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ABSTRACT 

THE EFFECTS THAT DIETARY MANIPULATIONS OF ZINC AND COPPER HAVE 
ON NEST BUILDING, ZINC TRANSPORTER AND GLIAL FIBRILLARY ACIDIC 
PROTEIN EXPRESSION IN A TRANSGENIC MOUSE MODEL OF ALZHEIMER’S 
DISEASE 

P. Lorenzo Bozzelli, M.A. 

George Mason University, 2014 

Thesis Director: Dr. Jane M. Flinn 

 

The role of essential trace elements, such as zinc and copper, in Alzheimer’s 

disease (AD) has received much attention in the last decade. Zinc (Zn) and copper (Cu) 

are involved in many biological processes. Amyloid-β (Aβ) interacts with these metal 

ions, sequesters them, and causes an intracellular decrease in Zn and Cu. In this study, we 

characterize nest building ability, zinc transporter 3 (ZnT3) and glial fibrillary acidic 

protein (GFAP) expression in wildtype (WT) and transgenic (J20) mice in one of three 

dietary conditions: regular lab water (LW) with a copper-control (CC) diet (LW/CC); 

regular LW with a copper-deficient (CD) diet (LW/CD); or lab water enhanced with 10 

ppm ZnCO3 with the CC diet (Zn/CC). Based on previous work from our laboratory, Zn-

enhanced water was shown to induce behavioral deficits, but when Cu was added to the 

Zn drinking water, the behavioral deficits were abrogated. Other studies however have 
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shown that Cu-deficiency may be beneficial in AD. We sought out to evaluate what 

mechanisms may be involved in Zn supplementation and whether or not there would be 

similar results between the two manipulated diets. Surprisingly, J20 mice significantly 

outperformed WT mice in the nesting assay, but in only the LW/CC condition. Males 

outperformed females on the nesting assay, but again this was significant in only the 

LW/CC group (p<.05). ZnT3 levels were not observed to be different based on genotype, 

but diet did induce higher expression of ZnT3 (p<.10), with the Zn/CC group expressing 

the highest and the control LW/CC group expressing the least amount (p<.05). GFAP 

levels were less consistent but the manipulated diets induced higher expression of GFAP 

(p < .10). Also, the only genotypic difference was observed in the control LW/CC which 

shows that the manipulated diets made the WT mice take on a J20 profile. These data 

warrant further investigation into the role of dietary Zn and Cu therapeutics.
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1. INTRODUCTION  

Alzheimer’s disease (AD) is the most common form of dementia and currently affects 

more than five million Americans [1]. AD is clinically presented as severe memory and 

cognitive impairments. The two principal neuropathological hallmarks of AD are 

extracellular deposits of amyloid-β (Aβ) peptides, and intracellular neurofibrillary tangles 

(NFTs) composed of hyperphosphorylated tau protein [2]. The neurodegenerative 

processes in AD are thought to occur decades before the onset of clinical symptoms [3], 

which may be why many therapies targeting these abnormal proteins have proven 

unsuccessful for symptomatic patients [4].  

Amyloid-β, the major component of amyloid plaques, is produced by the proteolytic 

cleavage of amyloid precursor protein (APP) by secretase enzymes [5]. The α- and β-

secretases are responsible for initially cleaving APP and this determines whether Aβ is 

formed [6]. Initial cleavage of APP by α-secretase results in the non-amyloidogenic 

pathway, while cleavage by β-secretase results in the amyloidogenic pathway [7]. The 

subsequent cleavage of the β-secretase product by γ-secretase determines the species of 

Aβ to be generated [8]. The γ-secretase proteolytic complex consists of many proteins, 

including presenilin (PSEN) 1 and 2 [9]. Rare mutations in the genes that code for 

presenilin 1 and 2 (PSEN1, 2), as well as APP, can cause familial (early-onset ) AD [10]. 

Mutations in these genes leads to an increased ratio of Aβ42:Aβ40 [11–14]. This ratio is 
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important in AD because Aβ42 is more likely to oligomerize compared to Aβ40 [15] and 

is therefore considered more toxic. 

The most common form of AD, however, is sporadic (late-onset), which accounts for 

more than 95% of cases [1]. The biggest risk factor for sporadic AD, aside from age, is 

an allelic variation of the APOE gene [16,17]. The three alleles of ApoE in humans are 

ε2, ε3, and ε4. The amino acid sequence of the ApoE alleles differ at positions 112 and 

158 of the protein [18]. ApoE ε3, the most frequent isoform of ApoE, contains a cysteine 

and arginine at positions 112 and 158, respectively [15]. At these same amino acid 

positions, ApoE ε2 contains only cysteine residues and ApoE ε4 contains only arginine 

residues [19]. Carrying one copy of the APOE ε4 allele increases the risk of developing 

AD by approximately 3-fold, while carrying two copies increases this risk by greater than 

10-fold [20]. Carrying at least one copy of APOE ε2 has been shown to be protective 

against sporadic AD, while APOE ε3 is considered neutral [21].  

1.2 The role of metals in Alzheimer’s disease (AD)  
 
The large number of unsuccessful trials targeting the toxic species of Aβ and tau 

have suggested that other mechanisms are involved in AD. Bush and colleagues suggest 

an alternative approach to understanding AD pathogenesis which focuses on the 

dyshomeostasis of the transition metals zinc (Zn), copper (Cu), and iron (Fe) [4,22]. The 

same group coined the term “metallostasis” which refers to a fatigue in how the brain is 

able to regulate metals [23]. Although very important, this study does not focus on the 

role of iron in AD.  
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Zinc and copper are found in high concentrations in and around amyloid plaques 

[24–26], which supports the classification of Aβ as a metalloprotein capable of binding 

metals [27,28]. Interestingly, the sequence of mouse Aβ differs from human Aβ by three 

amino acids which lowers its affinity for both zinc and copper and may explain why mice 

do not “naturally” develop AD pathology [4,24,29]. Aside from aberrant proteins 

associated with early-onset AD, metals also interact with the ApoE protein. Cysteine 

binds zinc and copper with high-affinity therefore the greater number of cysteine residues 

on the ε2 and ε3 may be able to better compensate at binding zinc from Aβ when 

compared to ε4 [30]. 

1.3 Zinc and the zinc transporter 3 (ZnT3) 
 
The highest concentrations of zinc within the body is in the brain [31]. It is therefore not 

surprising that Zn homeostasis is crucial for normal brain functioning. Synaptic zinc, 

released from glutamatergic cells, acts as an antagonist to GABAA and NMDA receptors 

[32,33]. ZnT3 is responsible for transporting zinc into glutamatergic synaptic vesicles 

[34,35] so that it can be coreleased with glutamate into the synapse [36]. The highest 

expression of ZnT3 occurs in the hippocampus and neocortex—both AD relevant regions 

of the brain [36].  

Zinc binding to Aβ promotes the formation of insoluble aggregates [24]. This was 

shown when Tg2576 mice overexpressing Aβ were crossed with ZnT3 knock-out mice. 

These mice showed a decrease in Aβ burden [37]. Given that Aβ binds zinc with high 

affinity, this cycle of Aβ:zinc complexing results in a sequestration of zinc into 
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extracellular aggregates which therefore reduce zinc bioavailability [38]. This loss of 

zinc is further exacerbated by a reduction in ZnT3 levels in an age-dependent manner, 

and especially so in the AD brain [34,39]. Adlard and colleagues also observed 

behavioral impairments on the Morris water maze in the ZnT3 knock-out mouse, which 

further supports the notion that synaptic zinc contributes to cognitive functioning, such as 

spatial memory [34]. Genetic ablation of ZnT3 resulted in reductions in the number of 

AMPA and NMDA receptors, which suggests that disruption to glutamatergic signaling 

is contributing to the behavioral deficits observed in the knock-out mouse [34].  

Bjorklund et al. [40] observed that maintaining levels of ZnT3 similar to healthy 

controls may be a compensatory mechanism against metallostasis in spite of having AD 

neuropathology, because those individuals with control-like levels of ZnT3 were not 

demented. Although there was an abundance of Aβ oligomers in these ostensible AD 

brains, the oligomers were not targeted to the post-synaptic density, which suggests that 

synaptic transmission was not being occluded [40]. This supports the theory that zinc 

regulation is essential for normal cognitive functioning.  

1.4 Copper 
 

Copper, similar to zinc, is also required for many biological functions. Copper is 

essential for many enzymes such as superoxide dismutase, a potent antioxidant, and 

cytochrome c oxidase, which is essential for cellular respiration. Also similar to zinc, 

copper exhibits altered localization in the AD brain. Reduced levels of superoxide 

dismutase are observed in the AD brain and studies using the Tg2576 mouse have shown 
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that reductions in copper/zinc superoxide dismutase (SOD1) accelerate Aβ 

oligomerization and memory impairment [41].  

Copper is also released into the glutamatergic synapse and modulates NMDA 

receptor excitability [42]. Typically, NMDA excitation will result in the trafficking of a 

copper transporter to the cell surface which causes an efflux of copper into the synapse 

[42]. Amyloid-β binds copper with a high affinity, and therefore in the AD brain 

intracellular levels of copper are reduced and it becomes sequestered by Aβ aggregates. 

Copper:Aβ complexes exhibit cytotoxic properties [4]. This cytotoxicity may be due to 

altered functioning of copper-dependent enzymes, such as the inhibition of cytochrome c 

oxidase or through the generation of free radicals by the Fenton reaction [43,44]. 

Copper normally interacts with and promotes the internalization of APP but copper 

deficiency actually promotes Aβ secretion [45]. Copper also interacts with tau and the 

phosphorylation and aggregation of tau is induced by copper [46]. An in vitro study has 

shown that tau, in the presence of copper, can result in the generation of hydrogen 

peroxide, which also highlights the role of copper in oxidative stress [47]. 

1.5 Dietary manipulations of biometals  
 

Our lab has shown that dietary manipulations of transition metals can alter rodent 

behavior [48–51]. Zinc-enhancement via drinking water led to behavioral deficits in the 

Tg2576 and CRND8 transgenic mouse models [49]. When transgenic mice were 

administered a mixture of zinc- and copper-enhanced drinking water, the behavioral 
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deficits were abrogated [51]. Zinc-enhancement, by reducing copper absorption, induces 

a copper-deficiency [52], which may be responsible for these behavioral deficits. 

Disruptions to copper homeostasis have been implicated in AD and experiments 

using Tg mice [53]. Wang and colleagues [54] observed that zinc enhancement in 

drinking water increased APP cleavage, Aβ deposition, and impaired spatial learning in 

APP/PS1 double transgenic mice. Paradoxically, it has also been shown that chronic zinc 

enhancement through drinking water actually causes a zinc deficiency in the 

hippocampus (specifically the mossy-fiber-CA3 synapse) and induces behavioral 

impairments [55].  

The notion that AD may stem from a zinc deficiency, rather than excess zinc, was 

supported by the observation that in spite of amyloid plaques arising from zinc-enriched 

regions of the brain, a zinc-deficient diet led to an increase in total volume of amyloid 

plaques in the APP/PS1 transgenic mouse [56]. Another study observed that zinc 

enhancement had a protective effect in 3xTg-AD mice, as indicated by a delay in 

cognitive impairments, decreases in Aβ and tau pathology, and an increase in brain-

derived neurotrophic factor (BDNF) [57].  

These conflicting observations on the role of dietary zinc may be due to the use of 

different transgenic mice, which express different AD pathologies, as well as varying 

dosages, duration of treatments, routes of administration, age of the mice at onset and end 

of treatment, and chemical composition of different diets administered. All these studies 

do however share the finding that metal homeostasis is critical in maintaining normal 

brain functioning.  
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1.6  Nest building 
 

Nest building, also referred to as nesting, is common in rodent species. The 

motivation for nest building is high and nesting material is coveted by laboratory mice 

[58]. When nesting material is presented to laboratory mice, they quickly construct a nest 

despite no prior exposure to the nesting material [59]. Nesting has been observed in 

many different inbred mouse strains [59]. Nesting in mice serves various functions, such 

as thermoregulation, shelter, and reproductive success [60,61]. Bult and Lynch [62] 

observed more numerous and robust offspring born to better nest builders compared to 

offspring of poorer nest builders. Although this suggests a role in survival, this behavior 

is observed in both domesticated and laboratory mice [63]. Both male and non-breeding 

female mice engage in nest building [64,59] . The maternal and non-maternal nests are 

comparable in size, although maternal nests are more complex [59]. Nest building in 

laboratory mice may shield the animal from conspecifics, humans, and other aversive 

stimuli such as light and sound [65]. Nest building ability may however be dependent 

upon the material that is provided to the mice as well as the quantity of that material [66].  

Non-maternal nesting is sensitive to hippocampal damage, impaired neurogenesis, 

and decreased hippocampal size [67,68]. Scrapie-infected mice, via intrahippocampal 

injections, also had impaired nesting behavior [69]. Studies of transgenic mice (Tg2576, 

APPswe/PS1, 3xTg-AD) have observed impaired nesting [70–72]. Deacon [73] has 

suggested that the role of the hippocampus in spatial memory and orientation may 

explain why damage to the hippocampus results in reduced nesting scores in AD and 

hippocampal-lesioned mouse models. Hippocampal-lesioned mice were slower in 
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initiating behavior in new surroundings [73]. If cognitive mapping of new environments 

is dependent upon spatial orientation, then damage to relevant brain regions may 

phenotypically manifest as a slower habituation process, as well as an increase in poorly 

organized and undirected behaviors. Nest building behavior requires executive 

functioning, planning, and organization [73,74], all of which deteriorate in AD. These 

reductions in nesting behavior in both Tg and lesioned mice were not due to impairments 

in locomotor activity [73,75,76].  

In addition to the memory impairments characteristic of AD, patients experience 

deterioration in activities of daily living (ADL). These activities refer to those associated 

with self-reliance and self-maintenance [77]. Feeding, toileting, dressing and bathing 

oneself are examples of affected ADL [78]. Higher cortical areas of the brain, which are 

associated with executive functioning necessary for ADL, are pathologically-relevant 

regions of the AD brain. Deterioration of ADL are an early symptom of the disease and 

eventually lead to institutionalization, which causes significant distress in patients and 

can also be costly [78,79].   

The nest building assay is non-invasive, easily administered, and inexpensive [61]. 

Since mice engage in nesting quickly and spontaneously, nesting does not require food 

deprivation or exposure to aversive stimuli as motivating factors [78]. Assessing nest 

building in mice is a species-specific type of behavior that is considered biologically 

relevant in that it provides mice with control over stressors in their environment [66]. 

Deacon [78] states that mouse ADL is “virtually homologous” to human ADL which 

supports the use of this assay in evaluating disease [80]. 
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1.7  Astrogliosis in AD 
 

Astrocytes are the most abundant cells in the brain and play important roles in 

maintaining the neural environment [81]. Astrocytes generate the blood-brain barrier 

(BBB), mediate glucose uptake, convert glutamate to glutamine which prevents 

excitotoxicity, and although not apart of the classical innate immune system, they are 

involved in debris clearance and tissue repair [82–87]. Astrocytes respond to 

pathological insult, termed astrogliosis, which is intended to protect the brain, isolate 

damaged areas, and repair the BBB [88]. Although this glial response is intended to 

assist neurons in survival, chronic and widespread astrocytic reactivity becomes harmful. 

When reactive astrocytes are redirecting resources toward damage control tasks, it occurs 

at the expense of homeostatic tasks that maintain normal neuronal function [86]. 

Neuronal damage resulting from astrogliosis is thought to result from impaired neuronal 

maintenance by astrocytes [88] which makes neurons susceptible to glutamatergic 

excitotoxicity and oxidative stress [86].  

Astrogliosis is a significant pathology in AD [87]. Since astrocytes are responsible 

for buffering synaptic levels of glutamate, it is not surprising that astrocytic dysfunction 

would result in learning and memory disorders [89]. Cultured glial cells are stimulated 

by aggregated Aβ or amyloid plaques [90]. The AD brain exhibits an increase in glial 

fibrillary acidic protein (GFAP) which is a marker for astrogliosis [80]. GFAP is an 

intermediate filament protein of the cytoskeleton in both developing and mature 

astrocytes [80]. GFAP expression also increases with Braak stage level [91]. Astrocytes 

that are proximal to Aβ plaques express significantly more GFAP than those distally 



10 
 

located, and as such exhibiting a reactive phenotype [88]. Interestingly, in the AD brain, 

those that were distal exhibited a hypotrophic phenotype [88]. 

1.8  Current study  
 

This study’s aims were to evaluate an activity of daily living in mice, which was 

measured by nest building. The nesting assay is sensitive to damage of AD-relevant 

regions of the brain. Given that our lab has previously observed behavioral deficits 

caused by Zn enhancement, we tested whether these behavioral deficits are a 

consequence of Zn enhancement which causes a copper deficiency. We anticipated that 

mice on a uniquely Cu-deficient diet (no excess Zn) would recapitulate the deficits 

observed in Zn-enhanced groups. These metal effects are also anticipated to be more 

severe in Tg mice due to the interaction of Aβ with biometals.  

ZnT3 levels have been shown to be involved in maintaining normal cognition. We 

expected that Tg mice would express lower levels of this transporter. Zn enhancement is 

not expected to compensate for an intracellular deficiency but instead it will exacerbate 

Aβ pathology which sequesters synaptic zinc. ZnT3 levels are expected to be further 

decreased in the Zn-enhanced group given the increased magnitude of Aβ pathology. To 

our knowledge, the effect of zinc enhancement on ZnT3 expression has not been 

evaluated.  

Astrogliosis, as measured by GFAP, is expected to be more severe in Tg animals, and 

especially those in either the Zn-enhanced or Cu-deficient groups. Given that we believe 
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Zn enhancement is akin to a Cu deficiency, we expect Aβ pathology to be exacerbated 

which will evoke an exaggerated glial response.  

This study expands the range in which nesting, ZnT3, and GFAP levels have been 

examined in Tg mice as well as what effect these dietary manipulations will have on 

behavior and neuropathology. Since estrogen has an effect on amyloid pathology and 

zinc homeostasis in transgenic mice, females will be excluded from Western blot 

analyses to avoid any confounding effect caused by female hormones [37,92].  

1.9 Hypotheses  
 

H1: Given that Zn induces a Cu deficiency, it is hypothesized that the LW/CD and 

Zn/CC groups will both be equally impaired on the nest building assay. J20 mice are 

expected to perform poorly compared to WT mice.  

H2: We have previously observed that Zn enhancement induces cognitive 

impairments but other groups have shown that Zn enhancement has a protective effect. 

Due to these conflicting results no hypothesis will be made concerning ZnT3 levels in the 

brain, but we will test the null hypothesis.  

H3: GFAP levels are hypothesized to increase in Zn enhanced, especially in Tg 

groups, given that this diet will exacerbate AD pathology, by inducing the aggregation of 

Aβ, which will elicit reactive gliosis.   
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2. MATERIALS AND METHODS 

2.2 Mice  
 

Transgenic males (PDGFB-APPSwInd; The Jackson Laboratory) originating on a 

C57BL/6 x DBA/2 background which was then backcrossed with C57BL/6J mice for 12 

generations, are hemizygous for mutant human amyloid precursor protein (hAPP), and 

carry both the Swedish and Indiana mutations. These transgenic males were crossed with 

wildtype females (C57BL/6J; The Jackson Laboratory). Expression of the transgene is 

directed by the human platelet-derived growth factor beta polypeptide promoter and 

immunoreactivity is detected in neurons, with highest concentrations in the cortex and 

hippocampus [93,94]. J20 mice exhibit spatial memory deficits by 6 – 7 months in the 

Morris water maze [95]. Transgenic attrition was observed (30%), while no WT mice 

died prematurely. Mice born in-house from this breeding paradigm were genotyped by 

PCR analysis of tail-snips (Transnetyx) to determine the presence (J20) or absence (WT) 

of the doubly-mutated hAPP transgene. All transgenic mice in this study are therefore 

hemizygous for mutated hAPP. WT littermates served as controls. To facilitate 

behavioral testing, the same mice were bred three times, which yielded three 

experimental cohorts. All experiments using mice were performed with the approval of 

the George Mason University Institutional Animal Care and Use Committee.   
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2.3 Housing  
 

Mice were weaned at post-natal days 21 – 30 and housed in cages of 2 – 4 mice of 

same sex and genotype. The mouse colony was maintained on a 12-hour light/dark cycle 

(lights on at 8:00 am). Each cage included a plastic igloo and a running wheel.  Over the 

course of the experiment, conspecific aggression and transgenic attrition resulted in some 

mice being singly-housed. Starting at 2 months of age the mice were picked up and 

gently handled/massaged three times per week until the first behavioral assay began.   

2.4 Diet  
 

Food and water were available ad libitum throughout the entire study. Breeders were 

provided with 7012 Teklad LM-485 diet (Harlan Laboratories) and regular lab drinking 

water. Two weeks prior to the pairing of breeders, on every other day, both male and 

female breeders were supplemented with Love Mash Rodent Reproductive Diet 

(BioServ) in order to support reproductive performance. Once experimental mice were 

weaned they were all provided with a “copper-control” diet (supplementary figure S1) 

and regular lab drinking water.  At two months of age, experimental manipulation of diet 

commenced and lasted throughout the remainder of the experiment. The three 

experimental diet conditions are:  

1) Regular lab drinking water (LW) with copper-control (CC) diet; (LW/CC) 

2) LW with copper-deficient (CD) diet (supplementary figure S2); (LW/CD) 

3) Zinc-enhanced (10 ppm ZnCO3) drinking water with CC diet; (Zn/CC) 
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2.5 Preparations of ZnCO3 water  
 

The 10 ppm ZnCO3-enhanced water (herein referred to as Zn water) was prepared 

using a starting solution of 10,000 mg/L of zinc dissolved in 5% HNO3 (SPEX 

CertiPrep). The final solution was buffered with Na2CO3 (Sigma-Aldrich) to bring it to a 

pH of 7.0 [49]. All waters were made and stored in separate polycarbonate carboys and 

dispensed to animals in 500 mL glass bottles. Water was analyzed regularly using 

inductively coupled plasma-optical emission spectroscopy and ion chromatography at the 

United States Geological Survey (USGS, Reston, VA) to confirm metal content. Bi-

weekly measurements of water intake for each cage were conducted to ensure equal 

levels of consumption across groups.  

 

2.6 Nest Construction  
 

At six months of the age, the nest construction assay was performed using both males 

and females from each condition. Mice were placed in individual cages (7.5” X 11.5” X 

5”) made of transparent polycarbonate plastic (Ancare) for a period of six days. Food and 

water (as per experimental condition) were provided ad libitum for the duration of the 

assay.  Mice were habituated to the new caging conditions for the first three days before a 

2.25” X 2.25” cotton-square (Omni BioResources) was introduced on the fourth day.  

Mice were naïve to the cotton-squares. On the sixth day, mice were returned to their 

original homecages and photographs were taken of the cotton squares. This specific 

nesting protocol was piloted in our laboratory and employed in another study (manuscript 

forthcoming). Two independent raters who were blind to the experimental conditions 
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scored photographs of the cotton-squares and Cronbach’s alpha inter-rater reliability 

coefficient was calculated.  

The scale used here is based on one similar to that of Deacon [61]. Scoring criteria 

were as follows: (1) nestlet not noticeably touched (more than 90% intact), (2) nestlet 

partially torn (50 – 90% remaining intact), (3) nestlet mostly shredded (50 – 90% has 

been shredded), (4) nest is identifiable and flat (more than 90% is torn), (5) an entirely 

torn nestlet with an identifiable crater and high walls. See Table 1 for the numbers of 

animals per group on the nesting assay. After nest construction, mice were also assayed 

by novel object recognition and Morris water maze. Analyses of these latter behaviors are 

outside the scopes of this MA thesis study.  

 
 
 

Table 1: Number of mice per group in the nesting assay 

  LW/CC LW/CD Zn/CC 
WT total 15 17 16 

♂ 8 8 5 
♀ 7 9 11 

J20 total 14 13 13 
♂ 10 5 9 
♀ 4 8 4 

 
 
 

2.7 Brain extraction and dissection  
 

Two days after final behavioral testing, mice aged 6 ½ months old were euthanized 

by CO2 asphyxiation. Euthanasia for each cohort began at 10am and lasted until 2pm. 

Brains were quickly removed, frozen on dry-ice, and stored in a -80˚ Celsius freezer until 
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further analysis. Once ready for analysis, brains were further dissected. The cerebellum 

was removed and discarded and the remaining brain was hemisected. The right 

hemispheres were used for Western blot. Left hemispheres were not used for the purposes 

of this MA thesis study but may be used for immunohistochemistry looking at ZnT3 and 

GFAP expression.  Prefrontal cortex was sectioned from the remaining brain tissue but 

protein detection was unsuccessful for ZnT3, GFAP, and Aβ42. Given the already low 

expression of these proteins in the PFC, ELISA may be better suited for their detection.  

2.8 Western blot  
 

Randomly selected males in each condition were used for Western blotting. Brain 

samples were homogenized in RIPA lysis buffer containing protease inhibitors (Roche).  

Homogenates were centrifuged and protein concentration of the supernatant was 

calculated using the Pierce BCA protein assay.  The concentration of protein used was 

100ng/uL.  Samples were prepared for polyacrylamide gel electrophoresis (PAGE-SDS) 

by the addition of 4X NuPAGE LDS Sample Buffer (Invitrogen) and 10X NuPAGE 

Sample Reducing Agent (Invitrogen).  Samples were heated to 90˚ Celsius for 5 minutes, 

spun down in a centrifuge for five seconds at 14,000rpm, and then loaded onto NuPAGE 

Novex 4—12% Bis-Tris-gels (Invitrogen) and run for 90 minutes at 120V.  Gels were 

transferred to nitrocellulose membranes using the iBlot Gel Transer Device (Invitrogen) 

set to program three.  Membranes were blocked in tris buffered saline and Tween-20 

(TBST) containing 3% milk powder, and then incubated with primary antibody overnight 

at 4˚ Celsius.  Membranes were washed in TBST three times for 20 minutes and 
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incubated in secondary antibody (one hour; room temperature), followed by additional 

rinsing in dH2O.  

Blots were developed with SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Scientific), and imaged using G:Box Chemi-XT4 GENEsys software (Syngene).  

After imaging, band intensities were quantified using ImageJ (NIH).The dilutions for 

primary antibodies were: 1:500 for ZnT3 (kindly provided by Dr. R. D. Palmiter);1:1000 

for GFAP (Cell Signaling); and 1:1000 for β-actin (Abcam). The dilution of the HRP-

conjugated donkey anti-rabbit secondary antibody is 1:10,000 (Jackson 

ImmunoResearch). For all Western blot analyses, data were normalized to β-actin as a 

loading control. See Table 2 for the number of mice used for Western blots.  

 
 
 

Table 2: Number of randomly selected male mice used for Western blotting 

 LW/CC LW/CD Zn/CC 
WT  5 5 5 
J20  5 5 4 
 
 
 

2.9 Statistical analyses  
 

All statistical analyses were performed using SPSS (IBM). Cronbach’s alpha was 

calculated to determine inter-rater reliability in scoring of nests. Nesting and Western blot 

data were subjected to univariate ANCOVA or one-way ANOVA. The dependent 

variable for nesting is nest score and the independent variables are genotype (WT or J20), 

diet condition (LW/CC, LW/CD, or Zn/CC), and sex. The dependent variables for 

Western blot data are ZnT3 and GFAP protein expression and include the same 
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independent variables with the exception of sex. Pearson correlations were calculated to 

determine relationships between variables. Results are presented as mean ± SEM; P < 

0.05 is considered significant and P ≤ 0.10 is considered marginally significant. 
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3. RESULTS  

3.2 Nesting is affected by genotype and sex but not diet  
 

Inter-rater reliability of nest scoring was established (α = .92). Analysis of covariance 

(ANCOVA) revealed that there was a significant main effect of genotype on nesting after 

controlling for diet and sex (F(1,84) = 9.59, p = .003) and there was a significant effect of 

sex after controlling for genotype and diet (F(1,84) = 10.38, p = .002). There were no 

main effects of diet nor any significant interactions for any variables on nesting 

performance.  

Surprisingly, J20 mice had higher nesting scores than their WT counterparts (J20 M = 

2.49, SD = 1.23; WT M = 1.68, SD = 0.96). One-way ANOVA revealed that this effect 

was only observed in the LW/CC diet condition (p < .05), and that the significant 

genotypic differences in nesting were not observed in the LW/CD or Zn/CC conditions; 

although J20 mice did indeed obtain higher scores in all three diet conditions (Figure 1). 

Male J20 mice outperformed female J20 mice on the nesting assay. Planned contrasts 

revealed that this effect was significant only in the LW/CC condition (p = .03; Figure 2).  

Average nesting scores by genotype and diet condition are presented in Table 3.  
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Figure 1: J20 mice obtained higher nesting scores than WT mice 
Within the LW/CC conditions, the J20 mice had significantly higher nesting scores, 
reflecting that they shredded the cotton-square to a greater extent. In the LW/CD and 
Zn/CC conditions, J20 and WT mice did not differ significantly in their nesting scores. 
Bars represent averages ± SEM and * denotes p < .05. 
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Figure 2: Males obtained higher scores than females 
In the J20 LW/CC group, males had significantly higher nesting scores than females. 
Males were consistently higher scorers on the nesting assay. Bars represent averages ± 
SEM and * denotes p < .05. Numbers within bars denote the sample size of the specific 
group.  

 
 
 

Table 3: Average nesting scores and standard deviations by genotype and diet 

 LW/CC LW/CD Zn/CC 
WT M = 1.49, SD = 

0.74 
M = 1.74, SD = 
1.09 

M = 1.79, SD = 
1.02 

J20 M = 2.75, SD = 
1.13 

M = 2.34, SD = 
1.24 

M = 2.38, SD = 
1.37 
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3.3 Zinc supplementation increases ZnT3  
ANCOVA revealed that there was no significant main effect of genotype on ZnT3 

protein levels (Figure 3) but that there was a marginally significant effect of diet on ZnT3 

protein expression when controlling for genotype (F(2,25) = 2.778, p = .081; Figure 4). 

Planned contrasts revealed that the Zn/CC mice had significantly higher levels of ZnT3 

when compared to LW/CC mice (p = .039). LW/CD mice were intermediate to the other 

groups in terms of ZnT3 expression. In both genotypes, the mean values of ZnT3 were 

always highest in the Zn/CC mice and lowest in the LW/CC mice (Figure 5), which 

suggests that elevated dietary Zn or Cu-deficiency can increase ZnT3 expression.  
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Figure 3: ZnT3 did not differ by genotype 
ZnT3 levels did not differ by genotype. Although not significant, J20 mice as a whole did 
express higher levels than WT mice. ZnT3 levels were normalized to beta-actin as a 
loading control. Values reflect densitometry and are in arbitrary units. Bars represent 
averages ± SEM. Representative blots reflect ZnT3 band intensity for the two genotypes.  
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Figure 4: Zn supplementation increases ZnT3 
Zn/CC mice expressed significantly higher levels of ZnT3 compared to LW/CC. LW/CD 
mice were intermediate which suggests that the mechanism by which Zn supplementation 
acts on ZnT3 levels may partially be through a Cu deficiency. Representative blots show 
ZnT3 band intensity for the three different diet conditions.  
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Figure 5: ZnT3 is highest in Zn/CC and lowest in LW/CC in both genotypes 
Bars represent averages ± SEM. Numbers within bars denote the sample size of the 
specific group.  
 
 
 

3.4 GFAP expression in WT mice is increased by manipulations of 
dietary metal levels 

 
ANCOVA revealed no main effects for either diet or genotype (when controlling for 

the other variable). When datasets were split by diet condition however, a one-way 

ANOVA revealed significant genotypic difference in the LW/CC group: these J20 mice 

had significantly higher GFAP expression compared to their WT counterparts (F(1,8) = 
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raised on either LW/CD or Zn/CC. GFAP was found to be positively correlated with 

being transgenic but only in the LW/CC group (r(10) = .806, p = .005). These data 

suggest that the LW/CD or Zn/CC diet resulted in the WT mice taking on a GFAP profile 

similar to the J20 mice.  
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Figure 6: Metal diets increased GFAP in WT mice 
Significant genotypic differences for GFAP levels were only detected in the LW/CC 
group, with J20 mice expressing significantly more GFAP than the WTs. The difference 
between WT LW/CC and WT LW/CD was marginally significant, with an increase in 
LW/CD GFAP levels. GFAP levels were normalized to beta-actin as a loading control. 
Values reflect densitometry and are in arbitrary units. Bars represent averages ± SEM, * 
denotes p < .05 and # denotes p ≤ .10. Numbers within bars denote the sample size of the 
specific group. Representative blot shows GFAP expression by genotype.  
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One-way ANOVA revealed a marginally significant main effect of diet on GFAP 

when datasets were split by genotype (F(2,12) = 3.074, p = .084). Post-hoc comparisons 

with Bonferroni correction found that WT mice on LW/CD had higher GFAP levels than 

WT mice on LW/CC (p =  .10; Figure 6). This observation closely mirrors that of ZnT3 

expression (Figure 5). 

Surprisingly, a partial correlation that controlled for genotype revealed that GFAP 

was positively correlated with ZnT3 levels in the LW/CD group (r(7) = .721, p = .029). 

These data partially support the hypothesis that Zn would result in higher GFAP 

expression, which is most evident by the WT group’s increase. The lack of any genotypic 

effect does not support the other portion of the hypothesis that J20 mice would express 

overall more GFAP. 

Correlations between the results from protein detection were further investigated, 

even though they are not apart of this current MA thesis. Given that nesting did not 

correlate well with ZnT3 and GFAP, we examined the relationship these proteins have 

with other hippocampal-dependent memory measures. Unexpectedly, ZnT3 was 

positively correlated with GFAP (r = .701, p < .001), and negatively correlated with the 

number of platform crossing during the Atlantis trial on the Morris water maze (r= -.400, 

p = .032). Lower numbers of platform crossings is indicative of memory impairment in 

this assay. GFAP was positvely correlated with thigmotaxicity (r = .521, p = .004), which 

suggest that it may be a useful biomarker for anxiety-like behaviors.  
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4. DISCUSSION  

This is the first report, to our knowledge, that a dietary manipulation consisting of 

ZnCO3 increases ZnT3 expression in the brain. Manipulating the rodent diets, either 

through mild Cu deficiency or Zn supplementation, resulted in WT mice sharing similar 

ZnT3 and GFAP profiles with their J20 counterparts. Only in the LW/CC condition do 

we detect genotypic differences in protein expression, which suggests that the LW/CD 

and Zn/CC diets were detrimental to WT mice, but virtually unaltered in J20s. These data 

suggest that Zn supplementation or a mildly Cu-deficient diet may be useful in 

modulating ZnT3 levels. These data also support that Zn effects may partially be 

attributed to an induced Cu deficiency, given that both Cu-deficiency and Zn 

supplementation increased ZnT3 levels.   

4.2 Nesting behavior  
 

J20 mice were hypothesized to be impaired in nest construction but instead the Tg 

mice obtained higher scores on this task compared to their WT counterparts. Further 

investigation showed that this effect was significant only within the LW/CC group (the 

group that received no manipulation of dietary metals). The nesting assay in this study 

deviates from that of Deacon [61] in that these mice were placed in an individual cage for 

several days and with bedding that differs from the homecage bedding—all factors which 



30 
 

may have exacerbated anxiety-like behavior and confounded this portion of the 

experiment.  

The use of different strains of inbred mice have yielded disparate nesting results [58]. 

In fact, the average score for all mice in this study was much lower than expected, 

indicating that this strain may be inefficient in nesting with the material provided. 

C57BL/6J mice have been reported to build flat and sparsely shredded nests when 

provided with commercially-available cotton squares such as the type used in this study 

[66]. Nesting is an innate behavior in mice and when C57BL/6J are provided more 

naturalistic nesting material they perform nesting on par with those in the wild [66]. 

Given the counterintuitive results of the nesting behavior, it may be possible that a 

higher score on this variation of the nesting assay is indicative of neuropathology instead 

of neuronal integrity. This may be especially true considering that WT control mice do 

not exhibit hippocampal damage, which nesting is sensitive to, but yet they obtained 

significantly lower scores [73]. J20 mice, which have aberrant protein overexpression in 

the hippocampus, did obtain higher nesting scores than WTs in all three diet conditions. 

Furthermore, the J20 mice may have perceived the cotton squares as being adequate 

while the WT mice were more discerning and therefore lacked interest in the provided 

material. Future investigations into nesting that utilize the C57BL/6J strain should use a 

more biologically relevant type of material, such as shredded paper strips, which have 

been shown to elicit robust nesting results [66]. In our laboratory, we have also observed 

that nesting may be influenced by humidity conditions in the vivarium, with mice 

building better nests at lower relative humidity (data not presented).  
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Although a significant sex difference in nesting was detected in only one group, male 

mice in all experimental groups obtained higher scores than the females. The small and 

unequal sample size of male and female mice in the different conditions may have 

inflated a sex effect. Future analysis should evaluate sex differences with higher sample 

sizes in each group.  

4.3 ZnT3 and GFAP expression  
 

Here we show that Zn supplementation increases ZnT3 levels in the brain. Whether 

this is a positive or negative outcome is difficult to determine given the lack of 

correlation with the nesting behavior. Our laboratory has previously shown that Zn 

supplementation has deleterious effects on spatial memory tasks in the Morris water maze 

and Barnes Maze [48,49,51]. Other groups however have shown that Zn supplementation 

may have therapeutic effects and some have also evaluated biochemical changes that may 

be responsible for the altered behavior [54,56,57]. Recently, it has been suggested that Cu 

deficiency, which can be induced by excess Zn, is protective in AD [96]. These latter 

studies are in agreement with the findings here that Zn supplementation or a mildly Cu-

deficient diet resulted in higher ZnT3 expression. Those mice that did not receive either 

manipulated diet had significantly lower ZnT3 protein levels. Others have shown that a 

Zn deficiency, which may result in excess Cu, results in cognitive impairments in rodents 

[97,98]. Interestingly, in spite of the unanticipated results in nesting, the only condition to 

exhibit a genotypic difference in the nesting assay was within the LW/CC group.  

ZnT3 levels normally decrease as a function of age, and this decrease is exacerbated 

in AD [34,39,99]. In patients with AD neuropathology, those that had higher ZnT3 levels, 
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similar to healthy controls, were more likely to have been cognitively intact [40]. The 

increase in ZnT3 expression that was dependent on the diet, supports the notion that Zn 

supplementation may be therapeutic, given the aforementioned study. Given that we did 

not detect a genotypic difference, it may be possible that in the age at which these mice 

were euthanized, levels of ZnT3 had not yet begun to decline. Behavioral phenotyping of 

the ZnT3 knock-out mouse at a younger age revealed no difference in spatial memory 

when compared to WTs [34]. When tested later however, the ZnT3-KO mice were 

significantly impaired, given that ZnT3 has been shown to mediate age-related pathology 

in Tg mice [34]. In this study, mice were euthanized at 6 months of age, which reflects 

the beginning in which these mice develop spatial memory deficits and just begin to 

exhibit plaque pathology [95]. Given that six months may have been too early to detect 

differences, analyzing ZnT3 expression in older J20 mice and age-matched WTs may 

reveal an AD-age-dependent effect on ZnT3 expression. A limitation of the study was 

that the hippocampus was not microdissected from the rest of the brain, which would 

have made it more likely to detect subtle changes in protein expression, given the high 

expression of ZnT3 in that region. Western blotting of prefrontal cortex did not reveal 

detectable protein levels for ZnT3. ZnT3 levels are expressed highest in the hippocampus 

and using Western blot may have not been sensitive enough to detect ZnT3. Aside from 

total levels, however, future investigations using immunohistochemistry can evaluate 

possible alterations in ZnT3 spatial expression caused by Cu-deficiency or Zn 

supplementation.  
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Similar to the effect that the dietary manipulations had on ZnT3 expression, the 

significant genotypic difference in GFAP expression was only observed in the LW/CC 

group. These data suggest that the metal diets affected GFAP levels differently in the two 

genotypes. Metal diets in WT mice resulted in an increase in GFAP while J20 mice 

remained relatively constant in terms of GFAP levels. LW/CD mice, regardless of 

genotype, expressed intermediate levels of ZnT3 and curiously in this group ZnT3 was 

positively correlated with GFAP. Although not examined in this study, Cu deficiency 

may be differentially affecting GFAP and ZnT3 and current mechanisms are unknown. 

The interaction between metals and glia is receiving increased attention. Glia express 

Zn transporters and are involved in Zn signaling [100,101] but the understanding in the 

relationship between Zn and astrocytes is lacking, considering that Zn and glutamate are 

co-released into the synapse and the critical role that astrocytes play in Zn uptake, 

glutamate uptake, and glutamate conversion to glutamine [101]. Further investigation into 

the role that metals have in glial biology is warranted.  
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5. CONCLUSION  

Our findings support dietary manipulations of Zn and Cu as therapeutic strategies in 

altering ZnT3 levels. We observed that the LW/CC condition exhibited clear genotypic 

differences in terms of nesting and GFAP and that all mice in the LW/CC condition 

expressed significantly lower levels of ZnT3 when compared to the other diets. 

Manipulated diets resulted in WT mice taking on a J20 profile in terms of ZnT3 and 

GFAP. These data support further investigation into the role of metal/dietary therapies 

against AD-pathology.   
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6. SUPPLEMENTAL MATERIAL  

 

Supplemental  1: Cu-control diet ingredients 
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Supplemental  2: Cu-deficient diet ingredients 
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