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1. Abstract 

This thesis presents studies of the intricate relationship between 

macroscopic and microscopic changes, respectively measured by magnetic 

resonance imaging and quantitative immunohistochemistry, underpinning 

the pathological processes in a well-defined Alzheimer’s disease (AD) 

transgenic (Tg) mouse model.  First, we explored the spatio-temporal 

differences in cortical thickness and perfusion in Tg and wild-type (WT) 

mice.  Then, we interrogated the association between early cortical thickness 

alterations and amyloid deposition at old age.  Finally, we utilized a novel, 3D 

whole brain in vivo MRI acquisition technique to assess the pattern of arterial 

dysfunction in our AD mouse model.  

 

We determined that there was a heterogeneous spatio-temporal pattern of 

cortical thickness and perfusion changes in Tg mice.  In addition, we 

identified that the aberrant cortical thickness pattern in early life predicted 

subsequent regional plaque deposition.  Finally, we observed significant 

regional dysfunction in the arterial vasculature in Tg mice.
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2. Résumé 

Cette thèse présente l’étude de la relation complexe entre les 

changements d’échelle macroscopique et microscopique, mesurés 

respectivement par imagerie par résonnance magnétique et 

immunohistochimie quantitative, dictant le processus pathologique d’un 

modèle transgénique (Tg) murin bien caractérisé de la maladie d’Alzheimer.  

Premièrement, nous avons examiné les différences spatiotemporelles 

d’épaisseur et de perfusion corticale dans des souris Tg et wild-type (WT).  

Ensuite, nous avons investigué l’association entre les altérations précoces 

d’épaisseur corticale et la déposition tardive de plaques amyloïdes.  

Finalement, nous avons utilisé une technique innovatrice d’acquisition 3D du 

cerveau complet par imagerie par résonance magnétique pour évaluer 

l’ampleur de la dysfonction artérielle dans notre modèle murin d’Alzheimer.  

 

Nous avons déterminé que les changements spatiotemporels d’épaisseur et 

de perfusion corticale étaient hétérogènes dans les souris transgéniques.  De 

plus, nous avons identifié que les changements aberrants d’épaisseur 

corticale en jeune âge annonçaient la déposition ultérieure de plaques.  

Finalement, nous avons observé une dysfonction vasculaire significative au 

niveau artériel des souris transgéniques.  
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4. List of Abbreviations 

Aβ β-amyloid 
AD Alzheimer’s disease 
AICP APP-intracellular domain 
APOE Apolipoprotein E 
APP Amyloid precursor protein 
ASL Arterial spin labeling 
Au Austrian 
CAA Cerebral amyloid angiopathy 
CBF Cerebral blood flow 
CBV Cerebral blood volume 
CE Contrast-enhanced 
CSF Cerebrospinal fluid 
CTF C-terminal fragment 
DBM Deformation-based morphometry 
DMN Default mode network 
EC Extracellular domain 
FDG 2-[18F]fluoro-2-deoxy-D-glucose 
FTD Frontotemporal dementia 
IC Intracellular domain 
Ind Indiana 
ISF Interstitial fluid 
LDF Laser Doppler flowmetry  
MCA Middle cerebral artery 
MCI Mild cognitive impairment 
MRA Magnetic resonance angiography 
MRI Magnetic resonance imaging 
NFT Neurofibrillary tangle 
PCA Posterior cerebral artery 
PD Proton density 
PET Positron emission tomography 
PS Presenilin 
PVE Partial volume effect 
qIHC quantitative immunohistochemistry 
RF Radiofrequency 
ROI Region-of-interest 
SNR Signal-to-noise ratio 
SOD2 Manganese superoxide dismutase 
Sw Swedish 
Tg Transgenic 
TM Transmembrane domain 
WT Wild-type   
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5. Introduction  

Magnetic resonance imaging (MRI) is a non-invasive modality for the 

investigation of structural and functional changes.  Over the past several years, 

structural MRI has been widely used to study brain alterations in AD.  Structural 

MRI biomarkers, such as cortical thickness and hippocampal volume, allow for 

the monitoring of patterns of disease progression (Lin et al., 2012).   

 

Assessment of cerebral blood flow (CBF) provides essential information related 

to the impaired hemodynamic function observed in AD.  Regional cerebral 

hypoperfusion and dysfunction have been widely reported in AD patients (Farkas 

and Luiten, 2001).  Brain hypoperfusion can be detected by arterial spin labeling 

(ASL) MRI.  Moreover, the pattern of CBF deficits is predictive of cognitive 

decline and has been proposed to identify predisposition for AD (Chao et al., 

2010).   

 

Interestingly, disease progression appears to follow the default mode network 

(DMN).  The DMN includes the dorsal and ventral medial prefrontal cortices, the 

medial and lateral parietal cortices, and some parts of the medial and lateral 

temporal cortices.  DMN activity is downregulated when the brain is engaged in 

an externally-directed task, and is activated when the brain is not involved in a 

cognitively demanding task, e.g. memory encoding, orientation, and external 

stimulus processing, which are functions affected in AD.  As such, the DMN has 

become an area of focus in AD research.  At the early AD stage, some territories 

related to the DMN, specifically the medial temporal cortex, including the 

amygdala, the anterior hippocampus, and the entorhinal cortex, show structural 

changes and functional anomalies (Shin et al., 2011).  Later, the abnormalities 

progress to the middle temporal gyrus, the entire hippocampus, and, the posterior 

parietal cortex (Shin et al., 2011). 
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AD is marked by characteristic neuropathological changes.  β-amyloid (Aβ) 

plaque deposition and the accumulation of hyperphosphorylated tau protein are 

the most extensively characterized molecular hallmarks of AD (Goate and Hardy, 

2012).  Since MRI is a translatable modality, AD Tg mouse models allow for 

comprehensive investigations of specific cellular aspects of the disease by 

allowing the coupling of temporally-matched imaging and pathological data.  

These mouse models recapitulate the amyloid plaque deposition, perfusion 

deficits, structural anomalies, and cognitive impairment observed in AD patients.  

 

Clear evidence of cerebrovascular dysfunction and structural alterations exist in 

AD.  However, the relationship between abnormal vascular function, structural 

changes, and the underlying AD-associated pathological events remains poorly 

understood.  A primary focus of my thesis is to determine the biological substrates 

underpinning the structural and CBF changes observed in MRI data from an AD 

Tg mouse model.  



6. Literature Review 

6.1  Alzheimer’s Disease 

6.1.1  Epidemiology and Neuropathology 

Dementia is defined by a gradual decline of cognitive abilities affecting 

social, occupational, and intellectual functioning.  AD is the most common 

form of dementia affecting the elderly.  It is characterized by a progressive 

decline of mental capacity, including memory loss and difficulty performing 

daily activities.  Patients with AD develop language problems, are often 

disoriented and confused, and present decreased judgment.  In addition to 

cognitive decline, behavioral and mood-related symptoms are common in AD 

(Lopez, 2011).  Figure 6.1 shows the time course of the progressive loss of 

functions. 

 

 

Figure 6.1  Progressive loss of functions related to AD cognitive decline.  The 

color bar represents the extent of independent performance loss.  Adapted 

from Lopez, Am. J. Manag. Care, 2011.  
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In 2010, about 35.6 million people worldwide were affected by AD and the 

cost of dementia was estimated at $604 billion.  Unfortunately, the number of 

AD cases is expected to increase to 65.7 million by 2030, with an estimated 

85% cost increase, reaching $1.1 trillion.  More alarming, 115.4 million 

people are expected to suffer from AD in 2050, along with associated 

medical/care costs (Alzheimer’s Disease International, 2010).  The expected 

worldwide prevalence of AD subjects for the next 40 years is presented in 

Figure 6.2.  

 

 

Figure 6.2  Expected prevalence of AD patients worldwide from 2010 to 

2050.  Adapted from World Alzheimer Report, Alzheimer’s Disease 

International, 2010. 

 

In Canada, approximately 500,000 people live with AD, and this number is 

expected to double in 20 years, thereby taxing an economic burden of $153 

billion for dementia care.  The incidence of new AD cases was estimated at 

103,700 per year in 2008.  In 2038, the projected incidence is expected to 

reach 257,800 new dementia cases per year (Alzheimer Society of Canada, 

2010).  Figure 6.3 shows the incidence and the prevalence predictions of AD 

cases for the next 20 years in Canada.  
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Figure 6.3  Expected number of new AD cases (A) and total number of AD 

patients (B) per year in Canada from 2008 to 2038.  Adapted from Rising 

Tide: The impact of Dementia on Canadian Society, Alzheimer Society of 

Canada, 2010.  

 

Aging is the most significant risk factor for AD.  The predisposition for AD is 

relatively low under 65 years-old.  However, after that age, the likelihood of 

developing dementia doubles every 5 years, reaching approximately 50% at 

85 years-old (Lopez, 2011).   

 

In addition, the presence of the apolipoprotein E (APOE) ε4 allele is a major 

genetic risk factor.  Although the pathological mechanisms underlying this 

increased AD risk remain unknown, individuals carrying the APOE ε4 allele 

are more susceptible to develop AD (Kim et al., 2009).  Other risk factors 

include family history of dementia, cerebrovascular diseases and associated 

risk factors (e.g. hypertension), head trauma, and female gender.   

 

The diagnosis of AD is primarily made on a symptomatic basis, supported by 

clinical assessment of cognitive decline.  However, definitive diagnosis can 

only be confirmed at autopsy.  Furthermore, there is currently no effective 

pharmacological therapy to treat AD.  Given that aging is the most important 

risk factor, there is an urgent need to untangle the pathological processes 
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underlying the AD clinical symptoms in order to accelerate the development 

of disease-modifying therapeutic agents.   

 

6.1.2  Disease Mechanism 

The etiology of AD remains indeterminate.  However, 

neurodegenerative processes have been reported to start 20-30 years before 

noticeable signs of the pathology (Morris et al., 1996; Delacourte et al., 1999).  

As stated above, definitive AD diagnosis can currently only be made at 

autopsy based on the neuropathological hallmarks thought to be involved in 

the cellular disease mechanism.  Amyloid peptide and tau protein aggregates 

are the major aberrations found in AD brains.  Their postulated role in the 

disease progression at the cellular level is described below.  

 

6.1.2.1  Amyloid Cascade Hypothesis 

The amyloid cascade hypothesis posits that the central step leading to 

dementia is the deposition of Aβ peptides, leading to plaque formation in the 

brain parenchyma with subsequent neuronal dysfunction and death (Hardy 

and Higgins, 1992; Karran et al., 2011).  Aβ peptides are 39-43 amino acids 

long, with the predominant forms being Aβ40 and Aβ42.  They are derived 

from the cleavage of amyloid precursor protein (APP) by two proteolytic 

enzymes: the β- and γ-secretases.  Figure 6.4 illustrates APP and its 

proteolytic cleavages.  
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Figure 6.4  The amyloidogenic pathway leading to Aβ production is driven 

by the β- and γ-secretase action.  EC = extracellular domain, TM = 

transmembrane domain, IC = intracellular domain, CTF = C-terminal 

fragment, AICP = APP-intracellular domain.  From Abraham, The Handbook of 

Alzheimer’s Disease and Other Dementias, 2011.  

 

APP is localized at the cellular membrane.  β-secretase cleaves at the N-

terminus extracellular portion of APP, while γ-secretase action is located at 

the transmembrane domain, releasing amyloid peptides into the extracellular 

space.  Overproduction of amyloid peptides results in a high peptide 

concentration in the brain parenchyma, which leads to peptide 

oligomerization and aggregation (Figure 6.5).  

 

 

Figure 6.5  Amyloid plaque formation.  Adapted from Golde, J. Clin. Invest., 

2003.  
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Aberrant amyloid peptide production leads to a disturbed physiological ratio 

between Aβ40 and Aβ42 peptides (Abraham, 2011).  At autopsy, AD brains 

contain an extensive amyloid plaque burden following a specific pattern of 

deposition (Braak and Braak, 1991).  Whether the plaque deposition is the 

primary cause or a consequence of AD remains a controversial issue.  

 

6.1.2.2  Tau Pathology 

The other neuropathological hallmark associated with AD is the 

accumulation of neurofibrillary tangles (NFT).  NFTs are composed of 

hyperphosphorylated tau protein, a microtubule-associated protein.  Tau 

hyperphosphorylation is due to unbalanced activity of intracellular kinases 

and phosphatases.  Hyperphosphorylated tau aggregation is intraneuronal 

and compromises the microtubule structure leading to NFT and cytoskeletal 

disruption (Blennow et al., 2006).  NFT formation is illustrated in Figure 6.6.  

The precise aggregation mechanism of hyperphosphorylated tau proteins is 

not well understood, and whether or not NFT has a causative role in AD is 

still a matter of debate. 

 

Figure 6.6  Suggested mechanism of NFT formation.  Adapted from 

Sawchenko and Rissman, Salk Institute for Biological Studies, 2007. 
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6.1.2.3  Cerebral Blood Flow Regulation and Dysfunction 

The brain receives 15% of the cardiac output and 20% of the total 

body oxygen consumption to accomplish normal function, despite the fact 

that it represents only 2% of the body weight (Quastel and Wheatley, 1932; 

Magistretti and Pellerin, 1996).  As such, tight regulation of the cerebral 

blood supply is critical for structural and functional brain integrity and 

overall, survival.  Under normal physiological conditions, highly controlled 

mechanisms assure that the blood flow remains constant despite changes in 

cerebral pressure, and that the blood supply distribution is well-matched to 

the metabolic demand.  These mechanisms are respectively called CBF 

autoregulation and functional hyperemia (Cipolla, 2009; Peterson et al., 

2011).  CBF autoregulation does not involve metabolic factors and is limited 

to vascular tone (Peterson et al., 2011).  The endothelium is thought to play 

an important role in CBF autoregulation because of its production of large 

amount of vasomodulatory molecules and its mechanoreceptor properties 

(Edvinsson et al., 1993).  Functional hyperemia relies on the neurovascular 

unit to regulate blood flow, control the blood-brain barrier (BBB) exchange 

and provide neuronal trophic support.  The neurovascular unit consists of the 

close association between astrocytes, neurons, pericytes, and endothelial 

cells (Iadecola, 2004).  Astrocytes are a main component of the 

neurovascular unit and act as a physical and functional link between neurons 

and endothelium, since they surround and can stimulate both synapses and 

blood vessels (Iadecola, 2004; Attwell et al., 2010).  In addition, some 

evidence suggests the involvement of peripheral nerves to modulate CBF 

regulation, a phenomenon called neurogenic regulation (Chillon and 

Baumbach, 2002; Goadsby and Edvinsson, 2002).  The CBF regulation is a 

complex process and coordinated flow response is critical to maintain brain 

homeostasis.  Disruption of these mechanisms can lead to severe 

cerebrovascular pathologies and, ultimately, to neurodegeneration..   
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An increasing body of evidence suggests that cerebrovascular dysfunction is 

tightly related to AD pathophysiology.  Cerebrovascular diseases, such as 

hypertension and stroke, are risk factors for AD, profoundly impair CBF 

regulation, and may initiate or aggravate the pathology (Kalaria, 2009; 

Claassen, 2008; Claassen and Zhang, 2011).  The intricate relationship 

between AD and cerebrovascular pathologies is supported by several studies 

that demonstrate the vasoconstrictor effect of the beta-amyloid peptide on 

the vessels, as well as the modulatory effect of a hypoxic or ischemic state on 

amyloidogenesis (reviewed by Iadecola, 2004).  In AD patients and Tg AD 

mouse models, hypoperfusion and impaired endothelial-dependent 

responses have been reported (Jagust et al., 1998; Johnson and Albert, 2000; 

Niwa et al., 2002a; Wu et al., 2004; Tong et al., 2005; Bateman et al., 2006; 

Ongali et al., 2010).  Alterations in the structure and function of the 

neurovascular unit through vascular oxidative stress and inflammation are 

key factors in cerebrovascular dysfunction.  Chronic inflammation is a 

neuropathological hallmark of AD characterized by reactive astrocytes, which 

stop providing trophic support to neurons, and produce inflammatory 

mediators.  The abundant production of pro-inflammatory cytokines 

promotes oxidative stress and increased reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) production, which leads to protein 

misfolding and lipid/DNA damage (Attwell et al., 2010; Dasuri et al., 2012; 

Rubio-Perez and Morillas-Ruiz, 2012).  Because of its high oxygen 

consumption, its high content of polyunsaturated acids and its low 

antioxidant mechanisms, the brain is highly vulnerable to oxidative stress 

(Leuner et al., 2012).  The additive effect of all the previously mentioned 

altered cerebrovascular functions is thought to promote neuronal disruption 

underlying the impaired cognition in AD. 

 

 

Ultimately, the ability of the brain to maintain homeostasis is dramatically 

impaired in AD and multiple deregulated cellular pathways are involved in 
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neurodegeneration.  The exact sequence of pathological events remains 

unknown, and active research activities are currently ongoing to investigate 

the disease etiology, possible therapeutic agents, and potential biomarkers.   

6.2  Magnetic Resonance Imaging 

Multiparametric MRI techniques are powerful tools to investigate the 

structural and functional brain changes that occur during the course of AD 

development.  A comprehensive description of the MRI principles is beyond 

the scope of this thesis.  As such, a simple, high-level overview of the method 

is provided below.  

 

 

6.2.1  Structural MRI 
 

Structural MRI relies on the contrast between gray matter, white 

matter, and cerebrospinal fluid (CSF).  Fundamentally, conventional MR 

images are maps of proton density altered by the surrounding chemical 

environment and are based on the absorption and emission of radio 

frequency (RF) energy.  Basic structural MRI data includes proton density 

(PD), T1-and T2-weighted images, and the two fundamental parameters of 

image quality are signal-to-noise ratio (SNR) and spatial resolution.   

 

In MR imaging, the PD images are a function of the mobile hydrogen atom 

concentration in a given tissue under the influence of a magnetic field.  The 

longitudinal relaxation time (T1) is the time required for the longitudinal 

magnetization to fully recover following an RF pulse, and is driven by the 

thermal interactions between the resonating nuclei and the other nuclei in 

the lattice.  The transverse relaxation time (T2) is the phase coherence time, 

which is affected by the magnetic interactions between the spins (Roth, 

2011).  Examples of PD, T1- and T2-weighted images are shown in Figure 6.7.  
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Spatial resolution is dictated by frequency-encoding, phase-encoding, and 

slice thickness.  SNR is a function of numerous parameters, including voxel 

size, number of averages, and pulse sequence (Symss et al., 2004).  

 

 

Figure 6.7  Representative axial views of PD, T1- and T2-weighted MR images 

from a human brain.  Note the contrast difference between the images.  

Adapted from Pachai et al., Int. Conf. Med. Image Comput. Comput. Assist. 

Interv., 2001 and Halterman et al., University of Rochester Medical Center, 

2009. 

 

6.2.2  Perfusion MRI 

Quantification of CBF and cerebral blood volume (CBV) allows for 

monitoring and assessment of hemodynamic dysfunction.  Sophisticated MRI 

methods of CBF/CBV measurement have been developed, including contrast-

enhanced (CE) and ASL MRI.  

 

6.2.2.1  Contrast-Enhanced MRI 

It is possible to use MRI to study CBV via the injection of intravascular 

paramagnetic contrast agents.  The presence of the contrast agent in the 

vasculature alters the local magnetic field and modulates the T1 and T2 

values.  When the tracer reaches a steady-state and a uniform distribution in 

the vasculature, the CBV can be estimated using the modified T1 and/or T2 
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value.  However, CBV evaluation by CE MRI suffers from a quantification 

issue when vascular permeability is not well-defined (Belliveau et al., 1990; 

Rosen et al., 1990).   

 

6.2.2.2  Arterial Spin Labeling MRI 

ASL perfusion MRI is a non-invasive method to measure CBF, which 

utilizes blood as an endogenous tracer.  The inflowing blood is magnetically 

labeled by RF pulses, where the labeling plane is positioned inferiorly to the 

acquisition slice/volume.  The magnetically labeled blood flows into the brain 

and exchanges with tissue blood, which reduces the observable tissue signal.  

The transit time is the period of time needed for the labeled blood to flow 

into the complete imaging volume.  The acquisition of this tag image is 

interleaved with acquisition of a control image, in which the blood is not 

labeled.  The CBF can be calculated based on the tag and control images using 

a quantitative model.  Figure 6.8 illustrates the ASL MRI principles (Detre et 

al., 1992; Alsop and Detre, 1998).  

 

 

Figure 6.8  ASL MRI principles.  Adapted from Alsop and Detre, Radiology, 

1998. 



6.3  Imaging Alzheimer’s Disease in Human Brain 

MRI has been utilized as a useful tool for diagnosis, disease 

progression monitoring, and evaluation of drug therapeutic efficacy in AD.  

The establishment of imaging biomarkers is an active area of research and 

specific structural and functional patterns of neurodegeneration are 

currently being explored in order to provide insights into the spatio-

temporal pathophysiological changes associated with AD.   

 

6.3.1  Structural MRI 

MRI can be used to identify structural alterations because of its high 

spatial resolution and excellent soft-tissue contrast.  Volumetric decline of 

particular subcortical regions and cortical atrophy are characteristic features 

of AD neuropathology.  While a comprehensive literature review of the 

structural changes observed in AD patients is beyond the scope of this thesis, 

Shin et al. and Lin et al. have provided excellent reviews covering this subject 

(Shin et al., 2011; Lin et al., 2012).  The work presented in this thesis focused 

on cortical thickness measures and, as such, I will briefly review studies of 

cortical thickness in human AD.   

 

A “cortical signature” of brain atrophy has been associated with AD.  At the 

early stage of the disease, in very mild demented patients and mild cognitive 

impairment (MCI) converters, atrophy has been detected in the precuneus 

and the medial temporal lobe (Buckner et al., 2005).  As the severity of 

dementia increased, the extent of atrophy spread through the cortical areas, 

including the posterior cingulate, retrosplenial, and lateral posterior parietal 

cortices.  In addition, the rate of cortical atrophy was considerably 

accelerated in AD patients relative to healthy controls, where the regions 

mentioned above simply showed normal age-related atrophy (Buckner et al. 
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2005; Dickerson et al., 2009a; Dickerson et al., 2009b).  Progressive cortical 

atrophy in AD patients can be appreciated in Figure 6.9.  

 

 

Figure 6.9  Statistical parametric maps of cortical atrophy in AD patients 

relative to normal controls.  Prominent gray matter loss can be appreciated 

in the parietal and temporal lobes.  Adapted from Zhang et al., J. Alzheimers 

Dis., 2011.  

 

The particular pattern of atrophy detected in AD can be utilized as a 

diagnostic tool to distinguish AD patients from normal controls, for 

neurodegenerative staging, and as a predictive indicator of dementia.  Lerch 

et al. used the mean thickness measures from cortical regions-of-interest 

(ROIs) to separate AD patients from healthy controls (Lerch et al., 2008a).  

They found that AD subjects could be discriminated from normal subjects by 

using mean cortical thickness across the entire cortex with 75% accuracy.  In 

addition, the combination of two ROIs, always including the 

parahippocampal gyrus as one of the two structures, improved the group 

separation, reaching an accuracy of 100%.  Cortical thickness assessment has 

been utilized as an early diagnostic marker for AD.  Decreased baseline 

cortical thickness in progressive MCI patients, relative to stable MCI patients 

and controls, predicted their conversion to AD (Querbes et al., 2009).  Subtle 

thinning in vulnerable cortical regions, e.g. the medial temporal lobe, was 

detectable in cognitively normal amyloid-positive patients and was a 
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predictive factor for AD.  Moreover, the extent of the cortical thinning pattern 

was related to dementia severity over the timecourse of the 

neurodegenerative process (Dickerson et al., 2009a; Dickerson et al., 2009b; 

Dickerson et al., 2011).  The specific pattern of atrophy progression in AD has 

been used to improve diagnosis accuracy between AD and frontotemporal 

dementia (FTD), which present overlapping clinical symptoms (Zhang et al., 

2011).  

 

Structural MRI is a widely available imaging modality providing quantitative 

measures of neuroanatomical abnormalities.  Cortical thickness assessment 

has been proven to be a highly reliable imaging biomarker for prediction and 

staging in AD.  

 

6.3.2  CBF Measurement Techniques 

Quantitative CBF measurements in human brain have emerged in the 

1950’s and primarily relied on inert indicator techniques.  These approaches 

are based on the principle that following indicator injection into the 

bloodstream, the blood flow can be measured by the rate of the indicator 

clearance, either directly from the tissue or by arterial blood sampling 

(reviewed by Ingvar and Lassen, 1965).  Kety and Schmidt (Kety and 

Schmidt, 1948) developed the nitrous oxide inhalation method, which 

derived a CBF measure by sampling the arterial and venous nitrous oxide 

concentrations at the jugular bulb during a 10-minute period of its 

inhalation.  This technique has been widely used (Schmidt, 1950; Pierce et al., 

1962) and modified to improve its accuracy (Lassen and Munck, 1955; 

McHenry, 1964).  The intra-arterial isotope injection method has been used 

for quantitative, regional CBF measurement (Lassen and Ingvar, 1961).  

Briefly, following internal carotid injection of 85Kr or 133Xe, one brain 

hemisphere is labeled by the isotope and its uptake and clearance can be 
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recorded by β-ray detectors positioned over the skull (Lassen and Ingvar, 

1961; Lassen et al., 1963; Hoedt-Rasmussen, 1965).   

 

Derived from the intra-arterial isotope injection method, the 133Xe 

inhalation procedure has been developed in order to satisfy the need for a 

non-invasive technique for CBF measurement (Mallett and Veal, 1963; Obrist 

et al., 1975).  Rather than being injected, the isotope is inhaled via a facemask 

and the signal is recorded by detectors surrounding the skull.  This technique 

has been extensively used to investigate CBF impairment in AD.  Using this 

method, Barclay et al. (Barclay et al., 1984) reported a progressive CBF 

decline in AD patients.  Furthermore, reduced regional CBF in frontal and 

temporal cortices of AD patients has been demonstrated (Tachibana et al., 

1984).  CBF measurement by 133Xe inhalation has also been used to 

discriminate AD patients from multi-infarct dementia patients (Deutsch and 

Tweedy, 1987).   

More recently, tomographic imaging techniques that detect ionizing 

radiations, i.e. γ-rays, have been used to assess CBF, including single-photon 

emission computed tomography (SPECT) and PET.  SPECT imaging relies on 

the direct detection of a γ-emitting tracer from multiple angles to compute a 

3D image of the tissue of interest (Massoud and Gambhir, 2007; Herholz, 

2011).  99mTc –hexamethylpropyleneamine oxime (99mTc –HMPAO) and 

99mTc-ethyl cysteinate dimer (99mTc-ECD) are used as SPECT perfusion 

imaging agents, since their distribution in the brain can be approximated 

proportionally to the CBF (van Dyck et al., 1996).   

 

In contrast to SPECT, PET tracers are radiolabeled ligands which emit 

positrons.  The emitted positrons annihilate with nearby electrons to 

produce two high-energy photons 180° apart.  The PET scanner records 

these two simultaneous emissions and reconstructs an image based on the 

frequency and localization of these events (Jones, 1996; Massoud and 

Gambhir, 2007).  Imaging CBF by PET is performed indirectly, assuming that 
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regions with high radioligand uptake are associated with high brain activity.  

As such, 15O-H2O and 18F-FDG have been extensively used for CBF 

measurement (Jacobs et al., 2002; Jones and Rabiner, 2012).  Altered global 

and regional CBF in MCI and AD subjects has been widely reported using 

SPECT and PET imaging (Johnson and Albert, 2000; Schuff and Zhu, 2007; 

Herholz, 2011).   

 

The previously mentioned techniques for CBF evaluation are either invasive, 

use ionizing radiation, or both.  Near-infrared spectroscopy (NIRS) is a non-

invasive technique, which probes the changes in optical properties of a given 

tissue.  For CBF assessment, the changes in light absorption are converted 

into changes in cerebral oxy- and deoxyhemoglobin from which the CBF 

measure can be derived.  An induced change in arterial oxyhemoglobin 

concentration can also be used as perfusion tracer.  However, NIRS perfusion 

assessment is limited to superficial cerebral cortex (Elwell et al., 1994; Owen-

Reece et al., 1996).  NIRS, however, offers some advantages over other 

techniques, mainly concerning the environment.  The subject sits in a 

comfortable chair wearing a helmet and does not experience scanner noise 

or feel confined in the scanner apparatus.  As such, NIRS has been used to 

assess CBF in patients with neurodegenerative /psychiatric conditions.  An 

altered hemodynamic response in the parietal cortex has been reported in 

AD patients (Zeller et al., 2010).  Furthermore, using NIRS, van Beek et al. 

described AD-related abnormalities in the cerebral microvasculature of 

demented subjects (van Beek et al., 2012).  Therefore, multiple techniques for 

CBF assessment have been developed over the past decades and are useful 

tools to monitor and characterize AD. 

6.3.3  Perfusion MRI 

Neurovascular function is profoundly impaired in AD and is known as 

a critical, dysregulated neurophysiological process (Iadecola, 2004; 

Nicolakakis and Hamel, 2011).  CBF measurement can be achieved using ASL 
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MRI.  Since this technique does not require the injection of a contrast agent 

or the use of ionizing radiation, it is an attractive modality to investigate 

vascular alterations (Detre et al., 1992).  ASL MRI has been utilized to 

characterize, predict, and monitor AD.   

 

Alsop et al. reported the first quantitative CBF evaluation by ASL MRI in AD 

patients (Alsop et al., 2000).  They observed a profound hypoperfusion in AD 

subjects relative to age-matched healthy controls in the temporal, parietal, 

frontal, and posterior cingulate cortices.  By accounting for partial volume 

effect (PVE) resulting from cortical atrophy, regional hypoperfusion in more 

restricted areas, specifically the inferior parietal lobe, posterior cingulate, 

and middle frontal gyrus, was observed in AD patients (Johnson et al., 2005).  

Figure 6.9 shows the profound CBF alteration in AD patients.   

 

 

Figure 6.10  Statistical parametric maps of hypoperfusion in AD subjects 

relative to healthy controls.  The perfusion reduction was localized to the 

temporal and parietal lobes.  Adapted from Zhang et al., J. Alzheimers Dis., 

2011. 

 

Characteristic hypoperfusion patterns have been described as a specific 

signature for cognitive decline.  The spatial distribution of hypoperfusion 

allowed improved classification between FTD and AD (Du et al., 2006).  MCI 

and AD patients have been shown to present a sequential pattern of altered 
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CBF reflecting the dynamic process of neurodegeneration (Dai et al., 2009).  

Hypoperfusion in specific regions was reported in AD and has been 

suggested to be predictive of subsequent cognitive decline and conversion to 

AD (Chao et al., 2010).  Chen et al. compared the pattern of hypoperfusion by 

ASL MRI and glucose hypometabolism by 2-[18F]fluoro-2-deoxy-D-glucose 

(FDG) positron emission tomography (PET), and found that ASL perfusion 

data recapitulated FDG PET data, further emphasizing ASL MRI as a valuable 

tool for functional abnormality evaluation in AD (Y. Chen et al., 2011).  As 

such, ASL MRI has become a powerful tool to assess cerebrovascular 

dysfunction in AD, identify potential AD sufferers prior cognitive decline, and 

differentiate AD from other types of dementia.  

6.4  Transgenic Alzheimer’s Disease Mouse Models 

6.4.1  Overview 

The development of animal models of neurodegenerative disorders is 

critical to elucidate disease mechanisms and translate experimental 

therapeutic approaches.  They allow for the assessment of patterns of 

metabolic and cellular disruption related to the underlying neuropathology.  

However, the validity of an animal model relies on its ability to mimic 

multiple aspects of a given pathology.  In the case of AD, the emphasis has 

been on the development of Tg mice models expressing AD pathological 

markers, as well as progressive cognitive decline.  

 

The identification of genetic factors contributing to disease progression lead 

to the engineering of mouse models recapitulating characteristic molecular 

patterns of neurodegeneration.  Many Tg models overexpress a mutant APP 

protein, leading to high amyloid plaque burden.  The spatial pattern of plaque 

deposition roughly corresponds to the affected areas in human AD, with 

related cognitive impairment.  Also, mutations leading to increased secretase 

activity are often associated with APP mutations in these models.  As 
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reported in AD patients, mutations within the presenilin (PS) sequence, an 

enzyme involved in secretase activity, lead to increase soluble amyloid 

production and plaque deposition, as well as to cognitive decline.  In addition, 

mouse models recapitulating tau pathology are being explored.  Current 

mouse lines, however, are more associated with a FTD or Parkinson disease 

phenotypes, rather than AD.  Mouse models expressing human APOE isoform 

transgenes have also been extensively studied to investigate the role of APOE 

mutations in Aβ pathology.  As such, numerous models recapitulating one or 

multiple aspects of AD exist, and excellent reviews are available (Higgins and 

Jacobsen, 2003; Kim et al., 2009; Waerzeggers et al., 2010).  A summary of the 

most extensively studied AD Tg mouse models is presented in Table 1.   

 

Mouse lines Transgene (Mutation) 

PDAPP APP(V717F) 

Tg2576 APP695(K670N,M671L) 

APP23 APP751(K670N,M671L) 

APP/PS1 APP695(K670N,M671L) + PS1(M146L) 

JNPL3 TAU(P301L) 

TAPP TAU(P301L) + APP695(K670N,M671L) 

mApoE APP(V717F) + mouse APOE 

ApoE4 APP(V717F) + human APOE4 

Table 1  Summary of AD mouse models and their associated transgene.  

 

6.4.2  J20 Line 

In our lab, intensive work on a Tg mouse model of amyloidogenesis 

has been performed.  This mouse model has an early amyloid-related 

pathology with plaque deposition starting around 6 months-of-age.  This 

mouse line also models the cerebral amyloid angiopathy (CAA) and vascular 

impairments found in AD patients.  The J20 line was created in 2000 and 



 30 

bears the Swedish (Sw) and Indiana (Ind) mutations of the APP sequence 

(Figure 6.10), resulting in a heavy plaque burden (Mucke et al., 2000).   

 

 

Figure 6.11  Mutation sites of human APP expressed in J20 line.  The Aβ 

sequence is indicated in bold.  Adapted from Mucke et al., J. Neurosci., 2000.  

 

This Tg mouse line is a well-characterized AD model and presents some of 

the critical aspects of the pathology.  It produces a high level of Aβ42 and the 

age-dependent pattern of plaque deposition has been well-described (Mucke 

et al., 2000).  In addition, the J20 line has a loss of synaptic density related to 

soluble Aβ levels and cognitive impairment, especially with respect to the 

spatial component of learning and memory (Mucke et al., 2000; Palop et al., 

2003).  Moreover, cerebrovascular dysfunction following vasodilatory 

challenges, and oxidative stress associated to manganese superoxide 

dismutase (SOD2) upregulation have been studied in this mouse model 

(Tong et al., 2005).  The hippocampal CBV deficit linked to Aβ neurotoxicity 

over time has been mapped, and the entorhinal cortex has been identified as 

the most vulnerable neuroanatomical region (Moreno et al., 2007).  Also, the 

dynamics of the amyloid peptide concentration between the brain interstitial 

fluid (ISF) and the amyloid dense plaques has been investigated (Hong et al., 

2011).  
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In conclusion, the J20 line provides powerful tool to investigate the 

mechanisms underpinning the neurodegenerative processes linked to AD.  

This Tg mouse model recapitulates a broad range of the pathological events 

observed in AD patients and, thus, offers an advantageous opportunity to 

investigate the disease etiology related to amyloid deposition. 



6.5  Imaging of Transgenic Alzheimer’s Disease Mouse Models  

MRI is a translatable methodology and, as such, is a powerful tool to 

link data from mouse models recapitulating AD neuropathology to 

observations in human AD subjects.   

 

6.5.1  Structural MRI in AD Mouse Models 

Accurate evaluation of brain atrophy in mice has been a challenge.  

While histological and stereological approaches have been reported, they 

involve brain distortion and tissue shrinkage due to skull removal and tissue 

processing/sectioning, and, obviously, cannot be used for longitudinal study 

designs (Dodart et al., 2000; Gonzalez-Lima et al., 2001).  During the past 10 

years, structural MRI has been used to perform morphometric studies in AD 

mouse models.   

 

6.5.1.1  Manual and Semi-Automated Image Processing  

The first image analysis approach used for structural image 

processing was a manual delineation of ROIs on successive or selected image 

slices followed by volume calculation.  This strategy is time-consuming and 

labor-intensive, and focuses on brain structures defined a priori.  In order to 

be performed correctly, it requires an expert anatomist, which introduces 

subjective bias and intra-/inter-rater variability.  Nevertheless, this 

technique has provided insights about neuroanatomical structures well-

known to be affected in AD, and confirmed the relevance of AD Tg mice 

models for investigating neurodegenerative processes.  

 
In 2002, Weiss et al. published the first structural MRI study in an AD Tg 

mouse model (Weiss et al., 2002).  They reported a decreased hippocampal-

to-brain volume ratio in PDAPPV717F Tg mice relative to WT mice.  Reduced 
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hippocampal volume has been also observed in PDAPP Tg mice at pre-plaque 

(3.5 month-old) and plaque-deposition (21 month-old) stages.  The 

progression of the volumetric decline over time was stable (Redwine et al., 

2003).  However, no change in total brain volume in Tg mice relative to WT 

mice at 3.5 and 21 months-old was detected.  Alternatively, a significant 

reduction in whole brain volume has been described at 2.5 months-of-age in 

APP/PS1 mice, which also showed a greater atrophy rate over time (Delatour 

et al., 2006).  Oberg et al. reproduced the findings mentioned above in an 

APP/PS1 mouse model (Oberg et al., 2008).  Using a longitudinal study 

design, they found decreased brain and hippocampal volumes at 2.5 and 9 

months-of-age in Tg mice.  Furthermore, they assessed the lateral ventricle 

volume and observed a ventricular enlargement in the Tg group compared to 

the WT group for the same timepoints.  Similarly, reduced whole brain and 

cortical volumes were reported in APP-Austrian (Au) Tg mice at 12 and 20 

months-of-age (van Broeck et al., 2008a).  Although no volume change was 

observed in hippocampus, a decreased whole brain volume over time was 

suggested.  The same group further investigated the structural alterations in 

this mouse model.  At 10 days-old, the total brain volume of APP-Au mice was 

similar to WT mice, ruling out neurodevelopmental impairment as the cause 

of the volume decrease.  A significant brain volume reduction was still 

observed at 12 and 20 months-of-age (van Broeck et al., 2008b).  Profound 

regional volume alterations have also been reported in the APP/SOD Tg 

model (Borg and Chereul, 2008).  At 12 months-old, the APP/SOD double Tg 

group had smaller cortical volumes than single Tg SOD, APP, and WT groups, 

and smaller entorhinal cortex and hippocampal volumes than the WT group, 

without significant difference in whole brain volume among all groups.  

 

Volumetric assessments based on manual segmentation have provided 

evidence of whole brain and regional atrophy in multiple AD mouse models, 

recapitulating the neuroanatomical abnormalities reported in human AD 

subjects.  However, there are significant discrepancies in the reported results 
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across animal imaging studies.  The use of different mouse models can 

explain some of these discrepancies, since the various genetic backgrounds 

can account for variability in the observed phenotype.  In addition, 

differences in the image processing can also account for inter-study 

variability.  The manual ROI segmentation introduces analyst-related bias in 

the structure delineation, which might not be consistent across different 

studies.  Furthermore, in some studies, only few brain slices of the total 

anatomical scan were selected and averaged to represent the 

neuroanatomical structure, thereby providing only an approximation of the 

regional volume instead of a comprehensive evaluation.  Further, the manual 

tracing protocol and the segmentation criteria for ROI definitions were not 

consistent among studies, and, as such, can explain the lack of consistency of 

these published reports.   

 

6.5.1.2  Automated Image Processing  

High throughput, automated, and unbiased image processing 

techniques have been developed in order to detect neuroanatomical changes 

occurring in AD mice models.  Two major image processing approaches have 

been utilized.  The first is atlas-based segmentation, which allows regional 

volumetric comparisons between groups and timepoints on a structure-by-

structure basis (ROI-based analysis).  The second is deformation-based 

morphometry (DBM), which interrogates local anatomical differences on a 

voxel-by-voxel basis.  

 

Using DBM, Lau et al. (Lau et al., 2008) observed significant local volumetric 

decreases in cortical regions, including somatosensory, cingulate and 

retrosplenial cortices, and volumetric increase in lateral and third ventricles 

in APP/PS1 mice from 2.5 to 9 months-of-age.  Maheswaran et al. 

(Maheswaran et al., 2009a) compared DBM and ROI-based analysis to detect 

longitudinal structural changes in the APP/PS1 mouse model.  They observed 
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prominent growth over time in whole brain, cerebral cortex, hippocampus, 

and cerebellum in the Tg group compared to the WT group with both 

methods.  In addition, they provided a comprehensive ROI-based analysis of 

the same APP/PS1 mouse model using a longitudinal study design 

(Maheswaran et al., 2009b).  Global brain volume increase was observed in 

APP/PS1 Tg mice.  Nonetheless, in the Tg group, the thalamus, cerebellum, 

cerebral cortex and caudate putamen showed a greater rate of decline, while 

the total ventricle area was increased.  However, in an inducible APPSw/Ind 

line, the whole brain, striatum, hippocampal, and cortical volume reduction 

over time was described in Tg mice (Badea et al., 2010). 

 

Several MRI studies using automated image processing have been reported 

(Lau et al., 2008; Maheswaran et al., 2009a; Maheswaran et al., 2009b; Badea 

et al., 2010).  As mentioned above, the use of different AD mouse models can 

lead to variable volumetric data for a particular region.  The discrepancies in 

the result outcomes may be related to differences in the volume 

measurement process, since no gold-standard or common operating 

procedures have been established.  Most of the reported ROI-based studies 

used a pre-defined atlas.  However, these atlases were not derived from the 

specific mouse population of the study, and, as such, did not account for the 

morphological differences of the different mouse groups.  A DBM approach 

detected significant volume differences in smaller anatomical regions than 

the ROI-based approach, but suffered from a laborious voxel-by-voxel 

analysis and interpretation (Lau et al., 2008; Maheswaran et al., 2009a).  

 

While volumetric changes have been extensively studied in several AD mouse 

models, cortical thickness assessment using structural MR images has only 

recently been explored.  Cortical thickness measures were calculated using 

the average of multiple manual measurements in several cortical regions in 

Pax6 deficient mice (Boretius et al., 2009).  Similarly, cortical thinning at the 

somatosensory cortex level of APP/PS1 mice was reported by manual 



 36 

evaluation of the distance along a perpendicular line drawn between the 

corpus callosum and the cortical surface from selected coronal sections 

(Badea et al., 2010).  These manual measurements had the same 

disadvantages as the manual segmentation discussed above.  Lerch et al. 

reported the first automated cortical thickness measurement algorithm for 

mouse brain MRI data and applied it to the study of a Huntington’s disease 

mouse model (Lerch et al., 2008b).  Application of this image processing 

approach with AD mouse models would allow for reliable assessment and 

complete coverage of the cortical mantle, and therefore, provide better 

translatability to the cortical thickness signature found in human AD 

patients. 

 

Monitoring structural changes in AD has allowed us to gain substantial 

insight into the pathological events occurring during the time course of the 

disease.  Approaches for extracting structural data from MRI scans have been 

intensively developed and are increasingly becoming more sophisticated.  

Structural MRI is now established as a powerful tool to study 

neurodegeneration.  

 

6.5.2  Perfusion MRI in AD Mouse Models 

Cerebrovascular dysfunction is a characteristic neurophysiological 

process in AD.  Transgenic AD mouse models recapitulating the compromised 

vascular dysfunction are valuable tools to investigate the dynamics of 

neurodegeneration.  Several techniques have been used to study CBF 

alterations in AD mouse models.   

 

6.5.2.1  Invasive and Terminal Cerebral Blood Flow Assessment 

Deficits in CBF have previously been measured in AD mouse models 

using highly invasive and terminal procedures, such as quantitative 

autoradiography and Laser Doppler flowmetry (LDF).  Niwa et al. were the 
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first to report CBF alterations in an AD mouse model (Niwa et al., 2002a).  

They observed a global brain hypoperfusion at the pre-plaque stage (2-3 

months-old) in Tg2576 mice, an AD line producing a high level of β-amyloid, 

while age-matched Tg2123, a line producing lower β-amyloid levels, showed 

significant hypoperfusion only in telencephalic regions.  The same research 

group described impaired cortical CBF response at 2-3 months-of-age in the 

Tg2576 model by variation of the mean arterial pressure as hemodynamic 

challenge (Niwa et al., 2002b).  In addition, cortical hypoperfusion, especially 

in parietal and occipital cortices, has been described in the APPSwe Tg mouse 

model at 13 and 20 months-of-age (Paris et al., 2004).  However, 

contradictory results were reported in the same model used in the Niwa 

study (Niwa et al., 2002b).  Shin et al. (Shin et al., 2007) observed an 

attenuated hemodynamic response at 19 months-of-age in the Tg2576 

model, but not at 8 months-old.  Since impaired cerebrovascular function has 

been reported in the same AD mouse model at 2-3 months-of-age (Niwa et 

al., 2002b), a similar dysfunction would have been expected at 8 months-old 

(Shin et al., 2007).  Inconsistency between these two studies may be 

explained by differences in the experimental procedure.  The Niwa study 

(Niwa et al., 2002b) performed a craniotomy and used an open skull 

preparation, while Shin et al. (Shin et al., 2007) executed the LDF 

experimentation through an intact skull.  The intact skull preparation 

avoided possibility of injury during dural excision, exposure to air, variation 

of cortical temperature, and inconsistency of intracranial pressure.   

 

Besides being a terminal procedure, LDF allows only the investigation of a 

restricted region of the cortical surface.  In addition, probe position and 

motion artifacts have a high impact on the reliability of the technique.  Non-

terminal procedures, which allow whole brain coverage and longitudinal 

study designs, are now possible to assess CBF. 
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6.5.2.2  Cerebral Blood Flow Assessment by MRI 

 MRI is a very suitable modality for vascular function measurement, 

and multiple approaches have been used to evaluate compromised CBF in AD 

mouse models.  CE MRI has been largely employed to study CBV and 

cerebrovascular reactivity in AD mouse models.  Mueggler et al. (Mueggler et 

al., 2002) described a reduced and delayed hemodynamic response in 

cortical and thalamic regions of 25 month-old APP23 mice after bicuculline 

and acetazolamide vasodilatory challenge.  They also found an impaired 

somatosensory response in the APP23 mouse model (Muggler et al., 2003).  

After electrical paw stimulation, the hemodynamic response of the 

contralateral somatosensory cortex was reduced in Tg animals relative to WT 

mice in an age-dependent fashion.  Moreover, CBV decrease was observed in 

the cerebral cortex, hippocampus, and thalamus in 4 month-old APPSw/Ind Tg 

mice (Wu et al., 2004).  Similarly, global decreases in resting CBV were found 

in APP/PS1 mice at 15 months-of-age (Hooijmans et al., 2007).  Zerbi et al. 

used a longitudinal study design to investigate cerebrovascular dysfunction 

in APP/PS1 mouse model (Zerbi et al., 2012).  At 8 months-old, the Tg group 

showed impaired CBV in cortical regions and in the thalamus.  With aging, 

the CBV reduced extensively in cortical and subcortical areas, including 

primary somatosensory areas, secondary motor areas, hypothalamus, 

hippocampus, and cerebellum.  Consequently, CE MRI is a suitable technique 

to evaluate CBV and hemodynamic responses in AD mouse models.  

Compared to CE MRI, ASL does not require the injections of contrast agent 

and is, therefore, more readily transferable to human AD studies.  

 

In 2009, Weidensteiner et al. reported the first ASL perfusion MRI study in an 

AD mouse model (Weidensteiner et al., 2009).  They observed hypoperfusion 

in the occipital cortex in B6.PS2APP mice at 10, 12, and 17 months-of-age.  In 

addition, the temporal pattern of hypoperfusion showed a significant 

decrease from 10 to 12 months-of-age in the occipital cortex in Tg mice.  Also, 

profound general cortical hypoperfusion has been reported in aged Tg2576 
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mice (Massaad et al., 2010).  Further, perfusion deficits were also measured 

at 6 months-of-age in posterior cortex, but not in subcortical structures in 

APP/PS1-Ki mice (Faure et al., 2011).  Abnormalities in the vascular system 

are a common pathological feature of AD.  Preliminary CE and ASL MRI 

studies have reported CBV and CBF defects in AD mouse models.  

 

6.5.2.3  Imaging The Arterial Tree 

The techniques mentioned above focus on the CBV/CBF related to the 

capillary bed and do not assess the microstructural changes in the arterial 

tree.  Cerebrovascular abnormalities, known as CAA, are frequently observed 

in AD patients.  Such abnormalities are caused by Aβ peptide deposition on 

the vessel walls and lead to vessel narrowing and occlusion, as well as to 

disruption of the smooth muscle cells (Thal et al., 2008).   

 

In 2001, Christie et al. observed vascular impairment in an AD mouse model 

(Christie et al., 2001).  They determined that at 14 months-old, but not at 6 

months-old, Tg2576 mice had a decreased reactivity of the pial arteries after 

acetylcholine and sodium nitroprusside dilatory challenge.  The vascular 

measurements were performed by video microscopy following a closed 

cranial window preparation.  They used a highly invasive technique, which 

does not allow for longitudinal or repeated study design.  Since then, non-

invasive imaging modalities, such as magnetic resonance angiography (MRA), 

have been utilized to complement vascular tree alteration assessment.   

 

By combining MRA and corrosion cast techniques, arterial impairments were 

observed in the large arteries of the circle of Willis in APP23 mice, namely the 

carotid, palatine, and pterygopalatine arteries (Beckmann et al., 2003).  In 

addition, at the cortical supply level, flow voids were detected at the anterior, 

middle, and posterior cerebral arteries.  The first vascular alterations 

occurred at 7 months-of-age for some arteries, but mainly and most 
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extensively at 20 months-old following an age-related progression in Tg 

animals (Beckmann et al., 2003).  Corroborating these findings, Meyer et al. 

described substantial evidence of age-dependent morphological and 

architectural vascular alterations starting before plaque deposition in the 

APP23 mouse model using corrosion casts (Meyer et al., 2008).  Han et al. 

investigated the relationship between cerebrovascular dysfunction and CAA 

in the leptomeningial arteries of young (6 months-old) and old (12 months-

old) Tg2576 mice (Han et al., 2008).  They found that vasoreactivity was 

already impaired in young Tg animals at the pre-CAA stage.  In old Tg mice 

having extensive CAA, arterial dysfunction was globally more pronounced, 

but also, vascular reactivity alteration was further compromised in arterial 

segments presenting heavier CAA load.  Consequently, there was an apparent 

relationship between local CAA deposition and vascular integrity.  Moreover, 

in 25 month-old APP23 mice exhibiting severe CAA compared to CAA-free 

WT littermates, additional flow disturbances were described in the 

thalamoperforating arteries and at the distal section of the posterior cerebral 

artery (PCA) (Thal et al., 2009).  Furthermore, vascular abnormalities were 

detected in the middle cerebral artery (MCA) of old APP/PS1 mice relative to 

PS1 controls (El Tayara et al., 2010).  Blood flow alterations at the MCA level 

and in the anterior communicating artery were also reported in TG2576 

mouse model (Kara et al., 2012).  MRA, a non-invasive tool, has provided 

useful information to study pathological abnormalities at the arterial level.  It 

has demonstrated severe arterial defects in large- and medium-sized vessels 

in AD mouse models. 
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Preface to Chapter 7 

The experiments and results from my project are presented in this 

manuscript-based thesis.  The following paper has been published in 

Neurobiology of Aging (Hébert, Grand’Maison et al., 2013).  We investigated 

the spatio-temporal pattern of cortical thickness and perfusion changes in an 

AD Tg mouse model at 3, 12, and 18 months-of-age.   

Contributions of Authors 

The following manuscript is entitled “Cortical atrophy and 

hypoperfusion in a transgenic mouse model of Alzheimer’s disease”.  I, Marilyn 

Grand’Maison (MGM), am first co-author along with François Hébert (FB), the 

co-authors are Ming-Kai Ho (MKH), Jason P. Lerch (JPL), Edith Hamel (EH) 

and Barry J. Bedell (BJB).  This project was supervised and funded by BJB.  EH 

provided the transgenic animals used for this study as a collaborator at the 

Montreal Neurological Institute.  I was actively involved in the data 

processing and analysis.  FH and I validated the automated data processing 

pipeline.  The manuscript was written by BJB and me.  MKH was responsible 

for coordinating the project.  BJB wrote the MRI sequences employed for 

structural and perfusion scan acquisition.   JPL developed the method for 
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Abstract 

Magnetic resonance imaging (MRI) studies have revealed distinct patterns of 

cortical atrophy and hypoperfusion in Alzheimer’s disease (AD) subjects.  

The relationship between these in vivo imaging measures and the 

corresponding underlying pathophysiological changes, however, remains 

elusive.  As such, recent attention has turned to neuroimaging of mouse 

models of AD, in which imaging-pathological correlations can be readily 

performed.  In this study, we acquired anatomical and arterial spin labeling 

(ASL) perfusion MRI scans on APP transgenic and age-matched wild-type 

mice at 3, 12, and 18 months-of-age.  We employed fully-automated image 

processing methods to derive quantitative measures of cortical thickness and 

perfusion.  These studies revealed increased regional cortical thickness in 

young transgenic mice relative to age-matched wild-types.  However, the 

transgenic mice generally demonstrated a greater rate of cortical thinning 

over 15 months.  Cortical perfusion was significantly reduced in young 

transgenic mice in comparison to wild-type mice across most brain regions.  

We have identified previously unreported regional genotype differences and 

age-related changes in cortical thickness and cerebral perfusion in APP 

transgenic and wild-type mice.   

 

Keywords: Alzheimer’s disease; APP mouse model; cerebral perfusion; 

cortical thickness; magnetic resonance imaging 
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 1. Introduction 
Non-invasive neuroimaging-based measures of regional cerebral perfusion, 

metabolism, and structure are increasingly utilized to improve our 

understanding of the natural evolution of Alzheimer’s disease (AD) and to 

evaluate response to therapeutic intervention.  [18F]2-fluoro-2-deoxyglucose 

(FDG) positron emission tomography (PET) has been extensively utilized in 

AD studies, and characteristic patterns of AD-associated glucose 

hypometabolism have emerged (Mosconi et al., 2010; Mosconi and McHugh, 

2011).  Given the wider availability of magnetic resonance imaging (MRI) 

compared to PET scanners, it is highly desirable to identify similar, MRI-

based measures of brain function.  Strong concordance between regional 

hypoperfusion and glucose hypometabolism measured by arterial spin 

labeling (ASL) perfusion MRI and FDG PET, respectively, has recently been 

demonstrated in AD patients (Y. Chen et al., 2011).  Regional cerebral 

hypoperfusion has been suggested to be an early imaging biomarker for AD 

(Alsop et al., 2010; Chao et al., 2010), and large-scale studies employing ASL 

MRI, such as ADNI-2 (Jack et al., 2010), are currently underway.  These 

cerebral blood flow (CBF)/metabolism measures are complemented by 

quantitative, structural information derived from anatomical MR images.  

Volume- and surface-based morphometry measures have revealed well-

defined patterns of brain atrophy across the spectrum of AD progression 

(reviewed by Lin et al., 2012). 
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 Recent studies have demonstrated that structural and functional brain 

alterations have distinct spatial patterns.  J.J. Chen et al. (2011) found that the 

regional effects of age on CBF, which was most prominent in the superior 

frontal, orbitofrontal, superior parietal, middle/inferior temporal, insular, 

precuneus, supramarginal, lateral occipital and cingulate regions, differed 

from that of gray matter atrophy in normal aging.  Tosun et al. (2010) 

performed a joint analysis of structural and perfusion MRI data in AD, and 

determined that structural and physiological brain changes in AD provide 

complementary information.  The analysis performed in this study also 

indicated that cortical thinning had a greater association with the variability 

of AD severity than the CBF measures.  Based on these studies, an apparent 

dissociation between structural and cerebral perfusion measures in normal 

aging and AD exists, but the biological underpinnings of this counterintuitive 

imaging data remains elusive.  

 The routine clinical use of quantitative MRI and PET biomarkers for 

diagnosis, staging, and therapeutic efficacy monitoring in AD has been 

hampered by a relatively poor understanding of the pathophysiological 

processes underlying these measures.  The ability to tightly link non-invasive 

imaging measures with microscopic and molecular processes in human 

subjects is challenging and often impossible to achieve.  Alternatively, studies 

of animal models of AD allow for tight correlation of in vivo imaging and 

invasive and /or post-mortem data.  Transgenic (Tg) murine models with 

targeted expression of mutant human amyloid precursor protein (APP) genes 
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recapitulate many of the cognitive and neuropathological features of AD, and 

high-resolution images from the brains of these mice can be obtained with 

dedicated, high-field, small animal MRI systems. 

 Several recent studies have identified differences in whole or regional 

brain volumes between APP Tg and wild-type (WT) mice (Delatour et al., 

2006; Lau et al., 2008; Oberg et al., 2008; Maheswaran et al., 2009; Badea et 

al., 2010).  Cortical hypoperfusion has also been observed in mutant APP Tg 

mice by ASL MRI (Weidensteiner et al., 2009; Massaad et al., 2010; Faure et 

al., 2011; Poisnel et al., 2012).  However, a detailed examination of the 

relationship between regional cortical surface morphometry and perfusion 

across the lifespan of APP Tg mice has not been performed. 

 In this study, we sought to examine the spatio-temporal pattern of 

altered cortical structure and blood flow over a 15 month period in a well-

established mouse model of AD pathology by MRI.  We have employed non-

invasive, whole brain, 3D MRI acquisition and sophisticated, fully-automated 

image processing/analysis methods to interrogate the relationship between 

cortical thickness and perfusion in Tg and age-matched WT mice.  We 

anticipate that the unique observations from this study will provide a basis 

for further investigation of the complex interplay between macroscale 

(imaging) and microscale (cellular) processes in AD.            
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2. Materials and methods 
 

2.1 Animals 

Heterozygous transgenic mice with neuronal overexpression of the Swedish 

(670/671KM→NL) and Indiana (717V→F) mutations of human APP driven by the 

platelet-derived growth factor β (PDGF-β) promoter on a C57BL/6J 

background (line J20) (Mucke et al., 2000; Tong et al., 2005) were used for 

these studies.  This model has been well-characterized for amyloidosis 

(Mucke et al., 2000), cognitive/behavioral impairments (Palop et al., 2003), 

and cerebrovascular dysfunction (Tong et al., 2005).   

Separate cohorts of mice at three ages were evaluated in a cross-

sectional study design, specifically Young (age = 3.3 ± 0.2 months; n = 19 Tg 

[9 male, 10 female], 20 WT [10 male, 10 female]), Middle-Aged (age = 12.7 ± 

1.3 months; n = 20 Tg [10 male, 10 female], 20 WT [10 male, 10 female]), Old 

(age = 18.7 ± 0.5 months; n = 17 Tg [9 male, 8 female], 19 WT [9 male, 10 

female]).  Mice were housed under a 12-hour light:12-hour dark schedule, 

and fed standard laboratory chow and water ad libitum.  Experiments were 

approved by the Animal Ethics Committee of the Montreal Neurological 

Institute and McGill University, and were conducted in accordance with the 

guidelines of the Canadian Council on Animal Care.  

 

2.2 In vivo MRI acquisition 

Mice were anesthetized with an induction dose of 4-5% sevoflurane and secured 

in an MRI-compatible bed.  All MRI studies were performed under ~2.5-3% 
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sevoflurane in medical air and animals were allowed to breathe spontaneously 

without mechanical ventilation.  Respiration rate and body temperature was 

continuously monitored using an MR-compatible system (Small Animal 

Instruments Inc., Stony Brook, NY) and the temperature was maintained at 37 ± 

0.2
o
C throughout the study using a feedback-regulated warming system (Small 

Animal Instruments Inc., Stony Brook, NY).   

All MR images were obtained from a 7T Bruker Pharmascan system 

(Bruker Biospin, Ettlingen, Germany) using a 28-mm inner-diameter, quadrature 

volume resonator (RAPID MR International, Columbus, OH).  Following the 

acquisition of scout images, ROI-based shimming (MAPSHIM, Bruker Biospin) 

was performed to increase the magnetic field homogeneity within the brain.  

Anatomical images were acquired using a 3D balanced Steady-State Free 

Precession (b-SSFP) sequence with matrix size = 128×128×64, field-of-view = 

1.8×1.8×0.9 cm, spatial resolution = 140x140×140 μm, number of phase-cycles = 

4, and number of averages = 4.  The phase-cycled images were combined using 

the sum-of-squares reconstruction method in order to minimize banding artifacts 

(Bangerter et al., 2004).  Perfusion images were acquired with a customized, 3D 

pseudo-continuous ASL sequence with matrix size = 64×64×32, field-of-view = 

1.8×1.8×0.9 cm, spatial resolution = 280×280×280 μm, and 48 averages.  

Perfusion labeling was achieved by positioning a 2 mm thick inversion slab in the 

neck region (~7 mm inferior to the level of the brainstem) and inverting inflowing 

blood within this slab every 14 ms using spatially-selective sinc radiofrequency 

(RF) pulses.  The entire scanning session lasted approximately 2.5 hours per 

animal. 
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2.3 MRI processing 

An unbiased, symmetric, customized template was generated from anatomical 

scans from the 115 mice using an iterative process (Lau et al., 2008; Fonov et al., 

2011).  Prior to template generation, each reconstructed image volume underwent 

image non-uniformity correction using the N3 algorithm (Sled et al., 1998), brain 

masking, and linear spatial normalization utilizing a 12-parameter affine 

transformation (Collins et al., 1994) to map individual images from native 

coordinate space to reference space.  Briefly, the template generation process 

involved an iterative (coarse-to-fine resolution) estimation of the nonlinear 

transformation to match each MRI scan to the evolving average of the population.  

The final anatomical template (population average) was generated with an 

isotropic voxel resolution of 0.06 mm (Fig. 1A).  This customized template was 

parcellated into an atlas (Fig. 1B) consisting of 14 cerebral cortical regions per 

hemisphere, specifically anterior cingulate cortex, auditory cortex, barrel cortex, 

entorhinal cortex, frontal cortex, insula, motor cortex, perirhinal cortex, piriform 

cortex, posterior cingulate cortex, retrosplenial cortex, somatosensory cortex 1, 

somatosensory cortex 2, and visual cortex, using the Montreal Neurological 

Institute (MNI) McConnell Brain Imaging Centre DISPLAY software package 

(http://www.bic.mni.mcgill.ca).  The masks for the 14 cerebral cortical regions 

were projected onto a standardized cortical surface template for surface-based 

region-of-interest (ROI) analysis (Fig. 2).   

For cortical thickness measurement, the cortical mask with inside, outside, 

interhemispheric, and resistive boundaries (Fig. 1B) was nonlinearly registered 

http://www.bic.mni.mcgill.ca/
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from the atlas to each subject.  Streamlines running from the inner to outer 

boundaries of the cortex were defined using Laplace’s equation and their length 

was used as the measure of cortical thickness (Lerch et al., 2008).  The mean 

cortical thickness was computed from an intermediate surface for each of the 14 

pre-defined ROIs from the spatially normalized thickness maps. 

The control perfusion images were linearly registered to the anatomical 

images for each mouse in order to compensate for potential, slight movement 

during the scanning session.  Parametric perfusion maps based on the fractional 

ASL signal, defined as the ratio between the difference [control – labeled] and 

control images (Lu et al., 2010; Borogovac and Asllani, 2012), were calculated on 

a voxel-by-voxel basis.  The perfusion maps were spatially normalized to 

reference space using the transformations derived from the anatomical image 

registration.  In order to directly compare cortical thickness and perfusion 

measures, the perfusion data was projected to the cortical surface by averaging the 

image intensity along each streamline passing through each vertex.  The 

individual, spatially normalized, perfusion maps were averaged to produce group-

mean parametric maps.  ROI-based perfusion measures were derived utilizing the 

surface MRI atlas in reference space.   

 

2.4 Statistical analysis 

Statistical analysis was performed using Matlab (Mathworks, Natick, MA, 

USA) and the SurfStat toolbox (http://www.math.mcgill.ca/keith/surfstat) 

(Worsley et al., 2009).  Linear mixed-effects models using the restricted 

http://www.math.mcgill.ca/keith/surfstat
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maximum likelihood (REML) estimation method were employed to assess 

group differences and cross-sectional changes (Pinheiro and Bates, 2000).  

Specifically, a one-way analysis of variance (ANOVA) was employed to assess 

between-group differences (Tg vs. WT) at each age level (Young, Middle-

Aged, Old).  For each genotype, a one-way ANOVA was also employed to 

assess across-age (within-groups, cross-sectional) differences.  A two-way 

ANOVA was utilized to assess the genotype-by-age interaction.  Quantitative 

results of the vertexwise analysis are expressed as statistical parametric 

maps resulting from post-hoc Student's two-tailed t-tests.  The statistical 

parametric maps are presented without thresholding in order to 

demonstrate the overall pattern of group differences.  For the ROI-based 

analysis, measures from the left and right hemispheres were combined in 

order to maximize statistical power, and quantitative results are expressed 

as mean ± standard deviation of the effect of interest (between-groups and 

cross-sectional within-groups differences).  The ROI-based data was adjusted 

for multiple comparisons using the Bonferroni correction.      
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3. Results 

3.1 APP transgenic and wild-type mice exhibit age-related differences in 

regional cortical thickness  

A globally increased mean cortical thickness was identified in the Young Tg 

mice compared to Young WT mice (Fig. 3).  The ROI-based analysis (Fig. 3) 

demonstrated that the cortical thickness difference (Tg > WT) in the Young 

Tg mice was significant (P  < 0.05) in all regions examined, except for the 

barrel cortex, motor cortex, and somatosensory cortex 1, which did not 

survive correction for multiple comparisons.  This difference was greatest in 

the perirhinal cortex (t = 6.2, P < 0.001), posterior cingulate cortex (t = 5.1, P 

< 0.001), insula (t = 4.9, P < 0.001), and entorhinal cortex (t = 4.4, P < 0.001).  

The vertexwise t-statistic maps (Fig. 4) revealed the spatial heterogeneity of 

cortical thickness differences between Young Tg and WT mice.        

The Tg mice showed greater thinning across the entire cortex over 15 

months than the WT mice (Fig. 5A).  For both Tg and WT group, minimal 

change in cortical thickness was observed over the 15 month timeframe in 

the anterior/posterior cingulate and retrosplenial cortical regions (Fig. 6 and 

7A).  The remaining cortical regions demonstrated cortical thinning in both 

groups with greater reduction in cortical thickness (i.e. atrophy) in the Tg 

relative to WT mice (Fig. 6 and 7A).  While most of these regions 

demonstrated significant differences in the age-by-genotype interaction at 15 

months without Bonferroni correction (entorhinal cortex: Puncorrected = 0.004; 

perirhinal cortex: Puncorrected = 0.016; motor cortex: Puncorrected = 0.008; 
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piriform cortex: Puncorrected = 0.024), the significance did not survive multiple 

comparisons.  The Tg group had a higher variability than the WT group likely 

resulting from the heterogeneity of disease progression in this model.       

 

3.2 Transgenic mice demonstrate profound regional cortical hypoperfusion and 

distinct spatio-temporal patterns relative to wild-type mice 

The Young Tg mice demonstrated statistically significant (P < 0.05) 

hypoperfusion in all cortical regions (Fig. 4B and 8).  The most significant 

differences were observed in perirhinal cortex (t = 6.8, P < 0.001), 

retrosplenial cortex (t = 6.0, P < 0.001), entorhinal cortex (t = 5.8, P < 0.001), 

and posterior cingulate cortex (t = 5.7, P < 0.001), which are the same regions 

that demonstrated the greatest differences in cortical thickness.  All cortical 

regions remained significantly hypoperfused in the Middle-Aged and Old Tg 

mice relative to the age-matched WT mice. 

The change in cortical perfusion over 15 months across the whole 

cortex did not demonstrate a significant difference between genotypes (Fig. 

5B).  However, analysis of the vertexwise and regional changes revealed 

striking differences between Tg and WT mice (Fig. 7B and 9), indicating the 

importance of examining loco-regional changes which are often obscured in 

global measures.  The regions along the rhinal fissure, including insula 

(Puncorrected = 0.007), perirhinal cortex (Puncorrected = 0.004), and entorhinal 

cortex (Puncorrected = 0.036), displayed an increasing level of perfusion over 15 

months in the Tg mice, while stable or decreasing perfusion was observed in 
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the WT mice.  While these regions demonstrated significant differences prior 

to Bonferroni correction, this significance did not survive multiple 

comparisons.  Although significant group differences were not identified in 

the other ROIs, regional heterogeneity was readily apparent.   
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4. Discussion 
In this work, we have examined the spatio-temporal patterns of cortical 

thickness and resting perfusion derived from in vivo MRI scans of APP Tg and 

age-matched WT mice.  This study represents the first demonstration of the 

regional effects of APP overexpression on both cortical structure and 

cerebrovascular physiology across the mouse lifespan derived from non-

invasive MRI data.  A striking feature of our data is the spatial and temporal 

heterogeneity of morphometric and functional alterations.  Regional 

differences in cortical thickness and CBF are well-documented in human MRI 

studies of AD subjects (Lerch et al., 2005; Tosun et al., 2010; J.J. Chen et al., 

2011), which motivated our approach to explore pathological alterations in 

mouse brain using fully-automated processing and vertexwise/ROI-based 

analysis. 

The observation of increased cortical thickness in the young Tg was 

unexpected and seemingly counterintuitive.  However, several studies 

support potential mechanisms for this finding.  Plaschke et al. (1997) 

demonstrated that long-term cerebral hypoperfusion resulted in increased 

regional concentrations of APP in a rat model.  Oh et al. (2009) demonstrated 

that overexpression of mutant (APPswe) or wild-type APP in transgenic mice 

can induce hypertrophy of cortical neurons.  Iacono et al. (2009) identified 

hypertrophic cortical neurons in human autopsy material from the Nun 

Study and postulated that neuronal hypertrophy may constitute an early 

cellular response to AD pathology and/or reflect compensatory mechanisms 
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that prevent cognitive impairment despite substantial AD-associated 

pathological changes.  Astrogliosis is also prominent in AD and has been 

associated with a specific cortical laminar pattern (Beach et al., 1989).  

Hence, APP/β-amyloid-driven neuronal hypertrophy and/or astrogliosis 

could potentially explain the apparent increase in cortical thickness in the Tg 

mice.  Future studies could assess cortical structure in even younger (e.g. 1 

month-old) mice in order to investigate the age-of-onset of these pathological 

processes. 

The regions along the interhemispheric and rhinal fissures 

demonstrated the most significant differences in cortical thickness between 

young Tg and WT mice.  These areas are associated with limbic, memory, and 

human default-mode network (DMN)-type functions, which are affected in 

AD.  It is possible that the high constitutive activity of these regions may 

result in early pathological changes (Buckner et al., 2009; Bero et al., 2011).  

Although all of these spatially remote regions demonstrate increased 

thickness in young Tg mice, the regions along the interhemispheric fissure do 

not appear to appreciably atrophy over time, while the areas along the rhinal 

fissure display the greatest rate of cortical thinning.  It is possible that the 

midline regions are more resilient than other brain regions (Driscoll and 

Troncoso, 2011).  

Our cortical perfusion data also demonstrated heterogeneous spatial 

and temporal patterns.  Most areas of the brain were hypoperfused in the 

young Tg mice.  Our data from in vivo ASL MRI is consistent with the 
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observations of Niwa et al. (2002) who identified reduced CBF in young (2-3 

month-old) APP Tg 2123 and 2576 mice by quantitative autoradiography.  

Given that mice in the Niwa study and our study do not yet exhibit amyloid 

plaques, soluble β-amyloid may be responsible for altered blood flow.  Han et 

al. (2008) utilized digital video microscopy to demonstrate that soluble β-

amyloid is a major contributor to age-dependent cerebrovascular 

dysfunction in Tg2576 mice.  Future studies could employ BACE1 or γ-

secretase inhibitors to support the role of soluble β-amyloid in the perfusion 

deficits observed in the young mice (without plaques and cerebral amyloid 

angiopathy) in our study.   

In addition to differences in the temporal evolution of changes in 

cortical thickness between the regions along the interhemispheric and rhinal 

fissures, these two groups of structures also demonstrated distinct patterns 

of age-related perfusion changes.  While the anterior/posterior cingulate and 

retrosplenial cortical areas showed perfusion changes (decreases) similar to 

WT mice, the insula and perirhinal/entorhinal regions demonstrated 

increased perfusion over time in Tg mice.  A potential mechanism that would 

explain this observation includes increased local vascular density resulting 

from long-term angiogenesis (Desai et al., 2009).  Dai et al. (2009) observed 

increases in regional CBF in portions of the limbic system in mild cognitive 

impairment (MCI) and AD subjects using ASL MRI, and suggested a 

compensatory cellular and/or vascular process.  The apparent inverse 

relationship between temporal changes in cortical thickness and perfusion in 
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these regions is particularly intriguing and it warrants further investigation 

into the mediators of these processes.  As suggested by Dai et al. (2009), 

brain structural and functional changes may be asynchronous during disease 

evolution.  To this end, animal model studies should provide new insights 

into findings in human AD multi-modality neuroimaging studies.      

A potential confound of the perfusion data in this study is the use of 

anesthesia during MRI scanning.  Inhaled anesthetic agents are known 

vasodilators and increased CBF has been demonstrated in rats under 

isoflurane (Sicard et al., 2003).  Lenz et al. (1998) demonstrated that 

sevoflurane produces less CBF increase than isoflurane, and Flores et al. 

(2008) determined that sevoflurane is preferred for physiologic imaging in 

mice.  Based on the literature and our own experience, we performed these 

studies under sevoflurane.  To date, all ASL MRI and the majority of other, 

non-terminal, cerebrovascular physiology (e.g. laser Doppler flowmetry 

[LDF]) studies in mice have been performed under anesthesia and it is 

unknown if our observed genotype- and age-related group differences in 

cortical perfusion are influenced by the anesthetic agent.  Although imaging 

of awake animals may be preferable from a physiological perspective, 

minimizing the effects of motion is a primary concern for these sensitive MRI 

scans.  While Desai et al. (2010) recently reported the feasibility of 

optogenetic fMRI studies in awake mice, and Mizuma et al. (2010) described 

PET studies in conscious mice, the use of a head-post for immobilization is 

impractical for long-term studies and the requirements for customized 
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surface RF coils may limit accurate assessment of subcortical structures.  Our 

group is currently investigating non-invasive methods for head restraint 

which will facilitate perfusion and functional MRI studies of conscious mice.  

A limitation of this study is the cross-sectional design.  This particular 

strategy was employed given that the ultimate objective of our work is 

correlation between temporally-matched neuroimaging and neuropathology 

data.  Longitudinal studies, which may potentially reveal more subtle group 

(genotype, age) differences, are being initiated in our lab.  This study, like 

most AD mouse model studies, also focused on a single mouse line.  Future 

studies should examine other APP Tg mouse models in order to better assess 

the generalizability of our results. 

Substantial insight into the pathophysiological processes driving the 

distinct patterns of abnormal neuroanatomical structure and 

cerebrovascular physiology can potentially be gained by intervention with 

putative “disease-modifying” therapeutic agents with different mechanisms-

of-action (e.g. amyloid-clearing biologics, amyloid-lowering secretase 

inhibitors, neuroprotective agents, neuroinflammation modulators).  The 

non-invasive nature of 3D MRI scanning provides a distinct advantage over 

other techniques (e.g. autoradiography, LDF) for therapeutic studies, as it 

allows for longitudinal assessment of structural and physiological changes 

across the entire brain.  Effective translation of knowledge gleaned from such 

pre-clinical imaging studies should facilitate the development of effective 

treatments to delay, slow, halt, and/or reverse the progression of AD.  
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Figures 
 

 

Figure 1  Orthogonal views (axial, sagittal, and coronal, top-to-bottom, 

respectively) of the anatomical template (A) and the parcellated cortical atlas 

(B).  Note the interhemispheric boundary (yellow line) and resistive 

boundary (white line) used for cortical thickness measurement in (B).  The 

anatomical template was derived from all 115 available scans and the atlas 

included 14 cortical regions.
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Figure 2  Superior (A) and lateral (B) views of the cortical surface atlas with 

14 ROI labels.
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Figure 3  MRI cortical thickness measures from representative ROIs in Young 

Tg and WT mouse groups.  Note that the whole cortex and the majority of 

regions demonstrated a greater cortical thickness in Tg mice compared to 

age-matched WT mice.  For the sake of clarity, not all ROIs have been 

included.  The remaining ROIs demonstrated the following behavior:  

anterior cingulate cortex was similar to posterior cingulate cortex, auditory 

and visual cortices were similar to motor cortex, somatosensory cortex 2 was 

similar to somatosensory cortex 1, and frontal cortex was similar to 

entorhinal cortex.  * indicates P < 0.05.
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Figure 4  Genotype group differences (Tg - WT) in cortical thickness (A) and 

perfusion (B) in young (~3 month-old) mice.  These t-statistic maps 

demonstrate that the young Tg mice have increased regional cortical 

thickness (positive values) and decreased cerebral perfusion (negative 

values) relative to WT mice prior to β-amyloid deposition.  Note the relative 

symmetry in the cortical thickness and perfusion data between the left and 

right hemispheres.  While these maps suggest a potential negative 

association between loco-regional thickness and perfusion data, a significant 

relationship was not found. 



 75 

 

Figure 5  Cortical thickness (A) and cortical perfusion (B) change (% change 

relative to Young mouse group) of whole cortex over 15 months in Tg and 

WT mice.  The whole cortex showed increased cortical thinning rate in Tg 

mice relative to WT mice, which was statistically significant over 15 months.  

There was no significant difference in the rate of whole cortex perfusion 

change across genotypes.  * indicates P < 0.05.
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Figure 6  Cortical thickness change (% change relative to Young mouse 

group) over 15 months in Tg and WT mice.  The anterior/posterior cingulate 

and retrosplenial cortical regions did not show appreciable change over time.  

In contrast, Tg mice demonstrated a greater rate of cortical thinning than 

age-matched WT mice in the remaining regions.  For the sake of clarity, not 

all ROIs have been included.  The remaining ROIs demonstrated the following 

behavior:  auditory, barrel, and somatosensory 2 cortices were similar to 

somatosensory cortex 1, visual cortex was similar to motor cortex, and 

frontal cortex was similar to entorhinal cortex.  * indicates P < 0.05.
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Figure 7  Changes in cortical thickness (A) and perfusion (B) between Young 

(~3 month-old) and Old (~18 month-old) mice.  These t-statistic maps 

demonstrate that Tg mice underwent a greater rate of local cortical thinning 

(negative values), relative to WT mice, over a 15 month period (A).  The maps 

of change in cortical perfusion (B) reveal increasing blood flow (positive 

values) along the rhinal fissure, including insular, perirhinal, and entorhinal 

cortex, in the Tg mice, while decreasing perfusion (negative values) in these 

regions was apparent in the WT mice.
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Figure 8  ASL perfusion MRI measures from representative ROIs in Young Tg 

and WT mice.  Note that the whole cortex and the majority of regions 

demonstrated significantly lower perfusion in Tg mice compared to age-

matched WT mice.  For the sake of clarity, not all ROIs have been included.  

The remaining ROIs demonstrated the following behavior:  sensory regions 

(auditory, visual and somatosensory 2 cortices) were similar to motor cortex, 

anterior cingulate was similar to posterior cingulate cortex, and frontal 

cortex was similar to entorhinal cortex.  * indicates P < 0.05.
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Figure 9  Cortical perfusion change (% change relative to Young mouse 

group) over 15 months in Tg and WT mice.  The midline regions 

(anterior/posterior cingulate and retrosplenial cortices) and somatosensory 

1 cortex showed similar decreases in perfusion over time in Tg and WT 

groups.  In the insular, perirhinal, and entorhinal cortical regions, the Tg mice 

showed increasing perfusion over time in contrast to the WT group.  For the 

sake of clarity, not all ROIs have been included.  The remaining ROIs 

demonstrated the following behavior:  auditory cortex was similar to motor 

cortex, barrel, somatosensory 2 and visual cortices were similar to 

somatosensory cortex 1, and frontal cortex was similar to entorhinal cortex.  

* indicates P < 0.05. 
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Preface to Chapter 8 

In the article described in the previous chapter, we found an 

intriguing and unexpected cortical thickness difference between the Tg and 

WT groups at 3 months-old, where the cortex of Tg animals was regionally 

thicker.  These findings motivated us to assess cortical thickness at an earlier 

time point in order to investigate possible aberrant cortical thickness 

changes.  We acquired structural MRI scans at 1 and 3 months-of-age.  We 

then correlated the in vivo MRI-derived cortical thickness measures with 

post-mortem quantitative maps of amyloid plaque deposition from a cohort 

of 18 month-old Tg mice.  The following paper has been published to 

Neurobiology of Disease (Grand’Maison et al., 2013).  

Contributions of Authors 
In the following manuscript, “Early cortical thickness changes predict 

beta-amyloid deposition in a mouse model of Alzheimer’s disease”, I, Marilyn 

Grand’Maison (MGM), am first author, with co-authors Simone P. Zehntner 

(SPZ), Ming-Kai Ho (MKH), François Hébert (FH), Andrew Wood (AW), Felix 

Carbonell (FC), Alex P. Zijdenbos, Edith Hamel (EH) and Barry J. Bedell (BJB).  

This project was supervised and funded by BJB.  EH provided the required 

transgenic animals as a collaborator at the Montreal Neurological Institute.  

SPZ, AW, FH, MKH, APZ and I produced the reconstructed amyloid 3D maps 

and surface projections.  BJB wrote the MRI sequences employed for 

structural MRI acquisition.  MH and I coordinated the project.  FC and I 

performed the statistical analysis.  BJB and I wrote the manuscript, and BJB is 

the corresponding author. 
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Abstract 
Magnetic resonance imaging (MRI) studies have identified aberrant cortical structure in 

Alzheimer’s disease (AD).  The association between MRI-derived cortical morphometry 

measures and β-amyloid, however, remains poorly understood.  In this study, we 

explored the potential relationship between early alterations in cortical thickness and 

later stage β-amyloid deposition, using a novel approach, in a transgenic AD mouse 

model.  We acquired longitudinal anatomical MRI scans from mutant amyloid precursor 

protein (APP) transgenic mice and age-matched wild-type mice at 1 and 3.5 months-of-

age, and employed fully-automated image processing methods to derive objective, 

quantitative measures of cortical thickness on a region-of-interest basis.  We also 

generated 3D quantitative immunohistochemistry (qIHC) volumes of deposited β-

amyloid burden from 18 month-old transgenic mice using an automated, production-

level process.  These studies revealed thinner cortex in most regions in the 1 month-old 

transgenic mice relative to age-matched wild-types, with the exception of the frontal, 

perirhinal/entorhinal, posterior cingulate, and retrosplenial cortical regions.  Betweeen 

1 and 3.5 months-of-age, the transgenic mice demonstrated stable or increasing cortical 

thickness, while the wild-type mice showed cortical thinning.  Based on data from co-

registered 3D MRI and qIHC volumes, we identified an association between abnormal, 

early, regional cortical thickness change over 2.5 months and later β-amyloid deposition.  

These observations suggest that the spatio-temporal pattern of early (pre-plaque) 

alterations in cerebral cortical structure is indicative of regional predisposition to later 

β-amyloid pathology in a transgenic AD mouse model.  

 

Keywords: Magnetic resonance imaging; cortical thickness; Alzheimer’s disease; 

beta-amyloid; quantitative immunohistochemistry; transgenic mouse model
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 Introduction   

 Cortical thickness measures derived from anatomical magnetic resonance 

imaging (MRI) data are increasingly utilized in neuroimaging studies of Alzheimer’s 

disease (AD).  Lerch et al. (2005) reported regional differences in cortical thickness 

between AD and age-matched healthy control (HC) subjects using a fully-automated 

approach.  Other groups have, subsequently, utilized automated cortical thickness 

measures to distinguish mild cognitive impairment (MCI) from HC and AD subjects 

(Singh et al., 2006; Bakkour et al., 2009; Desikan et al., 2009; Querbes et al., 2009; Li et 

al., 2012), discriminate AD from frontotemporal dementia (Du et al., 2007), and 

differentiate cognitive phenotypes (Dickerson and Wolk, 2011).  Cortical thickness has 

also been used to identify aberrant structural brain networks in AD (He et al., 2008).  

While measurement of cortical thickness allows for objective, quantitative assessment of 

altered brain structure, the relationship between thickness and β-amyloid deposition, a 

pathological hallmark of AD, remains obscure. 

 Becker et al. (2011) recently explored regional cortical thickness alterations in 

clinically normal, β-amyloid-positive subjects identified by positron emission 

tomography (PET) imaging using Pittsburgh Compound B (PiB).  This cross-sectional 

study found local cortical thickness reductions, particularly in parietal and posterior 

cingulate regions, in subjects with high PiB retention, indicating the occurrence of 

abnormalities in cortical structure at an earlier stage than previously thought.  PiB PET, 

however, is not sensitive to soluble, prefibrillar, or polymorphic forms of β-amyloid 

(Lockhart et al., 2007; Rosen et al., 2010; Leinonen et al., 2008).  As such, the earliest 

structural manifestations of β-amyloid-associated pathology remain elusive.  Large-

scale, longitudinal MRI and PET studies beginning at the pre-deposition stage and 

extending over long intervals (e.g. decades) will be necessary to assess these potential 
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early alterations.  While these long-term clinical studies are underway (e.g. Baltimore 

Longitudinal Study of Aging) or planned, animal models of AD, with well-characterized 

progression of β-amyloid pathology, currently offer the opportunity to    interrogate the 

potential relationship between β-amyloid and structural MRI measures, such as cortical 

thickness. 

 Transgenic (Tg) murine models with targeted expression of mutant human 

amyloid precursor protein (APP) genes recapitulate many of the cognitive and 

neuropathological features of AD, and high-resolution images from the brains of these 

mice can be obtained with dedicated, high-field, small animal MRI systems.  Several 

recent studies have identified differences in whole or regional brain structure between 

APP Tg and wild-type (WT) mice (Delatour et al., 2006; Lau et al., 2008; Oberg et al., 

2008; Maheswaran et al., 2009; Badea et al., 2010; Hébert et al., 2013).  Determination of 

the association between early pathological changes in brain structure and β-amyloid 

requires establishment of a strict spatial correspondence between structural and 

molecular measures.  Ideally, this multi-parametric assessment could be achieved via co-

registration of non-invasive mouse brain MRI and amyloid PET images.  While amyloid 

PET in mice has been reported (Maeda et al., 2007; Manook et al., 2012), the relatively 

poor spatial resolution of animal PET scanners precludes accurate regional measures of 

β-amyloid burden in the mouse cerebral cortex.  An alternate approach is to relate gold-

standard, post-mortem, quantitative immunohistochemistry (IHC) data to the in vivo 

MRI measures. 

 Quantitative IHC (qIHC) has been used to validate in vivo molecular imaging 

studies, including amyloid PET tracers (Clark et al., 2011; Clark et al., 2012).  Although 

IHC only allows for visualization and quantification of deposited, fibrillar amyloid, and 

does not directly provide quantitative measures of soluble forms, Bero et al. (2011) 
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recently demonstrated that the degree of regional amyloid plaque in aged mice 

corresponds to regional interstitial fluid (ISF) β-amyloid levels in young mice.  Rigorous 

correlation between in vivo and post-mortem measures, such as qIHC, can be achieved 

through three-dimensional (3D) reconstruction of tissue sections.  Lebenberg et al. 

(2011) demonstrated that 3D-reconstructed mouse brain autoradiographic volumes 

could be constructed, mapped to an MRI-based neuroanatomical atlas, and used to 

analyze metabolic changes in AD mice.  Chakravarty et al. (2008) have described 

methods for 3D reconstruction of histological mouse brain sections and mapping the 

resulting histological volume to an MRI template. 

 In this study, we sought to interrogate the relationship between early alterations 

in cortical thickness and late-stage β-amyloid deposition in a well-established mouse 

model of AD.  We acquired non-invasive, whole brain, 3D anatomical MRI data and 

employed fully-automated image processing/analysis to generate cortical thickness 

measures.  We produced 3D qIHC volumes of β-amyloid deposition and correlated this 

post-mortem data with the in vivo MRI measures.  We have determined that an aberrant 

temporal pattern of cortical thickness change at a young age predicts regional β-amyloid 

burden in later life.  This data suggests a role for soluble β-amyloid in early pathological 

changes, and supports the need to assess brain morphology prior to deposition of 

fibrillar amyloid in clinical studies in order to identify the initial signatures of AD.            
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Materials and Methods 
 

Animals 

 
Heterozygous transgenic mice with neuronal overexpression of the Swedish 

(670/671KM→NL) and Indiana (717V→F) mutations of human APP driven by the platelet-

derived growth factor β (PDGF-β) promoter on a C57BL/6J background (line J20) 

(Mucke et al., 2000; Tong et al., 2005) were used for these studies.  This model has been 

well-characterized for amyloidosis (Mucke et al., 2000), cognitive/behavioral 

impairments (Palop et al., 2003), and cerebrovascular dysfunction (Tong et al., 2005).   

Tg (n = 10 [5 male, 5 female]) and age-matched wild-type (WT) (n = 13 [7 male, 6 

female]) mice underwent longitudinal MRI scans at 1.2 ± 0.2 months-of-age and 3.5 ± 0.1 

months-of-age.  All mice were scanned at both ages.  A separate cohort of aged mice (n = 

13 [6 male, 7 female]; 18.5 ± 0.1 months-of-age) were used for the post-mortem IHC 

studies.  Mice were housed under a 12-hour light:12-hour dark schedule and fed 

standard laboratory chow and water ad libitum.  Experiments were approved by the 

Animal Ethics Committee of the Montreal Neurological Institute and McGill University, 

and were conducted in accordance with the guidelines of the Canadian Council on 

Animal Care.  

 
 

In Vivo MRI Acquisition 

 

Mice were anesthetized with an induction dose of 4-5% sevoflurane and secured in an 

MRI-compatible bed.  All MRI studies were performed under 2.5-3% sevoflurane in medical 

air and animals were allowed to breathe spontaneously without mechanical ventilation.  

Respiration rate and body temperature was continuously monitored using an MR-compatible 

system (Small Animal Instruments Inc., Stony Brook, NY) and the temperature was 



87 
 

maintained at 37 ± 0.2
o
C throughout the study using a feedback-regulated warming system 

(Small Animal Instruments Inc., Stony Brook, NY).   

All MR images were obtained from a 7T Bruker Pharmascan system (Bruker Biospin, 

Ettlingen, Germany) using a 28-mm inner-diameter, quadrature volume resonator (RAPID 

MR International, Columbus, OH).  Anatomical images were acquired using a 3D balanced 

Steady-State Free Precession (b-SSFP) sequence with repetition time (TR) = 5.2, echo time 

(TE) = 2.6, flip angle = 30
o
, matrix size = 128×128×64, field-of-view = 1.8×1.8×0.9 cm, 

spatial resolution = 140x140×140 μm, number of phase-cycles = 4, number of averages = 4, 

and acquisition time = 35 minutes.  The phase-cycled images were combined using the sum-

of-squares reconstruction method in order to minimize banding artifacts (Bangerter et al., 

2004). 

 
 

MRI Processing 

 
An unbiased, symmetric, customized template was generated from the 1 and 3.5 

month-of-age anatomical scans from the 23 mice using an iterative process (Lau et al., 2008; 

Fonov et al., 2011).  Prior to template generation, each reconstructed image volume 

underwent image non-uniformity correction using the N3 algorithm (Sled et al., 1998), brain 

masking, and linear spatial normalization utilizing a 12-parameter affine transformation 

(Collins et al., 1994) to map individual images from native coordinate space to reference 

space.  Briefly, the template generation process involved an iterative (coarse-to-fine 

resolution) estimation of the nonlinear transformation to match each MRI scan to the evolving 

average of the population.  The final anatomical template (population average) was generated 

with an isotropic voxel resolution of 0.06 mm.  This customized template was parcellated into 

an atlas, including the following neocortical regions:  anterior cingulate cortex, auditory 

cortex, barrel cortex, entorhinal cortex, frontal cortex, insula, motor cortex, perirhinal cortex, 
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posterior cingulate cortex, retrosplenial cortex, somatosensory cortex 1, somatosensory cortex 

2, and visual cortex, using the Montreal Neurological Institute (MNI) DISPLAY software 

package (http://www.bic.mni.mcgill.ca).  The labels for these cerebral cortical regions were 

projected onto a standardized cortical surface template for surface-based region-of-interest 

(ROI) analysis (Fig. 1B).   

For cortical thickness measurements, the cortical mask with inside, outside, 

interhemispheric, and resistive boundaries was nonlinearly aligned with each subject using the 

template-to-subject transformation.  Streamlines running from the inner to outer boundaries of 

the cortex were defined using Laplace’s equation and their length was used as the measure of 

cortical thickness (Lerch et al., 2008).  The mean cortical thickness was computed from an 

intermediate surface for each of the pre-defined ROIs from the spatially normalized thickness 

maps.  Whole cortical volume was also computed from the transformed cortical mask for each 

subject. 

 

Immunohistochemistry 

The cohort of aged mice were deeply anesthetized with urethane (1 g/kg) and 

exsanguinated via transcardiac perfusion with phosphate-buffered saline (PBS), 

followed by transcardiac infusion of 50 mL of 10% neutral-buffered formalin.  Following 

perfusion, the brains were extracted and immersion-fixed in 10% neutral-buffered 

formalin for 72 hours.  The brains were dehydrated through graded ethanol and xylene, 

and infiltrated with paraffin wax.  The whole brains were oriented and embedded in 

paraffin blocks.  Each block was sectioned from olfactory bulb through brainstem (5 μm 

thickness/section, 120 sections/brain, inter-section distance = 100 μm) onto positively-

charged glass slides.  

For IHC, the slides were manually de-paraffinized and re-hydrated, incubated in an 

80% formic acid epitope-retrieval solution for 5 minutes, and washed twice in deionized 

http://www.bic.mni.mcgill.ca/
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H2O.  All IHC studies were performed at room temperature on a Lab Vision 360 

Autostainer (Fisher Scientific, Toronto, ON, Canada).  The slides were stained using the 

REVEAL Polyvalent HRP-AEC detection system (Spring Bioscience, Pleasanton, CA).  

Briefly, slides were sequentially incubated with hydrogen peroxide for 10 minutes to 

quench endogenous peroxidase, followed by 10 minutes in Protein Block, then 90 

minutes in the 4G8 primary antibody (1:5000 dilution; Covance, Princeton, NJ).  The 

primary antibody binding was amplified using Complement (20 minutes), HRP-

Conjugate (30 minutes), and visualized using AEC Single Solution (10 minutes).  All 

sections were counterstained with Acid Blue 129 (Sigma-Aldrich, St. Louis, MO) and 

mounted with aqueous mounting medium (Zehntner et al., 2008). 

 

qIHC 3D Reconstruction  

 The IHC sections were digitized using a MIRAX Scan 150 whole slide scanner 

(Carl Zeiss, Toronto, ON, Canada).  The MIRAX images were, subsequently, converted to 

the Medical Image NetCDF (MINC) file format.  3D reconstruction of the IHC sections 

was performed using PERMITSTM software (Biospective Inc., Montreal, QC, Canada).  

PERMITSTM employs a multi-step image registration process to generate a 3D qIHC 

volume.  This process includes:  (1) between-section alignment in a coarse-to-fine 

fashion, proceeding from an initial center-of-mass alignment, through affine alignment, 

and then several passes of nonlinear between-section alignment, and (2) registration of 

the resulting 3D volume to the in vivo MRI template using a coarse-to-fine multi-

resolution nonlinear registration process (Chakravarty et al., 2008).  Mapping to the MRI 

template serves to recapitulate the structure of the mouse brain, as well as transform 

the qIHC data to MRI reference coordinate space.   
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 Two-dimensional (2D) qIHC maps were generated for each section using an 

artificial neural network (ANN) classifier (Zijdenbos et al., 2002).  The classifier was 

trained to discriminate between AEC chromogen, Acid Blue 129 counterstain, and 

background.  The same classifier was applied to all sections, in a fully-automated 

manner, to generate unbiased, binarized (chromogen vs. non-chromogen) images (2D 

qIHC maps).  The concatenated transformations derived from the 3D reconstruction 

process were then applied to the 2D qIHC maps to generate 3D qIHC volumes of β-

amyloid burden.  In order to directly compare β-amyloid burden with the surface-based 

cortical thickness measures, the qIHC data was projected to the cortical surface by 

averaging the image intensity along each streamline (derived from the cortical thickness 

analysis) passing through each vertex.  The individual, spatially normalized, qIHC 

volumes were averaged to produce group-mean parametric volumes.  The ROI-based 

qIHC measures were derived utilizing the surface MRI atlas in reference space.   

 

Statistical Analysis 

Statistical analysis was performed using Matlab (Mathworks, Natick, MA, USA) 

and the SurfStat toolbox (http://www.math.mcgill.ca/keith/surfstat) (Worsley et al., 

2009).  ROI-based measures from the left and right hemispheres were combined, and 

quantitative results are expressed as mean ± standard deviation of the effect of interest.  

Linear mixed-effects models using the restricted maximum likelihood (REML) 

estimation method were employed to assess group differences and cross-sectional 

changes (Pinheiro and Bates, 2000).  Specifically, a one-way analysis of variance 

(ANOVA) was employed to assess between-groups differences (Tg vs. WT) at each age 

level (1.5 and 3 months-of-age).  A two-way ANOVA with repeated measures was 

utilized to assess the genotype-by-age interaction.  Post-hoc Student's two-tailed t-tests 

http://www.math.mcgill.ca/keith/surfstat
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were used for group comparisons.  The data was adjusted for multiple comparisons 

using the Bonferroni correction and p < 0.05 was considered significant.      
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Results 

Longitudinal cortical thickness measures from young mice 

 The thickness varied across the regions of the mouse cerebral cortex with thicker 

frontal regions and thinner posterior/inferior regions (Fig. 1A).  A globally decreased 

mean cortical thickness was identified in the 1 month-old Tg mice compared to Young 

WT mice (Fig. 2), while an increased mean cortical thickness was found at 3.5 months-

of-age (Fig. 3).  The ROI-based analysis (Fig. 2) demonstrated that the cerebral cortex 

was significantly thinner in the 1 month-old Tg group relative to the WT group, with the 

exception of the anterior cingulate, entorhinal/perirhinal, frontal, insula, posterior 

cingulate, and retrosplenial cortical regions.  While the anterior cingulate and insula 

demonstrated significant group differences without Bonferroni correction (anterior 

cingulate: puncorrected = 0.029; insula: puncorrected = 0.032), this significance did not survive 

multiple comparisons.  In contrast, the Tg mice had thicker cortex than WT at 3.5 

months-of-age (Fig. 3).  At this age, several regions demonstrated significant group 

differences prior to Bonferroni correction (posterior cingulate cortex: puncorrected = 0.018; 

retrosplenial cortex: puncorrected = 0.009; somatosensory cortex 2: puncorrected = 0.034; visual 

cortex: puncorrected = 0.049; whole cortex: puncorrected = 0.011), but the significance did not 

survive multiple comparisons.  We did not observe significant outliers in any of the 

groups (Fig. 4C).   

 The longitudinal studies revealed stable or increasing cortical thickness in the Tg 

mice, while the WT mice showed decreasing thickness over the 2.5 month observation 

period at the whole cortical and regional levels (Fig. 4 and 5).  The changes in the whole 

cortical volume showed similar behavior to the thickness measures (Fig. 4).  Most 

regions demonstrated significant differences in the age-by-genotype interaction, with 
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the exception of the anterior cingulate (puncorrected = 0.014) and posterior cingulate 

(puncorrected = 0.139). 

 

 

β-amyloid 3D qIHC volumes and regional measures from aged mice 

Representative, digitized 4G8 IHC-stained tissue sections from an individual 

mouse brain are shown in Fig. 6.  The high level of contrast between the red-brown AEC 

chromogen and the Acid Blue 129 counterstain, as well as the heterogeneous 

distribution of the β-amyloid deposits across cortical regions, can be readily appreciated 

on these sections.  Orthogonal views of the group-average 3D qIHC volume from all 13 

aged Tg mice are shown in Fig. 7.  High levels of deposited β-amyloid are readily 

apparent in the entorhinal cortex, posterior cingulate/retrosplenial cortex, and 

hippocampus.  The surface-projected qIHC data is provided in Fig. 8.  The regional 

heterogeneity of β-amyloid deposition, as well as an anterior-to-posterior gradient, can 

clearly be seen in this figure.  The β-amyloid burden (expressed as % volume occupied) 

for each of the cortical ROIs is provided in Fig. 9.           

 

Relationship between early cortical thickness changes and late β-amyloid deposition  

The regional difference between change in thickness over 2.5 months in young Tg 

relative to WT mice (i.e. difference between slopes) showed a strong negative 

association with regional β-amyloid burden in aged mice (r = 0.75, p = 0.003) (Fig. 10).  

A caveat associated with this analysis is that the observations are spatially correlated 

with respect to the β-amyloid burden.  As such, the significance could potentially be 

inflated.  Nevertheless, a clear relationship is evident between the thickness and β-

amyloid measures.  The anterior/posterior cingulate and retrosplenial cortex 
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demonstrated little change over time in both genotypes.  These regions also did not 

show any significant differences in cortical thickness between genotypes at 1 month-of-

age (Fig. 2).  The β-amyloid burden was found to be highest in these regions.  The 

entorhinal cortex and frontal cortical regions demonstrated similar behavior.  

Conversely, many of the sensory regions showed a substantial groupwise difference in 

cortical thickness change over the 2.5 months.  In these regions, the thickness increased 

in the Tg mice, while decreasing in the WT animals.  These regions had relatively low β-

amyloid burdens in aged mice (Fig. 9).  Interestingly, the general pattern of β-amyloid 

burden (Fig. 8) also appeared to be inversely related to that of the baseline cortical 

thickness (Fig. 1A).               
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Discussion 
In this work, we have explored the relationship between early (pre-plaque) 

structural MRI alterations and late-stage β-amyloid load in a mouse model of AD.  We 

have employed a novel, automated, production-level method to co-register in vivo MRI 

and post-mortem qIHC volumes, which allowed us to utilize a common coordinate space 

and neuroanatomical atlas to perform a strict correlation between cortical thickness and 

β-amyloid burden.  Using this approach, we identified a strong relationship between 

early-stage changes in regional cortical thickness and later β-amyloid deposition.   

The cortical thickness in the posterior cingulate/retrosplenial, 

entorhinal/perirhinal, and frontal regions in one month-old Tg mice was similar to or 

had a tendency to be thicker than that of the age-matched WT mice, and these regions 

did not show substantial differences in temporal evolution between the genotypes.  The 

β-amyloid plaque burden was highest in these same regions in the aged mice.  These 

regions correspond to nodes of the default-mode network (DMN) in the human brain.  

The DMN has been associated with elevated β-amyloid levels, possibly resulting from 

high constitutive activity, and cortical thinning has been observed in DMN regions in 

amyloid-positive, clinically-normal human subjects (Buckner et al., 2009; Becker et al., 

2011).   

In contrast to the DMN-associated regions, the sensory regions in our study were 

associated with lower levels of β-amyloid deposits.  In these areas, the cortex was 

thinner in Tg compared to WT mice at 1 month-of-age, but increased over the ensuing 

2.5 months in the Tg group, while decreasing in the WT group.  The underlying cellular 

processes driving these macroscopic structural changes are currently unknown and 

further investigation is certainly warranted.  Possible mechanisms for the increased 

cortical thickness in the 3 month-old Tg mice could include neuronal hypertrophy 
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(Riudavets et al., 2007; Iacono et al., 2008; Iacono et al., 2009) and/or astrogliosis 

(Beach et al., 1989).  Using human autopsy material from the Baltimore Longitudinal 

Study of Aging, Riudavets et al. (2007) and Iacono et al. (2008) observed neuronal 

hypertrophy in the cerebral cortex and hippocampus in asymptomatic AD subjects 

compared with normal control and cognitively-impaired subjects.  This observation was 

replicated in the Nun Study (Iacono et al., 2009).  These investigators postulated that 

neuronal hypertrophy may constitute an early cellular response to AD pathology and/or 

reflect compensatory mechanisms that prevent cognitive impairment despite 

substantial AD-associated pathological changes.  The distinct temporal changes in 

cortical architecture between Tg and WT mice could also be potentially explained by 

differences in neuronal and/or non-neuronal (e.g. glial) remodeling during early life. 

The negative correlation between regional thickness change and β-amyloid was 

an unexpected finding.  While the basis of this observation currently remains 

unexplained, our group is actively investigating the cellular processes underpinning this 

intriguing relationship.  One potential mechanism that could account for this negative 

correlation, as well as the apparent differences between DMN-associated and sensory 

regions, is the existence of distinct temporal profiles.  It is possible that the DMN-

associated regions demonstrate similar morphological changes to the sensory regions 

(i.e. early hypertrophy), but these alterations have already occurred prior to one month-

of-age.  These structural changes may have taken place after birth or during early 

development given that the PDGF-β promoter, which drives the APP expression in the 

mouse model employed in this study, is active in neurons of the mouse brain during the 

mid-to-late stages of embryogenesis (Hutchins and Jefferson, 1992).  As such, our “early” 

timepoint may not have been sufficiently early to capture this process and this potential 

caveat should be taken into account in the interpretation of our data.  Unfortunately, it is 
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difficult to perform cortical thickness measurements on mice younger than one month-

of-age due to the suboptimal gray matter-white matter contrast on anatomical MRI 

scans.   

It is plausible that high levels of soluble β-amyloid may be responsible for the 

early structural changes.  Bero et al. (2011) established a correspondence between 

regional ISF levels of soluble amyloid and later plaque density.  Based on such a 

relationship, our data would then suggest that the highest levels of soluble amyloid are 

present in the DMN-associated regions, thereby driving spatio-temporal pattern of 

structural alterations which we observed.    

Bero et al. (2012) performed an elegant study to correlate regional bilateral 

functional correlation, determined by functional connectivity optical intrinsic signal 

(fcOIS) imaging, with β-amyloid burden from IHC studies.  This group determined that 

both bilateral functional correlation and age-related decline in functional correlation in 

young APP/PS1 mice was indicative of subsequent regional β-amyloid deposition.  

Interestingly, the region that showed the greatest abnormality in functional correlation 

was the retrosplenial cortex.  Badea et al. (2010) identified local/regional alterations in 

brain volumes of young Tg APP mice by deformation-based morphometry (DBM), and 

established a qualitative correspondence with later appearance of amyloid plaques.  

Taken together, the studies by Bero et al. (2012), Badea et al. (2010), and our group 

suggest that early region-specific structural and functional disruptions are tightly linked 

with β-amyloid. 

We found that the changes in cortical thickness which correlated with amyloid 

load were more readily apparent at the regional rather than local (i.e. vertex) level.  A 

plausible explanation for this observation is that the exact locations of β-amyloid 

deposition and the downstream effects related to the soluble and fibrillar forms β-
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amyloid (e.g. structural alterations) may be spatially distinct.  Meyer-Luehmann et al. 

(2003) suggested that soluble β-amyloid aggregates may diffuse over considerable 

distances in the extracellular space and affect neuronal processes away from the site of 

production.  Badea et al. (2010) demonstrated that structural MRI changes and eventual 

β-amyloid deposition can even occur in brain regions which are remote from the sites of 

APP overexpression, presumably through transsynaptic spread via afferent connections, 

which is supported by recent work by Harris et al. (2010).                 

 The findings from our study indicate that amyloid-associated effects on cerebral 

cortical morphometry occur in advance of fibrillar peptide deposition.  The remarkably 

similar functional derangements observed by Bero and colleagues (2012) using fcOIS 

warrant future studies to further explore the relationship between structural and 

functional measures in AD mouse models, which can readily be performed using MRI.  

Given the translational nature of MRI, long-term, longitudinal, natural history imaging 

studies, initiated well before the appearance of plaques and cognitive changes, may 

reveal similar observations in human subjects.  In fact, Dickerson and Wolk (2012) have 

recently identified an early “cortical signature” of impending AD pathology based on 

cortical thickness measures derived from MRI data from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI).  As such, MRI-based assessment of cortical thickness 

may represent a powerful imaging biomarker and facilitate the potential for disease 

modification at the earliest stages. 
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Figures  

 

 

Figure 1  Superior and lateral views of the WT group average (n=13) thickness across 

the cerebral cortex (A), and the parcellated cortical surface atlas (B).  
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Figure 2  Regional MRI cortical thickness measures from 1 month-old Tg and WT mouse 

groups.  Note that the whole cortex and the majority of regions demonstrated a thinner 

cortex in Tg mice compared to age-matched WT mice.  * indicates p < 0.05.
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Figure 3  Regional MRI cortical thickness measures from 3.5 month-old Tg and WT 

mouse groups.  Note that the whole cortex and the majority of regions demonstrated a 

thicker cortex in Tg mice compared to age-matched WT mice.  * indicates p < 0.05.
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Figure 4  Whole cortex thickness (A) and volume (B) changes (relative to the 1 month-

old mouse group) over 2.5 months in Tg and WT mice, and (C) whole cortex thickness 

data for the individual mice.  The Tg mice showed increasing whole cortical thickness 

and volume in the Tg mice, while the WT mice showed decreasing thickness and volume.  

Note that there are not any significant outliers (C).  * indicates p < 0.05.
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Figure 5  Regional cortical thickness change (relative to 1 month-old mouse group) over 

2.5 months in Tg and WT mice.  The Tg mice generally had stable or increasing regional 

cortical thickness in the Tg mice, while the WT mice showed decreasing thickness.  * 

indicates p < 0.05.
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Figure 6  Representative coronal sections of the original 4G8 IHC spanning the cerebral 

cortex.  Note the excellent contrast between the red-brown AEC chromogen and the Acid 

Blue 129 counterstain, as well as the regional heterogeneity of β-amyloid deposition.



114 
 

 

 

Figure 7  Representative orthogonal views (axial, sagittal, and coronal, left-to-right, 

respectively) of the group-average β-amyloid 3D qIHC volume from aged mice (n=13) 

superimposed on the anatomical MRI template.  High levels of deposited β-amyloid are 

apparent in the posterior cingulate/retrosplenial cortex, entorhinal cortex, and 

hippocampus.  
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Figure 8  Representative views of the surface-projected β-amyloid qIHC data.  
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Figure 9  β-amyloid burden (% volume occupied) for each of the cortical ROIs.  * 

indicates p < 0.05.     
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Figure 10  Regional β-amyloid burden plotted against regional differences 

between cortical thickness changes in Tg and WT mice (r = 0.75, p = 0.003). 

.
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Preface to Chapter 9 

In the paper presented in Chapter 7, we used ASL MRI to assess CBF. 

However, the assessed changes were at the capillary/tissue level.  In AD 

brains, amyloid peptides deposit on the walls of arteries and arterioles, 

known as CAA.  Since arterial pathology is common in AD, we sought to 

investigate cerebrovascular alterations at the arterial level.  The paper that 

follows has been submitted to The Journal of Cerebral Blood Flow and 

Metabolism and we are currently awaiting reviewer remarks.  As such, the 

manuscript may not be published as presented here.  

 

Contributions of Authors 
The following manuscript is entitled “Compromised arterial function in a 

mouse model of Alzheimer’s disease”.  I, Marilyn Grand’Maison (MGM), am first 

author, with co-authors François Hébert (FH), Ming-Kai Ho (MKH), Edith 

Hamel (EH) and Barry J. Bedell (BJB).  This project was supervised and 

funded by BJB.  EH provided the necessary transgenic animals as a 

collaborator at the Montreal Neurological Institute.  BJB wrote the MRI 

sequence employed for arterial image acquisition.  MKH and I coordinated 

the project.  FH, BJB, and I developed the image processing for the arterial 

images.  I performed the statistical analysis.  BJB and I wrote the manuscript, 

and BJB is the corresponding author
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Abstract 

Arterial spin labeling (ASL) perfusion magnetic resonance imaging (MRI) has 

demonstrated abnormal cerebral blood flow (CBF) in Alzheimer’s disease 

(AD) patients and murine models of AD.  It is well-recognized that cerebral 

arteries undergo microstructural changes in AD, including deposition of β–

amyloid, i.e. cerebral amyloid angiopathy (CAA).  While conventional ASL MRI 

is used to study cerebrovascular dynamics at the capillary/tissue level, it 

does not provide specific information about the cerebral arteries.  In order to 

assess arterial dysfunction in a mouse model of AD, we have employed a 

novel, non-invasive, quantitative approach based on in vivo 3D MRI data.  We 

identified statistically significant differences in arterial function between 

19.5 month-old mutant human amyloid precursor protein (APP) transgenic 

and age-matched wild-type mice in the vascular supply to several regions, 

including the cingulate cortex, retrosplenial cortex, and parieto-temporal-

occipital lobe.  The arterial supply to these particular regions demonstrated 

extensive vascular β-amyloid deposits by immunohistochemistry (IHC).  

Significant genotype-related differences were not observed in the proximal, 

large cerebral arteries (e.g. internal carotid, basilar), indicating the existence 

of loco-regional alterations.  The compromised, regional arterial function 

identified in this study warrants further investigation into the relationship 

between arterial physiology and AD-related, pathological cellular and 

molecular processes.                       

[198 words] 

 

Keywords 

Magnetic resonance imaging, Alzheimer’s disease, arterial dysfunction, 

transgenic mouse model, amyloid precursor protein
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Introduction 

  

Compromised cerebrovascular function is recognized as an important 

process in the pathophysiology of Alzheimer’s disease (AD)(1).  The advent of 

non-invasive imaging techniques, such as arterial spin labeling (ASL) 

perfusion magnetic resonance imaging (MRI), has facilitated the evaluation of 

vascular function in AD patients.  Recently, regional cerebral hypoperfusion 

has been suggested to be an early imaging biomarker for AD(2) and large-

scale, multi-center research studies using ASL MRI, such as ADNI-2, are 

currently underway.  Cortical hypoperfusion has also been observed in 

mutant amyloid precursor protein (APP) transgenic mice by ASL MRI(3,4,5,6).     

Imaging of cerebrovascular function, however, is still a field in its 

infancy.  While ASL perfusion MRI provides information regarding cerebral 

blood flow (CBF) primarily at the capillary/tissue level, other parts of the 

vascular tree have been implicated in AD.  Several groups have demonstrated 

abnormalities of the arterial tree using magnetic resonance angiography 

(MRA) studies of animal models of AD.  Beckmann et al.(7) demonstrated 

morphological and architectural disturbances of the cerebral arteries in 

APP23 mice by corrosion casts, while El Tannir El Tayara et al.(8) identified 

arterial abnormalities by qualitative review of MR angiograms from APP/PS1 

mice.  Lemieux et al.(9) found decreased diameters of specific arteries on MR 

angiograms in cholesterol-fed rabbits with cortical β-amyloid accumulation.  

Weller et al.(10) have suggested that one route of β-amyloid clearance from 

the brain is along capillary and arterial perivascular pathways, and that 
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cerebral amyloid angiopathy (CAA) is associated with failure of perivascular 

elimination.  Biochemical studies support this proposed route and have 

identified the presence of β-amyloid in the walls of middle cerebral and 

basilar arteries(11).   

 The interrogation of AD-related arterial dysfunction is facilitated by 

the study of transgenic (Tg) murine models with targeted expression of 

mutant APP genes.  These mouse models recapitulate many of the cognitive 

and neuropathological features of AD, and high-resolution images from the 

brains of these mice can be obtained with dedicated, high-field, small animal 

MRI systems.  The major advantages of MRI over other methods to study 

cerebrovascular function include:  (1) non-invasive data acquisition allowing 

for longitudinal studies, (2) assessment of the entire vascular tree, rather 

than focal regions of the cortical surface, and (3) improved translatability to 

human studies.   

In this work, we sought to examine the spatial pattern of arterial 

dysfunction in a well-established mouse model of AD by in vivo MRI.  We 

have employed a novel, 3D whole brain MRI acquisition technique and fully-

automated image processing/analysis methods to derive objective, 

quantitative, regional measures of arterial function.  We have identified 

significant arterial dysfunction in several brain regions, including the 

posterior cingulate/retrosplenial cortex and hippocampus, which also show 

extensive vascular β-amyloid pathology by immunohistochemistry (IHC) 

studies in aged mice.  We anticipate that the unique observations from this 
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neuroimaging study will provide further insights into the role of altered 

cerebrovascular function in the pathogenesis of AD.   
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Materials and Methods 
 

Animals 

Heterozygous transgenic mice with neuronal overexpression of the Swedish 

(670/671KM→NL) and Indiana (717V→F) mutations of human APP driven by the 

platelet-derived growth factor β (PDGF-β) promoter on a C57BL/6J 

background (line J20)(12,13) were used for these studies.  This model has been 

well-characterized for amyloidosis(12), cognitive/behavioral impairments(14), 

and cerebrovascular dysfunction(13).  Aged Tg (19.4 ± 0.5 months; n = 14 [6 

male, 8 female]) and WT mice (19.5 ± 0.6 months; n = 15 [9 male, 6 female]) 

were used for this study.  Mice were housed under a 12-hour light:12-hour 

dark schedule, and fed standard laboratory chow and water ad libitum.  

Experiments were approved by the Animal Ethics Committee of the Montreal 

Neurological Institute and McGill University, and were conducted in 

accordance with the guidelines of the Canadian Council on Animal Care.  

 

Physiological Studies 

A cohort of Tg (n=5) and WT (n=5) animals underwent physiological studies 

in order to ensure that MRI observations were not a consequence of systemic 

differences between genotypes.  The mice had a catheter line placed in the 

femoral artery to provide access for arterial blood sampling.  Briefly, arterial 

cannulation was performed by resection of the skin of the thigh and exposure 

of the femoral artery.  Under the operating microscope, the femoral artery 

was isolated and a catheter was inserted and secured using silk sutures.  
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During the entire procedure animals were monitored for rectal temperature 

and respiration (Small Animal Instruments Inc., Stony Brook, NY), as well as 

mean blood pressure (CODA™ Blood Pressure Monitor, Kent Scientific 

Corporation, Torrington, CT).  During surgical preparation, anesthesia was 

maintained at 4% sevoflurane in medical air.  Once the arterial line was 

established, the animals were allowed to stabilize for 15 minutes under 3% 

sevoflurane in medical air.  The temperature was maintained at 37 ± 0.2oC 

using a feedback-regulated warming system (Small Animal Instruments Inc., 

Stony Brook, NY).  The first blood sample was removed at this time point.  

Blood samples (one drop, ~30μL) were withdrawn from the arterial catheter 

and blood gasses were immediately measured using an i-STAT cartridge 

blood gas monitor (Abbott Laboratories, Mississauga, Canada).  The arterial 

line was then cleared with warmed, heparinized saline in order to maintain 

the patency of the catheter, and anesthesia was continued.  Blood samples 

were re-obtained 85 minutes later.  

 

In Vivo MRI Acquisition 

Mice were anesthetized with an induction dose of 4-5% sevoflurane and secured 

in an MRI-compatible bed.  All MRI studies were performed under ~2.5-3% 

sevoflurane in medical air and animals were allowed to breathe spontaneously 

without mechanical ventilation.  Respiration rate and body temperature was 

continuously monitored using an MR-compatible system (Small Animal 

Instruments Inc., Stony Brook, NY) and the temperature was maintained at 37 ± 
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0.2
o
C throughout the study using a feedback-regulated warming system (Small 

Animal Instruments Inc., Stony Brook, NY).   

All MR images were obtained from a 7T Bruker Pharmascan system 

(Bruker Biospin, Ettlingen, Germany) using a 28-mm inner-diameter, quadrature 

volume resonator (RAPID MR International, Columbus, OH).  3D “arteriograms” 

were acquired with a novel approach which involved the acquisition of two, 

interleaved imaging volumes, specifically (1) a conventional 3D time-of-flight 

(TOF) (“bright blood”) image volume, and (2) a “dark blood” image volume 

using the same acquisition parameters, but with suppression of the signal from 

inflowing blood achieved via saturation RF pulses.  The pulse sequence utilized 

the following parameters: matrix size = 128×128×64, FOV = 1.8×1.8×0.9 cm, 

spatial resolution = 140×140×280 μm (L-R x S-I x A-P), excitation flip angle = 

30
o
, TR = 60 ms, TE = 1.8 ms, 4 averaged bright/dark blood pairs, and acquisition 

time = 35 minutes. 

 

MRI Processing 

An unbiased, symmetric, customized template was generated from the bright 

blood scans from the entire study population using an iterative process
(15,16)

.  Prior 

to template generation, each reconstructed image volume underwent brain 

masking and linear spatial normalization utilizing a 12-parameter affine 

transformation
(17)

 to map individual images from native coordinate space to 

reference space.  Briefly, the template generation process involved an iterative 

(coarse-to-fine resolution) estimation of the nonlinear transformation to match 

each MRI scan to the evolving average of the population.  The final anatomical 
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template (population average) was generated with an isotropic voxel resolution of 

0.06 mm (Figure 1).  This customized template was parcellated into an atlas 

consisting of 10 ROIs using the Montreal Neurological Institute (MNI) DISPLAY 

software package (http://www.bic.mni.mcgill.ca/software).  The specific ROIs 

consisted of:  (1) basilar artery, (2) cingulate cortex, (3) entorhinal/perirhinal 

cortex, (4) frontal cortex, (5) hippocampus, (6) internal carotid artery, (7) lateral 

frontal lobe, (8) parieto-temporal occipital lobe, (9) piriform cortex, (10) 

pterygopalatine artery, and (11) retrosplenial cortex (Supplemental Figure 1).   

  The bright and dark blood images from each animal were spatially 

normalized to the anatomical template (reference space) via linear and nonlinear 

registration
(15)

.  The percent difference between bright and dark blood scans was 

computed, yielding a measure (the “arterial index”) proportional to arterial blood 

flow.  This map was subsequently thresholded with a constant value across 

animals in order to minimize residual background (i.e. non-arterial) signal prior to 

ROI-based analysis.  Representative views of the group-average (Tg + WT) 

arterial index map are shown in Figure 1.  Note the excellent definition of the 

azygos pericallosal artery and its branches in the sagittal view.  The penetrating 

cortical arteries can be readily visualized in the coronal view.     

 

        

Immunohistochemistry 

Mice were deeply anesthetized with urethane (1 g/kg) and exsanguinated via 

transcardiac perfusion with phosphate-buffered saline (PBS), followed by 

http://www.bic.mni.mcgill.ca/software
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transcardiac infusion of 50 mL of 10% neutral-buffered formalin.  Following 

perfusion, the brains were extracted and immersion-fixed in 10% neutral-buffered 

formalin for 72 hours.  The brains were dehydrated through graded ethanol and 

xylene, and infiltrated with paraffin wax.  The whole brains were oriented and 

embedded in paraffin blocks.  The tissue sections (5 μm thick) were cut onto 

positively-charged glass slides.  

For IHC, the slides were manually de-paraffinized and re-hydrated, 

incubated in an 80% formic acid epitope-retrieval solution for 5 minutes, and 

washed twice in deionized H2O.  All IHC studies were performed at room 

temperature on a Lab Vision 360 Autostainer (Fisher Scientific, Toronto, ON, 

Canada).  The slides were stained using the REVEAL Polyvalent HRP-AEC 

detection system (Spring Bioscience, Pleasanton, CA).  Briefly, slides were 

incubated sequentially with hydrogen peroxide for 10 minutes to quench 

endogenous peroxidase, followed by 10 minutes in Protein Block, then 90 

minutes in the 4G8 primary antibody (1:5000 dilution; Covance, Princeton, 

NJ).  Primary antibody binding was amplified using Complement (20 

minutes), HRP-Conjugate (30 minutes), and visualized using AEC Single 

Solution (10 minutes).  All sections were counterstained with Acid Blue 129 

(Sigma-Aldrich, St. Louis, MO) and mounted with aqueous mounting 

medium(18).  The IHC sections were digitized using a MIRAX Scan 150 whole 

slide scanner (Carl Zeiss, Toronto, ON, Canada).  Immunostained sections 

were reviewed by a pathologist (B.J.B.). 
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Statistical Analysis 

Two-tailed Student’s t-test was employed to assess between-group 

differences (Tg vs. WT).  The MRI ROI-based data was adjusted for multiple 

comparisons using the Bonferroni correction, and P-values less than 0.05 

were considered significant.  Statistical analysis was performed using Prism 

(GraphPad, La Jolla, CA).     
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Results 
The physiological measurements are summarized in Table 1.  No significant 

differences were observed between sevoflurane-anesthetized Tg and WT 

mice for any of these parameters. 

The Tg mice demonstrated reduced arterial indices in several brain 

regions.  Compromised function can be appreciated in the arteries supplying 

the hippocampus, as well as in the branches of the azygos pericallosal artery 

(Figure 2).  The ROI-based analysis (Figure 3) revealed significant group 

differences in the cingulate cortex (Pcorrected = 0.005), parieto-temporal-

occipital lobe (Pcorrected = 0.014), and retrosplenial cortex (Pcorrected = 0.001).  

The significance in the frontal cortex (Puncorrected = 0.007), lateral frontal lobe 

(Puncorrected = 0.011), and hippocampus (Puncorrected = 0.01) did not survive 

multiple comparisons.  Significant group differences in the major arterial 

supply to the brain, namely the internal carotid and basilar arteries, were not 

observed.  The pterygopalatine artery (PPA) is an extracerebral branch of the 

carotid artery, and, as such, was expected to serve as an appropriate control 

between genotypes given the presumably low predisposition for amyloid-

related pathology.  Although a slightly higher arterial index was noted in the 

PPA of the Tg mice, this difference was not significant. 

The β-amyloid IHC staining demonstrated substantial vascular 

amyloid pathology in small arteries/arterioles throughout the brain.  

Extensive deposition was identified in the walls of the azygos pericallosal 

artery and its branches, as well as in the small arteries supplying the 
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hippocampus, while variable degrees of staining was observed in the arterial 

supply to other cortical regions (Figure 4).  No staining was observed in the 

internal carotid, basilar, and pterygopalatine arteries.  As such, there 

appeared to be a relationship between vessels with reduced arterial indices 

and heavy amyloid burden.     
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Discussion 

In this study, we have explored the spatial pattern of arterial function in APP 

Tg and age-matched WT mice using a novel, non-invasive, MRI-based 

approach.  The most significant dysfunction was observed in the regions 

supplied by the azygos pericallosal artery, including the cingulate and 

retrosplenial cortical regions.  These regions are amongst the first brain 

regions to demonstrate β-amyloid deposits in this mouse model.  The 

posterior cingulate cortex has been shown to demonstrate glucose 

hypometabolism in Tg APP mice(19, 20, 21), as well as 

hypometabolism/hypoperfusion in human AD studie(22,23).  Given that the 

major cerebral arteries (e.g. internal carotid, middle cerebral) and the 

physiological measurements did not demonstrate any significant differences 

between genotypes, our data supports the existence loco-regional (i.e. 

segmental) arterial abnormalities.      

 The observed compromised regional arterial function may be related 

to local concentrations of soluble and insoluble β-amyloid.  Buckner et al.(24) 

found that amyloid deposition, identified by [11C]PIB PET imaging, 

correlated with atrophy and hypometabolism in parts of the default-mode 

network (DMN), which includes the posterior cingulate cortex.  Bero et al.(25) 

have elegantly demonstrated, by in vivo microdialysis, that interstitial fluid 

(ISF) β-amyloid is related to synaptic activity and predicts region-specific 

plaque deposition in Tg2576 mice.  The high intrinsic activity of the posterior 
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cingulate/retrosplenial regions(26) may support the early and progressive 

changes observed in this particular region in our study.  

 It has been well-documented that the cerebrovasculature undergoes a 

range of microstructural and functional changes in AD(1).  Christie et al.(27) 

identified an age-dependent disruption of smooth muscle cells in 

leptomeningeal vessels affected by β-amyloid, which interfered with the 

ability of the vessel to respond to vasodilators.  Alterations in smooth muscle 

actin (SMA) and collagen I, III, and IV have been identified in arterioles from 

AD brains, which may potentially contribute to arterial dysfunction(28,29,30).  

Tong et al.(13) demonstrated increased expression of nitrotyrosine, reflecting 

nitrosative/oxidative stress, in cerebral vessels in transgenic mouse brain 

tissue.  In order to study AD-associated arterial dysfunction, Han et al.(31) 

utilized in vivo digital video microscopy of leptomeningeal vessels and 

demonstrated that soluble β-amyloid is a major contributor to age-

dependent cerebrovascular dysfunction in Tg2576 mice.  Our demonstration 

of regional alterations in arterial function in APP Tg mice further supports 

the importance of amyloid-related cerebrovascular dysfunction.      

 We observed an interesting, albeit non-statistically significant, trend 

of an increased arterial index in the pterygopalatine artery of the Tg group.  

The pterygopalatine artery is known to provide collateral supply to the 

rodent brain, including the cingulate/retrosplenial cortex(32,33).  This supply 

may increase in Tg mice where the primary local arterial flow is 

compromised as a function of β-amyloid induced vascular dysfunction.  
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Future studies could assess the impact of collateral circulation on regional 

cerebral blood flow/volume by occlusion of the source(s) of collateral supply.  

A potential confounding factor in this study is the use of anesthesia 

during MRI scanning.  Volatile anesthetic agents are vasodilators and 

increased CBF has been demonstrated in rats under isoflurane(34).  Lenz et 

al.(35) demonstrated that sevoflurane produces less cerebral blood flow (CBF) 

increase than isoflurane.  Flores et al.(36) determined that sevoflurane is 

preferred for physiologic imaging in mice.  Based on these previous studies 

and our own experience, we performed our studies under sevoflurane.  MRI 

studies of the mouse cerebrovasculature have conventionally been 

performed under anesthesia and it remains unknown at this time if our 

observations are influenced by the anesthetic agent.  While imaging of 

conscious animals may be advantageous for physiological studies, 

minimizing motion is a primary concern for these sensitive scans and is 

challenging in awake mice.  Desai et al.(37) recently reported the feasibility of 

optogenetic fMRI studies in awake mice and Mizuma et al.(38) described PET 

studies in conscious mice.  However, the use of a head-post for 

immobilization, as employed in these studies, is not practical for long-term 

studies and the requirements for customized surface RF coils may limit 

accurate assessment of the non-superficial parts of the arterial tree.  Our 

group is currently investigating non-invasive methods for head restraint 

which will facilitate arterial imaging studies of conscious mice. 
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 ASL MRI studies have revealed cerebral hypoperfusion in APP Tg 

mice(3,4,5,6) and [14C]FDG autoradiography studies have regional glucose 

hypometabolism in these mice(19,20,21).  However, the relationship between 

arterial dysfunction, tissue hypoperfusion, and local hypometabolism in AD 

remain poorly understood.  Multi-modality studies which combine all three 

measures will provide a unique opportunity to interrogate the aberrant 

neurovascular function.  Further, anatomical and functional brain imaging 

studies have identified an apparent dissociation between structural and 

cerebral perfusion measures in normal aging and AD(39,40).  Examination of 

the potential association between regional brain atrophy and arterial 

dysfunction may provide further insight into structural-functional 

relationships in AD. 

 The identification of robust biomarkers (e.g. imaging, fluid, cognitive) 

to identify the earliest stages of AD is an active area of research.  The 

identification of compromised arterial/arteriolar function may serve as an 

indication of disease and the spatial pattern/extent of arterial tree 

involvement could provide staging/prognostic information.  An essential 

future aspect of this work will be to understand the pathological changes 

underlying the functional changes in order to build confidence in this 

imaging measure as a reliable disease biomarker.  We envision that the non-

invasive methods employed in these animal studies can be readily translated 

to human investigations and routinely employed in clinical studies.  Finally, 

while currently available drugs for the treatment of AD provide limited, 
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short-term, symptomatic effects, drug development pipelines are moving 

toward disease-modifying therapies which would slow, reverse, or prevent 

this devastating illness. The development of new therapeutic agents, which 

target AD-associated cerebrovascular disease, is a promising avenue for 

effective treatment of AD.  The use of appropriate biomarkers should serve to 

accelerate this drug discovery and development process.   

 

[3,033 words] 
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Supplementary Information 
Supplementary information is available at the Journal of Cerebral Blood Flow 

& Metabolism website – www.nature.com/jcbfm 
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Figures and Tables 
 

 

Figure 1  Representative coronal and sagittal views of the anatomical 

template and corresponding group-average (Tg + WT; n = 29) arterial index 

map (grayscale and color).  The arrows in (B) identify the azygos pericallosal 

artery.  
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Figure 2  Representative coronal (left) and sagittal (right) views of group-

average arterial index maps for Tg (n=14) and WT (n=15) mice.  The red 

ellipses highlight regions with reduced arterial indices in the Tg mice. 
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Figure 3  ROI-based arterial index measures from Tg and WT mouse groups.  

* indicates P < 0.05.
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Figure 4  Maximum intensity projections (MIPs) of MRI data and β-amyloid IHC 

staining (insets) from representative ROIs.
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Table 1  Summary of physiological measurement from Tg and WT mice.  All 

values represent mean ± s.c.  No significant differences were observed 

between groups.  

 

 

At 15 min At 100 min 

Genotype pH pCO2 pO2 BP pH pCO2 pO2 BP 

WT 7.35 ± 0.05 31.9 ± 3.3 92 ± 5 91 ± 6 7.32 ± 0.06 31.5 ± 2.0 91 ± 5 88 ± 4 

Tg 7.38 ± 0.05 32.8 ± 3.8 90 ± 4 88 ± 9 7.35 ± 0.06 31.0 ± 2.0 90 ± 4 87 ± 9 

 

Table 1  Summary of physiological measurement from Tg and WT mice.  All values 

represent mean ± s.d.  No significant differences were observed between groups.  
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Supplementary Figure 1  Representative views of the atlas used for the ROI-

based analysis



153 
 

10. Conclusion 

 We have reported the first non-invasive in vivo structural and perfusion 

MRI study over the lifespan of a well-known AD mouse model.  We identified 

heterogeneous, spatio-temporal patterns of cortical thickness and resting 

perfusion, suggesting asynchronous structural changes and cerebrovascular 

dysfunctions.  Dissociation between cerebrovascular deficits and regional 

atrophy has been reported in AD patients (JJ Chen et al., 2011).  The 

pathological processes underlying cognitive decline have been thought to 

follow a time-dependent transition of hemodynamic deficits and structural 

alterations.  In the early stages of AD, regionally increased and reduced CBF 

can coexist along with characteristic cortical thinning, suggesting the 

independence of structural and perfusion changes (Dai et al., 2009; 

Dickerson et al., 2011).   

 

Surprisingly, we found an increased cortical thickness in the young Tg mice.  

This observation was counterintuitive, given that a specific cortical thinning 

pattern has been reported in AD patients (Dickerson et al., 2009b; Dickerson 

et al., 2011).  Nevertheless, previous studies suggest potential mechanisms to 

explain this finding.  Neuronal hypertrophy may act as an early 

compensatory mechanism against AD-related, disturbed cellular events.  

Increased cortical and hippocampal neuron size has been described in 

cognitively-normal, amyloid-positive subjects relative to MCI and AD patients 

(Riudavets et al., 2007; Iacono et al., 2009).  In addition, hypertrophic 

neurons have been observed in both APPSwe and APPWT mouse models (Oh et 

al., 2009).  Alternatively, APP fragments are known to have a neuroprotective 

effect and trigger neuronal proliferation (Caillé et al., 2004; Chen and Tang, 

2006).  Furthermore, reactive astrocytes are common in AD and, as such, 

might be a contributing factor to the increased cortical thickness (Rodriguez 

et al., 2009; Steele and Robinson, 2012).   
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We identified a profound hypoperfusion in our Tg mouse model, 

corroborating data from previous studies (Weidensteiner et al., 2009; 

Massaad et al., 2010; Faure et al., 2011).  However, by monitoring the 

perfusion over the mouse lifespan, we found a regional cortical CBF increase.  

Evidence of vascular remodeling has been reported in AD patients, and 

increased perfusion may be attributable to long-term angiogenesis (Desai et 

al., 2009). 

 

As such, we have reported novel insights into the spatio-temporal patterns of 

structural and perfusion changes.  Our findings raised questions about the 

underlying cellular mechanisms of the pathology.  Further investigations are 

necessary to untangle the role of the different pathophysiological 

constituents.  The generation of 3D parametric maps of cellular markers 

would provide additional and complementary information resulting of these 

biological processes.  Mapping the spatio-temporal patterns of neuronal, 

astrocytic, and synaptic density would improve our understanding of the 

regional cortical thickness changes.  Furthermore, we could investigate the 

microscopic events leading to perfusion change by generating vascular 

density parametric maps.  

 

We next sought to assess the cortical structure at 1 month-of-age, and to 

follow the subsequent progression in early life.  We found that the cortical 

thickness pattern was different in Tg animals at 1 month-of-age relative to 3 

months-old mice.  At 1 month-of-age, the regional cortical thickness in our Tg 

mouse model was thinner or similar to WT.  Then, cortical thickness 

underwent regional increase in the Tg group, while a general cortical 

thinning was observed in the WT group.  The net effect was a thicker cortex 

in the Tg mice compared to WT mice at 3 months-of-age.  The generation of 

neuronal, astrocytic, and synaptic parametric maps would also provide more 

complete information about cellular events related to early cortical thickness 

changes.   



155 
 

We found that the amyloid deposition pattern in this AD mouse model 

followed an anterior-to-posterior gradient.  The highest level of plaque 

deposits was found in the posterior cingulate/retrosplenial cortex, 

entorhinal cortex, and hippocampus.  Additionally, we identified a strong 

association between aberrant cortical thickness change at young age and 

regional amyloid plaque burden later in life.  Soluble β-amyloid peptide could 

be the factor associating these two parameters.  The areas showing no 

substantial cortical thickness change over time between the two genotypes, 

namely the posterior cingulate, retrosplenial, and entorhinal cortices, are the 

ones with the highest amyloid burden and are core regions of the DMN.  The 

sensory areas underwent the greater cortical thickness changes between the 

two genotypes and were associated with lower Aβ deposition.  The apparent 

negative association between early thickness change and late Aβ measures 

may be explained by distinct temporal patterns.  As such, we postulated that 

the DMN-associated regions experienced morphological changes prior to 1 

month-of-age, and we, therefore, did not capture the complete process.  

Pairing between regional soluble amyloid concentration in the ISF and later 

plaque density has been demonstrated (Bero et al., 2011).  Hence, high 

plaque burden associated with DMN regions suggests high soluble amyloid 

level early in life.  Moreover, Bero et al. determined that early regional 

disruption of functional connectivity in APP/PS1 AD mouse model was 

predictive of later amyloid plaque deposition (Bero et al., 2012).  

 

We proposed a possible relationship between the early cortical thickness 

changes and the amyloid deposition at old age.  In a follow-up study, it would 

be challenging to investigate the possible protective effect of cognitive 

reserve.  Tampellini et al. demonstrated that synaptic activity modulates 

amyloid secretion (Tampellini et al., 2010).  They established that chemically-

reduced synaptic activity has a detrimental effect on synaptic density and 

memory.  Furthermore, Lerch et al. (Lerch et al., 2011) investigated the 

mechanism of mouse brain structural plasticity associated with learning.  
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After a specific maze training on five consecutive days, they reported a 

selective growth in the hippocampus using high-resolution, post-mortem 

MRI.  Since the hippocampus is a well-known affected region in AD, it would 

be interesting to explore the possibility of cognitive rescue by learning-

induced plasticity and evaluate the impact on amyloid deposition.  

 
Finally, we explored neurovascular deficits at the arterial level.  We observed 

compromised arterial function in our AD mouse model.  The major supplying 

arteries did not appear to be affected, while the neuroanatomical territories 

supplied by smaller arteries showed clear arterial deficit.  The regions 

presenting a reduced arterial index were also the areas with the highest CAA.  

This neurovascular dysfunction in old age may result from CAA-related 

vessel narrowing/obstruction combined with the vasoconstrictive effects of 

soluble amyloid (Beckman et al., 2003; Meyer et al., 2008; Han et al., 2008).  

 

The association between arterial dysfunction and CAA was based on a 

qualitative analysis of the arterial deficit and CAA deposition patterns.  The 

development of a segmentation algorithm for accurate quantification of 

vascular amyloid staining would allow for a strict quantitative comparison.  

 
Furthermore, arterial impairment has been observed prior to amyloid 

deposition and may reflect the vasoactive effect of soluble amyloid peptide 

(Han et al., 2008).  Investigations of the arterial deficit in young Tg mice 

could highlight the possible role of soluble amyloid before significant CAA 

burden.  A longitudinal study could highlight the dynamics of the arterial 

dysfunction and detect subtle changes in the vasculature.  
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The work of this thesis provides the foundation for multi-parametric 

assessments of macroscale and microscale changes occurring during the 

neurodegenerative process in AD Tg mouse models.  The non-invasive nature 

of MRI scanning provides substantial benefits for longitudinal studies 

investigating disease-modifying therapies.  Moreover, we further improved 

the characterization of a well-established AD mouse model, validating it as a 

powerful tool to study potential therapeutic agents targeting amyloid-related 

dysfunction.  Studying AD Tg mouse models by in vivo MRI constitutes a 

major advance for translating knowledge from pre-clinical to human studies.  

Early therapeutic interventions are necessary to delay the disease course and 

enhance the quality-of-life of demented patients and their caregivers.  As 

such, a comprehensive understanding of the biological processes related to 

AD cognitive decline is critical for effective therapy. 
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