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Abstract 

Apolipoprotein E (apoE) is a lipid transporting protein that has been shown 

to play a vital role in nerve repair and remodeling. Previous studies have shown 

that apoE is highly expressed in human and mouse olfactory bulbs. ApoE 

deficiency in apolipoprotein E knockout (apoE-KO) mice leads to considerable 

delay in olfactory nerve repair and deficits in olfactory functioning. Olfactory 

function is necessary for a number of social behaviors in mice. Loss of olfaction 

can greatly reduce social behaviors. Since apoE-KO mice display olfactory 

dysfunction, this deficit may result in alterations in social behavior. Olfactory 

function was assessed in apoE-KO mice and wild type (WT) mice by using the 

odor cued taste avoidance test (OCTA). ApoE-KO mice were significantly less 

effective than WT mice in avoiding the odorant cued tastant solution. In order to 

determine if olfactory dysfunction disrupted social behavior, we used two 

standard social behavior tests: 1) pup retrieval test and 2) resident-intruder test. 

ApoE-KO mice performed poorly on both behavior tests. ApoE-KO mice display 

maternal behavior deficits such as fewer litters retrieved and lower nest quality 

scores. Furthermore, apoE-KO mice were less aggressive than WT individuals. 

These studies suggest that mice rely heavily upon olfactory communication for 

modification of social behaviors. ApoE is necessary for normal olfactory function 

in mice and may play a role in regulating social behaviors in mice. 



Introduction 

Apolipoprotein E 

Apolipoprotein E (apoE) is a plasma protein that participates in the 

transport of cholesterol and other lipids among many cells in the body. ApoE has 

a molecular weight of 34-kDa and is a 299 amino acid component of lipoproteins. 

Regulation of lipid transport and lipid redistribution among target sites is 

mediated by apoE interaction with the lipoprotein receptors (Mahley, 1988). 

Cellular uptake and degradation of the lipoproteins is initiated by the receptor­

lipoprotein binding. The lipid portion becomes available for intracellular 

metabolism. ApoE, hence serves as a ligand for the receptor-mediated 

clearance of lipoproteins from the plasma (Rall et al., 1982). 

The apolipoprotein E gene 

The apoE gene is located on chromosome 19 and contains 3597 

nucleotides and four exons. ApoE is encoded by a 1163 nucleotide mRNA 

(Mahley, 1988). Three common isoforms of apoE (apoE2, apoE3, and apoE4) 

are found in humans. These are the products of three alleles denoted £2, £3, and 

£4, respectively (Zannis, et al., 1982). The molecular basis of this polymorphism 

of the apoE gene results from cysteine-arginine interchanges at two positions 

(112 and 158) in the protein. ApoE3 is the most common isoform and contains 

cysteine and arginine at positions 112 and 158 respectively (Mahley, 1988). The 

apoE2 isoform contains cysteine at both positions, while the apoE4 isoform 
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contains arginine at both positions (Mahley, 1988). Mice have one form of apoE, 

which is similar to human apoE3 in function (Weisgraber, 1994). These amino 

acid substitutions result in dramatic biological differences of apoE. ApoE3 is the 

most common of the apoE alleles; representing approximately 78% of all alleles 

whereas apoE4 and apoE2 are less common representing 15% and 7%, 

respectively (Strittmatter and Roses, 1996). The proportion of different apoE 

alleles varies between racial and ethnic groups. 

ApoE synthesis and function 

ApoE is primarily synthesized in the liver, but it is also made in significant 

amounts in the brain (Elshourbaby et al., 1985). A wide variety of cell types are 

capable of producing apoE and include, oligodendrocytes (Stroll et al., 1989), 

astrocytes (Pitas, 1987), and macrophages (Mahley, 1988). ApoE has also been 

implicated in a wide range of physiological processes throughout the body : 

namely, lipid metabolism, immunoregulation (Cuthbert and Lipsky, 1984 ), nerve 

growth, repair, and regeneration in both the central nervous system (CNS) and 

the peripheral nervous system (PNS) (Snipes et al., 1986; Boyles et al., 1989), 

steroidogenesis in adrenal cells (Elshourbagy et al., 1985), modulation of 

intracellular cholesterol utilization (Reyland et al., 1991), and as an activator of 

hepatic lipase (Ehnholm et al., 1984). Additionally, apoE is believed to 

participate in the regeneration of peripheral nerves after injury (Boyles et al., 

1989) and in the redistribution of lipids during normal development of the nervous 

system (Pitas et al., 1987). 
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ApoE in the nervous system 

ApoE is the major apolipoprotein found in the brain and cerebrospinal fluid 

(CSF) (Pitas et al., 1987). ApoE is primarily produced and secreted by astrocytes 

and microglia (Boyles et al., 1985) While the exact function of apoE in the 

nervous system eludes researchers, studies have shown that injury in either the 

CNS or PNS results in an increase in apoE levels (Ignatius et al., 1986). 

Following peripheral nerve injury in rats, the synthesis of apoE increases by 250-

to 350-fold within three weeks (Boyles et al., 1989). Moreover, macrophages 

synthesize and release apoE following peripheral nerve lesion, accounting for 5% 

of the total extracellular protein (Skene and Shooter, 1983). It has been 

proposed that the purpose of this accumulation of apoE is to scavenge 

cholesterol from the degenerating myelin and recycle it to the growth cones of 

sprouting axons for membrane biosynthesis (Mahley, 1988). ApoE is the only 

apolipoprotein in the CNS that is able to interact with lipoprotein receptors (Pitas 

et al., 1987). Subsequently, apoE and apoE-containing lipoproteins are present 

within the brain where they can interact with neurons. 

Lipoprotein transport by apoE is important for normal functioning of adult 

neurons. Studies have shown that apoE4 addition to a culture inhibits neurite 

extension, while apoE3 stimulates neurite outgrowth in transformed murine 

neuroblastoma (Neuro-2a) cells (Bellosta et al., 1995). Furthermore, apoE-KO 

mice display disruption of the dendritic cytoskeleton, significant synaptic loss with 

age, and a reduced recovery following perforant pathway lesioning (Masliah et 

al., 1995; Masliah et al., 1996; Masliah et al., 1997). 
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Alzheimer's disease and apoE 

The apoE genotype has been associated as a risk factor for AD. Previous 

studies have shown that there is an increased apoE immunoreactivity present in 

the brains of patients with AD, Creutzfeld-Jakob disease, and Down's syndrome 

(Namba et al., 1991). Recent studies also suggest that apoE4 allele may be 

involved with the onset of Parkinson's disease (Zareparsi et al., 2002). AD is 

characterized by the presence of senile plaques, neurofibrillary tangles, and 

widespread loss of neuronal synapses (Honing and Mayeux, 2001 ). ApoE 

immunoreactivity is associated with the pathological structures present in AD 

patient brains including neurofibrillary tangles and neuritic plaques (Namba et al., 

1991; Strittmatter et al., 1993). 

There are two types of AD: familial Alzheimer's disease (FAD) and late­

onset sporadic. FAD represents approximately 5 % of AD patients, usually 

occurring before the age of 65, while late-onset AD accounts for a majority of AD 

cases and occurs after the age of 60 (Digivanna et al., 2000). The apoE gene is 

associated with variations in the age of onset and risk for Alzheimer's disease. 

ApoE4 is associated with late-onset familial and sporadic AD (Corder et 

al., 1993; Rocchi et al., 2003). The apoE4 allele increases the probability of AD 

at an earlier age, while apoE3 and apoE2 alleles decrease the probability of AD 

and increase the age of onset (Strittmatter and Roses, 1996). Moreover, the 

apoE4 gene dose is also a major risk factor for late-onset AD (Corder et al., 

1993). The frequency of the apoE4 allele is over-represented in late-onset AD 

(52 % of the subjects) versus controls (16 %). The risk of AD in individuals 
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homozygous for the apoE4 allele is over five times that of homozygous apoE3 

individuals (Corder et al., 1993). 

ApoE, AD, and cognition 

One of the hallmark features and diagnosis of AD involves a progressive 

decline in cognitive function, especially related to memory and executive function 

(Albert, 1996). Difficulty with acquisition of new information is the first and most 

common symptom to emerge in AD patients (Albert, 1996). The most frequent 

cause of senile dementia is AD (Price et al., 1998). Many AD patients 

experience a decline in cognitive performance including difficulties with memory, 

learning, recall accuracy, problem solving, language, calculation, visuospatial 

perceptions, judgment, and behavioral problems such as irritability, agitation, 

verbal and physical aggression, wandering, and disinhibition (Albert, 1996; Price 

et al., 1998; Honing and Mayeux, 2001 ). With the decline of cognitive function, 

the activities of daily living become gradually impaired. Psychopathological 

features such as delusions and hallucinations are pertinent characteristics of AD 

and likewise present serious problems for caregivers of demented AD patients 

(Honing and Mayeux, 2001; Holtzer et al., 2003). Wandering/agitation and 

delusions are common problems throughout the course of AD and increase with 

time (Honing and Mayeux, 2001; Holtzer et al., 2003). Physical aggression is less 

prevalent appearing in only the more severely impaired patients, and increases 

as a function of cognitive decline (Holtzer et al., 2003). While physical aggression 

occurs infrequently in early stages of AD, it appears to persist only in late stages 
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(Holtzer et al., 2003). Psychopathological aspects of AD are important to 

determine and predict the stage of the disease so that proper treatment can be 

administered. Furthermore, since there is no cure for AD and with the rapid 

decline of cognitive function, many AD patients rely on caregivers for support of 

everyday activities. Caregivers also need to be educated on the variety of 

behavioral dysfunction that can manifest over the course of the disease. 

Many animal studies involving the apoE gene have demonstrated a 

decline in cognition and suggest that apoE is involved in learning and memory 

(Masliah et al., 1997; Oitzl et al., 1997; Lancashire et al., 1998; Raber et al., 

1998). ApoE-KO mice exhibit severe learning deficits in water maze tasks 

(Gordon et al., 1995; Oitzl et al., 1997; Zhou et al., 1998). Raber, et al (1998) 

showed that that female apoE-KO and apo-E4 mice have impairments in spatial 

learning and the degree of impairment increases with age. Additionally, 

Grootendorst et al (In Press). demonstrated that aged female apoE-KO mice 

had impaired water maze performance than WT individuals. ApoE-KO mice also 

display impaired long-term potentiation (Krzywkowski et al., 1999). These 

studies strongly suggest that the apoE gene is involved with learning and 

memory. 

ApoE, AD, and olfaction 

There has been an increased interest in olfactory dysfunction due to the 

realization that anosmia is a common feature of AD dementia. Odorant 

recognition and odor identification losses are prominent in the early stages of AD 
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and olfactory dysfunction in AD patients has been consistently reported in 

numerous studies (Warner et al., 1986; Mesholam et al., 1998; Nordin and 

Murphy, 1998; Murphy, 1999; Schiffman et al., 2002). AD patients with moderate 

dementia also have deficits in odor identification, odor threshold, and odor 

memory (Doty et al., 1987; Murphy et al., 1990; Serby et al., 1991; Nordin and 

Murphy, 1998). Likewise, AD patients also show neuropathological changes in 

parts of the brain associated with olfactory processing (Talamo et al., 1989; 

Struble and Clark, 1992; Davies et al., 1993;Braak and Braak, 1994; Braak and 

Braak, 1997). One of the first signs of AD is olfactory deficit and has been 

proposed as a predictor of AD (Morgan et al, 1995; Nordin and Murphy, 1996; 

Bacon et al., 1998; Graves et al., 1999; Devanand et al., 2000; Morgan and 

Murphy, 2002). 

In the early stages of AD, patients have a deficit in olfactory processing, 

and AD individuals have deficits in odor recognition when compared to elderly 

controls (Hughes et al., 2002). Christen-Zaech and others (2003) have recently 

demonstrated that there is a close relationship between the olfactory and cortical 

degenerative changes, indicating that the olfactory bulb is on of the earliest 

events in the degenerative process of the CNS in AD. Thus, olfactory 

dysfunction prior to cognitive impairment suggests that well-designed 

neuropsychological testing for olfactory memory and discrimination may provide 

an accurate preclinical diagnoses of AD (Weiss, 2003). 

Further studies have also indicated that apoE4 allele status is associated 

with olfactory dysfunction (Bacon et al., 1998; Murphy et al., 1998; Graves et al., 
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1999). A number of authors have demonstrated that normal elderly persons with 

one apoE4 allele showed significantly poorer odor identification than those who 

lacked the apoE4 allele (Murphy et al., 1998; Wetter and Murphy, 2001 ). 

Additionally, individuals who had mild cognitive impairment and also had the 

apoE4 allele displayed poorer odor threshold than those without the apoE4 allele 

(Bacon et al., 1998; Murphy, 1999) and had a decrease in odor identification 

ability (Wang et al., 2002). ApoE4 positive individuals exhibited delays in 

processing olfactory information when compared to individuals who were apoE4 

negative (Wetter and Murphy, 2001 ). Olfactory dysfunction is frequent and 

severe in AD patients and in individuals with anosmia who have at least one 

apoE4 allele have a 5-fold increased risk of AD (Hawks, 2003). 

In previously reported studies, apoE is known to be expressed at high 

levels in human and mouse olfactory bulbs, especially in the olfactory nerve layer 

and around the glomeruli (Struble et al., 1999). Additional studies have also 

shown that apoE deficiency in apoE-KO mice leads to considerable delay in 

olfactory nerve repair (Nathan et al., 2000) and deficits in olfactory functioning 

(Nathan et al, In press). ApoE-KO mice performed poorly on three olfaction tests 

(buried food pellet, odor choice test, and the odor cued taste avoidance test), as 

compared to WT mice (Nathan et al, In press). Thus, apoE is required for normal 

functioning of the olfactory system. These data indicate that apoE deficiency in 

apoE-KO mice leads to olfactory deficits, which suggests that apoE may play an 

important role in the olfactory system. Furthermore, these data suggest that apoE 

is associated with the continuous degeneration and regeneration processes that 
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occur in the olfactory nerve, thus resulting in decreased olfactory function and 

potential consequences on social behavior. 

Olfaction and maternal behavior 

Olfactory function is important in many behavioral processes including 

foraging, mate selection, sexual behavior, territorial formation, and maternal 

behaviors (Doty, 1986). Adult mice are able to discriminate between their own 

and alien offspring and this discrimination seems to be based upon olfactory and 

gustatory cues rather than auditory cues (Ostermeyer and Elwood, 1982). 

Several brain areas in rats that may inhibit maternal behavior have been 

identified (Sheehan, 2000). The primary olfactory and vomeronasal systems 

have been shown to mediate avoidance behavior in virgin female rats exposed to 

pup odor cues (Flemming, 1998). In mice, maternal care is impaired in anosmic 

individuals. Gandelman et al (1971) found that removal of the olfactory bulb in 

both lactating and virgin mice results in consistent and severe deficits in maternal 

behavior. Female mice bulbectomized during gestation fail to build nests or 

display maternal care (Zarrow et al., 1971). Vandenbergh (1973) showed that 

the sense of smell is essential for normal ovarian rhythm and that bulbectomy 

and anosmia (via ZnS04) both produce disruption in nest building and maternal 

care. Likewise, bilateral removal of the olfactory bulbs produced deficits in 

maternal behavior in primiparous females rats, while multiparous female 

maternal behavior was unaffected by bulbectomy (Schwartz, 1976). In contrast, 

removal of the vomeronasa1 organ (accessory olfactory system) does not 
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interfere with the expression of maternal processes in the mouse or rat (Lepri et 

al., 1985). These studies suggest that the olfactory bulb is important for maternal 

behavior in mice, and olfactory dysfunction will lead to maternal behavior deficits. 

In addition to chemosensory regulation of maternal behavior in mice, 

hormonal influences on maternal behavior have also been observed. For 

instance, prolactin has been shown to trigger maternal behaviors in rats and 

exposure to prolactin during pregnancy may initiate the immediate onset of 

maternal behavior at parturition (Bridges, 1985; Bridges, 1990). Mice carrying 

the null mutation of the prolactin receptor gene (PRLR) also result in a deficiency 

in pup-induced maternal care (Lucas, 1998). Shingo et al. (2003) reported that 

pregnancy stimulated neurogenesis in the adult female forebrain subventricular 

zone is mediated by prolactin. Moreover, these progenitors migrate to produce 

new olfactory interneurons (Shingo, 2003). Increasing the amount of new 

olfactory interneurons by pregnancy or prolactin can have significant functional 

effects on maternal behavior (Shingo, 2003). Prolactin, which is produced in high 

levels just prior to parturition and subsequently during lactation, is believed to 

stimulate the establishment of maternal care and stimulate the immediate onset 

of maternal behavior at parturition (Bridges et al, 1985). On the other hand, 

maintenance of maternal behavior appears to be related to the cues given off by 

the offspring. 
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Olfaction and aggression 

Fighting behavior in rats and mice is closely related to olfaction. The 

combination of smells from a male conspecific triggers an offense mechanism in 

the territory owner (Adams, 1976). To study the olfactory influences on 

aggression, researchers have used a variety techniques that suppress the sense 

of smell including bilateral bulbectomy, lateral olfactory tract lesions, and 

intranasal ZnS04 (Brain and Benton, 1983). Chronic or acute induction of ZnS04 

causes anosmia and eliminates social aggression (Benton et al., 1979; Brain and 

Al-Maliki, 1978). Furthermore, olfactory loss has been found to reduce 

aggression in both feral and laboratory rats, golden hamsters, and gerbils 

(Alberts and Galef, 1973; Devor and Murphy, 1973; Alberts, 1974; Luciano and 

Lore, 1975; Flannelly and Thor, 1976). Similarly, olfactory bulbectomized mice 

elicit attack behavior from normal males, and would never initiate an attack 

themselves (Denenberg et al, 1973). Male conspecific odors also appear to be 

able to elicit aggressive acts in many mammals (Bronson, 1971; Brain, 1981). 

Olfactory signals are involved in most aspects of mammalian social 

communication. There are two groups of social odors found in mammals: 

identifier odors- produced by the body's normal metabolic processes and are 

stable for long periods of time; emotive odors- produced or released only in 

special circumstances (Donat et al., 1994). The odor of male mice has 

functionally distinct components. One component is of general nature and elicits 

attacks from other males, while the other component is specific to that individual, 

allowing for identification by other members of its species (Archer, 1968; Donat et 
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al., 1994 ). The production of pheromones, which stimulates aggression and 

causes aversion in other males, has been shown to be androgen dependent 

(Mugford and Nowell, 1970; Brain and Evans, 197 4; Donat et al., 1994 ). An 

individual male's odor contains information about its individual identity as well as 

dominance status. Dominant and subordinate animals are clearly distinguished 

by olfactory cues in mice (Brown, 1979; Parmigiani et al., 1982). 

Anosmia affects both aggressive and defensive agnostic behavior in mice 

(Donat et al., 1994). Surgical removal of the olfactory bulb abolishes aggressive 

behavior (Ropartz, 1968; Bean, 1982). Perfusion of the olfactory epithelium with 

ZnS04 solution damages the olfactory epithelium, though not all receptors are 

necessarily destroyed by the treatment and there is usually some regeneration 

(Donat et al., 1994). After anosmia treatment there was a significant reduction in 

the number of attacks observed in aggressive males, which was also 

accompanied by a significant increase in soc al investigation (Donat et al., 1994 ). 

Thus, these results show the importance of olfactory signals in the modulation of 

aggression in mice. Prior assessment of opponents in scent-marking can reduce 

the energetic costs and risk of injury in agnostic encounters (Donat et al., 1994). 

Olfactory signals are means of two-way communication. They provide the 

opponent with an assessment of the quality of the donor, as well as give 

important information to the recipient which will lead to the decision regarding the 

appropriate behavioral strategy to utilize (Payne et al., 1992; Donat et al., 1994). 
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Resident-Intruder Paradigm 

Fighting and threat behavior may be employed for a variety of reasons 

including: subduing prey species, predator avoidance, defending a territory, 

obtaining a potential mate, advancing one's status in social hierarchy, and 

defending young or nesting site (Brain, 1981 ). There are several types of 

aggression classifications and for this purpose only intermale aggression will be 

addressed. lntermale aggression is defined as fighting occurring between two 

male conspecifics which have not become habituated to each other (Brain, 

1981 ). One technique used to study intermale aggression involves isolation­

induced aggression tests (resident-intruder paradigm). Isolation-induced 

aggression tests have been used as a tool in the study of molecular mechanisms 

underlying aggressive behavior (Simler et al., 1980; Maxon, 1992). The resident­

intruder paradigm is based upon the establishment of a territory by a male and its 

defense against unfamiliar male intruders (Martinez et al., 1998). The test 

consists of introducing an intruder into the home cage of a resident male and the 

former being defeated by the latter (Martinez et al., 1998). The following 

manipulations are widely used to ensure that this scenario will occur: the resident 

is usually of a more aggressive strain than the intruder, is heavier, paired with a 

female or isolated, or has previous experience of victory (Martinez et al., 1998). 

There are two advantages for this the resident-intruder test for genetic analysis. 

First, the aggressive behavior is polarized; secondly, this test has been widely 

used in pharmacological and endocrinological research on agnostic behaviors 

(Maxon, 1992). 
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In the resident-intruder test, resident males are housed individually for 

four weeks and then a group housed intruder is introduced into the resident's 

home cage (Rodgers, 1981 ). Typically, the intruder is rendered anosmic via 

nasal irrigation of either ZnS04 or a triton solution (Brain, 1981 ). Anosmic males 

display defensive or submissive behaviors and have been shown to elicit fighting 

in isolated males while never initiating aggression themselves (Ropartz, 1968; 

Brain et al., 1981; Navarro et al., 2000). The number of attacks, defense, and 

offensive behaviors are typically observed within this test. 

lntermale fighting in mice consists of a well-defined sequence of acts and 

postures (Grant and Mackintosh, 1963). A number of authors have postulated a 

sequence of behaviors that lead up to aggressive behavior in rats and mice, 

suggesting that investigative (sniffing) or exploratory (rearing) behaviors usually 

preludes any type of aggressive behavior in rodents (Brain and Poole, 1974; 

Miczek and Krsiak 1981). These initial behaviors are a way for the resident to 

assess the intruder prior to engaging in fighting behavior. Maintenance behavior 

(self-grooming) is also observed within both resident and the intruder, especially 

following an aggressive bout (Brain and Nowell, 1970). 
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Goal and Hypotheses 

Experiment I: Olfactory function 

This study was conducted to determine how apoE-KO and apoE4 mice 

would perform in the olfactory-cued taste avoidance (OCTA) test. We 

hypothesized that both apoE-KO and apoE4 mice would have olfactory deficits 

when compared to WT individuals since apoE is required for normal olfactory 

function. 

Experiment II: Maternal behavior 

In this study we looked at the functional aspect of apoE on maternal 

behavior. Since maternal behavior is associated with olfactory cues emitted by 

the offspring, we wanted to determine if there were any deficits in maternal care 

in apoE-KO female mice in comparison to WT controls. We predicted that apoE­

KO female mice would have maternal deficits when compared to WT controls. 

Experiment Ill: Aggressive behavior 

For this experiment we observed the functional aspects of apoE in regards 

to aggressive behavior. Processing of pertinent olfactory cues is important in 

determining social status among many mammalian species, and thus we wanted 

to determine if the olfactory dysfunction observed in apoE-KO mice would have 

any effects on social behavior. We hypothesized that apoE-KO would be less 

aggressive than WT controls. 
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EXPERIMENT I: OLFACTORY FUNCTION IN APOLIPOPROTEIN E 

KNOCKOUT MICE 

Methods 

Animals 

Sixteen male WT (C57BL/6J) mice, eleven apoE-KO mice (C57BL/6J­

Apoe tm1unc), ten apoE-KO littermates (KOL) (C57BL/6J-Apoe), and nine apoE4 

(C57BL/6J-Apoe), were obtained from The Jackson Laboratory (Bar Harbor, 

ME). We looked at both pure breeding apoE-KO mice in comparison to apoE­

KOL (apoE-KO littermates of apoE4 transgenic breeder pairs) to determine if 

there were behavioral differences. Pure breeding knockout mice were defined as 

apoE-KO mice born to homozygous apoE-KO parents, while apoE-KOL mice are 

defined as offspring of a heterozygous apoE4 (apoE-KO/apoE4) parent paired 

with a apoE-KO (apoE-KO/apoE-KO) parent. Male mice, ages two to four 

months old, were used in this experiment. The mice were housed in a sound 

attenuated room, with a light cycle from 08:00- 18:00 and a constant temperature 

was maintained at 22°C. Each mouse was tested at the same time of day to 

avoid diurnal variation. Each mouse was housed individually and had access to 

food ad libitum. A water deprivation schedule (0.4ml/day) was initiated twenty­

four hours prior to testing, and continued throughout the 6-day test schedule. 

Odor Cued Taste Avoidance 

The odor cued taste avoidance (OCTA) test was a modification of 

previously published procedures (Darling & Slotnick, 1994 ). The test chamber 
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consisted of a metal-floored box (20 cm x 30 cm x 12 cm) with a PVC tube 

attached near the base of the box. A stainless steel drinking nozzle fitted with a 

10 ml syringe was placed inside the PVC tube such that the nozzle could be 

placed at variable distances from the opening. One syringe contained tap water 

(S+) and the other syringe (S-) contained either a 1 % vanillin + 0.05% quinine 

(QHCL) solution or 0.001 % vanillin: + 0.05 % QHCL. A touch circuit was 

established were the nozzles of the syringes were connected to a Powerlab (ADI 

Instruments) by an electrical cable (CB Sciences), while the metal floor was 

connected to the power lab via a cable. The aluminum foil flooring of the test 

chamber was changed between each individual mouse trial. The computerized 

touch circuit precisely measured the latency of first lick contact and the latency 

was recorded via Chart software (ADI Instruments). 

Behavioral testing 

Each experiment consisted of 2 periods: 1) sampling period of 30 seconds 

in which the nozzle was recessed 1.5 cm into the PVC tube, so that the mice 

could sniff the odor, but not make contact with the nozzle and 2) a drinking period 

of 60 seconds in which the nozzle was moved forward so that the mice could 

contact the drinking nozzle. A positive contact score was awarded upon any 

contact with the nozzle. A total of 6 trials per day were conducted. Trials were 

separated by a 60 second rest period, where the mouse was removed from the 

test chamber and placed in a separate cage without access to food or water. At 
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the commencement of the 61h trial for the day the mouse was returned to its 

home cage and it was given its ration of water (0.4ml) c. - -' ad libitum. 

The trial consisted of 6 consecutive days where each mouse received 6 

trials/day. Days 1-3 were a training period, where mice were trained to drink tap 

water from the nozzle. Days 4 and 5 the animals were offered three trials with 

the S+ solution (tap water) and three trials with the S- solution, which consisted 

of 1 % vanillin plus 0.05% quinine monohydrocloride dihydrate (QHCL, Acros 

Organics). On day 6, the S- concentration of vanillin was reduced from 1 % to 

0.001 %, while the QHCL concentration remained at 0.05%. The order of S+ and 

S- was randomized such that each individual received the same random order 

within a day but the sequence of S+ and S- differed between the days. Vanillin 

was used as an odorant because it was an olfactory nerve stimulant, and thus 

the experimenter was assured that odor cued taste avoidance was solely due to 

the ability to detect an odor, rather than a trigeminal reflex. 

Statistical analysis 

All data analyses were performed using SPSS statistical software. 

Repeated measures ANOVA was used to compare the average latency to lick 

the water nozzle for day, genotype, and day x genotype interaction for all six of 

the S+ trials. Mean treatment differences between S- and S+ latencies, for days 

4, 5, and 6, were analyzed by using repeated measures ANOVA and taking into 

account the day, genotype, and day x genotype interaction. Since data did not 

follow assumptions for days 1-6 S+ only, Univariate Greenhouse-Geisser was 
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used to test the within subject test (Table 2). Univariate Sphericity Assumed was 

used to test the within subject effects for the mean treatment differences for days 

4-6 (Table 2). Post hoc tests were conducted using least significant differences 

(LSD) test. 

Results 

Odor cued taste avoidance 

In order to determine whether WT, apoE-KO, apoE-KOL, and apoE4 

differed in their ability to perform the OCTA test, we used repeated measures 

ANOVA, with day and genotypes as factors on the water (S+ only) results for 

days 1-6 (Table 2). WT, apoE-KO, apoE-KOL, and apoE4 mice did not differ in 

their S+ latencies during the trial (F3,42 = 0.79, p =0.50) (Fig 1 ). However, S+ 

latencies did decrease over the days for all 3 genotypes (F5,21o = 88.43, p < 0.05) 

(Fig. 1 ). 

To investigate how WT, apoE-KO, apoE-KOL, and apoE4 mice responded 

to the vanillin-cued quinine, we used repeated measures ANOVA, to analyze the 

mean treatment differences between S- and S+ (Table 2). ApoE-KO, apoE-KOL, 

and apoE4 mice had significantly smaller mean treatment differences than WT 

mice (F3,42= 4.24, p = 0.01) (Fig 2). For the S- contact latencies, no significant 

interaction existed between genotype and day (F6,84 = 0.70, p= 0.64), but there 

was significant difference in latencies for day (F2,a4= 10.66, p < 0.05) (Fig 3). 

Thus, apoE-KO, apoE-KOL, and apoE4 genotypes showed significant 
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differences in their ability to detect S- when compared to WT individuals. 

Furthermore, there were no differences observed between apoE-KO and apoE­

KOL during the trial (Figs 1-3), suggesting that these two genotypes could be 

grouped together in future studies regardless of how the apoE-KO mice were 

derived. 

Discussion 

The results from this study indicate that apoE deficiency in apoE-KO and 

apoE-KOL mice, as well as human expressed apoE4 in mice, leads to a deficit in 

olfactory function. ApoE-KO, apoE-KOL, and apoE4 mice performed poorly on 

the odor-cued taste avoidance task, and were unable to detect a difference in tap 

water verses an odorant-cued with a bitter tasting solution. While these results 

can be interpreted as olfactory dysfunction in apoE-KO, apoE-KOL, and apoE4 

mice, possibly other alternative interpretations need to be addressed. 

Motivational properties of the mice may influence the performance on thirst tests 

used in this study. There was no significant difference in latency between WT, 

apoE-KO, apoE-KOL, and apoE4, to drink water during the OCTA test. In 

another study, Raber, et al (2000), found that apoE-KO mice did not differ 

significantly in water or food intake from WT mice. Together, these studies 

suggest that lack of motivation or thirst is not a primary cause for the olfactory 

dysfunction found in apoE-KO, apoE-KOL, and apoE4 mice. 

Another possible explanation for the results was an inability to learn a 

task, which could have attributed to the poor performance in the OCTA test. 
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However, we did not observe a cognitive defect where the latencies for S+ in 

WT, apoE-KO, apoE-KOL, and apoE4 mice all decreased over the 6-day trial, 

which suggests that all genotypes did not significantly differ in their ability to learn 

the OCTA task. These results revealed that apoE-KO, apoE-KOL, and apoE4 

mice exhibit olfactory dysfunction, which suggests that apoE likely plays an 

important role in the olfactory system. 

While the function of apoE in the olfactory system remain unclear, recent 

studies had demonstrated that apoE is found in high levels within the olfactory 

bulb (Struble, et al., 1999). Other studies have examined the effects of the 

individual apoE isoforms in humans. The results revealed that AD patients who 

were positive for the apoE4 allele were impaired in odor identification (Murphy, et 

al., 1998). These studies suggest that apoE4 may not support the continuous 

neuronal remodeling in the olfactory system as efficiently as the other apoE 

isoforms, which in turn may lead to olfactory dysfunction. 

Further research comparing the human expressed apoE3 and apoE4 

mouse genotypes olfactory ability, using the OCTA test, need to conducted. 

Other social behavioral studies also need to be addressed, such as aggression 

and maternal behavior, in order to determine the behavioral consequences of 

human apoE expression in mice. This may help to clarify the role of apoE in 

dementing disorders such as AD. 
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EXPERIMENT II: APOLIPOPROTEIN E AND MATERNAL BEHAIVOR 

Materials and methods 

Animals 

The apoE KO (C57BL/6J-Apoe tm 1unc) and wild-type (WT) C57BL/6J mice 

were originally obtained from The Jackson Laboratory (Bar Harbor, ME) and 

housed and breed within the animal care facility at Eastern Illinois University 

(Charleston, IL 61920). Mice were housed in a sound attenuated room under 

constant temperature (22 °C), light from 07:00 h to 19:00 h, and access to food 

and water ad libitum. All animals were housed in clear Plexiglas cages. In order 

to control for possible effects of previous breeding experience, all females were 

tested with first their litter. Sexually mature female mice, 2-6-months-old, were 

used in this experiment. Retrieval tests (n=48) and nest scores were conducted 

between 1300h and 1800h to minimize any diurnal variation in behaviors. 

Breeding 

Females were placed 3-5 animals per cage and a sexually mature male of 

the same genotype was introduced into the cage. Obviously pregnant females 

were removed from group cages 4-7days prior to parturition and placed in an 

individual cage. Total offspring and sex of each pup was noted for a subset of 

litters (WT n=12; KO n=12) at 21 days (i.e. prior to separation). 
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Nesting 

Each cage was provided with shredded wood bedding and one square of 

Nestlet (virgin cotton, Ancare) for nesting material. Typically, pregnant females 

shred all of the bedding and Nestlet and construct a compact nest with walls and 

a ceiling (Slotnick & Nigrosh, 1975; Leckman & Herman, 2002). Nests were 

rated using a scale similar to that of Slotnick and Nigrosh (1975). The nests were 

scored on a 0-4 point scale: 0 = no nest constructed with shredded or un­

shredded Nestlet scattered around the cage; 1 = shredded Nestlet, but no 

obvious nest constructed; 2 = most Nestlet shredded in small cup-like nest with 

low walls; 3 = most Nestlet shredded in a cup-like nest with high walls; 4 = all 

Nestlet shredded in a ball shaped nest with high walls and a ceiling (Slotnick & 

Nigrosh, 1975). Scores were taken one day prior to testing (D-1), day of testing 

(D 0), and one day after testing (0+1 ). On retrieval test day (D 0) scores were 

taken prior to pup removal. 

Retrieving test 

The retrieval test and behavioral definitions were similar to tests 

conducted by Slotnick and Nigrosh (1975) and Pardon, et al (2000). 

Observations were recorded 24 ± 10 hours after parturition. The experimenter 

wore latex gloves for each trial to prevent extraneous transmission of human 

odors onto the pups. To begin the test, the dam was removed and placed in 

holding cage. The pups were removed, weighed, and the presence or absence of 

milk bands in the abdomen was noted. The pups were then placed together 
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approximately 15cm away from the nest. The metal cage lid was replaced with a 

clear Plexiglas lid to permit an unobstructed view of the cage. Observations 

began once the observer had placed the female back into the nest side of the 

cage. The dam's behavior was recorded for 15 minutes using a video recorder 

(Sony, Hi8) placed approximately 60 cm above the cage. After testing, the 

Plexiglas lid was replaced with the original metal lid. If any pups remained 

outside of the nest they were returned to the nest at the end of the testing period. 

The videos were scored later for the following behaviors: retrieving latency 

(number of seconds from the beginning of the test till first pup was picked up or 

carried) retrieval time (time to gather all pups into nest from the time the first pup 

was picked up) carry time (duration dam spent carrying pups) drops (frequency 

of times dam dropped pups outside nest) pup sniff (pups contacted with nose 

with no oral contact) rearing (raise up on hind legs) nest re-build (duration spent 

digging, moving, or shredding bedding around and toward nest). 

Statistical analysis 

All behaviors were analyzed using SPSS (ver. 11.0). Nonparametric tests 

were used because data did not conform to parametric assumptions; these tests 

took tied values into account when appropriate. Statistical significance was 

accepted at P < 0.05. Data are presented as mean ± S.E.M. 
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Ethical considerations 

All trials were conducted according to the guidelines governing animal 

research at Eastern Illinois University. Females who had difficulty in labor and 

appeared to be in distress were monitored closely. If they did not appear to be 

improving, they were humanely euthanized in accordance with the animal care 

and use guidelines. Additionally, pups left outside the nest at the end of the test 

were placed back into the nest with their siblings. 

Results 

Pregnancy, litter size, and pup care 

There were no significant differences between WT and apoE-KO mice in 

the number of pups at the time of testing (WT= 6.63 ± 0.39, N= 24; apoE-KO= 

6.75 ± 0.43, N= 24; Mann-Whitney, U=279, z = 0.19, p = 0.85) or mean pup 

weight at test (WT= 1.34 g ± 0.03, N=24; apoE-KO = 1.32 g ± 0.04, N=24; Mann­

Whitney, U=260.5, z = 0.57, p = 0.57). Furthermore, there were no significant 

differences between WT and apoE-KO in the total number of pups at weaning 

(WT= 5.83 ± 0.46, N=12; apoE-KO= 6.75 ± 0.57, N= 12; Mann-Whitney; U= 51.5, 

z = 1.22, p = 0.22), or the sex ratio at weaning (WT= 0.54 ± 0.08, N= 12; apoE­

KO= 0.52 ± 0.05, N=12; Mann-Whitney, U= 64, z = 0.47, p = 0.64). All pups in 

both genotypes did have milk bands present prior to testing. 
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Nesting behavior 

On average, apoE-KO mice had lower quality nest scores compared to 

WT mice for day on all three days (Fig. 4). Nest scores were significantly higher 

for D-1 (apoE-KO = 2.71 ± 0.15, N= 24; WT= 3.17 ± 0.13, N=24; Mann-Whitney, 

U= 198.5, z = 2.11, p = 0.04) and D +1 (apoE-KO = 3.09 ± 0.17, N= 24; WT= 

3.71 ± 0.10, N=24; Mann-Whitney, U = 152, z = 2.75, p = 0.006), but not DO 

(apoE-KO = 2.71 ± 0.15, N= 24; WT= 3.17 ± 0.13, N=24; Mann-Whitney, U= 208, 

z = 1.65, p = 0.06) (Fig 4). Nests for WT individuals were generally better 

constructed than apoE-KO mice, with high walled nests and ceilings which 

covered the pups completely. Both genotypes, however, showed an increase in 

nest scores over the 3-day scoring period (Fig 4). During the retrieval test there 

was no difference in duration of nest rebuilding behavior (Table 3). 

Retrieval test 

WT mice retrieved a higher percentage of pups at the end of the trial than 

apoE-KO mice (WT= 97.40 +/- 2.60, N=24; apoE-KO= 84.97 +/- 5.09, N=24; 

Mann-Whitney, U=194.5, z= 2.72, p= 0.0066) (Fig 5). Indeed, WT individuals 

were more likely to pick up their entire litter; 23 I 24 WT individuals retrieved all 

pups compared to 15 I 24 apoE-KO dams( x2 = 8.08, df = 1, p = 0.004). In order 

to take into account variation in litter size, we standardized by dividing by the 

number of pups for some behaviors. There were no significant differences in 

carry time/pup, retrieval time/pup, total # of pup sniffs/pup, total # drops/pup, 

latency to pick up first pup, or # sniffs before first pup pick up (Table 3). There 
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was a non-significant trend for apoE-KO mice to have more pup sniffs than WT 

(Table 3). 

Discussion 

Pup retrieval 

Previous researchers have demonstrated that pup removal studies are an 

accurate marker of maternal care in mice (Carlier, 1982; Pardon, 2000) and 

suggest a strong correlation between maternal care and pup survival (Cohen­

Salmon, 1985). If pups are not retrieved quickly when separated from the dam, 

they may suffer consequences such as a decrease in body temperature or an 

increased chance of predation. Survival of rodent offspring is therefore 

dependent upon the initiation of a specific set of maternal behaviors. (Leckman & 

Herman, 2002). Dams must be able to recognize their own pups, be able to 

protect them from the elements and predation, and be able to account for all of 

their offspring. Somatosensory and maternal olfactory processing is necessary in 

order for the dam to retain responsiveness to pups over long periods of 

separation (Flemming et al., 1999). A number of studies have demonstrated that 

prolactin is the initial trigger for maternal behavior (Bridges et al, 1985; Lucas et 

al, 1998), while pup cues (namely olfactory and auditory cues emitted by offpring) 

are important for maintaining maternal behavior (Rosenblatt and Lehrman, 1963; 

Harper, 1981; Rosenblatt, 1990) 
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In our study, apoE-KO mice when compared to WT mice were less likely 

to retrieve and carry all of their pups back to their nest. Three possible 

explanations exist for this pattern. First, WT mice may have been better at 

carrying the pups and were therefore more likely to complete the task in the time 

allotted. No difference existed between average pup weight, carry time/pup, or 

retrieval time/pup which suggests that the apoE-KO mice were just as capable as 

WT mice in carrying their pups. Additionally, there were no difference in the 

number of drops per pup for WT and apoE-KO mice, which indicates that both 

genotypes drop a similar proportion of pups per trial. Thus, apoE-KO mice are 

just as able to carry pups as WT mice and can be ruled out as an explanation. 

Second, apoE-KO mice may have been less likely to investigate the pups 

outside of the nest when first introduced into the home cage than WT mice. We 

can reject this possibility as no difference was shown between the latency of first 

sniff (first pup contact) between WT and apoE-KO. In addition, there was no 

difference in rearing behavior, which has previously been described as an 

exploratory motivational behavior (Mitchell, 1994). Thus, at least at the initiation 

of the trial, WT and apoE-KO mice were both physically and motivationally able 

to explore their environment and to determine that their pups had been moved 

from their previous location in the nest. 

Third, apoE-KO mice may have chemosensory deficits that impair 

maternal behavior. Olfaction is important in maternal behavior in mice. Studies 

have suggested that olfactory cues emitted from the offspring stimulate the area 

in hypothalamus responsible for maternal behavior expression and without the 
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olfactory stimulation, maternal behavior may not be evoked (Gandelman et al., 

1971; Gandelman et al., 1972) or maintained. Additionally, females who have 

undergone olfactory bulbectomy after parturition only show a reduction in 

maternal behavior and bulbectomy does not completely eliminate maternal 

behavior (Cowley and Cooper, 1977). Further studies show that If new mothers 

are rendered anosmic and have no taste cues due to application of anesthetic 

onto either the mouth or ventrum, then pups are not retrieved or licked 

(Flemming et al, 1999). Lepri et al. demonstrated that normal maternal behavior 

in mice is expressed even in the absence of an intact vomeronasal organs (Lepri 

et al., 1985). Other researchers also have suggested that olfactory stimuli from 

pups was more important than ultrasonic emissions from the pups and thus 

recognition is dependent upon olfactory cues (Ostermeyer and Elwood, 1982). 

Olfactory function is needed in order to retrieve pups. A female must be 

able to use her senses to locate the pups either initially or after a pup has been 

dropped. Olfaction appears to be the key sense utilized in retrieval ability. Since 

we did not see a difference in latency of initial pup sniff, we suggest that apoE­

KO mice were able to determine the location of the group of pups in the cage. 

However, we suggest that apoE-KO females were unable to locate the pups 

once dropped away from the group and outside the nest. Considering that apoE­

KO and WT mice dropped the same proportion of pups as WT mice it is not that 

apoE-KO mice had problems carrying the mice back to the nest, but rather an 

inability to find the scattered pup or pups after dropping them. We suggest that 

this is due to their inability to detect the pup odor of the dropped pups. When the 
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pups are together in a group, their odor is stronger than a scattered pup's odor. 

Thus we do not see a difference in latency to first sniff the pups, but we do see a 

difference in retrieval behavior. Nathan et al. has previously shown that apoE-KO 

mice have olfactory dysfunction when compared to WT individuals (Nathan et al., 

2003) and apoE deficiency in apoE-KO mice leads to delay in olfactory nerve 

repair. Since apoE-KO mice have only impaired olfaction rather than complete 

olfactory destruction, their behavior can be compared to mice that have had 

slight olfactory impairments who also display maternal behavior deficits. 

Nest building 

Nest construction 1s also important in protecting and rearing healthy 

offspring. Previous studies in female mice have shown that with olfactory bulb 

removal (Gandelman et al, 1971) or sepal lesions (Slotnick & Nigrosh, 1975) 

mice will exhibit profound deficits in nest construction and maternal care. In our 

study we found that apoE-KO mice displayed significantly lower nest quality 

scores than WT mice. This difference cannot be due to apoE-KO females being 

physically incapable of constructing nests, because both genotypes did construct 

nests and both genotypes showed an increase in nest scores over the 3-day 

observation period. We attribute the decrease in nest building quality in apoE­

KO mice to olfactory dysfunction. If the female is not receiving or has a decrease 

in the ability to receive cues from her pups then maternal behavior, namely nest 

buliding, will be decreased as well. We believe that prolactin, the trigger for 

maternal and nest building behavior, is not what is causing the decrease in 

31 



maternal care since females were observed to be lactating and the pups had milk 

bands present. Prolactin, which is produced in high levels just prior to parturition 

and subsequently during lactation, is believed to stimulate the establishment of 

maternal care and stimulate the immediate onset of maternal behavior at 

parturition (Bridges et al, 1985). Other studies have shown that prolactin also 

induces neurogenesis within the olfactory bulb, which has important implications 

in mating and offspring recognition (Shingo et al, 2003). Thus, while the trigger 

for maternal care is not likely to be different in our two genotypes, maintaining the 

behavior appears to be the likely cause. If a female has an olfactory deficit, her 

ability to process olfactory information will mostly likely be decreased as well. 

The olfactory deficit that has been previously reported in apoE-KO mice will 

inevitably cause problems in the ability to maintain maternal care when 

compared to WT individuals. 

Overall, apoE deficiency results in olfactory deficits in apoE-KO mice and 

those deficits in turn have consequences on maternal behavior in apoE-KO mice. 

However, the olfactory deficits exhibited in apoE-KO mice are not likely to 

eliminate maternal behavior completely, suggesting that apoE in concert with 

other factors are contributing to the presence of maternal behavior deficits 

observed in apoE-KO mice. 
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EXPERIMENT Ill: APOLIPOPROTEIN E AND AGGRESSION 

Methods 

Subjects 

Male ApoE KO (C57BL/6J-Apoe tm 1unc) and wild-type (WT) C57BL/6J mice 

were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were 

housed in transparent Plexiglas cages with access to food and water ad libitum, 

except during behavioral testing. The floors of the cages were covered with wood 

shavings and nestlet squares were provided for each. Cages remained 

undisturbed, except for weekly cleaning. The mice were maintained under 

constant temperature (22 °C) and a 12L: 120 light cycle (lights on at 0700 h ). 

Procedure 

Resident mice (KO n=16, WT n=15) were separated at approximately 10 

weeks of age and were housed individually in cages for 4 weeks prior to 

behavioral testing. Intruders were WT male mice, 4-6 weeks of age at the time of 

testing, and housed in groups of 4-6 since weaning. Each intruder was rendered 

temporarily anosmic one day prior to testing, via nasal irrigation with a Triton-X 

solution (0.7% Triton-X dissolved in 0.9% NaCl). Prior to intruder introduction, 

the resident's cage was moved to the viewing platform (located within the same 

housing room) and allowed a 5-minute habituation period. Food and water were 

removed from the home cage and a transparent Plexiglas lid was placed over the 
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top of the cage. In order to distinguish between the mice, the intruders were 

marked on the tail prior to introduction, via black, non-toxic permanent marker. 

The resident-intruder test consisted of placing a randomly chosen intruder 

into the resident's home cage for 10 minutes. Each session was video recorded 

directly above the cage by a JVC VHS-C recorder and reviewed at a later date by 

an independent experimenter who was unaware of the genotype of the animals. 

All tests were conducted between 1600 and 1900 (last 3 hours of light cycle). 

The following behaviors were recorded: (1) attack = rapidly to a partly over the 

conspecific and biting (2) aggressive groom = aggressive posture with nibbling I 

licking of the conspecific's fur while holding down conspecific and preventing 

escape (3) anal-genital sniff = orientation to the conspecific's anal-genital region 

(4) rear= exploratory behavior involving static up right locomotion (5) body care 

=maintenance behavior involving scratching, licking, or wiping of own body parts 

(Mitchell, 1994). 

All trials were conducted according to the guidelines governing animal 

research at Eastern Illinois University. To minimize any stress to the animals 

during the test, trials were halted if an animal appeared to be in distress. An 

observer was always present during each encounter and if the aggression 

escalated too far, the observer was prepared to terminate the trial. All mice 

however, were checked for wounds directly after each encounter and again 24 

hours later and there were no visible wounds observed for any trials conducted 

and no encounters had to be terminated. 
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Statistical analysis 

All behaviors were analyzed using SPSS version. 11.0. Nonparametric 

tests were used because the data did not conform to parametric assumptions; 

these tests took tied values into account when appropriate. Statistical 

significance was accepted at p < 0.05. Data are presented as mean ± SEM. 

Results 

ApoE-KO mice were less aggressive than WT mice. ApoE-KO mice 

attacked significantly fewer times than WT mice (apoE = 0/16 attacking ; WT = 

6/15 attacking; fisher's exact test, p = 0.007) and had lower aggressive groom 

frequencies than WT mice (WT= 23.1 ± 2.07 grooms, n=15; apoE-KO = 16.3 ± 

1.30 grooms, n=16; Mann-Whitney, U = 54.5, z = 2.59, p = 0.009) (Fig 6). ApoE­

KO mice had longer aggressive groom latencies than WT mice, but this trend 

was not significant (apoE-KO = 87.0 ± 13.72, n = 16; WT= 68.3 ± 9.87, n = 15; 

Mann-Whitney, U= 91, z = 1.15, p = 0.25). While WT mice had more aggressive 

grooms than apoE-KO mice, apoE-KO mice spent a longer duration per groom 

(WT = 10.0 ± 1.32 s/groom, n = 15; apoE-KO = 14.6 ± 1.36 s/groom, n = 16; 

Mann-Whitney, U = 63.0, z = 2.25, p= 0.024) (Fig 7). ApoE-KO mice also had 

more body care occurrences than WT mice (apoE-KO = 15.1 ± 2.18, n = 16; WT 

= 7 .5 ± 1.55, n = 15; Mann-Whitney, U = 56.5, z = 2.51, p= 0.012) (Fig 8) and 

had a shorter latency to exhibit body care than WT individuals (apoE-KO = 110.0 

± 28.51s,n=16; WT= 191.6 ± 22.63 s, n = 15; Mann-Whitney, U= 40.0, z = 

3.16, p= 0.002) (Fig 9). 
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There were no significant differences in total number of sniffs for either 

genotype (WT = 44.1 ± 3.43 sniffs, n = 15; apoE-KO = 43.2 ± 2.34 sniffs, n = 

16; Mann-Whitney, U= 113, z = 0.26, p= 0.80), the number of sniffs prior to 

display of aggressive groom (WT= 14.3 ± 1.52 sniffs, n = 15; apoE-KO = 15.6 ± 

1.89 sniffs, n = 16; Mann-Whitney, U= 117.5, z = 0.01, p= 0.92), or the latency 

for first sniff (WT= 11.5 ± 3.23 s, n = 15; apoE-KO = 8.5 ± 2.19 s, n = 16; 

Mann-Whitney, U= 104 z = 0.63, p= 0.53). Additionally there were no differences 

observed in total number of rears (WT= 17.6 ± 2.68, n = 15; apoE-KO = 17.6 ± 

2.27, n = 16; Mann-Whitney, U= 114, z = 0.24, p = 0.81) or in latency of first rear 

(WT= 81.4 ± 9.76, n = 15; apoE-KO = 79.6 ± 9.04, n = 16; Mann-Whitney, U= 

114, z = 0.198, p= 0.84). 

Both apoE-KO and WT mice displayed sniffing behavior prior to exhibiting 

other behaviors (apoE-KO = 15/16 sniffed first; WT= 15/15). However, following 

sniffing, the next behavior performed by WT was typically aggressive groom, 

while apoE-KO had a more uniform likelihood of aggressive groom, body care, or 

rearing (Fig 10). 

Discussion 

Numerous studies have shown that olfactory dysfunction leads to altered 

aggressive states. Olfactory bulbectomy (Ropartz, 1968; Denenberg et al., 1973; 

Alberts, 197 4; Liebenauer and Slotnick, 1996) and anosmia via nasal irrigation of 

ZnS04 (Benton et al., 1979; Brain and Al-Maliki, 1978) eliminates olfactory 

function and aggression in mice. Olfactory dysfunction has also been shown to 
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reduce social aggression in feral rats (Alberts and Galef, 1973), laboratory rats 

(Luciano and Lore, 1975; Flannelly and Thor, 1976), Golden hamsters (Devor 

and Murphy, 1973), and gerbils (Alberts, 1974). We propose that the olfactory 

dysfunction documented in apoE-KO mice (Nathan et al., In Press) is responsible 

for the decrease in aggression levels observed in our study. Lacking the ability to 

properly process the olfactory cues emitted by the intruder, apoE-KO mice will 

behave similarly to that of bulbectomized or nasal irrigated anosmic mice. 

Without the functioning apoE gene, apoE-KO mice display deficits in olfaction, 

which can have potential consequences on aggressive behavior. 

lntermale fighting consists of a well-defined sequence of acts and 

postures that lead up to an attack (Brain and Poole, 197 4 ). Usually residents will 

display assessment behaviors such as sniff and aggressive grooming prior to 

attacking. In our study the assessment behaviors that we looked at were sniff 

and aggressive groom, which were chosen based on preliminary observations of 

our two genotypes. Both genotypes exhibited sniffing behavior as the first 

behavior, which suggests that both mice are aware of the change within their 

environment and are capable of investigating the intrusion. In the case of the 

second behavior exhibited, we saw a different picture emerge. ApoE-KO mice 

had a more uniform likelihood of displaying either aggressive groom, body care, 

or rear as the 2nd behavior exhibited, while WT mice predominantly displayed 

aggressive groom behavior. Aggressive groom behavior is the next behavior that 

usually occurs within the sequence of agnostic encounters, while body care and 

rear are not likely to be displayed in mice that are going to attack. This trend 
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suggests that apoE-KO mice may not be displaying the sequence of agnostic 

behavior early on in the encounter with the conspecific. 

Since we observed a difference in sequence of behavior we next looked at 

aggressive groom behavior overall. WT individuals had more frequencies of 

aggressive grooms, while apoE-KO mice spent a longer duration per groom than 

WT mice. We propose that the longer duration per grooming was necessary for 

apoE-KO mice to access the status of the intruder. Due to olfactory deficits 

associated with the apoE-KO males (Nathan et al, In Press) we propose that the 

apoE-KO mice must use other senses (i.e. taste) to access social status or 

perhaps are actually unable to properly assess at all. Allogrooming consists of 

forcibly holding down the conspecific and nibbling on their fir. Thus, valuable 

sensory information (i.e. olfactory and taste) can be gained by being is close 

proximity to the conspecific. Perhaps apoE-KO mice are unable to obtain and 

process the olfactory sensory information as quickly as the WT mice and thus are 

unable to determine the social state of the intruder as quickly as WT mice. 

ApoE-KO mice were less aggressive by displaying few aggressive 

behaviors, in fact they did not attack at all. WT mice also showed few attacks 

with only 40% of WT individuals engaging in attack behavior. Other studies 

involving the C57 genetic background, namely the C57/BL6N (Parmigiani et al., 

1999), C57Bl/6 (Simler et al., 1982), C57BL/10 and C57BL/6Bg (Selmanoff and 

Ginsburg, 1981) backgrounds, have displayed low aggression levels. Several 

explanations have been postulated including low testosterone, higher GABA and 

higher serotonin levels, all of which lead to lower aggression levels when 
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compared to other strains of mice. In a similar background strain of our WT 

mice, Selmanoff and Ginsburg (1981) observed lower levels of testosterone in 

the blood of adult C57BL/1 OBg males, suggesting that lower testosterone levels 

results in decreased aggression. 

The tendency to exhibit aggressive responses is inversely related to 

GABA concentration (Poshivalov, 1981; Simler et al., 1982). Simler et al., (1982) 

demonstrated that C57Bl/6 mice have higher levels of GABA, an inhibitory 

neurotransmitter, in the olfactory bulb and striatum and lower aggression levels 

when compared to other mouse strains. Thus it is highly likely that GABA plays a 

major role in the control of aggressive behavior. 

Serotonin has also been implicated in aggressive behaviors. Low levels of 

serotonin results in higher levels of aggressive behavior (Chiavegatto et al., 

2001 ). Chiavegatto et al. (2001) found similar levels of aggression as our WT 

strain of mice, however the fact that our apoE-KO mice had significantly lower 

aggression levels suggests that there must be another explanation for the 

difference in aggression between WT and apoE-KO mice. Since our WT results 

are similar to numerous other studies conducted on similar background strains, 

we conclude that the lack of aggression displayed in apoE-KO mice is due to the 

absence of a functioning apoE gene, rather than the less aggressiveness of our 

C57 background strain. Further studies need to be conducted to determine if 

there is also a difference in apoE-KO mice in the testosterone, serotonin, and/or 

GABA levels. 
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Conclusions 

ApoE is necessary for normal olfactory function in mice. In the absence of 

apoE, apoE-KO mice show impairments in olfactory function and social 

behaviors. Since social behaviors in mice are highly regulated by chemosenory 

stimulation, impairment in olfactory function inevitably causes an alteration in 

social behaviors. Maternal and aggressive behaviors are reduced in apoE-KO 

mice most notably due to olfactory deficits. To our knowledge, this is one of the 

first studies to link olfactory dysfunction in apoE-KO mice with a decrease in 

social behaviors. How apoE leads to decrease in olfaction, however, remains 

elusive. ApoE animal models may be of importance in bringing clarity to not only 

AD, but also bring clarity to how apoE plays a role within the olfactory system. 
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Table 1. Definitions of behavioral elements observed in the maternal behavior 
and in the aggressive behavior tests. 

Behavior 

Maternal test behaviors 

Retrieval7 · 8 

Carry7 · 8 

Drop8 

Pup sniff 

Nest re-build 1 

Rears 

Aggression test behaviors 

Rears 

Anal-genital sniff 3 

Aggressive groom 3· 1 

Attack4 

Body Care2· 6 

1Boccia and Pedersen, 2001 
2Felip et al., 2000 
3Grant and Mackintosh, 1968 
4Miczek et al., 2001 
sMitchell et al., 1994 
6Navarro et al., 2000 
7Pryce et al., 2001 
8Slotnick and Nigrosh, 1975 

Definition & Motivational category 

Pick up and carry pup with mouth 

Pup in mouth during locomotion of dam 

Deposit or drop pup outside nest 

Sniff pup 

Push or pull bedding/nestlet toward nest from outside 
or inside nest 

Static, upright locomotion; raise up on rear legs; 
Exploration 

Static, upright locomotion; raise up on rear legs; 
Exploration 

Sniff anal-genital region of conspecific; Investigation 

Social grooming, involves nibbling of conspecific's fur 
while forcibly holding the conspecific down; 
Aggression 
Bite directed at back or flanks of the opponent ; 
Aggression 

Abbreviated groom, self-groom, wash shake, scratch; 
Maintenance 
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Table 2. Repeated measures ANOVA comparing variation in latency of 2 trial 
periods : a) Days 1-6, water (S+) trials only and b) testing period, days 4-6, 
where the mean treatment differences [(S-) - (S+)] were analyzed. Within 
subject tests were reported using univariate Greenhouse-Geisser for a) days 1-6 
analysis. For b) days 4-6 within subject effects were reported using univariate 
sphericity assumed . 

Source of Variation dF SS MS F p 

A) Days 1-6 : S+ only 

Within Subject Effects 

Day 3.7 35902.1 9819 88.43 p < 0.05 

Day x genotype 11 1407.0 128.3 1.16 p = 0.32 

Between Subject Effects 

Genotype 3 100.1 33.4 0.79 p = 0.50 

B) Days 4-6 : Mean 
treatment 
difference 

Within Subject Effects 

Day 2 2393.4 1196.7 10.66 p < 0.05 

Day x genotype 6 473.2 86.5 0.70 p = 0.64 

Between Subject Effects 

Genotype 3 726.4 242.119 4.24 p = 0.01 
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Fig 1. Performance of WT, apoE4, apoE-KO, and apoE-KOL 
mice on odor cued taste avoidance test. There were no 
differences observed between genotypes for latency to contact 
water (S+) and day. 
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Fig 2. Mean treatment differences between latency to contact S- and S+ in 
the OCTA test. Latency to contact S- was subtracted by the latency to 
contact S+. ApoE4, apoE-KO, and apoE-KOL mice had significantly lower 
mean treatment differences compared to WT individuals for the 3-day 
testing period (P < 0.05). 
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Fig 3. Performance of WT, apoE4, apoE-KO, apoE-KOL mice on odor 
cued taste avoidance test for S- treatment. WT mice had significantly 
longer latencies to contact S- than apoE4, apoE-KO, and apoE-KOL 
mice for all three testing days. However, there was no difference 
between apoE4, apoE-KO, and apoE-KOL mice for either treatment day. 
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Fig 4. Nest scores of WT (n= 24) and apoE-KO (n=24) observed for 1 day 
prior to maternal behavior test (D-1), at pup retrieval test (DO) and 1 day 
after testing (D+1 ). Scores ranged from 0-4 (see text for details). Nest 
scores increased for both the WT and apoE-KO mice over the 3-day testing 
period. ApoE-KO mice had significantly lower quality nest scores for days 
D-1 and 0+1. All scores were conducted between 13:00 hand 18:00 h. 
On DO, scores were recorded prior to testing. 
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Fig 5. Percentage of dams that retrieved all pups during the 900 s retrieval 
test. ApoE-KO dams (n=24) retrieved significantly fewer complete litters 
than WT individuals (n=24). A complete retrieval consisted of the dam 
picking up all of her pups and carrying the pups back to the nest. 
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Fig 6. Frequency of aggressive grooms for ApoE-KO (n=16) and WT 
(n=15) in the 10-minute resident intruder test. ApoE-KO mice had 
significantly fewer aggressive grooms than compared to WT individuals. 
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Fig 7. Average duration of each aggressive groom (s/groom). ApoE­
KO mice (n=16) spent a significantly longer time per groom than 
compared to WT individuals (n=16). 
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Fig 8. Frequency of body care behavior. wr mice (n=15) displayed 
significantly fewer episodes of body care behavior than apoE-KO 
individuals (n=16) during the 10-minute observation period. Body care 
was defined as scratching, licking, or grooming oneself. 
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Fig 9. Average latency to display body care behavior during the 10-
minute observation period. ApoE-KO mice (n=16) had shorter 
latencies than WT individuals (n=15) for initial body care display. 
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Fig 10. Percentage of behaviors occurring after initial sniffing behavior 
for WT (n=15) and apoE-KO (n=15) mice. The three behaviors observed 
after sniffing were aggressive groom (AG), body care (BC), or rear (R). 
WT mice were more likely to engage in AG than apoE-KO mice, while 
apoE-KO mice had a more uniform likelihood of AG, BC, or R. Only 
mice who exhibited sniffing behavior first were included in this analysis. 
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