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Abstract 

Autosomal-dominant mutations in the amyloid precursor protein (APP) gene increase 

the production and aggregation of toxic amyloid-β (Aβ) peptides and cause early-onset 

Alzheimer’s disease (AD).  Noradrenergic cell loss is well documented in AD and has 

been posited to play a role in cognitive symptoms as well as disease progression.  We 

investigated memory and affect, tissue levels of catecholamines, brain-derived 

neurotrophic factor (BDNF) mRNA and bioenergetic homeostasis in TgCRND8 mice 

that express a double mutant (K670N/M671L + V717F) human APP695 transgene.  We 

found that TgCRND8 mice develop object memory impairment and behavioural despair, 

as well as reductions in noradrenaline and BDNF expression in the hippocampus and 

cortex, before the appearance of Aβ plaques.  Animals with more advanced Aβ 

pathology exhibit disruptions in energetic status, along with diminished complex I+III 

activity in the electron transport chain.  To test whether the AD-like phenotypes of 

TgCRND8 mice might be due to altered noradrenergic tone, pre-plaque mice were 

treated with dexefaroxan, an antagonist of presynaptic inhibitory α2-adrenoceptors that 

are highly expressed on both noradrenergic and cholinergic terminals.  Effects of 
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dexefaroxan were compared to those of rivastigmine, a cholinesterase inhibitor.  Both 

dexefaroxan and rivastigmine improved behavioural phenotypes and BDNF expression 

without affecting tissue Aβ load.  Drug treatments also restored complex I+III 

mitochondrial activity and increased ATP levels.  Reductions in noradrenergic tone 

appear to underlie Aβ-induced functional impairment in TgCRND8 mice, in addition to 

BDNF deficits and bioenergetic stress.  These studies suggest that α2-adrenoceptor 

targeting may warrant consideration as a therapeutic strategy in AD.  
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Preface 

 

Alzheimer’s disease (AD) is often characterized as a disorder of progressive cholinergic 

dysfunction.  However, therapies aimed at improving cholinergic transmission have had 

limited success in treating the behavioural and pathological indices of AD.  This may be 

because treatments are initiated outside the therapeutic window of opportunity and/or 

because the noradrenergic system is more severely affected (Zarow et al., 2003).  Loss 

of cortical noradrenergic innervation and its modulatory influences on other transmitters, 

especially the cholinergic system, are implicated in several behavioural symptoms of 

AD, including depression, poor attention and memory impairments (Herrmann et al., 

2004; Marien et al., 2004; Decker and Gallagher, 1987).  Reductions in noradrenaline 

may also hinder the brain’s capacity to fight injuries caused by the toxic amyloid-β (Aβ), 

that accumulates in the disease (reviewed in Marien et al., 2004).  We examined the 

influence of reduced brain noradrenaline in facilitating AD-like phenotypes of TgCRND8 

mice, a genetically engineered robust model of Aβ deposition.     
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1.1   Alzheimer’s Disease 

 

At a meeting in Tübingen, Dr. Alois Alzheimer first presented clinical and histological 

findings from his case study of Auguste D., a middle-aged, female psychiatric patient.  

Auguste was institutionalized in Frankfurt in 1901 and over the next 4 and half years 

had shown progressive deterioration of comprehension and memory, as well as severe 

psychosocial impairments.  At autopsy, Alzheimer noted 2 types of inclusions in her 

brain, which still serve as the cardinal features to definitely diagnose AD.  His lecture 

titled “A characteristic serious disease of the cerebral cortex” was published in 1907.  In 

it, he described intracellular neurofibrillary tangles: “In the center of an otherwise almost 

normal cell there stands out one or several fibrils due to their characteristic thickness 

and peculiar impregnability” and amyloid plaques: “Numerous small miliary foci are 

found in the superior layers.  They are determined by the storage of a peculiar material 

in the cortex” (translated and reprinted in Maurer et al., 1997).  Today, AD is recognized 

as the most common neurodegenerative disorder and type of dementia in the elderly.  

 

1.1.1   Clinical Presentation 

  

AD is thought to begin decades before symptoms are first detected (Price and Morris, 

1999; Braak and Del Tredici, 2011).  Rare autosomal-dominant, inherited cases usually 

develop symptoms before the age of 60, whereas the more common, sporadic cases 

have later onset.  Despite different initial pathways, both inherited and sporadic AD 

exhibit similar cognitive features and pathophysiology.  Thus, studying presymptomatic 

individuals with these causative mutations can provide key insights into the mechanisms 

and treatment of AD (reviewed in Bateman et al., 2011).  Dementia is diagnosed when 

cognitive deficits interfere with daily living, at which point the pathology in AD brains 

may be extensive.  The focus of this thesis is on early stages of disease, during a phase 

of mild cognitive impairment (MCI), and on the transition to dementia.  
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1.1.1.1   Cognition 

 

MCI represents a transitional state between aging and dementia.  Individuals with 

amnestic MCI exhibit clinically significant memory impairment beyond that of normal 

aging and are more likely to progress to a diagnosis of AD dementia.  Cognitive deficits 

in MCI patients are sufficiently mild that they do not interfere with social or occupational 

functioning, and thus do not meet the criteria for dementia (reviewed in Petersen et al., 

1999; Morris et al., 2001; Albert et al., 2011; Petersen, 2011).  For a clinical diagnosis of 

AD, cognitive decline must be progressive.  AD dementia has an insidious onset. 

Disruption of episodic memory is the primary early complaint.  Learning and memory 

deficits are usually accompanied by impairment in other cognitive domains including 

language, visuospatial abilities and executive function (revised clinical criteria by the 

National Institute on Aging and the Alzheimer’s Association in McKhann et al., 2011).  

Longitudinal neuropsychological assessment of patients with MCI and early AD 

dementia suggests anterograde amnesia is followed by semantic and language 

impairments, attention deficits and difficulty in completing complex visuospatial tasks 

(Lambon Ralph et al., 2003).   

 

The staging of psychological deficits reflects the distribution of pathology in typical AD 

brains.  This starts in the medial temporal lobe then spreads to the temporal neocortex, 

frontal and parietal association areas and the basal forebrain (Braak and Braak, 1991; 

reviewed in Serrano-Pozo et al., 2011).  Atrophy of entorhinal cortex, and damage to the 

entorhinal-hippocampal circuitry that relays processed multimodal information to and 

from the neocortex, is highly predictive of conversion from MCI to AD (Chetelat and 

Baron, 2003; von Gunten et al., 2006; Devanand et al., 2007; Harris et al., 2010; 

Gallagher and Koh, 2011; Devanand et al., 2012).  Tests of object recognition and 

visual attention rely heavily on the temporo-parietal cortex.  For this reason, they are 

useful for detecting AD before it progresses to clinical dementia (Viggiano et al., 2008; 

Alegret et al., 2009; Bublak et al., 2011).   
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1.1.1.2   Affect  

 

Dr. Alzheimer’s observations of Auguste included unpredictable behaviour, paranoia 

and auditory hallucinations.  He noted that Auguste presented, “as one of her first 

disease symptoms a strong feeling of jealousy towards her husband” (reprinted in 

Maurer et al., 1997).  Non-cognitive disturbances occur in more than 50% of AD 

patients.  Behavioural symptoms in AD can be grouped into those with psychotic 

features (hallucinations and delusions) and those without.  The latter include apathy, 

depression, agitation and aggression (reviewed in Lanari et al., 2006).   

 

Affective changes are observed early and become more prevalent as the disease 

progresses.  Depression and apathy may emerge prior to the onset of cognitive 

dysfunction, while psychotic behaviours are typically seen at late stages of dementia 

(Cummings, 2000; Bruen et al., 2008; Fernández et al., 2010).  An imbalance in 

cholinergic-monoaminergic transmission may contribute to behavioural disturbances.  

Cholinergic deficits and degeneration of the nucleus basalis can impair corticolimbic 

interactions that regulate mood states (reviewed in Cummings and Kaufer, 1996).  Loss 

of noradrenergic neurons in the locus coeruleus and of their cortical projections are 

associated with depressive and aggressive symptoms in AD (reviewed in Herrmann et 

al., 2004).   

 

1.1.2   Neuropathology 

 

Histopathological hallmarks of the AD brain include extracellular senile plaques, 

intracellular neurofibrillary tangles and the loss of multiple neuronal populations.   
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1.1.2.1   Amyloid Plaques 

 

The principal component of senile plaques, purified and sequenced by Glenner and 

Wong in 1984, is the amyloid-β (Aβ) peptide.  This peptide varies from 38 to 43 amino 

acids in length and assumes multiple assembly states that differ in neurotoxicity.  The 

deposition of Aβ in the AD brain progresses regionally in 5 stages: (1) exclusively in the 

neocortex, (2) expanding into the transentorhinal cortex and CA1 region of the 

hippocampus, (3) into the dentate gyrus of the hippocampus, basal forebrain and the 

rest of the diencephalon, (4) extending through the rest of the hippocampus, striatum 

and brainstem nuclei, (5) to the cerebellum (Thal et al., 2002).  Amyloid plaques are 

categorized as diffuse or dense-cored deposits of Aβ.  Dense-cored plaques contain Aβ 

aggregates at the center of clustered dystrophic neuronal processes (i.e. dendrites or 

axons), hypertrophic astrocytes and activated microglia.  These dense plaques are 

associated with synaptic loss.  Diffuse plaques are non-neuritic amorphous Aβ deposits 

that are not associated with glial inflammation or synaptic loss.  They are often observed 

in brains of the non-demented elderly (reviewed in Serrano-Pozo et al., 2011).  

Dystrophic neurites develop retrogradely from focal Aβ aggregates, which may 

contribute to somatic and dendritic degeneration and to the formation of neurofibrillary 

tangles (Su et al., 1998).  The severity of AD dementia does not correlate well with 

plaque burden, but rather with the concentration of soluble Aβ (Lue et al., 1999; Näslund 

et al., 2000).  

 

1.1.2.2   Neurofibrillary Tangles 

 

Neurofibrillary tangles are intracellular inclusions consisting of hyperphosphorylated tau, 

a microtubule-associated protein.  Tau promotes the assembly and stabilization of 

microtubules in the cytoskeleton.  When tau is abnormally phosphorylated, it detaches 

from microtubules and polymerizes into straight and paired helical filaments that 
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assemble into neurofibrillary tangles.  Tau filaments destabilize the microtubules, 

disrupting axonal transport and causing axonal degeneration (reviewed in Götz et al., 

2004; Ballatore et al., 2007; Alonso et al., 2010).  The degree of neurofibrillary 

pathology in cortical regions correlates well with the severity of dementia.  The 

topographic distribution of tangles spreads in a predictable manner, described in the 

Braak staging for AD-neurofibrillary lesions.  Tangles are first found in transentorhinal 

cortices, spread to entorhinal and hippocampal regions, progress widely to limbic areas 

and finally accumulate in associative cortices (Braak and Braak, 1991; Braak et al., 

2006).   

 

Hyperphosphorylation and filamentous deposits of tau can cause dysfunction and 

degeneration in the absence of Aβ and are observed in several neurodegenerative 

dementing diseases.  Abnormally phosphorylated tau appears to be a common 

mediator of neurodegeneration in response to upstream toxic events in AD and other 

taupathies (reviewed in Ballatore et al., 2007).  In AD, the Aβ accumulation predates tau 

pathology and frank neuronal injury (reviewed in Hardy and Selkoe, 2002).  Exposure to 

Aβ has been shown to induce tau phosphorylation and neurofibrillary tangle formation, 

both in vivo and in vitro (Götz et al. 2001; Lewis et al., 2001; Gamblin et al., 2003; Oddo 

et al., 2003; reviewed in Götz et al. 2004).  Moreover, Aβ immunotherapy has been 

shown to reduce not only Aβ levels but also early tau pathology (Oddo et al., 2004).  

These findings lend credence to the amyloid cascade hypothesis (discussed in section 

2.2), which posits Aβ accumulation to be the primary pathogenic event in AD.  

 

1.1.3   Neurotransmitter System Involvement 

 

Neuronal populations that project to or from regions burdened with plaques are 

especially vulnerable to Aβ toxicity (reviewed in Kar et al., 2004).  The clinical profile of 

AD is related to disturbances in multiple neurotransmitter systems, chief among which is 
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the atrophy of cholinergic and noradrenergic subcortical nuclei and their projections 

(reviewed in Lyness et al., 2003).   

 

1.1.3.1   The Cholinergic Hypothesis 

 

Cholinergic neurons in the basal forebrain project to the cortex and hippocampus.  The 

role of central cholinergic transmission in learning and memory was first advanced by 

Deutsch in 1971, and was soon confirmed pharmacologically by Drachman and 

colleagues who observed that cholinergic blockade impaired while cholinergic 

enhancement improved memory and cognitive performance in humans (Drachman and 

Leavitt, 1974; Drachman, 1977).  Around the same time, researchers began reporting of 

severe presynaptic cholinergic deficits in the hippocampus and cortex of AD brains.  

The evidence presented included: decreased activity of choline acetyltransferase, the 

enzyme responsible for acetylcholine synthesis (Bowen et al., 1976; Davies and 

Maloney, 1976; Perry et al., 1977), reduced choline uptake (Rylett et al., 1983) and 

acetylcholine release (Nilsson et al., 1986), and loss of cholinergic cell bodies in the 

nucleus basalis of Meynert (Whitehouse et al., 1982).  These early studies helped 

establish the cholinergic hypothesis, which posits that the degeneration of basal 

forebrain cholinergic neurons is primarily responsible for cognitive decline in AD (Bartus 

et al., 1982; Bartus, 2000).  In support of this, cholinergic deficits have been found to 

correlate with the severity of dementia and amyloid load (Perry et al., 1978; Wilcock et 

al., 1982).   

 

The cholinergic hypothesis has led to FDA approval of several cholinesterase inhibitors, 

which prevent the catabolism of acetylcholine, for the symptomatic treatment of AD.  

However, therapies aimed at improving cholinergic transmission have had modest 

efficacy in treating behavioural indices of the disease (reviewed in Francis et al., 1999; 

Mesulam et al., 2004; Schliebs and Arendt, 2006; Francis et al., 2010; Contestabile, 

2011).  Cortical cholinergic denervation and cell loss in the nucleus basalis is evident in 

patients with advanced stages of disease, but may not occur in patients with MCI or 
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early stages of AD.  In fact, choline acetyltransferase activity has been found stable or 

even upregulated in the hippocampus and cortex of patients with mild dementia (Davis 

et al., 1999; DeKosky et al., 2002).  These cholinergic alterations may be associated 

with behavioural and psychotic features of AD and could be caused by altered trophic 

factor expression and damage to postsynaptic cholinergic signaling mechanisms 

(reviewed in Mesulam et al., 2004; Francis et al., 2010; Contestabile, 2011).  In sum, it 

is now thought that cholinergic lesions may not play as prominent a role in the 

pathogenesis or clinical manifestations of AD as previously believed.  They are 

nonetheless crucially involved in the progression of the disease.    

 

1.1.3.2   Damage to the Locus Coeruleus Noradrenergic System 

 

Noradrenergic cell bodies in the locus coeruleus are the major source of noradrenaline 

in the brain.  They project widely to the entire cerebral cortex, thalamic nuclei, limbic 

areas and hippocampus, but spare the basal ganglia.  These widespread noradrenergic 

projections regulate dynamic interactions among forebrain networks involved in 

attention, memory and mood (reviewed in Sara 2009).  The anatomical arrangement of 

noradrenergic neurons in the locus coeruleus and its role in cognitive processes are 

discussed in section 2.3.    

 

Forno reported moderate to severe loss of locus coeruleus cells in a majority of pre-

senile AD cases (Forno 1966, 1978).  Since 1980, many researchers have documented 

substantial neuronal losses in the locus coeruleus of AD patients (Mann et al., 1980, 

1982, 1984a,b; Bondareff et al., 1981, 1982; Perry et al., 1981b; Tomlinson et al., 1981; 

Iversen et al., 1983; Marcynuik et al., 1986; Zweig et al., 1988; Chan-Palay and Asan, 

1989; Strong et al., 1991; German et al., 1992; Förstl et al., 1992; Szot et al., 2000; 

Matthews et al., 2002; Grudzien et al., 2007).  The magnitude of locus degeneration in 

AD is considerable.  On average 60% loss is reported (reviewed in Busch et al., 1997), 

and the extent of loss correlates with age of onset, severity of dementia (Mann et al., 

1984b; Bondareff et al., 1987; Zweig et al., 1988; Förstl et al., 1992; German et al., 
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1992; Matthews et al., 2002) and extent of AD pathology (Tomlinson et al., 1981; 

Bondareff et al., 1987; German et al., 1987; Grudzien et al., 2007).  Indeed, neuronal 

loss in the locus coeruleus has been found to be more profound and to correlate better 

with the duration of AD than does the loss of cholinergic cells in the nucleus basalis 

(Mann et al., 1984a; Zarow et al., 2003).   

 

Damage to the locus coeruleus is observed at early stages of AD and in cases of MCI.  

AD brains exhibit preferential loss of noradrenergic cell bodies that project to the cortex 

and hippocampus (Marcynuik et al., 1986; German et al., 1992; Hoogendijk et al., 1995; 

Busch et al., 1997; Szot et al., 2000), along with reductions in tissue levels of 

noradrenaline (Adolfsson et al., 1979; Mann et al., 1981; Tomlinson et al., 1981; Palmer 

et al., 1987a) and in the enzymes that synthesize noradrenaline (Cross et al., 1981; 

Perry et al., 1981a; Palmer et al., 1987b).  However, reductions in transmitter level do 

not correlate with the degree of neuronal cell loss.  Surviving neurons in the locus 

coeruleus compensate for the loss of noradrenergic innervation.  Compensatory 

changes include increased expression of tyrosine hydroxylase, the rate-limiting enzyme 

in the synthesis of noradrenaline and sprouting of axonal projections into the 

hippocampus and prefrontal cortex (Szot et al., 2006, 2007).  Collectively, 

neuropathological studies reveal degeneration of noradrenergic projections, decreased 

noradrenaline concentrations and enhanced noradrenaline turnover in terminal fields 

highly burdened with plaques and tangles (reviewed in Herrmann et al., 2004; McMillan 

et al., 2011).  Locus coeruleus neurons and their projections are vulnerable to Aβ and 

denervation of this system potentiates neurodegeneration (reviewed in Marien et al., 

2004).   

 

1.1.4   Neurotrophic Mechanisms 

 

A deficiency in neurotrophic support might contribute to neurodegeneration in AD.  

Neurotrophins are a family of structurally and functionally related proteins that promote 
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the development, differentiation and survival of neurons.  During development, 

neurotrophins stimulate axonal growth and help establish synaptic contacts.  Axonal 

transport is crucial for neurotrophin function, as they are usually synthesized distal from 

their site of action.  Developing neurons that do not receive adequate neurotrophic 

signals from cellular targets undergo apoptosis.  While levels drop in maturity, 

neurotrophins continue to maintain survival as well as enhance synaptic plasticity and 

memory (reviewed in Siegel and Chauhan, 2000; Hennigan et al., 2007).  

 

The neurotrophin consists of nerve growth factor (NGF, Levi-Monatalcini and 

Hamburger, 1951), brain-derived neurotrophic factor (BDNF, Barde et al., 1982) and the 

neurotrophins-3 and -4/5 (NT-3 and NT-4/5, Maisonpierre et al., 1990; Hallbook et al., 

1991; Ip et al., 1992).  Neurotrophin effects are mediated via two classes of receptor: 

the Trk (tropomyosin receptor kinase) family of tyrosine kinase receptors and the p75 

neurotrophin receptor (p75NTR), which is a member of the tumor necrosis factor 

receptor family.  Each neurotrophin preferentially binds to a subtype of Trk receptor: 

NGF activates TrkA, BDNF and NT-4 activates TrkB and NT-3 activates TrkC.  All 

neurotrophins bind to p75NTR, which has intrinsic signaling function but also binds 

neurotrophins in heteromeric signaling complexes with Trk family members.  

Neurotrophin activation of Trk receptors and its downstream signaling cascades 

promote neuronal survival and enhances synaptic transmission whereas activation of 

p75NTR initiates programmed cell death (reviewed in Friedman, 2000; Hennigan et al., 

2007; Schindowski et al., 2008; Allen et al., 2011).   

 

BDNF plays a major role in synaptic plasticity and is the most highly expressed 

neurotrophin in brain regions that are functionally disrupted in early AD.  Decreases in 

BDNF mRNA (Phillips et al., 1991; Murray et al., 1994; Connor et al., 1997; Holsinger et 

al., 2000; Garzon et al., 2002) and protein (Narisawa-Saito et al., 1996; Ferrer et al., 

1999; Murer et al., 1999; Hock et al., 2000; Michalski and Fahnestock, 2003; Peng et 

al., 2005) levels have been documented in the hippocampus as well as in the 

entorhinal, temporal, frontal and parietal cortices of AD brains.  Progressive reductions 

in the expression of both pro- (uncleaved, precursor) and mature BDNF were observed 

in the parietal cortex of patients with MCI and AD, and were found to correlate with the 
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rate of cognitive decline (Michalski and Fahnestock, 2003; Peng et al., 2005).  

Furthermore, the expression of full-length, catalytically active TrkB receptor was found 

to be reduced in the hippocampus and frontal cortex of AD brains (Allen et al., 1999; 

Ferrer et al., 1999).  A balance between signaling pathways activated by Trk or p75NTR 

may regulate neuronal survival or death.  The ratio of TrkB and p75NTR is thought to be 

decreased during the progression of AD (reviewed in Ye et al., 2012).  Reductions in 

BDNF and TrkB may have wide-ranging consequences for the ongoing function and 

survival of neurons that degenerate in AD.   

 

1.1.5   Bioenergetic Factors in Disease Progression 

 

Neuronal atrophy can result from bioenergetic failure.  Mitochondrial dysfunction is 

implicated in the increased oxidative stress, free radical damage and compromised 

cellular bioenergetics documented in AD.  Defects in energy metabolism occur early in 

the progression of the disease and suggest a central role for mitochondrial malfunction 

in the pathophysiology of AD (reviewed in Maruszak and Zekanowski, 2011).  

 

1.1.5.1   The Electron Transport Chain and ATP Homeostasis 

 

The brain is distinguished from other organs by its disproportionately large consumption 

of energy.  The human brain is approximately 2% of the body’s weight, but receives 

15% of cardiac output and accounts for 20% of its basal metabolism.  This intense 

energy expenditure is continuous and necessary to maintain ionic gradients critical for 

neurotransmission.  The limited glycolytic capacity (metabolism of glucose to pyruvate) 

of neurons makes the brain highly dependent on mitochondrial oxidative 

phosphorylation (OXPHOS) to meet its bioenergetic demands (reviewed in Attwell and 

Laughlin, 2001; Moreira et al., 2010).  Recently, it was demonstrated in rat hippocampal 
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slices that the steps in information processing, including generation of presynaptic 

action potentials, transmitter release, postsynaptic currents and postsynaptic action 

potentials, are powered initially and mainly by ATP generated through OXPHOS, but not 

glycolysis (Hall et al., 2012).  Even slight periods of oxygen deprivation result in 

neuronal dysfunction and death.   

 

OXPHOS is an aerobic metabolic pathway that provides most of the cell’s energy.  It 

couples the electron transfer and proton pumping activities of mitochondrial respiratory 

complexes to generate an electrochemical proton gradient that drives ATP synthesis.  

The oxidoreductase reactions are carried out by respiratory complexes I (NADH: 

ubiquinone oxidoreductase), II (succinate: ubiquinone oxidoreductase), III (ubiquinol: 

ferricytochrome c oxidase) and IV (cytochrome c oxidoreductase).  These enzyme 

complexes transfer high-energy electrons from reduced nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) to molecular oxygen, so 

as to form water.  The energy liberated from this electron transport is used by 

complexes I, III and IV to pump protons from the mitochondrial matrix into the 

intermembrane space.  This generates a proton-motive force across the inner 

mitochondrial membrane that can be harnessed by ATP synthase (complex V) for the 

phosphorylation of ADP to ATP.  The 5 multi-protein complexes, together with electron 

carriers cytochrome c and ubiquinone, form the electron transport chain (ETC).   

 

The ETC is embedded in the inner membrane of mitochondria.  OXPHOS is the most 

efficient means of producing ATP within a cell.  The yield of ATP by OXPHOS depends 

on the permeability properties of the mitochondrial inner membrane, the catalytic 

capacity of ATP synthase and the proton/electron stoichiometry of the proton-pumping 

respiratory complexes.  There are tissue-specific differences in mitochondrial 

bioenergetics.  Brain mitochondria have the lowest OXPHOS efficiency but the highest 

respiration rate, when compared with heart and liver mitochondria.  Dysfunction of 

mitochondrial membrane properties and/or any one of the ETC complexes severely 

affects bioenergetic homeostasis.  However, complex I, the principal entry point of 

electrons into the ETC, is the most responsible for physiological regulation of OXPHOS 

efficiency (Cocco et al., 2009; reviewed in Papa et al., 2008).  
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Creatine kinase activity plays a central role in brain bioenergetic homeostasis.  It buffers 

cellular ATP stores by acting as a temporal and spatial phosphate transfer system.  

Creatine kinase is highly expressed in the hippocampus, a region with heightened and 

fluctuating energy demands.  The enzyme catalyzes the reversible transfer of a 

phosphoryl group from phosphocreatine (PCr) to ADP, producing ATP and creatine.  

Isoforms of creatine kinase are compartmentalized within cells, forming an energy circuit 

between sites of ATP generation and consumption.  Creatine kinase is located in the 

inner membrane as well as in the intermembrane space of the mitochondrion.  Its 

function is to transphosphorylate ATP produced by OXPHOS to yield PCr.  PCr can 

then be exported into the cytosol.  PCr has a higher diffusion capacity than ATP and is 

an efficient energy carrier.  The creatine kinase/PCr shuttle can rapidly synthesize ATP 

where it is needed.  The shuttle is integral to maintaining cellular bioenergetics during 

times of stress.  It maintains cellular ratios of ATP/ADP and prevents acidification 

caused by ATP breakdown during high metabolic activity (reviewed in Wallimann et al., 

1992; Bürklen et al., 2006; Adhihetty and Beal, 2008).  An exogenous supply of creatine 

has been shown to bolster the intracellular phosphocreatine reservoir and protect 

neurons against glutamate excitotoxicity and Aβ insults (Brewer and Wallimann, 2000).  

 

1.1.5.2   Oxidative Stress and Mitochondrial Dysfunction 

 

The brain is very vulnerable to oxidative stress due to its dependence on OXPHOS, 

high polyunsaturated lipid content and low expression of antioxidant enzymes.  

Mitochondria are the primary consumers of oxygen and producers of reactive oxygen 

species (ROS) in the cell.  The ETC is inherently “leaky,” with electrons escaping from 

electron donors, binding to oxygen and forming superoxides.  Pathophysiological 

inhibition of OXPHOS and/or damage to the inner mitochondrial membrane potentiates 

superoxide production (Parihar and Brewer, 2007).  Hyperpolarization of the membrane 

inhibits proton pumping, resulting in impaired electron transport and intermediates that 

are abundantly charged.  This increases the potential energy for electron transfer to 

oxygen and the generation of superoxide anions.  Oxidative stress arises when the 
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production of ROS outstrips the cell’s antioxidant abilities, damaging DNA, RNA, 

proteins and lipids (reviewed in Sullivan and Brown, 2005; Lin and Beal, 2006).   

 

As the major source of cellular ROS, mitochondria are also prime targets of cumulative 

oxidative damage.  The lack of protective histones in mitochondrial DNA and the limited 

capacity for mitochondrial DNA repair render the mitochondrion vulnerable to ROS 

(reviewed in Moreira et al., 2010).  Oxidative modification of phospholipids in the 

mitochondrial inner membrane can compromise the ETC machinery.  Cardiolipin, a 

tetra-acyl anionic phospholipid found almost exclusively in the inner mitochondrial 

membrane and comprising 25% of its total lipid content, plays a key role in maintaining 

mitochondrial membrane fluidity and osmotic stability.  Cardiolipin is necessary for the 

assembly and function of the ETC and electrostatically anchors cytochrome c to the 

inner mitochondrial membrane.  It is very sensitive to free radical damage because of its 

unsaturated side chains and its association with ROS-producing respiratory complexes.  

Peroxidation of cardiolipin can lead to loss in content and/or changes in its fatty acid 

composition.  These changes have been linked with OXPHOS dysfunction and initiation 

of the apoptotic cascade via cytochrome c release from mitochondria (reviewed in 

Chicco and Sparagna, 2007; Pope et al., 2008).  ROS can also oxidize proteins in 

respiratory complexes.  Complex I is particularly sensitive to hydroxyl radicals and 

superoxide anions (Zhang et al., 1990).  It is also the major site of electron leakage and 

formation of superoxides in the ETC (Votyakova and Reynolds, 2001; Liu et al., 2002; 

Papa et al., 2008).  A positive feedback loop can ensue when ROS induced injury to the 

ETC machinery causes electrons to leak, increasing superoxide formation and further 

inhibiting OXPHOS (reviewed in Bowling and Beal, 1995).   

 

Oxidative stress and mitochondrial dysfunction are well documented in AD.  The 

expression of oxidative stress markers, indicating damage to proteins, lipids and nucleic 

acids, is pronounced in the brains of AD and MCI patients in comparison to healthy-

aged matched controls.  These markers track with the topographical distribution of 

pathology and neuronal loss in AD and thus are most prevalent in the hippocampus and 

temporoparietal cortices (reviewed in Maruszak and Zekanowski, 2011).  ROS may 

contribute to and/or result from disruptions in energy metabolism.  It is unclear whether 
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oxidative damage or a pathophysiological inhibition of the ETC leads mitochondrial 

dysfunction.  Regardless of the initiating event, once the ETC is disrupted, a futile 

cycling between ROS and OXPHOS insults accelerate bioenergetic stress in AD. 

 

1.1.5.3   Decreased Metabolic Activity  

 

Multiple defects in energy metabolism have been documented in the AD brain.  With the 

advent of positron emission tomography, rates of cerebral glucose metabolism can be 

investigated in AD patients and provide in situ measures of brain functional activity.  AD 

patients exhibit significantly decreased glucose utilization within the neocortex, 

especially in the temporoparietal cortices.  The topography of compromised glucose 

metabolism reflects the distribution of AD pathology.  Glucose hypometabolism can 

precede the onset of clinical symptoms in patients at risk of developing AD (Kennedy et 

al., 1995; Small et al., 2000) and track with cognitive decline, increasing in magnitude as 

visuospatial and language deficits worsen (reviewed in Pietrini et al., 1993; Pettegrew et 

al., 1994; Mosconi et al., 2008; Maruszak and Zekanowski, 2011).  Disturbances in 

glycolytic metabolism within the AD brain may be associated with diminished transport 

and phosphorylation of glucose.  While total energy consumption was found to be 

reduced in the temporoparietal cortices, the ratio of oxidative to glucose metabolism is 

abnormally high, suggesting a metabolic shift from anaerobic to aerobic respiration 

(Fukuyama et al., 1994; Hoyer, 1993).  Reductions in glucose utilization lead to a 

heavier dependence on oxidative metabolism, which increases the possibility of free 

radical damage and the uncoupling of OXPHOS.  

 

Several key mitochondrial enzymes involved in the oxidation of glucose are deficient in 

AD brains.  The following are the most consistent of the reported metabolic defects:  

• Decreased activity of pyruvate dehydrogenase (PDH) complex, the enzyme that 

catalyzes the oxidative decarboxylation of the glycolytic end-product pyruvate to 

acetyl-CoA, which is used to initiate the tricarboxylic acid (TCA) cycle (Perry et 

al., 1980; Sorbi et al., 1983; Butterworth and Besnard, 1990; Yates et al., 1990).  



17 

 

• Decreased activity of α-ketoglutarate dehydrogenase (α-KGDH) complex, the 

rate-limiting enzyme in the TCA cycle that catalyzes the reduction of NAD+ to 

NADH and the oxidation of α-ketoglutarate to succinyl-CoA (Gibson et al., 1988; 

Mastrogiacomo et al., 1993; Butterworth and Besnard, 1990; Terwel et al., 1998; 

reviewed in Gibson et al., 1998). 

• Decreased activity of complex IV of the ETC both in brain and in peripheral tissue 

of AD patients (Parker et al., 1990, 1994; Mutisya et al., 1994; Davis et al., 1997; 

Bosetti et al., 2002; Cardoso et al., 2004; Valla et al., 2006).    

The reductions in PDH and α-KGDH activity correlate with clinical dementia rating 

scores in AD patients.  Inhibition of PDH and α-KGDH results in increased ROS 

production, diminished flux through the TCA cycle and production of ATP, as well as 

reduced synthesis of acetylcholine and glutamate.  Moreover, disruptions in α-KGDH 

activity can incite the release of apoptotic factor cytochrome c, limit the availability of 

NADH for OXPHOS and hyperpolarize the inner mitochondrial membrane (reviewed in 

Bubber et al., 2005).  OXPHOS deficiency in AD is associated with reduced expression 

of mitochondrial and nuclear genes encoding polypeptide subunits of respiratory 

complexes I and IV (reviewed in Parihar and Brewer, 2007).    

 

Oxidative damage to creatine kinase is thought to contribute to bioenergetic stress in 

AD.  The cysteine residue in creatine kinase is easily oxidized, rendering the enzyme 

very vulnerable to free radical damage.  Creatine kinase activity is diminished in the AD 

brain (Hensley et al., 1995; David et al., 1998; Aksenov et al., 2000).  Brain tissue levels 

of PCr and ADP (the immediate precursors of ATP) are reduced, while oxidative 

metabolic rate is increased early in the disease.  The decreased energy reserve and 

increase in metabolic rate suggest that the AD brain is under energy duress.  As the 

disease progresses, oxidative metabolism also declines (Pettegrew et al., 1994).  Focal 

creatine deposits have been found in the hippocampus of post-mortem AD brains 

(Gallant et al., 2006) and this suggests dysfunction of the creatine kinase/PCr energy 

buffering system.  Inhibition of creatine kinase reduces PCr formation at mitochondria.  

To sustain energetic charge in the energetically stressed AD brain, the limited PCr pool 

may be quickly depleted to convert ADP to ATP, resulting in the accumulation of 

creatine (reviewed in Bürklen et al., 2006).  
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1.2   The Amyloid Cascade Hypothesis 

 

Hardy and Higgins (1992) hypothesized that the deposition of Aβ triggers a pathogenic 

cascade that leads to the formation of neurofibrillary tangles, neurodegeneration and 

clinical symptoms of AD.  The hypothesis was driven by the identification of Aβ as the 

main component of plaques and by the discovery that autosomal-dominant mutations, 

causing early onset AD, increase the production of Aβ (Hardy and Selkoe, 2002).   

 

1.2.1   Early-Onset Familial Mutations 

 

Familial AD with autosomal-dominant inheritance is rare, accounting for less than 5% of 

all cases.  Mutations in the amyloid precursor protein (APP) gene on chromosome 21, 

presenilin 1 and 2 (PS1; PS2) genes on chromosome 14 and 1, respectively, are 100% 

penetrant and cause early-onset AD (reviewed in Tanzi and Bertram, 2005).  Currently, 

32 mutations in APP, 185 in PS1 and 13 in PS2 have been identified in familial AD 

(Cruts et al., 2012).  These causative mutations, occurring in genes that encode either 

the substrate APP or proteins involved in its proteolytic processing, produce an 

accelerated Aβ pathology.  

 

The clinical presentation and neuropathology of familial AD and sporadic AD are 

remarkably similar, with age at onset being the exception.  Typically, individuals with 

sporadic AD develop symptoms after 60 years of age.  Patients with PS1 mutations 

have the youngest age at onset, with clinical symptoms appearing between ages 30 to 

50 years.  APP mutations manifest at 45 to 60 years of age, while rare PS2 mutations 

are associated with a wider and usually later age of onset.  Despite differences in age of 

onset, both inherited and sporadic forms of AD develop plaques, tangles and selective 

neuronal loss (reviewed in La Ferla, 2002; Bateman et al., 2011).   
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Sporadic AD is a multifactorial disease with complex environmental, genetic and lifestyle 

factors contributing to its pathogenesis.  Susceptibility to late-onset AD is associated 

with polymorphisms in the apolipoprotein E (APOE) gene on chromosome 19, which is 

involved in lipid homeostasis.  Carriers of the APOE ε4 allele have a dose-dependent 

increase in risk of developing AD and exhibit more extensive Aβ burden than individuals 

with other APOE alleles (Schmechel et al., 1993).  The accumulation of Aβ in the brain 

is posited as driving the disease process in both familial and sporadic AD (reviewed in 

Bateman et al., 2011).  Recently, genome-wide association studies have identified 9 

novel loci associated with late-onset AD: CLU, PICALM, CR1, BIN1, ABCA7, MS4A4/ 

MS4A6E, CD2AP, CD33 and EPHA1.  The role of these genes in the pathogenesis of 

AD has yet to be resolved.  APOE and these genes account for roughly 50% of the total 

genetic variance and implicate pathways of immune response, synaptic function and 

cholesterol metabolism in late-onset AD (reviewed in Morgan, 2011).   

 

1.2.2   APP Processing, Aβ Production and Fibrillogenesis 

 

Aβ is generated from proteolysis of the APP protein, a member of a family of related 

proteins that include amyloid precursor-like protein 1(APLP1) and 2 (APLP2).  Only APP 

contains the Aβ domain.  The APP gene can be alternately spliced to generate multiple 

isoforms varying in length.  The APP695 amino acid variant is highly expressed in the 

brain.  APP is a type I transmembrane protein, consisting of a large amino (N)-terminal 

glycosylated ectodomain, a helical membrane spanning segment and a short 

cytoplasmic domain.  Full-length APP may participate in cell adhesion, neurite 

outgrowth, signal transduction, axonal transport and protein trafficking (reviewed in 

Sisodia and St. George-Hyslop, 2002; Zhang et al., 2011).   

 

APP is proteolytically processed via discrete amyloidogenic and non-amyloidogenic 

pathway (Figure 1-1).  In the non-amyloidogenic pathway, α-secretase cleaves APP 
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within the Aβ sequence, thus precluding Aβ formation.  This cleavage releases a large 

N-terminal ectodomain containing residues 1-16 of Aβ (sAPPα), leaving a carboxy (C)-

terminal fragment of 83 residues in the membrane (C83).  The activity of α-secretase is 

attributed to one or more enzymes in the ADAM (a disintegrin and metalloproteinase) 

family of proteases.  APP cleavage by β-secretase, mediated by the BACE1 (β-site 

APP-cleaving enzyme 1) type I aspartyl protease, generates a shorter N-terminal 

fragment (sAPPβ) and an amyloidogenic membrane-retained stub consisting of 99 

residues (C99).  The C-terminal fragments undergo further proteolysis by γ-secretase, a 

multi-protein complex composed of at least PS1 or PS2, presenilin enhancer 2 (Pen-2), 

nicastrin and anterior pharynx defective 1 (Aph-1).  Nicastrin, Aph-1 and Pen-2 facilitate 

substrate recognition and activity of the complex while the aspartyl residues on PS1 and 

PS2 mediate intramembranous cleavage of C-terminal stubs at various sites, but most 

commonly at residue 40 or 42.  Proteolysis of C83 by γ-secretase produces the non-

amyloidogenic p3 peptide and an APP intracellular domain (AICD), whereas cleavage of 

C99 yields Aβ40 or Aβ42 and the corresponding AICDs (reviewed in Chow et al., 2010). 

 
Figure 1-1.  Proteolysis of APP (Reprinted from Brain Research Bulletin, 86, Mathew 
et al., Alzheimer's disease: Cholesterol a menace?, pages 1-12, copyright (2011), with 
permission from Elsevier: License # 3136611194172).  
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The proteolytic processing of APP and generation of the soluble ~4kDa Aβ peptide, 

especially the Aβ40 isoform, occurs during normal cellular metabolism (Haass et al., 

1992).  APP that is not cleaved at the plasma membrane is trafficked into endosomes, 

and has been found within the trans-Golgi network, endoplasmic reticulum, lysosomal 

and mitochondrial membranes.  The low pH in endosomes provides an optimal 

environment for β-secretase cleavage of APP and Aβ generation.  Aβ may also be 

produced along the secretory pathway in the endoplasmic reticulum and the trans-Golgi 

network.  Although the bulk of Aβ is secreted outside the neuron, extracellular Aβ can 

be internalized for degradation.  Aβ has been shown to bind to numerous cell surface 

receptors, such as α7 nicotinic acetylcholine receptors, receptor for advanced glycation 

end products (RAGE) and APOE receptors, causing internalization of the receptor and 

intracellular accumulation of Aβ (reviewed in La Ferla et al., 2007).  

 

Enhanced amyloidogenic processing of APP and/or decreased clearance of Aβ could 

lead to a toxic build-up within neurons and deposition in extracellular plaques.  All 

autosomal-dominant mutations in APP and/or in presenilin genes affect the production 

or biophysical properties of Aβ.  Increased dosage of APP, as in Down’s syndrome 

(Trisomy 21), also results in Aβ accumulation.  Mutations that flank the β-secretase 

cleavage site in APP, such as the double mutation (KM670/671NL) identified in a 

Swedish kindred, increase BACE activity and thus the formation of all amyloid species 

(38-43 amino acids in length).  Point mutations within or near the hydrophobic core of 

the Aβ sequence (including Arctic, Dutch, Iowa and Flemish mutations) enhance the 

aggregation kinetics, or stability of Aβ.  Mutations that cluster around the C-terminus of 

the Aβ sequence, for example London (V717I) and Indiana (V717F) mutations, alter γ-

secretase cleavage of APP to favour production of the more fibrillogenic Aβ42 variant.  

Similarly, point mutations in the presenilins increase the amount of Aβ42 relative to Aβ40 

(summarized in Walsh and Teplow, 2012).  While Aβ40 is the most abundant amyloid 

species, longer Aβ42 and Aβ43 isoforms are more prone to aggregation and are highly 

concentrated in plaques.  Enzymes that degrade monomeric Aβ, such as neprilysin and 
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insulin degrading enzyme (IDE), are less capable of catabolizing larger assemblies of 

Aβ (reviewed in Sisodia and St. George-Hyslop, 2002; Haass and Selkoe, 2007).   

 

Increasing the ratio of Aβ42 to Aβ40 can drive the seeding of plaques.  The additional 

hydrophobic residues at the C-terminus of Aβ42 promote fibrillogenesis.  Monomeric Aβ  

aggregates into various assembly states: starting from low weight oligomers (dimers 

and trimers), growing to mid-size spherical oligomers that aggregate into protofibrils, 

and finally maturing to fibrils with a cross β-sheet conformation that deposit as insoluble 

plaques.  Small Aβ oligomers have been found to be the most toxic and are considered 

the major culprit of AD pathogenesis (reviewed in McGowan et al., 2005; Larson and 

Lesné, 2012; Benilova et al., 2012).   

 

1.2.3   Toxicity of Aβ 

 

Aβ has long been recognized as central to AD.  However, it has remained unclear how it 

causes neuronal dysfunction and cognitive abnormalities.  There is now compelling 

evidence that soluble, oligomeric Aβ species induce progressive synaptic dysfunction, 

impair neurotrophin signaling and damage mitochondria.   

 

1.2.3.1   Distal Axonopathy and Synaptic Dysfunction 

 

The loss of synapses and impaired microtubule-dependent axonal transport are early 

features of the AD brain (Coleman and Yao, 2003; Cash et al., 2003).  Synaptic loss is 

observed in the association cortices and hippocampus and is the best correlate of 

cognitive decline in AD.  Markers of pre- and postsynaptic components are reduced well 

before the onset of plaques (reviewed in Selkoe, 2002; Shankar and Walsh, 2009).  

Synaptic degeneration is associated with swollen axons that contain abnormal 
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accumulations of organelles and vesicles.  Axonal swellings in cholinergic terminals are 

observed at early Braak stages of AD pathology, and may lead to dystrophic neurites 

(Stokin et al., 2005).  A bottleneck in axonal transport leads to synaptic collapse and 

retrograde ‘dying-back’ of axons (reviewed in Coleman, 2005).   

 

Axonal transport is integral to neuronal communication.  APP and its proteolytic 

enzymes are trafficked along axons and dendrites.  Soluble oligomeric pools of Aβ 

inhibit bidirectional axonal transport (Pigino et al., 2009) and contribute to axonal 

blockages.  Blockages in turn promote abnormal Aβ generation, further disrupting 

vesicle traffic and transmitter release (Stokin et al., 2005).  Aβ in synaptic 

terminals/distal axons initiates retrograde degeneration particularly in vulnerable 

neurons that project to cortex and hippocampus (reviewed in Götz et al., 2006).  

 

Exogenous application of Aβ, especially oligomeric Aβ42, disrupts basal transmission 

and synaptic plasticity.  The disruption of synaptic plasticity by oligomeric Aβ is the likely 

basis of cognitive dysfunction in AD.  Aβ has been shown to induce long-term 

depression (LTD) and inhibit long-term potentiation (LTP).  LTP is the physiological 

correlate of memory and it requires the activation of postsynaptic N-methyl-D-aspartate 

(NMDA) receptors.  LTP is associated with enlarged dendritic spines.  The balance 

between LTP and LTD regulates neural connectivity, postsynaptic density and the 

strength of neurotransmission.  Aβ facilitates endocytosis of NMDA receptors, shifting 

the LTP/LTD balance towards more LTD, resulting in synaptic depression, dendritic 

spine loss and synaptic collapse (reviewed in Koffie et al., 2011).  

 

1.2.3.2   Aβ downregulation of BDNF signaling 

 

The loss of synapses in AD begins in the entorhinal-hippocampal circuitry, which is 

considered the seat of short-term memory.  BDNF is produced in the adult entorhinal 

cortex and is anterogradely trafficked into the hippocampus (Yan et al., 1997), where it 
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is released in an activity-dependent manner to modulate neuronal plasticity processes 

underlying memory formation (reviewed in Nagahara and Tuszynski, 2011).  BDNF, via 

TrkB signaling, facilitates dendritic spine formation, LTP, vesicular-docking and 

neurotransmitter release within hippocampus.  In turn, induction of LTP in the 

hippocampus stimulates BDNF production (reviewed in Bramham and Messaoudi, 

2005; Tapia-Arancibia et al., 2008; Cunha et al., 2010).  BDNF also fosters 

neurogenesis in the adult hippocampus and stimulates the non-amyloidogenic 

processing of APP (Sairanen et al., 2005; Scharfman et al., 2005; Henry et al., 2007; 

Diniz and Teixeira, 2011).  These trophic effects make BDNF an especially relevant 

molecule in the pathophysiology of AD.   

 

The effects of oligomeric Aβ on LTP and memory may be mediated via BDNF.  Once 

BDNF binds to TrkB on the plasma membrane, the receptor-ligand complex is 

internalized.  Endocytosis of the BDNF-TrkB complex requires Ca2+ influx and activation 

of NMDA receptors (Du et al., 2003).  The internalized complex is retrogradely 

transported to the soma, where it activates signaling cascades that foster neuronal 

survival and plasticity and regulates gene transcription including Arc, an immediate-

early gene that is involved in learning (Zheng et al., 2009).  Aβ oligomers inhibit BDNF 

signaling by impairing the retrograde trafficking of BDNF/TrkB (Poon et al., 2011).  Aβ42 

can also modulate levels of BDNF and TrkB, reduce BDNF-induced Arc expression and 

block the nuclear translocation of phosphorylated CREB (cyclic AMP response element-

binding protein; reviewed in Tapia-Arancibia et al., 2008).  Phosphorylated CREB (P-

CREB), binds to cyclic AMP response elements on certain genes, including BDNF, to 

regulate transcription.  BDNF signaling through TrkB leads to phosphorylation of CREB.  

CREB activation is reduced in AD hippocampi (Yamamoto-Sasaki et al., 1999).  

Oligomeric Aβ42 has been found to decrease P-CREB and BDNF mRNA in human 

neuroblastoma cells (Garzon and Fahnestock, 2007).  BDNF administration provides 

dose-dependent protection against Aβ in vivo and in vitro.  However, other TrkB- and/or 

p75NTR-mediated effects of BDNF, including exacerbation of pain and weight loss, can  

limit the therapeutic potential of systemic BDNF administration (reviewed in Nagahara 

and Tuszynski, 2011; Tapia-Arancibia et al., 2008).   
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1.2.3.3   Aβ Interactions with Mitochondria  

 
Mitochondria are trafficked to synapses and provide energy for neural communication.  

In cultured hippocampal cells, Aβ was found to impair mitochondrial transport 

(especially in the anterograde direction), reduce the mass, length and motility of 

mitochondria, induce mitochondria fragmentation and decrease synaptic growth 

(Calkins and Reddy, 2011).   

 

APP in mitochondria triggers dysfunction.  APP contains a mitochondrial targeting 

sequence and undergoes incomplete import into mitochondria leaving the N-terminus 

inside the matrix and C-terminus in the cell cytosol (Anandatheerthavarada et al., 2003; 

Devi et al., 2006).  The translocational arrest of APP in mitochondrial membranes 

hinders import of nuclear-encoded subunits of the electron transport chain.  

Mitochondrial docking of APP is observed in vulnerable regions of the AD brain and was 

selectively found to inhibit the import of proteins in complex IV, decreasing complex IV 

activity and increasing oxidative stress (Devi et al., 2006).  APP may also act as a 

cytosolic chaperone for creatine kinase, binding to and stabilizing pro-protein forms of 

creatine kinase that are destined for mitochondria.  Mutations in APP compromise its 

ability to shuttle creatine kinase to mitochondria, resulting in decreased PCr synthesis, 

creatine deposits in cells and disrupted energetic homeostasis (Bürklen et al., 2006).   

 

The presence of Aβ within mitochondria of brains from AD patients has been well 

documented (Yamaguchi et al., 1992; Fernandez-Vizarra et al., 2004; Lustbader et al., 

2004; Caspersen et al., 2005; Devi et al., 2006).  However, the source of intra-

mitochondrial Aβ is unclear.  While active γ-secretase complexes exist in mitochondria 

(Hansson et al., 2004; Pavlov et al., 2011), there are no reports of mitochondria-

associated β-secretase.  The direction and aborted import of APP into mitochondria 

does not support a model whereby intra-mitochondrial generation of Aβ occurs.  Rather, 

it is thought that intra-mitochondrial Aβ is taken-up by mitochondria via the translocase 



26 

 

of the outer membrane (TOM), allowing it to accrue in the cristae, where the respiratory 

complexes reside (Hansson Petersen et al., 2008).  

 

Aβ within mitochondria may disrupt function in multiple ways.  In neuronal cell culture, 

sub-lethal doses of Aβ were found to inhibit protein import to mitochondria, decrease 

mitochondrial membrane potential, increase susceptibility to oxygen glucose 

deprivation, alter mitochondrial morphology and increase ROS (Sirk et al., 2007).  In the 

cerebral cortex of AD patients, Aβ was shown to bind to the mitochondrial matrix protein 

Aβ-binding alcohol dehydrogenase (ABAD).  The Aβ-ABAD interaction induces leakage 

of ROS, DNA fragmentation and apoptosis (Lustbader et al., 2004).  In turn, oxidative 

stress further potentiates Aβ toxicity.  Lipid peroxidation and ROS can promote Aβ 

aggregation and protofibril assembly.  Aβ also interacts with cyclophilin D, a component 

of the mitochondrial permeability transition pore, resulting in increased membrane 

permeability, altered calcium homeostasis and pro-apoptotic signaling (reviewed in 

Crouch et al., 2008; Tillement et al., 2011).  In mitochondria isolated from rat brain, 

direct exposure to increasing concentrations of Aβ caused dose-dependent increases in 

membrane viscosity, decreases in ATP synthesis, release of cytochrome c and 

inhibition of complexes I, III and IV of the ETC (Aleardi et al., 2005).  Similarly, oxygen 

consumption and the activities of complexes I, III and IV were reduced in cells exposed 

to Aβ40 peptides (Pereira et al., 1998).  The effects of Aβ on mitochondrial respiration 

have yet to be resolved.  Aβ may disrupt ETC function by directly binding to and 

inhibiting enzyme complexes, clogging of mitochondrial import machinery, and/or 

indirectly via increasing ROS.  

 

1.3   Noradrenergic Mechanisms in Alzheimer’s Disease 

 

Noradrenergic deficits may be key to the pathogenesis of AD.  There is ample evidence 

that degeneration of the locus coeruleus and its forebrain projections critically mediates 

Aβ-induced pathogenic cascades (reviewed in Marien et al., 2004).  
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1.3.1   Noradrenaline in the Brain 

 

Noradrenaline, also known as norepinephrine, is a catecholamine neurotransmitter and 

hormone.  The catecholamines include dopamine and its metabolites, noradrenaline 

and adrenaline, that contain a catechol moiety (benzene ring with two contiguous 

hydroxyl units) and an amine group.  In 1946, Ulf von Euler chemically isolated 

noradrenaline as the major catecholamine in mammalian postganglionic sympathetic 

nerve endings.  Soon thereafter, Peter Holtz demonstrated that noradrenaline is highly 

concentrated in the brain and in the adrenal gland (reviewed in Flatmark, 2000).  In the 

brain, noradrenaline is synthesized by pontine locus coeruleus neurons and by dorsal 

and lateral tegmental nuclei in the medulla.  These noradrenergic systems differ in the 

morphology and distribution of their efferent fibers.  The medullary nuclei project to the 

hypothalamus, thalamus, brainstem and spinal cord and regulate endocrine and 

autonomic functions.  The locus coeruleus is the largest cluster of noradrenergic cell 

bodies in the brain.  It innervates the entire neuroaxis and is the sole source of 

noradrenergic projections to the neocortex, hippocampus and cerebellum.  Locus 

coeruleus efferents are thin with small beaded varicosities.  The longer and thinner 

locus coeruleus projections appear to be more susceptible to toxic insults (Fritschy and 

Grzanna, 1989).  This noradrenergic system preferentially degenerates in AD, leaving 

forebrain circuits particularly vulnerable to Aβ (reviewed in Marien et al., 2004).  

 

1.3.1.1   Anatomical Locus 

 

The locus coeruleus is named for its dark blue appearance that is imparted by the 

neuromelanin pigment.  The region was first identified in the human brain by Reil in 

1809 and named by Wenzel and Wenzel in 1812 (reviewed in Maeda, 2000).  It 

constitutes the most rostral nucleus of noradrenergic cell bodies in the brainstem, and is 

located in the pontine tegmentum, adjacent to the floor of the fourth ventricle.  The 

location and structural organization of the locus coeruleus is largely conserved across 
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mammalian species.  The human locus coeruleus has been described as “tube-like”: it 

extends rostrocaudally for approximately 16 mm and is bilaterally symmetrical with 

respect to the numbers and distribution of its cells (German et al., 1988).  Quantitative 

estimates of the noradrenergic cell population in human locus coeruleus reveal roughly 

45,000 neurons in the healthy adult.  Average cell counts range from 12,000 to 25,000 

per hemisphere (Vijayashankar and Brody, 1979; German et al., 1988; Baker et al., 

1989; Chan Palay and Asan, 1989; Manaye et al., 1995; Ohm et al., 1997; Sharma et 

al., 2010).  Although few in number, noradrenergic neurons have highly ramified axons 

that project broadly, along well-defined tracks.  Locus coeruleus efferents form two main 

ascending fiber systems, the dorsal bundle and the smaller rostral limb of the dorsal 

periventricular pathway.  These ascending tracts are largely ipsilateral.  They innervate 

the entire forebrain, with the notable exception of the basal ganglia.  Other efferents 

project to the cerebellar cortex, or course caudally to the medulla and spinal cord 

(reviewed in Gesi et al., 2000; Marien et al., 2004; Sara, 2009).   

 

Retrograde tracer studies revealed the topographic organization of neurons in the locus 

coeruleus with respect to their terminal fields.  The locus is loosely compartmentalized 

along the dorsoventral and rostrocaudal axes.  The spinal cord and cerebellum are 

innervated by neurons in the ventral segment; the hypothalamus by neurons in the 

rostral pole; the cortex by neurons in central and somewhat dorsal portions, and the 

hippocampus by neurons in the dorsal pole of the nucleus (Loughlin et al., 1986; Foote 

et al., 1983).  Noradrenergic neurons have axons that collateralize profusely to 

innervate multiple distant sites.  The locus coeruleus is further organized according to 

the functions of its efferent targets.  Individual locus coeruleus neurons tend to send 

axonal collaterals to multiple targets that process the same sensory information.  These 

widely collateralized axons generally arise from neurons that are located centrally in the 

nucleus.  The wiring of the locus coeruleus permits selective and coordinated activation 

of efferent networks to influence the collection and processing of sensory information in 

the brain (Berridge and Waterhouse, 2003).  

 

Distinct topographic patterns of cell loss in the locus coeruleus have been described for 

various neurodegenerative diseases (German et al., 1992).  In AD, neuronal loss and 
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the concentration of neurofibrillary tangles in the locus coeruleus are most extensive in 

the dorsal and central segments of the rostral pole (Marcyniuk et al., 1986; Busch et al., 

1997; Szot et al., 2000).  The preferential loss of neurons that project to the 

hippocampus and temporoparietal cortex matches the regional distribution of plaque 

load in the AD brain.  In contrast, the caudal locus coeruleus degenerates in Parkinson’s 

disease.  The loss of caudal cells that project to the cerebellum and spinal cord may be 

related to the akinesia and postural instability symptoms in these patients.  If the 

disease is comorbid with dementia, there is comparable cell loss throughout the 

rostrocaudal pole of the nucleus (Chan-Palay and Asan, 1989; German et al., 1992).   

 

1.3.1.2   Synthesis and Metabolism 

 

The biosynthesis of catecholamines begins with the amino acid tyrosine and follows a 

series of enzymatic steps that are initiated by the rate-limiting enzyme tyrosine 

hydroxylase.  In brief, tyrosine hydroxylase converts tyrosine to dihydroxyphenylalanine, 

which is then rapidly decarboxylated to dopamine by the aromatic amino-acid 

decarboxylase.  In dopaminergic neurons, no further enzymatic modification occurs.  

Noradrenergic neurons contain an additional enzyme, dopamine β-hydroxylase, which 

converts dopamine to noradrenaline.  Noradrenaline is sequestered into synaptic 

vesicles by a vesicular monoamine transporter and thereby protected from intraneuronal 

degradation.  The actions of noradrenaline, once it is released into the synapse, are 

terminated by reuptake into the presynaptic neuron via the plasma membrane bound 

noradrenaline transporter (NET).  Many antidepressants inhibit NET, thereby increasing 

noradrenaline levels in the synaptic cleft (reviewed in Ressler and Nemeroff, 1999).  

 

Noradrenaline is degraded by monoamine oxidase (MAO) and catechol-O-

methyltransferase (COMT).  MAO is found within neurons and glia, on mitochondrial 

outer membranes.  It catalyzes the oxidative deamination of catecholamines that have 

not been taken up into storage vesicles.  MAO converts noradrenaline to its aldehyde, 

3,4-dihydroxyphenylglycoaldehyde (DOPEGAL).  DOPEGAL is a highly reactive and 



30 

 

toxic metabolite and is thus rapidly oxidized to 3,4-dihydroxymadelic acid (DHMA) or 

reduced to 3,4-dihydroxyphenylglycol (DHPG) by aldehyde dehydrogenase or 

reductase enzymes, respectively.  The β-hydroxyl group on noradrenaline and its 

metabolite DOPEGAL favours reduction by reductase enzymes, making DHPG the 

major metabolite produced by deamination.  COMT exists in membrane-bound and 

soluble forms in cells and catalyzes the conversion of DHPG to 3-methoxy-4-

hydroxyphenylglycol (MHPG), which is the major breakdown pathway of noradrenaline 

in the central nervous system.  Another minor pathway is the O-methylation of 

noradrenaline to normetanephrine (NMN) by COMT.  This is followed by oxidative 

deamination of NMN to vanillylmandellic acid (VMA), the principal end product of 

noradrenaline in the periphery (reviewed in Eisenhofer et al., 2004).   

 

1.3.1.3   Receptors and Signal Transduction Pathways 

 

The effects of noradrenaline are mediated by metabotropic G-protein coupled receptors. 

Adrenergic receptors can be classified into three families, α1, α2, and β receptors, based 

on their distinct signal transduction pathways.  Each of these major classes is further 

divided into three subtypes of receptors (Bylund et al., 1994; Figure 1-2).   

 

Adrenergic Receptors 

!1 !2 " 

coupled to Gq proteins coupled to Gi/o proteins coupled to Gs proteins 

!1A !1B !1D !2A !2B !2C "1 "2 "3  
 
Figure 1-2.  Nomenclature and coupling of adrenergic receptors.  
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The α1 (α1A, α1B, α1D) adrenoceptors are found on postsynaptic terminals in the 

hippocampus, cerebral cortex and brainstem.  The α1A receptors are preferentially 

expressed in the thalamus and in the deep layers of the frontal and parietal cortices.  All 

α1 receptors are coupled to Gq proteins, which when stimulated activates the 

phospholipase Cβ (PLCβ)- inositol triphosphate (IP3) – diacylglycerol (DAG) signal 

transduction pathway, resulting in increased cytosolic calcium concentrations and 

activation of protein kinase C (PKC) (reviewed in Marzo et al., 2009).  This class of 

adrenoceptors exerts a general excitatory effect in the central nervous system and has 

been associated with the modulation of memory consolidation, pain perception and 

motor coordination (reviewed in Gilsbach and Hein, 2008).   

 

The α2 class of adrenoceptors includes α2A, α2B, α2C subtypes and exist at both pre- and 

postsynaptic terminals.  In the brain, α2A is the predominant subtype and is expressed in 

the cerebral cortex, locus coeruleus, hippocampus and hypothalamus; α2B is primarily 

concentrated in the thalamus; α2C is found in the hippocampus, prefrontal cortex, basal 

ganglia and olfactory bulbs.  All α2 receptor subtypes mediate inhibitory effects.  They 

decrease adenylyl cyclase activity, open protein-gated potassium channels and inhibit 

calcium channels through coupling with Gi/o proteins (reviewed in Gilsbach and Hein, 

2008).  Presynaptic α2 receptors on locus coeruleus noradrenergic neurons, also known 

as autoreceptors, inhibit noradrenaline release via negative feedback while α2 

heteroreceptors mediate the inhibitory effect of noradrenaline on the release of other 

transmitters, including dopamine (Bücheler et al., 2002), serotonin (Scheibner et al., 

2001) and acetylcholine (Tellez et al., 1999).  

 

The β adrenoceptors, β1, β2, β3, are primarily located at postsynaptic sites and are 

coupled to stimulatory Gs proteins.  Stimulation of β adrenoceptors activates adenylyl 

cyclase and increases intracellular concentrations of cyclic AMP (cAMP).  β1 and β2 

adrenoceptors are highly expressed in the brain and play prominent roles in memory 

and stress, while β3 receptors are densely expressed in adipose tissue (reviewed in Yu 

et al., 2011).  In the brain, β1 and β2 receptors are concentrated in the cerebral cortex, 
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thalamus and pineal gland.  β2 Receptors are also highly expressed in olfactory bulbs 

and hippocampi (reviewed in Gilsbach and Hein, 2008).  The activation of β 

adrenoceptors and subsequent increase of intracellular cAMP triggers signaling 

cascades and new protein synthesis in the hippocampus and amygdala, increasing 

synaptic plasticity and LTP, that are required for learning and memory (reviewed in 

Benarroch et al., 2009; Tully and Bolshakov, 2010).  In addition, β3 receptors in the 

hippocampus have been found to enhance the proliferation of hippocampal neural 

precursors (Jhaveri et al., 2010).   

 

1.3.1.4   Functions 

 

The widespread projections of the locus coeruleus noradrenergic system influence a 

variety of physiological and behavioural states.  In general, the system facilitates neural 

responses to salient information by boosting evoked excitatory and inhibitory 

transmission while dampening spontaneous activity.  Locus coeruleus neurons fire in 

tonic and phasic modes.  Tonic discharge increases from sleep to waking and supports 

arousal and exploratory behaviour.  In response to novel stimuli, the locus coeruleus 

adjusts its firing pattern to phasic bursts that are time-locked with presentation of the 

salient stimulus.  Thus, noradrenaline increases the signal to noise information transfer 

in efferent circuits so as to coordinate shifts in attention and optimize task-related 

behavioural responses.  The fine-tuning of these responses in efferent circuits is 

mediated in part by inhibitory α2 adrenoceptors (reviewed in Berridge and Waterhouse, 

2003; Aston-Jones and Cohen, 2005; Sara and Bouret, 2012).     

 

Noradrenergic transmission in forebrain circuits that degenerate in AD regulate mood, 

attention and memory (reviewed in Ressler and Nemeroff, 1999).  Optimal levels of 

noradrenaline, mainly maintained by α2 autoreceptors, acting on thalamic and sensory 

cortical nuclei influence attention and processing of salient stimuli.  Reciprocal 

projections between the prefrontal cortex and the locus coeruleus modulate 

noradrenergic transmission in a context-dependent manner to facilitate focused 
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attention and memory (reviewed in Sara and Bouret, 2012).  Noradrenergic innervation 

of the hippocampus facilitates LTP through β adrenoceptor activation of the intracellular 

cAMP cascade (Harley, 2007).  In concert with other neuromodulators, such as 

acetylcholine, noradrenaline regulates LTP and synaptic plasticity in circuits that include 

the basal lateral amygdala, medial septum and dentate gyrus of the hippocampus so as 

to promote memory consolidation and retrieval in response to contextual cues (Marzo et 

al., 2009; Sara, 2009; Benarroch, 2009; Tully and Bolshakov 2010).   

 

Noradrenergic terminals are capable of both synaptic and non-synaptic release (via 

bouttons en passage).  The latter allows noradrenaline to act as a paracrine agent, 

influencing neurons, astrocytes, microglia and the vasculature in the microenvironment 

(reviewed in Marien et al., 2004).  The roles of central noradrenergic transmission in 

modulating stress (Glavin, 1985; Morilak et al., 2005), pain (Pertovaara, 2006), cerebral 

blood flow (Bekar et al., 2012), neuroinflammation and energy metabolism (O’Donnell et 

al., 2012) have been extensively reviewed.  Dysregulation of this system in the AD brain 

may contribute to wide-ranging behavioural and pathological features of the disease.   

 

1.3.2   Noradrenergic Depletion Potentiates Amyloid Toxicity 

 

Noradrenergic transmission may offer protection against Aβ toxicity by improving Aβ 

metabolism and inflammation, increasing cholinergic transmission, promoting trophic 

support and alleviating bioenergetic stress (reviewed in Marien et al., 2004).  

Conversely, loss of noradrenaline may exacerbate Aβ-induced pathogenic cascades.   

 

1.3.2.1   Decreased Clearance of Aβ and Increased Inflammation 
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Microglia are first responders to injury in the brain.  Once activated by pathogenic 

stimuli, they proliferate, migrate to sites of damage and clear away cellular debris.  

Activated microglia are often associated with dense-cored amyloid plaques and are 

involved in the phagocytosis of fibrillar Aβ.  Microglia express receptors that promote the 

endocytosis of Aβ and secrete the proteolytic enzymes neprilysin and IDE, that degrade 

Aβ.  However, prolonged microglial activation increases inflammatory cytokines, ROS, 

complement factors and nitrous oxide.  Aβ can activate microglia and trigger an 

inflammatory response by binding to RAGE and other scavenger receptors.  Activated 

microglia recruit astrocytes, compounding inflammation in the AD brain.  As the disease 

progresses, microglia lose the ability to clear Aβ, but continue to produce pro-

inflammatory cytokines.  These inflammatory molecules may contribute to degeneration 

by stimulating Aβ formation and aggregation, oxidative stress and neurotrophic factor 

withdrawal (reviewed in Heneka and O’Banion, 2007; Hickman et al., 2008).  

 

Noradrenaline is a key orchestrator of the microglial response to Aβ.  It acts as an anti-

inflammatory agent, suppressing the transcription of inflammatory genes in microglia 

and astrocytes via β2-adrenergic receptors (Mori et al., 2002; Feinstein et al., 2002).  

Noradrenaline has been shown to dose-dependently decrease Aβ42-induced cytokine 

and chemokine production and to increase migration to and phagocytosis of fibrillar Aβ 

in primary murine microglial cells (Heneka et al., 2010).  The G-protein coupled receptor 

formyl-peptide receptor 2 (FPR2) mediates endocytosis of Aβ in microglia.  

Noradrenaline binds β2-adrenergic receptors in microglia, activating downstream 

mitogen-activated protein kinase signaling cascades and inducing the expression of 

FPR2 both in vivo and in vitro.  β2-Adrenoceptor stimulation increases microglial 

chemotaxis, Aβ42 endocytosis via FPR2, expression of IDE and degradation of Aβ42 

(Kong et al., 2010).  In rats with experimentally induced locus coeruleus degeneration, 

the inflammatory response to cortical injections of aggregated Aβ42 is potentiated 

(Heneka et al., 2002).  By extension, loss of noradrenergic innervation in AD may 

aggravate the inflammatory reaction to Aβ and impair its degradation.   
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1.3.2.2   Decreased Cholinergic Transmission 

 

Loss of cholinergic neurons in the basal forebrain and reductions in choline 

acetyltransferase (ChAT) activity, choline uptake and acetylcholine release within the 

hippocampus and neocortex are well documented in AD.  Cholinergic transmission is 

especially vulnerable to Aβ toxicity.  Aβ inhibits acetylcholine synthesis, impairs trophic 

support to basal forebrain cholinergic neurons and disrupts cholinergic receptor 

signaling (reviewed in Kar et al., 2004; Francis et al., 2010).  Cholinergic transmission in 

the brain is mediated by G-protein coupled muscarinic and ligand-gated cation channel 

nicotinic receptors.  Acetylcholine participates in the non-amyloidogenic processing of 

APP.  Reduced availability of acetylcholine and chronic suppression of cortical 

muscarinic signaling may tip the balance of APP processing towards the amyloidogenic 

pathway.  Selective activation of M1 and M3 muscarinic subtypes has been shown to 

increase sAPPα secretion and decrease Aβ formation both in vitro and in vivo in AD 

patients (reviewed in Mesulam, 2004; Kar et al., 2004; Schliebs and Arendt, 2006).  

Nicotinic signaling may also protect neurons against Aβ.  Activation of nicotinic 

receptors has been shown to favour α-secretase APP processing and inhibit the 

formation of Aβ fibrils in cell culture (reviewed in Schliebs and Arendt, 2006).  Inhibition 

of acetylcholinesterase, the enzyme that degrades acetylcholine, results in increased 

sAPPα secretion in rodent brain and in cell culture.  Acetylcholinesterase has been 

shown to interact with Aβ to promote its aggregation and toxicity.  In turn, Aβ42 can bind 

to α7-nicotinic receptors on terminals surrounding dense-cored plaques and increase 

acetylcholinesterase locally (reviewed in Schliebs and Arendt, 2006).  Collectively, these 

studies suggest that acetylcholine depletion facilitates the production and toxicity of Aβ, 

which can in turn further disrupt cholinergic transmission. 

 

Degeneration of the locus coeruleus can exacerbate cholinergic hypofunction in the AD 

brain.  Anatomical and pharmacological evidence suggests that noradrenergic tone 

regulates basalocortical cholinergic transmission.  In the human, primate and rodent 

brain, cholinergic cell bodies in the nucleus basalis of Meynert receive substantial and  



36 

 

direct synaptic input from the locus coeruleus.  Interactions between noradrenergic and 

cholinergic efferents throughout the basal forebrain and in their overlapping terminal 

fields are implicated in learning, memory and arousal (reviewed in Smiley et al., 1999; 

Zaborszky et al., 2004; Marien et al., 2004).  Noradrenaline can modulate acetylcholine 

release via presynaptic α2 adrenergic heteroceptors that are located on cholinergic cell 

bodies and terminals.  Systemic administration of various α2 adrenoceptor antagonists, 

including dexefaroxan, idazoxan, atipamezole and fluparoxan, increase while the α2 

adrenoceptor agonists guanabenz and UK14 304, reduce acetylcholine microdialysis 

outflow in the medial prefrontal cortex of conscious rats (Tellez et al., 1997).  Tellez et 

al. (1999) consolidated results of these and other pharmacological studies on the 

noradrenergic regulation of basalocortical cholinergic transmission (see Figure 1-3).  

 
Figure 1-3.  Schematic of 
noradrenergic regulation of 
cortical acetylcholine release.  
Panel A depicts basal 
noradrenaline (NA) and 
acetylcholine (ACh) synaptic 
activity.  The rest of the panels 
illustrate the effects of α2 
adrenoceptor antagonism on NA 
and ACh transmission in intact 
brains (B) and in brains induced 
with locus coeruleus denervation 
(C) as well as the effects of α2 
adrenoceptor agonists on NA and 
ACh transmission in intact (D) and 
in locus coeruleus damaged 
brains (E). α2Ra, α2 autoreceptor; 
α2Rh, α2 heteroreceptor; non-α2R; 
non α2-adrenoceptor; +, 
facilitation; -, inhibition; 0, inactive.   
 

(Reprinted from Neuroscience, 89, Tellez et al., α2-Adrenoceptor modulation of cortical 
acetylcholine release in vivo, pages 1041-1050, copyright (1999), with permission from 
Elsevier: License # 3136640382091).  
 

Noradrenergic tone regulates basal acetylcholine release via inhibitory α2 adrenergic 

heteroreceptors and excitatory non-α2 adrenergic receptors, such α1 and β receptors on 
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cholinergic terminals (Figure 1-3, panel A).  Dexefaroxan, a selective antagonist of α2 

adrenoceptors that has no effect on cholinesterase, inhibits α2 autoreceptors on 

noradrenergic terminals.  The effect of this presynaptic inhibition is to increase 

noradrenaline synthesis and release.  Dexefaroxan simultaneously blocks α2 

heteroreceptors on cholinergic terminals.  The net effect is thus increased acetylcholine 

release (panel B).  Dexefaroxan has no effect on cholinergic transmission in animals 

that undergo lesions of the locus coeruleus (panel C).  An α2 agonist, such as UK 14 

304, activates α2 autoreceptors, inhibiting noradrenaline release and excitatory 

adrenergic receptor activation while concurrently activating α2 heteroreceptors and 

inhibiting acetylcholine release (panel D).  The inhibitory effect of the α2 agonist on 

cholinergic transmission is maintained in animals with damage to the locus coeruleus 

(panel E).  Thus, the loss of locus coeruleus neurons and its facilitatory effects on 

basalocortical cholinergic transmission may worsen cholinergic deficits in AD (reviewed 

in Tellez et al., 1999).   

 

Dexefaroxan can reverse memory deficits in aged rats with bilateral lesions of the 

nucleus basalis magnocellularis and in rats with cognitive deficits induced by various 

anti-cholinergic amnesic agents (Chopin et al., 2002).  In a rat model of unilateral 

cortical devascularization, retrograde degeneration of basal forebrain cholinergic 

projections and the loss of cell bodies in the nucleus basalis ensued.  For these 

animals, chronic dexefaroxan treatment abrogated cholinergic atrophy at both somatic 

and synaptic terminal levels (Debeir et al., 2002).  It also ameliorated spatial memory 

deficits (Chopin et al., 2004).  The protective effect of dexefaroxan on the basalocortical 

cholinergic system of the devascularized rats was associated with a local and sustained 

increase in NGF and TrkA receptor levels (Debeir et al., 2004).  These findings indicate 

that pharmacological activation of the locus coeruleus noradrenergic system can both 

enhance cholinergic transmission and related behaviours as well as provide 

neurotrophic support to forebrain cholinergic innervation.  
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1.3.2.3   Decreased Trophic Support 

 

The neuroprotective effects of noradrenaline are largely mediated by BDNF.  Several in 

vivo studies in rodents have revealed a mutually trophic relationship between BDNF and 

noradrenergic neurons with forebrain terminal fields.  Dexefaroxan was found to 

enhance cellular survival and neurogenesis in the olfactory bulb (Bauer et al., 2003; 

Veyrac et al., 2005) and hippocampus (Rizk et al., 2006), whereas noradrenergic 

depletion drastically reduced the proliferation of dentate gyrus progenitor cells (Kulkarni 

et al., 2002) in adult rats.  A stimulatory effect of dexefaroxan on the long-term survival 

and differentiation of new granule cells in the dentate gyrus was associated with an 

upregulation of BDNF expression in the hippocampus (Rizk et al., 2006).  Noradrenergic 

neurons synthesize and secrete BDNF in the neocortex.  This in turn regulates the 

survival of developing and injured neurons (Fawcett et al., 1998).  BDNF has been 

shown to induce the phenotypic differentiation of noradrenergic neurons in locus 

coeruleus cultures (Traver et al., 2006) and to maintain forebrain noradrenergic 

innervation in the aged rat brain (Matsunaga et al., 2004).  The facilitatory effect of 

dexefaroxan on neurogenesis can be ascribed to an increase in the activity-dependent 

synthesis, anterograde transport and secretion of BDNF by noradrenergic terminals 

(Rizk et al., 2006).  As reviewed earlier, reductions in BDNF occur at pre-clinical stages 

of AD, preceding deficits in basal forebrain cholinergic transmission, but corresponding 

with the expression of cognitive decline (Peng et al., 2005).  The loss of forebrain 

noradrenergic activity and BDNF trophic support in AD may play a permissive role in the 

degeneration of vulnerable neuronal populations within locus coeruleus terminal fields.   

 

1.3.2.4   Increased Oxidative and Energetic Stress 

 

Degeneration of the locus coeruleus can disrupt energetic homeostasis and functional 

interactions between neurons and astrocytes.  Adrenergic receptors on astrocytes have 

been linked to various housekeeping roles that include glycogen metabolism and the 
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transport of energy and transmitter substrates to neurons during periods of intense 

activity.  Furthermore, stimulation of the locus coeruleus results in the release of co-

factors such as BDNF and ATP.  A deficiency in noradrenergic transmission in the AD 

brain could lead to a failure in energy utilization and homeostasis in both neurons and 

astrocytes and impair other transmitter systems (reviewed in Marien et al., 2004; 

O’Donnell et al., 2012).  

 

Noradrenaline has been shown to protect cultured neurons from oxygen-glucose 

deprivation and excitotoxicity (Madrigal et al., 2009), oxidative stress (Troadec et al., 

2001; Traver et al., 2005) and Aβ injury (Madrigal et al., 2007; Counts and Mufson, 

2010).  In human neuronal and rat primary hippocampal cultures, noradrenaline 

prevented Aβ-induced oxidative stress, depolarization of the mitochondrial membrane 

and the activation of apoptotic cascades.  These effects were mediated through β 

adrenergic stimulation of cAMP and P-CREB and the subsequent increased production 

of NGF and BDNF (Counts and Mufson, 2010).  In astrocytic cultures, noradrenaline 

and cAMP induced expression of the protective chemokine MCP-1 (monocyte 

chemoattractant protein).  MCP-1 reduced lactate dehydrogenase release and 

prevented the loss of ATP in neurons challenged with oxidative-glucose deprivation and 

glutamate (Madrigal et al., 2009).  Noradrenaline and cAMP also reduced Aβ42-induced 

damage in primary cultures of rat cortical neurons (Madrigal et al., 2007).  Some 

protective effects of noradrenaline against Aβ and oxidative insults may be mediated 

through adrenoceptor-independent mechanisms.  Noradrenaline increases the 

synthesis and expression of the antioxidant GSH in neurons (Madrigal et al., 2007).  It 

also has antioxidant properties.  It promoted the long-term survival and function of 

dopaminergic neurons in rat mesencephalic cultures, independent of adrenoceptor 

activation or glutathione synthesis (Troadec et al., 2001).  In an in vitro model of septal 

cholinergic cell death induced by low-level oxidative stress, noradrenaline rescued 

cholinergic neurons by neutralizing hydroxyl radicals (Traver et al., 2005).  Like 

noradrenaline, other 1,2-dihydroxybenzene derivatives have been found to reduce ROS 

and to promote survival of cholinergic and dopaminergic neurons in vitro, suggesting 

that the catechol moiety may confer antioxidant and neuroprotective properties.  Some 
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of these effects may involve synergistic interaction with other trophic molecules.  For 

example, in the septal neuron culture model, BDNF and NGF only prevented oxidative 

stress and stimulated the cholinergic phenotype when tested in the presence of 

noradrenaline (Traver et al., 2005).  The protective effects of noradrenaline against Aβ 

toxicity and oxidative stress, together with its stimulatory effects on transmission and on 

the synthesis and release of trophic factors, draw attention to the AD-associated 

noradrenergic deficits as targets for therapeutic intervention. 

 

1.4   APP-Transgenic Mouse Models of Alzheimer’s Disease 

 

AD-like cerebral Aβ pathology occurs spontaneously in aged nonhuman primates, bears 

and dogs.  Primates, bears and sheep can also develop neurofibrillary tangles.  There 

are no reports of these pathological indices spontaneously occurring in lower-order 

species (reviewed in Jucker, 2010).  The dog is an especially relevant model of AD.  

Canine APP and its proteolytic machinery share considerable homology with the human 

equivalents.  Dogs develop age-related cognitive dysfunction, the extent of which 

correlates with cortical Aβ load and the loss of noradrenergic neurons (Insua et al., 

2010).  These findings in the plaque-bearing dog brain affirm the interplay of Aβ toxicity 

and noradrenergic deficits in driving disease progression.  Despite these similarities to 

human AD, the dog is not a practical choice for most AD research.  Mice offer several 

advantages.  They are comparatively easy, fast and inexpensive to breed in large 

numbers.  Moreover, procedures for transgenic manipulation and phenotyping of the 

mouse are well described in the biomedical literature.  For these reasons, numerous 

lines of genetically engineered mice expressing a variety of AD-associated human 

mutations have been created over the past 15 years (reviewed in Jucker, 2010).   
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1.4.1   Mouse Models of Aβ Deposition 

 

Increased Aβ biogenesis and aggregation is the common pathogenic denominator in 

both familial and sporadic AD (see section 2.2).  Consequently, initial attempts at 

creating a transgenic (Tg) mouse model of AD focused on inducing expression of the 

entire human APP (hAPP) gene.  However, overexpression of wild-type hAPP, either 

the APP695 or APP751 isoforms, was insufficient to produce Aβ plaque pathology.  

Subsequent attempts at producing amyloid pathology led to the creation of Tg mice 

overexpressing familial AD-causing mutations in APP, PS1 or PS2.  Such mutant APP-

Tg mice exhibit robust Aβ deposition, whereas mice expressing only PS1 or PS2 

mutations exhibit increased production of Aβ42 but not cerebral plaques.  Differences in 

murine and human sequences and/or processing of APP may explain the failure of 

presenilin over-expression to cause significant Aβ pathology in mice.  However, 

combining mutant hAPP with presenilin over-expression can accelerate cerebral Aβ 

pathology and exacerbate behavioural deficits in APP-Tg mice (reviewed in Dodart et 

al., 2002; Bateman et al., 2011; Kokjohn and Roher, 2009).  APP-Tg mice have proven 

invaluable tools for studying the toxicity of Aβ in vivo.  Table 1-1 summarizes the main 

characteristics of the most widely used APP-Tg lines.   
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The features summarized in Table 1-1 are drawn from seven key reviews of APP-Tg 

mouse models (Dodart et al., 2002; Spires et al., 2005; Crews et al., 2010; Wirths et al., 

2010; Balducci et al., 2011; Jawhar et al., 2012; Li et al., 2013).  They indicate that 

expression of hAPP mutations in Tg mice reliably leads to Aβ accumulation and to 

development of senile plaques.  Plaques are associated with cognitive and synaptic 

dysfunction, dystrophic neurites, reactive gliosis as well as hyperphosphorylation of tau.  

Soluble oligomeric species of Aβ are believed to mediate the toxicity.  Alterations in 

synaptic plasticity, axonal swellings and hippocampal atrophy are present well before 

plaque deposition can be discerned (reviewed in Elder et al., 2010). 

 

Neurofibrillary tangles are not encountered in these models.  However, in the case of 

3xTg mice that express mutant forms of human APP, PS1 and tau, intraneuronal Aβ 

deposits appear before somatodendritic accumulation of tau.  These findings support 

the hypothesis that amyloid accumulation precedes and fosters hyperphosphorylation of 

tau, in turn leading to tangle formation.  Consistent with this notion, Aβ immunotherapy 

was found to reduce tau pathology in 3xTg mice (Oddo et al., 2004).   

 

1.4.2   Limitations in Modeling Late-Stages of Disease 

 

APP-Tg mice reliably mimic age-dependent Aβ deposition and cognitive impairment, 

though not neurofibrillary tangles and extensive neuronal loss exhibited in the human 

disease.  Thus, these constitute partial models, best suited for studying the role of 

amyloid pathology in isolation.  In this sense, APP-Tg mice are particularly useful for 

examining early, prodromal phases of the human disease, when interventions might 

serve to prevent disease progression (Zahs and Ashe, 2010).  Clearly other factors that 

may play a role in the sporadic human disease, including the influence of ageing, social 

and environmental factors, as well as comorbidities such as diabetes can be 

approached experimentally, but cannot be fully recapitulated in transgenic mice 

(reviewed in Li et al., 2013).   
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Several confounding artifacts may arise with transgenesis.  APP-Tg mice express 

mutated APP transgenes and accumulate Aβ by mechanisms that are not under normal 

physiological control.  This may trigger unanticipated tissue responses that are 

unrelated to the disease process in AD.  The level and topography of transgene 

expression is dependent on the transcriptional promoter used.  The genetic background 

and gender of the mouse can also substantially influence pathology and behaviour 

(reviewed in Duyckaerts et al., 2008).  The use of different promoters, murine genetic 

backgrounds and APP isoforms in creating APP-Tg mice has led to some heterogeneity 

in the expression of amyloid pathology and cognitive phenotypes.  Of the three major 

isoforms of APP expressed in the brain (APP695, APP751, APP770), only the AICD 

produced from β- and γ-secretase cleavage of APP695 is transcriptionally active.  AICD 

up-regulates the expression of neprilysin.  AICD produced from the Swedish mutant 

form of APP695 is more transcriptionally active than that produced from wild-type APP695 

(Belyaev et al., 2010).  Increased expression of the amyloid degrading enzyme 

neprilysin in mice expressing the Swedish variant of APP695 may lead to differences in 

the development of amyloid pathology among APP-transgenic lines.  Levels of soluble 

Aβ, especially of the toxic oligomeric kind, differ among transgenic lines.  For example, 

Tg2576 mice exhibit lower levels of soluble Aβ than APP23 mice.  Both of these lines 

express the Swedish mutation, but do so on distinct murine genetic backgrounds and 

with different hAPP isoforms and transcriptional promoters (refer to Table 1-1).  

Background strain critically influences the overall phenotypic profile.  Mice bred from the 

DBA/2J and SJL lines, such as the PDAPP and Tg2576 mice, display aggressive and 

neophobic tendencies that can hinder the interpretation of their performance in 

behavioural tasks (reviewed in Kobayashi and Chen, 2005; Balducci and Forloni, 2011).  

These differences and the co-existence of human and murine Aβ in transgenic mice can 

confound translation of results to the human disease.   

 

Typically, the Aβ plaques produced in APP-Tg mice are less dense, more soluble and 

less resistant to degradation than are those observed in AD patients.  Compared with 

human Aβ, mouse Aβ has three amino acid substitutions in the N-terminal region.  
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These sequence differences do not prevent murine Aβ from aggregating into β-sheet 

structures and fibrils in vitro.  In fact, mixed human and murine Aβ fibrils were found to 

be more insoluble than homogenous human Aβ fibers (Fung et al., 2004).  Differences 

between the amyloid aggregates observed in APP-Tg mice and in AD patients may 

arise from the lack of post-translational modifications of Aβ in mice.  More extensive 

amino-terminal truncation, aspartate isomerization, methionine oxidation, intermolecular 

cross-linking and an increased glycosylation in humans may underlie the greater 

insolubility and resistance to proteolysis of human Aβ plaques.  Such species 

differences may explain the resilience of APP-Tg mice to Aβ burdens that cause 

neuronal death in humans (reviewed in Kokjohn and Roher, 2009).  Despite these 

caveats, APP-Tg mice have provided the first in vivo demonstration that APP familial 

mutations cause amyloidogenesis similar to that observed in AD and are thus useful for 

examining how Aβ initiates the disease (reviewed in Dodart et al., 2002).  

 

1.4.3   Noradrenergic Involvement in APP-Tg mice 

 

Progressive damage to noradrenergic terminals and degeneration of the locus 

coeruleus have been observed in several strains of APP-Tg mice.  Aged PDAPP mice 

exhibit selective shrinkage of locus coeruleus cells that project to cortical or 

hippocampal regions with extensive Aβ pathology (German et al., 2005).  In APPswe/ 

PS1ΔE9 mice, progressive Aβ deposition in the forebrain is associated with distal 

axonopathy and loss of noradrenergic neurons in the locus coeruleus (Liu et al., 2008).  

These mice also exhibit a late-onset, gradual loss of noradrenaline in the hippocampus 

(Szapacs et al., 2004).  A decrease in the volume and number of cells was also 

observed in the locus coeruleus of the Tg2576 mouse.  This degeneration in Tg2576 

mice coincided with impairments in olfactory memory and neurogenesis (Guérin et al., 

2009).  Finally, damage to the locus coeruleus is evident in the 5xFAD APP-Tg mouse.  

At 6 months of age, male 5xFAD mice exhibit increased astrocyte activation, increased 

inflammatory gene expression, neuronal hypertrophy and reduced catecholaminergic 
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markers in the locus coeruleus (Kalinin et al., 2012).  In all of these transgenic mouse 

studies, locus coeruleus damage was observed late in disease progression and 

appeared to result from retrograde degeneration that was initiated by Aβ in forebrain 

terminal fields (Liu et al., 2008).  

 

1.4.3.1   Noradrenaline Depletion Studies 

 

Degeneration of the locus coeruleus appears to be driven by Aβ.  In turn, a deficiency in 

noradrenergic transmission can aggravate Aβ pathology and toxicity (see section 2.3.2).  

Several research groups have experimentally lesioned the locus coeruleus in APP-Tg 

mice to investigate the effects of noradrenergic depletion on Aβ mediated dysfunction in 

vivo.  The neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) is 

routinely used.  It accumulates intraneuronally and irreversibly inhibits noradrenaline 

uptake (Wenge and Bönisch, 2009).  Although the precise mechanism of DSP-4 action 

is unknown, it is thought to produce retrograde degeneration in noradrenergic terminals 

by alkylation of neuronal structures (Fritschy and Grzanna, 1989).  In rodents, systemic 

administration of DSP-4 causes dose-dependent denervation of fibers arising mainly 

from the locus coeruleus (reviewed in Marien et al., 2004).  This results in reduced 

noradrenaline tissue content and NET levels, as well as increased α2 adrenoceptor 

binding sites in the forebrain (reviewed in Szot et al., 2010).   

 

To study the interplay between noradrenergic depletion and Aβ toxicity, Heneka and 

colleagues (2006) administered acute high dose DSP-4 treatments (2 intraperitoneal 

injections of 50 mg/kg separated by a week) to 10 month-old APP23 mice.  Normally, 

APP23 mice do not exhibit degeneration of the locus coeruleus.  However, DSP-4 

caused 50-60% loss of neurons in the locus coeruleus and > 70% loss of tissue 

noradrenaline content within the cortex and hippocampus.  Loss of noradrenergic fibers 

exacerbated glial inflammation and Aβ load in terminal fields.  DSP-4 treatment 

significantly increased neuronal loss, decreased the density of cholinergic boutons, 
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attenuated cholinesterase activity and reduced cerebral glucose metabolism.  The 

neurochemical and pathological changes were associated with increased cognitive 

deterioration.  Compared to non-lesioned APP23 mice, the DSP-4 treated animals 

performed worse in tests of spatial learning and exhibited no ability to recognize a social 

partner.  Although DSP-4 treatment in wild-type mice induced noradrenergic depletion, it 

did not affect neuronal integrity in terminal fields, inflammatory markers, cholinergic 

function or cognitive performance.  These findings suggest that amyloid and 

noradrenergic deficits induce dysfunction synergistically (Heneka et al., 2006).  Chronic 

low doses of DSP-4 (5 mg/kg; intraperitoneally, every 2 weeks for 6 months) 

administered to 3 month-old APP-Tg mice overexpressing the Indiana mutation, 

increased Aβ burden 5-fold and decreased both expression and activity of neprilysin 

(Kalinin et al., 2007).  Repeated injections of DSP-4 (5 mg/kg monthly from 5 to 11 

months of age) were administered to APP/PS1 mice bearing APP Swedish and PS1 

M146V mutations (TASTPM mouse line).  These animals exhibited reductions in 

forebrain noradrenaline levels greater than those associated with normal ageing.  The 

injections increased glial activation and inflammatory markers but did not affect the 

severity of Aβ pathology or memory deficits (Pugh et al., 2007).  Finally, in APPswe/ 

PS1ΔE9 mice with endogenous noradrenergic deficits, chronic intraperitoneal injections 

of 50 mg/kg DSP-4 (monthly from 3 to 6.5, or 3 to 12.5 months of age) accelerated 

Aβ pathology, neuroinflammation and cognitive impairment (Jardanhazi-Kurutz et al., 

2010) and altered the relative expression of α− and β-adrenoceptors in terminal fields 

(Jardanhazi-Kurutz et al., 2011).  These studies collectively reveal that the effects of 

DSP-4 on Aβ and related dysfunction depend on the dosing regime, transgenic model 

and age at which treatments are initiated.   

 

The selectivity and efficacy of DSP-4 as a noradrenergic toxin has been questioned.  In 

rats, DSP-4 rapidly and transiently depletes noradrenaline and NET levels in forebrain 

terminal fields, without causing obvious degeneration of the locus coeruleus (Szot et al., 

2010).  Though mice may be more sensitive to DSP-4 than rats (Fornai et al., 1996), 

experimental lesions of the locus coeruleus are reversible.  Surviving noradrenergic 

neurons exhibit robust sprouting and compensatory increases in noradrenaline release.  
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Upregulation of postsynaptic adrenergic receptors also occurs in response to 

presynaptic deficits.  The immediate effects of systemic administration of DSP-4 include 

an acute increase in noradrenaline release in the cortex.  This effect is assumed to 

result from DSP-4 inactivation of NET.  Depending on the extent of denervation and the 

time after DSP-4 treatment, noradrenaline release may be maintained at normal levels 

because of the compensatory capacity of this system (reviewed in Marien et al., 2004).  

Moreover, DSP-4 decreases not only noradrenaline but also co-factors such as galanin 

and BDNF.  To isolate the effects of a specific noradrenaline deficiency, APPswe/ 

PS1ΔE9 mice were crossbred with dopamine β-hydroxylase knock-out animals, unable 

to synthesize noradrenaline but with intact locus coeruleus neurons, projection fibers 

and co-transmitters.  Selectively ablating noradrenaline in APPswe/ PS1ΔE9 mice 

potentiated impairments in spatial memory and hippocampal LTP and reduced levels of 

learning-associated postsynaptic receptors without increasing Aβ pathology or impairing 

its clearance (Hammerschmidt et al., 2013).  Collectively, these studies suggest that a 

disruption in forebrain noradrenergic transmission exacerbates phenotypes in APP-Tg 

mice and that locus coeruleus degeneration triggers inflammation and Aβ deposition.  

 

1.4.3.2   Noradrenaline Enhancement Studies 

 

Deficiency in forebrain noradrenergic transmission exacerbates Aβ-induced impairment 

in APP-Tg mice.  Thus, enhancing noradrenergic function might mitigate disease 

progression.  Noradrenaline stimulates microglial phagocytosis of Aβ.  Loss of this 

phagocytic activity in DSP-4 treated APP-Tg mice can be restored with the 

noradrenaline precursor, L-threo-3,4-dihydroxyphenylserine (L-DOPS) (Heneka et al., 

2010).  In 5xFAD APP-Tg mice with noradrenergic degeneration and inflammation, 

chronic treatment with L-DOPS elevated noradrenaline levels in the brain, reduced glial 

activation and Aβ burden, increased mRNA levels of the amyloid-degrading enzymes 

neprilysin and IDE, upregulated BDNF expression and improved spatial memory 

(Kalinin et al., 2012).  However, the noradrenaline-reuptake inhibitor, atomoxetine, did 
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not reduce plaque burden in 5xFAD mice and did not improve clinical scores in AD 

patients (reviewed in Kalinin et al., 2012).  A related reuptake inhibitor, reboxetine, failed 

to improve cognitive deficits in APP/PS1 mice.  In contrast, chronic treatment with the 

α2-adrenoceptor antagonist fluparoxan prevented age-related spatial working memory 

deficits in APP/PS1 TASTPM mice without altering Aβ load or astrocytic activation 

(Scullion et al., 2011).  These results suggest that increasing noradrenaline tissue levels 

alone may not correct the full complement of AD-like changes in the brain.  In particular, 

improving cognitive endpoints may rely on improving cholinergic and/or serotonergic 

tone through heteroceptor blocking actions of α2-adrenoceptor antagonism.  Differences 

in drug treatment paradigms, mouse strain and Aβ load may also contribute to the 

outcome of drug treatment studies in AD models.  Despite these caveats, it appears that 

enhancing forebrain noradrenergic transmission (see section 1.3.2) can mitigate both 

symptoms and progression of amyloid pathology.  

 

 

1.4.4   The TgCRND8 Mouse 

 

The TgCRND8 mouse is a robust, early-onset model of amyloidogenesis in a hybrid 

C57BL/6 x C3H genetic background strain.  TgCRND8 mice overexpress a hAPP695 

transgene bearing Swedish (KM670/671NL) and Indiana (V717F) familial AD mutations, 

under the control of the pan-neuronal Syrian hamster prion promoter.  Expression of the 

doubly mutated hAPP protein is ~5-fold higher than that of endogenous murine APP 

(Chishti et al., 2001).  The Swedish mutation promotes the β-secretase proteolysis of 

APP, while the Indiana mutation increases the Aβ42/Aβ40 proportion of amyloid peptides 

produced (reviewed in Walsh and Teplow, 2012).  
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1.4.4.1   Neuropathological and Neurochemical Changes 

 

TgCRND8 mice develop Aβ accumulation preferentially in the cortex and hippocampus 

(Chishti et al., 2001; Ma et al., 2011).  From 4 to 10 weeks of age, Aβ40 levels are low 

and stable.  Aβ42 levels rise slowly from 4 to 8 weeks and sharply increase at 10 weeks, 

at which point, Aβ42 peptide levels are ~5X those of Aβ40.  At 6 months of age, overall 

levels of Aβ in TgCRND8 brains are equivalent to those observed in sporadic AD brains 

(Chishti et al., 2001).  Aβ42/Aβ40 ratios in TgCRND8 mice are highest in the regions 

wherein insoluble Aβ accumulates most.  These include the hippocampus, cortex and 

olfactory bulbs (Ma et al., 2011).  The spatiotemporal progression of Aβ deposition in 

TgCRND8 brains is similar to that in AD patients (see section 1.1.2.1).  In the mice, Aβ 

plaques emerge in cortical regions surrounding the hippocampus (subiculum) shortly 

after 9 weeks of age.  Robust plaque pathology is consistently present throughout 

cortex and hippocampus by 15 weeks of age.  From the cortex, plaques spread to the 

hippocampus proper, dentate gyrus, olfactory bulbs and thalamus.  At 28 weeks of age, 

Aβ deposits are observed in the cerebral vasculature and striatum.  By 35 weeks, the 

cerebellum and brainstem are also burdened with Aβ (Chishti et al., 2001).  At 40 

weeks, extensive Aβ pathology occupies ~4% of total cortical area in TgCRND8 brains 

(Hyde et al., 2005).  TgCRND8 mice exhibit both dense-core and diffuse plaques.  

Infrared microspectroscopy has revealed that the dense core plaques assume a highly 

aggregated β-sheet structure and are surrounded by an increase in phospholipids, that 

likely come from membranes of dystrophic neurites and microglial processes.  In 

contrast, diffuse amyloid plaques lack the β-sheet structure and do not appear to disrupt 

tissue morphology (Rak et al., 2007).  Dense-cored Aβ plaques in TgCRND8 mice are 

closely associated with dystrophic neurites and a focal inflammatory response (Chishti 

et al., 2001).   

 

At early stages of Aβ deposition, inflammatory markers are unchanged in TgCRND8 

mice.  At 28 weeks of age, the pro-inflammatory cytokine IL-1β, was found to be 

upregulated in the cortex, hippocampus and olfactory bulbs.  By 36 weeks, IL-1β levels 
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were increased in the striatum as well.  At that age, TgCRND8 mice also were found to 

exhibit increased expression of the astrocytic chemokine, CXCL1, in the hippocampus 

and olfactory bulbs (Ma et al., 2011).  Aβ plaques in TgCRND8 mice are surrounded by 

hypertrophic astrocytes and are infiltrated by activated microglia.  Moreover, neurons 

and microglia in the vicinity of Aβ deposits express inducible nitric oxide synthase 

(iNOS) (Bellucci et al., 2006).  The induction of iNOS fosters production of nitrous oxide, 

leading to protein nitration and oxidative damage.  Indeed, nitrotyrosine immunostaining 

was observed in the neocortex and hippocampus of the TgCRND8 brain (Bellucci et al., 

2007).  Nitrosative stress may contribute to the formation of tau filaments by promoting 

tau hyperphosphorylation and disassembly from microtubules (Zhang et al., 2005a,b). 

TgCRND8 mice do not develop neurofibrillary tangles (Chishti et al., 2001), but do 

exhibit hyperphosphorylated (Bellucci et al., 2007; Greco et al., 2010) and nitrosylated 

tau in the vicinity of plaques (Bellucci et al., 2007).  Neuroinflammation and abnormal 

processing of tau in TgCRND8 mice were found to occur after the development of 

cerebral amyloidosis.  

 

Signs of bioenergetic stress emerge with Aβ accumulation in TgCRND8 brains.  Focal 

microcrystalline deposits of creatine have been observed in the hippocampus of 5 

month-old mice and have been found to progressively increase with Aβ burden (Kuzyk 

et al., 2010).  Creatine deposits are also evident in the hippocampus of AD patients 

(Gallant et al., 2006) and may reflect disruption in the creatine kinase/PCr energy 

shuttle and/or an unmet need in maintaining tissue bioenergetics (reviewed in section 

1.1.5.3).  The significance of creatine deposits in TgCRND8 mice is unknown, as is their 

state of bioenergetic homeostasis and mitochondrial function.  

 

Amyloidosis in TgCRND8 brains is accompanied by autophagic-lysosomal pathology, as 

observed in AD (Nixon et al., 2005; reviewed in Nixon and Yang, 2011).  Neurons in the 

cortex and hippocampus of TgCRND8 mice were found to contain enlarged autophagic 

vacuoles filled with Aβ.  Autophagic pathways are probable sites of Aβ generation.  

Disruption of autophagy/ proteolytic clearance may contribute to intracellular Aβ buildup 
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(reviewed in Nixon, 2007).  Reversal of autophagic deficits in TgCRND8 mice reduced 

intraneuronal Aβ and extracellular Aβ deposition (Yang et al., 2011).   

 

Aβ accumulation induces some degeneration in TgCRND8 brains.  Aβ deposits in this 

mouse are highly axonopathic, causing localized displacement or termination of apical 

dendrite segments (Woodhouse et al., 2009).  Despite severe dystrophy, axons and 

apical dendrites remain continuous and their corresponding cell bodies are metabolically 

active throughout disease progression.  However, dystrophic axons are associated with 

impaired axonal transport and a loss of presynaptic machinery.  Localized disruption of 

synaptic function in TgCRND8 mice is thought to reflect early stages of axonopathy and 

synaptic loss in AD (Adalbert et al., 2009).  Frank neuronal loss has also been reported.  

At 6 months of age, TgCRND8 mice exhibit a significant reduction in the number of 

hippocampal neurons immunoreactive for glutamate decarboxylase 67, the enzyme 

responsible for synthesizing GABA.  The loss of GABAergic neurons is localized to the 

CA1-3 hippocampal fields and occurs in the absence of alterations in glutamatergic 

transmission (Krantic et al., 2012).  Neuronal damage and extensive white matter 

demyelination has been observed in plaque-riddled brain regions that receive heavy 

cholinergic innervation.  By 7 months, TgCRND8 mice exhibit a significant loss of 

cholinergic neurons (39% reduction) in the nucleus basalis magnocellularis and reduced 

M2 muscarinic receptor immunoreactivity in the cortex.  The cell bodies and dendrites of 

the remaining cholinergic neurons are shrunken.  Moreover, levels of basal and 

potassium-evoked extracellular acetylcholine were significantly reduced in the prefrontal 

cortex (Bellucci et al., 2006).      

 

Aβ42 has been associated with increased levels of the ryanodine receptor-3 and altered 

calcium homeostasis in neurons from TgCRND8 mice (Supnet et al., 2006).  Ryanodine 

receptors regulate the release of calcium from endoplasmic reticulum and play a critical 

role in regulating intracellular calcium levels.  The increase in ryanodine receptor-3 

levels in the cortex and hippocampus of TgCRND8 mice was associated with disruption 

of this intraneuronal calcium control.  Alterations in GABAergic tone and/or calcium 

homeostasis may underlie reported increases in hippocampal excitability, abnormal 

synaptic plasticity (Jolas et al., 2002) and lowered seizure threshold (Del Vecchio et al., 
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2004).  As in AD, the dendritic morphology of hippocampal pyramidal CA1 neurons is 

grossly simplified in TgCRND8 brains.  Specifically, the basal dendrites of CA1 

pyramidal neurons were shorter, with fewer intersections and nodes (Yiu et al., 2011).  

Decreases in spine density and dendritic morphology were associated with reductions in 

activation of CREB and transcription of Arc (Yiu et al., 2011).  These studies suggest 

disruptions in synaptic efficacy and neuronal activity in hippocampal networks that may 

be important for memory.  

 

Decreased P-CREB expression, reduced GABAergic and cholinergic markers, disrupted 

calcium homeostasis and creatine deposits reflect bioenergetic stress and reveal 

potential pathways to degeneration in the TgCRND8 brain.     

 

1.4.4.2   Behavioural Profile 

 

TgCRND8 mice exhibit a range of behavioural phenotypes.  These include well-

characterized learning and memory deficits in explicit hippocampus-dependent spatial 

navigation tasks, such as the Morris water maze (Chishti et al., 2001, Janus, 2004; 

Hyde et al., 2005; Hanna et al., 2009), the 6-arm radial water maze (Lovasic et al., 

2005) and the Barnes maze (Görtz et al., 2008; Richter et al., 2008; Ambrée et al., 

2009; Walker et al., 2011).  These mice also exhibit memory deficits in hippocampus-

independent implicit associative learning tasks, such as conditioned taste aversion 

(Janus et al., 2004; Hanna et al., 2009) and step-down inhibitory avoidance (Bellucci et 

al., 2006).   

 

TgCRND8 mice also model other behavioural manifestations of AD.  They demonstrate 

reduced sensory gating to auditory startle stimuli in a prepulse inhibition paradigm 

(McCool et al., 2003). TgCRND8 mice also display increased stereotypic behaviour (ex. 

jumping, circling, hanging) in their home cages.  Altered 24-hour activity rhythms and 

stereotypies precede plaque deposition and progress with age, but do not correlate with 

Aβ burden (Ambrée et al., 2006).  Others have observed that TgCRND8 mice are 
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hyperactive (Hyde et al., 2005; Walker et al., 2011), very sensitive or irritable to touch 

(Walker et al., 2011) and show altered anxiety-related behaviour (Görtz et al., 2008; 

Walker et al., 2011).  Behavioural disturbances in TgCRND8 mice have been described 

as analogues of non-cognitive symptoms often seen in AD patients, such as agitation, 

irritability and sundowning (Walker et al., 2011; Ambrée et al., 2006).  

 

The behaviour of TgCRND8 mice has rarely been assessed prior to plaque formation.   

One study has noted that emergence of cognitive dysfunction follows the appearance of 

amyloid plaques, at around 16 weeks of age (Hyde et al., 2005).  However, profound 

spatial memory deficits were recently reported in 10-week-old mice (Yiu et al., 2011). 

These memory deficits were associated with reductions in P-CREB levels within the 

dorsal hippocampus.  Acutely increasing CREB function restored spatial memory, as 

well as dendritic spine density and CA1 network activity without affecting plaque load or 

total Aβ levels (Yiu et al., 2011).  Thus, TgCRND8 behavioural dysfunction may not 

correlate with levels of insoluble Aβ (Hanna et al., 2009), but as in the human disease 

(described in section 2.2.3), it may be triggered by soluble, intracellular accumulations 

of Aβ.  A build-up of intracellular Aβ may result from autophagic defects.  Autophagic 

vacuoles and deficiencies in the autophagic-lysosomal degradation pathway have been 

observed in the hippocampus and cortex of TgCRND8 brains (Lai and McLaurin, 2012).  

Markedly reducing intraneuronal and total Aβ levels in TgCRND8 mice, by restoring 

autolysosomal proteolysis, rescues memory in hippocampus-dependent contextual fear 

conditioning and olfactory habituation tasks (Yang et al., 2011).  Thus, cognitive and 

behavioural dysfunction likely results from accrual of soluble Aβ and its downstream 

effects on transmission, trophic support and/or energetic homeostasis.    

 

1.4.4.3   Validity as a Model of Alzheimer’s Disease 

 

The high basal synthesis of Aβ, which is skewed towards production of the longer and 

more fibrillogenic Aβ42 peptide, contributes to the early onset and aggressive nature of 
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Aβ pathology in TgCRND8 mice.  As summarized earlier, these mice recapitulate many 

relevant behavioural, neurochemical and pathological features of AD.  However, the 

molecular determinants of Aβ-induced functional impairment have yet to be resolved.  

Cholinergic deficits and most other reported biochemical changes emerge after plaques 

and behavioural dysfunction.  Thus, a major goal of this thesis work was to identify 

pathways that might lead to these changes in TgCRND8 mice.   
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______________________________________________ 
 
Chapter 2   Hypotheses and Experimental Approach  
______________________________________________ 
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2.1   Thesis Aims 
 

The TgCRND8 phenotype is driven by the production and accumulation of Aβ.  How Aβ 

leads to neuronal dysfunction and behavioural abnormalities has yet to be determined. 

The central objective of this thesis was to investigate neurochemical changes that lead 

to Aβ-induced functional impairment.  To achieve this, it was first necessary to pinpoint 

what behavioural changes emerge and when they appear.  This provided the ‘when’ 

and ‘where’ to identify pathogenically significant events that unfold in the TgCRND8 

brain.  With the therapeutic window defined, suitable measures for assessing functional 

improvements were then determined.  The experimental work included four discrete 

studies, which tests the following hypotheses.  

 

2.2   Hypotheses  

 

2.2.1   Object memory impairment is an early endophenotype 
 

Object recognition is dependent on the integrity of the hippocampus, entorhinal and 

frontal cortices.  These are brain regions that are targeted first by Aβ.  We hypothesized 

that object memory is affected early in the development of TgCRND8 dysfunction.  Mice 

were tested on a non-spatial, object memory task at pre-plaque, early and advanced 

plaque stages.  We also investigated whether changes in hippocampal and cortical 

BDNF mRNA levels coincide with memory impairment.    

 

2.2.2   Noradrenaline content is reduced in major terminals and antagonism  
           of α2-adrenoceptors mitigates functional impairment 

 

We hypothesized that a progressive loss of noradrenergic innervation to major terminal 

fields in TgCRND8 mice facilitates Aβ toxicity.  We performed a longitudinal 
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measurement of catecholamine transmitter and metabolite content in major terminal 

fields.  We hypothesized that reductions in tissue noradrenaline contribute to AD-like 

phenotypes in TgCRND8 mice.  To test this, we examined the effects of increasing 

noradrenergic transmission on behaviour, BDNF mRNA levels and amyloid burden.  We 

treated mice with the α2-adrenoceptor antagonist dexefaroxan, because it has been 

shown to increase BDNF levels and stimulate cholinergic parameters in addition to 

increasing locus coeruleus neuronal activity and noradrenaline synthesis (reviewed in 

Marien et al., 2004).  The therapeutic effects of dexefaroxan were compared to that of 

rivastigmine, a clinically used cholinesterase inhibitor.    

 

2.2.3   Bioenergetic homeostasis is disrupted by mitochondrial dysfunction 
 

We hypothesized that the accumulation of Aβ metabolically stresses the cell, impairing 

mitochondrial enzyme function and disrupting energy homeostasis.  We examined 

activities of complex I+III and complex IV of the electron transport chain, as well as 

those of α-ketoglutarate dehydrogenase and pyruvate dehydrogenase in mice with 

advanced plaque pathology.  To determine how alterations in metabolic enzyme rates 

affect mitochondrial output, we measured tissue levels of high-energy phosphate donors 

in behaviourally relevant brain regions.   

 

2.2.4   Blockade of α2-adrenoceptors alleviates mitochondrial impairment 
 

Perturbations in energy homeostasis may provide a progressive end-point for 

therapeutic evaluation in TgCRND8 mice.  We revisited mitochondrial enzyme activities 

and tissue levels of ATP and creatine in younger mice at pre-plaque and nascent 

plaque pathology stages.  Finally, we assessed the therapeutic effects of dexefaroxan 

on mitochondrial enzyme activity and output.  To test whether any positive effect on 

these parameters might be mediated through a cholinomimetic action of α2-

adrenoceptor antagonism, effects of dexefaroxan were compared to rivastigmine. 
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______________________________________________ 
 
Chapter 3   Object Recognition Memory and BDNF  
                      Expression are Reduced in Young    
                      TgCRND8 Mice  
______________________________________________ 
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recognition memory and BDNF expression are reduced in young TgCRND8 mice, 
pages 555-563, Copyright (2012), with permission from Elsevier: License # 
3136650486489.  
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3.1   Abstract 

 

The TgCRND8 mouse model of Alzheimer’s disease exhibits progressive cortical and 

hippocampal β-amyloid accumulation, resulting in plaque pathology and spatial memory 

impairment by 3 months of age.  We tested whether TgCRND8 cognitive function is 

disrupted prior to the appearance of macroscopic plaques in an object recognition task. 

We found profound deficits in 8 week-old mice.  Animals this age were not impaired on 

the Morris water maze task. TgCRND8 and littermate controls did not differ in their 

duration of object exploration or optokinetic responses.  Thus, visual and motor 

dysfunction did not confound the phenotype.  Object memory deficits point to the frontal 

cortex and hippocampus as early targets of functional disruption.  Indeed, we observed 

altered levels of brain-derived neurotrophic factor (BDNF) mRNA in these brain regions 

of pre-plaque TgCRND8 mice.  Our findings suggest that object recognition provides an 

early index of cognitive impairment associated with amyloid exposure and reduced 

BDNF expression in the TgCRND8 mouse.   
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3.2   Introduction 

 

Alzheimer’s disease (AD) presents as a progressive loss in memory and general 

cognitive abilities.  A crucial pathogenic factor is the accumulation of amyloid-β (Aβ) 

peptide.  Processing of amyloid precursor protein (APP) into Aβ through sequential β- 

and γ-secretase cleavage results in the deposition of aggregated Aβ in plaques that are 

first observed in the temporal neocortex, hippocampus and entorhinal cortex of the AD 

brain (Braak and Braak, 1991; Braak and Del Tredici, 2004; Thal et al., 2006).  

Transgenic mice expressing human APP are widely used to study how Aβ accumulation 

leads to neuronal dysfunction and cognitive impairment.  The APP-transgenic 

TgCRND8 mouse develops a pattern of Aβ deposition similar to human AD.  Plaques 

appear in the hippocampus and frontal cortex by 3 months and are eventually found 

throughout the brain, sparing the cerebellum until late in the disease (Chishti et al., 

2001).  

 

The cognitive performance of TgCRND8 mice has been widely studied (Janus et al., 

2000; Chishti et al., 2001; Bellucci et al., 2006; Ambree et al., 2006).  However, it 

remains unclear just how early relevant impairments occur.  It was reported that the 

onset of progressive spatial memory deficits in TgCRND8 mice coincides with plaque 

deposition (Hyde et al., 2005).  In humans, plaque burden is poorly correlated with 

severity of dementia (Terry et al., 1991; Dickson et al., 1992) and it has been suggested 

that neurotoxic oligomeric Aβ likely causes cognitive decline prior to plaque formation 

(reviewed in Westerman et al., 2002; Hardy and Selkoe, 2002; Van Dam et al., 2003; 

Hanna et al., 2009).  To pinpoint when cognitive dysfunction first emerges in TgCRND8 

mice, we sought a sensitive assay that relies on brain regions targeted by Aβ early in 

the pathogenic process.  Among the earliest symptoms of AD is the disruption of object 

recognition (Done and Hajilou, 2005; Viggiano et al., 2008), a form of memory that is 

dependent upon reciprocal interconnections that relay multimodal sensory information 

between the neocortex, entorhinal cortex and the hippocampus (Charles et al., 2004; 

Hammond et al., 2004; Parron et al., 2006; Sipos et al., 2007; Vannuci et al., 2008; and 

reviewed in Dere et al., 2007).   
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Aβ may disrupt neural function in these regions, in part, by down-regulating brain 

derived neurotrophic factor (BDNF) (Garzon and Fahnestock, 2007; Christensen et al., 

2008).  BDNF is heavily expressed in the hippocampus and cerebral cortex (Hofer et al., 

1990; Yan et al., 1997), where it plays important roles in synaptic plasticity and long-

term potentiation (reviewed in Nagahara et al., 2009).  Decreases in BDNF are evident 

at preclinical stages of AD, and these reductions correlate with the rate of cognitive 

decline (Peng et al., 2005).  We previously reported decreased levels of BDNF mRNA in 

the brains of aged, plaque-bearing TgCRND8 mice (Peng et al., 2009).  To determine 

whether BDNF down-regulation is an early correlate of object recognition impairment, 

we measured BDNF mRNA levels in the hippocampus and frontal cortex of pre-plaque 

TgCRND8 mice.  
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3.3   Methods 
 

3.3.1   Mice 

 

TgCRND8 mice express a double mutant (Swedish: KM670/671NL + Indiana: V717F) 

form of the human APP695 transgene under control of the Syrian hamster PrP gene 

promoter (Chishti et al., 2001).  These mice, created by Dr. David Westaway at the 

Centre for Research in Neurodegerative diseases (Janus et al., 2000), exhibit 

progressive plaque pathology beginning at 3 months.  By 7 months, they exhibit 

hyperphosphorylation and nitrosylation of tau (Bellucci et al., 2007) along with 

cholinergic cell loss (Bellucci et al., 2006).  The animals were maintained on a hybrid 

C57BL/6/C3H background and backcrossed with C57BL/6 wild-type mice.  Behavioral 

studies were performed on mice of the F1 generation.  TgCRND8 and non-transgenic 

(non-Tg) littermates were housed in groups of 2 to 4 in ventilated polycarbonate clear 

cages under standard laboratory conditions (12/12-h light/dark cycle with lights on at 

0700-h; room temperature of 21°C).  Food and water were available ad libitum.  Tests 

were carried out during the light phase of the cycle in accordance with the Canadian 

Council on Animal Care guidelines and the Animal Care Committee at the University of 

Toronto.  

 

Experiments were performed on pre-plaque mice at 4 – 6 weeks or 8 – 9 weeks of age 

and on mice with advanced plaque pathology (6 – 8 months old).  Groups were 

matched for gender and the genotype was unknown to experimenters.  Genotypes were 

determined by dot-blot hybridization analysis of genomic DNA extracted from tail 

clippings using a human APP probe as described previously (Chishti et al., 2001).  

 

3.3.2   Object Recognition 
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Cohorts of TgCRND8 (n≥10) and non-Tg (n≥10) littermates at 4 weeks, 8 weeks and 6 – 

8 months of age were tested for object recognition.  This is a test of non-spatial, 

episodic memory that is independent of neuromotor deficits and emotional cues.  It is 

based on the spontaneous tendency of rodents to explore a novel object over a familiar 

one (Ennaceur and Delacour, 1988).  Entorhinal and perirhinal regions of the cortex (the 

rhinal cortex) are implicated in object recognition, as is the hippocampus, although 

involvement of the latter is temporally delayed.  The rhinal cortex is thought to support 

short-term retention of object familiarity in concert with neocortical areas (Mumby and 

Pinel, 1994; Steckler et al., 1998).  With delay intervals longer than 15 min, retention 

becomes dependent upon reactivation of memory traces in the hippocampus 

(Hammond et al., 2004).  To differentiate between cortical and hippocampal 

components of task performance, we adapted the object memory paradigm used 

previously in our laboratory (Vaucher et al., 2002) by varying delay intervals.  Mice were 

habituated to the testing arena (clear plastic mouse cages) for 15 min over 7 daily 

sessions, and were considered successfully habituated if they consumed a small piece 

of breakfast cereal within 2 min.  On the test day, each animal was exposed for 10 min 

to a LEGO® construct (LEGO Group, Billund, Denmark) and a Hot Wheels® car (Mattel, 

Inc., El Segundo, CA, USA).  The objects were predetermined to be of matched saliency 

to mice.  Objects were fixed to the floor of the mouse cage with Velcro tape.  Time spent 

exploring the objects was recorded.  Exploration was scored when the mouse touched 

an object with its forepaws or snout, bit, licked, or sniffed the object from a distance of 

no more than 1.5 cm.  Five min, 1-h, or 3-h later, mice were re-exposed for 5 min to one 

object from the original test pair and to a novel object.  Separate cohorts (n≥10 for either 

genotype) were tested at each retention interval.  Between tests, the objects and testing 

cage were wiped with Virox5™ (Johnson Diversey, Inc., Sturtevant, WI, USA) to 

eliminate odor cues.  The possible confound of mice exhibiting preference for the right 

or left side of the cage was addressed by counterbalancing the placements of new 

object between mice in a test group.  A “memory index” (MI) was calculated as: MI=(tn – 

tf)/ (tn + tf), wherein ‘tn’ represents time exploring a novel object and ‘tf’ the duration of 

familiar object exploration.  
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3.3.3   Visual Function 

 

Visual function was assessed non-invasively in 9-week-old TgCRND8 (n=7) and non-Tg 

(n=10) littermates by testing a head tracking response to a rotating whole field stimulus.  

Head-tracking behaviour has been used to rapidly quantify spatial vision in rodents 

(Prusky et al., 2004) and is consistent with electrophysiology results (Thomas et al., 

2004).  The optokinetic apparatus was custom-made and consisted of a stationary 

platform on which the animal was placed and where it could move freely (diameter 5 

cm), surrounded by a drum (diameter 30.5 cm, height 61 cm).  The inner surface of the 

drum was lined with alternating black and white vertical stripes covering the entire visual 

field.  Two visual patterns with spatial frequencies of 0.13 cycle/degree and 0.26 

cycle/degree were used.  The Weber contrast of white and black stripes (Lmax. – Lmin./ 

Lmin.; L=luminance) was 7.55, as measured by a luminance meter (Minolta, LS-100, 

Japan).  A video camera was mounted on a stand overlooking the platform (Olympus 

digital camera, C-3000, Japan).  The drum was rotated at angular velocities ranging 

from 1 degree/sec to 60 degrees/sec either clockwise or anticlockwise using a motor 

(GM9413-4, Pittman, Harleysville, PA, USA,).  Angular velocity of the drum was 

measured with a contact tachometer (High-Accuracy Digital Contact Tachometer, 

McMaster-Carr, Dayton, NJ, USA).  Once a mouse was placed on the platform within 

the drum, the light was turned on and the drum was rotated clockwise or anticlockwise 

until head tracking was observed for a maximum of 30 sec.  A movement of the head 

corresponding to the direction and speed of the optokinetic stimulus was defined as 

head tracking.  Experimenters were blind to each animal’s genotype, and all mice were 

tested on the same day by the same experimenters.  The optokinetic stimulus was 

repeated 3 times in alternating directions.  If a head tracking response was not 

observed, the stimulus was repeated 2 more times.  The angular velocity of the drum 

was increased stepwise until a 50% response rate was achieved (Bonaventure et al., 

1983; Yücel et al., 1990).  Visual function was assessed by determining the optokinetic 

frequency at which head-tracking behaviour was extinguished.  Frequency of Extinction 

(FE) was calculated by multiplying spatial frequency of the visual pattern with the 

specific angular velocity at which a mouse responded at chance level.  
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3.3.4   Spatial Memory 

 

Behaviourally naïve TgCRND8 (n=5) and non-Tg (n=5) mice were tested at 8 weeks of 

age in the reference memory version of the Morris Water Maze test.  The maze 

apparatus and testing procedure were described previously (Janus et al., 2000).  All 

mice underwent a day of non-spatial pre-training during which the mice learn that a 

submerged platform is present, how to climb onto the platform and to perform random 

swim search for the platform.  The pre-training consisted of 4 trials, in each of which the 

mouse was released from a different quadrant and swam to a visible platform.  This 

cued platform test was conducted to assess whether motoric or motivational factors 

might have confounded maze performance.  One day following pre-training, mice 

underwent 5 days of place discrimination training with the platform hidden in the center 

of a single quadrant, over 4 trials per day.  Following the last trial on the fifth day, the 

platform was removed and the mouse received a 60 sec probe trial.  Mean latency to 

platform, swim path length and swim speed were measured with an on-line HSV video 

tracking system.  An annulus-crossing index (number of passes over platform site, 

minus the mean of passes over sites in other quadrants) was calculated to determine 

the place preference during the probe trial.  

 

3.3.5   Measurement of BDNF mRNA 

 

TgCRND8 and non-Tg littermates were sacrificed at 6 weeks, 9 weeks and 6 – 8 

months of age by decapitation several days following behavioural testing.  Brains were 

removed and the hippocampus and cortex were dissected.  Tissues were flash frozen in 

liquid nitrogen and stored at –80°C until analysis.  RNA isolation, DNase treatment, 

reverse transcription and absolute quantitative real-time PCR for measurement of BDNF 

mRNA in frozen cortical and hippocampal samples were completed as previously 

described (Peng et al., 2009).  The forward and reverse primers used for total mouse 

BDNF mRNA were: 5'CAG CGG CAG ATA AAA AGA and 5'TCA GTT GGC CTT TGG 

ATA, product 87 bp.  β-actin mRNA was used to normalize results.  The forward and 
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reverse primers used for β-actin mRNA were: 5’ CTG ACA GGA TGC AGA AGG and 5’ 

GAG TAC TTG CGC TCA GGA, product 85 bp.  Purified PCR products derived from 

use of these primers were used as standards for total BDNF and β-actin.  Only 

experiments with an R2 >0.995 and PCR efficiency >90% were used for analysis.  All 

unknowns and controls were run in triplicate.  A dissociation curve was created to verify 

that no secondary products had formed.  Results were obtained as copies per ng total 

RNA and expressed as a ratio of BDNF/β-actin mRNA. 

 

3.3.6   Statistical Analysis 

 

Object recognition and BDNF mRNA data were analyzed by unpaired Student’s t tests. 

Morris water maze data were analyzed by 2-way analysis of variance (ANOVA) with 

genotype as between subject factor and test day as repeated measure factor.  The 

Mann-Whitney U test was applied to the non-parametric FE optokinetic testing scores.  

A significance level (α) was set to 0.05, and the 2-tailed variants of all tests were used.  

Data are presented as means ± standard error of the mean (SEM).  All calculations 

were performed using GraphPad Prism version 4.0c for Macintosh (Mac OS X version 

by Software MacKiev™, GraphPad Software, Inc., San Diego, CA, USA).  
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3.4   Results 
 

3.4.1   Progressive Object Recognition Deficits Precede Amyloid Plaque  
           Accumulation 

 

TgCRND8 and non-Tg mice were tested for object recognition memory with retention 

intervals of 5 min, 1-h or 3-h.  We calculated a memory index, wherein a score of zero 

indicates no preference for novel or familiar objects.   TgCRND8 mice exhibited 

progressive object memory deficits that could be discerned by 8 weeks of age (Figure 3-

1).  The performance of 4 – 6-week-old TgCRND8 mice was indistinguishable from that 

of non-Tg littermates in all delay interval versions of the task (P>0.05).  Performance of 

8-week-old TgCRND8 mice was impaired at the 5 min delay interval (t(18)=2.96, 

P<0.01), trended toward impairment at the 1-h delay interval (t(18)=1.76, P=0.095) and 

was profoundly impaired when assayed with a 3-h delay interval (t(18)=5.92, P< 0.001).  

TgCRND8 mice with advanced plaque pathology (6 – 8 months of age) were impaired at 

delays of 5 min (t(38)=4.78, P<0.001), 1-h (t(24)=4.37, P=0.001) and 3-h (t(25)=7.74, 

P<0.001).  Reductions in object recognition performance were not explained by 

differences between TgCRND8 and non-Tg animals in time spent exploring the initial 

object pairs (Figure 3-2A, t(33)=0.07, P>0.05).  The sets of object pairs were previously 

demonstrated to be of matched saliency (Vaucher et al., 2002), and we observed no 

group differences in object preference at any age during the retention phase (data not 

shown).  Similarly, it is unlikely that our data can be explained by differences in visual 

function.  Frequency of extinction (FE) scores of head-tracking behaviour in 9 week-old 

TgCRND8 mice were comparable to those of age-matched non-Tg controls (Figure 3-

2B, U=22.50, P>0.05).  Even at 6 – 8 months of age, TgCRND8 mice (FE=4.55 ± 0.56) 

and littermate controls (FE=5.67 ± 0.41) were indistinguishable by this task (Mann-

Whitney U=8.5, P=0.214).  
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Figure 3-1.  Object recognition memory assessed at pre-plaque and plaque ages.  
TgCRND8 mice exhibit no discernable memory impairment at 4 weeks (A), but a 
profound deficit in 3-h object recognition memory by 8 weeks (B).  By 6 – 8 months of 
age, TgCRND8 are impaired at delays of 5 min, 1-h, and 3-h following initial exposure to 
objects (C).  Values are means ± SEM of memory index (MI) scores, with n≥10 for each 
genotype at each delay interval. *P<0.01 by unpaired Student t test. 
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Figure 3-2.  Exploration of objects and visual function examined in pre-plaque 
mice at 8 – 9 weeks of age.  Time in seconds (s) spent exploring both left and right 
objects during the initial exposure period are compared (A). TgCRND8 mice (n=16) and 
non-Tg mice (n=19) did not differ in duration of object exploration (P>0.05, unpaired 
Student t test). Visual function was assessed by examination of head-tracking behaviour 
(B).  Animals were placed on a stationary platform within a patterned surface drum.  The 
speed of the drum rotation was varied stepwise.  The maximal angular speed at which 
an optokinetic response was detected greater than 50% of the time was calculated 
(frequency of extinction; FE).  The FE (cycle/second) was calculated by multiplying 
spatial frequency of the drum visual pattern with angular velocity.  TgCRND8 mice (n 
=7) were compared to non-Tg mice (n=10) in their FE scores (P>0.05, Mann-Whitney U 
test).  Values are means ± SEM.  

 

3.4.2   Pre-plaque TgCRND8 mice are NOT impaired in the Morris Water   
           Maze Task 

 

TgCRND8 mice were tested on the spatial reference memory version of the Morris 

water maze task at 8 weeks of age (Figure 3-3).  Consistent with previous reports (Hyde 

et al., 2005; Janus et al., 2000), we did not detect any differences in swim path length 

(F(1,9)=0.67, P>0.05), escape latency (F(1,9)=0.003, P>0.05), or swim speed 

(t(8)=1.44, P=0.187 for data from day 2, by unpaired Student’s t test) between pre-

plaque TgCRND8 and control mice.  Probe trial results were equivalent for TgCRND8 

and non-Tg mice (data not shown).  
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Figure 3-3.  Spatial reference memory in 
the Morris water maze assessed in 8-
week-old mice.  TgCRND8 mice (n=5) were 
indistinguishable from non-Tg littermates 
(n=5) in terms of their swim-path length (A), 
escape latency (B), and swim-speed (C). 
Data are means ± SEM of all trials performed 
on each test day and were evaluated by 
repeated measures ANOVA (P>0.05).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4.3   BDNF mRNA is Reduced in the Hippocampus and Frontal Cortex of 
           Young TgCRND8 Mice 

 

We measured total BDNF mRNA and β-actin mRNA by real-time quantitative RT-PCR 

in the hippocampus (Figure 3-4) and frontal cortex (Figure 3-5) of TgCRND8 mice.  

These brain regions exhibit extensive plaque pathology in mature TgCRND8 mice and 

are crucial for object recognition memory.  Hippocampal and cortical mRNA levels for 

the housekeeping gene β-actin did not differ between TgCRND8 and non-Tg littermates 

and thus were used to normalize levels of BDNF mRNA.  BDNF mRNA was significantly 
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reduced in the hippocampus (t(7)=2.86, P<0.05), but not in the cortex (t(10)=0.90, 

P=0.40) of 6-week-old TgCRND8 mice.  By 9 weeks, BDNF mRNA levels were also 

reduced in the cortex of TgCRND8 mice (t(15)=2.22, P<0.05). Hippocampal BDNF 

mRNA levels did not differ between groups at 9 weeks of age (t(14)=1.78, P>0.05).  

However, in 6 – 8 month-old TgCRND8 samples, the downregulatation of hippocampal 

BDNF mRNA was clearly evident (t(14)=1.78, P<0.05). 

 
Figure 3-4.  Hippocampal BDNF mRNA levels measured by absolute quantitative 
real-time reverse transcriptase polymerase chain reaction (RT-PCR).  At 6 weeks of 
age, TgCRND8 mice (n=5) had reduced BDNF mRNA levels in the hippocampus 
compared with non-Tg mice (n=4) (A). However at 9 weeks, there was no significant 
difference between TgCRND8 mice (n=7) and non-Tg littermates (n=9) (B).  By 6 – 8 
months, hippocampal BDNF mRNA was reduced in TgCRND8 mice (n=4) in 
comparison with littermate controls (n=4) (C).  Data are expressed as a ratio of copies 
of BDNF mRNA/copies of β-actin mRNA.  Values are means ± SEM. *P<0.05 by 
unpaired Student t test. 
 

 
Figure 3-5.  Cortical BDNF mRNA levels in pre-
plaque mice.  At 6 weeks of age, TgCRND8 mice 
(n=6) and non-Tg littermates (n=6) had equivalent 
levels of BDNF mRNA in the cortex (A). By 9 weeks 
of age, TgCRND8 mice (n=7) had reduced BDNF 
expression compared with non-Tg mice (n=10) (B).  
Data are expressed as a ratio of copies of BDNF 
mRNA/copies of β-actin mRNA.  Values are means ± 
SEM. *P<0.05 by unpaired Student t test. 
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3.5   Discussion 

 

We have used an object recognition test of non-spatial, hippocampal and cortical short-

term memory to determine when cognitive deficits first occur in TgCRND8 mice.  We 

found that object memory deficits emerge several weeks prior to the appearance of 

macroscopic amyloid plaques in the brain.  This is the earliest cognitive deficit reported 

in an APP-transgenic mouse.  The onset of object recognition impairment coincides with 

reductions in BDNF mRNA in the hippocampus and cortex of pre-plaque TgCRND8 

mice.   

 

Uncovering subtle phenotypes well before widespread neurodegeneration has occurred 

is crucial for early diagnosis and treatment.  Performance in the object recognition test is 

dependent on brain regions first targeted by β-amyloid and thus provides a sensitive 

measure of early cognitive disruption (Dodart et al., 2002; Sipos et al., 2007).  Ennaceur 

and Delacour developed a spontaneous object recognition task for rats in 1988.  Since 

then it has been successfully modified for use in the mouse (reviewed in Sik et al., 

2003).  Various object recognition paradigms may be used to investigate slightly 

different aspects of memory (Dodart et al., 1997; Capsoni et al., 2000; Chopin et al., 

2002; Hammond et al., 2004; Winters et al., 2004; Broadbent et al., 2004; Dere et al., 

2007; Heldt et al., 2007; Benice and Raber, 2008; Yuede et al., 2009). 

 

The one-trial, non-spatial test that we used is based on the rodent’s innate preference 

for novelty.  Performance of the task is not associated with positive or negative 

reinforcement.  We also undertook measures to assess the potential confounding 

influence of contextual, motor or visual factors.  Mice were habituated to the testing 

arena so as to reduce stress and novelty associated with the testing environment.  The 

location of a novel object within the testing box was always identical to that of the 

replaced object. 

 

We observed no difference between TgCRND8 mice and non-Tg controls in the 

duration of object exploration, and TgCRND8 mice did not differ from non-Tg littermates 
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in swim speed.  Thus, it is does not appear that memory deficits were confounded by 

differences in motor ability.  Similarly, visual dysfunction was not a factor, as TgCRND8 

performance was equivalent to that of non-Tg littermates in optokinetic testing.   We 

conclude that the object recognition deficit of TgCRND8 mice can be ascribed to 

impaired memory.  

 

The disruption of object recognition over short (5 min) and long (3-h) retention intervals 

suggests that both cortical and hippocampal structures are functionally disrupted early 

in the disease process.  Steckler and coworkers (1998) described two neural networks 

for recognition memory in the rodent: one for spatial memory is encoded by the 

hippocampus and one for non-spatial memory involves the rhinal cortex and cortical 

association areas.  Whether the hippocampus is truly irrelevant for non-spatial object 

memory has been questioned (Dere et al., 2007).  When short delay intervals (<15 min) 

are used, entorhinal, perirhinal and frontal cortices are sufficient for object recognition.  

With longer retention intervals, the hippocampus is recruited (Hammond et al., 2004).  

Baker and Kim (2002) blocked LTP with a N-methyl-D-aspartate receptor antagonist in 

the dorsal hippocampus of rats.  They reported a selective impairment of object memory 

when tested with a 3-h delay but not with a 5 min delay. 

 

Although the profound deficit we observed in mice tested with a 3-h delay underscores 

functional impairment of hippocampus in pre-plaque TgCRND8 mice, the water maze 

spatial reference memory of these mice was normal.  The hippocampus is important for 

both spatial and non-spatial recognition memory, but the two tasks may differ in the 

degree of integrated hippocampal function required.  Hippocampal lesion studies in rats 

have shown that more hippocampal tissue is involved in spatial memory performance 

than in non-spatial recognition memory (Broadbent et al., 2004).  Conversely, object 

recognition is more sensitive to disruption of the entorhinal-hippocampal circuitry 

(Burwell et al., 2004; Parron et al., 2006).  The entorhinal cortex relays processed 

information from the surrounding neocortex to the dentate gyrus of the hippocampus via 

the medial perforant pathway.  Damage to this circuitry is a specific and reliable 

distinguishing factor between healthy aged subjects and mild/early stage AD (Chetelat 

and Baron, 2003; Gunten et al., 2006).  As Aβ deposition is first noted in cortical and 
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hippocampal structures of TgCRND8 mice, the object recognition task is an especially 

relevant and efficient method for assessing early cognitive changes in TgCRND8 mice.   

 

Downregulation of BDNF expression may be a factor linking Aβ exposure with cognitive 

impairment.  Site-specific deletion of the BDNF gene in dorsal hippocampus of adult 

mice can result in object recognition deficits (Heldt et al., 2007).  Moreover, BDNF 

delivery to the entorhinal cortex has been shown to both mitigate degeneration in the 

entorhinal cortex and hippocampus, and to rescue learning and memory impairments in 

rodent and primate models of AD (Nagahara et al., 2009).  In vitro studies have 

confirmed the deleterious influence of soluble Aβ on BDNF expression and signaling 

(Tong et al., 2004; Garzon and Fahnestock, 2007).  Moreover, we previously reported 

that aged, plaque-bearing TgCRND8 mice exhibit very high levels of the more 

fibrillogenic Aβ42 relative to Aβ40 and that the relative increase in Aβ42 was inversely 

correlated with BDNF mRNA in the cortex (Peng et al., 2009).   

 

We now report that BDNF is altered at earlier stages of TgCRND8 dysfunction.  From 4 

to 8 weeks of age tissue levels of Aβ42 double in TgCRND8 mice, and the Aβ42/Aβ40 ratio 

increases 1.5-fold (Chishti et al., 2001).  Over the same timeframe, we observed 

decreased BDNF mRNA in the hippocampus and cortex.  Decreases were evident at 6 

weeks in the hippocampus and by 9 weeks in the cortex of pre-plaque mice.  A slight, 

non-significant increase in hippocampal BDNF mRNA was observed in TgCRND8 mice 

at 9 weeks.  However, BDNF mRNA subsequently decreased again and low levels were 

observed at 6 – 8 months. 

 

Such phasic fluctuations in BDNF may occur in response to progression through stages 

of amyloid pathology.  Sub-lethal concentrations of soluble oligomeric Aβ functionally 

disrupt neurons, causing suppression of cAMP-response element-binding protein 

(CREB) phosphorylation and downstream BDNF expression (Tong et al., 2001, Garzon 

and Fahnestock, 2007).  Decreases in BDNF at 6 weeks in the hippocampus and at 9 

weeks in the cortex of TgCRND8 mice are consistent with the onset of Aβ-induced 

dysfunction in brain regions crucial for object recognition.  However, this acute reduction 
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in BDNF mRNA may be short-lived.  Tissue levels of CREB and BDNF mRNA may 

rebound in response to a moderate load of intracellular Aβ (Arvanitis et al., 2007).  In 

support of this notion, BDNF mRNA was found to be upregulated in glial cells 

surrounding plaques in APP23 transgenic mice (Burbach et al., 2004).  This increase 

may reflect a compensatory neuroprotective response after CNS injury (Lindvall et al., 

1992).  Human studies also indicate increased BDNF expression during early stages of 

Alzheimer’s disease and a decline as disease progresses (Laske et al., 2006).  It has 

been suggested that continuing exposure to increasing levels of central nervous system 

Aβ leads to the neuropathology and decreased neuronal BDNF expression (Burbach et 

al., 2004; Arvanitis et al., 2007).  In the TgCRND8 mouse, the second phasic decrease 

of BDNF mRNA that we observed at 6 – 8 months coincides with significant cholinergic 

cell loss (Bellucci et al., 2006).  

 

In summary, the TgCRND8 mouse recapitulates early and relevant cognitive symptoms 

of Alzheimer’s disease.  Object recognition deficits in TgCRND8 mice precede plaque 

accumulation and coincide with a 2-fold increase in Aβ42 levels.  The early alterations in 

BDNF mRNA seen in pre-plaque TgCRND8 mice suggest that dysregulation of BDNF 

expression contributes to Aβ-induced cognitive impairment.   

 

 

 

 

 

 



77 

 

______________________________________________ 
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4.1   Abstract 

 

Noradrenergic cell loss is well documented in Alzheimer’s disease (AD).  We have 

measured the tissue levels of catecholamines in an amyloid precursor protein-

transgenic ‘TgCRND8’ mouse model of AD and found reductions in noradrenaline within 

hippocampus, temporoparietal and frontal cortices and cerebellum.  An age-related 

increase in cortical noradrenaline levels was observed in non-Tg controls, but not in 

TgCRND8 mice.  In contrast, noradrenaline levels declined with aging in the TgCRND8 

hippocampus.  Dopamine levels were unaffected.  Reductions in tissue content of 

noradrenaline were found to coincide with altered expression of brain-derived 

neurotrophic factor (BDNF) mRNA and to precede the onset of object memory 

impairment and behavioral despair.  To test whether these phenotypes might be 

associated with diminished noradrenaline, we treated mice with dexefaroxan, an 

antagonist of presynaptic inhibitory α2-adrenoceptors on noradrenergic and cholinergic 

terminals.  Mice 12 weeks of age were infused systemically for 28 days with 

dexefaroxan or rivastigmine, a cholinesterase inhibitor.  Both dexefaroxan and 

rivastigmine improved TgCRND8 behavioral phenotypes and increased BDNF mRNA 

expression without affecting amyloid-β peptide levels.  Our results highlight the 

importance of noradrenergic depletion in AD-like phenotypes of TgCRND8 mice. 
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4.2   Introduction 

 

The temporal neocortex, entorhinal cortex and hippocampus are the earliest sites of 

amyloid-β (Aβ) deposition and the first to become functionally disrupted in the 

Alzheimer’s diseased (AD) brain (Braak and Braak, 1991; DeToledo-Morrell et al., 1997; 

Thal et al., 2000, 2002; Braak and Del Tredici, 2004; Stoub et al., 2010).  Subcortical 

neurons that project to these areas are especially vulnerable to Aβ toxicity (Gonzalo-

Ruiz et al., 2003).  Degeneration of basal forebrain cholinergic neurons in AD was 

initially described in 1976 (Davies and Maloney, 1976), and the corresponding role of 

these neurons in the pathology and behavioral presentation of the disease has been 

well documented (Coyle et al., 1983; Francis et al., 1999).  Less well appreciated has 

been the profound loss of noradrenergic innervation from the locus coeruleus (Zarow et 

al., 2003).  Forno (1966) was first to report severely reduced cell counts in the locus 

coeruleus of AD patients.  Subsequent studies revealed more than 60% loss of 

noradrenergic cells (Mann et al., 1982; Bondareff et al., 1982; German et al., 1992) and 

depleted tissue levels of noradrenaline in cortical and limbic terminal fields (Adolfsson et 

al., 1979; Palmer et al., 1987a,b; Matthews et al., 2002).  The extent of noradrenergic 

degeneration was found to correlate with the tissue load of amyloid plaques and 

neurofibrillary tangles, as well as with the severity of dementia (Bondareff et al., 1987; 

Grudzien et al., 2007).   

 

The locus coeruleus projects widely in the brain and is the sole source of noradrenaline 

in the neocortex and hippocampus (Foote et al., 1983).  The loss of cortical 

noradrenergic innervation and its influence on basalocortical cholinergic neurons may 

contribute to behavioral symptoms of AD including depression and memory impairment 

(reviewed by Marien et al., 2004).  In rats treated with scopolamine to block cholinergic 

function, enhancing noradrenaline release facilitated memory retention (Chopin et al., 

2002), whereas ablating the locus coeruleus exacerbated working memory deficits 

(Ohno et al., 1997).  Non-selectively targeting the locus coeruleus of human amyloid 

precursor protein (APP) mice with the neurotoxin N-(2-chloroethyl)-N-ethyl-2-

bromobenzylamine (DSP-4) potentiated amyloid pathology, glial inflammation, neuronal 



80 

 

loss and cognitive impairment (Heneka et al., 2006; Kalinin et al., 2007; Jardanhazi-

Kurutz et al., 2010, 2011).  Collectively, these data point to a likely role for 

noradrenergic dysfunction in the pathogenesis of AD and an interaction with the basal 

forebrain cholinergic system.  

 

We investigated if and when noradrenergic deficits might spontaneously occur in the 

TgCRND8 (Janus et al., 2000; Chishti et al., 2001) APP-transgenic mouse.  These mice 

exhibit deficits in memory and BDNF mRNA as early as 2 months (Francis et al., 

2012a), significant plaque loads within hippocampus and cortex by 3 months (Chishti et 

al., 2001) and cholinergic dysfunction by 7 months of age (Bellucci et al., 2006).  We 

now report that reductions in tissue noradrenaline precede the appearance of plaques 

and cholinergic dysfunction and strongly contribute to behavioral phenotypes and 

decreased BDNF expression.     
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4.3   Materials and Methods 
 

4.3.1   Transgenic Mice 

 

TgCRND8 mice express a double mutant (Swedish: KM670/671NL plus Indiana: V717F) 

human APP695 transgene under control of the pan-neuronal Syrian hamster prion gene 

promoter.  Transgenic mice were maintained on a hybrid C57BL/6/C3H background and 

were backcrossed with C57BL/6 wild-type mice.  Mice were housed in groups of 2 to 4 

on a 12-h light-dark cycle.  Food and water were available ad libitum.  All tests were in 

accordance with the Canadian Council on Animal Care guidelines and were approved 

by the Animal Care Committee at the University of Toronto.  

 

4.3.2   Brain Fixation and Microdissection 

 

TgCRND8 and non-transgenic (non-Tg) littermates (n≥8 per group) were sacrificed at 4 

– 5, 7 – 9 or 40 – 50 weeks of age with a brief (0.8 – 1.2 sec) head-focused pulse of 

microwave radiation (8 kW, 60 Hz, 56 Amp) delivered by a 10 kW Muromachi rodent 

brain fixation system (model TMW-4012C, Muromachi Kikai Co. Ltd., Tokyo, Japan).  

This procedure rapidly heat-inactivates enzymes, thereby preserving levels of labile 

biogenic amines at concentrations that existed ante-mortem (Moroji et al., 1978; Wood 

& Altar, 1988; Mount et al., 2004).  The microwaved frontal, parietal and occipital 

cortices, anterior and posterior brainstem, hippocampus, ventral midbrain, striatum and 

cerebellum were dissected on ice (Figure 4-1) and stored at –80°C until analysis.   
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Figure 4-1.  Dissection of a microwave-fixed brain is performed so as to allow for 
the crumbly nature of the cooked tissue.  The olfactory bulbs are pinched off with 
forceps (A).  The cerebellum is rolled away from the brain with a spatula (B).  A razor is 
used to cut the underlying brainstem piece evenly into anterior and posterior regions 
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(C).  The brain is flipped to expose its ventral surface, and a cut is made 1/3 the length 
of the remaining tissue (D).  The cut slice is laid flat with the anterior aspect facing up, 
and the outermost cortical layer is peeled away from both hemispheres, as the occipital 
cortex piece (E).  The lighter subcortical layer is removed from both hemispheres as the 
hippocampal sample (F).  Remaining tissue is cut horizontally, and the anterior piece 
discarded.  The posterior portion, containing the substantia nigra/ventral tegmental area, 
is taken as the ventral mesencephalon (G).  A superficial cut is made horizontally with a 
spatula (H), so as to obtain the frontal cortex (I) and the temporoparietal cortex (J). The 
cortical pieces are pulled away from underlying subcortical structures to reveal the 
striatum, which is readily separated from the remaining tissue (K).  Finally, 2 horizontal 
and 2 vertical cuts are made to retrieve the basal forebrain (L).  

 

4.3.3   Tissue Catecholamines 

 

Levels of dopamine, dihydrophenylacetic acid, homovanillic acid, 3-methoxytyramine, 

and noradrenaline were measured by HPLC, as previously described (Mount et al., 

2004).  Regional cooked tissues were homogenized in 1 ml ice-cold 0.1 N perchloric 

acid.  Homogenates were centrifuged at 10 000 g for 20 min at 4°C.  The supernatants 

were filtered through 0.2 µm porosity membrane (PALL Corporation, Ann Arbor, MI, 

USA) and stored in aliquots of 50 µl at – 80°C.  Equipment for isocratic reverse-phase 

chromatographic measurements was from Dionex and was operated with the 

Chromeleon® Chromatography Data Management System, version 6.8 (DIONEX Co., 

Sunnyvale, CA, USA).  Chemicals for standards and mobile phase solutions were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).  The chromatographic conditions 

consisted of a C18 reverse-phase column (Acclaim® 120, 150 x 4.0 mm, 5 µm particle 

size) maintained at 30°C (UltiMate® 3000 Thermostatted Column Compartment).  The 

mobile phase was sodium acetate (100 mΜ), tetrasodium EDTA (0.125 mΜ), 1-octane 

sulfonic acid (432 mg/L) and 5% methanol (pH 3.6) and was delivered at a flow rate of 

0.75 ml/min with an UltiMate® 3000 pump.  25 µl of each sample and 20 µl of each 

standard were injected automatically using a refrigerated UltiMate® 3000 autosampler.  

The electrochemical detector (ESA Coulochem® III, 5011A analytical cell plus 5020 

guard cell) was operated at a working electrode potential of – 400 mV.  
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4.3.4   Tail Suspension Test 

 

Gender balanced groups of 4-, 8- and 27-week-old TgCRND8 and non-Tg mice (n≥8 

per group) were tested with the tail suspension test.  Mice were suspended for 6 min by 

affixing masking tape to the end of their tails and attaching the tape to a clamp on a ring 

stand.  Latency to immobility and duration of immobility were scored with ODlog™ event 

recording software (Macropod Software, Armidale, Australia).  To test how altered tissue 

noradrenaline levels affect measured endpoints, separate groups of experimentally 

naïve 30-week-old mice (n≥6) were administered the noradrenaline uptake inhibitor, 

desipramine (16 mg/kg, i.p.; Sigma-Aldrich Canada Ltd., Oakville, Canada), or saline 30 

min prior to testing.   

 

4.3.5   Assessing Forelimb Coordination with the Tape Removal Task 

 

Forelimb coordination was assessed in 15-week-old TgCRND8 (n = 12) and non-Tg 

littermates (n = 11) with the adhesive tape removal task.  This test assesses forelimb 

use by inducing a grooming response.  It is sensitive to subtle dysfunction of the 

nigrostriatal dopaminergic system (Schallert et al., 1982; Chen et al., 2005).  A round 

half-inch red Avery® adhesive label (Avery Dennison Canada Inc., Pickering, ON, 

Canada) was affixed to the forehead of the mouse.  The mouse was then placed in an 

empty home cage and observed for up to 5 min.  Time taken for an animal to remove 

the label was recorded as an index of forelimb coordination.  

 

4.3.6   Drug Treatments, Behavioural Testing and Tissue Processing 

 

We investigated effects of 28-day infusion of dexefaroxan (1.9 mg/kg/day), rivastigmine 

(0.48 mg/kg/day) or saline on TgCRND8 behavioral phenotypes.  Dexefaroxan 

hydrochloride (2-[2-(2-ethyl-2,3-dihydrobenzofuranyl)]-2-imidazoline) was synthesized at 
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Pierre Fabre Medicament (Castres, France) and rivastigmine tartrate (Exelon®) was 

obtained from Novartis Pharma AG (Basel, Switzerland).  Drugs were administered via 

Alzet® (DURECT Corporation, Cupertino, CA, USA) osmotic mini-pumps (model 1002) 

implanted subcutaneously in the mid-scapulary region.  In all, 120 mice (6 gender 

balanced groups of 20 mice) were fitted with pumps at 12 weeks of age and were 

treated chronically for 28 days.  Pumps delivered 100 µl of solution at a rate of 0.25 µl/h 

for 2 weeks.  Primed pumps were soaked overnight in saline at 37°C before 

implantation.  During surgery, mice were anaesthetized via isoflurane inhalation.  A 

second surgery was performed on treatment day 14 to replace the depleted pump.  

Habituation for object recognition testing began the day after the second pump was 

implanted (third week of chronic treatment).  Habituation involved handling mice and 

exposing them to an empty home cage for 15 min per day over 3 days.  This regimen 

ensured that experimentally naïve mice received 2 weeks of continuous drug treatment 

prior to assessment and were sufficiently habituated for measures of behavior.  The 

object recognition test was conducted on treatment day 19, as described previously 

(Francis et al., 2012a).  Each mouse was exposed for 10 min to a LEGO® construct 

(LEGO Group, Billund, Denmark) and a Hot Wheels® car (Mattel Inc., El Segundo, CA, 

USA). Three hours later, mice were re-exposed for 5 min to 1 object from the original 

test pair and to a novel object.  The memory index (MI) was calculated as MI=(tn - tf)/(tn + 

tf), wherein ‘tn’ represents time exploring a novel object and ‘tf’ the duration of familiar 

object exploration.  On the following day, we assessed behavioral despair in the tail 

suspension task.  At the end of the drug treatment, 16-week-old mice were 

anaesthetized with an overdose of sodium pentobarbital (60 mg/kg) and perfused 

transcardially with ice-cold phosphate-buffered saline (0.1 Μ PBS, pH 7.4).  The 

hippocampus and cortex were dissected, snap frozen and stored at –80°C for Aβ 

analyses and BDNF mRNA measurements.  Separate cohorts of drug treated mice (n ≥ 

8 mice per group) were sacrificed at 16-weeks of age by microwave irradiation for the 

determination of noradrenaline and normetanephrine tissue content in the 

hippocampus.  
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4.3.7   Aβ Immunoassays 

 

The concentration of aggregated Aβ in the cortex of drug treated mice (n=7 per group) 

was measured using the Amorfix A4 assay (Amorfix, Mississauga, Canada) as 

previously described (Tanghe et al., 2010).  Tissues were homogenized (10% w/v) in 

2% (v/v) nonyl phenoxylpolyethoxylethanol (NP-40) in PBS containing 1 mΜ 

phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Complete Mini, Roche, 

Quebec, Canada).  Homogenates were centrifuged at 845 g for 30 sec and the 

supernatant was aliquotted.  One aliquot was further diluted to a 1/10 000 concentration 

to provide a signal within the linear range of the immunoassay.  Using the A4 proprietary 

enrichment protocol (Amorfix, Mississauga, Canada), only aggregated species of Aβ 

were isolated from the sample.  The eluate was then disaggregated to quantify Aβ in its 

monomeric form using the Amorfix dual-bead based immunoassay using europium-

fluorescent beads coupled to the N-terminal 4G10 antibody and magnetic beads 

coupled to 1F8 and 2H12 C-terminal antibodies recognizing Aβ40 and Aβ42, respectively.  

The europium-fluorescent intensity was measured using time-resolved fluorescence on 

triplicate samples and is directly proportional to the concentration of Aβ in the tissue.  To 

measure levels of monomeric Aβ in the cortical samples, another aliquot of the 

homogenate was diluted (1/500) and loaded directly into the Amorfix immunoassay, 

without the A4 enrichment or disaggregation steps.  Separate immunoassays were 

performed to detect monomeric Aβ40 and Aβ42.  The detection limit of the immunoassay 

was 50 fg/well. 

 

4.3.8   Western Blotting 

 

Aliquots of cortical tissue homogenates used in the Aβ immunoassays were spun at 

3000 rpm for 10 min at 4°C and the protein concentration of supernatants were 

determined.  In all, 20 µg of protein was prepared in sample buffer, boiled for 5 min, 

separated by gel electrophoresis on 10-20% Tricine gels  (Invitrogen, Burlington, 
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Canada) and transferred to nitrocellulose membranes.  Membranes were boiled in Tris-

buffered saline (TBS), blocked for an hour in 8% non-fat milk powder in TBS-Tween 

(0.2%) at room temperature and incubated overnight at 4ºC with Aβ1-16 monoclonal 

antibody 6E10 (1:1000; SIG-39320, Covance Inc., Montreal, Canada).  After 1-h 

incubation with goat anti-mouse horseradish-peroxidase conjugated secondary antibody 

(1:5000, Thermo Scientific Pierce, Rockford, IL, USA), membranes were developed 

using enhanced chemiluminescence (Amersham™ ECL™ Western blotting analysis 

system, GE Healthcare, Quebec, Canada) and exposed to film.  Blots were stripped and 

reprobed with anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody 

(1:7500; Meridian Life Sciences, Brockville, Canada).  Densitometry was quantified for 3 

separate blots with ImageJ 1.44V software (National Institutes of Health).  Data were 

normalized to the corresponding expression level of GAPDH in each sample.  

 

4.3.9   Measurement of BDNF mRNA 

 

Ribonucleic acid (RNA) isolation, reverse transcription and absolute quantitative real-

time polymerase chain reaction (RT-PCR) for measurement of BDNF mRNA in 

hippocampal tissues from 16-week-old drug treated mice (n≥6 per group) were 

performed as previously described, with minor changes (Peng et al., 2009).  

Hippocampal BDNF mRNA was also measured in an older cohort (45 – 50 weeks old) 

of mice chronically infused with dexefaroxan or rivastigmine for 4 weeks.  RNA 

extraction was performed using Trizol (Invitrogen) and RNeasy spin columns (Qiagen 

Inc., Toronto).  DNase treatment was done on columns as per the Qiagen protocol.  

RNA integrity was verified by agarose gel electrophoresis.  For reverse transcription, 

Invitrogen’s protocol and reagents for Superscript III were used.  The forward and 

reverse PCR primers used for mouse BDNF mRNA were: 5' GCG GCA GAT AAA AAG 

ACT GC and 5' CTT ATG AAT CGC CAG CCA AT, product 248 bp.  Results were 

normalized to β-actin mRNA.  The forward and reverse primers used for β-actin mRNA 

were: 5' AGC CAT GTA CGT AGC CAT CC and 5' CTC TCA GCT GTG GTG GTG AA, 

product 228 bp.  Purified PCR products derived from use of these primers were used as 
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standards for BDNF and β-actin.  The following thermal profile was used for PCR: 2 min 

at 50°C, 2 min at 95°C followed by 40 cycles of 95°C for 30 sec, 58°C for 30 sec, and 

72°C for 45 sec.  Unknowns, standard curve and controls were run in triplicate using 

SYBR Green.  Only experiments with an R2>0.995 and PCR efficiency >90% were used 

in the analysis.  A dissociation curve verified that no secondary products had formed.  

 

4.3.10   Statistical Analysis 

 

Data were evaluated by unpaired Student’s t tests.  Multiple comparisons were analyzed 

by a non-repeated measures 2-way analysis of variance (ANOVA).  When ANOVAs 

yielded significant main effects of genotype and/or treatment, pairwise comparisons 

were evaluated by Fisher’s protected least significant difference (LSD) test.  Differences 

were significant at P<0.05.  
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4.4   Results 
 

4.4.1   TgCRND8 Mice Exhibit Early Reductions in Noradrenaline Content  
           Within Major Terminal Fields 

 

Tissue levels of noradrenaline, dopamine and their metabolites were measured across 

brain regions of 4 – 5, 7 – 9 and 40 – 50 week-old TgCRND8 and non-Tg littermate 

mice and data were analyzed by the 2-tailed Student’s t test for independent samples.  

We observed an early and reliable pattern of reduced noradrenaline in the frontal and 

temporoparietal cortices, hippocampus and cerebellum (Figure 4-2).  Neither dopamine, 

nor its metabolites were consistently altered (Table 4-1).  With aging, noradrenaline 

reductions in the TgCRND8 mice worsened in hippocampus, but remained stable in 

cortical regions.  In contrast, aging control mice exhibited increased noradrenaline levels 

in the temporoparietal and frontal cortices.  Levels of noradrenaline in the ventral 

mesencephalon, striatum and brainstem were unaffected, suggesting that rostral, 

cortically-projecting noradrenergic cells of the locus coeruleus are the most severely 

disrupted in this mouse model of AD.  

 
Figure 4-2.  Tissue levels of noradrenaline (NA) are reduced in major terminal 
fields of the TgCRND8 brain.  Reductions in tissue NA were observed in 
temporoparietal cortex (A), frontal cortex (B), hippocampus (C) and cerebellum (D).  No 
reductions were observed within ventral mesencephalon (E), striatum (F), or anterior (G) 
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and posterior brainstem (H) regions.  *P<0.05, **P<0.01 and ***P<0.001 versus non-Tg 
mice by 2-way ANOVA followed by Fisher’s protected LSD test.  Non-Tg mice exhibited 
NA tissue levels in the temporoparietal and frontal cortices that increased with aging.  
###P≤0.001 versus 4 – 5 week old non-Tg mice by 2-way ANOVA followed by Fisher’s 
protected LSD test.  Values are means of NA tissue content (ng/mg tissue) ± SEM of 
n≥8 mice per group. 

non-Tg 602.7 ± 76.5 83.5 ± 12.9 189.9 ± 7.3 702.3 ± 46.6 99.3 ± 6.4 270.4 ± 17.2 1256.0 ± 135.3 114.0 ± 10.5 367.2 ± 25.1
Tg 634.8 ± 43.6 94.3 ± 12.9 195.9 ± 22.3 737.0 ± 76.7 110.5 ± 13.8 257.0 ± 10.5 1268.0 ± 146.5 119.1 ± 15.2 440.3 ± 33.3

non-Tg 204.2 ± 51.0 27.8 ± 8.6 73.3 ± 12.9 464.0 ± 34.7 53.2 ± 4.1 165.2 ± 10.7 377.5 ± 24.2 57.7 ± 2.9 186.9 ± 13.2
Tg 200.2 ± 29.7 33.5 ± 9.2 77.6 ± 12.9 481.6 ± 59.1 65.1 ± 6.4 194.6 ± 16.2 519.8 ± 94.6 42.6 ± 10.7 219.1 ± 31.3

non-Tg 44.9 ± 6.9 12.2 ± 3.9 28.6 ± 2.1 51.7 ± 7.0 12.3 ± 1.9 48.9 ± 6.5 52.1 ± 4.2 92.2 ± 15.3
Tg 63.4 ± 11.9 17.7 ± 7.0 36.6 ± 3.9 64.5 ± 10.8 10.4 ± 2.3 48.5 ± 6.0 42.4 ± 3.6 91.4 ± 6.5

non-Tg 3555.3 ± 169.0 368.0 ± 21.6 747.0 ± 39.4 59.1 ± 3.3 4947.9 ± 198.4 472.7 ± 16.1 1063.4 ± 29.9 77.2 ± 3.2 6295.5 ± 512.1 504.5 ± 22.0 1758.0 ± 87.3 115.9 ± 8.0
Tg 3887.8 ± 109.0 441.4 ± 23.7 * 847.6 ± 30.8 63.9 ± 8.9 5030.2 ± 310.0 543.3 ± 65.0 993.0 ± 32.2 103.2 ± 26.5 5893.4 ± 688.2 513.5 ± 58.6 2009.0 ± 102.2 105.7 ± 25.4

non-Tg 15.4 ± 3.3 5.2 ± 0.7 17.9 ± 1.5 13.3 ± 0.9 7.6 ± 1.9 19.1 ± 1.4
Tg 16.3 ± 2.0 5.8 ± 0.9 14.4 ± 1.7 12.3 ± 1.3 6.9 ± 1.9 17.2 ± 1.2

non-Tg 236.2 ± 22.1 92.1 ± 8.3 130.2 ± 7.5 235.4 ± 25.9 100.9 ± 12.1 141.2 ± 13.9 257.0 ± 14.7 116.5 ± 15.9 255.9 ± 27.7
Tg 276.6 ± 28.7 96.8 ± 8.8 127.5 ± 10.4 296.7 ± 45.9 103.6 ± 13.7 161.4 ± 21.5 304.8 ± 20.9 132.8 ± 9.1 258.0 ± 16.8

non-Tg 28.4 ± 1.8 22.5 ± 2.0 35.2 ± 2.0 31.2 ± 2.9 32.1 ± 5.0 38.3 ± 4.2 34.5 ± 1.9 68.3 ± 3.5
Tg 34.6 ± 4.0 20.2 ± 1.5 26.9 ± 2.0 * 31.5 ± 4.7 28.2 ± 3.7 36.8 ± 4.7 27.4 ± 3.0 80.3 ± 8.5

non-Tg 28.3 ± 1.6 14.7 ± 1.9 27.7 ± 3.7 29.5 ± 1.4 22.9 ± 3.4 25.3 ± 2.4 34.6 ± 2.3 78.9 ± 8.8
Tg 38.1 ± 4.3 * 18.4 ± 2.8 25.9 ± 2.2 34.0 ± 3.5 21.0 ± 3.4 26.2 ± 5.4 28.3 ± 1.2 * 68.9 ± 6.0

Dopamine (DA), dihydrophenylacetic acid (DOPAC), homovanillic acid (HVA) and 3-methoxytyramine (3-MT) levels are expressed as pg/mg/tissue.  Values are means ± SEM
of n ! 8 mice per group. *P ! 0.05 versus non-Tg littermates by Student's unpaired t-test.  ND - not detected. 

DA DOPAC HVA 3-MT
4-5 weeks 7-9 weeks

DA DOPAC HVA 3-MT
40+ weeks

DA DOPAC HVA 3-MT

ND

ND
ND
ND
ND

ND
ND

Ventral 
Mesencephalon
Anterior 
Brainstem
Posterior 
Brainstem

Cerebellum
ND

ND
ND

ND

Table 4-1.  Tissue levels of dopamine and metabolites in the TgCRND8 brain.

Striatum

Frontal cortex

Parietal cortex

Hippocampus

ND
ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND

ND
ND

ND
ND
ND
ND

 

 

4.4.2   TgCRND8 Mice Display Behavioural Despair in the Tail Suspension  
           Test 

 

To determine whether reductions in tissue noradrenaline content might be accompanied 

by development of a depressive phenotype, we tested 4, 8 and 27-week-old TgCRND8 

and littermate control mice in the tail suspension test (Figure 4-3).  Behavioral despair in 

this task is defined as an increase in immobility in response to inescapable stress (Steru 

et al., 1985).  The hippocampus and frontal cortex are the neuroanatomical substrates 

of the stress-induced, depressive-like response in the tail suspension test (Galeotti and 

Ghelardini, 2012).  Mice were considered immobile when they hung motionless with 

their limbs tucked against their bodies.  At 4 weeks of age, TgCRND8 mice were 

indistinguishable from controls in their latency to immobility (t(17)=1.49, P=0.156) as 

well as duration of immobility (t(17)=0.08, P=0.936).  At 8 weeks, TgCRND8 mice were 

quicker to become immobile (t(18)=2.71, P=0.014) and by 27 weeks they exhibited both 

reduced latency to (t(17)=3.30, P=0.004) and increased duration of (t(17)=2.31, 

P=0.033) immobility.  
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Figure 4-3.  TgCRND8 mice exhibit 
pronounced behavioral despair in 
the tail suspension test.  Latency to 
immobility (left panel) and duration of 
immobility (right panel) were measured 
in 4-, 8- and 27-week-old mice that 
were suspended by their tails for 6 
min.  At 8 weeks, TgCRND8 mice 
became immobile quickly.  By 24 
weeks, they also spent more of the 
test period immobile.  Values are 
means ± SEM of n≥8 mice per group.  
*P≤0.05, **P≤0.01 versus non-Tg 
animals by Student’s unpaired t test. 

 

 

 

 

5.4.3   Desipramine Alleviates Behavioural Despair  

            

Desipramine, a noradrenaline reuptake inhibitor, has been shown to effectively reduce 

behavioral despair in C57BL/6 mice in the tail suspension test (Steru et al., 1985; Cryan 

et al., 2005).  We found significant main effects of both genotype (F1,20=26.30, P<0.001) 

and desipramine (F1,20=41.55, P<0.001) on duration of immobility.  Although 

desipramine increased the latency to immobility in both TgCRND8 and non-Tg mice, we 

did not see a significant effect of genotype on latency scores (data not shown).  The 

stress of i.p. injections may have influenced latency scores, as has been reported 

previously (Barfield et al., 2010).  Thus, duration of immobility is deemed the most 

reliable readout of the tail suspension test (Cryan et al., 2005).  Desipramine slightly 

reduced the duration of immobility (Figure 4-4) in non-Tg mice (t(11)=2.23, P=0.048), 

but profoundly reduced immobility in TgCRND8 mice (t(9)=5.97, P=0.0002), so as to 

render the response of these animals indistinguishable from that of saline-treated non-

Tg mice (t(10)=1.03, P=0.33).  These results suggest that increasing synaptic 

noradrenaline has an anti-depressive effect in the tail suspension test.     
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Figure 4-4.  Desipramine reduces 
immobility in the tail suspension test.  
Thirty-week-old TgCRND8 and non-Tg 
mice received an injection of either 
desipramine or saline 30 min prior to the 
test.  Desipramine reduced time mice 
spent immobile.  Values are means ± 
SEM of n≥6 mice per group.  *P≤0.05; 
***P≤0.001 versus saline-treated animals 
of matched genotype; ###P≤0.001 versus 
saline-treated non-Tg mice by 2-way 
ANOVA followed by Fisher’s protected 
LSD test.  

 

 
4.4.4   TgCRND8 Mice are Not Impaired in a Test of Forelimb Coordination  

 
To assess subtle changes in motor function, we induced grooming behaviour in mice by 

affixing an adhesive label to their foreheads (Figure 4-5).  To remove the stimulus, mice 

typically use both forelimbs to reach upwards and swipe off the label.  Such fine 

voluntary motor skills are dependent on dopaminergic transmission in the striatum and 

substantia nigra (reviewed in Meredith and Kang, 2006).  Consistent with their normal 

dopamine levels and turnover in the striatum and ventral mesencephalon, 15-week-old 

TgCRND8 mice do not differ from littermate controls in the time taken to remove the 

label (t(21) = 1.27, P = 0.22).  

 

Figure 4-5.  Forelimb use is not 
affected in TgCRND8 mice. Mice 
used their forelimbs to remove an 
adhesive label that was affixed to the 
forehead.  No differences in removal 
time were observed between 
TgCRND8 mice (n = 12) and littermate 
controls (n = 11) at 15 weeks of age.   
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4.4.5   Dexefaroxan and Rivastigmine Reduce Object Memory Impairment  
           and Behavioural Despair  

 

Twelve-week-old TgCRND8 mice and non-Tg littermates were treated with dexefaroxan, 

rivastigmine or saline for 4 weeks and were subjected to object memory and tail 

suspension tests.  The 12 to 16 week window is a relevant timeframe for therapeutic 

assessment in TgCRND8 mice as robust spatial memory impairment develops by 12 

weeks and plaque deposition is evident at 15 weeks of age (Chishti et al., 2001; Janus 

et al., 2000).  Dexefaroxan enhances noradrenergic transmission by antagonizing 

inhibitory α2-adrenoceptors.  The dose was adopted from a study in which daily 

injections of dexefaroxan were found to enhance olfactory bulb neurogenesis (Veyrac et 

al., 2005).  Others have verified stable pharmacological activity of an equivalent 

dexefaroxan dose delivered chronically in rats via mini-osmotic pumps (Chopin et al., 

2002; Debeir et al., 2002; Rizk et al., 2006).  Tolerance to a facilitatory effect of 

dexefaroxan on cognition was not observed even after chronic infusion for 25 days 

(Chopin et al., 2002).  We compared the effects of dexefaroxan to those of rivastigmine, 

a clinical cholinesterase inhibitor used to treat memory deficits in AD.  The dose of 

rivastigmine administered in this study previously was found to improve spatial memory 

in APP23-Tg mice (Van Dam et al., 2005).   

 

Regardless of genotype or drug treatment, mice spent an equivalent amount of time 

exploring objects during the acquisition trial (Figure 4-6a).  The set of objects used for 

this task was predetermined to ensure matched saliency and we did not observe group 

differences in object preference during the acquisition trial (data not shown).  Object 

memory (Figure 4-6b) was calculated following a 3-h retention interval with a memory 

index, where a score of 0 indicates no preference for the novel object.  Both genotype 

(F1,50=21.52, P<0.0001) and treatment (F2,50=7.07, P=0.002) significantly influenced 

object memory.  At 14 weeks of age, TgCRND8 mice were severely impaired on this 

test (t(15)=9.13, P<0.001).  A reversal of the memory deficit was observed in TgCRND8 

mice chronically infused with either dexefaroxan (t(18)=6.57, P<0.001) or rivastigmine 

(t(15)=3.59, P=0.003).  The performance of non-Tg mice in the object recognition test 

was not altered with dexefaroxan (t(16)=1.04, P=0.31) or rivastigmine (t(16)=1.51, 
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P=0.15) treatment.  On the 20th day of infusion with either drug or saline, mice were 

tested on the tail suspension test (Figure 4-7).  We found that both genotype 

(F1,54=20.35, P<0.0001) and treatment (F2,54=24.80, P<0.0001) significantly affected 

time mice spent immobile in this test.  Fourteen to 15 week-old TgCRND8 mice were 

behaviorally depressed, with longer durations of immobility than non-Tg controls 

(t(14)=6.59, P<0.0001).  Immobility of TgCRND8 mice was dramatically reduced with 

both dexefaroxan (t(15)=9.45, P<0.0001) and rivastigmine (t(12)=5.36, P=0.0002).  The 

immobility of non-Tg mice was unaffected by either dexefaroxan (t(19)=1.75, P=0.09) or 

rivastigmine (t(16)=1.21, P=0.24), suggesting that a floor effect for immobility scores 

was achieved.  

 

 
Figure 4-6.  Dexefaroxan and 
rivastigmine affect memory, but not 
exploration of objects.  On day 19 of 
treatment with dexefaroxan, rivastigmine 
or saline, 14-week-old TgCRND8 and 
littermate controls were tested on the 
object recognition task.  Time spent 
exploring the objects during the initial 
exposure period are compared (A).  
Three hours after this initial exposure, 
mice were re-exposed to an object from 
the original test pair and to a novel 
object.  A memory index was calculated 
as described in Materials and Methods.  
Both dexefaroxan and rivastigmine 
abolished object memory deficits of 
TgCRND8 mice (B).  Results are means 
± SEM of 8 – 11 mice per group. 
**P≤0.01; ***P≤0.001 versus saline 
treated controls; ###P≤0.001 versus non-
Tg saline treated mice by 2-way ANOVA 
followed by Fisher’s protected LSD test.  
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Figure 4-7.  Dexefaroxan and 
rivastigmine reduce behavioral 
despair.  One day after object 
recognition testing, 14 to 15-week-
old TgCRND8 and littermate drug-
treated mice were subjected to the 
tail suspension test.  Saline-treated 
TgCRND8 mice exhibited 
behavioral despair, spending more 
of the test time immobile than did 
control animals.  Dexefaroxan and 
rivastigmine reduced behavioral 

despair to levels observed in non-Tg mice.  Data are mean values ± SEM for 6 to 13 
mice per group. ***P≤0.001 versus saline treated controls; ###P≤0.001 versus non-Tg 
saline treated mice by 2-way ANOVA followed by Fisher’s protected LSD test.  
 
 
 
 
 
4.4.6   Treatments Do Not Affect Amyloid Burden  

 

We investigated how dexefaroxan and rivastigmine might affect Aβ load in TgCRND8 

mice.  Levels of monomeric Aβ42 and Aβ40 were assessed with the Amorfix Aβ 

immunoassay, and the aggregated soluble and insoluble forms of Aβ were quantified 

using the Amorfix A4 assay.  The A4 is a sensitive immunoassay that allows 

quantification of aggregated Aβ levels well before plaques can be detected by 

immunohistochemical means.  The A4 matrix enriches for insoluble fibrils, as well as 

smaller soluble oligomers, up to and including trimeric Aβ.  Neither drug treatment 

altered cortical levels of aggregated or monomeric Aβ (Figure 4-8a-c).  Similar results 

were obtained with hippocampal samples (data not shown).  We also assessed cortical 

levels of holoAPP and β-C-terminal fragments (β-CTF) by Western blot analysis with the 

monoclonal antibody, 6E10 (Figure 4-8d).  6E10 is directed toward amino acid residues 

1-16 of Aβ, which are within the 99-residue carboxy-terminal fragment of APP that is 

produced by β-secretase cleavage.  6E10 also reacts with full-length APP protein.  

Neither drug altered APP levels (not shown) or β-CTF expression (Figure 4-8e).  
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Figure 4-8.  Dexefaroxan and rivastigmine do not affect Aβ, APP or β-CTF levels.  
Top panels (A – C) show that cortical levels of aggregated Aβ (A), monomeric Aβ40 (B) 
and monomeric Aβ42 (C) in 16-week-old TgCRND8 mice were unaffected by 
dexefaroxan or rivastigmine treatment as measured by Amorfix immunoassays with 
time-resolved fluorescence.  Results are means ± SEM of 7 mice per group.  The 
signal/noise ratio was calculated by dividing the europium-fluorescent readout signal 
from the sample by the signal from the dilution buffer alone.  Samples were scored as 
negative if the signal/noise ratio was <2.  All non-Tg samples scored negative (not 
shown).  Representative immunoblot of cortical tissue homogenates from 16-week-old 
non-Tg saline (n=6), TgCRND8 saline (n=7), TgCRND8 dexefaroxan (n=7) and 
TgCRND8 rivastigmine (n=7) treated mice probed with the Aβ1-16 monoclonal antibody 
6E10 (D).  Blots were stripped and reprobed with GAPDH-specific antibody to ensure 
equal loading of protein.  Densitometric analysis of β-CTF band intensities (normalized 
against GAPDH signal) was performed using ImageJ software (E).  Effect of treatments 
on band intensity is shown relative to the average staining intensity obtained for 
TgCRND8 saline samples (which was set to 1).  Neither drug altered levels of holoAPP 
(not shown) or β-CTF.  Values are means ± SEM, obtained from 3 independent 
experiments.  
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4.4.7   Dexefaroxan and Rivastigmine Increase BDNF mRNA  

 

We examined whether dexefaroxan and rivastigmine treatment might alter hippocampal 

BDNF mRNA levels, at 2 stages of plaque pathology (Figure 4-9).  Treatments were 

initiated in 12-week-old TgCRND8 mice, at the onset of Aβ deposition and in another 

cohort of 45 – 50-week-old mice with advanced plaque pathology.  Levels of β-actin 

mRNA were found to be equivalent in all mice, regardless of genotype or drug treatment 

(P>0.05, data not shown).  Results were obtained as copies per 50 ng total RNA and 

expressed as a ratio of BDNF/β-actin mRNA.  In the young mice, we found interacting 

effects of genotype and treatment on BDNF mRNA levels (F2,50=3.85, P=0.0279).  In 1-

year-old mice, both genotype (F1,37=32.54, P<0.0001) and drug treatment (F2,37=3.24, 

P=0.05) were found to affect BDNF mRNA expression.  BDNF mRNA was reduced in 

young (t(9)=2.45, P=0.036) and aged (t(13)=4.78, P=0.0004) TgCRND8 mice.  Neither 

drug altered BDNF levels in non-Tg mice.  Both drugs increased BDNF in TgCRND8 

mice.  However, in young mice the increase was significant only with rivastigmine 

treatment (t(9)=3.63, P=0.005; Figure 4-9a).  By 1 year of age, dexefaroxan significantly 

improved BDNF mRNA levels in TgCRND8 mice (t(12)=2.24, P=0.044; Figure 4-9b).  

 
Figure 4-9.  Dexefaroxan and rivastigmine 
rescue BDNF mRNA levels in TgCRND8 
mice.  BDNF mRNA levels were measured by 
absolute quantitative real-time reverse 
transcriptase polymerase chain reaction (RT-
PCR).  Reduced levels of BDNF mRNA in 
hippocampi of 16-week-old TgCRND8 mice 
were restored with rivastigmine treatment (A).  
In 1-year-old TgCRND8 mice, dexefaroxan 
increased BDNF mRNA (B).  Data are 
expressed as ratio of copies of BDNF 
mRNA/β-actin mRNA.  Values are means ± 
SEM of ≥6 mice per group. *P≤0.05, **P≤0.01 
versus saline treated controls; #P≤0.05, 
###P≤0.001 versus non-Tg saline mice by 2-
way ANOVA followed by Fisher’s protected 
LSD test. 
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4.4.8   Dexefaroxan and Rivastigmine Differentially Affect Noradrenaline  
           Turnover in the Hippocampus 

 

We investigated the effects of dexefaroxan and rivastigmine treatment on hippocampal 

tissue levels noradrenaline and its extracellular metabolite, normetanephrine (Figure 4-

10).  Ex vivo tissue levels of normetanephrine directly reflect noradrenaline turnover in 

microwave-inactivated brain (Wood et al., 1987).  Dexefaroxan treatment reduced 

noradrenaline, but marginally increased normetanephrine in non-Tg mice (t(23)=1.812, 

P=0.083).  Saline treated TgCRND8 mice, with decreased noradrenaline tissue content, 

exhibited increased normetanephrine levels (t(13)=2.275, P=0.0405).  In TgCRND8 

mice, both drug treatments reduced normetanephrine levels to the levels of non-Tg 

controls, but did not alter noradrenaline content in the hippocampus.  

 

 
 
Figure 4-10.  Dexefaroxan and rivastigmine differentially affect tissue levels of 
noradrenaline and normetanephrine in the hippocampus of 16-week-old TgCRND8 
and non-Tg mice.  TgCRND8 mice exhibited reductions in noradrenaline (A), but 
increases in normetanephrine (B) content in the hippocampus.  In TgCRND8 mice, drug 
treatments normalized normetanephrine levels, without affecting those of noradrenaline.  
In non-Tg animals, dexefaroxan reduced noradrenaline content and induced a non-
significant increase in tissue normetanephrine levels.  Data are means ± SEM of n≥8 
mice per group.  *P≤0.05; ***P≤0.001 relative to saline-treated animals of the same 
genotype; ###P≤0.001 versus saline-treated non-Tg mice by 2-way ANOVA and Fisher’s 
protected LSD comparisons.  
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4.5   Discussion 

 

This study provides the first longitudinal analysis of TgCRND8 brain catecholamine 

content and reveals that noradrenergic deficits precede amyloid deposition in an APP-

transgenic mouse.  These spontaneous reductions in tissue noradrenaline contribute to 

behavioral impairment and BDNF deficits.  

 

TgCRND8 phenotypes are driven by the production and accumulation of Aβ.  How Aβ 

leads to neuronal dysfunction and behavioral abnormalities is unknown.  We reported 

previously that TgCRND8 mice develop object memory deficits by 8 weeks of age, 

before frank plaque pathology but coincident with a 2-fold increase in Aβ levels and 

reduced BDNF mRNA in the hippocampus and frontal cortex (Francis et al., 2012a). We 

argued that decreased BDNF expression contributes to the functional disruption of 

these brain regions that are first targeted by amyloid.   

 

BDNF is synthesized in part by noradrenergic neurons (reviewed in Marien et al., 2004) 

and has been found to promote the survival and phenotypic maturation of these 

neurons during development (Holm et al., 2003; Traver et al., 2006).  BDNF is also 

required for the maintenance of noradrenergic innervation in the aging brain 

(Matsunaga et al., 2004).  It is trophic for both catecholaminergic and cholinergic 

neurons and is transported to and from the forebrain in noradrenergic neurons 

(reviewed in Marien et al., 2004 and Matsunaga et al., 2004).  

 

In view of the trophic relationship between BDNF and noradrenergic neurons, we 

anticipated finding decreased noradrenaline content in TgCRND8 brains.  We found 

such reductions in the hippocampus, temporoparietal and frontal cortices, and 

cerebellum of 4-week-old mice.  Analyses of older TgCRND8 mice revealed reduced 

levels of noradrenaline in the cortex and progressive deficits in the hippocampus.  In the 

cerebral cortex of aged non-Tg control mice, we found tissue content of noradrenaline to 

be elevated relative to younger mature animals.  Similar age-dependent increases in 

cortical noradrenaline content have been reported in the rat (Harik and McCracken, 
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1986).  While noradrenergic projections to the frontal cortex decrease with age, axonal 

branching and excitability of axon terminals of locus coeruleus neurons increase to 

maintain noradrenaline levels (Ishida et al., 2001).  The higher degree of arborization 

and plasticity of the remaining noradrenergic axons in the frontal cortex may be 

mediated by BDNF (Matsunaga et al., 2004).  Such compensatory increases in cortical 

noradrenaline levels appear to be absent in the aging TgCRND8 brain.  The regional 

specificity of noradrenergic deficits suggests that cortical- and hippocampal-projecting 

cells in the locus coeruleus are damaged in TgCRND8 animals.  In contrast, the ventral 

mesencephalon, striatum and brainstem, all of which receive noradrenergic innervation 

from nuclei outside the locus coeruleus (Berridge and Waterhouse, 2003; Mejías-

Aponte et al., 2009) are unaffected.  This pattern of noradrenergic tissue deficits 

resembles what has been described in the human disease.  In AD, noradrenergic cell 

loss is attributed to retrograde degeneration of rostral, cortical-projecting cells of the 

locus coeruleus (Marcyniuk et al., 1986; German et al., 1992; Manaye et al., 1995). 

 

Reductions in noradrenaline and BDNF constitute pathogenically significant steps in Aβ-

induced functional impairment and occur early in disease progression.  In contrast, 

deleterious effects on cholinergic neurons and decreased cortical acetylcholine release 

have been reported in TgCRND8 animals at 7, but not 2 months of age (Bellucci et al., 

2006).  Thus, cholinergic dysfunction may follow the development of noradrenergic 

deficits in the TgCRND8 mouse.  The degeneration of the locus coeruleus has been 

reported in mild cognitive impairment and is suggested to mediate the emergence of 

dementia in human AD (Grudzien et al., 2007).  An early loss of tissue noradrenaline 

also appears to influence development of behavioral phenotypes in TgCRND8 mice.  

Eight-week-old TgCRND8 mice exhibited increased behavioral despair in the tail 

suspension test in addition to object memory impairment.  The noradrenaline reuptake 

inhibitor desipramine reversed immobility, implicating noradrenergic deficits in the 

development of this depressive phenotype.   

 

To test whether reduced noradrenergic tone in major terminal fields might have caused 

TgCRND8 behavioral dysfunction, we examined effects of enhancing noradrenergic 

transmission with dexefaroxan.  Dexefaroxan blocks α2-adrenergic autoreceptors as 
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well as inhibitory α2-adrenoceptors expressed heterologously on non-noradrenergic 

cells, including cholinergic neurons (reviewed in Chopin et al., 2002).  Thus, 

dexefaroxan not only increases noradrenergic release (Rizk et al., 2006) but can also 

produce dose-dependent and sustained increase in cortical acetylcholine release 

(Tellez et al., 1999).  Both dexefaroxan and rivastigmine ameliorated object memory 

deficits and behavioral despair of TgCRND8 animals.  It is unlikely that our treatments 

improved behavior by eliciting a general stimulant-type, hyperkinetic effect, as neither 

drug influenced object exploration, or the immobility scores of non-Tg mice.   

 

The behavioral phenotypes we observed could not be explained by frank motor 

differences.  TgCRND8 and non-Tg mice spent equal time exploring objects in the 

object memory test and no gross difference in motor activity was discerned.  To test 

motor coordination more directly, we assessed a tape removal task that is sensitive to 

altered dopaminergic transmission in the striatum and substantia nigra (reviewed in 

Meredith and Kang, 2006; Schallert et al., 1982; Chen et al., 2005).  We found 

TgCRND8 mice to be unimpaired in performing this task.  Moreover, we observed no 

differences between these mice and their non-Tg controls in tissue levels of dopamine 

and its metabolites within the striatum and ventral mesencephalon. 

 

The apparent absence of dopaminergic dysfunction in our mice is consistent with 

findings in human AD (reviewed in Hardy, 1985; Palmer et al., 1987a,b; Dringenberg, 

2000), but at odds with previous results of Ambrée and co-workers (2009), who reported 

elevated levels of dopamine in the frontal cortex and neostriatum of TgCRND8 mice, as 

well as improved memory and reduced stereotypy in response to treatment with 

levodopa.  These authors measured dopamine in freshly dissected brains.  However, 

tissue levels of dopamine and its metabolites are strongly influenced by a postmortem 

surge in transmitter release and degradation.  For this reason, we used rapid heat 

inactivation of tissue enzymes immediately before brain dissection.  We found no 

differences in dopamine, or alteration in tissue levels of 3-MT, an indicator of released 

dopamine in the microwave-inactivated brain (Wood and Altar, 1988).  As levodopa is a 

precursor of both dopamine and noradrenaline, we are left to speculate that it was 
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increasing noradrenergic, rather than dopaminergic tone that led to reported effects of 

this drug on TgCRND8 behavior (Ambrée et al., 2009).   

 

Rivastigmine can significantly improve mood in patients with mild to moderate AD 

(Finkel, 2004).  However, it is now well appreciated that cholinergic deficits alone are 

insufficient to account for the various clinical manifestations of AD (Dringenberg, 2000).  

The loss of noradrenaline and its trophic effects on forebrain cholinergic activity can 

cause cognitive as well as depressive symptoms in AD (reviewed in Marien et al., 2004; 

Herrmann et al., 2004).  In mice, dexefaroxan improves cognition (Chopin et al., 2002) 

and can prevent cholinergic atrophy (Debeir et al., 2002; Traver et al., 2005) following 

basal forebrain cholinergic damage.  Dexefaroxan may alleviate behavioral despair, by 

enhancing both noradrenergic and cholinergic transmission.  Acetylcholine can 

reciprocally stimulate noradrenergic neurons in the locus coeruleus (Engberg and 

Svensson, 1980; Strong et al., 1991).  The possibility that cholinergic as well as 

noradrenergic mechanisms contribute to affective phenotypes is supported by the 

observation that both rivastigmine and dexefaroxan were active in reducing behavioral 

despair.  

 

Progressive damage to noradrenergic terminals and the locus coeruleus has been 

described in multiple APP-Tg models (reviewed in Kalinin et al., 2012).  In all of these 

mice, degenerative changes in the locus coeruleus were observed well after the onset 

of plaque deposition.  In contrast, we now report that TgCRND8 mice exhibit reduced 

terminal concentrations of noradrenaline weeks before behavioral dysfunction and 

plaque deposition. 

 

We assessed the effects of chronic treatment with either dexefaroxan or rivastigmine on 

hippocampal levels of noradrenaline and normetanephrine.  Dexefaroxan reduced 

noradrenaline, but marginally increased normetanephrine in non-Tg mice.  This increase 

in noradrenaline turnover is consistent with a presynaptic action of the drug on intact 

noradrenergic terminals.  In contrast, untreated TgCRND8 with decreased tissue 

noradrenaline exhibited an increase in normetanephrine levels, which likely reflect a 

compensatory release of transmitter.  Both dexefaroxan and rivastigmine normalized 
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TgCRND8 normetanephrine levels, without changing tissue levels of noradrenaline.  

These observations suggest a loss of terminals and reduced reuptake of released 

transmitter, as has been described in clinical populations by Palmer et al., 1987a,b.  

Elevated turnover and increased firing of surviving noradrenergic neurons have also 

been described in AD patients (Palmer et al., 1987a,b; Szot et al., 2006).  

 

Neither dexefaroxan nor rivastigmine reduced the monomeric or aggregated Aβ burden 

in TgCRND8 brains.  Similarly, neither drug significantly affected APP or β-CTF 

expression.  In contrast, APP-Tg mice treated with the neurotoxin DSP-4 were found to 

exhibit a 5-fold increase in plaque burden and decreased expression and activity of an 

Aβ degrading protease, neprilysin (Kalinin et al., 2007).  This increased amyloid load 

was associated with inflammation and impaired microglial phagocytosis of Aβ.  

Replenishing noradrenaline in DSP-4 treated mice restored microglial migration and Aβ 

phagocytosis (Heneka et al., 2010).  While loss of noradrenergic innervation can 

promote amyloid deposition, treating with an α2-adrenoceptor antagonist may not affect 

Aβ levels in the brain.  The therapeutic actions of our drugs are likely independent of 

effects on Aβ accumulation.  By 16 weeks, Aβ plaques are abundant in the 

hippocampus and cortex, although we found cytokine expression to remain unchanged 

(Ma et al., 2011).  Only at late stages of amyloid pathology have we found IL-1β to be 

upregulated in the TgCRND8 brain.  It is possible that by 28 weeks, a time-point at 

which microglial activation is observed in this model, an effect of desipramine on 

neuroinflammatory measures might be discerned.  

 

We reported previously that downregulation of BDNF mRNA can be induced by large 

oligomer formations of Aβ and high Aβ42/Aβ40 ratios (Peng et al., 2009).  These 

conditions are achieved before the onset of plaque pathology in TgCRND8 mice and 

decreased BDNF mRNA is observed in mice only 6 to 8 weeks of age (Francis et al., 

2012a).  BDNF has established roles in synaptic plasticity, mood and memory (reviewed 

by Coyle and Duman, 2003).  Noradrenaline can induce the production of BDNF and 

mitigate Aβ-induced stress through stimulation of canonical β-adrenoceptor cAMP 
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pathways (Counts and Mufson, 2010).  By corollary, reduction in tissue noradrenaline 

may exacerbate Aβ-induced BDNF deficits. 

 

Dexefaroxan increases BDNF expression in afferent noradrenergic fibers and in 

hippocampal granule cells (Rizk et al., 2006).  Cholinomimetic drugs also induce BDNF 

expression in the brain (Srivareerat et al., 2011) and can elevate serum BDNF 

concentrations of AD patients to levels found in healthy controls (Leyhe et al., 2008).  In 

TgCRND8 mice, both dexefaroxan and rivastigmine upregulated hippocampal BDNF 

mRNA.  This effect of dexefaroxan persisted even at advanced stages of amyloid 

accumulation.  

 

In sum, early depletion of noradrenaline within selected terminal fields constitutes a 

pathophysiologically relevant event in this robust mouse model of Aβ deposition. 

Dexefaroxan and rivastigmine ameliorated memory impairment and behavioral despair 

in addition to increasing BDNF mRNA.  Our results suggest that increasing 

noradrenergic transmission may warrant consideration as part of a therapeutic strategy 

in the treatment of AD.  
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______________________________________________ 
 
Chapter 5   Selective Targeting of Mitochondrial   
                      Complex I in Aged APP-Transgenic  
                      TgCRND8 Mice 
______________________________________________ 
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5.1   Abstract 

 

Bioenergetic failure is a feature of Alzheimer’s disease (AD).  We examined 

mitochondrial function in the amyloid precursor protein-transgenic ‘TgCRND8’ mouse 

model of AD.  Activities of NADH: cytochrome c reductase (complex I+III) and 

cytochrome oxidase (complex IV) of the electron transport chain, as well as those of α-

ketoglutarate dehydrogenase (α-KGDH) and pyruvate dehydrogenase (PDH) were 

assessed in brains of 45-week-old mice.  Complex I+III activity was reduced by almost 

50%, whereas complex IV, α-KGDH and PDH activities were unaffected.  Reduced 

activity coincided with decreased expression of NDUFB8, a nuclear-DNA encoded 

subunit integral to the assembly of complex I.  The composition and availability of 

cardiolipin, a major phospholipid in inner mitochondrial membranes, was not altered.  To 

determine whether mitochondrial output is affected by the selective reduction in complex 

I+III activity, we examined tissue levels of high-energy phosphates.  ATP was 

maintained whereas creatine increased in the cortex and hippocampus.  These results 

suggest disruption of complex I function and the likely role of creatine in sustaining ATP 

at end-stages of dysfunction in TgCRND8 mice.  
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5.2   Introduction 

 

Bioenergetic stress and mitochondrial dysfunction in Alzheimer’s disease (AD) are well 

documented (reviewed in Bowling and Beal, 1995; Swerdlow, 2012; Ye et al., 2012).  

Among the most consistently reported metabolic defects is the progressive reduction in 

glucose metabolism within cerebral cortices (Mosconi et al., 2008).  Decreased glucose 

utilization in brains of AD patients is associated with deficits in several enzymes of 

oxidative metabolism.  Notably, activities of pyruvate dehydrogenase (PDH) and α-

ketoglutarate dehydrogenase (α-KGDH), rate-limiting enzymes of the tricarboxylic acid 

cycle, are compromised (Bubber et al., 2005).  Hypometabolism in AD is also reflected 

in decreased expression of mitochondrial and nuclear genes encoding subunits of the 

electron transport chain (ETC) complexes (Chandrasekaran et al., 1996; Aksenov et al., 

1999; Manczak et al., 2004; Liang et al., 2008).  AD brains exhibit a generalized 

depression in activity of all ETC complexes (Parker et al., 1994), though decreases in 

cytochrome c oxidase (complex IV) activity are the most frequent finding (reviewed in 

Maruszak and Zekanowski, 2011).   

 

Compromised mitochondrial function has been ascribed to the accumulation of toxic 

amyloid-β (Aβ) peptides, a pathological hallmark of the disease.  Aβ is produced from 

the sequential β- and γ-secretase cleavage of amyloid precursor protein (APP).  Aβ, 

APP and functional complexes with γ-secretase activity have been found within the 

mitochondrion.  Intra-mitochondrial Aβ causes bioenergetic dysfunction by decreasing 

membrane potential, increasing oxidative stress and inhibiting ETC activity (reviewed in 

Swerdlow, 2012; Ye et al., 2012).   

 

We examined mitochondrial function in the TgCRND8 mouse, which expresses a 

double mutant human APP695 transgene (Swedish: KM670/671NL and Indiana: V717F), 

under control of the pan-neuronal Syrian hamster prion gene promoter.  These mice 

exhibit Aβ deposition by 3 months of age (Chishti et al., 2001) and microcrystalline 

deposits of creatine in the hippocampus (Gallant et al., 2006).  Elevations in creatine 

were observed at an early age and increased in parallel with plaque pathology (Kuzyk et 
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al., 2010).  Creatine deposits are suggestive of disrupted bioenergetic homeostasis, 

although this has not been investigated in TgCRND8 mice.  We examined brain 

activities of complexes I+III and IV of the ETC, as well activities of PDH complex and α-

KGDH complex in mice with advanced Aβ pathology.  We also measured tissue levels 

of high-energy phosphate donors to assess mitochondrial output in TgCRND8 mice.  
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5.3   Methods 
 

5.3.1   Transgenic Mice 

 

Mice were maintained on a hybrid genetic background (C57BL/6/C3H x C57BL/6 

backcross) and communally housed under standard laboratory conditions.  

Experimental groups were gender-balanced.  All procedures were approved by the 

Animal Care Committee at the University of Toronto, in accordance with Guidelines for 

the Use and Treatment of Animals, put forth by the Animal Care Council of Canada.  

 

5.3.2   Metabolic Enzyme Activities 

 

TgCRND8 and non-Tg mice (n ≥5 mice/genotype) were killed by cervical dislocation at 

45 weeks of age.  Brains were bisected sagittally and intact hemispheres were snap 

frozen in liquid nitrogen.  Tissues were homogenized in 10 X w/v PDH buffer (10 mg/ml 

fatty acid free bovine serum albumin, 0.17 mg/ml dithiothreitol, 1 mg/ml NAD, 11 mΜ 

potassium phosphate, 3 mΜ MgCl2, 1 mΜ EDTA, pH 7.4).  Homogenates were 

centrifuged at 3000 g for 10 min at 4°C.  The supernatant was collected and 200 µl 

aliquots were flash frozen in liquid nitrogen.  Two aliquots were used to analyze the 

activities of NADH: cytochrome c reductase (complexes I and III; EC 1.6.2.1) and 

cytochrome oxidase (complex IV; EC 1.9.3.1).  The remaining aliquots were stored at    

–80°C for pyruvate dehydrogenase (PDH; complex of EC 1.2.4.1, EC 2.3.1.12 and EC 

1.8.1.4) and α-ketoglutarate dehydrogenase determinations (α-KGDH; complex of EC 

1.2.4.2, EC 2.3.1.61 and EC 1.8.1.4), and for assaying complexes I and III subunit 

expression.  Enzyme activities were assayed in quadruplicate and expressed as nmol of 

product formed/ precursor converted per min per mg of wet weight brain tissue, at 37°C.  
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5.3.2.1   Pyruvate Dehydrogenase Complex 

 

Native activity of the PDH complex was measured by adapting a 14CO2 capture 

technique (Maj et al., 2005).  An aliquot of brain homogenate was diluted in 0.6 ml 

potassium phosphate (KPi) buffer (1Μ, pH 7.4).  An incubation mixture was prepared 

with 8 ml PDH buffer, 1.42 mg coenzyme A, 0.91 mg sodium sulfate, 9 µl of 0.1 Μ 

thiamine pyruvate phosphate, 16 µl of 0.1 Μ pyruvate and 18 µl of [1-14C]pyruvate.  The 

[1-14C]pyruvate was prepared by suspending a vial of 0.05 Ci [1-14C]pyruvate powder 

(Amersham Biosciences, Arlington Heights, IL) in 0.5 ml of 0.1 Μ hydrocholoric acid.  

Before it was added to the incubation mixture, 18 µl of [1-14C]pyruvate was diluted in 0.2 

ml H20 and bubbled with air for 10 min, to eliminate CO2 gas.  Diluted samples (50 µl) 

were added to 200 µl of incubation mixture in 10ml Erlenmeyer flasks.  The reaction 

proceeded for 10 min at 37°C and was stopped by adding 100 µl of 10% trichloroacetic 

acid and reducing bath temperature to 25°C.  The mixture was allowed to equilibrate for 

an additional hour.  14CO2 gas produced from the oxidative decarboxylation of [1-
14C]pyruvate by tissue PDH was captured in 0.2 ml benzethonium hydroxide, contained 

in wells that were attached to the Erlenmeyer flask stoppers.  Toluene scintillation fluid 

was added to the benzethonium hydroxide and radioactivity was measured with a 

Beckman LS 6500 scintillation counter.   

 

5.3.2.2   α-Ketoglutarate Dehydrogenase Complex 

 

Native activity of the α-KGDH complex was also determined by 14CO2 capture.  Aliquots 

of brain homogenate (50 µl) were added to 200 µl of radioactive incubation mixture (8 

ml PDH buffer, 1.42 mg coenzyme A, 0.02 ml of 0.1Μ CaCl2, 10 µl of 200 mΜ 

ketoglutarate and 16 µl of [1-14C]ketoglutarate).  The release of 14CO2 gas from the 

oxidative decarboxylation of [1-14C]ketoglutarate was captured and counted, as above.   

 



111 

 

5.3.2.3   NADH: Cytochrome c Reductase 

 

Rotenone-sensitive complex I+III activity was measured by assaying the rate of 

cytochrome c reduction on a Cary Bio 300 UV-Vis Spectrophotometer (Varian 

Instruments, Palo Alto, CA) at 550 nm, as described (Seyda et al., 2001).  An aliquot of 

brain homogenate was thawed and 10 µl was added to experimental and reference 

cuvettes, each containing 1 ml of 0.1 Μ KPi plus 1 mΜ sodium azide buffer (pH 7.0) and 

30 µl of 40 mg/ml horse heart ferricytochrome c in H2O (Sigma Chemical Co., St. Louis, 

MO).  Azide in the reaction mixture inhibited complex IV, preventing the re-oxidation of 

cytochrome c.  To the reference cuvette, 5 µl of 1 mΜ rotenone was added to inhibit 

complex I.  Readings were “zeroed” against the reference cuvette.  Thus, the reduction 

of cytochrome c in this assay is only due to the transfer of electrons from complex I 

through complex III.  The reaction was timed from the addition of 10 µl of 5 mg/ml 

NADH (Sigma) and recorded for 2 min.  The initial linear rate of increase in absorbance 

was used to calculate the rate of cytochrome c reduction with extinction coefficient 

ε550nm = 0.0185 nmol-1cm-1.  

 

5.3.2.4   Cytochrome Oxidase 

 

Complex IV activity was determined spectrophotometrically by monitoring the decrease 

in absorbance during oxidation of reduced cytochrome c at 550 nm (Seyda et al., 2001).  

Horse heart ferricytochrome c was reduced with 0.5 Μ ascorbate (Sigma).  Excess 

ascorbate was removed by dialyzing against 0.1 Μ KPi buffer (pH 7.0) for 24-h at 4°C 

with 2 changes of buffer.  Samples were thawed and further diluted with KPi buffer to a 

final concentration of 5% brain homogenate.  To sample and reference cuvettes, 1 ml of 

0.1 Μ KPi buffer and 30 µl of 40 mg/ml reduced cytochrome c was added.  The reaction 

was initiated with 5 µl of 5% brain homogenate and was recorded for 2 min.  The initial 

linear rate of decrease in absorbance was used to calculate complex IV activity with 

cytochrome c extinction coefficient ε550nm = 0.0185 nmol-1cm-1.  
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5.3.3   Western Blot Analysis 

 

Polyclonal antibodies to the human complex I 49kDa (NDUFS2) nuclear-DNA encoded 

subunit and citrate synthase were prepared in-house (Xu et al., 2008).  Mouse 

monoclonal antibodies to the complex III Rieske FeS (catalog # MS305) nuclear-DNA 

encoded subunit and the complex I NDUFB8 (catalog # MS105) nuclear-DNA encoded 

subunit were purchased from MitoSciences (Eugene, OR).  Hemispheric homogenate 

samples were spun at 16000 g for 15 min at 4°C to obtain mitochondria-enriched 

pellets.  Protein concentrations were determined by the Lowry method and 50 µg from 

each sample was run on a NuPAGE® 4%-12% Bis-Tris Novex® gel (Invitrogen).  

Proteins were transferred onto a polyvinylidene fluoride membrane and blocked for 1-h 

with 5% milk powder in Tris-buffered saline with 0.1% Tween 20 (TBST).  The 

membrane was incubated with 49KDa and Rieske FeS primary antibodies (1:1000 

dilution) in 3% milk powder in TBST overnight at 4°C.  After a 2-h incubation with 

horseradish peroxidase conjugated secondary antibodies (anti-mouse SC-2005; 1:5000 

dilution, Santa Cruz Biotechnology, Santa Cruz, CA and anti-rabbit NA934; 1:10 000 

dilution, GE Healthcare, Quebec, Canada), the membrane was developed by Western 

Lightning® enhanced chemiluminescence (Perkin Elmer, Rockford, IL) and exposed to 

film.  Blots were stripped and reprobed with antibodies to NDUFB8 (1:1000 dilution) and 

citrate synthase (1:3000 dilution).  Expression of subunit relative to citrate synthase was 

quantified by densitometry with ImageJ 1.44V software (National Institutes of Health).  

 

5.3.4   Heat-Inactivated Tissue Preparation 

 

Aged TgCRND8 mice and non-Tg controls were sacrificed with a head-focused pulse 

(<1 sec) of microwave radiation (10-kW rodent brain fixation system: Muromachi, Kikai, 

Tokyo), as described (Francis et al., 2012b).  Such rapid fixation of the brain in situ is 

necessary to reliably measure basal ex vivo levels of lipids and high-energy phosphate 

donors (Murphy, 2010; McCandless et al., 1984).  Microwaved brains were bisected.  

One hemisphere was stored at –80°C for cardiolipin analysis.  From the contralateral 
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hemisphere, the cortex and hippocampus were dissected for measurements of 

energetic metabolites.   

 

5.3.5   Measurement of Cardiolipin 

 

Total lipids were extracted from microwaved brains of 9 TgCRND8 mice and 6 non-Tg 

controls, aged 32 to 48 weeks, using chloroform: methanol: 0.88% potassium chloride 

(2: 1: 0.75 by volume) (Folch et al., 1957).  Cardiolipin was isolated from the total lipid 

extract by thin layer chromatography (TLC).  Its fatty acids were converted to fatty acid 

methyl esters (FAMEs), which were separated and identified on a Varian-430 gas 

chromatograph (Varian, Lake Forest, CA) equipped with a Varian FactorFour capillary 

column (VF-23 ms; 30 m x 0.25 mm i.d. x 0.25 µm film thickness) and a flame ionization 

detector, as described (Chen et al., 2009).  Peaks were identified by retention times of 

FAME standards (Nu-Chek-Prep, Elysian).  Fatty acid concentrations (nmol/g) were 

calculated by proportional comparison of gas chromatography peak areas to that of the 

heptadecanoic acid internal standard.  

 

5.3.6   High-Energy Phosphate Donors 

 

Levels of ATP, ADP, AMP and creatine were measured in 0.1 N perchloric acid extracts 

from heat-inactivated frontal cortex and hippocampus of 40 – 52-week-old TgCRND8 

and non-Tg littermates (n≥7 per group) mice.  Analytes were separated by isocratic 

reverse-phase chromatography (Dionex, Sunnyvale, CA) on a SupelcosilTM LC-18-DB, 

25 cm X 4.6 mm column and were measured with a Dionex Ultimate 3000 VWD UV 

detector, operated at absorbance wavelengths of 215 nM and 260 nM, as described 

(Mount et al., 2004).   
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5.3.7   Statistical Analysis 

 

Data were evaluated by unpaired Student’s t tests, and are expressed as means ± 

standard error of the mean (SEM).  Differences were significant at P<0.05.  
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5.4   Results 
 

5.4.1   Linked Complex I+III Activity and NDUFB8 Complex I Subunit  
           Expression are Reduced in Aged TgCRND8 mice 

 

We measured native activities of PDH, α-KGDH, linked complex I+III and complex IV in 

brains of 45-week-old mice.  Only complex I+III was compromised (Figure 5-1).  Its 

activity was reduced ~50% in aged TgCRND8 mice, as compared to littermate controls 

(t(8)=5.33, P=0.0007).  We investigated whether the reduction in activity might be 

associated with altered expression of key integral nuclear-DNA encoded subunits of 

complexes I or III.  NDUFS2, an evolutionarily conserved core subunit, nucleates the 

assembly of the hydrophilic peripheral/matrix arm of complex I and is essential for the 

hydrogenase function of the enzyme.  NDUFB8 is a structural subunit in the 

hydrophobic membrane arm of complex I, important for full assembly of the complex 

and for supercomplex assembly with complex III (reviewed in Vogel et al., 2007).  

Rieske FeS is one of 3 redox subunits that constitute the catalytic center of complex III. 

Protein levels of the 49kDa (NDUFS2) and NDUFB8 complex I subunits, and Rieske 

FeS complex III subunit were determined by western blot analysis in the same brain 

homogenates that were used for enzymatic assays (Figure 5-2).  Decreased complex 

I+III activity in TgCRND8 mice was found to coincide with reduced NDUFB8 expression 

(t(6)=2.69, P=0.0362).  
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Figure 5-1.  Complex I+III activity is reduced in aged TgCRND8 brains.  
Hemispheric brain mitochondrial enzymatic activity was measured in 45-week-old mice.  
Pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (α-KGDH) complex 
activities were measured by 14CO2 capture, and linked complex I+III (NADH: 
cytochrome c reductase) and complex IV (cytochrome c oxidase) activities were 
measured spectrophotometrically at 550nm.  Complex I+III activity was reduced by 45% 
in aged TgCRND8 mice (C), whereas activities of PDH (A), α-KGDH (B) and complex 
IV (D) were unaffected.  Values are means ± SEM of n≥5 mice per group. ***P≤0.001 
versus littermate non-Tg controls by unpaired Student’s t test.  
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Figure 5-2.  Expression of the complex I NDUFB8 subunit is decreased in aged 
TgCRND8 brains.  Immunoblots of mitochondria-enriched fractions of brain 
homogenates from 45 week-old mice were probed with antibodies against the complex I 
subunit, 49K (NDUFS2) and the complex III subunit, FeS.  Blots were stripped and 
reprobed for the complex I subunit, NDUFB8 and citrate synthase (CS).  Densitometric 
analyses of the subunit band intensities (normalized against CS signal) were performed 
with ImageJ software.  Expression of NDUFB8 was reduced in aged TgCRND8 brains 
(C). *P ≤ 0.05 versus non-Tg mice by unpaired Student’s t test.  
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5.4.2   Cardiolipin is Unaltered in TgCRND8 Mice 

 
Alterations in cardiolipin can cause reduced complex I+III activity.  Cardiolipin is a tetra-

acyl phospholipid found almost exclusively in the inner mitochondrial membrane, where 

it plays important roles in membrane fluidity and tethering of respiratory complexes 

(reviewed in Pope et al., 2008).  We found no differences between TgCRND8 and non-

Tg brains in levels of total cardiolipin (Figure 5-3) (t(13)=0.8608, P=0.4049) or its fatty 

acid components.   

 

 
 
Figure 5-3.  Neither cardiolipin nor its fatty acid constituents are altered in 
TgCRND8 mice.  Aged TgCRND8 and non-Tg mice did not exhibit differences in levels 
of total cardiolipin (nmol/g tissue) or its fatty acid constituents, including 
docasahexaenoic acid (DHA; 22:6n-3) and arachidonic acid (ARA; 20:4n-6), shown 
here.  Values are means ± SEM of 9 TgCRND8 and 6 non-Tg mice.   
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5.4.3   ATP is Maintained While Creatine is Upregulated at End-Stages of  
           Disease 

 

To determine whether reduced brain complex I+III activity might alter bioenergetic 

charge, we examined the content of high-energy phosphate donors in the hippocampus 

and cortex of 40 to 52 week-old TgCRND8 mice.  ATP levels (Figure 5-4a) and 

energetic charge (Figure 5-4b) were maintained.  However, creatine content (Figure 5-

4c) was elevated in the cortex (t(11)=3.698, P=0.0035) and hippocampus (t(15)=2.646, 

P=0.0183) of aged TgCRND8 mice compared to littermate controls.   

 
 
Figure 5-4.  Tissue levels of ATP are maintained while those of creatine are 
upregulated in the cortex and hippocampus of aged TgCRND8 mice.  TgCRND8 
mice exhibited normal levels of ATP (A) but increased creatine (C) content in the cortex 
and hippocampus.  No depletion of energetic charge [calculated as (ATP+0.5 x 
ADP)/(ATP+ADP+AMP)] was observed in either brain area (B).  Values are mean 
analyte concentrations (pmol/mg tissue) ± SEM of n≥7.  *P≤0.05, **P≤0.01 versus non-
Tg controls by unpaired Student’s t test.  
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5.5   Discussion 

 

We investigated activities of key mitochondrial enzymes in brains of TgCRND8 mice 

and observed a ~50% reduction in linked complex I+III activity at late stages of plaque 

pathology.  The reduced activity was associated with decreased expression of the 

complex I subunit NDUFB8.  Deficient oxidative phosphorylation (OXPHOS) was not 

associated with reductions in ATP brain tissue content.  However, levels of creatine 

were elevated.  Increases in creatine likely buffer tissue ATP levels in TgCRND8 mice, 

compensating for the severe reductions in complex I+III activity.  

 

Aβ can impair mitochondrial function (reviewed in Swerdlow, 2012; Ye et al., 2012).  

Mutation-specific alterations in levels of energy metabolites and in the trafficking, 

morphology and oxidative capacity of mitochondria, have been described in both APP- 

and presenilin (PS1)-transgenic mice (Trushina et al., 2012).  In the 5xFAD transgenic 

mouse, that harbors 5 familial AD mutations, APP, Aβ and the β-secretase-cleaved 

terminal fragment of APP (C99) were targeted to the inner membrane and matrix of 

mitochondria, where they contribute to oxidative DNA damage and reduced OXPHOS 

(Devi and Ohno, 2012).  Tg2576 mice also exhibit mitochondrial dysfunction.  Like 

TgCRND8 animals, the Tg2576 mice express mutant human APP under control of the 

hamster prion promoter.  The Tg2576 APP transgene includes the Swedish double 

mutation, but lacks the Indiana V717F mutation.  Relative to TgCRND8 mice, these 

animals develop similar, though relatively delayed cognitive and pathologic phenotypes.   

In the Tg2576 model, oligomeric Aβ has been associated with increased hydrogen 

peroxide, marginal reductions in complex IV activity (Manczak et al., 2006), deregulation 

of protein subunits of complexes I and III, reduced electron transfer from complex I to 

complex IV, and decreased complex I function (Gillardon et al., 2007).  Collectively, 

these findings point to problem with complex I, though the molecular targets of this 

impairment have remained elusive.  

 

In TgCRND8 brains, compromised complex I+III activity does not reflect a general 

decline in mitochondrial density or function.  We did not observe any change in PDH, α-
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KGDH or complex IV enzyme rates.  Rather, deficits in complex I+III activity are likely 

related to the reduced expression of NDUFB8, an integral structural component of 

complex I.  Complex I (NADH: ubiquinone oxidoreductase, EC 1.6.5.3) is the first and 

the largest of the OXPHOS complexes embedded in the inner mitochondrial membrane.  

In mammals, the L-shaped complex consists of 45 subunits, 7 of which are encoded by 

mitochondrial DNA and the remainder encoded by nuclear DNA (reviewed in Vogel et 

al., 2007).  Complex I is unstable alone and is usually organized into respiratory 

supercomplexes (respirasomes) with dimeric complex III.  The membrane subunits of 

complexes I and III interact to assemble into functional respirasomes, which results in 

increased kinetic efficiency of electron transfer, stabilization of complex I, and reduced 

superoxide production (reviewed in Lenaz et al., 2010).  We investigated expression 

levels of NDUFS2, NDUFB8 and FeS, nuclear-DNA encoded subunits in the matrix arm 

of complex I, the membrane arm of complex I, and the catalytic center of complex III, 

respectively.  Of these, only NDUFB8 was significantly decreased in aged TgCRND8 

brains.  NDUFB8 is not involved in the catalytic action of complex I but is an essential 

component of the nuclear-DNA encoded membrane anchor needed for full assembly of 

the holoenzyme and for supercomplex assembly with complex III (Lazarou et al., 2007).  

NDUFB8 was identified as a candidate gene involved in neurodegenerative disorders 

(Emahazion et al., 1999); its gene expression level was significantly downregulated in 

AD (Li et al., 2003).  

 

Davis and colleagues (2010) demonstrated the importance of the NDUFB8 subunit in 

mitochondrial function.  They found that mitochondrial-derived superoxides promote the 

nitration of NDUFB8, thereby reducing complex I activity.  Overexpression of 

mitochondrial superoxide dismutase significantly decreased NDUFB8 nitration, restored 

complex I activity and mitochondrial homeostasis.  Furthermore, selective knockdown of 

NDUFB8 caused an overall reduction in mitochondrial oxygen consumption.  The 

authors hypothesized that the selective nitration of NDUFB8 leads to disruption of 

supercomplex assembly and the inactivation of complex I.  Inhibition of complex I 

increases superoxide production (Perier et al., 2005).  Thus the decreased complex I+III 

activity in TgCRND8 mice may contribute to increasing reactive oxygen species, 

decreasing NDUFB8 expression and potentiating OXPHOS impairment.   
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Compromised complex I+III activity in TgCRND8 mice was not associated with changes 

in cardiolipin, the major phospholipid constituent of inner mitochondrial membranes.  

Cardiolipin deficiency destabilizes interactions between complexes I and III, resulting in 

reduced levels and enzymatic activity of complex I (McKenzie et al., 2006).  The 

absence of alterations in cardiolipin in our mice is consistent with findings in the clinical 

disease.  Total content and fatty acid composition of cardiolipin are not modified to any 

great extent in human AD (Guan et al., 1994).  Our results extend those of Kuzyk et al 

(2010) who reported no disturbances in the overall distribution of lipids in the TgCRND8 

brain.   

 

To determine how severely decreased complex I+III activity affects mitochondrial 

output, we examined tissue levels of high-energy phosphate donors in the hippocampus 

and cortex.  ATP content and energetic charge were maintained, whereas creatine was 

significantly upregulated.  Focal microcrystalline deposits of creatine have been 

described in the hippocampus of AD patients and in TgCRND8 mice (Gallant et al., 

2006; Kuzyk et al., 2010).  Creatine kinase can generate ATP much faster than 

OXPHOS or glycolysis and is an efficient energy buffer system during stress.  Creatine 

supplementation can fortify energy reserves and protect neurons against Aβ toxicity 

(Brewer and Wallimann, 2000).   Our observations suggest that increases in creatine 

also contribute to preserving energetic charge, at advanced stages of Aβ-induced 

pathology and mitochondrial impairment, in the aging TgCRND8 brain.  
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______________________________________________ 
 
Chapter 6    Dexefaroxan Improves Mitochondrial  

    Function in a Mouse Model of    
    Alzheimer’s Disease 

______________________________________________ 
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6.1   Abstract 

 

The TgCRND8 mouse model of Alzheimer’s disease (AD) exhibits progressive amyloid 

accumulation that has been linked to behavioural impairment and depletion of tissue 

noradrenaline levels.  We measured activity of electron transport chain enzyme 

complexes as well as tissue content of ATP and creatine in the hippocampus and cortex 

in young TgCRND8 mice, before (7-9 weeks) and after (16 weeks) the onset of plaque 

pathology and spatial memory impairment.  Hippocampal tissue levels of ATP were 

reduced in 16-week-old TgCRND8 mice whereas creatine levels and complex I+III 

activity were unaffected.  In the cortex, creatine and complex I+III activity were both 

increased, but ATP levels remained unchanged.  Chronic treatment with dexefaroxan, 

an antagonist of inhibitory α2-adrenoceptors on noradrenergic and cholinergic terminals, 

improved the hippocampal ATP deficit in 16-week-old mice.  The cholinesterase 

inhibitor, rivastigmine, elicited a similar effect.  In aged TgCRND8 mice with extensive 

plaque pathology (45 – 50 weeks), both dexefaroxan and rivastigmine rescued deficits 

in complex I+III activity.  The stimulatory effects of α2-adrenoceptor blockade on 

mitochondrial function further support its use in the treatment of AD.   
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6.2   Introduction 

 

Alzheimer’s disease (AD) is characterized by progressive cognitive decline, by the 

appearance in CNS of amyloid-β (Aβ) plaques and neurofibrillary tangles and by 

neuronal loss.  Intracellular Aβ, a 39-43 amino acid peptide derived through sequential 

β- and γ-secretase cleavage of amyloid precursor protein (APP), triggers neuronal 

dysfunction long before it is deposited in insoluble plaques (reviewed in Hardy and 

Selkoe, 2002; Larson and Lesné, 2012).  APP and Aβ have been found within the 

mitochondrion, causing bioenergetic depletion by inhibiting respiratory enzymes in the 

electron transport chain (ETC) and promoting leakage of reactive oxygen species 

(reviewed in Maruszak and Zekanowski, 2011).  It is unclear how mitochondrial 

dysfunction is related to other pathophysiological features of AD.  These include 

reduction in noradrenergic efferents from the locus coeruleus (Adolfsson et al., 1979; 

Mann et al., 1980; Marcyniuk et al., 1986; German et al., 1992; Matthews et al., 2002; 

Zarow et al., 2003; Grudzien et al., 2007).  The catechol moiety of noradrenaline makes 

it an endogenous antioxidant in the brain (Troadec et al., 2001; Traver et al., 2005).  

The loss of noradrenaline in AD brains may render forebrain neural circuits especially 

vulnerable to Aβ toxicity.  Indeed, noradrenergic activation of β-adrenoceptor signalling 

cascades has been found to induce expression of neurotrophins and to mitigate Aβ-

induced oxidative stress and mitochondrial dysfunction (Counts and Mufson, 2010).  

 

We examined mitochondrial function in APP-transgenic TgCRND8 mice, expressing a 

double mutated APP695 gene (Swedish: KM670/671NL and Indiana: V717F) with the 

pan-neuronal Syrian hamster prion gene promoter (Chishti et al., 2001).  This model 

recapitulates some cardinal features of AD.  The mice develop Aβ deposits in the 

hippocampus and cortex by 3 months (Chishti et al., 2001) and cholinergic dysfunction 

at 7 months of age (Bellucci et al., 2006).  Prior to frank plaque pathology, TgCRND8 

mice exhibit behavioural dysfunction, BDNF mRNA deficits and reduced noradrenaline 

content within major terminal fields (Francis et al., 2012a,b).  Reductions in 

noradrenaline turnover may mediate the Aβ-induced impairment of object memory and 

behavioural despair in TgCRND8 mice.  Pre-plaque mice treated with dexefaroxan, an 
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antagonist of inhibitory α2-adrenoceptors on noradrenergic terminals, exhibited a 

reversal of behavioural deficits and improved BDNF levels (Francis et al., 2012b).  In 

mice with advanced plaque pathology, microcrystalline deposits of creatine have been 

observed in the hippocampus (Gallant et al., 2006).  These creatine deposits are found 

by 5 months of age, and increase with Aβ burden (Kuzyk et al., 2010).  Elevated 

creatine tissue content suggests perturbed energetic status, although this possibility has 

not been examined in TgCRND8 mice. 

 

We investigated mitochondrial function through stages of TgCRND8 disease 

progression by measuring the activities of key enzymes of oxidative metabolism as well 

as ATP and creatine content in the hippocampus and cortex.  We focused on pre-

plaque mice, both before (4 – 5 weeks) and after (7 – 9 weeks) the onset of object 

memory impairment, on animals exhibiting both plaques and spatial memory impairment 

(16 weeks) and on aged mice with advanced plaque pathology (36 – 45 weeks).  We 

assessed the effects of increasing noradrenergic and/or cholinergic transmission on 

these bioenergetic parameters.   
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6.3   Methods 
 

6.3.1   Mice 

 

TgCRND8 and non-Tg mice were maintained on a hybrid C57BL/6/C3H x C57BL/6 

genetic background and communally housed under standard laboratory conditions.  

Experimental groups were gender-balanced.  Tests were approved by the Animal Care 

Committee at the University of Toronto, in accordance with the guidelines for the Use 

and Treatment of Animals, outlined by the Animal Care Council of Canada. 

 

6.3.2   Drug Treatments 

 

We investigated the effects of 28-day infusion of dexefaroxan (1.9 mg/kg/day), 

rivastigmine (0.48 mg/kg/day), or saline on mitochondrial function in young (12-week-

old) and aged (40 – 45-week-old) TgCRND8 and non-Tg mice.  Dexefaroxan 

hydrochloride (2-[2-(2-ethyl-2,3-dihydrobenzofuranyl)]-2-imidazoline) was synthesized at 

Pierre Fabre Medicament (Castres, France).  Rivastigmine tartrate (Exelon) was 

obtained from Novartis Pharma AG (Basel, Switzerland).  Drugs were administered via 

Alzet (DURECT Corporation, Cupertino, CA) osmotic mini-pumps (model 1002) 

implanted subcutaneously, as described (Francis et al., 2012b).  At the end of 

treatment, mice (n≥6 per group) were sacrificed by cervical dislocation for assessment 

of complex I+III and citrate synthase activities, or by microwave irradiation for 

determination of ATP and creatine levels.  
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6.3.3   Metabolic Enzyme Activities 

 

TgCRND8 and non-Tg mice (n≥8 per group) were killed by cervical dislocation at 4, 9 or 

16 weeks of age.  Freshly removed brains were bisected sagittally.  One intact 

hemisphere and the cortex (temporoparietal and frontal lobes) and hippocampus, 

dissected from the contralateral hemisphere, were snap frozen in liquid nitrogen.  

Tissues were homogenized in 10X w/v PDH buffer (10 mg/ml fatty acid free bovine 

serum albumin, 0.17 mg/ml dithiothreitol, 1 mg/ml NAD, 11 mΜ potassium phosphate, 3 

mΜ MgCl2, 1 mΜ EDTA, pH 7.4) and centrifuged at 3000 g for 10 min at 4°C.  The 

supernatant was collected in 200 µl aliquots and frozen in liquid nitrogen.  Hemispheric 

homogenates from 9-week-old mice were used to analyze the activities of NADH: 

cytochrome c reductase (complexes I and III; EC 1.6.2.1), cytochrome oxidase (complex 

IV; EC 1.9.3.1), pyruvate dehydrogenase (PDH; complex of EC 1.2.4.1, EC 2.3.1.12 and 

EC 1.8.1.4) and α-ketoglutarate dehydrogenase (α-KGDH; complex of EC 1.2.4.2, EC 

2.3.1.61 and EC 1.8.1.4).  Activities of complexes I+III and IV were also determined in 

cortical and hippocampal homogenates from 4, 9 and 16 week-old mice.  Enzyme 

activities were assayed in quadruplicate and expressed as nmol of product formed or 

precursor converted per minute per mg of wet weight brain tissue, at 37 °C.  

 

6.3.3.1   Pyruvate Dehydrogenase Complex 

 

Native activity of the PDH complex was measured via 14CO2 capture (Maj et al., 2005).  

An aliquot of brain homogenate was diluted in 0.6 ml potassium phosphate (KPi) buffer 

(1Μ, pH 7.4).  The incubation mixture contained 8 ml PDH buffer, 1.42 mg coenzyme A, 

0.91 mg sodium sulfate, 9 µl of 0.1 Μ thiamine pyruvate phosphate, 16 µl of 0.1 Μ 

pyruvate and 18 µl of [1-14C]pyruvate.  The [1-14C]pyruvate was made with 0.05 Ci [1-
14C]pyruvate powder (Amersham Biosciences, Arlington Heights, IL) in 0.5 ml of 0.1 Μ 

hydrochloric acid, further diluted in 0.2 ml H20 and bubbled with air for 10 min to 

eliminate CO2 gas.  The reaction was started by adding 50 µl of sample to 200 µl of 
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incubation mixture, held in 10 ml Erlenmeyer flasks in a water bath at 37°C.  The 

reaction was stopped after 10 min with 100 µl of 10% trichloroacetic acid.  The bath 

temperature was reduced to 25°C and the mixture equilibrated for an additional hour.  
14CO2 gas released from the oxidative decarboxylation of [1-14C]pyruvate by tissue PDH 

was captured in 0.2 ml benzethonium hydroxide, contained in wells attached to the 

Erlenmeyer flask stoppers.  Radioactivity in benzethonium hydroxide was measured 

with a Beckman LS 6500 scintillation counter.   

 

6.3.3.2   α-Ketoglutarate Dehydrogenase Complex 

 

Native activity of the α-KGDH complex was also analyzed by 14CO2 capture.  Aliquots of 

brain homogenate (50 µl) were added to 200 µl of radioactive incubation mixture made 

with 8 ml PDH buffer, 1.42 mg of coenzyme A, 0.02 ml of 0.1Μ CaCl2, 10 µl of 200 mΜ 

ketoglutarate and 16 µl of [1-14C]ketoglutarate.  14CO2 gas produced from the oxidative 

decarboxylation of [1-14C]ketoglutarate was captured and counted, as above.   

 

6.3.3.3   NADH: Cytochrome c Reductase 

 

Rotenone-sensitive complex I+III activity was determined by assessing the rate of 

cytochrome c reduction on a Cary Bio 300 UV-Vis Spectrophotometer (Varian 

Instruments, Palo Alto, CA) at 550 nm, as described (Seyda et al., 2001).  Brain 

homogenate (10µl) was added to experimental and reference cuvettes, each holding 

1ml of 0.1 Μ KPi plus 1mΜ sodium azide buffer (pH 7.0) and 30 µl of 40 mg/ml horse 

heart ferricytochrome c in H2O (Sigma Chemical Co., St. Louis, MO).  Azide inhibited 

complex IV and prevented the re-oxidation of cytochrome c.  5µl of 1mΜ rotenone was 

added to reference cuvette to inhibit complex I.  Readings were “zeroed” against the 

reference cuvette.  Reduction of cytochrome c measured in this assay is due to the 

transfer of electrons from complex I through complex III.  The reaction was timed from 
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the addition of 10 µl of 5 mg/ml NADH (Sigma) and recorded for 2 min.  The first linear 

increase in absorbance was used to calculate the rate of cytochrome c reduction with 

extinction coefficient ε550nm = 0.0185 nmol-1cm-1.  

 

6.3.3.4   Cytochrome Oxidase  

 

Complex IV activity was determined spectrophotometrically by measuring the oxidation 

of reduced cytochrome c at 550 nm (Seyda et al., 2001).  Horse heart ferricytochrome c 

was reduced with 0.5 Μ ascorbate (Sigma), and the excess ascorbate was removed by 

dialyzing against 0.1 Μ KPi buffer (pH 7.0) for 24-h at 4°C.  Brain homogenates were 

further diluted with KPi buffer to 5% of its original concentration.  Sample and reference 

cuvettes contained 1 ml of 0.1Μ KPi buffer and 30 µl of 40 mg/ml reduced cytochrome 

c.  The reaction was initiated with 5 µl of 5% brain homogenate and recorded for 2 min.  

The initial linear decrease in absorbance was used to calculate the rate of cytochrome c 

oxidation with extinction coefficient ε550nm = 0.0185 nmol-1cm-1.  

 

6.3.3.5   Citrate Synthase 

 

Citrate synthase (CS; EC 2.3.3.1) activity was assessed as an indicator of mitochondrial 

mass in tissues.  CS, found in the mitochondrial matrix, catalyzes the condensation of 

acetyl-CoA and oxaloacetate, forming citrate and releasing CoA.  CS activity was 

determined spectrophotometrically by measuring the reduction of 5,5’-dithio-bis-2-

nitrobenzoic acid (DTNB) by freed CoA at 412 nm, as described (Maj et al., 2011).  

Briefly, 10 µl of cortical homogenate was added to experimental and reference cuvettes, 

each containing 1 mL of Tris-HCL buffer (0.1Μ, pH 8.0), 10 µl of 4 mg/ml DTNB (Sigma 

Chemical Co., St. Louis, MO) and 2 µl of 30 mΜ acetyl-CoA (Roche).  The reaction was 

initiated with 10 µl of oxaloacetic acid (50 mΜ, 6.6 mg/ml, pH 8.0, Sigma) and recorded 
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for 2 min.  The initial linear increase in absorbance was used to calculate the rate of 

DTNB reduction, with extinction coefficient ε412nm = 0.0136 nmol-1cm-1.  

 

6.3.4   Western Blotting  

 

Polyclonal antibodies to the human complex I 49kDa (NDUFS2) nuclear-DNA encoded 

subunit and citrate synthase were prepared, as described (Xu et al., 2008).  Mouse 

monoclonal antibodies to the complex III Rieske FeS (catalog # MS305) nuclear-DNA 

encoded subunit and the complex I NDUFB8 (catalog # MS105) nuclear-DNA encoded 

subunit were purchased from MitoSciences (Eugene, OR).  Cortical and hippocampal 

homogenates from 9-week-old mice were spun at 16 000 g for 15 min at 4°C to obtain 

mitochondria-enriched pellets.  Protein concentration was determined by the Lowry 

method and 50 µg from each sample was run on NuPAGE® 4%-12% Bis-Tris Novex® 

gels (Invitrogen).  Proteins were transferred onto polyvinylidene fluoride membranes 

and blocked for 1 h with 5% milk powder in Tris-buffered saline with 0.1% Tween 20 

(TBST).  Membranes were incubated with 49KDa and Rieske FeS antibodies (1:1000 

dilution) in 3% milk powder in TBST overnight at 4°C.  Following a 2-h incubation with 

anti-mouse SC-2005 (1:5000 dilution, Santa Cruz Biotechnology, CA) and anti-rabbit 

NA934 (1:10 000 dilution, GE Healthcare, Quebec, Canada) horseradish peroxidase 

conjugated secondary antibodies, membranes were developed by Western Lightning® 

enhanced chemiluminescence (Perkin Elmer, Rockford, IL) and exposed to film.  Blots 

were stripped and reprobed with antibodies to NDUFB8 (1:1000 dilution) and citrate 

synthase (1:3000 dilution).  Expression of each subunit relative to citrate synthase was 

analyzed by densitometry and ImageJ 1.44V (National Institutes of Health). 
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6.3.5   Measurement of Tissue ATP and Creatine  

 

TgCRND8 mice and non-Tg littermates (n≥6 per group) were sacrificed at 7 – 9 or 16 

weeks of age by microwave irradiation (10 kW Muromachi Brain Fixation system: 

Muromachi, Kikai, Tokyo), as described (Francis et al., 2012b).  Tissue levels of ATP 

and creatine were measured in 0.1 N perchloric acid extracts from cooked hippocampus 

and frontal cortex.  Analytes were separated by isocratic reverse-phase chromatography 

(Dionex, Sunnyvale, CA) on a SupelcosilTM LC-18-DB, 25 cm X 4.6 mm column and 

measured with a Dionex Ultimate 3000 VWD UV detector at absorbance wavelengths of 

215 nM and 260 nM.  Analyte levels are expressed as pmol/mg of tissue.  

 

6.3.6   Statistical Analyses 

 

Data were evaluated by unpaired Student’s t-tests or, in the case of multiple 

comparisons, by non-repeated measures 2-way analysis of variance (ANOVA).  When 

ANOVAs yielded significant main effects of genotype and/or treatment, pairwise 

comparisons were assessed by Fisher’s protected least significant difference (LSD) test.  

Differences were significant at P < 0.05.  
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6.4   Results 
 

6.4.1   Cortical Complex I+III Activity is Increased in Young TgCRND8 Mice 

            
We measured native activities of PDH, α-KGDH, linked complex I+III and complex IV in 

brain hemispheres of pre-plaque 9 week-old mice and did not find significant differences 

between TgCRND8 and non-Tg littermates (Figure 6-1).  To investigate whether specific 

loci within the hemisphere might be affected at earlier stages of Aβ accumulation, we 

assessed activities of complex I+III and complex IV in the hippocampus and cortex of 

pre-plaque 4-5 and 9 week-old mice and of 16 week-old mice with early plaque 

pathology.  Complex I+III activity was increased in the cortex of 9 (t(14)=2.508, 

P=0.025) and 16 week-old (t(17)=3.237, P=0.005) TgCRND8 mice (Figure 6-2b), but 

was unaltered in the hippocampus (Figure 6-2a).  Complex IV enzyme rates were 

equivalent in TgCRND8 and non-Tg littermates at all ages tested (Table 6-1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1.  Hemispheric mitochondrial enzyme activities are not altered in 9 
week-old TgCRND8 mice.  Native activities of PDH (A), α-KGDH (B), linked complex 
I+III (C) and complex IV (D) was measured in brain hemispheres of 9 week-old mice.  
Activity is expressed as nmol of product formed/ precursor converted per min per mg of 
wet weight tissue.  No differences were observed between TgCRND8 and non-Tg 
littermates.  Values are means ± SEM of ≥5 mice per group. 
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Figure 6-2.  Complex I+III activity is increased in the cortex, but not in the 
hippocampus at early stages of disease progression.  Complex I+III activity, 
expressed as nmol of cytochrome c reduced /min/mg of tissue, was measured in cortical 
and hippocampal samples from 4 – 5, 9 and 16 week-old TgCRND8 and non-Tg mice.  
Nine and 16 week-old TgCRND8 mice exhibited increased complex I+III activity in 
cortex (B), but not in the hippocampus (A).  Values are means ± SEM of ≥7 mice per 
group.  *P≤0.05, **P≤0.01 versus non-Tg controls by unpaired Student’s t test.  
 

 

 

6.4.2   Key Subunits of Complexes I and III are NOT Differentially   
           Expressed in Young TgCRND8 Mice 

 

To determine whether complex I+III activity reflected selective increase in complex I, or 

III expression, we examined levels of integral nuclear-DNA encoded subunits of 

complexes I and III.  Protein levels of the 49kDa (NDUFS2) core subunit in the 

hydrophilic matrix arm of complex I, the NDUFB8 structural subunit in the hydrophobic 
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membrane arm of complex I and the Rieske FeS redox complex III subunit were 

determined in aliquots of the same hippocampal and cortical samples that were used for 

enzymatic assays.  Increased complex I+III activity was not reflected in altered 

expression of NDUFB8, NDUFS2 or Rieske FeS (Figure 6-3).  

 

 
Figure 6-3.  Expression of major nuclear-DNA encoded subunits of complexes I 
and III is unaltered in the hippocampus and cortex of 9 week-old mice.  
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Immunoblots of cortical and hippocampal homogenates from 9-week-old mice were 
probed with antibodies against the complex I subunit, 49K (NDUFS2) and complex III 
subunit, FeS.  Blots were stripped and reprobed for the complex I subunit, NDUFB8 and 
for citrate synthase (CS).  Densitometric analyses of the subunit band intensities were 
performed using ImageJ software.  Data were normalized to the corresponding 
expression level of CS in each sample.  Expression of 49K (A), FeS (B) or NDUFB8 (C) 
was not altered in the hippocampus or cortex of the young TgCRND8 mice. 

 

6.4.3   ATP is Transiently Depleted in the Hippocampus of Plaque-Bearing   
           Mice, but Maintained in Cortical Regions with Increased Creatine   
           Content 

 

To determine whether the increase in complex I+III activity might alter tissue levels of 

high-energy phosphates, we measured ATP and creatine in the hippocampus and 

cortex of 9 and 16 week-old TgCRND8 mice.  At 9 weeks of age, no differences were 

observed in the levels of ATP or creatine between TgCRND8 and non-Tg mice (Figure 

6-4).  By 16 weeks, regionally distinct changes were seen.  In the hippocampus, where 

complex I+III activity was not altered, ATP declined at 16 weeks (t(11)=2.428, P=0.033; 

Figure 6-4a), while creatine remained unchanged (Figure 6-4b).  In the cortex, where 

complex I+III activity was elevated, ATP was maintained (Figure 6-4c) as creatine 

increased (t(18)=2.703, P=0.015; Figure 6-4d) with Aβ burden. 
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Figure 6-4.   Plaque-bearing mice exhibit reduced ATP tissue content in the 
hippocampus, but not in the cortex where creatine content is increased.  
At 16 weeks of age, ATP was depleted in the hippocampus of TgCRND8 mice (A).  
Cortical levels of ATP were maintained (C) while creatine increased (D) in TgCRND8 
mice with plaques.  Values are mean analyte concentrations (pmol/mg tissue) ± SEM of 
n≥6.  *P≤0.05, **P≤0.01 versus non-Tg controls by unpaired Student’s t test.  

 

 
6.4.4   Dexefaroxan and Rivastigmine Increase ATP and Complex I+III  
           Activity  

 

We examined whether a 28-day infusion of dexefaroxan or rivastigmine might affect 

TgCRND8 mitochondrial phenotypes at 16 weeks.  These treatments have been shown 

to improve behaviour and BDNF mRNA levels in TgCRND8 mice (Francis et al., 2012b). 

Neither treatment altered creatine levels in the hippocampus (F2,50=1.08, P=0.346) or 

cortex (F2,60=0.67, P=0.515).  We found interacting effects of genotype and treatment on 

ATP levels in the hippocampus (F2,50=8.00, P=0.001; Figure 6-5a) but not in the cortex 

(Figure 6-5b), where complex I+III activity and creatine was increased.  Both 
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dexefaroxan (t(10)=2.364, P=0.039) and rivastigmine (t(12)=2.866, P=0.014) reversed 

the hippocampal ATP deficit at 16 weeks (Figure 6-5a).  

 

Figure 6-5.  Dexefaroxan and rivastigmine restore hippocampal ATP levels in 
young TgCRND8 mice.  ATP was depleted in the hippocampus (A) but unaltered in the 
frontal cortex (B) of 16-week-old TgCRND8 mice.  Both dexefaroxan and rivastigmine 
treatments rescued ATP levels in the hippocampus (A).  Values are mean ATP 
concentrations (pmol/mg tissue) ± SEM of ≥6 mice per group.  *P≤0.05 versus saline 
controls; #P≤0.05 versus non-Tg saline-treated mice by 2-way ANOVA followed by 
Fisher’s protected LSD test. 

 

We found that genotype (F1,42=5.34, P=0.026) and treatment (F2,42=11.43, P=0.0001) 

affected complex I+III activity in the cortex (Figure 6-6a) but not in the hippocampus.  

Cortical complex I+III activity in TgCRND8 mice was upregulated at 16 weeks 

(t(17)=3.237, P=0.005; Figure 6-6a).  Dexefaroxan increased complex I+III activity in 

non-Tg controls (t(14)=4.470, P=0.005) but did not boost the already elevated activity in 

TgCRND8 cortices.  Rivastigmine did not alter cortical complex I+III activity in these 16-

week-old mice (Figure 6-6a).   

 

With increasing age, we observed diminished complex I+III activity in both brain areas.  

This effect was exacerbated in animals with advanced plaque pathology.  At 45 weeks 

of age, TgCRND8 cortical complex I+III activity was reduced in comparison to that of 

non-Tg animals (t(12)=3.453, P=0.005; Figure 6-6b).  Both dexefaroxan (t(12)=2.321, 
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P=0.038) and rivastigmine (t(11)=2.667, P=0.022) restored complex I+III activity to non-

Tg levels (Figure 6-6b).  Neither treatment altered tissue levels of citrate synthase 

activity (Figure 6-6c,d), suggesting that both drugs modulated complex I+III selectively, 

rather than increasing mitochondrial density. 

Figure 6-6.  Dexefaroxan and rivastigmine increase complex I+III activity without 
altering citrate synthase activity.  Activities of complex I+III and citrate synthase (CS) 
were measured in cortical tissues from 16 and 40 to 50 week-old drug treated mice.  
Young TgCRND8 mice exhibited increased cortical complex I+III activity (A).  
Dexefaroxan improved complex I+III activity in young non-transgenic mice, but had no 
effect on the already elevated levels in TgCRND8 mice.  Rivastigmine did not alter 
activity in the younger cohort.  By 45 weeks, complex I+III activity was compromised in 
TgCRND8 mice and both drugs rescued activity (B). CS activity, expressed as nmol of 
DTNB reduced/min/mg of tissue, was equivalent in TgCRND8 and non-Tg mice and 
was not altered by drug treatments (C and D).   Values are means ± SEM of n≥6.  
***P≤0.001, *P≤0.05 versus saline treated controls; ##P≤0.01 versus non-Tg saline mice 
by 2-way ANOVA followed by Fisher’s protected LSD test. 
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6.5   Discussion 

 

We have found that TgCRND8 mice exhibit regionally distinct changes in tissue ATP 

levels and complex I+III activity at onset of Aβ deposition.  Transient increases in 

complex I+III and creatine may buffer cortical ATP levels at least to the age of 16 

weeks, a time point at which Aβ load and impairment recapitulate features of clinical 

disease (Ma et al., 2011, Francis et al., 2012b).  Although the 16 week-old TgCRND8 

hippocampus expresses comparable high levels of Aβ, tissue ATP levels fall, consistent 

with the observation that compensatory increases in creatine content are delayed in this 

area (Chapter 5).  Enhancing noradrenergic and cholinergic transmission with 

dexefaroxan, or rivastigmine improved mitochondrial function in young mice and also in 

aged mice at advanced stages of disease.  

 

Complex I+III activity levels appear to change through stages of TgCRND8 disease 

progression.  We did not observe any changes in PDH, α-KGDH, or complex IV enzyme 

rates.  The dissociation between effects of the APP-transgene on complex I+III and 

other enzymes of oxidative metabolism suggests Aβ exposure does not simply alter 

mitochondrial density.  At both 9 and 16 weeks of age, complex I+III activity was 

increased in the cortex, but not in the hippocampus.  APP and Aβ in mitochondria have 

been shown to damage the ETC, increase oxidative stress and inhibit import of nuclear-

DNA encoded proteins essential for mitochondrial function (Devi et al., 2006).  The 

transient increase in cortical activity was not reflected in altered expression of several 

key nuclear-DNA encoded subunits of complexes I or III.  This suggests that rising 

levels of Aβ may not initially impair import of nuclear-DNA encoded subunits of the ETC 

but rather induce a mitochondrial compensatory response.  In wild-type APP stably 

transfected human neuroblastoma cells (SH-SY5Y), complex III activity increased in 

response to physiological levels of soluble Aβ protein (Rhein et al., 2009a).  

 

Oligomeric Aβ disrupts respiratory complexes of the ETC at the inner mitochondrial 

membrane (reviewed in Maruszak and Zekanowski, 2011).  Both the cortex and the 

hippocampus exhibit Aβ deposits early in disease progression and high levels of 
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insoluble Aβ.  However, Aβ oligomer levels progressively increase in the hippocampus 

(Ma et al., 2011), suggesting that this region is particularly vulnerable to bioenergetic 

stress.  Indeed, tissue levels of ATP were depleted in the hippocampus, but not in the 

cortex of young TgCRND8 mice.  Conversely, an increase in complex I+III activity that 

was observed in the cortex of these 9 and 16 week-old mice may compensate for high 

Aβ levels, thus preserving ATP in this region.  Similar region-specific increases in ETC 

activity or gene expression during early stages of Aβ accumulation have been noted in 

other APP-Tg models (Strazielle et al., 2003; Reddy et al., 2004) and in AD brains 

(Bossers et al., 2010).  With continuing exposure to mounting Aβ levels, complex I+III 

activity precipitously declines in the TgCRND8 brain. 

 

ATP in the cortex may have been conserved by the upregulation of creatine at onset of 

Aβ plaques.  Creatine was not altered in the hippocampus when ATP was depleted, but 

did increase throughout the brain at later stages of Aβ pathology.  Despite compromised 

complex I+III activity, energetic charge was maintained in aged brains (Chapter 5).  

Creatine administration can buffer Aβ-induced increases in metabolic demand and 

sustain ATP levels (Brewer and Wallimann, 2000).  This is in line with our observations 

in TgCRND8 brains, where ATP was maintained only when creatine was elevated.   

 

Perturbations in bioenergetic homeostasis may be driven by noradrenergic deficits.  

Noradrenaline levels within major terminal fields are depleted early in TgCRND8 mice.  

Anti-oxidant properties of noradrenaline may be involved in maintaining energy 

homeostasis.  In an in vitro model of cholinergic cell death induced by low-level 

oxidative stress, noradrenaline was shown to rescue cholinergic neurons by neutralizing 

hydroxyl radicals (Traver et al., 2005).  

 

To test whether reduced noradrenergic tone might have contributed to mitochondrial 

dysfunction, we examined effects of enhancing noradrenergic transmission by blocking 

autoinhibitory α2-adrenoceptors.  Pre-plaque 12 week-old or aged 45 to 50 week-old 

mice were treated for 28 days with dexefaroxan, an α2-adrenoceptor antagonist or 

rivastigmine, a cholinesterase inhibitor.  Dexefaroxan blocks inhibitory α2-adrenergic 
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receptors expressed on noradrenergic as well as cholinergic neurons, and increases the 

release of both noradrenaline and acetylcholine (reviewed in Chapter 5).  Dexefaroxan 

and rivastigmine rescued complex I+III activity in aged TgCRND8 mice, although a 

ceiling effect may have been achieved in young mice.  Furthermore, both drugs 

reversed the hippocampal ATP deficit in young mice.  Neither treatment altered citrate 

synthase activity, which suggests that their stimulatory effects on metabolism are not 

due to proliferation of mitochondria.   

 

Complex I+III activity declines with age, but this decline was more pronounced in 

TgCRND8 mice.  Complex I is the principal entry point for electrons in the ETC.  It has 

the greatest control over respiration rates and ATP generation, and shows the most 

sensitivity to age-related endogenous substrate depletions (Jones and Brewer, 2010; 

Pathak and Davey, 2008).  Inhibition of complexes I and III are the main producers of 

reactive oxygen species in mitochondria (Li et al., 2003; Chen et al., 2003).  The 

therapeutic effects of dexefaroxan and rivastigmine may be due in part to its regulation 

of oxidative phosphorylation.  Lymphocytes from AD patients treated with rivastigmine 

exhibited enhanced enzymatic activities of complexes in the ETC (Casademont et al., 

2003).  In rats administered with 3-nitroproprionic acid to induce mitochondrial 

dysfunction, rivastigmine treatment mitigated oxidative stress and improved ETC 

complex activities in the cortex and hippocampus (Kumar and Kumar, 2009).  

Noradrenaline was shown to prevent Aβ-induced cell death by decreasing reactive 

oxygen species and stabilizing the mitochondrial membrane potential (Counts and 

Mufson, 2010).  Dexefaroxan may rescue complex I+III activity and ATP deficits in 

TgCRND8 mice, by stimulating both noradrenergic and cholinergic transmission.   

 

The TgCRND8 mouse provides a valuable model for studying causal relationships in 

Aβ-induced functional impairment.  Mitochondrial dysfunction and altered energetic 

homeostasis provides another progressive end-point for therapeutic assessment.  

Dexefaroxan and rivastigmine improved ATP and complex I+III activity.  These results 

suggest noradrenergic deficits mediate bioenergetic stress.  The stimulatory effect of α2-

adrenoceptor blockade on mitochondrial function supports the notion of improving both 

noradrenaline and acetylcholine transmission in treating AD. 
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______________________________________________ 
 
Chapter 7   Conclusions 
______________________________________________ 
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7.1   General Discussion 

 

The loss of noradrenergic cells in the locus coeruleus, bioenergetic stress, altered 

neurotransmission and reductions in brain-derived neurotrophic factor (BDNF) are well-

described features of Alzheimer’s disease (AD).  Yet, how these pathogenic factors 

jointly influence disease progression and dementia remains unknown.  We investigated 

neurochemical correlates of behavioural impairment in the TgCRND8 mouse model of 

AD.  Our experiments have helped us identify targets of amyloid-β (Aβ) toxicity and 

phenotypes for assessing functional improvements in TgCRND8 mice.  

 

We have demonstrated that these mice exhibit behavioural and neurochemical 

abnormalities that recapitulate changes in early-stage AD.  Noradrenergic tissue deficits 

are central to Aβ-induced impairment in TgCRND8 mice.  Behavioural dysfunction, 

decreases in BDNF and bioenergetic stress are all mechanistically linked to the 

reductions in noradrenaline.  Our results in this model confirm the vulnerability of 

forebrain noradrenergic projections arising from the locus coeruleus.  They also raise 

the possibility of α2-adrenoceptor antagonists being used as disease-modifying drugs in 

the treatment of AD.  

 

7.1.1   TgCRND8 Mice Model Early-Stage Dysfunction in AD 

 

A valid model should resemble the clinical disease in etiology, pathophysiology, 

symptomatology and response to therapeutics (Van Dam and De Deyn, 2006).  

Compared to other amyloid precursor protein (APP)-transgenic mice, the TgCRND8 

mouse exhibits especially early-onset of amyloid pathology.  Amyloid plaques are 

evident in the cortex and hippocampus by 3 months of age.  The spatiotemporal 

patterns of Aβ deposition recapitulate those seen in AD (Chishti et al., 2001).  

Accumulation of Aβ in TgCRND8 brains is accompanied by other pathophysiological 
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features that are relevant to AD, including inflammation (Bellucci et al., 2006; Ma et al., 

2011), as well as degeneration of hippocampal GABAergic (Krantic et al., 2012) and 

cortical cholinergic neurons (Bellucci et al., 2006).  TgCRND8 mice also exhibit 

progressive deposits of creatine in the hippocampus, which may reflect disrupted 

energetic homeostasis (Kuzyk et al., 2010).  Neurofibrillary tangles are absent in this 

model (Chishti et al., 2001).  However, tau is hyperphosphorylated and nitrosylated in 

dystrophic neurites surrounding plaques (Bellucci et al., 2007; Greco et al., 2010).  

Findings of early-stage tau dysfunction support the notion that Aβ is the pathogenic 

trigger of the disease.  To date, most of the reported TgCRND8 biochemical 

abnormalities develop after Aβ deposition and behavioural deficits (reviewed in section 

1.4.4).  We have now uncovered subtle phenotypes that emerge before frank plaque 

pathology and that mimic prodromal symptoms of AD.   

 

In AD, Aβ deposits are a trailing indicator of cognitive decline.  A leading indicator is the 

concentration of soluble Aβ (Näslund et al., 2000).  We determined onset of behavioural 

dysfunction in TgCRND8 mice by using sensitive and relevant assays that rely on brain 

regions that are targeted first by Aβ.  From as early as 8 weeks of age, the mice exhibit 

progressive memory loss in a non-spatial, object memory task (Chapter 3) and 

behavioural despair in a tail suspension test (Chapter 4).  These are the earliest 

behavioural phenotypes reported in TgCRND8 mice.  They have strong face validity, as 

deficits in object memory and affect are also observed in patients with mild cognitive 

impairment (MCI).  Damage to the entorhinal-hippocampal circuitry, which relays 

multimodal information to and from the cortex, is highly predictive of the conversion from 

MCI to AD.  Object memory is remarkably sensitive to disruption of this circuit in both 

humans and mice.  The hippocampus and cortex are also substrates of the stress-

induced depressive response in the tail suspension test (reviewed in Chapters 3 and 4).  

Thus, our object memory data confirm the face validity of TgCRND8 mice as a model of 

early-stage AD.  The tail suspension results extend utility of the model to phenotypes 

suggestive of the affective disturbances seen in MCI. 
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Behavioural disturbances in TgCRND8 mice appear to be triggered by increases in 

soluble Aβ42 load.  Between 4 and 8 weeks of age, levels of Aβ42 double and the ratio of 

Aβ42/Aβ40 increases 1.5-fold (Chishti et al., 2001).  We have reported that ratios of 

Aβ42/Aβ40 correlate inversely with BDNF mRNA in aged, plaque-riddled TgCRND8 

cortex (Peng et al., 2009).  BDNF is produced in the entorhinal cortex and is 

anterogradely trafficked into the hippocampus, where it regulates synaptic plasticity.  

Rising levels of Aβ42 may downregulate BDNF, thereby inducing cognitive dysfunction.  

We found that BDNF mRNA was reduced in the hippocampus and cortex just prior to 

onset of behavioural impairment.  Decreases in BDNF expression were not 

monophasic.  Rather, levels within hippocampus and cortex recovered shortly after 

behavioural impairment was established.  BDNF levels declined again as plaque load 

developed to a degree observed in late-stage AD brains.  Transient increases in BDNF 

expression have been observed in other APP-Tg mice and in AD (Burbach et al., 2004; 

Lindvall et al., 1992; Laske et al., 2006).  These increases are short-lived and may 

constitute a compensatory response to disease onset (Chapter 3).  The second phasic 

decrease in BDNF expression is observed at 6 to 8 months.  At this point, cholinergic 

markers are also reduced (Bellucci et al., 2006).  These findings in TgCRND8 mice are 

similar to what is observed in the clinical disease.  In end-stage AD brain, 

neurodegeneration is widespread and BDNF expression is severely reduced.  However, 

smaller reductions are evident in the parietal cortex at preclinical stages of AD.  

Reductions in BDNF expression precede cholinergic dysfunction and track with the rate 

of cognitive decline in patients with MCI and early AD (Peng et al., 2005).   

 

Aβ may have detrimental effects on BDNF transport and signaling before depositing in 

plaques.  The phasic decreases in BDNF mRNA within the TgCRND8 brain may reflect 

tissue responses to different aggregation states of Aβ.  Oligomeric Aβ42 is known to 

decrease BDNF mRNA and its activity-dependent transcriptional regulator, 

phosphorylated cyclic AMP response element binding protein (P-CREB) in vitro (Garzon 

and Fahnestock, 2007).  Oligomeric Aβ can also disrupt BDNF signaling by impairing 

the axonal trafficking of BDNF and its TrkB receptor (Poon et al., 2011).  These findings 

raise questions about the nature of BDNF deficits in TgCRND8 mice.  How does Aβ 
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decrease BDNF expression early in the disease?  Why do BDNF levels rebound and 

what triggers the second phasic decrease at more advanced stages of disease?  Our 

work did not address these questions.  However, others have provided data that point to 

some answers.  As early as 2 months of age, TgCRND8 mice exhibit focal swellings 

and a thickening of axons just proximal to sites of Aβ accumulation in the cortex.  These 

dystrophic axons are associated with localized disruption of axonal transport (Adalbert 

et al., 2009).  Defects in axonal transport may impair the trafficking and signaling of 

BDNF in Aβ-burdened regions.  The transcription of BDNF may also be downregulated.  

TgCRND8 mice have been shown to exhibit decreased activation of CREB (i.e. lower P-

CREB levels) in the hippocampus (Yiu et al., 2011).  The transcription of BDNF is 

induced by P-CREB.  In turn, BDNF signaling through TrkB leads to activation of CREB.  

Both P-CREB and BDNF levels are reduced in hippocampi of AD brains (reviewed in 

section 1.2.3.2).  Decreases in P-CREB levels are observed in pre-plaque TgCRND8 

mice (Yiu et al., 2011) and may underlie the first phasic downregulation in BDNF mRNA.  

The late phase decrease in BDNF could result from neurodegeneration and other 

pathophysiological factors that emerge with disease progression.  These findings 

collectively point to Aβ toxicity beginning upstream of BDNF, targeting factors involved 

in its production and/or transport.  

 

Locus coeruleus neurons synthesize and transport BDNF along noradrenergic axons to 

forebrain terminals, where it regulates cortical neuronal survival and organization in the 

developing brain (Fawcett et al., 1998).  This transport of BDNF is required for 

maintenance of forebrain noradrenergic innervation throughout life (Matsunaga et al., 

2004).  For this reason, it may be anticipated that decreased BDNF mRNA in TgCRND8 

mice would be coupled with noradrenergic dysfunction.  Indeed, we found early and 

consistent reductions in terminal field noradrenaline content (Chapter 5).  Noradrenaline 

levels were decreased in the hippocampus, temporoparietal and frontal cortices, as well 

as in the cerebellum of 4-week-old mice.  However, noradrenaline content was 

unaltered in regions that receive little, or no innervation from the locus coeruleus, 

including the ventral mesencephalon, striatum and brainstem (Berridge and 

Waterhouse, 2003).  Non-Tg controls exhibited age-related increases in cortical 

noradrenaline levels.  These increases did not occur in aging TgCRND8 mice and may 



148 

 

be related to the late-life reductions in BDNF mRNA.  In the hippocampus, levels of 

noradrenaline progressively declined in TgCRND8 mice.  Our results imply that locus 

coeruleus forebrain projections are especially vulnerable in TgCRND8 mice (discussed 

in section 7.1.3).  As suggested by the mouse model, loss of neurons in the locus 

coeruleus was found to be more severe and to correlate better with the duration of AD 

than neuronal loss in the nucleus basalis (Zarow et al., 2003). 

 

Bioenergetic stress is another core, progressive feature of AD (reviewed in section 

1.1.5).  To investigate whether mitochondria are affected with progression of 

TgCRND8 pathology (Chapters 5 and 6), we measured the activities of key 

enzymes of oxidative metabolism.  Behaviourally impaired 9 and 16 week-old mice 

exhibited increased complex I+III oxidoreductase activity in the cortex only.  In 

contrast, complex I+III activity was globally reduced by nearly 50% in 45-week-old, 

plaque-riddled brains.  Changes in complex I+III activity do not reflect a general 

change in mitochondrial density or function.  The activities of complex IV, α-

ketoglutarate dehydrogenase and pyruvate dehydrogenase were intact.  While the 

early increase in complex I+III activity was not associated with altered expression of 

several important subunits of complexes I or III, the late-life decline coincided with 

reduced expression of the nuclear-DNA encoded complex I subunit NDUFB8.   

 

The gene expression of NDUFB8 is significantly reduced in AD brains (Li et al., 

2003).  Declines in NDUFB8 expression may very well account for deficient 

complex I+III activity in TgCRND8 mice at end-stage disease.  NDUFB8 is 

necessary for assembly of the complex I holoenzyme and for super-complex 

assembly with complex III (Lazarou et al., 2007).  It is easily nitrated and is 

especially susceptible to free radical damage.  Nitration of NDUFB8 hinders super-

complex assembly and inactivates complex I (Davis et al., 2010).  Signs of 

nitrosative stress emerge with cerebral amyloidosis in TgCRND8 mice.  Neurons 

and microglia surrounding plaques express inducible nitric oxide synthase (Bellucci 

et al., 2006). At 7 and 12 months of age, a marked increase in nitrotyrosine 

immunostaining has been reported in dystrophic neurites within the neocortex and 

hippocampus (Bellucci et al., 2007).  What remains to be addressed is whether 
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nitrosative stress underlies the decreases in NDUFB8 expression and complex I+III 

activity in aged mice.  

 

Markers of nitrosative stress appear at advanced stages of Aβ pathology and thus 

may not be related to the increases in complex I+III activity seen earlier in the 

disease process.  The changes in complex I+III activity in younger mice were not 

associated with altered NDUFB8 expression.  As with BDNF, phasic alterations in 

oxidative phosphorylation (OXPHOS) may occur with the progression of Aβ 

pathology.  The early increase in complex I+III activity was only found in the cortex.  

Similar transient increases in activity or in gene expression of the electron transport 

chain (ETC) have been described in the cortices of other APP-Tg mice (Strazielle et 

al., 2003; Reddy et al., 2004; Rhein et al., 2009b) and in AD brains (Bossers et al., 

2010).  Such increases likely represent a compensatory mitochondrial response to 

low concentrations of Aβ (Rhein et al., 2009a).  Aβ can impair OXPHOS directly by 

clogging ETC machinery and preventing import of nuclear DNA-encoded subunits, 

or indirectly by promoting ROS (reviewed in section 1.2.3.3).  As Aβ pathology 

develops, mitochondria eventually lose the capacity for adaptive response and 

consequently fail to meet metabolic demand.  Early increases in complex I+III 

activity and late-phase declines in both activity and NDUFB8 levels implicate 

complex I malfunction in TgCRND8 disease progression.   

 

Complex I is the largest and the ‘leakiest’ of the 5 complexes in the ETC.  It is the 

major source of superoxides in mitochondria.  As reviewed earlier in the thesis, 

ROS can in turn oxidize proteins in complex I, causing more electrons to leak and 

thereby further disrupt OXPHOS.  Alterations in complex I+III activity may reveal 

bioenergetic stress in TgCRND8 mice.  We examined tissue levels of creatine and 

ATP in cortex and hippocampi through stages of Aβ accumulation.  In aged mice 

with advanced Aβ pathology and complex I+III deficits, energetic charge and ATP 

were maintained but creatine increased in the brain (Chapter 5).  Younger animals 

exhibited regional differences in bioenergetic status.  In hippocampi, ATP transiently 

declined at onset of plaques.  Whereas in cortical tissues with enhanced complex 
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I+III activity, ATP was unaltered as creatine increased with Aβ burden (Chapter 6).  

Our data reveal that ATP levels are sustained when creatine is elevated, despite 

OXPHOS deficits in the brain.    

 

The increased levels of creatine may maintain energetic charge despite Aβ-induced 

increases in metabolic demand (Brewer and Wallimann, 2000).  In accord with this 

observation, we found that the transient decrease in hippocampal ATP occurred at 

16 weeks, a time point at which creatine levels were not increased.  Our findings 

extend those of Kuzyk et al. (2010), who reported progressive accumulation of 

creatine deposits in the hippocampus of TgCRND8 mice between 5 and 17 months 

of age.  It appears that compensatory increases in creatine are delayed in this brain 

area.  Although both cortex and hippocampus accumulate Aβ early in disease and 

although both regions exhibit extensive plaque pathology, the hippocampus is the 

only region in which high molecular weight Aβ oligomers increase with disease 

progression (Ma et al., 2011).  The hippocampus is also the only region in which 

progressive reductions in tissue noradrenaline are observed (Chapter 4).  This 

regional difference may underlie the distinct mitochondrial stress responses in 

cortex and hippocampus.  The hippocampus maintains neurogenesis throughout 

adulthood.  It is an area with high and fluctuating metabolic demands.  Decreases in 

P-CREB, as well as in BDNF and noradrenaline may underlie the vulnerability of the 

hippocampus to Aβ toxicity and disruptions in energy homeostasis. 

 

Creatine deposits have also been observed in hippocampal tissues from AD brains 

(Gallant et al., 2006), underlying the likely relevance of this molecule to the human 

disease.  When tissue is bioenergetically stressed by Aβ, or during bouts of high 

metabolic activity, the creatine kinase/phosphocreatine shuttle maintains energetic 

charge.  Disruption of creatine kinase activity can lead to decreased energy 

reserves and bioenergetic failure.  Creatine kinase is sensitive to oxidative stress.  

Its activity is reduced in AD brains (reviewed in section 1.1.5.3).  In addition to 

activity deficits, the transport of creatine kinase also appears to be impaired in AD.  

The APP protein interacts with creatine kinase and assists its translocation to 
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mitochondria.  Mutations in APP impair its ability to chaperone creatine kinase to 

mitochondria (Li et al., 2006), leading to decreased phosphocreatine synthesis and 

accumulations of creatine within the cell.  The cytoplasmic tail of APP has been 

found to interact with and stabilize several mitochondrial-targeted proteins.  APP 

expression protects the cell from endoplasmic reticulum stress (Kögel et al., 2003).  

However, mutations in APP, and especially the Swedish double mutation (Haass et 

al., 1995; Kögel et al., 2003, Eckert et al., 2011) increase the susceptibility of cells 

to oxidative stress and compromise mitochondrial function (reviewed in Bürklen et 

al., 2006).  The origin of elevated creatine content and its association with 

mitochondrial dysfunction and altered cellular bioenergetics in TgCRND8 brains 

warrant further investigation.   

 

It is unclear why TgCRND8 mice exhibit selective dysfunction of complex I.  Deficits 

in complex IV and other consistently reported oxidative metabolic defects of AD 

have been observed in various APP-Tg mice.  Some of these transgenic lines also 

exhibit decreases in the mitochondrial membrane potential, bioenergetic depletion 

and oxidative stress (reviewed in Eckert et al., 2011 and in Chapter 6).  However, 

mitochondrial phenotypes of APP-Tg mice are highly variable in severity and age at 

onset.  Mutation-specific disruptions in mitochondrial motility, morphology, oxidative 

capacity and functional output have been described in APP-Tg, PS1-Tg and 

APP/PS1-Tg mice (Trushina et al., 2012).  APP and PS1 mutations appear to act 

synergistically so as to disrupt mitochondria and energy status.  The murine genetic 

background, transcriptional promoter and expressed hAPP isoform can also 

influence mitochondrial phenotypes.  Thus, while different transgenic mouse lines 

can exhibit distinct mitochondrial impairments, all demonstrate aspects of changes 

seen in AD (Trushina et al., 2012).  In this regard, complex I disruption would seem 

to be a feature that is particularly prominent when AD is driven by Swedish and/or 

Indiana APP mutation.  Whether this is the case or not, our mice arguably model 

early stages of the disease.  As such, they do not develop the full spectrum of 

mitochondrial defects seen in AD.  
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7.1.2   Noradrenergic Deficits are Central to TgCRND8 Impairment 

 

We examined the effects of increasing noradrenergic transmission on behaviour, Aβ 

load, BDNF expression and mitochondrial function.  In doing so, we sought to 

distinguish secondary factors from upstream causes of noradrenergic tissue deficits.  

Pre-plaque mice 12 weeks of age, or aged mice 45-50 weeks of age were treated 

systemically for 28 days with dexefaroxan, an α2-adrenoceptor antagonist.  

 

Noradrenergic transmission is regulated by presynaptic α2-adrenoceptors.  Blocking 

these autoreceptors inhibits negative feedback control of transmitter release, thereby 

increasing noradrenaline outflow from terminals.  As reviewed previously, these 

inhibitory α2-adrenoceptors are also expressed heterologously on forebrain cholinergic 

terminals.  Hence, using a noradrenaline reuptake inhibitor to increase extracellular 

levels of noradrenaline may induce inhibition of cholinergic transmission.  Dexefaroxan 

increases noradrenergic transmission.  It also increases acetylcholine outflow in the 

cortex and can provide trophic support to forebrain cholinergic innervation in rodents.  

Moreover, tolerance to these beneficial effects of dexefaroxan did not occur in rats that 

were chronically treated for 28 days (Debeir et al., 2002).  For these reasons, we opted 

to treat mice with dexefaroxan.  To discern whether any therapeutic effects might be 

mediated through the cholinomimetic action of α2-adrenoceptor blockade, effects of 

dexefaroxan were compared to those of the cholinesterase inhibitor, rivastigmine.    

 

We found that both dexefaroxan and rivastigmine reversed object memory deficits and 

behavioural despair.  Neither drug influenced object exploration or mobility measures in 

non-Tg controls.  Thus, it did not appear that the drugs improved behaviour by simply 

encouraging the mice to move more.  Our findings suggest that cholinergic and 

noradrenergic mechanisms may both contribute to cognitive and affective phenotypes in 

TgCRND8 mice (Chapter 4).  The locus coeruleus noradrenergic system is activated in 

response to novel stimuli.  Reciprocal connections between the prefrontal cortex and the 
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locus coeruleus change noradrenergic tone in forebrain circuits to regulate shifts in 

attention, arousal and mood.  Extensive synaptic interactions between cholinergic and 

noradrenergic efferents also exist in hippocampal and cortical brain regions.  Our 

experiments did not discriminate between α2-autoreceptors and α2-heteroceptors on 

cholinergic terminals, in accounting for therapeutic effects of dexefaroxan on memory 

and mood.  

 

In these studies, we did not investigate drug effects at advanced stages of plaque 

pathology, when inflammatory markers and microglial activation are evident in 

TgCRND8 mice.  However, in young animals, neither drug altered the CNS burden of 

monomeric or aggregated Aβ.  In addition, the compounds had no effect on expression 

of holoAPP or β-CTF, the C-terminal fragment produced by β-secretase cleavage of 

APP.  While the loss of noradrenergic innervation can exacerbate Aβ pathology, our 

results indicate therapeutic actions of dexefaroxan to be independent of any effects on 

APP processing and Aβ accumulation (Chapter 4).  Consistent with this conclusion, 

chronic treatment with the α2-adrenoceptor antagonist fluparoxan was found to prevent 

memory deficits in APP/PS1 mice without altering Aβ burden (Scullion et al., 2011).   

 

Both dexefaroxan and rivastigmine improved hippocampal BDNF mRNA levels in 

TgCRND8 mice.  This effect of dexefaroxan persisted even at advanced stages of Aβ 

pathology, in 1-year-old mice (Chapter 4).  These results with dexefaroxan were 

expected given the mutually trophic relationship between noradrenergic neurons and 

BDNF.  Likewise, boosting cholinergic transmission has been shown to prevent memory 

impairment and increase BDNF expression in rats infused with Aβ peptides (Srivareerat 

et al., 2009).  It remains to be seen how dexefaroxan and rivastigmine may alter the 

expression of P-CREB and the immediate-early gene Arc.  This experiment could help 

determine whether therapeutic targets include transcriptional regulators of BDNF that 

are crucial for memory formation in the hippocampus.     

 

The protective effects of noradrenaline against Aβ toxicity may depend on the activation 

of canonical β-adrenergic signaling cascades involving cAMP and P-CREB, and on the 
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consequent induction of BDNF.  In cultured neurons, noradrenaline inhibited Aβ-induced 

increases in ROS, mitochondrial depolarization and caspase activation by increasing 

BDNF and nerve growth factor mRNA (Counts and Mufson, 2010).  But, noradrenaline 

itself may neutralize hydroxyl radicals and prevent cholinergic cell death (reviewed in 

section 1.3.2.4).  We found that the therapeutic effects of dexefaroxan and rivastigmine 

include regulation of energetic homeostasis (Chapter 6).  Both dexefaroxan and 

rivastigmine reversed the hippocampal ATP deficit in young mice and rescued complex 

I+III activity in aged mice.  Neither drug altered citrate synthase activity.  Thus, the 

compounds appear to stimulate energy metabolism by some action on complex I+III 

activity and not by increasing mitochondrial density.  The mechanism is unclear.  

 

The drugs may have reduced energetic stress by improving BDNF expression and 

transmitter deficits.  Conversely, reduced noradrenergic transmission could lead to 

failure in energy homeostasis through the loss of its neuroprotective actions against 

oxidative stress and of its stimulatory action on the synthesis and release of ATP 

and BDNF.  Cholinergic as well as noradrenergic mechanisms may be involved in 

the generation of energetic stress, as both drugs reversed ATP and OXPHOS 

deficits.  Rivastigmine has been shown to increase ETC complex enzymatic 

activities in mitochondria of AD patient lymphocytes (Casademont et al., 2003), and 

in a rat model of oxidative stress (Kumar and Kumar, 2009).  Both transmitter 

systems may be involved in reducing oxidative stress in the TgCRND8 model, 

although this has yet to be demonstrated.  Effects of drug treatments on creatine 

levels and the energetic buffering capacity of creatine kinase also need to be 

determined. 

 

In sum, dexefaroxan reversed behavioural phenotypes, increased BDNF expression 

and improved mitochondrial function.  Similar results were attained with the clinical 

cholinesterase inhibitor, rivastigmine.  Our work suggests that reductions in 

noradrenaline and its facilitatory effects on basalocortical cholinergic transmission 

are critical factors in TgCRND8 impairment.  Blocking α2-adrenergic receptors may 

prove an especially relevant pharmacological approach for the treatment of AD.  
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7.1.3   Do TgCRND8 Noradrenergic Deficits Resemble those in AD? 

 

We have demonstrated that TgCRND8 mice develop AD-like phenotypes prior to plaque 

formation.  As in AD, a deficiency in forebrain noradrenergic tone mediates key 

molecular cascades of Aβ toxicity to drive dysfunction.  An important question that 

remains to be answered is how noradrenergic deficits arise in AD and in APP-Tg mice.  

 

We have reviewed studies indicating that onset and severity of AD dementia correlate 

with the magnitude of locus coeruleus degeneration and the reduction in noradrenaline 

levels.  Decreases in the noradrenaline transporter (NET) have been observed in the 

locus coeruleus and the thalamus.  These areas normally express the most NET.  

Decreases in NET within these regions of the AD brain progress in tandem with Braak 

staging of the disease (Guylás et al., 2010).  Loss of nuclei in the locus coeruleus is also 

seen in other neurodegenerative conditions, including Down syndrome, Parkinson’s 

disease and Huntington’s disease.  However, the pattern of cell loss within the locus 

coeruleus differs, depending upon the condition.  The rostral portion of the nucleus 

degenerates in AD brains, with preferential loss seen to be of cells that project to the 

cortex and hippocampus (reviewed in section 1.3.1.1).  Similar topographic patterns of 

locus coeruleus degeneration have been described in the PDAPP (German et al., 2005) 

and APPswe/PS1ΔE9 (Liu et al., 2008) transgenic lines.  Our results in TgCRND8 mice 

also suggest vulnerability of forebrain locus coeruleus projections.  While we found 

reduced noradrenaline content within all major terminals, the reduction was most severe 

and progressive only in the hippocampus.  

 

The pattern of noradrenergic tissue deficits in the TgCRND8 brain suggest degeneration 

of fibers from the locus coeruleus.  Histopathological and microdialysis experiments can 

be performed to determine whether these reductions in noradrenaline tissue content are 

associated with decreases in synaptic availability of transmitter, alterations in adrenergic 

receptor density or sensitivity, and/or degeneration of terminals and cell bodies.  It 
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remains possible that the tissue content deficits we observed reflect changes in 

transmitter synthesis, synaptic vesicle packaging or number, and that the model does 

not experience frank loss of noradrenergic cells.  Our chromatographic measures of 

noradrenaline and its extracellular metabolite, normetanephrine from TgCRND8 brain 

extracts indicated increased transmitter turnover in the hippocampus.  While 

noradrenaline levels were decreased, those of normetanephrine were increased.  Both 

dexefaroxan and rivastigmine normalized normetanephrine levels, but did not alter 

noradrenaline content.  These results likely reflect compensatory increases in 

noradrenergic activity and reduced reuptake of released transmitter (Chapter 4).   

 

In the AD brain, reductions in noradrenaline tissue levels do not correlate with the 

degree of cell loss in the locus coeruleus.  Degeneration of this nucleus is accompanied 

by compensatory changes in surviving noradrenergic neurons, which include increased 

tyrosine hydroxylase expression and sprouting of terminals in the prefrontal cortex and 

hippocampus.  This sprouting does not reflect normal noradrenergic innervation and 

may even contribute to dementia.  Postsynaptic α1D and α2C receptor levels are 

decreased in the hippocampus and prefrontal cortex (Szot et al., 2006; 2007), while 

presynaptic α2 adrenoceptors are relatively spared in the AD brain (Matthews et al., 

2002).  Postsynaptic β receptors were reportedly increased in the prefrontal cortex and 

hippocampus of AD patients (Kalaria et al., 1989).  Selective increases in α2- and β-

receptors have been described in the cerebellum of aggressive AD patients (Russo-

Neustadt and Cotman, 1997).  The exact role of each adrenergic subtype in different 

brain regions is still uncertain.  The issue that receptors may be localized pre- and/or 

postsynaptically further complicates modeling of outcomes.  Clearly, reduced 

concentrations of noradrenaline within the forebrain, aberrant sprouting or hyper-

innervation by surviving noradrenergic neurons and the deregulation in the balance of 

adrenoceptor activation contribute to disturbances in attention, memory and affect in AD 

(Szot et al., 2007; Herrmann et al., 2004).  

 

The topographic pattern of cell loss in the locus coeruleus of AD patients and APP-Tg 

mice suggest a retrograde degenerative process, whereby noradrenergic degeneration 

is initiated at axon terminals in the forebrain.  Aβ deposits induce distal axonopathy in 
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noradrenergic terminals and cause the subsequent neurodegeneration of cortical- and 

hippocampal-projecting locus coeruleus cells in APP-Tg mice (Liu et al., 2008; German 

et al., 2005).  We have observed noradrenergic tissue deficits in 4 week-old TgCRND8 

mice, long before the deposition of Aβ.  Aβ accumulation in the TgCRND8 brain is 

axonopathic, causing localized disruption in axonal transport and loss of presynaptic 

machinery early in the disease (Adalbert et al., 2009; Woodhouse et al., 2009).  Soluble 

Aβ may initiate retrograde degeneration in vulnerable noradrenergic and cholinergic 

terminals within the cortex and hippocampus.  Compared to afferents arising from the 

basalocortical cholinergic system, the longer fibers from the locus coeruleus may be 

more susceptible to defects in axonal transport.  This greater vulnerability of the locus 

coeruleus system likely explains why noradrenergic tissue deficits precede cholinergic 

dysfunction.  

 

In sum, our work has revealed that the TgCRND8 mouse not only provides a means by 

which to study the molecular mechanisms of Aβ toxicity, but also that testing therapeutic 

interventions in this model may be highly predictive of clinical outcome.     

 

7.2   Translational Impact 

 

While there are substantial challenges in translating findings from APP-Tg mice to the 

human (section 1.4.2), transgenic models have confirmed the central role that Aβ plays 

in AD-like disease.  A variety of Aβ targeted interventions in TgCRND8 mice have been 

found to decrease Aβ burden and to ameliorate behavioural deficits (Janus et al., 2000; 

McLaurin et al., 2002, 2006; Greco et al., 2010; Hawkes et al., 2010).  Yet, determining 

which Aβ peptides and oligomeric assembly states to therapeutically target remains a 

challenge.  In addition, there are concerns about the safety and efficacy of inhibiting Aβ 

production, disaggregating plaques, or reducing Aβ tissue load in humans.  
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Our work suggests that treating noradrenergic deficits, an immediate downstream target 

and mediator of Aβ toxicity, can prevent or delay the onset of AD.  Results in TgCRND8 

mice suggest that α2-adrenoceptor antagonists could provide effective disease-

modifying therapy.  Blocking α2-adrenoceptors on noradrenergic and cholinergic 

terminals may improve both cognitive and affective disturbances in AD.  Targeting this 

receptor may also reduce AD pathophysiology by restoring trophic support and energy 

metabolism in the brain.  Other mechanisms involved in the progression of disease, 

such as inflammation and oxidative stress, can be mitigated by α2-adrenoceptor 

blockade, or by increasing noradrenaline levels.  To a large extent, α2-adrenoceptor 

antagonists protect against Aβ insults by enhancing the trophic, metabolic or 

transmitter-related compensatory responses that are mediated by the locus coeruleus.  

However, their direct effect of improving cholinergic tone, provides an additional 

pathway whereby CNS deterioration in AD can be targeted.     

 

There is already clinical evidence that α2-adrenoceptor blockade positively regulates 

mood.  Mirtazapine is a second-generation noradrenergic and serotonergic tetracyclic 

antidepressant, with potent α2-adrenergic antagonism (Stimmel et al., 1997).  It blocks 

pre- and postsynaptic α2-adrenoceptors, postsynaptic 5-HT2 and 5-HT3 serotonergic 

receptors and histamine receptors with high affinity.  Mirtazapine also marginally 

antagonizes α1-adrenoceptors.  The net effect of this compound is increased 

noradrenergic and serotonergic tone at 5-HT1 and β-adrenergic receptors (reviewed in 

Blier, 2003; Benjamin and Doraiswamy, 2011).  In a randomized, double-blind, placebo 

controlled 4-week study, mirtazapine was found to be an effective anxiolytic in patients 

with anxiety as a primary complaint (Sitsen and Moors, 1994).  The drug is generally 

well tolerated and has minimal cardiovascular and anticholinergic effects (reviewed in 

Benjamin and Doraiswamy, 2011).  To date, there have been no randomized, controlled 

trials using mirtazapine to treat AD patients.  However, in a case series of 3 elderly 

depressed AD patients, mirtazapine caused a remission of depression symptoms, 

anxiety, poor appetite and sleep disturbances.  No effect was reported in cognition (Raji 

and Brady, 2001).  In a larger 12-week open-label pilot study with 16 AD patients, 

mirtazapine effectively treated agitation without significant side-effects or impact on 

cognitive deterioration (Cakir and Kulaksizoglu, 2008).  
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The clinical efficacy of α2-adrenoceptor antagonists and its selectivity of action is 

influenced by the dose at which it is used.  The non-selective α2-adrenoceptor 

antagonist, yohimbine, as well as other more recent and selective compounds such as 

dexefaroxan and atipamezole have a “U”-shaped dose-response curve.  In addition to 

selecting the optimal dose, other issues related to tolerance and its action in the 

periphery need to be addressed in preclinical pharmacological trials (reviewed in Marien 

et al., 2004).  In the periphery, α2-adrenoceptors are involved in hemodynamic 

regulation.  The off-target hypertensive effects have tempered enthusiasm for 

development of selective α2-adrenoceptor antagonists.  However, rigid analogues of 

atipamezole were shown to have differential effects at peripheral and central α2-

adrenoceptors (Vacher et al., 2010).  By incorporating methyl groups at various 

positions of the imidazole ring in atipamezole, it was determined that a single 

conformation was particularly effective at increasing cortical noradrenaline release with 

minimal cardiovascular effects in the rodent.  This demonstration of CNS selectivity 

suggests a potential for targeted α2-adrenoceptor antagonism.   

 

Many clinical trials have validated the efficacy and safety of cholinesterase inhibitors for 

the symptomatic treatment of AD.  Preclinical studies suggest that cholinesterase 

inhibitors can also affect AD pathogenesis, however the mechanisms by which it does 

so may be unrelated to an increase in acetylcholine (Francis et al., 2005).  Our work 

suggests that α2-adrenoceptor antagonists, with its cholinomimetic action, may treat 

both symptoms and the underlying pathophysiology of AD.   
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The results presented in this thesis highlight the contribution of noradrenergic tissue 

deficits to AD-like impairment in the TgCRND8 mouse.  Treatment with an α2-

adrenoceptor antagonist or a cholinesterase inhibitor improved behavioural, BDNF and 

metabolic deficits.  Several experiments can be performed now to distinguish between 

noradrenergic and cholinergic mechanisms in mediating Aβ toxicity in TgCRND8 mice.  

In addition to noradrenergic and cholinergic systems, serotonergic transmission may 

also be affected in TgCRND8 disease.  We present preliminary data on serotonin 

transmitter levels and turnover, as well as related anxiety behaviour in TgCRND8 mice.   

 

8.1   Are protective effects of α2-adrenoceptor blockade mediated    
        through increased β-adrenoceptor activation? 

 

Dexefaroxan and rivastigmine treatments improved memory and affect, as well as 

hippocampal BDNF expression in TgCRND8 mice.  It is unclear whether these effects 

were ultimately mediated through increase in noradrenergic tone or through a 

cholinomimetic action of the drugs.  Counts and Mufson (2010) demonstrated that 

noradrenaline increases BDNF mRNA levels through β-adrenergic stimulation of cAMP 

production and CREB activation.  Other groups have demonstrated that blockade of α2-

adrenoceptors enhances hippocampal neurogenesis, increases mRNA for BDNF and 

Arc, and improves depression-related behaviour (Yanpallewar et al., 2010).  However, 

both drugs could conceivably have increased BDNF levels through cholinergic 

mechanisms.  Chronic nicotine treatment is known to increase BDNF mRNA in the 

hippocampus (reviewed in Srivareerat et al., 2009).  

 

Decreases in hippocampal P-CREB and transcription of the immediate early gene Arc 

can serve as end-points to discriminate between cholinergic and noradrenergic 

mechanisms in Aβ-induced functional impairment in TgCRND8 mice.  Deficits in P-

CREB and Arc expression have been shown to provide measurable indices of 

dysfunction that coincide with spatial memory impairment in pre-plaque mice (Yiu et al., 

2011).  Dexefaroxan, or rivastigmine would be administered for 28 days to 12-week-old 
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mice.  As described by Yiu and coworkers, mice could then be exposed to a novel 

environment for 5 minutes, returned to the home cage and sacrificed 30 minutes 

thereafter.  In this paradigm, it has been observed that TgCRND8 mice exhibit normal 

levels of CREB, but failure of CREB activation in response to novelty (Yiu et al., 2011).  

Thus, western blot tracking of the hippocampal P-CREB and Arc signals would provide 

a proxy for behavioural improvement.  If the two drugs indeed share a common pathway 

to influence the encoding of memory, we would hypothesize that both dexefaroxan and 

rivastigmine should restore this response.  Drugs may have rescued behaviour and 

BDNF levels in TgCRND8 mice through β-adrenergic activation of CREB.  Alternatively, 

they could increase P-CREB and BDNF levels through cholinergic signaling.  In adult 

rats, chronic treatment with the acetylcholinesterase inhibitor donepezil was shown to 

enhance P-CREB expression and neurogenesis in the hippocampus.  In contrast, the 

muscarinic antagonist scopolamine suppressed hippocampal neurogenesis, P-CREB 

activation and BDNF mRNA levels (Kotani et al., 2008).  To test whether drug effects 

are mediated through noradrenergic and/or cholinergic signaling, one might compare 

BDNF and P-CREB levels in mice that are treated with rivastigmine, dexefaroxan or the 

β-adrenergic agonist isoproterenol, with or without scopolamine.  These experiments 

should help us answer the following:  

 

1. Is the activation of CREB a therapeutic target of dexefaroxan and rivastigmine?  

2. Do drugs increase CREB activation through β-adrenergic and/or muscarinic 

signaling?  

3. Can dexefaroxan alone induce CREB activation and rescue Aβ-functional 

impairment, or is it better administered as adjunctive therapy to rivastigmine? 

 

8.2   Does α2-adrenoceptor blockade improve metabolic state in   
        TgCRND8 mice by stabilizing mitochondrial respirasomes?  

 

Aged TgCRND8 brains exhibit increased creatine content coupled with a selective 

~50% loss of complex I+III oxidoreductase activity.  Reduced activity coincided with 



163 

 

decreased expression of the complex I subunit NDUFB8, which is required for assembly 

of the complex I and III respirasome (Lazarou et al., 2007).  Dexefaroxan and 

rivastigmine restored complex I+III activity in aged mice and ATP levels in young mice.  

Recently, β-adrenergic agonists were found to increase mitochondrial biogenesis, 

including NDUFB8 gene expression, in the heart and kidneys of mice (Wills et al., 

2012).  It is likely that α2-adrenoceptor antagonism stabilizes the assembly of respiratory 

super-complexes of the electron transport chain (ETC).  It will be important to test the 

effects of dexefaroxan and rivastigmine on respirasome assembly in TgCRND8 mice.  

Our aims are to answer the following: 

 

1. Is complex I+III respirasome assembly disrupted in TgCRND8 mice?  

2. Does dexefaroxan stabilize interactions between complexes I and III in aged 

TgCRND8 mice by increasing NDUFB8 expression and respirasome assembly? 

3. Does dexefaroxan increase mitochondrial output through postsynaptic cholinergic 

or noradrenergic signaling? 

Synaptosomal respirasomes will be isolated by blue native gel electrophoresis followed 

by immunodetection of specific proteins from complexes I and III in digitonin detergent-

treated mitochondrial brain fractions.  Aged (40 to 45 week-old) TgCRND8 mice and 

wild-type littermates will be treated with dexefaroxan or isoproterenol, with or without 

scopolamine for 28 days.  At the end of treatment, cortical and hippocampal tissue will 

be harvested for analysis of various mitochondrial parameters, including respirasome 

detection, NDUFB8 expression, ATP and creatine tissue content, as well as creatine 

kinase and ETC oxidative phosphorylation activities.   

 

8.3   Does α2-adrenoceptor antagonism reduce oxidative stress?  
 

TgCRND8 mice exhibit nitrosative stress in the cortex and hippocampus (Bellucci et al., 

2007).  Reactive oxygen species (ROS) are largely generated by reverse electron 

transport through complex I.  ROS could contribute to or result from failure in oxidative 

phosphorylation.  The loss of super-complex formation in the ETC destabilizes complex 
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I, potentiates inefficient electron transfer and superoxide production (reviewed in Lenaz 

et al., 2010).  The alterations in complex I+III activity and decreases in NDUFB8 

expression suggest ROS is involved in the TgCRND8 disease.  In addition, the loss of 

noradrenaline may be permissive for Aβ-induced oxidative stress (Counts and Mufson, 

2010).  Dexefaroxan and rivastigmine treatments may be improving mitochondrial 

function by reducing ROS.  By using reactive oxidation-sensitive fluorescent probes 

(2,7-dichlorodihydrofluorescein diacetate), we could measure the production of 

mitochondrial superoxides in synaptosomal respirasomes from drug treated mice.   

 

8.4   Is serotonergic transmission altered, and if so, how does this    
        influence anxiety in TgCRND8 mice? 

 

While catecholaminergic and cholinergic systems have been investigated, relatively little 

is known about the state of the serotonergic system in TgCRND8 mice and in the 

human disease.  Losses of serotonergic cells from the raphe nuclei have been 

documented in AD brains.  Less degeneration in the serotonergic system is observed, 

relative to the noradrenergic and cholinergic systems (reviewed in Gonzalo-Ruiz et al., 

2003). Most studies report a decrease in forebrain serotonin transmitter and metabolite 

tissue levels, as well as a loss of serotonergic receptors in the frontal and 

temporoparietal cortices (reviewed in Hardy et al., 1985; Gonzalo-Ruiz et al., 2003).  

Alterations in serotonergic tone have been implicated in depressed mood, anxiety, 

aggression and agitation in AD patients (reviewed in Lanari et al., 2006).  Thus, we 

began an investigation of serotonin transmitter levels and turnover to determine whether 

altered serotonergic tone might contribute to TgCRND8 behavioural phenotypes.    

 

We measured tissue concentrations of serotonin (5-HT) and its major metabolite 5-

hydroxyindoleacetic acid (5-HIAA) across brain regions, during the course of TgCRND8 

disease.  5-HT content was not altered in the TgCRND8 brain at any age.  However, we 

observed significant but inconsistent increases in 5-HIAA levels in the striatum and 
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frontal cortex of young and aged TgCRND8 mice (Figure 8-1).  Increased content of 5-

HIAA relative to 5-HT reflect elevated serotonin turnover in these brain regions.   

 

 
 

Figure 8-1.  Tissue content of 5-HIAA is increased in the striatum and frontal 
cortex of TgCRND8 brains.  Analyte concentrations (ng/mg tissue) of 5-HT and 5-
HIAA (5-hydroxyindoleacetic acid) were measured by HPC and electrochemical 
detection in perchloric acid tissue extracts from microwave-irradiated brains, as 
described (Francis et al., 2012b).  Levels of 5-HT were not altered in the striatum (A), or 
in the frontal cortex (C).  5-HIAA concentrations were increased at 4- and 40+ weeks in 
the striatum (B) and at 16- and 40+ weeks in the frontal cortex (D) of TgCRND8 mice.  
Data are means ± SEM of n ≥ 8 mice per group.  *P ≤ 0.05, **P ≤ 0.01 vs. non-Tg 
controls by unpaired Student’s t-test.   
 

 

Serotonergic tone in the striatum and frontal cortex can affect levels of anxiety (Ludwig 

and Schwarting, 2007; Adriani et al., 2006).  We assessed thigmotaxis of adult 
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TgCRND8 mice in the zero maze.  Performance in this maze provides measures of 

anxiety that are sensitive to altered serotonergic tone (Shepherd et al., 1994).  

Avoidance of the open sectors is considered anxiety-like behaviour.  The apparatus 

(Stoelting Co., Wood Dale, IL) is an elevated circular platform, with two enclosed walled 

quadrants opposing two open quadrants.  This design allows for uninterrupted 

exploration.  It also eliminates ambiguity associated with scoring the time spent in the 

central open square of the classical elevated plus maze.  Mice were placed in a closed 

quadrant and allowed to explore the maze for 5 minutes.  We measured the following 

indices of anxiety: latency to enter an open area, total time spent in open areas, and the 

number of times a mouse dipped its head over an open edge.  We found that 30-week-

old TgCRND8 mice were less anxious than non-Tg controls in this maze (Figure 8-2).   

 

 
Figure 8-2.  TgCRND8 mice are less anxious than non-Tg controls in the zero 
maze.  Anxiety-like behaviour was assessed in 30 week-old mice by measuring the 
latency to enter (A), duration in (B) and number of head dips over (C) the open 
quadrants of the zero maze.  TgCRND8 mice spent more time in the open area (t(45) = 
2.08, P = 0.043; B) and dipped their heads over the open edge of the maze more 
frequently (t(45) = 3.30, P = 0.002; C) than non-Tg littermates.  Data are means ± SEM 
of n ≥ 23 mice per group. *P ≤ 0.05, **P ≤ 0.01 versus littermate controls by unpaired 
Student’s t-test. 
 

Schwarting and colleagues (1998) reported that rats with high levels of anxiety in the 

elevated plus maze exhibit decreased tissue concentrations of serotonin in the ventral 

striatum.  Correspondingly, rats administered a serotonergic neurotoxin in the ventral 

striatum exhibited anxiogenic behaviour in the elevated plus maze and open field 

(Ludwig and Schwarting, 2007).  By extension, the increased striatal and cortical 

serotonin turnover in TgCRND8 mice might be expected to account for decreased 

inhibition in the zero maze.  Similar findings have been reported in another APP-Tg line 
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(Adriani et al., 2006).  APP695SWE mice show reduced anxiety in the elevated plus 

maze and motor impulsivity.  These behaviours were associated with increased 

serotonin turnover in the frontal cortex.  The authors equate this behaviour to the loss of 

inhibition observed in AD patients.  Similar to our mice, behavioural disinhibition in 

APP695SWE mice is not related to changes in dopaminergic parameters.   

 

We assessed whether reduced noradrenergic tone is associated with decreased anxiety 

in TgCRND8 mice.  12 week-old mice were treated with dexefaroxan, rivastigmine or 

saline for 28 days and tested in the zero maze.  Neither dexefaroxan nor rivastigmine 

affected performance in this maze (Figure 8-3), suggesting that thigmotaxic behaviour 

may be more dependent on striatal serotonergic tone.  The striatum is nearly devoid of 

locus coeruleus innervation (Berridge and Waterhouse, 2003), which may account for 

the lack of drug effects on anxiety-related phenotypes.   

 

 
 
Figure 8-3.  Dexefaroxan and rivastigmine do not alter performance in the zero 
maze.  Mice at 12 weeks of age were infused with dexefaroxan, rivastigmine or saline 
for 28 days.  In the last week of their treatment, they were tested in the zero maze.  At 
15 weeks of age, saline treated TgCRND8 mice were quicker to enter the open area 
(t(16) = 2.13, P = 0.049; A), but did not differ from controls in the amount of time spent 
in the open (B), or in the number of head dips over the edge of open (C) sectors.  
Neither dexefaroxan nor rivastigmine altered thigmotaxic behaviour (A, B or C).  Data 
are means ± SEM of n > 7 mice per group.  #P ≤ 0.05 versus non-Tg saline controls by 
unpaired Student’s t-test.  
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Administering a serotonin reuptake inhibitor, such as fluoxetine, will help determine 

whether increases in serotonin turnover contribute to anxiolytic behaviour, or memory 

deficits and behavioural despair in TgCRND8 mice.  We are currently examining 

whether onset of the anxiolytic response in the zero maze coincides with increased 

striatal 5-HIAA levels in pre-plaque mice.  Rats treated with soluble Aβ42 peptides for 7 

days, exhibited a depressive but not anxiogenic phenotype.  The Aβ42 treatment 

selectively reduced 5-HT content and BDNF expression in the prefrontal cortex.  These 

neurochemical changes were not observed in the striatum (Colaianna et al., 2010).  

These results imply that serotonergic tone in the prefrontal cortex mediates depressive-

like behaviour in rodents.  They also confirm our findings of altered affect in TgCRND8 

mice and suggests that Aβ can functionally disrupt specific brain regions to cause 

distinct depressive and anxiolytic behaviours.  Plaque-bearing TgCRND8 mice have 

been found to exhibit other behavioural abnormalities, including hyperactivity, 

perseverative wheel-running and circling, but do not show anxiogenic responses in the 

elevated plus maze (Walker et al., 2011).  It would be worthwhile to examine aggressive 

responses in the isolation-induced resident-intruder test.  Results from these assays 

may extend the face validity of this mouse in modeling non-cognitive symptoms of AD.     

 

TgCRND8 behavioural phenotypes mirror the clinical presentation of AD.  As reviewed 

earlier in the thesis, memory deficits and depressed mood are evident in MCI and early-

stage AD.  Anxiety, agitation and aggression typically emerge at later stages of 

dementia.  The imbalance between monoaminergic and cholinergic transmission is 

implicated in behavioural and psychological manifestations of AD, and may very well 

underlie the behavioural phenotypes of the TgCRND8 mouse.  
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Concluding Statement  

 

I set out to characterize the onset of behavioural impairment in the TgCRND8 mouse, 

and to determine the neurochemical correlates of such impairment.  At the start of this 

investigation, TgCRND8 mice had been shown to recapitulate many behavioural and 

pathophysiological features of AD.  However, all of these reported changes occurred 

late in disease and could not account for the emergence of behavioural deficits.  By 

2006, it was well established that cognitive decline in AD patients preceded Aβ deposits.  

Our work demonstrated that TgCRND8 mice model memory and affective disturbances 

seen in early-stage AD.  In addition, we were the first to report that functional 

impairment preceded plaque formation in an APP-Tg mouse.  Since then, many groups 

have corroborated our findings in TgCRND8 mice, as well as in other APP-Tg mice.  

 

Our behavioural data pointed to the cortex and hippocampus as early targets of Aβ-

functional disruption.  We subsequently discovered decreased BDNF expression, 

noradrenergic tissue deficits and bioenergetic stress in these brain regions.  Among 

these, noradrenergic tissue deficits were the first to emerge.  Hence, we hypothesized 

that reductions in noradrenaline trigger the AD-like phenotypes of TgCRND8 mice.  To 

test this, we treated mice with the α2-adrenoceptor antagonist dexefaroxan, and 

compared its effects to the cholinesterase inhibitor rivastigmine.  Both drugs improved 

behavioural, BDNF and mitochondrial parameters in these mice.  While we did not 

distinguish between noradrenergic and cholinergic mechanisms of the therapeutic 

action, it is likely that the early reduction in noradrenaline within forebrain terminals 

exacerbates Aβ toxicity and causes functional disruption.  Others have demonstrated 

that the loss of noradrenaline may potentiate Aβ pathology and associated 

inflammation, trophic factor deficits, cholinergic hypofunction and bioenergetic stress in 

a variety of in vitro and in vivo models.  All of these pathophysiological factors occur 

spontaneously in TgCRND8 mice.  We have demonstrated that treating with an α2-

adrenoceptor antagonist may prevent or delay the onset of Aβ-induced dysfunction. 
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