (BBB) that prevents or minimizes the effects of toxic
substances or components such as Ap42 (Durk et al., 2014), which can
enter or accumulate within the brain (Loscher and Potschka, 2005). In
this study, the increased expression of Pgp in the OB of the Ts(coy group
may indicate that Pgp-mediated efflux must be increased to optimize
Ap42 clearance.

In our previous study (Gomes et al., 2019), we observed increased
Pgp concentrations in the kidney tissue of trisomic mice treated with
high doses of VD3. This finding suggests two important events: VD3 may
act primarily by stimulating peripheral clearance of Ap42 and the in-
crease in peripheral clearance of Ap42 in the kidney may help optimize
the efflux of this peptide from peripheral tissues.

VD3 supplementation in the OB did not alter the NeuN protein
expression in the experimental groups. NeuN is considered a marker of
mature neurons (Gusel’nikova and Korzhevskiy, 2015). Mature neurons
possess a specific mechanism to block apoptosis and ensure long-term
survival (Kole et al., 2013). Moreover, the NeuN protein is expressed
neither in the tuft or mitral cells (Weiler and Benali, 2005), nor during
neuronal developmental stages (Francis et al., 1999). Thus, although
morphological abnormalities were observed in trisomy mice, it is
important to emphasize that these changes may also occur in other cell
types that do not express NeuN.

Although high doses of VD3 have been demonstrated to affect
morphology and certain target proteins in the olfactory bulb, it is
important to consider possible side effects. Hence, our study is limited as
the analysis of side effects such as monitoring of calcium and phosphate
levels could allow for a better understanding of the systemic effects of
high doses of VD3. However, in our previous study we observed a loss of
body weight in VD3-treated groups (Gomes et al., 2019), thus suggesting
the impact of high doses of VD3 in several metabolic pathways,
including those investigated in this study.

5. Conclusion
Our results indicate the presence of certain morphological and mo-

lecular abnormalities in the OB of Ts mice, thus suggesting that Ap42
plays a crucial role in morphofunctional abnormalities and may
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potentially lead to functional impairment of the OB. However, treatment
with high-dose VD3 attenuated some morphofunctional and molecular
changes in the OB of Ts mice. Further studies are needed to evaluate the
effects of high-dose VD3 in relation to other biomarkers and on the
functional aspects of the olfactory bulb.
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