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Ill Abstract
Microglia are the principal immune-competent cell o f the central nervous system 

(CNS) and there is evidence to suggest microglia are the co-ordinating cells o f the 

CNS inflammatory response. The blood brain barrier (BBB) isolates the CNS from 

the rest o f the body and limits the delivery o f therapeutic agents to the CNS. 

Nanotechnology-based CNS drug delivery techniques, designed to bypass the 

restrictive nature of the BBB, often involve several constituents to mediate passage 

across the BBB. Little is known about the microglial response to such materials. A 

polyelectrolye coated magnetic fluorescent nanostructure was evaluated in this study. 

The nanostructure exhibited no cytotoxic effects, internalization o f the nanostructure 

did not induce a robust microglial activation and no meaningful increase in cytokine 

production was observed, although phagocytosis did occur. These results suggest the 

nanostructure could be used to deliver therapeutic agents to CNS cells while 

minimising inflammation due to microglial internalization. The potential o f the 

nanostructure to be used as a bimodal contrast agent, generating T2-weighted MRI 

contrast in vivo and confocal microscopy contrast in brain sections, was assessed. \n 

vivo experiments indicate that the nanostructure is ideally suited for use in cell 

tracking experiments that involve the administration o f pre-labelled cells. The 

nanostructure generates T2-weighted MRI contrast due to the iron oxide core. 

Similarly, human amyloid-beta (AP) plaques are known to contain iron and it has 

been suggested that Ap plaque attenuation o f T2 relaxation time may used a 

biomarker for Alzheimer’s disease (AD). Copper and zinc are also known to be 

present in Ap plaques but little is known about the metal composition o f Ap plaques 

in transgenic mouse models o f AD and how they compare with human Ap plaques. 

X-ray fluorescence (XRF) analysis, adapted for use with biological tissue, was 

performed on Ap plaques in brain tissue prepared from 8 - 9  month old APP/PSl 

transgenic mice. Iron was increased in plaques from transgenic mice but no increase 

in copper or zinc was observed. The increase in iron was approximately 5 times lower 

when compared with reported levels in human Ap plaques. This discrepancy, in 

addition to the absence o f copper and zinc, suggests that metal colocalization to Ap 

plaques may occur in vivo as plaques mature.



A ctivated  m icrog lia  are know n to surround A p p laques and neuro in flam m ation , w ith 

an  em phasis on m icroglial ac tivation , w as assessed  in the A P P /P S l m ouse m odel o f  

A D  at 8  -  9 m onths o f  age. Q uan tification  o f  am ylo id  deposition  indicated  that 

p laque num ber and inso luble A P i .4 2  w as g reater in the brains o f  fem ale A P P /P S l 

transgen ic , com pared  w ith  m ale A P P /P S l transgen ic  m ice. M icrog lial activation 

characterized  by increases in M H C  II, C D ! lb  and C D 6 8  w ere m easured  in the 

transgen ic  m ice and fem ale transgen ic m ice exh ib ited  increased expression  o f  

m arkers o f  m icroglial ac tiva tion  com pared  w ith  m ale transgen ic  m ice. Increases in 

the concentration  o f  T N F -a  and the expression  o f  IL - ip  m R N A  w ere observed in 

fem ale transgenic m ice only . T his gender bias extended to perfo rm ance in a spatial 

m em ory task  w here perfo rm ance o f  A P P /P S l transgenic m ice w as im paired 

com pared  w ith the perfo rm ance o f  w ild type m ice, but fem ale transgen ic  m ice 

perform ance w as m arkedly  w orse than  that o f  m ale transgen ic m ice. O verall the data 

provide support for the proposal that ac tivation  o f  m icroglia, to g e th er w ith the 

upregulation  o f  p ro in flam m atory  cy tokines, m ediate the im pairm ent in hippocam pal 

function in A P P /P S 1 transgenic mice.
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Chapter 1
Introduction

The central a im s o f  this thesis can be broadly classified as separate investigations 

into,

•  A ssessm ent o f  the neuro in tlam m ation  associated with a mouse model o f  

A lzh e im er’s disease (A D ) and longitudinal assessm ent o f  m agnetic  resonance 

im aging (M R l) relaxom etry  and cerebral blood perfusion changes in such a 

model.

•  The developm ent and application  o f  a technique to m ap iron, copper and zinc 

in absolute quantities.

•  The use o f  a m agnetic  and fluorescent contrast agent to track cell migration.

In order to familiarise the reader with the topics under investigation this introduction 

will introduce the central nervous system and it’s cellular constituents. A lzhe im er’s 

disease will be described and the m ouse m odels developed to investigate this disease 

will be outlined; specific attention will be paid to the mouse model used in this thesis 

and the role o f  neuro inflam m ation  in AD. The physical basis o f  M Rl will be briefly 

considered, while M Rl use in A D  research and M RI-derived m easurem ents o f  

cerebral perfusion will be outlined.

In the subsequent sections the relationship between AD and metals, iron in particular, 

will be described. A n introduction into several novel m ethods o f  assessing metal, 

focusing on iron ’s m agnetic properties, will be discussed. A fmal section will outline 

the use o f  M R l contrast agents  and recent advances in contrast agents o f  a bi-modal 

nature, specifically m agnetic  and fluorescent agents.

A more detailed outline o f  the specific aims o f  this thesis will close the chapter.



1.1 The central nervous system

The brain is isolated from the rest o f  the body by the blood brain barrier (BBB), 

which selectively restricts passage to the central nervous system (CNS). Two main 

cell types comprise brain tissue. Neurons, considered the computationally-com petent 

cell type, and glial cells. Neurons comm unicate with each other at synapses and each 

neuron can make up to 7,000 synaptic connections with others neurons. In this 

manner, complex circuitry between neurons are established. The role o f  these circuits 

in processing information is poorly understood. It is estimated that neurons represent 

only 10% o f  the cellular population in brain tissue, with glia outnumbering them.

Glial cells do not com m unicate in the m anner that neurons do, but are key to aiding 

neuronal function and m aintaining homeostasis. Glial cells can be divided into 3 main 

cell types: oligodendrocytes, astrocytes and microglia. In this thesis, emphasis will be 

placed on microglia

1.1.1 Astrocytes and oligodendrocytes

Oligodendrocytes are analogous in function to Schwann cells, resident in the 

peripheral nervous system. The primary function is the myelineation o f  axons in the 

CNS. However, in contrast to Schwann cell m ylineation o f  a single axon only, 

oligodendrocytes can myelinate up to 50 axons (Fiacco et al., 2009).

Astrocytes are characterized by a distinct star-shaped m orphology and are 

identified by staining positive for an intermediate filament protein named glial 

fibrially acidic protein (GFAP). Although initially considered to be involved only in 

structural and metabolic support to neurons, astrocytes are now known to be involved 

in numerous processes in the CNS (Volterra and M eldolesi, 2005). They modulate 

neurotransm itter concentrations and can both release and take up neurotransmitters. 

They provide nutritional support to neurons and can also participate in the release o f 

neurotrophins which promote neuronal function (Hughes et al., 2009). They have a 

role to play in the immune response o f  the CNS, becoming activated in response to 

neuroinflamm ation (Rossi and Volterra, 2009) and astrogliosis is characterized by an

2



increase in G FA P expression due to glial cell process, and cell number, increases. 

Astrocytes are an anatomical com ponent o f  the BBB. Astrocytic endfeet process onto 

endothelial cells and are fundamentally  involved in signalling across the BBB.

1.1.2 M icroglia

M icroglia  are the principal im mune com petent cell o f  the C N S, d isplaying the ability 

to migrate to areas o f  inflammation, phagocytose cellular debris and pathogens and 

m odulate  inflam m ation via cytokine release. M icroglia  have a com m on lineage with 

m acrophages and express cell surface markers more com m only  associated with 

m acrophages, including C D ! lb, and CD45 (Garden and Moller, 2006). M icroglia 

com prise  approxim ately 10% o f  the adult C N S cell population and occur throughout 

brain tissue m aintaining a ramified m orphology under normal conditions which 

a llows the cells to assess brain tissue status. M icroglia in this so called quiescent state 

display low levels o f  M H C  class I and II and are not phagocytic (Pivneva, 2008). The 

ramified m orphology displayed by microglia is constantly being reorganised while 

the cells probe their m icroenvironm ent for signs o f  injury or insult. Upon stimulation, 

in response to identification o f  infection or injury to the CNS, m icroglia retract their 

processes, becom e motile and can become phagocytic (K im  and Joh, 2006).

M icroglia respond to proinflam m atory cytokines, cell necrosis factors, changes in 

extracellular potassium concentrations (A braham  et al., 2001), viral infections 

(G onzalez-Scarano and Martin-Garcia, 2005) and a variety o f  proteins associated 

with neural pathologies (Garcao et al., 2006, Perry et al., 2002). Activated microglia 

can present phagocytosed and subsequently processed antigens on their cell surface 

and act as antigen-presenting cells (Aloisi, 2001), they express cell surface molecules 

and they can release proinflam m atory  cytokines. H owever, the stimulatory 

environm ent, within which m icroglia are resident, influences the extent o f  these 

changes and their phagocytic capability. M icroglia, initially considered either resting 

or active, are now  thought to be capable o f  occupying and progressing through many 

states o f  activation, possibly displaying distinct behaviour at each state, a lthough it is 

now  believed that these states may exhibit overlapping phenotypes.
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M icroglia, w hen activated  through Toll-like Receptors (TLR ), produce 

in te rleu k in -1 beta (IL -ip ) , interleukin 6 (lL -6) and tum our necrosis factor alpha 

(T N F-a) cytokines. These are pro inflam m atory  cytokines and have been im plicated in 

the developm ent o f  C N S inflam m ation  (Landreth and R eed-G eaghan, 2009). D irect 

injection o f  these cy tok ines into the C N S exacerabates neurodegeneration  in a m ouse 

m odel o f  P ark inson’s d isease and sustained expression o f  som e or all these cytokines 

is a know n feature o f  m any neurodegenerative pathologies (G odoy et al., 2008). 

A ctivated m icroglia, at the site o f  an injury, can produce chem okines leading to 

m onocytic chem oattraction , due to the com m on lineage. The attenuation  o f  the 

synthesis o f  chem okines by activated  m icroglia results in low er levels o f  m icroglial 

recruitm ent to a site o f  injury (K ielian , 2004).

1.1.3 Blood brain barrier

The BBB is form ed by tigh t ju n c tio n s o f  transm em brane proteins betw een adajacent 

endothelial cells and associa ted  astrocytic  end feet and restricts passage o f  substances 

from the bloodstream  m uch m ore than endothelial cells in capillaries elsew here in the 

body. P roteins involved include the occludins, claudins and junctional adhesion 

m olecule (A bbott et al., 2006). Endothelial cells restrict the diffusion o f  m icroscopic 

m olecules (like bacteria) and large o r hydrophilic m olecules, w hile allow ing  the 

d iffusion o f  sm all hydrophobic m olecules. Endothelial cells o f  the barrier actively 

transport m etabolic p roducts such as glucose across the barrier. It is im portant to 

em phasise that the delivery  o f  therapeu tic  agents to the CNS is severely  lim ited by 

the BBB and m ethods ensuring  adequate delivery o f  agents to the CN S is a object o f  

active research  (E dw ards, 2001).

1.2 Alzheimer’s disease

A lois A lzheim er described  the first case o f  A lzheim er’s D isease (A D ) in 1906 

(D erouesne, 2008). It is now  the m ost com m on neurodegenerative d isease, 

accounting for alm ost tw o th irds o f  all cases with increasing prevalence w ith  age. It is
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anatom ically  characterized by a s lo w  but irreversible lo ss  o f  neurons, particularly in 

the cortex and h ippocam pus. The d isease is characterized functionally  by initial 

d efic its  in ep isod ic  m em ory, w hich  accum ulate w ith  tim e leading to m arked  

dem entia, com prising  o f  im paired judgem ent and m em ory, altered behaviour, and a 

general d eclin e  in co g n itiv e  function (K eller, 2 0 0 6 ). C lin ical d iagn osis o f  A D  rests 

largely on exclu d in g  other dem entias (L op ez et al., 2 0 0 0 ), w ith a d efin itive  d iagnosis  

on ly  p ossib le  from post-m ortem  analysis o f  brain tissue. N euronal lo ss, sen ile  plaques 

com prised  o f  an am ylo id -beta  (A(3) core and neurofibrillary tan g les (N F T s) are 

recogn ised  as pathological hallm arks o f  A D  (M ott and H ulette, 2 0 0 5 ). The 

p athogenesis o f  A D  is poorly understood with recent research indicating that sen ile  

plaques and N F T s m ay be involved . H ow ever, there are contradictory reports relating  

to correlations betw een  d isease status and the prevalence o f  hallm ark d iagnostic  

features, further con fu sin g  the role o f  sen ile  plaques and N F T s in A D  pathogenesis, 

in  addition to their presence, num erous other structural and functional alterations 

occur, including ev id en ce  o f  neuroinflam m atory and ox id ative  ch an ges (L op ez and 

D eK osk y , 2003). The com bined  con seq u en ces o f  the presence o f  all these factors, 

disregarding any putative m editative effects one factor m ay have on  another, is severe  

neuronal and synaptic dysfunction  and loss.

A pproxim ately  1% o f  A D  cases are fam ilial A D  (F A D ) and d isp lay  an 

autosom al-dom inant pattern o f  inheritance and can be attributed to m utations in one  

o f  three genes: am yloid  precursor protein (A P P ) and presen ilins 1 and 2 (Sorbi et al., 

2 0 0 1 ). M ost m utations in the APP and presenilin  gen es increase the production o f  a 

protein called  A P i.4 2 , w hich  is the m ain com ponent o f  sen ile  plaques (Shepherd et al., 

2 0 0 9 ). In contrast, A D  cases not associated  w ith autosom al-dom inant inheritance (i.e. 

sporadic A D ) do not display alterations in the gen es prev iou sly  m entioned (V an  

B roeckhoven , 1998). R isk factors for sporadic A D  include ob esity , d iabetes, 

atherosclerosis, sm ok in g , gender, and coronary heart d isease (S to z ick a  et a l., 2007). 

A lth ou gh  num erous clin ical trials have been conducted and are on goin g , no effective  

treatm ent has been found.

1.2.1 Neurofibrillary tangles
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N F T s con sist o f  aggregated straight or paired helical filam ents, tw isted  ribbons or 

other conform ations o f  aberrantly phosphorylated form s o f  the m icrotubule- 

associated  protein, tau. The primary function o f  tau, w hich is particularly abundant in 

the axons o f  neurons, is to stab ilize  m icrotubules. Increases in tau phosphorylation  

are associated  with depolym erization  o f  m icrotubules m ediating an increase in 

cy to so lic  tau concentration  and increasing the opportunity for aggregation  (D u ff, 

2 0 06). A s m icrotubules enable sign a llin g  m olecu les, trophic factors, v e s ic le s , and 

other essentia l cellu lar constituents, to engage in axonal transport, alterations in tau 

influence greatly the status, perform ance and viab ility  o f  neurons (B allatore et al., 

2 0 0 7 , Arriagada et a l., 1992). Several studies have suggested  that cerebro spinal 

fluid- (C SF) concentrations o f  tau m ay be indicative o f  A D  d isease severity  

(A ndreasen et al., 2 0 0 1 , Arriagada et al., 1992). Transgenic m ice overexpressing  

P301S mutant hum an tau d evelop ed  filam entous tau lesions at 6 m onths o f  age, 

w hich  increased in num ber with age. M icroglial activation and impaired synaptic  

function in the h ippocam pus w ere observed  prior to tangle form ation at 3 m onths o f  

age in these m ice (Y osh iyam a et a!., 2 0 0 7 ) su ggestin g  that inflam m ation, on go in g  

from  m icroglial activation , m ay be a precipitating factor in tangle form ation.

1.2.2 Senile plaques

Sen ile  plaques are les io n s com prised o f  a core o f  aggregated A p surrounded by 

reactive astrocytes, dystrophic neurites and activated m icroglia and in the case o f  

dense plaques, are approxim ately  50 f^m in size (Ishihara et al., 1991). A p peptide  

ranges in length from  39  to 43 am ino acids. In d ense sen ile plaques, A P i^ 2  is the 

major constituent, w hereas under normal cond itions, APi_4 o is prevalent (Y osh ik aw a, 

1993). H istochem ical stain ing, in addition to m ore quantitative techniques, has 

dem onstrated the p resence o f  iron, copper and zinc in sen ile plaques from end-stage  

A D  brain tissue (L o v e ll et al., 1998, M iller et al., 2006). Plaque quantity increases  

w ith age but plaque size  rem ains restricted to approxim ately 50 |j.m (K ato et al.,

1998). D iffuse plaques characterized by reduced A p concentrations in the plaque core  

have also been found in brains o f  A D  patients but, it is unclear w hether these plaques 

mature to the dense plaque phenotype (A rm strong et al., 1998). Cerebral am yloid
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angiopathy (CAA), where A(3 deposition occurs in the walls o f blood vessels in the 

CNS, also occurs in AD (W eller et al., 2009). There is no distinct correlation between 

senile plaque prevalence and disease severity but several reports suggest a general 

correlation between total levels o f  Ap and cognitive decline (Naslund et al., 2000).

1.2.3 Amyloid precursor protein

Ap is derived from the proteolytic cleavage o f the amyloid precursor protein (APP), a 

type 1 751 -  770 residue glycosylated transmem brane protein with a large hydrophilic 

extracellular domain, a hydrophobic 23 residue transm em brane dom ain and a small 

cytoplasmic domain (W alsh and Selkoe, 2007); the 695 isoform is expressed mainly 

in neurons (Haass et al., 1991). Some confusion still exists over the normal 

physiological role o f  APP but, several functions have been proposed; they include a 

role in cell adhesion, copper homeostasis, growth promotion, wound healing and 

coagulation, and neuronal migration during developm ent (Heber et al., 2000, Herms 

et al., 2004, Muller et al., 1994, Young-Pearse et al., 2007). Studies using APP 

knock-out transgenic mice identified the importance o f  APP by showing that 

knockouts exhibited impairments in spatial learning (Dawson et al., 1999) and 

impaired long-term potentiation (LTP) (Seabrook et al., 1999).

1.2.4 APP processing

There are 2 proteolytic processing pathways o f  APP: the non-am yloidogenic 

pathway, which cleaves APP to form soluble A(3, and the amyloidogenic pathway 

which produces Ap peptides, where APP is cleaved initially by a-secretase and P- 

secretase, respectively. Both pathways are then acted upon by an aspartyl protease 

referred to as the y-secretase and are represented schematically in Figure 1.1. The a- 

secretase pathway generates a soluble A PPa peptide and a 10 kDa C-terminal APP 

fragment that can be further processed by y-sectretase to generate the P3 peptides. AP 

is derived from the APP by the sequential action o f  P- and y-secretases (W alsh and 

Selkoe, 2007). APP cleavage by P-secretase results in shedding o f  its large 

ectodom ain to be shed into the luminal and extracellular fluid, leaving a membrane
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bound C -term inal fragm ent. T his is 99  am ino acids in length and is subsequently  

cleaved  by y-secretase, cau sin g  Ap to be released. D epending on the point o f  

cleavage by y -secretase, three principal form s o f  A p, com prising o f  38 , 40  or 42  

am ino acid residues, are produced, y -secretase has been identified  as a co m p lex  o f  

en zym es com p osed  o f  presenilin  1 or 2 , (P S l and PS2), nicastrin, anterior pharynx  

d efective  and presen ilin  enhancer 2 (L evitan  et al., 2001 , Steiner et al., 2 0 0 2 , W olfe  

et al., 1999). In individuals w here an increased proportion o f  A P i .4 2  is produced, early  

onset A D  occurs (K um ar-S ingh  et al., 2 0 0 6 , R ovelet-L ecrux et al., 2 0 0 6 ), su ggestin g  

this a lone is su ffic ien t to cause the d isease.

1.2.5 Am yloid-beta

A(3 is produced in healthy C N S  tissue and d oes not appear to be detrim ental until it 

aggregates. S en ile  plaques have been determ ined to be insoluble fibrillar aggregates  

o f  Ap, sp ec ifica lly  A P i.4 2 . Ap m onom ers can rapidly aggregate in normal 

circum stances to form o ligom ers and subsequently insoluble dense fibrillar 

aggregates, presum ably form ing the base o f  sen ile  plaques; A P i .4 2  exh ib its the 

greatest tendancy to aggregate. T he k inetics o f  sen ile plaque form ation in v ivo  are 

surprisingly fast, w ith plaque form ations occurring in 24 hours (M eyer-L uehm ann et 

al., 2 0 08). A ggregated  A P -induced neurotoxicity is w ell estab lished  in v itro  w ith  APi. 

4 2  exh ib iting greater potency  than other peptides (C hiang et al., 2 008). T his has been  

replicated in v ivo  in experim ents in vo lv in g  the cerebral in fusion  o f  A p (N akam ura et 

al., 2 0 01). The detrim ental e ffects  o f  o ligom eric  form s o f  A p have been investigated  

and so lub le pre-fibrillar o ligom eric  form s o f  A p h a v e  been show n to m ediate synaptic  

d ysfunction  in v itro  and in v ivo  (W alsh  et al., 2 0 02). It has a lso  been reported that 

so lu b le A p concentrations m atch A D  severity m uch more c lo se ly  than sen ile  plaque 

num bers (Lue et a l., 1999). It has a lso  been dem onstrated that the presence o f  

o ligom eric  A P i .4 2  intracellularly results in inhibition o f  synaptic transm ission  (P ig in o  

et al., 2 0 09). A lth ou gh  A p aggregation  can occur under normal c ircum stances, it has 

been show n to be accelerated in vitro in the presence o f  iron, copper and zinc  

(G arzon-R odriguez et a l., 1999, Khan et al., 2 0 0 6 ) and perhaps predictably stud ies  

have confirm ed the presence o f  lo w  and high affin ity  binding sites for copper, z in c



and iron (A tw ood  et al., 2 0 0 2 , A tw ood  et al., 2 0 00 ). W hen A p binds copper and iron, 

redox reactions take p lace (Barnham  et al., 2 0 0 4 , O pazo et al., 2 0 0 2 ) and isolated  

sen ile  plaques generate reactive o x y g en  sp ecies (R O S ) in a m anner dependent upon  

copper and iron (Sayre et al., 1999).

1.2.6 The amyloid cascade hypothesis

A  central hypothesis to explain  A D  pathogenesis w as proposed w hich  states that the 

process o f  A D  pathology is the result o f  an im balance betw een  the production and 

clearance o f  Ap, leading to an overproduction o f  A p and subsequent form ation o f  

so lu b le  o ligom ers and inso lub le fibrils (H ardy and A llsop , 1991). A lthough the initial 

focus on the role o f  the in so lub le  fibrils in A D  pathogensis proved com p ellin g , recent 

w ork im plicating so lu b le form s o f  am yloid  broadens the d iscu ssion  o f  the underlying  

m echanism  su ggested  by the cascade hypothesis, but d oes not negate the involvem ent  

o f  A  p.

The A PP gen e is loca lized  to chrom osom e 21 , trisom y o f  w hich  occurs in 

D o w n ’s syndrom e (D S ), and interestingly A D -lik e  neuropathology has been  

described in persons w ith D S, further supporting A p as the primary causative agent in 

A D  (L em ere et al., 1996). M utations in the A PP gene also  leads to A D -lik e  

pathology, su ggestin g  alterations in A p processing, in addition to overall A p  

concentration leve ls , can lead to A D  pathology. Inherited m utations w ith P S l and 

PS2 increase A P 1.42/A P 1.40 ratio leading to early on set A D  (B entahir et al., 2 0 0 6 ). The 

dem onstrated neurotoxic e ffects  o f  different sp ec ies o f  synthetic A p, both in vitro  and 

in v ivo ,  in addition to the ability  o f  A p to activate m icroglia  resulting in the 

production o f  proinflam m atory cytok in es and ox id ative  stress associated  w ith A D  

p athology, su ggest A p is capable o f  inducing w idespread e ffects  sim ilar to those  

observed in A D  brains.

A lthough the m echanism  by w hich A p m ediates its neurotoxic potency is 

unknow n, it has been dem onstrated that N F T -induced  neuronal death is potentiated  

by A p  (L ew is  et al., 2 0 0 1 ) and N F T  w ere sign ifican tly  increased in the am gydala o f  

the P 301L  tau transgenic m ouse cerebrally adm inistered A P i-42 fibrils (G otz  et al..
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2001). H ow ever, increasing tau expression  levels  and hyperphosphorylation in a 

transgenic m ou se  m odel o f  A D  had no effect on A D  pathology onset or progression  

(O ddo et a l., 2 0 0 7 ). T hese data provide clear rationale for fo cu sin g  on A p as the 

primary causative agent in A D , as tau abnorm alities although responsib le  for som e  

level o f  neuronal death in A D , appear subsequent to the presence o f  A p and 

appearance o f  A p-m ediated  detrimental effects.

1.3 A lzheim er’s disease mouse models

A nim als m od els o f  A D  have attem pted to m odel the increase in A p concentrations by 

intracerebral or intracerebroventricular infusions o f  synthetic AP peptides (S n o w  et 

al., 1994). D ata from  m od els such as these provided ev id en ce o f  the neurotoxic  

effects o f  A P i -42  and im pairm ents in m emory (Frautschy et al., 1992, G am es et al., 

1992). H ow ever, the d ifficu lty  in replicating the aggregation state and d ose  o f  A p  

infused, and the con fou n d in g  effects o f  variability in surgical techn iques, delivery  o f  

Ap and the variability  in anim al strains prompted the investigation  o f  alternative 

animal m od els o f  A D . The identification o f  genes associated w ith  A D  led to the 

d evelopm ent o f  num erous genetically-m odified  m ouse m odels o f  A D . T hese m od els  

replicate d ifferent aspects o f  A D  pathology such as A p plaque fon n ation , m icroglia  

and astrocyte activation  and cogn itive  deficits. D ue to the co m p lex  nature o f  A D  

pathology, no s in g le  m ouse m odel can be considered to accurately m odel all the 

pathological and behavioural sym ptom s associated with A D .

1.3.1 APP-based transgenic mouse models

The first reported transgenic m ouse m odel to su ccessfu lly  d ev e lo p  sen ile  plaques and 

display A D -lik e  neuropathology, such as dystrophic neurites and neuroinflam m ation, 

w as the P D A P P  transgenic m ouse (G am es et al., 1995), w h ich  o verexp resses the 

mutant form  o f  hum an A PP favouring the production o f  A p i-4 2  under the control o f  

human platelet derived grow th factor b (PD G F-b) chain as gene prom oter. H ow ever, 

no ev id en ce o f  neuronal loss in areas displaying sen ile plaque d ep osition  have been
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observed in these anim als (Irizarry et a!., 1997). Spatial m em ory  deficits observed in 

these animals correlate with plaque deposition (Chen et al., 2000).

More recently transgenic anim als have been developed which overexpress 

m utant forms o f  A PP identified from hum an studies, F igure 1.2 schematically 

illustrates the point o f  m utation  associated with the m ost com m on APP transgenic 

mice. The T g2576 transgenic mouse model o f  A D  overexpresses the Swedish double 

m utation o f  A PP under the control o f  the prion protein  (PrP) prom oter (Hsiao et al., 

1996). These mice display senile plaque deposition, beginning at 9 -  12 m onths o f  

age, neuroinflam mation, oxidative stress and cognitive im pairm ents in spatial and 

w orking  m em ory  associated with A p deposition (Z huo  et al., 2008, Apelt and 

Schliebs, 2001, Pratico et al., 2001). However, these mice display no neuronal loss 

(Eriksen and Janus, 2007). N um erous  other transgenic m ouse models o f  AD have 

been studied, how ever the model used in the work presented here is a double 

transgenic m ouse model, where the Swedish m utant A PP is overexpressed in tandem 

with increased PSl expression.

1.3.2 APP/PSl transgenic mouse models of AD

O verexpression o f  mutant, but not wildtype, P S l  was found to increase the am ount o f  

A P i _42 in the brain o f  mice, although senile p laques did not develop (Duff, 2006). 

C rossing  this PSl transgenic mouse with the T g2576 transgenic m ouse generated 

viable progency with 3 - 5  fold increase in concentrations o f  APi.4 oand APi.4 2 , 

com pared  with single-transgenic littermates, and senile p laques deposition, 

accom panied  by neuroinflam m ation, by 6  -  8  m onths o f  age (H olcom b et al., 1998).

M ore recently several investigators have undertaken research using an 

A P P sw e /P S ld E 9  transgenic mouse model o f  AD. This  mouse was developed by co ­

injection o f  the APP695 isoform containing the Sw edish  m utation  and the exon-9- 

deleted PSl into pronuclei, with each gene under the control o f  an independent PrP 

prom oter (Jankow sky et al., 2001). A p plaques have been observed in these mice as 

early as 4 m onths o f  age, with plaque deposition observed in the h ippocam pus and
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cortex o f  m ice at 8-9 m onths o f  age. C oncentrations o f  A Pi_42 are consisten tly  

reported  as elevated above APi_4 o (G ordon et al., 2002). C A A  is observed in these 

anim als from  4 m onths o f  age, and although progressing, it does so at a rate 

significantly  slow er than that observed in the Tg2576 m ouse (G arcia-A lloza et al., 

2006). Fem ale transgenic m ice have h igher levels o f  plaque deposition  than m ale 

transgenic m ice (W ang et al., 2003).

1.3.3 Memory deficits in APP/PSl transgenic mouse models of AD

A PP/PS 1 transgenic m ice show ed no behavioural deficits at 3 -  4 m onths o f  age 

(Puolivali et al., 2002) or 6  m onths o f  age (Cao et al., 2007). E vidence o f  spatial 

m em ory learning im pairm ents in A PP/PS 1 transgenic mice, at 8-9 m onths o f  age, has 

been reported (C ao et al., 2007). H ippocam pal concentration o f  total A P i .4 2  has been 

show n to correlate w ith perform ance im painnent in the M orris w ater m aze (M W M ) 

in A P P /P S l transgenic m ice at 1 1-12 m onths o fa g e , but soluble A Pi.4 2 and total APi. 

4 0  w ere not correlated  w ith  the behavioural im pairm ent (Puolivali et al., 2002). 

A P P /P S l m ice at 15-16 m onths o f  age displayed im paired spatial learning as assessed 

by the M W M  task. T his spatial m em ory deficit was correlated w ith an increase in Ap 

concentration  in the cortex  and hippocam pus (A rendash et al., 2001). M ore recently  

the v isuo-spatial learning o f  A PP/PS l transgenic m ice was assessed using the B arnes 

m aze, 18 m onth  old transgenic m ice displayed im paired perform ance com pared  with 

w ildtype m ice; no difference was observed at 6  m onths o f  age (O 'L eary  and B row n, 

2009). This task  assesses episodic-like m em ory perform ance and previous w ork has 

indicated th is form  o f  m em ory m ay be the first to be affected in these m ice, w ith 

deficits observed at 6-7 m onths o f  age (R eiserer et al., 2007). L ongitudinal 

assessm ent o f  A P P /P S l transgen ic m ouse perform ance in a passive avoidance task  

and in the reversal phase o f  the w ater T-m aze indicated deficits occur from  6  m onths 

o f  age, and that these defic its  increase w ith age and A D -like neuropathology (Filali 

and L alonde, 2009).
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1.4 Neuroinflammation in AD

Initial evidence o f  the role o f  inflammation in AD arose from epidemiological studies 

that observed that patients treated with non-steroidal anti-inflammatory drugs 

exhibited decreased incidence o f  AD (Breitner, 1996). Evidence that microglia play a 

role in inflammation in the CNS o f  AD patients came from studies showing that IL- 

ip, lL-6, and TNF-a expression were upregulated in these individuals, and they were 

predominantly associated with AD plaques (Griffin et al., 1989, Wood et al., 1993, 

Cacabelos et al., 1994). These cytokines were subsequently found to be produced 

predominantly by activated microglia (Lue et al., 2001, Griffin et al., 1995). Studies 

o f  brain sections prepared from post mortem tissue found microglia with marked 

expression o f  MHC class II on their surface to be associated with Ap plaques (Luber- 

Narod and Rogers, 1988, Rogers et al., 1988, Perlmutter et al., 1992). Ap plaques 

have been shown to recruit microglia i -  2 days following plaque appearance 

(Meyer-Luehmann et al., 2008) and these microglia are known to release a diverse 

range o f  proinfiammatory molecules, such as nitric oxide, IL-ip , and TN F-a (Floden 

and Combs, 2006, li et al., 1996). It has been proposed that the activated microglia 

might attempt to clear amyloid deposits or possibly restrict plaque growth (Simard et 

al., 2006). Importantly, these changes have been observed in brain tissue prepared 

from APP/PSl transgenic mouse models o f  AD.

A study examining the time course o f  plaque deposition and 

neuroinflammation in an APP/PSl transgenic mouse model, observed that increases 

in GFAP and MHC 11 expression were associated with increases in plaque deposition 

(Gordon et al., 2002). Similiarly, in an APP transgenic mouse model o f  AD, no 

CDl lb-positive microglia were detected prior to plaque deposition (Dudal et al., 

2004). These data suggest soluble Ap may not be as effective an ‘activator’ o f  

microglia as fibrillar Ap. In this study, glial activation was not observed prior to 

plaque deposition. More recently, in APP/PSl transgenic mice that displayed plaque 

deposition at 4 months o f  age, CDl lb  positive microglia and GFAP-positive 

astrocyte populations were associated with amyloid plaques and pro-inflammatory
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cytokine expression, TN F-a and 1L-1(3, was observed at 8 months (Zhang et al.,

2009).

M icroglia are capable o f  Ap phagocytosis as demonstrated by several in vitro 

reports (Paresce et al., 1996, Ard et al., 1996, DeWitt et al., 1998). However, recent 

multiphoton in vivo data confirm ing the persistence o f  amyloid plaques following 

formation, indicate microglia do not clear plaques, although some level o f 

phagocytosis may occur on the perimeter o f plaques. This seemingly contradictory 

behaviour has led some investigators to speculate that microglial interactions with 

amyloid plaques m vivo do not effectively engage receptor systems associated with 

the phagocytic machinery (Bard et al., 2000). Some comm entators have termed this 

‘frustrated phagocytosis’ (Rogers et al., 2002a), while others have suggested that the 

microglial dysfunction is due to senesence (Strcit, 2004). This may not be the case as 

anim als genetically engineered to develop plaques early in life do exhibit plaque 

clearance. It is clear that persistent activation, characterized by production o f 

proinflam m atory molecules, in the absence o f effective phagocytosis o f  Ap species, is 

a consistent feature o f  m icroglia proximal to amyloid plaques. This has been found in 

all mouse models o f AD where plaque deposition occurs.

Some studies have reported a beneficial role for microglia under specific 

circum stances. Activation o f  microglia induced by intracerebral injection o f  LPS has 

been shown to reduce plaque density in mouse models o f  AD (DiCarlo et al., 2001, 

Herber et al., 2007, Herber et al., 2004). While reducing microglial activation using 

dexam ethasone attenuated LPS-induced plaque reduction. Interestingly chronic 

overexpression o f  IL -ip  in the hippocampus o f A PPsw e/PSldE9 mice led to a 

decrease in Ap plaque deposition (Shaftel et al., 2007).

The longitudinal assessment o f  neuroinflammation in mouse models o f  AD, 

and comparison o f  such findings with age-related changes in markers o f 

neuroinflam m ation in wildtype mice, represents an opportunity to examine the role 

neuroinflam m ation may have to play in mediating the detrimental affects associated 

with AD.
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1.5 Vascular dysfunction in AD

Cerebral b lood flo w  (C B F ) is integral to brain function  and interruption results in 

brain function cessa tion  w ithin secon d s, and irreversible dam age to the cellu lar  

constituents o f  the brain w ithin m inutes (H ossm ann, 1994). R ecent w ork  has 

determ ined that activ ity-induced  haem odynam ic resp on ses require co m p lex  

sign a llin g  m echan ism s that in vo lve  not on ly  neurons but a lso  astrocytes and vascular  

cells . Im aging studies have reported reductions in C B F  and g lu co se  utilization  in 

patients w ith A D , w h ile  a grow ing body o f  ev id en ce ex ists  indicating vascular A p  

dep osition s alter blood v esse l m orphology  and im pair function  (T hom as et a l., 1996, 

N iw a  et al., 2 0 01). Studies o f  cerebral blood volu m e (C B V ) and perfusion su ggest  

increasing prevalence o f  com prom ised  brain perfusion in the tem poroparietal cortex  

as A D  progresses (A lso p  et al., 2000). Transgenic m ice overexp ressin g  A P P sw e  

display an alteration in the regulation o f  the cerebral circulation at 2 - 3  m onths o f  age  

(N iw a  et al., 2 0 02). C erebrovascular dysregulation  can be reproduced in w ildtype  

m ice by topical application  o f  A p to the cerebral cortex , w h ile  system ic  

adm inistration o f  A p reduces resting C B F (N iw a  et a l., 2000); this study found APi^o  

to be m ore potent in m ediating cerebrovascular alterations. P ep tid e-sp ecific  

im m unofluorescence has revealed that A P i .4 0  is the predom inant form in cerebral 

blood v esse ls , w hereas A P i .4 2  is m ore abundant in brain parenchym a (A lo n zo  et al., 

1998). T hese studies suggest cerebrovascular dysfianction is not so le ly  due to 

neuropathology, but m ore c lo se ly  linked w ith A P -induced e ffects  on the 

cerebrovasculature.
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1.6 Magnetic Resonance Imaging

Magnetic resonance imaging (M RI) has become increasingly useful in probing 

anatomical, biochemical and functional alterations in brain tissue due to 

neuropathology in a non-invasive m anner and is now routinely applied in the clinic. 

MRI has been adopted as an investigative tool in the neurosciences, with a 

proliferation o f  techniques available; the ability to assess changes in the brain tissue 

o f  animals in longitudinal studies is especially useful in AD research.

The origin o f  the M R signal is the small magnetization associated with 

protons in the hydrogen atom. Norm ally the orientation o f  each proton’s 

magnetization is random such that there is no net magnetization due a bulk volume of 

protons. However, when the protons are placed in a static magnetic field, Bq, an 

excess o f protons line up with the magnetic field, thus creating a small excess o f 

magnetization associated with the protons. This excess is called the boltzmann 

population and it is this magnetization that forms the basis o f  the MR signal. This 

process is illustrated in Figure 1.3a where the boltzmann population is established 

and small net m agnetization, M, is present in the same direction as the external 

magnetic field B q. T o enable us to differentiate between the magnetization due to the 

protons and Bo, we need to perturb the magnetization associated with the protons. 

Basic MRI contrast is generated by perturbing the magnetization o f  the boltzmann 

population excess, through the use o f  a radiofrequency (RF) pulse, and m easuring the 

relaxation o f  the m agnetization back to equilibrium. The application o f  an RF pulse to 

forces M, the net m agnetization, to move into a different plane, this process is 

represented in Figure 1.3b. Upon removal o f  the RF pulse the perturbed 

magnetization, M, attem pts to relax to it’s equilibrium state -  as defined by the 

Boltzmann population. This relaxation is defined by two relaxation processes, termed 

longitudinal relaxation time (T l)  and transverse relaxation time (T2), see Figure.

1.3c. The regrowth o f  the magnetization, M^, along the z-axis is termed T l relaxation. 

The decay o f  m agnetization in the transverse plane, Mxy, is termed T2 relaxation. 

Sampling the signal at different points during relaxation alters the T l-  and T2- 

weighting o f  the signal thus generating contrast.
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T1 and T2 relaxations tim es relate to different aspects o f  the biophysical and 

biochemical environm ent within which protons, the basis o f  the MRl signal, find 

themselves as they relax. Relaxation times can be calculated by sampling the signal at 

different tim epoints and have been shown to be m odulated in pathology; T1 

hypointensities have been reported in m ultiple sclerosis (van W alderveen et al., 1999) 

and in instances o f  acute astrocytic activation (Sibson et al., 2008), and T2 

hyperintensity has been described in ischemic tissue (M oseley et al., 1990). MRI is 

capable o f  providing high-resolution anatomical images which can be used to 

evaluate changes in brain structure and, using this method, brain atrophy in AD 

patients can be evaluated (Smith et al., 2002). T2 relaxation time is attenuated by 

iron, due it’s param agnetic behaviour, and this has been suggested as a possible 

biomarker in AD.

A study o f  the APP/PSl transgenic mouse model o f  AD found no differences 

in volumes o f  brain structures between transgenic and wildtype mice (Lau et al., 

2008). A more recent report examining the volume changes in brain structures o f the 

APP/PSl mouse model o f  AD and a wildtype cohort o f  mice concluded that only 

subtle differences were present, with none observable prior to 14 months o f  age 

(M aheswaran et al., 2009).

1.6.1 M RI relaxonietry in A P P /P Sl transgenic m ouse models o f AD

Num erous studies have confirmed that T2-weighted MRI scans can be used to detect 

amyloid plaques in APP/PSl transgenic mouse models o f  AD, using lengthy ex vivo 

scans (Lee et al., 2004, Zhang et al., 2004). In vivo detection o f Ap plaques in APP 

transgenic mice using T2*-weighted MRI scans has also been reported (Jack et al., 

2005, Jack et al., 2004). In one study correlation o f  MRI observations with a panel o f 

different histological staining techniques indicated that only plaques that were 

positive for both thiofiavin-S and iron were visible on the MR images (Vanhoutte et 

al., 2005).
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Transgenic A PP/PSl mice, aged 16-23 months, displaying excessive amyloid 

deposition, exhibit in vivo reductions in T2 relaxation times measured at 7 T (Helpern 

et al., 2004). More recently, several groups have reported an exacerbation o f  the age- 

related decline in T2 relaxation tim es in areas associated with amyloid plaque 

deposition in A PP/PSl and Tg2576 transgenic AD mice, at 12-15 months o f age 

(Falangola et al., 2007, El Tannir El Tayara et al., 2006, Braakman et al., 2006). 

However, these studies also report a reduction in T2 relaxation times in transgenic 

PSl mice, in which amyloid plaques are not observed, suggesting although amyloid 

deposition may attenuate T2 relaxation time, it is not the only contributor to the 

deficit seen in these mice. There is only one report o f  T2 relaxation time reductions 

preceding plaque amyloid deposition and it was detected in the subiculum o f  

APP/PSl transgenic mice at 22 weeks o f  age measured at 7 T (El Tayara Nel et al., 

2007). Also reported in this study was an age-related decline in T1 relaxation time in 

the parietal cortex and striatum that was independent o f  amyloid load and this was 

also reported in another study o f  APP/PS2 transgenic mice (W eidensteiner et al., 

2009). Both increases and decreases in T2 relaxation times have been observed in AD 

patients (Kirsch et al., 1992, Benveniste et al., 1999). These data suggest T2 

relaxation time attenuation in transgenic mouse models o f  AD occurs primarily due to 

excessive amyloid plaque deposition. However, absence o f  neuronal loss in AD 

models com plicates the interpretation o f  the change in T2 relaxation time in human 

studies. An age-related decline in T2 relaxation times in the brain o f wildtype mice is 

a consistent feature o f  longitudinal studies, the relevance and origin o f  this feature is 

unclear. It has been suggested that this may be due to a decrease in cell density 

(W eidensteiner et al, 2009). However, such a decrease would lead to an increase in 

extracellular space and presum ably extracellular fluid, leading to an increase in T2 

relaxation. This relationship may be further complicated in instances o f 

neurodegeneration where ventricular enlargement occurs. The widely reported 

absence o f  neuronal loss in A P P/P S1 transgenic mouse models o f  AD offers the 

potential to assess relaxometry changes due to ageing and amyloid deposition only.

An investigation into this may be considered relevant to relaxometry changes 

observed in humans during early-stage AD, or the phase termed mild cognitive 

impairment.
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1.6.2 ASL in APP/PSl transgenic mouse models of AD

MRI can also be used to assess cerebral blood flow. Arterial spin labelling 

(ASL) m agnetically saturates inflowing blood into the brain and uses the changes in 

the MRI image in this instance, compared with non-saturated blood flow images, to 

assess cerebral blood flow. A schematic illustration o f  the technique is presented in 

Figure. 3.4. The signal acquired from ASL experiments is proportional to cerebral 

blood flow. To quantify aspects o f  CBF the ASL signal must be used as an input to a 

m athematical model o f  blood flow. In this m anner quantifiable measures o f  cerebral 

blood flow and volume can be determined. However, many researchers utilise 

different models leading which can lead to difficulties when comparing across 

studies.

This technique has shown efficiency in detecting cerebral blood flow changes 

with age, pathology and activation in humans (Parkes et al., 2004, Chalela et al., 

2000, Gonzalez-At et al., 2000). Investigation o f  changes in the cerebral perfusion o f 

AD patients has also been possible using this technique (Johnson et al., 2006) with 

hypoperfusion detected in the tem poroparietal cortex, which is in agreem ent with 

results found using PET and SPECT imaging (Johnson et al., 2005).

Using contrast-enhanced perfusion imaging, a reduction in cortical and 

hippocampal cerebral blood volume (CBV) was identified in m utant APP transgenic 

mice at 4 months o f  age (W u et al., 2004). This technique has also been used to 

uncover a reduced CBV in 15-month old APP/PSl transgenic mice (Hooijm ans et al., 

2007). More recently, assessm ent o f CBV in a m ouse model o f  AD overexpressing 

human PS2 and a mutant human APP transgene found a decreased perfusion and 

CBV in the occipital cortex o f  transgenic mice at 10 months o f  age compared with 

wildtype mice (W eidensteiner et al., 2009). To date, studies utilising ASL to measure 

cerebral blood flow (CBF) are rare. However, reduced perfusion in the cortex o f 

APP/PSl transgenic mice at 33, 54, and 62 weeks compared with wildtype mice, as 

measured by ASL, has been reported (Dhenain et al., 2008).
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The absence o f  exogenous contrast material when m easuring using the ASL 

method makes it an attractive approach to CBF quantification and as such it 

represents a clinically translatable technique. Investigation o f the ability o f  ASL 

models, and in this thesis the novel ASL method developed by Kelly and colleagues, 

2009, to accurately track changes in CBF in a mouse model o f  AD is an important 

step in the maturation o f the ASL technique.

1.6.3 MRI contrast agents

Although MRI can provide exquisite anatomical detail and can also be used to assess 

blood flow, it cannot, without the use o f  exogenously applied contrast agents, afford 

contrast to specific cells or on-going molecular processes. Many materials can greatly 

affect T l o rT 2  relaxation, recent advances in the fabrication o f  ultra-small particles 

and nanotechnology approaches have the production o f  a range o f material capable o f  

generating MR contrast. Iron oxide-based magnetic nanoparticles have become one 

the most widely used superparam agnctic contrast agents in MRI. Their effect on the 

relaxation time o f  water is measurable even at nanomolar concentrations. Iron-oxide 

contrast agents increase T2 relaxation time leading to hypointensity in T2-weighted 

images. The use o f  nanoparticles in animal experiments to track labeled cells using 

MRI has led to the visualisation o f  cell migration in various pathologies.

M acrophage and T-cell infiltration from the bloodstream to brain tissue, 

specifically the cerebellum, in animals with experimental autoimmune encephalitis 

(EAE), which is an animal model o f  multiple sclerosis (MS), has been visualised 

using this technique (Brochet et al., 2006). M acrophage migration to the site o f  a 

cerebral blood vessel infarct in animal stroke models has been similarly examined 

(W eber et al., 2005). More recently, many researchers have attempted to target more 

specific molecular processes through the addition o f  m olecular process-relevant 

organo-com pounds to existing contrast agents. Antibody-linked magnetic 

nanoparticles have been used to visualize the kinetics o f  endothelial expression o f 

vascular cell adhesion m olecule-1 in a mouse model o f  stroke (van Kasteren et al., 

2009).
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The use o f  bi-m odal m agnetic fluorescent nanostructures, enab ling  the 

capabilities o f  M R l and confocal m icroscopy to be explo ited , has also  been 

investigated  and several studies assessing  the app lica tion  o f  m ultim odal m agnetic- 

fluorescent nanom aterials for ce llu lar im aging have been com pleted . B iocom patib le 

iron oxide nanopartic les conjugated  to a fluorescent dye and the T at-peptide have 

been exam ined , using confocal m icroscopy and T 2-w eighted  M R l, fo llow ing 

incubation w ith  prim ary hum an derm al fibroblast cells and M ad in -D arb y  bovine 

kidney derived cells (N itin  et al., 2004). In ano ther study, R hodam ine-labeled  citric 

acid-capped m agnetite  nanostructures were utilised as fluorescent biological m arkers 

(Sahoo et al., 2005). It has also been dem onstrated  that several cancer cell lines can 

be labelled by d ifferen t fluorescent superparam agnetic core-shell nanostructures 

con tain ing  m agnetite nanoparticles and fluorescein -5 -iso th iocyanate (F IT C ) species 

(B ecker et al., 2007, R odriguez et al., 2006, W eissleder et al., 2005). M ore recently , 

nanoparticles coated in polyelectro ly te layers have been investigated  as po ten tially  

useful in CN S drug  delivery. The fabrication m ethod affords a high level o f  control 

over the num ber o f  layers present on nanoparticles enabling  degradation 

characteristics to be controlled (Jew ell and Lynn, 2008).

T he ability  to characterize tracked cells by various m ethods o f  contrast 

s im ultaneously , o r sequentially , offers great potential in understanding  m ore clearly  

the dynam ics involved in norm ally peripherally -residen t cells in filtrating  the CNS.
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1.7 Physiological role o f iron

Iron is essentia l to a lm ost all liv in g  sp ecies. In hum ans its roles include o x y g en  

transport, storage and activation , electron transport and m any important m etabolic  

processes, iron is necessary for both neurotransm itter synthesis and m yelination  and, 

extrapryam idal regions associated  w ith m otor functions tend to have m ore iron than 

non-m otor-related reg ions (K oeppen , 1995). A s in the rest o f  the body, iron is stored  

w ithin the ferritin protein. Ferritin is the b o d y ’s primary iron storage protein, and 

con sists o f  a spherical cage contain ing a m axim um  o f  4 ,5 0 0  iron atom s as a 

ferrihydrite-like core up to 8nm  in diam eter.

Ferritin is present to the greatest degree in o ligodendrocytes, although  

neurons, astrocytes and m icroglia  do express ferritin (H ulet et al., 1999). Increased  

iron, assessed  h istoch em ica lly , is observed  in glial ce lls  o f  the cortex, cerebellum  and 

hippocam pus in older com pared w ith  younger individuals; ferritin im m unoreactivity  

is also stronger in these ce lls  (C onnor et al., 2 0 01). Iron can adopt either the ferric 

(Fe^^) or the ferrous (Fe^^) va len ce state in vivo.  This property is utilised in uptake, 

transport and storage. The ferrous state o f  iron is h ighly reactive, and i f  free iron is 

not sequestered and stored as a ferric iron com pound, then the iron can partake in 

d eleterious chem ical reactions that stim ulate the overproduction o f  reactive chem ical 

sp ecies. For instance, ferrous iron reacting w ith hydrogen peroxide (H 2O 2 ) v ia  the 

Fenton reaction w ill produce h igh ly  reactive and potentially dam aging hydroxyl 

radicals.

1.7.1 Iron in AD

A bnorm al iron accum ulation  is associated  w ith a range o f  neurodegenerative  

disorders, including A D  and Parkinson’s d isease (P D ) and accum ulation o f  iron in the 

brain, particularly in c e lls  that are associated  w ith  sen ile plaques, is a consistent 

observation  in A D  (Z ecca  et al., 2 0 0 4 , C onnor et al., 1992). Iron has a lso  been  

im plicated as having a role to play in the ox id ative stress seen in A D  and in the brains
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o f  A D  patients, abnorm al iron accum ulation  occurs in the absence o f  the normal 

aged-related increase in ferritin, concurrent w ith  decreased lev e ls  o f  transferrin 

receptor expression  (T h om p son  et al., 2 0 0 1 ), thereby increasing the risk o f  ox idative  

stress through the loss o f  w hat is considered the primary m ethod o f  iron m etabolism  

(C astellani et al., 2 0 0 7 , T hom pson et al., 2 0 0 3 ). There is a lso  ev id en ce su ggestin g  

iron dysregulation m ay be a causative agent o f  neurodegeneration. H ow ever, it is 

unknow n at what stage dysregulation  o f  iron occurs in A D  and it is su ggested  that 

disturbances at any o f  the several stages in iron m etabolism  including uptake and 

release, storage, intracellular m etabolism , and regulation w ould  prove detrim ental 

(K e and M ing Q ian, 2 0 0 3 ).

T hough ferritin is the primary m echanism  for iron storage in the brain, over  

the past decade experim ental w ork has dem onstrated the presence o f  another form o f  

iron in human brain tissu e  -  b iogen ic  m agnetite (F e304 ). T his contains alternating  

lattices o f  ferrous and ferric iron and w as first found by K irschvink and co-w orkers  

(K irschvink et al., 1992). T his find ing has been replicated in several studies w ith  

efforts m ade to constrain any potential artifacts from  the handling o f  post-m ortem  

tissue (Schu ltheiss-G rassi and D obson , 1999, Schultheiss-G rassi e ta l . ,  1999). The 

presence o f  m agnetite is sign ificant, as it m ay play a role in the progression and 

initiation o f  neurodegenerative d isease through free radical production leading to 

tissue dam age at the site o f  m agnetite accum ulation . High lev e ls  o f  free iron in A D - 

affected brain tissue have been noted as a p ossib le  cause o f  neuron degeneration  

through free radical p rocesses v ia  the Fenton reaction. M agnetite has been show n to 

have a substantial e ffec t on free radical generation ( C h ignell, 1998, Scaiano, 1997).

1.7.2 Zinc and copper -  Physiological role and association with AD

Z inc plays a key role in the p h ysio logy  o f  C N S tissu e , it’s ion ic  form  Zn is h ighly  

enriched at glutam atergic nerve term inals, is released upon neuronal activ ity  and is 

involved  in a m ultitude o f  sign allin g  pathw ays through reactions w ith ion channels, 

receptors and transporters (Sensi et al., 2009). The presence o f  zinc in am yloid  

plaques and C A A  has led to the suggestion  that it m ay play a role in A D  (Friedlich  et
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al., 2004, M iller et al., 2006). Copper, also essential to brain physiology, is sim ilarly 

implicated in AD (Lovell et al., 1998).

It has been shown that zinc transporter proteins, which transport zinc ions into 

different intracellular com partm ents when intercellular zinc is elevated, are increased 

in AD and found in senile plaques (Lovell et al., 2006, Smith et al., 2006, Zhang et 

al., 2008). Ionic zinc (Zn^^) is also a potent toxin and can m ediate neuronal and glial 

death (Choi et al., 1988). Copper has also been implicated in AD with significant 

alterations to the concentrations o f  all three metals seen in brain areas associated with 

AD pathology (Deibel et al., 1996), with an iron and zinc increase, but a copper 

decrease, reported. Iron, copper and zinc have been demonstrated to accelerate A(3 

aggregation (G arzon-Rodriguez et al., 1999) and it has also been reported that iron 

can alter APP processing (Rogers et al., 2002b). These findings lend support to the 

hypothesis that metal accum ulation or dysregulation contributes to the pathogenesis 

o f AD.

1.7.3 Ap interactions with metals

Senile plaques in AD and in transgenic mouse models o f  AD colocalize with iron, 

copper and zinc in human AD studies (Cherny et al., 1999, Lovell et al., 1998, M iller 

et al., 2006, Stoltenberg et al., 2005). Recent work has suggested plaques are more 

likely to form proximal to areas o f high zinc density in the cortex but conversely 

plaque burden was increased in animals with a zinc-deficient diet (Stoltenberg et al., 

2007). Increased iron was also found within the glial cells surrounding the plaques 

(Quintana et al., 2006). Excess iron is typically sequestered by the iron storage 

protein ferritin and it was found that expression o f  ferritin is associated with 

degeneration o f  m icroglia in AD brain (Lopes et al., 2008). Evidence o f  the co­

localization o f  ferric iron and Ap plaques in APP/PSl transgenic mice has been 

reported (Falangola et al., 2005).

24



M ore recently w ork has focu sed  on exam in in g  m etal content in relation to 

am ylo id  peptide concentration and data indicate that plaques in a A P P /P S l transgenic  

m ouse m odel bind less iron, copper and zinc than hum an A D  plaques, w hen  

norm alized to am yloid  protein concentration in plaques assessed . T h is study also  

reported e levation s in calcium  concentration in transgenic m ouse p laques, w h ich  is 

unusual as A(3 does not have any know n binding sites for calcium  (L eskovjan  et al., 

2 0 0 9 ). Data from  this study indicated that w ith in  p laques, zinc w as e levated  to the 

greatest level fo llo w ed  by calcium , iron and copper. The authors su g g est the 

d ifferen ces in plaque com p osition  in the m ouse m odel o f  A D  m ay contribute to the 

absence o f  neuronal cell loss, it is important to note that these data w ere co llected  

from  tissu e specim ens stained with T h ioflav in e-S  to identify am ylo id  plaques and no 

inform ation about the redox state o f  the m etals in plaques w as co llected . Plaques 

investigated  in studies o f  these kind, are predom inantly from  hum an studies w here  

A D  w as lliliy  progressed or anim als aged such that plaque dep osition  w as 

w idespread. A lthough iron, copper and zinc all m odulate A p aggregation , it is not 

know n i f  co loca liza tion  w ith sen ile  plaque cores occurs upon initial form ation or 

subsequently .

O xidative stress has been show n to correlate w ith  am yloid  plaque deposition  

(Sm ith  et al., 1998). Studies investigating the interaction o f  A p  and m etals have 

con sisten tly  reported the reduction o f  both iron (Fe^^ Fe^^) and copper

(Cu^"  ̂ —> Cu^) upon Ap binding, producing H 2 O 2 in the presence o f  oxygen  in vitro  

(H uang et al., 1999, Rottkam p et al., 2 0 01). A lternately, A p also  b inds zinc, w hich  is 

inert to redox chem istry. R ecent studies have su ggested  a protective role for zinc in 

A D , w here its binding to A p inhibits copper reduction and subsequent 

H2 O 2 production (C uajungco et al., 2 0 0 0 ). M ore recent w ork has provided support for  

o x id a tive  dam age in the im m eadiate v icin ity  o f  sen ile  plaques to be predom inantly  

associated  w ith  A P i.4 2 -driven iron-redox cyc lin g , w h ich  w as found to be sign ifican tly  

attenuated in vitro in the presence o f  copper and/or zin c (K han et a l., 2 0 0 6 ).

Investigations into global concentrations o f  iron and other m etals in A PP  

and/or P S l trangenic m ouse m odels o f  A D  are rare. H ow ever, an increase in the
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concentration levels o f  copper in APP knockout mice has been reported (W hite et al., 

1999) and it has also been reported that overexpression o f  Ap leads to a significant 

decrease in the age-dependant elevation o f copper but not iron (M aynard et al., 2002).

1.7.4 SQUID Magnetometry

Although identifying iron in tissue is relatively straightforward, determining its 

chemical state and environm ent is more complex, and hampered in particular by the 

oxidation o f  iron during conventional tissue fixation and staining processes (Dobson 

and Grassi, 1996). Progress has been made in staining techniques and certain 

information can be gathered about the redox state o f  iron. However, these 

conventional approaches are limited, particularly in terms o f  identifying the state o f  

precipitated iron (Smith et al., 1997).

SQUID m agnetometry is the most effective and sensitive method of 

measuring the m agnetic properties o f  a sample. Different iron compounds within a 

sample provide different responses depending on the applied magnetic field and 

sample temperature. Inspection o f  these responses allow the identification o f presence 

o f  iron compounds (Dobson, 2002, Hautot et al., 2003). This approach has been 

applied to post mortem brain tissue obtained from persons with AD, where a higher 

concentration o f  magnetite was observed in three samples o f  AD tissue than in three 

age- and sex-m atched controls (Hautot et al., 2003). These results demonstrate that 

magnetite is a contributing factor to the elevated levels o f iron observed in AD tissue 

(Hautot et al., 2005, Dobson, 2001).

1.7.5 X-ray fluorescence

X-ray fluorescence (XRF) takes advantage o f  the intrinsic fluorescent properties o f 

elements. The term fluorescence is applied to phenomena in which the absorption o f 

higher-energy radiation results in the re-emission o f lower-energy radiation. High 

energy incident X-rays (prim ary radiation) are used to expel inner shell electrons 

(such as k- or 1-shell) from atom s o f  the material under investigation. The removal o f
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an electron results in the electronic structure o f  the atom being unstable, and electrons 

in higher orbitals "fall" into the lower orbital to fill the hole left behind, emitting 

fluorescence (secondary radiation) in the process. The energy released is equal to the 

energy difference o f  the two orbitals involved. This process is illustrated in Figure 

1.5. Thus, the material emits radiation, which has energy characteristics o f  the atoms 

present; energy analysis o f the secondary radiation enables identification o f  each 

characteristic radiation and the energy can be related to the amount o f  each element in 

the material.

To effectively assess what elements may be present in a sample, the energy o f 

the primary radiation must be large enough to expel inner shell electrons from 

elem ents o f interest. XRF maps can be generated by moving the sample, as opposed 

to the beam, and gathering data. Accurate positioning and the size o f  the beam 

determines the spatial resolution possible. This process is illustrated in Figure 1.6. 

Synchrotron production o f X-rays and subsequent beam-focusing, through the use o f 

specialised hardware, enables XRF m apping at sub-m illim etre resolution. XRF 

m easurem ents o f  biological samples yield quantitative information about the spatial 

distribution o f  multiple elements simultaneously with high sensitivity and low 

background.

1.7.6 X-ray absorption near edge spectroscopy

XRF provides information on occupied electronic bands by analysis o f the re­

em ission o f energy incident on the material under investigation, in contrast. X-ray 

absorption spectroscopy (XAS) evaluates unoccupied electronic states by examining 

the absorption o f  X-rays o f increasing energy. X-ray absorption near edge 

spectroscopy (XANES) is a subset o f  XAS and examines the energy absorption o f  X- 

rays as they range from below the energy necessary to expel an inner core electron to 

beyond. The X-ray absorption profiles o f  elements in different oxidative states are 

sufficiently different to enable identification o f  their presence from XANES data 

using linear combination statistical analysis.
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1.7.7 XRF & XANES biological applications

A study o f  brain slices from PD and age-matched controls m apped iron, copper and 

zinc using XRF confirmed the potential o f  the technique, and confirmed the 

histological data indicating increases in iron and zinc are associated with PD. XRF 

data also indicated increases in iron and zinc were mutually exclusive and did not 

occur in the same area; this analysis is not possible using conventional histological 

staining techniques (Popescu et al., 2009). Further XRF and XANES studies o f  PD 

tissue have indicated greater concentrations o f  iron oxides in substantia nigra 

compared with age-m atched controls (Ide-Ektessabi and Rabionet, 2005). Imbalances 

o f  zinc, copper and iron oxides have also been determined in single neurons from PD 

brain tissue (Oakley et al., 2007).

The location and characterization o f iron compounds in AD tissue has been 

investigated using XRF and XANES at sub-cellular resolution (Collingwood and 

Dobson, 2006, Collingwood et al., 2005). Data from these studies confirmed 

abnormal iron distribution and indicated the high prevalence o f  iron oxides in AD 

tissue. These techniques have also been applied to examine senile plaques and, as 

previously discussed, quantified the relative amount o f iron, copper and zinc in 

plaques from human AD tissue and transgenic mouse model AD tissue. Recent 

advances have enabled the quantification o f  Ap concentrations in plaque cores using 

synchrotron fourier transform infrared micro-spectroscopy and subsequent XRF 

investigation (Leskovjan et al., 2009, M iller et al., 2006).
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1.8 Aims of study

The aims o f  these studies were to

• Evaluate the interaction o f  a magnetite-based polyelectrolye-coated 

fluorescently tagged nanostructure with glial cells and evaluate the potential 

o f  in vivo bi-modal tracking o f  specific cell populations using this 

nanostructure.

•  Assess the potential o f  XRF to perform analysis o f  iron, copper and zinc 

distribution in the brains o f  mice.

•  Assess the colocalization o f  iron, copper and zinc with amyloid plaques in 

brain sections prepared from 8 - 9  month old APP/PSl transgenic mice, using 

XRF.

• Assess the extent o f  amyloid deposition, neuroinflammation and the spatial 

memory performance o f  APP/PSl transgenic mice at 8 -  9 months o f  age.

• Longitudinally assess MR! relaxometry and blood perfusion changes in 

APP/PSl transgenic and wildtype mice, from 3 - 4  months to 8 -  9 months of 

age.
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Figure 1.1. Schematic of the APP processing pathway.

A schematic representation o f the APP processing pathway with secretases 
involved in the non-amyloidogenic pathway illustrated in the top half and the 
amyloidogenic pathway illustrated in the bottom half.

Adapted from Van Dam et al, 2006.
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Figure 1.2. APP points of mutation.

A schematic representation o f the most common points o f  mutation on APP. The 
transgenic animal utilised in this study overexpress the swedish mutation o f APP 
(highlight with the red box).

Adapted from Van Dam et al, 2006.



r  M <vjii«tk fie lil ^  1*11

Pulse

T1 relaxation T2 relaxation

tim e

Figure 1,3. Schematic representation of MRI signal generation.

The generation o f  the magnetic signal, M ,̂, due to the presence o f  a large static 
magnetic field, B^, is presented (a). The movement o f M ,̂, from the z-plane to 
the x-y plane, following the application o f  an RF pulse is illustrated (b). The 
relaxation o f the perturbed magnetization to it’s equilibrium state is also 
presented (c). The increase o f the magnetization along the z-axis represents T1 
relaxation while the decay o f magnetization along the x-y plane represents T2 
relaxation.

Adapted from www.mritutor.org



1. Tag the inflowing arterial blood by m agnetic inversion.

2. Acquire the tag image.

3. Repeat the experim ent without tag.

4. Acquire the control image.

5. Subtract the control image from the tag image.

6. Resulting signal is proportional to cerebral blood flow.

Figure 1.4. Schematic illustration of ASL.

A schematic illustration of ASL acquisition is presented. The MR signal is first 
obtained with the in-flowing blood tagged (1,2). The signal is then obtained 
without the in-flowing blood tagged (3, 4). The difference in these measurements 
is proportional to cerebral blood flow, however, a mathematical model is 
necessary to determine quantifiable aspects of the blood flow.

Adapted from http://ww'w.umich.edu/~fmri/asl.html
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Figure 1.5. Schematic illustration of X-ray fluorescence.

A schematic representation o f X-ray fluorescence is presented. Primary radiation 
(1) is o f sufficient energy to expel an inner shell electron from it’s orbital (2). The 
electronic structure o f the atom is now unstable and an electron from an outer shell 
has to ‘fair inward to the vacant inner shell (3). The electron expels the energy 
difference between the orbitals as secondary radiation (4).
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Figure 1.6. XRF map creation.

A schematic of the XRF sample raster (a) and a single pixel XRF spectra (b). Peak 
analysis of the XRF spectra enables element specific XRF maps to be generated.



Chapter 2
Methods

2.1 Materials

2.1.1 Synthesis and advanced characterisation o f nanostructures

Synthesis and advanced characterisation o f  nanostructures was carried out by Renata 

Tekoriu te  o f  Prof. louri G u n g ’k o ’s group in the D epartm ent o f  Chem istry  (Trinity 

College, Dublin, Ireland).

2.1.2 Photoium inescence spectroscopy

Sam ples o f  nanostructures were diluted with M illipore water (M illipore, U SA ) to a 

know n concentration and placed in a quartz cuvette (2 ml w orking volum e, 10 mm 

path length). Absorption and em ission m easurem ents were perform ed at room 

tem perature using a Varian Cary Eclipse Fluorescence Spectrophotom eter (Varian, 

USA).

2.1.3 Nanostructure behaviour in a magnetic field

To exam ine the behaviour o f  the nanostructures in a large m agnetic  field, 30 |il o f  

nanostructure suspension (2.31 x 10''’_ 4.62 x 10 '’, 9.34 x  10'' g/ml Fe304) was 

pipetted onto poly-L-lysine-coated coverslips, placed in the bore o f  a 7T spectrom eter 

(Bruker Biospin, Germ any) and left overnight. Coverslips were w ashed tw ice with 

ice-cold phosphate-buffered saline (PBS), fixed with  ice-cold m ethanol and w ashed 3 

times (5 minutes/w ash) with PH EM  buffer. Coverslips were m ounted onto 

microscope slides, using fluorescence m ounting m edium  (Vectshield , V ector Labs, 

UK), for analysis by confocal m icroscopy (Axioplan 2, Zeiss, Germany).
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For T ransm ission  E lectron M icroscopy (T E M ) analysis, 30 )il o f  the nanostructure 

suspension  (2.31 x 10''’ g /m l Fc304 ) w as pipetted onto a TEM  copper im aging grid, 

placed in the bore o f  the 7T  spectrom eter and left overnight. TEM  scanning w as  

carried out on a Jeol 2 1 0 0  T ransm ission  E lectron M icroscope (Joel Ltd., Japan). 

Sam ples outlined for assessm en t o f  nanostructure size  w ere prepared for TEM  by 

ultrasonically d ispersing pow der sam ples in M illipore water. O ne drop o f  the solution  

(5 |j,L) w as placed onto a form var-coated copper TEM  grid. The grid w as then dried 

in air. T he size , shape and arrangem ents o f  the particles w ere analyzed in TEM  

im ages, obtained on a Jeol 2 1 0 0  T ransm ission  E lectron M icroscope. Particle sizes  

w ere determ ined by m anually counting  over 100 particles, in addition x  and y  

m easurem ents w ere determ ined for each particle.

2.2 Animals

Specific  pathogen-free (SP F ) C 5 7 B L /6  m ice w ere purchased from  Harlan UK Ltd. 

(B icester, U K ). T ransgenic anim als from an ex istin g  co lon y  o f  A P P sw e /P S ld E 9  

m ice, purchased from  The Jackson Laboratory (M aine, U S A ), w ere used to form  

breeding pairs w ith  the C 5 7 B L /6  m ice and bred in an SPF anim al housing facility  in 

the B ioresources U nit (Trinity C o lleg e  D ublin). M ice w ere m aintained according to 

the regulations and gu id e lin es provided by the Irish Departm ent o f  Health. A ll 

anim als w ere housed under a 12-hour light-dark cy c le  at an am bient tem perature o f  

22°C  - 23°C ; an im als w ere m aintained under veterinary supervision  throughout. 

Norm al laboratory c h o w  and water w ere availab le to all anim als at all stages. A nim al 

experim entation  w as perform ed under a licen ce  granted by the M inister for Health  

and C hildren (Ireland) under the Cruelty to A n im als A ct 1876 and the European  

C om m unity D irective, 86 /6 0 9 /E E C , and every effort w as m ade to m in im ise anim al 

stress.
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2.2.1 APPswe/PsldE9 Genotyping

2.2.1.1 Genomic DNA isolation

Ear punches were taken from all mice produced from the A PPsw e/PSldE9 and 

C56BL/6 breeding pairs. Ear punches were stored at -20°C until required. All 

solutions and reagents used to isolate genomic DNA were taken from the Wizard 

G enom ic DNA Purification Kit (Promega, M adison, USA). Digestion buffer was 

freshly prepared by adding 120 |al o f  0.5M ethylenediam inetetraacetic acid (EDTA; 

pH 8.0) to 500 |j,l o f  Nuclei Lysis solution. Ear punches were incubated in 500 |al 

chilled digestion buffer (buffer was chilled until cloudy) and 4 |.il o f  20 mg/ml 

Proteinase K at 55°C for 3 hours. Samples were mixed gently once every hour by 

flicking the tube. Visual inspection o f  samples confirmed the digestion o f ear 

punches. Protein was precipitated from the sample through addition o f  200 |j,l o f 

Protein Precipitation Solution and vigourous vortexing for 20 seconds. The sample 

was chilled for 5 m inutes and centrifuged for 4 m inutes at 15,000 g. The precipitated 

protein formed a tight white pellet. The supernatant, containing the DNA, was 

rem oved and transferred to a clean 1.5 ml microfuge tube containing 600 |a,l o f  

isopropanol at room temperature. A layer o f  supernatant coating the precipitated 

protein pellet was left, to avoid contam inating the DNA solution with protein. The 

isopropanol solution was mixed by inversion until white thread-like strands o f DNA 

were visible. The solution was centrifuged, at room tem perature, for 1 minute at 

15,000 g. The DNA formed a small white pellet. The supernatant was carefully 

decanted and 600 fj.1 o f room tem perature 70% ethanol was added. The pellet was 

washed by inverting the tube several times. The samples were centrifuged for I 

m inute at 15,000 g. The majority o f  ethanol was removed and 100 )al o f  DNA 

Rehydration Solution was added. The DNA was incubated at 65°C for I hour, with 

the tubes open to allow any rem aining ethanol to evapourate. To ensure DNA was 

solubilised the samples were stored overnight at 4°C.

2.2.1.2 Polymerase chain reaction for APPswe and PSIdE9 genes
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The presence o f  the APPswe and PS ldE9 mutations in genomic DNA samples was 

assessed using polymerase chain reaction (PCR). Mastermix was prepared by the 

addition o f DNase-free water (17.3 |j.l), lOX reaction buffer (2.5 |il; 500 mM KCl,

100 mM Tris-HCl, 1% Triton X-100, pH 9, Promega, USA), m agnesium chloride 

(1.5 |j.l; 25 mM, Promega, USA), nucleotide mix (0.2 |j.l; 25 mM, Bioline, UK), 

Jumpstart™  Taq DNA polymerase (0.5 |j,l; 100 |^M, MWG Biotech, Germany) to a 

sterile tube (see Table 2.1 for prim er sequences). The mastermix for the P S ldE 9  gene 

contained sense and anti-sense primers for the PrP gene as an internal control. DNA 

(2 |xl) and mastermix (23 |j,l) were added to fresh tubes, which were then placed in a 

therm ocycler (MJ Research Peltier Thermal Cycler-200, Biosciences, Ireland).

The am plification process consisted o f  an initial denaturing step o f  94°C for 

30 minutes, followed by 35 amplification cycles comprising o f  a denaturing step o f 

94°C for 30 seconds, an annealing step o f 67°C for 1 minute, and an extension step o f 

72°C for 1 minute. A final extension step o f  72°C for 10 minutes was completed after 

the final amplification cycle to ensure complete extension o f all PCR products.

Equal volumes from each sample (10 |il) and a 100 base pair ladder (Promega, 

USA) were mixed with loading buffer (2 |xl; Promega, USA), and loaded onto a 1% 

(w/v) agarose gel containing gel red (1:10,000; Biotium, USA). Samples were 

separated by application o f  90 volts for 120 minutes. PCR products were visualized 

under an ultraviolet light and photographed using an ultraviolet transilum inator 

(Labworks, Ultra Violet, B ioimaging Systems, USA).

Target gene Primer Sequence

PrP (control) fwd 5 ’-CCTCTTTG TG ACTATG TGG ACTGATGTCGG-3’ 

rev 5 ’-GTGG AT A ACCCCTCCCCC AGCCTAGACC-3 ’

APPswe fwd 5 ’-GACTGACCACTCGACCAGGTTCTG-3 ’ 

rev 5 ’-CTTGTAAGTTGGATTCTCATATCCG-3 ’

PsldE 9 fw d 5 ’-CCTCTTTG TG ACTATG TGG ACTGATGTCGG-3’ 

rev 5 ’-GTGGA TAA CCCCTCCCCCA GCCTA GACC-3’
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Table  2.1 Prim ers  used for DNA amplification

2.2.2 Animal Treatments

2.2.2.1 Intravenous injection

Mice were exposed to a heat-lamp for 5-7 minutes and individual mice inserted head­

first into a modified 50ml falcon tube. The tube was shortened such that the overall 

length was similar to that o f  a mouse and airholes were made at the anterior end o f  

the tube. At the posterior end a rubber cork, with a groove cut along its length was 

inserted to restrict movement o f  the mouse and enable a fibre-optic microscopic light 

source to be placed underneath the tail to allow visualization o f  the lateral caudal 

veins, when other light sources were dimmed. Magnifying glasses were used to aid 

visualization when necessary.

2.2.2.2 Induction o f  EAE in C57BL/6 mice

A mouse model o f  multiple sclerosis (MS), experimental autoimmune encephalitis 

(EAE), was used to model cell infiltration from the periphery to the CNS. To induce 

EAE, 10-18 week old C57BL/6 were injected subcutaneously with 100 |j.g Myelin 

Oligodendrocyte Glycoprotein (MOG) peptide (Cambridge Biosciences, UK) in 

Complete Freund’s Adjuvant (CFA; DIFCO, UK) supplemented with 5mg/ml 

H37RA {M ycobacteria tuberculosis, DIFCO, UK). The mice were also injected 

intraperitionally (i.p.) with 500 ng pertussis toxin (Tocris Biosciences, USA) on day 0 

and day 2 post immunisation. EAE was scored according on a 0-5 scale as follows: 

limp tail, 1; wobbly gait, 2; hind limb weakness, 3; hind limb paralysis, 4; tetra 

paralysis, 5.

2.3 Behavioural

Prior to behavioural assessment all animals had muscle strength and co-ordination 

assessed using the hang-wire and the inverted screen test.
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2.3.1 Hang-wire

Testing took place on a horizontal steel wire (30 cm long) suspended between 2 

wooden poles (20 cm high) above a padded surface. Two 60 second trials were 

performed with an inter-trial interval o f  28 minutes. In the first trial anim als were 

suspended from the wire by all 4 paws, and the length o f  time a grip was maintained 

on the wire was recorded. Only the front 2 paws o f  the animal were placed on the 

wire for the second trial. The trial lasted until the mouse fell from the wire or reached 

the 60 seconds cu t-off time. Any mice that crossed the wire to the poles at either end 

were given a score o f  60 seconds.

2.3.2 Inverted screen

Mice were placed on a wire-mesh screen which was slowly inverted and held above a 

padded surface. The length o f  time the mouse maintained a grip on the screen was 

recorded, the trial lasted until the mouse fell or the 60 seconds cut-off time was 

reached. Each mouse was assessed twice with an inter-trial interval o f  28 minutes.

2.3.3 Morris water maze

2.3.3.1 Morris water maze apparatus

The MWM apparatus was assem bled in a well-lit room with the temperature 

maintained at 22-23°C. it consisted o f  a circular tank, 1.2 m in diameter and 0.6 m in 

height. It was filled with water to a depth o f  0.24 m. A perspex platform, 0.15 m in 

diameter and 0.23 m in height, was positioned in the northwest quadrant o f  the pool, 

0.13 m from the edge o f  the pool (Figure 2.1). The accuracy o f the positioning was 

confirmed by visually inspecting the digital overlay from the MWM software (W ater 

2020, HVS Image, UK) on images from an overhead cam era used for tracking the 

mice. Distinct visual cues were placed on each o f  the 4 walls surrounding the tank at 

a height o f  1 metre.
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2.3.3.2 Habituation

A single day o f  task habitation was carried out prior to data being acquired. The w ater 

was clear and the platform clearly labelled with a large flag. N o  visual cues were used 

during habituation. The animal w as placed into the pool in the southeast quadrant 

facing the wall and guided to the platform by the experim enter using a plastic rod. All 

mice were brought to the platform within 60 seconds and left to remain on the 

platform for 45 seconds. Anim als completed a single trial.

2.3.3.3 Training & reversal assessment

Training com m enced  the day following habitation and continued for 4 consecutive 

days, at the sam e time each day. The water w as m ade opaque through the addition o f  

white tem pura paint pow der (Crafty Devils, UK) and visual cues were placed upon 

the walls. Mice carried out 4 one-m inute trials with an inter-trial interval o f  5 

minutes, during which the animal was returned to a hom e-cage w arm ed  by a hot 

w ater bottle placed underneath. At the start o f  each trial, m ice were lowered into the 

w ater while holding the tail and facing the m ouse tow ards wall o f  the tank. During 

the trials, mice were placed into the pool at four separate points (north, south, east 

and west) with each point being used once. T he order o f  these points w as randomly 

generated for each day. The order mice were assessed on each day w as also random. 

The M W M  software tracked the animal and upon reaching the platform  within 60 

seconds the trial was stopped. Unsuccessful mice were show n to the p latform  after 

the 60 seconds cu t-o ff  time, and all animals rem ained on the p latform  for 20 seconds 

at the end o f  each trial.

Anim als were trained until they could be show n to have learned the task via 

statistical analysis o f  the time taken and pathlength to reach the subm erged  platform. 

Following this the position o f  the subm erged platform was m oved d iagonally  and the 

animals assessed daily for 4 days as previously described.
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2.4 MRI Scanner

MRI was carried out on a dedicated small rodent Bruker Biospec (Bruker Biospin, 

Germany) system with a 7 Tesla magnet and a 30 cm core.

2.4.1 M RI Animal Setup & maintenance

Mice were anaesthetized using isofluorane and placed into an M R-compatible mouse 

cradle. The anim al’s upper teeth were placed in a bite bar and supports inserted into 

the ear to ensure optimal positioning and minimal movement. The mice were 

m aintained under anaesthetic during scans using a mixture o f  isofluorane and oxygen 

administered via a gas facemask (1.5 -  2 % at 1 litre/minute o f 100% oxygen). The 

anim als respiration was monitored using custom-built hardware and software (SA 

Instruments Inc., Stony Brook, NY, USA). The temperature o f the animal was 

m aintained by pumping water from a temperature controlled water bath (SA 

Instruments Inc.) through tubes lying underneath the animal. A mechanical ventilator 

(Ugo Basile, Comerio, VA, Italy) was used to ensure appropriate delivery o f  gas to 

the facemask. The cradle was then inserted into the MRI scanner. Accurate 

positioning was ensured by acquiring an initial rapid pilot image. To maintain 

consistent positioning throughout all experiments the animal was repositioned and 

scanned until the rhinal fissure was 5 mm anterior to the isocentre o f  the B„ magnetic 

field. All subsequent images were run after a magnetic field shim sequence and gain 

adjustm ent procedure was carried out.

2.4.2 M RI protocols

2 . 4 . 2.1 Relaxometry scans

A single slice RAREVTR sequence, positioned at the isocentre, was used to acquire 

images enabling calculation o f  T1 relaxation times. The parameters used were; TE = 

12.637 ms, TR = 300, 589.116, 942.255, 1396.084, 2031.981, 3103.081 and 8000 ms, 

RARE factor = 4, field o f  view  = 1.8 x 1.8 cm, slice thickness = 1 mm, matrix = 128
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X 128, pixel dimensions = 141 x 141 |o,m. Scanning tim e was 8 minutes and 43 

seconds.

A MultiSpin M ultiEcho (M SM E) sequence was used to acquire images enabling 

calculation o f  T2 relaxation times, 12 echo tim es starting at, and spaced, 8.06 ms 

apart were acquired with TR = 2000 ms. O ther sequence param eters were; field o f 

view = 1.8 X 1.8 cm, slice thickness = 1 mm, number o f  slices = 5, interslice distance 

= 1.10 mm, matrix = 128 x 128, pixel dimensions = 141 x 141 |^m. Scanning time 

was 4 m inutes and 16 seconds. Only the centre slice was used to determine T2 

relaxation times as refocusing artefacts were present in the outer slices.

2.4.2.2 High-Resolution T2-weighted scan

T2-weighted images were collected using a RARE T2-weighted sequence with the 

following parameters; TE = 14.074 ms, TEeffective = 42.22 ms, RARE factor = 8,

TR = 7478 ms, field o f  view = 1.8 x 1.8 cm, slice thickness = 0.35 mm, num ber of 

slices = 54, matrix = 128 x 128, pixel dimensions = 141 x 141 |^m. The scan time was 

1 minute 56 seconds. The scan was repeated 20 times and individual scans were 

visually inspected for movement artifact, and removed if  necessary, prior to 

averaging using FSL. The overall scanning time was 50 minutes.

2.4.2.3 Arterial Spin Labelling (ASL) scan

A  theoretical model to facilitate the quantification o f  cerebral perfusion with ASL has 

been described in detail previously (Kelly et al., 2009) and is outlined in Appendix 1. 

The model uses a bolus-tracking ASL (btASL) sequence to provide signal-tim e 

curves o f  the passage o f  a 3 second bolus through a user-defined ROl. The sequence 

consists o f a 5 second preparation interval containing the inversion pulse, followed by 

snapshot fast low angle shot (FLASH) image acquisition (Kerskens et al., 1996). 

Flow-induced fast adiabatic passage o f inflowing inverted arterial spins was 

performed using a rectangular pulse with a maximum Bi o f 120 mG, thus providing 

inverted arterial spins to the imaging location (Dixon et al., 1986). The inversion 

pulse radiofrequency (RF) power was set to achieve inversion at the desired location.
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and had a bandw idth o f  2.8  kHz. The gradient strength w as set to 14 m T m ' to 

provide an inversion region th ickness o f  4 .7  mm. The pulse frequency w as o ffset by - 

12 kH z, resulting in a tagging  location 2 cm  proxim al to the im aging slice . A control 

im age with the o ffse t frequency reversed (+ 12  kH z) w as also  acquired, in w hich  

in flow in g  sp ins w ere left undisturbed. C orresponding pairs o f  labelled and control 

im ages w ere subtracted to provide perfusion-w eighted  m aps.

The preparation interval contained the inversion  pulse o f  duration, x ,and tw o  

variable delays, Di and D 2 (F igure 2.2a). The delays and the inversion pulse duration  

w ere varied, as sh ow n  in T able 2 .2 , to a llo w  the full signal-tim e curve to be plotted  

(F igure 2 .2b). The snapshot FLA SH  im aging w as acquired with centric phase  

en cod in g  to enhance sen sitiv ity  to contrast provided by in flow in g  labelled  

m agnetization  (H olsin ger  and Riederer, 1990). The fo llo w in g  parameters w ere used: 

s lice  th ickness =  2 m m , TR =  6 .6 6  m s, TE =  2 .9 9  m s, RF flip  angle =  30°, field  o f  

v iew  =  3 .0  X 3 .0  cm , im age m atrix =  128 x 64 , receiver bandw idth =  50 kHz. The  

total tim e for the A S L  preparation and im age acqu isition  for a sin g le  m easurem ent 

point w as 5 .426  secon d s.

Time-

Point

3.0 s Bolus 

Di T D 2

1 4.9 0.1 0.0

2 4.5 0.5 0.0

3 4.0 1.0 0.0

4 3.5 1.5 0.0

5 3.0 2.0 0.0

6 2.5 2.5 0.0

7 2.0 3.0 0.0

8 1.5 3.0 0.5

9 1.0 3.0 1.0

10 0.5 3.0 1.5

11 0.0 3.0 2.0
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Table 2.2 V ariations o f Di, D 2 and t  for 1.5 , 2.0 and 3.0 second bolus

2.4.3 MRI analysis

2.4.3.1 Relaxometry

T1 and T2 relaxation tim es were calculated using the Image Sequence Analysis (ISA) 

software in the Bruker software, Topspin. T1 and T2 relaxation times were fitted to 

mono-exponential rise and decay functions, respectively. Regions o f  interest (ROl) 

were drawn with reference to a mouse brain atlas (Paxinos & Franklin, 1995). ROls 

were drawn on the centre slice o f  the T2 relaxation scan. These ROl were also used to 

assess T1 relaxation tim es, as the centre slice o f  the T2 scans were geometrically 

identical to the T1 scan. The cortex, hippocam pus, thalam us and corpus callosum 

were mapped. A representative T2 scan (T E =  16.16 ms) with ROl shown is 

presented (Figure 2.3)

2.4.3.2 Volumetric Based M orphom etry

High-resolution T2-weighted scans were converted from the Bruker file format to the 

analyze file format using the pvconv.pl conversion script 

(http://pvconv.sourceforge.net) . Brain extraction was performed in the M IPAV 

software using the brain extraction algorithm. The M IPAV paint tool was used to 

complete inadequate results from the brain extraction software, an example is shown 

(Figure 2.4a,b). Images were reoriented to replicate human MRI experimentation 

orientation and voxel sizes enlarged by a factor o f 10 in M IPAV. These changes 

enabled usage o f  the FSL software library (Smith et al., 2004), written primarily for 

use on human MRI data, w ith minimal changes in performance. Gray matter 

segmentation was performed using the fa s t  segm entation tool provided as part o f  the 

FSL software library (Figure 2.4c). Gray matter segmented images were nonlinearly 

registered to a C57 gray m atter template (M a et al., 2005) usm gfslreg . Study-specific 

gray m atter templates were created by averaging registered images associated with 

each experimental comparison. Following this, C57 tem plate-registered images were 

nonlinearly registered, using an initial estimate by flirt to ensure adequate results by
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fnirt, to the study specific template. The study-specific registered image was 

compensated for areas o f contraction/enlargement due to the non-linear component o f 

the transformation. Each voxel o f each registered grey matter image was divided by 

the Jacobian o f the warp field for that image. A general linear model designed using 

Glm was used to analyse gray matter volumetric differences between experimental 

groups in a specific study, using randomise, a permutation-based inference tool for 

nonparametric statistical thresholding. Images were smoothed with a 1mm kernel 

prior to analysis with randomise. The output of randomise is a statistical parameter 

map which can be overlayed onto the study specific C57 gray matter template to 

indicate areas of significant difference between groups, the threshold for the map was 

set at p < 0.001 for all comparisons performed.

2.4.3.3 ASL

Cortical, hippocampal and whole brain ROl were drawn on perfusion-weighted 

images and the average for each ROl plotted against acquisition timepoint in the 

btASL sequence (Table 2.2). This curve was fitted to the solution of the non- 

compartmental ASL theoretical model found by Kelly and colleagues, 2009, enabling 

the quantification o f mean transit time (MTT) and capillary transit time (CTT). The 

curve-fitting routine in Mathematica (Wolfram Research Inc., Version 5.1, 

Champaign, IL, USA) was used to find the least squares fit to the experimental 

concentration-time curves by the Levenberg-Marquardt method and excellent 

agreement between ASL signal-time curve and the fit o f the theoretical model was 

achieved (Figure 2.4b). MTT is defined as the average time it takes a particle to 

traverse the vasculature (Meier and Zierler, 1954). The CTT variable has been 

interpreted as the time taken for labeled arterial water to be distributed at the ROl 

(Kelly et al, 2009). Furthermore, estimation of cerebral blood volume (CBV), from 

analysis o f fitting parameters, is possible and is reported as CBViw, as it is composed 

of contributions from both the intra- and extra-vascular spaces (Silva et al., 1997). 

The amplitude o f the fitted curve in Figure 2.4b, is directly proportional to the area

48



under the curve and was used to estimate the rCBViw in the cortical, hippocampal and 

whole brain ROI. It should be noted that the subscript Iw is used here to signify that 

the ASL signal is composed o f  contributions from both the intra- and extravascular 

spaces (Silva et al., 1997) and as a result, the volum e estimated from the area under 

the ASL signal-time curve is not purely intravascular in nature. Finally, the division 

o f  rCBViw by MTT represents the division o f  volume by a m easure o f  the tim e taken 

for this volume to flow and can be considered an approxim ation o f  cerebral blood 

flow (rCBF).

2.5 Tissue Preparation

2.5.1 In vivo

2.5.1.1 Cervical dislocation and brain dissection

Mice were decapitated following cervical dislocation and the brain was dissected 

after careful removal o f  scalp tissue and skull using curved forceps and fine surgical 

scissors. The brain was placed onto an ice-chilled glass surface. A cryostat blade was 

used to cut coronally at approximately 4-5 mm anterior to the cerebellum . The brain 

portion containing the cerebellum was then coated in optimal cutting tem perature 

(OCT) compound (Tissue-Tek, USA) and placed cutting surface down onto a pre­

labelled cork disc. This was then snap-frozen in dry-ice chilled isopentane (Sigma- 

Aldrich inc.) and stored at -80 °C until sectioning.

2.5.1.2 Surgical equipment and  surface trace-metal decontam ination

Ceramic forceps, ceramic tweezers and a sapphire surgical blade (Electron 

M icroscopy Services, USA) were acid-washed (3% HCl) and rinsed in deionized 

water. All surfaces were plastic and acid-washed and rinsed in deionized water prior 

to use. All containers with reagents were placed on NdPeB bar magnets, and reagent 

taken from the top o f the container for use in the procedure to rem ove magnetic 

contaminants.
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2.5.1.3 Intracardial perfusion

All equipm ent and surfaces used in this procedure were treated as outlined in Section 

2.5.1.2. Wild-type control and A PPsw e/PSldE9 transgenic mice were sedated with an 

i.p. injection o f  sodium pentobarbital (30 )j,l, Euthanol, Merial Animal Health, UK). 

Sedation was deemed adequate on the absence o f  the toe-pinch reflex. The animal 

was placed on a polystyrene surface. Ethanol was used to wet the abdomen o f  the 

animal and all four paws were secured with 25G needles (BD, UK) into the 

polystyrene. The skin was cut at the level o f  the liver and cut towards the head, 

through the rib cage until the heart was exposed. This area o f  skin was secured to the 

polystyrene using a small needle. A 25G needle was placed into the left ventricle and 

perfusant pumped via a syringe pump (Razel Scientific Instruments, UK) at a rate less 

than 0.5 ml/minute. The right atrium was cut immeadiately following pump turn-on. 

Animals were perfused with 0.1 M sodium cacodylate (Sigm a-A ldrich, UK) made up 

with ultrapure water (Sigm a-A ldrich, UK). The animals were perfused for 20 minutes 

or until the liver turned a light coffee colour. The head was cut at the base o f  the head 

and the skin cut away from the skull. The skull was cracked using ceramic tweezers 

and removed using ceramic forceps. The brain was transferred to a plastic surface 

where the tissue was preserved as required.

2.5.1.4 Cryosectioning

Gelatin-subbed m icroscope slides (25 mm x 75 mm x 1 mm. Superfrost Plus, 

Thermoscientific, UK) were labelled prior to cryosectioning. Brain tissue was placed 

in the interior o f the cryostat (Leica CM  1900, Leica M icrosystems Inc, USA) and 

allowed to equilibrate to -20°C, the temperature at which sectioning was done. 

Sections were cut at 10 |im thickness. Anatomical position was assessed by light 

microscopy in Toludine Blue-stained sections by reference to a M ouse Brain Atlas 

(Paxinos and Franklin, 1995). Sections from the interior, middle and exterior portion 

o f the sectioned hippocam pus were placed on each slide. Retina cryosectioning was
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perform ed as outlined for brain tissue. S ection s w ere air-dried for 30  m inutes and 

stored at -20°C  until required.

2.5.1.5 Protein quantification

The protein concentrations in tissue sam ples w ere assessed  using  the b icinchon in ic  

acid (B C A ) protein assay  kit (P ierce, The N etherlands). A  standard curve w as  

prepared (0 -  20 0 0  |^g/ml) by d iluting concentrations o f  b ov in e  serum  album in (B S A )  

in w orking reagent (1 ;50, R eagent B to R eagent A ). A liquots (25  |il)  o f  sam ples and 

standards w ere added in triplicate to a 9 6 -w e ll plate and incubated for 30 m inutes at 

37°C . The optical density va lues w ere determ ined by m easuring the absorbance at 

590  nm using a m icrotitre plate reader (M ultiskan RC, L absystem s, F inland). Protein  

concentrations in test sam ples w ere calculated with reference to the standard curve.

2.5.2 In vitro

2.5.2.1 Primary mouse mixed glia preparation

Primary cortical glial c e lls  w ere prepared from the brains o f  1-day old  C 57 m ice  

(B ioR esou rces Unit, Trinity C o llege , D ublin , Ireland). T he m ice w ere decapitated, 

the cerebral cortices d issected  and the m eninges w ere rem oved . T issu e  w as bi- 

directionally  chopped u sin g  a sterile scalpel and placed in 15 ml fa lcon  tubes 

(Sarstedt, Ireland) contain ing warm  filter-sterilized  D M E M . T he tissu e w as incubated  

for 15 m inutes (37°C; 5% C 02:95%  air; N uaire F low  C O 2 incubator; Jencons, U K ), 

triturated, filtered through a sterile m esh filter (4 0  |am; B ecton  D ick in son  Labware, 

France), centrifuged at 2 0 0 0  rpm for 3 m inutes at 20°C  and the p ellet resuspended in 

warm ed D M E M . Equal num bers o f  resuspended ce lls  w ere plated in 2 4 -w e ll plates at 

a density o f  1.0 x 10^ cells /m l and incubated for 2 hours before addition  o f  warm ed  

D M EM . C ells  intended for confocal and light m icroscopy analysis w ere plated onto  

poly-L -lysin e-coated  coverslip s and grow n at 37°C  in a hum idified  5% C O 2 , 95%  air 

environm ent for 12-14 days (w ith 3 interm ediate changes o f  m edium ) until confluent.
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2.5.2.2 Blood brain barrier cell model

The blood brain barrier (BBB) was modeled using 24-well plate transwell inserts on 

which brain microvessel endothelial cells (BM EC) were grown (M ontesano et al., 

1990). The inserts contained 8 |im porous membranes (Greiner Bio-one, Germany) 

and cells were grown until confluence was reached, with intermediate changes o f 

growth media every 3-4 days. A fluorescein permeation test was used to investigate 

BM EC layer tightness in a parallel batch. Fluorescein (2 |ig/m l) was added to the 

apical compartm ent and after 1 hour o f  incubation, the amount o f  fluorescein in the 

basolateral compartm ent was calculated by m easuring the fluorescence signal using a 

spectrofluorom eter. i f  the fluorescence signal was com parable to the signal from pure 

DMEM, the BMEC layer was regarded as confluent.

2.6 Nanostructure cellular interaction methods

Cells were incubated in the presence o f  a known concentration nanostructures for 

different time periods and prepared for analysis as detailed in the following sections.

2.6.1 Confocal microscopy

Cells were washed twice with ice-cold PBS buffer, fixed in ice-cold methanol and 

washed 3 times with PHEM  buffer. The coverslips were mounted onto m icroscope 

slides, using mounting medium containing DAPl (V ectashield, Vector Labs, USA), 

for analysis by confocal microscopy (Axioplan 2, Zeiss, Germany).

2.6.2 Light m icroscopy

Cells used in the confocal microscopy experiments were also assessed using light 

microscopy. Cells were washed twice with ice-cold PBS buffer, fixed in ice-cold 

methanol and washed 3 times with PHEM buffer. Cells were incubated in the

52



presence o f  Prussian blue reagent for 20 m inutes, w ash ed  in d eion ized  water, 

dehydrated through a lco h o l, cleared in xy len e and m ounted u sin g  D P X . Light 

m icroscop y  w as carried out on an O lym pus 1X51 m icroscop e (Japan).

2.6.3 Live cell imaging

F resh ly-d issected  and resuspended m ouse m ixed  g lia l ce lls  w ere  plated onto g lass  

bottom  d ish es (M atT ek Corporation, M A , U S A ) and grow n for 13 -  14 days, w ith  3 -  

4 interm ediate changes o f  m edia. C ells  w ere a ssessed  using  a live  ce ll im aging  

protocol enab ling serial acqu isition  o f  confocal m icrographs for 30 m inutes. Phase  

contrast and fluorescent im ages w ere acquired fo llo w in g  the addition o f  nanostructure 

so lu tion  to the g lass bottom  dishes. C onfocal im ages w ere obtained using an 

A xiop lan  2 (Z eiss, G erm any).

2.6.4 Flow Cytometry Analysis

C ells  w ere w ashed tw ice  w ith  ice-co ld  PBS fo llo w in g  treatm ent and incubated at 

37°C for 3 -  5 m inutes in fresh P B S -conta in ing  trypsin (30  jiil). D M E M  (2 0 0  |j.l) w as  

added and sam ples w ere centrifuged at 2 0 0 0  rpm for 3 m inutes. The p ellet w as  

resuspended in FA C S buffer and transferred to FA C S tubes. M easurem ents o f  the 

ce ll-a ssocia ted  flu orescen ce o f  non-treated, and nanostructure-treated, ce lls  w as  

com pleted  on a D A K O  CyANADP flo w  cytom eter calibrated using  F low -C h eck  

Fluorospheres (B eckm an C oulter, Ireland).

2.6.5 Cytotoxicity

The cy to to x ic ity  o f  the nanostructures w as evaluated using the M T S assay (C ell 

Proliferation A ssa y , Prom ega, U S A ). C ells w ere incubated for 2 , 2 4  and 48 hours in 

the presence o f  nanostructures (0 .4 6  x  10'“’, 2.31 x 10"“̂, 4 .6 2  x  lO''*, 9 .2 4  x 10"* g/m l 

o f  Fe304 ). C ells  w ere incubated for 3-4 hours in the presence o f  the M T S solution  (20  

f.il o f  M T S solution  per 100 jul o f  D M E M ). M edia (1 0 0  |al) w as placed into the w ells  

o f  a 9 6 -w ell plate and the absorbance at 4 9 0  nm  read by a spectrophotom eter, 3 

sam ples (1 0 0  )il) w ere taken from  each w ell and the experim ent w as carried out in 

triplicate. C ell viab ility  w as a ssessed  by calcu lating the ratio o f  the num ber o f  viab le
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c e lls  in the nanostructure-treated culture to that in the non-treated culture. T o  

investigate the cy to to x ic ity  o f  the nanostructure fo llo w in g  polyelectro ly te  layer  

degradation, a vo lu m e o f  nanostructure w as assessed  for cy to to x ic ity  5 days after 

nanostructure fabrication. V igourous vortexing w as carried out to ensure the ratio o f  

p olyelectrolyte to m agnetite added to ce ll cultures w as com parable to that added  

when intact nanostructure w as added. The cytotoxicity  o f  degraded nanostructure 

solution  (0 .4 6  x 10'“̂, 2.31 x  10’'*, 4 .6 2  x 10'"', 9 .24  x lO"'̂  g /m l o f  Fe304 ) w as assessed  

fo llow in g  incubation for 2 , 24  and 48 hours w ith m ouse m ixed  g lia l cultures.

2. 6.6 Analysis o f cytokine expression

Primary m ouse m ixed glial cultures w ere incubated w ith  nanostructures (0 .4 6  x lO'"’, 

2.31 X 10 '*, 4 .6 2  X 10'“’, 9 .2 4  x  10''* g/m l o f  Fc304) for 2 hours. Supernatant w as  

collected  and stored at -80°C  until analysis. The concentrations o f  IL -ip , lL -6  and 

T N F -a in the supernatant and w as assessed  by ELISA  (R & D  S ystem s, U K ) as 

detailed in section  2 .8 .2 .

2.6.7 M RI phantoms and measurem ents

A nanostructure-treated ce ll preparation w as prepared and w ashed  3 tim es w ith PBS  

to ensure the rem oval o f  non-internalized nanostructues. S ix  cell phantom s w ere 

prepared in 2 ml cylindrical E ppendorf tubes, each contain ing 1 ml o f  0 .5  % warm  

agarose gel and 1 ml o f  cell su sp en sion  containing either 2 .0  x 10^, 1 x 10^, 0 .5  x  10^. 

0 .25  X 10^, 0 .05 X 10^ or 0.01 x  10^ cells/m l. H om ogenous distribution o f  the ce lls  

w as ensured by 30  seco n d s o f  trituration.

MRI w as perform ed in a 7T  Bruker Spectrom eter (Bruker B iosp in , G erm any) w ith  a 

smal. v o lu m e resonator used in transceiver m ode. T2 relaxation tim es w ere calculated  

from a M S M E  seq u en ce (TR  =  2 0 0 0  m s, TE =  10 m s, 30  ech o es w ith  10 m s echo  

spacing). T2* relaxation tim es w ere calculated from a M ulti-G radient-E cho (M G E ) 

sequence (T R  =  1500 m s, TE =  2 .5 2  m s, 30 ech oes w ith 5 m s ech o  spacing). Both  

sequences shared the fo llo w in g  parameters: field  o f  v ie w  =  2 .5 6  cm , slice  th ickness =
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2 m m , m atrix  = 156x 156, pixel d im ensions =  131 x  131 fj,m. T he overall scann ing  

tim e for both scans w as 12 m inutes. T2 and T2* re laxation  tim es w ere calcu lated  

using the Im age Sequence A nalysis (ISA ) softw are in the B ruker softw are, T opspin. 

The sam e R O l was used to generate values fo r T2 and T2* relaxation tim e 

calculation. T2 and T2* re laxation  tim es w ere fitted to  a m ono-exponentia l decay 

function. T he field inhom ogeneity , AB, due to the presence o f  the nanostructures was

calculated using  ABy = (1 /T 2*) -  (1/T2), w here y  is the gyrom agnetic ra tio  for 

hydrogen (42.58 M H z/T). AB w as calculated for each  o f  the phantom s.

2.6.8 In vitro BBB model nanostructure interaction

C onfluent layers o f  BM EC  w ere incubated in the presence o f  nanostructures, 4.62 x 

lO "* g/m L o f  Fe304 . N anostructu res were also  added to the apical com partm ent o f  

transw ell inserts w ithout any BM EC cells. Sam ples from  the basolateral com partm ent 

w ere taken 0, 40, 80 and 120 m inutes after addition  o f  nanostructures and the 

fluorescence w as m easured. A  calibration curve o f  fluorescence from  know n 

concen trations o f  nanostructures in D M EM  w as used to convert the fluorescen t signal 

m easured from  basolateral layer sam ples to nanostructure concentrations. To assess 

the effect a m agnetic field w ould  have on the passage o f  nanostructures, a separate 

120 m inute tim epoin t experim ent was replicated  in the presence o f  a m agnetic  field 

(~0.1T). T rip licate  data w ere obtained for each tim epoint.

2.6.9 Nanostructure intravenous administration

N anostructu res w ere placed in an ultrasound bath for 25-30 m inutes and loaded in a 

tin fo il-covered  syringe using a 25G  needle, a ir bubbles w ere rem oved and a 

m axim um  vo lum e o f  300 |il w as injected into the tail vein as detailed in section 

2.2.2.1. M ice w ere m onitored for 5 -  7 m inutes afte r injection to ensure b leed ing  had 

ceased.
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2.6.10 DAB-enhanced Prussian blue staining o f brain sections

Sections were thawed and air-dried for 1 hour and encircled using a PAP-pen (Dako 

Pen, Dako, Denmark) and left to dry for a further 20 minutes. Sections were fixed in 

100% acetone for 10 minutes at -20°C  and rehydrated in PBS for 5 minutes. 

Endogenous peroxidase was blocked with 1% H2 O2 (Hydrogen Peroxide) for 15 

minutes. The sections were washed with running tap water for 15 minutes followed  

by 3 washes in distilled water (5 minutes/wash).The sections were incubated with 

Prussian blue reagent for 45 minutes in a humidified chamber, washed for 15 minutes 

in running tap water and 3 times in distilled water (5 minutes/wash). Sections were 

incubated in diaminobenzidine (D A B ) for 20 minutes (1:10 solution from DAB- 

liquid. (Sigm a-Aldrich, UK)), washed 3 times with distilled water, dehydrated, 

cleared in xylene and coverslipped.

2.6.11 Rhodamine detachment experiments

A sample o f  DM EM -containing prepared nanostructures was incubated in the dark at 

37°C for 48 hours. Samples were taken after 0, 8, 16, 24, 36 and 48 hours. Magnetic 

separation o f  any magnetite-bound nanomaterial from these samples ensured only  

detached rhodamine was assessed and its concentration was measured using a 

spectrofluorometer. After 48 hours, magnetically-separated magnetite-bound 

nanomaterial was re-dispersed and examined using a spectrofluorometer.

2.7 Metal and Iron analysis techniques 

2.7.1 SQUID magnetometry

2. 7.1 .1 Tissue preparation

All equipment and surfaces used in this procedure were treated as outlined in Section  

2.5.1.2. Following brain dissection as detailed in Section 2.5.1.3, the intact brain was

56



placed on a plastic chopping board. A sapphire blade (Electron M icroscopy Services, 

USA) was used to cut along the longitudinal fissure. The right hemisphere was used 

for SQUID magnetometry while the left hemisphere was retained for molecular 

analysis and immuno- histochemical and fluorescence analysis. The right hemisphere 

was placed in plastic specim en vials (Sarstedt, Ireland) and maintained at -80°C until 

required. The hemispheres were weighed (Ohaus Pioneer, Ohaus, USA) and freeze- 

dried (Edwards, UK) for 2-3 hours, to remove water and concentrate the fraction o f 

iron species within the tissue solids, and weighed again. The samples were transferred 

to a plastic chopping board. A sapphire blade was used to section the brain tissue. 

The sectioned-brain tissue was then placed into the centre o f  a SQUID sample straw 

(Quantum Design, CA, USA) and pressed into a pellet o f  diam eter 5mm and height 2- 

4 mm using custom -m ade non-magnetic presses. Samples were frozen and 

maintained at -80° C until SQUID magnetometry m easurem ents took place.

2.7.1.2 SQUID magnetometry experimental procedure

Smaller straws were placed into the sample straw from both ends to ensure the pellet 

remained intact throughout the experiment (Figure 2.5). Samples were mounted onto 

the end o f  the SQUID sample rod and kapton tape (Electron M icroscopy Services, 

USA) was used to seal the bottom o f  the sample straw and ensure adequate adhesion 

to the SQUID sample rod. Kapton tape was used as it’s adhesive characteristics 

remain stable at very low temperatures. The sample was inserted into the evacuation 

chamber o f the MPMS 7 SQUID m agnetom eter (Quantum Design, CA, USA) and the 

chamber was air-evacuated. Several small holes had been made in the sample straw  to 

ensure air was able to escape. Upon successful evacuation o f  the sample cham ber, the 

sample rod was lowered into the m easurem ent area. The temperature throughout this 

setup phase was 300 K. The sample space was air-evacuated and IRM was m easured 

at 5 K and 150 K following a 5 minute exposure to a field o f  10,000 Oersted, 

following a sample degaussing sequence carried out at 300 K. The sequence files 

were run on the MPMS M ultiVu software (Quantum Design, CA, USA) and
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controlled all aspects o f the SQUID measurement device.A negative control sample 

containing no sample was prepared and used as the blank.

2.7.2 ICP-MS

2.7.2.1 Tissue preparation

Freeze-dried samples analysed using SQUID magnetometry were assessed for metal 

content using a Varian 820 ICP-MS (Varian, USA). A known weight o f each sample 

was placed in separate digestion vessels and 7 ml of 69% HNO3 and 1 ml o f 35% 

H2 O2 added. The vessels were sealed and placed in an Ethos EZ microwave digester 

(Milestone Scientific, USA) and heated to 200°C at lOOOW for 20 minutes. Samples 

were brought to a volume o f 50 ml with ultrapure water (Sigma-Aldrich). Certified 

calibration standards (Carl Stuart, Ireland) were used to calibrate the ICP-MS and a 

quality control standard run to ensure a tolerance of ±10%. The samples were diluted 

where necessary to bring them into the range o f the calibration curve. A blank 

containing only the reagents was also prepared and digested and used for blank 

subtraction purposes.

2.7.2.2 ICP-MS experimental procedure

ICP-MS measurements were acquired in peak-hopping mode with coarse spacing, 1 

point per point, 15 scans per replicate and 3 non-consecutive replicates per samples. 

Plasma flow was 17.50 litre/minute with an auxiliary flow of 1.65 litre/minute. Each 

sample was introduced using a glass nebulizer at a flow of 0.97 litre/minute.

2.7.3 X-Ray analysis

2 .7.3.1 Tissue preparation

All equipment and surfaces used in this procedure were treated as outlined in Section 

2.5.1.2. Following brain dissection as detailed in Section 2.5.1.3, an intact brain from 

a female transgenic APP/PSI, male transgenic APP/PSl and female wildtype mouse
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was placed on a plastic chopping board. The brain was transferred into a 50 ml plastic 

specimen container (Sarstedt, Ireland) and stored at -80°C until required. Care was 

taken to ensure that only the brainstem portion o f  the brain was in contact with the 

plastic. The brain was cryosectioned using a sapphire cryostat blade (Electron 

Microscopy Services, USA). The cryostat (Leica CM 1900, Leica M icrosystems Inc, 

USA) was not used for 2 days prior to sectioning in an effort to minimise air-borne 

dust particles from previous work. The brains were placed in the cryostat and left for 

20 minutes to equilibrate to the cryostat tem perature, -20°C. The brains were adhered 

to cryostat chucks using water and orientated such that coronal sections could be 

taken. Anatomical position was assessed by light m icroscopy in 10 |^m Toludine 

Blue-stained sections by reference to a mouse brain atlas (Paxinos and Franklin,

1995). Upon identification o f  the hippocampus, 50 |jm sections were taken. A single 

section, free from tears and physical deformities, as assessed by visual inspection, 

from each animal was placed onto a single high quality quartz m icroscope slide 

(75mm x 25mm x 1mm; H Baumbach & Co. Ltd., UK). Slides were placed into slide 

mail box, sealed with parafilm and stored at -80°C until required.

2. 7.3.2 Synchrotron hutch setup

A layer o f kapton (Electron M icroscopy Services, USA) was used to cover the tissue 

sections on the quartz m icroscope slide during synchrotron m easurem ents. Kapton 

was used as it displays high transmittance to X-rays. This protected the tissue sections 

from air-borne dust particle contam ination. A PAP-pen (Dako Pen, Dako, Denmark) 

was used to trace the perim eter o f  the microscope slides, this trace was used to stick 

the kapton to the slide, due to the adhesive nature o f  the PAP liquid. TAAB epoxy 

resin (TAAB Ltd., UK) was used to glue the kapton to the microscope slide along the 

perimeter o f  the kapton. Kapton, PAP-pen and TAAB epoxy resin were all utilised 

due to the very low iron content and previous XRF work has indicated the trace metal 

content o f  these m aterials to be below the detactable limits o f  the Diamond Light 

Source. The m icroscope slide was inserted into a custom -built alum inium  holder that 

attaches to the sample stage by 3 magnetic contacts ensuring accurate positioning and 

restriction o f  sample holder movem ent during stage movement.
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2.7.3.3 XRF acquisition and analysis

High resolution XRF mapping was carried out on the 118 beamhne at Diamond Light 

Source (www.diamond.ac.ukV Beamline control and data acquisition was controlled 

through the Generic Data Acquisition (GDA) software, developed at Diamond. 

Sections were screened for metal content by measuring XRF intensity above the K- 

edge for iron (7112 keV) at 10 keV. XRF maps were obtained by rastering the 

sample on an x-y stage capable of 1 |im positioning resolution. A 60 îm beam was 

used to obtain XRF maps of a hemisphere of the tissue section under inspection. 

Microresolution maps of smaller areas o f interest were examined with a beam 

diameter o f 5 |im. This was achieved by microfocussing with mirrors in the 

Kirkpatrick-Baez configuration (Figure 2.6a). X-ray fluorescence was detected using 

a high rate fluorescence 9 element solid state detector system. The detection system 

collected 1 second o f fluorescence for both the 60 |um and 5 |um beam sizes during 

XRF map acquisition. The sample was placed at 45° to the oncoming beam and the 

detector was positioned perpendicular to the beam (Figure 2.6b). Off-site analysis 

was carried out in the PyMCA software program developed at the European 

Synchrotron Radiation Facility (ESRF) (Sole et al., 2007). Data was normalized to 

incident beamline energy and XRF maps created in PyMCA. XRF spectra were 

normalized to pixel number in PyMCA, peak analysis was carried out using the 

OriginLab statistical package (OriginLab Corporation, MA, USA).

2.7.3.4 XANES acquisition and analysis

Areas exhibiting high iron fluorescence were chosen for XANES analysis o f iron 

valence. XRF spectra from chosen areas were inspected to confirm absence o f non­

biogenic metals such as nickel or chromium. XANES was obtained at the K-edge 

over the energy range o f 6960 to 7450 keV. Steps o f 5.5 keV were taken from 6960 

to 7090 keV, steps o f 0.5 keV were taken from 7090 to 7145 and steps increasing
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from 1.0 to 3.0 keV were taken from 7145 to 7450 keV. XANES data was analysed 

using the Athena software package and was compared to XANES spectra o f 

standards using linear com bination fit analysis, as provided by Athena (Ravel and 

Newville, 2005).

2.8 Molecular analysis techniques

2.8.1 Analysis o f soluble and insoluble Ap concentration

2.8.1.1 Extraction o f insoluble and soluble Afi

Soluble and insoluble Ap were extracted from snap-frozen brain tissue dissected from 

a single hemisphere o f  wildtype and A PP/PSl transgenic mice, following intracardial 

perfusion (Section 2.5.1.3). The tissue was homogenised using a polytron 

hom ogeniser (Kinematica, Switzerland) in 5 volumes (w/v) o f  hom ogenising buffer. 

I'he samples were centrifuged at 15,000 rpm for 40 m inutes at 4°C. The supernatant 

was used to extract SDS-soluble Ap and the pellets for isolation o f  insoluble Ap. 

Protein concentrations in the supernatants were equalised to 1.5 mg/ml with 

hom ogenisation buffer, following assessment o f protein concentration using the BCA 

protein assay (see section 2.5.1.5). Equalized supernatants were neutralized by the 

addition o f  10% (v/v) 0.5 M Tris-HCl (pH 6.8) and stored at -20°C until assessed for 

soluble Ap concentrations. Pellets were disrupted by ultrasonication at 23 kHz for 2 x 

5 minutes in guanidine buffer and incubated on ice for 4 hours. Following 30 minutes 

o f  centrifugation at 15,000 rpm, samples were equalized to 0.4 mg/ml with guanidine 

buffer, aliquoted and stored at -20°C until assessed for insoluble Ap concentrations.

2.8.1.2 Detection o f SDS-soluble and insoluble Afi by multi-spot ELISA

Concentrations o f  Ap were determined using “M SD 96-well m ulti-spot 4G8 Ap triple 

ultra-sensitive assay” kits (M esoScaie Discovery, USA). M ulti-spot Ap 3-plex plate
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w ells w ere blocked in 150 |il o f  1% B locker A for 1 hour at room  tem perature. P lates 

w ere w ashed 3 tim es w ith IX  Tris w ash buffer (TW B) supplied  w ith the plate. The 

detection  antibody w as added to  each well (25 |al per well). S D S-solubilised  sam ples 

w ere diluted to 200 (ig/ml in M SD  kit buffer and 25 )o.l o f  sam ple w as added in 

duplicate  to the appropria te  w ells o f  the 96-w ell plate. G uanid ine sam ples w ere 

d ilu ted  to 0.4 |ig /m l in TW B and 25 fil o f  sam ple was added in duplicate to the 

appropriate  w ells. Serially  dilu ted  recom binant hum an AP38 ( 0 - 3 ,0 0 0  pg/m l), AP40 

(0 -  10,000 pg/m l) and AP42 (0 -  3 ,000 pg/m l) in 1% B locker A so lution  w ere added 

to the appropriate  wells. The plate w as incubated at room  tem perature for 2 hours, 

w ashed in TW B and 150 |il o f  2X  M SD  read buffer w as added  to each well. T he plate 

was read using a Sector Im ager plate reader and Ap sam ples w ere evaluated w ith 

reference to the standard  curve prepared using the recom binant AP3g, AP40 and AP4 2 .

2.8,2 ELISA

2.8.2.1 Determination o f  cytokine concentrations by ELISA

T issue, flash frozen in K rebs w as hom ogeniezed using a polytron hom ogenizer 

(K inem atica, S w itzerland) and equalized using Krebs fo llow ing  a BCA  protein assay 

(section 2.5.1.5). A ntibody-coated  plates (goat anti-m ouse an tibodies at a 

concen tration  1 |J.g/ml in PBS) w ere incubated overn ight at room  tem perature. The 

plates w ere w ashed 3 tim es w ith  ELISA  w ash buffer and incubated w ith blocking 

buffer (0 .5%  B SA  in PBS) for 1 hour at room  tem perature. Plates w ere w ashed 3 

tim es w ith w ash buffer and trip licate standards (0-2000 pg/m l for IL - ip , 0-4000 

pg/m l for T N F a, 0-4000 pg/m l for IL -6 ) or sam ples (100 |a.l) w ere added to w ells and 

incubated for 2 hours. T he w ells w ere w ashed 3 tim es, detection  antibody (350 ng/m l 

b iotinylated  goat an ti-m ouse an tibody for IL - ip , 50 ng/m l b iotinylated goat an ti­

m ouse an tibody  fo r IL - 6  and T N F a; diluted in PBS con ta in ing  1% BSA and 2%  

norm al goat serum ) w as added and incubation continued for 2  hours at room  

tem perature. The w ells w ere w ashed and incubated in horserad ish  peroxidase- 

conjugated strep tav id in  (1 :200 d ilu tion  in PBS contain ing  1% BSA ) for 20 m inutes at 

room  tem peratu re  in the dark, w ashed again and substrate so lution (R & D  System s, 

UK; 1:1 ra tio) w as added and sam ples were incubated in the dark at room
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temperature for 30 minutes. The reaction was stopped using IM H2SO4 and 

absorbance was read at 450  nm. IL -ip , T N Fa and lL-6 concentrations were measured 

in pg/ml.

2.8,3 Immunofluorescence staining for Ap and MHCII

Sections prepared from the brains o f  wildtype and A PP/PSl transgenic m ice were 

thawed and air-dried for one hour and encircled using a PAP-pen (Dako Pen, Dako, 

Denmark) and left to dry for 20 minutes. Sections were fixed in ice-cold methanol 

for 10 minutes and washed 3 times in PHEM (1 m inute/wash). A 10 minute wash in 

0.1% Triton (Sigm a-Aldrich, UK) in PHEM to perm eabilize the sections was 

follow ed by 3 washes in PHEM (1 minute/wash). N on-specific binding was blocked  

by incubating samples in 4% BSA containing 10% normal goat serum (IMGS) for 2 

hours at room temperature. This blocking solution was tipped o f f  the sections after 

two hours and the primary antibody applied (1:1000, Pan-Am yloid antibody, 

Calbiochem, U SA ) in 2% BSA  containing 5% NG S. The primary antibody was left 

overnight at 4°C. The follow ing day sections were washed 3 tim es in PHEM (1 

minute/wash) and the secondary (ALEXA 488, Invitrogen, U SA ) was applied 

(1:4000 in 2% BSA containing 5% N G S for 90 minutes at room temperature. The 

sections were washed every 6 minutes for 90 minutes and mounted mounted with 

DAPl-containing mounting medium (Vectashield, Vector Labs, U SA ) and left to dry 

for 24 hours before analysis using confocal m icroscopy (Axioplan 2, Z eiss,

Germany). In instances o f  double-staining, AP stained sections were washed 6 times 

with PHEM (5 m inutes/wash) and the staining process repeated with a primary 

antibody for MHC 11 used (1:1000, MHC 11 antibody, Calbiochem , U SA ). Follow ing  

the repeated application o f  the steps outlined above, the sections were washed every 6 

minutes for 90 minutes with PHEM, and mounted mounted with D A Pl-containing  

mounting medium (Vectashield, Vector Labs, U SA ) and left to dry for 24 hours 

before analysis using confocal microscopy (Axioplan 2, Zeiss, Germany).
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2.8.4 Immunohistochemistry

A Congo red staining protocol was used to visualize amyloid plaques (W ilcock  et al., 

2006). A saturated NaCI solution w as prepared the day before staining took place. On 

the day o f  staining, sections were thawed and air-dried for 30 minutes. Sections were 

fixed in ice-cold ethanol for 10 minutes and washed twice with  PBS. D uring these 

PBS washes, 2 ml o f  N aO H  solution was added to the saturated NaCl solution (200 

ml) to produce an alkaline solution. Sections were incubated in this solution for 20 

minutes at room tem perature. NaO H  solution (2 ml) was added to filtered congo red 

solution (200 ml) to produce an alkaline solution and the sections were incubated in 

this freshly-prepared solution for 30 minutes at room temperature. Sections were 

rinsed in ddH 20 for 30 seconds and counterstained for I m inute in a 1% (w/v) 

methyl-green solution (Sigm a-Aldrich, UK). Excess staining solution w as removed 

by w ashing in d dH 20  for I m inute and sections were dehydrated through an ethanol 

series. Sections were air-dried and placed in 3 separate xylene baths for 5 minutes 

each. Coverslips were placed onto DPX (Electron M icroscopy Services, USA) 

covered sections and left to dry in a fume hood for 24 hours.

In instances o f  double staining, congo red stained sections, prior to dehydration steps, 

were washed 3 times with d d H 2 0  (5 minutes/wash) and subsequent 

im munohistochemical study o f  C D68 expression was performed using the av id in -  

b io tin-peroxidase com plex  reaction in Tris-buffered saline (TBS, pH 7.5). N o n ­

specific interactions were blocked by incubation in TBS (4%  bovine serum  albumin, 

BSA; Sigma. UK, 10% normal goat serum; Vector, UK), for 30m in at RT. Sections 

were incubated overnight in rabbit anti-CD68 antibody solution (1/200 Santa Cruz 

Biotechnology, US; in 2%  B SA  in TBS). Negative controls were incubated in 2%  

BSA  in TBS alone. Sections were rinsed 3 times in TBS, and incubated in biotin- 

conjugated goat anti-rabbit secondary antibody, (Vector, UK; 1/200 in 2%  BSA in 

TBS) for 2 hours at RT. Sections were rinsed 3 times in TBS. Endogenous 

peroxidases were b locked by incubating the sections in 0 .3%  hydrogen peroxide in 

TBS for 15 minutes, and rinsing 3 times in TBS. Sections were incubated in a pre­

made avidin solution, and rinsed 3 times in TBS. D iam inobenzidine (D A B  solution;
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Vector, UK, 0 .06%  H 2O 2 ) was applied to the sections and incubated for 10 minutes. 

The colour developm ent w as monitored and stopped with distilled water. The 

sections were dehydrated through a series o f  graded alcohols (75% ;95% ;100% ;

Sigma, UK), and cleared by immersion in xylene (Sigma, UK). Coverslips were 

applied using DPX (RA Lamb, UK) as the mount, and slides were left overnight to 

set in a fume hood.

2.8.4.1 CD68 expression quantification

Digital m icrographs o f  brain sections double stained to visualize am yloid plaques and 

C D 68 expression were taken under the sam e light and magnification. CD68 

expression w as calculated as the reciprocal o f  the RGB image pixel values. To 

exam ine CD68 expression levels proximal to amyloid plaques, an area around the 

plaque, but excluding the plaque itself, w as com pared with CD68 expression 

determ ined from other areas o f  the brain section.

2.8.5 PCR

2.8.5.1 Isolation o f  RNA from  brain tissue

M essenger RNA (m R N A ) was extracted from snap-frozen C N S tissue stored at -80°C 

in RNAlater (Am bion Inc., Applied Biosystems, UK). Tissue w as washed 3 times in 

Krebs buffer and hom ogenised, using a polytron hom ogeniser (Kinematica, 

Switzerland), in 350 |a.l o f  cell lysis buffer (NucleoSpin R N A  II, M acherey-N agel,  

G erm any) for R N A  extraction. Lysate was added to the m em branes o f  N ucleoSpin  

Filters and filtered by centrifugation at 11,000 g for 1 minute. Filters were discarded 

and 350 |al o f  70%  ethanol was added to the filtrate. The filtrate w as m ixed and 

loaded onto the m em brane o f  a N ucleoSpin  R N A  II colum n and centrifuged at 8,000 

g for 30 seconds allow ing the R N A  to bind to the membrane. T he silica m em brane 

was desalted by adding 350 )il o f  m em brane desalting buffer to the m em brane and 

samples were centrifuged at 11,000 g for 1 minute to dry the m em brane.
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D N A  w as d igested  by adding 95 |al o f  D N ase reaction m ixture d irectly onto the 

centre o f  the N u cleoS p in  R N A  II co lum n and incubating the tubes at room  

tem perature for 15 m inutes. The D N ase w as inactivated by w ash ing  sam ples in 200  

|al o f  R A 2 buffer and tubes w ere centrifuged at 11,000 g  for 30  seconds to dry the 

m em brane. The silica  m em brane w as w ashed w ith  600  |̂ 1 R A 3 buffer and centrifuged  

for 30  seconds. A  further w ash  with 2 5 0  |il o f  RA3 buffer w as carried out. The 

m em branes w ere dried by centrifugation at 11 ,000  g for 2 m inutes. Filters w ere  

placed in nuclease-free co llec tin g  tubes and 40  jj.1 o f  R N ase free H 2 O w as added to 

the m em brane. R N A  w as eluted by centrifuging sam ples at 11 ,000 g for 1 m inute and 

R N A  concentration w as quantified using a N anoD rop  Spectrophotom eter (N D -1 000  

v 3 .5 , N anoD rop T ech n o log ies Inc., U S A ).

2.8.5.2 Reverse transcription fo r  cDNA synthesis

Total m R N A  w as reverse-transcribed into com plem entary D N A  (c D N A ) using a 

high-capacity cD N A  archive kit (A pplied  B iosystem s, G erm any) according to the 

m anufacturer’s protocol. R N A  (0.5 |ig ) w as added to fresh tubes and brought to a 

final volum e o f  10 |̂ 1 using  nuclease-free H 2 O. M asterm ix w as prepared using lOX 

RT B uffer, 25X  dN T Ps, and lOX random primer m ultiscribe reverse transcriptase (50  

U / |j.l). The m asterm ix (1 0  |j.l) w as added to the R N A  and nuclease-free H2 O. Tubes 

w ere incubated for 10 m inutes at 25°C  fo llow ed  by 2 hours at 37°C  on a 

therm ocycler (P T C -200 , Peltier Thermal C ycler, MJ R esearch, B io sc ien ces , Ireland).

2.8.5.3 Real time PCR

R eal-tim e PCR dye-lab elled  primers w ere delivered as Taqm an G ene E xpression  

A ssa y s  for the m ouse gen es listed  in Table 2.3 . c D N A  w as diluted 1 ;5 w ith R N ase  

free H 2 O and 4 .5  )̂ 1 o f  sam ple w as added to each  w ell. T his w as m ixed w ith 4 .5  |u,l o f  

TaqM an U niversal PCR Fast M asterm ix (A pplied  B iosystem s, G erm any) and 0 .5  |il 

each o f  the target prim er and the endogenous control primer, for a total vo lu m e o f  10 

|il per w ell. Hum an 18S R N A  (A pplied  B iosystem s, G erm any) was used as the
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endogenous control. Real-time PCR was performed using Applied Biosystems ABI 

Prism 7300 Fast Track Sequence Detection System v l .4 .1 in 96-well format with a 

10 |j,l reaction volume per well. Each sample was m easured in duplicate in a single 

real-tim e PCR run. Samples were initially brought to 95°C for 20 seconds before 

being run for 40 cycles o f  95°C for 3 seconds followed by 60°C for 30 seconds.

2.8 .5 .4  PCR quantification

The expression o f  each target gene was determined using the efficiency-corrected 

com parative method. Target genes in different samples were compared to a reference 

gene (1 8S RNA). These values were normalised to the control sample and the relative 

differences in expression o f the target gene between the samples were expressed as a 

ratio.

Gene Name Gene Description TaqM an Gene Expression 

Assay Num ber

CD l lb Integrin alpha M M m 01271263_m l

GFAP Glial Fibrillary 

Acidic Protein

M m 01253033_m l

CD68 CD68 M m 03047343_m l

IL- ip Interleukin-1 beta M m 00434288_m l

Table 2.3 Gene expression assay numbers o f PCR primers
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Figure 2.1. Schematic illustration of Morris water maze apparatus.

Each quadrant in the tank is denoted with a colour and trials start from each quadrant. The 
repositioning of the platform from the northwest to southeast quadrant for the reversal phase 
o f the task, is illustrated by the grey arrow.
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Figure 2.2. ASL pulse sequence schematic and representative fit of the non- 
compartmental model of cerebral perfusion.

Bolus-tracking ASL sequence schematic (a) and a representative fit o f the non- 
compartmental model of cerebral perfusion (b) are presented. The preparation interval 
containing the inversion pulse o f duration x and the variable delays D, and was followed 
by snapshot FLASH image acquisition. A representative least squares fit o f the bolus- 
tracking ASL data to the non-compartmental model of cerebral perfusion is presented (b) 
The model is represented by the blue solid line and the experimental data by the red 
asterisks.

Adapted with permission from Kelly and colleagues, 2009.
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Figure 2.3. Representative ROIs drawn on a T2-weighted image.

ROIs were drawn for the cortex, hippocampus, thalamus and corpus callosum. Separate 
ROIs were drawn on each hemisphere in all cases except the corpus callosum.
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Figure 2.4. Brain extraction and gray matter segmentation.

A representative T2-weighted high resolution image (a) and associated brain 
extraction (b) and gray matter segmentation (c) are presented
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Figure 2.5. Schematic illustration and photograph of SQUID magnetometry sample 
setup.

The sample is pressed into a pellet using non-magnetic presses. This pellet is supported 
from both sides by cut samples straws (a) inserted until they are touching the sample. One 
end o f the sample straw is then taped with kapton and the other attached to the SQUID 
sample rod as shown in (b).
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Figure 2.6. Schematic of 118 beamline and sample placement.

A schematic illustration (a) of the technical hardware required to modulate the main 
beamline energy, control the beam cross-sectional area and position relative to the sample 
(Adapted with permission from Diamond Light Source website, www.diamond.ac.ukV A 
schematic of the sample placement relative to the beam (b) shows the 45° placement o f the 
sample relative to the beam and the detector position, perpendicular to the beam (adapted 
with permission from Collingwood et al, 2005).



Chapter 3
Results

3.1 Introduction

The ability to track cells using multiple contrast-dependant imaging modalities is an 

attractive technique, especially in the neurosciences where cell migration from the 

PNS to the CNS is considered to be an important event in many CNS disorders. In 

this context, a bi-modal contrast agent, capable o f  generating T2-weighted MRl 

contrast in vivo and confocal microscopy contrast ex vivo would be extremely useful. 

Similarly, the delivery o f  therapeutic agents to the CNS is an important step in 

developing treatments o f  CNS disorders. Much o f  the focus in the field has been on 

developing nanotechnology-driven drug delivery platforms, which display efficacy in 

entering the CNS, through interaction with the endothelial cells o f  the BBB (Kreuter, 

2004). However, little is known about the potentially deleterious effects the nano­

sized constituents o f  these drug delivery systems may have on CNS tissue cells. 

Inflammation, a response largely controlled by microglia cells, is a hallmark o f  many 

neuropathologic disorders and appears to contribute to many o f  the deficits associated 

with these disorders. It is important therefore that the interaction o f  nanostructures 

with glial cells is investigated.

Thus the central aim in this study was to assess the interaction o f  a 

nanostructure, designed with consideration to CNS drug delivery and bimodal 

contrast generation in cell tracking experiments, with primary mixed glial cell 

cultures, while validating the potential o f  this nanostructure to be used as a bimodal 

contrast agent. The interaction o f  this nanostructure with BBB endothelial cells was 

assessed in vitro and in vivo in a cell tracking experiment using EAE as the mouse 

model.
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3.2 Results

Basic characterization o f nanostructures and nanostructure behaviour in a magnetic 

field.

A fabrication schiematic illustrating the nanostructure is presented (Figure 3.1a). The 

emission and excitation spectra o f  the prepared nanostructure are com parable to a 

rhodamine standard and confirm that the fabrication method prevents paramagnetic 

quenching o f  the fluorescent dye (Figure 3.1b, 3.1c). Analysis o fT E M  images o f 

prepared nanostructures indicated an average size o f  232 nm (Figure 3. Id).The data 

shown in Figures 3.2 -  3.4 demonstrate the effect o f  a magnetic field on the 

nanostructures. The nanostructures appear aggregated in a linear necklace- or chain­

like structure following placement in a magnetic field. Data presented in Figure 3.2 

highlight the bimodal nature o f  the nanostructure with visualization enabled by 

confocal microscopy and control exerted over the nanostructure by magnetic 

stimulation o f  the iron oxide core.

Cellular interaction o f nanostructures.

Mixed glia were incubated in the presence o f  nanostructures and confocal 

microscopy, and light microscopy staining for iron, confirmed the cellular 

internalization o f  the nanostructures (Figures 3.5 -  3.8). Importantly, the contrast- 

generating agents, rhodamine and iron, show simultaneous cellular internalization. 

Data presented in Figures 3.6 and 3.8 indicate that increasing the concentration o f 

nanostructures increases the cellular uptake. Cell nuclei are clearly delineated through 

the absence o f fluorescence and the z-sectioning data presented provides clear 

visualization o f  the nuclei in different planes and at different cross-sectional depths 

through the cell body (Figure 3.9).

Nanostructure internalization method.
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These data confirmed cellular internalization (Figures 3.5 -  3.8) however some level 

o f  m em brane localization o f  nanostructure was evident (Figure 3.10). M embrane 

localization may be a stage in the process o f  endocytosis, which astrocytes, or 

perhaps m icroglia use to internalize the nanostructure but it could also reflect the 

phagocytic activity o f microglial cells. In order to investigate the method o f 

internalization, live cell imaging and flow cytometric analysis o f  nanostructure- 

treated m ixed glial cells was performed.

The data presented in Figure 3.11 provides evidence that glia phagocytose 

nanostructures. Cellular processes from cell A can be seen to phagocytose 

nanostructures for cellular internalization. These data also provide support for 

endocytosis as an internalization method with evidence o f  partial movem ent o f  a 

nanostructure across the cellular membrane o f cell B.

Data from flow cytometric analysis are presented in Figure 3.12. The mean peak 

fluorescence increased from 1.34 in non-treated cells (R3), to 7.84 in nanostructure- 

treated cells (R4). This correlates with an increase in the fluorescence o f  cells 

associated with the nanostructure to 83%. Approximately, 30% o f  a mixed glial cell 

population are microglia, capable o f  phagocytosing the nanostructure. However, a 

greater percentage o f  the nanostructure-treated cell sample is associated with 

nanostructure fluorescence suggesting endocytosis o f  the nanostructure by astrocytes, 

which com prise approximately 70% o f  the cells.

Nanostructure cytotoxicty and cytokine profile alteration.

The data presented suggest both endocytosis and phagocytosis are involved in 

nanostructure interalization. Both o f  these processes term inate with lysosomal 

degradation o f  the material internalized into the cells. In the case o f  the 

nanostructures this would involve degradation into constituent parts; rhodamine, 

polyelectrolyte material and magnetite. It is conceivable that this material may be 

exocytosed by cells in degraded form. Thus the cytotoxicity o f intact and degraded 

nanostructures was assessed, with both forms displaying no effect on cell viability
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follow ing incubation at different concentrations (0.462 x lO"'', 2.31 x lO'"', 4.62 x 10'“*, 

9.34 x 1 O'"* g/ml Fe304 ) for 2, 24 and 48 hours (Figure 3.13).

Although cell viability was unaffected the alteration in cytokine profile o f  mixed glial 

cells incubated in the presence o f  nanostructures (0.462 x 10“*, 2.31 x  10’“*, 4.62 x 10' 

9.34 X lO"”* g/ml Fe304 ) was assessed (Figure 3.14)

LPS (10 ng/m l) induced significant increases in the supernatant concentration 

o f  TNF-a and lL-6 (p < 0.001, A N O V A ) but no changes in IL -ip  concentration  

compared with all other treatments. Any changes induced by the nanostructures were 

negligible in comparison. The only exception was the modest, though statistically  

significant, (p<0.001; A N O V A ) increase induced by 9.34 x 10'“* g/ml Fe3 0 4 on TNF- 

a concentration compared with nanostructure treatments o f  lower concentrations.

N anostructure M R l contrast generation.

The MR data presented in Figure 3.15 confirm the potential o f  this nanostructure to 

act as a MRI contrast agent. Alterations in the T2 relaxation time o f  agarose 

phantoms can be determined visually from Figure 3.15a, while Figure 3.15b presents 

the changes in T2 relaxation time in a parametric colour map. The field 

inhomogeniety o f  MR phantoms versus the number o f  nanostructure-labelled cells in 

each phantom is presented and is linear (p < 0.001; R2 = 0.9967; Pearson 

correlation). The offset from the origin is due to the inhomogeniety present in the 

main static field.

M agnetic stim ulation o f  nanostructures incubated w ith an in vitro m odel o f  the BBB.

Previous experiments confirm the bimodal contrast generation potential o f  the 

nanostructure. In order to assess the potential interaction nanostructures may have in 

vivo, assessm ent o f  nanostructure behaviour in an in vitro  model o f  the BBB was 

assessed (Figure 3.16).
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T hese data sh o w  that in the absence o f  a m agnetic field  nanostructures did not 

cross the endothelial ce ll layer over the 120 m inute duration o f  the experim ent. In the 

ab sen ce o f  the endothelial cell layer (d iff  control), nanostructure concentration in the 

basolateral com partm ent increases in a tim e-related m anner to reach a plateau at 60  

m inutes. A pplication  o f  a m agnetic field  sign ifican tly  increased the ab ility  o f  

nanostructures to cross the endothelial call layer from  0 .0145  ±  0 .0 0 7  g/m l Fe3 04 , in 

the absence o f  the m agnetic fie ld , to 0 .0355  ±  0 .0 0 6 7  g/m l Fc304 in it’s presence (p <  

0 .05 ; Student’s t-test for independent m eans; Figure 3 .16b).

In vivo assessment o j nanostructures.

A  m ouse m odel o f  m ultip le sc lerosis  (M S ), experim ental autoim m une encephalitis  

(E A E ), w as used to m odel cell infiltration from  the periphery to the C N S . M O G - 

treated m ice sh o w  clin ica l sign s o f  EA E 10 days after treatm ent and this is associated  

w ith  the presence o f  m acrophages in brain tissue. It w as hypothesized  that 

intravenous injection o f  the nanostructure into m ice at this tim e w ould  result in the 

p h agocytosis  o f  the nanostructures by m acrophages, enabling their subsequent 

bim odal v isualization . T w o  experim ental groups w ere assessed; sham -treated control 

m ice, and nanostructure-treated m ice 10 days after M O G  injection. T he concentration  

o f  nanostructure adm inistered, 90  |iM  Fe/kg m ouse body w eigh t, w as less than that 

reported in the literature (B aeten  et al., 2 0 08). T his concentration  w as the m axim um  

ach ievab le  as the fabrication o f  higher concentrations o f  the nanostructure resulted in 

precipitation o f  the nanostructure out o f  so lution  and the form ation o f  aggregates.

Data presented in Figure 3.17 confirm  the presence o f  nanostructure- 

associated  flu orescen ce in the brain o f  m ice w ith  EA E. The nanostructure-associated  

flu orescen ce d isp lays no spatial patterning that w ould  su ggest E A E  lesio n -sp ec ific  

aggregation  or aggregation  in the m icrovasculature. The absence o f  M R! contrast 

generation  (F igure 3.18)  m ay be due to the low  leve ls  o f  nanostructure adm inistered. 

C onfirm ation using light m icroscop y o f  the presence o f  n eg lig ib le  deposits o f  

ex o g en o u s iron, su ggests the detachm ent o f  rhodam ine m olecu les from the 

nanostructure.

79



To further assess this, experiments were carried out to investigate the putative 

detachment o f rhodamine from the nanostructure-surface. Incubation of 

nanostructures in DMEM at 37°C, led to detachment o f rhodamine after 8 hours 

which continued until the majority o f rhodamine was detached after 48 hours (Figure 

3.20).

In vivo assessment o f  non-fluorescent magnetic-nanostructures.

The detachment o f rhodamine from the nanostructure suggests that in vivo apphcation 

o f the nanostructure as a bimodal contrast agent is not useful. In addition, the low 

concentration of the final nanostructure solution is a further limitation to effective in 

vivo usage. In order to assess the potential o f the nanostructure, without rhodamine, 

as an MR! contrast agent, the fabrication was altered such that a concentration o f 300 

Fe/Kg mouse body weight could be achieved.

This preparation was then injected intravenously into control mice and mice 

which had received MOG 10 days previously. It was hypothesized that intravenous 

injection o f the nanostructure into mice with EAE, in which macrophage infliltration 

into the brain tissue has been confirmed, would enable visualization o f nanostructure- 

labelled macrophages in brain tissue.

The data presented indicate that the nanostructure did not label or track a 

specific cell population in either control or MOG-treated mice since T2-signal voids 

were observed in both treatment groups (Figure 3.21). The position and extent of 

these voids varied from slice to slice within animals, between animals of the same 

experimental group and between animals o f different experimental groups. These 

data suggest the nanostructure does not specifically label infiltrating macrophages in 

EAE mice, but may have some interaction with the endothelial cells o f the BBB.

DAB-enhanced Prussian blue staining o f brain sections prepared from control- 

and MOG-treated mice identified iron deposits throughout brain tissue. No DAB-
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enhanced Prussian blue deposits were identified in brain sections prepared from mice 

from the sham-injected group. Representative micrographs are presented in Figure 

3.22. These data provide further evidence that nanostructures do not specifically label 

infiltrating macrophages.

3.3 Discussion

The aim of this study was to investigate the in vitro interaction o f  a nanostructure, 

designed with consideration to CNS drug delivery and bi-modal cell tracking 

experiments, with primary mixed glial cells. The data show the internalization o f  the 

nanostructures by primary mixed glial cells with no cytotoxic effects and no ability to 

modulate cytokine concentration. These data confirm the potential o f  this 

nanostructure for biomedical applications using the combined presence o f  magnetism, 

enabling MRI contrast generation, and fluorescence, enabling confocal microscopy 

and flow cytometric analysis.

The internalization o f  the nanostructure by astrocytes and microglia confirms 

the potential use o f  these nanostructures in drug delivery or cell tracking experiments. 

These data are supported by work indicating the in vivo internalization o f  similarly 

fluorescent nanoparticles by microglia in a mouse model o f  glioblastoma (Trehin et 

al., 2006). The nanostructures used in this study were capable o f  inducing 

phagocytosis in microglia that did not result in the production o f  proinflammatory 

cytokines. This is in direct contrast to work indicating nanoparticles o f  titanium 

dioxide induce the production o f  reactive oxygen species in microglia cells, as well as 

apoptosis (Long et al., 2006, Long et al., 2007). One possible explanation for the 

difference in findings is that in the present study the nanostructures contained a 

coating o f  polyelectrolyte layers and it might be suggested that this coating does not 

result in microglial activation. Data from the present study indicates the nanostructure 

is not cytotoxic to mixed glial cells. Experiments investigating cytokine 

concentrations levels after a 2 hour incubation with the nanostructures indicated there 

was no significant alteration. However, an increase in TN F-a was seen in mixed glia 

at the highest concentration o f  nanostructures, the level o f  cytokine produced was



minimal when compared with LPS-induced TN F-a production. These data highlight 

the potential o f  this nanostructure as a potential drug delivery agent by replacement 

o f  the iron-oxide core with a therapeutic compound.

The astrocytic internalization o f the nanostructures in this study is com parable to a 

report indicating astrocyte internalization o f  zinc-sulphide based nanoparticles 

(Behrendt et al., 2009). The data indicated that zinc-sulphide based nanoparticles had 

a deleterious effect contrasting with the well-tolerated nature o f  the nanostructures 

used in the present study. W ork investigating astrocyte uptake o f  magnetic 

fluorescent nanoparticles in a mouse model o f  glioblastoma reported poor uptake by 

astrocytes (Trehin et al., 2006). The nanostructure used in the present study is 

prepared such that the final PSS coating is positively-charged. This encourages 

adhesion to negatively-charged cell membranes and promotes endocytosis in non- 

phagocytic cells.

Confocal microscopy carried out in this study indicated nanostructures were confined 

to the cytosol and were not present in the cell nucleus. This finding concurs with 

studies which investigated the subcellular distribution o f  nanoparticles o f  different 

sizes. The nanostructures used here were approxim ately 100 nm in size and it has 

been shown that similar magnetic fluorescent particles o f  this size are confined to the 

cytosol in osteoblasts (Corr et al., 2006). TEM and confocal m icroscopy show that 

the nanostructures adopt a linear chain-like assembly, following placement in a 

magnetic field, and this supportsreports o f  similar behaviour o f  nanostructures 

fabricated using similar material (Corr et al., 2008). This behaviour may be useful in 

developing techniques to disassociate cells labelled with nanoparticles displaying this 

tendency and nanoparticles that do not.

Recent studies have reported the application o f  positive-contrast techniques to 

generate bright T2-weighted contrast from magnetic nanoparticles (Cunningham et 

al., 2005, Zhang et al., 2009c). One o f  these techniques relies on an off-resonance 

saturation method that m easures only the N M R signal o f  protons proximal to the
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nanoparticles. The super param agnetic behaviour o f nanoparticles, used in MRl 

contrast experim ents, results in an increase in the m agnetic field close to the 

nanoparticles. The protons resident in the increased magnetic field can be selectively 

perturbed with off-resonance RF saturation (Cunningham  et al., 2005). The extent o f 

the m agnetic field generated by the nanoparticles, and thus the contrast generated 

using positive contrast M Rl, is dependant on the size, concentration and geometry o f  

the nanoparticles. Similar concentrations o f  nanoparticles exhibiting different 

geometrical layouts, due to alignment with the magnetic field, would generate 

different-sized and shaped positive contrast T2 hyperintensites. The linear contrast 

generation o f  the nanostructure is similar to data presented indicating USPIO labelled 

cells M Rl contrast alterations may be used to approxim ate labelled cell numbers 

(Cheung et al., 2006).

Evidence indicates that the application o f  magnetic field increases transcytosis o f  the 

nanostructures across an in vitro model o f  the BBB. This suggests some control on 

the B B B ’s interaction with magnetic nanoparticles can be exerted. The presence o f 

the fluorescent component, o f  the nanostructure, in the absence o f  confirm ation o f  the 

magnetic agent in the basal layer is a limitation o f this study. It does not however, 

negate the possibility o f  increased endothelial cell internalization o f the 

nanostructures, and subsequent transcytosis o f the fluorescent agent only, increased 

contact between the nanostructure and the endothelial cell may occur due to the 

application o f  the magnetic field. The nanostructures solution is colloidal and 

although precipitation is possible, it is unlikely to occur w ithin 2 hours.

Experim ents investigating the detachm ent o f  rhodamine from the surface o f  the 

nanostructure indicated this occurred w ithin 48 hours. Experim ents investigating the 

potential o f  the nanostructure to endogenously label m acrophages, through 

phagocytosis in the bloodstream, were carried out in EAE mice 10 days post 

immunisation. The data indicate minimal nanostructure presence was found in the 

CNS o f  the EAE mice, even though macrophage infiltration o f the CNS is ongoing at 

this time (Strom nes and Goverman, 2006). This suggests rapid clearance o f  the 

nanostructure from the bloodstream . The concentration o f  nanostructure administered
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in these experiments was low in comparison with the literature (Baeten et a!., 2008). 

The BBB o f  EAE mice 10 days post immunisation has been reported to be 

comprom ised and one might expect some level o f  passive migration o f  nanostructures 

into the CNS tissue due to this, however, one explanation for their absence could be 

rapid clearance from the bloodstream. The presence o f  fluorescence in CNS tissue, in 

the absence o f iron-oxide staining, suggests the detachment o f the fluorescent 

component from the nanostructure and the passive m igration o f  the possibly detached 

fluorescent component to the CNS. Similar experim ents carried out to assess if  

administration o f  higher concentrations o f  nanostructures, without rhodamine 

attached, would result in greater endogenous m acrophage uptake found results similar 

to previous in vivo  experiments. Data from experiments characterizing the fluorescent 

agent detachment from the nanostructure, coupled with the in vivo experiment results, 

confirm the unsuitability o f  the nanostructure, with rhodamine attached, for in vivo 

usage to label and track cells.

The presence o f  the nanostructure in brain sections in wildtype and EAE mice when 

administered at higher concentrations, 24 hours after administration, suggests some 

mechanism by which the nanostructures are not cleared from the bloodstream. 

Nanostructure presence in CNS tissue does not follow any pattern and predominantly 

occurs in large circular deposits. The nanostructure does not appear in small 

intracellular deposits suggesting that it either aggregates in vivo or is aggregated upon 

administration. It should be noted that samples were vortexed and sonicated prior to 

administration. It is possible that aggregates were formed before or during injection. 

These aggregates could remain intact and become lodged in small blood vessels or 

areas o f  great tortuosity. The lack o f  dispersion o f  the nanostructures into CNS tissue 

supports the proposal that they are present in blood vessels and aggregated. The size 

and location o f  many o f  the aggregates are consistent with this. These observations 

indicate that the nanostructures, increased in concentration and in the absence o f  the 

fluorescent component, are not viable for use in cell tracking experiments involving 

endogenous labelling.
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Although many studies utilise the endogenous uptake o f  MRI contrast agents by 

m acrophages to examine their CNS infiltration in a variety o f  disorders (Baeten et al., 

2008, Dousset et al., 2006, Berger et al., 2006, Rausch et al., 2004, Rausch et al., 

2003, Desestret et al., 2009, Stoll and Bendszus, 2009), studies investigating the 

m igration o f  cells following administration to anim als are also o f great interest, most 

notably, stem cell m igration studies (Schafer et al., 2007, Chen et al., 2007, 

Kusterm ann et al., 2005) and T-cell m igration in EAE (Anderson et al., 2004). More 

recent work investigating the role played by different T cell phenotypes in disease 

progression (Sutton et a!., 2006) and putative roles in Ap im m unotherapy studies 

(Cao et al., 2009, M cQuillan et al., 2009) could benefit greatly from application o f 

such techniques. Subsequent analysis o f  the cells tracked using MRI is currently 

difficult to achieve and is hampered by a need to confirm  the co-localization o f the 

MR contrast agent, comm only through Prussian blue staining. The use o f  a bimodal 

magnetic fluorescent contrast agent removes the staining step for iron and enables 

confocal microscopy to be utilised for MR correlation to preserve spatial information, 

or by flow  cytometric analysis for macroscopic evaluation.

This study set out to investigate the in vitro interaction o f  a m agnetic fluorescent 

nanostructure with primary mixed glial cells. The evidence validates their potential as 

bimodal contrast agents and, the in vivo data gathered recom mends, their use 

exclusively in cell tracking experiments that involve adm inistration o f  pre-labelled 

cells. The data also identify the polyelectrolyte coating o f  the nanostructures as 

potentially useful in CNS drug delivery agents, as evidenced by nanostructure in vitro 

internalization in the absence o f  an inflammatory response.

85



2Fe-^++Fe2+ + 4 0 H ‘
PSS (pe PAH/PSS

jv tn rv A ^

0.16

c  0.08

■ e  0 . 0 6

.a  0.G4

0.02  -

O.GG

0.02
200 300 400 500 600 700

■ partic les 

RhB orig ina l500

400-

;  300-

2 0 0 .

1 0 0 -

400 450 500 600 650 700
W av elen g th  (nm) W avelength (nm)

10

>>
Z 6
c
ID

c  4

■
, S,

/  \\ ............../  \
- / \
■ t \L................\ ........
■ \-

------ 1--- 1--1--1 1 -t 1 H
.......................J
------ 1----1—-r 1 1 1 111

0.1 10 100 1000 10000

S b e  (d.ntn)

Figure 3.1. Schematic illustration of fabrication and characterization of fluorescent 
magnetic nanostructures.

M agnetite particles are coated in alternating layers o f polypoly(sodium 4-styrenesulfonate) 
(PSSS) and poly(allylamine hydrochloride) (PAH) using the LbL technique. Rhodamine B 
is attached to the nanostructure core through electrostatic interactions (a). Absorbance 
spectra (b) and luminescence and emission spectra (c) o f  nanostructures (pink) and 
Rhodamine B standard (black). Absorbance (kex)  is displayed at 555 nm and emission 
(A,em) at 578 nm. Analysis o f TEM images o f  fabricated nanostructures indicated a wide 
range o f  nanostructure size with an average o f  232 nm (d).



Figure 3.2. Effect of magnetic field on the orientation of nanostructures.

A representative confocal micrograph o f  nanostructures (2.31 x 10"  ̂Fe304g/ml) following 
overnight placement in the earth’s magnetic field is shown (a). Confocal micrographs o f 
nanostructures (2.31 x lO""*, 4.62 x lO" ,̂ 9.34 x 10'^g /m lF e304; (b, c and d) respectively) 
following overnight placement in a 7T field are also presented. Arrows represent the 
direction o f  the magnetic field. All micrographs were taken at x40 magnification.



i'igure 3.3. Effect of magnetic field on the orientation of nanostructures.

!!;onfocal micrograph o f  nanostructures (2.31 x lO'"̂  Fe3 0 4  g/ml) following overnight 
)lacement in a 7T field (a) and the corresponding phase contrast micrograph (b). Arrows 
‘epresent the direction o f the magnetic field in micrographs. All micrographs were taken at 
c40 magnification.



Figure 3.4. TEM images confirm the tendency of nanostructures to align with the 
direction of an applied magnetic field.

A representative TEM image o f nanostructures (2.31 x Fe304 g/ml) following overnight 
placement in the earth’s magnetic field (a) is shown. TEM image o f nanostructures (2.31 x 
lO"  ̂Fc304 g/ml) following overnight placement in a 7T magnetic field (b) and a higher 
magnification o f  aligned nanostructures (c) are also presented.



Figure 3.5. Sub-cellular distribution of nanostructures in mixed glial cells.

Internalization o f  nanostructures (2.31 x 10 '' g/ml Fe3 0 4 ) in mouse mixed glia occurs 
following 2 hour incubation (a). Arrows denote cell nuclei delineated by the absence o f 
nanostructure fluorescence. Smaller field o f  view image focusing on boxed area in (a) 
demonstrates nanostructure distribution in a single cell (b). Single cell confocal micrograph 
following 2 hour incubation with nanostructures (c) and corresponding phase contrast (d) 
and overlay image (e). All micrographs were taken at x40 magnification.



0.46 X 10"̂  g/ml Fe304 2.31 X 10 '’ g/ml Fe304

Figure 3.6. Nanostructure cellular uptake in mouse mixed glial culture is 
concentration dependant.

Confocal micrographs (a, b), corresponding phase contrast image (c, d) and overlap (e, f) o f 
mouse mixed glial cells following 2 hour incubation in the presence o f nanostructures at 
0.46 X 10"  ̂or 2.31 x 10"'’ g/ml Fc304 are presented. Scale bar = 20 |xm. All micrographs 

 ̂ were taken at x40 magnification.
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Figure 3.7. Light microscopy confirms cellular internalization of iron oxide core of 
nanostructure.

Light micrographs o f  mouse mixed glial cells following 2 hour incubation in the 
presence o f a control solution (a) or nanostructures at 2.31 x lO'"* g/ml Fe3 0 4  (b) are 
shown. Prussian blue staining indicates the presence o f iron. Light micrograph (a, b) 
were taken at different exposure setttings than x60 magnification.



Figure 3.8, Nanostructure cellular uptake in mouse mixed glial culture is 
concentration dependant.

Light micrographs o f mouse mixed glial cells following 2 hour incubation in the presence 
o f nanostructures at 0.46 x lO"* (a) or 2.31 x lO’'* g/ml Fe3 0 4 (b) are shown. Prussian blue 
staining indicates the presence o f  iron. All micrographs were taken at x40 magnification.
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Figure 3.9. Z-stacking identifies the cell nucleus.

A confocal micrograph o f  a single mouse primary m ixed glial cell following 2 hour 
incubation in the presence o f  nanostructures at 2 .31x10"^ g/ml Fe304 is presented. Sample 
cross-sectional images reconstructed from 25 x 1 [am micrographs indicate that the 
fluorescence was confined to the cell cytoplasm. All micrographs were taken at x40  
magnification.



Figure 3.10. Individual confocal microscopy z-sections enables investigation of 
delineation of nuclues through absence of nanostructure fluorescence.

A representative confocal micrograph o f a single mouse primary mixed glial cell 
following 2 hour incubation in the presence o f nanostructures at 2.31 x lO"  ̂g/ml Fe3 0 4  

(a) and corresponding phase contrast (c) and overlay micrograph (e) are presented. Z- 
section images at 9 |o,m (b), 12 |j.m (d) and 15 |o.m (f) from the distal end o f  the cell are 
also shown. Arrows identify membrane localization o f the nanostructure suggesting on­
going cellular internalization. All micrographs were taken at x40 magnification.



Figure 3.11. Live cell imaging of mouse mixed glial cells incubated with 
nanostructures.

Serially acquired overlay micrographs, o f confocal and phase contrast micrographs, of 
mouse mixed glial cells incubated with nanostructures are shown. White arrows highlight 
phagocytic processes in cell A. Black arrows highlight movement of fluorescence across 
cell membrane in cell B, this may be an endocytic process. All micrographs were taken at 
x40 magnification.
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Figure 3.12. Flow cytometric analysis of non-treated and nanostructure-treated mouse 
mixed glial cells.

Mean peak fluorescence measurements (a) o f  control and nanostructure-treated mouse 
mixed glial cells (2 hour incubation; 2.31 x lO"̂  g/ml o f  Fe304) are presented. Gates were 
set to remove non-intemalized nanostructures and dead cells. Data for control- and 
nanostructure-treated cells are given (b).
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Figure 3.13. Cell viability was not affected by nanostructures.

The cytotoxicity o f  intact nanostructures (a) and degraded nanostructures (b) was 
assessed (0.462 x lO"̂ , 2.31 x 10"̂ , 4.62 x 10"̂ , 9.34 x 10"* g/ml Fe304) at 3 time 
points (2, 24 and 48 hours). No change in cell viability was observed.

Data are presented as means ± SEM, n = 3.
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Figure 3.14. Effect of nanostructures on cytokine release.

Concentrations o f  TNF-a, IL-6 and IL -ip  were assessed in samples o f  supernatant o f  
m ouse m ixed glial cells incubated, for 2 hours, in the presence o f  nanostructures 
(0.462 X 10"̂ , 2.31 X 10'^ 4.62 x 10"*, 9.34 x 10"* g/ml Pe3 0 4 ). A  positive control 
sample o f  LPS (10 ng/ml) was also assessed. LPS (10 ng/ml) significantly increased 
the release o f  TNF-a and IL-6 (***p < 0.001; AN O V A) compared with control samples 
and nanostructure-treated samples, but had no effect on IL-1 p concentration. 
Nanostructures did not alter the release o f  IL-6 or IL-lp but treatment at 9.34 x 10"̂  
g/ml Fc304 significantly increased the release o f  TNF-a (**p<0.01; ANOVA).

Data are presented as means ± SEM, n = 4.
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Figure 3.15. MR contrast (AB) in agarose phantoms increases with increasing 
numbers of labelled cells.

A representative T2-weighted image of phantoms (a) is shown. Phantoms displaying the 
lowest grey level are loaded with nanostructure-labelled cells to the greatest degree. A 
colour T2 relaxation time map corresponding to (a) is shown; red denotes a T2 time of 0 ms 
while purple denotes a T2 time of 25 ms (b). The contrast (AB) generated by the 
nanostructures versus number o f labeled cells (c) is linear (p < 0.001; = 0.9967; Pearson
correlation). The number of labelled cells in each phantom is presented (d) and phantoms 1 
-4 are identified in the colour T2 relaxation map (b) and the contrast (AB) plot.
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Figure 3.16. Application of a magnetic field allowed nanostructures to cross an 
endothelial cell layer.

The calibration curve (a) o f fluorescence from known concentrations o f nanostructures 
in DMEM at room temperature.(p < 0.00; = 0.9959; Pearson correlation) is shown.
Nanostructures (4.62 x 10"  ̂Fc304 g /m l) were added to the apical compartment o f a 
transwell system with or without (diffusion control) a confluent endothelial layer (b). 
The presence o f  an intact endothelial cell layer decreased significantly the passage o f 
nanostructures (p < 0.0001; 2-way ANOVA). Application o f  a magnetic field (~0.1 T) 
stimulated significant movement o f nansostructures into the basolateral compartment o f 
the transwell assay, in the presence o f an intact endothelial cell layer (p < 0.05, Students 
t-test for independent means) and in the absence o f  an intact endothelial cell layer (p < 
0.05, Students t-test for independent means).

All experimental timepoints were run in triplicate.



Figure 3.17. Rhodamine fluorescence is detected in ttie hippocampus and cortex 
of mice with EAE.

Representative confocal micrographs from brain tissue of a MOG-injected mouse 
intravenously injected with the nanostructures (90 |iM Fe/kg mouse body weight) 24 
hours previously are presented. The hippocampus (a) and the cortex (b) display 
fluorescence associated with rhodamine (red). Nuclei are stained blue using DAPl. 
Scale bar present on microgaphs represents 100 (xm. All micrographs were taken at x40 
magnification.
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Figure 3.18. T2-weighted images are similar in control mice and mice with EAE 
following intravenous injection of nanostructures 24 hours previously.

Representative T2-weighted MR images from control mice (a) and mice with EAE (b) 24 
hours after intravenous injection of nanostructures ((b); 90 îM Fe/kg mouse body weight) 
or a comparable volume o f saline (a) are presented. Neither experimental group display T2 
attenuations in any area of the brain; notably the hippocampus and cortex.

MRI scan parameters are detailed in section 2.4.2.2
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Figure 3.19. DAB-enhanced prussian blue staining identified small deposits of 
iron in brain sections of mice with EAE intravenously administered 
nanostructures.

Representative light microscopy images of brain sections prepared from control mice 
(a) and mice with EAE (b) 24 hours after intravenous injection of nanostructures ((b); 
90 |j.M Fe/kg mouse body weight) or saline (a) are presented. DAB-enhanced prussian 
blue appears brown and indicates the presence of iron. Gross anatomical staining was 
carried out with Toludine blue which appears blue. Both micrographs are taken from 
SI cortical region. All micrographs were taken at x40 magnification.
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Figure 3.20. Time-related detachment of rhodamine from nanostructure.

Rhodamine B detached from the nanostructure surface incrementally over time. 
Magnetically-separated and re-dispersed particles, following 48 hours o f incubation, show 
no fluorescence, suggesting the majority of Rhodamine B is detached after 48 hours
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Figure 3.21. Control mice and mice with EAE display T2-signal voids 24 hours after 
intravenous administration of non-fluorescent nanostructures.

Representative T2-weighted MRI images for sham-injected wild-type mice (a; n = 3), 
control mice (b; n = 3) and mice with EAE (c; n = 3) 24 hours after intravenous injection of 
non-fluorescent nanostructures (300 |iM Fe/kg mouse body weight) are presented. Sham 
group (a) was administered saline. All animals from groups (b) and (c) displayed T2-signal 
voids, however the exact position of these voids was not consistent throughout or between 
groups.

MRI scan parameters are detailed in section 2.4.2.2
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Figure 3.22. Iron is present in brain sections prepared from control mice and 
mice with EAE.

Representative light microscopy images of brain sections prepared from sham- 
injected control mice (a; n = 3), control mice (b; n = 3) and mice with EAE (c; n = 
3) 24 hours after intravenous injection o f non-fluorescent nanostructures (300 ^iM 
Fe/kg mouse body weight) are presented. DAB-enhanced prussian blue appears 
brown and indicates the presence of iron. Gross anatomical staining was carried 
out with Toludine blue which appears blue. Higher magnification o f DAB- 
enhanced Prussian blue positive deposits in brain sections prepared from control 
mice (d) and mice with EAE (e) are presented, (a, b, c) Micrographs were taken at 
x2.5 magnification, (d, e) Micrographs were taken at x20 magnification.



Chapter 4
Results

4.1 Introduction

Iron, copper and zinc have been identified in A(3 plaques (Lovell et ai., 1998) and are 

known to accelerate in vitro aggregation o f  Ap (Garzon-Rodriguez et al., 1999).

These factors, in addition to the abnormal iron, copper and zinc concentration levels 

observed in AD brain tissue (Zecca et al., 2004) suggests a key role for these metals 

in AD, that warrants significant research. The majority o f  studies to date are 

hampered by a paucity o f  techniques capable o f  accurately quantifying metal 

deposition in biological tissue. Histochemical staining techniques although well 

characterized, are prone to non specificity, difficult to translate to absolute 

concentrations and cannot provide information on the valence state o f  the metal under 

investigation. Recently techniques, developed primarily for the investigation o f  the 

elemental and atomic composition o f  materials, have been adapted for use with 

biological tissue. These techniques have enabled the quantification o f  Ap plaque 

com position, with respect to surrounding tissue, at extremely high spatial resolution 

(Leskovjan et al., 2009, Miller et al., 2006). However, many o f  these studies have 

focused on end-stage Ap plaques and it is reasonable to suggest, considering the 

com plex and poorly understood nature o f  in vivo plaque formation and maturation, 

that Ap plaque composition may change with disease progression.

It has been suggested that Ap plaques can act as sources o f  ROS themselves 

and mediate the activation o f  microglia leading to microglial production o f  ROS 

(Smith et al., 1998, Khan et al., 2006). Recent work has identified iron as having a 

key role to play in the Ap plaque production o f  ROS, specifically an iron-oxide called 

m agnetite, which has been found in higher concentrations in AD brain tissue 

compared with age- and sex-matched control brain tissue (Collingwood et al., 2005, 

Kirschvink et al., 1992, Khan et al., 2006). Transgenic APP/PSl m ouse models o f 

AD, although exhibiting many characteristics o f AD pathology, do not display robust
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neuronal loss (Lau et al., 2008). It is currently unknown as to whether Ap plaques, 

and brain tissue in general, in these models exhibit sim ilar metal and iron oxide 

composition when compared with human AD plaques and brain tissue.

The central aim o f this study was to assess the composition o f  early-stage Ap 

plaques in a mouse model o f  AD, using novel techniques capable o f accurate 

quantification o f  metals in biological tissue. Secondly, the presence o f  magnetite, an 

iron oxide implicated in ROS generation, was assessed in brain tissue prepared from a 

mouse model o f  AD exhibiting early-stage plaque deposition.

4.2 Results

Metal content and magnetism were not altered in APP/PSl transgenic brain tissue.

Brain hemispheres obtained from APP/PSl transgenic and wildtype mice were 

freeze-dried and assessed for elemental composition using ICP-MS. The data show 

that iron, copper and zinc concentration levels were similar in brain tissue prepared 

from APP/PSl transgenic, and wildtype, mice (Figure 4.1).

Ferritin behaves as a paramagnet at 150K but behaves as a ferromagnet at 5K 

and will only contribute a magnetic signal to IRM measurem ents carried out at 5K. 

Remanent magnetism measured at I50K is indicative o f  the presence o f  a 

ferromagnetic material or magnetically-blocked particles and can be considered to be 

a measure o f  biogenic magnetite. A S K  IRM curve, obtained from a freeze-dried 

brain tissue sample prepared from a female APP/PSl transgenic mouse is presented 

in Figure 4.2. The IRM curve did not reach saturation at 10,000 Oe indicating the 

response was due to ferromagnetic material. This response indicated that 10,000 Oe 

was a suitable magnetic field strength to assess IRM response between samples.

IRM subsequent to exposure to 10,000 Oe at 150 K and 5 K in freeze-dried 

brain tissue prepared from APP/PSl transgenic and wildtype mice was assessed 

(Figure 4.3). The data indicate that the IRM response was similar in tissue prepared
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from APP/PSl transgenic and wiidtype mice. These data collected at 150 K suggest 

no differences existed in the concentrations o f  biogenic magnetite or magnetically- 

blocked particles between the groups. However, tissue prepared from APP/PSl 

transgenic mice exhibited greater variance in IRM data measured at 150 K, than 

tissue prepared from wiidtype mice. The 5 K IRM measurements indicated no 

difference existed in the concentration o f  ferromagnetic material between the groups.

XRF map normalization, brain section creases and contaminant identification.

Previous data indicated no changes in brain tissue concentrations o f  metals and 

magnetometry existed between APP/PSl transgenic and wiidtype mice. XRF spectra 

can be used to map the elemental composition o f  tissue and preserve spatial 

characteristics, as opposed to the macroscopic evaluation provided by ICP-MS and 

SQUID magnetometry. XRF maps were collected from brain sections prepared from 

a female and male APP/PSl transgenic mouse and a wiidtype mouse.

Prior to analysis, all XRF maps require normalization to the incoming 

beamline energy (Figure 4.4). Beamline energy fluctuations vary the amount o f  

scatter measured by the detector and thus the spectra peaks of each element. To 

normalize all pixels in the XRF map, and enable comparison and genuine contrast to 

be detected, the XRF spectra peaks are normalized to the incident beamline energy. 

This measurement is obtained from an ion chamber, lo, placed in the beamline 

downstream o f  all focusing and beamline alignment (Figure 4.4a). A graphical 

representation o f  the fluctuations in beamline energy for each pixel is presented 

(Figure 4.4b). The normalized image (Figure 4.4d) is calculated by dividing the XRF 

map (Figure 4.4c) by the lo measurement during acquisition (Figure 4.4b).

Subtraction o f  the normalized image from the original XRF map enables visualization 

o f  the changes in image intensity due to normalization (Figure 4.4e).

The high level o f  electrostatic attraction between the quartz slides and fresh 

brain sections (presumably due to the intensive polishing the quartz slide receives 

during the manufacturing process; H Baumbach Ltd., UK), resulted in poor control 

over the placement o f  cryostat sections onto slides and, in some cases, resulted in
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small creases in brain sections. Creases in brain sections which are visible in light 

m icrographs o f  the investigated section, resulted in non-linear increases in the 

elements measured by X R F  mapping. H owever, during XRF assessm ent areas o f  

creased brain section require identification to omit data from further analysis. 

Calcium, which is identifiable on a 60 |im pixel scale, is abundant th roughout brain 

tissue and was used to identify areas o f  overlapping or creased brain section. The 

brain section, prepared from a male A PP/PSI transgenic mouse, was rem oved from 

further analysis due to creased areas in the brain section (Figure 4.5

Exogenous non-biological contam inant material present on brain sections can 

be identified by investigating the colocalization o f  iron, chromium  and nickel (Figure 

4.6). The presence o f  any 2 o f  these 3 metals in high levels is associated with air­

borne dust particles, and these are identified with an asterisk. Areas o f  iron, 

chrom ium  and nickel colocalization occur on the brain section and also on the quartz 

slide suggesting contam ination could have occurred during the cryosectioning, 

preparation or m ounting process. The electrostatic charge held by the slides would 

attract air-borne dust particles. Larger contam inant materials, identified with arrows 

on Figure 4.6, are easily identified and can be seen in the composite light micrograph. 

C ontam inant material not visible on the light micrograph can be visualized at higher 

magnifications, how ever in som e cases there is no visible contaminant material 

possibly due to it being w ashed away during the staining process or being present 

underneath the brain section.

The large level o f  nickel deposition in the dorsal 3'̂ '̂  ventricle and the absence 

o f  iron and chrom ium  colocalization in the dorsal 3'̂ ‘* ventricle (m arked with t )  

suggests nickel contam ination o f  the perfusant. Nickel deposition in the lateral 

ventricle (marked with J )  in the absence o f  chrom ium , but colocalized with minimal 

iron deposition provides further evidence o f  perfusant contamination.

Amyloid deposition is present in the XRF-assessed brain section prepared from a 

female APP/PSl transgenic mouse.
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XRF-assessed brain sections were stained with a modified congo red and toludine 

blue protocol. Washes were not performed using slide racks to ensure the tissue was 

not removed from the slide. Congo red-positive amyloid plaque deposition was 

observed in the cortex and hippocampus o f  the XRF-assessed brain section prepared 

from a female APP/PSI transgenic mouse; no deposition was observed in the 

thalamus (Figure 4.7). The XRF-assessed brain section prepared from a wildtype 

mouse did not display any congo red-positive plaques. XRF-assessed amyloid 

plaques displayed less congo red staining intensity compared with amyloid plaques 

from the same brain section, that did not undergo XRF assessm ent (Figure 4.8). 

These data suggest the structure o f  XRF-assessed amyloid plaques were affected by 

the beamline. Estimation o f  plaque size based on congo red staining may be an 

unreliable m easure in XRF-assessed plaques. Similarly, XRF-assessed brain tissue 

displayed less toludine blue staining and appeared damaged.

In the APP/PSI transgenic brain section areas o f  high iron deposition were not 

associated with nickel deposition.

Composite XRF maps o f iron, chromium and nickel, represented by red, green and 

blue respectively, enabled areas o f triple and double colocalization to be visualised. 

In Figures 4.9a,b, white pixels identify areas where iron, chromium and nickel are 

colocalized and yellow pixels identify areas where iron and chromium are present. 

Areas o f increased iron deposition are present throughout both brain sections and, in 

some instances, are colocalized with chromium and nickel. Areas o f  nickel 

deposition, in the absence o f iron and chrom ium, are identified sporadically 

throughout the brain section and are suggestive o f the patterns associated with 

cerebral vasculature. The deposition o f  nickel in the dorsal ventricle and lateral 

ventricle was consistent across all brain sections assessed with XRF. The third 

ventricle, visible only on XRF-assessed brain section prepared from a wildtype 

mouse, displayed increased levels o f nickel deposition.

Analysis o f the areas o f high iron deposition was carried out in the brain 

sections prepared from a female APP/PSI transgenic and wildtype mouse. This
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assessment investigated whether areas o f high iron concentrations, visible in both 

brain sections, were due to contamination. The XRF spectra o f pixels in the top 5% of 

iron XRF intensity for each brain section were collected. XRF spectra were 

normalized to pixel number and background noise spectra associated with the quartz 

slide was subtracted for each brain section (Figure 4.9c,d).

A nickel peak was present in the XRF spectra from pixels in the brain section 

prepared from a wildtype mouse only. High levels o f iron concentration in the brain 

section prepared from a female APP/PSl transgenic mouse were not associated with 

nickel deposition. A strong calcium peak also indicates that areas o f high iron in the 

APP/PSl brain section are more likely to be associated with brain tissue. These data 

indicate that, in the brain section prepared from a female APP/PSl transgenic mouse, 

high levels of iron deposition were not associated with nickel and not likely to be 

contaminant material.

XRF metal mapping produced contrast comparable to MRI scans.

Iron, copper and zinc XRF maps and corresponding composite light micrographs of 

brain sections prepared from a female APP/PSl transgenic and wildtype mouse were 

compared. The contrast obtained using in vivo T1-weighted and T2-weighted MRI 

scans from the same animal at approximately the same region were assessed in the 

context o f the XRF maps (Figure 4.10 -  11). Scan parameters are detailed in Sections 

2.4.2.1.

Both copper and zinc are identified in the dorsal 3‘̂‘* ventricle and lateral 

ventricle suggesting both metals, despite taking the precautions described above, 

were present in the perfusant. It appears that copper is present to a greater extent in 

the lateral ventricle. All sections displayed increased iron in the thalamus that was not 

accompanied by zinc or copper deposition. This was paralleled by hypointensity in 

the thalamus in T2-weighted MRI scans. The midbrain did not exhibit this increase in 

iron concentration. Zinc and copper displayed a decreased concentration in fibre 

tracts enabling clear identification of the corpus callosum, hippocampal fimbria and
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cerebral penduncle in all brain sections assessed, iron did not exhibit such a decrease 

in fibre tracts. H ow ever in iron XRF maps, the cortex could be clearly distinguished. 

The reduction o f  zinc and copper in the alveus and external capsule enabled clear 

identification o f  the isocortex and subsequent layers could be visualised in X R F maps 

o f  the brain section prepared from a wildtype mouse. These fibre tracts were clearly 

visible on T2-w eighted images and to a lesser extent on T1-w eighted  images.

The am ygdala displayed no appreciable changes in iron and copper 

concentrations. However, zinc concentration was increased in the amydala. The 

increase in zinc appeared to extend from the cortical subregions proximal to the 

amygdala. How ever a delineation o f  the lateral blade o f  the dentate gyrus and the 

am ygdala  was not possible.

The hippocampal structure displayed excellent contrast on all X R F m aps and 

clear delineation due to decreased zinc and copper concentrations in the corpus 

callosum and associated fibre tracts. These structures were also visible on T2- and 

T I-w eigh ted  M R images. T he pyramidal layer o f  the C A l field displayed increased 

iron, zinc and copper deposition. Iron was present to the greatest degree, followed by 

zinc and then copper, when considering the layer from the fasciola cinera to the 

stratum lucidum in the CAS field. At this point, the pyramidal cellular layer exhibited 

an increase in zinc and copper concentration. This increase extended to the granular 

cell layer o f  the dentate gyrus and the polym orphic layer, which was visible on iron 

XRF m aps due to a decrease in iron concentration com pared  with the granular cell 

layer.

The substructures o f  the C A l field were identifiable due to an increased 

concentration o f  iron, zinc and copper in the m olecular layer o f  the dentate gyrus. The 

stratum oriens, which encloses the h ippocampal structure, was identifiable on the zinc 

X RF map. The hippocampal structure can be identified due to hypointensity on T2- 

and T l-w e ig h ted  M Rl scans and the dentate gyrus can be visualized. However, 

h ippocampal substructures such as the m olecular layer o f  the dentate gryus can only 

be identified with reference to a brain atlas.
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Iron, but not copper or zinc, is associated with am yloid plaque deposition.

A reas o f  high iron concentration , in the X R F-assessed brain  section prepared from  a 

fem ale A P P /P S l transgenic m ouse, w ere assessed to identify  i f  the colocalization  o f  

iron and am yloid  plaques w ould enable identification o f  plaques on iron X RF m aps. 

A reas show ing good agreem ent betw een high iron deposition  and am yloid plaque 

presence in congo red and to ludine blue light m icroscopy w ere identified. A nalysis o f  

high iron deposition  in the auditory  cortex, C A 2 and C A l field o f  the h ippocam pus 

are presented (F igures 4 .1 2 -  15). These data are presented  as there w as easily  

identifiable landm arks, helpful in confirm ing  the spatial ag reem ent o f  h igh iron 

deposition  in the X R F m aps and am yloid deposition  in light m icrographs; coincident 

am yloid plaque deposition  and high iron concentration  w ere present in all 3 cases, in 

the auditory cortex  an exogenous contam inate deposition  enabled identification o f  3 

areas o f  high iron deposition  that coincided w ith am yloid plaque deposition . A nalysis 

o f  the X RF spectra o f  theses area indicated that only  iron w as consisten tly  elevated in 

the 3 areas associated  w ith am yloid deposition , com pared w ith  cortical tissue that did 

not display  sign ifican t iron deposition . A rea 3 exhibited the greatest increase in iron 

concentration com pared  w ith  norm al cortical tissue (445% ), this w as associated  w ith 

a decrease in calcium  (-49% ) but an increase in cobalt concen tration  (308% ).

In the C A 2 field o f  the h ippocam pus, identification the dentate gyrus and 

pyram idal cell layer w ere used as anatom ical landm arks to enable identification  o f  a 

single pixel that co incided w ith am yloid deposition  (F igure 4 .13). T he X RF spectra  o f  

this pixel w as assessed and com pared  w ith h ippocam pal C A 2 tissue that did not 

display significant iron deposition . Increases in iron (141% ), cobalt (199% ) and 

calcium  (102% ) w ere observed in the area associated w ith  the am yloid  plaque 

deposition  relative to o ther areas o f  hippocam pal C A 2 tissue. A n increase in 

m anganese was evident but could not be quantified as o ther areas o f  h ippocam pal 

C A 2 tissue did not exhibit a m anganese peak.
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In the C A l field o f  the hippocampus, the pyramidal cell layer enabled 

identification o f  an area o f  high iron deposition that coincided with amyloid 

deposition (Figure 4.14). The XRF spectra o f  this area was assessed and compared 

with hippocampal CA l tissue that did not display significant iron deposition.

Increases in iron (218%), cobalt (44%) and maganese (82%) were observed in the 

area associated with amyloid plaque deposition relative to other areas o f  hippocampal 

CA2 tissue. In comparison, the pyramidal cell layer o f  the hippocampus displayed 

only modest increases in iron (34%) and cobalt (13%).

These data indicated that amyloid plaques can be identified in iron XRF maps 

o f  brain sections and that iron was consistently increased in areas associated with 

am yloid plaque deposition. Increases in cobalt and manganese may not be accurate 

due to the XRF iron peak extending into the areas associated with cobalt and 

manganese. Copper and zinc displayed no consistent pattern in areas associated with 

am yloid plaque deposition and any changes observed were modest in all cases.

M ixed valence iron oxide is presen t in A P P /P SI transgenic brain tissue.

XRF m icrofocus maps were collected in the dorsal retrosplenial cortex (area A) and 

the CA2 field o f  the hippocampus (area B) in the XRF-assessed brain section 

prepared from a female APP/PSI transgenic mouse (Figure 4.15). Areas o f  high iron 

deposition were identified within each XRF microfocus map and assessed using 

XANES to determine if  mixed valence iron oxides were present in APP/PSI 

transgenic brain tissue.

In the dorsal retrosplenial cortex, 3 areas o f  high iron content chosen for 

XANES analysis were assessed using XRF spectra analysis (Figure 4.16). It was not 

possible to determine if  these areas were associated with amyloid plaque deposition 

as effective staining o f the tissue following XRF microfocus mapping and XANES 

spectra acquisition was not possible (Figure. 4.17b). The XRF spectra o f  the 3 areas 

o f  high iron deposition, labeled A l, A2 and A3, were compared with the XRF spectra 

o f  cortical tissue that did not display significantly iron deposition. In all 3 areas, iron



and cobalt displayed m arked increases in concentration, with Area A3 exhibiting a 

4023% increase in iron concentration compared with other areas o f  the cortex. 

However, chromium and nickel were also increased in Area A3, but neither increase 

could be quantified as the background tissue did not exhibit a chrom ium  or nickel 

peak. These data suggest that Area A3 was an area o f  exogenous contaminate 

material, and was therefore removed from further analysis. Area A2 displayed 

increases in copper (23%) and zinc (47%) in association with an increase in iron 

(455%). In Area A l, copper and zinc displayed minimal concentration changes while 

iron increased by 226%.

XANES spectra were collected from areas A l and A2 and analysed using a 

linear combination fits method to determine relative weightings o f  magnetite, 

m aghemite and ferritin in the XANES spectra (Figure 4.17). The XANES spectra 

collected from these areas were compared with XANES spectra obtained from 

magnetite, maghemite and ferritin standards and these data are presented in Appendix 

11, Figure 1 (these standard XANES spectra were prepared by Dr. Joanna 

Collingwood and are used with permission). None o f  the XANES spectra displayed 

good agreement with the profile o f  maghemite. The XANES spectra from Area A l 

was in good agreement with the magnetite (45%) and ferritin spectra (42%; =

0.03363; R = 0.000732; Figure 4 .17b). Area A2 displayed a sim ilar profile with good 

agreement with the magnetite spectra (52%) but a reduced agreement with the ferritin 

spectra (22%; = 0.03744; R = 0.001056). Plots o f the linear combination

components for Area A l and A2 are presented in Appendix 11, Figures 2 - 3 .

In the CA2 field o f the hippocampus, a single large area o f  iron deposition 

was identified following microfocus XRF m apping (Figure 4.18). XANES analysis of 

the feature was carried out on two areas, identified as area B 1, and a second area 

identified as area B2. The XRF spectra o f  these areas were compared with CA2 tissue 

that did not display significant iron deposition. Area 81 (132%>) and 82  (399%) 

displayed an increase in iron concentration and associated increases in manganese 

and cobalt. M odest decreases were observed in copper and zinc concentrations. A 

decrease in calcium was observed in both areas, however no increases in chromium
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and nickel were observed suggesting that the increases in iron were biogenic.

XANES spectra were collected from areas A1 and A2 and analysed using a linear 

com bination fits method to determine relative weightings o f  magnetite, maghemite 

and ferritin in the XANES spectra. The XANES spectra from Area B 1 was in 

excellent agreement with the magnetite spectra (77%) and minimal agreement with 

the m aghem ite spectra (20%; = 0.18669; R = 0.002785; Figure 4 .17b). Area B2

showed excellent agreement with the magnetite spectra (71%) and good agreement 

with the ferritin spectra (38%; = 0.15782; R = 0.002342). Plots o f  the linear

com bination components for Area B1 and B2 are presented in Appendix II, Figures 4 

-  5. The weighting values obtained from the linear combination fits analysis do not 

directly relate to the concentration, o f iron oxide under investigation, present at the 

beam incident site. They provide a means to confirm  the presence o f  a certain oxide 

and enable comparision between areas. Empirical data indicates a weighting above 50 

% relates to a concentration o f  approximately 10 % (Unpublished, Dr. Joanna 

Collingwood). These linear combination fit data, obtained in tissue prepared from a 

A PP/PSl transgenic mouse, indicate the presence o f mixed valence iron oxides 

identified as magnetite, and it’s colocalization with ferritin, in areas o f  high iron 

deposition.

4.3 Discussion

This study set out to examine the elemental com position o f  Ap plaques in brain tissue 

prepared from 8 - 9  month-old APP/PSl transgenic mice and to investigate if  the iron 

present was o f  a mixed valence. The data indicate a consistent increase in iron in 

areas associated with plaque deposition, when measured at a 60 |^m and a 5 |am 

spatial resolution. These data are consistent with the findings o f  studies which used 

quantitative techniques (Lovell et al., 1998, Leskovjan et al., 2009, M iller et al., 2006, 

Collingwood et al., 2008, Dhenain et al., 2009) and studies using 

imm unohistochem istry (M eadowcroft et al., 2009, Dhenain et al., 2002). The 

evidence from the present study also confirms the presence o f  magnetite, 

accom panied by ferritin and, in some instances by its oxidative partner maghemite, in 

areas associated with increased iron and presumed plaque deposition. Studies using

120



sim ilar techniques have reported the presence o f  m agnetite in hum an A D  tissue 

(C ollingw ood et al., 2005).

It is unlikely that the data collected at 60 |im  reflect only the increase in iron 

associated w ith plaques, as it is conceivable that only  a partial volum e o f  plaque 

w ould be present in such an area. The cells proxim al to plaques have been identified 

as activated m icroglia and astrocytes as described in chapter 5 and by others (Itagaki 

et al., 1989). T he data presented here suggests that these cells, in addition the plaque 

itself, exhib it an increase in iron concentration. T his conclusion is supported by a 

study w hich reported increased ferritin concentrations in cells proxim al to plaques 

(Q uintana et al., 2006).

T he identification o f  m agnetite in areas d isp lay ing  high iron concentration  

described here is s im ilar to studies w hich identified m agnetite presence in hum an AD 

tissue and in A p p laque cores (C ollingw ood et al., 2008, C ollingw ood et al., 2005, 

Pankhurst et al., 2008). H ow ever, this is the first dem onstration  o f  the presence o f  

m agnetite in a m ouse m odel o f  A D . T he ev idence indicates that m agnetite is present 

in the core o f  an ellip tical area o f  high iron deposition  that is approxim ately  50 jim  in 

size, w hile it also co localizes w ith sm aller deposits ( 1 0 -  15 |am) o f  increased iron 

concentration. Previous reports o f  m agnetite p resence in am yloid  plaques cores 

suggested that their presence m ay be due to AP redox chem istry  involving, ferritin  

and ferrihydrite, occurring  w ith  the p laque itse lf  (C ollingw ood et al., 2008), but it is 

clear from  the data presented here that deposits o f  m agnetite are capable o f  form ing 

in sm aller deposits o f  iron. A possible explanation  for this m ay be a dysfunction  in 

the form ation o f  the ferritin  protein, leading to abnorm al protein accum ulation  outside 

o f  cells w hich m ay subsequently  lead to the form ation o f  non-physiological iron such 

as m agnetite. T hese deposits m ay then precip itate plaque form ation due to the 

increased levels o f  non-physiological iron present in the ex tracellu lar space. It should 

be em phasized that a lim itation in this technique is the inability to  confirm  w hether 

the areas analysed using X A N E S are ex tracellu lar or intracellular. E vidence from  the 

present study also identifies m aghem ite, the ox idation  partner o f  m agnetite, in areas 

o f  increased iron concentration  in brain tissue obtained  from  fem ale A P P /P S l m ice. It
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is possible that oxidation o f  magnetite to m aghemite may have occurred post-mortem 

or during sample preparation, but it must also be considered that in vivo conversion o f 

magnetite to maghemite could potentially lead to the generation o f  free radicals by 

Fenton chemistry. In any case, it is interesting that previous studies using similar 

techniques have also identified the presence o f m aghem ite in AD brain tissue 

(Collingwood et al., 2005). Although the data from the present study indicating the 

presence o f magnetite and maghemite is conclusive, it cannot be confirmed whether 

Ap plaques in this mouse model o f AD contain these iron oxides since the areas o f 

brain tissue investigated for iron oxide presence using XANES, were too damaged by 

the procedure to subsequently stain for amyloid plaque presence.

In contrast to the consistent increase in iron seen in areas associated with 

am yloid plaques in the present study, no consistent colocalization o f  copper and zinc 

with amyloid plaques were observed. Average increases in iron (196 %) and calcium 

(26 %) were observed in areas associated with amyloid plaques, with copper and zinc 

increased in some instances and decreased in others. These data do not corroborate 

previous work using XRF in human plaques, which reported significant increases in 

iron (573 % ), copper (1171 % ), zinc (908%) and calcium (9838 % ) in amyloid plaque 

cores compared with surrounding tissue (Leskovjan et al., 2009). A study using 

proton-induced X-Ray emission (PIXE) analysis o f  hum an AD tissue from patients 

with an average age o f 78.8 years, reported significant increases in iron, copper and 

zinc in Ap plaques, with zinc increased to the greatest extent, followed by iron and 

then copper (Lovell et al., 1998). In both o f  these studies, it is likely that the tissue 

was taken from end-stage AD patients and the majority o f  plaques investigated could 

therefore be considered mature plaques.

In a recent study which carried out an XRF investigation o f  plaque 

com position in 13 -  14 month old APP/PSl transgenic mice, significant increases in 

iron (33 %), copper (25 %), zinc (107%) and calcium (50% ) were reported in amyloid 

plaques compared with surrounding tissue (Leskovjan et al., 2009). The authors o f 

this study stained the brain tissue prior to XRF investigation to identify Ap plaques. 

These findings contrast with the absence o f  copper and zinc increases in areas
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associated  w ith am yloid  plaques, investigated  in the present study; it is p ossib le  that 

the lack o f  con sisten tly  in the data is due to age d ifferen ces reflectin g the m aturity o f  

the plaques. A lthough  increasing the accuracy o f  plaque identification  in these  

specim ens, it should be recognized  that stain ing does have the potential to alter tissue  

m etal content through leech in g  (C hua-anusorn et al., 1997). T his m ay exp la in  the 

low er iron concentrations observed by L eskovjan et al, 2 0 0 9 , w hen  com pared to the 

concentration leve ls  observed in this study.

The approxim ately 5-fo ld  increase in concentrations o f  iron, copper and zinc  

in human plaques com pared with plaques in A P P /P S l transgenic m ice m ay be due to 

continued aggregation o f  m etals to plaques over tim e, it has been reported that 

plaques in the brain parenchym a o f  m ouse m od els o f  A D  contain both transgene- 

derived hum an, and m urine, A(3 (van G roen et al., 2 0 0 6 , Pype et a l., 2 0 0 3 ), w ith  data 

indicating plaque cores o f  predom inantly transgene-derived hum an A p are 

surrounded by murine Ap. Hum an A p has three h istid ine residues at position  6, 13 

and 14, all o f  w h ich  act as iron binding sites (A tw ood  et al., 2 0 0 0 , A tw ood  et al., 

1998), and histid ine residue-bound iron has been sh ow n  to generate H 2 O 2 by Fenton  

chem istry (H uang et al., 1999b, Huang et a l., 1999a). H ow ever, m urine A p lacks a 

histidine at position  13 and it’s presence on the perim eter o f  plaques in A P P /P S l  

transgenic brain tissue m ay reduce m etal co loca liza tion  to the plaque (R adde et al., 

2 0 08). This m ay also  explain , at least to som e extent, the relative decrease in iron 

associated  with plaques prepared from brains o f  A D  m ouse m od els, though it is 

unlikely that it cou ld  account for the approxim ately fiv e-fo ld  d ifferen ce that ex ists  

betw een values in hum an A p  plaques com pared w ith transgenic m ouse plaques. 

M urine A p restriction o f  m etal concentrations in plaques m ay a lso  d im inish  the 

potential neurotoxicity  o f  the plaques by reducing the concentration o f  m etals  

available for participation in Fenton chem istry. The restriction o f  m etal concentration  

m ay result in ce lls  proxim al to the plaque being less prone to p h ysio log ica l 

im pairm ents associated  w ith  m etals being sequestered to the plaque. Z inc is inert to 

redox chem istry but know n to potentiate A p aggregation . It has a lso  been reported  

that zinc transporters, key to normal brain p h y sio lo g y , are co lo ca lized  w ith  A p  

plaques (Z hang et al., 2 0 0 8 ). i f  continual plaque co loca liza tion  o f  m etals is occurring.
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the loss o f  zinc transporters and zinc in it’s ionic form (Zn^^) from cells proximal to 

Ap plaques could possibly result in impaired physiological fijnction o f  these cells 

(Choi and Koh, 1998).

Evidence from the present study indicates an increase in calcium  (26% ) in 

areas associated with plaques and this concurs with the data  obtained from similar 

analysis o f  AP plaques in human tissue (Lovell et al., 1998), and in tissue prepared 

from A P P /P S l trangenic mice (Leskovjan et al., 2009). The calcium  increase 

observed in this study m ay reflect the increase in cellular density proximal to the 

plaque and, consistent with this, it has been show n that in A PP/PS l transgenic mice, 

neurites proxim al to plaques displayed an increase in calcium concentrations 

(K uchibhotla  et al., 2008). Since Ap has no known binding site for calcium it’s 

presence in plaque cores is more likely to be mediated by one o f  the metals present. 

This proposal is supported by a study which reported high levels o f  ferro-calcification 

in plaques deposited in the thalamus o f  a transgenic mouse model o f  A D  (Dhenain  et 

al., 2009).

The absence o f  an alteration in overall brain iron, zinc and copper 

concentrations, as measured using ICP-M S, suggests that abnormal concentrations o f  

these metals, although reported to be associated with A D  (Zecca et al., 2004), may 

only occur towards the end-stage o f  the pathology. H owever, due to the incomplete 

nature o f  the A D  pathology seen in AD  m ouse m odels it is likely that the alterations 

in overall brain tissue metal content may not show  a similar profile as that seen in 

hum an AD. This  hypothesis is supported by a study w hich  exam ined  brain tissue 

metal concentrations over time in a mouse model o f  AD. O verexpression  o f  APP in 

the Tg2576 m ouse model o f  A D  resulted in a significant reduction in copper, and 

increase in iron, concentration at 18 months o f  age in the female transgenic mice but 

not males; no change in zinc concentration was observed (M aynard  et al., 2002).

SQ U ID  m agnetom etry is a technique capable o f  providing information about 

the status o f  iron present in a brain tissue sam ple and has previously  been used to 

m easure the magnetism  o f  non-physiological iron present in A D  brain tissue,
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specifically the ferromagnetic response o f magnetite (Pankhurst et al., 2008). 

Application o f  this technique in this study uncovered no evidence o f non- 

physiological iron in the brain tissue obtained from the APP/PSl transgenic mouse. 

However, subsequent XANES analysis provided conclusive evidence o f  non- 

physiological iron suggesting that the relatively reduced sensitivity o f  SQUID 

m agnetometry, in comparision with X-ray-based techniques, may only be useful in 

examining end-stage AD tissue.

Although ICP-MS and SQUID m agnetometry are useful tools in evaluating 

the macroscopic presence o f metals, the data presented in this study show that XRF 

maps o f brain sections provide data which preserve spatial characteristics and are 

highly sensitive. These maps are capable o f accurate quantification o f iron, copper, 

zinc and calcium concentration in brain tissue at 60 or 5 |um resolutions. Future work 

using this technique, now firmly established, could investigate age-related changes in 

plaque com position and tissue proximal to plaques. It could also prove extremely 

useful in studying the efficacy o f  metal chelation therapies developed for AD. It has 

been reported that zinc-transporter knock-out mice exhibit synaptic and behaviourial 

deficits similar to those observed in AD (Adlard et al, 2010). Zinc-transporters have 

also been identified in A(3 plaques which suggesting a potential avenue o f  toxicity for 

Ap plaques (Zhang et al, 2008). Mouse models o f  AD in which APP production is 

under control o f  the T et-off promoter offer the potential to examine if  AP plaques 

continue to aggregate metals, and various organo-metal compounds, in the absence o f 

amyloid production (Jankowsky et al, 2008).

The central aim o f this study was to assess the com position o f  early-stage A(3 

plaques in a mouse model o f  AD. The evidence indicates that iron and calcium , but 

not copper or zinc, are colocalized with areas associated with early-stage Ap plaque 

deposition in 8 -  9 month old APP/PSl transgenic mice. Furthermore, the data 

indicate the presence o f  magnetite, a mixed valence iron oxide implicated in the 

generation o f  ROS species, in this tissue.
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Figure 4.1. Metal content was similar in brain tissue prepared from 
APP/PSl transgenic and wildtype mice.

Iron (a), copper (b) and zinc (c) concentrations were similar in brain tissue 
prepared from APP/PSl transgenic and wildtype mice.

Data are expressed as mg of metal per kg tissue (dry weight) and means ± SEM 
(n = 7 (wildtype) and n = 4 (female and male APP/PSl).
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Figure 4.2. Isothermal remanent magnetization, measured at 5 K, did not 
saturate following exposure to a 10,000 Oe field.

A representative IRM curve, measured at 5 K, obtained from brain tissue prepared 
from a female APP/PSl transgenic mouse revealed that IRM increased with field 
strength but did not saturate following exposure to a 10,000 Oe field.

Data are expressed i^emu per grams of iron per mg of brain tissue (dry weight) and 
are means ± SEM.
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Figure 4.3. IRM was not altered in APP/PSl transgenic mice.

IRM measured at 150 K (a) and 5 K (b) in brain tissue prepared from APP/PSl transgenic 
and wildtype mice, following exposure to a magnetic field o f 10,000 Oe, was similar.

Data are expressed as |iemu per grams of iron per mg of brain tissue (dry weight) and 
means ± SEM (n = 6 (wildtype); n = 4 (female APP/PSl); n = 3 (male APP/PSl)).
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Figure 4.4. XRF map normalization.

The placement of Iq ion chamber in the beamline (a) and the Iq measurement (b) obtained 
during XRF analysis o f a brain section from a male APP/PS1 transgenic mouse is shown. 
The iron X R f map o f the brain section, from the male APP/PS 1 transgenic mouse, prior 
to normalization is presented (c). The normalized image (d) is calculated by dividing (c) 
by (b). Subtraction of the normalized image from the original XRF map (e) enables 
visualization of the changes in XRF intensity due to normalization. XRF scale bar = 1200 
|Lim and pixel dimensions = 60 x 60 |im. Intensity bars represent Iq energy (a), total iron 
fluorescence counts (b, d) and normalized iron fluorescence (c); fluorescence is 
proportional to total iron present.



Figure 4.5. Calcium XRF maps enabled identification of creased brain sections.

A calcium X R f map (a) and corresponding composite congo red and toludine blue 
stained light micrograph (b) o f a brain section from a male APP/PSl transgenic 
mouse is presented. Areas of creased brain sections were identified in the calcium 
XRF map and were confirmed in the composite light micrograph (arrows). XRF scale 
bar = 1200 |j.m and pixel dimensions = 60 x 60 |xm. Intensity bar represents 
normalized calcium fluorescence and is proportional to total calcium present. All light 
micrographs used in the composite image were taken at x2.5 magnification, scale bar 
= 1200 |im.



X
X

0.10

0.00

Figure 4.6. Identification of exogenous non-biological contaminant material.

Iron (a), chromium (b) and nickel (c) XRF maps o f a brain section prepared from a 
female APP/PSl transgenic mouse and corresponding composite congo red and 
toludine blue stained composite light micrograph (d) are presented. The arrows identify 
examples o f large exogenous non-biological material. Smaller deposits o f  contaminant 
particles are identified with an asterisk (these are not visible in the composite light 
micrograph). Nickel deposition in the dorsal ventricle ( t )  and the lateral ventricle 
{%) is also identified. In order to enable visualisation o f the gross anatomy o f the brain 
section, chromium and nickel XRF maps did not undergo background subtraction. XRF 
scale bar = 1200 |im  and pixel dimensions = 60 x 60 [im. Intensity bars represent 
normalized metal fluorescence and are proportional to total metal present. All light 
micrographs used in the composite image were taken at x2.5 magnification, scale bar = 
1200 [am.



Figure 4.7. Amyloid deposition was identified in an XRF-assessed 
brain section prepared from a female APP/PSl transgenic mouse.

Congo red and toludine blue staining of XRP-assessed brain sections 
prepared from and a wildtype mouse (a, c, and e) and female APP/PSl 
transgenic mouse (b, d and f) are shown. Micrographs from the 
hippocampus (a -  d) and the cortex (e -  f) are presented. Amyloid 
deposition (arrows) is present in the micrographs prepared from APP/PSl 
transgenic tissue only, (a, b) were taken at x5 magnification, scale bar = 
500 |im. (c -f)  were taken at xlO magnification, scale bar = 200 |j,m.
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Figure 4,8. XRF-assessed amyloid plaques exhibited decreased congo red 
intensity.

Congo red and toludine blue staining of a brain section prepared from a female 
APP/PSl transgenic mouse is presented. Areas assessed using XRF (a, b) and 
corresponding contralateral areas that were not assessed (c, d) are presented. 
Micrographs of the hippocampus (a, c) and the cortex (b, d) are presented. XRF- 
assessed amyloid plaques exhibited decreased congo red staining intensity 
compared with amyloid plaques that did not undergo XRF assessment. All 
micrographs were taken at x40 magnification, scale bar = 60 fim.
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Figure 4.9. Increased iron deposition in brain sections obtained from 
APP/PSl transgenic mice does not colocalize with nickel deposition.

Composite XRF maps o f brain sections prepared from a female APP/PS1 
transgenic (a) and a wildtype (b) mouse are shown, with red representing iron, 
green representing chromium and blue representing nickel. The XRF spectra of 
pixels in the top 5% of iron XRF intensity for the brain section prepared from a 
wildtype (c) and female APP/PS 1 transgenic (d) mouse are presented. A nickel 
peak, identified by arrows, is present in the XRF spectra from pixels in the 
brain section prepared from a wildtype mouse only. XRF spectra were 
normalized to pixel number, and for each brain section, background noise 
spectra associated with the quartz slide was subtracted. XRF scale bar = 1200 
f^m and pixel dimensions = 60 x 60 |^m. Intensity bars represent normalized 
metal fluorescence and are proportional to total metal present.



Figure 4.10. Comparison of metal XRF contrast with MRI contrast in a brain 
section prepared from a female APP/PSl transgenic mouse.

Iron (a), zinc (b) and copper (c) XRF maps of a brain section prepared from a 
female APP/PS1 transgenic mouse and the corresponding composite congo red 
and toludine blue stained composite light micrograph (d) are shown; 
corresponding T1-weighted (e) and T2-weighted (f) MRI scans are also presented. 
XRF scale bar = 1200 |im and pixel dimensions = 60 x 60 |im. All light 
micrographs used in the composite image were taken at x2.5 magnification, scale 
bar = 1200 |im. Intensity bars represent normalized metal fluorescence and are 
proportional to total metal present.



Figure 4.11. Comparison of metal XRF contrast with MRI contrast in a 
brain section prepared from a wildtype mouse.

Iron (a), zinc (b) and copper (c) XRF maps o f a brain section prepared from a 
wildtype mouse and the corresponding composite congo red and toludine blue 
stained composite light micrograph (d); corresponding T1-weighted (e) and 
T2-weighted (f) MRI scans. XRF scale bar = 1200 |^m and pixel dimensions = 
60 X 60 |j.m. All light micrographs used in the composite image were taken at 
x2.5 magnification, scale bar = 1200 |im. Intensity bars represent normalized 
metal fluorescence and are proportional to total metal present.
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Figure 4.12. Analysis of amyloid deposition in the auditory cortex of a 
female APP/PSl transgenic mouse.

Areas of high iron deposition (labelled 1, 2, and 3) and an area without 
increased iron deposition (boxed area) in the dorsal auditory cortex of a brain 
section prepared from a female APP/PSl transgenic mouse are indentified. Iron 
XRF maps (a, b) and associated congo red and toludine blue light microscopy (c 
, d), XRF spectra (e) and associated XRF peak analysis (f) are presented.

The boxed area in (a) is magnified and displayed in (b). Light microscopy 
revealed that congo red-positive amyloid plaques were spatially correlated with 
areas of high iron XRF intensity. XRF spectra and peak analysis indicated only 
iron was consistently increased in areas associated with amyloid plaque 
deposition, (a) XRF scale bar = 1200 f^m and pixel dimensions = 60 x 60 |xm. 
(b) XRF scale bar = 300 ^m and pixel dimensions = 60 x 60 |am, the boxed area 
was used as the cortical tissue background. White pixels identify contamination 
due to high nickel concentration. Intensity bars represent normalized metal 
fluorescence and are proportional to total metal present, (c) Image taken at xlO 
magnification, scale bar = 200 |^m. (d) Image taken at xlO magnification, scale 
bar = 100 ^m. (e) XRF spectra were normalized to pixel number, and for each 
brain section, background noise spectra associated with the quartz slide was 
subtracted.
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Figure 4.13. Analysis of amyloid deposition in the CA2 field of a female 
APP/PSl transgenic mouse.

Areas o f high iron deposition (labelled 1) and an area without increased iron 
deposition (boxed area) in the CA2 field o f the hippocampus of a brain 
section prepared from a female APP/PSl transgenic mouse are identified. 
Iron XRF maps (a, b) and associated congo red and toludine blue light 
microscopy (c , d), XRF spectra (e) and associated XRF peak analysis (f) are 
presented.

The boxed area in (a) is magnified and displayed in (b). Light microscopy 
revealed that congo red-positive amyloid plaques were spatially correlated 
with an area o f high iron XRF intensity. XRF spectra and peak analysis 
indicated only iron was increased in the area associated with amyloid plaque 
deposition, (a) XRF scale bar = 1200 |j,m and pixel dimensions = 60 x 60 
[im. (b) XRF scale bar = 300 |im and pixel dimensions = 60 x 60 |im, the 
boxed area was used as background for hippocampal CA2 field tissue. White 
pixels identify contamination due to high nickel concentration. Intensity bars 
represent normalized metal fluorescence and are proportional to total metal 
present, (c) Image taken at xlO magnification, scale bar = 200 |jm. (d) Image 
taken at x20 magnification, scale bar = 100 |am. (e) XRF spectra were 
normalized to pixel number, and for each brain section, background noise 
spectra associated with the quartz slide was subtracted.
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Figure 4.14. Analysis of amyloid deposition in the CAl field of a 
female APP/PSl transgenic mice.

An area o f  high iron deposition (labelled 1), an area without increased iron 
deposition (boxed area) and the pyramidal cell layer (curved line) in the 
hippocampus o f a brain section prepared from a female APP/PSl 
transgenic mouse are identified. Iron XRF maps (a, b) and associated congo 
red and toludine blue light microscopy (c , d), XRF spectra (e) and 
associated XRF peak analysis (f) are presented.

The boxed area in (a) is magnified and displayed in (b). Light microscopy 
revealed that congo red-positive amyloid plaques were spatially correlated 
with areas o f  high iron XRF intensity. XRF spectra and peak analysis 
indicated only iron was increased in the area associated with amyloid 
plaque deposition, (a) XRF scale bar = 1200 |.im and pixel dimensions = 60 
X 60 |im. (b) XRF scale bar = 300 |xm and pixel dimensions = 60 x 60 ^m, 
the boxed area was used as the background in hippocampal C A 1; the 
pyramidal cell layer is represented by the curved white line. White pixels 
identify contamination due to high nickel concentration. Intensity bars 
represent normalized metal fluorescence and are proportional to total metal 
present, (c) Image taken at xIO magnification, scale bar = 200 |nm. (d) 
Image taken at x20 magnification, scale bar = 100 f^m. (e) XRF spectra 
were normalized to pixel number, and for each brain section, background 
noise spectra associated with the quartz slide was subtracted.



Figure 4.15. Microfocus mapping locations in an XRF-assessed brain 
section prepared from a female APP/PSl transgenic mouse.

Two areas in an XRF-assessed brain section prepared from a female APP/PSl 
trangenic mouse were chosen for microfocus mapping, the dorsal retrospenial 
cortex (Area A) and the CA2 field (Area B) of the hippocampus. These are 
identified on the XRF iron map (a) and on the corresponding congo red and 
toludine blue-stained light micrograph (arrows; b). XRF scale bar = 1200 nm 
and pixel dimensions = 60 x 60 |j.m. Intensity bar represents normalized iron 
fluorescence and is proportional to total iron present. All light micrographs used 
in the composite image were taken at x2.5 magnification, scale bar = 1200 (im.
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Figure 4,16. Microfocus XRF analysis in the dorsal retrosplenial cortex of a female 
APP/PSl transgenic mouse.

Microfocus XRF analysis was undertaken in areas o f high iron deposition in the dorsal 
retrosplenial cortex o f a brain section prepared from a female APP/PS1 transgenic mouse. 
Microfocus iron XRF maps (a) and associated congo red and toludine blue light 
microscopy (b), XRF spectra (c) and associated XRF peak analysis (d) are presented. 
Areas o f high iron deposition labelled in (a) were chosen for XANES analysis. The boxed 
area was used as the background and termed cortical tissue in XRF spectra peak analysis, 
(a) XRF pixel dimensions = 5 x 5  ^m and scale bar = 50 |um. Intensity bar represents 
normalized iron fluorescence and is proportional to total iron present, (b) Light 
microscopy image was taken at x20 magnification, scale bar = 100 |am. (c) XRF spectra 
o f areas labelled in (b), spectra were normalized to pixel number and background noise 
spectra associated with the quartz slide was subtracted.
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Figure 4.17. XANES spectra and linear-combination fits in Area A.

XANES spectra (a) and linear-combination fits (b) of areas of high iron deposition in 
Area A. XANES spectra were normalized, background subtracted and linear combination 
fits to XANES spectra of magnetite, maghemite and ferritin standards were assessed.
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Figure 4.18. Microfocus XRF analysis in the CA2 field of the hippocampus of a 
female APP/PSl transgenic mouse.

Microfocus XRF analysis was undertaken in areas of high iron deposition in the CA2 
field of the hippocampus of a brain section prepared from a female APP/PSl transgenic 
mouse. Microfocus iron XRF maps (a) and associated congo red and toludine blue light 
microscopy (b), XRF spectra (c) and associated XRF peak analysis (d) are presented. 
Areas o f high iron deposition labelled in (a) were chosen for XANES analysis. The 
boxed area was used as the background and termed hippocampal CA2 tissue in XRF 
peak analysis, (a) XRF pixel dimensions = 5 x 5  |am and scale bar = 50 |o,m. (b) Light 
microscopy image was taken at x20 magnification, scale bar = 100 |j.m. Intensity bar 
represents normalized iron fluorescence and is proportional to total iron present, (c) 
XRF spectra o f areas labelled in (b), spectra were normalized to pixel number and 
background noise spectra associated with the quartz slide was subtracted.
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Figure 4.19. XANES spectra and linear-combination fits in Area B.

XANES spectra (a) and linear-combination fits (b) of areas of high iron deposition in 
Area B. XANES spectra were normalized, background subtracted and linear combination 
fits to XANES spectra of magnetite, maghemite and ferritin standards were assessed.



Chapter 5
Results

5.1 Introduction

There is considerable ev id en ce im plicating neuroinflam m ation in A D , with m icroglial 

activation  and associated  increases in ROS and proinflam m atory cytok in e production  

(G riffin  et al., 1989, W ood et al., 1993, C acabelos et al., 1994). S en ile  p laques, the 

presence o f  w hich  is a d iagnostic hallmark o f  A D , are prim arily com p osed  o f  fibrillar 

APi_4 2 , and have been show n to be co loca lized  with iron, copper and zinc (L ovell et 

al., 1998). A ctivated m icroglia  and astrocytes have been show n to surround sen ile  

plaques in human A D  tissue (Itagaki et al., 1989). A ggregated A p has been show n to 

exert neurotoxic effects in v itro  and in vivo-, this lends support to the am yloid  

hypothesis w hich  su ggests that A p is the primary causative agent in A D  (W alsh  and 

S elk oe , 2007). R ecent advances have lead to the d evelopm ent o f  transgenic A P P /P S l 

m ouse m odels o f  A D , in w hich transgene derived human A p concentration leve ls  are 

increased through the expression  o f  human APR and A P i .4 2  production is favoured  

through the exp ression  o f  the P S l gene. A lthough A p plaque d ep osition  increases  

w ith  age, these m od els do not exhibit neuronal loss (Lau et al., 2 0 0 8 , M ahesw aran et 

al., 2 0 0 9 ), thus providing the opportunity to assess changes due to  A p presence only. 

T his m ay m ore c lo se ly  m odel early-stage A p deposition  in hum an A D .

The central aim  o f  this study was to assess the neuroinflam m ation, and 

particularly m icroglial activation, associated with early-stage A p plaque dep osition  in 

an A P P /P S l transgenic m ouse m odel o f  A D . The data indicate that m icroglia l 

activation  w as increased, particularly around A P -containing plaques in brain sections  

prepared from  A P P /P S l transgenic m ice. These anim als exh ib ited  impaired  

perform ance in spatial m em ory tasks w hich w as more profound in fem ale, com pared  

w ith  m ale, m ice and w hich  correlated with changes in A p d ep osition  in brain tissue  

and in the cerebrom icrovasculature.
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5.2 Results

The performance o f  8 -  9 month old APP/PSl mice was impaired in the reversal 

phase o f  the MW'M task.

Tail snips were obtained from mice, cDNA was prepared and APP/PSl transgenic 

mice were identified by genotyping (Figure 5.1). The average ages o f  mice in 

wildtype and A PP/PSl transgenic groups were similar at the start o f  the experiment 

( 3 - 4  months o f  age) and at this time, mean weights were similar in all groups. Age 

was a significant factor in animal weights (female, p < 0.0001; (F (l, 57.61); male, p < 

0.0001; (F (l, 67.80); 2-way ANOVA); when animals were 8 - 9  months o f age, male 

APP/PSl transgenic mice were significantly heavier than the other experimental 

groups (p < 0.05; ANOV.A Bonferroni post-tests; Figure 5.2).

Animals were assessed for muscle strength and coordination using the 

hangwire and inverted screen tests and the data indicate that the performance o f  mice 

in each group was sim ilar at 8 -  9 months o f age (Figure 5.3). Spatial learning was 

assessed in the MWM and the data indicate that all mice learned the task; the mean 

pathlength, and mean latency to find the hidden platform, on the final day o f  training, 

was similar in wildtype and APP/PSl transgenic mice. Training was a significant 

factor in the decrease in mean pathlength taken by both male and female animal 

groups (male, p < 0.05; F(4, 3.664); female, pathlength, p < 0.001; F(4, 6.170); 2-way 

ANOVA; Figure 5.4). Training also lead to significant decreases in latency in both 

groups (male, p < 0.0001; (F(4, 5.940); female, p < 0.001; F(4, 7.563); 2-way 

ANOVA). Analysis also indicated that genotype was a significant factor in the 

latency o f  male mice (p < 0.01; F(1, 7.481); 2-way ANOVA), but this effect did not 

translate to inter-group differences on any training day.

During the reversal phase o f the MWM task animals, are tested on the ability 

to learn a modified version o f  the original task. All groups learnt the modified task
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(Figure 5.5). Analysis indicated that time was significant factor in pathlength in both 

male (p < 0.001; F(3, 9.509); 2-way ANOVA) and female mice (p < 0.001; F(3, 

9.347); 2-way ANOVA). Repeated trials also lead to a significant decrease in latency 

in both male (p < 0.001; F(3, 10.930); 2-way ANOVA) and female mice (p < 0.001; 

F(l, 21.06); 2-way ANOVA). However, genotype was a significant factor in the 

performance o f  female mice only (latency, p < 0.001; F (l,  21.06); 2-way ANOVA) 

leading to female APP/PSl mice exhibiting impaired MWM performance on day 2 

(latency, **p < 0.001; Bonferroni post-tests). Female APP/PSl transgenic mice 

continued to exhibit a decrease in latency on day 4 (p < 0.01; ANOVA) when 

compared with female wildtype mice; similar effects were not observed in male 

experimental groups.

The impaired performance o f  the female APP/PSl transgenic mice in the 

reversal phase o f  the MWM was not due to a difference in average swim speeds 

(Figure 5.6), although during the training phase average swim speed was significantly 

lower in female APP/PSl transgenic mice compared with that o f  female wildtype 

mice ( **p < 0.05; ANOVA).

Plaque deposition  is g rea ter  in the brain tissue o f  fem ale A P P /P S l mice.

Deposition o f  amyloid plaques in the cortex and hippocampus o f  APP/PSl transgenic 

mice was confirmed using congo red staining and pan-amyloid immunofluorescence. 

Amyloid plaques displayed morphology consistent with that described in the 

literature. Female APP/PSl transgenic mice display an increased level o f  cerebral 

amyloid plaque deposition compared with male APP/PSl transgenic mice (Figure. 

5.7). Plaque deposition was observed throughout the cortex and the majority o f  the 

hippocampus, however the dentate gyrus consistently displayed reduced deposition 

compared with other hippocampal structures. No plaque deposition was observed in 

the thalamus. Plaques ranged in size but no plaques greater than 50-60 jam in 

diameter were observed using histochemistry or immunofluorescence. 

Immunofluorescent labeling o f  pan-amyloid species enabled the identification o f  

smaller deposits o f  amyloid, possibly amyloid fibrils in the early stages o f  plaque
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form ation (F igure 5 .8 ). D ep osits o f  this size , although present, w ere not ea sily  

identifiab le using con go  red staining; this m ay indicate low  levels o f  (3-pleated sheet 

structures in sm aller deposits. The presence o f  sm all deposits o f  pan-am yloid  

im m unofluorescence proxim al to plaques w as observed throughout all brain section s.

Further investigation  o f  am yloid  plaque com p osition  confirm ed the presence  

o f  iron in plaque cores (F igure 5 .9). Plaques displayed tw o distinct m orphologies; 

com pact, dense plaques w ere characterized by higher leve ls  o f  con go  red stain ing in 

the core o f  the plaque, w hereas d iffu se plaques d isp layed  notably less congo-red  

stain ing in the plaque core (F igure 5 .10 ). T his consistent w ith the literature and 

su ggests a reduction in p-pleated structures in the core o f  d iffuse plaques w hen  

com pared to com pact plaques.

N o  vascular am yloid  plaques w ere observed in congo-red stained brain 

section s from  A P P /P S l transgenic m ice. H ow ever, m inim al am yloid  

im m unofluorescence w as observed c lo se  to blood v esse ls  in A P P /P S l brain section s  

(F igure 5 .11); this im age w as prepared by B elinda Grehan and is show n w ith her 

perm ission.

Soluble and insoluble amyloid-/^ peptides were present in the brain tissue o f  APP/PSl 

transgenic mice.

Solub le  and insoluble am yloid-P  peptide concentrations w ere a ssessed  in brain tissue  

prepared from fem ale A P P /P S l transgenic, m ale A P P /P S l transgenic and w ild typ e  

m ice. T hese data are presented in Figures 5 .1 2  and 5.13.

Solub le  APi_4 2 , A(3 i-4 o and A P i . 3 8  w ere sign ifican tly  greater in brain tissu e  

prepared from  A P P /P S l transgenic, com pared w ith, w ild type m ice  (*p  <  0 .05; **p <  

0 .01; A N O V A ; Figure 5 .12 ). A  sim ilar increase w as observed in the 3 in so lu b le  A p  

sp ec ies (**p  <  0 .01; * * *p < 0 .001 ; A N O V A ; Figure 5 .13 ). So lub le  A P i . 3 8  w as the 

dom inant so lu b le  peptide and its concentration w as sign ificantly  h igher than the other 

sp ec ies (* p < 0 .0 5 , A N O V A ; Figure 5 .12). The concentrations o f  so lu b le A P i . 4 2  and

153



APi_4 o w ere neg lig ib le  in tissue prepared from  w ild typ e m ice  but in brain tissue  

prepared from  A P P /P S l transgenic m ice so lu b le A(3i.42was sign ifican tly  greater 

com pared w ith so lub le A p 1.4 0 concentrations (*p <  0 .05; **p <  0 .01; Students t-test 

for independent m eans).

A  com parison o f  the concentration o f  Ap in the brain tissue o f  m ale and 

fem ale A P P /P S 1 trangenic m ice  revealed  that, w hereas there w as no gender 

differen ce  in so lu b le A p, concentrations o f  insoluble A P w ere higher in fem ale, 

com pared w ith m ale A P P /P S l transgenic m ice and the d ifference w as sign ificant in 

the case  o f  A P i .4 2  (###  p< 0 .001; A N O V A ; Figure 5 .13). A P i .4 2  w as the dom inant 

peptide in fem ale A P P /P S l transgenic brain tissue and w as present in sign ifican tly  

greater concentrations than A P i.3 gand A P i . 4 0  (p < 0 .0 0 1 , A N O V A ); A P i.4 2 and A P i .4 0  

concentration  leve ls  w ere sim ilar in m ale A P P /P S l transgenic brain tissue. This  

su ggests that A P i .4 2  w as the primary peptide in volved  in am yloid  aggregation  and 

plaque form ation.

MHCII- and CD68- positive cells surround amyloid plaques.

D ou b le-sta in in g  o f  brain section s for plaques and markers o f  m icroglia l activation  

w as carried out and exam ple con foca l m icrographs obtained from  the brain o f  a 

fem ale A P P /P S l transgenic m ouse are presented in Figure 5 .14. N u cle i are seen  to 

encircle plaques but there are no nuclei w ithin the plaque cores; th is w as a consistent  

finding in every plaque investigated. C ells  proxim al to plaques express M HCII to a 

greater exten t than ce lls  distal to p laques, su ggestin g  activated m icroglia  m ay m igrate 

to plaques.

Brain section s from fem ale A P P/PS 1 transgenic m ice w ere further 

investigated  for am yloid  plaques and C D 6 8  by im m unohistochem ical sta in ing, since  

C D 6 8  is a marker o f  activated, perhaps p h agocytic , m icroglia . M arked C D 6 8  

exp ression  w as observed proxim al to am yloid  plaques com pared w ith  C D 6 8  

im m u n oflu orescen ce in other areas o f  the brain section  and sem i-quantitative analysis
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revealed that imm unofluorescence was significantly increased in sections prepared 

from female APP/PSl transgenic, compared with wildtype mice (**p<0.01; Student’s 

t-test for independent means; Figure 5.15) and that the imm unofluorescence proximal 

to the plaques was increased compared with that distal to the plaques in APP/PSl 

transgenic mice ( p<0.01; Student’s t-test for independent means).

Microglial and astrocytic activation is upregulated in brain tissue prepared from 8 -  

9 month old APP/PSl transgenic mice.

Previous data, Figures 5.14 - 15, provided evidence for an overall increase in markers 

o f microglial activation. Brain tissue was assessed for markers o f  microglial 

activation, CD l 1 b and CD68, and astrocytic activation, GFAP. The data show that 

C D l lb  and CD68 mRNA were significantly increased in brain tissue prepared from 

female A PP/PSl, compared with wildtype, mice (*p<0.05;***p<0.001; ANOVA; 

Figures 5 .16a, b). Similar increases were observed in tissue prepared from male 

APP/PSl mice but the increase was statistically significant only in the case o f  CD68 

mRNA (*p<0.05;ANOVA). GFAP mRNA was significantly increased in tissue 

prepared from APP/PSl transgenic, compared with, wildtype mice (**p<0.01; 

***p<0.001; ANOVA; Figure 5.16c) but the value was significantly greater in tissue
(T

prepared from male, compared with female APP/PSl transgenic mice ( p<0.05; 

ANOVA).

To investigate if the increase in markers o f  glial activation were paralleled by 

changes in cytokines, IL -ip  m RNA and TN F-a concentration were assessed in 

aliquots o f  the same tissue. IL- ip  mRNA expression was significantly increased in 

tissue prepared from female, but not male, APP/PSl mice compared with wildtype 

mice (**p<0.01; ANOVA; Figure 5.17). Similarly, TN F-a concentration was 

significantly increased in tissue prepared from female, but not male, A PP/PSl 

transgenic mice (*p<0.05; ANOVA).
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No changes in gray matter volume due to ageing.

Volumetric analysis, o f  high resolution T2-weighted MR! brain scans, was performed 

using VBM. Assessment o f gray matter volume changes from 3 - 4  months to 8 -  9 

months o f  age for each experimental group is presented in Figure. 5.18. No 

differences in gray matter volume were observed, the statistical overlay was 

thresholded at p < 0.001.

MRI relaxometry was differentially affected by age and genotype.

T1 and T2 relaxation times were assessed when mice were aged 3 - 4  months and 

again at 8 -  9 months. Hippocampal and cortical relaxometry data are plotted in 

Figures 5.19 and 5.20.

Age was not a significant factor in hippocampal and cortical T1 relaxation 

times. Figure 5.19. Further analysis o f  these data indicated that differences due to 

genotype were present when mice were 3 - 4  months o f  age and isolated to male 

APP/PSl transgenic mice. T1 relaxation times were significantly higher in male 

compared with female APP/PSl transgenic and wildtype mice (male and fem ale)Tl 

relaxation times at 3 -  4 months o f  age (hippocampus, p < 0.05; cortex, p < 0.05; 

ANOVA Bonferroni post-tests). This difference was not present at 8 -  9 months o f 

age.

Hippocampal and cortical T2 relaxation time was significantly affected by age 

in male mice only (hippocampus, p < 0.001; F (l, 29.74); cortex, p < 0.001; F (l, 

28.36); 2-way ANOVA, Figure 5.20). Male A PP/PSl transgenic and wildtype mice 

exhibited a significant age-related decline in T2 relaxation time in the hippocam pus 

(transgenic, p<0.001; wildtype, p<0.001; Students t-test for independent means; 

values at 8-9 months versus 3-4 months) and cortex (transgenic, p < 0.001; wildtype, 

p<0.05; Students t-test for independent means; values at 8-9 months versus 3-4 

months). Female wildtype and female APP/PSl transgenic mice did not exhibit an
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age-related decline in T2 relaxation time as displayed by male APP/PSl transgenic 

and male wildtype mice.

Female APP/PSl transgenic mice had an increased cortical and hippocampal rCBV/w 

and rCBF and display an age-related decrease in hippocampal rCBF.

Due to previous reports o f  deficits in vasculature autoregulation in A P P /P S1 

transgenic mice and the complex effect this may have on age-related changes, only 

age-related differences within each experimental group were examined statistically 

(N iwa et al, 2002). Cerebral blood flow (rCBFiw) was assessed in female A PP/PSl 

transgenic mice and female wildtype mice at 3 -  4 months o f  age; this analysis was 

repeated when the anim als were 8 - 9  months o f  age. rCBViw was assessed using a 

novel ASL technique (Kelly and colleagues, 2009). All ASL data are presented in 

Table 3, Appendix 111, no age-related changes in CTT or MTT were observed.

Female w ildtype mice and female APP/PSl transgenic mice did not display a 

statistically significant age-related decline rCBViw However, rCBF in the 

hippocampus o f  female A PP/PSl transgenic mice was significantly decreased at 8 -  9 

months o f  age compared to 3 -  4 months o f  age (p < 0 .0 1 , Students t-test for 

independent means; values at 8 -  9 months versus 3 - 4  months o f  age; Figure 5.22). 

Female wildtype mice did not display a statistically significant age-related decline in 

rCBF.
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5.3 Discussion

This study set out to assess the neuroinflammation associated with early-stage Ap 

plaque deposition. The data indicate that plaque deposition, which was more 

profound in female, compared with male, 8 - 9  month old APP/PSl transgenic mice, 

was associated with microglial and astrocytic activation, evidence o f  increased 

proinflammatory cytokine expression and deficits in spatial learning.

Significant plaque deposition, accompanied by increased soluble and 

insoluble AP was observed in tissue prepared from APP/PSl mice. The data indicate 

that female APP/PSl transgenic mice e.xhibited greater plaque deposition and 

accordingly higher levels o f  insoluble A(3|_42, although not A P 1.38 or APi.4 0 , than male 

APP/PSl mice. This finding concurs with a previous report indicating that female 

transgenic mouse models o f  AD display higher concentrations o f  plaques (Wang et 

al., 2003). Soluble APi_42 was increased in male, but not female, APP/PSl transgenic 

mice compared with wildtype mice suggesting that the increased number AP plaques 

seen in the female APP/PSl transgenic mice are not due to increased amounts o f  

soluble APi-4 2 . Plaque deposition exhibited similar spatial profiles in APP/PSl 

transgenic mice suggesting the mechanism determining in vivo formation o f  plaques 

is not brain structure associated. In addition, similar numbers o f  diffuse plaques were 

seen in both female and male APP/PSl transgenic mice suggesting that there is no 

gender bias in the mechanism responsible for the maturation o f  diffuse plaques into 

dense core plaques. These findings provide evidence for Ap plaque mediated 

activation o f  microglia being similar in male and female APP/PSl transgenic mice 

but in vivo plaque formation being more likely in female APP/PSl transgenic mice.

Microglial activation was assessed in this study by evaluating MHC 11 

immunoreactivity and expression o f  CDl lb  and C D 6 8  mRNA and the data indicate 

that all measures were increased in brain tissue prepared from APP/PSl transgenic 

mice, compared with wildtype, mice. It is known that CD l lb mRNA is expressed at 

very low levels under resting conditions and is markedly increased when microglia 

are activated in response to any stress (Lynch, 2009). In the present study, CD l lb
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mRNA was increased in both male and female APP/PSl transgenic mice although the 

increase failed to reach statistical significance in the male animals because o f  the 

greater variability. Expression o f  CD68 was markedly increased in both male and 

female APP/PSl transgenic mice. CD68 is thought to be indicative o f  lysosomal 

activity (Lynch, 2009), which would suggest on-going phagocytosis in these cells. 

Importantly, while its expression was observed throughout the brain o f  APP/PSl 

transgenic mice, CD68 expression was more marked proximal to Ap plaques. 

However the current literature suggests that minimal phagocytosis o f  plaques occurs 

(Meyer-Luehmann et al., 2008) and therefore it must be suggested that the CD68- 

positive cells are involved in phagocytosis o f  cell debris adjacent to the A|3 plaques or 

perhaps smaller Ap aggregates. In parallel with the increases in expression o f  CD l lb 

and CD 68, the evidence presented here indicates that both MHC II 

immunofluoresence and mRNA expression are increased in tissue prepared from 

APP/PSl transgenic mice. This finding concurs with similar work which also 

observed an increase in MHC I! in APP/PSl transgenic mice at similar ages (Gordon 

et al., 2002). There is a great deal o f  evidence indicating that Ap induces microglial 

activation in vitro and, similarly that injection o f  Ap induces microglial activation in 

vivo (Walsh et al., 2002b) but there is considerable debate in the literature regarding 

this issue in AD. While there are obvious concerns in extrapolating from an animal 

model, the literature suggests that plaque formation precedes microglial activation 

(Gordon et al., 2002).

Like the markers o f  microglial activation, the present findings indicate that 

GFAP mRNA expression was increased in transgenic APP/PSl mice and this is 

consistent with a previous report which also revealed that GFAP expression was 

increased in tissue prepared from APP/PSl transgenic mice at similar ages (Gordon et 

al., 2002).

In the present study, changes were observed in both male and female transgenic 

APP/PSl mice, although male mice exhibited a significantly higher level o f  GFAP 

expression compared with female A PP/PS1 transgenic mice. The reason for this 

gender bias is unclear. One possible explanation is that soluble APi.42, which is
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significantly greater in tissue prepared from male A P P /P S l transgenic mice, m ay be 

predom inantly  responsible for activation o f  astrocytes.

It is know n that microglia  are the prim ary cell source o f  inflam m atory 

cytokines, w hich  they release when appropriately activated, a lthough activated 

astrocytes are also involved in cytokine production (L ieberm an et al., 1989). The 

present data reveal that IL - ip  m R N A  and T N F -a  concentration were increased in 

female, but not male, A P P /P S l  transgenic mice. Thus parallel gender differences in 

plaque num ber, insoluble A P i . 4 2  concentration, proinflam m atory  cytokines and, to a 

lesser extent, markers o f  microglial activation are identified here and lend some 

support to the v iew  that deposition o f  A p plaques m ay m ediate microglial activation 

and consequently  upregula tion  o f  inflammatory cytokines, it is significant that 

p ro inflam m atory  cytokines like T N F -a  can induce expression o f  a num ber o f  

pro inflam m atory  genes, such as those for adhesion molecules ( lC A M -1, V CAM -1), 

and for the inflam m atory cytokines, lL - 6  (Lee and Benveniste, 1999) and that these 

signals can contribute to im pairm ent o f  synaptic function and eventual 

neurodegeneration  (A kassoglou et al., 2003).

Consisten t with the negative impact o f  these signals on synaptic function, the 

data indicate that spatial learning was impaired in transgenic mice at 8  -  9 months o f  

age. While no deficits were observed in the learning phase o f  the task, A PP/PS l 

transgenic mice exhibited an impairment in the reversal phase o f  the task with more 

profound and persistent changes in female, com pared with male, mice. Although, 

there are reports o f  m em ory  im pairm ents in transgenic m ouse m odels o f  AD, this is 

the first report o f  a gender bias in such measures (Puolivali et al., 2002, Cao et al., 

2007). Previous studies reported a correlation betw een hippocam pal concentration 

levels o f  total A P i . 4 2  and performance in spatial m em ory  tasks. Here A p analysis was 

not undertaken in h ippocam pal tissue and no significant correlations were observed 

between behavioural perform ance and concentration o f  insoluble or soluble APi. 4 2 , 

A Pi - 4 0  and  APi. 3 g. The absence o f  a correlation may be due to the fact that the task is 

h ippocam pal-dependent and Ap was not assessed in this area but it may also reflect
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the dynam ic nature o f  A p plaque- or m icroglia l- m ediated hippocam pal functional 

im pairm ent, s in ce  the deposition  o f  A p plaques varied betw een  transgenic anim als.

The poorer perform ance o f  fem ale A P P /P S l transgenic in the spatial m em ory  

task m ay be associated  w ith the increases in proinflam m atory cytok ines, w h ich  w ere  

observed on ly  in tissue prepared from  fem ale A P P /P S l transgenic m ice, although no 

positive correlation betw een  these m easures w as found. S im ilarly although so lu b le  

A p potently inhibits synaptic p lasticity  in the h ippocam pus (W alsh  et al., 2 0 0 2 a ), the 

impaired spatial m em ory observed in fem ale m ice did not correlate w ith changes in 

so lub le APi-4 2 although so lu b le  A P i.4 oand A Pi.agw ere increased. O verall, the present 

data provide support for the proposal that activation o f  m icroglia , together w ith  the 

upregulation o f  proinflam m atory cytok in es, m ediate the im pairm ent in hippocam pal 

function and h ighlight the fact that fem ale A P P /P S l transgenic m ice are particularly  

affected  by the on go in g  neuropathology present in this m ouse m odel o f  A D .

Fem ale A P P /P S l transgenic m ice exhibited  an age-related d eclin e in rCBF in 

the h ippocam pus but not the cortex. T his finding w as not observed in a recent study  

w hich exam ined  perfusion ch an ges in an A P P /P S2 transgenic m ouse m odel o f  A D  

using a d ifferent theoretical m odel o f  C B F (W eidensteiner et al., 2009). T hese  

authors exam ined  the change from  10 m onths to 17 m onths o f  age and age-related  

decreases in C B F and C B V  w ere observed in the occip ital and frontal cortices only. 

Studies on vascular function in A P P /P S l m ice are rare. H ow ever, w h o le  brain rCBV  

w as reported to be decreased in 15 m onth old A P P /P S l transgenic m ice w hen  

assessed  using dynam ic contrast enhanced M Rl (H ooijm ans et al., 2007). M ore  

recently, reduced perfusion in the cortex o f  A P P /P Sl transgenic m ice at 33 , 54 , and 

62 w eeks com pared w ith w ild typ e m ice, as m easured by A SL , has been reported 

(D henain et al., 2 0 0 8 ). Interestingly, several studies have reported a decrease in C B V  

and CBF in young, A PP-m utated transgenic m ice prior to am yloid  plaque deposition  

(N iw a  et al., 2 0 0 2 , W u et al., 2004).

The present data indicate that fem ale A P P /P S 1 transgenic and fem ale  

w ildtype m ice do not d isp lay an age-related decline in rCBViw The rCBViw
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parameter calculated in this study contains a contribution from the extravascular 

space and this may therefore be one possible explanation for the finding being 

contrary to reports from the literature (Dhenain et al., 2008). The possible m asking o f 

putative intravascular deficits due to the use o f  this technique and conflicting reports 

from the literature suggest results derived from competing ASL methods are difficult 

to accurately compare across experiments.

Although plaque deposition was not confirmed in these animals at 3 -  4 

months o f  age, others have reported the presence o f  plaques at this stage in APP/PSl 

mice (Garcia-Alloza et al., 2006). Confocal microscopy carried out in the present 

study indicates that amyloid is present in the vasculature in 8 -  9 month old APP/PSl 

transgenic mice and this is consistent with previous findings which indicated that 

similar deposition occurred in hippocampus and cortex o f  6 month-old APP/PSl 

transgenic mice (Gordon et al., 2002) and amyloid deposition in the leptomeningeal 

vasculature from 6 months o f age onward (Garcia-A lloza et al., 2006). It is 

reasonable to suggest early-stage amyloid deposition would affect sm aller blood 

vessels to a greater degree, due to the reduced area o f the blood vessel. Selective 

interrogation o f  the intravascular ASL-derived CBV signal from such vessels, via 

selective crusher gradients, may position investigators to assess the earliest possible 

deficits in cerebral perfusion.

No observable decline in gray matter volume was observed in these animals 

with age. This finding is well supported by reports from the literature suggesting that 

modest volumetric changes occur, but only in much older anim als (Lau et al., 2008, 

Delatour et al., 2006, M aheswaran et al., 2009). Therefore it m ight be concluded that 

the age-related decline in rCBF may be associated with CAA-mediated 

cerebrovasculature changes or Ap-mediated neuronal impairment, but not neuronal 

loss. It is also possible that both o f  these factors contribute to the rCBF change 

observed since decreases in rCBF are usually associated with decreased neuronal 

function. Another possible explanation for the age-related decrease in rCBF may be a 

consequence o f impaired astrocytic modulation o f neuronal blood flow demands due
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to neuroinflamm ation although it must be acknowledged that the perfusion demands 

o f  inflammatory tissue compared with normal tissue are not completely understood.

The relaxometry data presented here indicate the absence o f  any age-related in 

T2 relaxation time in female APP/PSl transgenic and female wildtype mice, although 

a significant age-related decrease was observed in male A PP/PSl transgenic and 

wildtype mice. The underlying physiology o f  an age-related T2 relaxation time 

decline in non-pathological aging has been suggested to be due to changes in cell 

density and decreased water content (W eidensteiner et al, 2009). Previous reports o f  

T2 relaxation time declines in mouse models o f  AD, although in older mice than 

those used here, have suggested the change is due to iron colocalization to the Ap 

plaque, which has been confirmed here, as well as the hydrophobic nature o f  plaques 

(El Tannir El Tayara et al., 2006). However a decrease in T2 relaxation tim e in the 

subiculum o f  a m ouse model o f  AD prior to amyloid deposition has been reported (El 

Tayara Nel et al., 2007). It is clear, however, that the level o f  plaque deposition 

observed in APP/PSl transgenic mice in the present study is not sufficient to induce a 

decrease in T2 relaxation time.

The presence o f  the age-related decline in male A PP/PSl transgenic mice 

considering the significantly lower level o f  plaque deposition when compared to 

female APP/PSl transgenic mice suggests plaque presence and any putative plaque- 

mediated changes in brain tissue are not the causative agent o f  the T2 relaxation time 

decline. The parallel o f  this gender differential in wildtype mice suggests this effect is 

entirely gender-specific. The reason for this bias is unclear and difficult to explain 

with reference to current interpretations o f  the biophysical basis o f T2 relaxation 

time.

Male A PP/PSl transgenic mice displayed an increased cortical and 

hippocampal T1 relaxation tim e at 3 -  4 months, but not 8 -  9 months, o f  age. In 

contrast with this, two studies have reported a decrease in T1 relaxation tim e in 

mouse models o f  AD [Tayara 2006, Hooijmans, 2009], The reason for the increase 

seen in the male A PP/PSl transgenic mice is unclear, one possible explanation may
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be delayed m aturation o f  brain tissue in male A PP/PSl transgenic mice. Such a 

process would explain the absence o f  the difference at 8 -  9 months, and, if this is the 

case, it must be suggested that the age-related difference is not associated with 

amyloid plaque deposition.

This study set out to assess the neuroinflamm ation associated with early-stage 

Ap plaque deposition and the evidence presented indicates an increased level o f 

neuroinflamm ation, characterized by microglial activation and proinflam matory 

cytokine production. These changes are postulated to contribute to changes in spatial 

memory and cerebral vasculature observed in the APP/PSl mouse model o f  AD.
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Figure 5.1. Genotype analysis of APPswe and PSldE9 presence.

Representative gel electrophoresis of isolated cDNA from mouse tail snips. APPswe 
gene (a) and PSldE9 and internal control (b) are shown. White arrows identify the 
transgenic animals. The lower band present in all samples in (b) is the internal 
control (PrP gene).



Female
Wildtype

Female
APP/PSl Male Wildtype Male APP/PSl

Age (days) n Age (days) n Age (days) n Age (days) n

3-4 months 151 ±7.79 7 156± 13.5 11 143 ±4.24 14 138± 7 7

8-9 months 292 ±8.19 10 278 ± 12 8 312±4.35 14 294 ± 15.5 8
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Figure 5.2. Animal ages and weigiits at experiment timepoints.

Mean age (a) and weights (b) of animals in the 3 groups are presented. Data are 
expressed as means ± SEM. Age was significant factor in animal weight (female, 
p < 0.0001; (F(l, 57.61); male, p < 0.0001; (F(l, 67.80); 2-way ANOVA). 
Genotype was a significant factor in the weights o f male mice (F( 1,4.885); p < 
0.05; 2-way ANOVA), this effect was not observed in female mice. At timepoint 
2, male APP/PSl mice were significantly heavier than all other groups (*p < 0.05, 
ANOVA Bonferroni post-tests). The number o f animals in each group is shown in 
(a).
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Figure 5.3. Muscle strength and coordination was similar in APP/PSl 
transgenic and wildtype mice.

Muscle strength and coordination, assessed using the hangwire 4-paw (a) and 2- 
paw (b) tests, and the inverted screen test (c), were similar in mice in the 4 groups.

Data are means ± SEM (n values are given in Figure 5.2a).
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Figure 5.4. APP/PSl transgenic and wildtype mice learn the Morris water 
maze.

Pathlength to (a) and latency in (b) locating the platform in the training phase of 
the MWM task. All groups learned the position o f the platform after 5 days. 
Training was a significant factor in both measures of performance in male 
(pathlength, p < 0.05; (F(4, 3.664); latency, p < 0.0001; (F(4, 5.940); 2-way 
ANOVA) and female mice (pathlength, p < 0.001; F(4, 6.170); latency, p < 
0.001; F(4, 7.563)). Genotype was also a significant factor in latency in male 
mice (p < 0.01; F(l, 7.481); 2-way ANOVA), but this effect did not translate to 
inter-group differences on any day. Genotype was not a significant factor in the 
performance o f female mice.

Data are means ± SEM (n values are given in Figure 5.2a).
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Figure 5,5. Female APP/PSl transgenic mice display an impaired performance in 
the reversal phase of the Morris water maze task.

Pathlength to (a) and latency in (b) locating the platform in the reversal phase o f the 
MWM task. Time was a significant factor in both measures for male (pathlength, p < 
0.001; F(3, 9.509); latency, p < 0.001; F(3, 6.937); 2-way ANOVA) and female mice 
(pathlength, p < 0.001; F(3, 9.347); latency, p < 0.001; F(3, 10.930); 2-way ANOVA). 
Genotype was a significant factor in the latency performance o f female mice only (p < 
0.001; F(l, 21.06); 2-way ANOVA). On day 2, female APP/PSl transgenic mice 
performed significantly worse than female wildtype mice (latency, **p < 0.001; 
Bonferroni post-tests). The performance of female APP/PSl transgenic mice continued 
to be impaired on days 3 and 4, significant differences were observed on day 4 only (*p 
< 0.01; Bonferroni post-tests), while male APP/PSl transgenic and wildtype mice 
performed similarly.

Data are means ± SEM (n values are given in Figure 5.2a).
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Figure 5.6. Swim speed of female wildtype mice was greater than that of 
female APP/PSl transgenic mice in the training, but not the reversal 
phase, of the MWM task.

The average swim speed of female wildtype mice during the training phase of 
the MWM task (a), was greater than that o f female APP/PS1 transgenic mice 
(**p <0.01; Students t-test for independent means; female wildtype average 
swim speed versus female APP/PSl average swim speed). This effect was not 
observed in the male mice. Average swim speed during the reversal phase of 
the MWM navigation task (b) was similar in APP/PSl transgenic and wildtype 
mice.

Data are means ± SEM (n values are given in Figure 5.2a).
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Figure 5.7. Female APP/PSl transgenic mice exhibit higher levels of 
plaque deposition than male APP/PSl transgenic mice.

Brain sections prepared from female APP/PSl transgenic mice display a 
significantly greater number o f congo-red positive plaques than brain sections 
prepared from male APP/PSl transgenic mice (*p < 0.05; Student’s t-test for 
independent means). Congo red-stained brain sections from female APP/PSl 
transgenic (b, c), male APP/PSl transgenic (d, e) and wildtype (e, f) mice. All 
micrographs taken at xlO magnification.

Data in (a) are expressed as average plaque count per brain section per animal 
and are means ± SEM (n = 4).



Figure 5,8. Brain sections prepared from female APP/PSl transgenic 
mice display amyloid immunofluorescence in the cortex and hippocampus.

Brain sections prepared from female APP/PSl transgenic mice display 
amyloid immunofluorescence (green) in the hippocampus (a, c) and the cortex 
(b, d). Nuclei are stained blue with DAPI. Confocal microscopy of brain 
sections from wildtype control mice display no amyloid immunofluorescence, 
in the hippocampus (e) or the cortex (f). All confocal micrographs taken at x40 
magnification, scale bar = 50 |im.



Figure 5.9. DAB-enhanced prussian blue staining confirms the presence 
of iron in congo red-positive plaques.

The colocalization of amyloid plaques and iron was evaluated in brain 
sections prepared from APP/PSl transgenic mice by congo red- and DAB- 
enhanced prussian blue- staining (dark brown/black in the presence of iron). 
A methyl green counterstain was used to visualize nuclei. A representative 
light micrograph of amyloid and iron colocalization in a cortical plaque (a) 
and a hippocampal plaque (b) is shown. All micrographs taken at x40 
magnification.



0.5 % Pixel saturation and 
histogram equalization.

a

c

Figure 5.10. Diffuse and compact plaques display distinct morphology.

Representative congo-red staining o f cortical dense (a, b) and diffuse (c, d) amyloid 
deposits in brain sections prepared from female APP/PS1 transgenic mice. A methyl 
green counterstain was used to visualize nuclei. Pixel saturation (0.5 %) and histogram 
equalization enables visual inspection of the core densities. All micrographs were taken 
at X100 magnification.



Figure 5.11. Modest vascular amyloid deposition was observed in brain 
sections prepared from 8-9 month old APP/PSl transgenic mice

Representative brain section prepared from a female APP/PS 1 transgenic mouse 
showing amyloid immunofluorescence (green) at a blood vessel. Nuclei are 
stained blue with DAPl. Micrograph was taken at x63 magnification.

Image courtesy of Belinda Grehan.
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Figure 5.12. Soluble Ap peptides were increased in brain tissue prepared 
from APP/PSl transgenic mice compared with wildtype mice.

Soluble Ap,_3 g and AP,^o significantly increased in brain tissue prepared 
from A PP/PSl transgenic, compared with wildtype, mice (*p < 0.05; 
**p<0.01; ANOVA); a significant increase in soluble AP , ^ 2  concentration 
was observed only in brain tissue prepared from male APP/PSl transgenic 
mice (*p<0.05; ANOVA). Soluble AP,_3 g was the dominant peptide in all 
groups with concentrations which were significantly higher than APj 3  ̂and 
Api^o (P ^  0.001; ANOVA).

Data are expressed as pg/ml and are means ± SEM (n = 5).
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Figure 5.13. Insoluble Ap peptides were increased in brain tissue 
prepared from APP/PSl transgenic mice compared with wildtype mice.

Insoluble Ap,.3 g, APi^q ^ P i - 4 2  significantly increased in brain 
tissue prepared from A PP/PS1 transgenic, compared with wildtype, mice 
(**p < 0.01; ***p<0.001; ANOVA); A p , ^ 2  concentration was significantly 
higher in brain tissue prepared from female, compared with male, APP/PS 1 
mice (^'^'^p<0.001; Student’s t-test for independent means). A p , ^ 2  was the 
dominant peptide in female APP/PSl brain tissue, with concentration levels 
significantly higher than Ap, 3 ^and AP,^q (p < 0.001; ANOVA).

Data are expressed as pg/ml and are means ± SEM (n = 5).
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Figure 5.14. Cells proximal to amyloid plaques display MHCII 
immunofluorescence.

Representative amyloid immunofluorescent plaques (green), in a brain section 
prepared from a female APP/PSl transgenic brain mouse, are encircled by cell 
nuclei (stained blue with DAPI). MHCII immunofluorescence (red) is expressed 
in cells proximal to the plaques. Upper micrograph (a) was taken at x40 
magnification and the lower micrograph (b) taken at x63 magnification. Scale bar 
= 50 i^m.
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Figure 5.15. CD68 expression was increased in brain sections prepared from 
a female APP/PSl mouse compared with brain sections prepared from a 
wildtype mouse.

Representative images indicating CD68 immunocytochemistry in sections 
obtained from wildtype (a) and female APP/PSl transgenic (b) mice; the region of 
interest in (b) is enlarged in (c) and (d); magnification x40. Semi-quantitative 
analysis indicates significantly more CD68 staining in sections from female 
APP/PSl transgenic mice compared with wildtype mice (**p<0.01; Student’s t-test 
for independent means). Areas proximal to plaques show greater CD68 staining 
(**'p < 0.01; Student’s t-test for independent means) and hence appear darker. The 
area outlined in (d) is representative of the area denoted as proximal to the plaque 
for CD68 presence analysis (note the plaque is excluded from the analysis).

All micrographs were taken at x20 magnification. Data were obtained from two 
brain sections of single animal in each group and are expressed in arbitrary units 
of the reciprocal o f image pixel value and are means ± SEM.

CD68 staining performed by Belinda Grehan.
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Figure 5.16. Expression of markers of microglial and astrocytic activation 
are upregulated in APP/PSl transgenic mice.

CD68 mRNA (a) expression was significantly increased in brain tissue prepared 
from male and female APP/PSl transgenic, compared with wildtype, mice (*p < 
0.05; ***p < 0.001; ANOVA); a significant increase in CDl lb  (b) mRNA 
expression was observed only in brain tissue prepared from female APP/PSl 
transgenic mice (*p < 0.05; ANOVA). GFAP mRNA (c) expression was 
significantly increased in brain tissue prepared from male and female APP/PSl 
transgenic mice compared with wildtype mice (**p< 0.01; ***p < 0.001; 
ANOVA); GFAP mRNA expression was significantly increased in brain tissue 
prepared from male APP/PSl transgenic mice compared with female APP/PSl 
transgenic mice(*p < 0.05; ANOVA).

Data are expressed as a ratio of CDl lb, CD68 or GFAP mRNA:P-actin mRNA, 
and are means ± SEM (n = 5).
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Figure 5.17. Upregulation of proinflammatory cytokines in brain tissue prepared 
from female APP/PSl transgenic mice.

(a) IL-ip mRNA expression was increased in brain tissue prepared from female APP/PSl 
transgenic, compared with male APP/PSl transgenic and wildtype, mice (*p < 0.05; 
ANOVA). Data are expressed as a ratio of IL-ip mRNA:P-actin mRNA, and are means ± 
SEM (n = 5).

(b) TNF-a concentration was significantly increased in the brain tissue of female, 
compared with male APP/PSl transgenic and wildtype mice (*p < 0.05; ANOVA). Data 
are expressed as pg/ml and are means ± SEM (n = 5).
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Figure 5.18. No age-related decline in gray matter volume was observed.

Changes in gray matter volume were assessed longitudinally within wildtype mice, 
female APP/PSl transgenic mice and male APP/PSl trangenic mice using VBM. 
Statistical parameter maps thresholded at p < 0.001, indicating a significant gray 
matter volumetric difference between 3-4 and 8-9 months of age, are overlayed onto 
group specific coronal templates at three different positions in the mouse fore-brain. 
The green lines in the sagittal view indicate position. The statistical parameter maps 
show no detail at p < 0.001 indicating no changes in gray matter volume.
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Figure 5.19. Male APP/PSl mice displayed an increased cortical and 
hippocampal T1 relaxation time that declined with age.

Age was not a significant factor in hippocampal (a) and cortical (b) T1 
relaxation times, as assessed by 2-way ANOVA. At 3-4 months o f age, 
hippocampal and cortical T1 relaxation times in male APP/PSl transgenic were 
significantly higher than in female APP/PSl and wildtype mice (p < 0.05; 
cortex, p < 0.01; ANOVA Post-test Bonferroni). This difference was not evident 
at 8-9 months of age.
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Figure 5.20. Female APP/PSl and wildtype mice did not exhibit an age- 
related decline in T2 relaxation time in the hippocampus or cortex.

Age was a significant factor in hippocampal (a) and cortical (b) T2 relaxation 
times in male mice only (hippocampus, p < 0.001; F (l, 29.74); cortex, p < 0.001; 
F (l, 28.36); 2-way ANOVA comparing male experimental groups only). Male 
APP/PSl transgenic and wildtype mice exhibited a significant age-related decline 
in T2 relaxation time in the hippocampus (transgenic, p<0.001; wildtype, p<0.001; 
Students t-test for independent means; values at 8-9 months versus 3-4 months) 
and cortex (transgenic, p < 0.001; wildtype, p<0.05; Students t-test for 
independent means; values at 8-9 months versus 3-4 months). This decline was not 
evident in female T2 relaxation times.
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Figure 5.21. No age-related changes in rCBV,^ were observed.

rCBV|^ in the hippocampus (a) and cortex (b) of all groups is presented. No 
significant differences were observed in rCBV,^ values at 3 -  4 months of age 
compared to 8 -  9 months of age, within each experimental group.
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Figure 5.22. The rCBF in the hippocampus of female APP/PSl transgenic 
mice decreased with age.

The rCBF of the hippocampus (a) and cortex (b) at 3 - 4 and 8 - 9  months o f age is 
shown. rCBF was significantly decreased in the hippocampus of female APP/PSl 
at 8 - 9 months of age (p < 0.05, Students t-test for independent means; values at 8 
- 9 months versus 3 - 4  months). No further differences were observed.

Data are expressed in arbitrary units on the y-axis and are means ± SEM.



Chapter 6
Discussion

I set out to

•  Investigate the interaction o f  mixed glial cells with a m agnetic  fluorescent 

nanostructure and evaluate the potential o f  this nanostructure in cell tracking 

experim ents and as a basis for C N S drug delivery.

•  Investigate the composition o f  A p plaques in an A P P /P S 1 transgenic mouse 

model o f  A D  using a technique capable o f  accurate and simultaneous 

quantification o f  several metals from a single biological tissue specimen.

•  Assess the presence o f  magnetite, an iron oxide implicated in ROS generation, 

in the same specimen.

•  Assess neuroinflam mation and its effect on spatial m em ory  and early-stage 

A p plaque deposition in an APP/PS 1 transgenic m ouse model o f  AD.

•  in the same cohort o f  animals, longitudinally assess M Rl relaxometry and 

ASL-quantified  cerebral blood perfusion.

The ability to track cells using multiple contrast-dependant im aging modalities is an 

attractive technique, especially in the neurosciences where cell migration from the 

PNS to the C N S is considered to be an important event. Similarly, the delivery o f  

therapeutic agents to the CNS is an important step in developing  treatments o f  CNS 

disorders. The nanostructure assessed in this study w as developed with consideration 

to bimodal contrast generation and exhibited sim ultaneous m agnetic  and fluorescent 

contrast-generating  capabilities. It is anticipated that the iron oxide core used to 

generate m agnetic contrast could be replaced with a therapeutic  agent and as such this 

nanostructure also represented a nano-sized drug delivery m echanism . Studies 

investigating the use o f  nanotechnology as C N S drug delivery p latform s are 

widespread. H ow ever little is known about the potentially deleterious effects the 

nano-sized constituents o f  these platforms m ay have on C N S tissue cells, specifically
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microglia, the immune-competent cell o f  the CNS. Assessment o f  the bimodal 

contrast generating capabilities o f  this nanostructure was carried out in vitro and in 

vivo and the results interpreted with consideration to the potential use o f  this 

nanostructure as a m ethod o f  CNS drug delivery.

The nanostructure was rapidly internalized into mixed glial cells and the 

evidence indicated both phagocytosis and endocytosis as internalization mechanisms. 

The bimodal contrast-generating capability o f  the nanostructure was demonstrated 

using fluorescence-based detection methods, confocal microscopy and FACS, and 

magnetic-based detection methods, T2-weighted MRI. Significantly, the 

nanostructure exhibited no cytotoxic effects and the internalization o f the 

nanostructure did not induce a robust microglial activation and no meaningful 

increase in cytokine production was measured, even though phagocytosis was 

observed. This suggests that the polyelectrolyte coatings used in the nanostructure do 

not induce microglial cytokine production, although m icroglia become phagocytic. 

This is a significant finding and such a property could be used to deliver therapeutic 

agents to CNS cells while m inimising inflammation due to microglial internalization. 

Nanostructure uptake by astrocytes indicates that the nanostructure may require some 

additional design to enable cell-specific targeting.

As the nanostructure was seen to be phagocytosed by microglia it was 

hypothesized that macrophages would phagocytose the nanostructure if administered 

intravenously. Experiments were conducted to assess this and to determine if  

macrophage infiltration o f  the CNS, known to be ongoing in EAE mice 10 days post 

immunisation, could be visualized in vivo using MR!, and subsequently in brain 

sections using confocal microscopy. The results indicate poor m acrophage uptake o f  

the nanostructures and suggest their rapid clearance o f  the nanostructures from the 

bloodstream. These data, and results from experiments investigating the detachment 

o f the fluorescent agent from the nanostructure surface, indicated that this 

nanostructure was not useful in experiments involving in vivo labelling o f  ceils. 

However, studies investigating the migration o f cells following administration to 

animals are also o f  great interest, most notably, stem cell migration studies (Schafer
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et al., 2007, Chen et al., 2007, Kustermann et al., 2005) and T cell m igration in EAE 

(Anderson et al., 2004). The nanostructure may be ideal for use in such experiments 

and could enable rapid analysis o f  the cells tracked, allowing confocal m icroscopy to 

be utilised for MR! correlation to preserve spatial information, or flow cytometric 

analysis for macroscopic evaluation.

The evidence validates the nanostructures as bimodal contrast agents and, the 

in vivo data indicate, their use exclusively in cell tracking experim ents that involve 

adm inistration o f  pre-labelled cells. The data also suggests the polyelectrolyte coating 

used in the nanostructure as potentially useful in CNS drug delivery systems, as 

evidenced by cellular internalization in the absence o f  an inflamm atory response.

The nanostructure generates MRl contrast due to the iron oxide in its core. 

Many studies have suggested endogenous iron m odulation o f  MRl contrast as a 

potential biom arker for .AD disease progression (Bartzokis et al., 2000) as increased 

brain concentrations o f  iron are associated with AD (Zecca et a!., 2004). iron, copper 

and zinc are also known to accelerate in vitro aggregation o f  Ap (Khan et al., 2006). 

Investigation o f the composition o f  Ap plaques from human AD tissue has 

demonstrated increased levels o f  iron, copper and zinc in the plaques them selves 

(Lovell et al., 1998, M iller et al., 2006). It is important to emphasise that these 

findings relate to plaques from end-stage AD patients and it is reasonable to suggest, 

considering the complex and poorly understood nature o f  in vivo plaque formation 

and m aturation, that Ap plaque com position may change with disease progression.

The elemental composition o f Ap plaques from A P P/P S1 transgenic mice 

displaying early-stage amyloid deposition was investigated in the present study. 

Studies investigating metal concentrations levels in biological tissue reliant on 

histochemical techniques are compromised by the non-specificity o f  results and the 

difficulty in translation to absolute concentration levels. XRF techniques originally 

developed for the investigation o f  elemental and atomic com position o f  m aterials are 

being adapted for use with biological tissue and here, the XRF analysis revealed an 

increase in iron and calcium in areas associated with Ap plaques and in plaques
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them selves; these find ings concur w ith sim ilar previous observations (L o v ell et al., 

1998, M iller et al., 2 0 0 6 , L eskovjan et al., 2 0 0 9 , Q uintana et al., 2 0 0 6 , D henain et al., 

2 0 09). H ow ever, no consisten t increase in copper or zinc w as observed in A p plaques 

and these find ings contrast w ith  studies, u tilising sim ilar analytical techn iques, w hich  

reported increases in these m etals in hum an A p plaques (M iller  et al., 2 0 0 6 ). The 

concentrations o f  m etals reported in hum an A p plaques are approxim ately 5 tim es  

greater than those observed in plaques in the A P P /P S l m ouse m odel o f  A D  used in 

this present study. Investigation  o f  A p plaque com p osition  in 13 -  14 m onth old  

A P P /P S l transgenics m ice a lso  reported m etal concentration lev e ls  far low er than 

those reported in human A p  plaques (L eskovjan  et al., 2009). O ne p ossib le  

explanation  for these d iscrepancies is that m etals co lo ca lize  to A p plaques over tim e. 

A nother p ossib le  explanation is that the protein com p osition  o f  A p plaques in m ice  

are d ifffent from human A p plaques.

It has been reported that plaques in the brain parenchym a o f  m ouse m od els o f  

A D  contain both transgene-derived human, and m urine, Ap. Reports indicate plaque 

cores o f  predom inantly transgene-derived human A p are surrounded by m urine Ap  

(van G roen et al., 2 0 0 6 , Pype et al., 2 0 03). Human A p has three h istid ine residues at 

p osition  6, 13 and 14, all o f  w hich  act as iron binding sites (A tw o o d  et al., 2 0 0 0 , 

A tw ood  et al., 1998), and histid ine residue-bound iron has been sh ow n  to generate  

H2 O 2 by Fenton chem istry (H uang et a l., 1999b, H uang et al., 1999a). H ow ever, 

murine A p lacks a h istid ine at position  13 and it’s presence on the perim eter o f  

plaques in A P P /P S l transgenic brain tissu e m ay reduce m etal co loca liza tion  to 

plaques (Radde et al., 2 0 0 8 ). it has a lso  been reported that z inc transporters, key to 

norm al brain p h ysio logy , are co loca lized  w ith  A p plaques (Z hang et al., 2 0 0 8 ). If  

continual plaque co loca liza tion  o f  m etals is occurring, the loss o f  zinc transporters 

and zinc in it’s ion ic form  from  ce lls  proxim al to A p plaques could p ossib ly  result in 

im paired p h ysio log ica l function  o f  these ce lls  (C hoi and K oh, 1998).

R ecent w ork investigating  the type o f  iron present in A p plaques and brain 

tissue from A D  patients has identified  an iron ox id e called  m agnetite (C o llin gw ood  et
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al., 2008, Collingwood et al., 2005, Kirschvink et al., 1992). It has been implicated in 

the generation o f  ROS through it’s interaction with Ap fibrils (Khan et al., 2006) and 

it was hypothesized that it would be present in areas o f  high iron concentration in 

brain tissue obtained from APP/PSl transgenic mice.

The data indicated that magnetite and maghemite, it’s oxidative pamter, were 

present in areas o f  high iron concentration in brain tissue prepared from an APP/PSl 

transgenic mouse. It is possible that oxidation o f  magnetite to maghemite may have 

occurred post-mortem or during sample preparation, but it must also be considered 

that in vivo conversion o f  magnetite to maghemite could potentially lead to the 

generation o f  free radicals by Fenton chemistry. In any case, it is interesting that 

previous studies using similar techniques have also identified the presence of 

maghemite in AD brain tissue (Collingwood et al., 2005).

Analysis o f  metals by XRF techniques, modified for use with biological 

tissue, have confirmed the presence o f  iron, but not copper or zinc, in A(3 plaques 

from 8 - 9  month old APP/PSl transgenic mice. Furthermore, the presence o f  

magnetite, a mixed valence iron oxide implicated in the generation o f  ROS, was also 

confirmed in brain tissue prepared from 8 - 9  month old A PP/PS1 transgenic mice. 

Future work using these X-ray-based techniques, now firmly established, could 

involve investigation of age-dependant changes in Ap plaques, and surrounding tissue 

in mouse models o f  AD to further inform the debate surrounding continual metal 

aggregation to plaques. Work investigating the efficacy o f  metal chelation therapies 

in AD could also benefit from application o f  these techniques. A genetically- 

engineered mouse with murine APP knocked out, but expressing human APP, may 

present with more physiologically-accurate Ap plaques and would reveal if  murine 

Ap is a limiting factor in the metal concentration levels o f  plaques.

Data from chapter 4 provided an insight into the elemental composition o f  Ap 

plaques and although, a diagnostic hallmark o f  AD, their role in disease pathogenesis 

is still under debate. However, aggregated Ap has been shown to exert neurotoxic 

effects in vitro and in vivo', this lends support to the amyloid hypothesis which
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suggests that Ap is the primary causative agent in AD (W alsh and Selkoe, 2007). 

Recent advances have led to the development o f transgenic APP/PSl mouse models 

o f  AD, in which transgene derived human Ap concentration levels are increased 

through the expression o f  human AFP, and Ap 1 .4 2  production is favoured through the 

expression o f  the PSl gene. Although Ap plaque deposition increases with age, these 

mice do not exhibit neuronal loss (Lau et al., 2008, M aheswaran et al., 2009), thus 

providing the opportunity to assess changes due to a Ap presence only.

Neuroinflam m ation, with a particular emphasis on microglial activation, was 

assessed in 8  -  9 month old APP/PSl transgenic animals. Quantification o f  amyloid 

deposition in these mice indicated female APP/PSl transgenic mice exhibited more 

Ap, and accordingly more insoluble APi . 4 2  than male A PP/PSl transgenic mice. Data 

assessing m icroglia activation indicated a similar gender bias with transgenic mice 

exhibiting an increase in microglial activation but female transgenics displaying a 

more robust phenotype. This was further paralleled by an increases in TN F-a 

concentration and IL -ip  mRNA expression in female transgenic mice. There is 

considerable debate in the literature regarding the ability o f  Ap to induce microglial 

activation in vivo. Several reports indicate that plaque formation precedes microglial 

activation (Gordon et al., 2002), and the data in this study suggests an AP-mediated 

microglial activation. Consistent with the negative impact proinflam m atory cytokines 

can have on synaptic function, the data indicate that spatial learning was impaired in 

transgenic mice at 8-9 months o f  age. APP/PSl transgenic mice exhibited an 

impairment in the reversal phase o f a MWM task with more profound and persistent 

changes in female, compared with male, mice. No correlations between task 

performance and Ap concentrations was observed, although it m ust be noted that the 

m easure o f Ap concentration used here was not limited to the hippocam pus. This may 

reflect the dynamic nature o f  Ap plaque- or microglial- mediated changes in 

hippocampal function since the deposition o f  Ap plaques varied between animals. 

Overall, the present data provide support for the proposal that activation o f  microglia, 

together with the upregulation o f proinflammatory cytokines, mediate the 

impairment in hippocampal function and highlight the fact that female A PP/PSl
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transgenic mice are particularly affected by the ongoing  neuropathology present in 

this mouse m odel o f  AD.

Longitudinal assessment o f  MRI relaxom etry  and cerebral blood perfusion 

was carried out in these animals, with initial assessm ent at 3 -  4 m onths o f  age and a 

further assessm ent at 8 -  9 months o f  age. Fem ale wildtype and female A P P /P S l 

transgenic mice did not display an age-related decline in T2 relaxation time, although 

male A PP/PS l transgenic, and wildtype, mice did display this decline. N o  difference 

in iron levels, as determ ined by ICP-M S, in the brain tissue o f  female and male 

A PP/PS l mice w as observed. This finding, in addition, to the reduced levels o f  

am yloid  plaque deposition and decreased expression o f  markers o f  

neuroinflam m ation suggest the changes are not am yloid, or effects dow nstream  o f  

am yloid  deposition, mediated. The consistency o f  the gender differential in wildtype, 

as well the transgenic, animals indicates the genetic m anipulations required for the 

insertion o f  the A PPsw e and P S ld E 9  gene are not responsible for differences in T2 

relaxation times.

The absence o f  a T2 relaxation time decrease in female A P P /P S 1 transgenic 

mice contrasts with reports which revealed that m uch older A P P/PS l transgenic mice 

displayed significant exacerbation o f  the age-related decline in T2 re laxation time due 

to the iron colocalized to Ap plaques (B raakm an et al., 2006). it is tem pting to 

suggest that the age-related decline in T2 relaxation w as m asked due to ongoing 

decreases in cell density, which would lead to a T2 relaxation tim e increase, 

associated with am yloid plaque deposition. H owever, the similarity o f  the T2 

relaxation time profile as exhibited by female wildtype mice suggests this is not the 

case. Furtherm ore the absence o f  volumetric changes, as assessed by V B M , in female 

A PP/PS l transgenic mice supports this conclusion.

MRI re laxom etry data is often difficult to interpret in situations where 

changes are subtle and it would seem that T2 re laxom etry, a lthough useful in 

situations involving m uch greater AP plaque deposition, is not useful indicator in 

situations where there is a o f  low level o f  A p plaque deposition. The gender
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differential in T2 relaxation time observed in this study has not been reported 

elsewhere. These results are difficult to interpret and appear distinct from any 

discussions relating to neuroinflamm ation, the findings require replication but may 

prove important should M R relaxometry evolve to use as a m arker o f  subtle 

physiological changes in brain tissue.

Female A PP/PSl transgenic mice exhibited an age-related decline rCBF in the 

hippocampus but not the cortex. rCBF decline with age in similar animals has been 

reported but only in cortical areas and in a whole brain measure (Hooijm ans et al., 

2007, Dhenain et al., 2008, W eidensteiner et al., 2009). No observable decline in gray 

matter volume was observed in these anim als with age. Therefore it might be 

concluded that the age-related decline in rCBF may be associated with CAA- 

mediated cerebrovasculature changes or Ap-mediated neuronal impairment, but not 

neuronal loss. It is also possible that both o f  these factors contribute to the rCBF 

change observed. Although MRl assessment o f  rCBF provides clear indication o f 

changes presumably due to CAA, a measure reflecting microglial activation would be 

highly advantageous in assessing AD onset and progression. Although, it must be 

acknowledged that the perfusion demands o f  inflammatory tissue compared with 

normal tissue are poorly understood.

The evidence presented indicates an increased level o f  neuroinflammation, 

characterized by microglial activation and proinflam matory cytokine production, in 8 

-  9 month old A PP/PS1 mice. These changes are postulated to contribute to changes 

in spatial memory and cerebral vasculature observed in the APP/PS 1 mouse model o f 

AD.
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Appendix I



ASL theory

A theoretical model to facilitate the quantification o f cerebral perfusion with ASL has 

been described in detail previously (Kelly et al, 2009). Briefly, the model is based on the 

following Fokker-Planck equation for the concentration o f  labeled spins, c, w ithin the 

entire volume, V, from the labeling plane to the image plane:

d: _ ^ do p ^

Flow  D iffusion  Relaxation

( 1 )

This equation describes the variation o f  c within V over time using three term s. The first 

term incorporates transport o f  labeled spins due to bulk flow, F. The second term, which 

includes the perfusion coefficient, P, takes into account random effects such as pseudo­

diffusion within the microvasculature (Kim and Kim, 2006) and the exchange o f  labeled 

spins between the capillary bed and extravascular water. These effects result in the 

dispersion o f  the labelled spins on traveling from the labeling plane to the image plane. 

The third term represents the T\ relaxation o f  the labelled spins.

The bolus-tracking ASL (btASL) sequence (described below) can be described by a 

rectangular input function or bolus, Co(/), defined by Cq(0 = C o ( 0 ( r ) - 0 ( / -  r)) where 

Cq is the initial concentration o f  inflowing spins at the labeling plane and 0 ( / )  is a 

rectangular input function defined as 0 ( / )  = l for t>Q  and 0 ( / )  = O for / < 0 .  The 

solution to equation (I) for a rectangular input function has been found (Kelly et al, 

2009a):



c ( V , 0 =  j  C ^ { t )  exp 
0 ^

AIF

/  \ 
- { t  -  r) V

1 T, ) ^ A n P { t - r f 1 d r

m(t  -  r) r ( V , t - T )

(2)

From this it can be seen that the solution has the conventional structure o f  a residue 

detection experiment with bolus dispersion (Petersen et al, 2006) and is equivalent to the 

convolution o f  an arterial input function (AIF) with a relaxation function, m{t),  and 

residue function, r{V, t ) .  The M TT and CTT can be calculated from the first and second 

m oments o f  r{V, l)  respectively. The MTT is calculated from the first moment o f  r(V, l )

as:

M T T  =

ou

)__________
CO

\ r (V, t )d t
F

which is defined as the average tim e it takes a particle to traverse the vasculature (M eier 

and Zierler 1954). The CTT is calculated from the second moment o f  r(V, t )  as:

CO

\ { t - t , f - r { V , t ) d t
CTT

ou

11 ■ r{V, t )dt

(4)

which has been interpreted as the tim e taken for labeled arterial water to be distributed at 

the region o f  interest (ROI) (Kelly et al, 2009).
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Figure 1. XANES spectra of standards.

XANES spectra o f magnetite, maghemite and ferritin standards.

Standards and XANES spectra courtesy of 
Dr. Joanna Collingwood.
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Cerebral MTT (s)

Cortex
3 - 4  months of  age 
8 - 9  months of  age

Hippocampus
3 - 4  months of  age 
8 - 9  months of age

Cortex
3 - 4  months of  age 
8 - 9  months of  age

Hippocampus
3 - 4  months of  age 
8 - 9  months of  age

Female
Wildtype

1.98 ±0.244 
2.03 ±0.234

1.81 ±0.199
1.87 ±0.282

Cerebral

1.82 ± 0.222
1.95 ±0.250

1.901 ±0.237 
1.791 ± 0.152

Female
APP/PSl

1.95 ± 0.19 
2.01 ± 0.11

1.79 ±0.14
1.92 ± 0.11

CTT (s)

1.94 ± 0.16
1.88 ± 0.09

1.82 ± 0.18
1.92 ± 0.11

Table 1 MTT and CTT data
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Company addresses

Ambion Inc.,

Lingley House 

120 Birchwood Boulevard 

W arrington WAS 7QH 

UK

www.ambion.com

Beckman Coulter Ireland Inc. 

Mervue Business Park, 

Galway

www.beckman.com

Bio-imaging Systems USA, 

1495 NE 33rd A ve#101 

Homestead FL, 33033 

www.bioamerica-inc.com

Biotium, Inc.

3159 corporate place. Suite 8 

Hayward, CA 94545 

www.biotium.com

Cambridge BioScience Ltd 

24-25 Signet Court 

Newmarket Road

Applied Biosystems,

Frankfurter StraBe 129 B 

64293 Darmstadt 

Germany

www.appliedbiosystems.com

Becton Dickinson & Companies, 

The Danby Building,

Edmund Hailey Road,

Oxford Science Park 

Oxford, 0 X 4  4DQ 

United Kingdom 

www.becton.com

Biosciences Ireland,

3 Charlemont Terrace 

Crofton Road 

Dun Laoghaire 

www.biosciences.ie

Bruker BioSpin MRI GmbH 

Rudolf-Plank-Str. 23 

76275 Ettlingen 

www.bruker-biospin.com

Carl Stuart Limited 

Tallaght Business Park 

W hitestown



Cambridge CBS SLA 

United Kingdom 

www.bioscience.co.uk

Dublin 24 

Ireland

www.carlstuart.com

Crafty Devils Paper Craft

TlH'i Taw Mill Business Park

Howard Avenue

Barnstaple

Devon

EX32 8QA

United Kingdom

www.craftvdevilspapercraft.co.uk

Difco Laboratories Ltd.,

West Molesey,

Surrey, KT8 2SE

Electron Microscopy Services, 

1560 Industry Rd.,

Box 550 Hatfield,

PA 19440

www.emsdiasum.com

Dako Denmark A/S 

Produktionsvej 42 

DK-2600 Glostrup 

Denmark 

www.dako.com

Edwards BOC,

Manor Royal,

Crawley,

West Sussex,

RH10 9LW,

United Kingdom 

www.edwardsvacuum.com

GIBCO,

do Invitrogen Ltd 

3 Fountain Drive 

Inchinnan Business Park 

Paisley, UK. PA4 9RF 

www.invitrogen.com/gibco

Greiner Bio-One GmbH. 

Maybachstrasse 2 

72636 Frickenhausen,

Harlan Ltd., UK, 

www.harlan.com



Germany

www.greinerbioone.com

HVS Image 

www.hvsimage.com

Jencons

Unit 15, The Birches 

Willard Way

Imberhorne Industrial Estate 

East Grinstead, West Sussex 

RH19 IXZ UK 

www.jencons.co.uk

Tocris Bioscience 

16144 W estwoods Business Park 

Ellisville, M issouri 63021 

USA

www.tocris.com

Labsystems Ltd.

Oy Tiilitie 3 

FI-01720 VANTAA 

Finland

www.anilabsvstems.com

MatTek Corporation,

200 Homer Avenue,

Ashland, MA 01721

The Jackson Laboratory

600 Main Street

Bar Harbor, Maine 04609 USA

www.iax.org

Jeol Ltd.,

1-2, M usashino 3-chome A kishim a 

Tokyo 196-8558, Japan 

www.ieol.com

KINEM ATICA AG 

Luzernerstrasse 147a 

CH-6014 Littau-Lucerne 

Switzerland. 

www.kinematica.ch

Leica M icrosystems Inc.

2345 W aukegan Road 

Bannockburn, 60015 United States 

www.leica-m icrosvstems.com

Merial Animal Health,

CM 19 5TG, UK 

www.uk.merial.com



USA

www.mattek.com

Meso Scale Discovery 

9238 Gaither Road 

Gaithersburg,

M aryland 20877 

www.m esoscale.com

M illipore Headquarters: 

290 Concord Road 

Billerica, MA 01821 

www.m illipore.com

NanoDrop Technologies 

341 1 Silverside Rd 

Bancroft Building 

W ilmington, DE 19810 

USA

www.nanodrop.com

Olympus Life Science, 

Japan.

www.oivmpus.com

Promega Corporation 

2800 Woods Hollow Road 

Madison, W1 53711 USA 

Phone 608.274.4330

M ilestone Scientific Inc.

45 Knightsbridge Road 

Piscataway, NJ 08854 

www.m ilestonescientific.com

MWG Biotech,

Anzinger Str. 7a 

D-85560, Ebersberg 

ww w.m we-biotech.com

Ohaus World Headquarters

P.O. Box 2033

19A Chapin Road

Pine Brook

NJ 07058

USA

www.ohaus.com

Pierce Perbio Science 

Postbus 32 

4870 AA Etten-Leu 

www.piercenet.com

Quantum Design,

6325 Lusk Boulevard,

San Diego, CA 92121-3733 

www.dqusa.com



www.promega.com

Razel Scientific Instruments, 

P.O. Box 111

St. Albans, VT 05478, UK 

www.razelscientific.com

SARSTEDT Ltd. 

Sinnottstown Lane 

Drinagh - Wexford 

Ireland

www.sarstedt.com

Tissue-Tek,

p/a Electron M icroscopy Services

Varian Medical Systems, Inc. 

3100 Hansen Way 

Palo Alto, CA 94304-1038 

www.varian.com

Carl Zeiss Jena GmbH 

Carl-Zeiss-Promenade 10 

07745 Jena, Germany 

www.zeiss.com

SA Instruments 

65 Main Street

Stony Brook, NY 11790, USA 

www.i4sa.com

Sigma-Aldrich Company Ltd.

The Old Brickyard 

N ew  Road 

Gillingham 

Dorset 

SP8 4XT

www.sigmaaldrich.com 

Ugo Basile

Biological research apparatus 

Via G. Borghi 43 

21025 Comerio V A -  Italy 

www.ugobasile.com

VECTOR LABORATORIES LTD 

UNITED KINGDOM  

3, Accent Park, Bakewell Road 

Orton Southgate, Peterborough, 

PE2 6XS, United Kingdom 

www.vectorlabs.com
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Solutions

Phosphate-buffered saline (PBS)

137 m M  sodium chloride (NaCl)

2.7 m M  potassium chloride (K C l)

8.1 mM  di-sodium hydrogen phosphate (N a 2 H P 0 4 )

1.5 m M  potassium di-hydrogen phosphate (K H 2 PO 4 ) 

in dHzO, pH 7.3.

PHEM buffer

60m M  1,4-Piperazinediethanesulfonic acid (PIPES)

25m M  4-(2-H ydroxyethyl)p iperaz ine-l-e thanesulfonic  acid (HEPES) 

lOmM Ethylene-bis(oxyethylenenitrilo)tetraacetic acid (EG TA )

2m M  M agnesium  Chloride M g C h  

In deionized H 2 O, pH 6.9.

Cell Culture Media

D ulbecco’s M odified Eagle M edia (D M E M ; G IB C O , UK) supplem ented with filter- 

sterilized 10% heat-inactivated foetal c a lf  serum (Sigma, UK), streptomycin (lOOU/ml; 

G IB C O , UK) and penicillin (lOOU/ml; G IB C O , UK).

Fluorescence-activated cell sorting (FACS) buffer

500 ml PBS

0.5 g sodium azide (NaNs)

Prussian blue reagent

4 %  Potassium ferrocyanide



4 %  h yd roch lor ic  acid  (1 .2  m m ol/1)

1 : 1 , fre sh ly  prepared.

Homogenising buffer

0 .2 9 2  g  so d iu m  ch lor id e  (N a C l)

1 g  so d iu m  d o d e c y l  su lph ate  ( S D S )

D is s o l v e  in 100 m l d ist i l led  H 2 O , pH 10.0.

A dd: 10 |al/ml p rotease  inhibitor cock ta i l

5 |al/ml p h osp hatase  inhibitor  1 cockta il  

5 | i l /m l  p h osp hatase  inhibitor  II cock ta i l

MSD Kit buffer

2 0 0  m l IX  tris w a sh  buffer  (T W B , M e s o s c a le  D is c o v e r y ,  U S A )  

Add: 10 ^ l /m l  protease  inhibitor cockta il

5 fil /m l p h osp hatase  inhibitor 1 cock ta i l  

5 |al/ml p h osp hatase  inhibitor  11 cockta il

Guanidine Buffer

3 1 .2 5  m l G u a n id in e  (5 .0  M )

18.75  m l d d H 2 0  

25  m M  H E P E S  

pH 7.4.

KREBS buffer

136 m M  so d iu m  ch lor id e  (N a C l)

2 .5 5  m M  p o ta ss iu m  ch lor id e  (K C l)

1 . 175 m M  p o ta ss iu m  d i-h y d r o g en  p h osp hate  ( K H 2 PO 4 )

2 .2 4  m M  m a g n e s iu m  su lphate  ( M g S 0 4 )



15.95 mM sodium bicarbonate (NaH C0 3 ) 

10 mM G lucose 

In dHzO, pH 7.3.

ELISA wash buffer

500 ml PBS 

500 |il Tween 20

Saturated sodium chloride solution

50 g sodium chloride (NaCl)

500 ml 80% ethanol.

NaCl should form a thick layer on the bottom the container, leave stirring overnight.

Congo red staining solution

2.5 g Congo red

500 ml saturated NaCl solution

Stir overnight, filter through 0.22 |im  membrane filter before use.


