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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is an incurable neurodegenerative disease in which the risk of development increases
3xTg-AD with age. People with AD are plagued with deficits in their cognition, memory, and basic social skills. Many of
Olfaction

these deficits are believed to be caused by the formation of amyloid-p plaques and neurofibrillary tangles in
regions of the brain associated with memory, such as the hippocampus. However, one of the early, preclinical
symptoms of AD is the loss of olfactory detection and discrimination. To determine if a mouse model of AD
expresses the same olfactory dysfunction seen in human AD, 3xTg-AD mice were given a buried food test and,
unlike previous studies, compared to their background and parental strains. Results showed that over 52 weeks,
the 3xTg-AD mice took significantly longer to find the buried food than the control strains. The olfactory bulbs of
the 3xTg-AD mice were removed, sliced, and stained using Congo red for histological analysis. Amyloid deposits
were observed predominantly in the granule layer of the olfactory bulb beginning at 13 weeks of age in 3xTg-AD
mice, but not in the control strains of mice. Further examination of the buried food test data revealed that 3xTg-
AD females had a significantly longer latency to detect the buried food than males beginning at 26 weeks of age.
Overall, this study provides further validation of the 3xTg-AD mouse model of AD and supports the idea that
simple olfactory testing could be part of the diagnostic process for human AD.

Congo red
Buried food test
Alzheimer’s

and behavioral symptoms become apparent (Alzheimer’s Association,
2020). The hallmark signs of AD are the presence of Amyloid-f (Af)

1. Introduction plaques and neurofibrillary tangles (NFTs) in the brain (Stelzmann et al.,
1995).

Alzheimer’s Disease (AD), one of the most common neurodegener- In addition to histopathological changes (i.e. Ap plaques, NFTs), a
ative diseases, is also the most frequent cause of dementia in human  consistent preclinical indicator of AD is a decline in olfactory function
populations (Ottaviano et al., 2016). The phenotype of AD involves (reviewed in Attems et al., 2015; Ottaviano et al., 2016). The olfactory
brain changes affecting behavior, cognition, and sensory functions. Pa- system begins in the nose, with the olfactory epithelium (OE), which
tients with AD exhibit unusual changes in mood, declines in higher  contains primary olfactory receptor neurons that detect odorants in the
cognitive functioning, and memory deficits. Structural changes in the environment (Doty, 2009; Martin, 2012). Olfactory receptors are unique

brain are believed to begin as early as 20 years before these functional
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Nomenclature

3xTg-AD B6; 129-Psen1™MP™ Tg (APPSwe, tauP301L)1Lfa/Mmjax

AD Alzheimer’s disease

Ap Amyloid-peta plaques

ANOVA Analysis of variance

APP Amyloid precursor protein

BFT Buried food test

BOLD Blood oxygen level-dependent

CDR Clinical dementia rating scale

EPL External plexiform layer of the olfactory bulb

FDG-PET Fluorodeoxyglucose-positron emission tomography

fMRI Functional magnetic resonance imaging
HC Healthy controls

H&E Hematoxylin and eosin

LC Locus coeruleus

NFTs Neurofibrillary tangles

OB Olfactory bulb

OE Olfactory epithelium

PB Phosphate buffer

PBS Phosphate buffered saline

PD Parkinson’s disease

SE Standard error

UPSIT  University of Pennsylvania Smell Identification Test

due to the fact that one receptor has the ability to recognize multiple
odorants, and a single odorant can be recognized by multiple olfactory
receptors, creating a combinatorial receptor code (Touhara, 2002). The
olfactory receptor neurons are bipolar neurons that project their axons
to glomeruli of the olfactory bulb (OB). The glomeruli are organized
according to receptor type; therefore, the olfactory receptor neurons
containing the same receptor type will converge onto a glomerulus that
contains projections from other olfactory receptor neurons of the same
sensory type (Doty, 2009). The OB is divided into specific layers, which
include the olfactory nerve layer, the glomerular layer, the internal
plexiform layer, the outer or external plexiform layer, and the granule
layer. The granule layer is the largest in volume compared to the others
(Doty, 2009). One of the unique features of the olfactory system is its
ability to regenerate neurons in both the OE and in the granule layer of
the OB (Martin, 2012). The granule cell layer contains interneurons that
regulate the mitral and tufted cells of the OB as they project to the
various regions of the primary olfactory cortex, which include the
anterior olfactory nucleus, amygdala, olfactory tubercle, piriform cor-
tex, and entorhinal cortex (Martin, 2012). When discussing different
aspects of olfaction, olfactory abilities that can be measured or tested
include odor detection, odor discrimination, odor identification, and
olfactory memory/recognition (Marin et al., 2018).

In humans without AD, olfactory function normally declines with
age, with average scores on a smell identification test showing the
greatest decline in the sixth to tenth decades of life (Doty et al., 1984). In
humans with AD, olfactory function shows an age-related decline that is
both exacerbated and accelerated compared to non-AD patients (Godoy
et al., 2015). Olfactory dysfunction, specifically the ability to identify
and recognize odors, typically occurs before other AD symptoms appear
(Doty, 2008; Stamps et al., 2013; Doty et al., 2014; Kjelvik et al., 2014;
Wang et al., 2010).

Sex differences in olfactory function have been reported. For
example, on a smell identification test, females showed greater deficits
than males at all ages (Doty et al., 1984). This may be due to morpho-
logical differences between male and female OBs, with females having,
on average, 40-50% more neurons and glial cells than males despite no
significant difference between the sexes in the total mass of the OBs
(Oliveria-Pinto et al., 2014). The nature of the olfactory deficits in AD
could be due to dysfunction of the OBs, although this has yet to be fully
established. OB atrophy has been described in human AD (Thomann
et al., 2009), and the presence of NFTs in the OB has been reported in
early AD (reviewed in Ottaviano et al., 2016).

The animal model of AD used in this study is the 3xTg-AD mouse. The
3xTg-AD phenotype closely mimics the human AD phenotype and has
been widely used to study AD due to the fact that the animals develop
not only the Ap plaques, but NFTs as well (Oddo et al., 2003; Bryan et al.,
2009; Sterniczuk et al., 2010a, 2010b; Medina et al., 2011). Currently,
there have been a limited number of studies using behavioral tests to
study olfaction in 3xTg-AD mice. Coronas-Samano et al. (2014) studied
only female 3xTg-AD mice and found differences in pheromone-induced
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behaviors (compared to wild-type female controls) as early as 4 months.
Other olfactory differences were not evident until later; for instance, at
16-18 months of age, differences include the ability to detect
nursing-relevant odors, identify secretions from sexually active males,
and discriminate between certain food related odors. Marchese et al.
(2014) conducted olfactory sensitivity tests only in male 3xTg-AD mice
aged from 1.5 until 12 months. They found that the male 3xTg-AD mice
exhibit altered olfactory responses to peanut butter (compared to
wild-type controls), as measured by time spent exploring a filter paper
containing the odorant. These differences increased as the mice aged.
Roddick et al. (2016) used operant conditioning to assess olfactory
detection abilities in the 3xTg-AD mice at 6 months of age. They found
that females, but not males, had lower levels of olfactory detection
relative to their age-matched, wild-type littermates. Lastly, using the
ABPP/PS1 mouse model, Wu et al. (2013) found evidence through
western blot analysis that Ap deposition may begin in the OE beginning
at 1 month of age and deficits in detecting a novel odor began between 2
and 3 months of age.

In this study, we used both male and female 3xTg-AD mice, and
unlike previous studies, compared their ability to detect an odorant (a
buried piece of food). Although the Buried Food Test (BFT) can be
considered a less refined method of measuring odor detection than op-
erant conditioning using olfactometers (Roddick et al., 2016), the BFT
has been used reliably since its introduction in the 1970s (Alberts and
Galef, 1971) as a standard to investigate olfactory impairment. In
comparison to newer olfactory tests, the BFT has advantages such as a
pre-test acclimation period (to reduce anxiety and novelty-induced
exploration of the test cage). Furthermore, the buried food odorant
used in the BFT is the same chow the mice have been given throughout
their lifespan, which can reduce novelty-induced hypophagia (Machado
et al., 2018). The BFT is based on an innate behavior of mice (foraging
for food), and the use of novel rewards, such as artificially flavored
cereal instead of the familiar mouse chow, has been shown to produce
different foraging behavior (Machado et al., 2018). Lastly, the BFT was
used as a means to determine if the 3xTg-AD mice could actually detect
odors; if the mice could not detect smells, then other tests of olfactory
abilities would have produced inconclusive results.

We used the BFT at multiple time points (13, 26, 39, and 52 weeks) to
determine if olfactory detection decreases over time in male and female
3xTg-AD mice and in three different age-matched controls. In addition,
we combined these results with a histological examination of the ol-
factory bulbs at these same time points to determine if amyloid depo-
sition in the olfactory bulbs occurs concomitantly with the hypothesized
decrease in ability to detect odors in the BFT. Olfactory bulbs were
removed, sliced, and stained at matching time points using Congo red for
histological analysis of amyloid deposits. Based upon data in humans
with and without AD (Doty et al., 1984; Godoy et al., 2015), it was
hypothesized that as all of the mice aged, there would be an increased
time to find the odorant, but the 3xTg-AD mice would take longer than
control mice. Overall, the goal of this study is to further validate the
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3xTg-AD model for use in AD studies and to enhance our understanding
of olfactory decline in AD.

2. Materials and methods

All methods described below were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and were
approved by Christopher Newport University’s Institutional Animal
Care and Use Committee.

2.1. Mice

There are numerous mouse strains available exhibiting a variety of
AD phenotypes on a variety of genetic backgrounds with one or a
combination of targeted mutations or transgenes known to be involved
in the pathogenesis of AD (Mouse Genome Informatics, 2020; Bryan
et al., 2009). The model used in this study is B6;129-Psen1™MP™ Tg
(APPSwe, tauP301L)1Lfa/Mmjax, commonly called the 3xTg-AD
mouse, so named because it was engineered to contain three human
transgenes (Oddo et al., 2003). These transgenes include: PS1yj46v, a
mutated form of presenilin 1, known to cause an aberrant cleavage of
APP (amyloid precursor protein), and eventual Af plaques (Duff et al.,
1996); APPgye, the gene for encoding APP isoform 751, containing the
Swedish mutation, known to increase AP formation (Richards et al.,
2003); and taupso;, a mutated form of tau resulting in hyper-
phosphorylated tau, and eventual NFTs (Gotz et al., 2001). Two breeder
pairs of 3xTg-AD mice, all homozygous for the 3 transgenes, were ob-
tained from the Mutant Mouse Resource & Research Center at Jackson
Laboratories (stock number 034830-JAX; https://www.jax.org/stra
in/004807). Both APPg,. and taupspj;, are under transcriptional con-
trol of mouse Thy 1.2, which drives expression primarily in the central
nervous system (Oddo et al., 2003). These mice were bred to create a
colony of mice for use in this study. Additionally, C57BL/6NCrl (strain
code 475; herein referred to as C57BL/6) and 129S2/SvPasCrl (strain
code 476; herein referred to as 129) mice were obtained from Charles
River Laboratories, and bred to serve as the background control mice.
Lastly, to try and best replicate the parental strain of the 3xTg-AD mice,
which were originally made by injecting the APPgy. and taupspiL
transgenes into Psenl-knock-in mouse (which are on a 129/C57BL/6
background), C57BL/6 mice were bred with 129 mice. The F1 offspring
from the control C57BL6 and 129 mice are herein referred to as Hybrids
in this study. Mice were group-housed in individually ventilated cages
with ad libitum access to food and water.

At birth, each mouse was assigned an age group (13 weeks, 26 weeks,
39 weeks, and 52 weeks of age) that defined their endpoint to sacrifice
for histology. The chosen endpoints were based on previous studies that
have examined the behaviors of the 3xTg-AD mice. It has been found
that cognitive and/or memory deficits begin at 3-4 months of age, with
amyloid-p plaques being detected at approximately the same time;
hence testing began at 13 weeks. Altered synaptic transmission and LTP
begins at 6 months of age (26 weeks) and hyperphosphorylated tau
appears between 6 and 9 months of age (https://www.jax.org/stra
in/004807; Oddo et al., 2003; unpublished work). Mice assigned to
the 52-week group were tested in a Buried Food Test (BFT, described
below) at 13, 26, 39, and lastly 52 weeks of age. Hence, mice assigned to
the 39-week group were tested in the BFT at 13, 26, and 39 weeks of age;
mice assigned to the 26-week group were tested at 13 and 26 weeks of
age; and finally, mice assigned to the 13-week group were only tested at
13 weeks of age. This made the study cross-sectional and longitudinal in
nature. Table 1 displays the number of mice tested at each time point in
the study.

2.2. Buried food test

The BFT procedures for olfactory detection were adapted from Yang
and Crawley (2009). Twenty-four hours prior to being tested, all food
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Table 1

Buried food test: total # of animals tested at each time point. The number in
parentheses indicates the # of animals that did not find the buried food in the
time allotted (900 s).

13 weeks 26 weeks 39 weeks 52 weeks
3xTg-AD male 42 (0) 34 (0) 21 (0) 9(0)
3xTg-AD female 41(2) 39(1) 27 (4) 15 (3)
129 male 49 (1) 41 (1) 31 (0) 23 (0)
129 female 35 (0) 27 (0) 20 (0) 14 (1)
C57BL/6 male 32(2) 29 (0) 19 (0) 14 (0)
C57BL/6 female 37 (0) 31 (0) 19 (0) 15 (0)
Hybrid male 36 (2) 33 (0) 20 (1) 15 (0)
Hybrid female 37 (0) 26 (0) 20 (2) 11 (0)

was removed from the cage. Water remained available ad libitum
throughout the study. The next day, each mouse was tested individually
by being placed in the center of a static rat cage (10.75” W x 19.4”
D x 10.75"” H; with approximately 3 cm of bedding) and allowed to
acclimate for 3 min. Following acclimation, the mouse was briefly
removed while one piece of mouse chow was placed in the corner of the
cage about 1 cm below the surface of the bedding (the same corner was
used in every trial). The mouse was returned to the center of the rat cage
and given a maximum of 15 min to find the food. The latency to find the
food (indicated as either the mouse uncovering the piece of chow,
picking up the piece of chow, or beginning to consume it) was recorded
in seconds. If the mouse did not find the chow in the 15 min, the time
was recorded as 15 min (900 s). All activity was recorded and saved
using a digital camera (positioned above the rat cage) connected to a
tablet.

2.3. Statistical analysis of the BFT

All statistics were completed using IBM SPSS Statistics, Version 27.
For all statistical tests, the variances and sphericity of the data are re-
ported in the corresponding Results section. A series of one-way
ANOVAs was conducted within each age group (13, 26, 39, and 52
weeks) to test for a main effect of age on BFT performance. Levene’s Test
of Homogeneity was used to test for equal/unequal variance among the
groups, and Tukey’s post-hoc test was used for pairwise comparisons.

The Shapiro-Wilk’s statistic, Skewness, Kurtosis, examination of
histograms, and normal Q-Q Plots were all used to determine if the
behavioral data followed a normal distribution at the end of 52 weeks
(summarized in Supplementary Table 1). Among only the mice that
completed the 52 weeks, a mixed ANOVA was used to test for an effect of
strain on BFT performance, along with repeated measures ANOVA on
each strain to explore the effect of age on BFT performance in these mice
(accounting for the longitudinal nature of the study). Pairwise com-
parisons were done using the Bonferroni post-hoc test and are reported
using the Bonferroni correction.

Next, to evaluate sex differences of 3xTg-AD performance on the
BFT, a mixed ANOVA was run, followed by independent t-tests to
determine at which time points the sexes significantly differed. Lastly, in
order to determine whether there was a significant increase in the la-
tency to find the buried food in just female or male 3xTg-AD mice across
52 weeks, a one-way ANOVA was completed on just the females or just
the males.

2.4. Olfactory bulb preparation for histology

At the conclusion of the predetermined endpoint (~24 h after the
BFT), mice were heavily anesthetized with a cocktail of ketamine (100
mg/kg) and butorphanol (2 mg/kg) and transcardially perfused with a
cold Ringer’s solution flush, followed by 4% paraformaldehyde in PB
(phosphate buffer, 0.2 M). Brains were removed from the animals and
olfactory bulbs (OBs) were collected and stored at 4 °C, separating the
left and right into different vials containing PBS (phosphate buffered
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saline; pH 7.4). OBs were then dehydrated with increasing concentra-
tions of alcohol followed by toluene. Samples were then embedded in
TissuePrep paraffin wax (Fisher Scientific, Hampton, NH), sectioned at
25 pym using an 820 Spencer Microtome (American Optical) and placed
on Fisherfinest Premium slides (Fisher Scientific). From each subject, 16
slices of OB tissue were split between two slides (8 sections each) for a
total of 400 pm. These slides were later stained with either Congo red or
Congo red and hematoxylin and eosin (H&E).

2.5. Congo red staining for amyloid deposits in the OBs

Methods for Congo red-amyloid staining were adapted from the
Congo Red Kit guidelines (MilliporeSigma, St. Louis, MO). Congo red has
been reliably used to detect the accumulation of amyloid proteins in
various tissue types by forming hydrogen bonds to the B-pleated sheets
of the amyloid fibrils, selectively staining plaques (Puchtler et al., 1962;
McPherson et al., 1966; Wilcock et al., 2006). The advantage to using
this method is that sets of slides can be stained at the same time,
allowing for increased uniformity in the intensity of labeling. Because
Congo red is not specifically selective for the amyloidogenic Af; 42
protein found primarily in plaques, it is not able to differentiate between
different amyloids (Ap;_40 and AP1_42) and will bind to other proteins
containing high amounts of B-pleated sheets, such as fibrin and elastin
(Lendrum et al., 1972; Horobin and Flemming, 1980). When tissue is
stained with Congo red, amyloid deposits will produce a characteristic
red-green birefringence under polarized light (Puchtler et al., 1962;
Elghetany and Saleem, 1988; Westermark et al., 1999).

Before staining, samples were deparaffinized using toluene and
rehydrated by subsequent ethanol baths of decreasing concentrations
followed by a deionized water bath. Slides containing samples from the
same subject were separated, with one slide from each animal exposed
to H&E (Hematoxylin Solution, Gill No. 3, MilliporeSigma) for 5 s to
provide counterstain while the other remained in the water bath. Both
groups of slides were then rinsed in a tap water bath before incubation in
an alkaline NaCl solution (0.4 ml of 0.25 M sodium hydroxide in 40 ml
alcoholic NaCl solution) for 20 min. Post-incubation, slides were
exposed to 0.4% Congo red (MilliporeSigma) in an alkaline sodium
chloride solution, which was freshly mixed and filtered while slides were
in the NaCl bath. Slides were incubated in the Congo red solution for 30
min before being rinsed 3 times in 100% ethanol, which was replaced
between each rinse. Slides were then cover-slipped using Cytoseal XYL
(Thermo Scientific) and Slip-Rite cover glass (Thermo Scientific,
Richard-Allan Scientific). Slides were left under a cover to dry overnight
before placing them into an opaque storage container.

2.6. Analysis of Congo red labeling for amyloid deposits in the OBs

A Nikon C2 confocal microscope was used to examine the olfactory
bulbs for the presence of amyloid. For the 13-, 26- and 39-week age
groups, a sampling of 3-7 animals were examined. Since the most sig-
nificant behavioral differences were seen at the 52-week timepoint, all
available OBs of the 52-week old 3xTg-AD mice were examined. Both
slides created for each animal were observed, but due to the intensity of
the H&E stain, Congo red only slides were used for identifying amyloid
deposits. The H&E stained sections were used as a guide to identify the
location within the OB in which amyloid was found. Images were
captured using NIS-Elements Imaging Software. OB slides were observed
at a magnification of 4x and 20x under bright-field conditions. When a
darker red deposit was observed, the light was passed through the
polarizing lens to detect birefringence. Images were captured under both
light conditions.
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3. Results
3.1. BFT: all animals

The results from the BFT, summarizing the times to reach the buried
food, are displayed in Fig. 1 as a clustered boxplot. Among all mice in the
study, a series of one-way ANOVAs was conducted within each age
group (13, 26, 39, and 52 weeks) to evaluate the hypothesis that dif-
ferences in BFT performance would exist between the various mouse
strains. At 13 and 26 weeks, no statistical differences were found be-
tween the strains (one-way ANOVA, equal variance; p > 0.05). At 39
weeks, a significant difference among the strains was detected (one-way
ANOVA, unequal variance; F (3, 173) = 4.80, p < 0.01). Tukey’s post-
hoc tests revealed that at 39 weeks of age, the C57BL/6 mice took a
significantly shorter amount of time than the 129 (p < 0.05), Hybrid (p
< 0.05), and 3xTg-AD (p < 0.01) mice to find the buried food. At 52
weeks, a significant difference in BFT performance was again found
among the mouse strains (one-way ANOVA, unequal variance; F (3,
112) = 10.30, p < 0.001). Post-hoc tests revealed that the 3xTg-AD
mice took significantly longer to find the buried food than the 129 (p
< 0.05), C57BL/6 (p < 0.001), and Hybrid (p < 0.001) mice, supporting
our hypothesis. Shapiro-Wilk’s tests were performed to examine
normality of the data. The results of this test were mixed, and the exact
values for Skewness and Kurtosis for each strain and time point are
presented in Supplementary Table 1.

3.2. BFT in all 52-week old mice

To test the hypothesis that mice at all four timepoints will show an
increase in the time to find the buried food, but that the 3xTg-AD mice
will take the longest, a mixed ANOVA was run. Due to violation of as-
sumptions of sphericity, ANOVA test statistics are reported using the
Huynh-Feldt adjustment. A main effect of age was identified in the data
(mixed ANOVA, equal variance except at 52 weeks; F (2.87, 281.49) =
3.67, p < 0.05). There was also a main effect of the strain of the animals
(F (3, 98) =3.90, p < 0.05), as well as a significant age by strain
interaction (F (8.62, 281.49) = 3.51, p < 0.001).

To further examine the effect of age on BFT performance, a repeated
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Fig. 1. BFT from all animal strains displayed as a clustered boxplot. Within
each box on the boxplot, the solid horizontal line towards the middle of the box
represents the median of the data set; above the line is the upper or third
quartile and below the line is the first or lower quartile of that dataset. The
maximum and minimum values (excluding outliers) are represented by the
whiskers above and below the boxes. Outliers are represented by the circles and
stars above the top whisker, as calculated by SPSS (although they were included
in the statistical analysis). At 39 weeks of age, C56BL/6 mice took the shortest
time to find the buried food compared to all other mice at that age (#p < 0.01).
At 52 weeks of age, 3xTg-AD mice took significantly longer to find the buried
food than all other mice at that age (##p < 0.001).
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measures ANOVA was done for each strain of mouse. For the 129 strain,
a significant effect of age was detected (F (3, 34) = 3.37, p < 0.05;
Wilks’ Lambda = 0.77). However, pairwise comparisons failed to show
any significant differences in the performance of 129 mice on the BFT,
across the lifespan. For the C57BL/6 mice, no significant age effect was
detected, nor were any significant differences found in the pairwise
comparisons. This indicated that the C57BL/6 mice neither did poorer
nor improved on the BFT over their lifespan. A significant effect of age
was detected for the Hybrid mice (F (3, 17) = 3.37, p < 0.05; Wilks’
Lambda = 0.63), and pairwise comparisons showed a significant dif-
ference between their performance at 13, compared to 52 weeks
(p = 0.050). This indicates that Hybrids slightly decreased their time to
find the buried food by the end of the study. 3xTg-AD mice showed a
significant age effect (F (3, 13) =4.13, p<0.05; Wilks’
Lambda = 0.51). Pairwise comparisons identified a difference in BFT
performance at 26 weeks compared to 52 weeks (p < 0.05), indicating
that the 3xTg-AD mice took longer to find the buried food at 52 weeks of
age. An overall trend existed for the transgenic mice to increase their
latency to find the buried food over the lifespan, supporting the
hypothesis.

3.3. BFT in 3xTg-AD mice: males vs. females

Results from the BFT were examined for sex differences among the
3xTg-AD mice because phenotypic differences have been reported to be
less apparent in male compared to female 3xTg-AD mice (Jackson Lab,
https://www.jax.org/strain/004807). A summary of these findings is
displayed in Fig. 2 as a clustered boxplot, and a mixed ANOVA was used
to test for differences between the sexes over the 52 weeks. Mauchly’s
test of Sphericity was not significant (p > 0.05), so statistics are reported
with sphericity assumed. 3xTg-AD mice showed a significant main effect
of age (F (3, 42) = 5.84, p < 0.05), as well as a significant interaction
between age and sex (F (3, 42) = 3.13, p < 0.05). For pairwise com-
parisons, a series of independent sample t-tests were run at each time
point. For all time points/age groups, Levene’s Test of Homogeneity of
Variances was significant, and unequal variance was assumed. At 13
weeks, there was no statistically significant difference between males
and females. However, at 26 (t=2.29, p < 0.05), 39 (t=2.68,
p < 0.05), and 52 (t = 2.36, p < 0.05) weeks, females took significantly
longer to find the buried food than the male mice.

Lastly, among female 3xTg-AD mice that were alive for all 52 weeks
(n =15), a significant effect of age was observed (one-way ANOVA,
unequal variance; F (3, 48) = 4.64, p < 0.01), and Tukey’s post-hoc
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Fig. 2. Comparison of male and female 3xTg-AD mice on the BFT. Displayed is
the clustered boxplot of the mice at each time point. At 26, 39, and 52 weeks of
age, female 3xTg-AD mice took significantly longer to find the buried food than
male 3xTg-AD mice (*p < 0.05). All data was included in the statistical anal-
ysis. Circles and gray stars above the whiskers represent outliers.
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tests showed that at 13 (p < 0.05) and 26 (p < 0.05) weeks, female
mice were quicker to find the buried food than at 52 weeks. Among male
3xTg-AD mice that were alive for the duration of the study (n = 9), no
significant effect of age was observed (one-way ANOVA, equal variance;
F (3, 32) =2.30, p = 0.096). Thus, there was no significant change in
BFT performance for male 3xTg-AD mice across their lifespan.

3.4. Amyloid deposits in the OBs

Based on the BFT performance differences, we hypothesized that
3xTg-AD female mice would show more amyloid deposition than males.
At all timepoints, none of the C57BL/6, 129, or Hybrid mice displayed
amyloid deposits in their OBs. This is expected because they do not
contain any of the AD transgenes. Table 2 summarizes the results of our
semi-quantitative analysis of the Congo red staining of all the 3xTg-AD
mice. Overall, when an amyloid deposit was positively identified, it
appeared in 1-2 sections of the OB tissue.

Amyloid deposition is seen as early as 13 weeks of age in the OBs of
the 3xTg-AD mice. The granule layer of the OB was most prominently
affected, with the outer or external plexiform layer (EPL) next. The most
striking results were in the year-old mice. Of the 15 female 52-week old
3xTg-AD mice, 13 had OBs that could be observed, while of the 9 male
52-week old 3xTg-AD mice, 7 had OBs that could be observed. In rela-
tion to the presence of amyloid, 12 out of 13, or ~92% of the 52-week
old female 3xTg-AD mice showed amyloid deposits in the granule
layer or EPL. In the 52-week old male 3xTg-AD mice, 4 out of the 7, or
~57% showed amyloid deposits in the granule layer of either the left or
right OB, as determined in accordance with the H&E stain and the mouse
brain atlases (Lein et al., 2007; Paxinos and Franklin, 2012). Repre-
sentative photomicrographs are shown in Fig. 3.

4. Discussion

This study examined the olfactory detection abilities of the 3xTg-AD
mouse model of AD, along with its background (C57BL/6 and 129) and
simulated parental strains (Hybrids), across the span of 52 weeks. It was
found that 129 and Hybrid mice averaged similar times to reach the
buried food at each of the time points examined. C57BL/6 mice actually
showed a decrease in time over the 52 weeks, while the 3xTg-AD mice
showed a significant increase in time over the 52 weeks to reach the
buried food. Further examination of the data showed that female 3xTg-

Table 2
Amyloid deposits in the OBs of 3xTg-AD mice across the lifespan. Abbreviations:
ROB, right olfactory bulb; LOB, left olfactory bulb.

Proportion of ROB or LOB Layer of OB amyloid
animals with observed
amyloid
3xTg-AD male: 1/6 (17%) 3 LOBs Granule layer
13 weeks 5 ROBs
3xTg-AD 3/6 (50%) 2 LOBs Inner (1) & External
female: 13 5 ROBs Plexiform (2) Layers
weeks
3xTg-AD male: 3/7 (43%) 4 LOBs Granule (1) & External
26 weeks 6 ROBs Plexiform (2) Layers
3xTg-AD 2/7 (29%) 5 LOBs Granule (1) & External
female: 26 6 ROBs Plexiform (1) Layers
weeks
3xTg-AD male:  2/3 (67%) 3 LOBs Granule layer (2)
39 weeks 1 ROB
3xTg-AD 3/6 (50%) 4 LOBs Granule (3)
female: 39 2 ROBs
weeks
3xTg-AD male:  4/7 (57%) 7 LOBs Granule (4)
52 weeks 5 ROBs
3xTg-AD 12/13 (92%) 8 LOBs Granule (11) &
female: 52 10 ROBs External Plexiform (3)
weeks Layers
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AD mice perform significantly worse than male 3xTg-AD mice starting at
26 weeks of age. Lastly, to correlate the behavior with anatomy, the OBs
of the animals were stained with Congo red and revealed that amyloid
deposits were most prominently found in the granule layer of the OB
beginning at 13 weeks of age.

4.1. The olfactory bulb

The two locations within the OBs of the 3xTg-AD mice that amyloid
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Fig. 3. Congo red staining in the OBs of 3xTg-
AD mice. (A) Shows a 52-week-old female
with Congo red and H&E labeling visible, with
an arrow pointing to a possible amyloid deposit.
Image taken at 4x; scale bar = 200 pm. Images
B and C are the same 52-week-old female.
When confirming the presence of amyloid, the
deposit boxed in (A) displayed birefringence;
(B) is the brightfield image, while (C) shows the
birefringence under polarized light at 20x
magnification. Images D-G are a 52-week-old
male (D, E) and a 52-week-old female (F, G).
The left column (D, F) show bright-field images,
while the right column (E, G) shows birefrin-
gence under polarized light. No amyloid was
observed in the 129, C57BL/6 nor Hybrid mice.
Note in G, E, and G the presence of the amyloid
deposits confirmed with the use of a polarizing

lens. Images (B-G) taken at 20x; scale
bar = 50 um. Abbreviations: GR = granule
layer; EPL = external plexiform layer;

GL = glomerular layer.

deposits were mainly found in were the granule cell layer and the outer
or external plexiform layer (EPL). The EPL is found under the glomerular
layer and is considered the second level of olfactory processing, as the
dendrites of mitral, tufted, and granule cells are found in the EPL
(Hamilton et al., 2005; Nagayama et al., 2014). Also, within the EPL, the
cell bodies of tufted cells, interneurons, and astrocytes have been
identified. The interneurons of the EPL and the granule cells of the
granule layer are all considered inhibitory, meaning they release GABA
(Hamilton et al., 2005; Nagayama et al., 2014; Nunes and Kuner, 2015).



D.A. Mitrano et al.

Based on electrophysiological studies, it has been found that mitral and
tufted cells form excitatory synapses on the interneurons of the EPL. The
EPL interneurons, when stimulated, seem to inhibit mitral and tufted
cells to a degree, but more interestingly the EPL interneurons can inhibit
the glomeruli, which can therefore affect the second level of odor pro-
cessing, also termed odor encoding (Hamilton et al., 2005). The granule
cells form dendrodendritic synapses mainly onto mitral cells (contained
within the EPL), causing mitral cell inhibition, leading to the synchro-
nization and temporal patterns seen in the mitral cells and fine-tuning of
activity overall in the OB network. In order to determine the function
and behavioral output of granule cells inhibiting mitral cell output,
Nunes and Kuner (2015) deleted the B3 subunit of the GABA, receptor
exclusively in the granule cells of the OB in mice. This resulted in
disinhibition of the granule cells, which in turn increased inhibition of
the mitral cells. When the behavior of the mice in olfactory discrimi-
nation tasks was examined, they found that the enhanced inhibition of
the mitral cells increased odor discrimination times, but did not affect
discrimination learning (Nunes and Kuner, 2015). Therefore, the amy-
loid deposits observed in the EPL and granule cell layers in the 3xTg-AD
mice could lead to dysfunction, or even the degeneration of the neurons
in both layers and thus could affect olfactory processing beginning at the
glomeruli of the OB.

In addition to projecting to the primary olfactory cortical areas, the
OB receives input from the main noradrenergic nucleus of the brain, the
locus coeruleus (LC). Norepinephrine contributes to wakefulness, sen-
sory vigilance, and alertness. It is estimated that approximately 40% of
LC neurons project to the OB (Shipley et al., 1985), with axonal fibers
terminating in the plexiform and granule cell layers, mainly on granule
cells (McLean et al., 1989). An interesting connection is that dysfunc-
tions in olfaction occur in the early stages of AD, as does degeneration of
the LC (Kelly et al., 2017). Although amyloid and Af plaques are usually
extracellular, the deposition of this protein, in combination with
possible altered neurotransmitter input from the LC, could cause
disruption of synaptic signals between the different cells in the OB,
resulting in the decreased ability of the 3xTg-AD mice to detect buried
food as they aged.

4.2. Olfaction, memory, and locomotor activity

In this study, the ability to find a buried piece of food was examined.
This is considered an odor detection test, but the longitudinal nature of
our study likely integrates a long-term memory component. By the
fourth trial, mice may have recognized the testing environment and
remembered that a buried food pellet was available somewhere nearby.
This could explain why our hypothesis that the background and parental
strains of mice (129 s, C57BL/6, and Hybrids) would have a decline in
their olfactory detection abilities, in line with human studies, was not
supported. It is possible that the three control strains of mice, not having
any memory deficits due to the transgenes present in the 3xTg-AD mice,
better remembered the task from the previous iterations.

Other studies have supported the important link between olfaction
and memory in this model. Cassano et al. (2011) examined olfactory
memory using a social transmission of food preference test in
18-month-old 3xTg-AD mice. They found that the 3xTg-AD mice had
major deficits in the preference for the cued food (interpreted as deficits
in odor-based memory). When examining the various brain regions of
the mice, AB- and tau- immunoreactivity was detected, using the 6E10
antibody, in the piriform cortex, entorhinal cortex, and orbitofrontal
cortex, but not the OBs (Cassano et al., 2011). The 6E10 antibody binds
to the first 16 amino acids of the p-amyloid protein, which is included in
the areas where Congo red binds (AP;_49 and Ap;_42); therefore, the
6E10 antibody and Congo red should provide similar data (Manufac-
turer info, BioLegend, San Diego, CA). There can be various reasons why
Ap was not detected in the OBs of Cassano et al.,’s study, one being a
false negative due to the complex and sensitive method of immunohis-
tochemistry. Congo red directly binds to amyloid in a simpler protocol.
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To our knowledge, this is one of the first reports of amyloid deposition,
identified by using Congo red, in the olfactory bulb of 3xTg-AD mice
beginning at 3 months of age.

In recognition of the tight link between olfaction and memory, our
method was carefully selected to avoid the possibility of a memory
deficit overwhelming our ability to detect an olfactory deficit. As used in
this study, the BFT is a simple olfactory detection test that relies on
innate food-seeking behavior, guided by a familiar odorant: mouse
chow. This is advantageous as the mice did not need to familiarize
themselves with new odorants or learn associations between a novel
odor and a reward. Foraging for food is a natural behavior for mice.
Therefore, food deprivation overnight in preparation for our BFT was
sufficient to motivate the mice, and our method requires essentially no
learning or training. When working with an AD mouse model that has
been shown to have memory and cognitive decline beginning at 4
months of age (Billings et al., 2005) and numerous anxiety behaviors,
such as increased restlessness and increased startle responses (Sternic-
zuk et al., 2010b), a reduction in handling and learning of new tasks is
another advantage of the BFT. Using food pellets that the mice have been
exposed to repeatedly, in addition to the acclimation period the mice
were given before the food was buried, have both been shown to reduce
anxiety and novelty induced hypophagia, which is the inhibition of
feeding that can occur when exposed to a novel food (Machado et al.,
2018).

Another aspect to take into consideration when examining the results
from the BFT is the locomotor abilities of the 3xTg-AD mice. It has been
reported in human AD that motor function starts to decline in the early
stages of AD. For example, Pettersson and colleagues (2005) performed
a battery of tests assessing various motor skills in AD patients such as
talking while walking, a timed up and go test (stand up, walk and sit
back down), and a timed up and go test while holding a glass of water.
They found that AD patients did worse on those three tasks compared to
patients with mild cognitive impairment (Pettersson et al., 2005). When
referring to the 3xTg-AD mice, it is fair to speculate that some of these
motor deficits seen in humans could extend to the AD mouse model,
resulting in the mice failing to find the buried food.

Previous studies have shown a mixture of motor deficits and en-
hancements in 3xTg-AD mice. Stover et al. (2015) studied 6-month-old
3xTg-AD mice and found that they performed better than wild-type mice
on the Rotarod test and had longer stride length in a gait analysis, but
performed worse on a grid suspension task and made more foot slips
than wild-type mice on a balance beam. They also found that the
3xTg-AD mice had increased rotations on a running wheel compared to
wild-type controls. Garvock-de Montbrun et al. (2019) studied
16-month-old 3xTg-AD mice and found that they also performed better
than wild-type mice on the Rotarod and worse on the balance beam.
However, they found no statistically significant difference in perfor-
mance on wire hanging and grid suspension tasks as well as no differ-
ences in stride length or width in a gait analysis. These results indicate
that the motor phenotype of 3xTg-AD mice is complex, and there is at
least as much data suggesting these mice have a motor enhancement as
there is data suggesting a motor deficit. Therefore, the 3xTg-AD’s
inability to find the buried food cannot easily be attributed to locomotor
deficits.

4.3. Sex differences in olfaction in humans and mice

One major finding of our study is a profound sex difference in per-
formance on the buried food test in 3xTg-AD mice. Sex differences in
olfaction have been seen in humans as well as in mice. In healthy in-
dividuals, it has been shown that women outperform men on smell
identification (Doty et al., 1984) and odor memory tests, both of which
decline with age in women and men (Choudhury et al., 2003) but to a
greater degree in men (Liu et al., 2016). Age-related decline in olfactory
processing can be linked to a variety of issues, including atrophy of the
olfactory neurons, namely in the glomerular layer of the OB (Smith,
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1942), damage to the OE by environmental factors (cigarette smoke,
pollution, etc.), changes in metabolic enzymes in the nasal mucosa,
thickening of nasal structures, reduced nasal blood flow, alterations in
neurotransmission, and other neurological issues (reviewed by Martinez
et al., 2018). In reference to olfactory abilities and AD, it is estimated
that at least 80% of human AD patients have olfactory dysfunction of
some sort (Karpa et al., 2010; Marin et al., 2018). In the United States, it
has been reported that about two-thirds of those diagnosed with AD or
related dementias are women (Alzheimer’s Association, 2020). It has
been shown that those with AD perform worse on odor identification
and odor recognition tasks, which are considered higher order cognitive
processes, compared to odor discrimination and odor detection (Rahayel
et al., 2012).

When looking at the sex differences between the performance of
male and female 3xTg-AD mice on the BFT, it was found that the female
mice took significantly longer to reach the buried food beginning at 26
weeks. There could be various reasons why olfactory function in male
3xTg-AD mice is less affected. Certainly, it is reasonable to acknowledge
that this model mirrors patterns seen in humans, with a higher rate of AD
in females than males. Our data are also in line with a report provided by
the LaFerla group (who created the 3xTg-AD model) to The Jackson
Laboratory in 2014 describing that the male 3xTg-AD mice might not
exhibit all of the phenotypic traits that the female mice do (The Jackson
Laboratory, 2020). Unfortunately, the root cause of the sex differences
remains unknown.

There have been previous studies on some aspects of olfaction that
differ between male and female 3xTg-AD mice. Roddick et al. (2016)
examined the 3xTg-AD mice and another AD mouse model, the 5XFAD
model. The researchers used an olfactometer and differing concentra-
tions of ethyl acetate, known to have somewhat of a fruity smell, in their
odor detection test. It was found that, at low odorant concentrations,
3xTg-AD female mice exhibit impaired olfactory detection relative to
males and to wild-type controls at 6 months of age. In agreement with
our findings, no differences were found in the 3xTg-AD males compared
to the females and wild-type controls at this age (Roddick et al., 2016). A
study by Coronas-Sdmano et al. (2014) only used female 3xTg-AD mice
in their work, citing that the risk of AD is higher in females compared to
males. They examined the 3xTg-AD females at approximately five, ten,
and eighteen months of age on odor discrimination tasks. They found
that 3xTg-AD females had no preference for a sexually active male, no
preference for nursing related odors, and were unable to discriminate
between cinnamon and strawberry odors (Coronas-Samano et al., 2014).

4.4. Amyloid pathology versus functional deficits

Another major finding of our study was that despite the profound sex
difference in BFT performance, both male and female mice had amyloid
deposition in their OBs beginning at 13 weeks of age. Additionally, the
pathological markers of AD, Ap plaques and hyperphosphorylated tau,
have been found in the hippocampus and various parts of the cortex in
both male and female 3xTg-AD mice beginning between 2 and 4 months
and 5-9 months of age, respectively (Mastrangelo and Bowers, 2008; our
unpublished data). This disparity is also seen in humans. Although AD is
more prevalent in human females, Af plaques and NFTs are present in
the brains of asymptomatic human males. A study that looked at two
forms of the Ap peptide (APy_40 and AP;_42) showed that in postmortem
tissue, individuals with a Clinical Dementia Rating (CDR) score of even
zero had detectable amounts of both peptides in the brain (Naslund
et al., 2000). A study using PET imaging in cognitively unimpaired
elderly adults showed that 21% of participants exhibited amyloid
deposition in areas associated with AD (Aizenstein et al., 2008). Another
study done by Zolochevska et al. (2018) also examined human brain
tissue, but at a cellular level. In non-demented individuals with Alz-
heimer’s neuropathology (Ap and NFTs), it was found that the toxic Af
oligomers are not present in the postsynaptic densities of synaptosomes
from isolated hippocampal tissue like they are in patients diagnosed
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with AD. They determined this could be one reason that these in-
dividuals did not exhibit the cognitive deficits commonly seen in those
with AD (Zolochevska et al., 2018). This could be the case with the
3xTg-AD males, expressing the neuropathological signs of AD, but not
the characteristic phenotypic deficits.

Interestingly, differences in olfactory detection and histology have
been shown in other mouse models of AD. For instance, in APP mutant
mice, Ap deposition has been seen in the olfactory bulbs at three months
of age, earlier than in any other region of the brain (Wesson et al.,
2010a), while female 5XFAD mice show enhanced performance on an
olfactory delayed matching-to-sample task relative to males (Roddick
et al., 2014).

4.5. The OB as a target for AD treatment & diagnosis?

Due to the various studies showing the involvement and dysfunction
of the OB, some researchers have looked into it as a target for treatment.
Zhang and colleagues (2016) treated 4-month-old 3xTg-AD mice with
selenomethionine (Se-Met), the major form of selenium (a trace
element) in animals, in their drinking water for 12 weeks. In the group’s
previous work, they showed that Se-Met-treated 3xTg-AD mice had
improvements in cognitive deficits and had reductions in tau and
phosphorylated tau (Song et al., 2014). In this later study they focused
specifically on changes in the OB of the 3xTg-AD mice. Using Western
blotting, they found that Se-Met-treated mice had lower levels of BACE1
(B-site APP cleaving enzyme 1), APP, and phosphorylated tau (Zhang
et al., 2016). H&E and immunohistochemistry showed reduced Ap in all
layers of OB. This holds promise for a possible treatment in AD in
relation to dysfunctional olfactory abilities.

Could the assessment of olfaction be a possible biomarker or part of
the diagnostic process for AD? Based on the numerous studies discussed
here and below, this could be a possibility. For example, Duff et al.
(2002) used an odor detection test in humans to successfully differen-
tiate AD patients from those with vascular dementia or major depressive
disorder. On the other hand, due to so many factors affecting olfaction in
non-AD individuals (OE damage, allergies, etc.) and the fact that the
majority of the aging population have a decline in olfactory abilities
regardless of health conditions (Doty et al., 1984; Doty, 2009; Liu et al.,
2016), this could confound the results and cause false positives. Some
suggest not using olfactory tests alone, but in combination with MRI,
PET, and examination of cerebrospinal fluid, which along with cognitive
tests could provide a more comprehensive means of diagnosis and
prognosis (Wesson et al., 2010b). While it is clearly not definitive, ol-
factory testing could certainly be used as an inexpensive and
non-invasive preliminary screening for AD.

4.6. Other areas of the olfactory system affected by AD

Although this study focused on the OB, other parts of the olfactory
system have been examined in AD patients to see if the presence of Ap
plaques, NFTs, and cell death correlate with the olfactory dysfunction
seen in AD patients. Additionally, some researchers have been exploring
the integrity and functionality of other areas of the olfactory system as a
possible means for diagnosis or as biomarkers for AD. For example, an
fMRI study in humans compared early stage AD patients to healthy
controls (HCs; Wang et al., 2010). The participants in the study
completed the UPSIT (University of Pennsylvania Smell Identification
Test), CDR Scale, and the Mini-Mental State Examination and then un-
derwent fMRI while being exposed to varying concentrations of lavender
oil (Wang et al., 2010). The researchers found that overall, the AD pa-
tients had a significantly lower BOLD signal in the primary olfactory
cortex, hippocampus, and insular cortex compared to HCs. In addition,
the scores on the UPSIT, CDR, and Mini-Mental State Examination
significantly correlated with the BOLD signals observed. This study
indicated that fMRI can be a useful tool in understanding olfactory
decline in AD (Wang et al., 2010).
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With regards to mouse models, a study by Yoo et al. (2017) used the
Tg2576 mouse model of AD, which expresses a mutated form of APP.
This study focused on the OE and OB of the mice and their wild-type
controls at 6 months and 14 months of age. Using behavioral tests,
including a Morris Water Maze and a BFT, they found that there were
not only impairments in spatial learning and memory, but also in
olfaction at the early stages of AD in the Tg2576 mouse model (at 6
months), which only increased in severity by 14 months of age (Yoo
etal., 2017). Through the use of immunohistochemistry, stereology, and
western blot analysis, they also found the transgenic mice to have
increased levels of BACE1 expression and Ap oligomers in the ventral
portion of the OB. The ventral portion of the OB contains the glomerular
layer of cells, where olfactory receptor neurons first synapse when
leaving the OE. Extending their study further into the OE, they found the
thickness of the OE to be decreased, the total cell number decreased, and
the density of Ap oligomers significantly increased in the Tg2576 mice
compared to wild-type (Yoo et al., 2017). This study raises the possi-
bility that in AD, olfaction may be affected initially in olfactory receptor
neurons (with fewer of them present and nowhere for them to synapse)
in the OE, and then throughout the OB.

Lastly, there have been a few studies using the 3xTg-AD model that
addressed overall metabolism and its possible effect on olfaction. San-
cheti et al. (2014b) found that at 7 months of age, 3xTg-AD mice had a
hypermetabolic state, but at 13 months were considered to have a
hypometabolic state (Sancheti et al., 2014a), as measured with
high-performance liquid chromatography and 3C-nuclear magnetic
resonance; this hypometabolic state was rescued by feeding the animals
lipoic acid. Building on this hypometabolic state of the 3xTg-AD mice,
Adlimoghaddam et al. (2019), examined their brains through the use of
FDG-PET at eleven months of age. They found that in the 3xTg-AD mice,
there was reduced FDG uptake in the piriform and insular cortices
compared to C57BL/6 controls, but they did not find any of the hallmark
pathological changes in these regions until 14 months of age (Adli-
moghaddam et al., 2019). The piriform cortex, part of the primary ol-
factory cortex, receives the biggest projection from the OB and is
important in the initial processing and perception of odors (Martin,
2012). If olfactory cortical areas are not functioning properly, it would
then follow that the animals in this study may not have perceived the
odor in the BFT to be food. In all, these studies show that the whole
olfactory system should be examined in future works, taking into
consideration the findings presented above not only in the OB, but OE
and primary olfactory cortex.

Overall, this study provides information about the olfactory abilities
of 129, C57BL/6, Hybrids (129 and C57BL/6 offspring), and 3xTg-AD
mice over the course of 52 weeks. Despite the fact that in most human
studies olfactory detection declines with age, this was not apparent with
the non-transgenic mice. However, in line with other studies of AD, the
ability to detect an odor familiar to the 3xTg-AD mice declined with age.
Additionally, the majority of the 3xTg-AD mice, in all age groups,
showed amyloid deposits in their OBs. This lends support to the 3xTg-AD
model for use in other studies attempting to find better treatments or
biomarkers for AD. In combination with other technology, olfactory
tests could be part of the diagnostic process for AD.
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