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  ABSTRACT   

      

Abstract 

 

Alzheimer´s disesase (AD) is the most common neurodegenerative disorder with increasing 

prevalence. Alterations of the corticotropin-releasing hormone (CRH) system in AD patients 

have been reported and along these lines, chronic stress and hyperactivity of the 

hypothalamic-pituitary-adrenal (HPA) axis have been shown to increase amyloid ß (A) 

production. Moreover, there is evidence that CRH can directly interfere with amyloid 

precursor protein (APP) processing. 

To shed light on the involvement of the CRH system in AD-related processes in vivo, we 

bred mice overexpressing human APP (arcA mice, Knobloch et al. 2007a) to i) conventional 

CRH-R1 knockout (KO) mice (Timpl et al. 1998) and ii) conditional CRH-overexpressing mice 

CRH-COECNS (Lu et al., 2008). In the F2 generation of either line, mice of four different 

genotypes were obtained: i) transgenic arcAß (tg), transgenic arcAß CRH-R1KO (tgko), 

CRH-R1KO (ko), wild-type (wt) and ii) transgenic arcAß (tg), transgenic arcAß CRH-COECNS 

(tgcoe), CRH-COECNS (coe) and wild-type (wt) mice, which have been subjected to 

comprehensive phenotyping involving behavioral analyses, electrophysiology, 

neuropathology and APP processing.  

Our data provide insight into the involvement of the CRH system and the HPA axis in the 

onset and progression of AD: we observed impaired object recognition (OR) memory in tg 

mice at the age of four months, which was restored by CRH-R1 deficiency (tgko mice). 

Furthermore, all tg mice (tg, tgko, tgcoe) of 8 months and older exhibited deteriorated spatial 

memory in the water cross maze (WCM) task. In addition, tgko mice tended to apply 

striatum-mediated egocentric learning strategies and exhibited less cognitive flexibility 

compared to tg mice. Mice overexpressing CRH (coe, tgcoe) were characterized by an 

aroused phenotype and showed impaired OR memory most likely related to attention deficits. 

Compared to tg mice, Aß levels in hippocampal and cortical tissue of tgko mice were 

reduced as was the hippocampal pIaque load. In tgcoe mice these findings were reversed. 

Astrocytes and microglia were equally infiltrating Aß plaques in all APP transgenic mice, 

implying that there was no direct impact of CRH-R1 loss or CRH overexpression on the 

inflammatory response. 

Taken together, this study points towards a role of the CRH/CRH-R1 system and the HPA 

axis in the pathophysiology of AD in arcAß mice. The loss of CRH-R1 alleviates some 

aspects of the disease while overexpression of CRH has to some extent rather detrimental 

effects on AD pathologies. 
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Zusammenfassung 

 

Morbus Alzheimer ist die am häufigsten auftretende neurodegenerative Erkrankung mit 

steigender Prävalenz. Bei Alzheimer Patienten wurden Veränderungen des Corticotropin-

releasing Hormon (CRH)-Systems festgestellt und es wurde gezeigt, dass chronischer 

Stress sowie eine Überaktivität der Hypothalamus-Hypophysen-Nebennieren (HHN)-Achse 

die Amyloid ß (Aß) Produktion steigern können. Des Weiteren gibt es Hinweise, dass CRH 

direkt an der Prozessierung des Amyloid Prekursor Proteins (APP) beteiligt ist. 

Um den Einfluss des CRH Systems im Morbus Alzheimer zu beleuchten, haben wir eine 

APP-überexprimierende Mauslinie (arcA, Knobloch et al. 2007a) mit i) konventionellen 

CRH-R1 knockout (KO) Mäusen (Timpl et al., 1998) und ii) konditionalen CRH-

überexprimierenden Mäusen (Lu et al., 2008) verpaart. In der zweiten Generation der 

jeweiligen Linie wurden Mäuse mit vier verschiedenen Genotypen erhalten: i) arcAß 

(transgen, tg), arcAß CRH-R1KO (tgko), CRH-R1KO (ko), Wild-typ (wt) and ii) arcAß (tg), 

arcAß CRH-COECNS (tgcoe), CRH-COECNS (coe) and Wild-typ (wt). Diese wurden umfassend 

hinsichtlich Verhalten, Elektrophysiologie, Neuropathologie und APP Prozessierung 

phänotypisiert. 

Unsere Ergebnisse deuten auf eine Rolle des CRH-Systems sowie der HHN-Achse im 

Rahmen der Morbus Alzheimer Pathogenese hin: wir haben ein beeinträchtigtes 

Erinnerungsvermögen im Test für Objekterkennung (object recognition, OR) bei tg Mäusen 

im Alter von 4 Monaten beobachtet, das durch die Deletion des CRH-R1 (tgko) 

wiederhergestellt wurde. Außerdem wiesen alle transgenen Mäuse (tg, tgko, tgcoe) ab dem 

Alter von 8 Monaten eine beeinträchtigte räumliche Erinnerung im Water cross maze (WCM) 

test auf. Darüber hinaus tendierten tgko Mäuse zu einer Striatum-basierten egozentrischen 

Lern-Strategie und wiesen eine reduzierte kognitive Flexibilität im Vergleich zu tg Mäusen 

auf. CRH-überexprimierende Mäuse (coe, tgcoe) zeichneten sich durch einen hyperaktiven 

Phänotyp aus und zeigten eine beeinträchtigte Leistung im OR Test, die vermutlich auf ein 

Aufmerksamkeitsdefizit zurückzuführen ist. 

Im Vergleich zu tg Mäusen waren die Aß Spiegel in hippokampalem und kortikalem Gewebe 

in tgko Mäusen reduziert, ebenso wie die hippokampale Aß Plaque-Belastung. In tgcoe 

Mäusen verhielten sich diese Befunde entgegengesetzt. Astrozyten und Mikroglia infiltrierten 

in allen APP transgenen Mäusen gleichermaßen Aß Plaques, was darauf hindeuted, dass 

weder die Deletion des CRH-R1 noch die Überexpression von CRH einen direkten Einfluss 

auf die neuroinflammatorische Antwort haben. 
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Zusammengefasst deutet diese Studie auf eine Rolle des CRH-/CRH-R1-Systems und der 

HHN-Achse in der Pathophysiologie des Morbus Alzheimers in arcAß Mäusen hin. Der 

Verlust des CRH-R1 verbessert einige Symptome der Erkrankung während die 

Überexpression von CRH sich zum Teil eher nachteilig auf den Krankheitsverlauf auswirkt. 
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1. Introduction 

1.1. Neurodegenerative diseases 

Neurodegenerative diseases such as Alzheimer´s disease (AD), Parkinson´s disease (PD), 

Huntington´s disease (HD) and Amyotrophic lateral sclerosis (ALS) involve atrophy of 

affected central or peripheral structures of the nervous system (Bossy-Wetzel et al., 2004). 

In AD, the most common neurodegenerative disorder, the brain is characterized by the loss 

of hippocampal and cortical neurons as well as assemblies of amyloid ß (Aß) and tau protein. 

PD is the most common neurodegenerative movement disorder, with the prevalence rising 

from one percent of the population older than 60 years up to four percent in those over 80 

years (de Lau and Breteler, 2006). The clinical picture of PD is predicated on the selective 

degeneration of dopaminergic neurons in the substantia nigra pars compacta. Also, brains of 

PD patients exhibit misfolded protein inclusions, so called Lewy bodies (Jankovic, 2008). In 

HD, a toxic gain of function of the huntingtin protein caused by expanded CAG repeats of the 

Huntingtin gene induces loss of neurons in the striatum and cerebral cortex. HD follows an 

autosomal dominant pattern of inheritance, affecting 1 in 10000 individuals (Walker, 2007). 

The brain of ALS subjects is hallmarked by a decline of motor neurons, leading to muscle 

atrophy and respiratory failure. 

Although the etiology of most neurodegenerative diseases remains unclear, they show 

common pathologic characteristics e.g. loss of neurons in affected brain regions, 

accumulation of misfolded proteins, reactive oxygen and nitrogen species, excitotoxicity, 

mitochondrial injury, calcium dysregulation, and death-receptor activation (Bossy-Wetzel et 

al., 2004;Bredesen et al., 2006). 

1.2. Alzheimer´s disease (AD) 

Dementia is the most common neurodegenerative disease affecting about 36 million people 

worldwide (Ferri et al., 2005). Aging is the primary risk factor, thus, due to the aging 

population, the prevalence of dementia is increasing with doubling of patients every twenty 

years (Zhu and Sano, 2006). AD accounts for up to 70 % of all cases and is therefore the 

most common cause of dementia (Fratiglioni et al., 1999). About 100 years after the first 

description of the disease by Alois Alzheimer, the genesis is still poorly understood. 
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1.2.1. Clinical presentation 

DSM-IV (Diagnostic and Statistical Manual of Mental Diseases fourth edition) designates 

following criteria for diagnosis of AD in patients:  

 

1) Memory impairment (recently learned facts) 

2) At least one of the following cognitive disturbances: 

o Aphasia (language disturbance) 

o Apraxia (impaired ability to carry out motor activities) 

o Agnosia (failure to recognize familiar objects despite sensory function) 

o Disturbance in executive functioning (i.e., planning). 

The cognitive deficits in Criteria 1) and 2) each cause significant impairment in social or 

occupational functioning and represent a significant decline from a previous level of 

functioning and the course is characterized by gradual onset and continuing cognitive 

decline. Furthermore, the disturbance is not better accounted for by another 

neuropsychiatric disorder (e.g. Major Depressive Disorder). 

1.2.2. Therapeutic strategies 

Due to the unknown genesis of AD no causal treatment strategy is available. Thus, the 

available medications constitute no cure, but rather alleviate symptoms to a minor degree. 

Currently, two classes of medication are indicated to treat the cognitive decline: 

acetylcholinesterase inhibitors (Tacrine, Rivastigmine, Galantamine and Donepezil) and the 

N-methyl-D-aspartate (NMDA) antagonist memantine (Vardy et al., 2005). Research on 

drugs to halt or reverse the disease mainly focuses on reduction of amyloid ß (Aß) by 

immunotherapeutic strategies (Fu et al., 2010). In this context, active Aß vaccination with 

synthetic Aβ peptides or fragments aims in the stimulation of the cellular and humoral 

immune responses of the host to generate anti-Aß antibodies. For passive immunization, 

injected Aß-specific antibodies directly target harmful Aß proteins. An initial clinical trial of an 

active Aß vaccine in humans was halted due to autoreactive T-cell responses which caused 

meningoencephalitis in 6 % of the vaccinated patients (Nitsch and Hock, 2008). Therefore, 

current and future immunotherapeutic approaches are challenged by the improvement of 

safety and tolerability of the vaccines (Nitsch and Hock, 2008). 

1.2.3. Genetics 

Most cases of AD are not hereditary. However, there is a small subset of cases that have an 

early age of onset (< 65 years). Ten percent of these cases are among the familial 

Alzheimer´s disease (FAD), also termed early onset AD and are based on autosomal 

http://en.wikipedia.org/wiki/Tacrine
http://en.wikipedia.org/wiki/Rivastigmine
http://en.wikipedia.org/wiki/Galantamine
http://en.wikipedia.org/wiki/Donepezil


  INTRODUCTION 

  16 

dominant mutations, which have been found in three genes: amyloid precursor protein (APP), 

presenilin 1 (PSEN 1) and PSEN 2 (Ballard et al., 2011). In the APP gene 20 pathogenic 

mutations have been identified, most often labeled by the place of identification, e.g. V717I 

´London mutation´, V717F ´Indiana mutation´, K670D/M671L ´Swedish mutation´, E693G 

´Arctic mutation´. Most FAD cases are caused by mutations in PSEN 1 and 2, of which 

already 130 mutations have been identified. Presenilins are components of the proteolytic 

γ-secretase complex, which is essential for directing the amyloid ß (Aß) generation (LaFerla 

et al., 2007). For the late onset AD, mutations in the APP, PSEN1 and PSEN2 genes 

account for less than 1 % of cases (Tol et al., 1999). Besides Aß plaques neurofibrillar 

tangles consisting of the microtubule-associated protein tau (MAPT) are the pathologic 

characteristic of AD and are even supposed to aggravate one another (Fath et al., 

2002;Busciglio et al., 1995;Ittner et al., 2010). However, mutations in the MAPT gene 

encoding tau do not result in AD but are related to frontotemporal dementia and 

parkinsonism linked to chromosome 17 (FTDP-17), which is characterized by personality 

changes, cognitive decline and extrapyramidal symptoms (Goedert and Spillantini, 2000). 

The APOE gene is the strongest genetic risk factor for late onset AD, especially the E4 allele, 

which is contributing to 50 % of cases (Kim et al., 2009). Recently, genome wide association 

studies (GWAS) revealed several additional risk genes associated with AD: CLU, CR1 and 

PICALM are supposed to affect the development of senile plaques (Kok et al., 2011). 

Furthermore, single nucleotide polymorphisms (SNPs) were found in the genes EFNA5, 

CAND1, MAGI2, ARSB and PRUNE2, which are involved in protein degradation, apoptosis 

and neuronal survival and are thus affecting hippocampal atrophy in AD subjects (Potkin et 

al., 2009). 

Besides aging, possible risk factors for AD are sex (females have a higher incidence to 

develop AD), a lack of sex hormones, smoking, low degree of education and cardiovascular 

disorders (Bao et al., 2008). 

1.2.4. Neuropathology 

The most distinctive neuropathological hallmarks of AD include amyloid ß (Aß) plaques and 

neurofibrillary tangles (NFT). The post-mortem AD brain is characterized by a massive 

neuronal cell and synapse loss (Gotz and Ittner, 2008;Selkoe, 2002). The damage in the 

brain is accompanied by microglial activation and neuroinflammation (Lee et al., 2010). 

Furthermore, in AD subjects the cholinergic neurotransmission is reduced, exemplified by 

reduced levels of acetylcholine and activity of choline acetyltransferase (Francis et al., 1999). 

Some evidence suggests reactive oxygen species (ROS) to crucially contribute to the 

progression of AD by oxidative molecular damage of tissue and apoptosis signaling (Patten 
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et al., 2010). Besides ROS, reactive nitrogen species involving mitochondrial dysfunction are 

similarily associated with the AD pathology (Patten et al., 2010). Along these lines, vascular 

risk factors may contribute to the progression of the disease: capillary degeneration caused 

by endothelial nitric oxide supports the ongoing degenerative changes in the AD brain 

(Mohandas et al., 2009). Furthermore, oligomeric Aß can incorporate into membranes of 

neurons, form cation sensitive ion channels and thus cause abnormal increase in calcium 

levels, which in turn can drive the production of ROS and cytokines (Kawahara et al., 2009). 

It becomes clear that various events occur concomitantly and are interconnected (Mohandas 

et al., 2009). 

1.2.4.1. Amyloid precursor protein processing and amyloid ß 

The amyloid precursor protein (APP) is a membrane-spanning glycoprotein existing in 

humans in three major isoforms consisting of 695, 751 or 770 amino acids. Neurons most 

abundantly synthesize APP 695 (Pleckaityte, 2010;Priller et al., 2006). In its physiological 

role it is thought to contribute to signaling of neurons (Neve et al., 2001) and inhibition of 

synapses (Priller et al., 2006).  

Amyloid ß (Aß) is derived by proteolytic cleavage from APP (Figure 1). Cleavage by 

α-secretase (ADAM 10) generates soluble sAPPα (non-amyloidogenic pathway); ß-secretase 

(beta-site amyloid precursor protein-cleaving enzyme 1 = BACE1) generates sAPPβ 

(amyloidogenic pathway). Additional cleavage of either membrane standing remnant C83 or 

C99 (ß-stub) by γ-secretase forms P3 or Aß, with Aß40 being the more common and Aß42 the 

more fibrillogenic and neurotoxic species. Gamma-secretase activity depends on 

4 molecules: presenilin, nicastrin, anterior pharynx-defective 1 (APH1) and presenilin 

enhancer 2 (PEN2) (Gotz and Ittner, 2008). Presuming normal conditions, 90 % of total Aß 

accounts for Aß40, which only slowly converts to insoluble assemblies, whereas the 

fibrillogenic Aß42 amounts to 10 %. Aß monomers assemble to toxic oligomers which are 

thought to trigger synaptic degeneration and neuronal loss and thus are suspected of being 

primarily responsible for the clinical picture of AD such as cognitive impairment (Kawahara et 

al., 2009;Lord et al., 2009;Pleckaityte, 2010;Rowan et al., 2005). Finally, by accumulating 

more Aß, protofibrils deposit as plaques. A senile plaque is composed of Aß, activated 

microglia, astrocytes and degenerating neurons (El Khoury J. et al., 2007). 

The activity of Aß generating secretases, which are membrane-spanning proteins, depends 

on the local lipid environment (Grosgen et al., 2010). For example, cholesterol is required for 

BACE1 activity and depletion of cholesterol has been demonstrated to inhibit the 

amyloidogenic pathway (Grimm et al., 2011). Furthermore, cholesterol is enriched in Aß 

plaques (Panchal et al., 2010). In addition, several members of the low-density lipoprotein 
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receptor (LDLR) family, e.g. sorLA/LR11, can interact with APP and regulate its processing 

(Marzolo and Bu, 2009). SorLA/LR11 acts as a sorting receptor that prevents Aß generation 

by interaction with APP and BACE1. Consistently, expression of sorLA/LR11 is significantly 

reduced in AD brains. But not only APP processing is influenced by the lipid metabolism, 

APP and APP processing products have also been shown to modulate lipid homeostasis 

(Grimm et al., 2011). 

A recent study identified the extracellular amino-terminal fragment of APP (N-APP) to be a 

ligand for death receptor 6 (DR6), which is expressed by developing neurons and essential 

for axonal pruning and cell body death. Activation of DR6 triggers a neuronal self-destruction 

pathway, involving degeneration of cell bodies via caspase 3 and axons via caspase 6 

(Nikolaev et al., 2009). 

 

 

 

Figure 1. APP processing pathways. Amyloid ß (Aß) is derived by cleavage of APP by ß- and 

γ-secretase (amyloidogenic pathway). Within this cleavage pathway also a membrane standing 

stub/C-terminal fragment (C99) and soluble APPß (sAPPß) are generated. Cleavage of APP by 

α-secretase yields sAPPα and C83 and consecutively, cleavage by γ-secretase, P3 

(non-amyloidogenic pathway). Cleavage of either C-terminal fragment (C83 and C99) by γ-secretase 

results in the membrane bound stub CTFγ or by additional cleavage at the ε-site in the release of the 

APP intracellular domain (AICD) into the cytoplasm. Adapted with permission from Vardy et al. (2005). 
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1.2.4.2. Tau pathology 

Tau is a phosphoprotein essential for stabilizing microtubules, axonal transport and structural 

support. Alternative splicing of tau RNA results in humans in six tau isoforms (352-441 amino 

acids) differing in the presence of either three or four peptide repeats of 31 or 32 residues in 

the carboxy-terminal region and absence or presence of one or two inserts in the N-terminal 

part (Buee et al., 2000) (Figure 2). 

Splicing of isoforms and the phosphorylation state of tau are strongly modified during 

development. At embryonic stages only one tau isoform is expressed, by contrast, all six 

isoforms are present in the mature brain (Buee et al., 2000). Due to the ratio of kinases and 

phosphatases, phosphorylation of tau is on its highest level during embryogenesis and early 

development when differentiation and plasticity of neurons is accordingly high (Hanger et al., 

2009). 

 

Figure 2. Schematic drawing of the six tau isoforms found in the human brain. The isoforms 

differ in the number of amino acids (# aa), presence of three or four peptide repeats and absence or 

presence of inserts in the N-terminal region. Adapted with permission from Johnson and Stoothoff 

(2004). 

 

Due to its numerous serine and threonine residues tau is a substrate of many kinases such 

as GSK-3ß and Cdk5. In AD brains hyperphoshphorylation (phosphorylation to a higher, 

pathological degree) occurs at 20-30 potential phosphorylation sites (Geschwind, 2003). 

In its phosphorylated state tau is detached, whereas in its dephosphorylated state it is bound 

to microtubules. In AD tau is hyperphosphorylated and in consequence is constantly 

detached from microtubeles which therewith are lacking stability and cannot maintain their 

functions (Figure 3). Detached tau can be phosphorylated at additional sites or cleaved by 

caspases and therefore gains increased propensity to oligomerize, forms intracellular 
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aggregates and finally deposits as fibrils and tangles, which have proven to be cytotoxic 

(Fath et al., 2002) (Figure 3). 

 

Figure 3. Tau phosphorylation and oligomerization. After phosphorylation tau loses the ability to 

bind to microtubules which consequently forfeit their integrity. Detached tau can be phosphorylated at 

additional sites or cleaved by caspases and therefore gains increased propensity to oligomerize with 

subsequent deposition of tau filaments. Adapted with permission from Johnson and Stoothoff (2004). 

 

1.2.4.3. Linking amyloid ß to tau pathology 

Originally, the amyloid cascade hypothesis (Hardy and Higgins, 1992) proposed Aß 

deposition to trigger neuronal dysfunction and cell death in the brain and to subsequently 

challenge tau tangle formation. Although there is emerging evidence illuminating a possible 

interaction of Aß and tau, the linkage still remains unclear. Some evidence from animal 

models suggest that tau kinases such as GSK-3ß and Cdk5 are also involved in APP 

processing and Aß deposition (Geschwind, 2003). Furthermore, it has been demonstrated 

that Aß42 increases neurofibrillary tangles and activates GSK-3ß, which together with the 

previous statement indicates a vicious circle (Geschwind, 2003). Injection of Aß fibrils has 

shown to increase neurofibrillary tangle pathology in mice that express mutant human tau 

(Gotz et al., 2001). In transgenic mice exhibiting Aß and tau pathology (triple transgenic mice 
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(3xTg), see 1.2.5 Genetic mouse models of AD) reduction of Aß depostits by Aß 

immunotherapy subsequently reduced tau phosphorylation via the proteasome (Oddo et al., 

2004). Aß fibrils can induce tau phosphorylation in rat hippocampal neurons (Busciglio et al., 

1995), more specifically fibrillar Aß has been shown to induce progressive and sustained 

activation of the mitogen-activated protein kinase (MAPK) (Rapoport and Ferreira, 2000). 

Recent evidence suggests that Aß may drive tau pathology not only by activating specific 

kinases but also by inhibition of tau degradation via the proteasome. (Blurton-Jones and 

LaFerla, 2006;Tseng et al., 2008). Tau seems to be essential for Aß-induced neurotoxicity 

and may link the cytotoxic effect of Aß to neurodegeneration (Rapoport et al., 2002). 

Accordingly, in tau knockout mice Aß plaque load did not differ, whereas the excitotoxicity 

decreased, implying that Aß toxicity is mediated via tau (Ittner et al., 2010). Reduction of 

endogenous tau rescued behavioral deficits in APP transgenic mice without altering Aß 

levels and protected both APP transgenic and non-transgenic mice against Aß induced 

excitotoxicity (Roberson et al., 2007). 

1.2.4.4. Inflammation 

In the brain of AD subjects the neuroinflammatory response, comprising microglial activation 

and cytokine expression, is enhanced (El Khoury J. and Luster, 2008). Also, systemic 

inflammatory events measured in AD patients could be correlated to the cognitive decline 

(Holmes et al., 2009).  

After disturbances in the brain microglia are the first cells responding by activation through 

transformation. Neurotransmitter receptors on microglia lead to specific reactions such as the 

initiation of an inflammatory cascade or acquisition of a neuroprotective phenotype (Pocock 

and Kettenmann, 2007). Activated microglia accumulate around Aß plaques and in some 

instances ingest intracellular deposits of Aß (El Khoury J. and Luster, 2008). The absence of 

early microglial clustering leads to a decreased Aß clearance and increased mortality (El 

Khoury J. et al., 2007). On the one hand microglia secrete proteolytic enzymes that degrade 

Aß and express receptors promoting the phagocytosis of Aß, thus conferring a rather 

neuroprotective and disease alleviating role (Rodriguez et al., 2010). On the other hand 

microglia release neurotoxins such as reactive oxygen intermediates (ROIs) (Parvathenani et 

al., 2003) and pro-inflammatory cytokines such as IL-1ß, IFNγ and TNF and hence may also 

cause neuroinflammation and neurodegeneration in the brain (Delarasse et al., 2011). In this 

respect, a growing body of evidence assumes moderate activation of microglia to be 

advantageous for the progression of AD, whereas strong activation might have opposite 

effects by reduced capacity of Aß clearance, release of pro-inflammatory cytokines and 

accompanying neuronal damage (Johnston et al., 2011) (Figure 4). 
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Figure 4. Ambiguous role of the neuroinflammatory response in AD. The overall outcome of 

beneficial factors (arrows pointing left) and detrimental factors (arrows pointing right) of inflammatory 

events in the progression of AD. Adapted with permission from Johnston et al. (2011). 

 

The role of cytokines is ambiguous: the pro-inflammatory cytokine IL-1 has been shown to 

contribute to AD pathophysiology in patients (Griffin and Mrak, 2002). However, mice 

deficient for the IL-1 receptor showed increased susceptibility to intra-hippocampal injections 

of Aß (Craft et al., 2005). This ambivalence was reflected in electrophysiological 

measurements: physiological levels of IL-1 were required to maintain long-term-potentiation 

(LTP), whereas high levels were detrimental in this regard (Yirmiya and Goshen, 2011). 

Similarily, IFNγ and IL-6 are accused to play both a beneficial and detrimental role in AD 

(Johnston et al., 2011). Accompanying the massive cytokine release and therewith increased 

permeability of the BBB, infiltration of peripheral bone marrow-derived cells can be observed 

at the sites of Aß deposition and inflammation where they, as a mechanism of inflammatory 

response, phagocytose Aß plaques (Butovsky et al., 2007). At initial stages of AD the 

number of resting microglia increases as if in preparation for the ensuing activation in an 

attempt to fight the extracellular Aß load (Rodriguez et al., 2010). In an APP mouse model 

with impaired microglia accumulation, Aß clearance was decreased and therewith Aß levels 

increased more than two fold (El Khoury J. et al., 2007). An increase in the density of resting 

microglia precedes both plaque formation and activation of microglia by extracellular Aß 

accumulation. In principle, AD transgenic models do not reflect all features of the human AD 

(see 1.2.5 Genetic mouse models of AD) and probably fail to correctly model inflammation as 

an overall result from the neurodegeneration in the brain. 
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1.2.5. Genetic mouse models of AD 

In the past two decades, several transgenic mouse models mimicking a particular aspect of 

human AD pathology have been generated. In this respect transgenic mouse models based 

on FAD mutations (see 1.2.3 Genetics), in particular models resulting in increased Aß 

deposition, are widely used and found broad acceptance in the field for modeling AD in vivo 

(Duyckaerts et al., 2008). One of the three isoforms of hAPP (695, 751, 770 amino acids) 

combined with mutations mentioned earlier, e.g. the Swedish mutation or Arctic mutation 

driven by promoters like Thy-1 for neuron-specific expression or hamster prion protein (PrP) 

promoter including expression in extraneuronal tissue were used to generate transgenic mice 

expressing human APP (hAPP). Due to their robust Aß pathology good representative 

models are the Tg2576, APP23, Tg CRND8 and the arcAß mouse line (see Table 1). 

 

 

AD mouse model mutation promoter Aß pathology 

Tg2576 

(Hsiao et al., 1996) 

hAPP 695 

Swedish 

PrP diffuse Aß deposition at 9-11 

months 

APP23 

(Sturchler-Pierrat et al., 

1997) 

hAPP 751 

Swedish 

Thy-1.2 diffuse and congophilic Aß 

deposition from 6 months 

Tg CRND8 

(Chishti et al., 2001) 

hAPP 695 

Indiana and Swedish 

PrP Aß plaque formation at 3 months 

PS1M146L 

(Duff et al., 1996) 

PS1 M146L PDGFß2 increased Aß42 levels 

PSAPP 

(Langui et al., 2004) 

(Tg2576 x 

PS1 M146L) 

PrP, PDGFß2 diffuse Aß deposition at 6 months 

APPSLPS1M146L 

(Blanchard et al., 2003) 

hAPP 751 

London and Swedish 

PS1 M146L 

Thy-1 

 

HMG-CoA 

reductase 

intracellular Aß accumulation at 2 

months, 

Aß plaques at 3 months 

Triple transgenic 

(3xTg) 

(Oddo et al., 2003) 

APP,  

Swedish 

PS1 M146L 

P301L 

Thy-1.2 

 

intracellular Aß accumulation at 3 

months, 

Aß plaques at 6 months, 

NFT at 12 months 

Table 1. Selection of transgenic AD mouse models expressing human APP. 
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Besides, overexpression of mutant forms of hAPP, affecting the APP processing pathway by 

mutating ß- and γ-secretases has been explored as an alternative approach. Mice deficient 

for BACE-1 (ß-secretase) do not produce Aß (Luo et al., 2001). Transgenic mice expressing 

single FAD PS1 or PS mutations do not develop Aß plaques, but show increased levels of 

Aß (Duyckaerts et al., 2008). This might be explained by the fact that PS1 and PS2 knockout 

mice compared to APP transgenic mice exhibit lower levels of Aß42, which constitutes the 

toxic form of Aß prone to form aggregates. However, combined expression of PS1 and hAPP 

enhances Aß pathology (Elder et al., 2010). 

The mouse models mentioned above center on Aß pahthology but are lacking tau pathology. 

Mouse and human tau protein are physiologically different and the expression of wild-type 

human tau in the mouse brain does not result in tau aggregation and therewith paired helical 

filaments (PHF) and neurofibrillary tangles (NFT) (Duyckaerts et al., 2008). However, 

mutated versions of the tau protein, e.g. P301L, V337M or P301S, are directing the formation 

of NFTs (Duyckaerts et al., 2008). To study the interaction between the accumulation of Aß 

and tau, transgenic mice representing both mutated tau and altered APP processing were 

established (see Table 1). 

Despite enormous achievements in mimicking AD in mouse models, none of the models can 

fully reproduce the complex aspects of the human disease but allow for investigation of 

certain aspects of AD pathology. 

1.3. The CRH system and the HPA axis 

The neuropeptide corticotropin-releasing hormone (CRH) is the central regulator of the 

hypothalamic-pituitary-adrenal (HPA) axis and a neuromodulator acting throughout the brain 

(Vale et al., 1981). CRH binds with high affinity to the CRH receptor type 1 (CRH-R1) and 

with lower affinity to CRH-R2. CRH receptors are G-protein-coupled transmembrane 

receptors with distinct expression patterns in the brain (Deussing and Wurst, 2005). CRH-R1 

is highly expressed in the neocortex, hippocampus, cerebellum and sensory relay structures, 

whereas CRH-R2 is located in subcortical structures, particularly in the lateral septal nuclei, 

choroid plexus and various hypothalamic nuclei (Chalmers et al., 1995). In contrast to the 

CRH-R1, CRH-R2 is also expressed in peripheral tissue, foremost in the cardiac and skeletal 

muscle (Chalmers et al., 1995). By binding to CRH-R1, CRH activates Gs proteins and 

subsequently the cAMP/protein kinase A pathway (Grammatopoulos and Chrousos, 2002). 

Thereby CRH is involved in regulating sleep, libido and appetite. Elevated levels of CRH or 

its exogenous administration can induce  psychomotor symptoms and anxiety (Lehnert et al., 

1998;Swaab et al., 2003). In addition, memory, learning and synaptic plasticity have been 

shown to be influenced by the CRH/CRH-R1 system (Gallagher et al., 2008). 
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The highest density of CRH-containing neurons is found in the paraventricular nucleus (PVN) 

of the hypothalamus (Van Pett et al., 2000) where CRH is released in the course of the 

circadian regulation of the HPA axis and in response to stress. The HPA axis is a key 

neuroendocrine system involved in orchestrating the organisms stress response, regulated 

by complex direct influences and feedback interactions (Figure 5): from the PVN, CRH-

expressing neurons project to the portal capillary zone of the median eminence and 

subsequently, CRH is transported to the anterior pituitary. Here, CRH triggers the release of 

adrenocorticotropic hormone (ACTH), which by binding to ACTH receptors in the adrenal 

cortex finally induces the synthesis and release of glucocorticoids (GCs; cortisol in humans, 

corticosterone in rodents). Inhibition of the HPA axis is mediated by negative feedback of 

GCs by binding to GC receptors (GRs) in the pituitary, PVN and in the hippocampus 

(Herman and Cullinan, 1997). GRs in the prefrontal cortex (PFC) also contribute to the 

negative feedback (Mizoguchi et al., 2004). Moreover, GRs are located in multiple brain 

regions such as hippocampus, PFC, amygdala and locus coeruleus, where they are involved 

in stress relevant effects on memory and cognition (Quirarte et al., 1997;Roozendaal, 

2002;Fuchs et al., 2004). Besides the stress response, GCs regulate gluconeogenesis, 

lipolysis, proteolysis, blood pressure and insulin resistance and are necessary for facilitating 

memory processes (Sotiropoulos et al., 2008b;Sandi, 2011). Aside from the GR, GCs act on 

mineralcorticoid-receptors (MRs) which are restricted in their distribution to the lateral septum 

and the hippocampus. Moreover, GCs have a 6- to 10-fold higher affinity to the MR than to 

the GR (Reul and de Kloet, 1985). Consequently, MRs are occupied constantly with 

endogenous GCs (> 90 %), whereas GRs only get occupied when GCs in the plasma 

increase, which is the case after stress or during the circadian peak (Reul and de Kloet, 

1985). With respect to HPA axis regulation, both GR and MR are involved in regaining 

homeostasis after stressful challenges: the MR density in the hippocampus is rapidly 

increasing after acute experience of stress and binding of GCs exerts inhibitory control of the 

HPA axis apart from GR (Reul et al., 2000). In general, the function of GRs and MRs on 

cellular level differs: GRs are rather implicated in maintaining homeostasis and information 

storage, whereas MRs control structure and excitability of networks (de Kloet et al., 2005). 

Several studies observed an age-related activation of CRH neurons and the HPA axis, which 

could be due to a decline of the hippocampus during aging and the accompanying reduced 

sensitivity of the HPA axis to negative feedback of GCs (Goncharova and Lapin, 2002;Bao et 

al., 2008;Raadsheer et al., 1994b). Thus, cortisol levels in the cerebrospinal fluid (CSF) and 

in the plasma are found to progressively increase during aging. In male C57BL/6 mice aged 

3, 9 and 16 months the circadian pattern of corticosterone showed age-related changes: the 

peak of corticosterone secretion at the end of the light phase/beginning of the dark phase 
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was at its highest level in mice at 3 months of age, whereas mice aged 9 months reached 

peak corticosterone concentrations about 2 hours earlier and the lowest levels of GCs were 

observed in 16 months aged mice. However, the total levels of corticosterone were rather 

equal (Dalm et al., 2005). Furthermore, in this study, CRH levels remained constant, but MR 

and GR mRNA expression in the hippocampus decreased starting at the age of 6 months. 

 

 

 

 

Figure 5. CRH/CRH-R1 system in the brain and the HPA axis. CRH binds to CRH-R1 throughout 

the brain and thereby affects anxiety, psychomotor symptoms, sleep and appetite (excess of CRH 

promotes (+) or attenuates (-) listed properties above). By binding to CRH-R1 in the pituitary, CRH 

triggers the activation of the HPA axis, which by the release of glucocorticoids, is mediating the body´s 

stress response and modulates among others gluconeogenesis, lipolysis and blood pressure. 

 

1.3.1. The CRH system and the HPA axis – gain- and loss-of-function 

mouse models 

Genetically engineered mice modeling alterations of the CRH system and the HPA axis have 

been established and are widely used tools to study the manifold functions of these systems. 

Two conventional CRH-R1 knockout (KO) mouse lines have been created, which exhibit 

reduced anxiety-related behavior (Smith et al., 1998;Timpl et al., 1998). Due to complete loss 
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of CRH-R1 the HPA axis also is disrupted, which is reflected by a chronic deficit in plasma 

corticosterone. Other loss of function approaches are conditional CRH-R1KO lines with 

spatially restricted disruption of CRH-R1 signaling, e.g. Crhr1Camk2aCre mutants in which the 

CRH-R1 is knocked out in the anterior forebrain including limbic brain structures (Muller et 

al., 2003). Crhr1Camk2aCre mutants showed reduced anxiety-related behavior, however, due to 

CRH-R1 expression in the pituitary normal HPA axis function under basal conditions (Muller 

et al., 2003). Refojo and colleagues demonstrated the role of CRH-R1 in anxiety-like 

behavior to be dependent on the neuronal circuit: CRH-R1 deletion in forebrain glutamatergic 

neurons reduced anxiety, whereas CRH-R1 deficiency in midbrain dopaminergic neurons 

increased anxiety-like behavior (Refojo et al., 2011). 

Gain-of-function approaches are represented by CRH-overexpressing mouse lines, e.g. 

restricted to the central nervous system (CNS) in CRH-COECNS mice (Lu et al., 2008). 

CRH-COECNS mice showed increased active stress-coping behavior and stress-induced 

hypersecretion of corticosterone (Lu et al., 2008). 

1.4. Dysregulated CRH system versus stress effects in AD 

In AD patients and transgenic rodent models of AD several alterations of the CRH system, 

the HPA axis and GC regulation have been observed. On the one hand, CRH-

immunoreactivity in the cortex of dement patients was found to be reduced (Davis et al., 

1999;Bissette et al., 1985). On the other hand, increased numbers of CRH-producing 

neurons in the paravantricular nucleus of AD patients have been reported to lead to 

hyperactivation of the HPA axis (Raadsheer et al., 1994a;Raadsheer et al., 1995). In general, 

the degree of HPA axis hyperactivity has been shown to correlate with the severity of 

cognitive impairment and hippocampal atrophy (Gurevich et al., 1990;Lupien et al., 1998). 

Along these lines, many AD patients exhibit elevated cortisol levels (Rothman and Mattson, 

2010;Davis et al., 1986;Csernansky et al., 2006;Rasmuson et al., 2001;Lee et al., 

2009;Jeong et al., 2006;Kulstad et al., 2005), which are a consequence of the disturbed 

feedback control of the HPA axis and are linked to impaired memory function (Lupien and 

McEwen, 1997;Lupien et al., 1998). Basal and stress-induced corticosterone levels are also 

elevated in several transgenic rodent models of AD, where they have been demonstrated to 

exacerbate cognitive deficits (Pedersen et al., 2006;Pedersen et al., 1999;Touma et al., 

2004;Green et al., 2006;Dong et al., 2008;Carroll et al., 2011). 

Chronic stress and increased GC levels can reduce hippocampal dendritic complexity and 

promote hippocampal cell death (Csernansky et al., 2006). Concomitant to hippocampal 

atrophy, GRs in the hippocampus are downregulated and thus, the negative feedback of the 

hippocampus to the hypothalamus is impaired contributing to HPA axis hyerpactivity. 
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Generation and deposition of amyloid ß (Aß), the most prominent neuropathological hallmark 

of AD, also has been shown to be influenced by mediators of the HPA axis. In particular GCs 

and chronic stress have been found to have detrimental effects in this regard (Catania et al., 

2009;Sotiropoulos et al., 2008a;Sotiropoulos et al., 2011;Lee et al., 2009). Stress/GCs have 

also been found to trigger pathologic tau hyperphosphorylation (Sotiropoulos et al., 2011) 

and to potentiate Aß-induced tau pathology (Sotiropoulos et al., 2008a). Recently, stress 

induced tau phosphorylation has been shown to be mediated via the CRH-R1 (Rissman et al., 

2007;Carroll et al., 2011), indicating a direct role of CRH apart from GCs. Also the Aß 

increase in the interstitial fluid after acute stress has been demonstrated to be CRH 

dependent (Kang et al., 2007a). 

The glucocorticoid hypothesis (Sapolsky et al., 1986) explains the HPA axis hyperactivity in 

the context of AD (Figure 6): Aß deposits and increased GC-levels damage hippocampal 

neurons. Thus, the inhibitory tone on the hypothalamus is disturbed, resulting in a 

hyperactivated HPA axis with increased levels of CRH and GCs (Roozendaal et al., 2001). 

High GC levels promote Aß generation and further damage the hippocampus. Aggravated 

hippocampal damage could amplify the HPA axis dysregulation and ongoing hippocampal 

destruction. Ultimately, a detrimental feed-forward loop exacerbating AD pathology via 

disinhibition of HPA axis and GC production is initiated (Kulstad et al., 2005;Breyhan et al., 

2009;Nuntagij et al., 2009;Rothman and Mattson, 2010). 

Besides the above described rather detrimental effects of CRH in the context of AD, some 

publications demonstrated neuroprotective effects of CRH in vitro. Bayatti and Behl (2005) 

reported neuroprotective capacities of CRH via stimulation of CRH-R1. These involve 

inactivation of the tau-kinases GSK3ß and Cdk5 and enhanced secretion of 

non-amyloidogenic sAPPα. Bayatti et al. observed that pretreatment of cells with CRH can 

attenuate Aß mediated toxicity in primary hippocampal neurons (Bayatti et al., 2003). Similar 

findings regarding the neuroprotective effects of CRH against Aß toxicity were explained by 

stabilization of the cellular calcium homeostasis. In contrast, higher CRH-concentrations may 

cause insults due to increased Ca2+-influx (Pedersen et al., 2001). Also Facci and colleagues 

supported the neuroprotective effect of CRH via cAMP-dependent signaling pathways (Facci 

et al., 2003). Finally, Lezoulch and colleagues demonstrated that neuroprotective effects of 

CRH via CRH-R1 are associated with an increase of non amyloidogenic sAPP and 

suppression of  NFκB (Lezoualc'h et al., 2000). 
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Figure 6. A feed-forward loop is exacerbating AD pathology: The glucocorticoid hypothesis. 

Elevated GC-levels, Aß deposits and stress induce hippocampal atrophy. Thus, the inhibitory effect on 

the hypothalamus is not provided anymore, the HPA axis is hyperactivated, levels of CRH and GC 

increase further. High GC levels promote Aß generation and further damage to the hippocampus 

completing a vicious cycle. 

 

1.4.1. Linking neurodegeneration to mood disorders 

The prevalence of major depression in AD patients is 20-25 % (Ballard and Waite, 

2006;Lyketsos and Olin, 2002;Lyketsos et al., 2002;Starkstein et al., 2005). From the clinical 

point of view, depression and dementia share common symptoms such as impairment in 

attention and working memory, alteration in sleep patterns and reduction of social and 

occupational function (Steffens and Potter, 2008). These and some further attending ills of 

either disease like mood swings, irritability, anhedonia, psychomotor agitation/retardation, 

appetite loss and worthlessness are at least partly to be ascribed to the CRH system. Early 

cognitive impairment may induce depressive symptoms in AD patients and thus depression 

may be seen as an early symptom of dementia (Byers and Yaffe, 2011). Also in depressed 

patients altered regulation of the CRH system and the HPA axis can be detected: Stress has 

shown to be a risk factor for the disease (Mizoguchi et al., 2000). In some depressed 

subjects the HPA axis is hyperactivated (Raadsheer et al., 1995;McEwen, 1998;Modell et al., 

1997) and thus GC levels are increased (Gold et al., 1995;Gold et al., 2002;Gold and 
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Chrousos, 2002;de Kloet et al., 2005). Along these lines, CRH-immunoreactive neurons are 

increased in number (Raadsheer et al., 1994a;Raadsheer et al., 1994c;Gold and Chrousos, 

2002;Swaab et al., 2005). 

GC levels in humans have been demonstrated to negatively correlate with hippocampal 

volume and positively with age-related cognitive decline (Lupien et al., 1998;Starkman et al., 

2001;Starkman et al., 2003). Since GCs themselves do neither produce Aß plaques nor 

massive cell death as seen in AD patients, elevated GC levels in AD patients might rather be 

the result than the cause of the ongoing neurodegeneration (Swaab et al., 2005;Bao et al., 

2008). However, stress via GCs can induce cell signaling events that culminate in mood and 

also cognitive disorders (Sotiropoulos et al., 2008b). Stress/elevated GC levels might induce 

a set of molecular and cellular pathways that, in turn, initiate a series of mutually enhancing 

malfunctions (Sotiropoulos et al., 2008b). 

In AD and major depression volume reduction in the hippocampus and prefrontal cortex 

(PFC) has been observed (Braak and Braak, 1991;Sheline et al., 1996). Both structures are 

crucial for feedback regulation of the HPA axis (Herman and Cullinan, 1997) and are 

indispensible for memory and learning capabilities (see 1.5 Memory and learning). 

Neuroinflammation as a defence strategy against neuronal damage and dysregulation in the 

brain is advocating intact brain function in AD as well as in depression (Yu et al., 

2003;Bonotis et al., 2008;Hewett et al., 1994). 

The overlay of symptoms and neuropathological features, supported by the comorbidity data 

indicate a link between AD and depression which may be directed at least to some extent via 

the CRH system. 

1.5. Memory and learning 

This section aims to elaborate on the different memory and learning systems in the brain. In 

general it can be discriminated between sensory, short-term and long-term memory. Sensory 

memory corresponds to the memory after perceiving an object only for millseconds up to one 

second (Winkler and Cowan, 2005). Short-term memory involves the range of seconds and 

subordinates working memory, which is the abililty to hold information in the mind in order to 

perform complex tasks such as reasoning (Baddeley, 2003). Long-term memory can be 

divided into declarative (explicit) and procedural (implicit) memories, both will be explained in 

detail below. In addition, there are diverse cognitive qualities such as cognitive flexibility and 

attention which have to be incorporated in surveying complex diseases like AD.  
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1.5.1. Declarative memory 

Declarative memory is also termed explicit memory, since information is explicitly stored and 

consciously recalled. This conscious memory for facts and events is acquirable with relatively 

few exposures to the material to be learned (Winters et al., 2008). The hippocampus is 

essential for declarative learning, consolidation and long-term storage of information, in 

particular for the spatial learning, e.g. learning that the goal is in the same position relative to 

the surrounding. Spatial learning is also termed allocentric or place learning. In rodents, this 

paradigm can be recalled in diverse maze-apparatuses based on Tolman´s wooden cross-

maze (Tolman et al., 1946). In the eighties Morris and colleagues developed a behavioral 

procedure to analyse spatial navigation in rodents by requiring the mouse to search for a 

hidden platform in opaque water (Morris et al., 1982). To present the so called Morris water 

maze is the gold standard for testing cognition in mice and rats. 

Another form of declarative memory is spontaneous object recognition (OR) memory that is 

the tendency to recognize and prefer a novel object, which is dependent on temporal lobe 

areas, in particular the perirhinal cortex (PRh) (Bussey et al., 2000). Aggleton and Brown 

(1999) provided evidence that PRh-lesioned rats have impaired OR memory and that also 

the hippocampus contributes to the performance of the task, probably to combine spatial or 

contextual information with the specific object information processed by the PRh. 

1.5.2. Procedural memory 

Procedural memory bases upon unconscious assessing of previous experiences involving 

executive functions and movement pathways, thus termed implicit memory. Procedural 

memory is principally mediated by the striatum. The striatum, also termed corpus striatum, 

striate nucleus or caudate putamen, is the largest component of the basal ganglia. It gets 

input from the cerebral cortex and projects to other parts of the basal ganglia (Squire and 

Zola, 1996;Cohen et al., 1997). 

In humans the striatum is activated by stimuli associated with reward, but also by aversive, 

novel, unexpected or intense stimuli. Procedural striatum-dependent learning is also termed 

egocentric, response or habit learning. 

1.5.3. Cognitive flexibility 

The ability to react to situations different from previous already known situations and patterns 

is termed cognitive flexibility. Cognitive flexibility mainly depends on the prefrontal cortex 

(PFC) (Sotiropoulos et al., 2011), but there is considerable evidence that also synapses to 

the basal ganglia and the hippocampus are supposed to contribute (Cerqueira et al., 
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2007;Ragozzino et al., 2002). In animal models, cognitive flexibility and herewith PFC 

functionality can be reflected by revearsal learning tasks. 

Temporary inactivation or lesions of the medial prefrontal cortex and orbital prefrontal cortex 

both produce behavioral flexibility impairments by increasing perseverative responses  

(Eichenbaum et al., 1983;Ragozzino et al., 1999;Dias and Aggleton, 2000). Interestingly, 

both of these prefrontal cortex areas project to the medial striatum (Berendse et al., 1992). 

The neuromorphological effects of chronic stress in the PFC are mediated by GCs and have 

been shown to be correlated to PFC volume and thus behavioral flexibility (Cerqueira et al., 

2005;Cerqueira et al., 2007). 

1.5.4. The role of acetylcholine in learning and memory 

Growing evidence supports acetylcholine as a central modulator of learning and memory. 

The release of this neurotransmitter is used to track activation of memory systems (McIntyre 

et al., 2003b). For example, levels of acetylcholine in the hippocampus or the striatum 

predicted the strategy of solving a place or response version of a four-arm plus-shaped 

maze: rats initially used the hippocampal dominated place-solution; whereas later in the 

training they changed to procedural learning. Accordingly, acetylcholine was first released in 

the hippocampus, later in the striatum (Chang and Gold, 2003b). Consistent with these 

findings, the ratio of acetylcholine in the hippocampus vs. the striatum was correlated to the 

choice of task solution in place or response versions of food-rewarded mazes: the higher the 

ratio, the more rats were prone to apply the place-solution and vice versa (Pych et al., 2005). 

Moreover, other learning paradigms also appear to rely on cholinergic transmission: 

acetylcholine release in the amygdala positively correlated with performance of spontaneous 

alternation (McIntyre et al., 2003a). Acetylcholine also has been shown to influence synaptic 

plasticity within the PRh (Massey et al., 2001). Here, blocking of muscarinic receptors by 

scopolamine induced deficits in object recognition memory (Warburton et al., 2003). In the 

orbital prefrontal cortex acetylcholine is involved in aspects of reversal learning which reflects 

cognitive flexibility. A functional role is ascribed to the central nicotinic receptor in the context 

of attention-deficit/hyperactivity disorders (Rezvani and Levin, 2001). Also attention 

processes during the recall in working memory tasks are subscribed to the central nicotinic 

receptor (Maviel and Durkin, 2003). In general, the role of muscarinic and nicotinic receptors 

in the context of learning and memory remains to be elucidated (Deiana et al., 2011). 

The oldest hypothesis for the cause of AD proposes that deterioration of cognition is due to 

the loss of cholingergic neurons and thus due to the decline of cholinergic neurotransmission 

in the brain (Davies and Maloney, 1976;Drachman and Leavitt, 1974). Therefore, therapeutic 

treatment largely concentrates on increasing levels of acetylcholine. Today, it is evident that 
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the cholinergic deficit does not directly cause symptoms of AD, but is indirectly contributing to 

the genesis of the disease e.g. by diminishing attention processes (Francis et al., 1999). 

1.5.5. Dysfunction of cognitive systems 

In general, dysfunction in an anatomical memory system abolishes specific memory 

operations but leaves other forms of acquisition intact. Cognitive systems such as 

hippocampus-dependent spatial learning and response learning mediated by the striatum 

(Packard et al., 1989) can function in parallel (Packard and McGaugh, 1996) but can also 

interact competitively or synergistically (Kim and Ragozzino, 2005). Previous studies showed 

that suppression of one system affects learning by another, e.g. depressing the hippocampal 

function has been shown to enhance striatum-dependent procedural responding in rats 

(Middei et al., 2004). Chang and Gold (2003a) observed that intra-hippocampal injections of 

lidocaine retarded acquisition of place learning but enhanced acquisition of response 

learning. Furthermore, memory rules can change from their first association to those that 

take place when the task is mastered (Rossato et al., 2006). Along these lines, the PFC is 

implicated in strategy switching: in rodents strategy switching between place and response 

learning is impaired by medial PFC (mPFC) inactivation (Ragozzino et al., 1999;Rich and 

Shapiro, 2007) and mPFC neuronal activity predicts switching between hippocampus- and 

caudate-dependent memory strategies (Rich and Shapiro, 2009). Growing evidence claims 

the PFC – basal ganglia circuitry to play a critical role in facilitating learning shifts (Block et 

al., 2007).The dissociation in error patterns following medial striatal and prefrontal cortex 

inactivation suggests that these interconnected areas play complimentary roles as part of a 

larger neural system to enable the shifting of strategies under changing environmental 

demands (Ragozzino and Choi, 2004).  
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2. Objective of this study 

Previous data strongly suggest a role of the CRH system/HPA axis in the onset and 

progression of AD. The objective of this study was to directly elucidate the impact of CRH, 

the CRH-R1 and glucocorticoids (GCs) in this context. 

 

To this end, a transgenic AD mouse model, the arcAß mouse line (Knobloch et al., 2007a), 

was chosen. The first aim of this study was to investigate the regulation of the CRH system 

and the HPA axis in arcAß mice at different ages. 

 

The second aim was to introduce specific alterations of the CRH system into the arcAß 

mouse line by generating double-transgenic mouse lines:  

I) a loss-of-function approach by abolishing CRH-R1 signaling and  

II) a gain-of-function approach by overexpressing CRH. 

Therefore, arcAß mice were bred to I) conventional CRH-R1 knockout (KO) mice (Timpl et al., 

1998) to obtain arcAß CRH-R1KO mice and (II) conditional CRH overexpressing (CRH-COE) 

mice with a CNS-restricted CRH overexpression (CRH-COECNS) (Lu et al., 2008) to generate 

arcAß CRH-COECNS mice. 

The final goal of this thesis was to analyze the onset and course of AD symptoms and 

pathology in the gain- and loss-of-function mouse models described above. Therefore, mice 

of different genotypes of arcAß CRH-R1KO and arcAß CRH-COECNS were subjected to 

comprehensive phenotyping involving emotional behavior, cognition and learning abilities, 

electrophysiology, biochemical analyses of Aß levels and APP processing and 

neuropathological analyses of Aß plaque formation as well as neuroinflammation at different 

ages. 
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3. Material and Methods 

3.1. Material 

3.1.1. Buffers and solutions 

All chemicals and solutions were purchased from Sigma-Aldrich, Munich, Germany or Carl 

Roth, Karlsruhe, Germany, if not mentioned otherwise. 

3.1.1.1. Buffers for agarose gel electrophoresis 

1 x Tris acetate EDTA (TAE) buffer 

4.84g   Tris(hydroxylmethyl)-aminomethane (TRIS) 

1.142 ml Acetic acid  

20 ml 0.05 M  Ethylendiaminetetraacetate (EDTA), pH 8.0 

800 ml  H2Obidest 

adjust pH to 8.3 with acetic acid 

ad 1 l H2Obidest 

 

6 x DNA loading buffer (orange) 

1g  Orange G 

10 ml  2 M TRIS/HCL, pH 7.5 

150 ml  Glycerol 

ad 1 l H2Obidest 

3.1.1.2. Solutions for in situ hybridization (ISH) 

H2O-DEPC 

1 ml  Diethylpyrocarbonate (DEPC) (Sigma-Aldrich) 

ad 1 l H2Obidest 

2 x autoclave 

 

10 x Phosphate buffered saline (PBS) 

1.37 M  NaCl 

27 mM  KCl  

200 mM  Na2HPO4 x 12 H2O (Merck, Darmstadt, Germany) 

20 mM  KH2PO4 (Merck) 

pH 7.4 
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add 1 ml DEPC/l, ad H2Obidest 

incubate over night (o.n.), 2 x autoclave 

 

20 % Paraformaldehyde (PFA) 

20% w/v  Paraformaldehyde  

in 1 x PBS-DEPC 

pH 7.4 

 

10 x Triethanolamine (TEA) 

1.0 M  TEA  

pH 8.0 

add 1 ml DEPC/l, ad H2Obidest 

incubate o.n., 2 x autoclave 

 

20 x Standard saline citrate (SSC) 

3 M   NaCl  

300 mM Sodium citrate  

pH 7.4 

add 1 ml DEPC/l, ad H2Obidest 

incubate o.n., 2 x autoclave 

 

Hybridization mix (hybmix) 

50 ml  Formamide 

1 ml  2 M TRIS/HCl, pH 8.0 

1.775 g  NaCl 

1 ml  0.5 M EDTA, pH 8.0 

10 g   Dextran sulphate  

0.02 g   Ficoll 400  

0.02 g   Polyvinylpyrrolidone 40 (PVP40) 

0.02 g   Bovine serum albumin (BSA)  

5 ml   tRNA (10 mg/ml, Roche Diagnostics GmbH, Mannheim, Germany) 

1 ml  carrier DNA (salmon sperm, 10 mg/ml, Sigma-Aldrich) 

4 ml  5 M dithiothreitol (DTT, Roche) 

store as 1 to 5 ml aliquots at -80°C 
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Hybridization chamber fluid 

250 ml  Formamide 

50 ml  20 x SSC 

200 ml  H2Obidest 

 

5 M DTT/DEPC 

7.715 g  DTT 

4 ml  H2O-DEPC 

shake falcon tube until the powder is nearly solved 

ad 10 l H2O-DEPC 

 

5 x NTE 

146.1 g  NaCl 

50 ml  1 M TRIS/HCl, pH 8.0 

50 ml  0.5 M EDTA, pH 8.0 

add 1 ml DEPC/l, ad 1 l H2Obidest 

incubate o.n., autoclave 

 

3 M NH4OAc 

3.0 M  Ammonium acetate (NH4OAc)  

ad H2Obidest 

 

Alcohol (dehydration)-solutions 

alcohol conc. vol. of EtOH 100 % (ml) vol. of 3 M NH4OAc (ml) vol. of H2Obidest (ml) 

30 % EtOH/ NH4OAc 150 50 300 

50 % EtOH/ NH4OAc 250 50 200 

70 % EtOH/ NH4OAc 350 50 100 

96 % EtOH 480 + 20 ml H2Odest   

100 % EtOH 500   

 

 

Cresyl violet staining solution 

2.5 g   Cresyl violet (Merck) 

0.102 g Na-acetate  

1.55 ml  Acetic acid 
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ad 500 ml H2Obidest 

pH 3.5 

filtrate 

3.1.1.3. Solutions for generation of lysates (ELISA and Western blotting) 

Diethylamine (DEA) buffer 

0.2%   Diethylamine 

50 mM  NaCl 

ad H2Obidest 

pH 10 

 

Neutralisation buffer 

0.5 M   TRIS/HCl 

ad H2Obidest 

pH 6.8 

 

STEN buffer 

150 mM  NaCl 

100 mM  TRIS/HCl 

1 mM   EDTA 

1.2 %   NP-40 

 

Guanidine-HCl buffer 5 M pH 8 

5.0 M   Guanidinium/HCl 

50 mM  TRIS/HCl 

ad H2Obidest 

pH 8 

 

Citrate buffer  

15-20 mM  Na-citrate 

1 mM   EDTA 

ad H2Obidest 

pH 6.4 
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3.1.1.4. Solutions for Western blotting (WB) 

10 x TBS 

200 mM TRIS/HCl 

1.35 M  NaCl 

ad H2Obidest 

pH 7.6 

 

TBS/T 

100 ml  10 x TBS 

1 ml  Tween20 (BioRad) 

ad 1 l H2Obidest 

 

Blocking solution and solution for antibodies 

0.2 %   I-Block (Applied Biosystems) 

0.1 %   Tween-20 

ad 1 x PBS 

pH 7.4 

 

Lämmli 4x 

40 %   Glycerol (v/v) 

0.25 M  TRIS/HCl 

8 %  SDS 

0.008 %  Bromphenoleblue 

ad H2Obidest 

add 7.5 % ß-mercapto-EtOH prior to use. 

 

Running buffer (acrylamide gels) 

25 mM  TRIS/HCl 

190 mM Glycine  

0.1 %   Sodium dodecyl sulfate (SDS) 

ad H2Obidest 

 

Running buffer (Tricine gradient gels) 

0.1 M  TRIS/HCl 

0.1 M  Tricine 

0.1 %   SDS 
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ad H2Obidest 

 

Transfer buffer  

25 mM  TRIS/HCl 

190 mM Glycine (Sigma-Aldrich) 

ad 800ml H2Obidest 

200 ml  MeOH 

3.1.1.5. Solutions for immunohistochemistry (IHC) 

Blocking solution 

5 %  BSA 

0.1 %  Triton  

Solution for antibodies 

5 %  BSA 

0.01 %  Triton  

3.1.1.6. Solutions for electrophysiology 

Ringer solution 

124 mM  NaCl  

3 mM   KCl 

26 mM  NaHCO3 

2 mM   CaCl2 

1 mM   MgSO4  

10 mM  D-glucose 

1.25 mM  NaH2PO4  

bubbled with a 95 % O2/5 % CO2 mixture 

pH 7.3. 

 

 

3.1.2. Oligonucleotides for genotyping 

name of 

primer 

primer sequence (5´ 3´) amplicon [bp] detection of: 

Prp-sense 

hAPPdn 

CAGAACTGAACCATTTCAACCGAGC 

TCAGTGGGTACCTCCAGCGCCCGAG 

180 huAPP mt 
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Ctsq-up 

Ctsq-dn 

ACAAGGTCTGTGAATCATGC 

TTACAATGTGGATTTTGTGGG 

1098 Cathepsin Q, 

DNA control 

Cre-fwd 

Cre-rev 

GATCGCTGCCAGGATATACG 

AATCGCCATCTTCCAGCAG 

574 Cre-

recombinase 

R1GT1 

R1GT2 

R1GT3B 

TCACCTAAGTCCAGCTGAGGA 

GTGCTGTCCATCTGACGAGA 

GGGGCCCTGGTAGATGTAGT 

697 (wt):  

R1-GT1/ R1GT3B 

496 (mt):  

R1-GT1/ R1GT2 

CRH-R1 

ROSA1 

ROSA5 

ROSA6 

ROSA7 

AAAGTCGCTCTGAGTTGTTAT 

TAGAGCTGGTTCGTGGTGTG 

GCTGCATAAAACCCCAGATG 

GGGGAACTTCCTGACTAGGG 

398 (wt):  

ROSA1+ROSA6 

646 (mt):  

ROSA1+ROSA7 

505 (del):  

ROSA1+ROSA5 

ROSA26 locus 

of CRH-

COE
CNS

 mice 

 

 

3.1.3. Oligonucleotides for qRT-PCR 

name of 

primer 

primer sequence (5´ 3´) amplicon [bp] melting temperature 

[°C] 

GAPDH CCATCACCATCTTCCAGGAGCGAG 

GATGGCATGGACTGTGGTCATGAG 

326 67 

CRH-R1 GGTGTGCCTTTCCCCATCATT 

CAACATGTAGGTGATGCCCAG 

278 57 

 

 

3.1.4. mRNA probes for ISH 

name antisense sense vector  GenBank 

acc. no. 

insert 

size [bp] 

complem. 

region [bp] 

CRH-R1 T7 T3 pBluescript II SK NM_007762 702 1728-2428 

CRH T7 Sp6 pCRII-TOPO AY128673 263 2114-2370 

hAPP 695 Sp6 T7 pCRII-TOPO NM_201414 711 3973-4684 
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3.1.5. Antibodies and stainings 

specificity denotation company appli-

cation 

concentration 

Human amyloid ß A2275-75B Biomol, Hamburg, 

Germany, (A2275-75B) 

IHC 1:500 

Poly-N-acetyl 

lactosamine 

(resting microglia) 

Tomato lectin 

(Lycopersicon 

esculentum), FITC 

conjugated 

Sigma-Aldrich, Munich, 

Germany, (L401) 

IHC 1:500 

Ionized calcium-

binding adaptor 

molecule 1 (resting 

and activated 

microglia) 

Iba-1 Wako Chemicals, Neuss, 

Germany, (019-19741) 

IHC 1:1000 

Glial fibrillary acidic 

protein (astrocytes) 

GFAP DakoCytomation, Glostrup, 

Denmark, (Z 0334) 

IHC 1:1000 

1-16 of amyloid ß, 

αAPPs 

6E10 Signet, Sacramento, 

California, (SIG-39320) 

IHC 

WB 

IHC: 1:500 

WB: 1:1000 

1-16 of amyloid ß, 

αAPPs 

2D8 provided by E. Kremer 

(Shirotani et al., 2007) 

WB WB: 1:1000 

total APP 22C11 Chemicon, Temecula, 

California, (MAB348) 

WB 1:1000 

αAPPs Aß rodent Signet, Sacramento, 

California 

WB 1:1000 

ßAPPs 192wt Elan Pharmaceuticals, 

Dublin, Ireland 

WB 1 µg/ml 

Human APP 5315 Steiner et al., 

NCB2(2000)848 

WB 1:1000 

α-secretase 

(ADAM10) 

Anti-ADAM10 

(735-749) 

Calbiochem, Darmstadt, 

Germany  

WB 1:1000 

ß-secretase 

(BACE1) 

BACE1 ProSci, Poway, California WB 1:1000 

ß-secretase 

(BACE1) 

3D5 provided by Robert Vassar WB 1:1000 

Immunohistochemistry (IHC), Western blotting (WB) 
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3.1.6. Cell lines 

AtT-20 

Cell type mouse pituitary tumor 

Origin  cloned in 1966 by G. Sato; the mouse pituitary tumor was originally 

established in LAF1 mice (Furth et al., 1955) 

Reference (Buonassisi et al., 1962) 

 

HT22 

Cell type mouse hippocampus 

Origin  subclone of HT4 (Morimoto and Koshland, Jr., 1990), selected for its 

sensitivity to glutamate toxicity 

Reference (Li et al., 1997) 

 

HT22C2 and HT22C3 are HT22 cells which are stably transfected with CRH-R1. 

 

3.1.7. Media and solutions for cell culture 

3.1.7.1. Media 

Growth medium 

500 ml  Dulbecco´s modified eagle medium phenolred free (DMEM, Invitrogen) 

50 ml   Fetal calf serum (FCS, Invitrogen) 

10 ml   Penicillin/streptocmycin (5000 U/ml, Invitrogen) 

 

Freezing medium 

90 %   FCS 

10 %   Dimethylsulfoxide (DMSO, Sigma-Aldrich) 

3.1.7.2. Solutions for cell culture 

CRH (H-2435, Bachem, Bubendorf, Switzerland): 200 µM in sterile 0.01 M acetic acid 

Amyloid ß (H-1192, Bachem, Bubendorf, Switzerland) 2 mg/µl (=1.886 µM) in sterile H2O 

MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich): 5 mg/ml in sterile H2O 

 

All stored aliquoted at -20°C. 
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3.1.8. Animals 

arcAß mice 

As an Alzheimer´s disease mouse model we used arcAß transgenic mice which express 

human APP 695 carrying both the Swedish (K670N; M671L) (Swe) and the Arctic (E693G) 

(Arc) mutation in a single construct under the control of the prion protein promoter (Knobloch 

et al., 2007a) (Figure 7).  

 

 

Figure 7. APP transgene in arcAß mice. The human APP 695 transgene in arcAß mice contains the 

Swedish (Swe) and Arctic (Arc) mutation within the Aß sequence (Knobloch et al., 2007a). 

 

 

Due to the known expression pattern of the PrP-promotor, the construct is not only 

expressed in brain, but also in extraneuronal tissues including heart, lung and muscle. 

Nevertheless, Aß was detected only in brain and sciatic nerve, implying that the generation 

or accumulation of Aß occurs preferentially in neuronal tissues (Knobloch et al., 2007a). 

Intracellular deposits predate extracellular Aß deposition in this mouse model. 

The Arc mutation alters aggregation properties of Aß by accelerating the formation of 

protofibrils (Nilsberth et al., 2001). The Swe mutation increases the activity of BACE 

(ß-secretase) (Knobloch et al., 2007a). 

 

CRH-R1KO mice 

The role of CRH-R1 was dissected by using conventional CRH-R1 knockout (KO) mice 

(Timpl et al., 1998). In these mice a 3.1-kb fragment of Crhr1 encoding the transmembrane 

regions 5, 6 and 7, including the G-protein coupling domain and the intracellular 

cytoplasmatic tail, were deleted. Translation of the remaining first exons would lead to a 

truncated version of the protein, incapable of any function. 
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CRH-COECNS mice 

In order to study the role of the CRH system, CRH-overexpressing (CRH-COE) mice with a 

CNS-restricted CRH overexpression (CRH-COECNS) (Lu et al., 2008) were used. 

CRH-COECNS mice carry a CRH-expression unit within the ROSA26 locus, which can be 

activated via cre recombinase. CRH expression in the entire CNS was attained by breeding 

to Nes-cre mice (Tronche et al., 1999).  

 

 

 



  MATERIAL AND METHODS 

  46 

3.2. Methods 

3.2.1. Preparation and analysis of nucleic acids 

3.2.1.1. DNA preparation from mouse tail tissue 

For genotyping PCRs of transgenic mice, tail tissue was digested in 100 µl 50 mM NaOH for 

30 min at 99°C followed by a neutralization step using 30 µl 1M Tris-HCl (pH 7.0) and stored 

at 4°C.1-2 µl of the tail lysates were used as PCR template. 

3.2.1.2. Agarose gel electrophoresis 

For DNA agarose gel electrophoresis agarose (Invitrogen) was boiled in 1 x TAE buffer with 

the agarose concentration depending on the size of DNA fragment to be seperated. For 

fragments between 100 and 1000 bp 2% agarose gels were chosen. For bigger fragments 

0.8-1% agarose gels were applied. 0.1 µg/ml ethidiumbromide (Carl Roth) was added to 

boiled and liquid agarose in 1 x TAE which was poured into a gel electrophoresis chamber 

(PeqLab). DNA or RNA samples mixed with 1/6 of 6 x DNA loading buffer were loaded. As 

size marker the smart ladder (Eurogentec, Brussels, Belgium) was used. Electrophoresis 

was carried out with 80-140 V for 1-2 h. The DNA fragments were detected with UV light and 

documented using a gel documentation system (Biometra, Göttingen, Germany). 

3.2.2. Polymerase chain reaction (PCR) 

3.2.2.1. Standard PCR 

To amplify DNA for genotyping of transgenic mice, polymerase chain reactions were 

performed using the Thermoprime Plus DNA polymerase (ABgene, Hamburg, Germany) as 

follows: 

 

1-2 µl  genomic DNA/ tail lysate 

5 µl  10 x reaction buffer IV (ABgene) 

3 µl  25 mM MgCl2 (ABgene) 

1 µl  dNTPs (dATP, dTTP, dCTP and dGTP, 10 mM each, Roche Applied Science) 

3 µl  10 µM primer fwd 

3 µl  10 µM primer rev 

0.5 µl  Thermoprime Plus DNA polymerase (5 U/µl, ABgene) 

ad 50µl H2Obidest 
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PCR was carried out in a PCR machine (GeneAmp PCR System 9700, Applied Biosystems) 

with the following temperature settings: 

 

programme cycles temperature hold 

preincubation 1 94°C 5 min 

amplification: 

denaturation 

annealing 

elongation 

33 

 

 

94°C 

x°C 

72°C 

 

30 sec 

30 sec 

y sec 

 1 72°C 

8°C 

5 min 

∞ 

  

Annealing temperature (x) and elongation time (y) were adjusted according to the melting 

temperature of the primers and the amplicon size. 

3.2.2.2. Reverse transcription (RT) PCR 

First strand cDNA synthesis from RNA was performed using the SuperScript II Reverse 

Transcriptase Kit (Invitrogen, Karlsruhe, Germany) according to the provided protocol. 

500-1000 ng of total RNA was incubated together with 0.5 µg/µl oligo d(T) primers 

(Invitrogen) in a total volume of 11 µl (H2O) at 65°C for 5 min and subsequently chilled on ice. 

Per sample 8 µl of RT-mastermix were added and tubes were incubated at 40°C for 2 min. 

 

RT-mastermix 

4 µl  5 x buffer (Invitrogen) 

2 µl  0.1 M DTT (Invitrogen) 

1 µl  10 mM dNTPs 

1µl  RNase inhibitor (40 U/µl; Roche) 

 

Afterwards, samples were incubated with 1 µl SuperScript II at 42°C for 1 h followed by 70°C 

for 15 min to inactivate the enzyme. 1 µl RNase H (Invitrogen) was added to digest the RNA 

template at 37°C for 20 min. RNase H activity was stopped by incubation at 70°C for 15 min 

and cDNA was stored at -20°C. 
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3.2.2.3. Quantitative real-time PCR (qRT-PCR) 

Real-time PCR was carried out with the QuantiFast SYBR Green PCR Kit (Qiagen, Hilden, 

Germany) according to the manufacturer`s protocol in the Lightcycler 2.0 System (Roche). 

Mastermix was prepared as follows: 

5.0 µl  QuantiFast SYBR Green PCR Mix (Qiagen, Hilden, Germany) 

1.0 µl   primer forward (10 µM) 

1.0 µl   primer reverse (10 µM) 

1.0 µl   H2Obidest 

 

8 µl mastermix were pipetted in each capillary which was fixed in the LightCycler carousel, 

2 µl DNA (1/10 diluted) were added and capillaries were closed immediately. Following 

programme was applied: 

 

programme cycles target 

[°C] 

hold 

[sec] 

slope 

[°C/s] 

sec 

target 

step 

size 

step 

delay 

acquisition 

mode 

Preincubation 1 95 5 min 20 0 0 0 none 

Amplification 40        

Denaturation  95 10 20 0 0 0 none 

Annealing  60 30     none 

Elongation  72 y 20 0 0 0 single 

Melting 

Curve 

1 95 0 20 0 0 0 none 

  50 10 20 0 0 0 none 

  95 0 0.1 0 0 0 continuous 

Cooling 1 42 30 20 0 0 0 none 

 

Relative gene expression was determined by the 2-ΔΔCT method (Livak and Schmittgen, 2001), 

using the real PCR efficiency calculated from an external standard curve, normalized to the 

housekeeping genes Hprt and Gapdh and related to the data of control experiments. 

3.2.3. Plasma corticosterone analysis 

Two weeks before the experiment mice were left undisturbed with a 12:12 h light:dark 

schedule (lights on at 7:00 a.m.). Blood sampling was performed in the morning (7:30-9:30 

a.m.) under light isoflurane anesthesia. For evaluation of the endocrine response to stress, 

blood samples were collected immediately after 10-min restraint stress, for which the animals 

were placed in a 50-ml conical tube with bottom removed. 100-300 µl blood was taken 

retrobulbar, collected in ice-cold EDTA-coated tubes and centrifuged (10000 g, 4°C). Plasma 
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(supernatant) was transferred in 96 well plates and stored at -80°C until measurment of 

corticosterone concentrations in duplicate by 125I-Radioimmunoassay (RIA-Kit, ICN 

Biomedicals, Frankfurt/Main, Germany). 

3.2.4. Tissue preparation 

Mice were anaesthetized with isoflurane (Forene, Abbott, Wiesbaden, Germany), sacrificed 

by decapitation and brains were carefully removed. For in situ hybridization brains were 

immediately shock-frozen on dry ice and stored at -80°C until cutting with a cryostat, for 

immunohistochemistry brains were either frozen or post-fixed in 4% PFA for 48 h, transferred 

into 25% Sucrose in PBS and stored at 4°C until processing. In terms of analyses of Aß 

levels by ELISA, cortex and hippocampus were dissected from one hemisphere, shock-

frozen on dry ice and stored at -80°C until lysis. 

3.2.5. In situ hybridization (ISH) 

For quantitative in situ hybridization 20-µm sections of arcAß brains and wt littermates were 

cut using a cryostat and mounted side by side on SuperFrost Plus slides (Menzel GmbH, 

Braunschweig, Germany) allowing parallel comparison of hybridisation signals within one 

slide. In situ hybridization using 35S-labeld cRNA probes was performed according to a 

modified version of a previously described procedure (Dagerlind et al., 1992). Briefly, specific 

riboprobes were generated by PCR applying T7 and T3 or SP6 primers using plasmids 

containing respective cDNAs as templates. Radiolabeled antisense cRNA probes were 

generated from the PCR products by in vitro transcription with 35S-UTP using T7 and T3 or 

SP6 RNA polymerase. Hybridization was performed o.n. with a probe concentration of 3.5 to 

7 million counts per slide. Quantification of mRNA signals was conducted by ImageJ 

(http://rsb.info.nih.gov/ij/). 

3.2.5.1. Radioactive labeling of probes 

Probes were amplified using the following PCR reaction: 

2 µl   plasmid DNA template (20-100 ng) 

3 µl  25 mM MgCl2 solution (ABgene) 

5 µl  10 x reaction buffer IV (ABgene) 

1 µl  10 mM dNTPs (Roche) 

0.5 µl  Thermoprime plus DNA polymerase (5 U/µl, ABgene) 

3 µl  10 µM Primer forward 

3 µl  10 µM Primer reverse 

add 50 µl H2Obidest 

http://rsb.info.nih.gov/ij/
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PCR programme: 

programme cycles temperature hold 

preincubation 1 94°C 2 min 

amplification: 

denaturation 

annealing 

elongation 

35  

94°C 

67°C 

72°C 

 

30 sec 

30 sec 

40 sec 

 1 72°C 

8°C 

5 min 

∞ 

 

To prevent RNA degradation all precautions were taken to avoid RNase activity. 

 

The in vitro transcription was pipetted as follows (mastermix for approximately 10 slides): 

1.5 µl   PCR product (200 ng) 

13.5 µl  H2O-DEPC 

3 µl  10 x transcription buffer (Roche) 

3 µl  NTP-mix (rATP/rCTP/rGTP 10mM, Roche) 

1 µl  0.5 M DTT 

1 µl  RNasin (RNAse-inhibitor, 40 U/µl, Roche) 

6 µl  35S-thio-rUTP (12.5 mCi/mM, 1250 Ci/mmol, Amersham) 

1 µl  T7 or sp6 RNA polymerase (20 U/µl, Roche) 

 

The reaction samples were gently mixed. Afterwards, samples were incubated at 37°C for 3 

hours in total; after 1 h another 0.5 µl of RNA polymerase was added. 

To destroy the DNA template, 2 µl RNase-free DNase I (10 U/µl, Roche) were added and 

samples were incubated for 15 min at 37°C. 

3.2.5.2. Purification of riboprobes 

For purification of riboprobes the RNeasy Mini Kit (Qiagen) was used according to the 

manufacturer´s protocol. RNA was diluted in 100 µl RNase-free water and 1 µl of the probe 

was measured in 2 ml scintillation fluid (Zinsser Analytic, Frankfurt, Germany) in a 

beta-counter (LS 6000 IC, Beckmann Coulter). For in situ hybridization 35000 to 70000 

cmp/µl and 90 µl/slide (7 million/slide) were required. 
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3.2.5.3. Pre-treatment of cryo-slides 

Slides were taken out of the -20°C freezer and warmed up and dried for at least 1 h at room 

temperature (RT). For pre-treatment the following protocol was applied: 

 

action duration chemical comments 

1. fix 10 min 4 % PFA/PBS ice-cold (4°C) 

2. rinse 3 x 5 min PBS/DEPC  

3. 10 min 0.1 M triethanolamine-HCl (TEA) 

(pH 8.0) 200 ml 

add 600 µl acetic anhydride 

(Sigma-Aldrich) to rapidly 

rotating stirring bar of TEA 

4. rinse 2 x 5 min 2 x SSC/DEPC  

5. dehydrate 1 min 60 % EtOH/DEPC  

6. 1 min 75 % EtOH/DEPC  

7. 1 min 95 % EtOH/DEPC  

8. 1 min 100 % EtOH  

9. 1 min CHCl3  

10. 1 min 100 % EtOH  

11. 1 min 95 % EtOH/DEPC  

12. air dry (dust free) 

 

 

3.2.5.4. Hybridization 

An appropriate amount of hybridization mix (hybmix) containing the riboprobe of interest was 

prepared. 90 to 100 µl hybmix and 3.5 to 7 million counts per slide were required. 

The hybridization mix containing the probe was heated to 90°C for 2 min and snap cooled on 

ice. The solution was pipetted onto the slides and coverslips were carefully mounted, 

avoiding air bubbles in between. The slides were carefully placed into a hybridization 

chamber containing hybridization chamber fluid to prevent drying out of the hybmix and the 

chamber was sealed with adhesive tape. The slides were incubated in an oven (Memmert, 

Schwabach, Germany) at 55-68°C o.n. (up to 20 h). 
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3.2.5.5. Washing 

After hybridization the coverslips were carefully removed and the following protocol was 

applied: 

 

action duration temperat

ure 

chemical comments 

1. 4 x 5 min RT 4 x SSC  

2.  20 min 37°C NTE (20 µg/ml RNaseA) add 500 µl RNaseA (10 

mg/ml, Sigma-Aldrich) to 250 

ml of NTE 

3. 2 x 5 min RT 2 x SSC/1 mM DTT 50 µl of 5 M DTT/250 ml 

4. 10 min RT 1 x SSC/1 mM DTT 50 µl of 5 M DTT/250 ml 

5. 10 min RT 0.5 x SSC/1 mM DTT 50 µl of 5 M DTT/250 ml 

6. 2 x 30 min 64°C 0.1 x SSC/1 mM DTT 50 µl of 5 M DTT/250 ml 

7. 2 x 10 min RT 0.1 x SSC  

8. 1 min RT 30 % EtOH in 300 mM 

NH4OAc 

 

9. 1 min RT 50 % EtOH in 300 mM 

NH4OAc 

 

10. 1 min RT 70 % EtOH in 300 mM 

NH4OAc 

 

11. 1 min RT 95 % EtOH  

12. 2 x 1 min RT 100 % EtOH  

13. air dry (dust free) 

 

3.2.5.6. Autoradiography 

Dried in situ sections were exposed to a special high performance X-ray (BioMax MR from 

Kodak) for one to seven days. 

3.2.5.7. Quantification of relative expression 

Expression of mRNAs in different brain areas was quantified by measuring the OD on 

scanned ISH films using ImageJ. 

 

 



  MATERIAL AND METHODS 

  53 

3.2.6. Extraction and quantification of secreted Aß and APP processing 

forms 

3.2.6.1. Enzyme Linked Immuno-Sorbent Assay (ELISA) 

For determination of Aß40 and Aß42 levels hippocampus and cortex were homogenized in 

1 ml Diethylamine (DEA) buffer. After initial centrifugation at 5000 rpm (5 min, 4°C) the 

resulting DEA fraction was ultra-centrifuged (TLA55 Rotor, Beckman Optima Max-E 

Ultracentifuge) at 55000 rpm (30 min, 4°C) and stored at -80°C (soluble fraction) for analysis 

of secreted Aß and APPs after neutralisation with 10 % neutralisation buffer. Pellets from the 

initial centrifugation step were homogenized in STEN buffer and centrifuged at 5000 rpm 

(5 min, 4°C). The postnuclear fraction was subjected to ultracentrifugation 55000 rpm (30 

min, 4°C). The insoluble material in the pellet was dispersed by shaking in 500 µl guanidine-

HCl buffer 5 M pH 8.0 (1.5 h, 4°C), followed by ultra-centrifuging at 55000 rpm (30 min, 4°C). 

For determination of the guanidinium-HCl soluble Aß (insoluble fraction) the supernatant was 

collected thereafter and stored at -80°C. All buffers were substituted with 1 x protease-

inhibitor cocktail (Sigma-Aldrich, P2714) and 200 µM phenanthroline (Sigma-Aldrich). Aß 

soluble and insoluble fractions were quantified by sandwich immunoassay using the Meso 

Scale Discovery Triplex Assay according to Page et al. (Page et al., 2008). The 

corresponding concentrations of Aß peptides were calculated using the Meso Scale 

Discovery Discovery Workbench software. Ratios of each Aß species as a percentage of 

total Aß (Aß38, Aß40, and Aß42) were calculated, and graphs were plotted using the GraphPad 

Prism software. 

3.2.6.2. SDS polyacrylamide gel electrohoresis and Western blotting 

To analyze products and enzymes of the APP processing, such as APP, total APPs, αAPPs, 

βAPPs and Aß, BACE and ADAM, different lysis fractions of brain tissue were prepared. 

 

Diethylamine (DEA): Determination of sAPP 

One hemisphere or combined tissue of hippocampus and cortex were homogenized in 1 ml 

DEA buffer. After initial centrifugation at 5000 rpm (5 min, 4°C) the resulting DEA fraction 

was ultra-centrifuged (TLA55 Rotor, Beckman Optima Max-E Ultracentifuge) at 55000 rpm 

(30 min, 4°C) and stored at -80°C (soluble fraction) for analysis of secreted Aß and APPs 

after neutralisation with 10 % neutralisation buffer. Buffer was substituted with 1 x protease-

inhibitor cocktail (Sigma-Aldrich, P2714) and 200 µM phenanthroline (Sigma-Aldrich). 
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2 % SDS: Determination of APP, β-stubs, Aβ 

Pellets from the initial centrifugation step (DEA) were resuspended in 1 ml 2 % SDS buffer 

(pipetting, shaking RT 10 min) and centrifuged at 5000 rpm (10 min, 4°C). The postnuclear 

fraction was subjected to ultracentrifugation 55000 rpm (30 min, 4°C). Supernatant 

constitutes the SDS-fraction. Buffer was substituted with 1 x protease-inhibitor cocktail 

(Sigma-Aldrich, P2714) and 200 µM phenanthroline (Sigma-Aldrich). 

 

70 % Formic acid (FA): Determination of Aβ 

The insoluble material in the pellets after 2 % SDS treatment was dispersed by shaking in 

1 ml 70 % FA for 10 min at RT, followed by ultra-centrifuging at 55000 rpm (30 min, 4°C). For 

determination of the FA soluble Aß (insoluble fraction) supernatant was transferred in 20-fold 

volume of 1 M Tris pH 9.5 and stored at -80°C.   

 

Membrane preparation: Determination of β-stubs, γ-secretase, endogenous APP, BACE 

The resulting pellet of the DEA fraction was subjected to resuspension in 1 ml Citrate buffer, 

which due to its hypoton properties leads to an explosion of cells and exposition of 

membrane proteins. Therefore, open tubes were shock-frozen in liquid N2 or on dry ice for 

less than 1 min and thawed on ice thereafter. After centrifugion at 5000 rpm (10 min, 4°C), 

the soluble fraction was collected, enriched with 40 % Glycerol (Sigma-Aldrich) and 

subjected to ultracentrifugation 55000 rpm (60 min, 4°C). The pellet was homogenized with 

190 µl Citrate buffer, followed by 10 µl 20 % Triton, mixed immediately by pipetting, 

incubated 10 min on ice and ultracentrifugated at 55000 rpm (30 min, 4°C). Supernatant was 

collected and stored at -80°C for analyses of membrane proteins. 

 

Protein concentration was determined based on reaction of bicinchoninic acid (BCA) with 

Cu2+ (Smith et al., 1985) by a commercially available kit (Pierce BCA Protein Assay Kit, 

Thermo Scientific, Rockford, USA). Before loading of 10-20 µg protein into the gel, ¼ volume 

Lämmli 4x was added and the sample was boiled (95°C, 5 min). To examine levels of APP in 

brain lysates and of the soluble shed ectodomain αAPPs, βAPPs and total APPs DEA 

fractions were electrophoresed on 8 % acrylamide gels using running buffer (100-130 V, 

2.5 h) and transferred to Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore, 

Bedford, MA) by the use of transfer buffer (18 V, 4°C, o.n.). Here, PageRuler Prestained 

Protein Ladder (Fermentas) was used for predication of molecular weight. For determination 

of Aß, fractions were electrophoresed on gradient gels (Novex 10-20 % Tricine Gels, 

Invitrogen), followed by transfer to nitrocellulose membranes (Pore size: 0.45 µm, Whatman 

Protran, Kent, UK). As a ladder for gradient gels See Blue Plus 2 (Invitrogen) was used. To 



  MATERIAL AND METHODS 

  55 

enhance Aß signal, nitrocellulose membranes were boiled in PBS for 5 min after blotting. 

Western blotting was initiated with blocking for 1 h in blocking solution to minimize unspecific 

protein binding. Thereafter, primary antibodies diluted in the blocking solution were incubated 

o.n. at 4°C. After washing in 1 x TBS, membranes were incubated with respective HRP-

conjugated secondary antibodies (Promega) for 2 h at room temperature, followed by 

development with chemiluminescence (ECL, Amersham Biosciences) and exposure to X-ray 

films (Fuji). 

3.2.7. Immunohistochemistry (IHC) 

Immunohistochemistry (IHC) was applied to visualize Aß plaques, microglia and astrocytes. 

Therefore slices were generated from frozen brains by cutting with a cryostat or from brains 

post-fixed in 4 % PFA followed by 25 % Sucrose which were cut by a vibratome. Briefly, after 

fixation with 4 % PFA for 10 min, followed by blocking of non-specific binding with 5 % BSA 

for 1 h at RT, the primary antibody was incubated o.n. at 4°C. Aß plaque staining included an 

additional incubation step in 70 % FA for 15 min at RT after the fixation step. For 

immunostaining of microglia and astrocytes antibodies Iba-1 (1:1000; Wako Chemicals) and 

GFAP (1:000; DakoCytomation) were used. Co-staining of Aß plaques was conducted with 

either 6E10 (1:500; Signet) or A2275-75B (1:500; Biomol). After washing off of unbound first 

antibody with PBS, slices were incubated for 1 h with respective fluorescently labelled 

secondary antibodies. In case of microglia staining with tomato lectin (1:250; FITC-

conjugated, Sigma-Aldrich), the incubation step with a secondary antibody was omitted. After 

final PBS washing slices were mounted with DAPI (Vector Labs, Burlington, Canada). 

3.2.8. Aß plaque quantification 

Plaque burden was assessed using a polyclonal antibody against N-terminal human Aß 

(A2275-75B, Biomol, Hamburg, Germany). For prefrontal cortex (PFC) 3-4 coronal sections 

per animal were chosen from bregma +2.22 to +1.78 mm, for hippocampus 3 sections from 

bregma -1.70 to -2.06 mm according to stereotaxic atlas (Paxinos and Franklin, 2001). All 

sections were cut from frozen brains by cryostat. Briefly, after fixation with 4 % PFA for 

10 min, followed by 70 % FA for 15 min and blocking of non-specific binding with 5 % BSA 

for 1 h at RT, the primary antibody was incubated o.n. at 4°C. The secondary antibody (Alexa 

anti-rabbit 594) was incubated for 1 h at RT. Slices which needed to be compared among 

each other, were processed likewise. 

Images were acquired with a Zeiss microscope (Axioplan 2) with a Zeiss camera system 

(AxioCam MRc5). To enhance contrast, photomicrographs were equally processed using 
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Adobe Photoshop CS2 (Adobe Systems). Thereafter, analysis of plaque number, plaque size 

and area occupied with plaques was conducted by ImageJ. 

3.2.9. Electrophysiology 

Animals were deeply anesthetized with isoflurane and decapitated. The brain was rapidly 

removed, and slices were prepared in ice-cold Ringer solution using a vibroslicer (HM 650 V, 

Microm International, Walldorf, Germany). All slices were placed in a holding chamber for at 

least 60 min at 34°C and were then transferred to a superfusing chamber for extracellular 

recordings. The flow rate of the Ringer solution, bubbled with a 95 % O2 – 5 % CO2 mixture, 

through the chamber was 1.5 ml/min. Field excitatory postsynaptic potentials (fEPSPs) were 

recorded extracellularly and evoked by test stimuli (0.066 Hz, 4–5 V, 20 ms) delivered via a 

bipolar tungsten electrode insulated to the tip (tip diameter 50 µm). All experiments were 

performed at room temperature. 

3.2.9.1. Preparation of perirhinal cortex slices 

For preparation of perirhinal cortex slices, a midsagittal section was made, and the rostral 

part of one hemisphere was cut at 45° to the dorsoventral axis (Cho et al., 2000). The 

cerebellum was removed from the brain with a further caudal cut along the dorsoventral axis. 

Slices (350 μm) of perirhinal cortex were taken in the region –2.5 mm to -4 mm rostral from 

bregma. fEPSP were recorded from layers II/III from directly below the rhinal sulcus (area 35). 

A stimulation electrode was placed in layer II/III on the temporal side (0.5 mm) of the 

recording electrode (area 36, Cho et al., 2000). Stimuli (1 ms duration) were delivered to the 

stimulation electrode at 0.1 Hz. Input/Output curves were produced with stimulation 

intensities from 1 V to 20 V, in steps of 0.5 V. For monitoring baseline synaptic transmission 

before LTP or LTD induction, fEPSPs were reduced to 50 – 60 % of the maximum amplitude 

and recorded for at least 30 minutes, or until responses were stable (less than 20 % 

amplitude change over 30 min). For LTP induction, 4 stimulus trains were delivered at 

0.066 Hz. Each train comprised 10 bursts at 0.5 Hz, and each burst contained 4 stimuli 

(1 ms) at 100 Hz. For LTD induction, 900 stimulus pairs (1 ms each, 20 ms inter-stimulus 

interval) were delivered at 2 Hz. Subsequently, fEPSPs elicited by 0.066 Hz stimulation were 

recorded for further 60 min. Before completion of the experiment, 10 paired pulses were 

delivered at 0.5 Hz, 5 pairs with an interval of 20 ms and 5 pairs with an interval of 30 ms. 

3.2.9.2. Preparation of hippocampal slices 

Sagittal hippocampal slices (350 mM thick) were obtained and fEPSPs at synapses between 

Schaffer-collaterals and CA1 pyramidal cells were recorded extracellularly in the stratum 
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lucidum of the CA1 region. The stimulation electrode was placed in the Schaffer collateral-

commissural pathway. For the induction of LTP in the CA1 region, high-frequency stimulation 

(HFS) of 1 x 100 Hz / 100 pulses, conditioning pulses were delivered. Basal synaptic 

transmission was investigated by the mean of an Input/Output relationship. The amplitudes 

of the fEPSPs were compared in response to a series of five fixed amplitude values of 

incoming action potentials, known as fibre volley (50, 100, 150, 200, 300, 400 µV). The 

fEPSP slope was plotted together for each corresponding value of the fibre volley. Paired-

pulse stimulation (PPF) was tested at interstimulus intervals (ISI) from 20 ms to 300 ms. 

The recordings were amplified, filtered (3 kHz), and digitized (9 kHz) using a laboratory 

interface board (ITC-16, Instrutech Corp., NY, USA) and stored to disk on a Power 

Macintosh G3 computer with the acquisition programme Pulse (version 8.5, Heka electronic 

GmbH, Lambrecht, Germany). Data were analyzed offline with the analysis programme 

IgorPro v. 6 (Wavemetrics, Lake Oswego, OR, USA) software. Measurements of the 

amplitude of the fEPSP were taken and were normalized with respect to the 30-min control 

period before tetanic stimulation. 

3.2.10. Cell culture 

3.2.10.1. Maintaining cells 

To avoid bacteria, funghi or yeast contamination every cell culture work was done under 

sterile conditions in a sterile hood (Heraeus Instruments, Hanau, Germany). Cells were 

grown at 37°C with 5 % CO2 in a sterile incubator (Heraeus). Every second day cells were 

split or medium was refreshed. 

 

Unfreezing of cells 

A frozen vial of cells was thawed quickly at 37°C in a waterbath (GFL, Burgwedel, Germany) 

suspended in 10 ml of prewarmed growth medium and centrifuged at 1200 rpm for 4 min 

(Universal 30F centrifuge, Hettich, Tuttlingen, Germany). The cell pellet was resuspended 

gently in 3 ml growth medium and cells were split on a 10 cm plate containing a total of 10 ml 

growth medium. Cells were incubated in the incubator up to a confluency of 70-90 %. 

 

Splitting of cells 

Medium was removed from the plates and cells were washed with 10 ml prewarmed PBS 

(Invitrogen). 1 ml Trypsin/EDTA (Invitrogen) was added and plates were incubated for about 

5 min at 37°C until cells were detached. To stop the reaction 8 ml growth medium was added 

and cell suspension was centrifuged at 1200 rpm for 4 min. The cell pellet was resuspended 
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in 5-10 ml growth medium by pipetting up and down several times to break any cell 

aggregates. An appropriate amount of the cells (1/3 – 1/10) was plated immediately on new 

dishes containing growth medium. The dishes were swirled to ensure an equal distribution in 

the medium. 

 

Freezing of cells 

To obtain stocks of used cell lines freshly thawed cells were passaged and amplified at least 

twice and then refrozen. Therefore one 10 cm dish with about 80 % confluency was 

trypsinized and centrifuged. Cells were resuspended in 3 ml of freezing medium and 

aliquoted in 3 cryo vials (Nalgene, Roskilde, Denmark). The vials were cooled down slowly 

over night to -70°C using an isopropanol-filled freezing container (Nalgene). Afterwards cell 

vials were stored in liquid nitrogen. 

 

Counting of cells 

For determination of cell number a Neubauer chamber (Carl Roth) was used. One chamber 

of this hemocytometer consists of nine squares with the dimension of 1 x 1 mm and a total 

volume over each square of 10-4 ml. After trypsination cells were resuspended in growth 

medium and 10 µl of the suspension were pipetted in the chamber in order to count cells in 

the single squares. The mean value (m) of two counted squares was used to calculate the 

cell number: cells/ml = m x 10000. 

3.2.10.2. Treatment of cells 

18000-20000 cells in 200 µl growth medium supplemented with 2 % FCS were seeded per 

well on 48-well plates. Initially, different concentrations (10-500 nM) of CRH (stock solution in 

glacial acetic acid) were added. As a control treatment every well obtained the same amount 

of glacial acetic acid to rule out effects of the chemical. After 24 h, cells were treated with 

Aß25-35 (10-40 µM). On day three cell survival was determined by a MTT assay (Thiazolyl 

Blue Tetrazolium Bromide, Sigma-Aldrich), a photometric assay to measure reduction ability 

of mitochondria. Yellow MTT is reduced to a purple formazan and absorbance at 560 nm can 

be used for quantification of cell survival in the colored solution. Briefly, 1/5 volume of MTT 

(5 mg/ml) was added to the well. After incubation of 4 hrs at 37°C, media was removed 

carefully to not suck formazan aggregates. 300 µl DMSO was added and the plate was 

shaken light protected at RT for 15 min. Afterwards, absorbance at 560 nm was determined 

in a plate reader (Tecan, Männedorf, Switzerland). 
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3.2.11. Animal housing and breeding 

Mice were housed at three to five animals per cage and acclimated to standard laboratory 

conditions (light-dark cycle: 12:12 h, lights on at 7 a.m.; temperature: 21 ± 1°C; relative 

humidity: 50 ± 10 %) with food and water ad libitum. All animal breedings and experiments 

were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of 

the Government of Bavaria. 

 

In the breedings of arcAß CRH-R1KO mice, pregnant females received drinking water 

supplemented with corticosterone (20 µg/ml) during pregnancy until weaning. In this way, 

early mortality caused by CRH-R1KO as a result of pulmonary dysplasia could be prevented 

(Smith et al., 1998). For setting up the solution, 200 mg corticosterone (Sigma-Aldrich) was 

solved in 5 ml 100% EtOH (agitation, 50°C, 5 min) and filled up with tap water ad 1 l. 

 

All newborn pups were genotyped according to the indicated protocol (3.2.2.1 Standard 

PCR; 3.1.2 Oligonucleotides for genotyping).  

3.2.12. Behavioral testing 

In all experiments male mice were used, singly housed two weeks prior to the experiment 

and acclimated to standard laboratory conditions (light-dark cycle: 12:12 h, lights on at 

7 a.m.; temperature: 22 ± 1°C; relative humidity: 55 ± 5 %) with food and water ad libitum. All 

animal experiments were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals of the Government of Bavaria, Germany. 

Following the habituation period and three days before starting of behavioral experiments, 

animals underwent a general health check, including fur and general physical conditions as 

well as bodyweight analysis to ensure that behavioral findings are not confounded by the 

health condition of mice. Behavioral testing started with the assessment of basal emotionality, 

followed by assessment of cognition. Test performances in the open field, elevated plus-

maze, dark/light box and Y-maze-task were recorded and analyzed using the ANY-maze 

software (Stoelting Co., Wood Dale, IL). Test apparatuses were cleaned with water and 

EtOH 70 % before each trial. 

3.2.12.1. Open field (OF) 

The open field test (OF) was used to characterize locomotor activity in a novel environment. 

Testing was performed in circular OF arenas (diameter 58 cm, light grey) evenly unaversive 

illuminated at low light conditions (10-15 lux) in order to minimize anxiety effects on 

locomotion. At the beginning of each test, the mouse was placed at the outer boundary, 
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facing the wall. Parameters of interest were total distance travelled and time of inner zone 

exploration. 

3.2.12.2. Elevated plus maze (EPM) 

The elevated plus maze test (EPM) was used to assess anxiety-related behavior. The 

apparatus was made of grey PVC and consisted of a plus-shaped platform with four 

intersecting arms, elevated 37 cm above the floor. Two opposing open (30 x 5 cm, 15-20 lux) 

and closed arms (30 x 5 x 15 cm, 8-10 lux) were connected by a central zone (5 x 5 cm). 

Animals were placed in the center of the apparatus facing the closed arm and were allowed 

to freely explore the maze for 5 min. Parameters of interest included open and closed arm 

time and open arm entries. 

3.2.12.3. Dark/light box (DaLi) 

The dark/light box test (DaLi) was used to assess anxiety-related behavior. The test box 

consists of black and white PVC and is divided into two compartments, connected by a 

tunnel (4 x 7 x 10 cm). The white compartment (30 x 20 x 25 cm) was brightly illuminatd by 

cold light with an intensity of 680-700 lux; light intensity in the dark compartment 

(15 x 20 x 25 cm) was < 5 lux. Each animal was placed in the dark compartment of the test 

apparatus, facing the bright lit compartment. During the 5 min test, the time spent in each 

compartment (dark, tunnel and lit compartment), the latency until the first full entry (four paw 

criterion) and the number of full entries into the lit compartment were assessed. 

3.2.12.4. Forced swim test (FST) 

The FST was used to assess stress-coping/depression-like behavior. Each animal was 

gently placed into a glass beaker (diameter 12 cm, height 24 cm) filled with water 

(temperature 24 ± 1°C) to a height of 12 cm and behavior during a 6 min test period was 

recorded. The parameters floating (immobility except small movements to keep balance), 

swimming and struggling (vigorous attempts to escape) were recorded using the ANYmaze 

software and scored throughout the 6 min test period by a trained observer. 

3.2.12.5. Y-maze 

Spontaneous alternation rate was assessed using a Y-shaped grey PVC maze, with 

40 x 20 x 10 cm arm sizes. At the end of each arm a different symbol shaped by adhesive 

tape was attached (triangle, quadrat, line). At the beginning, each mouse was placed in the 

centre of the maze, facing one wall angle. During 5 min sessions, the sequences of arm 

entries were recorded; alternation was defined as successive entries into the three arms, in 
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overlapping triplet sets. Percent alternation was calculated as the ratio of actual to possible 

alternations (defined as the total number of arm entries−2) x 100 %. 

3.2.12.6. Water cross maze (WCM) 

The water cross maze (WCM) was used to assess spatial and response learning, cognitive 

flexibility and strategy shifting depending on the training protocol. 

 

Apparatus 

The WCM was established by the research group of Carsten Wotjak at the institute 

(unpublished), based on Tolman´s work (Tolman et al., 1946). It was made from 1 cm thick 

clear acrylic glass to allow for visual orientation via distant extra-maze cues in the 

experimental room. Each of the four arms was 10 cm wide, 50 cm deep and 30 cm in height. 

Arms were clockwise labelled North, East, South and West. A clear acrylic glass shield of 

fitting dimensions blocked the entrance into one arm completely, rendering the WCM a 

functional T-maze during the single runs. 

A submerged platform (8 x 8 x 10 cm) was positioned at various locations inside the maze at 

the end of the arms. The maze was filled with fresh tap water at 23°C up to 11.5 cm level 

each day before testing. A metal grid (9 x 9 cm) was used to remove the animal from the 

maze. The testing room was dimly illuminated (15-20 lux). The room contained several 

distant visual cues e.g. a sink, cupboard and door. 

 

General procedure 

Animals were gently inserted into the water at the starting position described for the 

particular protocol, facing the wall. The experimenter remained standing motionless behind 

the current start arm during the trial. Parameters of the run were recorded and the animal 

was placed back into its home cage, which was subsequently put under infrared light to dry 

and warm up the animal. After each run, the walls of the maze were wiped dry, and the water 

was stirred between the four arms every three runs in order to avoid urine and pheromones 

influence on swimming paths. Animal faeces were removed by a metal strainer. Animals 

were tested in groups of six, resulting in an intertrial interval of about 10 min for the individual 

animal. Six runs a day for each mouse were conducted. 

 

Learning protocols 

Spatial learning protocol 

This protocol enforced spatial learning via allocentric navigation. During five consecutive 

days the platform was constantly located in the West arm while starting of the mice 
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alternated between South and North in a pseudorandom manner (Figure 8A). To perform 

accurately, mice needed to orientate spatially. 

 

Free-choice protocol 

In this protocol a response-egocentric strategy was enforced during the first training week 

(5 days) by unchanged platform location and starting position. The same body turn needed to 

be applied for accurate performance. In the second week the starting arm still remained 

unchanged, whereas the platform was located in the opposite arm (Figure 8B). Accurancy in 

the second week gave evidence about cognitive flexibility. 

 

week 1 week 2

A

B week 1 week 2

A

B

 

Figure 8. Training protocols in the WCM. (A) In the spatial paradigm 6 runs a day were performed 

according to a definite scheme which was not foreseeable for the mice. Every other day, starting 

positions varied (SNNSSN to NSSNNS). The platform was always located in the West arm. (B) In the 

free-choice protocol starting and platform location remained unchanged during the first week, whereas 

in the second week the platform was located in the opposite arm. 

 

 

Performance indicators 

Accuracy indicates the success or failure of the mouse to swim the correct path to the 

platform. Specifically, the mouse is accurate if it does not enter other arms than the goal arm 

(platform arm), but enters the goal arm directly and climbs onto the platform within 31 s. In 

this case, the run is given the value 1 (=accurate), otherwise 0 (= not accurate). The sum of 

correct runs is divided by the total number of runs and the percentage calculated (sum of 

correct runs/6*100). Given the natural tendeny of mice to explore, one error is permitted, 

which than manifests in an accuracy of 83.3 % as the bottom threshold for a mouse to be 
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considered accurate. Number of accurate learners indicates the percentage of animals of a 

particular group performing accurately. 

For the spatial protocol the parameter side bias indicates animals which adopt a strategy 

that allows them to solve the maze task. Mice have a high side bias if they tend to apply the 

same body turn and thus always swim in one direction e.g. always turn left irrespective of the 

starting location. For calculation of the side bias of one animal, the sum of correct runs from 

the South arm is subtracted from those of the North arm. The absolute value of the result 

represents the side bias. The minimum score is 0, the maximum is 3 (= animal completely 

biased, correct performance of the spatial task only from one starting position). An animal 

with a score higher than two is considered biased. The number of biased learners is 

calculated accordingly. 

3.2.12.7. Spontaneous object recognition (OR) 

Spontaneous object recognition (OR) was conducted as previously described for rats 

(Winters et al., 2004;Forwood et al., 2005) using a Y-shaped apparatus adapted for mice. 

The Y-apparatus had high, homogenous white walls constructed from Perspex to prevent the 

mouse from looking out into the room, thereby maximizing attention to the stimuli. One arm 

was used as the start arm, and the other two arms were used to display the objects 

(randomly shaped junk objects, dimensions approximately 10 x 4 x 4 cm). All walls were 

30 cm high, and each arm was 16 cm in length and 8 cm wide. A lamp illuminated the 

apparatus, and a white shelf, 50 cm from the top of the apparatus, created a ceiling on which 

a video camera was mounted to record trials. 

All mice were habituated in two consecutive daily sessions in which they were placed in the 

start arm and left to explore the empty Y-apparatus for 5 min. After habituation, each animal 

received two test sessions, separated by a minimum of 24 h. Each test session consisted of 

a sample phase and a choice phase. In the sample phase, two identical objects A were 

placed at the end of each arm. The animal was placed in the start arm and left to explore the 

apparatus for 5 min, before it was returned to the home cage for 1 h. The following choice 

phase was procedurally identical to the sample phase. However, one arm now contained a 

new copy of the same object A, displayed in the sample phase, and the other arm contained 

a novel object B. A different object pair was used for each trial for a given animal, and the 

order of exposure to object pairs as well as the designated sample and novel objects for 

each pair were counterbalanced within and across groups. 

The time spent exploring the objects was assessed from video recordings of the sample and 

choice phases. Data were collected by scoring exploratory bouts using a personal computer 

running a programme written in Visual Basic 6.0 (Microsoft). Times where an animal climbed 
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or sat on an object were not counted. For the choice trials exploration ratio was calculated (% 

exploration = novel object exploration time / total object exploration time x 100 %). The mean 

exploration score across the two test sessions was calculated for each animal. 

3.2.13. Statistical analysis 

Data output and statistical analysis were performed with the computer programme GraphPad 

Prism 5.0. All results are shown as means ± standard error of the mean (SEM). Differences 

were considered significant at p < 0.05. To examine performance in the WCM task Two-way 

repeated measures ANOVA was employed. For analysis of 4 groups in the OR task, Y-maze 

and the electrophysiology, One-way ANOVA was conducted. ELISA and PPF data was 

analyzed with Two-way ANOVA. The appropriate post-hoc test was performed after 

acceptance of significant p-values. Analysis of behavior results such as OF, EPM, DaLi, FST 

and plaque burden was conducted with Student´s t-test. 
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4. Results 

4.1. Neuroprotective effects of CRH in vitro 

Several studies reported neuroprotective actions of CRH via CRH-R1 in the context of 

Aß-mediated toxicity in in vitro models (Bayatti et al., 2003;Facci et al., 2003;Lezoualc'h et al., 

2000). 

We examined the neuroprotective effects of CRH pretreatment against Aß toxicity in AtT20 

cells, HT22 cells and two HT22 cell lines stably transfected with CRH-R1 (HT22 C2, 

HT22 C3). CRH-R1 expression levels in those four cell lines were determined by qRT-PCR 

(Figure 9), normalized to the house keeping gene HPRT. Compared to the endogenous 

CRH-R1 expression level in AtT20 cells, HT22 cells do not express the CRH-R1, whereas 

HT22 C2 cells express about 400 times and HT22 C3 cells about 10 times more CRH-R1. 

Figure 9. CRH-R1 expression level analysis. CRH-R1 expression in AtT20 cells (endogenous, 

normalized to 1), HT22 cells, stably CRH-R1 transfected HT22 C2 and HT22 C3 cells was quantified 

by qRT-PCR. 

 

Different concentrations of CRH (10-500 nM) and Aß25-35 (10-40 µM) were used. The Aß25-35 

fragment is a naturally occurring proteolytic by-product that retains the toxicity of its larger 

better-known counterpart Aß1-40 (Wei et al., 2010a). The Aß25-35 fragment aggregates 

immediately upon dissolution and exerts its toxicity immediately in a highly reproducible 

manner (Behl, 1997;Behl, 1997). 

Cell survival was measured by the photometric MTT assay (Thiazolyl Blue Tetrazolium 

Bromide). We observed neuroprotective effects of CRH pretreatment against Aß toxicity 

which depended on the amount of CRH-R1 and the CRH concentration. In HT22 cells, which 

do not express CRH-R1, CRH pretreatment had rather detrimental effects on cell survival, 

measured by the MTT assay. In AtT20 cells, which endogenously express CRH-R1, survival 

curves after CRH treatment and without treatment did not differ, whereas in HT22 C3 cells 
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pretreated with 500 nM CRH cell survival was elevated (not significant) at Aß concentration 

of 10-40 µM. In HT22 C2 cells, which overexpress more than 400-fold of CRH-R1, cell 

survival after CRH treatment was clearly increased at all concentrations of CRH and Aß. This 

effect was significant following 500 nM CRH in combination with 20 µM Aß. Apparently, CRH 

can exert neuroprotective effects against Aß treatment in cells carrying the CRH-R1, an 

effect which depends on the concentration of CRH. The more CRH-R1 and CRH are 

available, the higher the cell survival and thus the neuroprotective effect of CRH against Aß 

mediated toxicity. 
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Figure 10. CRH prevents Aß mediated toxicity dependent on its concentration and CRH-R1 

expression level. HT22, AtT20, HT22 C2 and HT22 C3 cells were treated with Aß 10-20 µM for 24 h 

after treatment of 0-500 nM CRH. Cell survival was determined by MTT assay. Significances in 

HT22 C2 cells with Aß 10 µM: CRH 100 nM vs. no CRH *; Aß 20 µM: CRH 500 nM vs. no CRH **. 

Values of each CRH concentration are normalized to the respective cell survival rate without Aß. Data 

are presented as mean ± SEM. n=3; * p < 0.05, ** p < 0.01 statistical significance, Two-way repeated 

measures ANOVA, Bonferroni posttests. 
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4.2. Basal characterization of arcAß mice 

ArcAß mice were generated previously and had been analyzed with respect to locomotion, 

anxiety and cognition at the age of 3, 6 and 9 months (Knobloch et al., 2007a). Nevertheless, 

we subjected arcAß mice bred in our animal facility to a battery of tests assessing basal 

emotionality prior to comprehensive cognitive testing. Furthermore, APP overexpression and 

processing were characterized and the functionality of the HPA axis and the status of the 

CRH/CRH-R1 system with respect to expression levels were determined in arcAß mice. 

4.2.1. APP processing in arcAß mice 

ArcAß mice overexpress human APP (hAPP) 695 carrying both the Swedish (K670N; 

M671L) and the Arctic (E693G) mutation in a single construct under the control of the prion 

protein promoter (Knobloch et al., 2007a). The Arctic mutation renders Aß monomers more 

prone to assemble to oligomers (Nilsberth et al., 2001), the Swedish mutation increases the 

cleavage by the ß-secretase (Knobloch et al., 2007a). Overexpression of hAPP 695 mRNA in 

arcAß mice versus wt mice is illustrated in Figure 11. 

 

 

Figure 11. ArcAß mice overexpress human APP (hAPP) 695. Analysis of hAPP mRNA expression 

in arcAß mice (right) compared to wt mice (left) was conducted using ISH probe APP 695 which is 

specific for hAPP 695. This probe partly detects endogenous mouse APP. 

 

 

For visualization of products and intermediates of the APP processing pathway by Western 

blotting, a three-step-extraction protocol for brain tissue was established (see 3.2.6.2 SDS 

polyacrylamide gel electrohoresis and Western blotting). In the Diethylamine (DEA) fraction 

soluble proteins such as sAPP and Aß monomers were detected. The SDS fraction 
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contained membrane standing ß-stubs and APP as well as Aß oligomers. Finally, the formic 

acid fraction comprised dispersed Aß from Aß assemblies and plaques. Fractions were 

electrophoresed on gradient gels and Western blotting was performed with antibody 6E10 

against amino acids 1-16 of the Aß protein (Figure 12). 

 

 

Figure 12. Specific binding of APP antibodies 6E10 and 22C11.  

6E10 detects amino acids 1-16 of the Aß-terminus and thus can also detect sAPPα in soluble fractions. 

22C11 binds to the N-terminal region of APP and therefore detects APP and in the soluble fraction 

total sAPP. 

 

In cerebral hemispheres of arcAß mice aged 5-8 months increased levels of APP were 

detected in all three fractions (DEA, SDS, FA) in comparison to wt mice (Figure 13). After 

cleavage of APP by ß-secretase, ß-stubs remain in the membrane and were detected in the 

SDS fraction. Aß monomers were weakly detected in the DEA fraction. Mice aged 8 months 

showed increased Aß in the SDS fraction compared to younger animals and insoluble Aß 

also began to accumulate at this age (FA fraction). 
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Figure 13. Visualization of APP processing in arcAß (tg) mice. Cerebral hemispheres of wt mice 

and tg mice aged 5-8 months (m) were processed using an extraction protocol providing three 

fractions: Diethylamine (DEA) for soluble proteins (sAPP), SDS for Aß oligomers and rather insoluble 

proteins (ß-stub, APP), and formic acid (FA) for insoluble Aß. # indicates unspecific bands. Protein 

sizes are depicted in kDa. 

 

4.2.2. Assessment of bodyweight in arcAß mice 

In general transgenic (tg) mice were indistinguishable from their wild-type (wt) littermates 

with respect to their general health state at the age of 4, 8 and 12 months. 

Bodyweight in both tg and wt mice increased from 4 to 8 months of age and slightly 

decreased at 12 months of age with tg mice showing significantly reduced bodyweight 

compared to wt mice (Figure 14). 

 

 

Figure 14. The bodyweight of arcAß (tg) mice is reduced at 12 months of age compared to their 

wild-type (wt) littermates. At 4 and 8 months of age no significant alterations of bodyweight between 

tg and wt mice were detectable. Data are presented as means ± SEM; n=11-13; * p < 0.05, Student´s 

t-test. 
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4.2.3. HPA axis functionality in arcAß mice 

Alterations in the HPA axis are common in a number of transgenic rodent models of AD, as 

indicated by elevated levels of corticosterone, compare e.g. Tg CRND8 (Touma et al., 2004), 

Tg2576 (Lee et al., 2009;Dong et al., 2008) and 3xTg mice (Green et al., 2006). To asesss 

HPA axis activity in arcAß mice we determined plasma corticosterone levels under basal 

conditions and in response to acute stress (10 min restraint) (Figure 15). Corticosterone 

levels of tg mice and wt mice significantly increased after stress at 4 and 12 months of age. 

However, plasma corticosterone levels of wt and tg mice were indistinguishable (wt 4 

months: basal: 6.60 ± 1.10 ng/ml vs. stress: 124.70 ± 7.35 ng/ml; tg 4 months: basal: 6.35 ± 

1.10 ng/ml vs. stress: 113.00 ± 7.19 ng/ml and wt 12 months: basal: 3.02 ± 0.57 ng/ml vs. 

stress: 91.22 ± 6.94 ng/ml; tg 12 months: basal: 5.39 ± 1.25 ng/ml vs. stress: 89.25 ± 9.29 

ng/ml). Interestingly, basal and stress levels of animals decreased with age (wt: basal: 4 

months: 6.60 ± 1.10 ng/ml, 12 months: 3.02 ± 0.57 ng/ml, p < 0.01; stress: 4 months: 124.70 

± 7.35 ng/ml, 12 months: 91.22 ± 6.94 ng/ml, p < 0.01 and tg: basal: 4 months: 6.35 ± 1.09 

ng/ml, 12 months: 4,56 ± 1.01 ng/ml, p > 0.05; stress: 4 months: 113.0 ± 7.19 ng/ml, 12 

months: 89.25 ± 9.24 ng/ml, p = 0.0546). 
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Figure 15. The HPA axis is fully functional in tg mice. Corticosterone levels were assessed in tg vs. 

wt mice under basal conditions and after acute stress (10 min restraint) at 4 and 12 months of age. 

Results are presented as means ± SEM; n=11-13; *** p < 0.001, Student´s t-test. 
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4.2.4. Assessment of basal emotionality in arcAß mice 

The characterization of emotional behavior, including locomotion, anxiety-related and 

stress-coping behavior was conducted in tg vs. wt mice at 4, 8 and 12 months of age. 

4.2.4.1. Assessment of locomotion in arcAß mice 

Previously, Knobloch and colleagues (2007) observed increased locomotion in arcAß mice at 

3 months of age in the open field (OF) and zeromaze test, whereas no difference was 

detectable in 6 and 9 months old mice. 

We also assessed locomotion in the OF task. The distance travelled in the OF was 

significantly increased in tg mice at 8 and 12 months of age (Figure 16A). Accordingly, the 

immobility was reduced in this test (Figure 16B). In general, locomotion decreased with age. 

Along these lines, the distance travelled in the Y-maze task was increased in tg compared to 

wt animals at all ages (Figure 16C). 
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Figure 16. Locomotion is increased in tg mice. (A) Distance travelled and (B) immobility in the open 

field test and (C) distance travelled in the Y-maze task are presented in tg vs. wt mice at 4, 8 and 12 

months of age. Data are presented as means ± SEM; n=11-13; * p < 0.05, ** p < 0.01, *** p  < 0.001, 

Student´s t-test. 

 

4.2.4.2. Assessment of anxiety-related behavior in arcAß mice 

Anxiety-related behavior was assessed in the elevated plus maze (EPM), the dark/light box 

(DaLi) and the open field (OF) test. In the EPM the time in the open (Figure 17A) and closed 

arms (Figure 17B), in the DaLi the time in the lit compartment (Figure 17C) and in the OF the 

ratio of distance in the inner zone versus total distance (Figure 17D) were evaluated. None of 

the tests detected significant differences with respect to anxiety-related behavior in arcAß 

mice. This is in contrast to previous findings where mice spent less time on the open sectors 

of the zeromaze at 6 and 9 months of age suggesting reduced anxiety-related behavior. 
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Figure 17. Anxiety-related behavior is not altered in arcAß (tg) mice. (A) Open and (B) closed arm 

time of the elevated plus maze test, (C) time in the lit compartment of the dark/light box and (D) the 

distance in the inner zone/total distance in the open field were assessed to evaluate anxiety in tg vs. 

wt mice at 4, 8 and 12 months of age. Data are presented as means ± SEM; n=11-13.  

 

4.2.4.3. Assessment of stress-coping behavior in arcAß mice 

Stress-coping or depression-like behavior was evaluated by analyzing the time struggling, 

swimming and floating in the forced swim test (FST). At 4 and 12 months of age tg mice 

showed a strong increase in active stress-coping behavior compared to wt littermates 

reflected by an increase in struggling (Figure 18A) and swimming (Figure 18B). Accordingly, 

the floating time (Figure 18C) was significantly decreased in tg mice compared to wt mice. 
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Figure 18. Tg mice show enhanced active stress-coping behavior in the forced swim test (FST). 

The time (A) struggling, (B) swimming and (C) floating was analyzed in the FST in tg compared to wt 

mice aged 4 and 12 months. Data are presented as means ± SEM; n=11-13. * p < 0.05, ** p < 0.01, 

*** p < 0.001, Student´s t-test. 

 

4.2.5. Analysis of CRH and CRH-R1 expression in arcAß mice 

In AD patients alterations in the CRH system have been reported repeatedly. Therefore, we 

analyzed the mRNA expression levels of CRH and CRH-R1 in arcAß mice by ISH (Figure 

19). Compared to wt mice (=100 %) CRH levels in the cortex (CTX) of tg mice significantly 

increased with age, from 3 (106.2 ± 1.50 %, p < 0.01) to 6 (110.8 ± 3.57 %, p < 0.01) and 12 

months (118.5 ± 2.25 %, p < 0.001). In contrast, CRH expression levels in the paraventricular 

nucleus (PVN) and the central amygdala (CeA) of tg animals did not differ from wt littermates 

at any time point (Figure 19A). 

CRH-R1 expression in the CTX of 3 months old animals was elevated compared to wt mice 

(108.3 ± 1.31 %, p < 0.001), whereas CRH-R1 levels decreased with age (6 months: 102.1 ± 

1.55 % and 12 months: 95.85 ± 1.72 %, p < 0.05; Figure 19B). In the CA1 region of the 

hippocampus (HIP) of tg animals CRH-R1 levels increased from 3 (102.0 ± 3.45 %, ns) to 6 

(105.5 ± 2.02 %, p < 0.05) and to 12 months of age (111.0 ± 2.94 %, p < 0.001) compared to 

wt littermates. 
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Figure 19. CRH and CRH-R1 mRNA expression analyses reveal significant alterations in tg 

mice compared to wt mice. (A) CRH expression in the cortex (CTX), paraventricular nucleus (PVN) 

and central amygdala (CeA). (B) CRH-R1 expression in the CTX and CA1 region of the hippocampus 

(HIP) of tg and wt mice at 3, 6 and 12 months of age was determined by ISH. Levels in tg mice are 

normalized to wt (= 100 %). Results are presented as means ± SEM; n=6-7; *** p < 0.001, ** p < 0.01, 

*p < 0.05, Student´s t-test. 

 

4.3. Basal characterization of CRH-R1KO mice 

Conventional CRH-R1 knockout (KO) mice exhibit increased locomotion and reduced 

anxiety-related behavior (Timpl et al., 1998). Similar to arcAß mice, we assessed basal 

emotionality and HPA axis activity in CRH-R1KO mice to estimate to what extent the pure 

CRH-R1KO might impact the cognitive phenotype of arcAß CRH-R1KO mice. 

4.3.1. Assessment of bodyweight in CRH-R1KO mice 

The assessment of the general health state did not reveal any significant differences 

between CRH-R1KO (ko) and wild-type (wt) mice. Bodyweight in both ko and wt mice 

increased from 4 to 8 months of age and slightly decreased in the 12 months aged group. 

The bodyweight in ko mice at the age of 8 and 12 months was significantly reduced 

compared to their wt littermates (Figure 20). 
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Figure 20. The bodyweight of CRH-R1KO (ko) mice is reduced compared to their wild-type (wt) 

littermates. Data are expressed as means ± SEM; n=11-13; * p < 0.05, ** p < 0.01, Student´s t-test. 

 

4.3.2. HPA axis functionality in CRH-R1KO mice 

Plasma corticosterone levels of wt mice significantly increased after stress (p < 0.001) 

(Figure 21). Levels of ko mice were at the detection limit, reflecting the compromised HPA 

axis activity due to CRH-R1 deletion in the pituitary. However, corticosterone levels of ko 

mice also increased slightly after stress (p < 0.01 at 4 months, p < 0.05 at 12 months), 

indicating residual functionality of the neuroendocrine stress response mediated most likely 

via compensatory action of arginine vasopressin.  

 

Figure 21. The HPA axis of ko mice is impaired in its functionality. Plasma Corticosterone levels 

were assessed in ko vs. wt mice under basal conditions and after stress (10 min restraint) at 4 and 12 

months of age. Results are presented as means ± SEM; n=11-13; * p < 0.05, ** p < 0.01, *** p < 0.001, 

Student´s t-test. 
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4.3.3. Assessment of basal emotionality in CRH-R1KO mice 

Characterization of emotional behavior including locomotion, anxiety-related and 

stress-coping behavior was conducted in ko vs. wt mice at 4, 8 and 12 months of age. 

4.3.3.1. Assessment of locomotion in CRH-R1KO mice 

Locomotion in ko mice aged 8 and 12 months was slightly increased in the OF as indicated 

by a longer total distance travelled (Figure 22A) and reduced immobility (Figure 22B). 

However, these differences were statistically not significant. In the Y-maze, the distance 

travelled was significantly increased in ko mice at 8 and 12 months of age (Figure 22C). 

These findings largely confirm previous results by Timpl and colleagues (1998). 

 

0

20

40

60

80

4m 8m 12m

d
is

ta
n

c
e
 [

c
m

]

0

5

10

15

20

*

*

4m 8m 12m

wt

ko

d
is

ta
n

c
e
 [

m
]

0

20

40

60

4m 8m 12m

im
m

o
b

il
it

y
 [

%
]

Open field Open field Y - mazeA B C

 

Figure 22. Locomotion is increased in ko mice. (A) Distance travelled and (B) immobility in the 

open field and (C) distance travelled in the Y-maze task are presented in ko vs. wt mice at 4, 8 and 12 

months of age. Data are expressed as means ± SEM; n=11-13; * p < 0.05, Student´s t-test. 

 

4.3.3.2. Assessment of anxiety-related behavior in CRH-R1KO mice 

Anxiety-related behavior was reduced in ko mice aged 4 months as indicated by increased 

time spent in the open arms (Figure 23A) and a reciprocal reduction of time spent in the 

closed arms (Figure 23B) of the EPM. Also, at 8 and 12 months anxiety-related behavior was 

decreased, as reflected by a smaller ratio of the distance travelled in the inner zone versus 

the total distance in the OF (Figure 23D). Reduced anxiety-related behavior in CRH-R1KO 

mice has been previously demonstrated by Timpl and colleagues (1998) – CRH-R1KO mice 

spent more time in the lit compartment of the dark/light box (DaLi) (Timpl et al., 1998). In the 

DaLi paradigm we did not observe any difference (Figure 23C) under the used testing 

conditions (see 3.2.12.3 Methods DaLi). 
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Figure 23. Anxiety-related behavior is reduced in ko mice. Time spent in the (A) open and (B) 

closed arm of the elevated plus maze test, (C) time spent in the lit compartment of the dark/ight box 

and (D) the distance in the inner zone/total distance in the open field was assessed to determine 

anxiety-related behavior in ko vs. wt mice at 4, 8 and 12 months of age. Data are expressed as means 

± SEM; n=11-13; * p < 0.05, Student´s t-test. 

 

4.3.3.3. Assessment of stress-coping behavior in CRH-R1KO mice 

Stress-coping behavior was assessed in the forced swim test (FST). Ko mice showed a slight 

increase in active stress-coping behavior at 4 months of age as indicated by significantly 

more time spent struggling (Figure 24A) and reduced floating time (Figure 24C, p = 0.38). Ko 

mice aged 12 months tended to increase their time swimming (Figure 24B) and to reduce 

their time floating (Figure 24C), however, these results were statistically not significant. 
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Figure 24. Ko mice show enhanced active stress-coping behavior at 4 months of age in the 

forced swim test. Ko and wt mice were analyzed regarding time (A) struggling, (B) swimming and (C) 

floating at 4 and 12 months of age. Data are expressed as means ± SEM; n=11-13. * p < 0.05, 

Student´s t-test. 

 

4.4. The impact of the CRH-R1 on the onset and pathology of AD 

To elucidate the impact of the CRH-R1 on the onset and progression of AD, CRH-R1KO 

mice were bred to arcAß mice. According to the breeding scheme depicted in Figure 25 mice 

of four genotypes of interest were obtained in the F2-generation: wild-type (wt), transgenic 

arcAß (tg), CRH-R1KO (ko) and transgenic arcAß CRH-R1KO (tgko). These four genotypes 

of arcAß CRH-R1KO mice were submitted to comprehensive phenotyping at different ages. 
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Figure 25. Breeding scheme of arcAß CRH-R1KO mice. Animals of the F1-generation were bred 

among each other to gain the four genotypes of interest in the second generation: wild-type (wt), 

transgenic arcAß (tg), CRH-R1KO (ko) and transgenic arcAß CRH-R1KO (tgko). Brown fur color 

indicates mice carrying the arcAß transgene. 
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4.4.1. HPA axis functionality in arcAß CRH-R1KO mice 

Plasma corticosterone levels were assessed in tg vs. tgko mice aged 12 months. As 

expected from CRH-R1KO mice (see also 4.3.2 HPA axis functionality in CRH-R1KO mice) 

tgko mice showed significantly reduced plasma corticosterone levels under basal conditions 

and a dramatically reduced HPA axis response to an acute stressor (10 min restraint; Figure 

26). 
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Figure 26. The activity of the HPA axis is impaired in tgko compared to tg mice aged 12 

months. Corticosterone levels were assessed in tg vs. tgko mice at basal conditions and after stress 

(10 min restraint) at 12 months of age. Results are presented as means ± SEM; n=11-13; ** p < 0.01, 

*** p < 0.001, Student´s t-test. 

 

4.4.2. Testing cognitive performance of arcAß CRH-R1KO mice 

Memory impairment, in particular of recently learned facts, is one of the most prominent 

symptoms in AD. To assess the impact of the CRH-R1 in this context, we subjected arcAß 

CRH-R1KO mice to several tests aiming to address different learning and memory systems. 

Spontaneous alternation was tested in the Y-maze, spatial and response learning as well as 

cognitive flexibility in the water cross maze (WCM) and spontaneous object recognition (OR) 

in the OR test. Four genotypes of arcAß CRH-R1KO mice were analyzed in these tasks: 

wild-type (wt), CRH-R1KO (ko), transgenic arcAß (tg), transgenic arcAß CRH-R1KO (tgko). 

4.4.2.1. Evaluation of spontaneous alternation in the Y-maze task 

Working memory is the ability to hold memory in mind in order to solve complex tasks. In the 

Y-maze task, mice are confronted with the possibility to choose between three different arms, 

each presenting a different symbol at its end. Spontaneous alternation, assessed in the 



  RESULTS 

  80 

Y-maze, is a natural tendency of rodents to explore different arms of a maze in successive 

runs (Middei et al., 2004). During a 5 min test session the sequence of arm entries was 

recorded and alternation calculated as successive entries into the three arms in overlapping 

triplet sets. In arcAß CRH-R1KO mice at 4, 8 and 12 months no significant changes were 

observed between the four genotypes (Figure 27). 
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Figure 27. Spontaneous alternation is not significantly altered in arcAß CRH-R1KO mice. Wt, ko, 

tg and tgko mice at the age of 4, 8 and 12 months were subjected to the Y-maze task to test for 

spontaneous alternation. Percent alternation was calculated as the ratio of actual to possible 

alternations (defined as the total number of arm entries−2) x 100 %. Results are presented as means 

± SEM; n=11-13, One-way-ANOVA. 

 

4.4.2.2. Performance in the water cross maze (WCM) task 

Mice of each genotype (wt, ko, tg, tgko) were tested in the WCM task to assess 

hippocampus-dependent spatial learning at the age of 4, 8 and 12 months (Figure 28A-D). In 

general, accuracy (to reach the platform in the first trial) decreases with age in all 

4 genotypes (Figure 28A, B). Furthermore, at 4, 8 and 12 months of age tg and tgko mice 

performed worse than wt and ko mice did. Ko animals were the most accurate performers. 

Additionally, tgko mice at every age developed a high side bias which is the tendency to 

apply the same body turn at every trial irrespective of the starting arm what is an indication 

for response learning (Figure 28C, D). The preference of tgko mice to apply a response 

learning strategy was proven in the free-choice paradigm of the WCM test with mice aged 12 

months (Figure 29A, B). Here, tg mice were delayed in their response learning ability in the 

first week (d1-d5), whereas tgko were not. In the second week (re-learning, d1r-d5r) the 

opposite body turn was enforced, which could not be done by tgko but by tg mice. 
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Consequently, performance of the second week suggests a more rigid, inflexible phenotype 

of tgko mice compared to tg mice. 
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Figure 28. Loss of CRH-R1 in arcAß mice induces biased learning in the spatial protocol of the 

water cross maze (WCM). (A-D) Spatial learning was evaluated in wt, ko, tg and tgko mice at 4, 8 

and 12 months of age. (A) Accuracy, (B) number of accurate learners, (C) side bias and (D) number of 

biased learners are shown. A: 4 months: wt-tgko d5 (p < 0.05); ko-tg d2 (p < 0.05), d4 (p < 0.01); 12 

months: tg-ko d3 (p < 0.05), d4 (p < 0.01), d5 (p < 0.05); ko-tgko d3 (p < 0.05), d4 (p < 0.05); C: 

4months: wt-tgko d5 (p < 0.01); ko-tgko d5 (p < 0.05). Data are presented as means ± SEM; n=6-12; 

Two-way repeated measures ANOVA, Bonferroni posttests. 
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Taken together, loss of CRH-R1 does not alter hippocampus-dependent spatial learning in 

arcAß mice, but induces a learning shift towards response learning in the WCM. In the 

spatial task, tgko mice at least developed a strategy, which was to apply always the same 

body turn. In the free-choice paradigm they were able to learn and accurately find the 

platform by applying a response learning strategy. Unlike tg mice, tgko littermates were 

unable to change their swimming strategy in the free-choice paradigm of the WCM due to a 

cognitive inflexibility and rigidity. 
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Figure 29. Tgko mice can solve the response learning task but have difficulties in cognitive 

flexibility in the free-choice paradigm of the WCM. The free-choice paradigm of the WCM was 

performed with wt, ko, tg and tgko mice aged 12 months. The response learning ability is assessed in 

the first week (d1-d5); cognitive flexibility is analyzed during the re-learning (r) trials (d1r-d5r) in the 

second week. (A) Accuracy and (B) number of accurate learners are shown. Week 1: tg-wt d2 

(p < 0.01); ko-tg d2 (p < 0.001); tg-tgko d2 (p < 0.01); week 2: wt-tgko d4 (p < 0.05); tg-ko d2 

(p < 0.05); tgko-ko d4 (p < 0.05). Data are expressed as means ± SEM; n=6-12; Two-way repeated 

measures ANOVA, Bonferroni posttests. 

 

4.4.2.3. Evaluation of spontaneous object recognition memory 

In order to test for declarative memory which depends on the hippocampus and the perirhinal 

cortex (PRh), arcAß CRH-R1KO mice (wt, ko, tg and tgko) aged 4 months were subjected to 

the spontaneous object recognition (OR) test (Figure 30). The recognition and preference of 

a novel object, which depends on temporal lobe areas, in particular the PRh (Aggleton and 

Brown, 1999;Bussey et al., 2000), was evaluated. Aggleton and Brown (1999) demonstrated 

that PRh-lesioned rats have impaired OR memory and that the hippocampus also contributes 

to the performance in this task, probably by combining spatial or contextual information with 

the specific object information processed by the PRh. We observed that tg mice do not 

discriminate between a novel and familiar object in the choice phase, whereas wt, ko and 

tgko mice do (Figure 30). Exploration time in the sample phase did not differ (wt: 
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27.7 ± 3.4 s; ko: 30.0 ± 4.3 s; tg: 32.1 ± 3.2 s; tgko: 33.1 ± 4.1 s). Interestingly, the loss of 

CRH-R1 in arcAß mice could at least partly compensate the learning deficit in tg mice 

(exploration %: wt: 68.4 ± 1.9, ko: 62.7 ± 2.6, tg: 53.77 ± 2.3, tgko: 64.3 ± 2.4). 

 

w
t

ko tg
tg

ko

0

25

50

75 ***
**

*

%
 e

x
p

lo
ra

ti
o

n

 

Figure 30. ArcAß mice have deficits in spontaneous object recognition (OR) memory which are 

rescued by disruption of CRH-R1. OR was conducted for wt, ko, tg and tgko mice at 4 months of 

age. Percentage exploration = novel object exploration time / total object exploration in the choice 

phase x 100%. Dotted line indicates the chance level of 50 %. Results are presented as means 

± SEM; n=8; * p < 0.05, ** p < 0.01, *** p < 0.001, One-way ANOVA, Turkey´s multiple comparison 

posttest. 

 

4.4.3. Electrophysiological evaluation in arcAß CRH-R1KO mice 

Disruption of synaptic plasticity, caused by Aß oligomers rather than Aß plaques (Lesne et al., 

2006;Oddo et al., 2003), is suggested to be the best pathological correlate to cognitive 

impairment (Gouras et al., 2010;Tampellini and Gouras, 2010). To identify the nature of this 

defect, electrophysiological studies have been conducted in diverse transgenic AD mouse 

models, foremost in the hippocampus as one of the major players in memory encoding. 

To gain insight into these neuropathololgical features and in order to have a correlate to our 

cognitive findings, we performed long-term potentiation (LTP) measurements in the CA1 

region of the hippocampus as well as long-term depression (LTD) measurements in the 

perirhinal cortex (PRh) of arcAß CRH-R1KO (wt, ko, tg, tgko) mice at the age of 12 months. 

LTP in the CA1 area was not significantly altered between the four genotypes as indicated by 

traces of individual field excitatory postsynaptic potentials (fEPSPs) of wt, ko, tg and tgko 

mice (Figure 31A, B). Previously, LTP impairment was observed in arcAß mice at 3.5 and 7.5 

months of age (Knobloch et al., 2007b). However, in our study tg mice tended to show 

increased fEPSPs (Figure 31A, B). 
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Figure 31. CA1 hippocampal long-term potentiation (LTP) is not altered in arcAß CRH-R1KO 

mice aged 12 months. (A) Individual fEPSP traces for wt, ko, tg and tgko. (B) Final 10 minutes of 

fEPSP slope. (C) Input-output curve. (D) Paired-pulse facilitation (PPF). Significances for a pulse 

interval of 20 ms: tgko vs. wt, tg (p < 0.05); tgko vs. ko (p < 0.01), Two-way ANOVA. Values represent 

means ± SEM; n=5-7. 

 

 

Basal transmission was normal as indicated by the Input-output curve (Figure 31C). Paired-

pulse facilitation (PPF), the ratio of the second response over the first response elicited with 

an interstimulus interval from 20 ms to 300 ms, is a marker for presynaptic release probability. 

Evaluation of the PPF ratio resulted in lower levels for tgko mice versus wt, tg (p < 0.05) and 

ko (p < 0.01) mice at a pulse interval of 20 ms indicating a higher release of glutamate from 

the presynaptic cell in tgko mice (Figure 31D). 

 

LTD in the PRh of mice at 12 months did not differ between wt, ko, tg and tgko mice (Figure 

32A, B). The input-output curve indicates normal basal transmission (Figure 32C). 
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Figure 32. Long-term depression (LTD) in the perirhinal cortex (PRh) is not altered. (A) Individual 

fEPSP traces for wt, ko, tg and tgko. (B) Final 10 minutes of fEPSP slope. (C) Input-output curve. 

Values represent means ± SEM; n=5-7; One-way ANOVA. 

 

 

4.4.4. Neuropathological analyses in arcAß CRH-R1KO mice 

4.4.4.1. The influence of the CRH-R1 on Aß levels in arcAß mice 

Aß accumulation has been shown to correlate with mnesic impairment (Selkoe, 2002). Since 

arcAß mice strongly overexpress APP, Aß levels and Aß plaque burden were investigated in 

arcAß CRH-R1KO mice to provide insight into the role of CRH-R1 in Aß generation in arcAß 

mice. We performed Sandwich ELISAs of Aß38 (not shown), Aß40 and Aß42 levels in arcAß 

CRH-R1KO mice. We analyzed soluble and insoluble fractions of combined hippocampal 

and cortical tissue of tg vs. tgko mice aged 6.5, 9.5 and 12.5 months. Analyses revealed a 

significant reduction of insoluble levels of Aß40 (tg: 1733.53 ± 319.90 ng/mg vs. tgko: 941.45 

± 226.92 ng/mg; p < 0.01) and Aß42 (tg: 206.40 ± 25.36 ng/mg vs. tgko: 126.98 ± 28.09 
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ng/mg; p < 0.01) in tgko mice at 12.5 months of age (Figure 33A). In the soluble fraction a 

reduction of Aß40 levels was observed in tgko mice at 9.5 months of age (tg: 447.25 ± 92.53 

pg/mg vs. tgko: 238.95 ± 24.74 pg/mg; p < 0.01). Insoluble Aß40 and Aß42 did not differ 

between tg and tgko mice at 6.5 and 9.5 months, neither did soluble levels of 5.5 and 12.5 

months aged animals. For all soluble values large deviations have to be taken into 

consideration. 

To exclude that differences in Aß levels are due to altered APP processing, lysates of the 

soluble (DEA) fraction were analyzed by Western blotting. Immunoblot analysis of the soluble 

fraction of tg and tgko mice at 7, 9.5 and 12.5 months for APP (22C11), αAPPs (Aß rod), 

βAPPs (192 wt) and huAPP (5313) (Figure 33B) revealed no differences in tg vs. tgko mice, 

implying that alterations of Aß levels in the ELISA were not due to changes in APP 

processing. 

In summary, Aß40 and Aß42 levels in hippocampal and cortical tissue of tgko compared to tg 

mice at 12.5 months were reduced, as was soluble Aß40 at 9.5 months, while APP 

processing was unchanged. 
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Figure 33. Aß levels are reduced in tgko mice compared to tg mice. (A) Determination of the 

amounts of soluble and insoluble Aß40 and Aß42 by ELISA in tg and tgko mice. Data are presented as 

means ± SEM; n=7-13; ** p < 0.01, Two-way ANOVA, Bonferroni posttests. (B) Immunoblot analysis 

of soluble fraction of tg and tgko mice at 7, 9.5 and 12.5 months for APP (22C11), αAPPs (Aß rod), 

βAPPs (192 wt) and huAPP (5313) in order to reveal differences in APP processing in tg vs. tgko mice. 

Antibodies used for detection of APP isoforms are depicted in brackets at the right. Wild-type (wt) 

extracts served as a control. 
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4.5. APP processing in CRH-R1KO mice 

To exclude that alterations in Aß levels in arcAß CRH-R1KO mice are not due to changes in 

endogenous APP processing in CRH-R1-deficient mice, we analyzed hemispheres of CRH-

R1KO (ko) mice (Timpl et al., 1998). After gel electrophoresis of the soluble diethylamine 

(DEA) fraction (see 3.2.6 Extraction and quantification of secreted Aß and APP processing 

forms), Western blotting was conducted with antibodies against total sAPP (22C11; for 

binding specificity see Figure 12) and against sAPPβ (192wt). Levels of total sAPP and 

sAPPβ were indistinguishable between ko and wt mice (Figure 34) aged 3 months, indicating 

similar expression of endogenous APP in ko mice and no preferred cleavage by α- or β-

secretase (BACE1). 

 

 

Figure 34. Endogenous sAPP levels in CRH-R1KO (ko) mice do not differ from wild-type (wt) 

littermates. Diethylamine (DEA) fraction of wt and ko mice aged 3 months. Antibodies against sAPP 

(22C11) and sAPPß (192wt) were used for detection. Protein sizes are depicted in kDa. 

 

 

Beta-secretase (BACE1) is supposed to play a crucial role in the myelination of peripheral 

nerve cells. Consistently, expression of BACE1 in mice was found to be highest in early 

postnatal stages, declined in the second postnatal week and decreased onwards to low 

levels in adult mice (Willem et al., 2006). 

To get more detailed insights into APP processing in CRH-R1KO mice, we analyzed brains 

of CRH-R1KO mice (ko, heterozygous and wt) at P5.5 with respect to BACE1 regulation. To 

this end, membranes were prepared. In addition, expression of APP (22C11) and 

α-secretase (ADAM 10) were analyzed (Figure 35A). The DEA fraction (see 3.2.6 Extraction 

and quantification of secreted Aß and APP processing forms) was analyzed regarding total 

sAPP (22C11), sAPPβ (192wt) and sAPPα (Figure 35B). Although the Western blot suggests 

that more APP is expressed in wt mice (lane 1-3, Figure 35A, B), levels of α-secretase 

(ADAM) and β-secretase (BACE1) remained the same in wt, heterozygous and total ko mice 

(Figure 35B). Accordingly, the levels of the processing products (sAPP, sAPPβ, sAPPα) were 

not changed (Figure 35 B). 
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Figure 35. BACE and ADAM activity in CRH-R1KO mice at P5.5. Brains of wild-type (wt), 

homozygous (CRH-R1
-/-

) and heterozygous (CRH-R1
+/-

) CRH-R1KO mice at P5.5. (A) Membrane 

preparation reveals levels of APP (22C11), ADAM 10 and BACE1 (ProSci and 3D5). (B) DEA fractions 

were analyzed with respect to sAPP (22C11), sAPPß (192wt) and αAPPs (2D8 and murine). Protein 

sizes are depicted in kDa. 

 

4.5.1.1. The influence of the CRH-R1 on Aß plaque formation in arcAß mice 

To further substantiate the biochemical findings in arcAß CRH-R1KO mice we conducted a 

detailed plaque analysis. Plaque number (Figure 36A, D), the area occupied by plaques 

(Figure 36B, E) and the mean plaque area (Figure 36C, F) within the hippocampus and 

prefrontal cortex (PFC) were determined. For the prefrontal cortex (PFC) 3-4 coronal 

sections from bregma +2.22 to +1.78 mm and for the hippocampus 3 sections from 

bregma -1.70 to -2.06 mm per animal were chosen according to the stereotaxic atlas 

(Paxinos and Franklin, 2001). Sections of tg vs. tgko mice at 9.5 and 12.5 months of age 

were stained with antibody A2275 specific for the N-terminus of human amyloid ß. 

Photomicrographs were taken and analyzed automatically using the particle measurement 

programme of ImageJ. In the PFC similar Aß plaque load and appearance were found in tg 

and tgko mice at 9.5 and 12.5 months of age (Figure 36D, E, F). In the hippocampus the 

plaque number, the area occupied by plaques and the mean plaque area increased with age 

in both genotypes (Figure 36A, B, C). Furthermore, the number of plaques in the 

hippocampus was significantly decreased in tgko mice compared to tg mice at 12.5 months 

of age (tg: 26.68 ± 3.61 vs. tgko: 13.47 ± 2.09; p < 0.01). The plaque area at 9.5 months 

(tg: 0.375 ± 0.04 vs. tgko: 0.23 ± 0.03; p < 0.05) and at 12.5 months (tg: 1.61 ± 0.32 vs. 

tgko: 0.65 ± 0.12; p < 0.01) was also decreased in tgko mice compared to tg littermates. 

Taken together, the number of plaques and the area occupied by plaques were reduced in 

the hippcampus of tgko mice at 12.5 months, as was the area occupied by plaques in the 

hippocampus at 9.5 months. 
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Figure 36. Loss of CRH-R1 reduces Aß plaque formation in the hippocampus of arcAß mice. A 

detailed analysis of plaque quantification was conducted to determine (A, D) the plaque number, (B, 

E) the area occupied by plaques and (C, F) the mean plaque area of tg (solid bar) and tgko (open bar) 

mice (A, B, C) in the hippocampus (bregma -1.70 to -2.06 mm) and (D, E, F) the prefrontal cortex 

(bregma +2.22 to +1.78 mm) at 9.5 and 12.5 months of age. (G) Photomicrographs show Aß 

immunostaining of the hippocampus (left) and the prefrontal cortex (right). Analysis is based on anti 

Aß-immunoreactivity (antibody A2275, red, specific for the N-terminus of human Aß). Data are 

presented as means ± SEM; n=4-8; * p < 0.05, ** p < 0.01, Student´s t-test. 
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4.5.1.2. The influence of the CRH-R1 on neuroinflammation in arcAß mice 

Infiltration of activated microglia and astrocytes is observed in the brains of human AD 

patients and transgenic AD mouse models (Stalder et al., 1999;Matsuoka et al., 2001) as a 

response to injury in the brain. To dissect the role of CRH-R1 deficiency in this context we 

performed co-stainings of Aß plaques with markers for microglia and astrocytes in the 

hippocampus and prefrontal cortex (PFC) of tg vs. tgko mice aged 9.5 and 12.5 months, 

respectively. Results are exemplarily depicted for the PFC of mice at 12.5 months of age 

(Figure 37A-C). Astrocytes, stained for glial fibrillary acidic protein (GFAP, red), are similarily 

distributed around Aß plaques (A2275, green) of tg and tgko mice (Figure 37A). Also, 

microglia surrounding Aß plaques in tg and tgko mice show similar spatial distributions and 

frequencies (Figure 37B, C). Figure 37B shows microglia stained with tomato lectin (green) 

around Aß plaques (A2275, red); in Figure 37C microglia are detected by expression of 

ionized calcium-binding adaptor molecule 1 (Iba-1, red), Aß plaques by 6E10 antibody 

specific for the 1-17 fragment of human Aß (green). No differences in infiltration of microglia 

and astrocytes were to be seen in tg vs. tgko mice. 

 

Figure 37. Microglia and astrocytes are equally accumulated around plaques in tg and tgko 

mice. (A-C) Inflammation in the prefrontal cortex of tg and tgko mice at 12.5 months of age. (A) 

Astrocytes (GFAP, red) are assembled around Aß plaques (A2275, green). (B, C) Microglia 

surrounding Aß plaques are present in tg and tgko mice; (B) Microglia (tomato lectin, green) and Aß 

plaques (A2275, red); (C) Microglia (Iba-1, red) and Aß plaques (6E10, green). Scale bars, 100 µm. 
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4.6. Basal characterization of CRH-COECNS mice 

To elucidate the effects of CRH in the context of AD, we used mice with conditional, CNS 

restricted overexpression of CRH (CRH-COECNS, generated by Lu et al. 2008). CRH-COECNS 

mice were screened for basal emotionality to assess effects of potential phenotypes on 

cognitive performance of arcAß CRH-COECNS mice. In general, CRH-COECNS mice were 

hyperactive and aroused during handling in all experiments.  

4.6.1. Assessment of bodyweight in CRH-COECNS mice 

Bodyweight in CRH-COECNS mice (coe) was significantly reduced at 4 months of age 

(p < 0.01). At the age of 8 and 12 months coe mice showed a tendency towards decreased 

bodyweight (Figure 38). 

Figure 38. The bodyweight of CRH-COE
CNS 

(coe) mice is reduced compared to their wild-type 

(wt) littermates. Data are presented as means ± SEM; n=11-13; ** p < 0.01, Student´s t-test. 

 

4.6.2. HPA axis functionality in CRH-COECNS mice 

HPA axis activity, reflected by corticosterone levels, in coe mice at 12 months of age was 

determined (Figure 39). Under basal housing conditions plasma corticosterone levels were 

indistinguishable between wt and coe mice. In contrast, plasma corticosterone levels after 

acute stress (10 min restraint) were significantly increased in coe mice compared to control 

littermates, indicating an exaggerated activation of the HPA axis in response to stress. These 

results confirm previous findings by Lu and colleagues (2008). 
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Figure 39. The HPA axis in coe mice is hyperreactive to stress.  

Corticosterone levels were assessed in wt vs. coe mice at basal conditions and following stress (10 

min restraint) at 12 months of age. Results are presented as means ± SEM; n=11-13; ** p < 0.01, 

*** p < 0.001, Student´s t-test. 

 

4.7. Assessment of basal emotionality in CRH-COECNS mice 

The characterization of emotional behavior, including locomotion, anxiety-related and 

stress-coping behavior was conducted in coe vs. wt mice at 4, 8 and 12 months of age. 

4.7.1.1. Assessment of locomotion in CRH-COECNS mice 

Locomotion of coe mice at all ages was increased in the open field (OF) (Figure 40A, B) and 

in the Y-maze task (Figure 40C).  
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Figure 40. Locomotion is increased in coe mice. (A) Distance travelled and (B) immobility in the 

open field and (C) distance travelled in the Y-maze task are presented in wt vs. coe mice at 4, 8 and 

12 months of age. Data are expressed as means ± SEM; n=11-13; * p < 0.05, ** p < 0.01, Student´s 

t-test. 
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4.7.1.2. Assessment of anxiety-related behavior in CRH-COECNS mice 

Anxiety-related behavior of coe mice was assessed in the dark/light box (DaLi) and the OF. 

Additionally, the elevated plus maze test was performed, but the results cannot be taken into 

account since a huge proportion of mice dropped off the maze and remaining numbers were 

too small. Coe mice aged 4 months showed a significant increase in the time spent in the lit 

compartment of the DaLi (Figure 41A), indicating a less anxious phenotype. In the OF no 

alteration in anxiety-related behavior was detected between coe and wt mice at 4, 8 and 12 

months (Figure 41B). 
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Figure 41. Anxiety-related behavior is reduced in coe mice. (A) Time in the lit compartment of the 

dark/light box and (B) the distance in the inner zone/total distance in the open field were determined in 

order to assess anxiety-related behavior in coe vs. wt mice at 4, 8 and 12 months of age. Data are 

presented as means ± SEM; n=11-13; * p < 0.05, Student´s t-test. 

 

4.7.1.3. Assessment of stress-coping behavior in CRH-COECNS mice 

Lu and colleagues demonstrated that coe mice show enhanced active stress-coping 

behavior (Lu et al., 2008). We could partly confirm these results as we observed that coe 

mice aged 12 months float less (Figure 42C). However, we could not observe enhanced 

active stress-coping behavior in coe mice at the age of 4 months (Figure 42A-C). 
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Figure 42. Coe mice show enhanced active stress-coping behavior at 12 months of age in the 

forced swim test. Coe and wt mice were analyzed regarding time (A) struggling, (B) swimming and 

(C) floating at 4 and 12 months of age. Data are presented as means ± SEM; n=11-13. * p < 0.05, 

Student´s t-test 

 

4.8. The impact of CRH overexpression on the onset and pathology of 

AD 

To study the impact of CRH overexpression in an AD mouse model, arcAß mice were bred to 

CRH-COECNS mice according to the breeding scheme depicted in Figure 43. Four genotypes 

of interest of arcAß CRH-COECNS mice were generated and subjected to comprehensive 

phenotyping: wild-type (wt), transgenic arcAß (tg), CRH-COECNS (coe) and transgenic arcAß 

CRH-COECNS (tgcoe).   
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Figure 43. Breeding scheme of arcAß CRH-COE
CNS 

mice. Four genotypes were generated: 

wild-type (wt), transgenic arcAß (tg), CRH-COE
CNS

 (coe) and transgenic arcAß CRH-COE
CNS

 (tgcoe). 

Brown fur color indicates mice carrying the arcAß transgene. 
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4.8.1. HPA axis functionality in arcAß CRH-COECNS mice 

Plasma corticosterone levels were assessed in tg vs. tgcoe mice at 12 months of age. 

Assessment revealed elevated basal (p = 0.056) and stress (p < 0.05) levels in tgcoe mice 

(Figure 44) indicating an hyperactivated and hyperreactive HPA axis in those mice. 
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Figure 44. HPA axis is hyperactivated and hyperreactive in tgcoe compared to tg mice.  

Basal and stress-induced plasma corticosterone levels in tg vs. tgcoe mice at 12 months of age. 

Results are presented as means ± SEM; n=11-13; * p < 0.05, Student´s t-test. 

 

4.8.2. Testing cognitive performance of arcAß CRH-COECNS mice 

Similar to the assessment of cognition in arcAß CRH-R1KO mice, the cognitive abilities were 

investigated in arcAß CRH-COECNS mice. Four genotypes, wild-type (wt), CRH-COECNS (coe), 

arcAß transgenic (tg) and arcAß transgenic CRH-COECNS (tgcoe), were submitted to the 

Y-maze, the spatial paradigm of the water cross maze (WCM) and the spontaneous object 

recognition (OR) task. 

4.8.2.1. Evaluation of spontaneous alternation in the Y-maze task 

In the Y-maze task, mice can choose between three different arms to explore, each 

presenting a different symbol at its end. Spontaneous alternation, assessed in the Y-maze, is 

a natural tendency of rodents to explore different arms of a maze on successive runs (Middei 

et al., 2004). During a 5 min test session the sequence of arm entries was recorded and 

alternation calculated as successive entries into the three arms in overlapping triplet sets. 

Spontaneous alternation was not significantly altered in wt, coe, tg and tgcoe mice at 4, 8 

and 12 months of age (Figure 45). 
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Figure 45. Spontaneous alternation is not significantly altered in arcAß CRH-COE
CNS

 mice. Wt, 

coe, tg and tgcoe mice at the age of 4, 8 and 12 months were submitted to the Y-maze task to test 

spontaneous alternation. Percent alternation was calculated as the ratio of actual to possible 

alternations (defined as the total number of arm entries−2) × 100 %. Results are presented as means 

± SEM; n=11-13, One-way-ANOVA. 

 

 

4.8.2.2. Performance in the water cross maze (WCM) task 

Wt, coe, tg and tgcoe mice aged 8 months were subjected to the spatial paradigm of the 

WCM. Accuracy was clearly reduced in tg and tgcoe mice compared to wt and coe mice 

(Figure 46A, B). None of the tg animals passed the chance level of 50 %. These findings 

indicate a decline in hippocampus-dependent spatial learning in tg mice with or without CRH 

overexpression compared to non-tg mice. Side bias did not significantly deviate between the 

genotypes (Figure 46C, D). 
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Figure 46. CRH overexpression does not alter spatial performance of arcAß mice in the 

WCM task. (A-D) Spatial learning was evaluated in wt, coe, tg and tgcoe mice at 8 months of age. (A) 

Accuracy, (B) number of accurate learners, (C) side bias and (D) number of biased learners are 

shown. A: wt-tg d2 *, d5 ***; wt-tgcoe d5 ***; coe-tg d4 **, d5 ***; coe-tgcoe d3 *, d4 *, d5 ***. Data are 

presented as means ± SEM; n=6-12; * p < 0.05, ** p < 0.01, *** p < 0.001, Two-way repeated 

measures ANOVA, Bonferroni posttests. 

 

 

4.8.2.3. Evaluation of spontaneous object recognition memory 

ArcAß CRH-COECNS mice were tested for spontaneous object recognition at the age of 

4 months (Figure 47). Contrary to wt mice, which discriminated between novel and familiar 

object (67.03 ± 9.95 %), coe (48.93 ± 12.59 %) and tg (50.80 ± 16.16 %) mice were not able 

to discriminate, i.e. their exploration score was at the chance level. Tgcoe mice 

(55.25 ± 10.89 %) did not significantly differ in the task compared to wt mice, although their 

exploration score was low and below the predicted ability of object distinction. However, no 

additive effects of the tg and coe phenotype were seen in the OR performance of tgcoe mice. 
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Figure 47. Tg and coe mice are impaired in performing the spontaneous object recognition 

(OR) task. OR was conducted for wt, coe, tg and tgcoe mice at 4 months of age. Percentage 

exploration = novel object exploration time / total object exploration in the choice phase x 100%. 

Results are presented as means ± SEM; n=8; ** p < 0.01, One-way ANOVA, Turkey´s multiple 

comparison posttest. 

 

4.8.3. Neuropathological analyses in arcAß CRH-COECNS mice 

4.8.3.1. The influence of CRH overexpression on Aß levels in arcAß mice 

In order to investigate the impact of CRH overexpression on Aß generation in brains of arcAß 

mice, we performed a Sandwich ELISA for Aß38 (not shown), Aß40 and Aß42 on brain extracts 

from tg vs. tgcoe mice at the age of 5.5, 9 and 11.5 months. Therefore, combined 

hippocampal and cortical tissue was processed to a soluble and insoluble fraction. Results 

revealed elevated Aß40 and Aß42 levels in both the soluble and insoluble fraction for tgcoe 

mice at 11.5 months, significant for the insoluble levels (Figure 48A) (Aß40: tg: 

1692.66 ± 155.14 ng/mg vs. tgcoe: 2366.01 ± 239.70 ng/mg; p < 0.01 and Aß42: tg: 

237.98 ± 16.85 ng/mg vs. tgcoe: 316.87 ± 21.03 ng/mg; p < 0.001). In the soluble fraction 

Aß40 and Aß42 levels were already increased at the age of 9 months, but due to high 

variability this effect was not significant. Insoluble Aß did not differ between tg and tgcoe at 

9 months. For the earliest time point no differences in either fraction were observed. 

To preclude that altered Aß levels are a consequence of a modified APP processing in arcAß 

CRH-COECNS mice, lysates of the soluble (DEA) fraction were analyzed by Western blotting. 

Immunoblot analysis of the soluble fraction of tg and tgcoe mice at 6, 9 and 12 months for 

APP (22C11), αAPPs (Aß rod), βAPPs (192 wt) and huAPP (5313) (Figure 48B) revealed no 

differences in tg vs. tgcoe mice, implying that alterations of Aß levels in the ELISA are not 

due to shifted APP processing.  
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Figure 48. Aß levels are increased in tgcoe mice compared to tg mice. (A) Determination of the 

amounts of soluble and insoluble Aß40 and Aß42 by ELISA in tg and tgcoe mice at different time points. 

Data are presented as means ± SEM; n=7-13; ** p < 0.01, Two-way ANOVA, Bonferroni posttests. (B) 

Immunoblot analysis of soluble fraction of tg and tgcoe mice at 6, 9 and 12 months for APP (22C11), 

αAPPs (Aß rod), βAPPs (192 wt) and huAPP (5313) in order to reveal differences in APP processing 

in tg vs. tgcoe mice. Wild-type (wt) samples served as a negative control. 
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4.8.3.2. The influence of CRH overexpression on Aß plaque formation in arcAß 

mice 

To further substantiate the biochemical findings of arcAß CRH-COECNS mice we conducted a 

detailed plaque analysis. Plaque number (Figure 49A, D), the area occupied by plaques 

(Figure 49B, E) and the mean plaque area (Figure 49C, F) in the hippocampus 

(bregma -1.70 to -2.06 mm) and prefrontal cortex (PFC, bregma +2.22 to +1.78 mm) were 

determined. Therefore, sections of tg vs. tgcoe mice at 9 and 12 months of age were stained 

with the antibody A2275 specific for the N-terminus of human amyloid ß. Photomicrographs 

were taken and analyzed automatically using the particle measurement programme of 

ImageJ. 

In the PFC a similar Aß plaque load and appearance of plaques was observed in tg and 

tgcoe mice at 9 and 12 months of age with a general increase in plaque number from 9 to 12 

months (Figure 49D, E, F). In the hippocampus of mice aged 9 months the plaque number 

was significantly increased in tgcoe compared to tg, as was the area occupied by plaques 

(not significant) but not the size of the individual plaques (Figure 49A, B, C). The hippocampi 

of arcAß CRH-COECNS mice aged 12 months did not show alterations regarding plaque 

number, area occupied by plaques or mean plaque area compared to arcAß control mice. 
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Figure 49. CRH overexpression increases hippocampal plaque load at 9 months. A detailed 

quantification of plaques was conducted to determine (A, D) plaque number, (B, E) percentage area 

occupied by plaques and (C, F) mean plaque area of tg (solid bar) and tgcoe (open bar) in the 

hippocampus (bregma -1.70 to -2.06 mm) (left column) and prefrontal cortex (bregma +2.22 to +1.78 

mm) (right column) at 9 and 12 months of age. (G) Visualization of amyloid plaques is based on anti 

Aß-immunoreactivity (A2275, red). Data are presented as means ± SEM; n=4-8; ** p < 0.01, Student´s 

t-test. 
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4.8.3.3. The influence of CRH overexpression on neuroinflammation in arcAß 

mice 

Similar to arcAß CRH-R1 mice, inflammation was assessed in arcAß CRH-COECNS mice: 

co-stainings of Aß plaques with markers for microglia and astrocytes in the hippocampus and 

prefrontal cortex (PFC) of tg vs. tgcoe mice aged 9 and 12 months were performed. Results 

are exemplary depicted for the PFC of mice at 12 months of age (Figure 50A-C). GFAP 

positive astrocytes (red) are assembled to similar extent around Aß plaques (A2275, green) 

of tg and tgcoe mice (Figure 50A). Also, microglia surrounding Aß plaques are present to a 

similar extent in tg and tgcoe mice (Figure 50B, C): Figure 50B shows microglia stained with 

tomato lectin (green) around Aß plaques (A2275, red); in Figure 50C microglia are detected 

by Iba-1 (red), Aß plaques by 6E10 antibody (green). No differences in infiltration of microglia 

and astrocytes were visible in tg vs. tgcoe mice. 

 

 

Figure 50. Activated microglia and astrocytes are similarily surrounding plaques in tg and 

tgcoe mice. (A-C) Inflammation in the prefrontal cortex of tg and tgcoe mice at 12 months of age. (A) 

Astrocytes (GFAP, red) are assembled around Aß plaques (A2275, green). (B, C) Microglia are 

surrounding Aß plaques: (B) Microglia (tomato lectin, green) and Aß plaques (A2275, red); (C) 

Microglia (Iba-1, red) and Aß plaques (6E10, green). Scale bars, 100 µm. 
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5. Discussion 

Alterations of the CRH/CRH-R1 system and in this context of the HPA axis have been 

repeatedly reported in Alzheimer´s disease (AD). Furthermore, a hyperactivity of the HPA 

axis, which manifests in elevated glucocorticoid (GC) levels, has been shown to accelerate 

the onset and progression of the disease. GCs can enhance Aß generation (Catania et al., 

2009;Sotiropoulos et al., 2008b;Lee et al., 2009;Sotiropoulos et al., 2011) as well as tau 

phoshporylation (Sotiropoulos et al., 2008a) and are at high levels detrimental for cognitive 

functionality (Gurevich et al., 1990;Lupien et al., 1998). In addition, stress induced tau 

phosphorylation has been shown to be mediated via CRH-R1 (Rissman et al., 2007;Carroll et 

al., 2011) and Aß increase in the interstitial fluid after acute stress has also been 

demonstrated to be CRH dependent (Kang et al., 2007b). In contrast, CRH has been shown 

to exert neuroprotective effects against Aß mediated toxicity in in vitro models (Bayatti et al., 

2003;Facci et al., 2003;Lezoualc'h et al., 2000). 

5.1. Neuroprotective effects of CRH in vitro 

Neuroprotective effects of CRH against Aß mediated toxicity in in vitro models have been 

shown before (Bayatti et al., 2003;Facci et al., 2003;Lezoualc'h et al., 2000). 

We observed neuroprotective effects of CRH pretreatment against Aß toxicity dependent on 

the amount of CRH-R1 and concentration of CRH. In AtT20 cells, which endogenously 

express CRH-R1, CRH treatment had no effect on cell survival, whereas in HT22 C3 cells, 

pretreated with 500 nM CRH, cell survival was elevated applying Aß 10-40 µM. In HT22 C2 

cells, which overexpress more than 400-fold of CRH-R1, cell survival after CRH treatment 

was clearly increased for all concentrations of CRH and Aß. Here, we reveal a 

neuroprotective capacity of CRH and hence, to some extent confirm previous findings 

mentioned above. Apparantly, in cells carrying the CRH-R1, CRH can exert neuroprotective 

effects against Aß treatment in a concentration-dependent manner. 

At first glance, the neuroprotective effects in cell models seem contradictory to our in vivo 

results, in which the CRH system turned out to act rather adversely. It has to be considered 

that these conflicting results emerge from fundamentally different systems. In vitro data 

cannot directly be correlated to findings in animal models. 
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5.2. Basal characterization of arcAß mice 

5.2.1. Emotional behavior of arcAß mice 

Assessment of basal emotionality in arcAß mice (tg vs. wt) revealed an increase in 

locomotion at 4, 8 and 12 months, unchanged anxiety-like behavior and an enhanced active 

stress-coping phenotype. Knobloch and colleagues only found increased locomotion in tg 

mice at 3 months of age while tg mice at older ages were indistinguishable from their wt 

littermates (Knobloch et al., 2007a). Furthermore, Knobloch and colleagues observed 

reduced anxiety-like behavior in tg mice at the age of 6 and 12 months (Knobloch et al., 

2007a). These discrepancies most likely can be ascribed to the difference in the genetic 

background of the used mouse strains, the age of mice, housing and testing conditions 

including the used test apparatuses. 

Increased locomotor activity is frequently observed in APP mouse models, e.g. in Tg2576 

mice (Bardgett et al., 2011). Interestingly, hippocampus lesioned mice (Ibotenic acid) exhibit 

a similar hyperactivated phenotype with increased locomotion in the open field (OF) task (C. 

Wotjak, unpublished results). In light of these findings it remains questionable why Knobloch 

and colleagues did not observe increased locomotion in older mice. 

Previous analyses of stress-coping behavior in APPswe/PS1 mice revealed a higher 

immobility of tg mice compared to controls in the forced swim test (FST) supporting a 

depression-like phenotype in that AD mouse model (Filali et al., 2009). We observed 

enhanced active stress-coping behavior in the FST, which was reflected by increased 

struggling and reduced floating time. These findings in the FST might also be related to the 

hyperactive phenotype of arcAß mice. Similarily, the reduced bodyweight in tg mice might 

also be a consequence of a higher energy expenditure related to the hyperactivity. 

5.2.2. HPA axis activity in arcAß mice 

Many AD patients exhibit elevated cortisol levels suggesting that AD causes a dysregulation 

of the HPA axis (Rothman and Mattson, 2010;Davis et al., 1986;Csernansky et al., 

2006;Rasmuson et al., 2001). Along these lines, basal and stress-induced corticosterone 

levels were elevated in several transgenic human APP mouse models of AD. In TgCRND8 

mice basal and stress-induced corticosterone levels were elevated in aged animals (Touma 

et al. 2004). Tg2576 mice showed elevated basal corticosterone levels (Lee et al., 

2009;Dong et al., 2008). Similarily, Carroll and colleagues observed increased basal and 

stress-induced corticosterone levels at 4 months of age in Tg2576 mice (Carroll et al., 2011) 

and at 9 months. Along these lines, older 3xTg-AD mice have significantly higher 

corticosterone levels than non-tg mice (Green et al., 2006). Taken together, these 
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observations indicate that the AD-like pathology in these APP mouse models induces a 

dysfunction of the HPA axis. This might be explained by the decline of the hippocampus 

following Aß plaque deposition and the accompanying reduced sensitivity of the HPA axis to 

negative feedback of GCs (Goncharova and Lapin, 2002;Bao et al., 2008;Raadsheer et al., 

1994b). 

In contrast to these findings, assessment of basal and stress levels of plasma corticosterone 

did not reveal any changes of basal or stress-induced corticosterone levels in arcAß mice 

compared to control littermates at 4 or 12 months of age. Apparently, in this specific AD 

model the HPA axis is not altered in its function. Interestingly, basal and stress levels of 

corticosterone significantly decreased with age in wt animals. In contrast to this finding, the 

HPA axis has been demonstrated to be more activated during aging in humans (Bao et al., 

2008). Numerous studies on rats also point towards an increased HPA axis activity during 

aging (de Kloet, 1992), although some reported an aging-associated decline (Cizza et al., 

1995). In C57BL/6 mice aged 3, 9 and 16 months the circadian pattern of corticosterone 

showed age-related changes: the peak of corticosterone secretion at the end of the light 

phase/beginning of the dark phase was at its highest level in mice at 3 months of age, 

whereas mice aged 9 months reached peak corticosterone concentrations about 2 hours 

earlier and the lowest levels of GCs were observed in 16 months aged mice. However, the 

total levels of corticosterone were rather equal (Dalm et al., 2005). 

5.2.3. Analysis of CRH and CRH-R1 expression in arcAß mice 

Since changes in the CRH system were shown in AD patients, we analyzed CRH and 

CRH-R1 mRNA expression in arcAß mice at 3, 6 and 12 months of age. 

Consistent with data from AD patients, cortical CRH mRNA expression was already 

increased at 3 months of age and continuously increased with age in arcAß mice. In contrast, 

CRH-R1 levels in the cortex of tg mice were elevated at 3 months of age, but decreased with 

age until they were below the wt levels at 12 months. The reciprocal expression of CRH and 

CRH-R1 mRNA in the progression of the disease might result from a compensatory 

mechanism, i.e. that increased CRH levels might result in a downregulation of CRH-R1. 

Similar observations on the transcriptional level have been made in depressed patients. Here 

the upregulation of CRH emerged concomitantly with CRH-R1 downregulation in the 

prefrontal cortex (Swaab et al., 2005). 

Contrary to the cortex, CRH-R1 expression in the CA1 region of the hippocampus increases 

with age. This is most likely due to the hippocampal damage in arcAß mice caused by Aß 

deposition. Thus, the CRH-R1 density in the hippocampus is reduced and the signaling 
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compromised. Therefore, the CRH-R1 is probably upregulated in order to compensate these 

deficits. 

5.3. The impact of CRH-R1 on the onset and progression of AD 

Previous studies demonstrated an increase in Aß production and tau phosphorylation by GC 

treatment and stress (Catania et al., 2009;Sotiropoulos et al., 2008a;Sotiropoulos et al., 

2011;Lee et al., 2009). Recently, stress induced tau phosphorylation has been shown to be 

mediated via the CRH-R1 (Rissman et al., 2007;Carroll et al., 2011). Also stress-related 

increase of Aß levels in the interstitial fluid has been demonstrated to be CRH dependent 

(Kang et al., 2007d). Further confirming the role of the CRH/CRH-R1 system in AD pathology 

apart from GCs, neuroprotective effects of CRH by binding to CRH-R1 against Aß-induced 

toxicity have been shown in vitro (Bayatti and Behl, 2005). Moreover, CRH treatment 

stimulated the release of non-amyloidogenic sAPP in vitro (Lezoualc'h et al., 2000). Taken 

together, there is increasing evidence that both the CRH-R1 and GC are crucial players in 

this devastating disease. 

To shed light on this interplay we generated an AD mouse model lacking CRH-R1. In this 

model CRH-R1 signaling throughout the brain and the pituitary is disrupted. These 

conventional CRH-R1 knockout (KO) mice have a non-functional HPA axis, characterized by 

low circulating corticosterone levels under basal conditions and following stress. However, 

CRH-R1KO mice show residual HPA axis activity in response to stress indicated by a slight 

increase of plasma corticosterone levels (p < 0.01 at 4 months, p < 0.05 at 12 months). This 

basal GC secretion in CRH-R1KO mice might result from an increased secretion of arginine 

vasopressin (AVP) from the PVN, which is able to maintain basal ACTH secretion and thus 

HPA axis activity (Muller et al., 2000). 

GCs play an essential role in processes related to memory formation (Sotiropoulos et al., 

2008b;Sandi, 2011). Sandi (2008) suggested an inverted-U shape model for the relation 

between stress/GCs dosage and learning: the peak is located in the learning improvement 

zone, whereas the lower branches, reflecting too low and high levels of stress/GC, are 

accompanied by impaired learning. This model gained validation for hippocampus- and 

PFC-dependent learning tasks (Sandi, 2011). 

5.3.1. Correlating cognitive to neuropathological results 

All four genotypes of arcAß CRH-R1KO mice were comprehensively tested for their cognitive 

abilities: wild-type (wt), CRH-R1KO (ko), transgenic arcAß (tg) and transgenic arcAß 

CRH-R1KO (tgko). Since Aß-related pathologies were only observed in APP transgenic mice, 

neuropathological and biochemical analyses were performed in tg vs. tgko mice. 
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In the spontaneous object recognition (OR) test tg animals aged 4 months were significantly 

impaired in exploration of the novel object compared to wt animals indicating a cognitive 

deficit due to overexpression of APP. Interestingly, CRH-R1 deficiency was able to rescue 

the OR deficits in tg mice. Since no Aß plaques were detectable in arcAß mice at 4 months 

of age, this behavioral phenotype can be ascribed to the detrimental effects of soluble Aß 

oligomers. Accordingly, there is evidence, that impairment in cognitive function, learning and 

memory correlates with soluble Aß oligomers rather than with total Aß (insoluble and soluble) 

or Aß plaques (Lue et al., 1999;McLean et al., 1999;Lesne et al., 2006;Selkoe, 2008). Thus, 

there is no strict correlation between learning capabilities and plaque burden, in particular in 

younger mice, where no Aß deposits are detectable but cognitive decline can already be 

observed. Moreover, the arcAß mouse model is characterized by strong and early 

accumulation of intracellular Aß oligomers, which could explain the early deficits in the OR 

task. 

In the water cross maze (WCM) task we discovered a general age-related decline in 

hippocampus-dependent spatial memory performance, but did not observe alterations in 

execution of the spatial task comparing tg versus tgko mice. However, striatum-mediated 

biased/response learning was dominant in tgko mice during the spatial paradigm. In the free-

choice paradigm, which is testing for response learning in the first week of the experiment, 

accurate response learning was only accomplished by tgko mice, not by tg mice. In the 

reversal phase of that test, which relies on re-learning and thus cognitive flexibility, which 

primarily depends on the PFC, tgko were impaired while tg mice were able to re-learn. 

The key neuropathological finding of arcAß CRH-R1KO mice was that Aß40 and Aß42 levels 

in hippocampal and cortical tissue of tgko compared to tg mice at 12.5 months were 

significantly reduced. Accordingly, also the plaque number and the area occupied by plaques 

were reduced in hippocampi of tgko mice in comparison to tg mice at 12.5 months. Soluble 

Aß40 was reduced in tgko mice at 9.5 months, as was the area occupied by plaques in the 

hippocampus at this age. Since the plaque analysis in the PFC did not reveal any significant 

differences between the genotypes, alterations in Aß levels measured by ELISA are 

suggested to originate primarily from the hippocampal alterations. APP processing was not 

altered when comparing tg and tgko mice, indicating that the decreased Aß levels in tgko 

mice are not a consequence of decreased Aß production but rather a result of enhanced Aß 

clearance. To preclude that alterations in Aß levels in arcAß CRH-R1KO mice are not due to 

changes in APP processing in CRH-R1-deficient mice, processing of endogenous APP was 

assessed in CRH-R1KO mice (wt vs. ko). Levels of sAPP did not differ between the 

genotypes, indicating equal processing of the protein. To further confirm this result, 

ß-secretase (BACE1) activity and APP processing were determined in CRH-R1KO mice at 
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postnatal day 5.5. At this stage BACE1 activity and thus potential changes in APP 

processing are at their maximum (Willem et al., 2006). Again, no alterations were detectable, 

suggesting that the decreased insoluble Aß levels in tgko compared to tg mice at 12 months 

of age are in fact a consequence of accelerated clearance rather than of alterations in the 

generation of Aß. 

It becomes clear that CRH-R1 deficiency induces a shift in learning strategies in arcAß mice, 

rescues object recognition memory impairment and leads to reduced Aß levels and plaque 

load in the hippocampus. The neuropathological findings including the increased insoluble 

Aß levels in the hippocampus and cortex as well as the increased hippocampal plaque load 

are in full agreement with the cognitive and mnesic decline observed whenever APP is 

overexpressed. More pronounced striatum based learning cannot be attributed to the plaque 

load in that region as the striatum is a region where hardly any plaques were found. 

Cognitive flexibility was compromised in tgko mice compared to tg mice at 12 months of age. 

However, the plaque analysis in the PFC, which is crucially involved in cognitive flexibility, 

did not reveal any differences between tg and tgko mice. GCs play a crucial role in cognitive 

function related to the PFC and it has been demonstrated that reduced endogenous GC 

levels can induce dysfunction of the PFC (Mizoguchi et al., 2004). Accordingly, compromised 

cognitive flexibility in tgko mice might partly be explained by low GC levels. However, non-

transgenic ko mice were not impaired, suggesting the combination of APP overexpression 

and low GC levels to induce the deficit in cognitive flexibility. On the other hand, stress and 

chronically elevated GCs disturbed hippocampus-dependent memory and PFC-mediated 

behavioral flexibility. The latter is also impaired by centrally applied Aß (Sotiropoulos et al., 

2011).  

When correlating Aß plaque burden to cognitive performance, the growing evidence which 

demonstrated that the number of senile plaques often does not correlate with the severity of 

memory impairment has to be considered. Soluble Aß oligomers much better correlate with 

mnesic decline (Lue et al., 1999;McLean et al., 1999;Lesne et al., 2006;Lesne et al., 

2008;Selkoe, 2008). In particular, deficits in spatial learning have been shown to correlate 

directly with Aß protofibril levels, but not with total Aß (Lord et al., 2009). In this context, it is 

worth mentioning that Aß oligomers are with respect to their biochemical properties 

fundamentally different from plaques. Consequently, statements concerning Aß oligomers 

need to be reviewed critically. Moreover, a positive relationship between soluble Aß levels 

and synaptic loss and accordingly severe cognitive impairment has been established 

(Pleckaityte, 2010). Synaptic loss, specifically the loss of synaptophysin as a presynaptic 

marker, is one of the best pathological correlates of cognitive impairment in AD subjects 

(Gouras et al., 2010;Tampellini and Gouras, 2010). Besides, synaptic activity is thought to 
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promote Aß secretion and one known function of APP is to inhibit synapses (Priller et al., 

2006). 

Previous studies reported increased GC levels to promote Aß generation and to decrease Aß 

degeneration (Green et al., 2006). Thus, the corticosterone deficit might be causally related 

to the reduction of Aß levels as well as to the improvement of cognition in arcAß CRH-R1KO 

mice in the OR task. 

Furthermore, Aß deposits in the hippocampus and resulting hippocampal damage have been 

demonstrated to enhance HPA axis dysregulation and to increase basal levels of GC 

(Kulstad et al., 2005;Breyhan et al., 2009;Nuntagij et al., 2009). Due to the blockade of the 

HPA axis this potentially exacerbating mechanism is disrupted in our model. In fact, not only 

is this aggravating mechanism sidestepped, but almost the entire stress hormone cascade 

including its ultimate effector - GCs. By deleting CRH-R1 in arcAß mice we could neither 

prevent the disease nor its progression in general, but could alleviate onset and symptoms 

like cognitive deficits and Aß plaque burden. Whether these effects are due to disruption of 

CRH-R1 signaling in general or due to the blockade of the HPA axis and accompanying low 

circulating GCs, remains to be elucidated. However, most probably disruption of the 

reinforcing HPA axis/GC circuit contributed to the alleviation of the disease. It is out of 

question that the GC-cascade with its powerful feed-forward loop is not the initial cause of 

AD since for expample depressed patients, which often show a hyperactive HPA axis, do not 

show neuropathological hallmarks such as Aß deposits. There is also no indication that GC 

treatment elicits AD neuropathological changes like Aß plaques (Lucassen et al., 2001). 

Though, dysregulation of the HPA axis may rather worsen the symptoms of the disease. The 

increased incidence of AD in aged, depressed and stressed subjects and the concomitant 

hyperactivation of the HPA axis in those subjects support the strong coherency of AD and 

the HPA axis. 

The detrimental effects of high dose GCs are evident. What is the particular role of CRH-R1 

in this interplay? Previously it has been demonstrated that GC treatment could trigger Aß 

generation (Sotiropoulos et al., 2008a;Catania et al., 2009), which could be reversed by 

pharmacologically blocking the CRH-R1 (Lee et al., 2009). Also Carroll and colleagues 

showed that restrained and isolation stress enhanced Aß generation and reduced microglial 

activation in Tg2576 mice, which could not be mimicked by GC-administration but prevented 

by CRH-R1-antagonists (Carroll et al., 2011). In addition, they observed increased tau 

phosphorylation and aggregation after stress in PS19 mice expressing human tau, which 

similarily could be prevented by CRH-R1-antagonism. Accordingly, Rissman and colleagues 

discovered stress-induced tau phosphorylation to be mediated by CRH-R1 in mice (Rissman 

et al., 2007). 
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Our data confirm the involvement of the CRH-R1 in the progression of AD. In a transgenic 

mouse model of AD we demonstrate that the deletion of CRH-R1 can defer Aß pathology 

and improve memory and learning. 

5.4. The impact of CRH on the onset and progression of AD 

To elucidate effects of CRH in the context of AD, we used CRH-COECNS mice, 

overexpressing CRH in the CNS (Lu et al., 2008). Basal screening of CRH-COECNS mice (wt 

vs. coe) revealed enhanced locomotion and a general arousal of coe mice, which most likely 

also entail their reduced bodyweight. The aroused phenotype might influence cognitive 

performance as it could be accompanied by attention deficits. 

HPA axis function at basal conditions was not altered in coe mice as indicated by 

corticosterone levels which were similar to wt mice. However, stress-induced plasma 

corticosterone levels were significantly increased in coe mice, indicating an exaggerated 

response of the HPA axis to stressful conditions. 

Interestingly, corticosterone assessment in arcAß CRH-COECNS mice revealed elevated 

levels in tgcoe compared to tg mice, which were marginally significant at basal conditions 

(p = 0.056) and significantly increased after stress. Apparantly, the combination of the APP 

transgene and CRH overexpression triggers HPA axis activity and enhanced drive of GCs. 

As discussed above, in AD elevated GC levels enhance Aß plaque formation and induce 

memory impairment. 

5.4.1. Correlating cognitive to neuropathological results 

Following arcAß CRH-R1KO mice, four genotypes of arcAß CRH-COECNS mice (wild-type 

(wt), CRH-COECNS (coe), arcAß transgenic (tg) and arcAß transgenic CRH-COECNS (tgcoe)) 

were subjected to cognitive testing. Neuropathological and biochemical analyses were 

conducted in tg vs. tgcoe mice. 

Cognitive performance of arcAß CRH-COECNS mice (wt, coe, tg, tgcoe) in the Y-maze 

revealed no significant alterations. However, at 4 months of age mice overexpressing CRH 

(coe and tgcoe) tended to have a higher percentage of spontaneous alternation. This 

observation might be ascribed to the increased hyperactivity and arousal observed in coe 

mice, which might increase the chance of higher alternation. 

The cognitive performance of wt, coe, tg and tgcoe mice aged 8 months in the WCM 

revealed impaired spatial memory of all tg mice, whereas there was no difference between tg 

and tgcoe mice in this particular task. These findings confirm those in arcAß CRH-R1KO 

mice in terms of hippocampal decline.  
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In contrast to wt mice, tg and coe mice aged 4 months failed to perform the OR task as their 

exploration score was at the chance level. In arcAß CRH-R1KO we similarily experienced tg 

mice to have impaired object recognition memory. Interestingly, CRH overexpression 

induces equal deficits, which probably again can be ascribed to the attention deficit due to 

their aroused state. However, the deficits seen in single transgenic tg and coe mice did not 

summate in double transgenic tgcoe mice. In contrast, tgcoe rather showed an improved 

performance in the task. 

In contrast to the OR task, the aroused phenotype did not compromise the performance of 

coe mice in the WCM. The strong motivation to escape the highly aversive test situation 

might probably override the attention deficit observed in the OR test. Along this line, the 

WCM is strongly driven by the aversive motivation to escape the water while in the OR task 

attention might be more essential for the recognition of an object.  

Mice with a central overexpression of CRH, which involves hypercorticosteronism and signs 

of cushing´s syndrome, show learning deficits (Stenzel-Poore et al., 1992). In particular the 

acquisition of learned behavior in the Water T-maze as well as in the Morris water maze are 

compromised (Heinrichs et al., 1996). 

In the neuropathological analysis of arcAß CRH-COECNS mice, elevated levels of insoluble 

Aß40 and Aß42 were observed in hippocampal and cortical tissue of tgcoe mice compared to 

tg mice at 12 months. APP processing in tgcoe mice was indistinguishable from tg mice.This 

finding points to a lower degradation rate in tgcoe mice compared to tg mice. In accordance, 

the hippocampal plaque load of tgcoe mice aged 9 months was increased in comparison to 

tg mice. However, this increase in plaque load in tgcoe vs. tg mice was not observed at 12 

months of age when a significant increase in Aß40 and Aß42 levels was detected. 

These results are in line with previous findings, where restraint stress and repeated CRH 

activation in the amygdala increased APP and Aß levels (Ray et al., 2011). Moreover, a 

recent study by Carroll and colleagues (2011) discovered elevated levels of 

paired-helical-filaments (PHF1) without changes in total tau levels in CRH-overexpressing 

mice aged 10 months, supporting a detrimental role of CRH and GC not only in Aß pathology. 

In contrast, Hanstein and colleagues, using CRH-COECNS mice, demonstrated a 

neuroprotective role of CRH overexpression against kainate-induced cell death in the CA3 

region of the hippocampus which is highly sensitive to excitotoxic stress (Hanstein et al., 

2008). Interestingly, they also observed no signs of neuroinflammation in coe mice after 

kainate injection, whereas control animals showed both activated astrocytes and microglia. In 

our study, astrocytes and microglia were activated and accumulated in particular around Aß 

plaques to the same extent in tg and tgcoe mice. Here, of course, it has to be considered that 

our analysis of inflammation was only applied to APP transgenic animals which exhibited Aß 
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plaques, whereas Hanstein and colleagues used non-transgenic mice which obtained acute 

kainate injections. The fact that we saw no alteration in the inflammatory response in tg 

compared to tgcoe mice might be due to the strong inflammatory response in APP transgenic 

arcAß mice mice which easily might mask minor differences.  

In summary, CRH overexpression exacerbated the AD neuropathology by increasing the Aß 

load. From the cognitive finding of the OR task we can hardly draw a conclusion as arcAß 

CRH-COECNS mice suffered attention deficits and therefore were basically impaired in 

mastering this task. However, performance in the WCM task was impaired in tg and tgcoe 

mice to a similar extent at 8 months of age. 

5.5. Cognitive performance of arcAß CRH-R1KO and arcAß CRH-

COECNS mice 

5.5.1. Performance in the water cross maze (WCM) task 

In the water cross maze (WCM) test all transgenic (tg, tgko, tgcoe) animals were equally 

impaired in their spatial hippocampus-dependent performance compared to non-transgenic 

mice (wt, ko, coe). Although no difference in allocentric spatial accomplishment of the task 

became apparent among the APP transgenic mice, tgko mice preferentially solved the task 

by predominant use of an egocentric response strategy, indicated by a high side bias. In the 

free-choice paradigm of the WCM, enforcing response learning during the first week of 

training, tgko mice performed as accurate as wt and ko mice did, whereas correct 

performance of tg mice was severely delayed. Consequently, striatum-mediated response 

learning is the predominant learning strategy in tgko compared to tg mice. 

Our data support previous findings regarding the decline of hippocampal function and 

consequent acquisition of a striatum-based compensatory mechanism. In general, 

hippocampus lesioned mice showed an impaired performance in spatial water maze tasks 

(Arns et al., 1999). Middei and colleagues observed that hippocampal dysfunction induced by 

APP mutations promotes striatum-based compensatory mechanisms. Hence, response 

learning became the predominant strategy in Tg2576 mice (Middei et al., 2004). Others also 

showed that impairment of hippocampal function enhances striatum-dependent procedural 

learning in rodents tested in various cross mazes (Schroeder et al., 2002;Chang and Gold, 

2003a). Interestingly, we observed compensation of spatial cognitive deficits by response 

learning only in tgko mice, suggesting CRH-R1 deficiency to trigger that shift in learning. 

Acetylcholine is a marker for learning activity and has also been implicated in switching of 

learning strategies. It has been shown that depending on the level of acetylcholine in the 

hippocampus or the striatum the solution strategy with respect to place (spatial) or response 
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could be predicted in rodents (Chang and Gold, 2003b). It is notable, that here the ratio of 

the neurotransmitter was important in both structures rather than the overall content (Pych et 

al., 2005). For example, higher acetylcholine levels in the striatum compared to the 

hippocampus predicted a response solution in a respective task. This might suggest that in 

tgko mice compared to tg mice the cholinergic transmission in the striatum is enhanced in 

comparison to the hippocampus. 

Unlike the accurate egocentric performance of tgko mice in the first week of the free-choice 

paradigm, the second week, testing for cognitive flexibility, revealed poor performance of 

tgko mice in comparison to tg mice. This suggests an impairment in cognitive flexibility of 

tgko mice compared to tg mice. Cognitive flexibility is largely mediated by PFC-hippocampus 

circuits. PFC-hippocampus circuits and thus behavioral flexibility have been shown to be 

affected by chronic GR activation (Cerqueira et al., 2007). Furthermore, Cerqueira and 

colleagues found that hippocampal functions are more sensitive to detrimental effects of GCs 

than other regions (Cerqueira et al., 2005). In contrast, we did not observe alterations in 

hippocampus-based spatial function in APP transgenic mice with normal versus low GC 

levels. However, the functionality of the PFC was impaired in tgko mice compared to tg mice, 

although tgko mice have lower GC levels.  

Taken together, these findings suggest that a loss of CRH-R1 in arcAß mice might promote a 

shift towards striatum-based response learning as we have seen in a task testing for spatial 

memory, whereas PFC-mediated cognitive flexibility was deteriorated. In conclusion, the 

predominant use of the striatum in tgko mice might act complementary to the disabled 

hippocampus and might also act complementary to the PFC. Such a complementary activity 

pattern of the striatum and the PFC was reported before (Ragozzino and Choi, 2004). 

Nevertheless, it has to be remarked that previously mentioned memory circuits are not 

independently operating units but are intermingled. Most experiences require integration of 

information across different neural systems. Supression of one system facilitates other 

systems, probably in a more pronounced manner than under physiological conditions 

necessary for the respective cognitive task. 

5.5.2. Evaluating object recognition memory 

Object recognition (OR) memory which depends on temporal lobe areas, in particular the 

perirhinal cortex (PRh) (Bussey et al., 2000), was impaired in tg mice aged 4 months, 

whereas tgko mice showed exploration scores similar to wt mice. Perirhinal neuronal 

response mechanisms also depend on cholinergic transmission (Massey et al., 2001). For 

example, blocking of muscarinic receptors by scopolamine impaired preferential exploration 
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of novel over familiar objects (Warburton et al., 2003). This suggests that loss of CRH-R1 

might induce enhanced cholinergic transmission in the PRh in arcAß mice. 

At the same age of 4 months, non-APP-transgenic mice overexpressing CRH (coe) were 

unable to perform the OR task. This deficit might be related to their aroused, hyperactive 

phenotype and connected to reduced attention. 

5.5.3. Linking cognitive results to cholinergic transmission 

Decline of cholinergic transmission caused by loss of cholinergic neurons, decrease in 

cholinergic receptors and reduction in choline acetyltransferase and acetylcholinesterase 

enzyme activities resemble the oldest hypothesis of AD (Coyle et al., 1983). However, 

therapeutic strategies addressing the acetylcholine deficit by inhibiting acetylcholinesterases 

are not able to cure the disease but can only treat symptoms in an early state. Thus, 

acetylcholine deficiency may not be the initiator of AD but rather the consequence of a 

widespread neuronal damage. In this process insufficient cholinergic neurotransmission may 

participate in the ongoing neuropathology and cognitive decline. 

Both the cholinergic and the CRH system are linked to memory and learning processes. 

Steckler and Holsboer (2001) observed both systems to interact in the modulation of spatial 

learning. Specifically, blockade of the muscarinic receptor by scopolamine induced spatial 

learning deficits which were aggravated by concomitant intracerebroventricular CRH 

administration. Nicotinic antagonism had no effect in this respect (Steckler and Holsboer, 

2001). 

These findings support the hypothesis that acetylcholine-dependent circuits are involved in 

the altered cognitive competence of arcAß CRH-R1KO and arcAß CRH-COECNS mice. In 

general, the cholinergic system in APP transgenic mouse models is supposed to be impaired 

similarily to AD patients (Bornemann and Staufenbiel, 2000). In CRH-R1 deficient arcAß 

mice (tgko) some cognitive abilities e.g. OR memory are sustained compared to tg mice. The 

decreased plaque load in tgko versus tg and tgcoe mice could preserve cholinenergic 

transmission. Pointing to the relation between the cholinergic and the CRH system, chronic 

muscarinic blockade led to increased cortical expression of CRH-receptors in rats (De Souza 

and Battaglia, 1986). As CRH aggravates the cognitive damage (Steckler and Holsboer, 

2001), it is reasonable to assume that no additional CRH-induced damage can occur in 

CRH-R1KO (ko, tgko) mice. In contrast, in mice overexpressing CRH (coe, tgcoe) this leads 

to a deficit in attention and thus learning is even more deteriorated. This scenario could also 

explain the accurate performance of ko mice in the WCM tasks. In addition, the loss of CRH-

R1 and the decreased GC levels could result in enhanced cholinergic activity for instance in 

the PRh and striatum. Vice versa, a cholinergic deficit would rather be aggravated by excess 
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CRH. Moreover, the increased levels of stress-induced GCs in CRH-COECNS mice might over 

the lifetime lead to aggravated cognitive function. Additional evidence corroborating the 

cholinergic hypothesis in the context of cognitive findings in arcAß CRH-R1KO and arcAß 

CRH-COECNS mice are the reciprocal Aß levels in both lines. Aß deposition locally 

deteriorates cholinergic transmission as demonstrated by decreased cholinergic enzyme 

activity in APP transgenic mice (Boncristiano et al., 2002). In conflict to that, we did not 

observe differences in plaque burden between the genotypes (tg vs. tgko) in the PFC, but 

only in the hippocampus and behaviorally we observed no change in hippocampus-

dependent spatial performance, only in cognitive flexibility. In this context, the hippocampus 

holds a pivotal role as it is consolidating information of other parts of the brain. Thus, the 

hippocampal Aß burden should be considered a general indicator for the learning capabilities. 

5.6. Electrophysiological evaluation in arcAß CRH-R1KO mice 

Disruption of synaptic plasticity, caused by soluble Aß oligomers rather than insoluble Aß 

plaques (Oddo et al., 2003;Lesne et al., 2006), is suggested to be the best pathological 

correlate to cognitive impairment (Gouras et al., 2010;Tampellini and Gouras, 2010) in AD. 

To identify the nature of this defect, electrophysiological studies have been performed in 

various AD transgenic mouse models, foremost in the CA1 region of the hippocampus, which 

is one of the major players in memory encoding. Knobloch and colleagues observed severely 

impaired CA1 hippocampal long-term potentiation (LTP) in slices from arcAß mice (tg vs. wt) 

aged 3.5 and 7.5 months (Knobloch et al., 2007b). They claim, that the deficit was not due to 

impaired synaptic plasticity as basal transmission in tg slices was normal, but caused by Aß 

oligomers as it could be reversed by pretreatment with the 6E10 antibody (against Aß 1-17 

sequence). Electrophysiological recordings in the CA1 region of the hippocampus of arcAß 

CRH-R1KO mice (wt, ko, tg, tgko) aged 12 months revealed a tendency to increased field 

excitatory postsynaptic potentials (fEPSPs) in tg mice compared to wt, ko and tgko mice after 

stimulation. Basal transmission and therewith synaptic plasticity was normal as indicated by 

the input-output curve. Determination of paired-pulse facilitation (PPF) predicated a higher 

presynaptic release probability of glutamate in tgko mice compared to tg, ko and wt mice. 

This effect was detectable at the short inter-stimulus interval of 20 ms. With longer pulse 

intervals the PPF ratio of tgko mice was similar to those of tg, ko and wt mice. 

At first glance, our results are opposing to those of Knobloch and colleagues. In this context, 

it is worth to mention that in the multitude of electrophysiological studies, contrasting results 

have been yielded in different AD transgenic mouse models, even in the same model by 

different research groups (Marchetti and Marie, 2011). Marchetti and Marie, who review the 

outcome of manifold hippocampal electrophysiological studies in AD transgenic mouse 
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models, report for 20 APP-based models in the age of 3-10 months mixed results: nine 

showed normal CA1 hippocampal LTP, 10 impaired LTP and one increased LTP. For a few 

APP mouse models even opposing data are evident, for example Tg2576 mice show either 

normal LTP or an age-dependent reduction in CA1 LTP. Middei and colleagues observed 

reduced potentiation only after submitting APP23 mice to training in the Morris water maze, 

pointing to the hypothesis that detection of hippocampal plasticity deficit ensues from prior 

challenge of its function (Middei et al., 2010). However, the current canon in the AD research 

field proposes acute exposure to synthetic or naturally secreted Aß to induce deficits in 

hippocampal LTP (Wang et al., 2002;Wei et al., 2010b;Klyubin et al., 2008;Klyubin et al., 

2005). Along these lines, it would be of interest to perform electrophysiological recordings in 

our mice after testing of cognition in order to record from already activated respective brain 

regions (Middei et al., 2010). 

FEPSPs after LTP stimulation tended to be increased in tg mice compared to tgko, ko and wt 

mice. In contrast, soluble Aß40 and Aß42 levels, which are believed to cause LTP impairment, 

showed an opposite trend with higher levels in tg mice compared to tgko mice.  However, 

fEPSPs results were not significant and it can not be ruled out that they are a result of high 

variability. As Knobloch and colleagues did not evaluate LTP of arcAß mice older than 7.5 

months we cannot directly correlate our findings to their results. In aged mice, physiological 

conditions are different to young animals. Additionally, they used a different stimulus (100 Hz 

for 3 trains of 1 s tetanus separated by 20 s, whereas our stimulus was: 1 x 100 Hz / 100 

pulses). 

In the spontaneous object recognition (OR) task we observerd a decline in exploration of tg 

mice which was rescued by CRH-R1KO. Perfomance of the task largely depends on the 

perirhinal cortex (PRh). To correlate these findings to a neuropathologic phenotype, we 

analyzed long-term depression (LTD) in this brain region. We did not observe alterations 

when comparing the four genotypes. To this end, it has to be taken into account that OR 

results were obtained from mice aged 4 months, whereas LTD measurements were done in 

mice aged 12 months. Probably, at 4 months of age, enhanced levels of Aß oligomers might 

have influenced the PRh of tg mice, whereas at 12 months oligomers assembled to plaques 

which do not differ in tg vs. tgko mice. 

While trying to correlate electrophysiological outcome to cognitive results it is noteworthy that 

LTP and LTD only mirrors memory acquisition, not e.g. the course of memory acquisition or 

extinction. Thus the results of the electrophysiological recordings can reliably be related only 

to the performance in the WCM on the first day of the test. Usually, the first day of 

comprehensive memory tasks like the WCM or the Morris water maze does not provide any 

prediction about the final mastering of the task. On day one of the WCM hippocampus-
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dependent spatial paradigm, arcAß CRH-R1KO mice at every age did not significantly differ 

among each other, only during later testing tg and tgko showed a deficit. Consistent with this, 

hippocampal LTP, which reflects acquisition at day one, did not differ in all groups tested. 

5.7. The role of corticosterone in arcAß CRH-R1KO and arcAß 

CRH-COECNS mice 

Besides loss of CRH-R1 and overexpression of CRH, tgko and tgcoe mice show a different 

activity of the HPA axis (Figure 51). GC levels under basal and stress conditions are lower in 

tgko and higher in tgcoe compared to their respective tg controls. The basal plasma 

corticosterone levels of tgcoe vs. tg mice are marginally and the response of the HPA axis to 

stress is significantly increased. Consequently, it has to be assumed that the corticosterone 

load over the lifetime is higher in tgcoe mice. 

Aß levels and plaque load were reduced in tgko compared to tg mice and increased in tgcoe 

mice. These reciprocal findings reflect the levels of corticosterone, which were also 

oppositely regulated in tgko and tgcoe mice. The detrimental effects of GCs in this regard are 

proven. Thus, we might hypothesize that low circulating corticosterone delays the onset and 

progression of AD, whereas elevated levels accelerate the disease progression in arcAß 

mice. 
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Figure 51. HPA axis activity in tgko and tgcoe compared to tg mice at 12 months. Illustrated are 

the basal and stress-induced corticosterone levels of tgko and tgcoe mice normalized to levels of their 

respective tg littermates (= 100 %). Results are presented as means ± SEM; n=11-13; * p < 0.05, 

** p < 0.01, *** p < 0.001, Student´s t-test. 
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5.8. Limitations and outlook of this study 

The genetic approach applied in this study has some limitations with respect to the specificity 

and spatial resolution. On the one hand we used conventional CRH-R1KO mice and on the 

other hand mice overexpressing CRH throughout the central nervous system. In both cases 

not only the CRH/CRH-R1 system is affected in the entire brain but also the HPA axis is 

compromised. Therefore, it is not possible to clearly discriminate CRH/CRH-R1 effects from 

those related to GCs or to assign effects to specific brain areas. Moreover, the study is 

restricted to a single transgenic AD mouse model which has its specific characteristics that 

cannot be fully generalized. 

Taken together, the present study cannot unequivocally discriminate between actions of GCs 

and the CRH/CRH-R1 system but provides strong evidence that both systems participate in 

the pathogenesis of AD. Chronic excess of GCs as well as of CRH exacerbate the disease, 

whereas the disruption of central CRH-R1 signaling and of the HPA axis alleviates the 

pathology. More definite roles of these crucial systems could originate from conditional 

mouse mutants with e.g. i) CRH-R1 deletion specifically in the pituitary to disrupt only the 

HPA axis, ii) CRH-R1 deletion in the brain but not in the pituitary to maintain HPA function or 

iii) confined CRH overexpression to the PVN in the hypothalamus resulting in a hyperactive 

HPA axis without CRH overexpression throughout the brain. 

In these conditional mutants cognitive assessment for all ages would be instructive, in 

particular tests enforcing learning shifts to further dissect the findings in arcAß CRH-R1KO 

mice. In this context, the evaluation of cholinergic transmission e.g. by detection of 

acetylcholinesterase activity would be necessary to test the cholinergic hypothesis. In 

addition, assessment of neuropathological correlates in young APP mice at ages where no 

senile plaques are visible yet could help to address the pathophysiology in more detail. 

Furthermore, chronic stress has been demonstrated to trigger Aß generation and tau 

hyperphosphorylation in dependence of the CRH-R1/CRH system (Kang et al., 

2007c;Rissman et al., 2007). To this end, it would be of interest to evaluate the impact of 

stress in the used models. 

In general, reduced sex hormones are a risk factor for AD (Atwood et al., 2005). The 

prevalence of AD is higher in women, most likely due to hormonal fluctuations in the 

menstrual cycle and a decline in estrogens during the menopause and therewith the lacking 

neuroprotective function of the hormone as ROS scavenger (Bachman et al., 1992;Letenneur 

et al., 2000;Selkoe, 2001;Swaab et al., 2003;Sotiropoulos et al., 2008b). Therefore, it is 

necessary to distinguish between males and females in studies concerning AD. In AD 

studies involving rodents, it is advisable to also include female animals to learn more about 

gender differences in this disease. 
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The current number and future estimations of AD cases are enormous: about 36 million 

people are affected by dementia worldwide (Ferri et al., 2005) and the numbers are predicted 

to double every 20 years. In the Global burden of disease study, depression is estimated to 

become the leading cause of disability by the year 2020 (Murray and Lopez, 1996). The 

increasing burden of both AD and depression and the higher prevalence in women, draws 

the attention to the overlay of pathologies and symptoms of both diseases. Assessing the 

interfaces, which partly manifest in CRH/GC system alterations, could probably yield in a 

more profound understanding of the genesis of either disease and eventually to more 

effective therapeutic strategies. 

CRH-R1 antagonists have gained attention as a potential novel class of antidepressants. 

CRH-R1 antagonist R121919 significantly reduced depression and anxiety scores in patients 

(Zobel et al., 2000). It is noteworthy that increased REM-sleep is a common feature of 

depressed patients, leading to a reduced release of growth hormones and enhanced 

secretion of CRH. So far, approved antipressants failed to improve REM-sleep conditions, 

however, CRH-R1 antagonist R121919 reduced REM-sleep duration to normal levels (Zobel 

et al., 2000). 

In contrast, two other CRH-R1 antagonists failed in the treatment of depressive symptoms: 

Pexacerfont (Bristol-Myers Squibb) did not demonstrate efficacy compared to placebo in 

generalized anxiety disorders (Coric et al., 2010) and CP-316,311 (Pfizer) also failed in 

treating major depression (Binneman et al., 2008). These discrepancies might be led back to 

the fact that not every depressed patient exhibits a hyperactive CRH system. Therefore, only 

a subpopulation reacts to CRH-R1 antagonism. Accordingly, targeting the CRH-R1 could 

prove to be successful at least in a sub-population of depressed patients and, in the light of 

similarities, might also be a promising target for the treatment of AD. In our study, CRH-R1 

turned out to be crucial for the onset and progression of AD and disruption of its signaling to 

defer the disease. Consequently, our data support the concept of CRH-R1 antagonism as a 

potential treatment strategy. 
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6. Conclusion 

In Alzheimer´s disease (AD), alterations of the CRH system and in this context of the HPA 

axis have been reported. Furthermore, hyperactivity of the HPA axis, manifested by elevated 

glucocorticoid (GC) levels, has been shown to accelerate the onset and progression of the 

disease. 

To elucidate the role of CRH and CRH-R1 we generated AD mouse models with alterations 

of the CRH/CRH-R1 system. To this end, we bred arcAß mice, a transgenic human amyloid 

precursor protein (APP) AD mouse model, to i) conventional CRH-R1KO mice obtaining 

arcAß CRH-R1KO and ii) conditional CRH-overexpressing mice CRH-COECNS obtaining 

arcAß CRH-COECNS mice. Four genotypes of either line, i) wild-type (wt), CRH-R1KO (ko), 

transgenic arcAß (tg), transgenic arcAß CRH-R1KO (tgko) and ii) wild-type (wt), CRH-

COECNS (coe), arcAß transgenic (tg) and arcAß transgenic CRH-COECNS (tgcoe) mice, were 

submitted to cognitive testing at 4, 8 and 12 months of age. Neuropathological as well as 

biochemical analyses were performed in tg mice and compared to their respective mutants 

(tgko, tgcoe mice). 

Our data provide evidence for the involvement of the CRH system and the HPA axis in the 

onset and progression of AD: we observed impaired object recognition (OR) memory in tg 

mice at 4 months, which was restored by CRH-R1 deficiency (tgko). Furthermore, all tg mice 

aged 8 months and older had deteriorated spatial memory in the water cross maze (WCM) 

task. Interestingly, tgko mice shifted to a striatum-dependent egocentric strategy by which 

they were able to perform a task of the WCM enforcing response learning more easily than tg 

mice. However, tgko mice exhibited less cognitive flexibility compared to tg mice. Different 

learning patterns might be ascribed to cholinergic signaling which is supposed to be related 

to the CRH system. 

Mice overexpressing CRH (coe, tgcoe) exhibited an aroused phenotype, which is 

accompanied by attention deficits and thus cognitive impairment as observed in the OR task. 

Compared to tg mice, Aß levels in hippcampal and cortical tissue of tgko mice were reduced 

as well as the hippocampal pIaque load. In tgcoe mice opposite effects were observed. 

In summary, in a tg mouse model of AD we could demonstrate that CRH-R1 deficiency can 

improve memory and learning and defer Aß pathology, whereas CRH overexpression had 

rather detrimental effects. Whether the effects are due to circulating GC levels, which are 

decreased in CRH-R1KO and elevated in CRH-COECNS mice or due to CRH-R1/CRH 

signaling per se remains to be investigated. 
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