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ABSTRACT 

Investigating the Effect of C-Terminal Truncated Apolipoprotein E4  

on Amyloid-beta-Induced Neuronal and Behavioral Deficits in Transgenic Mice 

Nga Bien-Ly 

 

Among the common apolipoprotein (apo) E isoforms (apoE2, apoE3, and apoE4), apoE4 

is the major known genetic risk factor for Alzheimer’s disease (AD). Previous in vitro 

and in vivo experiments showed that apoE4 preferentially undergoes aberrant cleavage in 

neurons, yielding neurotoxic C-terminal-truncated fragments. To study the effect of these 

fragments on amyloid-β (Aβ) clearance/deposition and their potential synergy with Aβ in 

eliciting neuronal and behavioral deficits, transgenic mice expressing human apoE3, 

apoE4, or apoE4(∆272–299) were cross-bred with mice expressing human amyloid 

precursor protein (hAPP) harboring familial AD mutations (hAPPFAD). At 6–8 months of 

age, hAPPFAD mice expressing human apoE3 or apoE4 had 94% and 89% less 

hippocampal Aβ1-x, respectively, than hAPP mice lacking apoE, while hAPPFAD mice 

expressing mouse apoE had the highest Aβ levels. Aβ deposition in hAPPFAD mice 

expressing human apoE3 or apoE4 was 89% and 87% less than hAPPFAD mice without 

apoE, respectively. Thus, human apoE stimulates Aβ clearance, but mouse apoE does 

not. Expression of apoE4(∆272–299) reduced total Aβ levels by only 63% and Aβ 

deposition by 46%, compared to hAPPFAD mice without apoE. Unlike apoE3 and apoE4, 

the C-terminal-truncated apoE4 bound Aβ peptides poorly, leading to decreased Aβ 

clearance and increased Aβ deposition. Despite their lower levels of Aβ and Aβ 
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deposition, hAPPFAD/apoE4(∆272–299) mice accumulated potential pathogenic Aβ 

oligomers and displayed neuronal and behavioral deficits similar to or more severe than 

those in hAPPFAD mice lacking apoE. Thus, the C-terminal-truncated apoE4 fragment 

inefficiently clears Aβ peptides and has enhanced toxicity in the presence of low levels of 

Aβ to elicit neuronal and behavioral deficits in mice. 
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CHAPTER 1 

Introduction / Literature Review 

Alzheimer’s Disease and the Amyloid-Cascade Hypothesis  

AD is one of the primary causes of dementia in the elderly and currently afflicts more 

than 5 million people in the United States and 15 million worldwide. Within the next 20 

years, these numbers are projected to double (1). Despite intensive ongoing research 

efforts, the causes of sporadic AD or an effective treatment have not yet been identified. 

Sporadic, late-onset AD (symptoms after the age of 60) occurs in more than 95% of all 

cases and has unknown causes. The less common, early-onset forms of AD (symptoms 

before the age of 60) that occur in less than 5% of affected populations are linked to 

autosomal dominant mutations in the amyloid precursor protein (APP) gene or its 

processing enzymes presinilin-1 and -2 (PS1, PS2) (2). These mutations alter the 

production of the neurotoxic Aβ peptides which may contribute to early AD onset (2).  

The normal cleavage of APP, a transmembrane protein highly expressed in neurons, 

yields larger N-terminal products (APPsα or APPsβ) or Aβ, depending on the sequence 

of proteolysis (3). The physiological function of APP is still unclear, however there is 

recent evidence for its requirement at neuromuscular junctions to mediate synaptic 

transmission and plasticity (4). Likewise, the physiological role of Aβ has not yet been 

fully understood. Limited studies have suggested that Aβ is released from APP in 

response to synaptic activity in hippocampal slices and in vivo into interstitial fluid and 

may enhance neural plasticity and memory (3, 5, 6). How exactly Aβ functions at the 
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synapse though, either to mediate selective depression through interaction with receptors 

or as a general feedback in response to increases in activity, and its dysregulation in AD 

pathogenesis remain critical questions (3). 

Disruptions in Aβ homeostasis have been implicated in the global cognitive decline 

and progressive neurodegeneration in AD patients (7). As a result, the 4.5-kDa Aβ 

peptide (containing 39–43 amino acid residues), the central component of the amyloid 

hypothesis, is a major focus of AD research. The genetic evidence supporting the 

amyloid hypothesis comes from families with inherited mutations in APP, PS1, or PS2 

that have altered Aβ production and develop early dementia. Overwhelming 

accumulation of Aβ and a possible lack of effective clearance lead to the extracellular 

deposition of amyloid as plaques, originally hypothesized to induce gradual synapse loss, 

neurofibrillary tangles of hyperphosphorylated tau, and neuronal death. Amyloid plaques 

are more frequently composed of Aβ42 than Aβ40 because it more readily forms β-sheets 

and β-fibrils in an energetically favored process (8, 9). These fibrillar species of Aβ were 

assumed to initiate primary pathologies by depositing into plaques and ultimately 

compromising the integrity of neurons. 

Recent insights into Aβ pathological mechanisms have focused on the neurotoxic 

effects of oligomeric forms of Aβ, originally identified and isolated from APP expressing 

cell lines (10, 11). These pre-fibrillar Aβ assemblies gained more interest with emerging 

evidence that Aβ-induced synaptic loss begins before the onset of amyloid deposition 

(12), and that plaques do not correlate well with neuropathology in AD transgenic mouse 

models (13-16). In fact, the J20 line of transgenic mice expressing human APP harboring 

familial AD mutations (hAPPFAD) accumulates neurotoxic Aβ peptides and displays 



 3

synaptic and cognitive deficits at 5–6 months of age without obvious plaque pathology 

(12, 14, 15). In the TG2576 transgenic mice expressing hAPPFAD with the Swedish 

mutations under a prion promoter, a 12-mer of Aβ termed Aβ*56 was identified as the 

principle culprit behind functional and behavioral deficits; Aβ*56 is also found in human 

AD brain samples (17). In addition, smaller Aβ aggregates of 17–22 kDa, termed Aβ-

derived diffusible ligands (ADDLs), blocked LTP and induced neuronal death in slice-

culture systems (18). Aβ dimers and trimers have also been implicated as the neurotoxic 

species in vivo in recent studies (19-21).  

 

Neurobiology of ApoE 

ApoE, a component of many lipoproteins involved in systemic lipid transport, is 

expressed in different tissues and cell types throughout the body (22). In addition to its 

actions in the periphery, apoE plays a significant role within the central nervous system 

(CNS) as the major resident apolipoprotein for cholesterol redistribution (22-25).  

Human apoE exists in three isoforms, each containing 299 amino acids with a 

molecular mass of 34.2 kDa. The differences between isoforms occur at residues 112 and 

158: apoE2 has a cysteine at both sites, apoE3 has cysteine-112 and arginine-158, and 

apoE4 has arginines at both sites (22). The frequency of occurrence for the apoE alleles 

are 5–10% for apoE ε2, 70–80% for apoE ε3, and 10–15% for apoE ε4 (22). Structurally, 

these single amino acid changes result in dramatic conformational and functional 

differences. ApoE2 is associated with recessive type III hyperlipoproteinemia, due to 

defective receptor binding caused by the presence of cysteine-158 (22, 26). Likewise, 

arginine-112 in apoE4 results in domain interaction between the N- and C-termini of 
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apoE and decreases its overall protein stability (26, 27). Consequently, apoE4 is more 

prone to unfolding into a molten globular state than apoE3 or apoE2 (27). The apoE4 

isoform is more susceptible to aberrant proteolytic cleavage, yielding toxic fragments that 

may impair normal neuronal function (24, 28-30). The lipid binding domain of apoE4 is 

less organized, and C-terminal truncation weakens the lipoprotein binding ability of both 

isoforms (31). Importantly, the lipid-binding domain of apoE is necessary and sufficient 

for lipid efflux from cells and for the assembly of apoE-containing nascent high-density 

lipoprotein particles (pre-β-HDL) mediated by ABCA1, an intracellular lipid transporter  

(32). 

In the CNS, apoE is synthesized mainly by astrocytes and activated microglia, and its 

mRNA levels in the brain are second highest to the liver (33, 34). The proposed function 

of apoE secreted by astrocytes is to aid in neurite extension and synaptogenesis (35), 

whereas neurons produce apoE under stress or injury, when additional lipid exchange for 

repairs and remodeling is required (24, 36, 37). Functional differences between the 

isoforms include the stimulation of neurite outgrowth and synaptogenesis by apoE3 and 

inhibition of these critical processes by apoE4 (38-41). ApoE4 is associated with poor 

clinical outcome after traumatic brain injury or ischemic stress to the CNS, while local 

expression of apoE3 is stimulated at acute hippocampal lesions (42-44). Also, isoform-

dependent differences in LTP magnitude were observed in slice cultures from mice 

expressing the human apoE gene knocked into the mouse apoE locus and controlled by 

the endogenous mouse promoter (apoE3 = WT > apoE-/- and apoE4) (45). 
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ApoE Polymorphisms and Alzheimer’s Disease 

Aβ plaques and neurofibrillary tangles (NFTs) are the classical pathological hallmarks of 

AD. Early studies characterizing the proteins contained within Aβ deposits and NFTs 

identified apoE as a constituent of both (46-48). Levels of parenchymal Aβ deposition 

and the apoE4 genotype correlate strongly in AD patients (49). Since then, apoE4 has 

been identified as the major genetic risk factor for AD; it increases the occurrence and 

lowers the age of onset of AD as compared to apoE3 (50-52). On the other hand, apoE2 

carriers in certain populations have a lower risk of developing AD as compared to 

apoE3/3 homozygotes (53).  

How apoE4 specifically contributes either directly or indirectly to the development of 

Alzheimer’s disease is unclear. Several mouse models have been established to study the 

direct roles of apoE4 in AD pathogenesis. Neuron-specific apoE4 transgenic mice (NSE-

apoE4) develop neuronal and spatial learning and memory deficits (54-56). Astrocyte-

specific apoE4 transgenic mice (GFAP-apoE4) display working memory deficits without 

significant neuronal deficits (57). ApoE4 knock-in (apoE4-KI) mice also develop 

neuronal and behavioral deficits (58, 59).  

There are many hypotheses regarding apoE4’s mechanistic roles in AD pathogenesis, 

and they can be categorized as either Aβ-dependent or Aβ-independent (37, 60). Aβ-

dependent hypotheses arose from initial findings that identified apoE and Aβ interactions 

and thus position apoE as a contributor to the amyloid cascade (61, 62). Aβ-independent 

hypotheses center on apoE4 inherent instability and/or susceptibility to proteolysis which 

may contribute to neurotoxicity and neurodegeneration in AD (24, 60). 
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Aβ-Dependent Role of ApoE in AD Pathogenesis 

The interaction between apoE and Aβ has been extensively characterized in vitro over the 

past decade and has led to several independent and somewhat controversial conclusions. 

Amino acids 244–272 of apoE and an Aβ peptide of amino acids 12–28 interact, and the 

resulting complex is SDS resistant and appears more quickly with apoE4 (48, 61, 63). 

ApoE accelerates Aβ fibrillization from a soluble state, with apoE4 binding and seeding 

fibrils more readily than apoE3 (64, 65). These initial studies established the first 

physical link between Aβ and apoE, lending support to the general view at the time that 

apoE4 accelerated Aβ deposition into plaques.  

Since then, apoE4 has largely been hypothesized to act as a “pathological chaperone” 

that promotes the aggregation of Aβ or neurotoxic Aβ assembly states (47). The 

hydrophobic nature of the apoE lipid-binding domain has been proposed to act as a 

stabilizer of the Aβ fibril structure (9). However, despite the strong evidence of high-

affinity interaction between apoE and Aβ in vitro, data from other studies have indicated 

a more complicated relationship between the two proteins. The source of apoE—purified 

human or recombinant versus that derived from cell cultures—may also affect the 

isoform-specific affinity between Aβ and apoE (66, 67). Alternatively, lipid-associated, 

cell-secreted apoE3 (and to a lesser extent, apoE4) binds Aβ preferentially, possibly to 

mediate its clearance rather than deposition (68).  

Subsequently, animal studies with genetic models were used to explore the in vivo 

interactions between these two proteins. Transgenic mice overexpressing the human 

APPV717F Indiana mutation displayed less Aβ deposition in the absence of apoE than 
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those with endogenous mouse apoE (69-71). These studies and others suggested that 

apoE facilitates plaque formation, confirming earlier in vitro data (48, 61). Interestingly, 

several recent papers reported a role for apoE-lipidation state as an important determinant 

for Aβ deposition. Deficiency of the intracellular cholesterol transporter ABCA1 

decreases apoE levels in the CNS, leaves the remaining apoE poorly lipidated, and results 

in increased Aβ plaque deposition when bred to several different hAPPFAD transgenic 

mouse lines (72-74). Accordingly, these findings suggest enhanced interaction of poorly 

lipidated apoE with Aβ, leading to more plaque formation (72-74). 

In contrast, transgenic mice expressing hAPPV717F and human apoE3 or apoE4 

directed by a glial fibrillary acidic protein (GFAP) promoter on a mouse apoE knockout 

(mEKO) background had fewer Aβ deposits and neuritic dystrophy than hAPPFAD/mEKO 

mice (75). These data suggested that human apoE mediates the clearance of Aβ, with 

apoE3 and apoE2 promoting clearance better than apoE4 (75, 76). This supported some 

of the earlier seemingly contradictory in vitro data, showing that apoE3 had a higher 

affinity for Aβ (67). Likewise, neuron-expressed human apoE3 or apoE4 on a mEKO 

background in hAPPFAD mice (line J9) also modified Aβ-related behavioral deficits and 

neuropathology in an isoform-dependent manner (13, 56). Generally, when co-expressed 

with hAPPFAD in mice, both apoE3 and apoE4, regardless of the cellular source (neurons 

or astrocytes), efficiently clear Aβ from the brain in young mice. However, at older ages, 

apoE4 mice have more Aβ deposits than apoE3 mice, again regardless of the cellular 

source of apoE (13, 76-78). 

As such, the dual-role of apoE in AD pathology as a chaperone for Aβ deposition 

and/or clearance is complex. Either scenario implicates apoE in maintaining a 
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homeostatic balance of Aβ levels in the brain. More recently, apoE/Aβ interaction studies 

have begun to focus on small oligomeric Aβ assemblies, in addition to fibrillar deposits. 

A recent study has reported that apoE4 synergizes with oligomeric Aβ42 to induce LTP 

impairment (79). Additionally, a 13-kDa C-terminal fragment of apoE (~amino acids 

182–299) has been proposed to stabilize Aβ hexamers, supporting the hypothesis that 

increased levels of apoE fragments induce Aβ-related neurotoxicity (60, 80).  

Based on these results, several strategies have been proposed for the development of 

Aβ-related anti-AD drugs. One strategy supports inhibiting the interaction of apoE with 

Aβ to prevent fibrillization (81, 82). Another favors the stimulation of apoE production 

and interaction with Aβ, especially apoE3 or apoE2 over apoE4, to support Aβ clearance 

(83). These two strategies propose different biological roles for apoE/Aβ interaction. For 

example, in a recent study, a non-fibrillogenic Aβ12-28 peptide (conferred by a valine-to-

proline substitution at residue 18) competitively inhibited the in vivo interaction of apoE 

with Aβ and subsequent plaque formation in hAPPV717F mice on a mouse apoE 

background (82). Levels of total Aβ, plaques, and cerebral amyloid angiopathy were 

decreased, and learning and memory were improved. The authors suggest that blocking 

the interaction of apoE with Aβ could be a promising therapeutic approach for AD. 

Conversely, another recent study tested the clearance hypothesis for human apoE through 

viral-mediated gene transfer of human apoE2 or apoE3 in vivo. Using the apoE-

expressing lentivirus in hAPPV717F mice on a mEKO background, the authors found that 

expression of apoE3 decreased Aβ levels and reduced Aβ deposition (83). They also 

showed that expression of apoE4 under the same conditions promoted Aβ deposition and 
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increased soluble Aβ levels. The authors concluded by also suggesting that increasing 

apoE expression to further promote its interaction with Aβ might lead to enhanced Aβ 

clearance and prove to be beneficial to AD patients. Clearly, the basic questions about the 

mechanistic function of apoE and the nature of its interaction with Aβ (whether a 

negative or positive role) needs to be defined to aid in the development of anti-AD 

therapeutics targeting apoE.  

 

Aβ-Independent Role of ApoE in AD Pathogenesis: ApoE Proteolysis Hypothesis 

In addition to glial sources, apoE is produced by neurons during stress or brain injury, 

most likely to increase cholesterol transport, facilitate repair processes, and/or to protect 

neurons from further injury (24, 36, 60). Thus, the cellular source of apoE is an important 

factor, especially with recent data demonstrating neuron-specific proteolysis of apoE (29, 

30). The proteolysis of apoE by an unknown chymotrypsin-like serine-protease occurs 

near the end of the lipid-binding domain (Leu-268 and/or Met-272), and yields C-

terminal truncated fragments with a molecular mass of ~29 kDa, from which 14–20 kDa 

fragments can be further generated (29). Both lengths of fragments are neurotoxic in vitro 

and in vivo (28-30, 84). Increased proteolysis is observed in the brains of humans and 

transgenic mice with apoE4 more often than in those with apoE3 and is absent when the 

cellular source of apoE is purely from astrocytes (28-30, 85). Overall, apoE4 proteolysis 

reduces the level of full-length apoE, which may interfere with its normal cellular 

function. 

These isoform-dependent cleavages may result from conformational differences 

between apoE3 and apoE4, such as the domain interaction that occurs in apoE4 but not in 
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apoE3 (86-88). Evidence for this comes from studies showing almost complete inhibition 

of apoE proteolytic cleavage in vitro when the residues necessary for domain interaction, 

Arg-61 and Glu-255, are mutated to Thr-61 or Ala-255 (37). In addition, domain 

interaction causes impaired intracellular trafficking of apoE4 from the ER to the Golgi 

apparatus in neuronal cells (89). Consequently, the retention of apoE4 in the ER or Golgi 

may increase its chance of proteolysis, misfolding, and degradation, further contributing 

to neuronal stress and toxicity (89). 

These data thus support the hypothesis that a specific conformation of apoE at the 

lipid-binding domain determines an isoform-specific susceptibility to its dysfunction. 

Neuronal expression of apoE4 leads to its accumulation in the secretory pathway and 

increased susceptibility for proteolysis yielding neurotoxic fragments that may disrupt the 

cytoskeleton through tau hyperphosphorylation and impair mitochondria (24, 36, 37, 60). 

Accordingly, overexpression of the major apoE4 fragment in mice, truncated at amino 

acid 272–299 (apoE4∆272–299), causes AD-like neuronal and behavioral deficits in 

transgenic mice expressing high levels of the fragment at young ages (6–7 months) (29) 

or with low levels of the fragment at old ages (12–13 months) (59). 

 

Summary and Objectives 

The apoE4 isoform confers increased risk for AD; however, the precise mechanism for its 

role remains unknown. Several theories place apoE4 in the amyloid cascade as a 

pathological chaperone to Aβ-related neurotoxicity or as an inherently unstable molecule 

prone to degradation and fragmentation. Either of these possibilities could be true and are 

not mutually exclusive. For instance, during aging, apoE fragments might accumulate 
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over time, thus reducing functional pools of apoE available for mediating Aβ clearance 

and leading to its simultaneous detrimental accumulation. Additionally, it is unknown 

whether these apoE fragments might synergize with Aβ or its various aggregated forms 

to exacerbate toxicity and neuronal impairments. 

The objective of this study was to investigate the ability of C-terminal-truncated 

apoE4 to mediate Aβ clearance and to determine if C-terminal-truncated apoE4 

synergizes with Aβ in eliciting neuronal and behavioral deficits. For this purpose, J20 

hAPPFAD mice were cross-bred to apoE4(∆272–299) transgenic mice, in which a major 

apoE4 fragment found in AD brains was expressed in neurons at low levels (29, 59). 

Since Aβ binds at the apoE C-terminus within the apoE lipid binding domain, the 

truncation of apoE in this region may impact its interaction with Aβ. Therefore, 

hippocampal Aβ levels and extent of deposition in the mice expressing either hAPPFAD 

alone, or with apoE4(∆272–299), apoE3, or apoE4 were measured. Levels of calbindin, 

MAP2, and cFOS were also assessed to determine if apoE4(∆272–299) synergized with 

Aβ toxicity to impair neuronal function. Elevated plus maze and Morris water maze 

behavioral tests were performed to determine if there were exacerbations in anxiety levels 

or learning and memory impairments. 
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CHAPTER 2 

Materials and Methods 

Reagents. Minimum essential medium, non-essential amino acids, 

penicillin/streptomycin, sodium pyruvate, and fetal bovine serum were from Invitrogen 

(Rockville, MD). Polyclonal goat anti-human apoE was from Calbiochem (San Diego, 

CA). Monoclonal 3D6 antibody against human Aβ was from Elan Pharmaceuticals 

(South San Francisco, CA). The anti-mouse and anti-goat IgG coupled to Alexa-488 or 

Alexa-594 was from Invitrogen. Horseradish peroxidase–coupled anti-mouse and anti-

goat IgG were from Dako (Carpinteria, CA). ECL was from Amersham Biosciences 

(Arlington Heights, IL). Recombinant human apoE4 and apoE4(∆272-299) were kindly 

provided by Dr. Karl Weisgraber (Gladstone Institute of Neurological Disease, San 

Francisco, CA).  Aβ42 peptide was from Biopeptides (San Diego, CA) and monomers 

were prepared as described (90). 

Mice. J20 hAPPFAD mice express hAPP harboring the Swedish (K670N, M671L) and 

Indiana (V717F) mutations under the control of the PDGF promoter (12). These mice 

were backcrossed with murine apoE knockout mice (mEKO) and subsequently cross-bred 

with NSE-apoE3, NSE-apoE4, or Thy1-apoE4(∆272–299) mice on the mEKO 

background. hAPPFAD mice with mouse apoE (hAPPFAD/mE) were used in some analyses 

as controls. Similar numbers of male and female mice were studied at 6–8 months of age, 

except in behavioral experiments, in which female mice were studied at 5–9 months of 

age.  
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Tissue collection. Mouse brains were collected after deep anesthesia with avertin and 

transcardial perfusion with 0.9% saline. The left hemibrain was snap-frozen on dry ice; 

the right hemibrain was fixed in 4% paraformaldehyde for 48-h. After a 24-h rinse in 

phosphate-buffered saline (PBS), hemibrains were immersed in 30% sucrose/PBS and cut 

into 30-µm-thick sections on a Leica sliding microtome mounted with a freezing stage 

(Physitemp). 

Aβ ELISA. Total Aβ (Aβ(1-x)) and Aβ42 levels in the hippocampus were measured by 

enzyme-linked immunosorbent assay (ELISA) as described (14). Briefly, snap-frozen 

hemibrains were thawed, and the hippocampi were dissected, weighed, and homogenized 

in 5 M guanidine buffer (10x volume/weight). Homogenates were spun at 14,000g for 20 

min to pellet debris, serially diluted, and applied to plates coated with anti-Aβ42 (clone 

21F12) and anti-total-Aβ (clone m266) to detect Aβ peptides. The detection antibody was 

biotinylated anti-Aβ clone 3D6. All sample dilutions used to calculate Aβ levels were 

within the detection range based on a simultaneously generated standard curve. 

ApoE and Aβ binding assay. Ninety-six-well plates were coated with Aβ40 or Aβ42 (330 

ng/well) (Biopeptides), washed several times with washing buffer (PBS containing 0.05% 

Tween-20), and blocked overnight at 4°C with 4% bovine serum albumin in PBS. 

Subsequent incubations were performed at room temperature. The highest concentration 

of apoE4 or apoE4(∆272–299) was 62.5 ng (18.1 nM) diluted in 100 µl of blocking 

buffer with fourfold dilutions thereafter. The mixture was applied to the Aβ-coated plate 

for 1-h, the plate was washed, and bound apoE was detected with a polyclonal anti-apoE 

antibody (Calbiochem). Anti-goat IgG labeled with horseradish peroxidase and TMBE 
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substrate (Thermo-Pierce) were sequentially applied, and the resulting signal was read at 

450 nm on a SpectraMax M5 plate reader (Molecular Devices); data were collected with 

Softmax Pro. Each experiment was performed in duplicate and repeated three times. The 

detection of the apoE peptides by the polyclonal anti-apoE was determined to be 

comparable in a separate assay in which apoE4 or apoE4(∆272–299) was coated at 50 

ng/well onto a 96-well ELISA plate. Polyclonal anti-apoE was diluted serially starting at 

1:4000 and fourfold thereafter and applied as the detection antibody by a protocol similar 

to above. Assay was performed in triplicates and repeated twice. 

Immunohistochemistry, image collection, and quantitative analysis. Floating mouse 

brain sections (30 µm) were immunostained with mouse anti-human Aβ (clone 3D6, Elan 

Pharmaceuticals), goat anti-apoE (Calbiochem), mouse anti-MAP2 (SIGMA), rabbit anti-

calbindin (Swant), and rabbit anti-Fos (Chemicon). Fluorescence was detected with 

donkey anti-goat Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 488, and donkey anti-

mouse Alexa Fluor 594 (Invitrogen). Signals were detected with biotinylated goat anti-

rabbit IgG (Vector) or biotinylated donkey anti-mouse IgG (Jackson Immunoresearch 

Labs) and the ABC Elite detection kit (Vector Laboratories, Burlingame, CA) and 

diaminobenzidine (DAB). DAB-immunostained sections were analyzed for percent area 

occupied by plaques using Image J software (NIH). The optical density of calbindin 

immunoreactivity and the number of Fos-positive granule cells were quantified as 

described (14). To measure the levels of MAP2 immunoreactivity, images of four 

fluorescently immunostained sections (300 µm apart, starting at Bregma -1.6) from each 

mouse were collected with an epifluorescent upright microscope (Leica) using a 10x 

objective. Fluorescence intensities were quantified using Image J software (91). 
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Thioflavin S staining and quantification. Four serial sections (spaced 300 µm apart 

starting at Bregma –1.6) from each mouse were mounted onto Superfrost-plus slides 

(Fisher) and allowed to air-dry. After two rinses in PBS, the slides were incubated in 

0.25% potassium permanganate for 5–10 min, washed three times in PBS, incubated in 

2% K2O5S2 and 1% oxalic acid for 5 min, washed three times in PBS, and stained with 

0.015% Thioflavin S in 50% ethanol for 10 min. The slides were differentiated in 50% 

ethanol, rinsed with water and then PBS, and coverslipped. Quantification of Thioflavin 

S–positive plaques was performed manually using a 20x objective by an investigator 

blinded to the mouse genotypes. Data represent the average number of plaques per 

section in the hippocampal subfield of four sections per animal from 4–7 mice per 

genotype. 

Morris water maze. A water maze pool with a diameter of 122 cm containing opaque 

water at 22–23°C was used with a platform 10 cm in diameter submerged 1.5 cm during 

hidden platform sessions (16, 29, 55). The platform base was switched to a black-and-

white-striped mast (15 cm high) during cued training sessions. Mice were trained to 

locate the hidden platform for 5 days, in two daily sessions, each consisting of two 60-s 

trials 15 min apart. For the cued platform assessment, the mice were trained for 3 days in 

two daily sessions 3.5-h apart, each consisting of two 60-s trials with a 15-min intertrial 

interval. The platform location remained constant during the hidden platform sessions 

and was changed for each cued platform session. Entry points were changed 

semirandomly between trials. At 24-, 72-, and 120-h after the last hidden platform 

training, a 60-s probe trial (platform removed) was performed. Performance was 

monitored with an EthoVision video-tracking system (Noldus Information Technology). 
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Elevated plus maze. The elevated plus maze assesses anxiety in naive rodents by 

challenging them to decide between exploring a novel environment and anxiogenic 

elements such as elevation and a brightly illuminated area or hiding in safe, enclosed 

narrow space. The maze consists of two open arms and two closed arms equipped with 

rows of infrared photo-cells interfaced with a computer (Hamilton). Mice were placed 

individually into the center of the maze and allowed to explore for 10 min. The number 

of beam breaks was automatically recorded to calculate the amount of time spent, 

distance moved, and number of entries into the open or closed arms. Between tests, the 

maze was cleaned with 70% ethanol to standardize odors. 

Detection of Aβ*56 oligomer. Snap frozen hemi-brains were slowly thawed on ice and 

dissected to isolate only the cortex and hippocampus. A four step-fractionation protocol 

was used as described (17). Briefly, the tissue was homogenized in 500 µl of NP40 lysis 

buffer (50 mM Tris-HCl, 0.01% NP40, 150 mM NaCl, 2 mM EDTA, 0.1% SDS) 

supplemented with PMSF, protease and phosphatase inhibitors (Sigma) and centrifuged 

at 3000g for 10 min at 4°C. The supernatant was collected and respun at 13000g for 90 

min at 4ºC to obtain an extracellularly enriched fraction. The resulting pellet received 500 

microliters of TNT buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Triton X-100) with 

inhibitors, was vortexed vigorously and pipetted repeatedly to resuspend the pellet, and 

spun at 13000g for 90 min at 4°C to obtain the intracellular fraction. The final remaining 

pellet was resuspended in RIPA buffer (50 mM Tris-HCl, 0.5% Triton X-100, 150 mM 

NaCl, 1 mM EDTA, 3% SDS, 1% sodium deoxycholate) with inhibitors and respun at 

26000rpm for 90 min at 4°C. The resulting supernatant was considered the membrane-

bound fraction, assayed for total protein content by the bicinchoninic acid assay (BCA 
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kit, Pierce) and 500 µg of total protein was used for immunoprecipitation with 6E10 anti-

Aβ (Signet). Lysates were eluted from the protein-G magnetic beads (Pierce), resolved by 

electrophoresis on 4–12% Bis/Tris Novex gels (Invitrogen), transferred to nitrocellulose 

membranes, and probed with biotinylated-6E10 (Signet, 1:2000). 

Western blot. Snap frozen hemibrains that were not used for Aβ measurements were 

quickly thawed on ice, dissected to obtain the hippocampus, and homogenized in a low-

detergent buffer (50 mM Tris pH 7.5, 150 mM sodium chloride, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, protease and phosphatase inhibitor cocktails). Homogenates 

were spun down at 30,000g for 30 min at 4ºC, and the supernatant was collected. All 

lysates were assayed for total protein concentrations with a BCA kit. Twenty micrograms 

of protein for each sample were loaded into 12% Bis/Tris Novex gels (Invitrogen) and 

run for 1-h at 200 mV. Proteins were transferred to nitrocellulose membranes and 

successful transfer was detected by Ponceau staining. Membranes were blocked for 1-h in 

5% milk/TBS/0.5% Tween-20 and incubated with primary antibody (actin, apoE, APP) 

overnight at 4ºC in the same blocking buffer. Secondary antibody incubation was 

performed for 1-h at room temperature.  

Statistical analysis. Values are expressed as mean ± SEM or SD. The statistical 

significance of differences between means was assessed by Student’s t test or one-way 

ANOVA and Tukey-Kramer and Bonferroni post hoc tests (behavioral comparisons). 

Analysis of dissociation constants, Kd, was determined from a one-site binding non-

linear regression equation. The differences in mouse survival were assessed by Kaplan 

Meier analysis. 
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CHAPTER 3 

C-Terminal-Truncated Apolipoprotein E4 Inefficiently Clears Aβ Peptides and Acts 

in Concert with Aβ to Elicit Neuronal and Behavioral Deficits in Mice 

Generation of hAPPFAD mice expressing human apoE3, apoE4, apoE4(∆272–299), or 

mouse apoE. To determine the effect of the apoE4 fragment on Aβ levels in brains, 

transgenic mice expressing the C-terminal-truncated human apoE4 [apoE4(∆272–299)] at 

low levels (29) were cross-bred with the J20 line of hAPPFAD mice (12). To avoid the 

potential combined effect of human and mouse apoE (mE), both parental lines were first 

bred onto the mouse apoE knockout (mEKO) background. The mice used in this study 

were hAPPFAD/apoE4(∆272–299)/mEKO, hAPPFAD/mEKO, apoE4(∆272–299)/mEKO, 

and mEKO. To generate hAPPFAD/apoE3/mEKO and hAPPFAD/apoE4/mEKO mice as 

additional controls, NSE-apoE3/mEKO and NSE-apoE4/mEKO mice (54) were crossed 

with hAPPFAD/mEKO mice. hAPPFAD mice expressing endogenous mouse apoE 

(hAPPFAD/mE) were also included in the study as additional controls. Expression of 

different forms of apoE at similar levels did not alter the levels of hAPPFAD in transgenic 

mice (Fig 1). To examine the potentially additive or synergistic effect of the apoE4 

fragment with Aβ on neuronal and behavioral deficits, young hAPPFAD mice at 6–8 

months of age were used, an age before extensive Aβ deposition occurs (12). The 

neuropathological studies focused on the hippocampus because it is preferentially 

affected in AD.  
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FIGURE 1  

 

Figure 1. Expression levels of hAPPFAD and apoE in the hippocampus of different 

transgenic mice. A, Western blot analysis of full-length hAPPFAD (includes alternatively 

spliced isoforms APP695, APP751, and APP770), actin, and apoE in hippocampal lysates 

from different transgenic mice at 6–8 months of age. B, Ratios of apoE to actin in 

hippocampal lysates from different transgenic mice. C, Ratios of hAPPFAD to actin in 

hippocampal lysates from different transgenic mice. Values are mean ± SEM. n = 3 per 

genotype. *p < 0.05 by one-way ANOVA with Tukey’s post-hoc test. Abbreviations: 

NTG, nontransgenic; APP, hAPPFAD; mEKO, mouse apoE knockout; E3, apoE3; E4, 

apoE4; E4-272, apoE4(∆272–299).  
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Higher hippocampal Aβ levels in hAPPFAD/apoE4(∆272–299) mice than in hAPPFAD 

mice expressing apoE3 or apoE4. As determined by ELISA, Aβ(1–x) and Aβ42 levels in 

the hippocampus were 94% lower in hAPPFAD/apoE3/mEKO and 89% lower in 

hAPPFAD/apoE4/mEKO mice than in hAPPFAD/mEKO mice (Fig. 2A,B), consistent with 

the strong stimulation of Aβ clearance by apoE3 and apoE4 (13, 76-78). However, the 

Aβ(1–x) and Aβ42 levels were significantly higher in hAPPFAD/apoE4/mEKO than in 

hAPPFAD/apoE3/mEKO mice, suggesting that apoE4 is less able to clear Aβ or has a 

higher tendency to retain Aβ than apoE3. Total Aβ and Aβ42 levels were 3.5-fold and 6.8-

fold higher in hAPPFAD/apoE4(∆272–299)/mEKO than in hAPPFAD/apoE4/mEKO mice 

but 63% and 65% lower than in hAPPFAD/mEKO mice (Fig. 2A,B). Thus, the apoE4 

fragment is less able to clear Aβ or has a higher tendency to retain Aβ than the full-length 

apoE4. hAPPFAD mice with endogenous mouse apoE (hAPPFAD/mE) had higher total Aβ 

levels than hAPPFAD/mEKO mice and similar levels of Aβ42, suggesting that mouse apoE 

does not significantly stimulate Aβ clearance or strongly retains Aβ in the brain. 

The ratio of Aβ42 to total Aβ is frequently used to indicate the fibrillogenic potential 

of a mixture of Aβ species (12). This ratio was about twofold higher in 

hAPPFAD/apoE4(∆272–299)/mEKO mice than in hAPPFAD/apoE3/mEKO and 

hAPPFAD/apoE4/mEKO mice, although significantly lower than in hAPPFAD/mEKO mice 

(Fig. 2C). Thus, apoE4 fragment affects Aβ42 clearance and/or retention more than full-

length apoE3 and apoE4. The ratio of Aβ42 to total Aβ was similar in hAPPFAD/mE and 

hAPPFAD/mEKO mice (Fig. 2C), suggesting that mouse apoE affects the clearance and/or 

retention of Aβ42 and other Aβ species equally.  
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FIGURE 2 

 

Figure 2. Aβ levels in the hippocampus of different mice at 6–8 months of age. A, B, 

Levels of Aβ1-x (A) and Aβ42 (B) were determined by a sandwich ELISA of  

hippocampal lysates homogenized in 5 M guanidine-HCl. C, Aβ42/Aβ1-x ratios for each 

genotype. In A–C, values are mean ± SEM. n = 11–17 per genotype. *p < 0.05, **p < 

0.01, ***p < 0.001 by Student’s t-test for APP/mE versus APP/mEKO comparisons and 

one-way ANOVA with Tukey’s post hoc test for all other comparisons. D–H, Serial 

sections (30 µm thick collected 300 µm apart) from APP/mE (D), APP/mEKO (E), 

APP/E4-272/mEKO (F), APP/E3/mEKO (G), and APP/E4/mEKO (H) mice were 

immunostained with 3D6 monoclonal antibody. I, Percent area of Aβ deposition 

determined by densitometry. Values are mean ± SEM. n = 4–17 per genotype. *p < 0.05, 
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**p < 0.01 by one-way ANOVA with Tukey’s post hoc test. Abbreviations: APP, 

hAPPFAD; mE, mouse apoE; mEKO, mouse apoE knockout; E3, apoE3; E4, apoE4; E4-

272, apoE4(∆272–299). 

 

Greater hippocampal Aβ deposition in hAPPFAD/apoE4(∆272–299) mice than in 

hAPPFAD mice expressing apoE3 or apoE4. To assess Aβ deposition, brain sections 

were immunostained with the 3D6 monoclonal antibody and the area of Aβ deposits in 

the hippocampus were quantified (12). Aβ accumulation in hAPPFAD/apoE3/mEKO and 

hAPPFAD/apoE4/mEKO mice was mostly in the hilus of the dentate gyrus (Fig. 2G,H) 

and only about 11% and 13% of the area, respectively, of those in hAPPFAD/mEKO mice 

(Fig. 2I), which were more widespread (Fig. 2E), as reported (92). The Aβ deposits in 

hAPPFAD/mE mice had dense cores (Fig. 2D) and were Thioflavin S–positive (Fig. 3A), 

while those in hAPPFAD/mEKO mice were Thioflavin S–negative diffuse plaques (Fig. 

2E and Fig. 3B). The area of Aβ deposition was fivefold greater in 

hAPPFAD/apoE4(∆272–299)/mEKO mice than in hAPPFAD/apoE3/mEKO or 

hAPPFAD/apoE4/mEKO mice (Fig. 2I). The location and morphology of Aβ deposits 

were similar in hAPPFAD/apoE4(∆272–299)/mEKO mice and hAPPFAD/mEKO mice (Fig. 

2E,F), although the area was 46% smaller in hAPPFAD/apoE4(∆272–299)/mEKO mice 

(Fig. 2I). There were no Thioflavin S–positive plaques in hAPPFAD/apoE4(∆272–

299)/mEKO mice (Fig. 3C). Thus, mouse apoE stimulated dense-core plaque formation 

(92), while human apoE4 fragment led to more diffuse Aβ accumulation in the brain 

parenchyma. 
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FIGURE 3 

 

 

Figure 3. Thioflavin S staining of hippocampal sections from different transgenic mice. 

A–E, Serial sections from APP/mE (A), APP/mEKO (B), APP/E4-272/mEKO (C), 

APP/E3/mEKO (D), and APP/E4/mEKO (E) mice were stained with Thioflavin S. F, 

Quantification of the average number of Thioflavin S–positive plaques per section. 

Values are mean ± SEM. n = 4–9 per genotype. *p < 0.05, ***p < 0.001 by one-way 

ANOVA with Tukey’s post hoc test. Abbreviations: APP, hAPPFAD, mE, mouse apoE; 

mEKO, mouse apoE knockout; E3, apoE3; E4, apoE4; E4-272, apoE4(∆272–299). 
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ApoE4(∆272–299) is not present in Aβ deposits and has a lower binding affinity for 

Aβ than apoE4. Double immunofluorescence staining for apoE and Aβ revealed that 

apoE3 and apoE4 localized within Aβ deposits in the dentate gyrus of the hippocampus 

in hAPPFAD/apoE3/mEKO and hAPPFAD/apoE4/mEKO mice (Fig. 4B,C). In 

hAPPFAD/mEKO mice, as expected, there was no apoE staining in neurons or Aβ deposits 

(Fig. 4A). Surprisingly, apoE4(∆272–299) was not detected within any Aβ deposits in the 

CA1, CA3, and dentate gyrus of hAPPFAD/apoE4(∆272–299)/mEKO mice (Fig. 4D–F). 

Thus, apoE4(∆272–299) may not interact as effectively with Aβ in vivo as apoE3 and 

apoE4.  

To test this possibility, an in vitro binding assay was performed in which different 

forms of apoE were incubated in 96-well plates coated with Aβ peptides. Although the 

apoE detection antibody had equal affinities for apoE4 and apoE4(∆272–299) (Fig. 4I), 

apoE4(∆272–299) bound less well to Aβ40 and Aβ42, compared to apoE4 (Fig. 4G,H), 

suggesting that the C-terminal region of apoE (aa 272–299) is critical for its interaction 

with Aβ. Thus, the higher Aβ levels in hAPPFAD/apoE4(∆272–299)/mEKO mice than in 

hAPPFAD/apoE4/mEKO mice (Fig. 2A,B) are likely due to the decreased ability of 

apoE4(∆272–299) to bind with Aβ, contributing to impaired Aβ clearance. 
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FIGURE 4 

 

Figure 4. Fluorescence immunostaining for Aβ and apoE in the hippocampus of different 

mice at 6–8 months of age. A, ApoE immunoreactivity is absent in APP/mEKO mice. B, 

C, ApoE colocalizes with Aβ in Aβ deposits in hAPPFAD mice expressing apoE3 (B) or 

apoE4 (C). D–F, The apoE4 fragment does not colocalize with Aβ in hAPPFAD mice 

expressing apoE4-272. G, H, Aβ interaction with apoE4 or apoE4-272 detected by 
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ELISA. Aβ40 (G) or Aβ42 (H) was coated onto 96-well microtiter plates (330 ng/well) and 

allowed to bind to decreasing concentrations of recombinant apoE4 or apoE4-272 

(starting amount was 62.5 ng with fourfold dilutions thereafter). Bound apoE was 

detected with a polyclonal apoE antibody. I, The polyclonal anti-apoE reacts equally well 

with apoE4 and apoE4-272 in an ELISA. ApoE4 or apoE4-272 was coated at 50 ng/well 

onto a 96-well ELISA plate. Polyclonal anti-apoE was diluted serially starting at 1:4000 

and fourfold thereafter and applied as the detection antibody. Data points are mean ± SD. 

***p < 0.001 for differences assessed by a one-site binding non-linear regression 

equation. 

 

ApoE4 fragment acts in concert with Aβ to elicit neuronal deficits in mice. To next 

determine if the apoE4 fragment and Aβ act in concert to elicit neuronal deficits, an 

immunostaining was performed for MAP2, a dendritic marker (54). ApoE4(∆272–

299)/mEKO mice, which had no Aβ accumulation in the hippocampus, showed a trend 

toward lower MAP2 immunoreactivity (IR) in the hilus and molecular layer of the 

dentate gyrus than mEKO mice (Fig. 5A,B,E,F), which had similar MAP2 IR to apoE3 

transgenic mice, as reported (93). hAPPFAD/mEKO mice, which had high levels of Aβ in 

the hippocampus (Fig. 2A,B,E,I), had a significant reduction in MAP2 IR in the hilus and 

molecular layer of the dentate gyrus (Fig. 5A,C,E,F).  
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Importantly, the MAP2 reduction in both areas was similar in hAPPFAD/apoE4(∆272–

299)/mEKO mice, which had 63% lower Aβ levels and 46% less Aβ deposition than 

hAPPFAD/mEKO mice (Fig. 2A,B,F,I), and in hAPPFAD/mEKO mice (Fig. 5C,D,E,F). 

There was no significant difference in MAP2 IR in the CA1 area of the hippocampus 

among the various groups of mice (Fig. 5G). Thus, the apoE4 fragment appears to have 

enhanced toxicity in the presence of low levels of Aβ to cause a pronounced decrease in 

MAP2 levels, probably a reflection of dendritic impairment specifically in the hilus and 

molecular layer of the dentate gyrus. Interestingly, the premature death of hAPPFAD mice, 

as reported (16, 29, 55), was also similar in hAPPFAD/mEKO and hAPPFAD/apoE4(∆272–

299)/mEKO mice (Fig. 5H), although the latter had significantly lower Aβ levels and Aβ 

deposition. These findings support the possibility that the toxicity of the apoE4 fragment 

is further increased in vivo in the presence of low levels of Aβ and may contribute to the 

early mortality observed in the mice. 
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FIGURE 5 
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Figure 5. Immunostaining of MAP2 in different mice at 6–8 months of age. A–D, MAP2 

staining in representative sections from mEKO (A), E4-272/mEKO (B), APP/mEKO (C), 

and APP/E4-272/mEKO (D) mice. E–G, MAP2 IR determined by densitometry in the 

hilus (E), the molecular layer of the dentate gyrus (DG) (F), and the CA1 region (G) of 

the hippocampus. Values are mean ± SEM. n = 7–22 per genotype. *p < 0.05, **p < 

0.01, ***p < 0.001 by one-way ANOVA with Tukey’s post hoc test. H, The differences 

in mouse survival were assessed by Kaplan Meier analysis. n = 73 for mEKO, n = 92 for 

E4-272/mEKO, n = 64 for APP/mEKO, n = 74 for APP/E4-272/mEKO; ***p < 0.001. 

IR, immunoreactivity; A.U., arbitrary units. 

 

Immunostaining was also performed for calbindin, an activity-dependent calcium 

binding protein that is significantly decreased in the dentate gyrus of mouse models of 

AD and whose levels correlate with cognitive impairment (14). ApoE4(∆272–

299)/mEKO mice, which had no Aβ accumulation in the hippocampus, displayed 

moderately less calbindin IR in the molecular layer of the dentate gyrus than mEKO mice 

(Fig. 6A,B,E). hAPPFAD/mEKO mice, which had high levels of Aβ in the hippocampus 

(Fig. 2A,B,E,I), had a greater reduction in calbindin IR (Fig. 6A,C,E). Importantly, the 

calbindin reduction was similar in hAPPFAD/apoE4(∆272–299)/mEKO mice, which had 

63% lower Aβ levels and 46% less Aβ deposition than hAPPFAD/mEKO mice (Fig. 

2A,B,F,I), and in hAPPFAD/mEKO mice (Fig. 6C,D,E). Thus, the apoE4 fragment may be 

more toxic in the presence of low levels of Aβ, leading to a pronounced decrease in 

calbindin levels. Furthermore, hAPPFAD/apoE4(∆272–299)/mEKO mice had significantly 

reduced calbindin IR in the CA1 stratum radiatum layer of the hippocampus, unlike mice 
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expressing either apoE4(∆272–299) or hAPPFAD alone (Fig. 6F), supporting a possible 

synergistic effect of the apoE4 fragment and Aβ in this subregion. 

 

FIGURE 6 
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Figure 6. Immunostaining of calbindin in different mice at 6–8 months of age. A–D, 

Calbindin staining in representative sections from mEKO (A), E4-272/mEKO (B), 

APP/mEKO (C), and APP/E4-272/mEKO (D) mice. E, F, Calbindin IR determined by 

densitometry in the dentate gyrus (E) and the CA1 region (F) of the hippocampus. Values 

are mean ± SEM. n = 7–22 per genotype. *p < 0.05, **p < 0.01, ***p < 0.001 by one-

way ANOVA with Tukey’s post hoc test. IR, immunoreactivity; A.U., arbitrary units. 

 

The granule cells of the dentate gyrus were analyzed for expression of Fos, an 

immediate-early gene encoding a synaptic activity-dependent protein. A reduction in the 

number of Fos-positive granule cells may indicate neuronal impairment and/or decreased 

synaptic activation (14). hAPPFAD/mEKO mice, which had high levels of Aβ 

accumulation, and hAPPFAD mice expressing apoE4(∆272–299), which had significantly 

lower Aβ accumulation, had similar reductions in the number of Fos-positive granule 

cells to levels much lower than those in mice not expressing any apoE or only 

apoE4(∆272–299) (Fig. 7). Thus, activity-dependent Fos transcription was significantly 

reduced in the presence of apoE4 fragments and/or Aβ. The decrease in the number of 

Fos-expressing neurons may be attributed to toxicity of Aβ alone in the hAPPFAD/mEKO 

mice, or due to enhanced toxicity of the apoE4 fragment when combined with low levels 

of Aβ in hAPPFAD mice expressing apoE4(∆272–299). Furthermore, these reductions in 

Fos-positive neurons suggest that apoE4 fragment and Aβ may either impair the signaling 

pathways that induce Fos expression in response to neuronal activation or cause general 

synaptic dysfunction in these neuronal populations.  
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FIGURE 7 

 

 

Figure 7. Immunostaining of Fos in the dentate gyrus of different mice at 6–8 months of 

age. A–D, Representative anti-Fos images from mEKO (A), E4-272/mEKO (B), 

APP/mEKO (C), and APP/E4-272/mEKO (D) mice. E, Quantification of Fos-positive 

granule cells in the dentate gyrus of different mice. Values are mean ± SEM. n = 7–22 

per genotype. *p < 0.05 versus mEKO mice and **p < 0.01 versus E4-272/mEKO by 

one-way ANOVA with Tukey’s post hoc test. Abbreviations: APP, hAPPFAD; mEKO, 

mouse apoE knockout; E4-272, apoE4(∆272–299). 
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ApoE4 fragment acts in concert with Aβ to elicit behavioral deficits in mice. To next 

determine if the apoE4 fragment and Aβ act in concert to induce behavioral deficits, 

spatial learning and memory were assessed by the Morris water maze test. At 5–9 months 

of age, mEKO mice quickly learned to find the hidden platform (Fig. 8A). At this age, 

mEKO mice learn as well as wildtype mice in the Morris water maze (94). However, 

hAPPFAD/mEKO mice showed a mild, but significant deficit in spatial learning (Fig. 8A). 

ApoE4(∆272–299)/mEKO mice did not differ significantly from mEKO mice in the 

hidden platform trial at this young age (Fig. 8Α). hAPPFAD/apoE4(∆272–299)/mEKO and 

hAPPFAD/mEKO mice had similar impairments in spatial learning (Fig. 8A), although the 

former had 63% lower Aβ levels and 46% less Aβ deposition (Fig. 2A,B,I). Swim speeds 

did not differ among various groups (Fig. 8D), indicating that the impairment was not due 

to motor deficits. All mice performed equally well in visible platform trials (Fig. 8A). In 

the probe trials, 72 h (Fig. 8B) and 120 h (Fig. 8C) after the last hidden platform trial, 

hAPPFAD/apoE4(∆272–299)/mEKO mice had impaired memory retention, while 

apoE4(∆272–299)/mEKO and hAPPFAD/mEKO mice did not (Fig. 8B,C), suggesting a 

concerted or synergistic detrimental effect of apoE4 fragment and Aβ on memory 

retention. 

In the elevated plus maze, both mEKO and apoE4(∆272–299)/mEKO mice had 

normal levels of anxiety at 5–9 months of age (Fig. 9). However, abnormalities in anxiety 

were observed in hAPPFAD/mEKO mice and further increased in hAPPFAD/apoE4(∆272–

299)/mEKO mice (Fig. 9). 
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FIGURE 8 

 

 

Figure 8. Learning and memory impairments and abnormal anxiety in hAPPFAD mice 

expressing apoE4(∆272–299). A–C, Spatial learning and memory were tested in the 

Morris water maze in female mice at 5–9 months of age. A, Learning curves for the 

hidden portion of the water maze. Repeated measures ANOVA and Tukey/Bonferroni 

multiple comparison tests were performed for the learning curves across hidden days 1–5. 

B, C, Memory in probe trials 72 h (B) and 120 h (C) after the last session of the hidden 

platform trial. D, No difference in swim speeds during the hidden platform trials in the 

Morris water maze among mEKO, E4-272/mEKO, APP/mEKO, and APP/E4-272/mEKO 

mice. Values are mean ± SEM. n = 6–10 per genotype. *p < 0.05, **p < 0.01 for 

platform crossings versus average of crossings over the equivalent position of the 
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platform in the other three quadrants by Student’s t test, and for the learning curves by 

ANOVA with Tukey/Bonferroni post-hoc comparisons; HD, hidden day; VD, visible 

day. Abbreviations: APP, hAPPFAD; mEKO, mouse apoE knockout; E4-272, 

apoE4(∆272–299).  

FIGURE 9 

 

 

Figure 9. Anxiety was assessed in the elevated plus maze test. mEKO and E4-

272/mEKO mice preferred the closed arms of the elevated plus maze significantly more 

than the open arms. APP/mEKO mice did not show a preference. APP/E4-272/mEKO 

mice spent significantly more time in the open arms of the elevated plus maze. Values are 

mean ± SEM. n = 6–10 per genotype. **p < 0.01, ***p < 0.001 for percent time spent in 

closed arms versus open arms by Student’s t test. Abbreviations: APP, hAPPFAD; mEKO, 

mouse apoE knockout; E4-272, apoE4(∆272–299). 
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Accumulation of pathogenic Aβ oligomers in hAPPFAD/apoE4(∆272–299)/mEKO 

mice with low levels of total Aβ. In searching for mechanisms underlying the concerted 

effects of apoE4 fragment and low levels of Aβ on neuronal and behavioral deficits, the 

levels of Aβ*56, a putative pathogenic Aβ oligomer species that correlates with learning 

and memory deficits in different lines of hAPPFAD mice, were measured (17, 19, 95). 

Aβ*56 isolated from hAPPFAD mouse brains also elicits memory deficits when injected 

into the brains of wildtype rats (17). Interestingly, hAPPFAD/apoE4(∆272–299)/mEKO 

mice had a trend toward significantly greater Aβ*56 levels (p = 0.05) than 

hAPPFAD/mEKO mice (Fig. 10B), although the former had 63% lower Aβ levels (Fig. 

2A,B). The overall total hAPP levels were comparable in the two groups of mice (Fig. 1 

and 10). Thus, apoE4 fragments inefficiently clear Aβ peptides, which may result in the 

enhanced formation and/or accumulation of Aβ*56 to possibly contribute to the 

development of neuronal and behavioral deficits.  
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FIGURE 10 

 

 

Figure 10. Accumulation of Aβ oligomers in the hippocampus of hAPPFAD/apoE4(∆272–

299)/mEKO mice with low levels of total Aβ. A, Western blot analysis of Aβ*56 and 

full-length hAPP. B, Quantification of Aβ*56. C, Quantification of hAPP. Values are 

mean ± SEM. n = 3 per genotype. p-value obtained by Student’s t test. Abbreviations: 

APP, hAPPFAD; mEKO, mouse apoE knockout; E4-272, apoE4(∆272–299); IOD, 

integrated optical density; A.U., arbitrary units. 
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CHAPTER 4 

Conclusions and Discussion  

This study shows that hAPPFAD/apoE4(∆272–299)/mEKO mice had much higher 

levels of total Aβ and Aβ42 and more Aβ deposits than hAPPFAD/apoE3/mEKO and 

hAPPFAD/apoE4/mEKO mice at 6–8 months of age. ApoE4(∆272–299) did not colocalize 

with Aβ in deposits and had a lower binding affinity for Aβ42 and Aβ40. Thus, it likely has 

less ability to clear Aβ  than full-length apoE3 and apoE4, rather than a greater tendency 

to stimulate Aβ deposition. Furthermore, the C-terminal-truncated apoE4 fragment acts in 

concert with lower levels of Aβ to elicit neuronal and behavioral deficits in mice at 5–9 

months of age. Thus, apoE4 fragments and Aβ may act in concert to contribute to AD 

pathogenesis. 

Importantly, these data demonstrate for the first time that the C-terminal 28 amino 

acids (aa 272–299) in apoE are critical in mediating its interaction with Aβ and thus in 

Aβ clearance, at least in mice. ApoE has two structural domains—an amino-terminal 

domain (aa 1–191) containing the receptor binding region (aa 135–150) and a carboxyl-

terminal domain (aa 222–299) containing the lipid binding region (aa 241–272), which 

are linked by a hinge region (aa 192–221) (26). In vitro studies of the interaction between 

apoE and Aβ identified the lipid-binding domain as the binding partner for Aβ peptides 

(61, 63). These findings suggest that the C-terminal 28 amino acids (aa 272–299) affect 

the conformation of this domain, altering its interaction with Aβ. In agreement with this 

possibility, biophysical studies suggest that the lipid-binding domain has a less organized 

structure in C-terminal-truncated apoE4 than in apoE4 (96, 97). In addition, C-terminal-
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truncated apoE4 fragments are more abundant in AD brains than in age-matched controls 

(28, 29). Others reported lower levels of apoE4 in AD brains than in controls (98). Thus, 

an increase in the ratio of C-terminal-truncated apoE4 to apoE4, which conveys a 

decreased ability to clear Aβ, might contribute to increased Aβ accumulation and plaque 

formation in AD patients with apoE4. 

The data confirm that both apoE3 and apoE4 stimulate Aβ clearance in young mice, 

while mouse apoE stimulates more Aβ deposition than the absence of apoE (92). This 

observation has implications for understanding the effect of apoE on Aβ metabolism and 

for validating and interpreting clinical trials of anti-Aβ therapy. Almost all preclinical 

drug development studies related to Aβ are performed in hAPPFAD mice with mouse 

apoE (99). If mouse apoE differs significantly from human apoE in regulating Aβ 

metabolism (mouse apoE stimulates Aβ deposition, but human apoE stimulates Aβ 

clearance), as demonstrated in the current and previous studies (77, 78, 92), drugs that 

work well in hAPPFAD mice with mouse apoE might not work well in AD patients with 

human apoE. This might explain at least to some extent the unsatisfactory outcome of 

many clinical trials targeting Aβ (99). Thus, hAPPFAD mice expressing different forms of 

human apoE are more reliable models for preclinical studies of drugs targeting Aβ. 

However, in hAPPFAD mice expressing human apoE3 or apoE4, significant Aβ 

accumulation usually appears after 12–16 months of age. Thus, hAPPFAD/apoE4(∆272–

299)/mEKO mice, which develop significant Aβ accumulation and neuronal and 

behavioral deficits at 6–8 months of age, represent an alternative mouse model for 

studying anti-AD drugs targeting both Aβ and apoE4.  
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Previously, it was reported that neuronal and behavioral deficits were observed in 

transgenic mice expressing high levels of C-terminal-truncated apoE4 fragments at a 

young age (6–7 months) (29) or low levels in old age (12–13 months) (59). The data 

reported here show that low levels of apoE4 fragments elicit marginal neuronal and 

behavioral deficits in young mice (5–9 months). However, in combination with low 

levels of Aβ, which alone do not cause deficits (100, 101), apoE4 fragments lead to 

significant premature death and more pronounced neuronal and behavioral deficits in 

mice at a young age. Thus, although Aβ is not necessary for apoE4 fragments to be 

involved in neuropathology, low levels of both cause early-onset neuronal and behavioral 

deficits in mice. Importantly, mice expressing apoE4 fragments accumulated similar 

levels of Aβ*56 as hAPP/mEKO mice (p = 0.05, Fig. 10B), despite overall lower levels 

of Aβ; however, it is not clear whether this was due to increased formation or decreased 

clearance of Aβ*56 in the presence of apoE4 fragments. The greater abundance of apoE4 

fragments in AD brains than in age-matched controls (28, 29) might facilitate Aβ*56 

accumulation, contributing to learning and memory deficits. Thus, in mice, apoE4 

fragments alone elicit neuronal and behavioral deficits, and the additional presence of Aβ 

or Aβ*56, even at low levels of each, accelerates the deficits. ApoE4 fragments may act 

in the same way to contribute to the pathogenesis and lower the age of onset of AD in 

humans. Consequently, apoE4 cleavage should also be considered a target for anti-AD 

drug development (24, 36, 37, 60). 

 



 41

CHAPTER 5 

Future Studies 

To identify potential novel apoE receptor(s) mediating Aβ clearance. As described in 

Introduction/Literature Review section, it has been suggested that the lipid-binding 

domain (aa 244–272) of apoE binds with Aβ peptides (48, 61, 63) to mediate their 

clearance through the LDL receptor and/or the LDL receptor–related protein (LRP1) 

pathways (102, 103). ApoE interacts with the LDL receptor and LRP1 through its 

receptor-binding domain (aa 135–150) in the N-terminus of the molecule (22). However, 

two paradoxical facts do not support these conclusions. First, the apoE2 isoform has 

impaired LDL receptor binding due to the presence of the cysteine-158. If clearance of 

the apoE-Aβ complex is indeed regulated by LDL receptor–mediated uptake of the 

complex from the extracellular milieu, apoE2 carriers would have highly increased Aβ 

levels and accelerated accumulation. Since this is clearly not the case in human brain 

samples, and apoE2 binding to Aβ is generally not impaired, other receptor(s) may exist 

which mediate the uptake of apoE-Aβ complexes for clearance. Second, as demonstrated 

in the current study, mouse apoE does not clear Aβ efficiently in the brain, although it 

does bind well with Aβ, the LDL receptor, and the LRP1. This again suggests the 

potential existence of an unknown receptor that mediates the clearance of apoE-Aβ 

complexes. The current study demonstrated that apoE4(∆272–299) cleared Aβ with 

~25% efficiency of the full-length apoE in mouse brains. While impaired Aβ binding of 

apoE4(∆272–299) may partially explain the decreased Aβ clearance, possible 
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interactions in the last 27 amino acids of apoE with an unknown receptor could also 

explain the phenomenon. That is, potential binding of the C-terminus (aa 272–299) of 

apoE to an unknown receptor may be a contributing mechanism of Aβ clearance 

mediated by apoE. Interestingly, the greatest difference in primary sequence between 

mouse and human apoE resides within this region (aa 272–299), which represents a good 

starting point in the development of experiments to identify the unknown receptor(s) in 

future studies.  

Although many genome-wide association studies (GWAS) have been conducted to 

date that consistently confirm the association of apoE4 with AD (2), it is interesting that 

susceptibility loci for an apoE receptor or a potential apoE-cleaving enzyme (AECE) 

have not been identified. One possibility for this is that the differences of apoE4 versus 

apoE3 in their intrinsic properties to bind with the receptor or to be cleaved by the 

protease are actually determinants for Aβ clearance and apoE proteolysis (not the 

receptor or AECE), respectively. In this case, the putative receptor or the AECE may not 

contribute to apoE4-related increase in AD risk. Another possibility is that the 

contribution of the putative receptor or AECE variations to AD risk would show up only 

within the same apoE genotype group. In other words, the genetic variations of the 

putative receptor or AECE might modify the risk of AD under a given apoE genotype 

(such as apoE3/3 or apoE4/4) but not across different apoE genotypes. Since all GWAS 

studies only compare apoE4 carriers with non-carriers (apoE3/3) in terms of their AD 

risk, any contributions of the putative receptor or AECE variations might not be 

identified or masked by the strong apoE4 effect due to the study design. Thus, it would be 

very interesting and important to reanalyze the GWAS data by grouping the samples into 
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apoE3/3 subjects with or without AD and apoE4/4 (may also include apoE4/3) subjects 

with or without AD to potentially identify AD susceptibility loci that modify AD risk 

within the same apoE genotype group. Finally, apoE fragment levels may need to reach a 

critical threshold to exert toxicity and thus, their detrimental properties might not be 

regulated by AECE levels and/or activity but rather by clearance and/or degradation. In 

this case, the clearance and/or degradation of apoE4 fragments is the major determinant 

for the levels of apoE4 fragments and, thus, the genetic variations of the enzyme itself 

may not be associated with AD risk. 

 

To explore the detailed mechanisms underlying the concerted effects of apoE4 

fragments and Aβ. Many of the findings in this study revealed that the single transgenic 

mice, either expressing apoE4(∆272–299) or hAPPFAD alone, did not demonstrate 

significant deficits or impairments at young ages. However, in the presence of the C-

terminal-truncated apoE4 fragment, there was evidence of toxicity in young mice even 

though the levels of Aβ were less than those in apoE null mice. In this study, the 

observed impairments were attributed to the concerted toxicity induced by both apoE4 

fragment and possibly Aβ*56 oligomers. The poor interaction between the apoE4 

fragment with Aβ may lead to decreased Aβ clearance as discussed, leading to increased 

Aβ* formation. However, apoE4 fragments might directly affect Aβ* formation, the 

formation of other toxic Aβ assembly states, such as dimers or trimers, or their 

degradation.  

In addition, how exactly apoE4 fragments, which are toxic to the mitochondria and 

the cytoskeleton of neurons, and Aβ oligomers, which may aberrantly bind post-synaptic 
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receptors to induce calcium dyshomeostasis and LTP impairments (104, 105), cooperate 

to cause neuronal and cognitive deficits is unknown. Does the accumulation of one 

protein before the other serve to initiate cellular stress pathways that might further 

weaken cellular responses to another insult? To test whether one toxic agent functions in 

first initiating cellular damage, an in vitro model such as primary neuronal cultures may 

be beneficial. Using primary neurons from mice expressing apoE4(∆272–299), the 

neurotoxic effect of various amounts of Aβ oligomers can be assessed. The experiment 

can be reversed so that the apoE4 fragment is variably expressed in the presence of low 

amounts of Aβ oligomers. Calcium and redox-sensitive dyes can be utilized to measure 

excitotoxicity and perturbations in mitochondrial function, respectively. Live-cell 

imaging of labeled mitochondria or other tagged mitochondrial proteins can be assessed 

for impairments in mitochondrial motility. ApoE4 trafficking through the secretory 

pathway is impaired in primary neurons (89), and thus, similar strategies can also be 

pursued.  

 

To explore the importance of apoE4 fragments in cognitive decline in humans. The 

current study also demonstrated that the onset of neuronal and behavioral impairments 

was detected at a relatively young age in the presence of both apoE4 fragments and low 

levels of Aβ. How these findings compare to human cases of preclinical or prodromal 

AD is unknown. Are there correlations between levels of apoE4 fragment and Aβ in 

human cerebral spinal fluid or plasma with age or degree of cognitive decline? C-

terminal-truncated apoE4 can be detected in plasma and is believed to be derived from 

the CNS. Levels of apoE4 fragments can also be assessed in cerebral spinal fluid as well. 
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Ongoing studies that attempt to correlate the extent of apoE4 fragmentation with levels of 

Aβ and cognition in young and aged human samples will add important insights towards 

understanding the relative contribution of apoE4 fragments to Aβ-dependent and Aβ-

independent neuronal and cognitive deficits in AD. 
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