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Abstract. There is a well-established literature indicating a relationship between iron in brain tissue and Alzheimer’s disease
(AD). More recently, it has become clear that AD is associated with neuroinflammatory and oxidative changes which probably
result from microglial activation. In this study, we investigated the correlative changes in microglial activation, oxidative stress,
and iron dysregulation in a mouse model of AD which exhibits early-stage amyloid deposition. Microfocus X-ray absorption
spectroscopy analysis of intact brain tissue sections prepared from A�PP/PS1 transgenic mice revealed the presence of magnetite,
a mixed-valence iron oxide, and local elevations in iron levels in tissue associated with amyloid-�-containing plaques. The
evidence indicates that the expression of markers of microglial activation, CD11b and CD68, and astrocytic activation, GFAP,
were increased, and were histochemically determined to be adjacent to amyloid-�-containing plaques. These findings support
the contention that, in addition to glial activation and oxidative stress, iron dysregulation is an early event in AD pathology.
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INTRODUCTION22

Iron plays a pivotal role in many physiological pro-23

cesses, for example in the transport of oxygen, electron24

transport, and in the synthesis of certain neurotrans-25

mitters [1]. Intracellular iron is stored in the cytosolic26

protein ferritin, a 12 nm diameter 24-subunit protein27

shell encasing a hollow interior capable of containing
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a maximum of approximately 4,500 iron atoms. Iron 28

is normally taken up from the redox active Fe2+ state 29

and converted to the less reactive ferric (Fe3+) valence 30

state in a ferrihydrite-like hydrated iron oxide [2]. Non- 31

heme iron circulates in the blood mainly in a tight, 32

but reversible, bond with the glycoprotein, transferrin. 33

Blood brain barrier endothelial cells express a specific 34

transferrin receptor (TfR) which facilitates cellular 35

internalization of iron [3]. Ferritin, brain endogenous 36

transferrin and TfR are heterogeneously expressed in 37

different brain cell types and brain regions which fur- 38

ther complicates a currently poor understanding of 39

iron release into the brain and its subsequent regulation 40
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[4]. Recent work has identified that alterations in41

iron metabolism, due to mutations in genes encoding42

iron metabolism-related proteins in disorders such as43

Friedreich’s ataxia and neuroferritinopathy, lead to a44

wide range of debilitating behavioral deficits which45

are associated with neuronal degeneration [5, 6].46

Considerable evidence supports the role of amyloid-47

� (A�) in the pathogenesis of Alzheimer’s disease48

(AD) [7] and more recent evidence has identified49

soluble forms of A� as the potential progenitor of50

several pathological aspects of AD [8]; these include51

mitochondrial abnormalities [9], deficits in axonal52

transport [10], alterations in synaptic density [11]53

and, most interestingly in the context of this study,54

widespread oxidative stress [12, 13] and robust, per-55

sistent microglial activation [14, 15]. Several reports56

propose that oxidative stress is one of the earliest57

changes in AD pathogenesis [16, 17]. Complementary58

work indicating that soluble A� triggers microglial59

activation [18], and that activated microglia which60

stain positively for inflammatory cytokines [19] are61

recruited to newly formed A� plaques [20], suggest62

these two processes may be integral to subsequent63

pathology progression.64

A long-standing link between aberrant accumula-65

tion of iron in the central nervous system (CNS) and66

neurodegenerative disorders such as AD exists [21].67

Reports identifying the presence of iron, copper, and68

zinc in A�-containing plaques [22–24], in addition69

to alterations in histochemically-identified patterns of70

ferritin and transferrin proximal to plaques [25] in71

end-stage human AD brain tissue, suggest iron accu-72

mulation and/or dysregulation may be pathogenic in73

AD. Recent work has indicated that iron concentrations74

and redox-active iron were elevated in postmortem75

brain tissue from patients diagnosed with mild cogni-76

tive impairment (MCI), the probable clinical precursor77

to AD, which is suggestive of dysregulation [26].78

The predominant iron oxide in human brain tissue79

is ferrihydrite-like as found in ferritin cores; in addi-80

tion there is some evidence of iron oxide deposition81

as haemosiderin, where the mineral form in tissues is82

often observed to be goethite-like. Experimental work83

has demonstrated the presence of another form of iron84

oxide, biogenic magnetite (Fe3O4), in human brain85

tissue. This form contains alternating lattices of fer-86

rous and ferric ions and was first isolated from human87

brain tissue by Kirschvink and co-workers [27]. This88

finding has been replicated in several subsequent mag-89

netometry studies, utilizing the differences in magnetic90

properties between magnetite and the iron oxides nor-91

mally found in brain tissue [28]. Recent advances in92

the application of microfocus X-ray absorption spec- 93

troscopy (�XAS) have enabled in situ localization 94

and characterization of magnetite deposits in corti- 95

cal senile-plaque-rich AD brain tissue [29]. Electron 96

microscopy techniques have also confirmed the pres- 97

ence of iron oxides with the crystalline properties of 98

magnetite in isolated A� plaque cores [30, 31], and 99

an increased fraction of magnetite in ferritin from the 100

postmortem brain of individuals with AD and supranu- 101

clear palsy [31]. It has been hypothesized that the for- 102

mation of biogenic magnetite may be associated with 103

elevated levels of Fe2+ where the latter may stimulate 104

excess production of tissue-damaging free radicals [32, 105

33]. Furthermore, it has been shown in vitro that in neu- 106

tral oxygenated buffer, under conditions where Fe2+
107

auto-oxidizes to Fe3+, a proportion of the iron is stabi- 108

lized as Fe2+ in the presence of aggregating A�42 [34]. 109

In this study we investigated the presence of vari- 110

ous iron oxide forms, and combined this with analysis 111

of microglial activation and oxidative stress, in tissue 112

prepared from a mouse model of AD which exhibits 113

early-stage amyloid deposition. This mouse is engi- 114

neered to overexpress the Swedish mutation of human 115

amyloid-� protein precursor (A�PP) and presenilin 1 116

(PS1). Our findings support the hypothesis that iron 117

dysregulation, as determined by �XAS analysis of 118

brain tissue prepared from a mouse model of AD, is an 119

early event in AD pathogenesis and is associated with 120

microglial activation, oxidative stress and early-stage 121

A� deposition. 122

METHODS 123

Animals 124

Specific pathogen-free (SPF) C57BL/6 mice were 125

purchased from Harlan UK Ltd. (Bicester, UK). 126

Transgenic animals from an existing colony of 127

A�PPswe/PS1dE9 transgenic mice (hereafter referred 128

to as A�PP/PS1 transgenic mice), purchased from The 129

Jackson Laboratory (Maine, USA), were used to form 130

breeding pairs with the C57BL/6 mice and bred in 131

an SPF animal housing facility in the Bioresources 132

Unit, Trinity College, Dublin. Mice were maintained 133

according to the regulations and guidelines provided by 134

the local ethical committee. All animals were housed 135

under a 12-h light-dark cycle at an ambient tem- 136

perature of 22◦C-23◦C and were maintained under 137

veterinary supervision throughout. Normal laboratory 138

chow and water were freely available to all animals. 139

Female mice, aged 8-9 months, were used in this study. 140

Animal experimentation was performed under a 141
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license granted by the Minister for Health and Chil-142

dren (Ireland) under the Cruelty to Animals Act 1876143

and the European Community Directive, 86/609/EEC,144

and every effort was made to minimize animal stress.145

Surgical equipment and surface metal-particulate146

decontamination147

Ceramic forceps, ceramic tweezers, and a sapphire148

cryosectioning blade (Electron Microscopy Services,149

USA) were acid-washed (3% HCl) and rinsed in de-150

ionized water. All surfaces were plastic, acid-washed151

(3% HCl), and rinsed in de-ionized water prior to use.152

All containers with reagents were placed on NdFeB153

bar magnets and, to ensure that magnetic contami-154

nants were removed and, as a further precaution to155

avoid magnetic particulate contamination, reagents156

were always pipetted from the top of the containers.157

Intracardial perfusion158

All A�PP/PS1 transgenic and wildtype mice used159

in this study were anaesthetized with an i.p., injection160

of sodium pentobarbital (30 �l, Euthanol, Merial Ani-161

mal Health, UK); the absence of the toe-pinch reflex162

was indicative of deep anesthesia. Intra-cardial perfu-163

sion was performed for 20 min using 0.1 M sodium164

cacodylate (Sigma-Aldrich, UK) which avoided the165

introduction of extraneous phosphates and the possi-166

bility that they might chelate trace metals of interest167

from the tissue. The brain was removed using ceramic168

tweezers and forceps and processed as required. Fol-169

lowing brain dissection the intact brain was cut using170

a sapphire blade and the right hemisphere used for171

SQuID magnetometry and subsequent ICP-MS anal-172

ysis. The left hemisphere was retained for molecular,173

immunohistochemical, and fluorescence analysis.174

Immunohistochemistry175

A�-containing plaques were visualized using Congo176

red staining [35]. Briefly, air-dried coronal cryostat177

sections (15 �m), obtained from tissue mounted on178

cork and flash frozen in OCT (Tissue-Tek, Finland),179

were fixed in ice-cold ethanol for 10 min, washed twice180

with phosphate-buffered saline (PBS), incubated in an181

alkaline NaCl solution for 20 min and incubated in a182

filtered alkaline Congo red solution for 30 min at room183

temperature. Sections were rinsed in ddH2O for 30 s184

and counterstained for 1 min in a 1% (w/v) methyl-185

green solution (Sigma-Aldrich, UK). Excess staining186

solution was removed by washing in ddH2O for 1 min187

and sections were dehydrated through a graded alcohol 188

series (75%, 95%, 100%; Sigma, UK). Sections were 189

air-dried and placed in 3 separate xylene baths for 5 min 190

each. Coverslips were placed onto DPX (RA Lamb, 191

UK) covered sections and left to dry in a fume hood for 192

24 h. For double staining, Congo red-stained sections 193

were washed 3 times with ddH2O prior to dehy- 194

dration (5 min/wash). Congo-red stained A�-plaques 195

were counted on coronal brain sections containing the 196

hippocampus (n = 4 sections were counted per animal) 197

to determine the average plaque count per brain section 198

(n = 4 mice were assessed). 199

Immunohistochemical assessment of CD68 200

expression was performed using the avidin–biotin– 201

peroxidase complex reaction in Tris-buffered saline 202

(TBS, pH 7.5). Non-specific interactions were blocked 203

by incubation in TBS (4% bovine serum albumin 204

(BSA); Sigma, UK, 10% normal goat serum (NGS); 205

Vector, UK), for 30 min at room temperature. Sections 206

were incubated overnight in rabbit anti-CD68 anti- 207

body solution (1/200 Santa Cruz Biotechnology, US; 208

in 2% BSA in TBS), washed in TBS, incubated in 209

biotin-conjugated goat anti-rabbit secondary antibody, 210

(Vector, UK; 1/200 in 2% BSA in TBS) for 2 h at 211

room temperature and washed. To block endogenous 212

peroxidases, sections were incubated in 0.3% H2O2 213

in TBS for 15 min and after washing were incubated 214

in a pre-made avidin solution. To develop color, 215

washed sections were incubated in diaminobenzidine 216

(DAB solution, 0.06% H2O2; Vector, UK) for 10 min. 217

Sections were washed, dehydrated through a series of 218

graded alcohols (75%, 95%, 100%; Sigma, UK), and 219

cleared by immersion in xylene (Sigma, UK). Cov- 220

erslips were applied using DPX (RA Lamb, UK) as 221

the mount, and slides were left overnight to set in a 222

fume hood. 223

Immunoreactivity of 8-hydroxy-2′ deoxyguanosine 224

(8-OHdG), which assesses oxidative damage to DNA 225

and RNA, was used as a proxy marker of oxidative 226

stress. Sections were washed in ice-cold methanol, 227

rinsed in TBS buffer (pH 7.4) and incubated sequen- 228

tially in 4% HCl for 7 min, and in 50 mmol/L Tris 229

base (denaturation and neutralization respectively). 230

Sections were incubated for 30 min at room temper- 231

ature in 10% normal horse serum (Vector, UK) and 232

4% BSA (Sigma, UK) in TBS, to block nonspecific 233

interactions and then incubated (overnight at 4◦C) 234

in goat anti-8-OHdG antibody (1/1000 in 2% BSA; 235

Abcam, UK). Sections were rinsed, and incubated 236

in biotin-conjugated horse anti-goat antibody (1/200 237

in 2% BSA in TBS; (Vector, UK)), rinsed, incubated 238

in 0.3% H2O2 in TBS for 15 min and washed. Sections 239
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were incubated in avidin-biotinylated peroxidase com-240

plex solution (ABC kit, Vector, UK) for 1 h and DAB241

solution (Vector, UK; 2 �l H2O2/mL) was applied for242

10 min. Sections were rinsed in distilled water, dehy-243

drated through a series of graded alcohols (75%, 95%,244

100%; Sigma, UK), cleared in xylene, and mounted245

in DPX (RA Lamb, UK) and left to set overnight in a246

fumehood.247

Air-dried cryostat sections (15 �m) prepared from248

the brains of A�PP/PS1 transgenic and wildtype mice249

were assessed for A� immunoreactivity. To permeabi-250

lize the tissue, sections were fixed in ice-cold methanol251

for 10 min, washed in PHEM, PHEM containing 0.1%252

Triton (Sigma-Aldrich, UK) and again in PHEM. Non-253

specific binding was blocked by incubating samples in254

4% BSA containing 10% NGS for 2 h at room tem-255

perature. Sections were incubated in the presence of256

the primary antibody (1 : 1000, Pan-Amyloid (A�42)257

antibody, Calbiochem, US) in 2% BSA containing 5%258

NGS overnight at 4◦C, washed in PHEM and incubated259

in the presence of the secondary antibody (1 : 4000 in260

2% BSA containing 5% NGS; 90 min at room tem-261

perature; ALEXA 488, Invitrogen, US). The sections262

were washed, mounted with DAPI-containing mount-263

ing medium (Vectashield, Vector Labs, USA), dried for264

24 h and visualized by confocal microscopy (Axioplan265

2, Zeiss, Germany). In some cases, A�-stained sections266

were washed and the staining process repeated with a267

primary antibody for MHC II (1 : 1000, MHC II anti-268

body, Calbiochem, US) as previously described [36].269

mRNA analysis (CD11b, CD68, IL-1β,270

and GFAP mRNA)271

RNA was extracted from CNS tissue, encom-272

passing the hippocampus and cortex, using a273

NucleoSpin RNAII isolation kit (Macherey-Nagel,274

Germany) according to the manufacturer’s instruc-275

tions. RNA concentrations were equalized to 1 �g276

before cDNA synthesis using a High Capacity cDNA277

RT Kit (Applied Biosystems, Germany) according278

to the manufacturer’s protocol. Equal concentra-279

tions of cDNA were used for Real-time (RT)-PCR280

amplification. RT-PCR primers were delivered as281

“Taqman® Gene Expression Assays” as previously282

described [37], and the assay IDs for the genes283

assessed were: CD11b (Mm01271263 m1), CD68284

(Mm03047343 m1), IL-1� (Mm00434288 m1), and285

GFAP (Mm01253033 m1). Target gene expression286

was calculated relative to the endogenous control287

(�-actin) to give a relative quantification (RQ) value288

(2-DDCT, where CT is threshold cycle).
289

SQuID magnetometry 290

All equipment and surfaces used in this procedure 291

were treated to remove metal particulate contamina- 292

tion as outlined above. Tissue was prepared for SQuID 293

magnetometry as previously described [38]. Following 294

freeze-drying, a single wildtype sample was removed 295

from the study as it exhibited a 45% decrease in 296

weight, compared with 77 ± 5.2% for all other sam- 297

ples. Samples were fragmented using a sapphire blade 298

and tightly packed into the centre of a SQuID sample 299

straw (Quantum Design, CA, USA) using custom- 300

made non-metallic presses and assessed using a MPMS 301

7 SQuID magnetometer (Quantum Design, CA, USA). 302

A sample degaussing sequence was carried out at 303

300 K, and then the isothermal remanent magnetiza- 304

tion (IRM) was measured at 5 K and 150 K following 305

exposure to a field of 1 Tesla; this field is sufficient 306

to saturate magnetite ensuring the IRM at 150 K is 307

dominated by magnetite as ferrihydrite contributes to 308

IRM at 5 K only. Eight measurements of the IRM were 309

obtained directly after the field had been removed, and 310

the last five measurements (where the initial decay had 311

stabilized) were averaged to obtain the IRM value for 312

each sample. A negative control containing no sample 313

was prepared, assessed using an identical protocol, and 314

used for blank subtraction purposes. 315

ICP-MS 316

The samples analyzed using SQuID magnetometry 317

were assessed for metal content using an Varian 820 318

ICP-MS (Varian, USA). A known weight of each sam- 319

ple was digested in a 7 : 1 ratio of 69% HNO3 and 320

35% H2O2 heated to 200◦C at 1000 W for 20 min 321

(EZ digester; Milestone Scientific, US) and brought to 322

50 ml with ultrapure water (Sigma-Aldrich, UK). Data 323

were acquired in peak-hopping mode with 15 scans per 324

replicate and 3 non-consecutive replicates per sample. 325

A sample containing only the digested reagents was 326

used for blank subtraction purposes. 327

X-ray Absorption Spectroscopy analysis 328

Tissue preparation 329

All equipment and surfaces used in this procedure 330

were treated to remove metal particulate contamination 331

as outlined above. Following brain dissection, coronal 332

cryosections (50 �m) from an A�PP/PS1 transgenic 333

and wildtype mouse brain were taken using a sapphire 334

cryomicrotome blade (Electron Microscopy Services, 335

USA) on a cryostat (Leica CM1900, Leica Microsys- 336

tems Inc, USA) that was not used for 2 days beforehand
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to minimize air-borne dust particles. A single section337

from each animal was placed onto a high quality quartz338

microscope slide (H Baumbach & Co. Ltd., UK) and339

stored at −80◦C in a parafilm wrapped slide box.340

Air-dried cryostat sections were mounted for room341

temperature microfocus X-Ray Fluorescence (�XRF)342

and microfocus X-ray Absorption Near Edge Spec-343

troscopy (�XANES) analysis. A layer of kapton film344

(25 �m thick; Electron Microscopy Services, USA)345

covered the tissue sections during measurements with346

an airtight epoxy seal joining the kapton film to the347

quartz slide.348

Microfocus X-Ray Fluorescence (µXRF)349

acquisition and analysis350

High resolution �XRF mapping was carried out351

on the I18 beamline at Diamond Light Source [39].352

Sections were screened for signal from a range of353

metal elements by measuring �XRF intensity above354

the K-edge for iron (7112 keV), using a primary beam355

of 10 keV. �XRF spectra were captured at a rate of356

one second per pixel, following stepped sample raster-357

ing on an x-y stage, with fluorescence signal detected358

using a high rate fluorescence 9 element Ge solid state359

detector system. Large area maps were obtained at360

60 �m resolution and off-site analysis was carried out361

in the PyMCA software program [40] where data were362

normalized to incoming beam intensity. Linear com-363

bination fitting of the individual fluorescence peaks in364

each spectrum enabled the contributions from major365

peaks, including Fe, Cu, and Zn to be calculated, and366

the contributions from smaller peaks (e.g., Mn) to be367

identified. Intensity maps for each element of interest368

were computed from the fitted spectra, determining369

signal intensity (and the standard deviation obtained370

from the fit quality), for the chemical elements in371

each pixel. In order to allow comparison of relative372

concentrations of elements between selected areas in373

a tissue section, the intensity spectrum was normal-374

ized to the number of pixels in each selection. Slide375

regions without tissue were used to obtain the back-376

ground spectrum, so that this could be subtracted from377

the main spectra to obtain the true signal from the tis-378

sue. Potassium concentration within the brain region379

under investigation was used to give an approximate380

indication of sample thickness, as the distribution was381

more uniform than for the other elements observed,382

and any potassium in the quartz slide and coverslip383

was below detection levels. The potassium maps were384

useful in image analysis and correlation with the light385

microscopy images, as they allowed features such as386

folds, tears, and voids in the tissue sections to be387

clearly identified. Subsequent staining of the sections388

with Congo red made it possible to compare rela- 389

tive metal ion concentrations in those regions with 390

extensive A� deposition, and those lacking Congo-red- 391

positive material. During the same experiment, areas 392

exhibiting high iron fluorescence were subjected to 393

�XRF-mapping at a higher resolution of 5 �m (these 394

data were processed as outlined above) and sites within 395

these areas were chosen for �XANES analysis (these 396

areas were not viable for Congo-red staining). 397

Microfocus X-ray Absorption Near Edge 398

Spectroscopy (µXANES) acquisition and analysis 399

�XRF-mapping (5 �m) of areas exhibiting high iron 400

fluorescence on the 60 �m XRF maps enabled iden- 401

tification of sites exhibiting focal increases in iron 402

fluorescence. These were chosen for �XANES charac- 403

terization and data were obtained through the K-edge 404

from 6960 to 7090 eV in steps of 5 keV with a dwell 405

time of 3 s, from 7090 to 7145 eV in steps of 0.5 keV 406

with a dwell time of 7 s and from 7145 to 7450 eV 407

in gradually increasing steps of 1.0 to 3.0 keV with 408

a dwell time of 3 s. A single spectrum was taken at 409

each site identified for XANES analysis, with spec- 410

tra taking approximately 30 min to acquire. Previous 411

studies utilizing the same experimental protocol and 412

setup have identified unchanged XANES spectra from 413

sites subjected to repeated acquisition; and dispersed 414

nanoparticle iron oxide standards with a variety of 415

redox states have been successfully characterized: in 416

this context, beam induced redox changes are thought 417

to be negligible. A reference trace from an iron foil 418

(positioned well away from the sample) was obtained 419

in parallel with each XANES measurement in order 420

to provide confirmation of the edge energy. �XANES 421

data were analyzed using the IFEFFIT Athena soft- 422

ware package [38]. Briefly, fluorescence intensity was 423

first normalized to the incident beam intensity at each 424

measured point. Background removal was performed 425

following the standard procedure in Athena, with line 426

regression to the pre-edge range (–100 to –20 eV), and 427

polynomial regression to the post-edge range (50 to 428

350 eV). The components of each �XANES spectrum 429

were fit with a set of standards measured under the 430

same experimental conditions (including ferrihydrite- 431

containing ferritin, haematite, dispersed magnetite 432

nanoparticles, and dispersed maghemite nanoparti- 433

cles), using Athena’s linear combination fitting routine 434

that enables the relative proportions of fitted standards 435

to be compared between spectra [41]. Representative 436

examples of �XANES data are presented in Fig. 5, 437

with a subset of the energy range assessed plotted 438

(7080–7180 keV). Subsequent Congo red staining of 439

the areas subjected to �XANES and �XRF-mapping 440
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at a resolution of 5 �m was not possible due to tissue441

fragility.442

µXAS statistical analysis and sampling443

A single coronal brain section, at approximately444

–2.30 mm Bregma, prepared from an 8-9 month445

old A�PP/PS1 transgenic mouse was assessed using446

60 �m-resolution XRF-mapping; tissue subjected to447

only this analysis was viable for subsequent Congo448

red staining. Colocalization of areas of iron deposition449

identified on the 60 �m XRF map and congo-red pos-450

itive staining were identified in the cortex (n = 3) and451

the hippocampus (n = 2). These areas were assessed452

for the relative increase in iron, copper, and zinc by453

comparison to adjacent regions. Thus normalizing the454

data to concentration variability due to brain region and455

cell type; Fig. 4a–d contains a representative exam-456

ple of colocalization in the hippocampus while Fig. 4e457

presents all colocalization data. Within the same brain458

section 2 areas (hippocampal CA3 subfield and dor-459

sal retrosplenial cortical regions) were XRF-mapped460

at a 5 �m resolution identifying 4 areas which were461

then subjected to �XANES analysis (these areas were462

not viable for Congo red staining). To maintain con-463

sistency with the 60 �m XRF maps obtained from the464

hippocampus provided in Fig. 4, the data presented465

in Fig. 5 were obtained from the hippocampal CA3466

subfield.467

RESULTS468

The total iron concentration and IRM of a single469

brain hemisphere is not altered by the amyloid470

deposition associated with 8-9 month old471

AβPP/PS1 transgenic mice472

Immunohistochemical assessment of brain sections473

prepared from 8-9 month old A�PP/PS1 transgenic and474

wildtype mice using Congo red confirmed the pres-475

ence of A�-containing plaques (Fig. 1a, b); no plaques476

were observed in brain sections prepared from wild-477

type mice. Average plaque number per coronal brain478

section prepared from transgenic mice was 14.45 ± 1.6479

per section. This is in line with previous studies at the480

same timepoint and is modest relative to the extensive481

levels of deposition reported in older mouse models482

of AD [42–44]. No significant change in brain tissue483

iron concentration was observed in A�PP/PS1 trans-484

genic, compared with wildtype, mice (Fig. 1c); copper485

and zinc concentration were also similar in both groups486

(data not shown). Analysis of IRM data, obtained from487

brain tissue prepared from A�PP/PS1 transgenic and488

wildtype mice, revealed no significant differences at 489

5 K or 150 K (Fig. 1d). The signal at 5 K is predom- 490

inantly associated with ferrihydrite-like ferritin cores 491

which are usually not blocked above 20–30 K, and the 492

trace signal at 150 K is only slightly greater than that 493

from the measured blank. The iron concentration and 494

IRM data are in agreement, and no difference between 495

the A�PP/PS1 and wildtype mice can be determined 496

on the basis of these bulk measurements. 497

Modest amyloid deposition is associated with an 498

increase in markers of microglial and astrocytic 499

activation and oxidative stress 500

Markers of microglial and astrocytic activation were 501

assessed using RT-PCR and the data indicate that the 502

expression of CD11b, CD68, IL-1�, and GFAP mRNA 503

was significantly increased in tissue prepared from 504

A�PP/PS1 transgenic, compared with, wildtype mice 505

(**p < 0.01; *** p < 0.001; Student’s t-test for indepen- 506

dent means, Fig. 2). Immunohistochemical analysis 507

confirmed microglial activation by revealing increases 508

in MHC II (Fig. 3b) and CD68 (Fig. 3c–e) in tissue 509

prepared from A�PP/PS1 transgenic mice compared 510

with wildtype mice. Staining for both markers was 511

enhanced proximal to plaques. Increased 8-OHdG 512

immunoreactivity proximal to A�-containing plaques 513

was also observed (Fig. 3f); this indicates oxida- 514

tive damage to DNA and/or RNA and is therefore a 515

marker of oxidative stress. These data demonstrate that 516

A�PP/PS1 transgenic mice exhibit neuroinflammatory 517

and oxidative changes at a relatively early age and that 518

these accompany the development of A�-containing 519

plaques. 520

Iron levels are increased in tissue associated 521

with Aβ-containing plaques 522

�XAS spectral analysis was combined with 523

immunohistochemical analysis to establish whether 524

areas of high iron deposition were spatially associ- 525

ated with A�-containing plaques;1 this analysis was 526

performed on 60 �m resolution XRF maps only. The 527

1 A small number of isolated pixels included highly localized
intense concentrations of calcium. As similar intensity of calcium
inclusions were observed when mapping background regions, these
pixels were omitted from the analysis. It has since been confirmed
with further XRF mapping at the same beamline that although no
XRF-detectable trace metals are present in the quartz slides, the
Kapton coverslips contain a small number of calcium inclusions.
Although areas that coincided with calcium inclusions were auto-
matically omitted from the analysis as a precaution, no other trace
metals were detectable in or on the Kapton.
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Fig. 1. Brain tissue prepared from A�PP/PS1 transgenic and wildtype mice display no difference in total iron content or IRM signal. Repre-
sentative micrographs confirm Congo red-positive A�-containing plaques in brain sections prepared from A�PP/PS1 transgenic mice in the
hippocampus (a) and cortex (b). No plaques were observed in tissue prepared from wildtype mice (insets;×10 magnification; scale bar = 250 �m).
c) Total iron concentration was similar in tissue prepared from A�PP/PS1 transgenic and wildtype mice. IRM measured at 5 K and 150 K (d)
in tissue prepared from A�PP/PS1 transgenic and wildtype mice, following exposure to a magnetic field of 1 Tesla, was similar (IRM data are
expressed as �emu per grams of iron per mg of brain tissue (dry weight). Data are expressed as means ± SEM (n = 4 or 5).

computed iron map of the CA2 field of the hippocam-528

pus is presented (Fig. 4a) with the highlighted area529

enlarged (b) to allow a comparison with Congo red530

staining of the same tissue sample (Fig. 4c). The531

elemental composition in the area co-localized to A�-532

containing plaques (labeled 1 in (b) and (c)) was533

compared with background levels in the tissue (dotted534

boxed area) and a notable increase in iron (112 ± %),535

but not copper or zinc, was observed (Fig. 4d). �XRF536

spectra and peak analysis of all areas of A�-containing537

plaque deposition analyzed in the brain section, includ-538

ing CA1, CA2, and auditory cortex (number of areas539

sampled = 5; Fig. 4e), indicated that elevated concen-540

trations of iron in these regions did not consistently541

co-localize with elevations or decreases in copper and542

zinc relative to background tissue levels (Fig. 4e).543

Potassium was found to be a good general indicator of544

section thickness, and allowed us to confirm that local 545

variations in iron concentration were not attributable 546

to significant variations in sample thickness. 547

Mixed-valence iron oxides are present in brain 548

tissue associated with high iron deposition 549

�XRF microfocus maps identified areas of high iron 550

deposition which were subjected to �XANES analy- 551

sis to determine which iron oxide forms were present. 552

These data were collected in the same session and prior 553

to any histological analysis of the tissue. However, his- 554

tological analysis of areas subjected to �XRF mapping 555

at 5 �m and XANES analysis was not possible. An 556

analysis of two areas in the CA2 subfield of the hip- 557

pocampus is presented (Fig. 5a, b). �XANES spectra 558

from the ferritin and magnetite standards are plotted 559
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Fig. 2. Markers of microglial and astrocytic activation are increased
in brain tissue prepared from A�PP/PS1 transgenic, compared with
wildtype, mice. CD11b, CD68, IL-1�, and GFAP mRNA expression
was significantly increased in brain tissue prepared from A�PP/PS1
transgenic, compared with wildtype, mice (**p < 0.01; ***p < 0.001;
Student’s t-test for independent means; CD11b, t-value = 4.929,
df = 7; CD68, t-value = 10.06, df = 7; IL-1�, t-value = 4.512, df = 7;
GFAP, t-value = 4.583, df = 7;). Data are expressed as a ratio of
CD11b, CD68, IL-1�, GFAP mRNA:�-actin mRNA, and are
means ± SEM (n = 4 or 5).

beside Area 2 to enable visual comparison of the spec-560

tra (Fig. 5c). �XANES spectra from areas 1 and 2 were561

linear-combination-fitted with the full set of standards562

to look for evidence of iron oxide inclusions other563

than ferritin [29]. Results are presented as a percentage564

weighting and can be considered a good indication of565

relative proportions to ±5%. A plot of the linear com-566

bination fit data generated for Area 2 is provided for567

inspection (Fig. 5d). The �XANES spectra from areas568

1 and 2 fit well with a combination of magnetite (16%569

and 26%, respectively) and ferritin (84% and 74%,570

respectively; Fig. 4e). The analyses indicate which spe-571

cific iron oxides are most consistent with the measured572

XANES. In the traces obtained from the A�PP/PS1 tis-573

sue, there was no evidence for significant components574

of maghaemite or hematite-like oxides. The compo- 575

nent proportions indicated by the fit (in this instance, 576

of ferritin and magnetite) enable comparisons of rela- 577

tive, but not absolute, iron oxide concentrations to be 578

made between sites. Identical analysis performed on 579

area of high iron deposition in the dorsal retrosplenial 580

cortex obtained similar results (data not shown). These 581

findings indicate that magnetite may be co-localizing 582

with ferritin in areas of high iron deposition in brain 583

tissue prepared from an A�PP/PS1 transgenic mouse. 584

It cannot be confirmed if the regions characterized by 585

�XANES co-localized with A�-containing plaques as 586

these regions were rendered fragile by 5 �m resolution 587

�XRF-mapping and �XANES analysis, and subse- 588

quent staining of these local tissue regions was not 589

possible. 590

DISCUSSION 591

We provide evidence indicating the presence of 592

mixed-valence iron oxides, activated microglia, and 593

oxidative stress in a mouse model of AD at a timepoint 594

where amyloid deposition was modest, suggesting 595

these changes occur relatively early in the time-course 596

of the AD-like pathology replicated by this mouse 597

model. 598

This is the first demonstration of the presence of 599

magnetite in a mouse model of AD and it was seen to 600

co-localize with areas of high iron deposition, although 601

it was not possible to determine if these deposits were 602

intracellular or extracellular. The findings indicate that 603

areas of high iron deposition were spatially associ- 604

ated with A�-containing plaques and this suggests that 605

magnetite was also associated with plaques. However 606

we were unable to directly demonstrate co-localization 607

of magnetite with A� deposition due to localized tis- 608

sue fragility resulting from extended high-resolution 609

�XAS analysis. The present data are in agreement 610

with previous findings which identified the presence 611

of magnetite in areas displaying high iron concen- 612

tration and within A� plaque cores in human AD 613

tissue [29, 30] and, interestingly, redox-active iron 614

deposits have been identified by immunohistochem- 615

istry [45] in brain tissue obtained from MCI patients 616

[26]. Optical microscopy accuracy enabled identifica- 617

tion of these deposits as being spatially associated with 618

GFAP-positive immunoreactivity, with intracellular 619

and extracellular deposits being observed. Inspection 620

of the published micrographs suggests that their aver- 621

age size is between 5 and 20 �m which correlates 622

with the deposits observed in the present study. These 623
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Fig. 3. Increase in markers of microglial activation and oxidative stress proximal to A�-containing plaques. (a) and (b) A�-containing immunoflu-
orescent plaques (green), in a brain section prepared from an A�PP/PS1 transgenic mouse at 2 magnifications (a;×40; b ×63; scale bar = 50 �m),
are encircled by cell nuclei (stained blue with DAPI). MHC II mmunofluorescence (red) is expressed in cells proximal to the plaques. c-e)
CD68 staining is markedly increased in a representative brain section prepared from an A�PP/PS1 transgenic, (d), and the enlargement of
the region of interest, (e), compared with a wildtype, mouse (c; magnification×40). f) Increased 8-OHdG immunoreactivity (brown staining)
is identified proximal to a Congo red-positive A�-containing plaque (pink) in a brain section prepared from an A�PP/PS1 transgenic mouse
(magnification×40).

deposits may precipitate plaque formation; however,624

the reported association with astrocytes is puzzling625

considering the low levels of ferritin observed in astro-626

cytes [1, 26]. It would be of value in the future to627

extend this analysis to larger cohorts, in order to estab-628

lish the extent to which mixed valence iron oxide is629

formed in regions of amyloid deposition in AD mouse630

models. This is significant not only for testing the 631

degree to which isolated in vitro mechanisms are rele- 632

vant in vivo [34], but also for establishing the extent to 633

which related observations in human ex vivo AD tissue 634

are replicated in mouse models of AD [30]. 635

Iron dysregulation is considered to be an early event 636

in the pathogenesis of AD [26] and some groups have 637
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Fig. 4. Areas of high iron concentrations co-localize with A�-containing plaques. mXRF spectral analysis identifies iron deposition in the hip-
pocampus of a brain section prepared from an A�PP/PS1 transgenic mouse. An �XRF iron map (a; scale bar = 1200 �m, resolution = 60 × 60 �m)
identifies the area under investigation, an enlarged image (b; scale bar = 300 �m) of the inset from (a) identifies an area of high iron deposition
(labeled 1) and an area in the CA2 subfield of the hippocampus (boxed area, dotted line). The pixel intensity represents iron fluorescence
(normalized to incident beam) and is proportional to total iron present. The white pixels are those exhibiting strong elevations of calcium typical
of those identified in the Kapton cover, and are therefore discounted. c) Subsequent Congo red staining of the sample identified A�-containing
plaques and the area marked 1 corresponds with that marked 1 in (b), showing spatial correlation of A�-containing plaques with high iron
concentration (×10 magnification; scale bar = 200 �m). To aid effective comparison between (b) and (c) the lateral blade of the dentate gyrus
(DG) and the pyramidal layer of the CA3 field (CA3) are identified on both. d) The �XRF spectra analysis displays the change in the fluorescence
intensity of several elements in area 1 relative to the boxed area. Spectra associated with the K� edge for Iron (Fe), Copper (Cu), and Zinc
(Zn) are shown (with the K� edge for iron also identified). e) The fluorescence intensity change (relative to a local background) for all areas of
tissue, with A�-containing plaque deposition, analyzed; Fe, Cu, and Zn changes are shown (n = 5; areas analyzed include hippocampal (CA2 and
CA3 subfield areas) and cortical (Cx1, Cx2 and Cx3) amyloid deposits). A magnified version of the Cu and Zn portion of the radar plot is also
provided. The radar plot center represents a 100% decrease in fluorescence intensity, with the radar plotlines away from the center indicating a
0–500% increase in fluorescence in 100% steps (relative to a local background in all instances).
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Fig. 5. XANES analysis indicates the presence of mixed valence iron oxides in areas of high iron deposition. Microfocus XAS analysis was
undertaken in areas of high iron deposition in the CA2 subfield of the hippocampus of a brain section prepared from an A�PP/PS1 transgenic
mouse. Composite Congo red and toludine blue light microscopy (a), microfocus iron �XRF map (b), XANES spectra for Area 2 and magnetite
and ferritin XANES standards (c), XANES spectra linear combination plot for Area 2 are presented (d) and results for Area 1 and 2 shown in
(e). The microfocus iron map (b) location is identified in (a) and the areas chosen for XANES analysis labeled in (b). a) Light micrographs in
composite image were taken at ×2.5 magnification, scale bar = 1200 �m. b) Microfocus map pixel resolution = 5 �m; scale bar = 50 �m. The
pixel intensity represents iron fluorescence (normalized to incident beam) and is proportional to total iron present. (inset; micrograph taken at
×20 magnification, scale bar = 100 �m).

suggested that it may actually trigger aspects of AD638

pathology [13, 46, 47]. The evidence indicates that639

deficits in iron regulation may lead to mitochondrial640

dysfunction which is identified as an early change641

in AD [48] and it is interesting that expression of642

the haemochromatosis protein, which is a hallmark of643

iron-overload disorders [49], is upregulated in reactive644

astrocytes and neurons in the AD brain [50].645

Whereas our data show that iron was associated646

with A�-containing plaques, no association for cop-647

per or zinc was observed in this study of a transgenic648

mouse model, however, several groups have reported649

increases in copper and zinc levels in A�-plaques in 650

human tissue from end-stage AD patients [22, 23]. 651

No difference in brain tissue concentrations of iron, 652

copper, or zinc were found in the present study. How- 653

ever at 18 months of age, a female mouse model of 654

AD was reported to display a reduction in copper, an 655

increase in iron, and no change in zinc, suggesting that 656

metal ion concentrations may change as pathology pro- 657

gresses [51]. More recent studies have identified a link 658

between zinc transporter proteins and AD; aberrant 659

patterns have been identified in MCI brain tissue [52] 660

and the presence of zinc transporter proteins has been 661
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identified in A�-containing plaques in postmortem662

brain tissue prepared from AD patients [53]. Although663

changes in metal concentration may occur in late-stage664

pathology [54], the evidence from the literature indi-665

cates that the dysregulation of iron, and possibly zinc,666

precede such changes [26, 55]. Although in this study667

there are no clear differences in the bulk iron con-668

centration and magnetic properties of the wild type669

and A�PP/PS1 brain tissue, the synchrotron �XAS670

analysis has enabled the location and identification of671

magnetite in regions exhibiting focal increases in iron672

deposition, highlighting the advantage of examining673

iron dysregulation at a microscopic scale.674

The presence of magnetite suggests dysregulation675

of normal iron storage and we show that 8-OHdG676

immunoreactivity, which is indicative of oxidative677

stress, was increased in tissue proximal to A�-678

containing plaques. There are several reports of lipid679

peroxidation occurring prior to amyloid plaque for-680

mation [56], while several others confirm oxidative681

stress damage is associated with plaques [57]. Oxida-682

tive stress is also known to upregulate A�PP and �-683

and �-secretases [58] and the possibility exists that684

iron may directly influence plaque formation by mod-685

ulating A�PP processing. Previous reports indicating686

magnetite association with A�-containing plaques has687

led some groups to suggest A� redox chemistry may688

be ongoing within the plaque itself [30]. Interestingly689

iron, but not zinc, accelerates A�42 beta-pleated sheet690

formation in vitro [59] and the presence of aggregating691

A�42 has been shown in vitro to stabilize a proportion692

of reactive ferrous iron that in the absence of the A�42693

would auto-oxidize to the more stable ferric form, cre-694

ating an environment that may lead to the generation of695

excess radical species [34]. It has also been suggested696

that redox active iron may mediate the neurotoxicity697

of A� [60], and several reports suggest interactions698

between iron and A� may ultimately be neuroprotec-699

tive if they lead to redox-silencing of iron [61–63].700

We observed that the increase in oxidative stress701

was associated with evidence of activated microglia,702

identified by increases in expression of CD11b and703

CD68 mRNA levels and increased CD68 and MHC II704

immunoreactivity. These findings are consistent with705

the well-accepted view that activated microglia are pri-706

marily responsible for producing oxygen radicals [64]707

and while the mixed-valence iron oxide deposits may708

be indicative of disrupted iron handling, and locally709

increased concentrations of ferrous iron, there is no710

direct evidence to link the resulting magnetite deposits711

identified in this study with oxidative damage. The712

increase in CD68, which is a marker of lysosomal713

activity may indicate that microglia are phagocytic 714

[65] but current literature suggests that minimal phago- 715

cytosis of plaques occurs [20]. It is possible the 716

CD68-positive cells are involved in the phagocytosis 717

of cellular debris adjacent to A�-containing plaques or 718

perhaps smaller A� deposits. 719

Activated microglia are considered to be the primary 720

source of inflammatory cytokines, although release 721

from astrocytes also occurs [66]. Here we show that the 722

increase in markers of microglial activation is accom- 723

panied by increased GFAP mRNA expression, which 724

is an indicator of astrocytosis, and with a marked 725

increase in IL-1� mRNA in tissue prepared from 726

A�PP/PS1 transgenic mice. This supports previous 727

work identifying astrocyte activation in mouse models 728

of AD [44] and indicating a close relationship between 729

proinflammatory cytokines and plaque deposition [67]. 730

However the role of IL-1� in AD pathology is complex. 731

For example, it has been reported that overexpres- 732

sion of IL-1� leads to reduced plaque deposition in 733

a mouse model of AD [68] but that IL-1� increases 734

A�PP synthesis and processing [69] and increases in 735

proinflammatory markers, including IL-1�, are found 736

in the AD brain in patients from different disease 737

stages [70]. 738

We set out to assess whether the early stages of 739

A� plaque deposition were associated with evidence 740

of changes in the handling of iron by cells. Our 741

findings suggest the presence of deposits of a mixed- 742

valence iron oxide proximal to A�-containing plaques 743

in A�PP/PS1 transgenic mice. The co-localization of 744

magnetite and deposits containing normal ferrihydrite- 745

like ferritin cores is consistent with former studies in 746

human tissues indicating altered iron storage in AD 747

ferritin, AD plaques, and plaque-rich AD tissues. Inter- 748

estingly this observation in the A�PP/PS1 transgenic 749

mouse was coupled with evidence of microglial acti- 750

vation accompanied by evidence of oxidative stress. 751

We propose that this may contribute to the dysregula- 752

tion in iron handling and may lead to progression of 753

pathology. 754
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