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ABSTRACT 

THE EFFECTS OF AGARICUS BISPORUS (WHITE BUTTON MUSHROOMS) 
ON THE SPATIAL MEMORY, CIRCADIAN RHYTHMS, AND DAILY LIVING 
BEHAVIOR IN A HUMAN AMYLOID PRECURSOR PROTEIN (HAPP) MOUSE 
MODEL 
 
Thalia Dimopoulos, M.A. 
 
George Mason University, 2019 
 
Thesis Director: Dr. Jane Flinn 
 

Alzheimer’s Disease (AD) affects 5.7 million Americans. White button 

mushrooms (WBMs) are considered an antioxidant due to their high source of 

selenium and have been shown to promote nerve growth factors (NGFs). 

Selenoproteins, particularly Selenoproteins M (SelM) and P (SelP), are an 

integral part of memory consolidation and preservation in mouse models.  

J20/hAPP transgenic mice and wildtype (C57BL/6J) mice were fed a 10% 

WBM feed three times per week to yield a 5% total diet of WBMs. Behavioral 

tests were conducted at 3.5 months and 8 months of age. During MWM, J20 

mice on the WBM diet at 8 months of age were faster at reaching the platform 

compared to J20 mice on the control diet (p<0.014). In Western blots, J20 mice 

on the WBM diet had the greatest density of SelP compared to the other groups 

(p<0.015).
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INTRODUCTION 

Alzheimer’s Disease (AD) is the 6th leading cause of death in the United 

States, and currently affects 5.7 million Americans (Alzheimer’s Foundation, 

2018). One in nine people aged 65 years and older are diagnosed with AD. 

Globally, 47 million people are diagnosed with AD and as modern medicine 

increases life expectancy, this number is highly likely to rise (Prince, et al., 2016). 

The prevalence of AD is projected to increase 35% by 2030, and may triple by 

2050 (Atri, 2019) to 113 million people globally (Prince et al., 2016).  

There is a dissonance between normal aging and the acquisition of AD. 

Mild forgetfulness (misplacing objects sporadically, occasional misnaming, minor 

problem-solving incapacitation resulting in eventual correction, etc.) is common 

and inherent in natural aging. In AD, these symptoms are more severe, and there 

is no improvement (Alzheimer’s Association, 2013). The first symptoms of AD 

include deficits in spatial memory and spatial awareness (Chan, et al., 2016), 

where patients become confused while driving, lost on common routes, and have 

difficulty navigating common spaces (workplace, home, etc.) (Alzheimer’s 

Association, 2013). Morphologically, the beginning stages of AD is characterized 

by neuronal loss in the hippocampus (HC), medial temporal lobe, entorhinal 
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(ERC) and perirhinal cortices (PRC) (Chan, et al., 2016); which ultimately results 

in spatial memory decline. 

The hippocampus is a highly neuroplastic region located in the medial 

temporal lobe of the cortex, and consists of the cornus ammonis (CA1, CA2, and 

CA3) and dentate gyrus (DG) (Cassilhas, Tufik, & de Mello, 2016). In the entire 

HC, the DG is the only region able to produce new neurons. The DG is 

responsible for pattern separation, which occurs via synaptic transmission from 

the mossy fiber pathway via the DG’s granule cells to the dorsal CA3’s pyramidal 

cells (Kirk, Redmon, & Kesner, 2017). Pattern separation is the specificity 

required to discern memories from one another, determinant of place cell firing 

from the DG to the CA3 (Yassa & Stark, 2011). The HC projects onto the ERC, 

as well, which is responsible for visuospatial functioning, as the ERC largely 

receives input from visual pathways (Vismer, et al., 2015). The ERC outputs to 

the PRC is crucial in object recognition, spatial orientation, and sensory-related 

representation (Liu & Bilkey, 2001).  

As AD patients further into the disease, spatial memory deficits including 

overall neuropsychological symptoms, begin to worsen and transition to: deficits 

in visual and spatial associations, difficulty speaking and writing, object 

misplacement, mood changes, increased paranoia/anxiety, and sleep 

disturbances (Alzheimer’s Association, 2016).  One of the main theories for the 

causation of AD is the formation of β-amyloid plaques. These plaques are formed 

by the improper cleavage of the transmembrane protein, Amyloid Precursor 
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Protein (APP), its corresponding gene found on the 21st chromosomal pair in 

humans. This is caused by the proteolytic enzymes β-secretase and γ-secretase 

cleaving APP into the protein β-amyloid (Aβ), which accumulate into viscous 

plaques in areas surrounding neurons (Hall & Roberson, 2012).  

The amount of amino acid peptide subunits directly correlates with Aβ’s 

capacity to aggregate. The Aβ42 and Aβ43 peptides are the most likely to 

oligomerize, compared to Aβ40 and Aβ41, which may still cause Aβ plaque 

formation—though a lesser likelihood (van der Kant & Goldstein, 2015). 90% of 

Aβ cut by β-secretase and γ-secretase result in Aβ40, (van der Kant & Goldstein, 

2015) Due to the fibrillogenic Aβ plaques formed over time, increased microglial 

and astrocytic activity have been shown in previous studies to correlate with 

cognitive degeneration (Joachim & Selkoe, 1992). Additionally, this inflammation 

is not only reinforced by Aβ plaques, but also attributed to inadequate sleep; 

thus, worsening the disease’s symptoms (Fung, Vitiello, Alessi & Kuchel, 2016). 

50.4% of people with AD are in nursing homes (CDC, 2016) and in one 

study conducted at a nursing home facility, 69% of patients (n=492) with AD slept 

during the day and 60% had nighttime disturbances (Song, Jung & Richards, 

2012), called “sundown syndrome.” This term is attributed to a neuropsychiatric 

phenomenon where demented, elderly patients experience: visual and auditory 

hallucinations, increased weariness, mood swings, restlessness, and confusion 

during either the late afternoon, evening, or night (Khachiyants, et al., 2015); 
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wherein, these symptoms are one of the main reasons for institutionalizing 

dementia patients.  

Neurophysiologically, “sundowning” and all symptoms noted in AD 

patients is credited to damage to the suprachiasmatic nucleus (SCN), a small, 

hypothalamic nuclei which controls circadian rhythms (CR)—otherwise known as 

the sleep-wake cycle (Hastings, et al., 2018). Normally, the SCN drives CR 

based on its spontaneous firing rate (SFR), which regardless of nocturnal or 

diurnal cycles, is most active during the day as its basis is not behavioral, but 

solar (Hastings, et al., 2018). The retinohypothalamic tract (RHT) is one of the 

major inputs to the SCN, as it is key in the modulation of CR to alert changes in 

light intensity (Van Erum, et al., 2018). The pineal gland produces melatonin, and 

projects onto the SCN, which has the highest concentrated amount of melatonin 

receptors—to synchronize CR based on retinal ganglion cell input via the RHT 

(Pfeffer, et al., 2018).  

In AD, the SCN is smaller morphologically than in healthy aged-matched 

controls, and the neuron count is dwindled (Van Erum, et al., 2018). Increased 

chemokinetic and cytokinetic activity reinforces SCN decline and increase in Aβ, 

which directly correlates to cognitive degeneration, as adequate sleep prevents 

immunoneurological hyperreactivity (Musiek & Holtzman, 2016). Aβ formation 

has been linked to CR, where concentrations of Aβ in the extracellular matrix of 

the brain during active periods increase, and alternatively decrease during 

inactivity/rest periods (Musiek & Holtzman, 2016). These nighttime disturbances 
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are not only based upon SCN damage, but also the environment of nursing 

homes. In nursing homes, noise by staff/other residents, insufficient exposure to 

light, and little to no social and/or physical activity reinforce further sleep cycle 

disturbances (Song, Jung & Richards, 2012). Ibuprofen, an anti-inflammatory 

NSAID, in one study showed a decrease in 53% of Aβ plaques (Lim et al., 2000); 

though some trials show no improvement (Millington, et al, 2014).  

Though, there is an alternative to the use of NSAIDs: white button 

mushrooms (WBMs). WBMs constitute for 90% of the mushrooms eaten in the 

US (Ren, Guo, Meydani & Wu, 2008). In WBMs, they have been shown to 

prevent inflammatory and neurogenic reactions (Elsayed, Enshasy, & Wadaan, 

2014). 

Furthermore, in lion’s mane (H. erinaceus) mushroom fruiting bodies, the 

ketone hericenone (Ma, et al., 2010) has been shown to mimic nerve growth 

factors (NGFs) and be neuroprotective (Phan, David & Sabaratnam, 2017). 

NGFs are crucial to the excitation of the basal forebrain cholinergic neurons, 

which prevent neuronal death (Tuszkynski, et al., 2015). Microglial cells, 

astrocytes, and oligodendrocytes are the few cell types which express NGF. NGF 

binds at the plasma membrane to high-affinity tyrosine kinase A (TrkA) receptors, 

as well as low-affinity receptor, p75NTR (Xu, Wang, & Jin, 2016). p75NTR is a 

member of the tumor necrosis family of receptors and is tied to AD propagation 

via Aβ’s ability to bind to p75NTR and mimic NGF. This may contribute to the 

cognitive decline and neurodegeneration in AD patients, correlated with 
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cholinergic neuron decay, due to the decrease of NGF availability from Aβ 

deregulating the controlling nature of NGF. (Xu, Wang, & Jin, 2016). Therefore, 

WBMs may aid in neuroprotection and promote a beneficial alternative to the Aβ 

binding to the p75NTR receptor.  

WBMs contain in a 100 gram (g.) / 3 ounce (oz.) serving: 3.09 g. protein, 

3.26 g. carbohydrates, 0.5 milligram (mg.) iron, 318 mg. potassium, 5 mg. 

sodium, 0.52 mg. zinc, and 0.32 mg. copper (USDA, 2018). Mushrooms contain 

9.3 microgram (μg.)  of selenium in a 100g/3 oz. serving (USDA, 2018), 

constituting 16.9% DV of recommended selenium intake per day, which is 55 μg. 

total for both females and males (Institute of Medicine, 2000); in which this 

considers WBMs as an antioxidant (Liu, et al., 2012).  Considering mushrooms 

are a great source of selenium, they may be incorporated into a diet-driven 

approach to reducing AD risk and/or slowing symptoms.  

Selenium, in its organic form, is called selenocysteine and is attributed as 

the 21st amino acid (Bellinger, et al., 2009). It has been shown to be crucial in 

antioxidant preservation and protection, as well as immune regulation (Lu & 

Holmgren, 2009).  Inorganic selenium, through dietary intake, converts to 

selenide, then to selenium phosphate, which is incorporated into the tRNA 

pathway to form selenocysteine—the functional subunit for selenoproteins 

(Cardoso, et al., 2015). In the CNS, levels of selenocysteine are relatively low (it 

can be toxic in high quantities in both organic and inorganic forms, though 

inorganic yields higher toxicity), yet due to their importance to CNS function, 
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increased uptake of selenocysteine is noted when levels are deficient. In 

response to deficiency, Aβ plaques formation increases, as well as oxidative 

stress (Cardoso, et al., 2015).  

There are 25 different genes attributed to selenoproteins, (Lu & Holmgren, 

2009), however, selenium uptake is determinant of one specific selenoprotein: 

Selenoprotein P (SelP/SEPP1 gene). SelP is synthesized in the liver and 

distributed to the brain through blood plasma (Renko, et al., 2008). It binds to 

Apolipoprotein Receptor-2 (ApoER2) and in knockout mice, for either SelP or 

ApoER2 on a selenium-deficient diet, exhibited decreased uptake of selenium, 

and developed neurological deficits (Pitts, et al., 2014). Additionally, decreased 

levels of SelP resulted in increased Aβ plaques formation (Takemoto, Berry, & 

Bellinger, 2010). ApoER2s have been discovered in high concentrations in the 

blood-brain barrier (BBB) as well as the HC, inferior colliculus, reticular thalamus, 

and cerebellum; in which, specifically at the BBB and HC, ApoER2 enable 

greater SelP uptake (Cardoso, et al., 2015).  

Furthermore, knockout mice without SEPP1 have deficits in spatial 

memory and motor function (Peters, et al., 2006), thus reinforcing SelP’s crucial 

role of spatial memory consolidation in the HC (Yoo, et al., 2012). Another vital 

selenoprotein associated with hippocampal function is Selenoprotein M (SelM). It 

is found in the endoplasmic reticuli of neurons and has been shown to aid in 

calcium storage and release (Reeves, Bellinger, & Berry, 2010). Therefore, SelM 

is a crucial aspect of calcium modulation, which reduces oxidative stress. Both 
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SelM and SelP are also speculated to be intrinsic to aiding in metal ion bonding, 

particularly zinc (Zn2+) mediated Aβ42 aggregation and neurotoxicity (Du, et al., 

2014; Solovyev, 2015). A recent study administering sodium selenate (a pH-

stable form of selenium) for 4 months ad libitum to a triple transgenic AD (3XTg 

AD) mouse model and discovered 69% of 3XTg AD on the sodium selenate 

treatment found the platform in Morris Water Maze (MWM) faster than 3XTg AD 

control mice from 12-14 months of age. Although, Aβ plaque load was unaffected 

biochemically (van der Jeugd, et al., 2018). This further complicates the APP 

theory, where plaque load may not directly correlate with neurodegeneration.  

In one study, WBMs were analyzed for their organic compound 

concentrations and a host of phenolic compounds were discovered, including 9.2 

mg. of gallic acid and 6.1 mg. of rutin in the peel of the WBM cap (Muszyńska, et 

al., 2017). Gallic acid has been shown in previous studies to be neuroprotective 

and prevent in vitro Aβ-mediated cell death (Bastianetto, et al., 2006), as well as 

oxidative stress in rat models (Mansouri, et al., 2013; Mansouri, Naghizadeh, et 

al., 2013). Rutin has also exhibited neuroprotective characteristics, where in a 

study using APPSwe-transfected cells, Aβ25-35 was reduced, fibril production 

was decreased, and β-secretase expression was mitigated (Jiménez-Aliaga, et 

al., 2011; Enogieru, et al., 2018).  

 A study conducted by Bennett, et al. (2013) in APPswe/PS1dE9 

transgenic mice were administered ad libitum 5% weight-by-volume WBMs 

fortified with Vitamin D2 (VDMs) for 7 months. At 9 months of age, WT mice on 
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the VDM diet found the platform in MWM faster than WT mice not on the VDM 

diet. There was no significant data to show AD mice on the VDM diet performed 

the MWM task better than the control group. Although, AD mice on the VDM diet 

exhibited lesser Aβ42 plaques, as well as an increase in APP’s non-

amyloidogenic products (Bennett, et al., 2013). This refutes the APP theory to an 

extent, where behavior does not dictate Aβ plaque load; though, WBMs solely 

without Vitamin D enrichment have not been studied previously, which will be 

further analyzed. 

The mouse model used in this study was a Tg(PDGFB-

APPSwIND)20Lms/2Mmjax (J20/hAPP) from Jackson Laboratories (Bar Harbor, 

ME), which has the genetic background C57BL/6 (B6) (Jackson Laboratories; 

Bar Harbor, ME). The J20 mouse model contains two mutations related to APP 

aggregation: the Swedish and Indiana mutations. The Swedish mutation is a 

missense mutation, which causes Aβ secretion to increase, and is incorporated 

in the J20 model to exaggerate Aβ plaque production (Mullan, et al., 1992; 

Haass, et al., 1995). The Indiana mutation is another familial AD mutation, which 

includes increased immunoreactivity (Mucke, et al., 2000).   

The APP transgene has been inserted onto mouse chromosome 16, 

eliciting the J20 model (Tosh, et al., 2017). J20 mice start to exhibit spatial 

memory deficits at around 4 months of age (Cheng, et al., 2007) and produce 

intense plaque load in the neocortex and dentate gyrus between 8-10 months of 

age (Jackson Laboratories; Bar Harbor, ME).  
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The J20 mouse model has been shown in our lab to exhibit deficits in 

spatial memory with Barnes maze (Lippi, Smith, & Flinn, 2018), as well as poorly 

synchronized circadian rhythms (Boggs, et al., 2018) when bred with rTg4510 

(hTau) and APOε4 mice, respectively. As an assessment of neurological deficits 

in daily living (Jirkof, 2014), nesting behavior has also been previously analyzed, 

in which J20 mice have exhibited poor nest building (Lippi, Smith & Flinn, 2018).  

In order to assess the cognitive benefits of a 10% WBM diet three times a 

week in J20 and WT mice, behavioral trials regarding spatial memory (Morris 

Water Maze) and circadian rhythm trials (Actimetrics) were conducted at 3.5 and 

8 months of age; to mirror the timelines prior and after Aβ plaques are visible 

histologically in the cortex (Jackson Laboratories; Bar Harbor, ME).  

Nesting behavior was conducted at 6 and 8 months of age, considering 

the J20 mouse model does not produce diffuse plaques until 7 months of age 

(Jackson Laboratories; Bar Harbor, ME); and differences in daily living behavior 

were assessed between these time points. NGF, SelM, total APP, and SelP were 

assessed via Western Blot. Congo red histological staining was also performed 

to stain Aβ plaques to evaluate qualitative and quantitative differences in plaque 

load. The outcome for this study was to determine whether a WBM-fortified diet 

over the course of 8 months would ameliorate the biochemical and cognitive 

deficits of Aβ overexpression in AD transgenic mice.  
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METHODS 

 

Breeding 

Four female wildtype C57BL/6 (B6) (Jackson Laboratories) mice were 

bred with two male Tg(PDGFB-APPSwIND)20Lms/2Mmjax (J20/hAPP) (Jackson 

Laboratories) mice. The offspring were tail snipped at 14 days old and were 

genotyped via Transnetyx, Inc. (Cordova, TN). The F1 generation offspring were 

weaned between 21-28 days old. Animals were then housed in separate cages 

(Animal Care Systems) based on sex and genotype. They were assigned to 

cages containing the same sex, diet, and genotype.  

 

Housing  

Animals were then housed in separate, rat-size cages (Animal Care 

Systems) and assigned to cages containing the same sex, diet, and genotype. 

They were placed in ventilated cage racks, with no more than 4 mice were 

housed in an individual cage, and all cages contained TekFresh unautoclaved 

bedding. Enrichment was provided in each cage, since J20 mice tend to be more 

anxious (Fujikawa, et al., 2017); thus, a running wheel, igloo, and Nyla bone 

were placed in all cages. Mice had access to lixit water ad libitum, as well as 

unautoclaved Teklad 7012 feed ((Teklad 7012, Envigo). Animal care husbandry 

performed daily checks on the mice in the Krasnow Building at George Mason 

University. This study was carried out in accordance with the National Institute of 
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Health guide for the care and use of laboratory animals and was approved by 

George Mason University’s Institutional Animal Care and Use Committee 

(IACUC, protocol #0366). 

 

Groups  

There are 4 groups total for this study: J20 mice on the WBM diet, WT 

mice on the WBM diet, J20 mice on the control diet, and WT mice on the control 

diet. The sample size for behavioral testing differed from 3.5 months to 8 months 

due to a 20.77% mortality in the J20 population. This was potentially due to the 

hyperreactivity of the hAPP transgene in the B6 model, which has been shown in 

previous studies to cause seizures in these mice (Brown, et al., 2018)—in some 

cases fatality. It has been reported to Jackson Laboratories (Bar Harbor, ME) J20 

mice tend to have between 3-4 months of age a 20% mortality, which was a 

similar circumstance for this study. At 3.5 months of age, there were 59 mice 

total, 31 J20 mice and 28 WT mice, and on a group-by-group basis: 17 J20 mice 

on the WBM diet (7 females & 10 males), 14 J20 mice on the control diet (7 

females & 7 males), 14 WT mice on the WBM diet (7 females & 7 males), and 14 

WT mice on the control diet (5 females & 9 males). At 8 months of age, there 

were 49 mice total, 22 J20 mice and 27 WT mice, and on a group-by-group 

basis: 11 J20 mice on the WBM diet (4 females & 7 males), 11 J20 mice on the 

control diet (6 females & 5 males), 14 WT mice on the WBM diet (7 females & 7 

males), and 13 WT mice on the control diet (5 females & 8 males). For Western 



 

 

13 

 

blot, 4 mice were used per group (n=16), including 9 female mice and 7 male 

mice. For Congo red and Cresyl violet staining, 15 male and 13 female mice 

were used (n=28): 7 mice for the J20 control diet group, 6 mice for the WT 

control diet group, 6 mice for the J20 experimental diet group, and 9 mice for the 

WT experimental diet group.  

 

Diet 

Mice were administered Teklad 7012 ad libitum (Teklad 7012, Envigo) 

throughout the duration of this study. Giorgio Fresh™ WBMs (Giorgio Foods, 

LLC) were kept frozen in a -80ºC freezer for up to one month at a time and mixed 

with a food processor into the Teklad 7012 feed at 10% weight-by-volume. Each 

mouse was administered 20.0 (+0.4) grams of either 10% WBM feed or control 

(Teklad 7012, Envigo) wet food, in which the wet food preparation included 

mixing equal parts water to the respective feed (sourced from the lixits attached 

to the cage racks). The amount of WBMs to constitute in the mice’s diets was 

discussed in Bennett, et al. (2013), in which a 10% WBM diet was substantive to 

yield results and was safe for consumption by mice. The control groups of 

transgenic and wildtype mice were fed three times a week (on the same days as 

the experimental mice) wet food along with their dry food pellets, though they did 

not contain WBMs. The mice initiated the 10% WBM diet upon being weaned 

and consumed the experimental diet 3 times per week for the duration of the 

experiment, 8 months. The mice ate ad libitum, in which ensuring the 
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experimental mice eat enough WBMs was determined by weighing the mice 

every two weeks. The 10% WBM wet food feedings were weighed prior to being 

administered and 24 (± 4) hours after administering the wet food. Additionally, 

food hoppers were also weighed to determine whether they are consuming food 

ad libitum in the presence of the WBM or control diet. 

 

Behavioral Tests 

Morris Water Maze 

The Morris Water maze (MWM) is a test of spatial memory where a 

mouse must utilize visual cues in order to locate an elevated, hidden platform in 

a pool of water. The water is made opaque, with nontoxic white tempera paint, so 

the mice would be able to use the cues as landmarks to find their way to the 

elevated platform. Spatial cues were placed around the maze for the mouse to 

learn the location of the platform, one at each corner of the pool. The mouse was 

placed at the cues in different sequences, which changed daily. When each trial 

began, the mouse was placed at a certain cue as determined by the computer 

system (CleverSys, Inc.; Reston, VA). Three trials occurred for each mouse for 

60 seconds, and between each trial, a 45 second intertrial. The duration of the 

test was 8 days, on odd numbered days (Days 1, 3 and 5), the trial ceased when 

the mouse located the raised platform. On even numbered days (Days 2, 4, and 

6), an Atlantis probe trial was conducted, where the platform is down for the third 

and final trial for 60 seconds to determine whether the mouse was able to 



 

 

15 

 

navigate the maze and find the location of the platform. At the end of 60 seconds, 

the platform was raised, and animals were given an additional 60 secs to find the 

platform. If they did not find it, they were guided to it. The 7th day required only a 

single Atlantis probe trial per animal, and the 8th day requires 2 trials per animal 

without the probe but instead a large “lighthouse” to serve as a visual cue; these 

last 2 trials were performed due to the computer system used, and to ensure 

animals did not have visual deficits when navigating the maze. The primary 

variables of interest in the MWM task are: latency (the average amount of time 

required by each animal to locate the escape platform), the percentage of time 

spent in the quadrant containing the platform, and thigmotaxicity; which is a 

measure of anxiety (Herrero et al., 2006), and is defined as the percentage of 

time spent swimming in the outermost 10% of the pool closest to the wall. If the 

animals are highly anxious and spend a majority of the sixty-second trial only 

swimming the outer edge of the pool, they cannot effectively learn the task. All 

data was obtained through use of TopScan video recording software (CleverSys 

Inc.; Reston, VA).  

 

Nesting 

Mice were individually housed and given 3 grams of paper shreds in each 

cage, which was lined with corncob bedding. Numbers were attributed at the 

back of the cage cards of each animal, to ensure blindness when photographs 

were taken of the cages at the 2- and 24-hour marks of the test; two scorers 
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were blind to the conditions of the mice, and the same scorers used for the task. 

Scores were determined on a 1, 1.5, 2, 2.5, and 3 scale; with 1 being no nest 

made, 1.5 being unsure if attempt was made, 2 signifying some attempt, 2.5 

being unsure if a full nest was created, and 3 is indisputably a nest was created. 

The scores from each blind scorer were averaged and statistically analyzed 

(Lippi, Smith, & Flinn, 2018). 

 

Circadian Rhythms 

Circadian rhythms were assessed using Actiview Biological Rhythm Analysis 

software (Minimitter Co.). Animals were placed into individual cages equipped 

with running wheels (Coulbourne Instruments), lined with corncob bedding, and 

their activity continuously monitored for 7 days (168 hours) to assess activity 

levels through different periods of the day. Each wheel is hooked up to a 

computer that monitors rotations/minute. The mouse colony was on a 12/12 

light/dark cycle, meaning 12 hours from 8pm to 8 am, the mice were in the dark 

cycle; alternatively, from 8 am until 8 pm, the mice were in the light cycle (Boggs, 

et al., 2018). J20 mice were kept in a separate room from WT mice to prevent 

disruptions leading to confounding activity. Mice continued their respective 

experimental or control diet, though were fed individually since they were housed 

in separate cages during the CR testing.  
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Biochemical Tests 

Western Blot 

The left hemispheres of 4 mice per group (n=16) were separately 

homogenized in -20ºC RIPA buffer with Halt™ protease/phosphatase inhibitor 

cocktail (ThermoFisher) using a glass dounce tissue grinder (Sigma Aldrich). 

Samples were centrifuged using a TOMY MTX-150 High speed refrigerated 

microcentrifuge at 14,000 RPM at 4°C for 20 minutes. Protein concentration was 

determined using the BCA protein assay kit (Pierce™, ThermoFisher). 25 μg of 

protein for each mouse was prepared with PBS, reducing agent (ThermoFisher), 

4X LDS loading buffer (ThermoFisher), and placed in a 37°C water bath for 30 

minutes. Samples were then loaded onto NuPAGE™ 4–12% Bis-Tris gels 

(Invitrogen) in MOPS running buffer (ThermoFisher), along with 10 μL of SeeBlue 

ladder (ThermoFisher); which was loaded in the first lane of the gel. The gel then 

underwent gel electrophoresis for 2 hours via the X-Cell SureLock Mini-cell 

Electrophoresis System (Invitrogen); and transferred to nitrocellulose membranes 

loading stacks (Invitrogen) using the iBlot 2 gel transfer device (ThermoFisher). 

Membranes were then blocked with 5 mL of 5% non-fat dried milk in PBST (1X 

PBS with 0.1% Tween 20 (Sigma Adrich) for 45 minutes, then incubated in 5 mL 

of 2.5% non-fat dried milk in PBST, with the primary antibodies, for approximately 

16 hours at 4°C.  

The primary antibodies used were: GAPDH as the loading control (1: 

1,000, ThermoFisher, MA5-15738), NGF (1: 1,000, Abcam, ab6199), SelM (1: 
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1,000, Abcam, ab133681), SelP (1: 1,000, Abcam, ab109514), and APP (1: 

1,000, ThermoFisher, 71-5800). Membranes were then placed on an orbital 

shaker in three, ten minutes changes of PBST, then blocked in 5 mL 5% non-fat 

dried milk with PBST for 30 minutes. The membranes were then incubated at 

room temperature in 5 mL 2.5% non-fat dried milk with PBST and goat anti-rabbit 

HRP secondary antibody (1: 5,000, ThermoFisher, 31460) on an orbital shaker 

for 1 hour. Three more ten-minute PBST washes commenced, then blots were 

developed using the SuperSignal West Pico PLUS Chemiluminescent Substrate 

kit (ThermoFisher) and imaged with the G:Box Chemi-XT4 (Syngene) system 

with GENESys software (V1.2.5.0). Bands were analyzed with ImageJ (NIH) 

software (Lippi, Smith, & Flinn, 2018). 

 

Histology 

Congo Red Staining 

Flash-frozen mouse brains were sliced coronally in a -20º Celsius cryostat (Leica, 

CM1510-3). The slices were 16 µm thick, where each brain was sliced at the 

anterior, middle, and posterior portions of the hippocampus (approx. slides 42-

52; Franklin & Paxinos, 2008. The Congo red staining protocol was conducted 

using a Congo red amyloid stain kit (Sigma Aldrich, HT-60-1KT). Firstly, 4-6 

drops of Mayer’s Hematoxylin were added to slides (Fisher Scientific, Superfrost 

Plus) and incubated for 5 minutes, then in distilled water. 4-6 drops of a bluing 

reagent were added and then incubated for 30 seconds, then rinsed in distilled 
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water. The slides were added for 5 seconds in 95% ethanol (EtOH), then stained 

in Congo Red Solution for 30 minutes. The slides were rinsed with 100% EtOH, 

then dipped in xylene (Sigma-Aldrich), coverslipped with DPX mountant (Sigma 

Aldrich, 06522), and left to dry overnight.  

 

Cresyl Violet Staining 

Flash-frozen mouse brains were coronally-sliced 16μm thick and placed onto 

Superfrost Plus slides, then dipped in 100% EtOH for 2 mins. Afterwards, the 

slides were added to 95% EtOH for 2 mins. Slides were then placed in 0.1% 

Luxol fast blue solution at 37ºC for approximately 16 hours, in which the solution 

was prepared by mixing 0.1g of Luxol fast blue (Sigma Aldrich, L0294) into 

100mL of 95% EtOH, and adding 0.5mL 10% glacial acetic acid.  Slides were 

then rinsed in 95% EtOH for 5 seconds, then rinsed in distilled water. For 

differentiation, the slides were placed in 0.05% lithium carbonate for 15 seconds, 

then 70% EtOH for 15 seconds, a second 70% EtOH wash for 15 seconds, then 

rinsed in distilled water. Differentiating steps were performed 4 times, then the 

slides were incubated in 35ºC filtered 0.1% cresyl violet solution in a humidity 

chamber for 30 minutes. The cresyl violet solution was prepared by mixing 0.1g 

of cresyl violet acetate (Sigma Aldrich, C5042) into 100 mL of distilled water at 

35ºC for 20 minutes, then 15 drops of 10% glacial acetic acid was added to the 

mixture. Post cresyl violet incubation, the slides were placed in 95% EtOH for 1 

minute, then 100% EtOH for 1 minute, and finally two 3-minute xylene 
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incubations. The slides were then coverslipped using DPX Mountant (Sigma 

Aldrich, 06522), and left to dry for approximately 16 hours. Cresyl violet images 

from this study are found in the Appendix section.  

 

Imaging 

The Congo red and cresyl violet stained slides were imaged using a 

brightfield microscope (Olympus, BX-51) and a violet-pigmented lens, placed 

over the lightbulb beneath the microscope’s stage, to more accurately image 

plaques with Congo red stains.  

 

Statistical Analysis 

Simple effects, along with main effects and pairwise comparisons, were 

analyzed; all values represented means. SPSS v. 19 was used to analyze all 

data, graphs were created using GraphPad Prism 8.2.0. P < 0.05 was considered 

significant, Bonferroni post-hoc analytics were used for all statistical tests. All 

errors bars are standard error of the mean (SEM).  

 

Morris Water Maze 

In MWM to analyze latency, a repeated-measures 2 (genotype conditions) 

x2 (dietary conditions) x2 (sex) x7(days of the MWM paradigm) ANOVA was 

conducted. For crossings, percent time in target quadrant, and thigmotaxicity, a 



 

 

21 

 

repeated-measures 2 (genotype conditions) x2 (dietary conditions) x2 (sex) x4 

(Atlantis probe trials) ANOVA was performed.  

Nesting 

For nesting, the two scorers’ scores were averaged at 6 and 8 months, 

respectively. A 4 (genotype conditions) × 2 (dietary conditions) × 2 (sex) × 2 (6 or 

8 months) mixed ANOVAs were performed, comparing the average score versus 

the genotype and dietary conditions.  

 

Circadian Rhythms 

For onsets (light phase), offsets (dark phase), and total activity, a repeated 

measures 2 (genotype conditions) x2 (dietary conditions) x2 (sex) x12 (lights 

on/lights off hours) ANOVA was performed to analyze activity levels (wheel turns) 

at different time (hour) intervals. For statistical analyses, 2 twelve-hour time 

segments represented counts during the light-phase and during the dark-phase. 

Within these segments, data was analyzed into 2-hour intervals, as well.  
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RESULTS 

 

Circadian Rhythms 

Circadian rhythms were assessed at 3.5 and 8 months of age. Total 

activity, 12-hour blocks of light phase and dark phase activity, as well as activity 

based on sex, genotype, and diet were individually calculated statistically via a 

repeated-measures 2 (genotype conditions) x2 (dietary conditions) x2 (sex) x12 

(lights on/lights off hours) ANOVA.  

 

 

Figure 1:  

In the 24-hour paradigm at 3.5 months, diet and genotype were not 

significant (p>0.05).  
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Figure 2: 

Sex was significant (p>0.031; F1,46=4.95) in which females were more 

active than males (mean difference=333.93 wheel-turns). 
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Figure 3: 

At 3.5 months during light phase activity, there was a significant overall 

genotype effect (p>0.036; F1,46=4.67), where the J20 mice were less active 

during the day than the wildtype mice (mean difference=8.72 wheel-turns). No 

diet or genotype effect was noted.  
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Figure 4: 

At 3.5 months during dark phase activity, no diet, sex, or genotype effect 

was noted.  

A 

B 
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Figure 5: 

 In total activity, no genotype and sex effect were significant at 3.5 months. 
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Figure 6: 

A significant sex effect (p>0.028; F1,46=5.15) was noted during dark phase 

activity, where female mice were less active during the day than the wildtype 

mice (mean difference=272 wheel-turns). 
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Figure 7: 

In the 24-hour paradigm at 8 months, diet and genotype were not 

significant (p>0.05). Although, a significant sex effect (p<0.014; F1,41=6.59) was 

noted, where females were more active than males, similar to 3.5 months (mean 

difference=72.45 wheel-turns) as well as an interaction between sex and 

genotype (p<0.018; F1,41=6.02), where female J20 mice were more active than 

male J20 mice.  
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Figure 8: 

In total light phase activity, no significant sex, genotype, nor diet effects 

were evident.  

 

 

Figure 9: 

In total dark phase activity, there was no significance in genotype nor diet. 
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Figure 10: 

A significant sex effect (p<0.009; F1,41=7.44) is noted where female mice 

are more active during dark phase than male mice (mean difference=404.4 

wheel-turns).  
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Figure 11: 

A significant genotype and sex interaction was evident at 8 months 

(p<0.049; F1,41=4.11), where female J20 mice are more active at night than male 

J20 mice. WT females were more active than WT males (p<0.001; F1,41=12.118), 

as well as male J20 were more active than WT males p<0.02; F1,41=5.871).  
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Morris Water Maze 

Spatial memory was assessed via Morris Water Maze at 3.5 and 8 months 

of age. A 2 (genotype conditions) x2 (dietary conditions) x2 (sex) x7(days of the 

MWM paradigm) ANOVA was conducted to determine latency (time to reach the 

submerged platform). Crossings, percent time in target quadrant, and 

thigmotaxicity, involved a repeated-measures 2 (genotype conditions) x2 (dietary 

conditions) x2 (sex) x4 (Atlantis probe trials) ANOVA. There was no significance 

for platform crossings at 3.5 months.  
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Figure 12:  

A significant diet and genotype interaction is evident at 3.5 months for time 

spent in target quadrant; where J20 mice on the mushroom diet have increased 

latency to the platform (p<0.001, F1,51=33.23, mean difference=12.56 seconds) 

than WT mice on the mushroom diet, and are also slower than J20 mice not on 

the mushroom diet (p<0.002, mean difference=9.14 seconds), compared to 

wildtype mice not on the mushroom diet. (B) 3.5-month probe trial comparing diet 

and sex, was not significant (p<0.09). 

B 
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Figure 13: 

Regarding time spent in the target quadrant, J20 mice at 3.5 months 

spend less time than WT mice (p<0.042, F1,51=4.35, mean difference=2.6%). WT 

mice on the mushroom diet spent the most time in the target quadrant, compared 

to all other groups (p<0.048, F1,51=4.09, mean difference=3.67%). J20 mice on 

the mushroom diet spent less time than WT mice on the mushroom diet 

(p<0.008, F1,51=7.62, mean difference=4.7%). Male J20 mice spent less time in 

the target quadrant than male WT mice (p<0.026, F1,51=5.23, mean 

difference=3.79%).  
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Figure 14: 

(A) At 3.5 months, J20 mice spent time in the outer perimeter of the water maze 

for more than 10% of the duration of the test during probe trials (p<0.001, 

F1,51=11.7, mean difference=10.9 seconds). (B) Male J20 mice spent more time 

in the outer perimeter than male WT mice (p<0.002, F1,51=10.61, mean 

difference=13.9 seconds). (C) J20 mice on the mushroom diet spent more time in 

the outer perimeter than WT mice on the diet (p<0.02, F1,51=5.77, mean 

difference=10.58 seconds). J20 mice not on the mushroom diet spent more time 

in the outer perimeter than WT mice not on the diet (p<0.018, F1,51=5.93, mean 

difference=11.4 seconds).  

 

 

C 
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Figure 15: 

A genotype interaction is evident at 8 months for platform crossings; 

where J20 mice cross less than WT mice (p<0.015, F1,41=6.42, mean 

difference=1.1 crossings). Male J20 mice crossed the platform less than male 

WT mice (p<0.015, F1,41=6.52, mean difference=1.5 crossings).  
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Figure 16: 

Regarding latency to the platform across all days, J20 mice at 8 months in 

general spend more time than WT mice to reach the platform (p<0.007, 

F1,41=47.94, mean difference=4.9 seconds). J20 mice on the mushroom diet 

spent less time than J20 mice not on the mushroom diet (p<0.014, F1,41=6.55, 

mean difference=6.6 seconds). J20 mice on the mushroom diet compared to WT 

mice on the mushroom diet was insignificant for latency to platform (p<0.949, 

F1,41=0.004, mean difference=0.157 seconds). J20 mice not on the mushroom 

diet were slower to reach the platform compared to WT mice not on the diet 

(p<0.001, F1,41=15.22, mean difference=9.64 seconds). Female J20 mice had 

increased latency to the platform compared to WT J20 mice (p<0.033, F1,41=4.85, 

mean difference=5.7 seconds).  
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Figure 17: 

At 8 months, J20 mice on the mushroom diet spent less time in the target 

quadrant than WT mice on the mushroom diet on probe trials (p<0.002, 

F1,41=11.1, mean difference=7.25%). Female J20 mice spent less time in the 

target quadrant than female WT mice (p<0,039, F1,41=4.57, mean 

difference=4.9%). 
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Figure 18: 

At 8 months, female J20 mice not on the mushroom diet spent more time 

in the outer perimeter of the maze for more than 10% of the probe trials’ duration 

A 
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compared to female WT mice (p<0.059, F1,41=3.78, mean difference=6.7%). 

Female mice on the mushroom diet spent less time in the outer perimeter of the 

maze compared to female mice not on the mushroom diet (p<0.052, F1,41=4.012, 

mean difference=7.2%).  

 

Nesting 

Nesting was analyzed at 6 and 8 months, and the scores from the 2 blind scorers 

were averaged at both 2- and 24-hours during nest building. A 4 (genotype 

conditions) × 2 (dietary conditions) × 2 (sex) × 2 (6 or 8 months) mixed ANOVA 

was performed.  

 

 

Figure 19: 

At 2 hours comparing 6 months and 8 months, the average score for J20 

mice on the mushroom diet compared to WT mice on the diet were lower 

(p<0.04, F1,42=4.47, mean difference=0.46).  
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Figure 20: 

At 24 hours comparing 6 months and 8 months, the average score for J20 

mice on the mushroom diet compared to WT mice on the diet were lower 

(p<0.031, F1,42=4.99, mean difference=0.22). J20 mice on the mushroom diet 

built worse nests compared to WT mice on the mushroom diet (p<0.055, 

F1,42=3.89, mean difference=0.28). Female mice on the mushroom diet built 

worse nests compared to female mice not on the diet (p<0.052, F1,42=4.01, mean 

difference=0.29). Male J20 mice created worse nests than male WT mice 

(p<0.054, F1,42=3.92, mean difference=0.26).  
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Figure 21:  

        6-month nesting after 2 hours, where female mice on the mushroom diet 

built worse nests compared to female mice not on the diet (p<0.052, F1,42=4.01, 

mean difference=0.29). 

 

 

 

Figure 22: 

             6-month nesting after 2 hours, J20 mice built worse nests compared to 

WT mice (F1,42=4.291, p<0.044, mean difference=0.42 points). 
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Figure 23:  

           6-month nesting after 24 hours, where female mice on the mushroom diet 

built worse nests compared to female mice not on the diet, which was no 

different from 2 hours (p<0.017, F1,42=6.153, mean difference=0.416). 

 

 

 

 

Figure 24:  

             6-month nesting after 24 hours, where male J20 mice created worse 

nests than male WT mice (p<0.054, F1,42=3.92, mean difference=0.26). 
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Figure 25:  

      8-month nesting after 2 hours, where there was no significance for genotype 

and sex. 

 

 

 

 

Figure 26:  

           8-month nesting after 2 hours, where there was no significance for diet 

and sex. 
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Figure 27:  

8-month nesting after 24 hours, where there was no significance for diet and sex. 

 

 
 
 
 
Figure 28: 

     8-month nesting after 24 hours, where there was no significance for genotype 

and sex. 
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Western Blots 

For analyzing Western blots, a 2 (Diet) x 2(Genotype) x 1 (Relative 

Densities) one-way ANOVA was conducted to determine the densities of proteins 

as tagged by either NGF, APP, or SelP. Densities were averaged and normalized 

to the GAPDH loading control density values. There were 4 mice used per group 

for each Western blot (n=16 total per blot). SelM was not significant in any of the 

groups, and the antibody used was discovered to be unreactive in murine 

species.  

 

 

 

 

A 

 B 

W
T N

o M
ush

ro
om

 

J2
0 

N
o M

ush
ro

om
 

 W
T M

ush
ro

om

J2
0 

M
ush

ro
om

 

0.0

0.5

1.0

1.5

NGF Western Blot  Relative Densities

Groups

R
e
la

ti
v
e
 D

e
n

s
it

y

WT No Mushroom

J20 No Mushroom

 WT Mushroom

J20 Mushroom



 

 

48 

 

W
T N

o M
ush

ro
om

 

J2
0 

N
o M

ush
ro

om
 

W
T M

ush
ro

om

J2
0 

M
ush

ro
om

 

0

2

4

6

APP Western Blot Relative Densities

Groups

A
P

P
 R

e
la

ti
v
e
 D

e
n

s
it

y WT No Mushroom

J20 No Mushroom

WT Mushroom

J20 Mushroom

W
T N

o M
ush

ro
om

 

J2
0 

N
o M

ush
ro

om
 

W
T 

M
ush

ro
om

J2
0 

M
ush

ro
om

 

0

1

2

3

4

APP Western Blot Relative Densities

Groups

R
e
la

ti
v
e
 D

e
n

s
it

y

Figure 29: 

There was no significant interaction between diet or genotype in regard to NGF 

expression via calculating NGF’s relative densities. (B) GAPDH has a molecular 

weight of 37 kDa (top line), and NGF has a molecular weight of 27 kDa (bottom 

line). Lanes 1-2=WT control diet; Lanes 3-4=J20 WBM diet; Lanes 5-6=J20 

control diet; Lanes 7-8=WT WBM diet.  
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Figure 30: 

(A) There was no significant interaction between diet or genotype in regard to 

APP expression via calculating APP’s relative densities. (B) APP has a molecular 

weight of 120 kDa. Lanes 1-2=WT control diet; Lanes 3-4=J20 WBM diet; Lanes 

5-6=J20 control diet; Lanes 7-8=WT WBM diet.  
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Figure 31: 

(A) For SelP, there is a between-subjects effect in genotype (F1,12=5.49; p<0.037) 

and the interaction between genotype and diet (F1,12=5.49; p<0.015).  The J20 

mice had greater density of SelP in WB than WT mice (F1,12=5.49; p<0.037; 

mean difference=0.766), and J20 mice on the WBM diet had greater SelP density 

than J20 mice on the control diet (F1,12=6.52; p<0.025; mean difference=1.181). 

Additionally, the J20 mice on the WBM diet had greater SelP density than WT 

mice on the WBM diet (F1,12=13.39; p<0.003; mean difference=1.692). SelP has 

a molecular weight of 43 kDa. Lanes 1-2=WT control diet; Lanes 3-4=J20 WBM 

diet; Lanes 5-6=J20 control diet; Lanes 7-8=WT WBM diet. GAPDH is found at 

approximately 37 kDa (below the SelP band at 43 kDa). 
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Figure 32:  

When running a WB on SelP, a recombinant fragment is visible at 

approximately 95 kDa (see figure 23B). Abcam reports the bands correspond to 

amino acids 157-411 of human SEPP1—the SelP’s gene for expression (Abcam, 

ab155185). Interestingly, this is only found in human tissue and not commonly 

visible in murine species. Therefore, the J20 model is verified to have human 

reactivity. The specific protein and its function, behind the 95 kDa fragment, is 

unknown. (A) Upon running a one-way ANOVA, the SelP recombinant fragment’s 

relative density is significant for the between-subjects interactions of genotype 

(F1,12=11.9; p<0.005), as well as genotype and diet (F1,12=9.687; p<0.009). J20 

mice on the WBM diet exhibited greater relative density than J20s on the control 

diet (F1,12=9.147; p<0.011). J20 mice on the WBM diet compared to WT mice on 

the WBM diet had greater relative SelP recombinant fragment density 

(F1,12=9.191; p<0.01). 

 

Congo Red 

 A one-way ANOVA (genotype*diet) X (number of plaques) was conducted 

on average values of plaques found in the early, mid and late hippocampus; 

respectively. Plaques were counted by a blind scorer. No plaques were found in 

both dietary conditions in WT mice. 12 J20 mice used for analysis for Congo, 

(n=5 slices per animal, 60 slices total) 5 on the WBM diet and 7 on the control 

diet. A previous analysis, in samples based on slices and not individual animals, 
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showed dietary effects in the anterior (J20 WBM: n=32; J20 Control: n=38; 

p<0.006) and posterior (J20 WBM: n=11; J20 Control: n=16; p<0.002) HC; where 

J20 mice on the WBM diet exhibited one less plaque. There were no effects of 

diet in the medial HC, and this data was not further pursued as discrepancies in 

sample size elicited large standard error. Therefore, analysis on a randomized 

(position of HC was not regarded) sample of brain slices were utilized with a fixed 

sample of animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Control 

Diet 

B 

J2
0 

N
o M

ush
ro

om
s

J2
0 

M
ush

ro
om

s

0

10

20

30

Congo Red

Groups

#
 o

f 
 P

la
q

u
e
s

J20 No Mushrooms

J20 Mushrooms

WBM 
Diet 

J20 Mice Early 
HC Congo Red 

 
 

A 



 

 

54 

 

Figure 33:  

(A) J20 mice on the experimental WBM diet had decreased number of 

plaques compared to J20 mice on the control diet (F1,8=8.015, p<0.022, mean 

difference=9.625 plaques). (B) Congo red stains of the early HC in J20 mice on 

both the experimental and control diet. These were photographed at 4X 

magnification, 1/600 exposure, and the slices were 16 μm thick. 

 

 

 

Figure 34:   

Congo red stains of the mid HC in J20 mice on both the experimental 

(n=34) and control diet (n=31). These were photographed at 4X magnification, 

1/600 exposure, and the slices were 16 μm thick. 
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Figure 35:  

Congo red stains of the late HC in J20 mice on both the experimental and 

control diet. These were photographed at 4X magnification, 1/600 exposure, and 

the slices were 16 μm thick. 
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DISCUSSION 

 

 The beneficial effects of WBM fortification in the J20 mouse model are 

evident upon analyzing the mice’s behavior and neurological protein 

concentrations, over the study’s duration of 7 months. The diet appeared to 

ameliorate the usual downward trend in spatial memory consolidation as seen in 

J20 mice (Lippi, Smith, & Flinn, 2018) as they age. Although nesting and 

circadian rhythms were insignificant in WBMs ability to alter either J20 or WT 

expression on the diet, WBMs impacted J20s with their expression of SelP, in 

which this correlative effect of SelP and WBMs has not been studied previously.  

This discovery may change what is known about SelP fortification via 

selenium intake, which essentially in deficiency elicits neurological deficits 

(Burke, et al., 2007); though it has not been shown whether dietary intake of 

selenium via dietary enrichment (i.e. not through selenium fortified/depleted food 

and liquid (Van der Jeugd, et al., 2018) is beneficial to AD mouse models. This 

study has shown, to a certain extent, WBMs’ capacity to mitigate spatial memory 

decline.  

 

Circadian Rhythms 

 At 3.5 months, female mice in general were more active than male mice 

during the day; and J20 mice were less active during the day than wildtype. The 

J20 female mice also exhibited greater activity levels in the dark phase compared 
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to J20 male mice. At 8 months, the same results are maintained, where females 

were more active than male mice, and female J20 mice more active in dark 

phase than male J20 mice.  

These results may be due to discrepancies in the animal facility (noise, 

unwanted light, disruptions into and out of behavioral rooms for feedings, etc.). 

Mice were also fed at 10 am every day during CR testing, this may have had an 

effect for their activity level based on their eating habits. Mice innately graze 

throughout the day, though before dawn and after dusk is when they are noted to 

eat the most; more-so during the dark phase, which is when they also drink 80% 

of their daily intake of water. Additionally, mice in isolation are prone to greater 

stress, which confounds with expected behavior (Heinrichs, 2001). Therefore, 

these findings may be due to confounds in CR testing’s stress-inducing qualities 

of isolation, noise, and dietary disruptions.  

The most significant findings in CR were sex differences, where in the 

dark phase activity at both 3.5 and 8 months of age, females were more active 

than males for both J20 and WT genotypes. Furthermore, J20 male mice were 

more active than WT male mice. This is novel findings, as these strong female 

sex effects, in CR, have not been seen previously in this lab (Boggs, et al., 

2017); but this could be due to a greater sample size. Additionally, the 

phenomena noticed is the WT mice performing uncharacteristically and exhibiting 

lesser activity in dark phase than J20 mice, in which the opposite has been noted 

in previous studies (Lippi, et al., 2018). This may be due to the isolation 
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quandary, as B6 mice tend to have greater anxiety than other strains of mouse 

(Jackson Laboratories; Bar Harbor, ME). Although no effects of diet were noted, 

the sex effects in the CR portion of this study warrants greater analysis of the B6 

mouse as a successful WT measure.  

 

Morris Water Maze 

 The MWM trials at 3.5 months exhibited the WBM diet as being 

detrimental to spatial memory in J20 mice on the WBM diet, as they were slower 

than the J20 mice on the control diet; and were slower to reach the submerged 

platform and spent less time in the target quadrant than WT mice on the WBM 

diet. The J20 mice had increased thigmotaxicity on the WBM diet than WT mice 

on the WBM diet, the same trend for both genotypes on the control diet. 

Therefore, the WBM diet was not beneficial for spatial memory consolidation for 

J20 mice, as they had difficulty learning the maze. Although, the WT mice on the 

WBM diet spent the most time in the target quadrant compared to the other 

experimental groups, so the WBM diet had an impact on WT animals at 3.5 

months.  

This may allude to WBMs being beneficial to spatial memory preservation 

in the absence of AD pathology and could be inferred to cause harm in AD-like 

pathologies, instead of ameliorating neurologic deficits—though at 8 months the 

reverse is noted. J20 mice on the WBM diet at 8 months found the submerged 

platform faster than J20 mice on the control diet; albeit the J20 mice were slower 
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than WT mice, the J20 mice on the WBM diet appear to have experienced a 

reversal in spatial memory consolidation. J20 mice also had less platform 

crosses and lesser time spent in the target quadrant, though female J20 mice on 

the WBM diet spent less time in the outer 10% of the maze. Therefore, the 

WBMs in J20 models over time improved their ability to navigate the maze, as 

well as decreased their anxiety within the maze. Additionally, this warrants 

WBMs inability to prevent spatial memory deficits, though mitigates them over 

time; which is significant as WBMs may not be a panacea to solving AD, and 

may be incorporated as nutritional fortification to slow spatial cognitive decline. 

This finding is substantial considering the J20 mice on the WBM diet at 3.5 

months had increased latency and anxiety, and alternatively overcame these 

after being on the WBM diet for another 5.5 months. Therefore, this shows 

WBMs may elicit benefits over time, not instantaneously. Additionally, other 

studies, like Bennett, et al. (2013), were unable to find significance in spatial 

memory consolidation in transgenic AD mouse models while on the WBM diet. 

Thus, this study was able to exhibit an improvement in spatial memory upon 

prolonged WBM ingestion. The J20 mouse was expected to not perform at the 

same level as WT mice, though the improvement is benevolent as this is not 

seen in AD—only plateauing of symptoms or slowing of cognitive decline, 

reversal is rarely seen.   
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Nesting 

 In nesting, the results were unprecedented as all mice, regardless of 

genotype, created nests. In prior studies, specifically Lippi, Smith & Flinn (2018), 

J20 mice were unable to produce viable nests, if any efforts to nest build were 

attempted. At the 2-hour timepoint for both 6 months and 8 months, every mouse 

initiated nest building, and by 24 hours all mice produced them. Significance was 

found surprisingly comparing J20 mice on the WBM diet to WT mice also on the 

experimental diet, where the J20 mice produced worse nests compared to 

genotype-matched controls.  

By the averaged 24 hours, J20 mice still built worse nests compared to 

WT mice, and female mice on the WBM diet had lower scores than females on 

the control diet. The mean differences were halved from the 2-hour to the 24-

hour analysis, which is expected as they had an additional 22 hours to build 

nests.  

The inability to produce nests is a hallmark sign of hippocampal damage 

in mice, specifically the lapse in recognition to perform this daily living behavior 

(Jirkof, 2014). Therefore, the WBM diet may be beneficial in spatial memory, 

though in recognition memory for innate tasks, they do not prevent or slow 

cognitive decline. Although, considering the anomaly of all mice building nests 

regardless of genotype or diet, the hippocampal damage may be minimal. It is 

speculated whether J20 mice from this study were able to all produce nests due 

to a number of them being individually cages, as their J20 cagemates underwent 
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20.77% mortality; and the need to produce nests were greater to mitigate the 

anxiety of isolation (Heinrichs, 2001).  

 

Western Blots 

 In Western blots, SelM did not work as it was later discovered it is not 

reactive in brain tissue in murine species (Abcam, ab133681), but solely in 

kidney tissue. Therefore, future work will involve a different SelM antibody to 

analyze its protein concentration in these tissues. NGF did not elicit significance 

between genotype and diet in the assay, which may be due to the 10% 

concentration of WBMs not being great enough to produce an effect. Additionally, 

it has never been tested whether WBMs versus other mushroom varieties can 

mimic NGFs, which would infer other mushroom species have biochemical 

properties to promote NGF; like hericenones in Hericium erinaceus (Lion’s mane) 

(Phan, David & Sabaratnam, 2017; Ma, et al., 2010). 

Surprisingly, the APP antibody elicited lower levels of APP in J20 mice 

than in WT mice—which is not the case as it has been tested repeatedly 

internally at Jackson laboratories and in other studies to have greater amounts of 

APP in J20 mice (Jackson Laboratories; Bar Harbor, ME). Therefore, the APP 

antibody needs to be tested again at potentially a different dilution of antibody, or 

a different type of antibody to elicit unconfounding results.   

The discovery of SelP being found the most abundantly in the J20 WBM 

group than the other experimental groups is astounding considering SelP is tied 
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to proper spatial navigation; in which we see the J20 mouse model navigating the 

MWM task better when on the WBM diet compared to the control diet. The 

beneficial effects of selenium have been assessed previously (Van der Jeugd, 

2018), where selenium was administered through water instead through feed; 

and in spatial and biochemical assays amelioration was evident. A similar case is 

apparent in this study, though through unconcentrated selenium via WBM 

consumption is spatial memory consolidation still preserved.  

SelP is a neuroprotective protein, as well, and considering it is highest in 

the J20 WBM-fed group may signify greater neuroprotection due to the diet. 

Additionally, overexpression of SelP could be due to the oxidative stress 

experienced by J20 mice (Jablonska, 2016), and in tandem with the diet reinforce 

spatial memory learning. Moreover, the recombinant amino acids 157-411 

fragment in SelP, although its function is unknown (Abcam, ab155185) seems to 

be directly proportional to the SelP seen at 43 kDa as the highest density is also 

noted in J20 mice on the WBM diet. SelP is elicited in times of greater oxidative 

stress and WBMs could aid in mitigating and reinforcing positive regulation of 

SelP.  

 

Congo Red Histology 

 Congo red stains showed lesser plaques by almost 10 plaques, comparing 

the J20 mice on the experimental versus control diets. The J20 mice on the 

mushroom diet exhibited lesser plaques, reinforcing WBM’s antioxidant capacity 
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(Liu, et al., 2012) to ameliorate plaque deposition; thus, improving spatial 

memory. The data previously analyzed in varying sections (anterior, medial, and 

posterior HC) require greater analysis, as the early and late HC showed slightly 

lower plaque levels. 

These findings in the Congo red histology further reinforce the capability of 

WBMs to improve both physiological and neuropsychological deficits discovered 

in the J20 mouse model. Additionally, these counters the theory of decreased 

plaque deposition not correlating with improved behavior, as these J20 mice on 

the WBM diet improved at 8 months in MWM with decreased latency to the 

platform; as well as showing decreased plaque distribution in the HC.  

 

Significance and Further Analyses 

 This study has shown the beneficial extent of WBM dietary intake in AD 

mouse models, which is safe to translate to humans. This study was conducted 

to bring attention to the importance of environmental factors in mitigating 

neurodegenerative diseases, such as AD. WBMs are the most readily available 

mushroom in the US (Ren, Guo, Meydani & Wu, 2008), and are accessible 

nationally. The company the WBMS were purchased from sell to nationwide 

superstores, and they all accept food stamps, which make WBMs affordable and 

accessible to people from all economic backgrounds (Giorgio Fresh, LLC.).  

WBMs are not the cure for AD, though they may bring attention to the 

importance of a healthy, balanced diet to prevent/slow cognitive decline. WBMs 
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are a great source of selenium and protein (USDA, 2018), and are low in calories 

and cholesterol. They are versatile in the kitchen and can be incorporated into 

virtually any meal. AD mitigation it requires many small, beneficial changes in 

lifestyle to alter the course of the disease; incorporating WBMs in diet is a 

change that may benefit people at-risk or patients over a long period of time.  

The future analysis of WBMs will include getting the mushrooms analyzed 

by some methods such as gas chromatography and atomic absorption 

spectrometry to assess the trace mineral content of these WBMs, as well as any 

intrinsic organic compounds that may reinforce SelP expression (i.e. gallic acid, 

rutin, etc.). Further analysis may include ELISA assay to determine Aβ toxicity 

levels. Another future approach is to clinically study the effects of WBM 

fortification in AD patients and age-matched controls, and research spatial 

memory using the Four Mountains test (Chan, et al., 2016), which through 

computer simulation determines whether the participant can accurately assess 

the participant’s spatial knowledge.  
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Figure 36:  

Sample Cresyl violet stained slides of the anterior (A), medial (B), and posterior (C) 

sections of the HC in J20 mice on WBMs and the control diet, the HC and associated areas are 

intact and contrast the plaques visualized with Congo red. The slides were imaged at 4X 

magnification, 1/600 exposure, and slices were 16 μm. thick.  
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Figure 37:  

Teklad 7012 Feed (Teklad 7012, Envigo). This feed was used in both the 

experimental and control dietary conditions, both as an ad libitum nutritional 

basis and incorporated lixit water to create wet food. As noted, the amount of 

selenium is trace, 0.16 mg./kg; thus, was substantial in the feed to prevent mice 

from experiencing selenium deficiency, though did not pose as a confound as the 

WBM supplementation yielded significance. 
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Figure 38:  

3.5-month CR Light Phase Activity comparing sex and genotype. There 

was no significance. 
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Figure 39:  

           3.5-month CR Light Phase Activity comparing diet and sex. There was no 

significance.  

 

 

 

 

 

 

 

 

 

Figure 40:  

           3.5-month CR Dark Phase Activity comparing diet and sex. There was no 

significance.  
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Figure 41:  

           8-month CR Light Phase Activity comparing diet and sex. There was no 

significance.  

 

 

 

 

Figure 37:  

           8-month CR Light Phase Activity comparing genotype and sex. There was 

no significance.  
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