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Abstract

Apolipoprotein E·knockout (apoEKO) mice were characterized behaviorally to

evaluate the impact of apolipoprotein E deficiency on spatial leaming and memory

function at different ages. Wild type and knockout mice were tested in two tasks

assessing spatial memory function, Morris water maze (MWM) and Radial arm Maze.
(RAM). 80th young and aged apoEKO mice backcrossed six generations displayed

deficits in the MWM. However, young and aged lOIb generation apoEKO miee did not

display any deficits in the MWM or the RAM when spatial cues that could he used to

solve these tasks were provided. Removal of spatial cues after training had occurred a1so

did not result in an impairment. ln contrast.. apoEKO mice were impaired when spatial

eues were removed from the heginning of training. This result suggests that these mice

are less able to utilize non-spatial cues to solve these tasks. The impainnents observed in

the MWM and RAM were not the result of impaired reference memory function.. but

rather apPeared to arise from a dysfunction in working memory. Additional tests

assessing sensorimotor gating function (Prepulse inhibition), and emotionality (the Open

field, the Elevated plus maze) suggested that these cognitive deficits did not arise from

alterations in sensorimotor gating function or emotionality, as bath young and aged

apoEKO mice Performed at levels similar to those observed in their aged C57BL/6J

control groups.
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Résumé

La souris déficiente en apolipoprotéine E (apoEKO) fut étudiée au niveau

comportemental afin d'évaluer l'impact d'une déficience en apolipoprotéine E sur

l'apprentissage spatial et les fonctions mnémoniques à différents âges. Des souris

apoEKO et des souris contrôles ont été évaluées au moyen de deux tests mesurant les

fonctions de la mémoire spatiale, soit le Morris water maze (MWM) et le Radial arm

maze (RAM). Les souris apoEKO jeunes et âgées de 6ëmC génération ont démontré un

déficit dans le MWM. Cependant, les souris apoEKO jeunes et âgées de lOèmC génération

n'ont démontré aucun déficit dans le MWM et le RAM, lorsque des indices spatiaux pour

effectuer la tâche sont fournis. Lorsque les indices spatiaux sont retirés après la période

d'entraînement, aucun déficit n'est observé. Par ailleurs, les souris apoEKO ont montré

un déficit lorsque les indices spatiaux sont retirés pendant toute la durée de la tâche. Ces

résultats suggèrent que les souris apoEKO sont moins habiles pour utiliser des indices non

spatiaux afm d'effectuer ces tests. Les déficits observés dans le MWM et le RAM ne sont

pas le résultat d'un déficit fonctionnel de la mémoire de référence, mais semble plutôt

émerger d'un dysfonctionnement de la mémoire de travail. Les deux types de souris ont

également été testés quant à la réactivité sensorimotrice (Prepulse inhibition) et à

l'affectivité comportementale (Open field, Elevated plus maze). Les résultats suggèrent

que les déficits cognitifs observés chez les souris apoEKO ne proviennent pas d'un déficit

fonctionnel de réactivité sensorimotrice ou d'affectivité comportementale, puisque les

souris jeunes et âgées ont performé à des niveaux comparables à ceux observés chez les

groupes de souris contrôles du même âge.
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1. Introduction

A. Dementia and AlzheiDler's Disease

1. Epidemiology

In Canad~ the number of elderly individuals, aged 85 years and older, has

increased more than six-fold since 1940 (Gautrin et al., (990). The population aged 65

and over numbered 3.2 millions (12% of the population) in 1991 (Statistics Canad~

(992), and is expected to reach 7.8 millions 31 years from now (Statistics Canada, (990).

Dementia associated with aging represents an important obstacle to acceptable quality of

life in the elderly and has important Medical and economic implications (Ebly et al.,

(994). Ebly et al. (1994) have reported that the prevalence of dementia in individuals

aged 85 years and older was 28.5% in Canada and that the prevalence for dementia

doubles every five years between age 65 and 84. Alzheimer's disease (AD) is the most

common cause of dementia in the elderly accounting for 75.3% of ail cases (Ebly et al.,

1994). In Canada, 21.5% of those 85 and older have manifested symptoms of AD.

Moreover, it has been reported that more women than men have dementia in Canada

(Ebly et al., 1994) which agrees with other reports revealing an increased prevalence of

AD in women versus men in Canada (ratio 2:1) (Canadian Study of Health and Aging

Working Group, 1994).

2. Clinicat Phenotype of A1zheimer's Disease

AD is a neurodegenerative disorder characterized by a progressive loss of memory

and a general decline in intellectual functions, leading to severe debilitation and death

between 4 and 12 years after onset (Schoenberg et al., 1987). AD is assumed to he a

syndrome rather than a single disease with a single discrete etiology. The etiology of AD
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is heterogeneous and a variety of risk factors cao contribute to the occurrence of AD such

as age, genetics, gender, trauma, toxins, vascular diseases and other pennissive

environmental factors (Cummïngs and Khachaturian, 1996). Clinical criteria for the

diagnosis of AD have been proposed by the National lnstitute of Neurological and

Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders

Association Work Group (McKhann et al., 1984) the International Classification of

Diseases, IOth revision (World Health Organization, 1992) and the Diagnostic and

Slatislicai manual of Mental Disorders, 4th edition (American Psychiatrie Association,

1994). Many patients diagnosed with probable AD often show memory and cognitive

deficits, impaired activities of daily living, alteration in mood, delusions and illusions.,

progressive deterioration of language (aphasia), motor skill (apraxia), and perception

(agnosia). Visual dysfunction is also very common. (Van Broeckhoven, 1998; Levy­

Lahad et al., 1995; Growdon, 1995; McKhann et aL, 1984). Although the diagnostic

accuracy for probable AD is high when clinicians use the aforementioned diagnostic

method, a definite AD diagnostic is only obtained after death, by histopathologic evidence

from a biopsy or an autopsy.

3. Neuropathologieal Featores of Aizheimer's Disease

AD was first described histopathologically by Alois Alzheimer in 1907 (Bick et

al., 1987). The most prominent feature is intraneuronal accumulation of paired helical

filaments (PHF) which are composed of abnormally phosphorylated tau proteins (Brion et

al., 1985). PHF are involved in the formation of neurofibrillary tangles (NFT), neuropil

threads and dystrophie neurites. NFT also surround neurltic or senile plaques (SP)

(Kosunen et al., 1996; Hyman et al., 1984; Brion et al., 1985), which are aggregates of

2
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extracellular beta-amyloid A (AP) protein derived from the amyloid precursor protein

(APP) (Chartier-Harlin et al., 1991; Goate et al., 1991). Ap deposits are found in cerebral

blood vessels as weil as in neuropils. While the inner core of SP is formed of Ap, the

middle is constituted of swollen axons and dendrites, and the out side part presents

degenerating neuritic processes (Haass and Selkoe, 1993; Kidd, 1964; Terry et al., 1964).

SP and NFT are highly concentrated (among other areas) in the hipPOcampal

formation, entorhinal cortex (EC) as well as in the neocortex (Bouras et al., 1994).

Although the presence of SP is widely accepted as a reliable diagnostic indicator for AD

(Mirra et al., 1991) the presence of such alterations have been also found in aged non­

demented individuals (> 60 years). The reasons for this phenomenon are unknown, but it

has been proPQsed that the presence of A[3 dePOsition in non-demented aged individuals

might represent a sHent stage of the disease that precedes significant neuronal pathology

(Braak and Braak, 1991; Crystal et al., 1988; Morris et al., 1996). Moreover, it has been

shown that non-neuritic Af3 plaques, as opposed to neuritic plaques (containing dystrophie

neurites), are more commonly found in non-demented individuals and cao he used to

distinguish between non-demented and demented patients with cortical Ap dePQsition

(Mirra et al., 1991; Mountjoy et al., 1983; Tomlinson et al., 1968; Braak and Braak,

1991). Histopathological examination of AD brains also reveals loss of neurons and

synapses (greater than that of neurons), eytoskeletal aberrations, localized inflammatory

reaction, enlarged ventricles and cerebral atrophy (Kosunen et al., 1996; Terry, 1996). It

is now believed that dementia associated with AD becomes clinically apparent when the

synaptic density faIls below a certain threshold.

3
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4. Vulnerability to Oegeneration in AD

Certain population ofneurons localized in some specifie areas are more vulnerable

than others to degeneration. For instance, large neurons of association cortex as weil as

certain subcortical nuelei, ineluding the cholinergie eeUs of the nucleus basalis complex,

the serotonergie ceUs of the raphe and the noradrenergie eeUs of the locus coeruleus, are

more vulnerable to degeneration (Arendt et al., 1997; Mann et al., 1983; Halliday et al.,

1992; Arendt et al., 1983). Increasing evidenee for cholinergie dysfunction as a major

hallmark for AD and aging have stimulated the interest in the cholinergie forebrain

system (Bartus et al., 1982; Whitehouse et al., 1982; Vogels et al., 1990; Deker, (987).

Aeetyl choline (ACh) is the major chemieal transmitter involved in that system and its

action is mediated by nicotinic and musearinie ACh reeeptors (Wainer et al.. 1984). The

synthesis of ACh takes place in axonal terminals and is eatalyzed by the cytosolic enzyme

choline acethyltransferase (ChAT), whieh is one of the most reliable markers of

cholinergie neurons, fibers and synapses (Houser et al., 1985; Wainer et al., 1984). The

cholinergie system has been shown to be involved in mediating learning and memory

proeesses (Gordon et al., 1995). The memory loss in AD has been associated with a

decrease of cortical acetyl choline esterase (AChE), the ACh-degradating enzyme present

in cholinergie neurons, ChAT aetivity, choline (Nitseh et al., 1992); as weil as loss and

shrinkage of cholinergie neurons of the nucleus basalis of MeYDert eomplex (Vogels et

al., 1990; Bartus et al., 1982; Coyle et al., 1983; Ransmayr et al., 1989).

üther vulnerable areas sueh as the enthorinal cortex (EC) and the hippocampus

(IDP) present Many abnormalities very early in the course of AD (Lehtovirta et al., 1996).

These two regions are of a great interest sinee a large amount of multimodal information

4



•

•

is transmitted to the HIP via the perforant path originating from the EC (Samuel et al.,

1994), which, in tom, receives neocortical and subcortical afferents (Pïrttila et al., 1996).

Extensive loss of neurons in the CA1 area of the IDP and in the EC have been found in

AD (Hyman et al., 1984). The loss of neurons in the EC causes the loss of the perforant

projection which in tom causes the denervation of the dentate gyrus (DG) (Hyman et al.,

1984; Hyman et aL, 1986; De Ruiter and Uylings, 1987; Steward, 1976; Steward, 1986;

Cotman and Nadler, 1978). The deafferentation of the DG as weil as cell loss in CA1

area, along with cholinergie dysfonction, has been proposed to aecount for the memory

impairment in AD (Bartus et al., 1982; Hyman et al., 1984).

S. Genetics

Genetic factors often create a predisposition and play a crucial role in the

pathogenesis of AD. ln fact 25-40% of patients with AD seem to have a familial history

of AD (Davies, 1986). The transmission pattern of AD is fairly complicated. Families

with early-onset AD (EOAD) « 65 years) have a transmission pattern consistent with an

autosomal dominant disorder with penetrance dependent on age (Heston et al., 1981 ;

Fitch et al., 1988; Hofman et al., 1989). On the other hand, late-onset AD (LOAD) (> 65

years) families have a complex pattern of inheritance where genetic and environment

factors interact in an unknown fashion (Curts and Van Broeckhoven, 1998a).

Four genetic loci have been identified as contributing to AD, including the

anlyloid preeursor protein gene (APP) on chromosome 21, the presenilin 1 gene (PS1) on

chromosome 14, the presenilin 2 gene (PS2) on chromosome 1, and the apolipoprotein E

gene (APOE) on chromosome 19. However, these four loci do not account for ail the

genetic risks for AD indicating that there are additional unidentified AD loci. Mutations

5
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in APP, PS1 and PS2 genes can cause EOAO. Mutation in APOE gene is mostly

associated with the more common familial and sporadic form ofLOAO (Pericak-Vance et

al., 1997; Poirier, 1993; Corder et al., 1993), but has also been associated with EOAD

with a positive family history (Van Duijn et al., 1994). APP, PS1 and PS2 will he

discussed briefly white APOE will receive a greater attention in the following sections.

S.I. APP

The mutated APP gene (precursor of AI}) was the first gene to he associated with

AD (Wisniewski et al., 1985; Mann 1988). Five missense mutations have been identified

and account for less than 1% ofan AD cases (Van Broeckhoven, 1998) and 5% ofEOAD

(Van Broeckhoven, 1998; Van Broeckhoven, 1995). The relation hetween APP and AD

came from the observation that Many Downs syndrome (trisomy 21) patients also suffer

from EOAO, and with a corresponding increase in AI} deposits (Van Broeckhoven~ 1998).

These findings emphasized the role of AI} in plaques formation (Van Broeckhoven, 1998;

Kang et aL, 1987). It is helieve that an abnormal functioning of the APP gene willlead to

an increased AI} production and deposition, which in turn will contribute to SP and NFT

formation (Yanker et al., 1990). In vitro studies have shown that high concentrations of

the mutated AI} protein are toxic for differentiated neurons, suggesting that AJ3 could be

resPOnsible, to some extent, for neuronal death in AD death (Hardy and Higgins, 1992).

S.2. PSI and PS2

The PS1 gene May account for up to 50% of familial EOAD (Curts and Van

Broeckhoven, 1998b). The onset of the disease is very early (30 to 60 years) in patients

carrying a mutated version of the gene (Sherrington et al., 1995). Approximately 43

mutations ofthis gene have been found (Curts and Van Broeckhoven, 1998b). Scheuner et

6
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al. (1995) suggested that PSI May influence APP processing and indirectly increase

Ap production and ultimatelyt deposition.

PS2 may account for 20% of familial EOAD (Levy-Lahad et al., 1995). Three

missense mutations ofthis gene have been reported (Curts and Van Broeckhoven, 1998b).

PS1 and PS2 show a 67% homology. The natura! biological functions of both PS1 and

PS2 have not been clearly defined yet. However, mutant versions of PS1 and PS2 induce

a very aggressive form of AD with a rapid progression, leading to death within 3-5 years

ofonset (Van Broeckhoven, 1995).

5.3. APOE

In humans, APOE has three major alleles (APOE &2, APOE &3 and APOE &4)

giving cise to three common apoE isofonns (apoE2, apoE3 and apoE4) and six apoE

phenotypes (E2/2, E2/3, E2/4, E3/3, E3/4, E4/4) (Wisniewski and Frangione, 1992).

Numerous studies worldwide have now confirmed the &4 allele as representing a major

risk factor associated with sporadic (Schmechel et al., 1993; Beffert and Poirier, 1996;

Poirier, 1993; Saunders, 1993a) and familial (Strittmatter, et al., 1993; Corder, et al.,

1993; Saunders, 1993a; Saunders, 1993b) LOAO. Estimates indicate that more than half

of the susceptibility to AD is associated with the APOE locus (Nalbantoglu et al., 1994;

Roses et al., 1995).

6. APOE ADele Frequeney and Alzheimer's Disease

The frequencies in eastem Canada for a control population for the &2, &3 and &4

alleles are, resPectively, 77.0%, 8.8% and 12.2% (Poirier, 1993). The most common

phenotype in the human population is E3/3 (Davignon et al., 1988; Poirier, 1993; Farrer et
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al., 1997). The E4 a1lele frequency is roughly 3 fold (i.e. 40%-50%) greater in the AD

population as compared to controls (poirier, 1993; Strîttmatter et al., 1993). In terms of

prevalence, a total of 80% of familial and 64% of sporadic AD late-onset cases have at

least one copy of the E4 allele compared to 31 % ofcontrols subjects (Corder et al., 1993).

The prevalence, as a function of age, indicated that as many 80% of AD subjects between

the ages 65 and 75 were shown to carry at least one copy of the E4 a1lele (poirier, 1994;

Poirier, 1993; Nalbantoglu et al., 1994). However, a sharp decline in the prevalence of the

E4 allele is observed in very old subjects (> 85 years), suggesting the presence of a late­

late onset fonn of AD and is also consistent with the increased risk of coronary heart

disease leading to death in APOE E4 subjects before the age of 85 years (Davignon and

Roy, 1993).

7. APOE E4 ADele and Aizheimer's Disease

The mechanisms by which the E4 allele influences the pathology and the

progression of AD are unknown. However, the number of inherited copies of E4 allele

appears to affect the progression and the severity of AD. For instance., the number of E4

copies correlates with the number ofSP (Namba et al.., 1991; Rebeck et al., 1993; Richey

et al., 1995) and NFT (Ohm et al., 1995; Rebeck et al., 1993; Schmechel et al., 1993).

Additionally, greater synaptic cholinergic degeneration in the HIP, temporal cortex

(poirier et al., 1995; Poirier, 1994) and forebrain (Blacker et al., 1997) has been observed

in E4 AD patients as compared to non-E4 AD patients. Severa! studies have shown a

marked decrease in presynaptic cholinergic markers such as ChAT activity, nicotinic

receptors and nerve growth factors receptors as weil as AChE-positive neuron density in
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the nucleus basalis of Meynert in &4 AD individuals as compared to non 84 AD

individuals (Arendt et al., 1997; Aubert et al., 1992; Poirier et al., 1995). The presence of

84 bas a1so been shown to impact on drug response to cholinominetic and noradrenergic

agents. Specifically, non 84 AD patients show greater improvement after 30 weeks of

treatment with the AChE inhibitor tacrine as compared to 84 AD patients (Poirier et al.,

1995; Richard et al., 1991).

APOE genenotype has also been shown to impact on the severity of neuronal

degeneration and the extent of plastic dendritic remodeling in AD (Bennett et al., 1995;

Arendt et al., 1997). 84 AD patients show significantly more degeneration in the basal

nucleus of Meynert, locus coeruleus, raphe Magnus nucleus and medial amygdaloid

nucleus and less neuronal plasticity in these same areas (Arendt et al., 1997). In addition,

84 patients are more inclined to abnonnal aggregation of cytoskeletal proteins, leading to

the formation ofNFT (Higgins et al., 1997; Mahley et al., 1996; Strïttmatter et al., 1994).

The presence of 84 in AD patients accentuates the synaptic loss and the severity of the

dementia (Miller et al., 1994). Tbese fmdings suggest a profound impairment in neuronal

repair and a compromised functional compensation in E4 AD patients, which accounts to

explain the earlier age of onset in these patients (Arendt et al., 1997; Corder et al., 1993).

Not only is the 84 allele associated with the biological markers of AD, it also has a strong

impact on cognitive functions. A study of Blisa et al. (1996), analyzing the incidence of

the 84 a1lele in pre-symptomatic subjects with age-related memory decline, has shown an

association between high AD assessment scale-cognitive component (ADAS-Cog) scores

and the incidence of 84 allele in these subjects. In addition, a correlation between the

prevalence of the 84 allele and deterioration in working memory was found in AD
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patients (Blacker et al., 1997).

APOE genotype bas also been demonstrated to impact the rate of recovery

following brain damage caused by strokes. Clinical observations reveal that &4 genotyped

patients who had an intracerebral hemorrhage, have higher mortality than non-&4 patients

(Alberts et al., 1995). Another study has shown that &4 genotyped patients who survive a

stroke display more cognitive deficits than non &4 patients (Slooter et al., 1997; Snowdon

et al., 1997). These findings are in agreement with others studies showing an association

with &4 and decline of cognitive performances after a head injury (Teasdale et al., 1997),

or an operation (Tardiff et al., 1997; Newman et al.., 1995).

8. Rote of ApoE in the Central Nervous System

Increasing interest to investigate the function of apoE in the brain followed the

discovery of the association between APOE&4 and AD (Poirier, 1993; Corder et al., 1993)

as weil as with the detection of apoE mRNA in the brain of rat, mannoset and human

(Elshourbagy et al., 1985). ApoE is a protein constituent of plasma lipoproteins and

serves as a ligand for receptor mediated clearance of several classes of lipoproteins

through its interaction with several receptors including the low density IiPOprotein (LDL)

receptor (Mahley, 1988; Goldstein et al., 1983), the LDL receptor-related protein (LRP)

(Beisiegel et al., 1989), the very low density IiPOprotein (VLDL) receptor (Takahashi et

al., 1992) and the apoER2 receptor (Kim et al., 1996).

In the brain, aPOE is produced by astrocytes and apoE immunoreactivity and

mRNA have been detected throughout the whole brain. Like apoE, the aPOE receptors are

also expressed in the central nervous system (CNS) (Beffert et al., 1998). Although the

function of aPOE in the nervous system is still unclear, many studies have proPOsed a role
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for apoE in lipid (cholesterol and phospholipids) transport and metabolism (Poirier et al.,

1991; Poirier et al., 1993; Poirier, 1994; Masliah et al., 1995a; Masliah et al., 1995b;

Mahley, 1988) since other peripherai apolipoproteins, such as apoAl, apoA-IV and apoB,

involved in cholesterol metabolism are not synthesized in the CNS (Deffert et al., 1998;

Roheim et al., 1979). It is then presumed that both Iipid transport and metabolism will

rely, at least inp~ on apoE (pitas et al., 1987; Poirier, 1994; Malhey, 1988).

Important contributions to the understanding of the functional role of apoE in the

nervous system were suggested by findings showing that apoE mRNA was upregulated

and protein production increased after peripheral nerve crush (Boyles et al., 1989; Boyles

et al., 1990; Goodrum and Novicki, 1988; Gelman et al., 1987) and severa! CNS injuries

including ischemia, excitotoxic insult, deafferentation, brain transection, seizure activity

and inflammation (Passinetti et al., 1993; Poirier et al., 1991; Cheng et al., 1994; Oog et

al., 1997; Schauwecker et al., 1998; Terrisse et al., 1999; Laskowitz et al., 1997). These

results suggest an important role for apoE in neuronal repair in bath peripheral and central

nervous system (Poirier, 1994; Boyles et al., 1990).

Poirier (1994) has proposed an hypothetical model to characterize the role of apoE

following injury to the CNS. ApoE has been shown to play a role in the transport of

cholesterol released from breakdown of presynaptic tenninals foUowing neuronal injury

to both neuron undergoing reinnervation and tenninal and axonal sprouts of residual

afferents present in the deafferented area (Beffert et al., 1998; Poirier et al., 1991; Poirier,

1994). The apoE-cholesterol-lipoprotein-complex is thought to he intemalized by the

LDL receptor and/or other apoE receptors expressed on ceUs in neecl of cholesterol and

used as a precursor for the synthesis of new membrane to insure dendritic reorganization
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and reactive synaptogenesis.

B. Genetic Model of Alzheimer's Disease

1. The ApoE-Knockout Mouse Model

The apoE-knockout (apoEKO) mouse model was initially created to study

hypercholesterolemia (Breslow, 1996). Two different lines of apoEKO mice have been

created in two different laboratories (piedrahita et al., 1992; Plump et al., 1992). 80th

have been produced by inactivaring the endogenous APOE gene by using gene targeting

in mouse embryonic stem cells. The offspring of the homozygous apoEKO mice are

backcrossed six or ten rimes with C57BL/6J mice, a stable inbred strain, before being

used for testing. The two lines ofapoEKO mice show severe arteriosclerosis with age and

elevated plasma cholesterol (Piedrahita et al., 1992; Plump et al., 1992). Both Iines of

apoEKO mice have been used to evaluate the physiologicaI role of apoE in the brain

(Anderson and Higgins, 1997; Anderson et ai., 1998; Veinbergs and Masliah, 1999).

Severa! of the neuropathologicaI, neurochemical, neurophysiologicaI and behavioral

abnormalities that have been detected in these mice brain will be reviewed in the next

section.

1.1. Correlations between Neuropathologieal Alterations and Behavioral Deficits

An age·dependent 15-40% loss of synaptophysin-immunoreactivity (SYN-ir)

nerve terminais and microtubules-associated protein-2-immunoreactive (MAP2-ir)

dendrites was detected in the neocortex and HIP of apoEKO mice as compared to wild

type mice. Ultrastructural studies uSÎng electron microscopy revealed extensive

vacuolization of apical dendrites (molecular layer of the dentate gyrus) and disruption of
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the endomembrane system and neuronal cytoskeleton (Masliah et al., 1995b). Dentritic

alterations were absent in other areas including cerebellum, thalamus, caudo-putamen,

mesencephalic pontine and bulbar nuclei, which are a1so sorne of the areas spared in AD.

Cytoskeleton alterations and synaptic 105S have been shown to correlate with cognitive

impairments (memory deficit) in apoEKO mice (Masliah et al., 1995b; Gordon et al.,

1995; Gandy et al., 1995; Masliah et al., 1997; Chen et al., 1997; Fisher et al., 1998;

Gordon et al., 1996b; Gozes et al., 1997; Krzywkowski et al., 1999; Masliah et al., 1997;

Oitzl et al., 1997; Veinbergs and Masliah, 1999). Cognitive impairments were partially

restored with intracerebral injection of human recombinant apoE (Masliah et al., 1997).

However, in contrast to these findings, Anderson et al. (1998) failed to find any memory

deficits, CNS morphological changes, cytoskeleton alterations or synaptic and dendritic

density reduction in apoEKO mice.

Abnormal and delayed synaptic regeneration in response to hippocampal

deafferentation has been shown in apoEKO mice (Masliah et al., 1995a). However,

another study has shown normal and complete reinnervation processes in apoEKO mice,

although a slight delay in the onset of synaptogenesis was observed (Anderson et al.,

1998). This delay might be the consequence of a persistence of degeneration products

normally present in the deafferented lDP soon after a lesion (Fagan et al., 1998).

1.2. Neuroebemieal Alterations

In view of the role ofapoE in Iipid homeostasis, the absence of apoE was expected

to alter the cholinergie system which is highly dependent on proper lipid (cholesterol)

delivery. Supporting this contention, a reduction of 40% in ChAT activity in the HIP and

frontal cortex has been shown in apoEKO mice (Gordon et al., 1995). Similar findings
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have shown a decrease of 25% in ChAT activity from a total brain extract in apoEKO

mice as compared to control mice (Gozes et al., 1997). These cholinergic impairments

were thought ta he the basis for memory impairments reported in apoEKO mice.

Moreover, cholinergic impairments were shown to he restored ta control levels following

treatment with vasoactive intestinal Peptide (VIP) or its potent analog stearyl.Nle17·VIP

(Gazes et al., 1997). Similarly, a recent study has shawn that 3 weeks treatment with a

MI-selective muscarinic agonist totally reversed the spatial working memory deficit and

restored level of AchE activity and ChAT immunoreactivity in septal, cortical and

hippocampal areas in apoEKO mice (Fisher et al., 1998). However, other studies have

reported no signs of alterations for ChAT activity, hippocampal ACh release, nicotinic

and muscarinic (MI and M2) receptor binding sites and AChE ceUs or terminal density in

apoEKO mice (Krzywkowski et al., 1999; Anderson and Higgins~ 1997; Fagan et al.,

1998). The reasons for these discrepancies are unclear, but May reflect differences in

background strain of the animais studied. It is also likely that the presence of

compensatory mechanisms would maintain steady state concentrations of ACh in the

apoEKO mice (Wurtman, 1992).

Synaptic densities of cholinergic, noradrenergic and serotonergic projections in

specific brain areas have heen reported ta he lower in apoEKO mice as compared to wild

type mice while dopaminergic densities were not altered. The extent of presynaptic

damage was found to be more pronounced the further away the nerve terminal is from its

cell body. These findings suggest that the susceptibility of neurons to the absence of apoE

involve both pathway-specific differences and distance of the nerve terminais from their

cell body (Chapman and Michaelson, 1998).
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1.3. Stress KapoDse

Altered stress responsiveness has been shown in apoEKO mice (Gordon et al.,

1996a; Zhou et al., 1998). ApoEKO mice displayed a lower elevation of corticosterone in

response to restraint stress and a slower descending rate in serum corticosterone level 30

minutes after a stress period. However, under normal conditions, similar corticosterone

concentrations were observed in both apoEKO and wild tyPe mice (Gordon et al., 1996a;

Zhou et al., 1998). To our knowledge, the neuroendocrine response to other stressors has

not been examined. Nor have potential differences in the behavioral response to stressful

environments (L.e., measures of"anxiety" or fearfulness) been explored in these mice.

C. Cognitive Tests to Evaluate Memory

The Morris water Maze (MWM), a well-validated cognitive task (Morris, 1981;

Morris, 1984), is used to assess spatial memory in apoEKO mice because of its sensitivity

ta cholinergic manipulations (Grauer and Kapon, 1996) and hippocampaI functioning

(Oitzl et ai., 1997). In this test, animais have to swim to a platform hidden under the

surface of the water, using spatial cues (Morris, 1981; Morris, 1984).

The Radial arm Maze (RAM) is an other behavioraI test to assess spatial learning

and memory in rodents (Levin, 1988). Mice have to choose among eight alternative paths

simultaneously (Olton and Samuleson, 1976). The rodents use extra-maze spatial cues in

the environment rather than intra-maze cues (Maki, 1984; Olton et al., 1977). The

advantage ofthis test over the MWM is that it permits a more detailed anaIysis ofthe type

of memory impainnent caused by a specifie manipulation. SpecificaIly, it a1lows a

distinction between reference memory (the general rules needed to solve a task) and
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working memory (the infonnation needed to on a trial by trial basis). In the RAM,

reference memory consists of a "win-shift" mie (i.e., visit all 8 arms once without

returning to arms already visited), whereas working memory consists of the anns that

have been visited (or bave yet to be visited) on any one trial. Working memory can be

evaluated by looking al the distribution of errors over successive choices within trials

(Olton and Samuleson, 1976). The more cboices an animal makes within a trial, the more

the infonnation the animal bas to remember, which imposes a greater demand on working

memory. Since working memory has a limited capacity, the probability of making an

error should increase with the amount of information to he retained. On the other hand,

the pattern of errors observed in an animal suffering from a reference memory deficit

should remain constant over successive choices. It bas heen showed by Olton and

Samuleson (1976) that the probability ofmaking an error within the same trial is higher as

the number of choices increases, suggesting that working memoty function can he

assessed by the analysis of the serial forgetting corve. Finally, by analyzing the patterns

of arm choices made, this test permits an analysis of the strategy used by the animal to

solve the task.

The Prepulse inhibition (PPI) test is another cognitive task in which presentation of a

weak pre-stimulus presented 30 to 500 ms before a loud startle-elciting stimulus reduces

the degree of response elicited by the startIe stimulus. This test has the advantage that the

response occurs naturally, without any previous leaming (Swerdlow ~t al., 1986), and

affects pre-attentive neural processes underling sensorimotor gating (Acri et al., 1995).

The prepulse stimulus acts as a filter or a gate for the startle stimulus. Although the

systems mediating the inhibition of startle are not foUy known, Dupuy et al. (1998) have
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showed that this test can identify sensorimotor deficits in mice.

o. Scope of the Present Stady

Severa! studies have reported significant loss of synapses and deterioration of the

dendritic cytoskelton with age, as weil as abnormal synaptic regeneration, limited repair

capacity and functional deficits following brain injury in apoEKO mice (Masliah et al.,

1995a; Masliah et al., 1995b; Veinbergs and Masliah, 1999). Based on these observations,

apoE is believed to play an important role in the maintenance of cytoskelton integrity,

neuronal plasticity and recovery from injury (Masliah et al., 1995a; Poirier, 1994).

Normal cognitive functions are highly dependent on an intact cytoskeleton. It is then

likely that the behavioral, neurophatological and neurophysiological alterations seen in

apoEKO mice are related to disruption of the neuronal cytoskeleton integrity caused by

the absence of apoE.

Interestingly, apoEKO mice seem to share Many similarities with AD patients (as

summarized above). Particularly, apoEKO mice showed cognitive impairments (spatial

memory deficits). However, cognitive impairments have not been observed consistently.

The reasons for this variability are unknown.

One source of variation May he the implementation of the behavioral tasks used in

the assessment of cognitive impairments. One of the Most widely used tasks to assess

cognitive deficits (spatial memory) in rodents is the MWM. This behavioral task has been

employed by ail the laboratories working on memory in apoEKO mice. However,

experimental protocols also vary between laboratories. The impact of these technical

disparities has never really been considered in the interpretation of the data. For example,

although Most investigators automatically assume that the MWM forces the animal to
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utilize extra-maze spatial cues to solve the task, proticient performance can be achieved

with the use of non-spatial learning and memory processes (Buresova et al, 1986), and it

is possible that different protocols promote differentiaUy the use ofspatial and non-spatial

strategies. The possibility that apoEKO mice might adopt non-spatial leaming strategies

to solve the task has never been explored. Identification of the learning strategies adopted

by bath apoEKPO and C57BL/6J mice May resolve some of the controversy surrounding

the issue of whether or not apoEKO mice display cognitive deficits in the MWM.

Furthennore, these studies could provide a better understanding of which type of memory

is afIected in apoEKO mice.

A second variable that could contribute to the variability of results observed in

apoEKO mice could be age. Assuming that apoE contributes to neuronal repair, coupled

with the observation that neuronal damage likely accumulates with age, it May be that

apoEKO mice are less able to compensate for age-related neuronal damage.

The present series of experiments aimed to characterize the behavioral phenotype

of apoEKO mice and to evaluate the impact of apoE-deficiency on cognitive functions at

different ages. We a1so sought to identify whether we could observe differences in the use

and efficiency of spatial and non-spatial learning and memory processes at different ages.

Aged apoEKO mice May use a different, and perhaps less efficient, cognitive strategy to

solve the MWM. Such possibilities could explain why sometimes apoEKO mice

(neuropathologicaly a1tered) perform as weil as wild type mice (neuropathologicaly

intact) and. how the behavioral test cao fail to detect any functional impairment associated

with neuropathology in discrete areas of the brain.

[n order to discriminate between spatial and non-spatial leaming strategies and to
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evaluate the effect of the age on cognitive funetions, we have tested bath apoEKO and

Iittermate wild type miee at 3 and 10 months of age in two behavioral tasks assessing

spatialleaming and memory: the MWM and RAM. Two different sets of eXPeriment were

earried out to assess spatial and non-spatial learning strategies. The first one was

Performed with extra-maze cues available while the other was done with extra-maze eues

removed (hidden by eurtains around the maze) for the entire duration of the task.

Sïnee apoEKO mice were shown to have an altered response to stress (Gordon et

al., 1996a; Zhou et al., 1998), and sinee altered stress responses could compromise

cognitive function, we wanted to further characterize emotionality and/or anxiety of the

apoEKO mice in several behavioral tasks including the OPen field (OF) and the Elevated

plus Maze (EPM). Moreover, to further investigate potential attention deficits, we

assessed prepulse inhibition of the acoustic startle reflex in both groups of mice.

II. ApoE-Knockout Mice Model 6th Generation

A. Materials and Methods

1. Animais

Two strains of mice were used, male CS7BL/6J (controls) mice and male

heterozygous apoEKO mice. The apoEKO mice, originally produced in the laboratory of

Dr. Meada (University of North Carolina, Chapel Hill, NC, USA), were purchased from

Jackson Laboratories, Bar Harbor, ME. They were generated by injecting targeted clones

into CS7BL/6J blastoeytes (plump et al., 1992). They were backcrossed six times with

CS7BL/6J mice for homogeneity. Experiments were done during the light phase of a

12:12-h light-dark cycle (lights on at 8:00 am). Animais were housed 1 per cage and
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maintained in a room were the temperature (22°C) and the humidity (40-60%) was

controlled. AlI mice had ad libitum access to water and standard laboratory mouse chow.

C57BL/6J and apoEKO mice tested at two ages (3 month old, n = 8 per strain; and

8 month old, n = 9 per strain) were used in these experiments.

2. Bebavioral Testing

2.1. Morris Water Maze

The MWM was a circular pool measuring 1.6 m in diameter and 60 cm of deep.

The pool was filled with water maintained between 23°C and 25°C, to a height of 55 cm

and made opaque by the addition of powdered skim milk.. In the center of one of the

quadrants, a platform (10 cm2
) was placed 1 cm below the water surface. An ReA video

camera hung above the pool and a Videomex-V Image Motion System (Columbus

Instruments, Columbus, OH) automatically recorded the lateney, and distance to find the

platform.

For 5 consecutive days, each mouse received four trials per day. At the start of

each trial the animal was placed at a different starting point and had 120 s to find the

platform whieh was always located in the same quadrant. If the mouse did not find the

platform it was placed on it for 6 s. The intertrial interval ranged from lOto 16 min. On

day 6 of the second experiment of this section, the platform was removed from the pool

for 2 trials of 1 min, the latency and the distance spent in every quadrant of the pool was

recorded. The platform was then plaeed baek to its original place for 2 other trials of 120

s. For these 2 last trials the platform was made visible by lowering the water in such way

that the mouse could see the platform, 1 cm above water. Mice could solve the task by

using spatial eue (pictures of different patterns and shapes) plaeed around the testing
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room.

B. Results

1. Morris Water Maze

1.1. 3 Month Old Mice

As for most studies reporting results from testing done in the MWM (Gordon et

al., 1995 ; Ditzl et al., 1997), only latency was analyzed. Data from each of the four trials

within each day were averaged and used in subsequent statistical analyses.

The latency data were analyzed by a Strain x Days analysis of variance

(ANDVA). Strain was a between subject factor and Days was a within subject factor. It

revealed a significant Strain main effect suggesting that apoEKO mice took significantly

longer to fmd the platfonn than C57BL/6J mice [F(L 14)= 21.36, p<O.OI] and a

significant main effect for Days [F(4, 56)= 4.57, p<O.Ol] indicating that both groups

showed significant changes in latency across days of training (see Figure 1).

21



• Morris water maze
(3 month old mice)

-o-ApoEKO

~C57BL/6J

•

~ ~ ë 80- t: ~ 1 i~
~ ~ 0 60-
~ ~ i '040 -
cu~-
dl C CD 20-
CD CD

::E fti = 0 . ---~-~ ._--- --

1 2 3 4 5

Days

Figure 1. Latency to find the platfonn in the MWM with 3 month old apoEKO mice (6th

generation) and C57BL/6J mice. Data represent the mean (± SEM) latency (s) to find the

platfonn across 5 days of training (four trials per day).
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1.2. 8 Month Old Mice

A Strain x Days ANOVA performed on the latency data revealed a main effect for

Strain [F(I, 16)= 86.84, p<O.OI] indicating that apoEKO mice took significantly longer to

find the platform than C57BL/6J mice. A main effect for Days [F(6, 96)= 9.96, p<O.OI]

indicated that both groups showed significant changes in latency across days. No

significant Srain x Days interaction was found [F(6, 96)= 1.69, p>0.05] (see Figure 2).

To reduce the correlation of means and variances, the latency data were subject to a

square root transformation before effectuating the ANOVA.

On the two probe trials when the platform was visible, aPOEKO mice also took

significantly longer to find the platform than C57BL/6J mice [F(1, 112)= 6.04, p<0.05]

A separate ANOVA perfonned on the data trom the two probe trials when the

platform was removed revealed a significant Strain x Quadrant interaction, [F(3, 42)=

14.85, p<O.OI). Simple main effects F-tests revealed that the Mean percentage of time

spent by apoEKO mice in the adjacent clockwise quadrant and the target quadrant was

significantly lower than the Mean percentage of time spent by C57BL/6J mice in the same

quadrants, Fs (l, 56) ~ 3.98, ps~ 0.05. Furthermore the Mean percentage oftime spent by

apoEKO mice in the opposite quadrant and in the adjacent counter-clockwise quadrant

was significantly higher than the Mean percentage of time spent by C57BL/6J mice in the

same quadrants, Fs(l, 56) ~ 12.65 ps:;:: 0.01 (see Figure 3).
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Figure 2. Latency to find the platform in the MWM with 8 month old aPOEKO mice (6th

generation) and C57BL/6J mice. Data represent the mean <± SEM) latency (s) to find the

platfonn across 6 days of training (four trials per day).

Probe trial with platform removed
(8 month old mica)

adjacent
counter­

clockwise
4

o ApoEKO
.CS7BUSJ

opposit
3

-- ---- -CL __ c._-
Quadrants

target
2

70
60 ­
50­
40 .
30 --

20·· LIlI
10 -
o -- ---------

adjacent
clockwise

1

CD
E-._ c:
-as- ~c:'C
CD as
~ ;:,

~~
-CD:!>
w CD
WC:
.:tJ=c c:ca!.
Q) 0
:!

Figure 3. Percent time spent in each of the four quadrants in the MWM with 8 month old

•
apoEKO mice (6th generation) and C57BL/6J mice. Data represent the mean li SEM)

percent time spent in every quadrant.
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c. Discussion

In the present study, apoEKO mice assessed in the MWM showed a spatial

memory deficit at 3 and 8 month old when compared to control mice (C57BL/6J), as

indicated by longer latencies to find the platform over the course of training. ApoEKO

mice spent a lower percentage of time in the target quadrant and the adjacent clockwise

quadrant than controls, but spent a higher percentage of time in the opposite quadrant and

in the adjacent counter-clockwise quadrant. The results we obtained in these two

experiments are consistent with a recent study from Masliah et al. (1997), which found a

cognitive impainnent in apoEKO mice in the MWM.

Gordon et al. (1995) have suggested that the MWM impairment in apoEKO mice

is due to a working memory deficit. In this study; mice were assessed two trials per day,

although the location of the platform within each daily pair of trials was fixed, the

platfonn location was changed across days. Here, within day differences between trials 1

and 2 were thought to reflect a working memory deficit (because the animal had to

remember where the platform was located on that day ), whereas between day differences

on trial 1 latency were thought to ref1ect reference memory impairments (because on this

trial the animal needed to remember the general mie to locate the position of the platform

within the Maze). Gordon et al. (1995) found that apoEKO mice showed within day

deficits, but not hetween day impairments. Although the spatial memory deficit could he

explained by a deficit in working memory caused by impairments in basal forebrain

cholinergic projections (Gordon et al., 1995), it is as likely that the absence of apoE in

their brain, which creates neurodegenerative changes in the HIP, frontal cortex and basal

ganglia (Leblanc and Poduslo, 1990) forces these animais to adopt new strategies to
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locate themseives in the environment. As observed by Morris et al. (1982), and Schenk

and Morris (1985), non-spatial strategies (Le. swimming at a given distance from the

wall), are adopted by rats suffering from hippocampal lesions when spatial leaming is

impaired (McNamara and Skelton, 1993). This might explain why the apoEKO mice were

able to find the platform but spent a significantly Iower percentage of time than the

controls in the target quadrant and the adjacent clockwise quadrant.

Age did not seem to predict the severity of the impairment since 3 month oid

apoEKO mice aIso displayed a deficit. In fact, it appears that the deficit in the 3 month

old mice was more severe than in the 8 month old mice in that the Mean latency to find

the platform on the last day of training was higher in 3 month old mice (approximately 60

s) in comparison to 8 month old mice (approximately 20 s). The reason for the improved

performance in older mice is difficult to explain, suffice it to say that it will be difficult to

invoke age as a factor to account for the discrepant results that have appeared in the

literature.

Two additional factors that were not explored in the present experiment, but that

could differentially contribute to impaired function in the MWM are differences in

reactivity to stress (Zhou et al., 1998), and genetic variability. In the present experiment

we used apoEKO mice which were backcrossed six times with C57BL/6J mice. Six

generations might not he sufficient to completely eliminate variability in the genetic

background (Krzywkowski, 1999). Therefore, in the next experiments we examined

apoEKO mice which were backcrossed for ten generations with C57BL/6J mice. We

decided to test these animais in the MWM and RAM, a test never used in these mice to

26



•

•

assess memory. We a1so evaluated sensorimotor gating by PPI and reactivity ta stress in

two different tests ofanxiety.

m. ApoE-Knoekout Miee ModellO'" Generation

A. Materials and Methods

1. Animais

C57BL/6J and apoEKO mice were obtained from the same source as described

above. In this experiment the mice were backcrossed ten times with C57BL/6J mice in

order to provide increased genetic homogeneity. Housing and colony room conditions

were as described previously. Ail mice had ad libitum access to water and standard

laboratory mouse chow, except those tested in the RAM. These later mice where fed one

hour per day (after the daily RAM trial) for the duration of the experiment and were given

one Kellogg's Froot Loop (which also served as the reinforcer for the RAM training) in

their home cage 3 days before the experiment. A total of 93 mice (48 C57BL/6J and 45

apoEKO mice) were used these experiments. Different cohorts of 3-4 month old and 10­

14 month old animals were tested sequentially in the MWM, RAM, EPM, OF and

prepulse inhibition paradigme

2. Behavioral Testing

2.1. Morris Water Maze with Spatial eues Present

The apparatus was identical to that used previously. Training consisted of 5

consecutive days of four trials per day, as described above. On day 6 of the second

experiment of this section, the platform was removed from the pool for 2 trials of 1 min,

the latency and the distance spent in every quadrant of the pool was recorded. The
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platform was then placed back to its original place for 2 other trials of 120 s. For these 2

last trials, the platform was made visible by lowering the water in such way that the

mouse could see the platforrn 1 cm above water.

2.2. Morris Water Maze witb Spatial Cues Removed

To assess MWM performance in whicb extra-maze spatial eues were removed, an

opaque white eurtain extending from the eeiling to the floor was placed around the pool.

Two different procedural variants were examined. In the tirs!, training over the first 5

days was conducted without the curtain as described above. On day 6, the curtain was

installed and ail mice were assessed under this condition for 4 trials. On day 7, the curtain

was removed and two trials were conducted with the platfonn visible. On day 8, the

platfonn was removed from the pool for 2 trials of 1 min and the latency and the distance

spent in every quadrant of the pool was reeorded.

For the second ofthese two water maze tests, the curtain was installed for each of

the fust 6 days of training. On days 1-5 (4 trials per day) the platform was invisible and

on day 6, two trials were conducted with the platform visible.

2.3. Radial Arm Maze witb Spatial Cues Present

The Radial ann maze (pathfinder System, Lafayette Instruments, Lafayette, IN)

consisted of a central platform (shaped as an octagon) 33 cm wide from whieh extended

eight 10.5 cm wide, 50 cm long anns. At the end of each ann there was a food eup

measuring 5 cm in diameter. Eaeh ann was enclosed by plexiglas walls 18.5 cm bigh.

The stainless steel floors of the central platform and of the eight anns were painted flat

black. The RAM was located in a bright 3.6 m2 room. Spatial eues (pietures of different

patterns and shapes) were placed around the testing room.
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Mice were first adapted to a 23 h food restriction schedule. During 5 days of

habituation, the animaIs were individually placed in the maze and pennitted to explore it

freely for 8 min. Food (Kellogg's Froot Loops) was placed throughout the Maze on the

first day and was gradually restricted over the following four days, to the end ofeach arme

Subsequently, for the next 21 days, animais were given one trial per day. During a trial,

animais were placed on the central platform of the maze and allowed to choose freely

among the eight arms baited with a quarter piece of food in the food cups. A choice was

deÎmed as an entry of the mouse with four paws in the arme An error were defined as a

repeat entry into an arm already visited. A trial was terminated when an animal entered

ail eight arms (baited ooly once per trial), when it made 16 errors or when 8 min had

elapsed. When the animal finished its daily trial, it was placed back to its home cage and

the maze was cleaned and rebaited. The choices made by the animal were entered on a

computer, which kept tracked of the errors and the time.

2.4. Radial Arm Maze with Spatial eues Removed

For next two tests we used the same apparatus. In the first test, the curtain was

placed around the RA.M from days 22-24. In the second test, the curtain enveloped the

maze for the entire 21 days of training. Ail other procedural details were as described

above.

2.5. Prepulse Inhibition

Two ventilated, sound-attenuating startle chambers (San Diego Instruments, San

Diego, Calif., USA) were used. Each chamber consisted of plexiglas tube mounted on a

base connected to a piezoelectric strain meler, transmitting each animal's response.

Readings of the stabilimeter were rectified and digitized on a 4095 scale and recorded by
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computer. AIl acoustic stimuli were provided by a speaker located in the ceiliog of each

chamber.

Ali mice were placed in the startle chambers for a acclimatization period of5 min.

An average of 100, 1 ms reading, beginning al stimulus onset, was used as the measure of

startle amplitude. In order to evaluate startle magnitude in the absence of the prepulse, a

120dB, 50 ms stimulus was presented alone. To assess prepulse inhibition, the startle

stimulus was preceded by a short 30 ms prepulse stimulus. This prepulse ranged between

3 and 15 dB above background (70 dB) in 3 dB iocrements. Mice were exposed to a total

of 42 trials, 12 startle trials and 5 trials al each prepulse intensity (3, 6, 9, 12, 15) but

without 2 successive presentations of the same stimulus intensity. Trials were separated

by randomly generated inter-trial intervals ranging between 5-30 s (average = 15 s).

2.6. Elevated Plus Maze

The EPM was made of wood and painted gray. It was elevated 50 cm above

ground and had four arms of the same length (30 x 5 cm) shaped as a +. Two opposite

arms were enclosed by side and end walls 12 cm high. The two other arms and the center

of the maze (5 x 5 cm) were open.

Every animal was placed once ioto the center of the maze facing an open arm and

had 5 min to explore freely. The time spent in open arms, the number of open arm entries

and the total number of arm entries were recorded.

2.7. Open Field

The Of measured 60 cm long x 60 cm wide x 50 cm high, was made of wood and

painted black. The fioor was divided into 64 squares of 7.5 cm delimited by tape. Every

animal was placed once into the right corner Maze and had 5 min to explore freely. The
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time spent in center squares, the number of center squares crossed and the total number of

squares crossed were recorded.

B. Results

1. Morris Water Maze with Spatial Cues Present ( 3 month old mice)

A Strain x Days ANOVA revealed a significant Strain x Days interaction [F(5,

90)= 3.10, p<O.OI]. Simple main effects F-tests indieated that apoEKO miee took

signifieantly longer than C57BL/6J mice to find the platform on day 1 [F( l, 108)= 7.42,

p<O.OI] and day 3 of training [F(I, 108)= 17.2, p<O.OI] (see Figure 4).

On the two probe trials when the platform was visible, there was no signifieant

differenee between apoEKO mice and C57BL/6J mice [F(I, 108)= 0.01, p>0.05].

A Quadrant x Strain ANOVA condueted on the two probe triais when the

platform was removed revealed a significant Quadrant main effeet [F(3, 58)= 91.60,

p<O.OI]. Further Tukey's pairwise eomparisons revealed that ail groups spent

signifieantly more time in the target quadrant than in any other quadrants ps~ 0.01 (see

Figure 5).
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2. Morris Water Maze (10 month old mice)

2.1. Spatial Cues Removed on Day 6

A Strain x Days ANOVA perfonned on the latency data revealed a main effect for

Days [F(6, 108)= 9.96, p<O.OI] indicating that ail groups showed significant changes in

latency across days oftraining. No significant interaction was found [F(6, 108)= 0.98,

p>0.05]. There were no differences between apoEKO mice and CS7BL/6J mice in their

latency to fmd the platform across days of training, or on the two probe trials when the

platform was visible, or on day 6, when the curtain enveloped the maze, [F(I, 18)= 1.35,

p>0.05] (see Figure 6).

A Quadrant x Strain ANOVA conducted on data from the two probe trials with

the platform removed revealed no significant Quadrant x Straïn interaction [F(3, 54)=

0.64, p>0.05] and no significant Quadrant or Strain main effect, Fs< 2.06, p~ 0.1686 (see

Figure 7).
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2.2. Spatial eues Removed Tbroughout Training

A Straïn x Days ANOVA performed on the latency data revealed a main effect

for Strain [F(I, 18)= 5.64, p<O.OS] indicating that apoEKO mice took significantly longer

to find the platform than CS7BL/6J mice. A main effect for Days (F(S, 90)= 7.02,

p<O.O1] indicated that ail groups showed significant changes in latency across days. No

significant Strain x Days interaction was found [F(S, 90)= 1.99, p>O.OS]. As we can see

on Figure 8, apoEKO mice performed as weil as CS7BL/6J mice only when the platform

was visible .

A Quadrant x Strain ANOVA performed on the two probe trials when the

platform was removed reveaIed a significant Quadrant main effect [F(3, S4)= 5.29,

p<O.O1], so that both strains spent significantly more time in the target quadrant than in

the opposite quadrant or the adjacent clockwise quadrant, ps< 0.05, using Tukey's

pairwise comparisons (see Figure 9). There was no significant Quadrant x Strain

interaction [F(3, 54)= 0.61, p>0.05] and no significant Strain main effect [F( 1, 18)= 0.00,

p>O.OS].
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3. Radial Ann Maze witb Spatial Cues (3 and 13 montb old mice)

3.1. Errors Analysis

For this analysis~ the number of errors (repeat entries into visited arms) were

summed over blocks of three days for each of the 21 days of training. Figure 10 shows

the Mean (± SEM) errors made by 3 and 13 month old apoEKO and C57BL/6J mice over

the seven training blocks. A three-way Age x Straïn x Blocks ANOVA, with Age and

Strain as between subject factors, and Block as a within subject factor, was performed on

these data. It revealed a significant main effect for Age (F(l, 36)= 10.80, p<O.OI]

indicating that the mean number of errors in young mice was significantly lower than the

mean number of errors for old mice, and a significant Strain x Blocks interaction effect

(F(6, 216)= 3.99, p<O.OI]. Simple main effect tests on the Strain x Blacks interaction

revealed that apoEKO mice made the same number of errors as the C57BL/6J mice on all

blacks, Fs(l, 252) :s 3.06, ps> 0.0821, except block 6 where the Mean number of errors

for apoEKO mice was significantly lower than the mean number of errors for C57BL/6J

mice, [F(l, 252)=10.42, p<O.OI].

The Age x Strain interaction effect [F(6,36)= 0.98, p>O.OS], the Age x Blocks

interaction effect [F(6, 216)= 1.03, p>0.05], and Age x Strain x Blocks interaction effect

[F(6, 216) = 1.35, p>0.05] were not significant (see Figure 10).

37



•
25 -

20 ~

f!g
15 -CD-::iwen

+1- 10 .cca
CD
:E

5·

Radial ann maze with spatial eues present
(errors analysis)

.~ApoEKO old

~ApoEKO young
:~C57BLJ6J old

~C57BLJ6J young

o ------.----------------- ~- -- ----
1 2 3 4

Three days blocks

5 6 7

•

Figure 10. Mean errors in the RAM in 3 and 13 month old apoEKO mice (IOth

generation) and C57BL/6J mice . Mean <± SEM) errors during the 21 days of training

(summed over blocks ofthree days).
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• 3.2. Seriai Forgetting Cune ADalysis

This analysis indicates the probability of making a correct response over

sequential choices. However, the basal probability of a correct response tluctuates over

consecutive choices, and is intluenced by whether or not choices made before were

correct or incorrect. Thus, the observed probability of a correct resPOnse for a given

choice must he adjusted for changes in the basal probability. For this reason, Olton and

Samuelson (1976) developed this following fonnula:

p(cor)transformed = p(corlobserved - p(corlexpected x 100
1OO-p(cor)expected

where

p(cor)transformed = the probability of a correct response, adjusted to correct for
changes in the basal rate ofsuccess for a given choice,

p(cor) observed = the observed probability ofa correct response for a given choice,
I.e.,
number ofcorrect responses x 100

total number of responses
and

p(cor)expected = the expected chance probability of a correct response for a given
choice, i.e.,
numher ofarms not chosen x 100.

8

•

Seriai forgetting curves were constructed for bath the first and latter half of

training, and were restricted ta choices 2 ta 8 for every group because choice 1 was

aJways correct, and whereas animais were required to make al least 8 choices (when no

error occurred) on any given trial, the numher of choices beyond choice 8 could vary,

depending on the number of errors the animais made. This made interpretation of

corrected probabilities beyond choice 8 difficult.
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The transfonned probabilities of a correct reSPOnse over days 1-10 and 11-21 were

analyzed by different Strain x Choice x Age ANOVAs, with Strain and Age as between

subject factors, and Choice as a within subject factor.

Over days 1-10, there was a signjficant Strain x Choice interaction effect [F(6,

216)= 1.74, p>O.OS]. Simple main effects tests suggested that apoEKO mice made

significantly fewer correct responses than C57BL/6J mice from the fourth to the seventh

choices, Fs(l, 252» 3.84, p::sO.OS. There was a significant Strain x Age interaction effect

[F(I, 36)= 5.21, p<O.05]. Simple main effects tests suggested that young apoEKO mice

made significantly fewer correct resPOnses than young C57BL/6J mice [F(I, 36)= 17.26,

p<O.O1], but significantly more correct responses than old apoEKO mice [F( l, 36)=

12.96, p<O.OI]. Young C57BL/6J mice made significantly more correct responses than

old C57BL/6J mice [F(l, 36)= 46.62, p<O.O1]. There was aIso a significant Choice x Age

interaction [F(6, 216)= 3.87, p<O.OI]. Simple main effects tests reveaied that the aged

animais made significantly fewer correct responses than young animais from the second

to the eighth choices, Fs(l, 252)2: 9.22, p:sO.0027 (see Figure Il).

The Strain x Choice x Age interaction effect (F(6, 216)= 1.85, p>O.05] was not

significant.

Over days 11-21, there was a significant Choice x Age interaction [F(6, 216)=

3.28, p<O.OI]. Simple main effects tests revealed that the aged animals made

significantly fewer correct responses than young animais from the second to the eighth

choices, Fs(l, 252» 4.40, ps<0.03 (see Figure 12).
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Figure 12. Mean <± SEM) probability ofa correct response (transformed for changes in

basal probability) for 3 (young) and 13 (old) month old apoEKO mice (IO'h generation)

and C57BL/6J mice for the last Il days of training.

41



•

•

3.3. Arm Distance Aaalysis

To evaluate if the different strains used alternative strategies to solve the task, we

calculated the percent of total responses in which mice in the different groups selected

arms immediately next to, as weil as two, three and four arms distance away from the

previously selected arm. Repeat entries to previously selected arms accounted for less

than 1% of the total choices. Thus, these data were excluded from subsequent analyses.

The percentage of one, two, three and four arms distance selections over days 1-10 and

11-21 were subjected to separate Strain x Distance x Age ANOVAs, with Strain and Age

as between subject factors, and Distance as a within subject factor.

Over days 1-10 and 11-21, there were significant main effects for Distance, [F(3,

108)= 190.44, p<O.OI] and [F(3, 108)= 154.32, p<O.OI] respectively. AIl groups made

more one and two ann choices in contrast to three and four arm choices. Over days 11-21,

there was a significant Strain x Distance interaction [F(3, 108)= 9.11, p<O.OI]. Simple

main effects tests revealed that apoEKO mice made significantly more 1 arm choices than

C57BL/6J mice but significantly Jess 2 ann choices than C57BL/6J mice (see Figure 13

and 14).
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Figure 14. Mean <± SEM) percent choices that were one, two, three and four arms

distance from the previous choice for 3 (young) and 13 (old) month old apoEKO mice

•
(IOth generation) and C57BL/6J mice for the last Il days of training.
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4. Radial Arm Maze (1% mODth old miee)

4.1. Spatial Cues Removed On the Last 3 Days of Training

4.1.1. Erron Analysis

The data analysis for this experiment was done the same way as for the previous

RAM. The 24 days of tests were summed-up in blocks of three days, as we can seen in

Figure 15. A two-way ANOVA perfonned on these data revealed a significant main

effect for blocks [F( l, 105)= 2.75., p<0.05] suggesting that ail groups showed significant

changes in errors across blocks. There was no significant main effect for Strain [F(l, 15)

= 0.34., p>0.05] and no significant Strain x Block interaction effect [F( l, 105)= 0.49,

p>0.05].
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Figure IS. Mean C± SEM) number oferrors (summed over blocks of3 days) in the RAM

in 12 month old apoEKO mice (lOrb generation) and C57BL/6J mice. Spatial eues were

occluded by a curtain during the last block.
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4.1.2. Seriai ForgettiDg Curve Analysis

The probabilities of a correct response were adjusted as described above. The

probabilities over days 1-12 and 13-24 were analyzed by separate Strain x Choice

ANOVAs, with Strain as a between subject factor., and Choice as a within subject factor.

Over days 1-12, there was a significant Strain main effect [F(1, 15)= 3.82., p<0.05]

suggesting that apoEKO mice made signjficantly fewer correct responses than C57BL/6J

mice, and a significant Choice main effect [F(6, 90)= 6.90, p<O.OI] indicating that

accuracy decreased over successive choices (see Figure 16).

Over days 13-24., no significant main effect or interaction was found, other than a

significant Choice main effect [F(6., 90)= Il.17, p<O.O 1] indicating that accuracy

decreased over successive choices (see Figure 17).
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Figure 16. Mean li: SEM) probability ofa correct response (transformed for changes in

basal probability) for 12 month old apoEKO mice (10dJ generation) and C57BL/6J mice

for the first 12 days of training.
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Figure 17. Mean li: SEM) probability ofa correct response (transfonned for changes in

basal probability) for 12 month old apoEKO mice (tOth generation) and C57BL/6J mice

for the last 12 days of training.
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4.1.3. Arm Distance Analysis

To target the strategy mice use to solve the task, the percentage of one, two, three

and four anns distance selections over days 1-12 and 13-24 were submitted, as in the

previous RAM, to separate Strain x Distance ANOVAs, with Strain as a between subject

factor and Distance as a within subject factor.

Over days 1-12 and 13-24 there was a significant main effect for Distance [F(3,

45)= 39.90, p<O.Ol] and [F(3,45) = 35.44, p<O.OI] respectively. As we cao see in Figures

18 and 19, aIl groups made more one and two arm choices in contrast to three and four

arm choices. There was no other main effect or significant interaction found.
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distance from the previous choice for 12 month old apoEKO mice (1 oth generation) and

C57BL/6J mice for the tirst 12 days of training.

Radial arm maze days 13-24
(arm pattern analysis)

60-0 50
ë
~ fi) 40
8.11_ 0

302~

w~
VJ CG 20.tJs
c
CG 10G
2

0

DApoEKO
.C57BU6J

l1IiII < __

~ . __ I ~
2

Arm distance

3 4

•

Figure 19. Mean <± SEM) percent choices that were one, two, three and four arms

distance from the previous choice for 12 month old apoEKO mice (1 oth generation) and

C57BL/6J mice for the last 12 days of training.
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4.2. Spatial eues Removed Throughout Training

4.2.1. Errors ADalysis

The data analysis for this experiment was done the same way as fc~ "he first RAM.

Twenty one days of tests were summed-up in blocks of three days~ as we cao see in

Figure 20. A two-way analysis ofvariance (ANOVA) perfonned on these data revealed a

significant main effect for Strain indicating that apoEKO mice Mean number oferrors was

significantly higher than the mean number of errors for C57BL/6J mice [F(I~ 15)= 6.62,

p<O.05] and a main effect for Blocks [F(6, 90)= 3.93, p<O.Ol] suggesting that ail groups

showed significant changes in errors across blocks. There was no significant Strain x

Blocks interaction effect [F(6, 90)= O.14~ p>0.05].
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Figure 20. Mean (± SEM) errors during 21 days of training (summed over blocks ofthree

days) in the RAM with 12 month old apoEKO mice (1 Olh generation) and C57BL/6J mice.

Spatial cues were obscured throughout the duration of training.
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4.2.2. Seriai Forgetting Cane Analysis

These corrected probabilities of a correct response over successive arm choices

over days 1-10 and 11-21 were analyzed by separate Straïn x Choice ANOVAs, with

Strain as a between subject factor, and Choice as a within subject factor.

Over days 1-10, there was a significant Strain main effect [F(I, 15)= 4.33, p<0.05]

suggesting that apoEKO mice made significantly fewer correct responses than C57BL/6J

mice and a significant Choice main effect [F(6, 90)= 10.97, p<O.OI] indicating that

accuracy decreased over successive choices (see Figure 21).

Over days 11-21, no significant main effect or interaction was found, other than a

significant Choice main effect [F(6, 90)= 13.77, p<O.OI] indicating that accuracy

decreased over successive choices (see Figure 22).
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Figure 21. Mean li SEM) probability of a correct response (transformed for changes in

basal probability) for 12 month old apoEKO mice (101h generation) and C57BL/6J mice

for the first 10 days of training.
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Figure 22. Mean (± SEM) probability ofa correct response (transfonned for changes in

basal probability) for 12 month old apoEKO mice (lOlh generation) and C57BL/6J mice

for the last Il days of training.
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4.2.3. Arm Distance Analysis

The percentage ofone~ two, three and four arms distance selections over days 1-10

and 11-21 were analyzed by separate Straïn x Distance ANOVAs to find the strategy mice

use to solve the task.

Over days 1-10 and 11-21 there was a significant Strain x Distance interaction

[F(3, 45)= 4.63, p<O.OI] and [F(3, 45)= 4.26~ p<O.OI] respectively. Simple main effects

tests over days 1-10 revealed that apoEKO mice made significantly fewer 1 arm choices

than C57BL/6J mice [F(l, 60)= 13.30, p<O.OI], and a non-significant trend of more 3

arm choices than C57BL/6J mice [F(l, 60)= 3.75, p<0.06]. Simple main effects tests over

days 11-21 revealed that aPOEKO mice made significantly fewer 1 arm choices than

C57BL/6J mice [F( l, 60)= 12.03, p<O.O1], and a non-significant trend for more 2 arm

choices than C57BL/6J mice [F(I, 60)= 2.86, p<O.lO] (see Figures 23 and 24).
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distance from the pi"evious choice for 12 month old apoEKO mice (101h generation) and

C57BL/6J mice for the last Il days of training.
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5. Prepulse Inhibition

5.1. 4 and 14 Month Old Miee

The degree of prepulse inhibition was calculated using the formula of Geyer et al.

(1993):

PPI = ( startle- PP) x 100
startle

Based on this formula, a value of 0 reflects no inhibition and a value of 100 reflects total

inhibition.

An Age x Strain x Prepulse intensity three-way analysis of variance (ANOVA)

performed on these data revealed a significant main effect for Age [F(1, 36)= 14.87,

p<O.O1] indicating that the mean percent prepulse inhibition in young mice (4 montb oId)

was significantly higher than the mean percent prepuise inhibition for oid mice (14 month

old), and for Prepuise intensity [F(4, 144)= 14.64, p<O.OI] indicating a significant

increase for ail groups across the S prepulse intensities (see Figure 2S).

The main effect for Strain [F(l, 36)= 1.74, p>O.OS], the Age x Strain interaction

effect [F(4, 36)= 0.0, p>O.OS], the Age x Prepulse intensity interaction effect [F(4, 144)=

1.18, p>O.OS], the Prepulse intensity x Strain interaction effect [F(1, 144)= LOS, p>O.OS]

and Prepulse intensity x Strain x Age interaction effect [F(4, 144)= 0.90, p>O.OS] were

not significant.

56



~"-------------

• FreplEe il. iDtion
~ptJo8<Odd

-0-ptJo8<OyoLq)

8)- ....C57BJ6J cid

50~
-"~yrxIlJ.

~
(1)

40~c
.!!
.s 3):
1
'3 20-Q.
!
Q. 10 .-c
~ 0
8-- -10 -:Ew
en -20 -
,tJ
c
~.al

CD
:E .4J .

-50 -
FreplEe ir.slies
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6. Elevated Plus Maze (4 and 14 month old miee)

6.1. Time in Open Arms

An Age x Strain ANOVA perfonned on these data revealed a significant main

effect for age [F(l, 35)= 74.80, p<O.Ol], showing that the mean time spent in the open

arms for old mice was significantly higher than the mean lime in open anns for the young

mice. On the other band, there was no significant main effect for Strain [F(l, 35)= 3.02,

p>O.05] and no signjficant Age x Strain interaction effect [F(l, 35)= 1.89, p>0.05] (see

Figure 26).

58



•

Figure 26. Mean <± SEM) time (s) spent in the open arms in the EPM in 4 and 14 month

oid apoEKO mice (10'h generation) and C57BL/6J mice .
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6.2. Openffotal Arm EDtria

The percentage of open to total arm entries was analyzed by an Age x Strain

ANOVA. The main effect for age was significant [F(l, 35)= 49.03, p<O.Ol], suggesting

that the mean percent open to total ann entries in old mice was significantly higher than in

the young mice (see Figure 27). There was no significant main effect for Strain [F(l, 35)

= 0.58, p>0.05] and no significant Age x Strain interaction [F(1, 35)= 0.14, p>O.05].
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Figure 27. EPM. Mean li SEM) percent open to total ann entries in the EPM for 4 and

14 month old apoEKO mice (loth generation) and C57BL/6J mice .
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6.3. Total A... EDtries

No difference was observed in the number of total ann entries when a two-way

analysis of variance (ANOVA) was perfonned on these data. No main effect for Age

[F(l, 35)= 0.54, p>0.05], no significant main effect for Strain [F(l, 35)= 0.04, p>O.05]

and no significant Age x Strain interaction effect [F(l, 35)= 3.67, p>O.05] were seen (see

Figure 28).
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Figure 28. Mean <± SEM) number of total arm entries in the EPM for 4 and 14 month old

apoEKO mice (lOIb generation) and C57BL/6J mice .
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7. Open Field (4 and 14 month old mice)

7.1. Center Time

An Age x Strain two-way analysis of variance (ANOVA) revealed a significant

main effect for Age [F(1, 36)= 16.50, p<O.Ol] suggesting that oid mice spent significantly

more time in the center than young mice. There was no significant main effect for Strain

[F(1, 36)= 0.05, P>O.OS], therefore aPOEKO mice are not significantly different from

Cs7BL/6J mice in the time they spend in the center. There was no significant Age x

Strain interaction effect [F(l, 36)= 3.31, p>O.Os] (see Figure 29).
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Figure 29. Mean C± SEM) time (s) spent in the center squares of the OF for 4 and 14

month old apoEKO mice (lOth generation) and C57BL/6J mice .
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7.2. Center Squares Crossed

An Age x Strain ANOVA yielded a significant main effect for age [F(1, 36)=

13.75, p<O.OI] indicating that old mice crossed significantly more center squares than

young mice. There was no significant main effect for Strain [F(I, 36)= 0.04, p>O.05],

therefore apoEKO mice were not significantly different from C57BL/6J miee in the

number of squares crossed inside the OF. There was no significant Age x Strain

interaction effect [F(l, 36)= 2.61., p>O.05] (see Figure 30).
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Figure 30. Mean li SEM) number ofcenter squares crossed in the OF for 4 and 14 month

old apoEKO mice (1 oth generation) and C57BL/6J mice .
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7.3. Total Squares Crossed

No differenee was observed in the number of total squares erossed as revealed by

a an Age x Strain ANOVA : the main effeet for Age [F(1, 36)= 0.21, p>0.05], the main

effeet for Straïn [F(l, 36)= 0.39, p>0.05] and the Age x Straïn interaction effeet [F(I, 36)

= 2.61, p>0.05] were all not significant (see Figure 31).
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Figure 31. Mean li SEM) number of total squares crossed in the Of for 4 and 14 month

old apoEKO mice (1 Qlh generation) and C57BL/6J mice .
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c. Discussion

In the present study, we used two different tests to assess spatial leaming and

memory function in apoEKO mice and CS7BL/6J mice. This was performed in apoEKO

mice that were backcrossed 10 generations, in order to improve genetic homogeneity. In

the MWM, apoEKO mice displayed a subtle deficit, in that the latency to fmd a platform

on day 1 and on clay 3 of training was longer than that in C57BL/6J mice. ft would he

tempting to suggest that these differences are due to a cognitive impairment, however, the

magnitude of the differences was small and restricted to only two of the six training days.

This contrasts with the more pronounced deficit observed in the 6th generation apoEKO

mice, as shown in the tirst series of experiment. Accordingly, it is possible that the

degree of cognitive impairment observed in these animais may he generation-dependent.

Exactly why this effect occurred is impossible to say, but could reflect sorne sort of a

compensatory mechanism that limits the detrimental impact of the absence of the APOE

gene. The neurobiological adaptation mediating this adaptation is difficult to speculate

upon, given the fact that we did not use any neurobiological measures in the present

experiments.

At a behavioral level, one possible compensatory meehanism could he a shift in

the strategy used to solve the MWM. As mentioned earlier, although most animals

typically utilize spatial eues to master the MWM, utilization of non-spatial strategies can

result in proticient performance. To assess this possibility, we examined whether removal

of spatial cues would interrupt performance after acquisition had taken place. Under this

condition, obscuring the extra-Maze, spatial eues did not impair performance in both

apoEKO and C57BL/6J mice. However, this result only demonstrates that both strains of
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miee ean utilize non-spatial strategies once the task bas been mastered, it does not assess

the strategy normally used to acquire the task. To assess this issue, we removed spatial

eues from the onset of training. In this condition, we observed that apoEKO mice took

significantly longer to find the platform than C57BL/6J mice. Thus, removal of spatial

cues impaired performance in apoEKO mice more so than it did in C57BL/6J mice.

Thus, the pattern of effects across the two testing conditions could suggest the following

hypotheses: First, both apoEKO and C57BL/6J mice normally adopt a spatial strategy to

solve the MWM. However, in so doing they May also acquire a non-spatial strategy that

can he relied on when spatial cues are removed. This would account for the absence of an

effect when spatial cues were removed after training has taken place. Second, acquisition

ofa spatial strategy facilitates acquisition ofa non-spatial strategy in apoEKO mice. This

would aecount for the impairment observed in apoEKO mîce when spatial eues were

removed from the start of training. Why might this he so? This may reflect the operation

of Ioloincidental" learnîng. Specifieally, as the animal acquîres the spatial information

needed to solve the task, it May also aequire (incidentally) non-spatial information that

could be used to locate the platform. Thus, when spatial eues are removed, the animal can

rely on the non-spatial information it aequired. Without spatial eues to guide acquisition,

however, this incidentalleaming May not occur.

In contrast to the first series of tests assessing performance in the MWM, in this

series there was no correlation between the presence or absence of deficits and changes in

the percent time spent in the four quadrants during the two probe trials in which the

platform was removed. Indeed, in both of the experiments in this series, the amount of

time spent in the target quadrant remained near chance levels (25%). Given this finding,
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it is difficult to assess how the presence or absence of spatial cues might have influenced

or altered search patterns.

To further investigate the importance of spatial and non-spatial information to

accurate performance, we tested apoEKO and C57BL/6J mice in another test of spatial

leaming and memory, the RAM. The results paralleled, more or less, those observed in

the MWM. Specifically, there was no impairment evoked when spatial cues were

removed after training. In fact, apoEKO mice made significantly fewer errors on block 6

in comparison to CS7BL/6J mice. Additionally, the removal of spatial cues on block 7

(by the addition of the curtain), did not produce a deficit in perfonnance in comparison to

block 6. Thus, as it was the case in the MWM., animais permitted to utilize spatial cues

during acquisition are not detrimentally affected when those cues are obscured. Also

similar to the results from the MWM, removal of spatial cues from the initiation of

training did induce an impainnent in apoEKO mice, adding further support to the

conclusion that these animais cannot compensate for the absence of spatial information by

utilizing possible non-spatial sources of infonnation.

The seriai forgetting curve analyses from the experiment in which spatial eues

were not obtruded during training and the experiment in whieh spatial eues were removed

on block 6 yielded three main findings. First, apoEKO mice made more errors over the

fourth to the seventh choices over days 1-10 than C57BL/6J mice. Second, young

apoEKO mice made fewer correct responses over successive ehoices over days 1 to 10

than young C57BL/6J mice. Third, aged animals made significantly fewer correct

responses over successive choices than young animais from the second to the eighth

choices over days 1-10 and 11-21.
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If we consider that working memory store holds the information conceming what

anns have been visited, the seriai forgetting curve observed here supports the hypothesis

of Gordon et al. (1995) suggesting that the absence of apoE creates a deficit in working

memory. Specifically, the seriai forgetting curve revealed that the impairments in

apoEKO mice were more pronounced over the latter half of the curve, suggesting that

these animais had more difficulty retaining information as the number of arms visited

increased. Had the apoEKO mice suffered from a reference memory deficit.. it might he

expected that this would result in an impairment throughout the entire seriai forgetting

curve.

Additional evidence against a reference memory deficit was provided by the

analyses examining the pattern of arm choices. In the present experiment, ail eight arms

were baited and visited anns within the same trial were not rebaited. Considering this, the

best way to execute the task is to adopt a "win-shift" strategy (i.e. do not retum to arms

that have been visited). In fact, less than 1% of all arm choices were repeat entries into the

arm previously visited, supporting the idea that all groups learned and used the win-shift

strategy. Furthennore, the most parsimonious win-shift strategy would be to visit arms

adjacent to the last ann visited (Hodges, 1996). The arrn distance analysis showed that the

number of choices that involved arms immediately adjacent to the previous choice was

higher than the number of choices that were two anns distant, which was in tum higher

than the number of choices that were three arms distant, and which was finally higher

than the number of choices that were four arms distant in all groups over days 1-10 and

11-21.

Although no differences between apoEKO mice and C57BL/6J mice were
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observed over the first 10 days, over the last Il days, apoEKO mice made more 1 ann and

fewer 2 arm choices than C57BL/6J mÎce. These last results might partially explain why

aPOEKO mice displayed less errors than CS7BL/6J mice on block 6 and why the

performance of C57BL/6J mice actually deteriorated somewhat over trials 11-21. The

reason underlying the deterioration in C57BL/6J mice cannot he identified.

The seriai forgetting curve analysis from the experiment in which spatial cues

were removed throughout the duration of training yielded a pattern of results similar to

those observed in the previous two RAM experiments. However, removal of spatial cues

throughout training did appear to alter search patterns. Specifically, the arm distance

analysis over days 1-10 showed that apoEKO mice made fewer 1 arm choices and tended

to make more 3 arm choices than C57BL/6J mice. Over the latter halfoftesting, aPOEKO

mice continued to make significantly fewer 1 arm choices, and tended to make more 2

arm choices than C57BL/6J miee, although not significantly different. These results

suggest that the absence of spatial eues altered search strategies in aPOEKO mice. Again,

this may reflect an inability of apoEKO rnice to utilize alternative, non-spatial forms of

information that cao he used to solve the task.

It is unlikely that impairments in systems other than those responsible for spatial

learning and memory function, sueh as visuaI or motor impairments, altered emotionality

or sensitivity to stress, or impainnent in attentional function, cao account for the deficits

observed in the MWM and RAM in apoEKO. In the MWM, both strains of mice were

significant1y faster to locate the platform when it was made visible. Nor cao motor

deficits account for the observed differences observed. Given that accuracy in the ~1

is based on choice, rather than a temporal measure, it is difficult to see how a motor
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impairment would result in deficits in RAM perfonnance. Additionally, motor and

swimming function have been assessed in other studies using the MWM, and no

differences between apoEKO and C57BL/6J mice were detected (Oitzl et al., 1997;

Gordon et al., 1995).

There were also no significant strain differences in PPI. To the extent that this

paradigm assesses attentional function, the equal performance observed in apoEKO and

C57BL/6J mice would argue against an attentional deficit. Of course, we appreciate that

the suggestion that PPI assesses attentional function is debatable, in that this phenomenon

cao he equally conceived of as retlecting a lower level "preattentionaf" sensorimotor

gating mechanism. It May a1so he possible to invoke mechanisms involved in emotion

that May influence the magnitude of PPI. However, it is clear that PPI does refleet the

extent to which a stimulus (the prepulse) cao impede another stimulus (the startle

stimulus) from subsequent cognitive processing. As such, PPI reflects the operation of

one type of stimulus selection. We have proposed that the impairment in apoEKO mice

observed in MWM and the RAM when spatial cues are removed throughout training May

retleet an inability to utilize non-spatial eues. Consequently, the results from the PPI test

would suggest that this inability does not result from a deficit in at least one process

involved in stimulus selection.

The results from the OF test and the EPM would suggest that the MWM and RAM

performance do not results from altered stress reactivity or emotionality. In both tests,

bath young and old apoEKO displayed a pattern of hehavior no different from their

respective CS7BL/6J aged control groups.

ln contrast to the MWM and RAM tests, where age did not strongly prediet either
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presence or the magnitude of cognitive impairment, in the PPI paradigm, the OF and the

EPM there were age-related differences in behavior. Specifically, aged animais showed

reduced levels of PPI, increased time and number of entries into the center squares of OF,

and increased lime and percent entries into the open anns ofthe EPM. SimHar age-related

changes in these paradigms bave been reported in the literature (Gower and Lamberty,

1993; Ammassari-Teule et al., 1981). It is also worth noting that the age-related

differences were straîn-independent, in that these behavioral changes were observed in

both aged apoEKO and C57BL/6J mice. Thus, the age effect is not influenced by the

presence or absence of the APOE gene. Moreover, since the performance ofapoEKO and

C57BL/6J mice in the MWM and RAM were age-independent, whereas performance in

the PPI paradigm, Of and EPM were influenced by age, this pattern of results adds

further indirect support for the conclusion that the spatial memory deficits observed in

apoEKO mice occurred independently of any a1terations in sensorimotor gating function

or emotionality.

IV. Conclusion

The present series of experiments aimed to characterize the behavioral phenotyPe

of apoEKO mice and to evaluate the impact of apoE~deficiencyon cognitive function at

different ages. Whereas Many previous studies reported cognitive impainnents (spatial

memory deficit) in this animal model, others found no differences between this model and

wild type mice. To further investigate the cognitive abilities of apoEKO mice, we tested

animais that had a stabilized genetic background (backcrossed at least ten times). Our

results clearly support the hypothesis that aPOEKO mice can perform as efficiently as

C57BL/6J mice on spatially-guided tasks, but are deficient in non-spatially guided tasks.
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Additionally, our analyses suggest normal reference memory, but disrupted working

memory function. Finally, these memory deficits apPear to occur independently of any

changes in visual, motor, attentional or emotional function.

APOEKO mice share Many similarities (i.e. working memory deficit) with AD

patients. Whereas it is possible that the working memory deficit seen in aPOEKO mice is

related to disruption of the neuronal cytoskeleton integrity caused by the absence ofaPOE,

the present study did not confinn any neurophatological or neurophysiological alterations

in these aPOEKO mice.
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