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ABSTRACT 

 

Alzheimer's disease (AD) is an incurable disease characterized by a slow, progressive decline in 

cognitive functions as well as the presence of amyloid-beta (Aβ) plaques and neurofibrillary 

tangles. Interestingly, two thirds of AD patients are women who have a faster disease 

progression. Despite this clinical profile, sex differences in AD pathophysiology are largely 

ignored at the basic and clinical levels. Current therapies provide only mild to moderate 

improvement in patient symptoms. There is, therefore, an urgent need to expand our 

understanding of the underlying pathophysiology of AD, and to obtain alternative hypotheses 

and therapeutics. A recent and promising development involves the sigma-1 receptor (Sig1R), a 

protein regulated by steroid hormones, which has been implicated in AD. Most interestingly, 

Sig1R agonists have been shown to ameliorate cognitive deficits in an AD mouse model. Here, 

we investigated the role of Sig1Rs in an Aβ25-35-infusion mouse model of AD, using behavioural 

paradigms. Previous studies employing this model have demonstrated Aβ-induced impairments 

in learning and memory in young male rodents, while no work has been done on females. We 

examined cognitive function following Aβ25-35 infusion in wild-type and knock-out Sig1R adult 

male and female mice using the Morris water maze, spontaneous alternation in the Y-maze, and 

forced alternation in the Y-maze tasks. Overall, the data unexpectedly shows that genotype, Aβ25-

35-treatment, and sex had no effect on cognitive functions. These results suggest that additional 

efforts are required to obtain a working Aβ25-35-infusion model in our Sig1R mice and 

behavioural tasks. Future experiments will hopefully shed some light on the link between Sig1Rs 

and AD, which could lead to the development of therapeutics and disease prevention. 
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1. INTRODUCTION 

1.1 Alzheimer's Disease 

1.1.1 Background 

Dementia is a general term for major cognitive impairments severe enough to interfere with 

social or occupational activities and is associated with a diminished quality of life (Ankarcrona et 

al., 2016). Underlying pathological issues are often responsible for a decline in independent 

functioning from a certain premorbid state (Henderson, 2014). The most common form of 

dementia in the elderly is Alzheimer's disease (AD), first described in 1906 by the German 

psychiatrist Alois Alzheimer (Alzheimer et al., 1995; Maurer et al., 1997; Möller and Graeber, 

1998; Reitz et al., 2011; Scheltens et al., 2016). AD has a socio-economic impact measured in 

the billions, with considerable suffering experienced not only by the patients but also by their 

caregivers and loved ones. With over 35 million people suffering from dementia worldwide, this 

growing social and economic burden on society is in part due to the ever-increasing aging of the 

worldwide population (Mota et al., 2014; Prince et al., 2013; Wimo et al., 2010). Despite decades 

of intense basic and clinical research, there are presently no cures for AD and only limited 

therapeutic interventions are available to manage the devastating symptoms. 

AD is a progressive and fatal neurodegenerative disorder that is characterized by deterioration of 

cognitive functions as well as multiple behavioural disturbances and neuropsychiatric symptoms 

(Cummings, 2004; Mota et al., 2014; Puzzo et al., 2015). AD also gradually impairs regular 

skills such as reasoning, language, and abstraction, with female AD patients having relatively 

greater difficulty with naming, verbal fluency and episodic memory (Henderson and Buckwalter, 

1994; Ripich et al., 1995; Selkoe, 2011; Small et al., 2000). Evidence suggests that AD is a 

disease of synapses in which dysfunction of neuronal networks is manifested as episodic 
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memory loss in early stages of the disorder (Jacobsen et al., 2006; Ondrejcak et al., 2010; Roy et 

al., 2016; Terry et al., 1991). Loss of synapses in the brain occur prior to neuronal loss and is 

highly correlated with the severity of dementia in AD (DeKosky and Scheff, 1990; Shankar and 

Walsh, 2009). Progressive loss of synapses and nerve cells first start in the hippocampus, a brain 

region critical for learning and memory, and adjacent structures of the medial temporal lobes 

(Braak and Braak, 1991, 1997; Henderson, 2014; Isik, 2010; Vorhees and Williams, 2014). As 

the disease progresses, association areas of the cerebral cortex are increasingly affected resulting 

in the progressive loss of short-term/working memory (also referred as visuospatial memory), 

cognitive flexibility, and other cognitive abilities (Carlesimo and Oscar-Berman, 1992; 

Diamond, 2014; Mucke and Selkoe, 2012; Twamley et al., 2006). 

There are two forms of AD: a rare familial form (early-onset; EOAD) caused by autosomal 

dominant mutations, with an onset at an age younger than 60 years, and a common sporadic form 

(late-onset; LOAD), with an onset after 60 years of age (Brouwers et al., 2008; Kukull et al., 

2002; Reitz and Mayeux, 2014). EOAD is associated with mutations in the amyloid precursor 

protein (APP), presenilin 1 (PS1), and presenilin 2 (PS2) genes, all of which are linked to 

excessive production, accumulation, or deposition of amyloid-beta (Aβ) peptides in the brain 

(Cummings, 2004; Goate, 2006; Lannfelt et al., 2014; Selkoe, 1989). Despite tremendous 

research focused on elucidating the complex molecular mechanisms of LOAD, its environmental 

and genetic components are not fully understood (Balin and Hudson, 2014; Zou et al., 2014). 

1.1.2 Hallmarks 

The microscopic hallmarks characteristic of AD include neurofibrillary tangles (NFTs) and 

neuritic plaques (Ballenger, 2006; Blennow et al., 2006; Selkoe, 2011). These NFTs involve 

intracellular filaments capable of self-assembly and are composed of hyperphosphorylated tau, a 
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protein involved in the stabilization of microtubules (Binder et al., 2005; Claeysen et al., 2012; 

Mucke and Selkoe, 2012). NFTs have been shown to be located within cell bodies of affected 

neurons in the cerebral cortex and brain stem (Braak and Braak, 1991; Henderson, 2014). In 

neuritic plaques, the main component is Aβ, a peptide derived from the cleavage of APP (Mucke 

and Selkoe, 2012; Puzzo et al., 2015; Zetterberg and Mattsson, 2014). By assuming a β-pleated 

configuration, Aβ peptides are capable of aggregating and forming soluble oligomers as well as 

insoluble amyloid sheets. These insoluble sheets of Aβ aggregates accumulate in the 

extracellular space between neurons, and over time associate with astrocytes, microglia, and 

dystrophic neurites (Selkoe, 1989, 2011; Toyn and Ahlijanian, 2014). Neuritic plaques first 

appear in the basal isocortex and spread through the entire isocortex structure as the disease 

advances. In the late stages of AD, neuritic plaques are found throughout the brain, with the 

isocortex demonstrating the largest neuritic plaque load (Braak and Braak, 1991). 

In recent years, increasing evidence has shown that soluble Aβ oligomers (AβOs) are the 

molecules responsible for producing severe cytotoxicity and for causing detrimental effects on 

synaptic function and neuronal viability (Goate, 2006; Lambert et al., 1998; Lannfelt et al., 2014; 

Mucke and Selkoe, 2012; Oda et al., 1994). 

1.1.3 Sex differences in pathology 

While the concept of sex differences is well known, understanding the role of sex in AD 

pathology and treatment is considerably under-valued and under-studied (Cahill and Aswad, 

2015; Zucker and Beery, 2010). Epidemiological and observational studies suggest a higher 

incidence and prevalence of AD in women compared to men (Bachman et al., 1992; Herrmann et 

al., 2015; Jorm and Jolley, 2000; Mielke et al., 2014; Prince et al., 2013; Ruitenberg et al., 2001). 

Additional gender differences were also found when looking at various aspects of the disease. 
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Strikingly, two thirds of AD patients are women, who frequently experience a more rapid decline 

in cognition than their male counterparts (Farrer, 1997; Herrmann et al., 2015; Mielke et al., 

2014; Riedel et al., 2016; Sinforiani et al., 2010; Snyder et al., 2016a). Notably, it has been 

shown that synaptic structure and physiology can be altered by steroid hormones in the 

hippocampus and that these hormones can also be neuroprotective against various insults (Brann 

et al., 2007; Engler-Chiurazzi et al., 2016; Frick et al., 2015; Srivastava et al., 2013). Also of 

note, a decline of hormone levels, an event that takes place during menopause, affects 

hippocampal function and cognition (Adams and Morrison, 2003). Therefore, hormonal changes 

have the potential to influence processes associated with AD symptoms and pathogenesis and 

may partially explain the more rapid progression of AD in women. 

From a histopathological angle, research shows women exhibit greater Aβ deposition and NFT 

production as well as faster cerebral atrophy (Barnes et al., 2005; Corder et al., 2004; Skup et al., 

2011). Findings from human studies have also been corroborated by data obtained from animal 

research performed on mice. Consistent findings were observed, which exhibited more 

pronounced learning and memory impairments as well as higher levels of Aβ and tau aggregates 

in female compared to male mice (Callahan et al., 2001; Carroll et al., 2010; Grueninger et al., 

2010; Hirata-Fukae et al., 2008; King et al., 1999; Lewis, 2001; Song et al., 2015; Yue et al., 

2011). Therefore, it is imperative that the scope of AD research be broadened to include the role 

of sex in AD pathology and treatment. 

1.1.4 Risk factors 

Sporadic AD (or LOAD), which represents more than 90% of disease cases, is caused by a 

complex interaction between environmental and genetic risk factors, most of which are currently 

unknown. It is further complicated by the possible sex differences in pathophysiology, 
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reinforcing the heterogeneity of this disease. Population studies have identified levels of physical 

activity, smoking, obesity, and alcohol consumption as potential environmental risk factors 

(Graves et al., 1991; Rovio et al., 2005). However, the most common risk factor for AD is 

advancing age (Blennow et al., 2006; Ferreira et al., 2015; Jagust, 2013; Prince et al., 2013). 

When examining genetic factors, the most prevalent is a mutation in the apolipoprotein E (ApoE) 

gene on chromosome 19, and the inheritance of ApoE ε4 alleles, which are associated with 

higher Aβ load in the brain (Andreasson et al., 2014; Selkoe, 1994; Strittmatter et al., 1993). 

Interestingly, this polymorphism has been shown to increase the risk of sporadic AD more so in 

women than in men (Bretsky et al., 1999; Farrer, 1997; Mielke et al., 2014; Reitz and Mayeux, 

2014). 

Finally, as mentioned above, hormonal changes inherent to menopause impact neuronal 

processes involved in cognition and may be implicated in the pathological processes linked to 

AD. This drop in sex steroid hormones has been suggested to be a risk factor in AD (Pike, 2017; 

Vest and Pike, 2013). 

1.1.5 Amyloid cascade hypothesis 

Despite this heterogeneous complexity, the dominant theory in AD research thus far has been the 

amyloid cascade hypothesis (depicted in Figure 1). First postulated in the early 1990s, this 

theory suggests that production and aggregation of Aβ into plaques initiates a toxic cascade that 

leads to cellular dysfunction and ultimate neuronal death (Glenner and Wong, 1984; Hardy and 

Allsop, 1991; Hardy and Higgins, 1992; Hardy and Selkoe, 2002; Karran et al., 2011; Selkoe, 

1991). These plaques were believed to play a role in synaptic and neuronal loss, which promoted 

cerebral metabolism decline, brain inflammation, cognitive impairment and brain atrophy, with 
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the hippocampus showing the greatest decline in activity (Ball et al., 1985; Licastro et al., 2017). 

However, recent modifications to the hypothesis have suggested that the primary toxic agent 

responsible for instigating major facets of AD neuropathology is the soluble oligomeric Aβ 

species themselves, rather than the plaques (Bitan et al., 2003; Frackowiak et al., 1994; Glabe 

and Kayed, 2006; Lue et al., 1999; McLean et al., 1999; Paola et al., 2000; Walsh and Teplow, 

2012; Walsh et al., 2002; Wang et al., 1999). Nonetheless, this hypothesis still views Aβ as the 

main driving force in AD pathogenesis with other pathological hallmarks, including tau 

accumulation and neurodegeneration, as downstream effects. 

1.1.5.1 Amyloid-beta peptide 

As shown in Figure 1, the Aβ peptide is produced through the sequential proteolytic cleavage of 

APP (Hamley, 2012; Kopan and Ilagan, 2004). Interestingly, APP, a highly conserved type-1 

transmembrane glycoprotein located on chromosome 21 in humans, has been suggested to be 

essential for normal brain development as well as brain plasticity in adults (Selkoe, 1994; 

Shariati and De Strooper, 2013). APP undergoes proteolytic cleavage that is initially catalyzed 

by either α- or β-secretases. While the α-secretases produce soluble extracellular domains 

(αAPP) and 83 amino acid carboxy-terminal fragments (C83) at one site, the β-secretase 

cleavage produces βAPP and C99 peptides at another cleavage site (Cummings, 2004; Puzzo et 

al., 2015; Selkoe, 2011). A large multiprotein complex, known as γ-secretase (of which PS1 and 

PS2 are subcomponents), then acts on these initial cleavage products. Most notably, a 40 or 42 

amino acid Aβ peptide, Aβ1-40 or Aβ1-42, is generated from subsequent cleavage of βAPP 

peptides by γ-secretase (Kopan and Ilagan, 2004; Selkoe, 1994). Due to the exposure of two 

hydrophobic residues (alanine and isoleucine), Aβ1-42 molecules are able to bind additional 
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monomers and self-aggregate into toxic AβOs (Mucke and Selkoe, 2012; Toyn and Ahlijanian, 

2014; Weiner et al., 2013). 

1.1.6 Clinical trials 

As mentioned previously, the Aβ peptide is viewed as central to the pathogenesis of AD, both 

initiating and driving a cascade leading to neuronal dysfunction and eventually cognitive 

impairments (Gharibyan et al., 2007; Hamley, 2012; Lee et al., 2012; Pepys, 2006; Williams and 

Serpell, 2011). Some clinicopathological studies, however, have suggested that the relationship 

between cognitive dysfunctions and amyloid burden is unclear (Castellani and Smith, 2011; 

Castellani et al., 2009; Gustafson et al., 2007; Näslund, 2000; Vos et al., 2014). Furthermore, 

results from therapeutic approaches targeting Aβ production or Aβ clearance have been 

disappointing (Mangialasche et al., 2010). In recent clinical trials, a number of Aβ-targeting drug 

candidates such as secretase inhibitors and anti-Aβ antibodies have failed to improve patient 

outcomes (Barten et al., 2006; Doody et al., 2013, 2014; Forman et al., 2012; Hardy et al., 2014; 

Martenyi et al., 2012; Salloway et al., 2014). 

Currently available AD therapies are not disease-modifying and provide only mild to moderate 

improvement in patient symptoms (Scheltens et al., 2016). Therefore, there is an urgent need to 

expand our understanding of the underlying molecular pathogenesis of AD and to obtain 

alternative hypotheses and therapeutic strategies. Recent and promising developments involve 

the sigma-1 receptor (Sig1R), which has been implicated in sporadic AD in a variety of ways. 
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1.2 Sigma-1 Receptor 

1.2.1 Brief history 

The sigma receptor was first discovered by Martin et al. in 1976, at which time it was described 

as a subtype of opioid receptors due to its binding properties with SKF-10,047 (N-

allylnormetazocine) and related benzomorphans (Martin et al., 1976). This was later corrected 

and sigma receptors are now considered unique receptors (Hellewell and Bowen, 1990; Quirion 

et al., 1992; Su, 1982). Two subtypes of the sigma receptor, sigma-1 and sigma-2, were 

distinguished based on their drug selectivity patterns, molecular weights, and tissue distribution 

(Bowen et al., 1993; Hellewell et al., 1994; Torrence-Campbell and Bowen, 1996). The most 

characterized and well-studied of the sigma receptor subtypes is the Sig1R. Recently, Schmidt et 

al. succeeded in obtaining the crystal structure of the human Sig1R, which revealed a trimeric 

organization with each subunit containing only a single transmembrane domain (Schmidt et al., 

2016). 

1.2.2 Endogenous ligands 

It has been suggested that some neurosteroids, in particular progesterone, act as endogenous 

ligands for these receptors (Bergeron et al., 1996; Ganapathy et al., 1999; Hanner et al., 1996; 

Klein et al., 1994; McCann and Su, 1991; Ramamoorthy et al., 1995; Su et al., 1988; Yamada et 

al., 1994). Other neurosteroids, such as pregnenolone sulfate, testosterone, and 

deoxycorticosterone, have also been considered as putative ligands (Debonnel et al., 1996a; 

Maurice et al., 1996a; McCann and Su, 1991; Su et al., 1988; Yamada et al., 1994). Furthermore, 

studies identify some ligands act as Sig1R agonists, such as pregnenolone, while others as 

antagonists, as is the case with progesterone (Bergeron et al., 1999; Maurice et al., 2001; Su et 
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al., 1988). Therefore, hormonal loss with aging is likely to affect Sig1R function differentially in 

males and females. 

1.2.3 Anatomical distribution and cellular localization 

The Sig1R is highly conserved and widely expressed throughout the brain as well as peripheral 

organs such as the heart, liver and spleen, suggesting they perform essential physiological 

functions (Jin et al., 2015; Novakova et al., 1995; Seth et al., 2002; Wolfe et al., 1997). The 

highest concentration of sigma receptors in the brain is found in the brainstem (Bouchard and 

Quirion, 1997; Gundlach et al., 1986; McLean and Weber, 1988). The limbic regions also 

display a significant level of these receptors (Bouchard and Quirion, 1997; Gundlach et al., 1986; 

McLean and Weber, 1988). Moreover, an enrichment of Sig1Rs is seen in the hippocampus, 

implicating it in learning and memory as well as the modulation of cognitive behaviours 

(Bouchard and Quirion, 1997). 

Advances in cellular and molecular biology have allowed for significant progress in the search 

for valuable information on Sig1Rs, namely insights on its structure and function. In 1996, the 

Sig1R was successfully cloned in guinea pigs and estimated to be a 25-29kDa single polypeptide 

(Hanner et al., 1996). The human Sig1R was subsequently cloned by three separate laboratories, 

with a 93% amino acid sequence homology to the guinea pig Sig1R (Jbilo et al., 1997; Kekuda et 

al., 1996; Prasad et al., 1998). Thereafter, both rat and mouse Sig1Rs were cloned using 

homology screening (Mei and Pasternak, 2001; Pan et al., 1998; Seth et al., 1997, 2002). The 

human Sig1R contains an endoplasmic reticulum (ER) retention signal and therefore, not 

surprisingly, has been shown to localize to ER membranes and mitochondria-associated ER 

membranes (MAM) where it is believed to regulate cellular processes (Cagnotto et al., 1994; 
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DeHaven-Hudkins et al., 1994; Hayashi and Su, 2007; Itzhak et al., 1991; Jbilo et al., 1997; 

Wong et al., 2016). 

1.2.4 Function 

Sig1Rs are found throughout the body and are uniquely positioned in the central nervous system 

to regulate a variety of cellular processes (Hayashi et al., 2011; Kourrich et al., 2012; Maurice 

and Su, 2009; Su et al., 2010). Residing at the MAM, the Sig1R acts as an intracellular ER 

chaperone by regulating calcium signaling (Brent et al., 1996, 1997; Hayashi and Su, 2007; 

Hayashi et al., 1995, 2000; Nguyen et al., 2015; Vilner and Bowen, 2000). Sig1Rs modulate the 

activity of multiple kinases, receptors, and ion channels, which affect many cellular processes 

that directly influence neuronal health and survival (Kourrich et al., 2012; Morio et al., 1994; Wu 

et al., 1991). Sig1R ligands have been shown to modulate the activity and localization of the N-

methyl-D-aspartate receptor (NMDAR), a receptor involved in synaptic plasticity, a cellular 

mechanism underlying learning and memory in the hippocampus (Bergeron et al., 1993, 1995, 

1996, 1997; Debonnel et al., 1996b; Martina et al., 2007; Pabba et al., 2014). Moreover, it has 

been shown that Sig1Rs act on various voltage-gated potassium, sodium, and calcium channels 

(Aydar et al., 2002; Maurice and Su, 2009). It is believed that Sig1Rs are largely inactive under 

normal conditions but act as molecular chaperones under cellular stress (Cobos et al., 2008; 

Hayashi and Su, 2005). In such conditions, Sig1Rs become activated and exert neuroprotective 

properties by acting on ion channels and apoptotic pathways, which serve a vital role in 

maintaining calcium homeostasis and preventing apoptosis (Hayashi and Su, 2007; Maurice and 

Lockhart, 1997; Rousseaux and Greene, 2015). 
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1.2.5 Sigma-1 receptor knock-out 

The Sig1R is a 223 amino acid protein that shows no homology to any other mammalian protein, 

suggesting that Sig1Rs have a fundamental function. Cloning of the Sig1R has not only allowed 

for the study of its structure and function, but also the development of the Sig1R knock-out (KO) 

mice (Langa et al., 2003). Sig1R KO mice are reported to exhibit lower densities of axons as 

well as impaired neurogenesis in the hippocampus (Sha et al., 2013, 2015; Tsai et al., 2015). 

Using electrophysiological techniques, our laboratory revealed mild synaptic plasticity deficits in 

Sig1R KO compared to WT male mice, with other aspects of basic cellular physiology showing 

no change (Snyder et al., 2016b). 

Interestingly, these KO mice develop normally and show only subtle, but sex-specific, 

behavioural phenotypes in pain, depression, anxiety, and cognition paradigms. Sig1R KO male 

and female mice, six to nine weeks of age, have been reported to exhibit diminished responses to 

pain compared to WT mice using the tail-flick and paw withdrawal tasks in models of 

chemically-induced and neuropathic pain (Cendán et al., 2005; Entrena et al., 2009; Nieto et al., 

2014; Puente et al., 2009). Several studies demonstrate depressive-like phenotypes in two to 

eight month old male, but not female, Sig1R KO compared to WT mice using the forced swim 

and tail suspension tasks (Chevallier et al., 2011; Sabino et al., 2009; Sha et al., 2015; Zhang et 

al., 2017). Furthermore, anxiety behaviours were detected in two month old Sig1R KO males 

using the elevated plus-maze, passive avoidance, and open-field tasks (Chevallier et al., 2011). 

The spontaneous alternation in the Y-maze, Morris water maze (MWM), and passive avoidance 

tasks revealed learning and memory deficits in two and twelve month old female, but not male, 

Sig1R KO compared to WT mice (Chevallier et al., 2011). 
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1.2.6 Sigma-1 receptor and Alzheimer's disease 

Previous research has shown decreased Sig1R binding sites in ex vivo experiments and lower 

density of Sig1Rs in patients suffering from AD (Jansen et al., 1993; Mishina et al., 2008). 

Furthermore, a polymorphism in the Sig1R gene (SIGMAR1) has been associated with an 

increased risk of developing AD (Fehér et al., 2012; Jin et al., 2015). This mutation, found in the 

5'-upstream region of SIGMAR1, reduces its transcriptional activity and thereby reduces Sig1R 

expression (Huang et al., 2011b; Miyatake et al., 2004). 

Most interestingly, Sig1R agonists have been shown to attenuate mnemonic deficits induced in 

various rodent models of amnesia (Earley et al., 1991; Matsuno et al., 1994, 1997; Maurice and 

Privat, 1997; Maurice et al., 1994a; Senda et al., 1998; Zou et al., 2000). Moreover, Sig1R 

agonist treatment in males has been shown to be neuroprotective and anti-amnesic in AD animal 

models (Ishikawa and Hashimoto, 2010; Maurice and Su, 2009; Maurice et al., 1998, 2006; 

Meunier et al., 2006a; Nguyen et al., 2015; Urani et al., 2002). 

Together, these studies suggest that loss of Sig1R function may predispose an individual to AD 

and potentially contribute, at least partially, to the progression of AD. Therefore, to fully 

elucidate how loss of Sig1Rs contribute to AD and cognitive decline, it is necessary to utilize an 

animal model of AD and assess cognitive function. 

 

1.3 Mouse Models of Alzheimer's Disease 

1.3.1 Transgenic and non-transgenic models 

Pathological changes associated with AD such as neuritic plaque formation and cognitive 

dysfunctions can be observed in some longer living organisms including dogs, cats, sheep and 
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goat, and non-human primate species (Bons et al., 1993; Braak et al., 1994; Cummings et al., 

1993, 1996; Gearing et al., 1994; Gunn-Moore et al., 2006; Head et al., 2005; Kimura et al., 

2003; Rofina et al., 2006). However, this is not the case for the most widely used model 

organism of neuropharmacological studies: rodents (Van Dam and De Deyn, 2011). The 

development of transgenic (Tg) mice expressing AD-associated genes paved the way for modern 

AD research. 

Based on the amyloid cascade hypothesis, initial attempts were made to create a Tg model 

overexpressing various mutant forms of the human APP (hAPP) (Higgins et al., 1994; Quon et 

al., 1991; Sandhu et al., 1991). In 1995, Games et al. developed the PDAPP mouse, expressing 

high levels of hAPP containing a familial AD-associated mutation. This mouse model 

recapitulated several aspects of AD: neuritic plaque formation, dystrophic neurites, apoptosis, 

and loss of synapses, which spread progressively from the hippocampus to the cortex (Games et 

al., 1995; Masliah et al., 1996). One year later, the Tg2576 mouse line was created by Hsiao et 

al. (Hsiao et al., 1996). This line expressed a hAPP isoform bearing a double mutation, referred 

to as the Swedish mutations. The result was a major overproduction of Aβ1-40 and Aβ1-42 as well 

as plaque formation in areas of the brain such as the frontal cortex, hippocampus, cerebellum, 

and entorhinal cortices. Combining the Tg2576 mouse line with mice expressing a mutant PS1 

gene produced the APP/PS1 model (Gong et al., 2004, 2006; Puzzo et al., 2009; Trinchese et al., 

2008). These mice present elevated soluble Aβ1-40 and Aβ1-42 levels as well as robust age-

dependent Aβ deposition (Holcomb et al., 1998; Kurt et al., 2001; Radde et al., 2006). Notably, 

female APP/PS1 mice produce Aβ deposits at a younger age compared to male mice (Wang et 

al., 2003b). 
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A triple-Tg model of AD was introduced in 2003, expressing the mutant human tau protein, the 

hAPP with Swedish mutations, and the mutant PS1 (Oddo et al., 2003). This 3xTgAD model 

develops increased Aβ production and tau hyperphosphorylation, as well as cognitive deficits, 

anxiety, circadian changes, and restlessness (Billings et al., 2005; Guzman-Ramos et al., 2012; 

Kazim et al., 2014; Mastrangelo and Bowers, 2008; Oddo et al., 2003, 2006, Sterniczuk et al., 

2010a, 2010b; Stevens and Brown, 2015). As alluded to earlier, decreased levels of sex 

hormones are thought to be a significant risk factor for AD in post-menopausal women. 

Interestingly, ovariectomy procedures, which induce oestrogen depletion, have been shown to 

exacerbate Aβ accumulation and learning impairments in female 3xTgAD mice (Carroll et al., 

2007). Finally, in 2006, the 5xFAD model was developed, containing three APP and two PS1 

mutations, which resulted in enhanced amyloidogenic Aβ production and neuronal loss in the 

cortex (Jawhar et al., 2012; Oakley et al., 2006). 

The use of these Tg mouse models is complimented by non-genetically modified, or non-Tg, 

animals. While Tg mice reflect more genetic forms of the disease since they overexpress EOAD-

associated mutations, non-Tg mouse models better recapitulate the process of sporadic AD, or 

LOAD, which accounts for the vast majority of human cases (Bird, 2008; Puzzo et al., 2014). 

Most non-Tg models are obtained by injecting toxins, such as Aβ peptides or tau, directly into 

the brain by intracerebroventricular (ICV) or intrahippocampal infusions (Puzzo et al., 2014). 

Research shows that synthetic and AD brain-derived AβOs share similar structures and 

toxicologies (De Felice et al., 2008; Gong et al., 2003; Kayed et al., 2003; Klyubin et al., 2012). 

When infused with AβOs, animals show Aβ accumulation, synaptic dysfunction, impaired brain 

metabolism, neuritic plaque formation, and cognitive impairments (Chang et al., 2003; Cleary et 

al., 2005; Guo and Lee, 2011; Lacor et al., 2004; Walsh et al., 2002). Therefore, these non-Tg 
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infusion models also allow researchers to investigate Aβ-induced impairments in areas such as 

synaptic and memory dysfunctions, which are crucial when designing new pharmacotherapeutic 

strategies. 

1.3.2 Aβ25-35-infusion mouse model of Alzheimer's disease 

In 1996, Maurice et al. induced an AD-type amnesia in young male mice by ICV injections of 

aggregated Aβ25-35 peptides (Maurice et al., 1996b). Importantly, Aβ25-35, the highly 

amyloidogenic region of the Aβ peptide, has similar toxic properties to Aβ1-42 and is found in 

brains of AD patients (Gruden et al., 2007; Kubo et al., 2002; Peters et al., 2016). Extensive 

research using this paradigm demonstrates that Aβ25-35 peptide infusion recapitulates the main 

characteristics of AD such as impairments in learning and memory, cell loss in the hippocampus 

and cortex, tau hyperphosphorylation, and Aβ plaque deposit (Delobette et al., 1997; Klementiev 

et al., 2007; Lu et al., 2009; Maurice et al., 1996b, 1996c, 1998, Stepanichev et al., 2003, 2004, 

2005, 2006, Zussy et al., 2011, 2013). Spatial learning and reference memory deficits were 

observed in four to seven week old male mice and rats using the MWM task (Chen et al., 1996; 

Delobette et al., 1997; Maurice et al., 1996b; Wang et al., 2003a; Zussy et al., 2011, 2013). 

Furthermore, the delayed alternation in the T-maze, radial arm maze, and spontaneous 

alternation in the Y-maze tasks revealed Aβ-induced spatial shot-term and working memory 

impairments in four to nine week old male rodents (Maurice et al., 1996b, 1996c, 1998, 

Stepanichev et al., 2003, 2004, 2005, 2006, Villard et al., 2009, 2011, Zussy et al., 2013, 2011). 

Aβ-induced memory deficits were also detected in three to nine week old male rodents using the 

passive avoidance, cued/contextual fear conditioning, and social recognition tasks (Klementiev et 

al., 2007; Lu et al., 2009; Maurice et al., 1996b, 1996c, 1998, Villard et al., 2009, 2011; Wang et 
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al., 2003a). Of note, these studies exclusively utilized young rodents and omitted the use of both 

sexes when establishing this model, producing male-specific findings. 

Despite the progress made with EOAD, research into the genetic causes of LOAD, accounting 

for the vast majority of cases, is lagging. Most animal models and therapeutic strategies 

developed thus far have been based on knowledge gained from rare, familial forms of the 

disease. A large part of this is due to the complexity of sporadic AD, with a multitude of genetic 

and non-genetic risk factors interacting to cause the disease. Although no animal model can 

perfectly recapitulate all aspects of a clinical disease, they provide the best tool to assess 

behavioural outcomes and cognitive deficits, which are at the core of AD. 

 

1.4 Behavioural Tasks 

1.4.1 Morris water maze 

The MWM (Figure 2 A-C) is currently one of the most frequently used behavioural paradigms 

to evaluate spatial learning and reference memory, the ability to learn, store, and retrieve 

visuospatial information to navigate the surroundings (D’Hooge and De Deyn, 2001; Morellini, 

2013; Patil et al., 2009; Sharma et al., 2010; Webster et al., 2014). Originally designed to 

examine spatial learning in rats (Morris, 1981), it has since been modified slightly for use in 

mice (Crawley et al., 1997; Owen et al., 1997; Upchurch and Wehner, 1989; Wehner and Silva, 

1996). Extensive research has been done to substantiate its validity as a measure of hippocampal-

dependent spatial learning and long-term memory (Eichenbaum et al., 1990; Fallis, 2013; Morris 

et al., 1982, 1986; O’Keefe et al., 1975; Olton et al., 1978; Schenk and Morris, 1985; Sutherland 

et al., 1983; Vorhees and Williams, 2006). By creating spatial maps of the environment, rodents 
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are able to discriminate spatial locations within the pool solely based on distal extra-maze visual 

cues located around the room (Fallis, 2013; Morris, 1981; Schenk and Morris, 1985). In the 

absence of audible or visual proximal cues, these rodents manage to navigate from random 

starting positions around the perimeter of an open swimming arena and locate a hidden platform. 

Escaping from the water environment and onto a safe platform is the positive reinforcement 

(Cravens, 1974; Hodges, 1996). 

Spatial learning is assessed across repeated trials for multiple consecutive days of training, while 

reference memory is assessed in the probe trial during which the platform is removed. Evidence 

of spatial learning and reference memory are detected using escape latencies during the training 

session and the percent time spent in each quadrant during the probe trial. Impairments in 

learning and memory are positively correlated to latency to find the platform and negatively 

correlated to percent time spent in the probe quadrant (quadrant in which the platform was 

previously located). Therefore, a longer escape latency and a lower percent time spent in the 

probe quadrant suggest deficits in cognition. Navigational search strategies (spatial, systematic 

non-spatial, repetitive looping, and floating) can also be analyzed over the course of the 

acquisition phase in order to assess behavioural flexibility associated with cognitive reserve 

(Granger et al., 2016). A common and frequently informative addition to the classic spatial 

navigation task is the reversal training in which the platform is relocated to the opposite quadrant 

and rodents are trained to learn the new location. These reversal training trials enhance the 

detection of spatial impairments by assessing the ability of an animal to extinguish their initial 

spatial learning and adapt to changed contingencies, referred to as cognitive flexibility (Morris et 

al., 1986; Vorhees and Williams, 2006; Whishaw and Tomie, 1996). 



18 

 

1.4.2 Spontaneous alternation in the Y-maze 

Another key paradigm used extensively when testing AD models is the spontaneous alternation 

in the Y-maze task (Figure 2 D), which assesses working memory, the ability to store transitory 

information to plan and carry out an action or behaviour (Morellini, 2013; Webster et al., 2014). 

This task involves many parts of the brain such as the hippocampus, septum, basal forebrain and 

prefrontal cortex and centers on the fact that rodents have an innate preference to alternate arms 

when exploring new environments (Chevallier et al., 2011; Jackson, 1943; Maurice et al., 1994b, 

1996b; Prior et al., 2013; Sarnyai et al., 2000; Swonger and Rech, 1972). Testing occurs in a Y-

shaped maze with three opaque arms at a 120° angle from each other. The animal is allowed to 

freely explore the three arms. Over the course of multiple arm entries, rodents should show a 

tendency to enter the less recently visited arm. The number of arm entries and sequence of 

entries are recorded in order to measure the exploratory behaviour and alternation percentage. A 

high alternation percentage score is indicative of sustained cognition, while a low alternation 

percentage score suggests impaired working memory. 

1.4.3 Forced alternation in the Y-maze 

A variation of the Y-maze task, which occurs in the same testing apparatus as the spontaneous 

version, is the forced alternation in the Y-maze (Figure 2 E,F). First described by Wolf et al. 

(2006), this behaviour task assesses spatial working memory and exploratory behaviour using 

various proximal and distal visual cues. This task measures correct entry and percentage of time 

spent in the novel arm (arm blocked off in the first part of the task). Incorrect entry into the novel 

arm and a decrease in time spent in the novel arm are indicative of impaired spatial working 

memory.  
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2. OBJECTIVES 

 

Sig1Rs are implicated in AD in a variety of ways. Taken together, previous studies have 

suggested that the loss of Sig1Rs may predispose an individual to AD, speed up disease 

progression, and increase symptom severity. However, so far, no report examines the 

fundamental question of whether Sig1R loss potentially contributes to cognitive deficits in AD. 

Therefore, this study aims to explore Sig1R wild-type (WT) and KO mice at the behavioural 

level in an Aβ25-35-infusion mouse model of AD. We also investigate the role of Sig1Rs and sex 

differences using both mature adult male and female mice. 
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3. HYPOTHESIS 

 

We hypothesize that both Sig1R WT and KO mice treated with Aβ25-35 will show decreased 

performance on all behavioural paradigms. Furthermore, we expect that the loss of Sig1R 

function will exacerbate cognitive deficits following Aβ-infusion compared to WT mice. 

Additionally, we suspect that Sig1R loss will increase vulnerability of female mice to Aβ-

infusion, and therefore result in more pronounced behavioural phenotypes, compared to male 

mice.  
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4. MATERIALS AND METHODS 

4.1 Animals 

All procedures were approved and performed in accordance with the Canadian Council of 

Animal Care and the University of Ottawa Animal Care and Veterinary Services (ACVS) 

guidelines. Male and female Sig1R WT and homozygous Sig1R
-/-

 KO C57BL/6J x 129s/SvEv 

mice (Jackson Laboratory, Maine, USA) were bred in the Roger Guindon facilities of the 

University of Ottawa and housed in the step-down facility. Mice were group housed (unless 

otherwise specified) in plastic cages in a regulated environment (20
o
C ± 2

o
C, 20-40% humidity) 

until they reached three or six months of age, at which point they were transferred to the main 

core facility where they underwent surgery followed by behavioural testing. All female mice 

were ovariectomized one week prior to ICV injections (described below). This procedure, 

executed by trained ACVS technicians, was performed in order to remove the contribution of 

circulating hormones and to create a hormonal state more similar to the AD post-menopausal 

female patient population. A different strain of mice, C57BL/6J, was also used for certain 

behavioural experiments (Jackson Laboratory, Maine, USA). The step-down facility had a 

light/dark cycle of 14 hr on/10 hr off, while the main core facility had a 12 hr light/dark cycle. 

These facilities allowed mice free access to water and standard laboratory food. Behaviour 

experiments were carried out in air-regulated, sound-proof laboratory rooms to which mice were 

habituated for at least 30 min prior to each test. 

4.2 Weaning and transfer 

At post-natal day 21, mice were segregated by gender and placed into new cages. Some male and 

female Sig1R WT and KO mice were occasionally kept for breeding, though the majority of 

mice were evenly mixed between cages reserved for future behaviour experiments. A maximum 
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of five mice were placed in each cage. All cohort cages were transferred from the step-down 

facility to the Behaviour Core within the main facility of Roger Guindon at least three weeks 

before the start of behaviour experiments. 

4.3 Genotyping 

To verify genotypes, ear samples were obtained from mice during weaning. A DNA extraction 

was first performed by adding 75 µL of 50 mM NaOH to each ear sample and incubating these at 

90
o
C for 45 min in a polymerase chain reaction (PCR) thermocycler (Epppendorf AG, 

Brinkmann Instruments, Westbury NY). Tubes containing these samples were subsequently 

flicked until the solution became cloudy. Samples were stored at 4
o
C after reaching room 

temperature. Previously extracted DNA samples were amplified using two sets of primers and a 

PCR thermocycler (Epppendorf AG, Brinkmann Instruments, Westbury NY). One set of primers 

consisted of 0989-5’ (TCTGAGTACGTGCTGCTCTTCG) and LTR-rev 

(ATAAACCCTCTTGCAGTTGCATC) primers. This set was responsible for amplifying the KO 

sequence (233bp). The second set consisted of 0989-5’ (TCTGAGTACGTGCTGCTCTTCG) 

and 0989-3’ (CAGAAATCTCAGCCCAGTATCG) primers. This set of PCR primers was 

responsible for amplifying the WT sequence (209bp). Both sets of primers (Sigma-Aldrich, St. 

Louis, USA) were used with each DNA sample in order to determine whether the mice were 

WT, KO or heterozygous (HET). The touchdown PCR reaction parameters used are as follows: 

94°C (15 sec) - 65°C (30 sec) - 72°C (40 sec) for 10 cycles followed by 94°C (15 sec) - 55°C (30 

sec) - 72°C (40 sec) for 30 cycles. Agarose gels (2.5-3%) were used to visualize PCR results. 

TAE buffer (40mM Tris-Acetate, 0.1mM EDTA) and agarose (FroggaBio,  North York, ON, 

CAN) were heated with occasional mixing. This agarose gel solution was cooled for 

approximately two min after which 5µL of ethidium bromide (ThermoScientific, IL, USA) was 
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added. This solution was then allowed to solidify in a mold with combs for 20-30 min. These 

gels were loaded with 5µL of 100-bp (50µg/500µL) DNA ladder (GeneDireX, LA, USA) as well 

as 15µL of each DNA sample in a chamber filled with 1X TAE buffer. Agarose gel 

electrophoresis was carried out at 60-70V for 60 min. Visualization of gels was performed at 302 

nm using AlphaImager (Biocompare, CA, USA). 

4.4 Aβ25-35-infusion mouse model 

The Aβ35-25 (reverse; REV) control peptides and Aβ25-35 (AB) peptides (Sigma, St. Louis, MO, 

USA) were incubated in sterile distilled water at 37
o
C for 4 days. Mice were anesthetized with 

isofluorane USP (PPC, Fresenius Kabi, Canada) and secured in a stereotaxic frame (David Kopf 

Instruments, Tujunga, CA). The ICV injections (-0.4 mm AP, +1.0 mm ML, -3.0 mm DV) were 

performed at a rate of 1 µL/min using a 33-gauge needle. The mice were either infused with 3 µL 

of REV or aggregated Aβ peptides (9 nmol). Two weeks post-surgery (unless otherwise stated), 

cohorts were ready to be tested using the behavioural paradigms described below. 

4.5 Morris water maze task 

The MWM apparatus consisted of a circular, blue-colored plastic pool with a diameter of 132 

cm. White, non-toxic Liquid Tempera paint (My Scholar's, Educator Supplies Limited) was used 

to render the water opaque. The water temperature was maintained at 20 ± 1
o
C with a bath 

heater. Two distal visual cues, a large black square and a large black "X", were placed on two 

separate walls of the testing room (Figure 2 A). The clear plastic platform, 10 cm in diameter, 

was submerged 1 cm below the water surface. A video camera was mounted on the ceiling above 

the centre of the pool and the image was relayed to a computer, located behind a white blind, 

equipped with Ethovision XT version 10 software (Noldus Information Technologies). The pool 
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was divided into four quadrants (arbitrarily designated as back right (BR), back left (BL), front 

left (FL), and front right (FR)) by creating an imaginary "+" using two perpendicular lines 

bisecting the maze. The platform remained fixed in the BR quadrant for the duration of the 

training (acquisition) trials. The spatial acquisition phase consisted of four training trials per day 

for each mouse, and seven or ten consecutive days of training with an inter-trial interval of 20-30 

min. Each mouse was randomly placed at one of four starting positions around the pool, with 

their heads facing the pool wall. The mice were allowed to swim for 60 sec without the presence 

of any local cues to indicate the position of the hidden platform. Rate of acquisition of escape 

behavior (or escape latencies) was recorded. Search strategy data (average and daily percent 

incidence) was also obtained using the MWM Visual (Granger et al., 2016). If the mice did not 

locate the platform after 60 sec, they were gently guided onto the platform and allowed to stay 

there for approximately 15 sec in order for them to learn the location of the hidden platform in 

relation to the distal visual cues. A probe trial was performed 24 hr after the last acquisition 

session; this involved removing the platform from the pool and measuring the percent time spent 

in each quadrant as well as thigmotaxis, a measure of time spent swimming around the 

circumference of the pool (Figure 2 A). Each mouse, starting at the halfway point between 

quadrants FR and FL, was given 60 sec to recall and find the location in the BR quadrant that 

previously contained the platform (probe quadrant) using the visual cues. Motivational and 

sensorimotor deficits may be misinterpreted as impairments in performance (Morris, 1984). 

Therefore, control procedures were introduced to ensure valid results. A visual test, consisting of 

four trials per mouse and each lasting 60 sec, was performed after the probe trial to ensure the 

elimination of any visually impaired mice from analyses. An escape latency exclusion cut-off 

was set at 25 sec. This test involves the use of a local cue, an object placed on top of the 
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platform, in the absence of distal wall cues (Figure 2 B). Thigmotaxis data obtained from the 

probe trials are also used as part of the control procedures, with an exclusion criterion set at 80% 

or higher of the total probe duration time. For certain cohorts, a harder version of the MWM 

(hard MWM) task was used which involved the use of only a single, small visual cue (black "x") 

placed on a wall of the testing room (Figure 2 C). Furthermore, this variation of the MWM task 

was also combined with three days of reversal training in which the platform was moved to the 

opposite quadrant, FL, allowing us to investigate cognitive flexibility. As in the acquisition 

session, each reversal training day consisted of four trials per mouse, each lasting 60 sec. A 

second probe trial was performed 24 hr after the last reversal training session. 

4.6 Spontaneous alternation in the Y-maze task 

Testing occurred in a black plastic Y-shaped maze with three identical arms having a length of 

38.1 cm, a height of 12.7 cm and a width of 7.62 cm (Figure 2 D). The mice were allowed to 

freely explore all three arms of the Y-maze during the eight-minute test session. The series of 

arm entries, including possible returns into the same arm, were recorded with a video camera 

connected to a computer equipped with Ethovision XT version 10 software (Noldus Information 

Technologies). Arm entry was considered as complete when all four limbs had fully entered the 

arm. At the end of the test period, the mouse was returned to its home cage. The apparatus was 

then cleaned with an alcohol solution and allowed to dry between sessions. An alternation is 

defined as entries into all three arms on consecutive occasions and the number of maximum 

alternations as the total number of arm entries minus two. Therefore, the percentage of 

alternation was calculated as: 
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For example, if the three arms were called A, B, C and the mouse performed 

ABCACBACCABCA, the number of arm entries would be 13, and the successful alternations: 

ABC, BCA, ACB, CBA, BAC, CAB, ABC, BCA. Therefore, the percent alternation would be: 

 

    
            

4.7 Forced alternation in the Y-maze task 

Testing was performed in the same apparatus as the spontaneous alternation in the Y-maze task, 

with the addition of black and white square and triangle cues on the testing room walls as well as 

proximal cues at the end of each Y-maze arm (Figure 2 E,F). This task involved two 5 min 

trials, T1 and T2, separated by a 30 min inter-trial interval. During T1, one of the Y-maze arms 

was blocked and the mice were allowed to move freely between the other two arms. The mice 

were then returned to their home cage during the inter-trial interval. The apparatus was cleaned 

with an alcohol solution between trials. In T2, the mice were placed back into the maze and the 

first arm entry was recorded as either correctly or incorrectly entering the novel arm (arm 

previously blocked in T1 trial). Arm entry was considered as complete when all four limbs had 

fully entered the arm. The percent time spent in the novel arm in the first minute of the T2 trial 

was also recorded and calculated with a video camera connected to a computer equipped with 

Ethovision XT version 10 software (Noldus Information Technologies). 

4.8 Statistical analysis 

Group data is expressed as means ± standard error of the mean (SEM). Statistical analyses were 

performed using Prism 7 (GraphPad Software, CA, USA). Differences between means were 

analyzed using a standard unpaired t-test, one-way analysis of variance (ANOVA), or two-way 
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ANOVA followed by a Fisher's least significant difference (LSD) post hoc analysis. Results 

were deemed statistically significant when P < 0.05.  
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5. RESULTS 

5.1 Learning and memory are unaffected by genotype and Aβ treatment in 

adult male and female mice 

 

Unlike transgenic models, infusion mouse models better recapitulate the process of sporadic AD, 

which accounts for the vast majority of disease cases (Bird, 2008; Puzzo et al., 2014). Extensive 

research using the Aβ25-35-infusion mouse model has shown that administration of aggregated 

Aβ25-35 peptides results in Aβ plaque deposits, tau hyperphosphorylation, cell loss in the 

hippocampus and cortex, and impairments in learning and memory (Maurice et al., 1996b, 1998; 

Meunier et al., 2006b; Urani et al., 2002). However, none of these studies utilized the same 

background strain as our Sig1R mice. Since behavioural task performance is known to vary 

based on mouse strain differences (Brandeis et al., 1989; Clapcote et al., 2005; Crabbe, 1999; 

Crawley et al., 1997; Lipp and Wolfer, 1998; Upchurch and Wehner, 1988; Wahlsten et al., 

2005; Wehner and Silva, 1996), we first set out to replicate Aβ25-35-induced cognitive 

impairments in our younger adult (three month old) male Sig1R WT mice using the MWM task 

(Figure 3 A,B; Figure 4 A-D). This hippocampus-dependent task assessed spatial learning and 

long-term reference memory as well as cognitive reserve (D’Hooge and De Deyn, 2001; Vorhees 

and Williams, 2015). 

As expected, our data showed a decrease in escape latency across training days in the MWM task 

in the three month old male Sig1R WT mice. However, Aβ treatment failed to impair spatial 

learning and memory in these mice (Figure 3 A,B). Furthermore, the average percent incidence 

(Figure 4 A) and individual daily percent incidence (Figure 4 B-D) of search strategies were 

unaffected by treatment. Therefore, we did not observe an effect of Aβ25-35 on behavioural 

performance in three month old males. This is contrary to previously published studies utilizing 
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this model as well as electrophysiological data obtained from our laboratory, demonstrating Aβ- 

and sex-induced changes in synaptic physiology (data not shown). Based on these results, we 

decided to experiment on older adult (six month old) male mice, including both WTs and KOs, 

and to employ another behavioural paradigm used extensively in AD research, the spontaneous 

alternation in the Y-maze task. This task was used to measure short-term working memory 

(Diamond, 2014; Jackson, 1943; Prior et al., 2013; Sarnyai et al., 2000; Swonger and Rech, 

1972). Exploratory behaviour and working memory were unaffected by genotype and treatment 

in six month old Sig1R WT and KO male mice (Figure 5 A,B).  

Only a small portion of scientific studies utilize both sexes of animals when conducting their 

research and often neglect to examine the potential role of sex differences (McCarthy, 2015; 

Miller, 2014; Zucker and Beery, 2010). Moreover, although studies have established Aβ25-35-

induced behavioural task impairments in males, testing has yet to be done in females. As 

mentioned previously, Sig1Rs were found to be modulated by neurosteroids, suggesting the 

hormonal changes associated with aging may differentially affect Sig1R function in males and 

females. Therefore, since cognitive deficits were not detected in male mice, we set out to 

investigate the role of sex on genotype in our infusion model using adult female mice. 

The MWM task was performed using six month old Sig1R WT and KO female mice (Figure 6 

A,B; Figure 7 A-D). There were no effects of genotype or Aβ treatment on either spatial 

learning or reference memory (Figure 6 A,B). The percent incidences of search strategies 

employed was also unaffected by genotype and treatment (Figure 7 A-D). In order to obtain 

additional information and possibly detect mild cognitive deficits we performed a variation of 

the spontaneous alternation in the Y-maze paradigm, the forced alternation in the Y-maze task, 

which assesses spatial working memory (Diamond, 2014; Webster et al., 2014; Wolf et al., 
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2016). No effect of genotype and treatment were observed on the spatial working memory of six 

month old female Sig1R WT and KO mice (Figure 8 A,B). 

Through these experiments, we were unable to detect any impairments in cognition using the 

MWM, spontaneous alternation in the Y-maze, and the forced alternation in the Y-maze tasks in 

three and six month old Sig1R WT and KO male and female mice. 

5.2 Reference memory and spatial working memory are impaired when 

implementing modifications to behavioural task and housing conditions 

 

The behavioural tasks performed thus far failed to provide us with significant results. Therefore, 

modifications to the most widely used behavioural paradigm in AD research, the MWM task, 

were implemented to increase difficulty and sensitivity in an attempt to detect milder phenotypes 

between groups. 

Reviewing data obtained from the MWM task so far, we observed a plateau in escape latency 

between day seven and ten, which suggested no further changes in spatial learning after day 

seven. Therefore, our first modification was to shorten the acquisition phase from ten to seven 

training days in order to prevent overtraining the mice and losing the ability to detect differences 

in the probe trial. Furthermore, the difficulty of the task was increased by reducing the number 

and size of distal cues around the testing room (hard MWM). 

These modifications were applied and tested on a three month old male Sig1R WT cohort 

(Figure 9 A,B; Figure 10 A-D). Spatial learning was unaffected by Aβ treatment (Figure 9 A). 

However, a significant reference memory impairment was detected in Sig1R Aβ-treated WT 

mice compared to REV-infused mice (Figure 9 B; main group effect: F3,48 = 4.853, P = 0.005). 

Moreover, WT Aβ-treated mice used significantly less systematic non-spatial search strategies 
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on day one (main group effect: F6,72 = 2.254, P = 0.0476), as well as significantly more repetitive 

looping search strategies on day one and two (main group effect: F6,72 = 8.561, P < 0.0001) 

compared to WT REV mice (Figure 10 C,D). 

To verify the validity of the above-mentioned results, the experiments were replicated using a 

different mouse strain, the C57BL/6J background, which is the most commonly used background 

strain in mouse models (Figure 11 A,B; Figure 12 A-D). As alluded to previously, behavioural 

task performances can vary widely between mouse strains and even certain substrains (Crabbe, 

1999; D’Hooge and De Deyn, 2001; Owen et al., 1997; Wahlsten et al., 2005; Wehner and Silva, 

1996). Furthermore, C57BL/6J mice are a commonly used and commercially available inbred 

strain that have been characterized on a large number of behavioural tasks (Clapcote et al., 2005; 

Crawley et al., 1997; Upchurch and Wehner, 1988). Moreover, we utilized an additional 

modification that involved individually housing mice. Previous studies have shown that 

individually housing rodents increases their response to added stress and has been suggested to 

affect males and females differently (Baker and Bielajew, 2007; Brain, 1975; Ferrari et al., 1998; 

Goldsmith et al., 1978; Kwak et al., 2009; Palanza et al., 2001; Võikar et al., 2005). Based on 

these studies, we believed individually housing our mice may have been required in order to 

observe Aβ-induced, and possibly genotype-specific, impairments in our model. 

It was found that spatial learning in the MWM task was unaffected by treatment and housing 

conditions in three month old C57BL/6J male mice (Figure 11 A). Reference memory, however, 

was significantly impaired in Aβ-treated individually housed mice compared to all three other 

groups (Figure 11 B; main group effect: F9,96 = 4.788, P < 0.001). No significant differences 

were found in the percent incidences of search strategies used between all four experimental 

groups (Figure 12 A-D). 
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This C57BL/6J background strain was also used to test the effect of housing conditions on 

behavioural performance in the forced alternation in the Y-maze task (Figure 13 A,B). Correct 

entry into the novel arm was unaffected by treatment and housing conditions (Figure 13 A). 

Spatial working memory was found to be significantly impaired by housing conditions but not by 

Aβ treatment (Figure 13 B; main group effect: F3,21 = 7.624, P = 0.0012). 

Taken together, these findings clearly show that the combination of a shorter and harder MWM 

task as well as individual housing conditions resulted in Aβ-induced reference memory deficits 

in two different mouse strains. Furthermore, Aβ-induced effects in the search strategies utilized 

were detected in our Sig1R mice. Moreover, individually housing mice resulted in a spatial 

working memory impairment. 

5.3 Impairments in learning and memory failed to be detected in adult mice 

despite behavioural paradigm modifications 

 

Altogether, these modifications led to the establishment of an effective behavioural paradigm 

which was used, moving forward, with our Sig1R WT and KO male and female mice. In order to 

obtain additional information, a reversal training phase was added at the end of the MWM task. 

This allowed for the enhanced detection of spatial impairments and cognitive flexibility. 

Spatial learning deficits were observed on the first two acquisition days of the MWM task in 

individually housed six month old KO Aβ-treated compared to WT Aβ-treated male mice 

(Figure 14 A; main group effect: F18,384 = 1.779, P = 0.0259). However, reference memory 

(Figure 14 B,D), cognitive flexibility (Figure 14 C), and search strategies (Figure 15 A-D) 

were unaffected by genotype and Aβ treatment. 



33 

 

Pilot studies were performed using the spontaneous alternation in the Y-maze task, in which 

short-term working memory was unaffected by genotype and Aβ treatment in individually 

housed six month old Sig1R WT and KO male and female mice. Therefore, based on the 

preliminary data obtained we decided to employ the forced alternation version of the task. 

Genotype and treatment had no effect on spatial working memory in individually housed six 

month old Sig1R WT and KO male mice in the forced alternation in the Y-maze task (Figure 16 

A,B). 

Spatial learning (Figure 17 A), reference memory (Figure 17 B,D), cognitive flexibility (Figure 

17 C) and search strategies (Figure 18 A-D) were unaffected by genotype and Aβ treatment in 

individually housed six month old Sig1R WT and KO female mice in the MWM task. 

Furthermore, genotype and treatment had no effect on spatial working memory in the forced 

alternation in the Y-maze task (Figure 19 A,B). 

Therefore, these results suggest that overall the newly established behavioural paradigm, 

implementing various modifications, was ineffective in detecting genotype or treatment effects in 

older adult male and female Sig1R WT and KO mice, with the exception of a mild genotype-

induced spatial learning impairment in Aβ-infused male mice. Furthermore, a sex analysis 

performed on the above-mentioned MWM and forced alternation in the Y-maze task data 

revealed no significant differences between males and females (data not shown). 
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6. DISCUSSION 

 

This thesis studied whether Sig1R function could be involved, at least in part, in the underlying 

etiology of AD. More specifically, we set out to determine whether loss of Sig1Rs sex-

specifically increases vulnerability to AD in an Aβ25-35-infusion mouse model. To investigate 

this, we utilized Sig1R WT and KO male and female mice and three behavioural tasks used 

extensively in AD research: the MWM, spontaneous alternation in the Y-maze and forced 

alternation in the Y-maze. Our main findings suggest that, in order to more accurately address 

these objectives, further infusion and behaviour paradigm modifications are needed to acquire a 

reliable AD model in our Sig1R mice. 

Aβ25-35-infusion model 

The results of several studies demonstrate that Aβ25-35-infusion in rodents recapitulates 

characteristics of sporadic AD such as impairments in learning and memory, Aβ plaque deposits, 

tau hyperphosphorylation, as well as cell loss in the cortex and hippocampus (Delobette et al., 

1997; Lu et al., 2009; Maurice et al., 1996b; Stepanichev et al., 2003, 2004, 2006, Zussy et al., 

2011, 2013). Through our behavioural task experiments, our laboratory was initially unable to 

reproduce Aβ-induced spatial learning, reference memory and spatial working memory deficits 

in Sig1R WT and KO mice. By implementing various experimental modifications, we 

demonstrated reference memory and spatial working memory impairments in three month old 

male mice, which are aspects of cognition affected in AD patients. Using these modifications, we 

attempted to examine whether similar results could be revealed in our six month old Sig1R WT 

and KO males and females. Cognitive deficits failed to be detected in these mice. 

Background strain 
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While our laboratory did attain Aβ25-35-induced cognitive impairments in certain cohorts, many 

factors may have been involved in the inability to reproduce consistent behavioural deficits with 

our infusion model. Previous studies characterizing this Aβ25-35-infusion mouse model have 

primarily utilized two background strains, the Swiss and ICR mice (Chen et al., 2010; Choi et al., 

2014; Fang and Liu, 2006; Kim et al., 2008; Kwon et al., 2011; Maurice and Lockhart, 1997; 

Maurice et al., 1996b, 1996c, 1998; Mazzola et al., 2003; Reggiani et al., 2016; Um et al., 2009). 

It has been shown that mouse strains can differentially affect not only behavioural performance 

but also their response to drugs and clearance of Aβ in AD mouse models (Carlson et al., 1997; 

Gerlai, 1996, 2001; Hall and Roberson, 2012; Lehman et al., 2003; Qosa and Kaddoumi, 2016; 

Salomons et al., 2012; Sunyer et al., 2007; Võikar et al., 2001; Weitzner et al., 2015; Wolfer and 

Muller, 1997). These studies suggest strain differences could affect the ability of mouse models 

to be successfully developed and consistently recapitulate phenotypic characteristics of AD. 

Therefore, this may explain our difficulty in obtaining a reliable expression of pathological AD 

phenotype in our infusion model. 

Dose of Aβ25-35 peptides 

A possible solution for achieving dependable results from this AD infusion model could be 

increasing the dose of Aβ25-35 peptides (9nmol) infused in Sig1R mice. Doses employed by 

various researchers range, in general, from 3-16 nmol, with one rat study reporting 45 nmol 

(Fang and Liu, 2006; Kim et al., 2008; Liu et al., 2009, 2013, Maurice et al., 1996b, 1996c, 

1998; Mazzola et al., 2003; Stepanichev et al., 2005, 2006, 2003, 2004, Zussy et al., 2011, 2013). 

Consistent impairments in learning and memory may be achieved using a higher Aβ25-35 dosage 

in our mice. Additionally, bilateral and/or chronic infusion of Aβ peptides, could be employed 
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independently or in conjunction with the higher Aβ infusion dose (Burgos-Ramos et al., 2007; 

Chen et al., 1996; Stepanichev et al., 2005). 

Time post-injection 

The time between ICV injections and behaviour experiment testing (post-ICV time) could also 

be increased in order to allow more time for Aβ25-35-infusions to exert a cascade of neurotoxic 

effects. Several studies using this model report testing mice starting the day after surgery up to 

13 days post-ICV, with the most common post-ICV time being seven days (Ahn et al., 2006; 

Chavant et al., 2010; Detrait et al., 2014; Maurice et al., 1996b, 1996c, 1998; Nisha and Devi, 

2017; Sun and Alkon, 2002; Zhang et al., 2016). Despite the range of time utilized in these 

studies, they repeatedly demonstrated impairments in their mice. Interestingly, cognitive deficits 

were observed in our mice when tested one week, but not two weeks, post-ICV. These results 

were unexpected since considerable evidence, although in rats, has shown Aβ-induced 

impairments persisting for up to six months after ICV injections (Stepanichev et al., 2003, 2004, 

2005, 2006, Zussy et al., 2011, 2013). As alluded to earlier, research suggests that differences in 

background strains may affect susceptibility to Aβ and ultimately our ability to recapitulate AD 

characteristics. 

Age of animals 

The majority of studies employing the Aβ25-35-infusion model use young male rodents, 

approximately three to nine weeks of age (Ahn et al., 2006; Chavant et al., 2010; Chen et al., 

2010; Choi et al., 2014; Delobette et al., 1997; Detrait et al., 2014; Klementiev et al., 2007; 

Kwon et al., 2011; Lu et al., 2009; Maurice et al., 1996c, 1998, 1996b; Nisha and Devi, 2017; 

Reggiani et al., 2016; Stepanichev et al., 2003, 2004, 2005, 2006; Um et al., 2009; Zussy et al., 
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2011, 2013). To more accurately address LOAD, which is a version of the disease more 

prevalent in the elderly, our study utilized adult mice (three and six months of age) rather than 

young mice. Moreover, in vitro results from electrophysiological experiments performed in 

parallel in our laboratory have revealed alterations in synaptic physiology using age-matched 

animals. Intriguingly, impairments in behavioural performance were not only observed at a short, 

rather than longer, post-ICV time but also in our younger, rather than older, adult mice. This is 

contrary to what we would predict, since age-related impaired cellular processes are well 

documented in aging mice and would lead us to expect a greater, if not equal, vulnerability to Aβ 

in older compared to younger adult mice (Ishihara et al., 1999; Jackson et al., 2017; Johnson et 

al., 1999, 2013; Kokoszka et al., 2001; López-Otín et al., 2013; Mattson and Magnus, 2006; Van 

Meer and Raber, 2005; Poon et al., 2006; Shoji et al., 2016; De Strooper and Karran, 2016; 

Tower, 2015). It is likely that multiple environmental and genetic factors influence whether or 

not exposure to neurotoxins results in disease recapitulation in mice. Therefore, it could be 

informative to investigate not only various post-ICV times but also ages of mice, such as aged or 

old males and females, in our background strain. 

Housing 

The duration of individual housing prior to the start of behaviour testing could be explored. Both 

acute, as short as 72 hr, and long-term, up to four months, social isolation times have been 

reported to increase levels of stress and affect cognition in rodents (Ali et al., 2017; Chen et al., 

2016; Goldsmith et al., 1978; Huang et al., 2011a; Ieraci et al., 2016; Kamal et al., 2014; Palanza 

et al., 2001; Takatsu-Coleman et al., 2013; Võikar et al., 2005). Thus, an investigation into the 

most optimal individual housing time that can promote the additional stress required to obtain 

Aβ-induced impairments could be performed in our mouse strain. 
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Other potential pitfalls 

In contrast to previous studies reporting the use of the Aβ25-35-infusion model, our results showed 

that Aβ25-35 peptide infusion unreliably induced an AD-type amnesia in Sig1R mice. A potential 

explanation for these findings could be variability in the aggregation process of the Aβ peptides 

prior to ICV injections. Furthermore, inconsistencies in peptide aggregation could lead to 

varying concentrations or quantity of aggregated Aβ25-35 in each infusion. Despite initially 

optimizing the brain injection coordinates, it is plausible that slight deviations in the infusion site 

occurred between mice and behaviour cohorts. One possible future consideration may be to 

perform histological analyses and examine neuritic plaque formation and cell death in Aβ-

infused mice. It is probable that the combination of small cohort sizes and inherent biological 

variability between mice, especially of a mixed background strain, has led to the discrepancies 

observed in our results. Implementing group sizes of 15-20 mice in all future behaviour 

experiments would likely help control for these factors and minimize the probability of detecting 

group differences that are not biologically significant. 

Sig1R KO mice 

While there may be concerns with the mouse model, another factor to consider is the role of the 

Sig1R in our mice. Previous works, such as the study conducted by Chevallier et al. (2011), have 

investigated the behavioural phenotype of Sig1R KO mice. They observed learning and memory 

impairments in female Sig1R KO compared to WT mice. Using similar behavioural tasks, our 

laboratory was unable to reproduce these results. A possible explanation for this may be inherent 

differences in testing between laboratories. Despite standardization of tests across laboratories, 

performance of rodents in behaviour tasks has been repeatedly reported to be influenced by the 
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laboratory environment (Balcombe, 2006; Crabbe, 1999; Tucci et al., 2006; Wahlsten et al., 

2007). Experiments characterizing mutants, such as effects of a gene knockout, could therefore 

produce varied results due to influences of environmental conditions specific to individual 

laboratories (Crawley, 2003; Enserink, 1999; Kafkafi et al., 2005; Van der Staay and Steckler, 

2001, 2002, Wahlsten et al., 2003a, 2003b; Würbel, 2002). These environmental factors may be 

responsible for hiding, or diluting, the mild but sex-specific Sig1R KO phenotypes observed in 

other studies. 

Alternative avenues 

Altogether, it was not possible to conclusively determine the sex-specific role of Sig1Rs in our 

Aβ25-35-infusion mouse model of AD using the MWM, spontaneous and forced alternation in the 

Y-maze tasks. Further alternative avenues could be explored to more effectively address our 

objectives and validate our hypotheses. Implementation of minor changes to current behavioural 

tasks could lead to enhanced detection of phenotypes. Possible modifications may include room 

lighting intensity, room and MWM water temperature, positioning and type of cues employed, 

and overall duration of tasks. Slight variations in these aspects of our behaviour experiments may 

allow us to reveal exciting findings in our Sig1R mice. Future work could also involve two 

additional behavioural paradigms, the passive avoidance and novel object recognition tasks, 

which are also extensively used in AD research. These tasks address other areas of cognition 

affected in AD, contextual long-term memory and novelty response/memory, respectively. 

Additionally, rodents are naturally nocturnal animals (Arakawa et al., 2007; Laviola et al., 1994; 

McLennan and Taylor-Jeffs, 2004; Panksepp et al., 2007; Refinetti, 2004; Terranova et al., 

1998). Therefore, switching to a reverse light cycle and running these behaviour experiments in 
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the dark phase may enable us to detect otherwise subtle phenotypes in our mice (Hossain et al., 

2004; Roedel et al., 2006). 

3xTgAD mouse model 

Another possible avenue to consider in order to explore the role of Sig1R in the pathophysiology 

of AD could be the use of a different model of AD, such as the 3xTgAD mouse model. Previous 

studies using this model have demonstrated an increase in Aβ production and deposition, tau 

hyperphosphorylation, and cognitive deficits in male and female mice (Billings et al., 2005; 

Carroll et al., 2007, 2010; Guzman-Ramos et al., 2012; Kazim et al., 2014; Mastrangelo and 

Bowers, 2008; Oddo et al., 2003, 2006, Sterniczuk et al., 2010a, 2010b; Stevens and Brown, 

2015). Furthermore, utilizing the 3xTgAD model would not only remove the chance of error 

with ICV injections and aggregation of Aβ25-35 peptides, but is also regarded as having a high 

face validity with AD when it comes to transgenic mouse models. Treating 3xTgAD mice with a 

Sig1R agonist, such as (+)-pentazocine, would allow us to investigate the role of Sig1R 

activation on behavioural performance in this AD mouse model. 

Summary 

This study aimed to elucidate the role of Sig1Rs in AD using the Aβ25-35-infusion mouse model. 

As discussed, an AD-type amnesia was observed in some, but not all, cohorts. These above-

mentioned modifications and future behaviour experiments will hopefully allow us to efficiently 

and accurately address our objectives and hypotheses. We are confident that future results from 

this project will provide important information for clinical studies, which could help treat AD 

patients and lead to a better understanding of potential sex-specific therapeutic interventions.  
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7. CONCLUSION 

 

This research project aimed to determine the role of Sig1Rs using behavioural tasks in an animal 

model for AD. AD is a progressive and fatal neurodegenerative disorder, which leads to cerebral 

cortex and hippocampus shrinkage as well as cognitive deficits and behavioural disturbances. 

Although research has focused on the Aβ cascade for decades, little progress has been made in 

developing new effective therapies. A way to prevent, delay or slow the progression of the disease 

is desperately needed. A promising alternative research avenue is the Sig1R, which has been 

implicated in AD in a variety of ways. In our study, the overall results obtained indicate that the 

mouse model of AD utilized failed to enable us to verify our hypothesis. However, promising 

significant results were obtained upon implementation of certain modifications to the 

behavioural paradigms. Additional efforts are therefore necessary in order to obtain a consistent 

working infusion model of AD in our mouse strain. Future experiments will hopefully shed some 

light on the link between Sig1Rs and AD, which could lead to the development of novel 

therapeutics and preventative measures for AD. 
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8. FIGURES 

 

 

Figure 1. Putative amyloid-beta cascade. 

The cleavage of the amyloid precursor protein (APP) progresses into the generation of amyloid-

beta (Aβ) peptides which, through multiple secondary mechanisms, leads to cell death as well as 

cognitive and behavioural abnormalities. This hypothesis formed the basis for recent emerging 

options in the treatment of Alzheimer's disease. Adapted from Cummings, 2004. Created by 

Wissam Nassrallah.  
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Figure 2. Behavioural testing equipment and set-up. 

The Morris water maze (MWM) test equipment and set-up during the acquisition phase and 

probe trial (A), visual test (B), and hard MWM variation (C). Test equipment and set-up for the 

spontaneous (D) and forced (E,F) alternation in the Y-maze. 
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Figure 3. Spatial learning and reference memory in the MWM task in three month old 

Sig1R WT males. 

Average latencies to reach the platform across training days (acquisition phase; A) and average 

percent times spent in each quadrant (probe trial; B). WT REV (n=5) and WT AB (n=5) mice. 

The dotted red line at 25% represents the chance of being in one of four quadrants. Data 

expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35.  

1 2 3 4 5 6 7 8 9 1 0

0

2 0

4 0

6 0

8 0

D a y (s )

L
a

te
n

c
y

 (
s

)

W T  R E V

W T  A B

P ro b e  B R B L F L F R

0

2 0

4 0

6 0

8 0

Q u a d ra n t

%
 T

im
e

 i
n

 Q
u

a
d

r
a

n
t

W T  R E V

W T  A B

A

B



45 

 

 

Figure 4. Search strategy incidences in the MWM task in three month old Sig1R WT 

males. 

Average percent incidences of navigational search strategies over all training days (A). Percent 

incidences of spatial, systematic non-spatial, and repetitive looping strategies across training 

days (B-D, respectively). WT REV (n=5) and WT AB (n=5) mice. Data expressed as the mean ± 

SEM. REV: Aβ35-25; AB: Aβ25-35. 
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Figure 5. Working memory in the spontaneous alternation in the Y-maze task in six month 

old Sig1R WT and KO males. 

Total number of arm entries (A) and spontaneous alternation percentage (B). WT REV (n=7), 

WT AB (n=8), KO REV (n=8) and KO AB (n=10) mice. Data expressed as the mean ± SEM. 

REV: Aβ35-25; AB: Aβ25-35.  
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Figure 6. Spatial learning and reference memory in the MWM task in six month old Sig1R 

WT and KO females. 

Average latencies to reach the platform across training days (acquisition phase; A) and average 

percent times spent in each quadrant (probe trial; B). WT REV (n=10), WT AB (n=9), KO REV 

(n=6) and KO AB (n=7) mice. The dotted red line at 25% represents the chance of being in one 

of four quadrants. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35.  
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Figure 7. Search strategy incidences in the MWM task in six month old Sig1R WT and KO 

females. 

Average percent incidences of navigational search strategies over all training days (A). Percent 

incidences of spatial, systematic non-spatial, and repetitive looping strategies across training 

days (B-D, respectively). WT REV (n=10), WT AB (n=9), KO REV (n=6) and KO AB (n=7) 

mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35.  
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Figure 8. Spatial working memory in the forced alternation in the Y-maze task in six 

month old Sig1R WT and KO females. 

Percentage of correct entries into the novel arm (A) and percent time spent in the novel arm in 

the first minute of the trial (B). WT REV (n=5), WT AB (n=6), KO REV (n=4) and KO AB 

(n=5) mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35.  
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Figure 9. Spatial learning and reference memory in the hard MWM task in three month 

old Sig1R WT males tested one week post-ICV. 

Average latencies to reach the platform across training days (acquisition phase; A) and average 

percent times spent in each quadrant (probe trial; B). WT REV (n=7) and WT AB (n=7) mice. 

The dotted red line at 25% represents the chance of being in one of four quadrants. Data 

expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35. *p < 0.05  
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Figure 10. Search strategy incidences in the hard MWM task in three month old Sig1R WT 

males tested one week post-ICV. 

Average percent incidences of navigational search strategies over all training days (A). Percent 

incidences of spatial, systematic non-spatial, and repetitive looping strategies across training 

days (B-D, respectively). WT REV (n=7) and WT AB (n=7) mice. Data expressed as the mean ± 

SEM. REV: Aβ35-25; AB: Aβ25-35. *p < 0.05  
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Figure 11. Spatial learning and reference memory in the hard MWM task in three month 

old C57BL/6J males tested one week post-ICV. 

Average latencies to reach the platform across training days (acquisition phase; A) and average 

percent times spent in each quadrant (probe trial; B). REV indiv (n=6), AB indiv (n=7), REV grp 

(n=7) and AB grp (n=8) mice. The dotted red line at 25% represents the chance of being in one 

of four quadrants. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35; indiv: 

individually housed; grp: group housed. *p < 0.05  
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Figure 12. Search strategy incidences in the hard MWM task in three month old C57BL/6J 

males tested one week post-ICV. 

Average percent incidences of navigational search strategies over all training days (A). Percent 

incidences of spatial, systematic non-spatial, and repetitive looping strategies across training 

days (B-D, respectively). REV indiv (n=6), AB indiv (n=7), REV grp (n=7) and AB grp (n=8) 

mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35; indiv: individually housed; 

grp: group housed.  
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Figure 13. Spatial working memory in the forced alternation in the Y-maze task in three 

month old C57BL/6J males tested one week post ICV. 

Percentage of correct entries into the novel arm (A) and percent time spent in the novel arm in 

the first minute of the trial (B). REV indiv (n=8), AB indiv (n=8), REV grp (n=6) and AB grp 

(n=3) mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35; indiv: individually 

housed; grp: group housed. *p < 0.05 
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Figure 14. Spatial learning, reference memory, and cognitive flexibility in the hard MWM 

task in individually housed six month old Sig1R WT and KO males. 

Average latencies to reach the platform across training days (acquisition phase, A; reversal, C) 

and average percent times spent in each quadrant (probe trial 1, B; probe trial 2, D). WT REV 

(n=18), WT AB (n=21), KO REV (n=14) and KO AB (n=15) mice. The dotted red line at 25% 

represents the chance of being in one of four quadrants. Data expressed as the mean ± SEM. 

REV: Aβ35-25; AB: Aβ25-35. *p < 0.05 
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Figure 15. Search strategy incidences in the hard MWM task in individually housed six 

month old Sig1R WT and KO males. 

Average percent incidences of navigational search strategies over all training days (A). Percent 

incidences of spatial, systematic non-spatial, and repetitive looping strategies across training 

days (B-D, respectively). WT REV (n=18), WT AB (n=21), KO REV (n=14) and KO AB (n=15) 

mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35. *p < 0.05  
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Figure 16. Spatial working memory in the forced alternation in the Y-maze task in 

individually housed six month old Sig1R WT and KO males. 

Percentage of correct entries into the novel arm (A) and percent time spent in the novel arm in 

the first minute of the trial (B). WT REV (n=15), WT AB (n=16), KO REV (n=10) and KO AB 

(n=11) mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35.  
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Figure 17. Spatial learning, reference memory, and cognitive flexibility in the hard MWM 

task in individually housed six month old Sig1R WT and KO females. 

Average latencies to reach the platform across training days (acquisition phase, A; reversal, C) 

and average percent times spent in each quadrant (probe trial 1, B; probe trial 2, D). WT REV 

(n=10), WT AB (n=12), KO REV (n=11) and KO AB (n=15) mice. The dotted red line at 25% 

represents the chance of being in one of four quadrants. Data expressed as the mean ± SEM. 

REV: Aβ35-25; AB: Aβ25-35.  
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Figure 18. Search strategy incidences in the hard MWM task in individually housed six 

month old Sig1R WT and KO females. 

Average percent incidences of navigational search strategies over all training days (A). Percent 

incidences of spatial, systematic non-spatial, and repetitive looping strategies across training 

days (B-D, respectively). WT REV (n=10), WT AB (n=12), KO REV (n=11) and KO AB (n=15) 

mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35.  
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Figure 19. Spatial working memory in the forced alternation in the Y-maze task in 

individually housed six month old Sig1R WT and KO females. 

Percentage of correct entries into the novel arm (A) and percent time spent in the novel arm in 

the first minute of the trial (B). WT REV (n=9), WT AB (n=9), KO REV (n=13) and KO AB 

(n=15) mice. Data expressed as the mean ± SEM. REV: Aβ35-25; AB: Aβ25-35. 

W T  R E V W T  A B K O  R E V K O  A B

0

5 0

1 0 0

C
o

r
r
e

c
t 

e
n

tr
ie

s
 (

%
)

W T  R E V W T  A B K O  R E V K O  A B

0

2 0

4 0

6 0

8 0

T
im

e
 i

n
 n

o
v

e
l 

a
r
m

 (
%

)

A

B



61 

 

9. REFERENCES 

 

Adams, M.M., and Morrison, J.H. (2003). Feature article: Estrogen and the aging hippocampal 

synapse. Cereb. Cortex 13, 1271–1275. 

Ahn, J., Um, M., Choi, W., Kim, S., and Ha, T. (2006). Protective effects of Glycyrrhiza 

uralensis Fisch. on the cognitive deficits caused by β-amyloid peptide 25–35 in young mice. 

Biogerontology 7, 239–247. 

Ali, A.A., Khalil, M.G., Elariny, H.A., and Elfotuh,  karema A. (2017). Study on Social Isolation 

as a Risk Factor in Development of Alzheimer’s Disease in Rats. Brain Disord. Ther. 6. 

Alzheimer, A., Stelzmann, R.A., Schnitzlein, H.N., and Murtagh, F.R. (1995). An English 

translation of Alzheimer’s 1907 paper, “Uber eine eigenartige Erkankung der Hirnrinde”. Clin. 

Anat. 8, 429–431. 

Andreasson, U., Lautner, R., Schott, J.M., Mattsson, N., Hansson, O., Herukka, S.-K., Helisalmi, 

S., Ewers, M., Hampel, H., Wallin, A., et al. (2014). CSF biomarkers for Alzheimer’s pathology 

and the effect size of APOE ɛ4. Mol. Psychiatry 19, 148–149. 

Ankarcrona, M., Winblad, B., Monteiro, C., Fearns, C., Powers, E.T., Johansson, J., Westermark, 

G.T., Presto, J., Ericzon, B.G., and Kelly, J.W. (2016). Current and future treatment of amyloid 

diseases. J. Intern. Med. 280, 177–202. 

Arakawa, H., Blanchard, D.C., and Blanchard, R.J. (2007). Colony formation of C57BL/6J mice 

in visible burrow system: Identification of eusocial behaviors in a background strain for genetic 

animal models of autism. Behav. Brain Res. 176, 27–39. 

Aydar, E., Palmer, C.P., Klyachko, V.A., and Jackson, M.B. (2002). The sigma receptor as a 

ligand-regulated auxiliary potassium channel subunit. Neuron 34, 399–410. 

Bachman, D.L., Wolf, P.A., Linn, R., Knoefel, J.E., Cobb, J., Belanger, A., D’Agostino, R.B., 

and White, L.R. (1992). Prevalence of dementia and probable senile dementia of the Alzheimer 

type in the Framingham Study. Neurology 42, 115–119. 

Baker, S., and Bielajew, C. (2007). Influence of housing on the consequences of chronic mild 

stress in female rats. Stress 10, 283–293. 

Balcombe, J.P. (2006). Laboratory environments and rodents’ behavioural needs: a review. Lab. 

Anim. 40, 217–235. 

Balin, B.J., and Hudson, A.P. (2014). Etiology and pathogenesis of late-onset Alzheimer’s 

disease. Curr. Allergy Asthma Rep. 14, 417. 

Ball, M.J., Fisman, M., Hachinski, V., Blume, W., Fox, A., Kral, V.A., Kirshen, A.J., Fox, H., 

and Merskey, H. (1985). A new definition of Alzheimer’s disease: a hippocampal dementia. 

Lancet (London, England) 1, 14–16. 

Ballenger, J.F. (2006). Progress in the history of Alzheimer’s disease: the importance of context. 



62 

 

J. Alzheimers. Dis. 9, 5–13. 

Barnes, L.L., Wilson, R.S., Bienias, J.L., Schneider, J.A., Evans, D.A., and Bennett, D.A. 

(2005). Sex Differences in the Clinical Manifestations of Alzheimer Disease Pathology. Arch. 

Gen. Psychiatry 62, 685. 

Barten, D.M., Meredith, J.E., Zaczek, R., Houston, J.G., and Albright, C.F. (2006). Gamma-

secretase inhibitors for Alzheimer’s disease: balancing efficacy and toxicity. Drugs R. D. 7, 87–

97. 

Bergeron, R., Debonnel, G., and De Montigny, C. (1993). Modification of the N-methyl-D-

aspartate response by antidepressant σ receptor ligands. Eur. J. Pharmacol. 240, 319–323. 

Bergeron, R., de Montigny, C., and Debonnel, G. (1995). Biphasic effects of sigma ligands on 

the neuronal response to N-methyl-D-aspartate. Naunyn. Schmiedebergs. Arch. Pharmacol. 351, 

252–260. 

Bergeron, R., de Montigny, C., and Debonnel, G. (1996). Potentiation of neuronal NMDA 

response induced by dehydroepiandrosterone and its suppression by progesterone: effects 

mediated via sigma receptors. J. Neurosci. 16, 1193–1202. 

Bergeron, R., de Montigny, C., and Debonnel, G. (1997). Effect of short-term and long-term 

treatments with sigma ligands on the N-methyl-D-aspartate response in the CA3 region of the rat 

dorsal hippocampus. Br. J. Pharmacol. 120, 1351–1359. 

Bergeron, R., de Montigny, C., and Debonnel, G. (1999). Pregnancy reduces brain sigma 

receptor function. Br J Pharmacol 127, 1769–76. 

Billings, L.M., Oddo, S., Green, K.N., McGaugh, J.L., and LaFerla, F.M. (2005). Intraneuronal 

Aβ Causes the Onset of Early Alzheimer’s Disease-Related Cognitive Deficits in Transgenic 

Mice. Neuron 45, 675–688. 

Binder, L.I., Guillozet-Bongaarts, A.L., Garcia-Sierra, F., and Berry, R.W. (2005). Tau, tangles, 

and Alzheimer’s disease. Biochim. Biophys. Acta - Mol. Basis Dis. 1739, 216–223. 

Bird, T.D. (2008). Genetic aspects of Alzheimer disease. Genet. Med. 10, 231–239. 

Bitan, G., Vollers, S.S., and Teplow, D.B. (2003). Elucidation of Primary Structure Elements 

Controlling Early Amyloid β-Protein Oligomerization. J. Biol. Chem. 278, 34882–34889. 

Blennow, K., de Leon, M.J., and Zetterberg, H. (2006). Alzheimer’s disease. Lancet (London, 

England) 368, 387–403. 

Bons, N., Mestre, N., Ritchie, K., Petter, A., Podlisny, M., and Selkoe, D. (1993). Identification 

of amyloid beta protein in the brain of the small, short-lived lemurian primate Microcebus 

murinus. Neurobiol. Aging 15, 215–220. 

Bouchard, P., and Quirion, R. (1997). [3H]1,3-di(2-tolyl)guanidine and [3H](+)pentazocine 

binding sites in the rat brain: autoradiographic visualization of the putative sigma1 and sigma2 

receptor subtypes. Neuroscience 76, 467–477. 



63 

 

Bowen, W.D., de Costa, B.R., Hellewell, S.B., Walker, M., and Rice, K.C. (1993). [ 3H ] - ( + ) -

Pentazocine : A potent and highly selective benzomorphan-based probe for sigma- 1 receptors. 

Mol. Neuropharmacol. 3, 117–126. 

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. Acta 

Neuropathol. 82, 239–259. 

Braak, H., and Braak, E. (1997). Staging of Alzheimer-related cortical destruction. Int. 

Psychogeriatrics 9 Suppl 1, 257-61-72. 

Braak, H., Braak, E., and Strothjohann, M. (1994). Abnormally phosphorylated tau protein 

related to the formation of neurofibrillary tangles and neuropil threads in the cerebral cortex of 

sheep and goat. Neurosci. Lett. 171, 1–4. 

Brain, P. (1975). What does individual housing mean to a mouse? Life Sci. 16, 187–200. 

Brandeis, R., Brandys, Y., and Yehuda, S. (1989). The Use of the Morris Water Maze in the 

Study of Memory and Learning. Int. J. Neurosci. 48, 29–69. 

Brann, D.W., Dhandapani, K., Wakade, C., Mahesh, V.B., and Khan, M.M. (2007). 

Neurotrophic and neuroprotective actions of estrogen: Basic mechanisms and clinical 

implications. Steroids 72, 381–405. 

Brent, P.J., Pang, G., Little, G., Dosen, P.J., and Van Helden, D.F. (1996). The Sigma Receptor 

Ligand, Reduced Haloperidol, Induces Apoptosis and Increases Intracellular-Free Calcium 

Levels [Ca2+]iin Colon and Mammary Adenocarinoma Cells. Biochem. Biophys. Res. Commun. 

219, 219–226. 

Brent, P.J., Herd, L., Saunders, H., Sim, A.T., and Dunkley, P.R. (1997). Protein 

phosphorylation and calcium uptake into rat forebrain synaptosomes: modulation by the sigma 

ligand, 1,3-ditolylguanidine. J. Neurochem. 68, 2201–2211. 

Bretsky, P.M., Buckwalter, J.G., Seeman, T.E., Miller, C.A., Poirier, J., Schellenberg, G.D., 

Finch, C.E., and Henderson, V.W. (1999). Evidence for an interaction between apolipoprotein E 

genotype, gender, and Alzheimer disease. Alzheimer Dis. Assoc. Disord. 13, 216–221. 

Brouwers, N., Sleegers, K., and Van Broeckhoven, C. (2008). Molecular genetics of Alzheimer’s 

disease: An update. Ann. Med. 40, 562–583. 

Burgos-Ramos, E., Hervás-Aguilar, A., Puebla-Jiménez, L., Boyano-Adánez, M.C., and Arilla-

Ferreiro, E. (2007). Chronic but not acute intracerebroventricular administration of amyloid beta-

peptide(25-35) decreases somatostatin content, adenylate cyclase activity, somatostatin-induced 

inhibition of adenylate cyclase activity, and adenylate cyclase I levels in the ra. J. Neurosci. Res. 

85, 433–442. 

Cagnotto, A., Bastone, A., and Mennini, T. (1994). [3H](+)-pentazocine binding to rat brain 

sigma 1 receptors. Eur. J. Pharmacol. 266, 131–138. 

Cahill, L., and Aswad, D. (2015). Sex Influences on the Brain: An Issue Whose Time Has Come. 

Neuron 88, 1084–1085. 



64 

 

Callahan, M.J., Lipinski, W.J., Bian, F., Durham, R.A., Pack, A., and Walker, L.C. (2001). 

Augmented Senile Plaque Load in Aged Female β-Amyloid Precursor Protein-Transgenic Mice. 

Am. J. Pathol. 158, 1173–1177. 

Carlesimo, G. a., and Oscar-Berman, M. (1992). Memory deficits in Alzheimer’s patients: a 

comprehensive review. Neuropsychol. Rev. 3, 119–169. 

Carlson, G.A., Borchelt, D.R., Dake, A., Turner, S., Danielson, V., Coffin, J.D., Eckman, C., 

Meiners, J., Nilsen, S.P., Younkin, S.G., et al. (1997). Genetic modification of the phenotypes 

produced by amyloid precursor protein overexpression in transgenic mice. Hum. Mol. Genet. 6, 

1951–1959. 

Carroll, J.C., Rosario, E.R., Chang, L., Stanczyk, F.Z., Oddo, S., LaFerla, F.M., and Pike, C.J. 

(2007). Progesterone and estrogen regulate Alzheimer-like neuropathology in female 3xTg-AD 

mice. J. Neurosci. 27, 13357–13365. 

Carroll, J.C., Rosario, E.R., Kreimer, S., Villamagna, A., Gentzschein, E., Stanczyk, F.Z., and 

Pike, C.J. (2010). Sex differences in β-amyloid accumulation in 3xTg-AD mice: role of neonatal 

sex steroid hormone exposure. Brain Res. 1366, 233–245. 

Castellani, R.J., and Smith, M.A. (2011). Compounding artefacts with uncertainty, and an 

amyloid cascade hypothesis that is “too big to fail.” J. Pathol. 224, 147–152. 

Castellani, R., Lee, H., and Siedlak, S. (2009). Reexamining Alzheimer’s disease: evidence for a 

protective role for amyloid-β protein precursor and amyloid-β. J. Alzheimer’s Dis. 18, 447–452. 

Cendán, C.M., Pujalte, J.M., Portillo-Salido, E., Montoliu, L., and Baeyens, J.M. (2005). 

Formalin-induced pain is reduced in σ1 receptor knockout mice. Eur. J. Pharmacol. 511, 73–74. 

Chang, L., Bakhos, L., Wang, Z., Venton, D.L., and Klein, W.L. (2003). Femtomole 

immunodetection of synthetic and endogenous amyloid-beta oligomers and its application to 

Alzheimer’s disease drug candidate screening. J. Mol. Neurosci. 20, 305–313. 

Chavant, F., Deguil, J., Pain, S., and Ingrand, I. (2010). Imipramine, in Part through Tumor 

Necrosis Factor α Inhibition, Prevents Cognitive Decline and β-Amyloid Accumulation in a 

Mouse Model of Alzheimer’s Disease. J. Pharmacol. Exp. Ther. 332, 505–514. 

Chen, L., Wang, H., Zhang, Z., Li, Z., He, D., Sokabe, M., and Chen, L. (2010). DMXB (GTS-

21) ameliorates the cognitive deficits in beta amyloid25-35 − injected mice through preventing 

the dysfunction of alpha7 nicotinic receptor. J. Neurosci. Res. 88, NA-NA. 

Chen, S.Y., Wright, J.W., and Barnes, C.D. (1996). The neurochemical and behavioral effects of 

b-amyloid peptide(25- 35). Brain Res. 720, 54–60. 

Chen, W., An, D., Xu, H., Cheng, X., Wang, S., Yu, W., Yu, D., Zhao, D., Sun, Y., Deng, W., et 

al. (2016). Effects of social isolation and re-socialization on cognition and ADAR1 (p110) 

expression in mice. PeerJ 4, e2306. 

Chevallier, N., Keller, E., and Maurice, T. (2011). Behavioural phenotyping of knockout mice 

for the sigma-1 (σ₁) chaperone protein revealed gender-related anxiety, depressive-like and 



65 

 

memory alterations. J. Psychopharmacol. 25, 960–975. 

Choi, Y.Y., Maeda, T., Fujii, H., Yokozawa, T., Kim, H.Y., Cho, E.J., and Shibamoto, T. (2014). 

Oligonol improves memory and cognition under an amyloid β25-35–induced Alzheimer’s mouse 

model. Nutr. Res. 34, 595–603. 

Claeysen, S., Cochet, M., Donneger, R., Dumuis, A., Bockaert, J., and Giannoni, P. (2012). 

Alzheimer culprits: Cellular crossroads and interplay. Cell. Signal. 24, 1831–1840. 

Clapcote, S.J., Lazar, N.L., Bechard, A.R., Wood, G. a, and Roder, J.C. (2005). NIH Swiss and 

Black Swiss mice have retinal degeneration and performance deficits in cognitive tests. Comp. 

Med. 55, 310–316. 

Cleary, J.P., Walsh, D.M., Hofmeister, J.J., Shankar, G.M., Kuskowski, M.A., Selkoe, D.J., and 

Ashe, K.H. (2005). Natural oligomers of the amyloid-β protein specifically disrupt cognitive 

function. Nat. Neurosci. 8, 79–84. 

Cobos, E.J., Entrena, J.M., Nieto, F.R., Cendan, C.M., and Del Pozo, E. (2008). Pharmacology 

and therapeutic potential of sigma(1) receptor ligands. Curr Neuropharmacol 6, 344–366. 

Corder, E.H., Ghebremedhin, E., Taylor, M.G., Thal, D.R., Ohm, T.G., and Braak, H. (2004). 

The biphasic relationship between regional brain senile plaque and neurofibrillary tangle 

distributions: modification by age, sex, and APOE polymorphism. Ann. N. Y. Acad. Sci. 1019, 

24–28. 

Crabbe, J.C. (1999). Genetics of Mouse Behavior: Interactions with Laboratory Environment. 

Science (80-. ). 284, 1670–1672. 

Cravens, R.W. (1974). Effects of maternal undernutrition on offspring behavior: Incentive value 

of a food reward and ability to escape from water. Dev. Psychobiol. 7, 61–69. 

Crawley, J.N. (2003). Behavioral phenotyping of rodents. Comp. Med. 53, 140–146. 

Crawley, J.N., Belknap, J.K., Collins, A., Crabbe, J.C., Frankel, W., Henderson, N., Hitzemann, 

R.J., Maxson, S.C., Miner, L.L., Silva, A.J., et al. (1997). Behavioral phenotypes of inbred 

mouse strains: Implications and recommendations for molecular studies. Psychopharmacology 

(Berl). 132, 107–124. 

Cummings, J.L. (2004). Alzheimer’s disease. N. Engl. J. Med. 351, 56–67. 

Cummings, B.J., Su, J.H., Cotman, C.W., White, R., and Russell, M.J. (1993). β-Amyloid 

accumulation in aged canine brain: A model of early plaque formation in Alzheimer’s disease. 

Neurobiol. Aging 14, 547–560. 

Cummings, B.J., Head, E., Ruehl, W., Milgram, N.W., and Cotman, C.W. (1996). The canine as 

an animal model of human aging and dementia. Neurobiol. Aging 17, 259–268. 

D’Hooge, R., and De Deyn, P.P. (2001). Applications of the Morris water maze in the study of 

learning and memory. 

Van Dam, D., and De Deyn, P.P. (2011). Animal models in the drug discovery pipeline for 



66 

 

Alzheimer’s disease. Br. J. Pharmacol. 164, 1285–1300. 

Debonnel, G., Bergeron, R., and de Montigny, C. (1996a). Potentiation by 

dehydroepiandrosterone of the neuronal response to N-methyl-D-aspartate in the CA3 region of 

the rat dorsal hippocampus: an effect mediated via sigma receptors. J. Endocrinol. 150 Suppl, 

S33-42. 

Debonnel, G., Bergeron, R., Monnet, F.P., and De Montigny, C. (1996b). Differential effects of 

sigma ligands on the N-methyl-D-aspartate response in the CA1 and CA3 regions of the dorsal 

hippocampus: effect of mossy fiber lesioning. Neuroscience 71, 977–987. 

DeHaven-Hudkins, D.L., Lanyon, L.F., Ford-Rice, F.Y., and Ator, M.A. (1994). sigma 

recognition sites in brain and peripheral tissues. Characterization and effects of cytochrome P450 

inhibitors. Biochem. Pharmacol. 47, 1231–1239. 

DeKosky, S.T., and Scheff, S.W. (1990). Synapse loss in frontal cortex biopsies in Alzheimer’s 

disease: Correlation with cognitive severity. Ann. Neurol. 27, 457–464. 

Delobette, S., Privat, A., and Maurice, T. (1997). In vitro aggregation facilitates β-amyloid 

peptide-(25–35)-induced amnesia in the rat. Eur. J. Pharmacol. 319, 1–4. 

Detrait, E., Maurice, T., Hanon, E., Leclercq, K., and Lamberty, Y. (2014). Lack of synaptic 

vesicle protein SV2B protects against amyloid-β25-35-induced oxidative stress, cholinergic 

deficit and cognitive impairment in mice. Behav. Brain Res. 271, 277–285. 

Diamond, A. (2014). Executive Functions. Annu. Rev. Clin. Psychol. 64, 135–168. 

Doody, R.S., Raman, R., Farlow, M., Iwatsubo, T., Vellas, B., Joffe, S., Kieburtz, K., He, F., 

Sun, X., Thomas, R.G., et al. (2013). A Phase 3 Trial of Semagacestat for Treatment of 

Alzheimer’s Disease. N. Engl. J. Med. 369, 341–350. 

Doody, R.S., Thomas, R.G., Farlow, M., Iwatsubo, T., Vellas, B., Joffe, S., Kieburtz, K., Raman, 

R., Sun, X., Aisen, P.S., et al. (2014). Phase 3 Trials of Solanezumab for Mild-to-Moderate 

Alzheimer’s Disease. N. Engl. J. Med. 370, 311–321. 

Earley, B., Burke, M., Leonard, B.E., Gouret, C.J., and Junien, J.L. (1991). Evidence for an anti-

amnesic effect of JO 1784 in the rat: a potent and selective ligand for the sigma receptor. Brain 

Res. 546, 282–286. 

Eichenbaum, H., Stewart, C., and Morris, R.G. (1990). Hippocampal representation in place 

learning. J. Neurosci. 10, 3531–3542. 

Engler-Chiurazzi, E.B., Singh, M., and Simpkins, J.W. (2016). Reprint of: From the 90׳s to now: 

A brief historical perspective on more than two decades of estrogen neuroprotection. Brain Res. 

1645, 79–82. 

Enserink, M. (1999). Behavioral genetics. Fickle mice highlight test problems. Science 284, 

1599–1600. 

Entrena, J.M., Cobos, E.J., Nieto, F.R., Cendán, C.M., Gris, G., Del Pozo, E., Zamanillo, D., and 



67 

 

Baeyens, J.M. (2009). Sigma-1 receptors are essential for capsaicin-induced mechanical 

hypersensitivity: Studies with selective sigma-1 ligands and sigma-1 knockout mice. Pain 143, 

252–261. 

Fallis, A.. (2013). The Hippocampus as a Cognitive Map (Oxford University Press). 

Fang, F., and Liu, G.-T. (2006). Protective effects of compound FLZ on beta-amyloid peptide-

(25-35)-induced mouse hippocampal injury and learning and memory impairment. Acta 

Pharmacol. Sin. 27, 651–658. 

Farrer, L.A. (1997). Effects of Age, Sex, and Ethnicity on the Association Between 

Apolipoprotein E Genotype and Alzheimer Disease. Jama 278, 1349. 

Fehér, Á., Juhász, A., László, A., Kálmán, J., Pákáski, M., and Janka, Z. (2012). Association 

between a variant of the sigma-1 receptor gene and Alzheimer’s disease. Neurosci. Lett. 517, 

136–139. 

De Felice, F.G., Wu, D., Lambert, M.P., Fernandez, S.J., Velasco, P.T., Lacor, P.N., Bigio, E.H., 

Jerecic, J., Acton, P.J., Shughrue, P.J., et al. (2008). Alzheimer’s disease-type neuronal tau 

hyperphosphorylation induced by Aβ oligomers. Neurobiol. Aging 29, 1334–1347. 

Ferrari, P.F., Palanza, P., Parmigiani, S., and Rodgers, R.J. (1998). Interindividual variability in 

Swiss male mice: Relationship between social factors, aggression, and anxiety. Physiol. Behav. 

63, 821–827. 

Ferreira, S.T., Lourenco, M. V., Oliveira, M.M., and De Felice, F.G. (2015). Soluble amyloid-β 

oligomers as synaptotoxins leading to cognitive impairment in Alzheimer’s disease. Front. Cell. 

Neurosci. 9, 191. 

Forman, M., Palcza, J., Tseng, J., Leempoels, J., Ramael, S., Han, D., Jhee, S., Ereshefsky, L., 

Tanen, M., Laterza, O., et al. (2012). The novel BACE inhibitor MK-8931 dramatically lowers 

cerebrospinal fluid Aβ peptides in healthy subjects following single- and multiple-dose 

administration. Alzheimer’s Dement. 8, P704. 

Frackowiak, J., Zoltowska, A., and Wisniewski, H.M. (1994). Non-fibrillar beta-amyloid protein 

is associated with smooth muscle cells of vessel walls in Alzheimer disease. J. Neuropathol. Exp. 

Neurol. 53, 637–645. 

Frick, K.M., Kim, J., Tuscher, J.J., and Fortress, A.M. (2015). Sex steroid hormones matter for 

learning and memory: estrogenic regulation of hippocampal function in male and female rodents. 

Learn. Mem. 22, 472–493. 

Games, D., Adams, D., Alessandrini, R., Barbour, R., Berthelette, P., Blackwell, C., Carr, T., 

Clemens, J., Donaldson, T., and Gillespie, F. (1995). Alzheimer-type neuropathology in 

transgenic mice overexpressing V717F beta-amyloid precursor protein. Nature 373, 523–527. 

Ganapathy, M.E., Prasad, P.D., Huang, W., Seth, P., Leibach, F.H., and Ganapathy, V. (1999). 

Molecular and ligand-binding characterization of the sigma-receptor in the Jurkat human T 

lymphocyte cell line. J. Pharmacol. Exp. Ther. 289, 251–260. 



68 

 

Gearing, M., Rebeckt, G.W., Hymant, B.T., Tigges, J., Mirra, S.S., and Krause, R.M. (1994). 

Neuropathology and apolipoprotein E profile of aged chimpanzees: Implications for Alzheimer 

disease. Neurobiology 91, 9382–9386. 

Gerlai, R. (1996). Gene-targeting studies of mammalian behavior: is it the mutation or the 

background genotype? Trends Neurosci. 19, 177–181. 

Gerlai, R. (2001). Behavioral tests of hippocampal function: Simple paradigms complex 

problems. Behav. Brain Res. 125, 269–277. 

Gharibyan, A.L., Zamotin, V., Yanamandra, K., Moskaleva, O.S., Margulis, B.A., Kostanyan, 

I.A., and Morozova-Roche, L.A. (2007). Lysozyme Amyloid Oligomers and Fibrils Induce 

Cellular Death via Different Apoptotic/Necrotic Pathways. J. Mol. Biol. 365, 1337–1349. 

Glabe, C.G., and Kayed, R. (2006). Common structure and toxic function of amyloid oligomers 

implies a common mechanism of pathogenesis. Neurology 66, S74–S78. 

Glenner, G.G., and Wong, C.W. (1984). Alzheimer’s disease: initial report of the purification 

and characterization of a novel cerebrovascular amyloid protein. Biochem. Biophys. Res. 

Commun. 120, 885–890. 

Goate, A.M. (2006). Segregation of a missense mutation in the amyloid β -protein precursor gene 

with familial Alzheimer ’ s disease. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 9, 341–

347. 

Goldsmith, J.F., Brain, P.F., and Benton, D. (1978). Effects of the duration of individual or group 

housing on behavioural and adrenocortical reactivity in male mice. Physiol. Behav. 21, 757–760. 

Gong, B., Vitolo, O. V, Trinchese, F., Liu, S., Shelanski, M., and Arancio, O. (2004). Persistent 

improvement in synaptic and cognitive functions in an Alzheimer mouse model after rolipram 

treatment. J. Clin. Invest. 114, 1624–1634. 

Gong, B., Cao, Z., Zheng, P., Vitolo, O. V., Liu, S., Staniszewski, A., Moolman, D., Zhang, H., 

Shelanski, M., and Arancio, O. (2006). Ubiquitin Hydrolase Uch-L1 Rescues β-Amyloid-

Induced Decreases in Synaptic Function and Contextual Memory. Cell 126, 775–788. 

Gong, Y., Chang, L., Viola, K.L., Lacor, P.N., Lambert, M.P., Finch, C.E., Krafft, G.A., and 

Klein, W.L. (2003). Alzheimer’s disease-affected brain: presence of oligomeric A beta ligands 

(ADDLs) suggests a molecular basis for reversible memory loss. Proc. Natl. Acad. Sci. U. S. A. 

100, 10417–10422. 

Granger, M.W., Franko, B., Taylor, M.W., Messier, C., St. George-Hyslop, P., and Bennett, 

S.A.L. (2016). A TgCRND8 Mouse Model of Alzheimer’s Disease Exhibits Sexual 

Dimorphisms in Behavioral Indices of Cognitive Reserve. J. Alzheimer’s Dis. 51, 757–773. 

Graves, A.B., Van Duijn, C.M., Chandra, V., Fratiglioni, L., Heyman, A., Jorm, A.F., Kokmen, 

E., Kondo, K., Mortimer, J.A., Rocca, W.A., et al. (1991). Alcohol and Tobacco Consumption as 

Risk Factors for Alzheimer’s Disease: A Collaborative Re-Analysis of Case-Control Studies. Int. 

J. Epidemiol. 20, S48–S57. 



69 

 

Gruden, M.A., Davidova, T.B., Mališauskas, M., Sewell, R.D.E., Voskresenskaya, N.I., 

Wilhelm, K., Elistratova, E.I., Sherstnev, V. V., and Morozova-Roche, L.A. (2007). Differential 

neuroimmune markers to the onset of Alzheimer’s disease neurodegeneration and dementia: 

Autoantibodies to Aβ(25–35) oligomers, S100b and neurotransmitters. J. Neuroimmunol. 186, 

181–192. 

Grueninger, F., Bohrmann, B., Czech, C., Ballard, T.M., Frey, J.R., Weidensteiner, C., von 

Kienlin, M., and Ozmen, L. (2010). Phosphorylation of Tau at S422 is enhanced by Aβ in 

TauPS2APP triple transgenic mice. Neurobiol. Dis. 37, 294–306. 

Gundlach,  a L., Largent, B.L., and Snyder, S.H. (1986). Autoradiographic localization of sigma 

receptor binding sites in guinea pig and rat central nervous system with (+)3H-3-(3-

hydroxyphenyl)-N-(1-propyl)piperidine. J. Neurosci. 6, 1757–1770. 

Gunn-Moore, D.A., McVee, J., Bradshaw, J.M., Pearson, G.R., Head, E., and Gunn-Moore, F.J. 

(2006). Ageing changes in cat brains demonstrated by β-amyloid and AT8-immunoreactive 

phosphorylated tau deposits. J. Feline Med. Surg. 8, 234–242. 

Guo, J.L., and Lee, V.M.Y. (2011). Seeding of normal tau by pathological tau conformers drives 

pathogenesis of Alzheimer-like tangles. J. Biol. Chem. 286, 15317–15331. 

Gustafson, D.R., Skoog, I., Rosengren, L., Zetterberg, H., and Blennow, K. (2007). 

Cerebrospinal fluid beta-amyloid 1-42 concentration may predict cognitive decline in older 

women. J. Neurol. Neurosurg. Psychiatry 78, 461–464. 

Guzman-Ramos, K., Moreno-Castilla, P., Castro-Cruz, M., McGaugh, J.L., Martinez-Coria, H., 

LaFerla, F.M., and Bermudez-Rattoni, F. (2012). Restoration of dopamine release deficits during 

object recognition memory acquisition attenuates cognitive impairment in a triple transgenic 

mice model of Alzheimer’s disease. Learn. Mem. 19, 453–460. 

Hall, A.M., and Roberson, E.D. (2012). Mouse models of Alzheimer’s disease. Brain Res. Bull. 

88, 3–12. 

Hamley, I.W. (2012). The amyloid beta peptide: A chemist’s perspective. role in Alzheimer’s 

and fibrillization. Chem. Rev. 112, 5147–5192. 

Hanner, M., Moebius, F.F., Flandorfer, A., Knaus, H.G., Striessnig, J., Kempner, E., and 

Glossmann, H. (1996). Purification, molecular cloning, and expression of the mammalian 

sigma1-binding site. Proc. Natl. Acad. Sci. U. S. A. 93, 8072–8077. 

Hardy, J., and Allsop, D. (1991). Amyloid deposition as the central event in the aetiology of 

Alzheimer’s disease. Trends Pharmacol. Sci. 12, 383–388. 

Hardy, J., and Higgins, G. (1992). Alzheimer’s disease: the amyloid cascade hypothesis. Science 

(80-. ). 256, 184–185. 

Hardy, J., and Selkoe, D.J. (2002). The amyloid hypothesis of Alzheimer’s disease: progress and 

problems on the road to therapeutics. Science 297, 353–356. 

Hardy, J., Bogdanovic, N., Winblad, B., Portelius, E., Andreasen, N., Cedazo-Minguez, A., and 



70 

 

Zetterberg, H. (2014). Pathways to Alzheimer’s disease. J. Intern. Med. 275, 296–303. 

Hayashi, T., and Su, T. (2005). The sigma receptor: evolution of the concept in 

neuropsychopharmacology. Curr. Neuropharmacol. 3, 267–280. 

Hayashi, T., and Su, T.-P. (2007). Sigma-1 receptor chaperones at the ER-mitochondrion 

interface regulate Ca(2+) signaling and cell survival. Cell 131, 596–610. 

Hayashi, T., Kagaya, A., Takebayashi, M., Shimizu, M., Uchitomi, Y., Motohashi, N., and 

Yamawaki, S. (1995). Modulation by σ ligands of intracellular free Ca++ mobilization by N- 

methyl-D-aspartate in primary culture of rat frontal cortical neurons. J. Pharmacol. Exp. Ther. 

275. 

Hayashi, T., Maurice, T., and Su, T.P. (2000). Ca(2+) signaling via sigma(1)-receptors: novel 

regulatory mechanism affecting intracellular Ca(2+) concentration. J. Pharmacol. Exp. Ther. 293, 

788–798. 

Hayashi, T., Tsai, S., Mori, T., Fujimoto, M., and Su, T.-P. (2011). Targeting ligand-operated 

chaperone sigma-1 receptors in the treatment of neuropsychiatric disorders. Expert Opin. Ther. 

Targets 15, 557–577. 

Head, E., Moffat, K., Das, P., Sarsoza, F., Poon, W.W., Landsberg, G., Cotman, C.W., and 

Murphy, M.P. (2005). β-Amyloid deposition and tau phosphorylation in clinically characterized 

aged cats. Neurobiol. Aging 26, 749–763. 

Hellewell, S.B., and Bowen, W.D. (1990). A sigma-like binding site in rat pheochromocytoma 

(PC12) cells: decreased affinity for (+)-benzomorphans and lower molecular weight suggest a 

different sigma receptor form from that of guinea pig brain. Brain Res. 527, 244–253. 

Hellewell, S.B., Bruce, A., Feinstein, G., Orringer, J., Williams, W., and Bowen, W.D. (1994). 

Rat liver and kidney contain high densities of σ1 and σ2 receptors: characterization by ligand 

binding and photoaffinity labeling. Eur. J. Pharmacol. Mol. Pharmacol. 268, 9–18. 

Henderson, V.W. (2014). Alzheimer’s disease: Review of hormone therapy trials and 

implications for treatment and prevention after menopause. J. Steroid Biochem. Mol. Biol. 142, 

99–106. 

Henderson, V.W., and Buckwalter, J.G. (1994). Cognitive deficits of men and women with 

Alzheimer’s disease. Neurology 44, 90–96. 

Herrmann, N., Harimoto, T., Balshaw, R., Lanctôt, K.L., Bacher, Y., Bailey, P., Berlingieri, J., 

Bon, T., Borrie, M., Campbell, B., et al. (2015). Risk factors for progression of Alzheimer 

disease in a Canadian population: The Canadian Outcomes Study in Dementia (COSID). Can. J. 

Psychiatry 60, 189–199. 

Higgins, L.S., Holtzman, D.M., Rabin, J., Mobley, W.C., and Cordell, B. (1994). Transgenic 

mouse brain histopathology resembles early Alzheimer’s disease. Ann. Neurol. 35, 598–607. 

Hirata-Fukae, C., Li, H.F., Hoe, H.S., Gray, A.J., Minami, S.S., Hamada, K., Niikura, T., Hua, 

F., Tsukagoshi-Nagai, H., Horikoshi-Sakuraba, Y., et al. (2008). Females exhibit more extensive 



71 

 

amyloid, but not tau, pathology in an Alzheimer transgenic model. Brain Res. 1216, 92–103. 

Hodges, H. (1996). Maze procedures: The radial-arm and water maze compared. Cogn. Brain 

Res. 3, 167–181. 

Holcomb, L., Gordon, M.N., McGowan, E., Yu, X., Benkovic, S., Jantzen, P., Wright, K., Saad, 

I., Mueller, R., Morgan, D., et al. (1998). Accelerated Alzheimer-type phenotype in transgenic 

mice carrying both mutant amyloid precursor protein and presenilin 1 transgenes. Nat. Med. 4, 

97–100. 

Hossain, S.M., Wong, B.K.Y., and Simpson, E.M. (2004). The dark phase improves genetic 

discrimination for some high throughput mouse behavioral phenotyping. Genes, Brain Behav. 3, 

167–177. 

Hsiao, K., Chapman, P., Nilsen, S., Eckman, C., Harigaya, Y., Younkin, S., Yang, F., and Cole, 

G. (1996). Correlative memory deficits, Abeta elevation, and amyloid plaques in transgenic 

mice. Science 274, 99–102. 

Huang, H.J., Liang, K.C., Ke, H.C., Chang, Y.Y., and Hsieh-Li, H.M. (2011a). Long-term social 

isolation exacerbates the impairment of spatial working memory in APP/PS1 transgenic mice. 

Brain Res. 1371, 150–160. 

Huang, Y., Zheng, L., Halliday, G., Dobson-Stone, C., Wang, Y., Tang, H.-D., Cao, L., Deng, 

Y.-L., Wang, G., Zhang, Y.-M., et al. (2011b). Genetic polymorphisms in sigma-1 receptor and 

apolipoprotein E interact to influence the severity of Alzheimer’s disease. Curr. Alzheimer Res. 

8, 765–770. 

Ieraci, A., Mallei, A., and Popoli, M. (2016). Social Isolation Stress Induces Anxious-

Depressive-Like Behavior and Alterations of Neuroplasticity-Related Genes in Adult Male Mice. 

Neural Plast. 2016. 

Ishihara, T., Hong, M., Zhang, B., Nakagawa, Y., Lee, M.K., Trojanowski, J.Q., and Lee, V.M.-

Y. (1999). Age-dependent emergence and progression of a tauopathy in transgenic mice 

overexpressing the shortest human tau isoform. Neuron 24, 751–762. 

Ishikawa, M., and Hashimoto, K. (2010). The role of sigma-1 receptors in the pathophysiology 

of neuropsychiatric diseases. J. Receptor. Ligand Channel Res. 3, 25–36. 

Isik, A.T. (2010). Late onset Alzheimer’s disease in older people. Clin. Interv. Aging 5, 307–

311. 

Itzhak, Y., Stein, I., Zhang, S.H., Kassim, C.O., and Cristante, D. (1991). Binding of sigma-

ligands to C57BL/6 mouse brain membranes: effects of monoamine oxidase inhibitors and 

subcellular distribution studies suggest the existence of sigma-receptor subtypes. J Pharmacol 

Exp Ther 257, 141–148. 

Jackson, L. (1943). V.T.E. on an elevated maze. J Comp Psychol 36, 99–107. 

Jackson, S.J., Andrews, N., Ball, D., Bellantuono, I., Gray, J., Hachoumi, L., Holmes, A., 

Latcham, J., Petrie, A., Potter, P., et al. (2017). Does age matter? The impact of rodent age on 



72 

 

study outcomes. Lab. Anim. 51, 160–169. 

Jacobsen, J.S., Wu, C.C., Redwine, J.M., Comery, T.A., Arias, R., Bowlby, M., Martone, R., 

Morrison, J.H., Pangalos, M.N., Reinhart, P.H., et al. (2006). Early-onset behavioral and synaptic 

deficits in a mouse model of Alzheimer’s disease. Pnas 103, 5161–5166. 

Jagust, W. (2013). Vulnerable Neural Systems and the Borderland of Brain Aging and 

Neurodegeneration. Neuron 77, 219–234. 

Jansen, K.L.R., Faull, R.L.M., Storey, P., and Leslie, R. a. (1993). Loss of sigma binding sites in 

the CA1 area of the anterior hippocampus in Alzheimer’s disease correlates with CA1 pyramidal 

cell loss. Brain Res. 623, 299–302. 

Jawhar, S., Trawicka, A., Jenneckens, C., Bayer, T.A., and Wirths, O. (2012). Motor deficits, 

neuron loss, and reduced anxiety coinciding with axonal degeneration and intraneuronal Aβ 

aggregation in the 5XFAD mouse model of Alzheimer’s disease. Neurobiol. Aging 33, 196.e29-

196.e40. 

Jbilo, O., Vidal, H., Paul, R., De Nys, N., Bensaid, M., Silve, S., Carayon, P., Davi, D., Galiègue, 

S., Bourrié, B., et al. (1997). Purification and Characterization of the Human SR 31747A-binding 

Protein. J. Biol. Chem. 272, 27107–27115. 

Jin, J.-L., Fang, M., Zhao, Y.-X., and Liu, X.-Y. (2015). Roles of sigma-1 receptors in 

alzheimer’s disease. Int. J. Clin. Exp. Med. 8, 4808–4820. 

Johnson, F.B., Sinclair, D.A., and Guarente, L. (1999). Molecular Biology of Aging Review. 

Cell 96, 291–302. 

Johnson, S.C., Rabinovitch, P.S., and Kaeberlein, M. (2013). mTOR is a key modulator of 

ageing and age-related disease. Nature 493, 338–345. 

Jorm, A.F., and Jolley, D. (2000). The incidence of dementia in Canada. Neurology 55, 66–73. 

Kafkafi, N., Benjamini, Y., Sakov, A., Elmer, G.I., and Golani, I. (2005). Genotype-environment 

interactions in mouse behavior: a way out of the problem. Proc. Natl. Acad. Sci. U. S. A. 102, 

4619–4624. 

Kamal, A., Ramakers, G.M.J., Altinbilek, B., and Kas, M.J.H. (2014). Social isolation stress 

reduces hippocampal long-term potentiation: Effect of animal strain and involvement of 

glucocorticoid receptors. Neuroscience 256, 262–270. 

Karran, E., Mercken, M., and Strooper, B. De (2011). The amyloid cascade hypothesis for 

Alzheimer’s disease: an appraisal for the development of therapeutics. Nat. Rev. Drug Discov. 

10, 698–712. 

Kayed, R., Head, E., Thompson, J.L., McIntire, T.M., Milton, S.C., Cotman, C.W., and Glabe, 

C.G. (2003). Common structure of soluble amyloid oligomers implies common mechanism of 

pathogenesis. Science 300, 486–489. 

Kazim, S.F., Blanchard, J., Dai, C.-L., Tung, Y.-C., LaFerla, F.M., Iqbal, I.-G., and Iqbal, K. 



73 

 

(2014). Disease modifying effect of chronic oral treatment with a neurotrophic peptidergic 

compound in a triple transgenic mouse model of Alzheimer’s disease. Neurobiol. Dis. 71, 1–21. 

Kekuda, R., Prasad, P.D., Fei, Y., Leibach, F.H., and Ganapathy, V. (1996). Cloning and 

Functional Expression of the Human Type 1 Sigma Receptor ( hSigmaR1 )* Sigma receptors are 

defined as nonopiate and nonphencyclidine sites that bind certain benzo- morphan opioids with 

high affinity [ 1-4 ]. There is evidence to indicate the e. 558, 553–558. 

Kim, D.H., Kim, S., Jeon, S.J., Son, K.H., Lee, S., Yoon, B.H., Cheong, J.H., Ko, K.H., and 

Ryu, J.H. (2008). The effects of acute and repeated oroxylin A treatments on Aβ25–35-induced 

memory impairment in mice. Neuropharmacology 55, 639–647. 

Kimura, N., Tanemura, K., Nakamura, S.I., Takashima, A., Ono, F., Sakakibara, I., Ishii, Y., 

Kyuwa, S., and Yoshikawa, Y. (2003). Age-related changes of Alzheimer’s disease-associated 

proteins in cynomolgus monkey brains. Biochem. Biophys. Res. Commun. 310, 303–311. 

King, D.L., Arendash, G.W., Crawford, F., Sterk, T., Menendez, J., and Mullan, M.J. (1999). 

Progressive and gender-dependent cognitive impairment in the APP(SW) transgenic mouse 

model for Alzheimer’s disease. Behav. Brain Res. 103, 145–162. 

Klein, M., Cooper, T.B., and Musacchio, J. (1994). Effects of haloperidol and reduced 

haloperidol on binding to σ sites. Eur. J. Pharmacol. 254, 239–248. 

Klementiev, B., Novikova, T., Novitskaya, V., Walmod, P.S., Dmytriyeva, O., Pakkenberg, B., 

Berezin, V., and Bock, E. (2007). A neural cell adhesion molecule-derived peptide reduces 

neuropathological signs and cognitive impairment induced by Aβ25-35. Neuroscience 145, 209–

224. 

Klyubin, I., Cullen, W.K., Hu, N.-W., and Rowan, M.J. (2012). Alzheimer’s disease Aβ 

assemblies mediating rapid disruption of synaptic plasticity and memory. Mol. Brain 5, 1. 

Kokoszka, J.E., Coskun, P., Esposito, L. a, and Wallace, D.C. (2001). Increased mitochondrial 

oxidative stress in the Sod2 (+/-) mouse results in the age-related decline of mitochondrial 

function culminating in increased apoptosis. Proc. Natl. Acad. Sci. U. S. A. 98, 2278–2283. 

Kopan, R., and Ilagan, M.X.G. (2004). Gamma-secretase: proteasome of the membrane? Nat. 

Rev. Mol. Cell Biol. 5, 499–504. 

Kourrich, S., Su, T.-P., Fujimoto, M., and Bonci, A. (2012). The sigma-1 receptor: roles in 

neuronal plasticity and disease. Trends Neurosci. 35, 762–771. 

Kubo, T., Nishimura, S., Kumagae, Y., and Kaneko, I. (2002). In vivo conversion of racemized 

beta-amyloid ([D-Ser 26]A beta 1-40) to truncated and toxic fragments ([D-Ser 26]A beta 25-

35/40) and fragment presence in the brains of Alzheimer’s patients. J. Neurosci. Res. 70, 474–

483. 

Kukull, W.A., Higdon, R., Bowen, J.D., McCormick, W.C., Teri, L., Schellenberg, G.D., van 

Belle, G., Jolley, L., and Larson, E.B. (2002). Dementia and Alzheimer Disease Incidence. Arch. 

Neurol. 59, 1737. 



74 

 

Kurt, M.A., Davies, D.C., Kidd, M., Duff, K., Rolph, S.C., Jennings, K.H., and Howlett, D.R. 

(2001). Neurodegenerative Changes Associated with β-Amyloid Deposition in the Brains of 

Mice Carrying Mutant Amyloid Precursor Protein and Mutant Presenilin-1 Transgenes. Exp. 

Neurol. 171, 59–71. 

Kwak, C., Lee, S.H., and Kaang, B.K. (2009). Social isolation selectively increases anxiety in 

mice without affecting depression-like behavior. Korean J. Physiol. Pharmacol. 13, 357–360. 

Kwon, S.H., Lee, H.K., Kim, J.A., Hong, S.I., Kim, S.Y., Jo, T.H., Park, Y.I., Lee, C.K., Kim, Y. 

Bin, Lee, S.Y., et al. (2011). Neuroprotective effects of Eucommia ulmoides Oliv. Bark on 

amyloid beta25-35-induced learning and memory impairments in mice. Neurosci. Lett. 487, 

123–127. 

Lacor, P.N., Buniel, M.C., Chang, L., Fernandez, S.J., Gong, Y., Viola, K.L., Lambert, M.P., 

Velasco, P.T., Bigio, E.H., Finch, C.E., et al. (2004). Synaptic targeting by Alzheimer’s-related 

amyloid beta oligomers. J. Neurosci. 24, 10191–10200. 

Lambert, M.P., Barlow, A.K., Chromy, B.A., Edwards, C., Freed, R., Liosatos, M., Morgan, 

T.E., Rozovsky, I., Trommer, B., Viola, K.L., et al. (1998). Diffusible, nonfibrillar ligands 

derived from Abeta1-42 are potent central nervous system neurotoxins. Proc. Natl. Acad. Sci. U. 

S. A. 95, 6448–6453. 

Langa, F., Codony, X., Tovar, V., Lavado, A., Giménez, E., Cozar, P., Cantero, M., Dordal, A., 

Hernández, E., Pérez, R., et al. (2003). Generation and phenotypic analysis of sigma receptor 

type I (σ1) knockout mice. Eur. J. Neurosci. 18, 2188–2196. 

Lannfelt, L., Relkin, N.R., and Siemers, E.R. (2014). Amyloid-ß-directed immunotherapy for 

Alzheimer’s disease. J. Intern. Med. 275, 284–295. 

Laviola, G., Terranova, M.L., Sedowofia, K., Clayton, R., and Manning, A. (1994). A mouse 

model of early social interactions after prenatal drug exposure: a genetic investigation. 

Psychopharmacology (Berl). 113, 388–394. 

Lee, C.C., Sun, Y., and Huang, H.W. (2012). How type II diabetes-related islet amyloid 

polypeptide damages lipid bilayers. Biophys. J. 102, 1059–1068. 

Lehman, E.J.H., Kulnane, L.S., Gao, Y., Petriello, M.C., Pimpis, K.M., Younkin, L., Dolios, G., 

Wang, R., Younkin, S.G., and Lamb, B.T. (2003). Genetic background regulates beta-amyloid 

precursor protein processing and beta-amyloid deposition in the mouse. Hum. Mol. Genet. 12, 

2949–2956. 

Lewis, J. (2001). Enhanced Neurofibrillary Degeneration in Transgenic Mice Expressing Mutant 

Tau and APP. Science (80-. ). 293, 1487–1491. 

Licastro, F., Carbone, I., Ianni, M., and Porcellini, E. (2017). Gene Signature in Alzheimer’s 

Disease and Environmental Factors: The Virus Chronicle. Adv. Alzheimer’s Dis. 5, 371–379. 

Lipp, H.P., and Wolfer, D.P. (1998). Genetically modified mice and cognition. Curr. Opin. 

Neurobiol. 8, 272–280. 



75 

 

Liu, R., Gao, M., Qiang, G.-F., Zhang, T.-T., Lan, X., Ying, J., and Du, G.-H. (2009). The anti-

amnesic effects of luteolin against amyloid β25–35 peptide-induced toxicity in mice involve the 

protection of neurovascular unit. Neuroscience 162, 1232–1243. 

Liu, R., Zhang, T., Zhou, D., Bai, X., Zhou, W., Huang, C., Song, J., Meng, F., Wu, C., Li, L., et 

al. (2013). Quercetin protects against the Aβ25–35-induced amnesic injury: Involvement of 

inactivation of RAGE-mediated pathway and conservation of the NVU. Neuropharmacology 67, 

419–431. 

López-Otín, C., Blasco, M.A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The 

hallmarks of aging. Cell 153. 

Lu, P., Mamiya, T., Lu, L.L., Mouri, A., Niwa, M., Hiramatsu, M., Zou, L.B., Nagai, T., Ikejima, 

T., and Nabeshima, T. (2009). Silibinin Attenuates Amyloid β25–35 Peptide-Induced Memory 

Impairments: Implication of Inducible Nitric-Oxide Synthase and Tumor Necrosis Factor-α in 

Mice. J. Pharmacol. Exp. Ther. 331, 319–326. 

Lue, L.-F., Kuo, Y.-M., Roher, A.E., Brachova, L., Shen, Y., Sue, L., Beach, T., Kurth, J.H., 

Rydel, R.E., and Rogers, J. (1999). Soluble Amyloid β Peptide Concentration as a Predictor of 

Synaptic Change in Alzheimer’s Disease. Am. J. Pathol. 155, 853–862. 

Mangialasche, F., Solomon, A., Winblad, B., Mecocci, P., and Kivipelto, M. (2010). 

Alzheimer’s disease: clinical trials and drug development. Lancet Neurol. 9, 702–716. 

Martenyi, F., Dean, R.A., Lowe, S., Nakano, M., Monk, S., Willis, B.A., Gonzales, C., Mergott, 

D., Leslie, D., May, P., et al. (2012). BACE inhibitor LY2886721 safety and central and 

peripheral PK and PD in healthy subjects (HSs). Alzheimer’s Dement. 8, P583–P584. 

Martin, W.R., Eades, C.G., Thompson, J.A., Huppler, R.E., and Gilbert, P.E. (1976). The effects 

of morphine- and nalorphine- like drugs in the nondependent and morphine-dependent chronic 

spinal dog. J. Pharmacol. Exp. Ther. 197, 517–532. 

Martina, M., Turcotte, M.-E.B., Halman, S., and Bergeron, R. (2007). The sigma-1 receptor 

modulates NMDA receptor synaptic transmission and plasticity via SK channels in rat 

hippocampus. J. Physiol. 578, 143–157. 

Masliah, E., Sisk,  a, Mallory, M., Mucke, L., Schenk, D., and Games, D. (1996). Comparison of 

neurodegenerative pathology in transgenic mice overexpressing V717F b-amyloid precursor 

protein and Alzheimer’s disease. J. Neurosci. 16, 5795–5811. 

Mastrangelo, M.A., and Bowers, W.J. (2008). Detailed immunohistochemical characterization of 

temporal and spatial progression of Alzheimer’s disease-related pathologies in male triple-

transgenic mice. BMC Neurosci. 9, 81. 

Matsuno, K., Senda, T., Matsunaga, K., and Mita, S. (1994). Ameliorating effects of σ receptor 

ligands on the impairment of passive avoidance tasks in mice: involvement in the central 

acetylcholinergic system. Eur. J. Pharmacol. 261, 43–51. 

Matsuno, K., Senda, T., Kobayashi, T., Okamoto, K., Nakata, K., and Mita, S. (1997). SA4503, a 

novel cognitive enhancer, with σ1 receptor agonistic properties. Behav. Brain Res. 83, 221–224. 



76 

 

Mattson, M.P., and Magnus, T. (2006). Ageing and neuronal vulnerability. Nat. Rev. Neurosci. 

7, 278–294. 

Maurer, K., Volk, S., and Gerbaldo, H. (1997). Auguste D and Alzheimer’s disease. Lancet 349, 

1546–1549. 

Maurice, T., and Lockhart, B.P. (1997). Neuroprotective and anti-amnesic potentials of sigma 

(sigma) receptor ligands. Prog. Neuropsychopharmacol. Biol. Psychiatry 21, 69–102. 

Maurice, T., and Privat, A. (1997). SA4503, a novel cognitive enhancer with sigma1 receptor 

agonist properties, facilitates NMDA receptor-dependent learning in mice. Eur. J. Pharmacol. 

328, 9–18. 

Maurice, T., and Su, T.-P. (2009). The pharmacology of sigma-1 receptors. Pharmacol. Ther. 

124, 195–206. 

Maurice, T., Su, T.P., Parish, D.W., Nabeshima, T., and Privat, A. (1994a). PRE-084, a sigma 

selective PCP derivative, attenuates MK-801- induced impairment of learning in mice. 

Pharmacol.Biochem.Behav. 49, 859–869. 

Maurice, T., Hiramatsu, M., Kameyama, T., Hasegawa, T., and Nabeshima, T. (1994b). 

Cholecystokinin-Related Peptides, After Systemic Or Central Administration, Prevent Carbon 

Monoxide-Induced Amnesia in Mice. J. Pharmacol. Exp. Ther. 269, 665–673. 

Maurice, T., Roman, F.J., and Privat, A. (1996a). Modulation by neurosteroids of the in vivo (+)-

[3H]SKF-10,047 binding to sigma 1 receptors in the mouse forebrain. J. Neurosci. Res. 46, 734–

743. 

Maurice, T., Lockhart, B.P., and Privat, A. (1996b). Amnesia induced in mice by centrally 

administered β-amyloid peptides involves cholinergic dysfunction. Brain Res. 706, 181–193. 

Maurice, T., Lockhart, B.P., Su, T.P., and Privat, A. (1996c). Reversion of β25-35-amyloid 

peptide-induced amnesia by NMDA receptor-associated glycine site agonists. Brain Res. 731, 

249–253. 

Maurice, T., Su, T.P., and Privat, A. (1998). Sigma1 (sigma 1) receptor agonists and 

neurosteroids attenuate B25-35-amyloid peptide-induced amnesia in mice through a common 

mechanism. Neuroscience 83, 413–428. 

Maurice, T., Urani, A., Phan, V.-L., and Romieu, P. (2001). The interaction between neuroactive 

steroids and the σ1 receptor function: behavioral consequences and therapeutic opportunities. 

Brain Res. Rev. 37, 116–132. 

Maurice, T., Grégoire, C., and Espallergues, J. (2006). Neuro(active)steroids actions at the 

neuromodulatory sigma1 (σ1) receptor: Biochemical and physiological evidences, consequences 

in neuroprotection. Pharmacol. Biochem. Behav. 84, 581–597. 

Mazzola, C., Micale, V., and Drago, F. (2003). Amnesia induced by β-amyloid fragments is 

counteracted by cannabinoid CB1 receptor blockade. Eur. J. Pharmacol. 477, 219–225. 



77 

 

McCann, D.J., and Su, T.P. (1991). Solubilization and characterization of haloperidol-sensitive 

(+)-[3H]SKF-10,047 binding sites (sigma sites) from rat liver membranes. J. Pharmacol. Exp. 

Ther. 257, 547–554. 

McCarthy, M.M. (2015). Incorporating Sex as a Variable in Preclinical Neuropsychiatric 

Research. Schizophr. Bull. 41, 1016–1020. 

McLean, S., and Weber, E. (1988). Autoradiographic visualization of haloperidol-sensitive 

sigma receptors in guinea-pig brain. Neuroscience 25, 259–269. 

McLean, C.A., Cherny, R.A., Fraser, F.W., Fuller, S.J., Smith, M.J., Beyreuther, K., Bush, A.I., 

and Masters, C.L. (1999). Soluble pool of Abeta amyloid as a determinant of severity of 

neurodegeneration in Alzheimer’s disease. Ann. Neurol. 46, 860–866. 

McLennan, I.S., and Taylor-Jeffs, J. (2004). The use of sodium lamps to brightly illuminate 

mouse houses during their dark phases. Lab. Anim. 38, 384–392. 

Van Meer, P., and Raber, J. (2005). Mouse behavioural analysis in systems biology. Biochem. J. 

389, 593–610. 

Mei, J., and Pasternak, G.W. (2001). Molecular cloning and pharmacological characterization of 

the rat sigma1 receptor. Biochem. Pharmacol. 62, 349–355. 

Meunier, J., Ieni, J., and Maurice, T. (2006a). The anti-amnesic and neuroprotective effects of 

donepezil against amyloid beta25-35 peptide-induced toxicity in mice involve an interaction with 

the sigma1 receptor. Br. J. Pharmacol. 149, 998–1012. 

Meunier, J., Ieni, J., and Maurice, T. (2006b). Antiamnesic and neuroprotective effects of 

donepezil against learning impairments induced in mice by exposure to carbon monoxide gas. J. 

Pharmacol. Exp. Ther. 317, 1307–1319. 

Mielke, M.M., Vemuri, P., and Rocca, W.A. (2014). Clinical epidemiology of Alzheimer’s 

disease: assessing sex and gender differences. Clin. Epidemiol. 6, 37–48. 

Miller, V.M. (2014). Why are sex and gender important to basic physiology, translational and 

individualized medicine? Am. J. Physiol. Heart Circ. Physiol. 306, H781-8. 

Mishina, M., Ohyama, M., Ishii, K., Kitamura, S., Kimura, Y., Oda, K., Kawamura, K., Sasaki, 

T., Kobayashi, S., Katayama, Y., et al. (2008). Low density of sigma1 receptors in early 

Alzheimer’s disease. Ann. Nucl. Med. 22, 151–156. 

Miyatake, R., Furukawa, A., Matsushita, S., Higuchi, S., and Suwaki, H. (2004). Functional 

polymorphisms in the sigma1 receptor gene associated with alcoholism. Biol. Psychiatry 55, 85–

90. 

Möller, H.J., and Graeber, M.B. (1998). The case described by Alois Alzheimer in 1911. 

Historical and conceptual perspectives based on the clinical record and neurohistological 

sections. Eur. Arch. Psychiatry Clin. Neurosci. 248, 111–122. 

Morellini, F. (2013). Spatial memory tasks in rodents: What do they model? Cell Tissue Res. 



78 

 

354, 273–286. 

Morio, Y., Tanimoto, H., Yakushiji, T., and Morimoto, Y. (1994). Characterization of the 

Currents Induced by Sigma-Ligands in Ncb20 Neuroblastoma-Cells. Brain Res. 637, 190–196. 

Morris, R. (1984). Developments of a water-maze procedure for studying spatial learning in the 

rat. J. Neurosci. Methods 11, 47–60. 

Morris, R.G.M. (1981). Spatial localization does not require the presence of local cues. Learn. 

Motiv. 12, 239–260. 

Morris, R.G.M., Garrud, P., Rawlins, J.N.P., and O’Keefe, J. (1982). Place navigation impaired 

in rats with hippocampal lesions. Nature 297, 681–683. 

Morris, R.G.M., Anderson, E., Lynch, G.S., and Baudry, M. (1986). Selective impairment of 

learning and blockade of long-term potentiation by an N-methyl-D-aspartate receptor antagonist, 

AP5. Nature 319, 774–776. 

Mota, S.I., Ferreira, I.L., and Rego, A.C. (2014). Dysfunctional synapse in Alzheimer’s disease - 

A focus on NMDA receptors. Neuropharmacology 76, 16–26. 

Mucke, L., and Selkoe, D.J. (2012). Neurotoxicity of amyloid β-protein: synaptic and network 

dysfunction. Cold Spring Harb. Perspect. Med. 2, 1–17. 

Näslund, J. (2000). Correlation Between Elevated Levels of Amyloid β-Peptide in the Brain and 

Cognitive Decline. Jama 283, 1571. 

Nguyen, L., Lucke-Wold, B.P., Mookerjee, S.A., Cavendish, J.Z., Robson, M.J., Scandinaro, 

A.L., and Matsumoto, R.R. (2015). Role of sigma-1 receptors in neurodegenerative diseases. J. 

Pharmacol. Sci. 127, 17–29. 

Nieto, F.R., Cendán, C.M., Cañizares, F.J., Cubero, M.A., Vela, J.M., Fernández-Segura, E., and 

Baeyens, J.M. (2014). Genetic Inactivation and Pharmacological Blockade of Sigma-1 Receptors 

Prevent Paclitaxel-Induced Sensory-Nerve Mitochondrial Abnormalities and Neuropathic Pain in 

Mice. Mol. Pain 10, 1744-8069-10–11. 

Nisha, S.A., and Devi, K.P. (2017). Gelidiella acerosa protects against Aβ 25-35-induced toxicity 

and memory impairment in Swiss Albino mice: an in vivo report. Pharm. Biol. 55, 1423–1435. 

Novakova, M., Ela, C., Barg, J., Vogel, Z., Hasin, Y., and Eilam, Y. (1995). Inotropic action of 

sigma receptor ligands in isolated cardiac myocytes from adult rats. Eur. J. Pharmacol. 286, 19–

30. 

O’Keefe, J., Nadel, L., Keightley, S., and Kill, D. (1975). Fornix lesions selectively abolish place 

learning in the rat. Exp. Neurol. 48, 152–166. 

Oakley, H., Cole, S.L., Logan, S., Maus, E., Shao, P., Craft, J., Guillozet-Bongaarts, A., Ohno, 

M., Disterhoft, J., Van Eldik, L., et al. (2006). Intraneuronal beta-Amyloid Aggregates, 

Neurodegeneration, and Neuron Loss in Transgenic Mice with Five Familial Alzheimer’s 

Disease Mutations: Potential Factors in Amyloid Plaque Formation. J. Neurosci. 26, 10129–



79 

 

10140. 

Oda, T., Pasinetti, G.M., Osterburg, H.H., Anderson, C., Johnson, S.A., and Finch, C.E. (1994). 

Purification and Characterization of Brain Clusterin. Biochem. Biophys. Res. Commun. 204, 

1131–1136. 

Oddo, S., Caccamo, A., Shepherd, J.D., Murphy, M.P., Golde, T.E., Kayed, R., Metherate, R., 

Mattson, M.P., Akbari, Y., and LaFerla, F.M. (2003). Triple-transgenic model of Alzheimer’s 

Disease with plaques and tangles: Intracellular Aβ and synaptic dysfunction. Neuron 39, 409–

421. 

Oddo, S., Vasilevko, V., Caccamo, A., Kitazawa, M., Cribbs, D.H., and LaFerla, F.M. (2006). 

Reduction of Soluble Aβ and Tau, but Not Soluble Aβ Alone, Ameliorates Cognitive Decline in 

Transgenic Mice with Plaques and Tangles. J. Biol. Chem. 281, 39413–39423. 

Olton, D.S., Walker, J.A., and Gage, F.H. (1978). Hippocampal connections and spatial 

discrimination. Brain Res. 139, 295–308. 

Ondrejcak, T., Klyubin, I., Hu, N.-W., Barry, A.E., Cullen, W.K., and Rowan, M.J. (2010). 

Alzheimer’s Disease Amyloid β-Protein and Synaptic Function. NeuroMolecular Med. 12, 13–

26. 

Owen, E.H., Logue, S.F., Rasmussen, D.L., and Wehner, J.M. (1997). Assessment of learning by 

the Morris water task and fear conditioning in inbred mouse strains and F1 hybrids: Implications 

of genetic background for single gene mutations and quantitative trait loci analyses. 

Neuroscience 80, 1087–1099. 

Pabba, M., Wong, A.Y.C., Ahlskog, N., Hristova, E., Biscaro, D., Nassrallah, W., Ngsee, J.K., 

Snyder, M., Beique, J.-C., and Bergeron, R. (2014). NMDA Receptors Are Upregulated and 

Trafficked to the Plasma Membrane after Sigma-1 Receptor Activation in the Rat Hippocampus. 

J. Neurosci. 34, 11325–11338. 

Palanza, P., Gioiosa, L., and Parmigiani, S. (2001). Social stress in mice. Physiol. Behav. 73, 

411–420. 

Pan, Y.X., Mei, J., Xu, J., Wan, B.L., Zuckerman, A., and Pasternak, G.W. (1998). Cloning and 

characterization of a mouse sigma1 receptor. J. Neurochem. 70, 2279–2285. 

Panksepp, J.B., Jochman, K.A., Kim, J.U., Koy, J.K., Wilson, E.D., Chen, Q., Wilson, C.R., and 

Lahvis, G.P. (2007). Affiliative behavior, ultrasonic communication and social reward are 

influenced by genetic variation in adolescent mice. PLoS One 2. 

Paola, D., Domenicotti, C., Nitti, M., Vitali, A., Borghi, R., Cottalasso, D., Zaccheo, D., Odetti, 

P., Strocchi, P., Marinari, U.M., et al. (2000). Oxidative Stress Induces Increase in Intracellular 

Amyloid β-Protein Production and Selective Activation of βI and βII PKCs in NT2 Cells. 

Biochem. Biophys. Res. Commun. 268, 642–646. 

Patil, S.S., Sunyer, B., Höger, H., and Lubec, G. (2009). Evaluation of spatial memory of 

C57BL/6J and CD1 mice in the Barnes maze, the Multiple T-maze and in the Morris water maze. 

Behav. Brain Res. 198, 58–68. 



80 

 

Pepys, M.B. (2006). Amyloidosis. Annu. Rev. Med. 57, 223–241. 

Peters, C., Bascuñán, D., Opazo, C., and Aguayo, L.G. (2016). Differential Membrane Toxicity 

of amyloid-β Fragments by Pore Forming Mechanisms. J. Alzheimer’s Dis. 51, 689–699. 

Pike, C.J. (2017). Sex and the development of Alzheimer’s disease. J. Neurosci. Res. 95, 671–

680. 

Poon, H.F., Shepherd, H.M., Reed, T.T., Calabrese, V., Stella, A.M.G., Pennisi, G., Cai, J., 

Pierce, W.M., Klein, J.B., and Butterfield, D.A. (2006). Proteomics analysis provides insight into 

caloric restriction mediated oxidation and expression of brain proteins associated with age-

related impaired cellular processes: Mitochondrial dysfunction, glutamate dysregulation and 

impaired protein synthesis. Neurobiol. Aging 27, 1020–1034. 

Prasad, P.D., Li, H.W., Fei, Y.J., Ganapathy, M.E., Fujita, T., Plumley, L.H., Yang-Feng, T.L., 

Leibach, F.H., and Ganapathy, V. (1998). Exon-intron structure, analysis of promoter region, and 

chromosomal localization of the human type 1 sigma receptor gene. J Neurochem 70, 443–451. 

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri, C.P. (2013). The global 

prevalence of dementia: A systematic review and metaanalysis. Alzheimer’s Dement. 9, 63–75. 

Prior, M., Dargusch, R., Ehren, J.L., Chiruta, C., and Schubert, D. (2013). The neurotrophic 

compound J147 reverses cognitive impairment in aged Alzheimer’s disease mice. Alzheimers. 

Res. Ther. 5, 25. 

Puente, B. de la, Nadal, X., Portillo-Salido, E., Sánchez-Arroyos, R., Ovalle, S., Palacios, G., 

Muro, A., Romero, L., Entrena, J.M., Baeyens, J.M., et al. (2009). Sigma-1 receptors regulate 

activity-induced spinal sensitization and neuropathic pain after peripheral nerve injury. Pain 145, 

294–303. 

Puzzo, D., Staniszewski, A., Deng, S.X., Privitera, L., Leznik, E., Liu, S., Zhang, H., Feng, Y., 

Palmeri, A., Landry, D.W., et al. (2009). Phosphodiesterase 5 inhibition improves synaptic 

function, memory, and amyloid-beta load in an Alzheimer’s disease mouse model. J. Neurosci. 

29, 8075–8086. 

Puzzo, D., Lee, L., Palmeri, A., Calabrese, G., and Arancio, O. (2014). Behavioral assays with 

mouse models of Alzheimer’s disease: Practical considerations and guidelines. Biochem. 

Pharmacol. 88, 450–467. 

Puzzo, D., Gulisano, W., Palmeri, A., and Arancio, O. (2015). Rodent models for Alzheimer’s 

disease drug discovery. Expert Opin. Drug Discov. 10, 703–711. 

Qosa, H., and Kaddoumi, A. (2016). Effect of mouse strain as a background for Alzheimer’s 

disease models on the clearance of amyloid-β. J. Syst. Integr. Neurosci. 2, 135–140. 

Quirion, R., Bowen, W.D., Itzhak, Y., Junien, J.L., Musacchio, J.M., Rothman, R.B., Su, T.P., 

Tam, S.W., and Taylor, D.P. (1992). A proposal for the classification of sigma binding sites. 

Trends Pharmacol. Sci. 13, 85–86. 

Quon, D., Wang, Y., Catalano, R., Scardina, J.M., Murakami, K., and Cordell, B. (1991). 



81 

 

Formation of beta-amyloid protein deposits in brains of transgenic mice. Nature 352, 239–241. 

Radde, R., Bolmont, T., Kaeser, S.A., Coomaraswamy, J., Lindau, D., Stoltze, L., Calhoun, 

M.E., Jäggi, F., Wolburg, H., Gengler, S., et al. (2006). Aβ42-driven cerebral amyloidosis in 

transgenic mice reveals early and robust pathology. EMBO Rep. 7, 940–946. 

Ramamoorthy, J.D., Ramamoorthy, S., Mahesh, V.B., Leibach, F.H., and Ganapathy, V. (1995). 

Cocaine-sensitive σ-receptor and its interaction with steroid hormones in the human placental 

syncytiotrophoblast and in choriocarcinoma cells. Endocrinology 136, 924–932. 

Refinetti, R. (2004). Daily activity patterns of a nocturnal and a diurnal rodent in a seminatural 

environment. Physiol. Behav. 82, 285–294. 

Reggiani, A.M., Simoni, E., Caporaso, R., Meunier, J., Keller, E., Maurice, T., Minarini, A., 

Rosini, M., and Cavalli, A. (2016). In Vivo Characterization of ARN14140, a 

Memantine/Galantamine-Based Multi-Target Compound for Alzheimer’s Disease. Sci. Rep. 6, 

33172. 

Reitz, C., and Mayeux, R. (2014). Alzheimer disease: Epidemiology, diagnostic criteria, risk 

factors and biomarkers. Biochem. Pharmacol. 88, 640–651. 

Reitz, C., Brayne, C., and Mayeux, R. (2011). Epidemiology of Alzheimer disease. Nat. Rev. 

Neurol. 7, 137–152. 

Riedel, B.C., Thompson, P.M., and Brinton, R.D. (2016). Age, APOE and sex: Triad of risk of 

Alzheimer’s disease. J. Steroid Biochem. Mol. Biol. 160, 134–147. 

Ripich, D.N., Petrill, S. a, Whitehouse, P.J., and Ziol, E.W. (1995). Gender differences in 

language of AD patients: a longitudinal study. Neurology 45, 299–302. 

Roedel, A., Storch, C., Holsboer, F., and Ohl, F. (2006). Effects of light or dark phase testing on 

behavioural and cognitive performance in DBA mice. Lab. Anim. 40, 371–381. 

Rofina, J.E., Van Ederen, A.M., Toussaint, M.J.M., Secrève, M., Van Der Spek, A., Van Der 

Meer, I., Van Eerdenburg, F.J.C.M., and Gruys, E. (2006). Cognitive disturbances in old dogs 

suffering from the canine counterpart of Alzheimer’s disease. Brain Res. 1069, 216–226. 

Rousseaux, C.G., and Greene, S.F. (2015). Sigma receptors [ σ Rs]: biology in normal and 

diseased states. J. Recept. Signal Transduct. 9893, 1–62. 

Rovio, S., Kåreholt, I., Helkala, E.-L., Viitanen, M., Winblad, B., Tuomilehto, J., Soininen, H., 

Nissinen, A., and Kivipelto, M. (2005). Leisure-time physical activity at midlife and the risk of 

dementia and Alzheimer’s disease. Lancet Neurol. 4, 705–711. 

Roy, D.S., Arons, A., Mitchell, T.I., Pignatelli, M., Ryan, T.J., and Tonegawa, S. (2016). 

Memory retrieval by activating engram cells in mouse models of early Alzheimer’s disease. 

Nature 531, 508–512. 

Ruitenberg, A., Ott, A., van Swieten, J.C., Hofman, A., and Breteler, M.M.B. (2001). Incidence 

of dementia: does gender make a difference? Neurobiol. Aging 22, 575–580. 



82 

 

Sabino, V., Cottone, P., Parylak, S.L., Steardo, L., and Zorrilla, E.P. (2009). Sigma-1 receptor 

knockout mice display a depressive-like phenotype. Behav. Brain Res. 198, 472–476. 

Salloway, S., Sperling, R., Fox, N.C., Blennow, K., Klunk, W., Raskind, M., Sabbagh, M., 

Honig, L.S., Porsteinsson, A.P., Ferris, S., et al. (2014). Two Phase 3 Trials of Bapineuzumab in 

Mild-to-Moderate Alzheimer’s Disease. N. Engl. J. Med. 370, 322–333. 

Salomons, A.R., Arndt, S.S., and Ohl, F. (2012). Impact of anxiety profiles on cognitive 

performance in BALB/c and 129P2 mice. Cogn. Affect. Behav. Neurosci. 12, 794–803. 

Sandhu, F.A., Salim, M., and Zain, S.B. (1991). Expression of the human beta-amyloid protein 

of Alzheimer’s disease specifically in the brains of transgenic mice. J Biol Chem 266, 21331–

21334. 

Sarnyai, Z., Sibille, E.L., Pavlides, C., Fenster, R.J., McEwen, B.S., and Toth, M. (2000). 

Impaired hippocampal-dependent learning and functional abnormalities in the hippocampus in 

mice lacking serotonin(1A) receptors. Proc. Natl. Acad. Sci. U. S. A. 97, 14731–14736. 

Scheltens, P., Blennow, K., Breteler, M.M.B., de Strooper, B., Frisoni, G.B., Salloway, S., and 

Van der Flier, W.M. aria (2016). Alzheimer’s disease. Lancet (London, England) 388, 505–517. 

Schenk, F., and Morris, R.G.M. (1985). Dissociation between components of spatial memory in 

rats after recovery from the effects of retrohippocampal lesions. Exp. Brain Res. 58, 11–28. 

Schmidt, H.R., Zheng, S., Gurpinar, E., Koehl, A., Manglik, A., and Kruse, A.C. (2016). Crystal 

structure of the human σ1 receptor. Nature 532, 527–530. 

Selkoe, D.J. (1989). Biochemistry of altered brain proteins in Alzheimer’s disease. Annu. Rev. 

Neurosci. 12, 463–490. 

Selkoe, D.J. (1991). The molecular pathology of Alzheimer’s disease. Neuron 6, 487–498. 

Selkoe, D.J. (1994). Normal and abnormal biology of the beta-amyloid precursor protein. Annu. 

Rev. Neurosci. 17, 489–517. 

Selkoe, D.J. (2011). Alzheimer’s disease. Cold Spring Harb. Perspect. Biol. 3, 15056. 

Senda, T., Matsuno, K., Kobayashi, T., Nakazawa, M., Nakata, K., and Mita, S. (1998). 

Ameliorative effect of SA4503, a novel cognitive enhancer, on the basal forebrain lesion-induced 

impairment of the spatial learning performance in rats. Pharmacol. Biochem. Behav. 59, 129–

134. 

Seth, P., Leibach, F.H., and Ganapathy, V. (1997). Cloning and Structural Analysis of the cDNA 

and the Gene Encoding the Murine Type 1 Sigma Receptor. Biochem. Biophys. Res. Commun. 

241, 535–540. 

Seth, P., Fei, Y.-J., Li, H.W., Huang, W., Leibach, F.H., and Ganapathy, V. (2002). Cloning and 

Functional Characterization of a σ Receptor from Rat Brain. J. Neurochem. 70, 922–931. 

Sha, S., Qu, W.J., Li, L., Lu, Z.H., Chen, L., Yu, W.F., and Chen, L. (2013). Sigma-1 receptor 

knockout impairs neurogenesis in dentate gyrus of adult hippocampus via down-regulation of 



83 

 

nmda receptors. CNS Neurosci. Ther. 19, 705–713. 

Sha, S., Hong, J., Qu, W.J., Lu, Z.H., Li, L., Yu, W.F., and Chen, L. (2015). Sex-related 

neurogenesis decrease in hippocampal dentate gyrus with depressive-like behaviors in sigma-1 

receptor knockout mice. Eur. Neuropsychopharmacol. 25, 1275–1286. 

Shankar, G.M., and Walsh, D.M. (2009). Alzheimer’s disease: synaptic dysfunction and Aβ. 

Mol. Neurodegener. 4, 48. 

Shariati, S.A.M., and De Strooper, B. (2013). Redundancy and divergence in the amyloid 

precursor protein family. FEBS Lett. 587, 2036–2045. 

Sharma, S., Rakoczy, S., and Brown-Borg, H. (2010). Assessment of spatial memory in mice. 

Life Sci. 87, 521–536. 

Shoji, H., Takao, K., Hattori, S., and Miyakawa, T. (2016). Age-related changes in behavior in 

C57BL/6J mice from young adulthood to middle age. Mol. Brain 9, 11. 

Sinforiani, E., Citterio, A., Zucchella, C., Bono, G., Corbetta, S., Merlo, P., and Mauri, M. 

(2010). Impact of gender differences on the outcome of alzheimer’s disease. Dement. Geriatr. 

Cogn. Disord. 30, 147–154. 

Skup, M., Zhu, H., Wang, Y., Giovanello, K.S., Lin, J., Shen, D., Shi, F., Gao, W., Lin, W., Fan, 

Y., et al. (2011). Sex differences in grey matter atrophy patterns among AD and aMCI patients: 

results from ADNI. Neuroimage 56, 890–906. 

Small, B.J., Fratiglioni, L., Viitanen, M., Winblad, B., and Bäckman, L. (2000). The Course of 

Cognitive Impairment in Preclinical Alzheimer Disease. Arch. Neurol. 57, 839. 

Snyder, H.M., Asthana, S., Bain, L., Brinton, R., Craft, S., Dubal, D.B., Espeland, M.A., Gatz, 

M., Mielke, M.M., Raber, J., et al. (2016a). Sex biology contributions to vulnerability to 

Alzheimer’s disease: A think tank convened by the Women’s Alzheimer’s Research Initiative. 

Alzheimer’s Dement. 12, 1186–1196. 

Snyder, M.A., McCann, K., Lalande, M.J., Thivierge, J.P., and Bergeron, R. (2016b). Sigma 

receptor type 1 knockout mice show a mild deficit in plasticity but no significant change in 

synaptic transmission in the CA1 region of the hippocampus. J. Neurochem. 700–709. 

Song, L., Lu, S.X., Ouyang, X., Melchor, J., Lee, J., Terracina, G., Wang, X., Hyde, L., Hess, 

J.F., Parker, E.M., et al. (2015). Analysis of tau post-translational modifications in rTg4510 

mice, a model of tau pathology. Mol. Neurodegener. 10, 14. 

Srivastava, D.P.D., Woolfrey, K.K.M., and Penzes, P. (2013). Insights into Rapid Modulation of 

Neuroplasticity by Brain Estrogens. Pharmacol. Rev. 65, 1318–1350. 

Van der Staay, F.J., and Steckler, T. (2001). Behavioural phenotyping of mouse mutants. Behav. 

Brain Res. 125, 3–12. 

Van der Staay, F.J., and Steckler, T. (2002). The fallacy of behavioral phenotyping without 

standardisation. Genes, Brain Behav. 1, 9–13. 



84 

 

Stepanichev, M.Y., Moiseeva, Y. V., Lazareva, N.A., Onufriev, M. V., and Gulyaeva, N. V. 

(2003). Single intracerebroventricular administration of amyloid-beta (25-35) peptide induces 

impairment in short-term rather than long-term memory in rats. Brain Res. Bull. 61, 197–205. 

Stepanichev, M.Y., Zdobnova, I.M., Zarubenko, I.I., Moiseeva, Y. V., Lazareva, N.A., Onufriev, 

M. V., and Gulyaeva, N. V. (2004). Amyloid-β(25–35)-induced memory impairments correlate 

with cell loss in rat hippocampus. Physiol. Behav. 80, 647–655. 

Stepanichev, M.Y., Moiseeva, Y. V., Lazareva, N.A., and Gulyaeva, N. V. (2005). Studies of the 

effects of fragment (25-35) of beta-amyloid peptide on the behavior of rats in a radial maze. 

Neurosci. Behav. Physiol. 35, 511–518. 

Stepanichev, M.Y., Zdobnova, I.M., Zarubenko, I.I., Lazareva, N.A., and Gulyaeva, N. V. 

(2006). Studies of the effects of central administration of beta-amyloid peptide (25-35): 

pathomorphological changes in the Hippocampus and impairment of spatial memory. Neurosci. 

Behav. Physiol. 36, 101–106. 

Sterniczuk, R., Dyck, R.H., Laferla, F.M., and Antle, M.C. (2010a). Characterization of the 

3xTg-AD mouse model of Alzheimer’s disease: Part 1. Circadian changes. Brain Res. 1348, 

139–148. 

Sterniczuk, R., Antle, M.C., Laferla, F.M., and Dyck, R.H. (2010b). Characterization of the 

3xTg-AD mouse model of Alzheimer’s disease: Part 2. Behavioral and cognitive changes. Brain 

Res. 1348, 149–155. 

Stevens, L.M., and Brown, R.E. (2015). Reference and working memory deficits in the 3xTg-AD 

mouse between 2 and 15-months of age: A cross-sectional study. Behav. Brain Res. 278, 496–

505. 

Strittmatter, W.J., Weisgraber, K.H., Huang, D.Y., Dong, L.M., Salvesen, G.S., Pericak-Vance, 

M., Schmechel, D., Saunders, A.M., Goldgaber, D., and Roses, A.D. (1993). Binding of human 

apolipoprotein E to synthetic amyloid beta peptide: isoform-specific effects and implications for 

late-onset Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A. 90, 8098–8102. 

De Strooper, B., and Karran, E. (2016). The Cellular Phase of Alzheimer’s Disease. Cell 164, 

603–615. 

Su, T.-P. (1982). Evidence for Sigma Opioid Receptor : Binding of [ 3H ] SKF- to Etorphine-

Inaccessible Sites in Guinea-Pig effects. J. Pharmacol. Exp. Ther. 223, 284–290. 

Su, T.-P., Hayashi, T., Maurice, T., Buch, S., and Ruoho, A.E. (2010). The sigma-1 receptor 

chaperone as an inter-organelle signaling modulator. Trends Pharmacol. Sci. 31, 557–566. 

Su, T.P., London, E.D., and Jaffe, J.H. (1988). Steroid binding at sigma receptors suggests a link 

between endocrine, nervous, and immune systems. Science 240, 219–221. 

Sun, M.-K., and Alkon, D.L. (2002). Impairment of hippocampal CA1 heterosynaptic 

transformation and spatial memory by beta-amyloid(25-35). J. Neurophysiol. 87, 2441–2449. 

Sunyer, B., Patil, S., Frischer, C., Höger, H., Selcher, J., Brannath, W., and Lubec, G. (2007). 



85 

 

Strain-dependent effects of SGS742 in the mouse. Behav. Brain Res. 181, 64–75. 

Sutherland, R.J., Whishaw, I.Q., and Kolb, B. (1983). A behavioural analysis of spatial 

localization following electrolytic, kainate- or colchicine-induced damage to the hippocampal 

formation in the rat. Behav. Brain Res. 7, 133–153. 

Swonger, A.K., and Rech, R.H. (1972). Serotonergic and cholinergic involvement in habituation 

of activity and spontaneous alteration of rats in a Y maze. J. Comp. Physiol. Psychol. 81, 509–

522. 

Takatsu-Coleman, A.L., Patti, C.L., Zanin, K.A., Zager, A., Carvalho, R.C., Borçoi, A.R., 

Ceccon, L.M.B., Berro, L.F., Tufik, S., Andersen, M.L., et al. (2013). Short-term social isolation 

induces depressive-like behaviour and reinstates the retrieval of an aversive task: Mood-

congruent memory in male mice? J. Psychiatry Neurosci. 38, 259–268. 

Terranova, M.L., Laviola, G., de Acetis, L., and Alleva, E. (1998). A description of the ontogeny 

of mouse agonistic behavior. J. Comp. Psychol. 112, 3–12. 

Terry, R.D., Masliah, E., Salmon, D.P., Butters, N., DeTeresa, R., Hill, R., Hansen, L. a, and 

Katzman, R. (1991). Physical basis of cognitive alterations in Alzheimer’s disease: synapse loss 

is the major correlate of cognitive impairment. Ann. Neurol. 30, 572–580. 

Torrence-Campbell, C., and Bowen, W.D. (1996). Differential solubilization of rat liver sigma 1 

and sigma 2 receptors: retention of sigma 2 sites in particulate fractions. Eur. J. Pharmacol. 304, 

201–210. 

Tower, J. (2015). Programmed cell death in aging. Ageing Res. Rev. 23, 90–100. 

Toyn, J.H., and Ahlijanian, M.K. (2014). Interpreting Alzheimer’s disease clinical trials in light 

of the effects on amyloid-β. Alzheimers. Res. Ther. 6, 14. 

Trinchese, F., Liu, S., and Zhang, H. (2008). Inhibition of calpains improves memory and 

synaptic transmission in a mouse model of Alzheimer disease. J. Clin. Invest. 118, 2796–2807. 

Tsai, S.-Y.A., Pokrass, M.J., Klauer, N.R., Nohara, H., and Su, T.-P. (2015). Sigma-1 receptor 

regulates Tau phosphorylation and axon extension by shaping p35 turnover via myristic acid. 

Proc. Natl. Acad. Sci. 112, 6742–6747. 

Tucci, V., Lad, H. V., Parker, A., Polley, S., Brown, S.D.M., and Nolan, P.M. (2006). Gene-

environment interactions differentially affect mouse strain behavioral parameters. Mamm. 

Genome 17, 1113–1120. 

Twamley, E.W., Ropacki, S.A., and Bondi, M.W. (2006). Neuropsychological and neuroimaging 

changes in preclinical Alzheimer’s disease. J Int Neuropsychol Soc 12, 707–735. 

Um, M.Y., Ahn, J.Y., Kim, S., Kim, M.K., and Ha, T.Y. (2009). Sesaminol glucosides protect 

beta-amyloid peptide-induced cognitive deficits in mice. Biol. Pharm. Bull. 32, 1516–1520. 

Upchurch, M., and Wehner, J.M. (1988). Differences between inbred strains of mice in Morris 

water maze performance. Behav. Genet. 18, 55–68. 



86 

 

Upchurch, M., and Wehner, J.M. (1989). Inheritance of spatial learning avbility in inbred mice: a 

classical genetic analysis. Behav.  Neurosc. 103, 1251–1258. 

Urani, A., Romieu, P., Roman, F.J., and Maurice, T. (2002). Enhanced antidepressant effect of 

sigma(1) (sigma(1)) receptor agonists in beta(25-35)-amyloid peptide-treated mice. Behav. Brain 

Res. 134, 239–247. 

Vest, R.S., and Pike, C.J. (2013). Gender, sex steroid hormones, and Alzheimer’s disease. Horm. 

Behav. 63, 301–307. 

Villard, V., Espallergues, J., Keller, E., Alkam, T., Nitta, A., Yamada, K., Nabeshima, T., 

Vamvakides, A., and Maurice, T. (2009). Antiamnesic and neuroprotective effects of the 

aminotetrahydrofuran derivative ANAVEX1-41 against amyloid beta(25-35)-induced toxicity in 

mice. Neuropsychopharmacology 34, 1552–1566. 

Villard, V., Espallergues, J., Keller, E., Vamvakides, A., and Maurice, T. (2011). Anti-amnesic 

and neuroprotective potentials of the mixed muscarinic receptor/sigma 1 (σ 1 ) ligand 

ANAVEX2-73, a novel aminotetrahydrofuran derivative. J. Psychopharmacol. 25, 1101–1117. 

Vilner, B.J., and Bowen, W.D. (2000). Modulation of cellular calcium by sigma-2 receptors: 

release from intracellular stores in human SK-N-SH neuroblastoma cells. J. Pharmacol. Exp. 

Ther. 292, 900–911. 

Võikar, V., Kõks, S., Vasar, E., and Rauvala, H. (2001). Strain and gender differences in the 

behavior of mouse lines commonly used in transgenic studies. Physiol. Behav. 72, 271–281. 

Võikar, V., Polus, A., Vasar, E., and Rauvala, H. (2005). Long-term individual housing in 

C57BL/6J and DBA/2 mice: Assessment of behavioral consequences. Genes, Brain Behav. 4, 

240–252. 

Vorhees, C. V., and Williams, M.T. (2014). Assessing spatial learning and memory in rodents. 

ILAR J. 55, 310–332. 

Vorhees, C. V., and Williams, M.T. (2015). Reprint of “Value of water mazes for assessing 

spatial and egocentric learning and memory in rodent basic research and regulatory studies.” 

Neurotoxicol. Teratol. 52, 93–108. 

Vorhees, C. V, and Williams, M.T. (2006). Morris water maze: procedures for assessing spatial 

and related forms of learning and memory. Nat. Protoc. 1, 848–858. 

Vos, S.J.B., Xiong, C., Visser, P.J., Mateusz, S., Hassenstab, J., Grant, E.A., Cairns, N.J., 

Morris, J.C., Holtzman, D.M., and Fagan, A.M. (2014). Preclinical Alzheimer’s disease and it’s 

outcome: a longitudinal cohort study. Lancet Neurol 12, 957–965. 

Wahlsten, D., Rustay, N.R., Metten, P., and Crabbe, J.C. (2003a). In search of a better mouse 

test. Trends Neurosci. 26, 132–136. 

Wahlsten, D., Metten, P., Phillips, T.J., Boehm, S.L., Burkhart-Kasch, S., Dorow, J., Doerksen, 

S., Downing, C., Fogarty, J., Rodd-Henricks, K., et al. (2003b). Different data from different 

labs: Lessons from studies of gene-environment interaction. J. Neurobiol. 54, 283–311. 



87 

 

Wahlsten, D., Cooper, S.F., and Crabbe, J.C. (2005). Different rankings of inbred mouse strains 

on the Morris maze and a refined 4-arm water escape task. Behav. Brain Res. 165, 36–51. 

Wahlsten, D., Bachmanov, A., Finn, D. a., and Crabbe, J.C. (2007). Stability of inbred mouse 

strain differences in behavior and brain size between laboratories and across decades. Pnas 103, 

16364–16369. 

Walsh, D.M., and Teplow, D.B. (2012). Alzheimer’s disease and the amyloid β-protein. Prog. 

Mol. Biol. Transl. Sci. 107, 101–124. 

Walsh, D.M., Klyubin, I., Fadeeva, J. V., Cullen, W.K., Anwyl, R., Wolfe, M.S., Rowan, M.J., 

and Selkoe, D.J. (2002). Naturally secreted oligomers of amyloid β protein potently inhibit 

hippocampal long-term potentiation in vivo. Nature 416, 535–539. 

Wang, H.-H., Chien, J.-W., Chou, Y.-C., Liao, J.-F., and Chen, C.-F. (2003a). Anti-amnesic 

effect of dimemorfan in mice. Br. J. Pharmacol. 138, 941–949. 

Wang, J., Dickson, D.W., Trojanowski, J.Q., and Lee, V.M. (1999). The levels of soluble versus 

insoluble brain Abeta distinguish Alzheimer’s disease from normal and pathologic aging. Exp. 

Neurol. 158, 328–337. 

Wang, J., Tanila, H., Puoliväli, J., Kadish, I., and Van Groen, T. (2003b). Gender differences in 

the amount and deposition of amyloidβ in APPswe and PS1 double transgenic mice. Neurobiol. 

Dis. 14, 318–327. 

Webster, S.J., Bachstetter, A.D., Nelson, P.T., Schmitt, F.A., and Van Eldik, L.J. (2014). Using 

mice to model Alzheimer’s dementia: An overview of the clinical disease and the preclinical 

behavioral changes in 10 mouse models. Front. Genet. 5, 1–23. 

Wehner, J.M., and Silva, A. (1996). Importance of strain differences in evaluations of learning 

and memory processes in null mutants. Ment. Retard. Dev. Disabil. Res. Rev. 2, 243–248. 

Weiner, M.W., Veitch, D.P., Aisen, P.S., Beckett, L.A., Cairns, N.J., Green, R.C., Harvey, D., 

Jack, C.R., Jagust, W., Liu, E., et al. (2013). The Alzheimer’s Disease Neuroimaging Initiative: a 

review of papers published since its inception. Alzheimers. Dement. 9, e111-94. 

Weitzner, D.S., Engler-Chiurazzi, E.B., Kotilinek, L.A., Ashe, K.H., and Reed, M.N. (2015). 

Morris Water Maze Test: Optimization for Mouse Strain and Testing Environment. J. Vis. Exp. 

1–11. 

Whishaw, I.Q., and Tomie, J.A. (1996). Of mice and mazes: Similarities between mice and rats 

on dry land but not water mazes. Physiol. Behav. 60, 1191–1197. 

Williams, T.L., and Serpell, L.C. (2011). Membrane and surface interactions of Alzheimer’s Aβ 

peptide - insights into the mechanism of cytotoxicity. FEBS J. 278, 3905–3917. 

Wimo, A., Winblad, B., and Jönsson, L. (2010). The worldwide societal costs of dementia: 

Estimates for 2009. Alzheimer’s Dement. 6, 98–103. 

Wolf, A., Bauer, B., Abner, E.L., Ashkenazy-Frolinger, T., and Hartz, A.M.S. (2016). A 



88 

 

comprehensive behavioral test battery to assess learning and memory in 129S6/ Tg2576 mice. 

PLoS One 11, e0147733. 

Wolfe, S. a, Ha, B.K., Whitlock, B.B., and Saini, P. (1997). Differential localization of three 

distinct binding sites for sigma receptor ligands in rat spleen. J. Neuroimmunol. 72, 45–58. 

Wolfer, D.P., and Muller, U. (1997). Assessing the effects of the 129rSv genetic background on 

swimming navigation learning in transgenic mutants : a study using mice with a modified b -

amyloid precursor protein gene. Brain Res. 1–13. 

Wong, A.Y., Hristova, E., Ahlskog, N., Tasse, L.-A., Ngsee, J., Chudalayandi, P., and Bergeron, 

R. (2016). Aberrant Subcellular Dynamics of Sigma-1 Receptor Mutants Underlying 

Neuromuscular Diseases. Mol. Pharmacol. 90, 238–253. 

Wu, X.Z., Bell, J.A., Spivak, C.E., London, E.D., and Su, T.P. (1991). Electrophysiological and 

binding studies on intact NCB-20 cells suggest presence of a low affinity sigma receptor. J. 

Pharmacol. Exp. Ther. 257, 351–359. 

Würbel, H. (2002). Behavioral phenotyping enhanced--beyond (environmental) standardization. 

Genes. Brain. Behav. 1, 3–8. 

Yamada, M., Nishigami, T., Nakasho, K., Nishimoto, Y., and Miyaji, H. (1994). Relationship 

between Sigma‐like site and progesterone‐binding site of adult male rat liver microsomes. 

Hepatology 20, 1271–1280. 

Yue, M., Hanna, A., Wilson, J., Roder, H., and Janus, C. (2011). Sex difference in pathology and 

memory decline in rTg4510 mouse model of tauopathy. Neurobiol. Aging 32, 590–603. 

Zetterberg, H., and Mattsson, N. (2014). Understanding the cause of sporadic Alzheimer’s 

disease. Expert Rev. Neurother. 14, 621–630. 

Zhang, B., Wang, L., Chen, T., Hong, J., Sha, S., Wang, J., Xiao, H., and Chen, L. (2017). 

Sigma-1 receptor deficiency reduces GABAergic inhibition in the basolateral amygdala leading 

to LTD impairment and depressive-like behaviors. Neuropharmacology 116, 387–398. 

Zhang, Z., Chen, R., An, W., Wang, C., Liao, G., Dong, X., Bi, A., Yin, Z., and Luo, L. (2016). 

A novel acetylcholinesterase inhibitor and calcium channel blocker SCR-1693 improves Aβ25–

35-impaired mouse cognitive function. Psychopharmacology (Berl). 233, 599–613. 

Zou, L.B., Yamada, K., Sasa, M., Nakata, Y., and Nabeshima, T. (2000). Effects of sigma(1) 

receptor agonist SA4503 and neuroactive steroids on performance in a radial arm maze task in 

rats. Neuropharmacology 39, 1617–1627. 

Zou, Z., Liu, C., Che, C., and Huang, H. (2014). Clinical genetics of Alzheimer’s disease. 

Biomed Res. Int. 2014, 291862. 

Zucker, I., and Beery, A.K. (2010). Males still dominate animal studies. Nature 465, 690–690. 

Zussy, C., Brureau, A., Delair, B., Marchal, S., Keller, E., Ixart, G., Naert, G., Meunier, J., 

Chevallier, N., Maurice, T., et al. (2011). Time-course and regional analyses of the 



89 

 

physiopathological changes induced after cerebral injection of an amyloid β fragment in rats. 

Am. J. Pathol. 179, 315–334. 

Zussy, C., Brureau, A., Keller, E., Marchal, S., Blayo, C., Delair, B., Ixart, G., Maurice, T., and 

Givalois, L. (2013). Alzheimer’s disease related markers, cellular toxicity and behavioral deficits 

induced six weeks after oligomeric amyloid-β peptide injection in rats. PLoS One 8, e53117. 

 


