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Abstract 

Alzheimer’s disease (AD) is a neurodegenerative disease which has been proposed to be associated 

with brain iron abnormalities, although this remains contentious. To investigate the broad 

hypothesis that increased brain iron levels may exacerbate Alzheimer’s amyloid pathology, this 

project studied a novel mouse model (the ‘Aβ+Iron model’). This model was developed by cross-

breeding the APPswe/PS1∆E9 mouse model of amyloidosis (the ‘Aβ model’) with the Hfe-/-xTfr2mut 

mouse model of the iron loading disorder haemochromatosis (the ‘Iron model’) and backcrossing 

onto the AKR background strain to maximize iron loading.   

Brain iron content by non-haem iron assay of homogenised brain hemispheres at 6 months of age 

showed substantial iron loading in Aβ+Iron mice compared to age-, gender- and strain-matched Aβ 

mice  (fold change ≥ 1.8, p<0.0001, n ≥11 mice/group, with ≥4 per sex in each group). Likewise the 

relative intensity of 3,3'-diaminobenzidine-4HCl (DAB)-enhanced Perls’ staining for iron was 

significantly increased in Aβ+Iron mice compared to Aβ mice (fold change 1.7, p<0.0001, n=4 

mice/group).  

Since the Iron model does not express human Aβ, it would not be generally predicted to have 

classical amyloid. This model was used to assess whether abnormal mouse Aβ deposition could be 

induced by the presence of increased brain iron levels even though this model does not contain any 

human Aβ sequence. As expected, classical amyloid with Congo red birefringence under polarised 

light was not observed in the Iron model. These mice produce only endogenous murine Aβ which is 

not likely to aggregate and form plaques (i.e model does not express human Aβ), suggesting 

increased brain iron levels alone are not sufficient to induce amyloid formation in the absence of 

amyloid-related mutations. Histological labelling with Congo red stain for amyloid alone or in 

combination with DAB-enhanced Perls’ stain for iron was used to examine whether increased brain 

iron levels altered amyloid deposits in the Aβ and Aβ+Iron transgenic models. No differences were 

observed for mean counts and size distribution of amyloid deposits, amyloid burden or amyloid 

density across matched Bregma (-2.46 to -3.16) in Aβ+Iron compared to Aβ mice (all p>0.05, n=4 

mice/group). This Bregma range includes hippocampal and entorhinal cortex regions strongly 

affected in AD. 

An increased proportion of amyloid plaques had observable iron labelling in the Aβ+Iron model, in 

which 99.25% of detected plaques co-localised with DAB-enhanced Perls’ stainable iron compared 

to 81.09% in the Aβ model (p=0.0016, n=4 mice/group). Likewise, iron labelling around plaques 

was stronger in the Aβ+Iron model than the Aβ model, based on the ImageJ Transformed Mean 

Gray Value, a measure of staining intensity, of the iron halos surrounding the Congo red plaque 
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cores (fold change 1.4, p=0.0456, n=4 mice/group). However there was no difference in the mean 

area of the halos surrounding plaques between the two models (p=0.1007, n=4 mice/group).  

Co-labelling was also performed for iron (DAB-enhanced Perls’ stain) and Aβ peptide using 

antibody 4G8. This antibody, in addition to classical Aβ amyloid that is birefringent under polarised 

light, also detects other forms of insoluble Aβ peptide deposits. Antibody 4G8 and iron generally 

co-localised closely, with detectable iron usually though not always restricted to the 4G8 

immunolabelled region.  

In general, there were more amyloid plaques in brain areas with less iron staining compared to areas 

with high iron staining (correlation coefficient -0.97). For example, few if any amyloid plaques 

were detected in basal ganglia and thalamus with strong iron staining compared to regions such as 

the hippocampus and entorhinal cortex. 

Overall, regional and cellular distributions of iron in the Aβ+Iron model were similar to those in the 

Iron model with the important exceptions that iron co-localised with amyloid plaques in the 

Aβ+Iron model and iron-laden cells were present in the immediate vicinity of plaques. Iron staining 

was most conspicuous in the choroid plexus by all methods used (DAB-enhanced Perls’ stain and 

traditional or perfusion Turnbull stain for ferrous iron). Neurons contained very little stainable iron 

in any region examined, including hippocampus, cerebral cortex and midbrain. Co-labelling with 

DAB-enhanced Perls’ stain and Luxol fast blue stain or a myelin-specific marker 2’, 3’-cyclic-

nucleotide 3’-phosphodiesterase (CNPase) revealed substantial amounts of iron in myelinated 

regions. Ferritin heavy and light chain immunolabelling co-localised with DAB-enhanced Perls’ 

stain in a subset of myelin-associated cells with the morphology of oligodendroglial ‘trains’, 

consistent with previous literature demonstrating iron in a subset of oligodendroglia in rodents and 

humans. 

 

Brain regions with numerous glial fibrillary acidic protein (GFAP) labelled astrocytes typically had 

few iron-laden cells, with few if any cells co-labelled for both GFAP and iron. Likewise regions 

with increased iron accumulation typically contained few astrocytes, suggesting there was little 

reactive astrogliosis in areas with increased iron accumulation, and little if any reactive astrogliosis 

was observed around amyloid plaques.  

 

The proportion of plaques surrounded by iron-laden cells resembling activated amoeboid microglia 

or microglia transitioning into activation states was much greater in the Aβ+Iron model compared 

to the Aβ model (22% as opposed to 77%), suggesting iron may exacerbate microgliosis in response 
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to Aβ. This is potentially important since microglial activation appears to facilitate clearance of 

amyloid, although excessive accumulation of iron could eventually wind up damaging or killing 

microglia and weakening the brain’s defensive responses. 

 

Additional studies are required to investigate these possibilities since few if any cells co-labelled for 

both iron and the ionized calcium-binding adapter molecule 1 (Iba1), a marker for microglia and 

while Iba1 positive microglia were present in the immediate vicinity of iron-amyloid complexes, 

these did not co-label for iron, although reduced sensitivity of double and triple labelling procedures 

cannot be ruled out. There was no difference in the average count of Iba1-positive microglia in the 

vicinity of plaques between the Aβ+Iron and Aβ models (p=0.4073, n=4 mice/group). 

 

There was limited preliminary evidence of oxidative damage in the Aβ+Iron model. While no 

labelling was detected in any model for 8-hydroxy-2'-deoxyguanosine (8-OHdG), which detects 

DNA oxidation damage, there was some putative positive but very weak immunolabelling in all 

models for lipid peroxidation damage as assessed by 4-hydroxynonenal (4-HNE) antibody that 

appeared slightly stronger in the Aβ+Iron and Aβ models but this also needs to be confirmed in 

further studies.  

Increased levels of iron did not seem to increase neuronal loss in preliminary studies with neuronal 

nuclear (NeuN) antibody labelling. Specifically there was no significant decrease in relative 

neuronal counts per unit area at matched Bregma in the Aβ+Iron model compared to the Aβ model 

in the full cerebral hemisphere, excluding the cerebellum (p=0.3331, n=4 mice/group, one-tailed t 

test).  

In summary, these results confirm that brain iron levels are increased in the Aβ+Iron model at 6 

months of age and that iron co-localises with amyloid in this model but does not appear to affect 

measures of amyloid load. Although there was some preliminary evidence of lipid peroxidation 

damage and increased levels of ferrous iron in a few areas with high levels of iron by DAB-

enhanced Perls’ staining, amyloid formation was usually not observed in these regions and no 

neuronal death was observed across the cerebral hemisphere.  

Several protective mechanisms may be involved. Most iron appears to remain sequestered within 

myelin, oligodendroglia or other unidentified glia, with neurons containing little if any Perls’ 

stainable iron. Cells morphologically resembling transitional or activated amoeboid microglia 

appear to take up iron in the vicinity of amyloid plaques and may also have protective roles but 

these were not confirmed to be microglia by Iba1 labelling and remain unidentified.     
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This study has provided new insights into the nature of the relationship of iron and AD. The 

findings suggest that surplus iron may be safely sequestered by normal brain iron homeostatic and 

storage mechanisms and may not appreciably influence Alzheimer’s disease pathogenesis at least in 

the earlier stages of the disease course corresponding to the period examined in the present study. In 

the light of these observations, the low levels of neuronal iron and the possibility that at least 

initially, iron may be important in increasing activation of microglia around plaques, facilitating 

amyloid clearance, iron chelation may be potentially deleterious, at least in the early stages of 

disease and extreme caution should be exercised before pursuing clinical trials or recommending 

iron chelation as a treatment for AD and other neurodegenerative conditions.   
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1. General Introduction 

1.1 General introduction 

 

Dementia is the term given to a group of conditions in which there is significant impairment in 

memory and one or more other cognitive domains that hamper an individual’s capability to carry 

out daily activities. Alzheimer’s disease (AD), a progressive neurodegenerative disease described in 

more detail below, is the most common cause of dementia, contributing to an estimated sixty to 

eighty percent of cases (Dementia Australia, 2017). In 2018, 436,366 Australians were estimated to 

have AD or a related dementia with this figure projected to reach 1,076,129 by 2058 (Dementia 

Australia, 2018). At least $9.1 billion annual direct cost was estimated for dementia care in 

Australia for the year 2017 and this figure is expected to continue to rise with the ageing population 

(Brown et al., 2017a; Dementia Australia, 2017). With 250 new cases each day, the annual societal 

and economic cost due to dementia in Australia is projected to be $15 billion in 2018 and it is 

expected to exceed $18.7 billion by 2025 (Brown et al., 2017b).  

Alzheimer’s disease is characterised initially by difficulty in remembering recent events or 

conversations, with one or more other cognitive problems which may include impaired 

communication, diminished decision making capability and difficulty in walking (LaFerla and 

Oddo, 2005; López and DeKosky, 2008; Youn et al., 2011). Impairment in swallowing reflexes can 

lead to dysphagia and aspiration pneumonia in the late stage, a frequent cause of death among AD 

patients (Beard et al., 1996; Burns et al., 1990; Easterling and Robbins, 2008).   

 

 

1.2 Types of Alzheimer’s disease 

Based on the age of onset, Alzheimer’s disease is broadly classified into two categories. They are 

described as follows.     

 

1.2.1 Early Onset Alzheimer’s disease (EOAD)  

 

Age of onset of Early Onset Alzheimer’s disease (EOAD) is usually before 65 years and accounts 

for ~10% of cases. These early forms of AD, which are typically more severe, usually exhibit a 

Mendelian pattern of inheritance and often run in families, hence termed Familial Alzheimer’s 

disease (FAD) (Campion et al., 1999; Williamson et al., 2009). EOAD is caused by mutations in 

genes located on chromosomes 21, 14, or 1 resulting in abnormal formation of the proteins amyloid 

precursor protein (APP) (Goate et al., 1991; St George-Hyslop et al., 1987), presenilin 1 (PS1) 

https://www.nia.nih.gov/alzheimers/publication/alzheimers-disease-genetics-fact-sheet#chromosome
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(Berezovska et al., 2005; Bruni, 1997) or presenilin 2 (PS2) (Cruts et al., 1998; Levy-Lahad et al., 

1995), respectively and hence favouring the production of amyloidogenic Aβ42 peptides.  

 

1.2.2 Late Onset Alzheimer’s disease (LOAD) 

  
Late Onset Alzheimer’s disease (LOAD) accounts for ~90% of AD cases, with age of onset at 65 or 

older (Bertram and Tanzi, 2004; Pinkston, 1999). While LOAD often shows no clear familial 

inheritance pattern, the apolipoprotein E (APOE) gene, found on chromosome 19, is a significant 

genetic risk factor for developing LOAD and research is underway to gain more insight into the 

genetic basis of LOAD (Corder et al., 1993; Pericak-Vance et al., 1991). The APOE protein, which 

has three major forms, namely APOE epsilon 2(APOEε2), APOE ε3 and APOE ε4, carries 

cholesterol in bloodstream and supports transport of lipid and injury repair in the brain 

(Ghebranious et al., 2005; Hixson and Vernier, 1990; Liu et al., 2013).  

APOE has also been reported to control transport, metabolism, deposition as well as clearance of a 

peptide called beta-amyloid, as described in Section 1.4.1 (Kanekiyo et al., 2014; Poirier, 2000; 

Verghese et al., 2013). Of these different isoforms, APOE ε4 is present in the majority of people 

with the LOAD; hence people with this allele are believed to have an increased risk of AD relative 

to people with any other allele (Corder et al., 1993; Farrer et al., 1997; Sadigh-Eteghad et al., 2012; 

Saunders et al., 1993). 

 

1.3 Stages of AD  

 

In the preclinical stage of AD, biomarker abnormalities in the brain, the cerebrospinal fluid (CSF) 

or blood  have been described without clinical symptoms such as memory loss (Alzheimer's 

Association, 2013). In particular, amyloid plaques and neurofibrillary tangles (NFTs), two main 

pathological hallmarks of AD as will be described below, develop first in the entorhinal cortex & 

then start appearing in the hippocampus and the temporal lobe where neurons start degenerating 

(Braak and Braak, 1991; Braak et al., 2006).  

Preclinical AD is followed by mild cognitive impairment (MCI). People with MCI have mild but 

measurable changes in thinking abilities and short term memory but this does not hamper the 

person’s ability to carry out everyday activities (Albert et al., 2011; Alzheimer's Association, 2013). 

https://www.nia.nih.gov/alzheimers/publication/alzheimers-disease-genetics-fact-sheet#apoe
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Amyloid plaques and NFTs continue accumulating in temporal and limbic regions and start to 

aggregate in the neocortical regions (Braak and Braak, 1991).  

In most of the cases, the clinical stage, also referred to as dementia due to AD, is characterized by 

memory, cognitive and behavioural symptoms that hamper an individual's ability to function in 

daily life (Alzheimer's Association, 2013). Plaques and tangles have occupied most of the limbic 

and neocortical regions, which is followed by synaptic loss & neurodegeneration (Braak and Braak, 

1991; McKhann et al., 2011). However, few studies have also reported that aged individuals with 

plaques and tangles associated with AD fail to show significant cognitive impairment (Arnold et al., 

2013; Davis et al., 1999; Zeineh et al., 2015).   

   

 
 

Fig. 1.1 Different stages of Alzheimer’s disease (AD). AD progresses in three stages namely 

preclinical AD, Mild Cognitive Impairment (MCI) and dementia due to AD. Loss of cognitive 

function is sometimes associated with aging but is prominent as AD progresses through these three 

stages. Figure adapted and modified by R Aryal from (Sperling et al., 2011).  

 

1.4 Alzheimer’s disease neuropathology 

 

Amyloid plaques and neurofibrillary tangles (NFTs) are two important hallmarks of AD. Besides 

these, synaptic loss (Hamos et al., 1989a; Terry et al., 1991a) and other neuronal damage or death 

(Good et al., 1996; Lassmann et al., 1995) are also observed in AD patients.  
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1.4.1 Amyloid plaques and the amyloid precursor protein (APP) 

 
The amyloid plaques are extracellular aggregates chiefly comprised of beta amyloid (Aβ), a peptide 

formed by cleavage of a larger precursor molecule called the amyloid precursor protein (APP), 

described below in Section 1.4.1.1 (Glenner and Wong, 1984a; Glenner and Wong, 1984b; Masters 

et al., 1985; Soriano et al., 2001). These soluble peptides are released physiologically in healthy 

brains but accumulate to form less soluble species, including highly insoluble ‘amyloid plaques’ in 

AD (Masters et al., 1985; Puzzo and Arancio, 2013).  

 

The APP molecule is a type 1 transmembrane protein consisting of 695–770 amino acids and is 

encoded by the APP gene, with three main protein isoforms generated by alternative splicing: 

APP695, APP751 and APP770 (Belyaev et al., 2010; Kitazume et al., 2012; LaFerla et al., 2007; 

Ponte et al., 1988; Tanzi et al., 1988). Amyloid-precursor-like protein-1 and -2 (APLP1 and 

APLP2), the mammalian type-1 integral transmembrane proteins found in many tissues, are also 

members of the APP gene family (Wasco et al., 1992; Wasco et al., 1993; Yang et al., 1996; Zhong 

et al., 1996).  

 

APLP1 and APLP2 proteins have similar amino acid sequence and conserved possibly functional 

domains but lack the beta amyloid (Aβ) region. The homologs are present in human, mice, 

Drosophila and C. elegans. Along with APP, the homologs are highly expressed in brain (Zheng et 

al., 1995). Though the primary function of APP is still unclear, it is believed to regulate synapse 

formation, neural plasticity, neural protein trafficking and related functions (Chen and Yankner, 

1991; Priller et al., 2006; Seabrook et al., 1999; Turner et al., 2003; Zheng and Koo, 2006). 

Recently, as discussed below, it was proposed to be a ferroxidase important in iron homeostasis 

(Duce et al., 2010), however this has now been refuted (Ebrahimi et al., 2013a; Ebrahimi et al., 

2012).  

 

1.4.1.1 Pathways of APP-processing 

 
There are two pathways of APP processing which have been widely accepted in the past, the non-

amyloidogenic pathway and the amyloidogenic pathway. These pathways will be described in more 

detail below together with some of the questions that still remain about APP processing.    
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1.4.1.1.1 Non-amyloidogenic pathway 

 

As shown below (Fig. .2), one pathway by which most APP processing occurs is by cleavage within 

the Aβ peptide domain, thus precluding Aβ formation and aggregation. The first enzyme involved is 

the membrane-associated metalloprotease alpha (α)-secretase, producing the large soluble 

extracellular N-terminal portion of APP and an 83-residue long C-terminal fragment (C83) (Hooper 

and Turner, 2002; Roberts et al., 1994). Three enzymes belonging to the family of a disintegrin and 

metalloprotease (ADAM) are known to possess alpha secretase activity: ADAM9, ADAM10 and 

ADAM17 (Asai et al., 2003; LaFerla et al., 2007; Lammich et al., 1999). The C83 fragment 

undergoes further processing by a second enzyme called gamma (γ)-secretase, generating the APP 

intracellular domain (AICD) and the non-amyloidogenic P3 peptide (Kojro and Fahrenholz, 2005; 

Lannfelt et al., 1995; Roberts et al., 1994; Sisodia, 1992).  

 

1.4.1.1.2 Amyloidogenic pathway 

 

APP molecules which do not undergo non-amyloidogenic processing get cleaved by Beta (β)-

secretase or BACE1 (β-site APP-cleaving enzyme 1) at the N-terminal region of the Aβ domain, 

releasing a soluble N-terminus and an amyloidogenic C-terminal peptide (C99) (Sinha et al., 1999; 

Vassar et al., 1999; Yan et al., 1999; Zhang et al., 2011). The presenilin 1 (PS1) transmembrane 

protein, which is genetically associated with AD, combines presenilin enhancer 2, nicastrin and 

anterior pharynx-defective 1 to form a catalytic gamma (γ)-secretase protease enzyme complex. 

This cleaves the C99 peptide to liberate the AICD and the Aβ peptide (Fraser et al., 2000; Selkoe et 

al., 1996; Selkoe, 2001). The Aβ peptide can have from 39 to 43 amino acid residues, with 40 or 42 

residues most common in AD, the latter being most amyloidogenic (Citron et al., 1996; Klafki et 

al., 1996; Portelius et al., 2011; Zhao et al., 2007). 
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Fig. 1.2 Pathways of APP processing. In the non-amyloidogenic pathway, α-secretase cleaves 

inside the Aβ domain, producing N-terminal APPsα and C-terminal C83 fragments. The γ-secretase 

complex, containing Presinilin 1, generates the APP intracellular domain and P3 peptide from C83. 

In the amyloidogenic pathway, APP is processed by β-secretase at the N-terminus of Aβ, releasing 

N-terminal APPsβ and C-terminal C99 fragments. The γ-secretase complex cleaves C99, liberating 

the AICD and Aβ peptide. Figure reproduced and modified by R Aryal from (LaFerla et al., 2007; 

LaFerla and Oddo, 2005). 

However it is now recognised that in fact these pathways have been oversimplified as  more recent 

publications have reported that the processing of  Aβ involves multiple different structures with 

complex biochemistry and cell biology (Cai et al., 2001; Castro et al., 2019; Roher et al., 2017).   

The Aβ peptide, which initially exists as a random coil monomer, is reported to misfold into an 

intermediate state after which it may undergo either of these pathways: one that results into 

formation of insoluble fibrils and the other that doesn’t (DaSilva et al., 2010; Wetzel, 2006).  In the 

former pathway, also known as fibrillar pathway or ‘on-pathway’, the misfolded monomeric 

intermediate forms an unstable β-sheet intermediate (Granzotto and Zatta, 2012; Yang and Teplow, 

2008). Further aggregation of monomer units generates Aβ oligomers and subsequently protofibrils. 

Until now, all of the transitional states are soluble but when the protofibrils aggregate further, they  

generate mature fibrils that are chief insoluble components of amyloid plaques   (DaSilva et al., 

2010; Granzotto and Zatta, 2012; Koh and Lee, 2006; Petkova et al., 2002; Tjernberg et al., 1999; 
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Wong et al., 1997). In the non-fibrillar pathway or ‘off-pathway’, the accumulation of monomeric 

misfolded intermediates forms soluble oligomers that cannot assemble further and hence do not 

form mature fibrils (DaSilva et al., 2010; Wetzel, 2006).   

 

Fig. 1.3 Formation of amyloid fibrils from Aβ peptides. Misfolding of native monomeric Aβ 

peptides generates an intermediate state which undergoes conformational changes from β-pleated 

sheet to oligomers to protofibrils and finally to mature fibrils that deposit as amyloid plaques 

(fibrillar pathway). Alternatively, the misfolded intermediate may produce oligomers that do not 

have capacity to accumulate and hence cannot form fibrillar aggregates (non-fibrillar pathway). 

Red: soluble states; brown: insoluble state. Figure adapted and modified by R Aryal based on the 

mechanism discussed in (DaSilva et al., 2010; Wetzel, 2006).    

As reviewed elsewhere, the brain has different mechanisms to clear Aβ: transvascular clearance 

across the blood-brain barrier, bulk flow via the interstitial fluid (ISF), traditional perivascular 

clearance, glymphatic paravascular clearance, cerebrospinal fluid (CSF) absorption and enzymatic 

degradation. Among these, most Aβ is cleared across the BBB (Kanekiyo and Bu, 2014; 

Ramanathan et al., 2015). Recent theories support the notion that the disturbance in the process of 

Aβ clearance rather than the overproduction of Aβ is a possible cause of the majority of LOAD 

(Kanekiyo and Bu, 2014; Mawuenyega et al., 2010).  
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 1.4.2 Tau and Neurofibrillary Tangles (NFTs)  

 
The microtubule-associated protein tau, from the MAPT gene (chromosome 17), has six human 

brain isoforms, generated by alternative splicing of exons 2, 3 or 10 (Goedert et al., 1989; Lee et al., 

1988). In healthy individuals, soluble, phosphorylated tau protein binds tubulin (Correas et al., 

1992; Goedert et al., 1997), promoting microtubule assembly and axon stabilization (Cleveland et 

al., 1977; Goedert and Jakes, 1990; Weingarten et al., 1975). In AD, tau has altered solubility, is 

abnormally phosphorylated (hyperphosphorylated), has reduced affinity for microtubules and 

accumulates as paired helical filaments (Bramblett et al., 1993; Grundke-Iqbal et al., 1986a; 

Grundke-Iqbal et al., 1986b; Liu et al., 2002; Morishima-Kawashima et al., 1995). These aggregate 

into masses called neurofibrillary tangles (NFTs) in the neuronal soma, leading to axonal dystrophy 

and impeding the trafficking of molecules such as neurotransmitters, and may eventually cause cell 

death (Goedert et al., 2006; Stokin et al., 2005).   

 

 
 

Fig. 1.4 Hyperphosphorylation of tau destabilizes microtubules. Tau normally stabilises 

microtubule but if hyperphosphorylated by different kinases, can give rise to paired helical 

filaments (PHFs) that accumulate in the neurofibrillary tangles. Figure reproduced and modified by 

R Aryal from (Paula et al., 2009).   

Additionally, various studies have reported that cognitive impairment in AD is typically 

accompanied by damage or loss related to connectome which incorporates synapses and neuronal 
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processes (Hamos et al., 1989b; Rajendran and Paolicelli, 2018; Tampellini, 2015; Terry et al., 

1991b). While some researchers have proposed the fibrillary form of Aβ to contribute to the 

synaptic abnormalities in AD (Grutzendler et al., 2007; Tsai et al., 2004), others have attributed this 

to the oligomeric Aβ deposits (Koffie et al., 2009; Pickett et al., 2016). This has led the field to 

incorporate synaptic dysfunction as well as neuronal loss in the study of AD therapeutics.  

1.5 Iron homeostasis 

 
Despite their importance in carrying out normal bodily functions, there has long been an assoication 

between abnormal levels of various metal ions like copper (Karr et al., 2004; Multhaup et al., 1996; 

Smith et al., 2006; White et al., 1999), zinc (Abelein et al., 2015; Bush et al., 1994; Dong et al., 

2006; Huang et al., 1997; Miller et al., 2010; Religa et al., 2006), iron (Connor et al., 1992a; Connor 

et al., 1992b; Connor and Menzies, 1995; Everett et al., 2014a; Smith et al., 1997) and aluminium 

(Crapper et al., 1973; Perl and Brody, 1980; Trapp et al., 1978; Walton, 2006), with the 

pathogenesis and progression of AD and other neurodegenerative diseases (Adlard and Bush, 2006; 

Bush, 2003; Cherny et al., 2001; Lovell et al., 1998). This thesis focuses on investigating potential 

contributions of iron to AD. Iron homeostasis will be briefly reviewed before discussing the 

possible involvement of iron in AD. 

 

1.5.1 Roles of iron in the body 

 
Iron (symbol: Fe from Latin Ferrum) is a vital element present in human body. Not only is iron 

required for fetal development but it has equal importance after birth and throughout the life of an 

individual (Crichton et al., 2012; Rao et al., 2003). This is supported by the fact that iron is an 

essential component of a number of proteins and enzymes such as haemoglobin and myoglobin, 

which function as oxygen carriers in the erythroid tissue and muscles, respectively (Papanikolaou 

and Pantopoulos, 2005; Yu et al., 2015). Iron is present in cytochromes A, B and C, which are the 

haem proteins needed for ATP synthesis and mitochondrial respiration in the Electron Transport 

Chain (ETC).  

 

Iron is also a part of ribonucleotide reductase, an enzyme that catalyzes formation of 

deoxyribonucleotides from ribonucleotides in DNA synthesis process (Reedy and Gibney, 2004; 

Sanvisens et al., 2011). Besides these, iron is a cofactor of 4Fe-4S cluster-containing proteins that 

are needed for protein synthesis by ribosomes as well as for DNA synthesis. Enzymes involved in 

inflammatory responses such as cyclooxygenase and lipoxygenase also contain iron (Ali-Rahmani 
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et al., 2014a; Papanikolaou and Pantopoulos, 2005). 3-hydroxy-3-methylglutaryl-coenzymeA 

reductase (HMGCoAR), squalene synthase and glucose-6-phosphate dehydrogenase, the key 

enzymes for biosynthesis of myelin, cholesterol and lipids are other iron-dependent enzymes (Ali-

Rahmani et al., 2014b).  

 

There is very little iron in certain brain regions at birth but it increases progressively with aging 

(Bartzokis et al., 1994; Drayer et al., 1986a; Schenker et al., 1993; Wayne Martin et al., 1998).  

Most of the iron contained in brain is known to be non-haem iron, with highest levels in regions 

such as basal ganglia (Hardy et al., 2005; Koeppen, 1995; Rouault, 2013). The brain has a high 

demand for oxygen, for which iron-containing neuroglobin is needed (Ali-Rahmani et al., 2014a; 

Drayer et al., 1986b). Examples of iron-dependent enzymes essential for proper brain functioning 

are tyrosine hydroxylase (synthesizes catecholamines including dopamine), tryptophan hydroxylase 

(synthesizes serotonin) and monoamine oxidase (involved in dopamine metabolism) (Colette 

Daubner et al., 1995; Goodwill et al., 1997; Youdim et al., 2004).  

 

In rats, iron has been shown to have a crucial role in the development of dendritic spines in the 

hippocampus and in hippocampal metabolism as well as in the metabolism of γ-Aminobutyric acid 

(GABA) (Batra and Seth, 2002; Jorgenson et al., 2003). Furthermore, brain regions related to motor 

functions (extrapyramidal regions) are reported to have more iron than non-motor-related regions, 

which is believed to explain why iron imbalance in such regions may result into movement 

disorders (Allen et al., 2001; Rutledge et al., 1987).  

 

1.5.2 Iron physiology 

 
Most of the dietary iron (0.5 to 2 mg in a healthy adult) is absorbed by duodenal enterocytes. Most 

of the absorbed iron (around 70%) is used in haemoglobin synthesis while the remaining iron is 

carried in the bloodstream to various organs where it is either utilised for normal cellular functions 

or stored for future use. Liver is the main iron storage organ. Iron is also taken up by the bone 

marrow for production of erythrocytes and by cardiac muscles for production of myoglobin. Iron is 

transported across the placenta to developing fetus during pregnancy. Iron recycling occurs through 

phagocytosis of senescent erythrocytes which results into release of iron bound to haemoglobin 

(Andrews, 2000; Finch, 1994; Fleming and Bacon, 2005; McKie et al., 2001; McKie et al., 2000).    

    

There is no known mechanism for the controlled excretion of iron from the body but it is believed 

that a significant amount of iron is lost during menstrual bleeding in females, desquamation of 
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epithelial surfaces and a small amount is lost through sweating, urination, faecal elimination and 

biliary excretion (Green et al., 1968; Hentze et al., 2010; Miller, 2016; Milstone et al., 2012; Stein 

et al., 2010).    

 

Fig. 1.5 Systemic iron homeostasis. Dietary iron is absorbed by duodenum and transported 

through bloodstream to liver, bone marrow, muscles, other tissues and to the developing fetus. 

Phagocytosis of senescent erythrocytes facilitates iron recycling. Figure modified by R Aryal from 

(Andrews, 2000). 

1.5.3 Intestinal iron absorption, intracellular storage and release into circulation   

 
Human diet contains two forms of iron: haem and non-haem iron. Haem iron is formed when iron 

combines with protoporphyrin IX. It forms about 10% to 15% of total iron of daily western diet 

(Hurrell and Egli, 2010). Myoglobin and haemoglobin contained in meat products of animals are 

the main sources of haem iron. It is transported by Haem Carrier Protein-1 (HCP1) from the apical 

surface of the gut lumen into the duodenal enterocytes. In endosome, haem oxygenase (HO) 

enzyme then converts haem iron into free iron along with bilirubin and carbon monoxide as by-

products (Miret et al., 2003; Raffin et al., 1974).  

Non-haem or inorganic iron is derived from plant-based food sources and dairy products. Ferric 

form of iron is reduced to ferrous form by brushborder ferrireductase duodenal cytochrome b 
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(Dcytb/ Cybrd1) (Hentze et al., 2010; McKie et al., 2000). This ferrous iron can be transported 

across apical membrane into enterocyte by Divalent Metal Transporter-1 (DMT1)/ Divalent Cation 

Transporter-1 (DCT1)/Nramp2. Free iron released from both haem and non-haem sources is stored 

in iron storage proteins like ferritin (described in more detail further below) and hemosiderin 

(Gruenheid et al., 1995; Gunshin et al., 1997).  

Iron that is not stored in ferritin or hemosiderin in enterocytes is transported out into the circulation 

by a transporter protein called ferroportin (Donovan et al., 2000; McKie et al., 2000). The ferrous 

iron thus released is oxidised into ferric form by the enzymes hephaestin or ceruloplasmin and other 

unknown ferroxidases so that it can be taken up by an iron-binding glycoprotein called transferrin 

(Tf) for transport in the bloodstream (Aisen et al., 1978; Lee et al., 1968; McCarthy and Kosman, 

2015; Osaki et al., 1966; Ranganathan et al., 2012; Vulpe et al., 1999).  

 

Fig. 1.6 Intestinal iron absorption. Haem and non-haem iron is taken up from gut lumen by the 

enterocyte. (A) Haem iron is transported by Haem Carrier Protein-1 (HCP1) from the gut lumen 

into the enterocyte. Haem oxygenase (HO) enzyme then converts haem iron into free iron. (B) Non-

haem iron is reduced to ferrous form by duodenal cytochrome b (Dcytb) and transported into 

enterocyte by Divalent Metal Transporter-1 (DMT1). Intracellular iron is then either stored in 

ferritin or exported into bloodstream via ferroportin (FPN). Hephaestin (Heph) then oxidises ferrous 
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iron, which can be taken up by transferrin. Figure produced by R Aryal as reviewed in (Hentze et 

al., 2010).  

1.5.4 Ferritin 

The ferrous iron contained in the enterocyte and other cells is stored in soluble, non-toxic and 

bioavailable form in an iron-storage protein called ferritin, which is found in cytosol, nucleus, 

mitochondria and lysosomes. Each ferritin molecule contains 24 subunits and can store up to 4500 

iron atoms. Iron is stored in the form of hydrous ferric oxide nanoparticle that has similar structure 

to ferrihydrite, a common mineral found at earth’s surface (Chasteen and Harrison, 1999). Its 

structure consists of an outer shell and inner core. There are two types of subunits of ferritin: heavy 

chain (H) and light chain (L). H subunit has ferroxidase activity, oxidising ferrous iron to the ferric 

form, whereas the L subunit is responsible for iron-core nucleation (Boyd et al., 1985; Dörner et al., 

1985; Harrison and Arosio, 1996). During conditions of iron overload, iron may also be stored as 

ferrihydrate structures in hemosiderin, which is a by-product of proteasomal or lysosomal 

degradation of ferritin (Fischbach et al., 1971; Richter, 1958; Vymazal et al., 2000).  

 

Fig. 1.7 Molecular structure of ferritin. (A) Hollow shell of ferritin contains 24 subunits 

represented by different colours. (B) Interior cross-section of ferritin shows outer shell and inner 

core. Figure adapted from Protein Data Bank (http://pdb101.rcsb.org/motm/35).  

1.5.5 Cellular uptake, utilisation and release of iron 

Iron is carried in the bloodstream by an 80-kDa bilobal glycoprotein transporter called transferrin, 

which has reversible, high affinity binding capacity for two ferric ions (Fe3+) at neutral pH (~7.2) 

http://pdb101.rcsb.org/motm/35
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(Aisen et al., 1978; Chasteen and Williams, 1981; Lestas, 1976). Two types of receptors on the 

membrane of cells that utilise iron, namely transferrin receptor 1 and 2 (TFR1, TFR2)1, import 

diferric-transferrin (holotransferrin) into cells (Herbison et al., 2009; Kawabata et al., 1999; West et 

al., 2000).  Under normal conditions, TFR1 has increased expression and imports most of the 

transferrin-bound iron into cells. A small fraction of this iron can also be taken up by TFR2, which 

is expressed at a lower level than TFR1, but has increased expression during conditions of iron 

overload (Chua et al., 2010; Fleming et al., 2000; Kawabata et al., 2000; Kawabata et al., 1999). 

As shown in Fig. 1.8 below, the holotransferrin-TFR1 complex is imported into cells by a special 

clathrin-coated pit endocytosis mechanism, leading to formation of endosomes inside the cell 

(Booth and Wilson, 1981; Pearse, 1982). At lower pH, due to H+ entry into the endosome, two 

ferric iron atoms dissociate from transferrin (Klausner et al., 1983; Paterson et al., 1984). These are 

thought to be reduced to the ferrous form by a metalloreductase such as ‘six transmembrane 

epithelial antigen of the prostrate’ (STEAP3) (Lambe et al., 2009; Ohgami et al., 2006) Ferrous iron 

is transported to the cytosol by divalent metal transporter 1 (DMT1) or another unknown transporter 

(Fleming et al., 1998) and used in cellular processes (eg. mitochondrial respiration), stored in 

ferritin or exported from the cell by the iron exporter ferroportin (Abboud and Haile, 2000; McKie 

and Barlow, 2004). Iron that is not used or stored or exported forms the labile iron pool (LIP), 

comprising redox-active free iron or other potentially reactive iron species, such as iron complexed 

with phospholipids or anions (Greenberg and Wintrobe, 1946; Jacobs, 1977; Kakhlon and 

Cabantchik, 2002). Excess redox-active iron can form reactive oxygen species, described further 

below, that can damage nucleic acids, lipids and proteins, proposed by some authors to be important 

in cellular degeneration observed in neurodegenerative disorders such as AD (Bartzokis et al., 1997; 

Meguro et al., 2008). The transferrin-TFR1 complex is transported back to the plasma membrane 

where transferrin detaches from its receptor and re-enters the circulation (Dautry-Varsat, 1986; 

Dautry-Varsat et al., 1983). 

    

 
1 [http://www.informatics.jax.org/mgihome/nomen/; as per the ‘Guidelines for Human Gene Nomenclature of the 

HUGO Gene Nomenclature Committee and Guidelines for Nomenclature of Genes, Genetic Markers, Alleles, and 

Mutations in Mouse and Rat of the International Committee on Standardized Genetic Nomenclature for Mice’: gene 

symbols in this thesis are italicised; protein symbols are non-italicised; human genes and human and mouse proteins 

are capitalised; mouse genes are in sentence case. 

 

http://www.informatics.jax.org/mgihome/nomen/
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Fig. 1.8 Cellular uptake, utilisation and release of iron. At neutral pH, TFR1 binds diferric-

transferrin and is internalised as clathrin-coated pits. At lower pH, ferric ions dissociate from 

transferrin, are reduced by a metalloreductase such as STEAP3 and transferred to the cytosol by 

DMT1. Transferrin-TFR1 recycles to the cell membrane. At slightly higher pH, transferrin detaches 

from TFR1 and returns to the blood. Figure modified by R Aryal from (Qian et al., 2002). 

1.5.6 Regulation of iron homeostasis  

Two different kinds of regulatory systems monitor bodily cellular iron levels. These systems are i) 

post-transcriptional regulation by iron responsive protein/ iron regulatory element (the IRE/IRP 

system) and ii) post-translational regulation of cellular iron release by the hormone hepcidin. Both 

of these systems are described below.     

1.5.6.1 Post-transcriptional regulation by the IRE/IRP system  

Intracellular iron levels are monitored and regulated through the Iron Responsive Element (IRE) / 

Iron Regulatory Protein (IRP) system. Transcripts of various genes such as ferritin and TfR1 are 

under the control of this regulatory system. The IRE is a conserved DNA motif in the untranslated 

regions (UTRs) of mRNA transcripts of various proteins, most having some known involvement in 

iron homeostasis (Casey et al., 1988; Kim et al., 1996). Two IRPs have been found, namely IRP1 

and IRP2, that can bind to the IRE of particular gene transcripts to regulate iron metabolism 

(Addess et al., 1997; Crichton et al., 2012; Rouault, 2006; Samaniego et al., 1994).  
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When IRP binds to the 5’ UTR of certain gene transcripts (e.g. transcripts encoding ferritin), there 

is translational repression whereas when IRPs bind to the 3’ UTR of certain other gene transcripts 

(e.g. transcripts encoding TFR1), it protects the mRNA against degradation by nucleases, hence 

leading to transcriptional stabilization (Crichton et al., 2012; Koeller et al., 1989; Lymboussaki et 

al., 2003; Piccinelli and Samuelsson, 2007; Rouault et al., 1988). Human TFR2 mRNA transcript 

which is 45% identical with TFR1 does not contain any IREs. Hence the expression of TFR2 

protein is not regulated by intracellular iron levels (Fleming et al., 2000; Trinder and Baker, 2003).  

In case of high levels of cytosolic iron, IRP1 converts to an aconitase by integrating a 4Fe-4S 

cluster and no longer primarily exerts iron regulatory functions, while IRP2 is subjected to 

ubiquitination and proteasomal degradation. This prevents IRE/IRP binding and results in increased 

translation of ferritin mRNA whereas there is increased degradation of TFR1 transcripts and so 

decreased translation of TFR1 (Gehring et al., 1999; Iwai et al., 1998). When cytosolic iron is low, 

IRP-IRE binding increases, resulting in decreased ferritin translation and increased translation of 

TFR1 mRNA (Casey et al., 1988; Johnstone, 2010; Müllner and Kühn, 1988).  

It should be noted that there are some transcripts which despite containing IREs in the 3’ UTR, do 

not show any alterations in their expression in brain in response to changed iron conditions. One 

such example is a form of DMT1 transcript which seems to be unaffected by dietary iron 

supplementation in brain (Johnstone and Milward, 2010d; Ke et al., 2005). In the previous study 

from our group, there was no evidence of increased iron levels in the brain of dietary iron-

supplemented mice (Johnstone and Milward, 2010d) .  

 

1.5.6.2 Hepcidin regulation of iron homeostasis 

Hepcidin is a 25 amino acid long peptide, encoded by HAMP/ LEAP1 gene and located on human 

chromosome 19. It has a hairpin structure stabilized by 4 disulfide bonds. It is produced and 

secreted into the circulation primarily by hepatocytes (Nemeth et al., 2006; Nicolas et al., 2002). In 

the absence of hepcidin, iron is exported out of cells by ferroportin but if present, hepcidin attaches 

to the cell surface ferroportin and the resulting hepcidin-ferroportin complex is internalised by the 

cell and subjected to lysosomal degradation. Uptake of iron from the diet involves transport of iron 

from the gut into the blood by ferroportin located on the intestinal enterocyte surface. Increased 

hepcidin levels result in decreased iron efflux by ferroportin to the bloodstream, thus reducing the 

uptake of dietary iron from the intestine (De Domenico et al., 2009; De Domenico et al., 2007b; 
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Nemeth et al., 2006; Nemeth et al., 2004). Therefore hepcidin is a key regulator of uptake of iron 

into the body and reduction of uptake if body iron stores are high. 

In different regions of human and mouse brain, hepcidin expression has been detected though in 

lower levels than that in liver (Hänninen et al., 2009; Johnstone and Milward, 2010d; Zechel et al., 

2006). Ferroportin expression has also been identified in many cell types of rat and mouse brains. 

Hence hepcidin-ferroportin interaction is also proposed to regulate brain iron homeostasis 

(Johnstone and Milward, 2010d; Moos and Nielsen, 2006; Moos et al., 2007; Wu et al., 2004).   

 

Fig. 1.9 Hepcidin regulation of cellular iron efflux. (A) In absence of hepcidin, ferroportin 

exports iron from cytosol to bloodstream. (B) In presence of hepcidin, ferroportin-hepcidin complex 

is internalised and then degraded in lysosome because of which ferroportin expression on cell 

surface is reduced resulting in decreased iron export into the bloodstream.  Figure produced by R 

Aryal based on the mechanism described in (Nemeth et al., 2004). 

Hepcidin synthesis is believed to be influenced by TFR2 (mentioned above) and the 

haemochromatosis protein (HFE; note that this is a standardized nomenclature and not an 

abbreviation). In the absence of holotransferrin, it is currently hypothesised that HFE binds to TFR1 

whereas, when body iron is high, binding of iron-containing holotransferrin to TFR1 displaces HFE 

(Giannetti and Björkman, 2004; Lebrón et al., 1999). The displaced HFE may either remain free or 
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bind to TFR2, the latter acting as a trigger signalling for increased hepcidin expression, leading to 

reduced dietary iron uptake when body iron stores are high, as described above (Gao et al., 2009).  

Mutation in either HFE or TFR2 decreases hepcidin levels in blood, resulting in dysregulated 

uptake of dietary iron even when body iron is high, potentially leading to iron overload (Wallace et 

al., 2005; Zhou et al., 1998).  

 

Fig. 1.10 Regulation of iron uptake. In the absence of diferric transferrin, HFE binds to TFR1. 

When iron levels are high, diferric transferrin displaces HFE to bind to TFR1. The displaced HFE 

binds to TFR2, signalling for up-regulation of hepcidin production. Hepcidin in turn regulates iron 

efflux through ferrroportin from gut enterocytes to the bloodstream, hence decreasing the body’s 

uptake of iron from the intestine into the blood. Figure reproduced by R Aryal based on the 

mechanism described in (Muckenthaler, 2014). 

 

1.5.7 Brain iron homeostasis  

Brain has its own mechanism of regulating iron levels, in order to prevent iron deficiency or excess 

iron accumulation. Iron entry into the brain, its utilisation and exit from the brain is described 

briefly in this section.  
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1.5.7.1 The blood brain barrier  

During early stages of life, brain is highly permeable to iron as iron is required for its growth and 

development. With the progression into adulthood, brain tightly regulates the entry and exit of iron 

just as it does for other useful elements and harmful toxins. The blood brain barrier (BBB) is a 

system that regulates trafficking of biomolecules and various compounds between blood and the 

brain.  

As reviewed elsewhere (Banks, 2016; Sweeney et al., 2019), the BBB contains brain capillary 

endothelial cells (BCECs) joined by tight junctions; a basal lamina; pericytes partially surrounding 

the endothelium and astrocyte endfoot processes that form a complex network around the 

capillaries. The tight junctions seal the paracellular pathway and monitor passage of substances 

between brain and the circulation. Such an arrangement allows entry of important molecules like 

water and gases, glucose, amino acids, etc. through various forms of membrane transport and at the 

same time, prevents entry of potential neurotoxins and xenobiotics and protects the brain from 

fluctuations in plasma composition (Abbott, 2002; Abbott, 2005; Cardoso et al., 2010; Mathiisen et 

al., 2010; Persidsky et al., 2006). Disruption of the BBB has been known to result into cerebral 

dysfunction and is associated with various kinds of neurological disorders, including AD (Bell and 

Zlokovic, 2009; Biron et al., 2011; Garbuzova-Davis et al., 2007; Rosenberg, 2012). 

      

1.5.7.2 Iron trafficking across the blood brain barrier 

Iron trafficking across the BBB is regulated by the iron requirements of neurovascular unit, which 

comprises components of the BBB, neurons and other glia such as microglia and oligodendrocytes 

(Del Zoppo, 2010; McCarthy and Kosman, 2015; Scherrmann, 2010). Various theories of iron 

transport across the BBB have been proposed, of which the most common model supports a 

mechanism similar to most cell types: uptake and endocytosis of holotransferrin by TFR1 on 

luminal surface of the BCECs. The slightly acidic pH of endosome resulting from entry of hydrogen 

atoms causes ferrous iron to be released into cytosol by DMT1 and then into the brain interstitium 

through ferroportin. The apotransferrin and TFR1 are recycled to the luminal side of the endothelial 

cells (McCarthy and Kosman, 2015; Mills et al., 2010; Rouault and Cooperman, 2006; Taylor and 

Morgan, 1990). This model however is contentious because of the uncertainty of DMT1 expression 

in BCECs (Gunshin et al., 1997; Moos et al., 2007; Moos et al., 2006; Siddappa et al., 2002). 

Studies have also suggested transferrin independent mechanisms for passage of iron across the 

BBB, eg. via transferrin homologues such as lactoferrin and melanotransferrin (Fillebeen et al., 

1999; Rothenberger et al., 1996). Some studies have proposed roles of ferritin receptors namely 

https://en.wikipedia.org/wiki/Neurotoxins
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scavenger receptor, member 5 (Scara5) and T cell immunoglobulin mucin domain 2 (TIM-2) for 

transport of NTBI into the brain (Li et al., 2009; Mills et al., 2010; Todorich et al., 2008b). 

Recently, an in vitro model of the BBB has identified an endosomal cation/proton exchanger called 

Na+/H+ Exchanger 9 (NHE9) to regulate iron mobilization across the BBB, in response to iron 

deprivation (Beydoun et al., 2017).  

 

1.5.7.3 Iron trafficking across the blood-cerebrospinal fluid barrier 

Along with the BBB, there is another barrier for iron entry into brain: the blood-cerebrospinal fluid 

barrier. The choroid plexus present in the brain ventricles produce cerebrospinal fluid (CSF), a fluid 

that fills all ventricles and the brain interstitium. The expression of transferrin, TFR, Dcytb, FPN, 

ceruloplasmin, hephaestin and ferritin H on the choroid plexus suggests its importance in brain iron 

uptake (Marques et al., 2011; Rouault et al., 2009; Tu et al., 1991). Having said that, there are 

reports of transferrin being localised to the choroid plexus of many species but not humans (Aldred 

et al., 1987; Dickson et al., 1985; Tu et al., 1991). On the other hand, brain iron uptake via the 

blood-CSF barrier is contentious, as studies have shown that only a small proportion of total brain 

iron is acquired through the CSF (Crowe and Morgan, 1992; Ueda et al., 1993).   

 

1.5.7.4 Iron transport within brain 

The mechanisms of iron transport within the brain is still a subject of investigation. One hypothesis 

states that citrate and ATP secreted by astrocytes, release the iron from transferrin on the abluminal 

side of BCECs. Complexes of iron with citrate and ATP then flow in the brain extracellular fluid, 

which can be either taken up by various brain cells or they may be taken up by transferrin, the latter 

of which can be taken up by cells expressing transferrin receptors (Moos et al., 2007). Another 

postulation is that the astrocytic ceruloplasmin first oxidises the ferrous iron released from BCECs 

and then the ferric iron binds to transferrin (Jeong and David, 2003). It is also speculated that the 

cells such as astrocytes and oligodendrocytes, which do not express TFR1, may utilise the NTBI 

present extracellularly in the CSF and in the brain interstitium (Bradbury, 1997; Moos and Morgan, 

1998).  
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1.5.7.5 Exit of iron from brain 

The exact mechanism through which iron exits the brain is also unclear. It is suspected that iron 

exits the brain with bulk outflow of CSF through arachnoid villi and enters the venous drainage 

system (Bradbury, M., 1997; Rouault, T.A. and S. Cooperman. 2006). As described above, the 

expression of different iron transporters in the choroid plexus hints at their involvement in iron 

export out of the brain but this needs to be investigated further (Rouault et al., 2009). 

 

1.5.7.6 Iron uptake, use and export by neurons 

Iron is taken up by neurons from the brain interstitium via TFR1 or DMT1, as both of these 

receptors are expressed by neurons. This is believed to be followed by the receptor-mediated 

endocytosis and the release of iron from the endosomes for TFR1 uptake (Giometto et al., 1990; 

Moos and Morgan, 2004a; Moos et al., 2007). Neurons also take up and utilise the NTBI via 

various other iron transporters (Bishop et al., 2011; Codazzi et al., 2015; Ji and Kosman, 2015). 

Iron acquired by neurons is immediately used in relevant metabolic processes and is exported 

through ferroportin (Moos and Morgan, 2004b; Moos et al., 2007). Nevertheless, neurons in the 

brain regions with high iron content such as substantia nigra are assumed to store iron in the form of 

neuromelanin (Zecca et al., 2001; Zucca et al., 2006).  

 

1.5.7.7 Iron uptake, use and export by astrocytes  

Astrocytes do not have TFR1 but it is debated that they accept NTBI from endothelial cells through 

DMT1 (Moos and Morgan, 2004c; Wang et al., 2001). Zinc transporter Zip14 has also been 

proposed to be involved in the NTBI uptake by astrocytes (Bishop et al., 2010; Pelizzoni et al., 

2013).  Iron exits astrocytes through the combined action of ferroportin and 

glycophosphatidylinositide (GPI)-anchored ceruloplasmin (Cp) (Jeong and David, 2003; Jeong and 

David, 2006; Klomp et al., 1996). Little ferritin is present in astrocytes indicating that they store 

less iron and the presence of astrocytic endfeet suggests that astrocytes are involved in transport of 

iron to various cells in the brain (Connor et al., 1990; Dickinson and Connor, 1995; Dringen et al., 

2007).  
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1.5.7.8 Iron uptake, use and export by oligodendrocytes 

Oligodendrocytes are the predominant cells in the CNS that stain for iron (Baumann and Pham-

Dinh, 2001; Connor et al., 1990; Connor and Menzies, 1996). As oligodendrocytes lack TFR1, they 

are believed to accept NTBI and use it mostly for myelin synthesis (Hulet et al., 1999a; Hulet et al., 

1999b; Todorich et al., 2011). They export the iron through ferroportin (Boserup et al., 2011; Moos 

and Rosengren Nielsen, 2006; Wu et al., 2004). H-ferritin is reported to be the main source of NTBI 

for oligodendrocytes (Hulet et al., 2000; Todorich et al., 2011). An H-ferritin receptor called T cell 

immunoglobulin mucin domain 2 (Tim-2) has been discovered in different species (Chen et al., 

2005; Todorich et al., 2008b) but no human ortholog has been described yet (Han et al., 2011; 

Santiago et al., 2007).   

 

1.5.7.9 Iron uptake, use and export by microglia  

Progenitor microglia have high iron and ferritin levels during early developmental stages. As they 

migrate into the central nervous system, they become quiescent and start losing their iron 

(Cheepsunthorn et al., 1998; Moos, 1995). Recent findings indicate that based on their polarization 

state, microglia uptake iron either from transferrin or from non-transferrin sources (McCarthy et al., 

2018a). Microglial expression of a divalent cation transporter, natural resistance-associated 

macrophage protein 1 (Nramp1) hints at its role in iron recycling but the exact role of this 

transporter in microglia is not clear (Evans et al., 2001).   

 

1.5.8 Harmful effects of excess brain iron 

The regulation of different vital biological processes is facilitated by the ability of iron to accept as 

well as donate electrons hence making it suitable for undergoing redox reactions. However, 

abnormal or excessive body iron levels can cause detrimental effects in various ways. As brain has 

high oxygen turnover, one of the broadly accepted theories is that iron catalyses production of 

chemically reactive molecules known as reactive oxygen species (ROS), which in turn lead to 

oxidative stress and damage (Aisen et al., 2001; Emerit et al., 2001; Hentze et al., 2004; Lou et al., 

2009). Oxidative damage is believed to contribute to neurodegeneration in various conditions 

including Alzheimer’s disease (Butterfield, 1997; Good et al., 1996; Lin and Beal, 2006; 

Markesbery, 1997; Mecocci et al., 1994). The age risk factor of AD has widely been linked with 

increased oxidative damage resulting from age-dependent increase in brain iron levels (Maynard et 

al., 2002; Raven et al., 2013).    
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Free iron catalyses ROS production by Fenton and Haber-Weiss reactions. Briefly, iron reacts with 

superoxide (·O2-) and hydrogen peroxide (H2O2) to produce hydroxyl radicals (·OH) (Aisen et al., 

2001; Halliwell and Gutteridge, 2015; Kehrer, 2000). These hydroxyl radicals are highly toxic ROS 

and can oxidize DNA, RNA proteins and lipids, leading to oxidative stress and damage. The 

subsequent effect can be cell death by apoptosis or necrosis (Kohgo et al., 2008; Papanikolaou and 

Pantopoulos, 2005; Valko et al., 2005).    

Fe3+ + ·O2
- → Fe2+ + O2 

Fe2+ + H2O2 → Fe3+ + OH- + ·OH (Fenton reaction) 

Net reaction: 

·O2
- + H2O2 → OH- + ·OH + O2 (Haber-Weiss reaction) 

Although brain is believed to have proper defence mechanisms against acute iron toxicity, chronic 

iron accumulation has been proposed to lead to various brain abnormalities. With ageing, it is 

believed that iron accumulation in lysosomes contributes to the formation of a toxic substance 

called lipofuscin (Brunk and Terman, 2002; Katz and Robison, 2002; Terman and Brunk, 2004). 

Lipofuscin cannot be degraded nor cleared away by lysosomes and its accumulation can damage the 

ubiquitin/proteasomal degradation pathway, thus causing serious impairments in brain functions 

(Katz et al., 1993; Kurz et al., 2008).  

A previous study by our group reported expression changes in five of the seven lipofuscin-related 

genes, which were evaluated in the Hfe knock out mice (Johnstone et al., 2012a). Another 

assumption is that abnormal brain iron levels may change brain gene expression profile. 

Contradictory to this, there have also been reports of changes in brain gene expression profile 

resulting from Tfr2 dysfunction and systemic iron overload even if there is no visible change in 

total brain iron levels (Acikyol et al., 2013; Johnstone and Milward, 2010b). Local brain iron 

redistribution that doesn’t contribute to alteration in overall brain iron levels in iron supplemented 

mice can cause lipid or protein modifications leading to changed brain gene expression (Johnstone 

and Milward, 2010a).    

   

1.6 Relationship between iron and AD  

Abnormal brain iron accumulation contributes to the development of different brain disorders 

resulting from mutations in various iron-related genes. Some examples are neurodegeneration with 

brain iron accumulation (NBIA), neuroferritinopathy and aceruloplasminemia. Likewise, unusual 
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iron loading has also been reported in human post-mortem brain tissue affected by AD and in 

various AD mouse models (Altamura and Muckenthaler, 2009; Connor et al., 1992b; Meyer et al., 

2015).  

The hypothesis that increased iron levels are associated with AD dates back to as early as 1950s 

(Everett et al., 2014a; Goodman, 1953). Since then, there has been ambiguity regarding whether 

brain iron accumulation causes AD or whether brain iron accumulation is a secondary consequence 

of AD. Possible association of iron with AD is implicated by the fact that as the brain ages, iron 

accumulates in regions of the brain that are mostly affected in conditions like AD and Parkinson’s 

disease (Zecca et al., 2004). Some studies have described higher iron concentrations in particular 

cortical areas of Early Onset Alzheimer’s disease (EOAD) patients than those of Late Onset 

Alzheimer’s disease (LOAD) patients (Bartzokis et al., 2004b; Van Rooden et al., 2015).  

Iron has been reported to accumulate in brain regions containing Aβ aggregates and NFTs 

suggesting a link between iron and AD (Altamura and Muckenthaler, 2008; Connor et al., 1992b; 

Good et al., 1992; Smith et al., 1997). Increased levels of  

Fe2+-containing compounds like magnetite/ maghemite (Hautot et al., 2003; Pankhurst et al., 2008) 

and wustite have been reported to be present in AD tissue (Everett et al., 2014a; Pankhurst et al., 

2008). Furthermore, excess iron is proposed to decrease activity of furin, a proconvertase that 

regulates non-amyloidogenic APP processing, leading to increased  formation of Aβ (Bennett et al., 

2000; Silvestri and Camaschella, 2008). Genome wide association studies have linked the locus of a 

protein involved in iron homeostasis named phosphatidylinositol binding clathrin assembly 

(PICALM) to AD (Harold et al., 2009; Parikh et al., 2014).  

It was reported that APOE-ε4, a genetic risk factor of AD, raised CSF ferritin levels in the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort (Ayton et al., 2015; Wood, 2015). 

Another study noted increased neocortical iron levels in APOE-ε4 carriers with Mild cognitive 

impairment (Van Bergen et al., 2016). Both of these studies postulated elevated brain iron as a 

potential cause for APOE-ε4 being the chief risk allele for AD. Bergen et al. postulate that APOE-

ε4 promotes colocalisation of iron and Aβ by accelerating Aβ accumulation by competing for the 

same clearance pathways as well as raising cerebral iron retention by damaging lipoprotein 

trafficking because of decreased affinity of APOE-ε4 to high-density lipoprotein. They also suggest 

examining whether various immunotherapies targeted against Aβ and tau have effects on the level 

of local iron accumulation (Van Bergen et al., 2016). Hare et al. attributed reduced plasma iron in 

AD to decreased loading of iron into transferrin (Hare et al., 2015). The Australian Imaging 

Biomarker and Lifestyle (AIBL) study found that AD patients had significantly lower haemoglobin 
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concentrations than healthy controls, which was believed to be a peripheral reflection of brain iron 

dyshomeostasis (Faux et al., 2014). 

At least one study that directly examined the prevalence of AD in a community cohort of over 1000 

people failed to demonstrate that high serum iron measures increase the risk of AD (Milward et al., 

2010). The belief that iron is abnormally accumulated in AD brain is questioned by Schrag and 

colleagues, in a quantitative meta-analysis demonstrating publication bias in this area (Schrag et al., 

2011b). They evaluated existing literature on comparison of brain iron levels of AD patients with 

age-matched controls and noted diverse results. They reported that an increase in neocortical iron 

levels in AD patients described by one laboratory was not observed by seven other laboratories. 

Their meta-analysis of the full set of studies found no significant difference between neocortical 

iron levels in AD and controls (p = 0.76). They also noted that a more than three-fold citation bias 

was found among narrative review articles, to favour outlier studies stating increases in iron (Schrag 

et al., 2011b).  

However, brain iron quantification studies published since this meta-analysis have reported 

increased iron in various regions of the AD brain (Akatsu et al., 2012; Graham et al., 2014; Hare et 

al., 2016). Though not in brain, a separate systematic review and meta-analysis published in 2014, 

described that 2 studies reported decreased and 3 studies reported no significant alteration on 

plasma iron levels between human AD and control cases (Lopes da Silva et al., 2014). With all 

these uncertainties, the nature of the relationships between AD and iron still remain a mystery and it 

is important to investigate this further, given the potential problems with iron chelation therapy in 

the elderly (described below).  

 

1.6.1 Iron chelation in AD therapeutics  

Based on indirect evidence, a number of iron chelators are now being studied to check their efficacy 

against AD. A multi-target iron chelating-radical scavenging  drug (5-[N-methyl-N-

propargylaminomethyl] -8-hydroxyquinoline) or M30 reduces cerebral iron accumulation and levels 

of cerebral APP and plaques (Kupershmidt et al., 2012), has neuroprotective effects and regulates 

blood glucose levels, in the APP/PS1 mice (Amit et al., 2017; Mechlovich et al., 2014). With the 

discovery of the IRE in the 5’ UTR of APP (Rogers et al., 2002), it is speculated that M30 and other 

iron chelators have potential to modulate translation of APP by chelating iron pool (Avramovich-

Tirosh et al., 2007a; Avramovich-Tirosh et al., 2007b).  
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The trivalent iron chelator desferrioxamine (DFO) was reported to slow progression of dementia in 

a 2-year, single-blind study (Crapper McLachlan et al., 1991). In vitro, DFO was reported to 

prevent the fibrillisation of Aβ42, partly dissolve the preformed  Aβ fibrils (House et al., 2004a) and 

also inhibit the amyloidogenic APP processing in an AD mouse model (Guo et al., 2013). 

Deferiprone is reported to readily cross the BBB whereas desferrioxamine doesn’t. However in a 

study of iron chelation therapy for aceruloplasminemia it was reported that crossing of the BBB by 

DFO is not absolutely necessary for brain iron removal (Miyajima et al., 1997). This may imply that 

reducing systemic iron may have a flow-on effect on brain iron levels without DFO actually the 

brain although this question has still not been clearly resolved. Combined chelation therapy using 

both of these iron chelators has also been described to show promising results (Mourad et al., 2003).  

Deferasirox, another iron chelator conjugated with lactoferrin mitigated Aβ induced learning 

deficits, when administered intraperitoneally in a rat model of AD (Kamalinia et al., 2013) and has 

shown potential to prevent age-related alterations in iron and Aβ peptide metabolism, in the aging 

rat brain (Banerjee et al., 2016). Administration of these drugs through intranasal route is believed 

to target the brain via olfactory and trigeminal nerves, hence evading the BBB (Frey et al., 1997; 

Guo et al., 2013).   

However, some authors believe that iron chelation along with other forms of treatments such as 

venesection and dietary changes may not help in improving brain iron disorders in the same way as 

they do for systemic iron abnormalities (Burn and Chinnery, 2006; Johnstone and Milward, 2010d). 

This may be due to the fact that brain is possibly protected against damaging systemic iron changes 

by the blood-brain barrier and the blood-CSF barrier and has its own regulatory mechanisms for 

internal iron stores (Johnstone and Milward, 2010d).  

It should be noted that the long-term usage of iron chelators may result in deficiency of systemic 

iron and potentially, subsequent anemia. Furthermore, iron chelation can have harmful 

consequences including agranulocytosis, vision or hearing impairment, particularly in older people, 

who have greater risk of renal and cardiovascular disease (Cuajungco et al., 2000; Guo et al., 2013). 

Chelators can also remove iron from ferritin and other compounds that are required for normal iron 

homeostasis. Keeping this in mind, it is essential to determine which iron specific compounds are 

involved in the disease progression and which are required for normal brain functioning, before 

treating individuals with iron chelators (Collingwood et al., 2008; Raven et al., 2013). Some 

researchers recommend that prospective clinical trials should consider providing iron chelation 

therapy to a targeted group of people, e.g. people with symptoms of both AD and cerebral 
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microbleeding (small chronic brain haemorrhage, described below), rather than giving it to all kinds 

of AD patients (Schrag et al., 2011a).  

 

1.6.2 Evidence for a possible relationship between iron and APP 

One way iron has been proposed to be involved in AD is through mechanisms involving APP 

(described above). A potential IRE-Type II sequence has been reported within the 146 nucleotide 

5’-UTR of the APP mRNA (+51 to +94), located immediately upstream of an interleukin-1 (IL-1) 

responsive acute box domain. This sequence has 66% similarity to the H-ferritin IRE (+12 to +59) 

(Fig. 1.11) (Rogers et al., 2002). Two clusters of APP IRE-Type II display more than 70% 

similarity with H-ferritin IRE sequences. This suggests that iron may have roles in the post-

transcriptional regulation of APP through the IRE/IRP system- possibly increased iron leading to 

increased APP production (Bandyopadhyay et al., 2006; Rogers et al., 2002), in addition to other 

roles (Connor et al., 2001; Mantyh et al., 1993). Rogers et al. reported in a subsequent paper that 

while the APP IRE interacts with the IRP1 (cytoplasmic cis-aconitase), the H-ferritin IRE RNA 

stem-loop interacts with the IRP2 in neural cell lines, the human brain cortical tissue and human 

blood lysates (Rogers et al., 2008).  

 

Fig. 1.11 Similarity between the iron-responsive element (IRE) in the APP mRNA 5’-UTR and 

the ferritin IRE. The IRE in APP mRNA has 66% similarity (shown in red) to the IRE in H-

ferritin mRNA; boxed regions highlight two similar clusters in IRE of APP mRNA with more than 

70% similarity with ferritin IRE. Figure modified from (Rogers et al., 2002).  

 

Following from this, Duce and colleagues proposed APP possesses ferroxidase activity  (Duce et 

al., 2010). Some of their observations are highlighted below.    

1) Duce and colleagues suggested that a REXXE ferroxidase consensus motif (Gutierrez et al., 

1997; Lawson et al., 1991; Ninomiya et al., 1993; Toussaint et al., 2007; Wang and Ha, 2004) 

proposed to be present in the E2 domain of APP(Duce et al., 2010; Wang and Ha, 2004) is 

analogous to that previously reported in the ferroxidase active site of H-ferritin (Gutierrez et al., 

1997; Lawson et al., 1991). They presented sequence alignments contending that the iron 

coordinating residues E62 and H65 of H-ferritin overlapped with the corresponding residues E412 

and E415 which make up the proposed ferroxidase site of APP.  
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2)  They also proposed that recombinant soluble APP695α, which represents the most abundant 

APP species in the brain and in neurons in particular (de Silva et al., 1997) possessed strong 

ferroxidase activity, as assessed by in vitro analysis of the rate of incorporation of ferric iron, the 

product of the ferroxidase reaction, into transferrin.  

3)  A 22-residue synthetic peptide (FD1) within the E2 domain, carrying the putative ferroxidase 

site of APP, as well as the purified E2 polypeptide, was reported to exhibit ferroxidase activity in 

vitro that was around 40% that of APP695α. 

4)  APP was proposed to promote iron release, lower the labile iron pool (LIP) and interact with 

ferroportin in Human Embryonic Kidney 293 cells (HEK293T cells) that lack the ferroxidase 

ceruloplasmin (De Domenico et al., 2007b). Suppression of APP expression in HEK293T cells by 

RNAi was reported to result in the cellular accumulation of significantly more radioactive 59Fe than 

sham RNAi treated controls.  

Addition of APP695α or the E2 domain of APP to the media was reported to significantly promote 

the efflux of 59Fe into the media. Similarly, primary cultures of cortical neurons from an APP 

Knockout mouse model (APP-/-) were reported to retain significantly more 59Fe than neuronal 

cultures from wildtype (WT) mice. Addition of APP695α promoted 59Fe export into the media after 

12 hours from both the WT and APP-/- neurons and the iron levels in APP-/- neurons were reported 

to approach WT levels.         

5)  Aceruloplasminemic patients and ceruloplasmin knockout mice show iron accumulation with 

age in liver, pancreas and brain astrocytes but not cortical neurons (Harris et al., 1995; Patel et al., 

2002). To assess effects of APP deficiency, 12-month-old APP-/- mice were compared to wild-type 

(WT) age-matched controls, both either on normal chow or a high iron diet (120 μg Fe/g body 

weight) for 8 days. Significant increases in iron levels were observed in brain (+26%), liver (+31%) 

and kidney (+15%) of APP-/- mice on normal chow than WT mice on the same diet.  

Surprisingly, a high iron diet yielded no significant change in iron levels in liver or other tissues of 

WT mice, unlike other comparable studies in WT mice (Johnstone and Milward, 2010b). However 

Duce and colleagues observed that high iron diet led to increased iron in brain (+13%) and liver 

(+90%) of APP-/- mice on a high iron diet compared to APP-/-  mice on a normal diet. APP-/- mice 

on the high iron diet had increased ferritin levels in brain and liver tissue. From this, Duce and 

colleagues proposed that APP protects against accumulation of iron and development of oxidative 

stress (Duce et al., 2010). 

 

However Ebrahimi and colleagues subsequently put forward opposing findings requiring the re-

evaluation of the Duce study, failing to find any evidence of APP ferroxidase activity by a range of 
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approaches including those used by Duce and colleagues (Ebrahimi et al., 2012). Besides measuring 

the ferroxidase activity of the FD1 synthetic peptide indirectly using transferrin as was done by 

Duce and colleagues, Ebrahimi and colleagues also measured it directly by observing the 

consumption of the substrate, molecular oxygen, and found no activity above background levels. 

This was subsequently further confirmed in a second paper by additional studies of the ferroxidase 

activity of the natural E2 domain of APP, tested by analysis of Fe2+ binding to this domain by 

isothermal titration calorimetry as well as both the transferrin assay and oxygen consumption 

measurements (Ebrahimi et al., 2013a). It was found that Fe2+ neither binds to the E2 domain nor 

does it get oxidised by this domain or another APP domain, E1, leading to the conclusion that the 

E2 and E1 domains of APP do not have ferroxidase activity.  

 

In addition to this, questions were also raised regarding the putative ferroxidase site of APP. In the 

previous work of Duce et al., residues E412 and E415 of APP were arbitrarily aligned with E62 and 

H65, the two metal-coordinating residues of the ferroxidase centre of human H-chain ferritin. 

However Ebrahimi and colleagues noted that the two glutamates in the REXXE motif in ferritin are 

not ligands of the metals in the ferroxidase center and therefore that there was no significant overall 

similarity between the structure of the ferroxidase centre of ferritin and the REXXE putative 

ferroxidase activity carrying motif of APP (Ebrahimi et al., 2013a).  

 

In 2014, Duce and colleagues re-examined their in vitro experiments testing soluble APPα (sAPPα) 

ferroxidase activity, within a buffer of physiological pH and anionic charge (Wong et al., 2014). 

They reported using a triplex Fe2+ oxidation assay that their previously-reported ferroxidase activity 

of APP originated from contaminant phosphate which co-eluted during protein purification (Wong 

et al., 2014). However, this does not appear to fully account for the discrepancy, since phosphate 

has only been reported to accelerate activity of other ferroxidases, rather than have ferroxidase 

activity itself (Ebrahimi et al., 2013b). The original paper from Duce and colleagues is therefore at 

least partly incorrect and other aspects of this paper also require re-evaluation, including the 

surprising lack of effects of their high iron diet in wildtype mice, mentioned above, as well as other 

data.  

 

Duce and colleagues then claimed that endogenous APP is essential for stabilising  ferroportin on 

the neuronal cell surface and to facilitate iron export from neurons, despite its lack of ferroxidase 

activity (Wong et al., 2014). Other independent researchers have also supported this hypothesis with 

relevance to the microvascular endothelial cells (McCarthy et al., 2014). This partly draws on a 

paper from Domenico and colleagues, who reported in 2007 that ceruloplasmin ferroxidase activity 
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is required for stability of cell surface ferroportin (De Domenico et al., 2007a).  However many of 

this group’s findings have been questioned and in some cases retracted so it is currently difficult to 

evaluate the conclusions from all these studies and more work is clearly required to clarify the role 

of APP. 

 

1.6.3 Possible causes of brain iron dyshomeostasis in AD and other neurodegenerative 

disorders   

Different causes of increased brain iron levels have been proposed in different neurodegenerative 

conditions. Many neurodegenerative disorders are associated with chronic inflammation, which in 

turn may lead to progressive iron accumulation in different brain regions (Andersen et al., 2014; 

Thomsen et al., 2015). It has been hypothesised that damaged or dead neurons are phagocytosed by 

iron rich inflammatory cells such as macrophages, though some authors propose the opposite 

mechanism, i.e.,  phagocytosis causes neuronal death (Neher et al., 2011).. Besides abnormal iron 

transport across the BBB, phagocytic cells rich in iron may enter the brain from bloodstream 

(Dusek et al., 2016; Schrag et al., 2010) and accompany  neurodegeneration (Andersen et al., 2014; 

Thomsen et al., 2015). In a condition called superficial siderosis of the CNS, subarachnoid bleeding 

is thought to contribute to increased iron in the outer cerebral cortical surface (Koeppen et al., 

2008). 

Some authors have proposed microbleeding due to cerebral amyloid angiopathy (CAA)-  a 

condition commonly observed in most but not all AD patients in which amyloid deposits are seen in 

the walls of the blood vessels (Greenberg and Vonsattel, 1997; Tian et al., 2004; Yamada, 2015) as 

a potential cause of increased brain iron levels (Dusek et al., 2016; Schrag et al., 2011a). Such 

deposition of amyloid is also reported to result in thickening of the wall of blood vessel with 

‘congophilic material’(Schrag et al., 2011a; Vinters, 1987) Iron and ferritin have been described to 

be present around blood vessels in AD brain (Connor et al., 1992a; Connor et al., 1992b; Goodman, 

1953) which led some authors to postulate that uptake of iron into brain is not optimal in AD 

(Connor et al., 1992b).   

 

In a study by Schrag and colleagues, AD patients with severe CAA had increased brain non-haem 

iron levels as compared to the AD patients that didn’t show any indication of amyloidosis in 

vasculature (Schrag et al., 2011a). The same study reported association of high levels of iron in 

neocortex with intense CAA and a significant increase in haem degradation enzymes HO-1 and 

biliverdin reductase B in AD patients with CAA as compared to AD patients without CAA as well 

as normal controls (Schrag et al., 2011a).  Peters et al. have also hypothesized in their recent review 



47 
 

that iron dysregulation and amyloidosis in AD correlate to a disrupted brain vasculature (Peters et 

al., 2015).  

 

Raha and colleagues have described that loss of pericytes (cells important in maintenance of blood 

brain barrier integrity) and disruption of endothelium are associated with vascular damage and 

amyloidosis in human and mouse AD brains. They also noted that reduced levels of iron-related 

proteins ferroportin and hepcidin are linked to the deposition of haem-rich granules nearby small 

disrupted blood vessels of human AD brains (Raha et al., 2013). Such granules are described to be 

remnants of microhaemorrhage- a condition commonly observed in aging brain and they seem to 

colocalise with Aβ deposits (Cullen et al., 2005; Cullen et al., 2006). Alterations in Iron regulatory 

protein 2 (IRP-2) have been described to be associated with AD pathology and abnormal iron 

distribution in AD brain (Smith et al., 1998) but this has been questioned (Magaki et al., 2007; 

Schrag et al., 2011a).  

 

 

1.6.4 Studying the iron-AD relationship using magnetic resonance imaging  

Various experimental approaches have bolstered the theory of iron dyshomeostasis in AD. One such 

method is the use of magnetic resonance imaging (MRI) to measure iron levels in AD brains.  

However, MRI may have some drawbacks. For example, as cellular structure breaks down in AD, 

the amount of water increases in brain, which can conceal detection of iron (Kamman et al., 1988; 

Raven et al., 2013). Likewise, myelin has significant interference in magnetic susceptibility MRI, 

mainly in the white matter (Hare et al., 2016; Lodygensky et al., 2012). Hence it is also argued that 

the in vivo study of brain iron accumulation using MRI is more appropriate for diseases affecting 

brain areas with high iron and low myelin content (Hare et al., 2016; Rossi et al., 2013).   

It is also described that MRI does not essentially reveal pathological iron or iron specific to just one 

pathological condition, as it can also detect iron in normal tissue (Bagnato et al., 2011). 

Differentiation of neocortical white matter and gray matter iron distribution using MRI is difficult 

as most MRI methods are not totally quantitative and their spatial resolution impedes distinction of 

fine details of brain iron at micrometer scales. Hence, brain MRI is mostly restricted to areas with 

high iron content such as basal ganglia (Hare et al., 2016). 
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1.6.5 Studying the iron-AD relationship using mouse models of the iron overload disease 

haemochromatosis  

The relationship between iron, APP and AD can be studied by looking at changes relating to AD in 

animal models of iron loading. The most common iron overload disorder in humans is hereditary 

haemochromatosis (HH), which will be described briefly prior to the explanation of mouse models 

of haemochromatosis.  

Hereditary haemochromatosis is a group of genetic disorders of iron overload,  marked by increased 

iron levels in liver and other parts of the body (Ayonrinde et al., 2008; Camaschella, 2005; 

Cartwright et al., 1979; Pietrangelo, 2010). The most common polymorphism resulting in the HH is 

the cysteine to tyrosine substitution at the amino acid 282 (C282Y), positioned in the genomic 

region encoding the α3 domain of the HFE gene (Feder et al., 1996). This prevents interaction of 

HFE with β2-microglobulin, resulting in impaired HFE-TFR1 binding (Gao et al., 2009; Schmidt et 

al., 2008). The combination of the C282Y polymorphism and another HFE polymorphism: histidine 

to aspartic acid substitution at amino acid 63 (H63D), also results in HH. The H63D polymorphism 

affects the α1 domain of the HFE protein and may prevent HFE from stimulating the 

holotransferrin-TFR1 binding (Feder et al., 1998a; Gochee et al., 2002).  

Besides these, there are other additional HFE mutations associated with HH (Barton et al., 1999; de 

Villiers et al., 1999; érald Le Gac et al., 2003). While 80% of the HH is resulted by the HFE 

mutations, the remaining 20% is caused by mutations in other iron-related genes, the latter of which 

constitute the non-HFE haemochromatosis. Four main genes involved in the non-HFE 

haemochromatosis are Tfr2, haemojuvelin, hepcidin and ferroportin (Aguilar-Martinez, 2007; 

Pietrangelo, 2005; Santos et al., 2012; Wallace and Subramaniam, 2007). Magnetic resonance 

imaging (MRI) suggests iron may accumulate  in some haemochromatosis patient brains (Berg et 

al., 2000; Connor et al., 2001; Nielsen et al., 1995) but this is difficult to assess reliably without 

post-mortem studies and there is little evidence of effects on brain iron in most patients, as reviewed 

elsewhere (Johnstone and Milward, 2010d).  

 

1.6.5.1 Mouse models of the iron overload disease haemochromatosis  

Different mouse models of iron overload or haemochromatosis have been generated using different 

approaches. One method is to inject mice with high doses of iron.(Demougeot et al., 2003a; Lou et 
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al., 2009; Maaroufi et al., 2009) Although such models show higher iron accumulation in different 

parts of body including some brain regions, these doses are much higher than the normal human 

brain exposure levels, are given for short periods of time (Maaroufi et al., 2009) Hence, this kind of 

model doesn’t demonstrate iron loading of the sort typically seen in humans in which iron 

accumulation takes place over long periods of time.(Barton and Edwards, 2000; Demougeot et al., 

2003a; Lou et al., 2009; Maaroufi et al., 2009)  

 

Another method is supplementing mice with short term high dietary iron (Fredriksson et al., 1999; 

Omara et al., 1992; Sobotka et al., 1996). One such model  showed higher liver and serum iron 

loading but no obvious damage in liver and other tissues, so this is not a representative model for 

clinical haemochromatosis (Graham et al., 2010a; Johnstone and Milward, 2010a). This model also 

doesn’t show increased iron loading in brain, probably because the blood brain barrier counteracts 

this, as suggested elsewhere (Deane et al., 2004; Johnstone and Milward, 2010a; Moos et al., 2000).  

 

Having said that, our group has provided evidence of small gene expression changes in the absence 

of gross brain iron loading in dietary iron-supplemented mice (Johnstone and Milward, 2010b). 

However, dietary iron supplementation models are generally given inorganic forms of iron which 

do not replicate the iron deposition occurring in human body, thus questioning their appropriateness 

(Johnstone and Milward, 2010c). Some authors have reported that iron accumulates in brain at very 

high doses. Sobotka et al reported that brain non-haem iron in male weanling rats increases with 

increasing levels of dietary iron but this was significant only at the highest dose of iron overload 

(20,000 ppm in diet for 12 weeks; p<0.05) (Sobotka et al., 1996). Direct injection of iron into 

striatum to bypass the BBB shows acute damage to brain (Demougeot et al., 2003b; Hironishi et al., 

1999), which does not correctly represent the chronic physiological human brain iron overload 

conditions.  

 

To overcome the limitations of the models explained above, new mouse models of 

haemochromatosis containing intrinsic mutations in two key iron-related proteins have now been 

generated, as described below. These genes are HFE and TFR2 as haemochromatosis is commonly 

caused by mutations in the HFE gene and occasionally by mutations in TFR2 genes (Camaschella et 

al., 2000; Feder et al., 1996; Papanikolaou et al., 2004). As studies have shown abnormal iron 

loading in some brain regions such as basal ganglia of haemochromatosis patients, an ideal animal 

model of haemochromatosis should exhibit brain iron loading along with other obvious signs of the 

disease like increased serum and liver iron levels (Berg et al., 2000; Johnstone and Milward, 2010d; 

Nielsen et al., 1995; Rutgers et al., 2007).     
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1.6.5.1.1 Single HFE knockout mouse model of haemochromatosis 

As described in Section 1.6.5, the HFE protein forms a heterodimeric complex with β2-

microglobulin and gets processed, transported and expressed on the cell surface (Lebron et al., 

1998; Lyon and Frank, 2001; Waheed et al., 1997). Mutations in HFE impair this association and 

fail to transport HFE out of the endoplasmic reticulum and Golgi compartments, where it is 

ultimately degraded (Waheed et al., 1997). This results in reduced hepatic expression of hepcidin, 

hence facilitating increased iron absorption from diet and depositing iron in various tissues (Ganz 

and Nemeth, 2016).  

The HFE gene is the most commonly mutated gene in human haemochromatosis with two common 

mutations: C282Y and H63D (Feder et al., 1996; Feder et al., 1998b). About 80-90% of 

haemochromatosis patients have a homozygous C282Y mutation.(Bacon et al., 1999; Feder et al., 

1996)  Zhou and colleagues generated a mouse model on a C57BL/6J background with targeted 

deletion of the HFE gene. This model showed distinctive histopathological and biochemical 

abnormalities seen in human C282Y haemochromatosis patients, including increased serum and 

liver iron measures (Zhou et al., 1998).  

Brain iron uptake could be affected by the HFE mutations as the HFE protein is present in the 

choroid plexus, blood vessels and the ependymal cells. Moreover, additional evidence in AD shows 

that the HFE protein is induced on neurons, on cells associated with neuritic plaques and on 

astrocytes linked with blood vessels (Connor et al., 2001). Polymorphisms in HFE have also been 

proposed to increase AD risk as the chromosomal region 6p21 containing the HFE gene shows 

genetic association to AD in some studies {Kehoe, 1999 #416;Blacker, 2003 #418;Combarros, 

2003 #1074}.  

 

Another study found that onset of AD was 5 years earlier in patients with H63D mutations than in 

those with the wild-type allele, independent of gender (Sampietro et al., 2001).  However, there are 

other studies which failed to find such association (Ellervik et al., 2007; Johnstone and Milward, 

2010d). Johnstone and colleagues examined changes in the brain transcriptome of an Hfe-/- deletion 

mutant mouse model using microarrays and real-time reverse transcription-PCR (Johnstone et al., 

2012c). The mouse strain used was AKR as it maximizes the iron loading phenotype.(Fleming et 

al., 2001; Johnstone et al., 2012a) Evidence was seen for changes in the brain gene expression 

profile but not in total brain iron levels as compared to wildtype controls (Golub et al., 2005; 



51 
 

Johnstone and Milward, 2010d; Knutson et al., 2001). Also, while some changes were observed for 

AD-related transcripts, these were not in directions consistent with increased risk of AD.(Johnstone 

et al., 2012c)  

 

1.6.5.1.2 Tfr2Y245X mutation mouse model of haemochromatosis 

The Tfr2Y245X mutant mouse model of haemochromatosis (analogous to the Tfr2Y250X mutation 

in human) has a mutated Tfr2 gene that prevents TFR2 protein expression and the interaction of 

TFR2 with holotransferrin.(Camaschella et al., 2000; Nemeth et al., 2004) As the hepcidin response 

is partly blunted in these mice, ferroportin expression is only partially downregulated in response to 

iron loading, so iron transport into the circulation from the gut is only partially regulated when body 

iron stores are high, leading eventually to iron loading in the liver and various other organs of the 

body (Camaschella et al., 2000; Kawabata et al., 2005; Wallace and Subramaniam, 2007; Wallace 

et al., 2008). Acikyol and colleagues found that this model has significantly higher liver iron levels 

but again no change in levels of brain iron and no brain transcript changes of strong relevance to 

AD(Acikyol et al., 2013). 

 

1.6.5.1.3 Hfe-/-xTfr2Y245X mouse model of haemochromatosis 

In the studies reported above, both models showed increased serum iron measures but no tissue 

damage, corresponding to pre-clinical human iron overload. Also neither of these models shows 

brain iron loading. Hence, their use in studying the effect of brain iron loading in haemochromatosis 

is limited.(Acikyol et al., 2013; Graham et al., 2010b; Johnstone et al., 2012a; Johnstone and 

Milward, 2010c) A double mutation model has now been generated that has both of the above 

mutations, resulting in higher levels of iron loading (Hfe-/-xTfr2Y245X on the AKR background 

strain). To produce this model, mice with deletion of Hfe and mice with the Y245X mutation of the 

Tfr2 gene were each backcrossed for 10 generations onto an AKR genetic background (Animal 

Resource Center, Murdoch, Western Australia, Australia). The two genotypes were then cross-bred 

to generate Hfe-/- xTfr2mut mice (Delima et al., 2012).  

The double mutation mice had many features consistent with mild clinical human iron overload or 

haemochromatosis, including two-fold or more increased hepatic and plasma iron levels, elevated 

markers of hepatic oxidative stress and early liver injury in the form of fibrosis as compared to both 

single mutation models (Delima et al., 2012).  Higher iron measures were found in many brain 

regions of Hfe-/-xTfr2mut mice compared to age- and gender-matched controls, using inductively 

coupled plasma-atomic emission spectroscopy, non-haeme iron measurement and ferritin 
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immunoblotting (>1.4-fold increase, p<0.002, n≥4/group) (Heidari et al., 2016b). This mouse model 

is thus the most useful haemochromatosis model for studying iron loading in the brain as it has 

concurrent liver damage and brain iron loading.  

Furthermore, molecular profiling exhibited alterations in the expression of different iron-related 

genes, genes associated with the Neurodegeneration with Brain Iron Accumulation (NBIA) disease 

family and the over-representation of expression changes in myelin-related genes (Heidari et al., 

2016b). Such observations corroborate that increase in brain iron levels can affect brain systems. 

Brain transcript levels of ferritin was increased in this model but transcripts of transferrin (Tf), 

TFR1 (Tfrc), ceruloplasmin (Cp) and hepcidin (Hamp1) were decreased (Johnstone, Heidari et al.,  

unpublished). Increased ferritin and decreased TFR1 expression in this model bolsters the 

hypothesis that when there is surplus intracellular iron, cells are protected against labile iron by 

limiting iron uptake and increasing cellular iron storage capacity. Decreased brain hepcidin 

transcripts suggests that ferroportin on neuronal cell surface is conserved and may contribute to iron 

export and protection of neurons and other cells against excess iron accumulation. Furthermore, 

decreased ceruloplasmin and transferrin levels may reduce iron delivery to neurons and protect 

them against iron overload.  

 

While it is possible that the altered levels of some iron-related transcripts potentially contribute to 

elevated brain iron levels, some other transcriptomic alterations may not be directly associated with 

net changes in iron levels but may reflect unknown effects of disruption of Hfe and Tfr2 genes. All 

three models- the Hfe-/-xTfr2mut, the Hfe-knockout and the Tfr2Y245X  mutant mice exhibit 

increased brain transcripts of the typical immediate-early gene FBJ osteosarcoma oncogene (Fos) 

and the early growth response (Egr) gene at three months of age, although no changes in total brain 

iron concentrations were detected in the single mutation models (Acikyol et al., 2013; Johnstone et 

al., 2012b). Only the Hfe-/-xTfr2mut mice show increased transcripts of Jun B proto-oncogene 

(JunB), another important immediate-early transcription regulator, indicating this may explicitly 

reflect the increased brain iron levels in this model (Johnstone, Heidari et al.,  unpublished).  

 

Considering these facts, the Hfe-/-xTfr2mut model is suitable for studying effects of excess brain iron 

accumulation. Nevertheless, as these mice do not exhibit natural AD neuropathology such as 

plaques and tangles, they are not suitable to be used for deriving any conclusion regarding the 

effects of iron loading in AD. Considering this limitation, our team has genetically engineered a 

novel mouse model incorporating mutations in both Hfe and Tfr2 genes along with human 
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transgenes containing  familial AD mutations (described below). To our knowledge, this model is 

the first of its kind in the world.    

    

1.6.6 Studying the iron-AD relationship using mouse models of AD 

The question of whether brain iron dyshomeostasis/ brain iron accumulation causes AD or whether 

brain iron accumulation/ brain iron dyshomeostasis is just a secondary consequence of 

neuropathology/ degenerative process of AD is difficult to answer using post-mortem human brain 

tissues in which AD will already have reached advanced stages, most of the time. Unlike the post-

mortem human brain, use of animal models of AD provides an option for studying different phases 

of disease progression.  

1.6.6.1 APPswe/PS1ΔE9 mouse model 

The APPswe/PS1ΔE9 mouse model of AD contains modified APP and presenilin1 (PS1) genes 

under the mouse prion promoter (Xiong et al., 2011). Human Aβ sequence replaces the mouse Aβ 

sequence (within the mouse APP) and this APP transgene also contains a mutation called the 

Swedish mutation. The PS1 transgene has exon 9 of the PS1 gene deleted (Haass et al., 1995; Xiong 

et al., 2011). Both these mutations promote amyloidogenic processing of APP and increase the 

Aβ1-42/Aβ1-40 ratio (Borchelt et al., 1996; Haass et al., 1995). Deposition of insoluble Aβ 

aggregates is reported to be observed in the cortex and the hippocampus of these mice by 4 months 

and plaque numbers increase gradually up to 12 months and beyond (Garcia-Alloza et al., 2006; 

Jankowsky et al., 2004) with plaque deposition reported to continue till at least 20 months of age in 

one study (van Groen et al., 2006). Impaired spatial learning and synaptic plasticity are observable 

by 12 months (Lalonde et al., 2005; Volianskis et al., 2010; Yan et al., 2009). 

 

1.6.6.2 APPswe/PS1ΔE9 x Hfe-/-xTfr2mut mouse model  

The models of AD have a limitation that they cannot reproduce features of both chronic iron 

accumulation and AD. To solve this problem, our team has developed a novel mouse model by 

cross-breeding Hfe-/-xTfr2mut mice with APPswe/PS1ΔE9 (Jackson Labs stock # 004462) mouse 

model of AD.  Mice were backcrossed onto an AKR genetic background to maximize the iron 

loading phenotype (Fleming et al., 2001; McLachlan et al., 2010).  These APPswe/PS1ΔE9 x Hfe-/-

xTfr2mut mice are referred to as the Aβ+Iron mice. These mice have iron loading as the primary, 

initial disease phenotype and display chronic brain iron loading and AD-related amyloidosis, 

simultaneously.   
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Based on these observations, the Aβ+Iron model was therefore considered as an appropriate model 

to investigate the effects of increased brain iron loading in the aggravation of cerebral amyloidosis. 

A broad hypothesis and three specific hypotheses were designed for this purpose which are 

explained in the following section.     

1.7 Hypotheses  

This thesis examined the broad hypothesis that high brain iron levels may exacerbate Alzheimer’s 

amyloid pathology. To address this question, the project tested three specific hypotheses in three 

different chapters. 

 

Hypothesis 1 

a) Brain iron level is increased in the Aβ+Iron model as compared to the Aβ model.  

b) Excess brain iron may augment cerebral amyloidosis in the Aβ+Iron model as compared to the 

Aβ model. 

c) Excess brain iron may co-localise with insoluble Aβ pathology in the Aβ+Iron model.   

 

Hypothesis 2 

Brain iron distribution in different cell types and structures is generally similar in the Aβ+Iron 

model and the Hfe-/-xTfr2mut model (the ‘Iron model’) with the main exception of iron associated 

with amyloid plaques and iron-associated cells in the vicinity of amyloid plaques in the Aβ+Iron 

model (plaques are not present in the ‘Iron model’).   

 

Hypothesis 3  

Microglia surround amyloid plaques in the mouse models and may have increased intracellular iron 

content, as has been observed in humans and that increased levels of brain iron may augment 

oxidative damage or neuronal loss in the mouse model of amyloidosis. 

 

1.8 Aims  

Aim 1 

To examine brain iron levels and cerebral amyloidosis and to characterise the relationship of iron 

with insoluble Aβ pathology in the Aβ+Iron model compared to the age-, gender- and strain-

matched Aβ model. This will be examined by non-haem iron assay and histochemistry and 

immunohistochemistry techniques such as single labelling or co-labelling iron and amyloid, using 

iron and amyloid-specific stains/antibodies.  
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Aim 2 

To examine the relationship between regional iron loading and amyloid plaque location and to 

characterise the distribution of iron in different brain regions, structures and cell types in the 

Aβ+Iron model. This will be studied by using histochemistry and immunohistochemistry techniques 

such as single labelling or co-labelling of iron and amyloid, myelin or different cell types using 

histochemical stains for iron, amyloid and myelin and immunolabelling of particular cell markers.   

   

Aim 3 

To investigate cell damage and neuronal loss and to examine glial co-localisation with amyloid 

plaques and uptake of iron by microglia or other glia in the Aβ+Iron model compared to the age-, 

gender- and strain-matched Aβ model. This will involve immunohistochemistry and histochemistry 

techniques such as labelling with markers for lipid damage or neurons and co-labelling iron, 

amyloid and glia using iron and amyloid-specific stains and specific markers for microglia or other 

glia.  
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2. Materials and methods  

2.1 Animals 

The APPswe/PS1ΔE9xHfe-/-xTfr2mut mouse model (the ‘Aβ+Iron model’) was generated by cross-

breeding the APPswe/PS1ΔE9 model (the ‘Aβ model’) of amyloidosis (Jackson Labs stock 

#004462) with the Hfe-/-xTfr2mut model (the ‘Iron model’) of haemochromatosis (Delima et al., 

2012; Heidari et al., 2016b). Mice were backcrossed onto an AKR genetic background to maximize 

the iron loading phenotype (Fleming et al., 2001; McLachlan et al., 2010).   

Four groups of mice namely the AKR model, the Iron model, the Aβ model and the Aβ+Iron model, 

were maintained on a standard AIN-93G diet comprising 0.02% iron (Reeves et al., 1993). These 

mice were sacrificed at 6 months of age (unless specified otherwise). All protocols were approved 

by the Animal Ethics Committee of University of Sydney, where the mice were bred and 

accommodated. 

2.2 Iron measures  

2.2.1 Tissue collection   

 

Mice were sacrificed under anaesthesia by using 60 mg/kg sodium pentobarbital or   Lethabarb 

(Virbac Pty Limited). An incision was made below the diaphragm, the ribs were cut open and the 

diaphragm was pricked to expose the heart. A small incision was then made in the right atrium 

allowing the blood to flow out of it. For histological purposes, mice were perfused through the left 

ventricle using 20 mL of the freshly made fixative containing 4% paraformaldehyde (PFA) in 0.1M 

PBS (w/v), pH 7.4. For non-haem iron assay, mice were perfused with isotonic saline.  

Following the dissection, mouse brains that were to be used for the non-haem iron assay were snap 

frozen in liquid nitrogen and immediately stored at -80 ˚C. Brains that were to be used for histology 

and immunohistochemistry were placed in a tube containing 4% PFA in 0.1 M PBS fixative and 

stored at 4 ˚C overnight. Next day, the fixative was removed, the brains were washed with PBS and 

then stored in PBS containing a small amount of (0.01%) sodium azide (Sigma), at 4˚C.  

 

2.2.2 Non-haem iron assay 

Non-haem iron levels in brain tissue homogenates (n ≥11/group, with ≥4 per sex in each group) 

were measured as explained by Kaldor (Kaldor, 1954). All glassware were thoroughly cleaned and 
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soaked in 2M HCl (MERCK Pty Ltd) overnight and washed with deionised, distilled water (ddH2O) 

on the next day. Brain weights were recorded before homogenising on ice in 0.9% cold NaCl (1 ml 

NaCl per 50 mg tissue; Baxter Healthcare Pty Ltd) in a chilled glass hand-held homogenizer. A 

standard solution was prepared by diluting ferrous sulphate in 0.1M HCl (MERCK Pty Ltd) to a get 

a final iron concentration of 5 mM. This standard solution was then diluted in ddH2O in separate 

Eppendorf tubes to obtain various concentrations of standard iron solutions in the range of 0 to 8 

μg/ml iron.  

Next, 150 μl of 12% HCl (50 μl per reaction mix) was added to a triplicate reaction mix of tissue 

homogenate (100 μl) and standard iron solution (100 μl), vortexed and then incubated at 85°C for 

30 min. This was followed by addition of 75 μl of 50% trichloroacetic acid (25 μl per reaction mix; 

MERCK Pty Ltd) into the triplicate reaction mix, chilling on ice for 10 min and then centrifugation 

for 15 min at 16,000 rpm to allow protein precipitation. The supernatant containing iron (100 μl) 

was then combined with the colour reagent (100 μl; 816 μM bathophenanthroline disulfonic acid, 

1.9 M sodium acetate, 0.2% (v/v) thioglycolic acid; all from Sigma-Aldrich) and incubated at RT 

for 60 min. The optical density (OD) of individual standard iron solutions was measured at 540 nm, 

based on which a standard curve was created. This curve enabled the determination of iron 

concentrations in various tissue samples, which were assayed.  

 

2.3 Histology 

2.3.1 Preparation of tissue sections for histology 

2.3.1.1 Preparation of brain slices 

Mouse brains were taken out of the PBS azide solution using a sterile spatula. Brains were placed 

(with the ventral side up and the dorsal side down) into a mouse brain slicer matrix (Zivic 

Instruments), containing a few drops of PBS (to avoid tissue drying). Five razor blades were 

inserted into 5 slice channels in the coronal orientation to obtain 6 brain blocks, each with a 

thickness of 2 mm. Brain slices were then stored in separate wells of a 24-well plate containing PBS 

and 0.01% sodium azide at 4˚C. 

2.3.1.2 Selection of brain blocks 

A mouse brain atlas (Paxinos, 2013) was used to select brain blocks 4 and 5 for this thesis. These 

blocks contained structures strongly affected in AD, namely hippocampus, entorhinal cortex and the 

cerebral cortex. Names of all brain structures in this thesis are accordant with the nomenclature of 

the mouse brain atlas (Paxinos, 2013).  
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2.3.1.3 Slide coating  

Microscope slides need to be treated with some adhesive compounds so that the tissue sections are 

retained on the slides during the histological procedures. Slides (Livingstone) were immersed in 

clean water containing (3g/litre) Pyroneg detergent powder (Diversey) and then incubated at 500C  

overnight. Next day, the slides were washed in running tap water for 1 hour, and then in running de-

ionised water for 30 minutes.  

A solution containing 2% Gelatin (Sigma) and 0.1% Chromium potassium Sulfate (Sigma) was 

prepared while stirring at 500C on a hotplate, until the solution was clear. After the solution was 

cooled to 20-300C, the slides were placed in this solution for 20 minutes. This was followed by 

drying in an oven at 500C overnight. The slides were then kept in 0.004% poly L-lysine (Sigma) in 

1% Tris HCl (UNIVAR) (1 M, pH 8) for 15 minutes and dried at 500C overnight. Dried slides were 

stored safely in paper boxes, at RT.     

2.3.1.4 Cryoprotection and tissue sectioning  

Sucrose is commonly used as a cryoprotectant to prevent formation of ice crystal artefact in frozen 

tissue specimens. Mouse brains (blocks 4 and 5) were kept in 15% sucrose (MERCK) in 1X PBS 

(pH 7.4) at 40C for 24 hours and then in 30% sucrose in 1X PBS at 40C for another 24 hours. In 

both of these steps, it was ensured that the brain blocks sank completely in the sucrose and PBS 

solution.  Brain blocks were then embedded in cryomolds containing TissueTek Optimal Cutting 

Temperature Compound (OCT) (SAKURA) and snap-frozen indirectly in 2-methylbutane (Sigma) 

and liquid nitrogen. The cryomolds were stored at -200C until they were used for sectioning.  

Brain blocks were sectioned coronally at 20 μm using Leica CM1900 cryostat (Leica Microsystems, 

Wetzlar, Germany) at -200C, mounted on slides (coated as above in Section 2.3.1.3) and then stored 

at -200C.  

2.3.1.5 Selection of brain sections for histology 

Four brain sections per mouse from all groups (n=4/group, 2 males and 2 females in each group, 6 

months old) were selected at a sampling rate of 1 in 10, starting from  

-2.46 mm Bregma to -3.16 mm Bregma (Fig. 2.1). These sections incorporated structures strongly 

affected in AD, namely hippocampus, entorhinal cortex and the cerebral cortex. As each section is 

of thickness 20 μm, selection of sections as described above allowed us to sample approximately 

600 μm of mouse brain.  
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Fig. 2.1 Selection of mouse brain sections. Brain blocks containing the regions that enclosed -2.46 

Bregma to -3.16 Bregma were selected as they comprised huge extents of hippocampus (HC) and 

cerebral cortex (Cx), particularly entorhinal cortex (Ent). These structures are reported to be 

strongly affected in AD. Images copied from the mouse brain atlas (Paxinos, 2013). 

2.3.2 Iron staining by DAB-enhanced Perls’ stain and DAB-enhanced Turnbull stain  

3’3’-diaminobenzidine-tetrahydrochloride (DAB)-enhanced Perls’ staining protocol was followed 

to detect iron in brain sections of the Aβ+Iron model and the Aβ model (Nguyen-Legros et al., 

1979). This method is routinely used to visualise ferric iron in various tissues but it is also known to 

detect some ferrous iron (Meguro et al., 2007). Additionally, DAB-enhanced Turnbull staining was 

done separately to detect ferrous iron specifically.   

Slides were incubated at 370C for 1 hour to allow the sections to dry. They were kept in 70% 

ethanol (UNIVAR) for 10 minutes to remove the Optimal Cutting Temperature Compound and 

rehydrated using ddH2O for 10 minutes. These steps were adopted as three standard processes at the 

beginning of all histological or immunohistochemical staining procedures which will not be 

explained hereafter, unless there’s a mention of any change in protocol.  

Tissue sections were incubated either in the Perls’ solution or in the Turnbull solution, based on the 

purpose of the experiment (i.e., to detect ferrous or ferric iron as described above). For Perls’ 

staining procedure, sections were incubated in freshly prepared Perls’ solution (1% potassium 

ferrocyanide (AnalaR), pH <1) for 30 minutes. For Turnbull staining, sections were kept in freshly 

prepared Turnbull solution (1% potassium ferricyanide (AnalaR), pH <1). All of the other steps 

were same for both stains.  

After washing with ddH2O (3x2 mins), sections were incubated in methanol (Fronine) containing 

0.01M NaN3 (MERCK) and 0.3% H2O2 (Sigma) for 1 hour. This was followed by washing with 
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0.1M PBS (3x2 mins) and then incubation in 0.025% 3’3’- Diaminobenzidine-4HCl (DAB) (MP 

Biomedical) and 0.005% H2O2 in 0.1M PBS (pH 7.4) for 30 minutes. After washing the sections 

with ddH2O (3x2 mins), they were dehydrated by ethanol washes – 50%, 70%, 90%, 100% (twice) 

for 2 minutes each, cleared with xylene (VWR) and coverslipped using DEPEX mounting medium 

(BDH Chemical). 

2.3.3 Iron staining by perfusion Turnbull method 

Due to the possible loss of loosely bound iron or the oxidation of non-haem ferrous iron during 

tissue treatment, it is difficult to visualise ferrous iron using the traditional Turnbull staining 

method. On the other hand, transcardial perfusion of Turnbull solution allows the formation of 

insoluble and stable compounds of non-haem ferrous iron before the tissue treatment, hence 

facilitating the visualisation of ferrous iron (Meguro et al., 2003).  

The perfusion Turnbull method uses cardiac perfusion of anaesthetised mice with a Turnbull stain 

solution of 1% potassium ferricyanide in 10% formalin, followed by post-fixation in 10% formalin 

after the brain is removed (Meguro et al., 2003). 

Brain sections perfused with the Turnbull solution were then subjected to the same procedure as the 

traditional Turnbull staining method (Section 2.3.2) except with the modification that brain sections 

were pre-incubated and dried at 37 degrees overnight. 

2.3.4 Myelin staining 

Brain sections were delipidated overnight in 70% ethanol at RT. Sections were washed with ddH2O 

for 10 min and then incubated in the Luxol Fast Blue solution (IHC World LFB Kit) at 56˚C 

overnight (ensuring no longer than 16 hours for frozen sections). Excess stain was removed with 

95% ethyl alcohol for 30 sec, followed by washing in ddH2O for 1 min.  

Sections were differentiated in lithium carbonate solution (IHC World LFB Kit) for 1 min. 

Differentiation was continued in 70% ethyl alcohol for 1 min and then sections were briefly washed 

with ddH2O. Sections were checked under a microscope to make sure that the gray matter was clear 

and white matter was sharply defined. Sections were then dehydrated in 100% ethanol 2x5 min and 

then cleared with 2x5 min xylene washes. Slides were mounted with DEPEX and then coverslipped.  

2.3.5 Bright field imaging 

Sections stained with DAB-enhanced Perls’ stain, Turnbull stain and Luxol Fast Blue stain were 

scanned using Qlympus DP72 and ZEISS Axio Scan.Z1 Slide Scanner (Bosch Institute, University 

of Sydney).   
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2.3.6 Immunohistochemistry  

2.3.6.1 Immunofluorescence method 

At least four brain tissue sections from the Aβ+Iron model and the Aβ model were included in each 

immunolabelling experiment. The cryostat sections were soaked in PBST (0.01 M sodium 

phosphate buffer, pH 7.4, containing 0.1% Triton X 100 (Sigma) for 30 min on a shaker. Where 

antigen retrieval was needed, slides were treated with 10mM sodium citrate (Merck) and 0.1% 

Triton (pH 6) and kept in hot water bath (95 degrees) for 20 min. Sections were allowed to cool at 

RT for 20 min and washed in PBS 2x5 min. 

A water repellent circle was drawn around brain sections using PAP-PEN liquid blocker. Sections 

were covered with a blocking solution prepared by diluting normal goat serum/NGS (Sigma) to 

10% in PBS and kept horizontally within a humidified chamber on a shaker for 1 hour (at RT). This 

was followed by incubation in primary antibody (Table 2-1) diluted in 1% NGS, at 40C overnight. 

In each run, a negative control was included, which did not contain primary antibody.  

After an overnight incubation, sections were washed in 0.1M PBS for 15 min (thrice) on shaker. 

Note that separate containers were used for the negative control and test slides for this step and any 

other washing step following through in the protocol. Secondary antibody diluted in 1% NGS was 

used to cover all sections, including the negative control in a humidified chamber. The chamber was 

covered with aluminium foil and kept on shaker at RT for 1 hour. Note that the concentrations of 

various primary and secondary antibodies are mentioned in Table 2-1.  

From this stage onwards, care was taken to prevent light from coming in contact with slides as it 

could quench the fluorescence of secondary antibody. Slides were rinsed in 0.1M PBS for 15 min 

(thrice) and then coverslipped with antifade aqueous mounting medium (Sigma). They were stored 

at 40C until visualised using a fluorescent microscope.  

2.3.6.2 Horse radish peroxidase (brightfield) method of immunohistochemistry  

The Horse Radish Peroxidase (HRP) method is a widely accepted avidin/biotin-based 

immunoperoxidase detection system. Vectastain ABC-HRP kit (Vector Laboratories, Catalog no 

PK-6200) was used for brightfield immunolabelling. Sections were incubated in 0.3% H2O2 in PBS 

for 30 mins (for quenching endogenous peroxidase). All solutions were prepared as per the 

instructions of the kit. Sections were then blocked with 10% normal horse serum for 20 mins. This 

was followed by primary antibody incubation for 30 mins and then washing in PBS (2x2 min).  
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Sections were then incubated in biotinylated universal secondary antibody for 30 mins. Sections 

were washed twice in PBS for 2 mins and incubated in Vectastain ABC-HRP reagent for 30 mins 

and washed for 5 mins in PBS. Following this, the sections were incubated in SG substrate solution 

(made immediately before use) for 5 minutes. Slides were rinsed with ddH2O, dehydrated using 3 

exchanges of 100% ethanol, cleared using 2 changes of xylene (2 min each) and mounted using 

DEPEX mounting medium (BDH Chemical).  

Table 2-1 Antibodies used for immunohistochemistry   

 

Note: Goat anti-mouse Alexa Fluor® 488 secondary antibody (A-11029; Thermo Fisher Scientific) 

was used for NeuN, Ferritin H and Ferritin L antibodies; goat anti-rabbit Alexa Fluor® 488 

secondary antibody (A-11034; Thermo Fisher Scientific) was used for Iba1, GFAP, CNPase and 4-

HNE antibodies. *Biotinylated universal secondary antibody (Vectastain ABC-HRP kit) was 

prepared according to instructions in the kit and used for 4G8 labelling. Vectastain protocol was 

also followed for Iba1 labelling, for the purpose of microglial quantification (Chapter 5).  
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2.3.6.3 Co-labelling of DAB-enhanced Perls’ stain with various antibodies 

DAB-enhanced Perls’ staining followed by immunofluorescence labelling (and not the other way 

round) is a routine procedure followed in our lab so that fluorescence of secondary antibody gets 

preserved and fading is minimised. Even with the ABC-HRP method, same order was followed for 

consistency. 

 

2.3.6.4 Imaging  

Imaging was done by three different methods, which are mentioned in the respective contexts of 

different chapters of this thesis.  

1) Using the CellSens 1.12 digital imaging software platform and Olympus DP72 microscope 

(Medical Sciences Building, The University of Newcastle). 

2) Using the ZEISS Axio Scan.Z1 Slide Scanner system (Bosch Institute, University of 

Sydney). 

3) Using the Leica DM2700P polarised light microscope (Earth Sciences Building, The 

University of Newcastle). 

 

2.4 Iron and amyloid co-localisation studies  

2.4.1 Visualisation of amyloid with Congo red stain (Modified Puchtler’s method)  

Modified Puchtler’s method was used for Congo red labelling of amyloid (Puchtler et al., 1962). 

100 ml Congo red stain (52 mg/ml) was prepared in advance as the stock solution. Slides were kept 

in 80% ethanol saturated with NaCl in a humidified chamber for 20 min. Working solution was 

prepared by adding 1 ml of 1% NaOH per 100 ml Congo red stock solution, which was then used to 

stain slides for another 20 min. Slides were dehydrated quickly in 3 changes of 100% ethanol, 

cleared in xylene and mounted in DEPEX. Slides were air dried overnight and then refrigerated.     

Amyloid was visualised using two standard methods. In both methods, the same parameters 

(exposure time, magnification, light intensity, brightness, etc.) were maintained for all images to be 

analysed. The first approach was the visualisation of structures which appear pinkish red under the 

bright field of ZEISS Axio Scan.Z1 Slide Scanner; then subsequent visualisation of the same 

structures under the Texas Red filter set (excitation wavelength 542-582 nm, emission wavelength 

604-644 nm). This approach is stated to be highly sensitive but less specific (Linke, 2006)as false 

positive results may be obtained by detection of aberrant particles (eg. dirt), or some other proteins 

with β-pleated sheet secondary structure (Khurana et al., 2001; Linke, 2006). This method will be 

mentioned as Congo red fluorescence method in this thesis.  
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The second approach was use of Leica Petrog software for Leica DM2700P polarised light 

microscope to view amyloid under 90° crossed polarisers. This method is known to be less sensitive 

but highly specific as only the structures that emit yellow-green birefringence when bound to Congo 

red are detected (Linke, 2006; Puchtler et al., 1962). This method will be called the Congo red 

polarisation method hereafter. The overlapping images spanning one brain hemisphere were 

captured and then stitched together using the Stitching plugin of Fiji distribution of ImageJ 

(Preibisch et al., 2009a). 

2.4.1.1 Amyloid detection by Congo red fluorescence technique  

Sections stained with Congo red solution were scanned at 10x objective using the ZEISS Axio 

Scan.Z1 Slide Scanner system (Bosch Institute, USyd) and analysed using a semi-automated 

approach in Fiji distribution of ImageJ. A user-defined algorithm was developed which allows 

conversion of the images into black and white (8 bit), background subtraction and applying 

threshold to remove background without losing the required signal (Fig. 2.2).  

A user-defined algorithm allowed the measurement of number, area and density of Congo red 

positive structures and the percentage of the image containing Congo red positive pixels above the 

threshold. After finishing the algorithm, a ‘mask’ was generated which displayed the objects 

counted as Congo red positive structures with numbered labels. This mask was overlayed with the 

original image to see if any aberrant particles were counted and also to manually count any objects 

that were missed by the algorithm. 
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Fig. 2.2 Detection and quantification of amyloid deposits using Congo red fluorescence 

technique. Amyloid deposits were detected by red Texas filter set of fluorescence microscope (A) 

A user-defined algorithm in Fiji distribution of ImageJ allowed conversion of the image into 8-bit 

and background subtraction (B), applying threshold (C) and quantification (D).    

2.4.1.2 Amyloid detection by Congo red polarisation technique  

Sections stained with Congo red solution were visualised at 10x objective using Leica DM2700P 

polarised light microscope. Overlapping images were captured as tiles and stitched together using 

the Stitching plugin in ImageJ (Preibisch et al., 2009b). Application of colour threshold function in 

a user-defined algorithm detected percentage of the image containing Congo red positive pixels 

above the threshold (in this case ‘yellow-green’ birefringence). Then, manual counting of yellow-

green birefringent structures was done using ImageJ to get the total number of amyloid plaques 

(Schindelin et al., 2012).  

2.4.2 Co-labelling of DAB-enhanced Perls’ stain with Congo red stain 

Optimisation of protocol for co-labelling of Congo red stain and DAB-enhanced Perls’ stain is 

shown in Fig. 2.3. When stock concentration (52 mg/ml) of Congo red stain was applied before 

DAB-enhanced Perls’ staining procedure, a very blunt staining was observed  for the Congo red 
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positive objects, under both brightfield and red Texas filter of the fluorescence microscope (panel 

A). Use of stock concentration of Congo red after the DAB-enhanced Perls’ staining protocol gave 

good fluorescence signal but Congo red staining was very strong under brightfield, which appeared 

to dominate the brown staining of DAB-enhanced Perls’ stain (panel B).  When the concentration of 

the Congo red solution was reduced to 13 mg/ml, and the Congo red stain was applied after the 

DAB-enhanced Perls’ staining protocol, optimum staining was obtained as details of both stains 

were preserved (Panel C).  

 

Fig. 2.3 Optimisation of combined Congo red staining and DAB-enhanced Perls’ staining 

procedure. (A) Application of Congo red stock solution (52 mg/ml) before DAB-enhanced Perls’ 

staining procedure resulted faint staining of Congo red positive objects under brightfield and 

fluorescence microscopy. (B) Application of Congo red stock solution (52 mg/ml) after the DAB-

enhanced Perls’ staining protocol gave good fluorescence signal but affected the brown coloration 

of DAB-enhanced Perls’ stain. (C) When 13 mg/ml Congo red solution was applied after DAB-

enhanced Perls’ staining protocol, fine staining was obtained. Left panels illustrate brightfield 

imaging and right panels illustrate fluorescence imaging.  
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2.5 Quantification of Iba1-labelled microglia surrounding amyloid plaques  

Brain sections were selected at a sampling rate of 1 in 10, starting from -2.46 mm Bregma to -3.16 

mm Bregma (n=4 mice/group). For simultaneous detection of amyloid plaques and microglia, brain 

sections were co-labelled with the Congo red stain for amyloid plaques (13 mg/ml) and the ionized 

calcium binding adaptor molecule 1 (Iba1) antibody using the Vectastain Elite ABC horseradish 

peroxidase universal kit (Vector Laboratories, Catalog no. PK-6200). Z-stacked images were taken 

using the 20X magnification of the ZEISS Axio Scan.Z1 Slide Scanner.  

Fiji distribution of ImageJ was used for manual quantification of Iba1-labelled microglia 

surrounding amyloid plaques. Specifically, Iba1-labelled microglia concentrated around plaques 

were selected and quantified using the built-in ‘multi-point tool’ in ImageJ (Fig. 2.4).  

 

Fig. 2.4 Manual counting of Iba1-labelled microglia around amyloid plaques. Microglia 

labelled with the ionized calcium binding adaptor molecule 1 (Iba1) antibody were quantified 

around amyloid plaques by using the multi-point tool of ImageJ (illustrated by yellow stars).    

2.6 Estimation of neuron count 

Immunofluorescence labelling for neurons in brain tissue sections was done using neuronal nuclear 

(NeuN) antibody (1:100 dilution) and Alexa Fluor 488 secondary antibody (1:100 dilution). 

Imaging was done at 20X magnification with FITC filter set (excitation 493nm, emission 520nm) of 

the ZEISS Axio Scan.Z1 Slide Scanner (Bosch Institute, USyd). Automated counting method was 
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employed for quantification of NeuN immunoreactive structures in Fiji distribution of ImageJ, as 

described below. 

Images of brain sections stained with NeuN antibody were first converted to 8-bit grayscale images. 

This was followed by background subtraction and adjusting the threshold, in order to enable 

background removal without losing the required signal. NeuN immunoreactive structures were then 

quantified using the ‘analyse particles’ function of ImageJ (Fig. 2.5).  

 

Fig. 2.5 Automated quantification of neurons using ImageJ. Brain section labelled for neurons 

using NeuN antibody (A); conversion of the image into 8-bit and background subtraction (B); 

adjusting threshold to highlight NeuN immunoreactive objects (C) and automated quantification 

(D).   
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3.  Investigation of amyloid deposition in the brain of the Aβ+Iron mouse model 

 

3.1 Introduction 

As described in Section 1.6, a question that has been in debate for some time is whether brain iron 

dyshomeostasis contributes to the exacerbation of Alzheimer’s disease (AD) related pathology. To 

investigate this, a mouse model has been developed which displays chronic brain iron accumulation 

and characteristics of AD, simultaneously. The Hfe-/-xTfr2mut mouse model of haemochromatosis 

(the ‘Iron model’) has now been established as a suitable model for studying chronic brain iron 

accumulation (Heidari et al., 2016b). However, as previously described in the General Introduction 

(Section 1.6.5.1.3), the Iron model does not display natural AD neuropathology (e.g. cerebral 

amyloidosis), making this an unsuitable model to study the effects of brain iron accumulation in 

AD, unless some AD mutations are added into it.  

This limitation led our team to crossbreed the Iron mice with the APPswe/PS1ΔE9 mouse model of 

amyloidogenesis (the Aβ model) to develop the APPswe/PSEN1dE9xHfe-/-xTfr2Y245X mouse model, 

also referred to here as the ‘Aβ+Iron’ model (Section 2.1). Earlier studies have reported clear 

visualisation of amyloid plaques and AD-related symptoms in the APPswe/PS1ΔE9 mice by six 

months of age (Garcia-Alloza et al., 2006; Jankowsky et al., 2004). Similarly, a substantial amount 

of iron accumulation in various brain regions has been previously described in the 6 month old Iron 

model (Heidari et al., 2016b), making this a suitable age for studying effects of increased brain iron 

on Alzheimer’s amyloid-related pathology.      

This chapter tests the first hypothesis of this thesis which is divided into three parts:  

a) brain iron level is increased in the Aβ+Iron model as compared to the Aβ model;  

b) excess brain iron may augment cerebral amyloidosis in the Aβ+Iron model as compared to the 

Aβ model; c) excess brain iron may co-localise with insoluble Aβ pathology in the Aβ+Iron model.     

To address these hypotheses, brain iron was detected using 3,3'-diaminobenzidine 

tetrahydrochloride (DAB)-enhanced Perls’ histochemical staining and brain non-haem iron levels 

were measured by non-haem iron assay in the Aβ+Iron model and compared with the age-, gender- 

and strain-matched Aβ model. Brain distribution and localisation of Alzheimer’s amyloid-related 

pathology in the brains of the Aβ+Iron model as compared to the age-, gender- and strain-matched 

Aβ model was examined using an amyloid-specific stain called Congo red. Co-localisation of iron 

and amyloid was assessed using double-labelling of DAB-enhanced Perls’ stain with either Congo 

red stain or the monoclonal antibody 4G8, recognising Aβ peptide.  
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3.2 Materials and methods 

3.2.1 Mice and tissue collection 

The generation of the Aβ+Iron model and the Aβ mouse model is described in (Section 2.1). Mice 

were fed a standard AIN-93G diet containing approximately 0.02% iron (Reeves et al., 1993). All 

protocols were approved by the Animal Ethics Committee of the University of Sydney where the 

mice colonies were bred and maintained.  

3.2.2 Non-haem iron assay   

Mice (n ≥11/group, with ≥4 per sex in each group) were anaesthesized and perfused with PBS. 

Brains were dissected, snap frozen in liquid nitrogen and stored at -80°C (Section 2.2.1).  Brain non-

haem iron levels were quantified for the Aβ mice and the Aβ+Iron mice, using the protocol 

described by Kaldor (Kaldor, 1954) which is detailed in General methods (Section 2.2.2). 

3.2.3 Histological studies 

Brains were dissected and fixed in 4% PFA (Section 2.2.1). Brain blocks were cryosectioned into 

20 micron thick sections and transferred onto gelatin-coated slides (Section 2.3.1.3). Four brain 

sections from each mouse for both groups of mice (n=4 mice/group) were selected at the rate of 1 in 

10 starting from -2.46 mm Bregma to -3.16 mm Bregma as described in (Section 2.3.1.5). Based on 

Paxinos and Franklin’s mouse brain atlas (Paxinos, 2013), these regions contained structures 

strongly affected in AD, namely hippocampus, entorhinal cortex and the cerebral cortex. 

3.2.4 DAB-enhanced Perls’ staining for iron  

As described in General Methods chapter (Section 2.3.2), 3’3’-diaminobenzidine tetrahydrochloride 

(DAB) enhanced Perls’ staining was used to detect iron in brain sections of the AKR model, the 

Iron model, the Aβ model and the Aβ+Iron model (n=4/group). 

3.2.5 Labelling of amyloid plaques 

As described in General Methods chapter (Section 2.4.1), the modified Puchtler’s method of Congo 

red staining was used to detect amyloid plaques (Puchtler et al., 1962). Images were taken under the 

Texas red filter of fluorescence microscope as well as under the polarised light microscope.   

3.2.6 Double labelling of iron and amyloid plaques 

As detailed in General Methods Chapter (Section 2.4), DAB-enhanced Perls’ staining was 

performed on brain sections of Aβ+Iron mice and Aβ mice. This was followed by Congo red 

staining on the same brain tissue sections for simultaneous detection of iron and amyloid plaques. 
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Additionally, on other sections, the monoclonal antibody 4G8 recognising Aβ peptide was used 

subsequent to DAB-enhanced Perls’ stain, in order to visualise deposits of Aβ peptide in addition to 

deposits that correspond to classical Aβ amyloid and are detected by Congo Red. The use of 

immunolabelling  with antibodies against Aβ peptide such as antibody 4G8 or antibody 6E10 is able 

to reveal the presence of the peripheral zone, which might be missed by Congo red-based methods, 

as well as the central core of classical plaques (Rajamohamedsait and Sigurdsson, 2012; 

Wisniewski et al., 1989).  

3.2.7 Characterisation of iron-amyloid plaques co-localisation 

Double labelling of DAB-enhanced Perls’ stain and Congo red stain under bright field microscopy 

revealed amyloid plaques (pink) surrounded by ‘iron halos’ (brown) in the brains of both of the Aβ 

mice and the Aβ+Iron mice (Fig. 3.14). These plaques were referred to as Perls’-positive plaques 

and any plaque that appeared free of iron halo was termed Perls’-negative plaque. Two circles were 

manually drawn around each Perls’-positive plaque using Fiji distribution of ImageJ - the inner 

circle enclosed the amyloid plaque and the outer circle enclosed both the amyloid plaque and iron 

halo. Hence, the region of interest was a doughnut ring-shaped structure which covered the area of 

the iron halo only. Though this analysis was done using brightfield images, the pink coloured 

Congo red stained objects were also checked for Congo red-positivity by fluorescence microscopy.  

3.2.8 Statistical analyses  

GraphPad Prism 7 software was used for statistical analysis and data plotting. Brain non- haem iron 

measures in the Aβ+Iron mice and the Aβ mice were compared by unpaired t-tests. Different 

parameters of Congo red staining and DAB-enhanced Perls’ staining in the Aβ+Iron mice and the 

Aβ mice were compared by unpaired t-tests and two-way ANOVA, with Sidak’s multiple 

comparisons test. Sidak’s method was used as it has more power than other tests of multiple 

comparisons (GraphPad Prism version 7).     
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3.3 Results 

3.3.1 DAB-enhanced Perls’ staining for iron in four mouse models 

DAB-enhanced Perls’ staining demonstrated iron distribution across different anatomical regions in 

the AKR model, the Iron model, the Aβ model and the Aβ+Iron model (Fig. 3.1). As expected, 

more iron staining was observed in the Iron model compared to the age-matched AKR model, 

which has been previously published by our group (Heidari et al., 2016b). Furthermore, more iron 

staining was observed in the Aβ+Iron model compared to the age-matched Aβ model. The 

heterogeneous distribution of iron and more detailed analyses of how this is related to plaques are 

further considered in Chapter 4 (Section 4.3.1).    

To demonstrate the iron staining difference between the Aβ+Iron model and the Aβ model in more 

detail, a digitalised version of coronal hemisphere sections from these models has also been 

included in the figure below (Fig. 3.1).   
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Fig. 3.1 Iron labelling by DAB-enhanced Perls’ staining in different mouse groups. (A) Iron 

labelling by DAB-enhanced Perls’ stain was relatively stronger in the Iron model compared to the 

AKR model and the Aβ+Iron model compared to the Aβ model. (B) The figure below is an example 

of digitally coloured images illustrating percentage positive pixels for different levels of DAB-

enhanced Perls’ staining in (A) Aβ model and (B) Aβ+Iron model. Based on pixel intensity values, 

a user-defined algorithm classified each brain image into areas of weak (0 to 63, dark blue), 

medium (64 to 127, green), strong (128 to 191, cyan) and very strong (192 to 255, yellow) Perls’ 

staining. Such classification permits binning of intensities of Perls’ staining for image analysis. 

When traditional Perls’ Prussian blue stain was used alone without enhancement by DAB, the 

choroid plexus was the only region that had discernible staining in the Aβ+Iron model whereas 

there was little if any apparent staining in the absence of DAB enhancement in the Aβ model. 
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Consistent with this, there was Prussian blue staining in the choroid plexus in the brains of the Iron 

model but not in the wildtype model (Fig. 3.2).     

 

Fig 3.2 Prussian blue staining for detection of iron. Some staining was seen with Prussian blue 

solution without DAB enhancement in the choroid plexus region of the Iron model and the Aβ+Iron 

model but not in the Aβ model and the AKR model, while most of the other brain regions remained 

unstained. A) AKR model B) Iron model C) Aβ model D) Aβ+Iron model. All mice were examined 

at 6 months of age. 

3.3.2 Brain non-haem iron is increased in the Aβ+Iron mice 

At 6 months of age, whole brain homogenates of Aβ+Iron mice contained higher levels of non-

haem iron than age-matched Aβ mice, for both sexes (Fig. 3.3, (fold change ≥ 1.8, n ≥11/group, 

with n ≥4 per sex in each group, unpaired t-test, p<0.0001). It was observed that female mice had 

significantly lower non-haem iron levels than male mice in both groups (approximately 26% lower 

in Aβ mice and 35% lower in Aβ+Iron mice; both p<0.05).   
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   Fig. 3.3 Non-haem iron assay of brain homogenates from Aβ mice and Aβ+Iron mice. Data 

are presented as mean ± SD (****p<0.0001; n ≥11/group, with n ≥4 per sex in each group).  

3.3.3 Amyloid detection by Congo red labelling 

As described in Section 2.4.1, Congo red labelled amyloid deposits were visualised using two 

methods: 1) under the Texas Red filter set of the fluorescence microscope and 2) under 900 crossed 

polarisers of the polarised light microscope. The Congo red fluorescence technique (Fig. 3.4) is 

known to be highly sensitive but less specific, as false positive results may be obtained by detection 
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of aberrant particles (e.g. dirt), or some other proteins with β-pleated sheet secondary structure 

(Khurana et al., 2001; Linke, 2006). 

 

Fig. 3.4 Amyloid deposition in the brains of the Aβ model and the Aβ+Iron model as detected 

by fluorescence microscopy. White arrows indicate examples of structures positive for Congo red 

(Texas Red filter), which detects possible amyloid plaques.  

On the other hand, the visualisation of Congo red stained amyloid fibrils under 90° crossed 

polarisers is known to be less sensitive but highly specific, as only the structures that emit yellow-

green birefringence when bound to Congo red are detected (Linke, 2006; Puchtler et al., 1962). 

Hence, only the structures displaying yellow-green birefringence characteristic of amyloid were 

detected and quantified using this technique (Fig. 3.5).   
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Fig. 3.5 Amyloid deposition in the brains of the Aβ model and the Aβ+Iron model as detected 

by the polarised light microscopy. White arrows indicate amyloid fibrils in (A) Aβ model; (B) 

Aβ+Iron model; (C) inset shows the enlarged image of a yellow-green birefringent amyloid fibril.     

Detailed analysis was done to evaluate if there were more amyloid plaques in total or in particular 

brain regions in the Aβ+Iron model compared to the Aβ model, if plaques per unit area were 

different and if plaques were bigger on average or if size distribution of plaques had altered in some 

way. Data obtained using Congo red-based methods as described above for all of these different 

parameters of amyloid deposition are presented below. Data for complete brain hemispheres are 

presented first, followed by specific data for each of the cerebral cortex and hippocampus, both of 

which are known to be strongly affected in AD.  

 

3.3.3.1 Amyloid detection by fluorescence microscopy 

3.3.3.1.1 Amyloid detection in the left brain hemisphere by fluorescence microscopy 

As illustrated in Fig. 3.6, no difference was observed between the left brain hemispheres of the Aβ 

mice and the Aβ+Iron mice by one-tailed unpaired t-test, for either the mean count of Congo red-

positive structures (p=0.4523) or the amyloid burden, assessed by the percentage of the image 

containing Congo red-positive pixels (p =0.2005). There was also no significant difference for 

amyloid density, calculated as mean count of Congo red-positive structures divided by mean area of 

the hemisphere (p =0.0829), as revealed by one-tailed unpaired t-test. There was also no difference 

in the frequency distributions of area of the Congo red-positive structures in both groups of mice (p 

=0.9693, two-way ANOVA with Sidak’s multiple comparisons test). As detailed in Methods 

(Section 3.2.3), all comparisons were done on sections matched for Bregma with two male and two 

female mice were compared for each group. While statistical comparisons could not be performed 

there were no apparent differences noted across the regions examined or between sexes. 
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Fig. 3.6 Key characteristics of amyloid deposition do not differ in the left brain hemispheres of 

Aβ+Iron mice as compared to Aβ mice, using Congo red fluorescence technique. No difference 

was observed in A) mean count of Congo red-positive structures, B) frequency distributions of area 

of the Congo red-positive structures, C) the percentage of the image containing Congo red-positive 

pixels and D) density of Congo red-positive structures, in the left brain hemispheres of Aβ+Iron 

mice as compared to Aβ mice. Data are presented as means ± SD (p >0.05, n=4 mice/group). 

3.3.3.1.2 Amyloid detection in the left cerebral cortex by fluorescence microscopy 

The findings from left brain hemisphere failed to reveal remarkable difference in any of the 

parameters related to amyloid deposition, in Aβ+Iron mice as compared to Aβ mice. Cerebral 

cortex, which includes the entorhinal cortex, is a region that is affected badly in AD. It was chosen 

as a subset of the cerebral hemisphere and was further analysed to see if any of the parameters for 

amyloid deposition reaches statistical significance. Consistent with the findings from left brain 

hemisphere, as shown in Fig. 3.7, by one-tailed unpaired t-test, no difference was observed for the 

mean count of Congo red-positive structures (p=0.3649) and the percentage of image containing 

Congo red-positive pixels (p=0.2318), in the left cerebral cortex of the Aβ mice versus the Aβ+Iron 
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mice. However the amyloid density, assessed by mean count of Congo red-positive structures 

divided by mean area of cerebral cortex, was trending towards significance (p=0.0948, one-tailed 

unpaired t-test). There was also no difference in the frequency distributions of area of the Congo 

red-positive structures (p=0.9046, two-way ANOVA with Sidak’s multiple comparisons test).  

 

Fig. 3.7 Key characteristics of amyloid deposition do not differ in the left cerebral cortex of 

Aβ+Iron mice as compared to Aβ mice, using Congo red fluorescence technique. No difference 

was observed in A) mean count of Congo red-positive structures, B) frequency distributions of area 

of the Congo red-positive structures, C) the percentage of the image containing Congo red-positive 

pixels and D) density of Congo red-positive structures, in the left cerebral cortex of Aβ+Iron mice, 

compared to Aβ mice. Data are presented as means ± SD (p >0.05, n=4 mice/group).  
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3.3.3.1.3 Amyloid detection in the left hippocampus by fluorescence microscopy 

Hippocampus was chosen as another subset of brain hemisphere as this region is also crucial in AD 

pathogenesis. In the left hippocampus of Aβ+Iron mice and Aβ mice, no difference was observed in 

mean count of Congo red-positive structures (p=0.3723), the percentage of the image containing 

Congo red-positive pixels (p =0.4735) and the density of Congo red-positive structures, measured 

by mean count of Congo red-positive structures divided by mean area of hippocampus (p =0.1212), 

all revealed by one-tailed unpaired t-test (Fig. 3.8). Likewise, frequency distributions of area of the 

Congo red-positive structures were similar between two groups of mice (p=0.9876, two-way 

ANOVA with Sidak’s multiple comparisons test).  

 

Fig. 3.8 Key characteristics of amyloid deposition do not differ in the left hippocampus of 

Aβ+Iron mice as compared to Aβ mice, using Congo red fluorescence technique.  No 

difference was observed in A) mean count of Congo red-positive structures, B) frequency 

distributions of area of the Congo red-positive structures, C) the percentage of the image containing 

Congo red-positive pixels and D) density of Congo red-positive structures, in the left hippocampal 

region of Aβ+Iron mice, compared to Aβ mice. Data are presented as means ± SD (p >0.05, n=4 

mice/group).    
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3.3.3.2 Amyloid detection by polarised light microscopy 

3.3.3.2.1 Amyloid detection in the left brain hemisphere by polarised light microscopy 

Data obtained for various parameters of amyloid deposition using polarised light microscopy were 

in agreement with the findings from Congo red fluorescence technique. No difference was seen in 

the mean count of Congo red-positive structures (p=0.2333), amyloid burden, evaluated by the 

percentage of image containing Congo red-positive pixels (p=0.2684) and the density of the Congo 

red-positive structures (p=0.4345), between the Aβ+Iron mice and Aβ mice, as revealed by one-

tailed unpaired t-test (Fig. 3.9). Similarly, there was no difference in the frequency distributions of 

area of the Congo red-positive structures between two groups of mice (p=0.9915, two-way ANOVA 

with Sidak’s multiple comparisons test). 

Though none of the parameters showed remarkable difference in the overall brain hemisphere using 

either Congo red fluorescence or polarisation techniques, there were some notable features. Firstly, 

lower counts of structures positive for Congo red staining were obtained using the polarisation 

technique (mean ± SEM: 22.46 ± 5.425 for Aβ+Iron mice; 17.56 ± 3.199 for Aβ mice; n=4), 

compared to the fluorescence method (mean ± SEM: 31.63 ± 4.921 for Aβ+Iron mice; 30.81 ± 

4.253 for Aβ mice; n=4). This difference may be attributable to false positive results from Congo 

red fluorescence technique, as described above. Secondly, the highest count of Congo red-positive 

structures was in the area range of 100-200 µm2 using either techniques, in both groups of mice.  
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Fig. 3.9 Key characteristics of amyloid deposition do not differ in the left brain hemisphere of 

Aβ+Iron mice as compared to Aβ mice, using Congo red polarisation technique. No difference 

was observed in A) mean count of Congo red-positive structures, B) frequency distributions of area 

of the Congo red-positive structures, C) the percentage of the image containing Congo red-positive 

pixels and D) density of Congo red-positive structures, in the left brain hemisphere of Aβ+Iron 

mice, compared to Aβ mice. Data are presented as means ± SD (p >0.05, n=4 mice/group). 

 3.3.3.2.2 Amyloid detection in the left cerebral cortex by polarised light microscopy 

Consistent with the observations from left brain hemisphere, no difference was observed for mean 

count of Congo red-positive structures (p=0.2566), the percentage of image containing Congo red-

positive pixels (p =0.4011) and the density of Congo red-positive structures (p=0.4203) between the 

Aβ mice and the Aβ+Iron mice (one-tailed unpaired t-test). Besides these, there was no difference 

in the frequency distributions of area of the Congo red-positive structures (p=0.9458, two-way 

ANOVA with Sidak’s multiple comparisons test).  
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Fig. 3.10 Key characteristics of amyloid deposition do not differ in the left cerebral cortex of 

Aβ+Iron mice as compared to Aβ mice, using Congo red polarisation technique. No difference 

was observed in A) mean count of Congo red-positive structures, B) frequency distributions of area 

of the Congo red-positive structures, C) the percentage of the image containing Congo red-positive 

pixels and D) density of Congo red-positive structures, in the left cerebral cortex of Aβ+Iron mice, 

compared to Aβ mice. Data are presented as means ± SD (p >0.05, n=4 mice/group). 

3.3.3.2.3 Amyloid detection in the left hippocampus by polarised light microscopy 

In accordance with data from left brain hemisphere and cerebral cortex, mean count of Congo red-

positive structures (p=0.2023), the percentage of image containing Congo red-positive pixels 

(p=0.0580) and the density of the Congo red-positive structures (p=0.3847) in the left hippocampus 

of the Aβ+Iron mice were not different from the Aβ mice (one-tailed unpaired t-test). Similarly, no 

difference was observed for the frequency distributions of area of the Congo red-positive structures 

(p=0.9838, two-way ANOVA with Sidak’s multiple comparisons test).   
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While no obvious differences were observed in amyloid loading and related measures in the above 

analyses, it remains possible that iron may be interacting with plaques in other ways. This is 

considered in the following sections. 

 

Fig. 3.11 Key characteristics of amyloid deposition do not differ in the left hippocampus of 

Aβ+Iron mice as compared to Aβ mice, using Congo red polarisation technique. No difference 

was observed in A) mean count of Congo red-positive structures, B) frequency distributions of area 

of the Congo red-positive structures, C) the percentage of the image containing Congo red-positive 

pixels and D) density of Congo red-positive structures, in the left hippocampus of Aβ+Iron mice, 

compared to Aβ mice. Data are presented as means ± SD (p >0.05, n=4 mice/group). 
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3.3.3.3 Iron-amyloid co-localisation studies 

Co-localisation of DAB-enhanced Perls’ iron staining and Congo red-labelling was observed in the 

Aβ+Iron model and the Aβ model, using polarised light microscopy, brightfield, microscopy and 

fluorescence microscopy (Texas red filter).  

3.3.3.3.1 Visualisation of iron-amyloid co-localisation by polarised light microscopy 

The next part of the project investigated the relationship of iron and amyloid plaques at the level of 

individual structures. Yellow-green birefringent amyloid plaques surrounded by iron halos were 

observed in brain sections stained with DAB-enhanced Perls’ stain and Congo red stain, from both 

the Aβ+Iron model and the Aβ model, when viewed by polarised light microscopy (Fig. 3.12 A, B). 

Birefringent Congo red labelled plaques were not observed in AKR wildtype mice or the Iron 

model. Iron deposits were observed even in plaques that showed barely detectable birefringence 

(Fig. 3.12 A, C), which may correspond to less mature plaques. [As addressed in more detail in 

Chapter 4 (Section 4.3.3), small ‘white’ circles of very low iron staining typically correspond to 

neurons or sometimes small blood vessels.] 

 

Fig. 3.12 Iron-amyloid co-localisation visualised with polarised light microscopy. (A) Many 

amyloid plaques labelling with iron were detected under polarised light microscopy (white arrows); 

figure inset (B) shows iron halo (yellow arrow) around a yellow-green birefringent amyloid plaque 
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in centre (red arrow); figure inset (C) shows  co-localisation of iron with a potential less mature 

plaque, which exhibits weak yellow-green birefringence (green arrow),  in the Aβ+Iron model.  

As the polarised light microscopy did not give sufficiently high quality brightfield images for 

quantitative analysis, the ZEISS Axio Scan.Z1 Slide Scanner was used to obtain brightfield images 

for this purpose.  This is described in the section below.   

3.3.3.3.2 Visualisation of iron-amyloid co-localisation by brightfield microscopy and 

fluorescence microscopy 

Co-localisation of DAB-enhanced Perls’ iron staining and Congo red-labelling was observed in the 

Aβ+Iron model and the Aβ model by brightfield microscopy and fluorescence microscopy (Fig. 

3.13).  However, there were a few iron-amyloid complexes which were clearly identifiable under 

brightfield microscopy but hardly visible under fluorescence microscopy in the Aβ+Iron model 

(Fig. 3.13). This presumably reflects at least in part the presence of deposits that stain strongly 

enough for iron to be readily detectable in brightfield but contain relatively little Congo red labelled 

amyloid, which could be due to differences in the relative amounts of the two substances but could 

also arise from sensitivity differences between the two methods.    
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Fig. 3.13 Co-localisation of iron with cerebral amyloid pathology in the Aβ+Iron model. (A) 

Combined DAB-enhanced Perls’ stain for iron and Congo red stain for amyloid in the Aβ+Iron 

model showed clear co-localisation of iron and amyloid plaques under brightfield and the 

corresponding fluorescence image (red arrows). Some iron deposits which appeared distinct under 

brightfield however labelled faintly with Congo red, under fluorescence microscopy (white arrows). 

(B) Magnified images of an iron-amyloid complex under brightfield and fluorescence microscopy. 

Small ‘white’ circles typically correspond to neurons (Section 4.3.3).  

The iron-amyloid complexes were quantified in both groups of mice as detailed in Section 3.2.7 and 

illustrated in Fig. 3.14.  Data obtained for different parameters of the iron-amyloid co-localisation 

are detailed in this section.  
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Fig. 3.14 Co-localisation of iron with amyloid plaques. (A) Double labelling of DAB-enhanced 

Perls’ stain and Congo red stain showing iron halos (brown) surrounding the amyloid plaques in 

centre (pink), in the brain sections of the Aβ mice and the Aβ+Iron mice. The outer circle enclosed 

both iron-amyloid complex and the inner circle enclosed amyloid only; the band shaped structure 

covered most of the iron halo. (B) Magnified images displaying iron-amyloid co-localisation in both 

groups of mice. 

   

3.3.3.3.2.1 Increase in proportion of plaques labelling for iron 

There was no statistically significant difference in mean count of the plaques labelling for iron, also 

known as the Perls’-positive plaques, in the left brain hemispheres of the Aβ+Iron mice as 

compared to the Aβ mice (p=0.2303, one-tailed unpaired t-test, Fig. 3.15A). However, mean 

proportion of Perls’-positive plaques (i.e., total number of Perls’-positive plaques divided by total 

number of plaques, multiplied by 100) was higher in the Aβ+Iron mice than the Aβ mice 

(p=0.0016, one-tailed unpaired t-test, Fig. 3.15B). Specifically, 99.25% of detected amyloid plaques 

were co-localised with Perls’ stainable iron in the brain sections examined in the Aβ+Iron mice, 

compared to 81.09% in the Aβ mice.  
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Fig. 3.15 Quantification of amyloid plaques labelling with iron. (A) Count of plaques labelling 

for iron (Perls’ positive plaques) in the left brain hemispheres of the Aβ+Iron mice as compared to 

the Aβ mice, using combined DAB-enhanced Perls’ and Congo red staining (p >0.05, n=4 

mice/group); (B) The proportion of plaques which were Perls’ positive was higher in the Aβ+Iron 

mice than the Aβ mice (p <0.05, n=4 mice/group). Data are presented as means ± SD.  

3.3.3.3.2.2 Stronger iron labelling around plaques  

Next, the level of DAB-enhanced Perls’ staining of the iron halos surrounding the amyloid plaques 

was compared between two groups of mice. The parameter that was used to measure the level of 

DAB-enhanced Perls’ staining was Mean Gray Value (MGV), which is the average gray value 

within a selection. Lower values correspond to darker staining due to increased iron content, as 

assessed indirectly from the oxidisation of greater amounts of DAB. This can be counterintuitive 

since it leads to an inverse relationship between MGV and iron content i.e. the pixel intensity values 

correspond to gray scale values where 0 means pure black and 255 means pure white.  For ease of 

interpretation, data were therefore transformed using the formula MGV(T)=K-MGV in which 

K=255, such that pixels corresponding to white on the ‘gray scale’ were allocated a value of 0 and 
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pixels corresponding to black a value of 255. Accordingly, it was hypothesised that iron associated 

with plaques and likewise the transformed MGV would be higher in the Aβ+Iron mice as compared 

to the Aβ mice. Consistent with this hypothesis there was a statistically significant increase in the 

transformed MGV for DAB-enhanced Perls’ staining in the brain of the Aβ+Iron mice as compared 

to the Aβ mice (fold change 1.4, p=0.0456, one-tailed unpaired t-test, Fig. 3.16). 

 

Fig. 3.16 Strong staining for iron around amyloid plaques in the Aβ+Iron mice. The amount of 

DAB-enhanced Perls’ staining in the iron halos surrounding amyloid plaques was assessed through 

transformed mean gray value. DAB-enhanced Perls’ staining was stronger in iron halo of the 

Aβ+Iron mice compared to the Aβ mice (p<0.05, n=4 mice/group). Data are presented as means ± 

SD.  

 

3.3.3.3.2.3 No difference in mean area of iron halos surrounding plaques 

The stronger iron staining around plaques in the Aβ+Iron model may mean that more iron may be 

co-localised with plaques in this model as compared to the Aβ model. The next question that was 

addressed was whether there was any difference in the area covered by the iron halos in the 

Aβ+Iron mice as compared to the Aβ mice. This was performed on brain tissue sections matched 

for Bregma as described in Methods (Section 3.2.3) and there was no apparent correlation between 

Bregma and plaque iron halo areas. No significant difference was seen in the mean area of iron 

halos surrounding plaques when both groups were compared (p=0.1007). As more iron was 

observed to be associated with amyloid plaques in the Aβ+Iron model, this might mean that there 

are higher amounts of iron concentrated within regions of similar size around plaques in this model 
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compared to the Aβ model. As considered in more detail in the Discussion (Section 3.4), this could 

reflect binding of iron to existing deposits of Aβ even though these may not be within the detection 

limits of Congo red staining. More iron may therefore bind to deposits of similar size in the 

Aβ+Iron model as opposed to iron deposition independent of Aβ, which might be predicted to show 

increases in the area of iron deposition at higher iron levels. 

 

Fig. 3.17 Mean area of iron halo surrounding amyloid plaques. No difference was observed in 

the mean area of iron halos around all visible amyloid plaques in Bregma-matched regions of the 

left brain hemispheres of the Aβ+Iron model versus the Aβ model (p>0.05, n=4 mice/group; 

minimum of 200 plaques counted per group). Data are presented as means ± SD.  

In order to check whether there is any difference in the distributions of the iron halo sizes between 

the Aβ+Iron mice and the Aβ mice, the area values of the iron halos co-localised with Perls’ 

positive plaques, determined as illustrated in Fig. 3.17 above, were distributed into 9 bins, each with 

an area range of 500 µm2. No statistically significant difference was observed overall for the 

distributions of iron halo areas of the Aβ+Iron mice compared to the Aβ mice (p=0.6515, two-way 

ANOVA, Sidak’s multiple comparisons test). However, as illustrated in Fig. 3.18, there appeared to 

be a few plaques that had much larger iron halos in the Aβ+Iron mice (over 3,500 µm2).  
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Fig. 3.18 Frequency distributions of area of iron halos surrounding amyloid plaques. For area 

values of iron halos associated with plaques in the left brain hemispheres of the Aβ+Iron model and 

the Aβ model, the interaction of bin width and mean count of Perls’ positive plaques was not 

significant (p>0.05, n=4 mice/group). Data are presented as means ± SD.  

3.3.3.3.3 Visualisation of iron-amyloid co-localisation by immunolabelling with Aβ antibody 

and DAB-enhanced Perls’ staining  

The halos were defined originally as the Perls’ positive zone outside the region labelled with Congo 

red. Therefore the presence of a few large iron-containing halos not labelled with Congo red may 

reflect iron deposition in the absence of any Aβ peptide but could also potentially reflect iron co-

localised with deposits of Aβ peptide that have not formed classical plaques and are not detected by 

Congo red. This was investigated by co-labelling with DAB-enhanced Perls’s stain and antibody 

4G8 which recognises all forms of Aβ peptide, including amorphous deposits as well as classical 

plaques. This antibody also labels the peripheral zone as well as the central core of classical 

amyloid plaques (Rajamohamedsait and Sigurdsson, 2012; Wisniewski et al., 1989).    

In preliminary experiments, iron was observed to co-localise with 4G8 positive structures in the 

Aβ+Iron model and the Aβ model (Fig. 3.19). Most 4G8 positive structures did not appear to have 

clear large iron halos extending beyond the region labelled with 4G8 (Fig. 3.19 panels B, C), 

suggesting iron was co-localising with Aβ peptide deposits outside the central amyloid core. 
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However occasional structures appeared to have large iron halos extending beyond the 4G8 positive 

region (Fig. 3.19 panel D), suggesting that both possibilities can occur. 

 

Fig. 3.19 Co-localisation of antibody 4G8 immunolabelling of Aβ peptide with iron.  (A)  

Example of a deposit labelled with antibody 4G8 in the Aβ+Iron model. (B-D) Co-localisation of 

iron with deposits of Aβ peptide, detected by both DAB-enhanced Perls’ stain and antibody 4G8, in 

the Aβ+Iron model (blue-gray: antibody 4G8 staining, brown: DAB-enhanced Perls’ staining). (B, 

C) Examples of 4G8 positive structures with no clear large iron halos spreading beyond the region 

labelled with antibody 4G8 suggest that iron co-localised with Aβ peptide deposits outside the 

central amyloid core. (D) Example of a 4G8 positive structure with large iron halo extending 

beyond the 4G8 positive region.    
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3.4 Discussion  

 
Overview 

As described in the chapter General Introduction (Section 1.7), this chapter tested the first 

hypothesis of this thesis which was divided into three parts: a) brain iron level is increased in the 

Aβ+Iron model as compared to the Aβ model; b) excess brain iron may augment cerebral 

amyloidosis in the Aβ+Iron model as compared to the Aβ model; c) excess brain iron may co-

localise with insoluble Aβ pathology in the Aβ+Iron model.  

Data obtained in this chapter support the first part of the hypothesis as brain iron levels measured by 

non-haem iron assay and detected by DAB-enhanced Perls’ histochemical staining in the Aβ+Iron 

model were increased compared to the brain iron levels of the Aβ model. However the second part 

of the hypothesis was not supported by the experimental data as there was no evidence of an 

increase in the amount of amyloid deposition in the Aβ+Iron model compared to the Aβ model. The 

third part of the hypothesis was supported as iron and amyloid were found to co-deposit in both 

Aβ+Iron mice and Aβ mice.  

 

Increased brain iron levels in the Aβ+Iron model are not accompanied by changes in amyloid 

measures at 6 months of age 

 

As expected, there was a significant increase (p<0.0001) in brain non-haem iron levels of the 

Aβ+Iron model as compared to the Aβ model at 6 months of age (Fig. 3.3). However there was no 

significant difference in the amyloid count and other key features of amyloid deposits in the 

Aβ+Iron model compared to the Aβ model at this age. This may suggest that although iron co-

localises with amyloid, increased iron does not contribute to the exacerbation of cerebral 

amyloidosis at least at the earlier stages of the disease. Nevertheless, this needs to be investigated in 

older mice to see if the effects are similar at later stages of the disease.  

However, within each of these groups of mice, the brain non-haem iron levels were found to be 25-

35% lower in females compared to males. It is generally known that iron loading is often greater in 

human males than in pre-menopausal females, at least in part because of menstruation (Harrison-

Findik, 2010; Miller, 2016). However female mice do not menstruate (Brasted et al., 2003; Emera et 
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al., 2012) and the reasons for the difference in non-haem iron content between two sexes are not 

clear, although factors such as hormonal differences may be involved. Conversely, females may 

have greater risk of AD as reported in some human studies and female transgenic APP/PS1 mice 

may have increased plaque numbers compared to age-matched males (Gallagher et al., 2013; Vina 

and Lloret, 2010; Wang et al., 2004a). While lower levels of iron in female mice did not appear to 

be affecting the amount of iron associated with plaques, this needs to be validated statistically in 

larger studies and it remains possible that low iron levels in combination with increased amyloid 

measures in female mice may be masking some effects of iron on plaques. 

 

Comparisons with other studies of iron and amyloid co-localisation in transgenic mouse 

models and AD patients   

 

The observation of iron-amyloid co-localisation in the Aβ+Iron model and also in the Aβ model 

supports the final component of the overarching hypothesis of the chapter and is consistent with 

several studies which have reported iron-amyloid co-localisation in the APP/PS1 model and various 

other transgenic mouse models of AD (Bourassa et al., 2013; Chamberlain et al., 2011; El Tannir El 

Tayara et al., 2006; El Tayara et al., 2006; Falangola et al., 2005; Jack et al., 2004; Jack et al., 2005; 

Lovell et al., 1998; Meadowcroft et al., 2009; Meadowcroft et al., 2015a; Smith et al., 1997; 

Wadghiri et al., 2012). Similarly, many groups have reported iron and amyloid co-localisation in 

post-mortem human AD brains (Collingwood et al., 2008; Connor et al., 1992b; Lovell et al., 1998; 

Meadowcroft et al., 2009). Some of these studies have used different techniques to those used here, 

such as electron microscopy or x-ray spectroscopy whereas others used similar methods i.e. 

combinations of DAB-enhanced Perls’ stain and Aβ -specific labelling (Falangola et al., 2005; 

Meadowcroft et al., 2015a). This provides evidence that the findings here are unlikely to be solely 

an artefact of the methods used. 

 

Notably the results confirm and extend observations in three 18 month old PS/APP transgenic mice 

and one age-matched non-transgenic control mouse by Falangola and colleagues using single 

staining of adjacent sections for antibody 6E10 and DAB-enhanced Perls’ stain (Falangola et al., 

2005). These authors reported strong iron staining in white matter tracts in the caudate-putamen and 

observed that the majority of amyloid plaques in the PS/APP transgenic mice contained iron 

(consistent with observations in this model in the present study as discussed in Chapter 4). The 

authors claim their paper to be the first study which used DAB-enhanced Perls' staining and Aβ 

immunolabelling to show that iron co-localises with amyloid plaques in the PS/APP mouse model.  
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However the authors did not report simultaneous co-labelling for iron and amyloid on single 

sections such as was done in this study. Meadowcroft and colleagues (Meadowcroft et al., 2015a) 

used brain tissues from 24-month old APP/PS1 mice (n=5) and age-matched non-carrier mice 

(n=4). The authors also used entorhinal cortex from AD patients (n=5) and age-matched controls 

(n=3). In this study, to help visualise iron within plaques, sections were first treated with proteinase 

K followed by sodium borohydride treatment, both widely used in antigen retrieval (Chen et al., 

2010; Ramos-Vara, 2005). This was followed by DAB-enhanced Perls’ staining then thoflavin-S 

staining. Similar approaches are often necessary for post-mortem human tissue whereas 

visualisation of iron in plaques was achieved without antigen retrieval steps in the present mouse 

study, which used cryostat sections of brains perfusion-fixed in 4% paraformaldehyde, methods 

usually considered to be favourable for immunohistochemistry and immunofluorescence. 

Meadowcroft and colleagues (ibid.) observed that the traditional method of DAB-enhanced Perls’ 

staining followed by thioflavin-S staining could detect iron associated with plaques in human AD 

brains but were unable to detect iron in 24-month old APP/PS1 mouse brains using this method. 

The authors commented that a modified DAB-enhanced Perls’ staining procedure which involved 

proteinase K treatment enabled visualisation of tiny amount of iron associated with plaques in the 

APP/PS1 mice. However this modified method now failed to stain plaques in human with 

thioflavin-S because of Aβ degradation and absence of intercalation of Aβ with thioflavin-S.  

Compared to the methods used by Meadowcroft and colleagues,  the combination of the traditional 

DAB-enhanced Perls’ staining and the modified Puchtler’s method of Congo red staining (Section 

3.2.6) in this thesis facilitated visualisation of iron-amyloid complexes at 6 months of age in both 

Aβ+Iron mice and Aβ mice. Other methodological differences may have contributed to the failure 

of these authors to detect iron in plaques in the APP/PS1 mice. For example, the DAB-enhanced 

Perls’ staining protocol used by Meadowcroft and colleagues had a 5 minute incubation in DAB 

(0.067%) compared to the 30 minute incubation in DAB (0.025%) used in this thesis so the shorter 

incubation may have contributed to the failure to detect iron in plaques despite the higher 

concentration used. In addition, in the experience of our laboratory it can be considerably harder to 

visualise Perls’ staining in combination with a fluorescent label than in combination with Congo red 

in brightfield.   

However, future investigations could incorporate proteinase K treatment prior to DAB-enhanced 

Perls’ staining to examine if the modification in the protocol makes any difference in the 
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visualisation of iron-amyloid complexes. In addition, as the methodology used in this study has not 

been expanded to human studies, this is another possible area of future investigation.  

 

Is the ‘sticky’ nature of amyloid responsible for iron attachment to plaques?     

 

Another possibility is that the ‘sticky’ nature of Aβ may facilitate binding of iron to the existing Aβ 

peptides in both Aβ+Iron mice and Aβ mice. Many substances have been reported to be found in 

amyloid in vitro and within amyloid plaques in situ – just a few examples include collagen type 

XXV, tyrosine phosphatase, mitochondrial fumarate hydratase and somatostatin, along with many 

others (Armstrong et al., 1989; Lutz and Peng, 2018; Xiong et al., 2019). It may also be plausible 

that Aβ peptides may attach to iron already present in the brain environment of these mice. Both 

have been considered in the literature. Many in vitro studies have supported the hypothesis that iron 

promotes the aggregation of Aβ peptide (Bolognin et al., 2011; Boopathi and Kolandaivel, 2016; 

Collingwood et al., 2008; House et al., 2004b; Mantyh et al., 1993; Tahmasebinia and Emadi, 

2017). Other studies have reported that Aβ peptide is involved in the accumulation and reduction of 

iron (III) within amyloid aggregates (Everett et al., 2014a; Everett et al., 2014b). The observations 

from this thesis suggest that both of these possibilities may occur. This will be considered further 

below in the context of co-labelling of DAB-enhanced Perls’ stain and antibody 4G8. For instance, 

Aβ may stick to iron in people with brain iron abnormalities hence resulting in aggregation of more 

Aβ peptides. Conversely, iron may stick to Aβ aggregates that are already existing in the brains 

afflicted by AD.   

 

It is not possible to make firm conclusions based on our findings at this point due to the sensitivity 

issue of different stains. As described in Section 3.3.3.3.2 and Fig. 3.13, occasional iron clusters 

that had strong brown coloration under brightfield microscopy (in the sections co-labelled with 

DAB-enhanced Perls’ stain and Congo red stain) stained faintly for Congo red under the Texas red 

filter. This may possibly mean that iron is appearing even before the appearance of visible plaques. 

On the other hand, it is also likely that the combination of two stains might have affected this 

observation (i.e., one stain may be more sensitive than the other or DAB-enhanced Perls’ stain may 

affect the fluorescence intensity of Congo red stain).   

 

In spite of the fact that there was no significant difference in the mean sizes and overall size 

distributions of iron halos of the Aβ+Iron model compared to the Aβ model, co-labelling with 

DAB-enhanced Perls’ stain and Congo red stain showed that there were a few amyloid plaques with 
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very large iron halos in the Aβ+Iron model that were not observed in the Aβ model (Section 

3.3.3.3.2.3 and Fig.3.18). Since iron is laid down around the plaque but outside the area detectably 

stained with Congo red, this suggests strongly that Aβ doesn’t need to be in the form of classical 

amyloid in order to bind iron in vivo and that iron can bind to other Aβ species in the extracellular 

matrix, consistent with findings in vitro previously reported for example by Everett and colleagues, 

in the absence of other potentially competing or masking molecules such as extracellular matrix 

proteins (Everett et al., 2014a).  

 

The large halos observed around a few amyloid plaque cores could consist of deposits of iron alone 

without Aβ peptide or iron co-deposited with Aβ peptide species other than classical Congo red 

birefringent amyloid. While this needs to be checked in the future in more brain regions and more 

mice, the question of whether iron co-localises with deposits of non-amyloid Aβ peptide in addition 

to deposits that correspond to classical Aβ amyloid was considered in preliminary observations 

from co-labelling of brain sections with DAB-enhanced Perls’ stain and antibody 4G8 (Section 

3.2.6 and Fig. 3.19). These observations were consistent with two different scenarios, as follows. 

In most cases, antibody 4G8 and iron co-localised closely and iron did not spread detectably beyond 

the 4G8 immunolabelled region. In the Iron model (Hfe-/-xTfr2Y245X mice), which does not contain 

human mutant Aβ sequence, round iron aggregates resembling those often observed around plaques 

in the other human Aβ-containing models are rarely if ever seen (unpublished findings, Milward 

lab). This suggests that increased iron does not normally form round structures of this kind. 

Therefore in this first scenario, it is considered likely that Aβ deposition occurs first and iron then 

sticks to it. 

 

However in some cases, a large iron halo appeared to surround antibody 4G8. In this second 

scenario, it is possible that iron is laying down first and Aβ sticks to it afterwards since, if iron and 

Aβ peptide bind each other with high affinity, it is feasible that irrespective of which accumulates 

first, the other then sticks to it. However, this scenario may be less likely since as noted above it is 

not clear that iron does deposit extracellularly in round structures in the absence of Aβ peptide. The 

large iron halos may indicate the presence of Aβ peptide deposits below the detection limits of the 

4G8 protocol. 

 

Further studies are needed with more sensitive techniques such as scanning transmission X-ray 

microscopy and transmission electron microscopy (Everett et al., 2014a) since just like any other 

co-labelling procedures, the likelihood of one stain being more sensitive than the other cannot be 

ruled out in the co-labelling of DAB-enhanced Perls’ stain and antibody 4G8. For example, if 
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sensitivity of iron detection is comparatively higher than the sensitivity of the protocol used for Aβ 

detection by antibody 4G8, iron may appear to extend beyond the limits of detectable 4G8 staining. 

Conversely, if antibody detection is more sensitive it is possible that iron is at levels below the 

threshold of detection before Aβ peptide deposits. Additional studies are also required to investigate 

co-labelling brain sections with DAB-enhanced Perls’ stain, antibody 4G8 and Congo red or 

thioflavin-S. 

 

 

Is iron that co-localises with amyloid plaques deleterious?  

 

The hypothesis of the association of redox-active iron with amyloid plaques and neurofibrillary 

tangles was initially put forward by Smith and colleagues (Smith et al., 1997). The authors 

speculated that iron accumulation could contribute to oxidative damage in AD. Telling and 

colleagues detected ferrous iron in nanoscale Aβ aggregates of APP/PS1 brain tissue (Telling et al., 

2017). The authors hypothesize that fibrillary and amorphous forms of Aβ coat ferrous iron and 

hence prevent its oxidation into ferric form. They compare this phenomenon to that of the 

membranes of special organelles called magnetosomes which are present in magnetotactic bacteria. 

These membranes are known to protect magnetite nanocrystals found within the magnetosomes 

from oxidation (Zhu et al., 2015). However it is important to note that ferric and ferroxide 

(magnetite) forms of iron were also reported in the nanoscale Aβ aggregates analysed by these 

authors, with iron apparently present throughout the aggregates. This is consistent with co-

aggregation of Aβ and iron from extremely early stages in plaque formation since the aggregates 

reported by the authors were ~1-5um and often considerably smaller (<100nm), well below the size 

range of ~20+ um of the birefringent aggregates analysed in the present study and other light 

microscopy studies (Dudeffant et al., 2017; Meadowcroft et al., 2009). 

 

House and colleagues (House et al., 2004a) examined fibrillisation of Aβ42 in the presence or 

absence of Fe3+ in vitro for a period of 32 weeks. The authors observed that both the Aβ42 alone and 

Aβ42 combined with Fe3+ treatments formed amyloid fibrils with beta-pleated sheet conformation. 

However the process of fibrillisation was prevented by the iron chelator desferrioxamine (DFO) 

when incubated for up to 8 weeks. Furthermore, the already formed Aβ fibrils were also partly 

dissolved when they were incubated with DFO. Therefore the authors proposed that iron was 

involved in either the formation or stabilisation of amyloid plaques.     
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Although the presence of redox-active ferrous form of iron in the vicinity of amyloid plaques was 

not checked within the timeframe of this thesis, preliminary inspection of perfusion Turnbull 

staining of Aβ+Iron brain did not show any evidence for labelling of structures morphologically 

resembling plaques. However this could be checked in the future by co-labelling brains with Congo 

red stain and Turnbull stain (which detects ferrous iron only), possibly also including investigation 

of nickel-cupric enhancement of DAB (Gallyas and Merchenthaler, 1988; Moos and Mollgard, 

1993).  

 

What if iron attached to plaques is actually beneficial in some ways? Is it likely that 

preventive venesection/chelation will clear this iron attached to plaques?   

 

Based on indirect evidence, iron chelators are now being studied by various researchers to check 

their effectiveness in AD (Banerjee et al., 2016; Guo et al., 2013; Kupershmidt et al., 2012). 

However, data obtained in this chapter may instead provide indirect evidence that iron chelation 

may not be useful in slowing amyloidogenesis, at least at the earlier stages of the disease 

corresponding to those investigated in the present study.  It will also be important to study this in 

older mice which are at later stages of the disease.  

 

Although clinical trials are now focusing on early chelation of iron to prevent AD (Adlard and 

Bush, 2018), there is as yet still a lack of convincing evidence showing effectiveness of early iron 

chelation in the treatment of AD. It is also to be noted that excess iron to near double normal levels 

is present throughout adult life in the Aβ+Iron model, on a par with (Ayton et al., 2019) or 

considerably beyond the extent of reported increases in human brain iron for most individuals with 

Alzheimer’s disease as based on current evidence (Schrag et al., 2011b), and yet this doesn’t seem 

to exacerbate cerebral amyloidosis in this model.  

 

The question also arises as to whether approaches like preventive venesection or iron chelation will 

be effective in getting rid of iron that is attached to amyloid. Furthermore chelation may also 

perturb iron-dependent intrinsic physiology of the brain and the rest of the body since chelators may 

inappropriately remove iron compounds that are required for normal iron homeostasis 

(Collingwood et al., 2008; Raven et al., 2013). This highlights the importance of thoughtful 

administration of chelation therapy on an evidence-based, case-by-case basis, if at all. 

Considerations relating to iron chelation are addressed in more detail in subsequent chapters and in 

the General Discussion. 
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Limitations and future directions  

 

Six month old mice were chosen for this study as pathological changes are clearly visible at this 

age, for the APP/PS1 model. However, plaque deposition is reported to continue till at least 20 

months of age in the APP/PS1 model (van Groen et al., 2006). Future studies could incorporate 

older aged mice to see if iron affects amyloid burden at later ages. As described earlier (Section 

2.1), the AKR background was chosen for this study to maximize iron-loading phenotype (Fleming 

et al., 2001; McLachlan et al., 2010).  However, mice on the AKR background seem to have 

reduced life expectancy as compared to the other background strains and this has so far restricted 

procurement of older aged mice (e.g. beyond 9 months). To overcome this, other strains of mice are 

being studied by other members of our group for generating mice with the same mutations as those 

of the Aβ+Iron model but this may come with the limitation of reduced tissue iron accumulation..  

 

In addition, younger mice could be studied in the future to investigate whether iron deposition 

precedes or is secondary to amyloid plaque formation and, if the former, whether amyloidosis can 

be modified by iron chelation. Studying younger mice may also help in examining if there is any 

significant difference in the amount of amyloid deposition right at the time when plaques first start 

to form. This is currently underway in another ongoing PhD project (Freeman-Acquah in progress).  

 

Recent findings have postulated that soluble forms of Aβ are more toxic and correlate more strongly 

with cognitive impairment in AD than the insoluble aggregated plaques (Haass and Selkoe, 2007; 

Sengupta et al., 2016; Tomic et al., 2009). This project focused on characterising the relationship of 

iron with insoluble Aβ pathology in the Aβ+Iron model since the co-localisation of amyloid 

pathology and iron are central to past proposals that iron has causal roles in Alzheimer’s disease 

(Connor et al., 1992b; Peters et al., 2015; Smith et al., 1997). The methods used here do not allow 

analysis of soluble forms of Aβ and this could not be investigated within the timeframe of this 

thesis. However experiments involving the enzyme-linked immunosorbent assay (ELISA) method 

to measure the levels of soluble amyloid deposits/oligomers will be undertaken in follow-up 

projects.  

 

Stereological methods of counting amyloid plaques have been used by some researchers to estimate 

amyloid load in post-mortem brain tissue from AD patients (Iacono et al., 2014; Madsen et al., 

2018). This could be performed in future studies as an additional method of amyloid quantification 

in the Aβ+Iron model to determine possible differences more accurately, although based on results 
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to date any such differences appear likely to be small. Structural changes, amyloidosis and other 

features of AD have also been investigated by different groups in the cerebellum and brainstem 

regions of the APP/PS1 model and human AD brains (Cole et al., 1993; Lee et al., 2015; Thal et al., 

2002; Uematsu et al., 2018). As these regions were not examined in our study, they could be 

potential regions to consider for amyloid detection and analysis in the future.  

 
The DAB-enhanced Perls’ stain is widely known to detect ferric as well as ferrous forms of iron 

(Meguro et al., 2007). This suggests that both ferric and ferrous iron co-localised with amyloid 

plaques in the Aβ+Iron model and the Aβ model, consistent with previous reports (Everett et al., 

2014a; Everett et al., 2014b; Telling et al., 2017). While this was beyond the scope of this thesis, 

some studies have used techniques like transmission electron microscopy and x-ray spectroscopy 

and reported the dominance of iron oxide compounds such as magnetite and maghemite in the 

amyloid plaque cores in human AD brain (Collingwood et al., 2008; Collingwood et al., 2005; 

Kirschvink et al., 1992). Similar observations have been described  in vitro (Everett et al., 2014a; 

Everett et al., 2014b) and in the APP/PS1 brain (Gallagher et al., 2012). This could be another 

potential area of future study in the Aβ+Iron model.   

Conclusion 

In summary, increases of almost 2-fold in brain iron levels were observed in Aβ+Iron mice 

compared to Aβ mice, yet this did not appear to exacerbate various measures of cerebral 

amyloidosis even though iron appeared to be present in all amyloid plaques and usually coincided 

closely with deposition of insoluble Aβ peptide. Firm conclusions cannot be made about whether 

iron is necessary for initial seeding of Aβ aggregates, as proposed by some authors, as described 

above (Bolognin et al., 2011; Collingwood et al., 2008; House et al., 2004b; Mantyh et al., 1993). 

However the findings are consistent with recent studies of human brain suggesting iron may co-

deposit from the very earliest stages of Aβ aggregation (Telling et al., 2017). However amyloid 

deposition was not evident in the Iron model which suggests that iron does not appear to be 

sufficient for amyloid deposition in the mouse in the absence of abnormalities in APP such as the 

Swedish mutation present in our Aβ-producing mouse models.  

The following chapter will compare the overall distribution of Aβ aggregation and brain iron 

labelling and examine what brain regions, cells and structures besides amyloid plaques contain iron 

in the Aβ+Iron model and how, if at all, iron distribution differs in this model compared to the other 

mouse models examined in the thesis. 
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4. Iron distribution and localization in the brain of the Aβ+Iron model  

4.1 Introduction 

In the previous chapter, it was demonstrated that brain non-haem iron levels were increased in the 

Aβ+Iron model compared to the Aβ model. Likewise, an increased proportion of plaques were 

found to contain iron in the Aβ+Iron model. However, excess brain iron did not appear to 

exacerbate cerebral amyloidosis in the Aβ+Iron model as compared to the Aβ model.  

  

One important question which needs to be investigated is whether amyloid plaques are more 

commonly found in brain regions with high levels of overall iron. Next question is what other brain 

regions and cell types contain iron besides amyloid plaques in the Aβ+Iron model.  Previous studies 

by our group on the Hfe-/-xTfr2mut model showed increased iron loading in the choroid plexus, 

myelinated structures, a subset of oligodendrocytes and some unidentified cells as compared to the 

wildtype AKR model whereas most neurons, microglia and astrocytes stored very little iron 

(Heidari et al., 2016b). Similar pattern of iron loading is expected in the Aβ+Iron model as it was 

developed by crossbreeding the Hfe-/-xTfr2mut model with the Aβ model, which is described in 

General Methods chapter (Section 2.1).   

 

This chapter tests the second hypothesis of this project that brain iron distribution in different cell 

types and structures is generally similar in the Aβ+Iron model and the  

Hfe-/-xTfr2mut model (the ‘Iron model’) with the main exception of iron associated with amyloid 

plaques and iron-associated cells in the vicinity of amyloid plaques in the Aβ+Iron model (plaques 

are not present in the ‘Iron model’).   

 

The brain iron distribution and localisation in the Iron model has been published by our group 

(Heidari et al., 2016b) and will not be presented here. However, observations from both the 

Aβ+Iron model and the Aβ model will be described.  Iron distribution in the brains of the Aβ+Iron 

model and the Aβ model was examined by 3’3’-diaminobenzidine-tetrahydrochloride (DAB)-

enhanced Perls’ staining. To detect presence of ferrous iron in these mice, both traditional Turnbull 

staining and perfusion Turnbull staining methods were employed. Furthermore, 

immunohistochemistry for different brain cell markers was used to study localization of iron in 

different cells and structures in the Aβ+Iron model and the Aβ model.  
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4.2 Materials and methods 

4.2.1 Mice age and tissue collection 

The generation of the Aβ+Iron mice and the Aβ mice has been detailed in Section 2.1. For 

histological studies, mice (n=4/group, 2 males and 2 females in each group) were used at six 

months of age, unless stated otherwise. Mice were fed with a standard AIN-93G diet containing 

approximately 0.02% iron (Reeves et al., 1993). All protocols were approved by the Animal Ethics 

Committee of the University of Sydney, where the mice colonies were bred and maintained.   

4.2.2 Histological studies 

Brains were dissected and fixed in 4% PFA (Section 2.2.1). Brain blocks were further cryosectioned 

into 20 micron thick sections and transferred onto gelatin-coated slides (Section 2.3.1.3). Four brain 

sections each from both groups of mice (n=4/group, 2 males and 2 females in each group) were 

selected at  a sampling rate of 1 in 10 starting from -2.46 mm Bregma to -3.16 mm Bregma as 

described in Section 2.3.1.5. Based on Paxinos and Franklin’s mouse brain atlas (Paxinos, 2013), 

these regions contain the hippocampus and the cerebral cortex, both of which are strongly affected 

in AD. Furthermore, these regions also include various structures of the midbrain which were 

investigated earlier in the Iron model (Heidari et al., 2016b).    

4.2.3 DAB-enhanced Perls’ and Turnbull staining 

As described in General Methods chapter (Section 2.3.2), 3’3’-diaminobenzidine tetrahydrochloride 

(DAB) enhanced Perls’ staining and Turnbull staining (Meguro et al., 2007; Nguyen-Legros et al., 

1979) were used to detect iron in brain sections of the Aβ+Iron mice and the Aβ mice (n=4/group). 

DAB-enhanced perfusion Turnbull staining was also performed on these mice as described in 

Section 2.3.3.  

DAB-enhanced Perls’ stained sections were scanned under 10X objective using the ZEISS Axio 

Scan.Z1 Slide Scanner (Bosch Institute, University of Sydney). Using Fiji distribution of ImageJ, 

the percentage of left brain hemisphere containing DAB-enhanced Perls’-positive pixels (%Area or 

Area fraction) was determined. Generally, the pixel intensity values correspond to gray scale values 

where 0 means pure black and 255 means pure white.  This can be counterintuitive since it leads to 

an inverse relationship between %Area and iron content. For ease of interpretation, the pixels 

corresponding to white on the ‘gray scale’ were allocated a value of 0 and pixels corresponding to 

black a value of 255. An algorithm was designed using the ‘Auto Threshold’ function to classify the 

analysed images into four categories based on their pixel intensities:  weak staining (0 to 63), 

medium staining (64 to 127), strong staining (128 to 191) and very strong staining (192 to 255).  
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Likewise, the intensity of DAB-enhanced Perls’ staining across the brain hemisphere of Aβ+Iron 

mice was compared with that of Aβ mice, by measuring the mean gray value, which is the average 

gray value within the tissue section (Schindelin et al., 2012).   

4.2.4 Distribution of iron-amyloid plaques  

The distribution of hundred randomly selected amyloid plaques labelled with Congo red stain was 

examined across left brain hemispheres from four different Aβ+Iron mice. This was done to check 

if plaques were more common in regions with high iron. The mean gray value (MGV), which is the 

average gray value within the tissue section, was used to indirectly assess the level of iron staining. 

Lower values correspond to darker staining due to increased iron content, as assessed indirectly 

from the oxidisation of greater amounts of DAB. This can be counterintuitive since it leads to an 

inverse relationship between MGV and iron content i.e. the pixel intensity values correspond to 

gray scale values where 0 means pure black and 255 means pure white. As described in Section 

4.2.3, pixels corresponding to white on the ‘gray scale’ were therefore instead allocated a value of 0 

and pixels corresponding to black a value of 255. The distribution of amyloid plaques was 

examined across four levels of DAB-enhanced Perls’ staining for iron as described in Section 4.2.3.   

4.2.5 Combined DAB-enhanced Perls’ staining and immunolabelling  

As described in Section 2.3.6.3, fluorescent immunolabelling was performed on four tissue sections 

per animal from -2.46 mm Bregma to -3.16 mm Bregma (n=4 mice/group, 2 males and 2 females in 

each group). Adjacent tissue sections were immunolabelled for the same antigen after first staining 

with DAB-enhanced Perls’ stain, for simultaneous detection of iron accumulation and identification 

of cells/structures containing iron. Imaging was done using the CellSens 1.12 digital imaging 

software provided with the Olympus DP72 microscope. Brightfield and fluorescent images were 

overlayed using the Image Calculator function of Fiji distribution of ImageJ.  

4.2.6 Myelin staining 

As described in General methods (Section 2.3.4), Luxol fast blue solution (IHC World Luxol fast 

blue Kit) was used for myelin staining on three tissue sections per animal (n=4 mice/group) of the 

Aβ+Iron model and the Aβ model.  Luxol fast blue staining was also performed on the adjacent 

brain sections which were first stained with DAB-enhanced Perls’ staining.   
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4.2.7 Statistical analysis 

GraphPad Prism 7 software was used for statistical analysis and data plotting.  Quantification of 

different parameters for DAB-enhanced Perls’ staining in the Aβ+Iron model and Aβ model was 

done by unpaired t-tests. Significance was set at p<0.05.  
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4.3 Results  

4.3.1 Relationship between regional iron loading and amyloid plaque formation  

Within any region, different amounts of iron may be present in the extracellular matrix as well as in 

myelin or cell processes and cell bodies. As expected, and as previously reported in Chapter 3 

(Section 3.3.1, Fig. 3.1), increased levels of iron as assessed by DAB-enhanced Perls’ stain were 

observed in the brain of Aβ+Iron mice as compared to the age- and gender-matched Aβ mice. A 

user-defined algorithm was used to classify levels of DAB-enhanced Perls’ staining across brain 

regions based on pixel intensity values, as described in Section 4.2.3. Most staining in the Aβ model 

fell under the pixel intensity range 0 to 63, corresponding to weak Perls’ staining whereas most 

staining in the Aβ+Iron model fell under the pixel intensity range 64 to 127, corresponding to 

medium Perls’ staining, followed by the range  128 to 191, corresponding to strong Perls’ staining. 

There was virtually no staining in the intensity range of 192 to 255, corresponding to very strong 

Perls’ staining. This was represented by the digitally coloured images shown in Fig. 3.1, in which 

weak iron labelling was represented by dark blue, medium by green, strong by cyan and very strong 

by yellow.   

In order to see if amyloid plaques were more commonly found in regions with high levels of overall 

iron, 100 randomly selected amyloid plaques examined across left brain hemispheres of four 

Aβ+Iron mice, as described in Methods (Section 4.2.4). As amyloid plaques were so concentrated 

in areas with lower iron staining, most of the plaques fell into lower quartiles of levels of Perls’ 

staining as described above. Hence, iron staining was further stratified into 4 different levels 

corresponding to the quartiles of the range from minimum to maximum iron staining as described in 

Methods (Section 4.2.4).  

In general, there were more amyloid plaques in brain areas with less iron staining compared to areas 

with high iron staining (correlation coefficient -0.97, SD 7.135). Specifically, there were 48 plaques 

located in regions with weak (40-65 ) iron staining, 36 plaques in regions with  medium (65-90) 

iron staining, 10 plaques in regions with strong (90-115) iron staining and 6 plaques in regions with 

very strong (115-140) iron staining such as the thalamus (Fig. 4.1).  With regard to areas recognised 

to have higher numbers of plaques, iron staining within the hippocampus and nearby structures 

ranges from strong (e.g. in the stratum lacunosum-moleculare layer of the hippocampus and regions 

of nearby corpus callosum) through medium (e.g. molecular layer of hippocampus) to weak (e.g. 

neuronal layers of hippocampus), with plaques generally restricted to the areas of weak to medium 
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iron labelling and the cerebral cortex is typically also only weakly stained for iron, as shown in 

more detail in the subsequent sections of this chapter.  

 

Fig. 4.1 Most amyloid plaques were located in regions with less iron staining. The distribution 

of 100 amyloid plaques from four different Aβ+Iron mice across four different levels of DAB-

enhanced Perls’ staining is shown. Most of the amyloid plaques were detected in the regions with 

weak iron staining (dark blue), followed by medium iron staining (green). Lesser number of plaques 

were detected in the regions with strong iron staining and very few were detected in the regions 

with very strong iron staining.   

One-tailed unpaired t-test showed decreased percentages of positive pixels for weak Perls’ staining 

(pixel values 0-63; p<0.0001) in the Aβ+Iron model as compared to the Aβ model. One-tailed 

unpaired t-test showed increased percentages of positive pixels for medium Perls’ staining (pixel 

values 64-127; p<0.0001), strong Perls’ staining (pixel values 128-191; p<0.0001) and very strong 

Perls’ staining (pixel values 192-255; p=0.0003) in the Aβ+Iron model as compared to the Aβ 

model (Fig. 4.2).  
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Fig. 4.2 Brain iron assessed by a user-defined algorithm which determines percentage positive 

pixels for DAB-enhanced Perls’ staining in Aβ mice and Aβ+Iron mice (6 months of age). Data 

are presented as mean ± SD (****p<0.0001, ***p=0.0003; n=4 sex-matched mice/group, region of 

interest= left brain hemisphere).  

As explained in Section 4.2.3, another parameter that was used to measure the level of DAB-

enhanced Perls’ staining was Mean Gray Value (MGV), which is the average gray value within a 

selection. Lower values correspond to darker staining due to increased iron content, as assessed 

indirectly from the oxidisation of greater amounts of DAB. This can be counterintuitive since it 

leads to an inverse relationship between MGV and iron content i.e. the pixel intensity values 

correspond to gray scale values where 0 means pure black and 255 means pure white.  For ease of 

interpretation, data were therefore transformed using the formula MGV(T)=K-MGV in which 

K=255, such that pixels corresponding to white on the ‘gray scale’ were allocated a value of 0 and 

pixels corresponding to black a value of 255. There was a statistically significant increase in 

transformed mean gray value for Perls’ staining in the Aβ+Iron mice as compared to the Aβ mice, 

as depicted by one-tailed unpaired t-test (fold change 1.7, p<0.0001) (Fig. 4.3).  

The localisation of ferric and ferrous iron at the level of individual cell types and cellular structures 

such as the choroid plexus is described below.  
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Fig. 4.3 Brain iron assessed by transformed mean gray value of DAB-enhanced Perls’ staining 

in Aβ mice and Aβ+Iron mice at 6 months of age. Data are presented as mean ± SD 

(****p<0.0001, n=4 mice/group; region of interest= left brain hemisphere).      

 

4.3.2 Stronger iron labelling in the choroid plexus of the Aβ+Iron mouse 

Strong iron labelling by DAB-enhanced Perls’ stain was most conspicuous in the choroid plexus of 

the Aβ+Iron mice. Staining in this region was also noticeable in the Aβ mice but with less intensity 

as compared to the Aβ+Iron mice (Fig. 4.4).   

 

Fig. 4.4 Iron labelling by DAB-enhanced Perls’ staining in the choroid plexus. The choroid 

plexus region in the Aβ+Iron mice was strongly stained for iron with DAB-enhanced Perls’ stain, as 

compared to the Aβ mice. A) Aβ mice B) Aβ+Iron mice. 
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Choroid plexus was also the only region that showed some labelling with the traditional Turnbull 

stain for the detection of ferrous iron (Fe2+) in the Aβ+Iron mice and the Iron mice. There was little 

if any labelling in the Aβ mice or the AKR mice (Fig. 4.5).     

 

Fig. 4.5 Turnbull staining for detection of ferrous iron. Some staining was seen with the 

traditional Turnbull stain in the choroid plexus of Aβ+Iron mice and Iron mice, with very little 

staining apparent in other regions. A) AKR model B) Iron model C) Aβ model D) Aβ+Iron model.   

At the end of this study, a preliminary trial of a ‘perfusion Turnbull’ method was undertaken after 

learning about this method when older literature was checked for insights into how to improve 

labelling with this stain. This method uses cardiac perfusion of anaesthetised mice with a Turnbull 

stain solution of 1% potassium ferricyanide in 10% formalin, followed by post-fixation in 10% 

formalin after the brain is removed and subsequent DAB enhancement (Meguro et al., 2003). This 

was tested on 9 month old mice (n=1 mouse/group) which were the oldest age available since iron 

abnormalities often accumulate with age. It has not been possible to extend this to additional mice 

for statistical comparisons or at other ages in the timeframe of the thesis.  

Preliminary observations using the perfusion Turnbull staining method also detected labelling in the 

choroid plexus of the Iron model and the Aβ+Iron model, as described above. In addition to the 

labelling observed with the traditional post-fixation Turnbull staining method, the perfusion 

technique also enabled detection of iron-loading cells in a few other brain regions, notably 

midbrain. This was more noticeable in the Aβ+Iron model and the Iron model compared to the Aβ 

model and the AKR model (Fig. 4.6 A-D). However it needs to be noted that these differences may 

be at least partly attributable to the fact that the mice used for the perfusion trial were older (9 

months vs 6 months of age). In addition the distribution of Turnbull staining in the Aβ+Iron model 

suggested that while fixation and penetration had occurred in some periventricular regions the 

solutions had failed to reach other regions due to inadequacy of cardiac perfusion in this animal 

(Fig. 4.6 G, H), further limiting the conclusions that can be drawn. Additional experiments to refine 

these methods on larger numbers of mice are underway in other student projects in our group. 
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Fig. 4.6 Detection of iron by DAB-enhanced ‘perfusion Turnbull staining’. Staining of choroid 
plexus by perfusion Turnbull staining was conspicuous in the Iron model and the Aβ+Iron model 
and less obvious in the AKR model and the Aβ model (panels A-D, black arrows). Staining was 
also observed in occasional cells within the neuropil in all mice (panels A-D, red arrows). Notably 
there was staining in the midbrain of a few cells with morphologies similar to some cells observed 
with DAB-enhanced Perls’ staining of the Iron model and the Aβ+Iron model (panels E, F, white 
arrows) but not the other models. However it was noted that there were areas of brain in the 
Aβ+Iron model where the fixative/Turnbull solution may not have reached due to inadequate 
perfusion (panels G, H, yellow arrows).     
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4.3.3 Neurons contain very little Perls’ stainable iron in the hippocampus and the cerebral 

cortex 

The neuronal layers of hippocampus were almost clear from any DAB-enhanced Perls’ staining for 

iron in both Aβ+Iron mice and Aβ mice. Specifically, the granular cell layer of the dentate gyrus 

showed extremely weak staining for iron in both groups of mice. However, the outer molecular and 

inner polymorphic layers of the dentate gyrus and the stratum lacunosum-moleculare layer of CA1  

showed some level of staining for iron in the Aβ+Iron mice and this was faintly apparent in the Aβ 

mice (Fig. 4.7). Consistent with our previous observations in the Hfe-/-xTfr2Y245X model, cells 

staining for iron in these regions were more of perivascular or oligodendroglial appearance  

(Heidari et al., 2016b).  

 
Fig. 4.7 Neurons contain very little Perls’ stainable iron in the hippocampus. The magnified 

images show DAB-enhanced Perls’ staining in different regions of the hippocampus of Aβ mice (A) 

and Aβ+Iron mice (B). While the granule cell layer (GCL) shows little evidence of staining for iron, 

other layers show some staining, namely the polymorphic layer (PL), molecular layer (ML) and the 

stratum lacunosum-moleculare layer (SLM) in the Aβ+Iron mice, whereas these layers had  little 

observable staining in the Aβ mice.   

Double labelling of sections by DAB-enhanced Perls’ stain and the neuronal marker NeuN also 

failed to show co-localisation of DAB-enhanced Perls’ stainable iron and neurons in the 

hippocampus of either Aβ+Iron mice or Aβ mice (Fig. 4.8).  
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Fig. 4.8 Neuronal layers contain very little Perls’ stainable iron in the hippocampus. Double 

labelling of DAB-enhanced Perls’ stain with the neuronal marker NeuN failed to show clear co-

localisation of iron with hippocampal neurons, which often appeared virtually unstained (black 

arrows). Occasional nearby cells conspicuously loaded with iron were typically NeuN negative (red 

arrows). A) Negative control without DAB-enhanced Perls’ stain and NeuN antibody, B) Aβ model 

C) Aβ+Iron model.    

These results were also confirmed with cresyl violet stain, which is another widely used neuronal 

stain, although it may also detect some non-neuronal glial cells (Fig. 4.9). While virtually most 

neurons do not appear to be staining positive for DAB-enhanced Perls’ stain, we cannot rule out the 

possibility that a small number of neurons maybe loading iron.  
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Fig. 4.9 Neurons contain very little Perls’ stainable iron in the hippocampus.  

(A) Cresyl violet staining, (B) DAB-enhanced Perls’ staining in hippocampus. Co-labelling of 

DAB-enhanced Perls’ stain with Cresyl violet stain shows little evidence of iron coinciding with the 

hippocampal neuronal layers which typically seem to contain very  little iron, appearing almost 

white (black arrows) in Aβ mice (C) and Aβ+Iron mice (D).  

Labelling of cerebral cortex with DAB-enhanced Perls’ stain was slightly darker in Aβ+Iron mice 

compared to Aβ mice. As in the hippocampus, neurons in this region again showed little if any co-

localisation with Perls’ stainable iron in either Aβ mice or Aβ+Iron mice.  

As illustrated in Fig. 4.10, at least two distinctive kinds of cells were detected by the combined 

Perls’/NeuN labelling in the cortex as well as the hippocampus and other regions. The first type of 

cell was larger in size and labelled for NeuN. The second type of cell had relatively smaller size and 

an eccentric nucleus, characteristics which are distinctive of the iron-loading cells. 



116 
 

 

Fig. 4.10 Neurons contain very little Perls’ stainable iron in the cerebral cortex.  Although the 

cerebral cortex showed slightly darker staining for iron in Aβ+Iron mice (B) as compared to Aβ 

mice (A), double labelling of DAB-enhanced Perls’ stain with NeuN failed to show clear co-

localisation of iron and neurons in both groups (black arrows). Even when the cells were very 

closely adjacent, there still appeared to be two types of distinct cell bodies: NeuN positive cells with 

larger morphology (black arrows) and cells of smaller size with an eccentric nucleus, a feature 

characteristic of many of the iron-loading cells (red arrows).        

4.3.4 Neurons contain very little if any Perls’ stainable iron in the midbrain and associated 

regions 

As in the hippocampus and the cerebral cortex, DAB-enhanced Perls’ staining combined with NeuN 

immunolabelling also failed to show co-localisation of iron with neurons in the midbrain and 

associated regions. Iron was noticed in the fibre tracts in these regions, which have the typical 

appearance of myelin. Iron was also observed in myelin-associated cells with oligodendroglial 

appearance (Fig. 4.11).   
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Fig. 4.11 Neurons contain very little Perls’ stainable iron in the midbrain even in regions with 

considerable iron staining. Combination of DAB-enhanced Perls’ stain with NeuN antibody in the 

midbrain regions of Aβ mice (A) and Aβ+Iron mice (B), indicated by black arrows and shown at 

higher magnifications for (C) Aβ mice and (D) Aβ+Iron mice. In all of these images, iron was 

concentrated in patches that looked like myelinated tracts (yellow arrows) and cells with 

oligodendrocyte-like morphologies associated with these tracts (red arrows).    

To see the distribution of iron and to confirm the identity of these iron-containing fibre tracts, the 

highly myelinated regions were studied in more detail using the combination of DAB-enhanced 

Perls’ stain and either of two myelin stains (CNPase, Luxol fast blue), as discussed below.  

4.3.5 Iron co-localises with myelin and myelin-associated cells 

As illustrated in Fig. 4.12, region with long myelin fibre tracts, such as the corpus callosum were 

shown to have strong labelling for iron in Aβ+Iron mice, which was also present although less 
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prominent in Aβ mice. The DAB-enhanced Perls’ stain revealed strong iron labelling in ‘patches’ in 

regions such as the midbrain, caudate putamen and thalamus of both Aβ+Iron mice and Aβ mice.  

 

Fig. 4.12 Iron staining in the midbrain and nearby regions. Strong iron labelling was seen in 

patches in the thalamus, caudate putamen and the associated regions. Staining was darker in the 

Aβ+Iron mice (B), as compared to Aβ mice (A).  

Staining of consecutive sections with DAB-enhanced Perls’ stain for iron, Luxol fast blue stain for 

myelin and co-labelling with both stains showed that the iron-loading tracts present in both Aβ+Iron 

mice and Aβ mice contained myelin (Fig. 4.13). Iron localisation in these structures has been 

previously reported by our group  for the Hfe-/-xTfr2Y245X model (Heidari et al., 2016b).  
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Fig. 4.13 Co-localisation of iron with myelin and myelin associated cells. A) DAB-enhanced 

Perls’ stain B) Luxol fast blue stain C) Co-staining demonstrating co-localisation of myelin with 

iron (black arrows). Red arrows show myelin-associated cells with processes labelled for iron. 

 

Iron-myelin co-localisation was further confirmed by co-labelling of the sections with DAB-

enhanced Perls’ stain and a myelin-specific marker 2’,3’-cyclic-nucleotide 3’-phosphodiesterase 

(CNPase). Consistent with observations from our group reported previously for the Hfe-/-xTfr2Y245X 

model (Heidari et al., 2016b), there was variability in the amount of iron loading in the myelin 

tracts, with some myelin patches containing relatively high amounts of iron labelling whereas others 

appeared to have considerably less labelling (Fig. 4.14).    

 

Fig. 4.14 Iron co-localises with myelin and myelin-associated cells. Combined DAB-enhanced 

Perls’ stain and 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase), a myelin-specific marker, 

showed that iron was present to variable degrees in myelin patches. The figure shows an example of 

a myelin patch containing relatively high amounts of iron labelling ( black arrow), as compared to 

an immediately adjacent myelin patch with notably less iron labelling ( yellow arrow). Red arrows 

indicate myelin-associated cells loaded with iron. (A) Aβ model, (B) Aβ+Iron model. 
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The myelin-associated cells were occasionally observed either in duos or in groups and linear rows 

resembling a train or a chain. This was clearly visible along the myelin rich layers of the corpus 

callosum. Such an arrangement of cells has been described as the typical characteristics of 

oligodendrocytes (Heidari et al., 2016b; Peters and Sethares, 2004; Todorich et al., 2009b). 

Labelling of sections with ferritin heavy and ferritin light antibodies also showed similar linear 

arrangement of cells, mostly visible in the corpus callosum (Fig. 4.15, personal communication 

J.Woods). 

 

Fig. 4.15 Iron-labelling cells in linear rows. A) Cells were occasionally arranged in pairs or linear 

rows in Aβ+Iron mice as well as Aβ mice. Similar linear arrangement of cells was seen on labelling 

the sections with B) ferritin heavy antibody, and C) ferritin light antibody (Images 4.15 B and 4.15 

C: Courtesy of J Woods)  

4.3.6 Astrocytes contain very little Perls’ stainable iron   

In general, the combination of immunolabelling for glial fibrillary acidic protein (GFAP) and DAB-

enhanced Perls’ stain for iron showed that GFAP positive astrocytes contain very little Perls’ 

stainable iron (Fig. 4.16). This was clearly observable in regions such as the hippocampus where 

GFAP expression in some areas was high for both the Aβ+Iron model and the Aβ model, as 
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compared to other brain regions i.e., regions with many astrocytes typically had relatively few iron 

loading cells. Conversely, regions with very high iron loading usually contained relatively few 

GFAP-positive cells, consistent with an absence of reactive gliosis even in areas of high iron 

loading. Likewise, preliminary observations (data not shown) suggest that the iron-laden cells in the 

vicinity of amyloid plaques (which will be described in more detail in Section 4.3.7) are not 

astrocytes, although this remains to be confirmed in ongoing studies in the lab. 

 

Fig. 4.16 Astrocytes contain very little Perls’ stainable iron. DAB-enhanced Perls’ stain 

combined with glial fibrillary acidic protein (GFAP) antibody showed minimum co-localisation of 

iron with astrocytes in Aβ+Iron mice (B) and Aβ mice (A), indicated by black arrows. Brain regions 

with many astrocytes appeared to have few iron-loading cells.  

4.3.7 Iron loading in unidentified cells  

As described above, DAB-enhanced Perls’ staining of Aβ+Iron mice and Aβ mice labelled cells 

with distinctive morphologies, which could not be identified using the above-mentioned 

immunological markers. There appeared to be four main types of such unidentified cells with high 

iron loading, as detailed below and illustrated in Fig. 4.17.  

I. One type of iron-laden cells, which sometimes but not always contain multiple processes, are 

closely associated with myelin patches (e.g. Fig. 4.17 B, D) and have been described previously 

(Heidari et al., 2016b)   

II. A second type of iron-laden cells consists of ‘solitary’ or ‘independent’ cells which are not 

clearly associated with any obvious structures such as myelin, blood vessels or amyloid plaques. 

These cells often look like a teardrop, with no processes or a single process and with an eccentric 

nucleus at one end (e.g. Fig. 4.17 A, C, I).  
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III. A third type of iron-laden cells are closely associated with blood vessels and sometimes but not 

always have a small number of processes (e.g. Fig. 4.17 E, F).   

IV. A fourth type of iron-laden cells are associated with amyloid plaques. These cells typically have 

several processes and exhibit possible transitional or activated ‘amoeboid’ microglia microglial 

morphology (e.g. Fig. 4.17 G, H). These cells were observed around approximately 22% plaques in 

the Aβ model and 77% plaques in the Aβ+Iron model, out of a total of 100 plaques examined in 

each mouse group (n=4 mice/group). This is explored in more depth in the next chapter.  
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Fig. 4.17 Examples of four main types of unidentified cells with high iron loading. One type of 
cells are ‘solitary’ or ‘independent’ cells which have an appearance of  teardrops, have an eccentric 
nucleus and contain no processes or a single process (A,C). A second type of cells are associated 
with myelin patches and may sometimes contain multiple processes (B, D). A third type of cells are 
associated with blood vessels and may sometimes contain a small number of processes (E, F). A 
fourth type of cells are associated with plaques, usually have multiple processes and tend to have a 
possible microglial appearance (G, H, I).   
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Careful examination of some of the iron-stained amyloid plaques by polarised light microscopy also 

showed unidentified iron-loading cells with microglial morphology in the immediate vicinity of 

iron-amyloid complexes (Fig. 4.18).  

 

Fig. 4.18 High iron loading in unidentified cells with microglial morphology nearby amyloid 

plaques. Unidentified cells loaded with iron (white arrows) were seen to be co-localised with 

yellow-green birefringent plaques in the centre, in the Aβ+Iron model. 

Likewise, in the preliminary experiments of co-labelling with DAB-enhanced Perls’ stain and 4G8 

antibody (Chapter 3, Section 3.3.3.3.3), unidentified iron-loading cells with the morphology of 

microglia were seen in the Aβ+Iron model and the Aβ model (Fig. 4.19). These cells were located 

predominantly immediately adjoining the iron and 4G8 positive structures. 

 

Fig. 4.19 Iron loading in unidentified cells nearby structures immunolabelled with antibody 

4G8. Unidentified cells loaded with iron (white arrows) were observed adjoining 4G8 positive 

structures (blue-gray) in the Aβ+Iron model. 
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4.4 Discussion   

Overview 

In general, the findings of this chapter supported the second hypothesis of this thesis that brain iron 

distribution in different cell types and structures is generally similar in the Aβ+Iron model and the 

Hfe-/-xTfr2mut model (the ‘Iron model’), as discussed in more detail below. Iron was primarily 

localised in the choroid plexus and myelin-associated structures in all models examined, with little 

if any detectable iron in neurons. The main difference between the models was that iron associated 

with amyloid plaques and cells often morphologically resembling transitional or activated amoeboid 

microglia in the vicinity of amyloid plaques in the Aβ and the Aβ+Iron models (amyloid plaques 

are not present in the Iron model).  

Perfusion Turnbull staining suggested ferrous iron was generally restricted to regions with high 

levels of DAB-enhanced Perls’ staining (such as the choroid plexus and midbrain). Importantly, 

such regions contained few if any amyloid plaques, which were instead generally restricted to areas 

with low Perls’ iron staining and no detected ferrous iron such as cortex and hippocampus.   

Most of the amyloid plaques were detected in areas with less iron staining 

 

Although most amyloid plaques in both the Aβ+Iron model and the Aβ model contained iron 

(Chapter 3, Section 3.3.3.3), there were more plaques in areas with weak iron staining such as the 

cerebral cortex, hippocampus and entorhinal cortex, the regions typically affected the most in AD. 

This occurred both under the conditions of increased iron loading in the Aβ+Iron model as well as 

under normal iron conditions in the Aβ model. Consistent with this, few if any plaques were 

detected by brightfield, fluorescence or polarised light microscopy techniques for Congo red 

staining (described in Chapter 3, Section 3.3.3.3) in brain regions such as thalamus and basal 

ganglia which stained strongly for iron. As these regions of the midbrain appear to be least affected 

by amyloid deposition, it is likely that movement control and executive functioning may be not be 

much affected in the Aβ+Iron model, at least at 6 months of age. This needs to be confirmed by 

cognitive and behavioural studies, which are underway in another PhD project (Freeman-Acquah, in 

progress).  

 

Some studies have reported amyloid deposits in the thalamus of other transgenic mouse models, 

with thalamic plaques appearing at 12 months in Tg2576-mutant PS1M46L mice (Wengenack et 

al., 2011) and at 8 months of age in double transgenic APPK670N,M671L–PS1M146L mice (Kurt 
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et al., 2001). Consistent with this, Braak and colleagues reported thalamus was affected later than 

hippocampus in AD (Braak et al., 1996). As the present research focused on six-month old Aβ+Iron 

model, investigation of older mice could answer whether plaques spread to other brain regions with 

age, as described by the above studies, and whether this affects behaviour or other functional 

outcomes.   

 

Studies of brain iron levels in human and transgenic mouse models of AD  

As discussed in General Introduction chapter (Section 1.6), Schrag and colleagues suggested in 

their quantitative meta-analysis that claims of increased levels of iron accumulation in AD brain 

reflect publication bias (Schrag et al., 2011b). The authors reported that increased iron levels in the 

neocortex of AD patients observed by one laboratory were not confirmed by seven other 

laboratories and found no significant difference between neocortical iron levels in AD and controls 

in the full set of studies (p = 0.76). Subsequent brain iron quantification studies, although 

sometimes reporting small and often highly variable increases in iron levels in restricted samples or 

disease stages (e.g. severe but not moderate AD) or restricted regions such as amygdala, have so far 

still failed to provide clear evidence for relationships between pathology and increased iron levels 

(Akatsu et al., 2012; Graham et al., 2014; Hare et al., 2016). However this will need to be re-

assessed on an ongoing basis as more studies are performed. 

As described in Section 4.3, the observations from the present study using DAB-enhanced Perls’ 

staining showed similar patterns of iron distribution in the Aβ model and the Aβ+Iron model, 

although iron staining was more prominent in the Aβ+Iron model. The distribution in both these 

models was similar to that already reported in the Iron model (Heidari et al., 2016b), with 

substantial iron accumulation in the choroid plexus, corpus callosum and in myelinated patches in 

regions such as the midbrain, the basal ganglia (e.g., caudate) and the thalamus.  

Brain regions with high levels of ferric or ferrous iron not clearly associated with myelin 

The choroid plexus is a network of cells present in the four ventricles of the brain that produces 

cerebrospinal fluid (CSF) and influences the distribution of various substances between the brain 

and the CSF (Richardson et al., 2015). By all methods used (Perls’, regular Turnbull and perfusion 

Turnbull stains, all with DAB enhancement), more iron was observed in the choroid plexus of the 

Iron model compared to the AKR model. Similarly more iron was observed in the choroid plexus of 

the Aβ+Iron model compared to the Aβ model (there were no clear differences apparent between 

the Iron model and the Aβ+Iron model). Though abnormal levels of iron have been reported in the 

choroid plexus of some patients with the iron overload disease haemochromatosis (Cammermyer, 
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1947; Russo et al., 2004), the consequences, if any, of iron loading in the choroid plexus are 

unclear.  

No obvious staining was seen in brain regions other than the choroid plexus of the Aβ+Iron model 

and the Iron model by the traditional Turnbull staining for the detection of ferrous iron. This may 

mean that most iron in these models is mainly in the ferric form. However, preliminary observations 

showed that a few cells in the midbrain of the Iron model and the Aβ+Iron model labelled for 

ferrous iron by the perfusion Turnbull method (Fig. 4.6). The perfusion Turnbull staining in the 

midbrain represents labile ferrous iron which could potentially react with cellular components such 

as lipid, protein or DNA to cause damage. This will be investigated further in Chapter 5. It should 

also be noted that cells positive for perfusion Turnbull staining were not seen in regions with many 

amyloid plaques such as the cortex and the hippocampus. However, as mentioned earlier (Section 

4.3.2), this approach needs to be refined in additional animals to minimise possible methodological 

artefacts and this is under investigation in other student projects in our group.   

 

Use of paraffin-embedded sections can result in considerable leaching of iron from myelin and 

other brain tissue during histological processing, hence different tissue processing methods (in 

particular fixed-frozen as opposed to paraffin-embedded sections) can cause variation in the 

patterns of DAB-enhanced Perls’ and Turnbull staining and fixed-frozen tissue sections can also be 

preferrable for immunolabelling (unpublished studies, Milward lab). Different patterns of iron 

labelling with different tissue processing methods are being explored further in ongoing studies. 

Other staining modifications such as post-DAB intensification methods are also being tested to see 

if this affects iron staining patterns (LeVine, 1997; Meadowcroft et al., 2015a; Moos and Mollgard, 

1993).  

 

Rouault and colleagues reported higher expression of transcripts for several iron-related proteins by 

in situ hybridisation (e.g. DMT1, ferroportin, hephaestin, ceruloplasmin and ferritin H) in the 

choroid plexus, compared to other brain regions (Rouault et al., 2009). Follow-up studies at the 

RNA as well as the protein level could also examine expression levels of different iron-related 

genes in the choroid plexus and other regions of both models. Further studies in larger numbers of 

mice and at older ages are required to investigate all the above questions. 

 

Iron storage in myelin and potential consequences for AD 

Findings from this chapter provided evidence that there was no clearly apparent large-scale 

redistribution of iron from myelin and myelin-associated cells to other cell types in the Aβ+Iron 
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model and the Aβ model. This suggests that myelin may act as a reservoir for excess iron in these 

models, as proposed for the Iron model (Heidari et al., 2016b). However, although iron 

accumulation was observed in myelinated structures, light microscopy could not distinguish if iron 

is in myelin itself or in the periaxonal space. Use of DAB-enhanced Perls’ staining combined with 

electron microscopy could answer where exactly iron is residing in the myelinated structures i.e. 

whether iron is in myelin, in the fluid between myelin and the axon or within the axon itself. 

 

White matter abnormalities have been suggested by different authors to be involved in AD 

pathogenesis although it is unclear whether such abnormalities are primary casual contributors to 

AD or secondary consequences of the disease (Radanovic et al., 2013; Scheltens et al., 1995; Xie et 

al., 2006). Age-dependent myelin breakdown may release iron, which is turn is suggested to 

stimulate Aβ oligomerisation and plaque deposition (Bartzokis et al., 2007; Bartzokis et al., 2004a). 

Considering this hypothesis, it may be speculated that some of the iron associated with amyloid 

plaques in the Aβ+Iron model and the Aβ model (observed in Chapter 3) may be iron released from 

myelin or myelin-associated cells with oligodendroglial morphology.  

Myelin abnormalities in the Aβ+Iron model could also be investigated, for example by assessing 

corpus callosum changes as described elsewhere (Donovan et al., 2014; Heidari et al., 2016b; 

Saadoun et al., 2009). Inducing demyelination by placing Aβ+Iron mice on a cuprizone diet 

(Ludwin, 1978; Matsushima and Morell, 2001) or using lysophosphatidylcholine (Ghasemlou et al., 

2007; Plemel et al., 2018; Schulz et al., 2012)  or cross-breeding with a myelin deficient model 

(Duncan et al., 2011) could help understand where iron loads if there is less myelin available for 

iron storage.  

 

While it was beyond the scope of the thesis to examine whether iron accumulation was 

accompanied by signs of myelin damage and deterioration, this could be a potential area of future 

investigation. However it is important to recognise that amyloid burden estimated by Congo Red 

imaging is less than 0.1% of brain cross-sectional area in the Aβ+Iron model (Fig. 3.6) whereas 

well over 50% of matched brain cross-sections shows medium to very strong iron staining (Fig. 

3.1). Therefore release of only a minute proportion of the total iron stored in myelin or in cells with 

high iron content may be sufficient account for all amyloid-associated iron in this model. As 

discussed in Chapter 6 General Discussion, this may have consequences for the success of chelation 

therapies.  
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Iron in myelin-associated cells with oligodendroglial morphology 

Histological studies suggest oligodendrocytes are rich in iron compared to other brain cell types 

examined (Connor and Menzies, 1996; Erb et al., 1996; Todorich et al., 2009a). As discussed 

in Section 4.3.4,  myelin-associated cells with oligodendroglial morphology showed evidence of 

iron loading by DAB-enhanced Perls’ staining in the Aβ+Iron model and the Aβ model. 

Immunolabelling for ferritin heavy and ferritin light antibodies (Section 4.3.5) also revealed a linear 

arrangement of cells resembling oligodendroglial trains in the Aβ+Iron model. Cells with similar 

morphology which co-localised with DAB-enhanced Perls’ staining in the Iron model have been 

identified to be a subset of oligodendrocytes, as reported previously by our group (Heidari et al., 

2016b). It will be important in the future to conduct detailed studies of cell lineage subtypes and 

various precursor progenitor cell species using batteries of antibodies to specific cell markers and 

iron-related proteins, for example platelet-derived growth factor receptor alpha PDGFRα for 

oligodendrocyte progenitor cells and T cell immunoglobulin and mucin domain-containing protein-

2 (Tim2) for H-ferritin receptor on oligodendrocytes (Todorich et al., 2008a). Other approaches 

such as single cell transcriptomics will also be valuable. Detailed analyses of marker expression 

profiles of these cells are now commencing in our laboratory. 

 

Neurons contain very little if any Perls’ stainable iron 
 
Co-labelling of brain sections with DAB-enhanced Perls’ staining and neuronal marker NeuN in 

both Aβ mice and Aβ+Iron mice showed little if any evidence of neuronal iron staining, similar to 

what our group has previously reported for Iron mice (Heidari et al., 2016b). This suggests there 

may be specific mechanisms that are not yet well understood which prevent neuronal iron overload 

even in circumstances of high external iron concentrations and even when neurons are potentially 

more vulnerable due to the presence of mutations associated with AD-related neurodegenerative 

disease processes.  

 

These protective mechanisms may in part involve maximisation of iron export out of neurons by 

ferroportin because the Hfe-/- and Tfr2mut mutations in our models may prevent the normal 

upregulation of hepcidin levels within the brain in response to increased iron loading, as  our group 

has also previously reported for Iron mice (Heidari et al., 2016b). This would be predicted to reduce 

hepcidin binding to ferroportin and subsequent internalisation and degradation, leading to 

preservation of ferroportin expression on the neuronal surface. However low neuronal iron loading 

has also been observed in another mouse model with raised brain iron levels without the Hfe-/- and 
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Tfr2mut mutations (Aryal, Milward and others, unpublished data). This needs to be investigated in 

depth in future studies. 

 

While neurons may be protected against internal iron overload in these mice, other mechanisms of 

neuronal damage such as oxidative damage of cell surface membranes by extracellular reactive 

species generated by labile iron cannot be ruled out. Neuronal oxidative damage and loss of neurons 

will be investigated further in Chapter 5. Another possibility is that if internal neuronal iron levels 

become inappropriately low, neuronal intracellular iron insufficiency may compromise normal 

neuronal functions. This has been reported previously in mice deficient for the iron regulatory 

protein Irp2 (Jeong et al., 2011; Zumbrennen-Bullough et al., 2014), and may also occur in the 

models with iron dyshomeostasis used in the present study although the mechanism involved will 

differ. Again this may make iron chelation therapy inappropriate, as further considered in the 

Chapter General Discussion.  

 

Lack of evidence for increased uptake of iron by astrocytes or for astrogliosis in areas of 
elevated iron 
 
Some authors propose myelin damage can lead to assembly and activation of astrocytes at the site 

of damage and subsequent engulfment of iron along with cell debris (Izawa et al., 2010; Raven et 

al., 2013; Schulz et al., 2012). Other authors suggest uptake of excess iron by astrocytes may 

contribute to neuroprotection (Pelizzoni et al., 2013; Peters et al., 2015). However, as astrocytes 

showed little if any evidence of iron loading by DAB-enhanced Perls’ and GFAP co-labelling in 

Aβ+Iron mice or Aβ mice, it can be speculated that astrocytes do not play large roles in taking up 

excess iron in these models. Also brain regions with numerous GFAP-labelled astrocytes typically 

had few iron-laden cells and regions with increased iron loading typically contained few astrocytes, 

suggesting there was little reactive astrogliosis in brain areas with increased iron accumulation.  

 

Iron loading in other unidentified cells 

As described in Section 4.3.7, Fig. 4.17, various iron-laden cells could not be identified with the 

markers used for this chapter, including solitary or independent cells which appear like teardrops 

with only one or a few processes and are not clearly associated with myelin and amyloid-plaque 

associated cells. The latter often had morphologies resembling those of transitional or activated 

‘amoeboid’ microglia and were present in the vicinity of approximately triple the number of plaques 

in Aβ+Iron mice compared to Aβ mice (77% as opposed to 22%). These observations raise the 
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important possibility that these cells may be involved in taking up excess iron along with amyloid. 

This will be investigated in more detail in the following chapter.  

Other limitations and future directions 

Some other mouse genetic models that have shown brain iron loading, and in particular models with 

mutations involving the IRE-IRP regulatory system, have been discussed previously (Heidari et al., 

2016b). As detailed in Chapter 1 General Introduction Section 1.5.6.1, the IRE-IRP regulatory 

system plays a crucial role in maintaining body iron homeostasis when there are changes in tissue 

iron levels. A putative IRE in human APP has been speculated to lead to increased APP expression 

in response to increased brain iron levels (Rogers et al., 2002). 

However one potential limitation of the present study is that the human Aβ sequence in the 

APP/PS1 mouse model (Jankowsky et al., 2004) doesn’t have an IRE (confirmed by personal 

communication, David R. Borchelt). Since this is the same model as the ‘Aβ model’ used in the 

present project, this also applies to the Aβ+Iron model. Inspection of the mouse APP sequence 

identified a region (+52 to +92 of the mouse APP sequence) with ~82% similarity to the putative 

human APP IRE (+51 to+94 of the human APP sequence). However this had little if any similarity 

with IRE sequences from either the human or the mouse genes for transferrin, ferritin light or heavy 

chains and divalent metal transporter 1 (Sanchez et al., 2011). Therefore while it is possible 

(although not yet confirmed) that in the human brain, APP expression is up-regulated in response to 

increases in brain iron levels, this may not be the case for the mouse models used in our study. 

However it is important to recognise that in mouse models in general, increasing APP alone does 

not result in amyloid formation unless there are mutations related to Aβ present such as those 

already present in our models (Xu et al., 2015). Therefore the absence of an IRE is considered 

unlikely to affect the general features of iron and amyloid relationships reported here. Furthermore, 

as noted above, neuronal iron levels do not appear to increase in our models even though total brain 

iron loading is increased. This suggests that even if the human IRE sequence were to be introduced, 

intraneuronal APP would not be up-regulated, although APP expression may be up-regulated in 

other cell species with higher intracellular iron levels, making consequences for amyloidogenesis 

difficult to predict. 

It would therefore be of interest to examine potential IRE-IRP regulation in these mouse models 

and determine for example which if any cells up-regulate APP expression in response to 

introduction of the human IRE and whether this accelerates the rate of amyloidogenesis in the 

Aβ+Iron model. Follow-up investigations could incorporate the use of appropriate gene editing 
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technology (e.g. clustered regular interspaced short palindromic repeats ‘CRISPR’) to investigate 

the potential effects of the IRE/IRP regulatory system on APP transgene expression in the Aβ+Iron 

model.  

 

Conclusion  

 

In summary, the findings of this chapter showed that brain regions with increased DAB-enhanced 

Perls’ staining for iron (such as the midbrain) also contained ferrous iron detectable by perfusion 

Turnbull staining. These regions contained few if any amyloid plaques whereas plaques were more 

commonly observed in regions with reduced DAB-enhanced Perls’ iron staining and no detected 

ferrous iron, such as the hippocampus and the cortex.  Following on from these observations, the 

next chapter will investigate whether brain iron loading above normal in the Aβ+Iron model and 

labile forms of iron may be accompanied by increased oxidative damage or neuronal loss in these 

mice. Additionally, some unidentified cells with high levels of iron staining in the immediate 

vicinity of amyloid plaques displayed microglial morphology in this model. Further characterisation 

of these cells will be carried out using double and triple labelling of brain sections with stains and 

markers specific for iron, amyloid and microglia. 

 

  



133 
 

5. Investigating possible effects of increases in iron levels on microglia, oxidative damage and 
neuronal loss  

 

5.1 Introduction  

Several lines of evidence have shown that Alzheimer’s disease (AD) is typically accompanied by an 

activation and upregulation of microglial cells, in conjunction with various inflammatory responses 

(Barger and Harmon, 1997; Mattson, 2004; Wood, 2017; Wyss-Coray, 2006b).  Moreover amyloid 

plaques have been observed in various studies to be surrounded and infiltrated by clusters of 

activated microglia (Bolmont et al., 2008; Rozemuller et al., 1986; Stalder et al., 1999). These 

observations have led some authors to speculate that microglia are involved in either the deposition 

of amyloid plaques (Baik et al., 2016; Frackowiak et al., 1992; Perlmutter et al., 1990; Venegas et 

al., 2017) or the clearance of amyloid plaques (Koenigsknecht and Landreth, 2004; Mandrekar et 

al., 2009; Ries and Sastre, 2016) or both (Hickman, 2008; Liu et al., 2010).  

Some immunohistochemical studies on post-mortem human brains affected with AD have reported 

iron accumulation in microglia (Connor et al., 1992a; Grundke-Iqbal et al., 1990; Jellinger et al., 

1990; Zeineh et al., 2015). Despite their clinical significance, these studies may be limited by 

variable post-mortem intervals and methodological concerns like leaching of iron out of the tissue 

specimen. It is therefore important to investigate whether microglia are associated with amyloid 

plaques in the Aβ+Iron model and if so, whether these cells contain iron.  

Furthermore, various researchers have debated about the relationships between AD and increased 

oxidative stress and cellular damage. It is still unclear whether oxidative damage contributes to the 

disease pathogenesis or if it is a secondary consequence of disease progression. Some studies have 

suggested that the reduction of ferric iron to ferrous form can occur within amyloid deposits 

(Everett et al., 2014a; Everett et al., 2014b; Khan et al., 2006). Nevertheless, most of these studies 

are in vitro and do not consider factors such as glial cells surrounding amyloid plaques or proteins 

in the extracellular environment which may have the ability to alter the valence states and hence the 

redox capacity of iron bound to amyloid.  On the other hand, previous studies from our group on 

various mouse models of iron loading have shown little evidence for increases in the expression of 

genes relating to oxidative damage (Heidari et al., 2016b; Johnstone et al., 2012a; Johnstone and 

Milward, 2010a). Hence it is important to investigate whether the Aβ+Iron model displays signs of 

oxidative damage and potential neuronal damage or death.   



134 
 

This chapter tests the third hypothesis of this project that microglia surround amyloid plaques in the 

mouse models and may have increased intracellular iron content, as has been observed in humans 

and that increased levels of brain iron may augment oxidative damage or neuronal loss in the mouse 

model of amyloidosis. 

 

 

  



135 
 

5.2 Methods 

5.2.1 Mice and tissue collection 

The generation of the AKR model, the Iron model, Aβ model and the Aβ+Iron model is described 

in (Section 2.1). Mice were fed a standard AIN-93G diet containing approximately 0.02% iron 

(Reeves et al., 1993). All protocols were approved by the Animal Ethics Committee of the 

University of Sydney where the mice colonies were bred and maintained.  

5.2.2 Histological studies 

Brains were dissected, fixed in 4% PFA, cryosectioned (20 µm) and transferred to gelatin-coated 

slides (Section 2.3.1.3). Four brain sections from each mouse (n=4 mice/group) were selected 

starting from -2.46 mm Bregma to -3.16 mm Bregma (Section 2.3.1.5).  

5.2.3 Quantification of microglia surrounding amyloid plaques  

The modified Puchtler method of Congo red staining (Puchtler et al., 1962) was used to detect 

amyloid plaques (Section 2.4.1, 13 mg/ml). As described in (Section 2.3.6.2), microglia were 

detected by ionized calcium binding adaptor molecule 1 (Iba1) antibody labelling, using the 

Vectastain Elite ABC horseradish peroxidase universal kit (Vector Laboratories, Catalog no. PK-

6200). Z-stacked images were taken using 20X magnification of the ZEISS Axio Scan.Z1 Slide 

Scanner. The Iba1-labelled microglia surrounding amyloid plaques were quantified manually using 

the multi-point tool of ImageJ,as previously described in the General methods chapter (Section 2.5)    

5.2.4 Triple labelling of iron, amyloid plaques and microglia 

The DAB-enhanced Perls’ staining protocol (Section 2.3.2), followed first by Congo red staining 

(Section 2.4.1, 13 mg/ml) and then by ionized calcium binding adaptor molecule 1 (Iba1) antibody 

labelling (1:500 dilution) on the same brain tissue section was done for simultaneous detection of 

iron, amyloid plaques and microglia. Performance of Iba1 labelling after Perls’ staining was 

necessary when using the immunofluorescence protocol for Iba1 labelling, to prevent loss of 

fluorescent activity that otherwise occurred if Perls’ staining was done second. For consistency, the 

same order was chosen while using the Vectastain Elite ABC horseradish peroxidase universal kit 

(Vector Laboratories, Catalog no. PK-6200) for Iba1 labelling. Single labelling of adjacent tissue 

sections with DAB-enhanced Perls’ stain only, Congo red stain only and Iba1 antibody only was 

done for comparison to check for potential artefacts in the triple labelling procedure.  
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5.2.5 Double labelling of iron and microglia 

To check if iron coincides with microglia, the 3,3'-diaminobenzidine tetrahydrochloride (DAB)-

enhanced Perls’ staining protocol was followed by ionized calcium binding adaptor molecule 1 

(Iba1) antibody labelling (immunofluorescence method, 1:500 dilution), on the same brain tissue 

section. Single labelling of adjacent tissue sections with DAB-enhanced Perls’ stain only and Iba1 

antibody only, was done for comparison to check for potential artefacts in the double labelling 

procedure. One brain tissue section without the Perls’ solution and without primary antibody was 

used as the negative control.  

5.2.6 Labelling with the oxidative damage marker 4-Hydroxynonenal 

As described in (Section 2.3.6), brain tissue sections were immunolabelled for the oxidative damage 

marker 4-hydroxynonenal (4-HNE, 1:100 dilution), which specifically detects an aldehydic product 

of lipid peroxidation. A brain section without primary antibody was used as the negative control. A 

testis section with high amount of oxidative damage from a mouse model of oxidative damage 

(provided by Prof John Aitken and Dr Geoffry De Iuliis, the University of Newcastle) was used as 

the positive control.   

5.2.7 Estimation of neuronal loss  

Immunofluorescent labelling of neurons in matched brain tissue sections of four mouse groups 

(n=4mice/group) was done with neuronal nuclear (NeuN) antibody (1:100 dilution) and Alexa Fluor 

488 secondary antibody (1:100 dilution). Imaging was performed at 20X magnification with FITC 

filter set (excitation 493nm, emission 520nm) of the ZEISS Axio Scan.Z1 Slide Scanner. 

Automated quantification of neurons was done using the ‘analyse particles’ function in the Fiji 

distribution of ImageJ, as described in General Methods (Section 2.6). Total number of neurons 

labelled with NeuN antibody was counted in left cerebral hemisphere (excluding cerebellum).     

5.2.8 Statistical analysis   

The mean count of microglia around amyloid plaques in the Aβ+Iron model was compared with 

that of the Aβ model by unpaired t-test. Two-way ANOVA was used to compare the mean 

differences in neuronal counts between 4 groups of mice (AKR mice, Iron mice, Aβ mice and 

Aβ+Iron mice) that were stratified on two independent variables (‘iron’ status and ‘amyloid’ status). 

Specifically, the question that was investigated was whether increased iron has an effect on neuron 

count irrespective of amyloid status (presence/absence) and vice versa i.e., whether amyloid status 

has an effect on neuronal count irrespective of iron status (normal/increased).  
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5.3 Results  

5.3.1 No difference in mean count of Iba1-labelled microglia surrounding amyloid plaques  

As hypothesised, most of the amyloid plaques in the Aβ+Iron model and the Aβ model had one or 

more cells clearly labelled with antibody to the microglial marker Iba1 in the immediate vicinity 

(Fig. 5.1).  

 

Fig. 5.1 Co-labelling of amyloid plaques and microglia. The figure illustrates amyloid plaques 

detected by Congo red staining (yellow arrows) and microglia labelled with the Iba1 antibody 

(white arrows) in Aβ+Iron mice.    

As illustrated in Fig. 5.2, there was no significant difference in the mean count of Iba1-labelled 

microglia surrounding amyloid plaques in the Aβ+Iron model (mean ± SEM: 3.654 ± 0.2488, n=4), 

as compared to the Aβ model (mean ± SEM: 3.784 ± 0.4646, n=4), by unpaired t-test (p=0.4073). 

Additionally, out of 102 amyloid plaques examined across four mice per group, 98% of plaques in 

the Aβ+Iron model and 93% of plaques in the Aβ model were surrounded by Iba1-labelled 

microglia (unpaired t-test, p>0.9999). These proportions are considerably larger than the 

proportions of approximately 77% and 22% of amyloid plaques in the Aβ+Iron and the Aβ models 

respectively that were estimated in the preceding chapter (Section 4.3.7) as having adjacent Perls’ 

positive cells identified morphologically as putative transitional or amoeboid microglia. This may 

be because antibody Iba1 is detecting ramified microglia not easily identified based on morphology 
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alone. Taken together, these results suggest the proportions of microglia clustered around plaques 

that are potentially activated or transitioning into activation are much smaller in the Aβ model 

compared to the Aβ+Iron model. This will be discussed further in the Chapter 5 Discussion (Section 

5.4). 

 

Fig. 5.2 Mean count of Iba1-labelled microglia surrounding amyloid plaques. Mean number of 

Iba1-labelled microglia around amyloid plaques in the Aβ model and the Aβ+Iron model. Data are 

presented as mean ± SEM (p>0.05, n=4 mice/group).      

5.3.2 Morphology of Iba1-labelled microglia in general brain regions and around amyloid 
plaques 

Cells detected with Iba1 antibody in the Aβ+Iron model and the Aβ model usually exhibited 

distinctive morphologies corresponding to descriptions of microglia in the literature (Crews and 

Vetreno, 2016; Davis et al., 2017; Nimmerjahn et al., 2005a), including ramified cell processes 

typically displayed by resting microglia (Fig. 5.3) through cells surrounding plaques with 

transitional morphologies or amoeboid morphologies corresponding to those displayed by activated 

microglia (Fig. 5.4). 
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Fig. 5.3 General morphology of microglia labelled with Iba1 antibody. Cells labelled with Iba1 

antibody Aβ+Iron mice with morphologies corresponding to those of ramified microglia.    

In contrast, some Iba1-labelled microglia around amyloid plaques appeared to have shorter and 

fewer processes (Fig. 5.4) than microglia in other brain areas (Fig. 5.3). Also some Iba1-labelled 

microglia around plaques in Fig. 5.4 appeared to have the ‘amoeboid’ morphology suggestive of the 

activated stage whereas others seemed to display the intermediate or transitional stages of activation 

with fewer processes than resting or  ramified microglia (Davis et al., 2017; Gomes-Leal, 2012; 

Kreutzberg, 1996; Ling and Wong, 1993; Ziebell et al., 2015).  

 

Fig. 5.4 Microglial labelling around an amyloid plaque in the Aβ+Iron model. Magnified image 

of a Congo red-stained amyloid plaque in the centre, surrounded by Iba1-labelled microglia (white 

arrows) in the Aβ+Iron model.  
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5.3.3 Visualisation of Iba1-labelled microglia and yellow-green birefringent amyloid plaques 

Complexes of Iba1-immunoreactive microglia and amyloid plaques were also visualised by 900 

crossed polarisers of the polarised light microscope. As illustrated by Fig. 5.5, Iba1-immunoreactive 

microglia were observed in the immediate vicinity of yellow-green birefringent amyloid plaques (as 

already described in previous chapters, these are the classical amyloid plaques detected by polarised 

light microscopy).   

 

Fig. 5.5 Labelling of microglia with Iba1 antibody in the vicinity of yellow-green birefringent 

amyloid plaques. Light microscopy with 900 crossed polarisers was used to visualise Iba1-labelled 

microglia around amyloid plaques confirmed by yellow-green birefringence (B, D); same sections 

visualised without the polarisers (A, C). Note that the images taken by polarised light microscope 

have a different brightfield appearance than other images in this thesis which were taken using other 

microscopes.    

As described in detail in Chapter 3 (Section 3.3.3.3.2.1), 99.25% of detected amyloid plaques were 

co-localised with DAB-enhanced Perls’ stainable iron in the brain sections examined in the 
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Aβ+Iron model as compared to 81.09% in the Aβ model. In order to examine if microglia 

surrounding the amyloid plaques phagocytose iron, triple labelling was done for amyloid, microglia 

and iron which is described in the following section.  

5.3.4 Most iron-loaded cells do not show Iba1 labelling but Iba1-immunoreactive cells are 
found in the vicinity of iron-amyloid complexes   

To investigate whether microglia surround aggregates of iron and amyloid, brain sections were 

triple-labelled with DAB-enhanced Perls’ stain, Congo red stain and Iba1 antibody (n=4 

mice/group). Fig. 5.6 shows clustering of Iba1-immunoreactive cells in the vicinity of iron-amyloid 

complexes. Microglia were noted around some but not all aggregates of iron and amyloid including 

some with very little clear amyloid labelling. However the combination of three different labels in 

this procedure made each label appear considerably weaker including DAB-enhanced Perls' 

staining, making findings inconclusive.   

With that caveat, the iron-loaded cells residing in the vicinity of iron-amyloid complexes failed to 

show clear co-localisation with Iba1 antibody (Fig. 5.6, panel G, red arrow). Conversely, in the 

Aβ+Iron model, a few faintly labelled Iba1-immunoreactive cells surrounded iron-amyloid clusters 

which were clearly labelled with DAB-enhanced Perls’ stain but showed faint Congo red staining 

under red Texas filter set (Fig. 5.6, white arrows). However these also did not appear to be co-

labelled with Perls’ stain, similar to Iba1 positive cells in other brain areas. 
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Fig. 5.6 Iba1-immunoreactive cells are found in the vicinity of iron-amyloid complexes.  

Clusters of Iba1-immunoreactive cells (blue arrows) which did not show clear co-localisation with 

DAB-enhanced Perls’ stain were seen in the vicinity of iron (black arrows) and amyloid plaques 

(yellow arrows). A few weakly labelled Iba1 positive cells which did not appear to co-localise with 

DAB-enhanced Perls’ stain were found in the vicinity of iron-amyloid complexes. These iron-

amyloid complexes showed clear labelling for iron with DAB-enhanced Perls’ stain but weak 

staining for amyloid with Congo red stain under red Texas filter set (white arrows). (A) DAB-

enhanced Perls’ staining, (B) Congo red staining, (C) Iba1 labelling, (D) Merge of Congo red 

staining and Iba1 labelling, (E) Merge of DAB-enhanced Perls’ staining, Congo red staining and 

Iba1 labelling, (F) and (G) Magnified images of triple labelled iron-amyloid-Iba1 complex; red 

arrow in (G) indicates an iron-loaded cell which did not label with Iba1 antibody.   

The above observations raise the possibility that the triple labelling procedure might have been 

affected by spectral bleed-through or signal interference, hence affecting the visualisation of either 

of the three labels. These limitations suggest that the staining procedure needs further optimisation.      

Because of the limitations of the triple labelling procedure described above, an alternative approach 

was used where the immunofluorescence labelling for Iba1 antibody was replaced by the Vectastain 
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horseradish peroxidase protocol with SG substrate (Section 2.3.6.2). This procedure was expected 

to help in visualising iron, amyloid and microglia using brightfield microscopy. Although all three 

labels were still somewhat weaker when combined than when used separately, faintly labelled Iba1-

immunoreactive cells were observed to be assembling in the vicinity of iron-amyloid complexes in 

the Aβ+Iron model and the Aβ model (this is illustrated in the Aβ+Iron model by Fig. 5.7). Iron-

containing cells near the iron-amyloid complexes again failed to show co-localisation with Iba1 

antibody (Fig 5.7, red arrows), although as before this is subject to the caveat that both labels were 

weaker with the combined method.  

 

Fig. 5.7 Visualisation of Iba1-immunoreactive cells in the vicinity of iron-amyloid complexes. 

Iba1-immunoreactive cells (dark bluish-grey staining, yellow arrows) were seen in the vicinity of 

iron-amyloid complexes but the iron-loaded cells (red arrows) did not appear to label with Iba1 

antibody in the Aβ+Iron model. 

In addition to the triple labelling procedure discussed above, double labelling for iron and 

microglial marker Iba1 (immunofluorescence labelling) was also performed. However in general, 

co-labelling of the DAB-enhanced Perls’ stain with the microglial marker Iba1 also did not provide 

clear evidence that all iron-loaded cells are microglia (Fig. 5.8, n=4 mice/group). Very few iron-

loading cells in Aβ+Iron mice and Aβ mice appeared to coincide with Iba1 labelling. Likewise, few 

if any Iba1-immunoreactive cells showed clear DAB-enhanced Perls’ staining. It is possible that 

combining the two labelling protocols also reduces the sensitivity of either or both stains, as 

considered more in the Chapter discussion below.  

With this caveat, co-labelling with DAB-enhanced Perls’ stain and Iba1 antibody also detected 

many Iba1-immunoreactive cells which did not appear to contain iron (by DAB-enhanced Perls’ 

staining) within or in the vicinity of large round deposits of iron. These deposits had the distinctive 
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morphology of iron-amyloid co-aggregates and although the presence of amyloid could not be 

confirmed without triple labelling for Congo red, it is noted that such deposits were not observed in 

the absence of amyloid in the Iron model or wildtype mice.  

A small number of Iba1-immunoreactive cells possibly containing iron were also detected within or 

in the vicinity of some of these iron aggregates, although it was difficult to assess if the iron was 

actually within the Iba1 immunoreactive cell in each case due to the very high iron staining levels in 

the aggregates in question  (Fig. 5.8 D, E).   
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Fig. 5.8 Few if any Iba1-immunoreactive cells show clear DAB-enhanced Perls’ staining in 

general brain regions but Iba1-immunoreactive cells are found in the immediate vicinity of 

iron aggregates. In general, very few iron-loading cells detected by DAB-enhanced Perls’ stain 

coincided with the microglial marker ionized calcium-binding adapter molecule 1 (Iba1) (black 

arrows). Similarly, few if any Iba1-labelled cells coincided with DAB-enhanced Perls’ staining 

(yellow arrows). However, many Iba1-immunoreactive cells were detected in the vicinity of ion 

aggregates (red arrows). (A) Negative control (no Perls’ stain, no primary antibody), (B) Aβ model, 

(C) Aβ+Iron model, (D) and (E) magnified images show DAB-enhanced Perls’ stain and Iba1 

antibody co-labelling. 
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From the above observations using the triple and double labelling procedures, the fourth type of 

unidentified iron-loading cells in the vicinity of amyloid plaques described in Chapter 4 (Section 

4.4) cannot be reliably identified as microglia and these cells remain to be characterised in future 

follow-up studies as further discussed below.  

5.3.5 Oxidative damage studies  

In order to examine whether increased brain iron augmented oxidative damage in the mouse model 

of amyloidosis, brain sections from AKR mice, Iron mice, Aβ mice and Aβ+Iron mice were 

labelled with the marker for oxidative damage 4-hydroxynonenal (4-HNE).  

There was putative faint positive labelling in areas near dark regions postulated to be myelinated 

patches in the midbrain region of the Iron model, the Aβ model and the Aβ+Iron model, as 

compared to the AKR model, which in turn was slightly higher than the negative control without 

primary antibody (Fig. 5.9 A-F). However, it is to be noted that immunolabelling with 4-HNE 

antibody on all mouse groups was hard to assess easily due to the relative faintness of fluorescence 

and also it was unclear if the labelling was real or just background. Furthermore, the AKR model 

showed putative positive labelling with the 4-HNE antibody in some other regions like corpus 

callosum and cortex, which was also observed in the other three groups of mice, hence complicating 

the interpretation (Fig. 5.9 G, H).  

The other marker of oxidative damage 8-hydroxydeoxyguanosine (8-OHdG) was also tried in 

collaboration with the members from Aitken laboratory who are experienced in this area but the 

staining was even weaker including in the testis positive controls, suggesting possible 

methodological issues. Hence the results were inconclusive in the time available.  

Additional experiments are required with an optimised protocol for 4-HNE and 8-OHdG 

immunofluorescence labelling. Moreover co-labelling or labelling of adjacent sections with DAB-

enhanced Perls’ stain or Luxol fast blue stain could facilitate simultaneous detection of myelinated 

patches as well as possible iron-laden cells and structures. Having said that, co-labelling procedures 

may be affected by the sensitivity of individual stain/antibody (described earlier in Section 5.3.4), 

so this needs to be optimised too. It hasn’t been possible to complete these experiments in the 

timeframe of this thesis.  
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Fig. 5.9 Immunolabelling of mouse brain sections with the 4-HNE antibody. Brain sections 

immunolabelled for the oxidative damage marker 4-hydroxynonenal (4-HNE) showed putative faint 

positive labelling in possible myelinated patches in the Iron model, the Aβ model and the Aβ+Iron 

model (yellow arrows), as compared to the wildtype AKR model (C-F). However, 4-HNE labelling 

was seen in the corpus callosum (G) and the cortex (H) of the AKR model, which was also detected 

in the Iron model, the Aβ model and the Aβ+Iron model, hence making the assessment difficult.  

5.3.6 Preliminary data on the estimation of neuronal loss 

In order to examine whether increased brain iron augmented neuronal loss in the mouse model of 

amyloidosis, Bregma matched brain sections from the Aβ+Iron model and the Aβ model were 

labelled with the neuronal marker NeuN (n=4 mice/group). Quantification of neurons in left 

cerebral hemisphere (excluding cerebellum) was done using ‘analyse particles’ function of ImageJ. 
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This has been described briefly in Section 5.2.7 of this chapter and in detail in Section 2.6 of the 

General Methods chapter.  

As illustrated by Fig. 5.10, there was no significant decrease in relative neuronal counts per unit 

area in the full cerebral hemisphere (excluding cerebellum) (p=0.3331, n=4 mice/group, one-tailed t 

test) of the Aβ+Iron model compared to the Aβ model. These preliminary observations suggest that 

there is no clear evidence of neuronal loss resulting from increased brain iron levels in the Aβ+Iron 

model however more detailed sampling from more mice needs to be done in the follow-up analyses.    

 

Fig. 5.10 Relative neuronal counts per unit area of left cerebral hemispheres in the Aβ+Iron 

model and the Aβ model. Data are presented as mean ± SEM, p=0.3331, n=4 mice/group.   
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5.4 Discussion  

Overview 

This chapter tested the third hypothesis of this project. It investigated whether microglia surround 

amyloid plaques in the mouse models and may have increased intracellular iron content, as has been 

observed in humans. It also examined whether increased levels of brain iron may augment oxidative 

damage or neuronal loss in the mouse model of amyloidosis. 

Observations from this chapter provided evidence that microglia were found in the immediate 

vicinity of amyloid plaques in both the Aβ+Iron model and the Aβ model. In general, most iron-

loading cells in these mouse models did not appear to coincide with microglia labelled with Iba1 

antibody, as previously observed by our group in the ‘Iron’ model i.e. the Hfe-/-xTfr2mut mice 

(Heidari et al., 2016b). However Iba1-labelled microglia were found to congregate in the vicinity of 

iron-amyloid complexes and it is possible that issues with simultaneous labelling with Iba1 

interfered with iron detection. The Iba1-labelled microglia surrounded amyloid plaques in both 

Aβ+Iron mice and Aβ mice in similar numbers. However, as discussed previously in Chapter 4 

(Section 4.4), iron-laden cells with microglial morphology in the transitional or activated stages 

were detected in the vicinity of approximately 77% of plaques in Aβ+Iron mice as compared to 

22% in Aβ mice.  

Although methodological limitations cannot be ruled out, putative positive labelling with 4-HNE 

antibody was observed in all mouse groups examined, suggesting oxidative damage and specifically 

lipid peroxidation, although the level was low compared to the positive control (testis). There 

appeared to perhaps be more 4-HNE labelling near myelinated patches of midbrain in the Aβ+Iron 

model compared to other models. However labelling was also seen in other regions such as the 

corpus callosum and cortex of all animals, including the wildtype AKR model, and it was not 

feasible to perform robust quantitative comparisons across the brain or its subregions within the 

timeframe of the project.  

Consistent with the lack of evidence for substantial oxidative damage, preliminary data obtained in 

this chapter showed that increased brain iron levels did not result in significant decrease in relative 

neuronal counts per unit area in full cerebral hemispheres of the Aβ+Iron model compared to the 

Aβ model.  
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Investigation of microglia surrounding amyloid plaques   

Clustering of microglia around amyloid plaques has been described in various mouse models of 

amyloidosis as well as brains of AD patients (Bolmont et al., 2008; Haga et al., 1989; Itagaki et al., 

1989; Liebmann et al., 2016; Stalder et al., 1999; Wegiel and Wisniewski, 1990). Consistent with 

these studies, microglia labelled with Iba1 antibody were detected in the vicinity of amyloid plaques 

in both Aβ+Iron mice and Aβ mice.  

In this thesis, similar number of microglia (approximately 4 on average) were observed surrounding 

amyloid plaques in the Aβ+Iron model and the Aβ model. There are some other studies which have 

reported microglial count around amyloid plaques. Stalder and colleagues studied two age groups of 

APP23 mice: 6 month old and 14 to 18 month old. Amyloid plaques were surrounded by 2 to 3 

microglia in 6 month old mice, similar to the mean number of microglia (approximately 4) present 

around plaques in the 6 month old Aβ+Iron mice and Aβ mice as assessed by Iba1 labelling. 

Depending on the sizes of plaques in the 14 to 18 month old mice, the authors noted between 3 and 

20 microglial cell bodies in the vicinity of amyloid plaques (Stalder et al., 1999). It is difficult to 

directly compare the latter values with the data here which are in younger mice. Also the diameter 

of the smallest plaque these authors studied was less than 5 µm (no information is given on 

diameters of larger plaques) whereas on average, plaques in both the Aβ+Iron mice and Aβ mice 

had a diameter of around 20 µm.  

However the mice values are reasonably similar to those reported for human AD by Wegiel and 

colleagues, who observed 5-6 microglial cells associated with amyloid plaques (average diameter of 

35 µm) in the cortex of a patient with AD (Wegiel and Wisniewski, 1990). Although most studies 

of AD have not reported plaque dimensions in detail, ranges of 30-100 µm diameter have been 

reported previously for human amyloid plaques (Mann et al., 1988). 

Morphology and activation states of microglia  

The microglial immune response involves activation of microglia from a quiescent or resting state 

which is typically accompanied by various morphological changes, as widely reported in the 

literature, with just a few examples listed here. Overall, the consensus is that ‘ramified’ morphology 

correlates with resting or quiescent states and ‘amoeboid’ morphology with phagocytic or activated 

states, with one or more transitional states in between (Crews and Vetreno, 2016; Davis et al., 2017; 

Gomes-Leal, 2012; Hristovska and Pascual, 2015; Nimmerjahn et al., 2005b; Tam et al., 2016; 

Ziebell et al., 2015).  
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As described in Section 5.3.1 and 5.3.2, common morphologies exhibited by the Iba1-

immunoreactive microglia in the Aβ model and the Aβ+Iron model were consistent with either 

resting ramified or activated amoeboid states, with some Iba1-labelled microglia showing 

morphologies consistent with intermediate or transitional stages of activation with fewer processes 

than ramified microglia  (Section 5.3.2, Fig. 5.4). Similar microglial morphologies have been 

described in the human brain and animal models of AD (Karperien et al., 2008; Meadowcroft et al., 

2015a).    

Possible relationships of microglia and amyloid  

Uncontrolled microglial reaction has often been speculated to have detrimental effects on neurons. 

For instance, some studies report that uncontrolled microglial activation may cause neuronal injury 

by releasing cytokines and neurotoxins (Heneka et al., 2015; Liddelow et al., 2017; Stalder et al., 

1999). The concept that there may be dichotomous beneficial and detrimental effects of microglia in 

AD has been put forward by many authors – for example with an early neuroprotective microglial 

reaction in AD clearing β-amyloid but subsequent release proinflammatory cytokines in response to 

ongoing amyloid accumulation eventually having deleterious affects on brain function (Gomes-

Leal, 2012; Hickman, 2008; Jin, 2012; Wyss-Coray, 2006a).  

However this is not fully born out by many studies relevant to AD, with a wide range of microglial 

activation states in various mouse models of AD rarely having direct ‘neuricidal’ effects and instead 

often primarily enhancing amyloid clearance, as reviewed elsewhere (Lee et al., 2013). 

Nonetheless, the nature of the microglia-amyloid interaction in Aβ+Iron mice and Aβ mice is still 

not fully clear, and some lines of evidence have suggested that microglia may instigate amyloid 

plaque formation. For example, some early studies reported that microglia contribute to APP 

expression and initiation of amyloidogenesis (Banati et al., 1993a; Bitting et al., 1996; Haass et al., 

1991). Stalder and others speculated that microglia may produce amyloid based on their observation 

using electron microscopy of potential intracellular amyloid fibrils in direct contact with the 

microglial endoplasmic reticulum (Stalder et al., 1999). This followed from an earlier study 

demonstrating nucleoside diphosphatase (NDPase) enzyme, which is generally found in the smooth 

endoplasmic reticulum and cell membrane of microglia, within newly formed amyloid fibers. This 

paper also concluded that microglia are involved in the formation of amyloid deposits (Wisniewski 

et al., 1990).   

However it remains to be conclusively established if microglia cause amyloid formation and if so, 

what mechanisms are involved, or whether microglia are activated in response to amyloid formation 
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arising from other causes. If so, this activation could still lead to additional neuronal damage and 

possibly further amyloid formation over extended time periods in human patients even if not in 

shorter-lived mouse models.  

Alternatively, it has been suggested that microglia may form a protective barricade around amyloid, 

compressing amyloid fibrils into a firmly packed and less lethal form. This is believed to prevent 

axonal dystrophy in the neighbouring neurons (Condello et al., 2015; Wang et al., 2016; Yuan et al., 

2016; Zhao et al., 2017). Other researchers have hypothesised that microglia may induce a ‘glial 

scar’, which is believed to protect the brain from toxicity of β-amyloid. According to Chakrabarty 

and colleagues, this occurs when astrocytes move closer to plaques which are already sequestered 

by microglia (Chakrabarty et al., 2010).  

As reviewed elsewhere, a primary role of microglia is to release inflammatory and cytotoxic 

modulators and induce phagocytosis against potential threats to the central nervous system (Banati 

et al., 1993b; Giulian, 1987; Kim and de Vellis, 2005; Nelson et al., 2002). Likewise, activated 

microglia surrounding amyloid plaques are postulated to be involved in the phagocytosis and 

clearance of β-amyloid (Gyoneva et al., 2016; Sheng et al., 1997; Stalder et al., 1999).  

Some in vitro studies have shown that microglia can take up amyloid via the receptor for advanced 

glycation end products (RAGE) and scavenger receptors (Lue et al., 2001; Paresce et al., 1996; Yan 

et al., 1996).  However, amyloid was not detected within the cell bodies of Iba1-labelled microglia 

in the Aβ+Iron model and the Aβ model, although as mentioned before, it cannot be ruled out that 

this observation may have been affected by the methodological issues of double and triple labelling 

procedures (Section 5.3.4) and as further discussed below.   

Iron staining in microglia  

Abnormal iron homeostasis (e.g. levels, forms, locations /distribution) may add to the detrimental 

effects on neurons. Some authors have proposed that microglia may be involved in the uptake and 

clearance of excess iron (Gillen et al., 2018; McCarthy et al., 2018b; Nnah and Wessling-Resnick, 

2018).  

As described earlier (Section 5.3.1), Iba1-labelled microglia were found in the vicinity of iron-

amyloid complexes but otherwise rarely coincided with areas of high iron in either Aβ+Iron mice 

and Aβ mice. There was no clear evidence of Iba1-labelled microglia taking up iron in these mice 

by double labelling with DAB-enhanced Perls’ stain and Iba1 antibody. However this is not 

consistent with the observations made with Perls’ staining alone of strongly iron-laden cells 
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morphologically resembling activated microglia around plaques, as discussed in Section 4.4 it has 

already been noted above (Section 5.3.4) that the double and triple labelling procedures for 

detecting iron, amyloid and microglia may deplete DAB-enhanced Perls' staining from brain 

sections. Furthermore, the triple labelling procedure may also be affected by spectral bleed-through 

or signal interference, hence affecting the visualisation of either Congo red staining or Iba1 

labelling. These issues are being followed up by other members of our group in order to optimise 

the staining protocols. As microglia in brains affected with AD are known to contain ferritin, co-

labelling of ferritin and Iba1 or other microglial markers may avoid some of these issues and 

provide more insight into iron-microglia colocalisation (Connor et al., 1992a; Hopperton et al., 

2017; Lopes et al., 2008).  

For example, Connor and colleagues performed immunohistochemistry of ferritin antibody and 

Ricinus Communis Agglutinin 1 (RCA 1) antibody for microglia and noted that most ferritin-

containing cells associated with plaques were microglia (Connor et al., 1992a). Grundke-Iqbal and 

colleagues detected ferritin-microglia co-localisation by using immunohistochemistry for ferritin 

and microglial markers anti-CD45, anti-HLADR and MRP 14 (Grundke-Iqbal et al., 1990).  

Jellinger and colleagues observed ferritin-positive microglia detected by anti-CD 45 and MRP 14 

markers for microglia (Jellinger et al., 1990). Zeineh and colleagues performed DAB-enhanced 

Perls’ stain with microglia labelled with CD163 (Zeineh et al., 2015).  

One other factor that may be important to take into account in future studies is the activation state of 

the microglia. Although the staining protocols used in this thesis did not confirm that the iron-laden 

cells around amyloid plaques were microglia, some studies have reported the presence of iron in 

activated microglia around amyloid plaques (Grundke-Iqbal et al., 1990; Meadowcroft et al., 2015a; 

van Duijn et al., 2017; Zeineh et al., 2015). Other authors have described that microglia accumulate 

iron when these cells are activated by stimuli such as hypoxic/ischemic insult or inflammation 

(Cheepsunthorn et al., 2001; Leitner et al., 2015; Urrutia et al., 2013).  

Based on the type of inflammatory cytokines released by microglia, the activation of microglia is 

also correlated with the M1 and M2 states of macrophage activation. Broadly, the M1 state is 

characterised by the release of pro-inflammatory cytokines and the M2 state is characterised by the 

release of anti-inflammatory cytokines (Orihuela et al., 2016; Satoh, 2018; Tang and Le, 2016; 

Zhou et al., 2017). The relationships of resting and active microglia to M1, M2 and transitional 

M1/M2 states is still being clarified (Cherry et al., 2014; Franco and Fernandez-Suarez, 2015; 

Sarlus and Heneka, 2017).  This will be a potential area of future study in the Aβ+Iron model.    
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Considering the above hypothesis that activated microglia accumulate iron, it may be speculated 

that microglia which did not label with Iba1 antibody in general brain regions of Aβ+Iron mice and 

Aβ mice may not be in an activated state. However, the iron-laden cells around plaques may be 

activated microglia which could not be labelled with Iba1 antibody due to the methodological 

limitations of the double/triple labelling procedure. This was beyond the scope of the present study 

but needs to be investigated in future research by using various markers of microglial activation 

states (described further below).  

Preliminary investigations of oxidative damage and neuronal loss in the Aβ+Iron mice 

As described above, some researchers speculate that excess iron catalyses the production of reactive 

oxygen species (ROS), which leads to oxidative damage (Aisen et al., 2001; Emerit et al., 2001; 

Hentze et al., 2004; Lou et al., 2009). Also some authors believe that β-amyloid induces activation 

of microglia and astrocytes, followed by production of nitric oxide and superoxide, resulting in 

oxidative damage (Gallagher et al., 2012; Wang et al., 2004b).   

To see if increased iron and amyloid deposition resulted in damage due to oxidative stress in 

Aβ+Iron mice compared to other mouse models, brain sections were labelled with  the oxidative 

damage marker 4-HNE. As mentioned earlier (Section 5.3.5), putative positive labelling was 

observed although this could not be confirmed by additional studies in the timeframe of this thesis.  

To investigate the possibility of neuronal loss directly, neuronal nuclear (NeuN) antibody was used 

for immunolabelling of neurons in all groups of mice. NeuN is a transcription factor that is 

expressed in the nucleus and cytoplasm of mature neurons (Mullen et al., 1992; Wolf et al., 1996).  

Healthy neurons are generally known to exhibit strong NeuN staining whereas NeuN 

immunoreactivity has been stated to decline under numerous pathological conditions such as 

cerebral ischemia, hypoxia and trauma. Under these conditions, several studies have presented a 

diminution in NeuN immunoreactivity as evidence of neuronal loss (Davoli et al., 2002; Igarashi et 

al., 2001; Unal-Cevik et al., 2004; Xu et al., 2002).  

There have been diverse findings on progressive death or damage of neurons, in various 

neurodegenerative conditions, including AD (Baron et al., 2017; Fu et al., 2018; Oakley et al., 2006; 

West et al., 1994; Whitehouse et al., 1982; Zhang et al., 2017). However, the preliminary data 

obtained from NeuN labelling and quantification in this chapter (Section 5.3.6) suggest there is no 

significant decrease in neuronal counts in the Aβ+Iron model. One possible explanation for this 

maybe that microglia are protecting neurons by isolating and shielding off toxic β-amyloid species 
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as suggested by other researchers and discussed above (Keren-Shaul et al., 2017; Yuan et al., 2016; 

Zhao et al., 2017).  

Follow-up studies are needed to reduce variability and gain more insights into these questions, 

including using more mice per group and by sampling more sections which span the full brain 

hemispheres of the animals rather than just focusing on strongly affected regions such as the 

hippocampus. Also, although not directly relevant in the current context, since no neuronal loss was 

observed, it is important to recognise immunolabelling with NeuN alone is not enough for 

determining neuronal loss as it may reflect reduction of NeuN protein or loss of its antigenicity 

rather than neuronal death (Gusel'nikova and Korzhevskiy, 2015; Unal-Cevik et al., 2004; Wu et al., 

2010). An injured but still viable neuron may lose NeuN immunoreactivity due to metabolic 

perturbations (Unal-Cevik et al., 2004) or due to temporary suspension of NeuN protein synthesis 

(Gusel'nikova and Korzhevskiy, 2015). Bearing in mind these speculations, additional methods of 

studying neuronal loss need to be considered in the future, which will be described in more detail 

further below. 

In the future, confocal microscope can be used to enhance the image quality of NeuN-labelled brain 

tissues. This microscope may enable the selection and imaging of regions of interest at higher 

magnification. Likewise, neuronal damage could be tested by using additional cell death assays 

such as terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) 

and fluoro-jade staining.  

Cresyl violet stain has been widely used as a standard histological stain for neurons in the past. 

However this stain has limited specificity as it may stain other types of glia in addition to neurons. 

Instead, antibodies specific to various neuronal types could provide more insights on neuronal loss 

in the Aβ+Iron model. For example, markers for glutamatergic neurons or cholinergic neurons 

could be checked, which  are reported to be affected in Alzheimer’s disease (Ferreira-Vieira et al., 

2016; Mufson et al., 2008; Wang and Reddy, 2017; Zhang et al., 2016),   

NeuN antibody combined with Congo red stain or any other stain specific to β-amyloid could be 

helpful to see if neurons are affected in the vicinity of amyloid plaques. Additionally, as previously 

discussed in Chapter 3 (Section 3.4), the soluble forms of Aβ peptide are believed to be more toxic 

compared to the insoluble amyloid plaques (Haass and Selkoe, 2007; Sengupta et al., 2016; Tomic 

et al., 2009). While the soluble Aβ peptides were not studied within the timeframe of this thesis, it 

is likely that an increase in toxic Aβ peptides may have resulted in putative lipid peroxidation 

damage in the Aβ+Iron model. However, no significant reduction in neuron numbers was observed 
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in this model regardless of the relative toxicity of soluble and insoluble forms of Aβ, in vivo. This 

needs to be considered in the future analyses.  

Limitations and future directions  

As discussed above, there were several limitations of the analyses reported in this chapter. Although 

there was no evidence of colocalisation of iron-laden cells and Iba1-labelled microglia in Aβ+Iron 

mice and Aβ mice (Section 5.3.4), methodological artefacts of simultaneous labelling of more than 

one target remain to be investigated. Also immunolabelling with other microglial markers could not 

be checked within the timeframe of this thesis.  

One marker that distinguishes microglia from macrophages is transmembrane protein 119 

(TMEM119) (Bennett et al., 2016; Satoh et al., 2016).  A combination of cluster of differentiation 

molecule 11B (CD11b) and cluster of differentiation 45 (CD45) is also described as distinguishing 

microglia from macrophages. Another important microglial marker which could be examined is 

triggering receptor expressed on myeloid cells 2 (TREM2) (Hopperton et al., 2017; Korzhevskii and 

Kirik, 2016). 

Furthermore, the marker for Human Leukocyte Antigen – DR isotype (HLA-DR), the major 

histocompatibility complex II protein, has been widely used to identify activated microglia in 

human brains (Hendrickx et al., 2017; Walker and Lue, 2015). The marker for F5/80 is described 

for detecting resting microglia and macrophages (Wada et al., 2000; Yamasaki et al., 2014). 

Likewise, macrophages and activated microglia are reported to express cluster of differentiation 68 

(CD68) protein at higher levels than resting microglia (Bodea et al., 2014; Hendrickx et al., 2017).  

Additionally, detailed analyses on general microglial morphology, density and activation could be 

done by Sholl analysis, which would facilitate detection of possible microglial morphological 

changes in the Aβ+Iron model and the Aβ model (Kongsui et al., 2014; Norris et al., 2014). 

As previously described in the General Introduction chapter (Section 1.4), it is likely that the 

Aβ+Iron model may display damage in the connectome (synapses and neuronal processes) although 

there was no clear evidence of neuronal loss. The investigation regarding whether the connectome 

is subjected to damage could not be completed within the timeframe of this thesis. To see if the 

Aβ+Iron model displays synaptic loss or synaptic pathology, follow-up studies could label brain 

sections with synaptophysin marker which is known to be an abundant membrane protein of 

synaptic vesicles (Clare et al., 2010; de Wilde et al., 2016; Eastwood et al., 1995; Gudi et al., 2017; 

Masliah et al., 1990).  
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Apart from the markers of oxidative damage used in this study, other markers for oxidative stress 

could be tested (e.g., universal markers for reactive oxygen species/reactive nitrogen species, 8-

Nitroguanine, superoxide dismutase and others) to see if there is any damage due to oxidative stress 

in the Aβ+Iron model. Besides these, markers for ferroptosis (iron-dependent cell death, described 

in more detail in Chapter 6) could also be used for doing additional checks (Cao and Dixon, 2016; 

Lewerenz et al., 2018).   

Conclusion 

This chapter addressed the question of whether elevated brain iron may increase oxidative damage 

or neuronal death in response to Aβ. It provided preliminary evidence of possible oxidative damage 

in the brain of the Aβ+Iron model at 6 months of age, supplementing evidence reported in the 

previous chapter of labile (ferrous) iron accumulation in this model. If these preliminary 

observations are confirmed by follow-up studies, it could suggest the combination of increased 

brain iron and Aβ pathology may contribute to early neuronal damage or other degenerative 

changes in the Aβ+Iron model at this age. However ferrous iron accumulation and potential 

oxidative changes were generally not prominent in regions containing amyloid. Furthermore initial 

studies did not provide clear evidence of neuronal loss in the Aβ+Iron model compared to the Aβ 

model.  

This may suggest that any toxicity resulting from increased iron and Aβ pathology is limited either 

because unregulated labile iron pools are insufficient to cause high levels of cell damage or because 

unknown protective mechanisms are successfully limiting damage at this age. Immune responses by 

microglial cells may be one possible protective mechanism. While there was no evidence that iron 

increased numbers of microglia around insoluble aggregates of Aβ in the Aβ+Iron model compared 

to the Aβ model, preliminary evidence suggested that the proportion of these microglia in or 

transiting to more active states may be considerably higher in the Aβ+Iron model. This suggests 

that microglia may be mounting additional immune responses in this model. Whether the net result 

of microgliosis is protective or inappropriately inflammatory remains to be determined as potential 

methodological artefacts remain to be clarified so clear evidence could not be obtained for the 

involvement of microglia in uptake and removal of excess iron. However taken together with the 

findings from the previous chapters that increased mouse brain iron levels did not contribute to 

exacerbation of amyloidosis at 6 months of age, these observations may suggest that microglial 

clearance of iron, amyloid or both may contribute to neuroprotection in the Aβ+Iron model.     
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6. General discussion 

How or even whether brain iron abnormalities contribute to AD remains controversial (Section 1.6) 

and it is unclear whether excess brain iron is a causal factor for AD or whether it is a secondary 

consequence of AD (Bolognin et al., 2011; Boopathi and Kolandaivel, 2016; Collingwood et al., 

2008; House et al., 2004b; Mantyh et al., 1993; Tahmasebinia and Emadi, 2017). One reason for 

this has been the absence of a suitable mouse model which manifests both chronic brain iron 

accumulation and pathological features of AD. To address this issue, this PhD project has used a 

recently developed ‘Aβ+Iron’ mouse model, unique to our group, that was generated by cross-

breeding the Hfe-/-xTfr2mut mouse model of human iron overload disorder haemochromatosis (‘Iron’ 

model) with an APPswe/PS1ΔE9 mouse model (‘Aβ’ model), and backcrossing onto the AKR 

background to maximise iron loading (Section 2.1). The resulting mouse model displays chronic 

brain iron accumulation and cerebral amyloidosis.  

Key questions investigated by this thesis  

Key characteristics of the relationships between iron and Alzheimer’s disease were explored in this 

thesis using the Aβ+Iron mouse (Fig 6.1). The fundamental questions which were addressed were 

as follows: 

i) Does excess brain iron change the amyloid plaque load? (addressed in Hypothesis 1) 

ii) Is there a relationship between patterns of iron and amyloid loading across different 

regions of the brain? (addressed in Hypothesis 2) 

iii) What cell types show increased iron loading in healthy brain or in the vicinity of 

amyloid plaques? (addressed in Hypotheses 2 and 3) 

iv) Does the combination of excess brain iron and amyloidosis increase oxidative damage or 

neuronal damage or death? (addressed in Hypothesis 3) 

The broad hypothesis that high brain iron levels may exacerbate Alzheimer’s amyloid pathology 

was not supported by the findings of this thesis. Overall, data obtained in this thesis suggest that 

instead, normal brain iron homeostatic and storage mechanisms involving myelin and myelin-

associated cells or other unidentified glia may allow considerable increases in iron in this model 

without accelerating amyloidosis or neuronal loss. The thesis has provided new insights into the 

nature of the relationship between iron and amyloid that may be relevant to the treatment of patients 

with iron chelation therapy.  
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The three specific hypotheses tested in the different chapters of the thesis will now be discussed in 

more detail.  

 

Hypothesis 1 

The first hypothesis (Hypothesis 1) tested primarily in Chapter 3 and also further addressed in 

Chapter 4 was that (a) brain iron level is increased in the Aβ+Iron model as compared to the Aβ 

model; (b) excess brain iron may augment cerebral amyloidosis in the Aβ+Iron model as compared 

to the Aβ model; (c) excess brain iron may co-localise with insoluble Aβ pathology in the Aβ+Iron 

model. 

As reported in Chapter 3, brain iron content measured by non-haem iron assay of homogenised 

brain hemispheres at 6 months of age showed substantial iron loading in the Aβ+Iron model 

compared to the age-, gender- and strain-matched Aβ model  (fold change ≥ 1.8, p<0.0001, n ≥11 

mice/group, with ≥4 per sex in each group). This was supported by the finding, reported in Chapter 

4, that the relative intensity of 3,3'-diaminobenzidine-4HCl (DAB)-enhanced Perls’ staining was 

significantly increased in the Aβ+Iron model compared to the Aβ model (fold change 1.7, 

p<0.0001, n=4 mice/group).  

The data presented in Chapter 3 support the first and third parts of Hypothesis 1 as brain iron levels 

were increased in the Aβ+Iron model compared to the Aβ model both as measured by non-haem 

iron assay and as detected by DAB-enhanced Perls’ histochemical staining and more plaques were 

found to be co-localised with iron in the Aβ+Iron model, as discussed in more detail below. 

However despite this, the second part of the hypothesis was not supported as there was no evidence 

of increased amyloid deposition in the Aβ+Iron model compared to the Aβ model.  

 

Specifically there was no significant difference in the amyloid plaque count and other key features 

of amyloid deposits such as density in the six month old Aβ+Iron model compared to the Aβ model 

(n=4 mice/group, p>0.05, Section 3.3.1). This may suggest that increased brain iron alone does not 

contribute to the aggravation of cerebral amyloidosis, at least in the early stages of the disease. 

It is considered unlikely that the failure to detect differences represented methodological limitations 

since to visualise deposits of insoluble non-amyloid Aβ peptide in addition to deposits that 

correspond to classical Aβ amyloid, three different methods were used: Congo red fluorescence, 

Congo red birefringence under polarised light (the ‘gold standard’ for amyloid detection) and 

antibody 4G8 labelling. While many studies only use Congo red fluorescence or antibodies to Aβ 

peptide, these sometimes label structures that are not positive for Congo red birefringence, which is 
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a required feature for structures to comply with the standard definition of ‘amyloid’ of the 

Nomenclature Committee of the International Society of Amyloidosis (Benson et al., 2018; Sipe et 

al., 2012; Westermark et al., 2005).  

Although there was no evidence for increases in amyloid, there was a possible increase in iron 

binding to plaques since all amyloid plaques clearly contained iron in the Aβ+Iron model, as 

compared to the Aβ  model where ~15-20% plaques did not contain sufficient iron to be visibly 

detectable by DAB-enhanced Perls’ staining. This suggests more iron may be incorporated into 

plaques when brain iron levels are higher.  

As previously discussed (Section 3.4), this observation may also relate to the concept of iron 

deposits on plaques acting as oxidative stress ‘hotspots’. Some studies have proposed that the Aβ 

peptide facilitates the accumulation and reduction of ferric iron to the ferrous form within amyloid 

deposits (Everett et al., 2014a; Everett et al., 2014b; Khan et al., 2006). However, most of these 

studies are in vitro and do not take into account factors such as glial cells around plaques or proteins 

in the extracellular environment which may modify the valence state of amyloid-bound iron. In the 

present study, while Perls’ stain can detect the potentially labile ferrous form of iron (Meguro et al., 

2007), it primarily detects ferric iron, and plaques did not appear to be detected by Turnbull’s stain, 

even using the more sensitive perfusion method (Section 4.3.2). Furthermore again, in the light of 

the findings of Section 3.3.3.3, there was no evidence of increased iron promoting amyloid 

deposition in the Aβ+Iron model compared to the Aβ model although iron co-localised with 

amyloid in both of these models.  

It is therefore possible that the amount of amyloid is limited by the amount of Aβ. More exactly the 

rate of generation of amyloidogenic Aβ may be the main factor determining the amount and rate of 

amyloid production as long as there is some threshold level of iron available that is sufficient to 

initiate and/or sustain amyloid deposition, if indeed iron is required at all. Although this appears 

likely from in vitro observations such as those of House and colleagues that amyloidogenesis is 

impaired by iron chelation (House et al., 2004b), this has yet to be fully confirmed and it remains 

possible that other agents could also initiate amyloidogenesis in vivo in some circumstances.  

As discussed in Section 4.4, there is currently little if any evidence that iron itself can increase 

generation of amyloidogenic Aβ directly, for example through actions on the IRE-IRP system, but 

this is difficult to assess without more complex mouse models than those presently available. 

  

Regardless of the nature of the iron-amyloid relationship in AD pathogenesis, the clear co-

localisation of iron with both amyloid and other insoluble forms of Aβ aggregates confirmed in the 
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present study supports the use of iron as a surrogate marker for the detection of disease pathology 

by neuroimaging of patients. Increased levels of iron in brain tissue are believed to aid in detecting 

changes in transverse relaxation (T2) and susceptibility of magnetic resonance imaging (MRI) in 

AD tissue. This has led many researchers to see the presence of elevated iron as a promising way of 

diagnosing AD long before other pathological symptoms become visible (Acosta-Cabronero et al., 

2013; Antharam et al., 2012; El Tayara Nel et al., 2007; Jack et al., 2005; Meadowcroft et al., 2009; 

Meadowcroft et al., 2015b).  

 

Hypothesis 2 

The second hypothesis which was addressed by this thesis was that brain iron distribution in 

different cell types and structures is generally similar in the Aβ+Iron model and the Hfe-/-xTfr2mut 

model (the ‘Iron model’) with the important exception of iron associated with amyloid plaques and 

iron-associated cells in the vicinity of amyloid plaques in the Aβ+Iron model (plaques are not 

present in the ‘Iron model’).  

The findings presented in Chapter 4 support Hypothesis 2 as considerable amounts of iron 

accumulated in the choroid plexus, myelin and myelin-associated cells whereas neurons and 

astrocytes showed little if any evidence of iron accumulation. This is consistent with the earlier 

findings from our lab for the Iron model (Heidari et al., 2016b).  

Specifically, there was little evidence for abnormal iron loading in astrocytes or reactive astrogliosis 

even in areas of increased iron loading in either the Aβ model or the Aβ+Iron model (Section 4.3.7). 

Similarly, preliminary observations in the present study (data not shown) suggest that the 

unidentified iron-laden cells in the vicinity of amyloid plaques are not astrocytes, although this 

remains to be confirmed in ongoing studies in our lab. 

There was also little if any evidence of iron accumulation in neurons in the hippocampus, the cortex 

or the midbrain of both the Aβ and the Aβ+Iron models. This suggests that there may be protective 

mechanisms which can prevent neuronal iron loading despite the presence of overall increased brain 

iron levels and amyloidosis with associated neurodegenerative changes in the Aβ+Iron model. 

Given the very low levels of iron detected in neurons it is also possible that neuronal intracellular 

iron insufficiency may compromise normal neuronal functions in Aβ+Iron model, as has been 

reported for mice deficient for the iron regulatory protein Irp2 (Jeong et al., 2011; Zumbrennen-

Bullough et al., 2014). 
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Additionally, it was observed that the Aβ+Iron model contained various groups of unidentified iron-

laden cells, including solitary or independent cells not clearly associated with myelin and cells 

associated with amyloid plaques. Yet interestingly, although most amyloid plaques contained iron 

in the Aβ+Iron model, overall there was an inverse relationship between plaque load and regional 

iron levels. More plaques were detected in areas with weak iron staining such as the cerebral cortex, 

hippocampus and entorhinal cortex whereas few if any plaques were observed in brain regions such 

as the thalamus and the basal ganglia which had relatively strong iron staining. This again suggests 

that high levels of iron alone may not be sufficient to increase amyloid deposition in the immediate 

vicinity as otherwise, if this were true, more amyloid plaques would be expected to be seen in the 

brain regions with most iron.  

It was also noted, as discussed in Chapter 4 (Section 4.4), that although the level of iron staining 

associated with individual Aβ aggregates was high compared to the surrounding neuropil and other 

structures in the immediate vicinity, the total amount of iron associated with amyloid appears likely 

to be a tiny fraction of the total brain iron stored in myelin or cells having high levels of iron. This 

is one of the issues identified in the project which makes the probable success of any iron chelation 

therapy questionable. 

Taken together, the findings from Chapter 3 and Chapter 4 suggest that although iron and amyloid 

co-aggregate, surplus iron does not inevitably lead to substantial aggravation of cerebral 

amyloidosis.  

Hypothesis 3 

The third hypothesis examined by this thesis had two components, that microglia surround amyloid 

plaques in the Aβ+Iron mouse model and may have increased intracellular iron content, and that 

increased brain iron levels may augment oxidative damage or neuronal loss in the mouse model of 

amyloidosis. 

 

As reported in Chapters 4 and 5, Iba1 labelling identified microglia surrounding plaques in the 

Aβ+Iron model, although whether these contained iron could not be clearly ascertained. While there 

was preliminary evidence for labile ferrous iron (Section 4.3.2) and potential oxidative damage  

(Section 5.3.5) in some brain regions, these generally did not correspond with regions containing 

amyloid. Furthermore there was no evidence for increased neuronal loss in the Aβ+Iron model in 

the NeuN labelling studies reported here (Section 5.3.6). While these data remain to be confirmed, 

this suggests the existence of protective mechanisms possibly, although not necessarily, involving 

microglia. 
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These findings may suggest that by six months of age, even the lifelong exposure of the Aβ+Iron 

model to high brain iron levels is not sufficient to trigger additional neurodegenerative cell loss 

beyond that already occurring in the regular Aβ model. Some authors have proposed that the iron-

amyloid interaction may even be neuroprotective if it results in redox-silencing of iron, although 

this has not been demonstrated for non-pharmacological iron increases in vivo  (Bishop and 

Robinson, 2003; Bishop and Robinson, 2004; House et al., 2004a; Nakamura et al., 2007; Telling et 

al., 2017; Zou et al., 2002).  

Ferroptosis 

Recently, an iron-dependent cell death pathway called ‘ferroptosis’ has been put forward as a novel 

mechanism of how abnormal iron may be harmful. This pathway is proposed to involve iron-

dependent accumulation of reactive oxygen species and depletion of plasma membrane 

polyunsaturated fatty acids (Bogdan et al., 2016; Cao and Dixon, 2016; Dixon et al., 2012).  

As there was no clear evidence of neuronal loss in the Aβ+Iron model and so far no evidence has 

been found for ferroptosis in the brain of the Iron model (unpublished data, Johnstone, Heidari and 

colleagues), this was not prioritised for investigation within the timeframe of this thesis. Future 

studies could however include the study of ferroptosis-related transcripts in the Aβ+Iron model to 

see if this model has altered expression of these genes as compared to the Iron model as well as the 

Aβ model.  

Possible protective roles of glia 

The hypothesis that microglia surround amyloid plaques in the mouse models of amyloidosis was 

supported by the findings of this study.  Although iron-laden cells were frequently observed in the 

vicinity of amyloid plaques, the combined labelling procedures for iron, amyloid and microglia 

could not verify that these cells were microglia, possibly due to technical issues when using more 

than one labelling protocol simultaneously. 

As discussed in Section 5.1, it is well established that microglia cluster around amyloid plaques 

(Bolmont et al., 2008; Haga et al., 1989; Itagaki et al., 1989; Liebmann et al., 2016; Stalder et al., 

1999; Wegiel and Wisniewski, 1990). One of the most potentially important findings of this thesis 

is that a far greater proportion of amyloid plaques was surrounded by cells with morphologies 

resembling activated or transitional microglia in the Aβ+Iron model than in the Aβ model, even 

though there was no difference in total microglial count around plaques based on Iba1-labelling. As 

activated microglia are reported to be able to clear more amyloid (Lee et al., 2013), it will be 
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important to investigate this in the Aβ+Iron model and examine how iron chelation might affect 

this. In addition, the illustrations of this thesis failed to disclose if amyloid was present in microglia 

or other cell types e.g. neurons. Follow-up studies could investigate this using higher resolution 

microscopy such as confocal microscopy.   

Hepcidin-ferroportin interactions and neuronal protection   

Thomsen and colleagues have noted that unless there is a large change in iron levels of the central 

nervous system, ferroportin expression appears to remain unchanged (Thomsen et al., 2015). The 

authors suggested this based on the reports of unaltered ferroportin levels in both iron deficient and 

iron excess conditions (Burdo et al., 2001; Wu et al., 2004). In the context of the present study, 

dysfunction of HFE and TFR2 is expected to result in very low levels of hepcidin transcripts in the 

Aβ+Iron model, similar to what was observed in the Iron model. Since hepcidin binding to 

ferroportin leads to its internalisation, low levels of hepcidin would in turn tend to preserve 

ferroportin on the neuronal cell surface, helping to safeguard neurons against excess iron 

accumulation (unpublished data, Johnstone, Heidari and colleagues). Follow-up analyses could 

examine hepcidin levels and ferroportin levels in the Aβ+Iron model. 

Neuron-centric and holistic perspectives of AD 

Strooper and Karran have commented that the traditional hypotheses of AD pathogenesis endeavour 

to explain neurodegeneration in terms of neuron-centric mechanisms. In these hypotheses, a single 

primary trigger such as β-amyloid is proposed to instigate the disease process, followed by 

subsequent downstream secondary phenomena such as oxidative damage, neuroinflammation, 

neuronal damage and ultimately dementia (De Strooper and Karran, 2016). However some clinical 

observations have not fully corroborated these hypotheses and the authors emphasize the need for 

more holistic perspectives which consider neuronal networks, oligodendrocytes, astrocyte, 

microglia and vasculature (De Strooper and Karran, 2016). In agreement with this view, the 

findings of the present study suggest more detailed investigations in the Aβ+Iron model may enable 

the elucidation of important pathways around iron, myelin, oligodendrocytes, other glia and 

vasculature and correlate these with neurons and neurodegeneration. 

Protective mechanisms involving iron storage in myelin and myelin-associated cells  

It is likely that the sequestration of iron in myelin and myelin-associated cells may help protect the 

brain of the Iron model against damaging effects of high iron concentrations (Heidari et al., 2016a; 

Heidari et al., 2016b). Consistent with observations reported previously by our group in the Iron 

model and discussed previously (Heidari et al., 2016a; Heidari et al., 2016b), iron in Aβ+Iron model 
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was also localised in myelin and myelin-associated cells whereas, little if any DAB-enhanced Perls’ 

stainable iron was detected in neurons and astrocytes. Iron storage in myelin may help prevent 

excessive neuronal iron loading despite extra-neuronal increases in iron and this may potentially 

protect against neurodegeneration. Storage of iron in myelin might also protect microglia, astrocytes 

and other glial cells against detrimental effects of surplus iron. However, while the brain of the 

Aβ+Iron model may be able to handle excessive iron as long as the storage capacity of myelin is not 

exceeded, it cannot be ruled out that in AD patients white matter damage and subsequent release of 

potentially labile iron may occur if excess iron is deposited beyond the safe storage limits of myelin 

and myelin-associated cells.  

A simple schematic summarising some of the key players in the complex relationship of iron and 

amyloid is presented in Fig 6.1 below. Some key questions that remain unanswered include the 

nature of the relationship, if any, between iron and amyloidogenesis, whether microglia are 

involved in the deposition or the clearance of amyloid plaques or both and what other mechanisms 

if any may contribute to possible neuroprotection in this model.  

 

Fig. 6.1 Overview of some of the key players in the relationship of iron and amyloid. The 

figure summarises some key questions in the iron-amyloid relationship considered in this thesis. 
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Limitations and future directions 

As the limitations of the individual studies in this thesis have already been discussed in the relevant 

chapters, the following section focuses on the requirements for addressing in the future how myelin 

damage, glial involvement and neuronal or synaptic changes may be relevant to the Aβ+Iron model.  

i. Limitations of the mouse model   

Ageing is the biggest risk factor for AD and Aβ+Iron mice may not have been old enough to 

manifest harmful consequences of excess iron. The AKR strain is a widely used background strain 

for generating mice with elevated iron levels due to its ability to maximize iron loading phenotype 

(Fleming et al., 2001) but it has a short lifespan (Festing and Blackmore, 1971; Yuan et al., 2009). 

Another major barrier of this study was slow breeding rates of Aβ+Iron mice. Due to these 

limitations, adequate number of mice could not be obtained to investigate effects of older age and 

gender on the parameters which were studied. Other members of the lab are examining older ages 

(9-12 months) in the present model and also studies of similar mice on other background strains and 

with other Alzheimer’s-related pathologies are now commencing to see if the life expectancy of the 

mice can be extended (e.g. beyond 12 months) and also to investigate if there is any underlying 

strain-specific differences. For example, follow-up studies could look into the effects of cross-

breeding the Iron model with other mouse models of AD, including mice which display tauopathy.   

 

ii. Need for additional studies of neuronal function   

In addition to using other methods besides NeuN to assess neuronal loss (discussed in more detail 

below), the possibility that neurons may survive but have functional deficits needs to be considered 

at the cellular and molecular levels as well as the level of the whole animal. As previously described 

in Chapter 5 (Section 5.4), it is possible that the Aβ+Iron model may display damage in the 

connectome (synapses and neuronal processes) even though there was no clear evidence of neuronal 

loss, although this could not be assessed within the timeframe of this thesis. To see if the Aβ+Iron 

model displays synaptic loss or pathology, follow-up studies could label brain sections for markers 

such as synaptophysin, an abundant membrane protein of synaptic vesicles. 

Also functional effects need to be examined by behavioural and cognitive studies. This is being 

carried out by other members of our group (unpublished studies, Elvis Freeman-Acquah, Dan 

Johnstone and colleagues, in progress). It will be of paramount importance to investigate if the 

phenotype with the combination of both increased brain iron and amyloidosis shows altered 
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cognitive ability compared to phenotypes having either brain iron accumulation only or amyloidosis 

only. Considering the histochemical findings of this study, the likelihood of observing minimal if 

any cognitive deficits cannot be ruled out. 

iii. Investigating mechanisms of neuronal damage or protection  

As already discussed in Section 3.4, soluble forms of Aβ peptide are now widely believed to be 

more toxic than the insoluble amyloid plaques (Haass and Selkoe, 2007; Sengupta et al., 2016; 

Tomic et al., 2009). While the analysis on soluble Aβ peptides could not be completed within the 

timeframe of this thesis, it is possible that any increase in toxic Aβ peptides in the Aβ+Iron model 

may have contributed to putative oxidative damage. Experiments involving enzyme-linked 

immunosorbent assay (ELISA) method to measure the levels of soluble amyloid deposits are 

planned by other members in the lab however it is important to note that no significant reduction in 

relative neuronal counts per unit area was observed in this model, irrespective of the relative 

toxicities and levels of soluble and insoluble Aβ forms. 

Additional assessment of neuronal loss or damage could be done by using additional cell death 

assays, e.g., terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling 

(TUNEL) and Fluorojade staining. Additionally, markers for specific neuronal types affected in AD 

could be tested, e.g. markers for cholinergic neurons or  glutamatergic neurons (Ferreira-Vieira et 

al., 2016; Mufson et al., 2008; Wang and Reddy, 2017; Zhang et al., 2016). As noted above, another 

marker is synaptophysin, which could be used to check if the Aβ+Iron model has synaptic 

abnormalities (Clare et al., 2010; de Wilde et al., 2016; Eastwood et al., 1995; Gudi et al., 2017; 

Masliah et al., 1990). 

iv. Additional investigations of relationships of iron and different glial cells  

Generally, co-localisation of iron-laden cells with Iba1-labelled microglia was not observed in 

Aβ+Iron mice and Aβ mice (Section 5.3.4) but immunolabelling using other microglial markers 

such as TMEM119, CD11b and CD45 could be examined alone or in conjunction with iron or 

ferritin labelling to provide more information on whether microglia are involved in the phagocytosis 

or deposition of amyloid plaques in this model.  

Changes in different myelin-related proteins and myelin abnormalities are known to contribute to 

AD associated cognitive decline (Bartzokis, 2004; O'Donnell et al., 1999; O’Sullivan et al., 2001; 

Peters and Sethares, 2002). Future studies could look at various features of myelin, for example 

myelin damage and abnormalities and changes in the expression of myelin-related genes in the 

Aβ+Iron model, as has been reported by our group for the Iron model (Heidari et al., 2016b).  
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As light microscopy could not reveal where exactly iron was loading in myelin, DAB-enhanced 

Perls’ staining combined with electron microscopy could assess whether iron is in myelin or in the 

fluid between myelin and axon or within the axon itself. Connor and Menzies reported that iron was 

confined to astrocytes and microglia in a myelin-deficient rat model whereas oligodendrocytes 

contained most iron in the littermate controls (Connor and Menzies, 1990). As described previously 

(Section 4.4), placing Aβ+Iron mice on a cuprizone diet (Ludwin, 1978; Matsushima and Morell, 

2001) or cross-breeding these mice with a myelin deficient model (Duncan et al., 2011) could help 

to see where iron would be loading if there was less myelin available for iron storage.  

Dietary iron supplementation and iron chelation studies 

The long-term usage of iron chelators are reported to result in deficiency of systemic iron and 

anaemia with several side-effects in older people with different health issues (Cuajungco et al., 

2000; Guo et al., 2013). Iron chelators can also seize iron from ferritin and other compounds which 

are vital for maintaining the iron-dependent intrinsic physiology of body. Hence, various 

researchers demand careful attention toward distinction of iron specific compounds, which are 

involved in the disease progression and those which are required for normal brain functioning 

before treating patients with iron chelators (Collingwood et al., 2008; Raven et al., 2013).  

As this study provided no evidence that surplus iron worsens amyloid pathology or neuronal loss in 

the six month old Aβ+Iron mice, iron chelation may not be beneficial to these mice. Nevertheless, 

follow-up investigations using mice of younger and older ages would be worth pursuing to study 

effects of iron chelators in the Aβ+Iron model and compare their efficacies at different time points.   

 

Conclusion 

Overall, the research reported here suggests that sequestration of iron in myelin and other protective 

mechanisms may permit substantial accumulation of iron in the brain without contributing to the 

exacerbation of cerebral amyloidosis or neuronal death. However the findings of this thesis have 

generated several additional questions.  

 

If increased iron does not contribute to the aggravation of amyloidosis related pathology, does the 

complex of iron, amyloid and microglia or other glia serve to protect neurons from possible toxicity 

of increased iron and amyloid deposition?   
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What would be the effect of too much or too little systemic iron in the periphery, as compared to in 

the brain? For instance, if there is excess iron in the blood, this may enhance oxygen carriage by 

blood and could help support oxygen supply to the brain despite the presence of cerebrovascular 

disease. In this scenario, high levels of peripheral iron may have beneficial effects without 

necessarily entering the brain yet problems may arise if this iron is chelated in the large proportions 

of AD patients who have cerebrovasculopathy as this could reduce brain oxygen supply. It should 

also be noted that high blood levels do not necessarily imply that brain iron levels are dangerously 

high.  

For example only a few patients with the iron overload disease haemochromatosis have been shown 

to have high brain iron accumulation (Berg et al., 2000; Nielsen et al., 1995). It is also not always 

clear if the patients being treated with iron chelators have high brain iron levels. A related concern 

is that even in patients with high brain levels of iron as detected by MRI, such iron may not be toxic 

if sequestered in myelin, making chelation at best unnecessary and potentially deleterious.  

 

The justification for clinical trials of early iron chelation therapy in AD patients or people with mild 

cognitive impairment now appears questionable. Surplus iron is present throughout the life of the 

Aβ+Iron mouse and yet this does not seem to affect Alzheimer’s amyloid related pathogenesis. 

Furthermore early administration of patients with iron chelators may deprive them of iron needed 

for proper cellular functioning. A very high degree of caution appears warranted in such 

circumstances. In any event, the findings from this thesis are expected to have direct translational 

consequences for AD and other neurodegenerative conditions and also possibly for patients with 

iron disorders such as haemochromatosis.  
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