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In vitro alterations in cellular cholesterol content or synthesis affect the 

cleavage of amyloid precursor protein (APP) to amyloidogenic peptides 

characteristic of Alzheimer’s disease (AD).  To determine whether a decrease in 

cholesterol synthesis would affect APP processing in vivo, we crossed cholesterol 

24-hydroxylase knockout (KO) mice, which exhibit a 50% reduction in sterol 

synthesis, with transgenic mice (B6.Cg-Tg(APPswe, PSEN1E9)85Dbo/J) that 
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develop AD and followed progression of the disease and lipid metabolism in the 

offspring.  APP expression and amyloid plaque deposition in the cortex and 

hippocampus of 3- to 15-month-old male and female AD mice were similar in the 

presence and absence of cholesterol 24-hydroxylase.  At 15 months of age, a 

modest but statistically significant decline in insoluble Aβ40 and Aβ42 peptide 

levels was detected in the hippocampus but not cortex of KO/AD mice versus 

WT/AD mice.  Amyloid plaque accumulation did not affect brain sterol or fatty 

acid synthesis rates in 24-hydroxylase WT or KO mice.  Unexpectedly, loss of 

one or two 24-hydroxylase alleles increased longevity in AD mice.  These studies 

suggest that reducing de novo cholesterol synthesis in the brain will not 

substantially alter the course of AD, but may confer a survival advantage. 
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INTRODUCTION 
 

  
 
 
 It was known in the first half of the twentieth century that high circulating 

levels of cholesterol played a role in development of atherosclerosis and heart 

disease (1).  Since then, intricate details of the pathways required for maintaining 

cholesterol homeostasis have been described.  In the early 1970s, with studies of 

metabolic defects in patients with severe, heritable forms of 

hypercholesterolemia, Brown, Goldstein and colleagues began documenting the 

molecular events involved in cholesterol trafficking, sensing and regulation of the 

cholesterol biosynthetic pathway (2-4).  The high degree of complexity and 

finesse with which cellular levels of this sterol are maintained parallels the lipid’s 

importance to survival in eukaryotes.   

Cholesterol is a necessary component of cellular membranes comprising 

as much as 25% of the lipid content of the mammalian plasma membrane.  

Cholesterol improves lipid packing, thereby decreasing membrane fluidity and 

permeability (5).  The sterol also modulates the activity of proteins that exist 

within the plasma membrane, particularly those involved in cholesterol 

metabolism.  In addition, cholesterol is utilized as a precursor in the generation of 

steroid hormones and bile acids, compounds important for long-range cellular 

communications and dietary lipid absorption, respectively. 
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The vertebrate nervous system is also highly enriched in cholesterol.  

Although the human brain accounts for only 2% of total body weight, it contains 

almost 25% of the body’s pool of unesterified cholesterol (6).  Importantly, 

cholesterol is the major lipid component of myelin sheaths, layered membrane 

processes elaborated by oligodendrocytes in the central nervous system (CNS) 

and Schwann cells in the peripheral nervous system (PNS).  These highly 

specialized membranes insulate axons, reducing membrane capacitance and 

increasing resistance.  These properties allow for rapid conduction of action 

potentials over considerable distances.  As expected, cholesterol rapidly 

accumulates in the mammalian CNS during the period of active myelination in 

nervous system development.  In addition to myelin sheaths, 20-30% of CNS 

cholesterol is found in the cell membranes of neurons and non-neuronal support 

cells, where it is thought to comprise an actively metabolized cholesterol pool (7).   

In order to meet cholesterol needs, organisms can obtain cholesterol by 

two means: diet and de novo synthesis.  Dietary cholesterol (in the form of 

chylomicrons) is transported to the liver via the circulation.  En route to and away 

from the liver, chylomicrons are converted to cholesterol-rich remnants, a 

consequence of interaction with endothelial lipoprotein lipase, which hydrolyzes 

triglycerides into free fatty acids and glycerol.  The liver takes up these remnants, 

as well as low-density lipoproteins (LDL) and very low-density lipoprotein 

(VLDL) remnants, through receptor-mediated endocytosis facilitated primarily by 
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the LDL receptor.  Cholesterol acquired in this way can be used to carry out 

cellular functions or can be packaged into new lipoprotein particles, 

predominately VLDL.  The latter particles are excreted into the circulation for use 

by peripheral tissues, particularly those that are highly metabolically active or are 

involved in steroid hormone biosynthesis.  Like the liver, peripheral tissues are 

able to take up LDL cholesterol through receptor-mediated endocytosis; however, 

only about 20% of circulating LDL cholesterol is utilized by extrahepatic organs 

and the remainder is returned to the liver (7). 

All nucleated cells are also capable of synthesizing cholesterol de novo.  

Despite the fact that the liver synthesizes and excretes large amounts of the sterol, 

peripheral tissues appear to acquire the majority of their cholesterol via synthesis 

(7).  Cholesterol is produced from acetate via a 20-step biosynthetic pathway 

termed the ‘mevalonate pathway’ (Figure 1, modified from (8)).  The rate-limiting 

step in this pathway is catalyzed by 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMG CoA reductase).  The expression and activity of this enzyme are 

under tight regulatory control dictated by cellular cholesterol content (9).  Statins, 

a class of pharmacological agents that competitively inhibit HMG CoA reductase  

effectively reduce hepatic cholesterol synthesis and lower plasma levels of LDL  

via a compensatory increase in LDL receptors (10).   
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Cholesterol levels in the organism are tightly maintained at a constant 

level (approximately 2,200 mg/kg body weight in mammals); therefore, it is 

necessary for cholesterol acquisition to be matched by an equivalent rate of 

excretion.  The rate of cholesterol turnover for a given species is proportional to 

the animal’s basal metabolic rate and can vary considerably among organs within 

the same animal (7).  In general, cholesterol that accumulates in peripheral tissues 

is shed through the outer membrane leaflet of cells via association with ApoA-I 

containing HDL particles returning to the liver.  Cholesterol can also be moved by 

ABC transporters in the liver and intestinal lumen or following conversion to 

water-soluble hydroxylated species by various sterol hydroxylating enzymes (7).  

Conversion to bile acids constitutes the major pathway for cholesterol excretion 

from the body, accounting for approximately 90% of the actively metabolized 

cholesterol pool.  This pathway is initiated through 7α-hydroxylation of sterol 

precursors (predominately cholesterol itself) by cholesterol 7α-hydroxylase 

(CYP7A1) or one of two oxysterol 7α-hydroxylases (11).  

Cholesterol metabolism in the brain is unique from other organs.  

Endothelial cells surrounding capillaries of the CNS are intimately associated 

with one another through tight junctions, or zona occludens, which form a 

protective impediment to solute diffusion known as the blood-brain barrier.  The 

presence of the blood-brain barrier prevents interaction of cells within the CNS 

with circulating lipoproteins, mandating that 100% of the organ’s cholesterol 
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demand be met by de novo synthesis.  Likewise, the presence of the blood-brain 

barrier necessitates an alternative pathway for cholesterol excretion from the 

CNS.  It was suggested early on that this pathway might involve hydroxylation of 

the cholesterol side chain and net efflux of a candidate, 27-hydroxycholesterol, 

from the brain was investigated; however, examination of aterio-venous 

differences in circulating oxysterols over the brain revealed the net excretion of a 

different molecule: 24(S)-hydroxycholesterol (12).  The presence of high 

concentrations of this sterol in the brain relative to other tissues had previously 

earned 24-hydroxycholesterol the monicker ‘cerebrosterol’ in the 1950s (13), 

although the oxysterol’s importance to brain cholesterol metabolism and 

cognition were not apparent at that time.  Conversion of cholesterol to 24-

hydroxycholesterol facilitates cholesterol turnover from the brain by improving 

the sterol’s solubility, allowing the sterol to freely diffuse across the blood-brain 

barrier down a concentration gradient.  In support of this pathway, 24-

hydroxylation of cholesterol shortens the half-life of the molecule in the rat brain 

from 2-4 months to approximately 12 hours (14).  Following efflux from the 

CNS, 24-hydroxycholesterol is transported to the liver via lipoprotein particles 

where the oxysterol is converted to bile acids (15).   

Lutjohann and colleagues hypothesized that a dedicated enzyme activity 

responsible for the conversion of cholesterol to 24-hydroxycholesterol might exist 

in the brain (12).  The enzyme that catalyzes this reaction was cloned from a 
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mouse liver cDNA library by Lund et al. in the mid-1990s (16).  The newly 

characterized cholesterol 24-hydroxylase represented a previously undocumented 

and somewhat atypical subfamily of cytochrome P450s (P450s), termed CYP46.  

Like other P450s, 24-hydroxylase shares a common P450 fold, a heme prosthetic 

group, interaction with a redox partner and dependence on molecular oxygen (17, 

18).  24-hydroxylase also requires NADPH as a cofactor for its catalytic activity 

(17).  In contrast to the other P450s, the enzyme contains a proline-rich segment 

at the extreme carboxy-terminus, which is being investigated as a candidate 

protein interaction motif.  Levels of the enzyme accumulate in the mouse and 

human brain with age, consistent with increasing concentrations of 24-

hydroxycholesterol in the same organs over time (16).  Interestingly, CYP46A1 

(the gene encoding 24-hydroxylase) and the associated protein product are highly 

conserved among vertebrate species and orthologues can be identified as far back 

in the evolutionary tree as echinoderms (D.W. Russell, personal communication). 

The above findings suggested a crucial role for cholesterol 24-hydroxylase 

in brain lipid metabolism.  To investigate this hypothesis, a strain of mice was 

engineered to lack expression of the enzyme (19).  The mutant animals were 

produced through standard gene targeting methods, with a vector directed at exon 

1 of Cyp46a1.  The introduced mutation fully ablates cholesterol 24-hydroxylase 

cDNA and protein production.  In its place, a heterologous DNA encoding a tau-

β-galactosidase (LacZ) fusion protein was introduced, such that reporter gene 
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expression is under control of the endogenous CYP46A1 regulatory elements.  β-

galactosidase reporter activity was used to examine the expression pattern of 24-

hydroxylase.  Lund et al. demonstrated that 24-hydroxylase has a restricted 

pattern of expression, limited to particular sub-classes of neurons of the CNS.  

These findings were consistent with the group’s previously reported in situ 

mRNA hybridization results (16).   

Upon gross examination, 24-hydroxylase mutant mice appear 

indistinguishable from wild-type controls.  With the singular exception of a 60-

80% reduction in levels of serum 24-hydroxycholesterol, sterol levels and bile 

acid production are normal.  Offspring from heterozygous matings exhibit a 

normal Mendelian pattern of inheritance of the mutant allele and the lifespan of 

24-hydroxylase deficient mice is normal.  There are no alterations overall in body 

weight or mass of individual organs.  Mutant mice exhibit no outward 

abnormalities in mating, grooming, feeding, or circadian behaviors (personal 

observation); however, 24-hydroxylase deficient mice exhibit a 40-50% reduction 

in cholesterol synthesis specifically in the brain (19).  This phenomenon occurs as 

a result of the inability of unmodified cholesterol to be removed across the blood-

brain barrier, which leads to negative feedback on the cholesterol biosynthetic 

pathway.  As a consequence, absolute cholesterol levels in the brains of these 

animals are normal, as is brain morphology down to the electron microscopic 

level (20). 
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 Interestingly, absence of cholesterol 24-hydroxylase and the concomitant 

reduction in brain cholesterol turnover have a profound effect on cognitive 

function (20).  24-hydroxylase knockout (KO) mice show an inability to improve 

at tasks requiring spatial, contextual or motor learning.  Additionally, induction of 

long-term potentiation (LTP, a proposed molecular correlate to learning and 

memory) is impaired at the synapses between pyramidal neurons of regions CA3 

and CA1 in the hippocampus.  Other aspects of synaptic transmission and 

plasticity, including spontaneous synaptic vesicle release (as determined by 

quantification of miniature synaptic currents) and long-term depression, are 

normal (20).  

 The 24-hydroxylase KO mice have two distinct, though related, metabolic 

abnormalities: 1) reduction in levels of 24(S)-hydroxycholesterol in the brain and 

plasma resulting from loss of cholesterol 24-hydroxylase activity, and 2) 

reduction in brain cholesterol synthesis due to feedback by accumulating 

cholesterol on the mevalonate pathway.  Kotti et al. used the LTP paradigm to 

independently investigate the role of each of these metabolic defects on the 

cognitive abnormalities exhibited by 24-hydroxylase null mice.  Oxysterols, 

including 24-hydroxycholesterol, have been shown to be potent activators of the 

liver X receptors (LXRα and LXRβ), ligand-activated transcription factors of the 

nuclear hormone receptor superfamily (21).  LXRs form obligate heterodimers 

with the retinoid X receptor (RXR) and upon ligand binding have been shown to 
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activate expression of genes involved in lipid metabolism (22).  In order to test 

whether loss of 24(S)-hydroxycholesterol signaling through LXR could explain 

the synaptic defects in the 24-hydroxylase KO mouse, Kotti et al. measured LTP 

in mice lacking LXRα and LXRβ.  These mice exhibited normal induction and 

duration of LTP with respect to wild-type slices, indicating that this pathway is 

not responsible for the LTP deficit in 24-hydroxylase KO mice (20).  Current 

evidence suggests that instead, the disruption of metabolite flux through the 

mevalonate pathway is responsible for the observed LTP phenotype.   Exogenous 

administration of mevalonate or the isoprenol geranylgeraniol to hippocampal 

slices prior to LTP-inducing theta-burst stimulation is sufficient to restore 

potentiation to WT levels (20). 

 Despite the vital role cholesterol plays in normal cellular physiology, this 

molecule is most widely identified with an involvement in human pathology.  

Notably, high levels of circulating cholesterol transported as LDL are associated 

with an increased risk of coronary artery disease and myocardial infarction (23), 

hence the common epithet “bad” cholesterol.  In addition to numerous 

environmental and dietary factors that can affect lipid homeostasis, a variety of 

genetic disorders have been described that arise from defects in cholesterol 

metabolism and lead to severe disease in humans (24).  The most prominent 

among these is familial hypercholesterolemia (FH) resulting from loss of LDL 

receptor function.  Patients with FH have plasma LDL levels that are several 
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times greater than normal.  They develop xanthomatous lesions of the skin and 

tendons and coronary artery disease at a very early age (25).  Myocardial 

infarction may occur before the age of 2 years and homozygous inheritance of FH 

mutations usually result in death by early adulthood.  

Altered brain cholesterol metabolism is also centrally involved in the 

etiology of numerous neuropathologies. Mutations in the cholesterol transport 

proteins NPC1 or NPC2 produce an autosomal-recessive lipid storage disorder 

known as Neiman-Pick type C disease (NPC).  NPC is characterized by 

accumulation of a variety of lipids (including cholesterol) in the endosomal 

compartment of cells of the liver, spleen and brain (26).  The disease is marked by 

progressive neurodegeneration, particularly affecting the thalamus and Purkinje 

cells of the cerebellum.  The course of disease is variable among patients, but 

common symptoms include ataxia, speech impairments and dementia.  Ultimately 

death ensues, before the age of 15 in some forms of the disease.  NPC1 and NPC2 

are sterol binding proteins that appear to act along the same intracellular pathway 

to transfer cholesterol out of the lysosomal compartment (27).  Mouse models of 

NPC recapitulate major features of the disease, particularly endosomal lipid 

accumulation, demyelination and neurodegeneration, with death occurring 

between 11 and 12 weeks of age (28).  Published findings from animal models 

strongly suggest that the pathology of the disease is dependent on accumulation of 

cholesterol rather than other lipids (28, 29). 
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To date, there have been no reported cases of human cholesterol 24-

hydroxylase deficiency.  There are suggestions, however, that polymorphisms in 

the CYP46A1 gene may be associated with impairment in synaptic function and 

neurodegenerative disease (30).  Since 2002, at least 23 studies have been 

published that attempt to explore the relationship between one or more 

polymorphisms in CYP46A1 and Alzheimer’s disease (summarized at 

www.alzforum.org); however, there is no consensus among these studies, as half 

of them report effects of the investigated polymorphism on AD progression and 

the remaining half demonstrate negative findings.  Likewise, it has been purported 

that plasma levels of 24-hydroxycholesterol may be altered in patients with 

neurodegenerative disease.  According to Lutjohann et al., plasma levels of 24-

hydroxycholesterol vary inversely with the severity of disease, such that elevated 

plasma levels of this sterol may be used as an early marker of neurodegeneration 

(31); however, plasma concentration of 24-hydroxycholesterol may be dependant 

on the rate of hepatic clearance and has been demonstrated to vary widely, 

particularly with age and LDL cholesterol levels (32, 33). 

Multiple disorders of lipid metabolism are associated with polymorphisms 

and mutations in the gene encoding for apolipoprotein E (ApoE), a 37 kDa 

glycoprotein found on the surface of chylomicron remnants, βVLDL and some 

HDL particles, conferring an ability on these particles to interact with LDL- and 

ApoE receptors (34).  ApoE is the predominate apolipoprotein of the central 
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nervous system, were it resides on lipoprotein particles that resemble HDL.  

These lipoproteins are thought to be produced by astrocytes for distribution of 

lipids among the cells of the CNS, particularly to distal neurites and sites of injury 

repair (35).  As such, neurons express a variety of receptors that are capable of 

mediating the internalization of ApoE-associated lipoproteins, including the LDL 

and VLDL receptors, LDL receptor-related protein (LRP), the ApoE receptor 2 

(ApoER2) and megalin (26).  In humans, ApoE exists in three isoforms (ApoE2, 3 

and 4 encoded by alleles ε2, ε3 and ε4) that differ only in amino acid constitution 

at two sites (36).  ApoE ε3 is most frequent allele among many ethnic 

populations, with an allele frequency of about 0.74.  ApoE2 has been shown to 

interact with low affinity to the LDL receptor, making internalization of ApoE2-

containing particles inefficient.  Failure to clear these particles leads to a disorder 

in E2 homozygotes known as dysbetalipoproteinemia, where levels of βVLDL 

and chylomicron remnants in the circulation are high, while LDL and total 

cholesterol levels remain at or below normal (37).  Patients with this genotype are 

also at increased risk for development of type III hyperlipoproteinemia, a disorder 

characterized by high circulating levels of VLDL cholesterol, hypertrigyceridemia 

and premature cardiovascular disease (38).  

It was discovered in the mid-1980s that large amounts of ApoE are 

synthesized at sites of peripheral and optic nerve injury (39, 40).  This finding led 

to the conclusion that ApoE may be required for storage and delivery of 
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cholesterol to neuronal membranes during injury repair.  ApoE4 is thought to be 

less effective than ApoE2 or E3 in this process.  There is evidence that the 

neuroprotective effects of ApoE are mediated through signaling properties 

intrinsic to the apolipoprotein receptors (specifically ApoER2), rather than as a 

direct result of lipid delivery (41).  Reelin, a protein first identified in mutant 

mouse models, binds to both ApoER2 and VLDLR, initiating a downstream 

signaling cascade dependent on Disabled (DAB-1) (42).  Loss of this signaling 

pathway results in severe neurodevelopmental and behavioral phenotypes in both 

mice and humans (43). 

One of the most intensively investigated yet elusive neuropathologies 

associated with ApoE is the link between inheritance of ApoE ε4 allele and 

development of late-onset Alzheimer’s disease (AD)(44).  AD is a progressive, 

fatal neurodegenerative disorder that is the leading cause of dementia among the 

elderly.  ApoE ε4 is associated with AD in a dose-dependent manner, with ε4/ε4 

carriers being at highest risk and having earlier and more rapid development of 

symptoms than any other ApoE genotype (45, 46).  The allele frequency of 

ApoE4 has been shown to be as high as 0.50 in patients with AD compared with 

0.14 in the general population (44, 47).  Strikingly, more than 80% of ApoE ε4 

homozygotes will develop AD by the age of 80 (45, 48).  

Alzheimer’s disease was first described in 1907 by Alzheimer, a German 

physician who identified a devastating dementing disorder in a relatively young 
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patient named Auguste D.  This subject was brought to a hospital in Frankfurt, 

Germany by her husband in 1901, at the age of 51 (49).  At the time, she was 

exhibiting progressive behavioral abnormalities that began with paranoia and 

feelings of intense jealousy toward her husband.  Auguste D. died in 1906 and her 

brain was examined histologically by Alzheimer, who reported findings of 

“intracellular fibrils” and “miliary foci” - now known as neurofibrillary tangles 

and amyloid plaques, respectively.  Two years after Alzheimer’s report, a 

colleague named Perusini published his own findings on four similar cases, with 

case number 1 being the same Auguste D.  At the time, Perusini recognized that 

the disease suffered by his young patients represented a form of “presenile 

disease” “recalling the main features of senile dementia” (49, 50).  Thus, it was 

recognized that the dementia referred to as ‘Alzheimer’s disease’ existed in two 

forms, early-onset (pre-senile) and senile, that shared common presentation and 

histopathological features. 

 Major advances into the genetics of and molecular events thought to 

underlie AD began in the early 1980s (51).  In 1984, Glenner published the 

sequence of amyloid-β peptide (Aβ), the major component of the extracellular 

and cerebrovascular amyloid deposits observed in the post-mortem brains of AD 

patients (52).  In the same year, Glenner also published a report that proposed a 

relationship between AD and Down’s syndrome.  The same Aβ peptide that had 

been found to comprise amyloid in AD was identified in the cerebrovascular 
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amyloid deposits of two individuals with Down’s syndrome (53) a genetic 

disorder resulting from full or partial trisomy of chromosome 21.  In the years 

surrounding these discoveries, there were multiple reports describing heritability 

of AD in families, some of which coincidentally demonstrated higher than normal 

incidence of Down’s syndrome (54-56).  Taken together, these findings suggested 

an AD susceptibility locus on chromosome 21, as was suggested by Glenner, who 

also proposed that the presence of Aβ peptide might be used as a diagnostic 

screen for AD (53).     

By the early 1990s, the gene encoding Aβ peptide had been identified as 

amyloid precursor protein (APP) on chromosome 21 and genetic linkage had been 

used to identify mutations of this gene in families with early-onset, autosomal 

dominant forms of AD (57, 58).  APP is a type I transmembrane protein with an 

as yet undetermined biological function.  APP deficient mice are viable and 

exhibit relatively subtle growth and behavioral abnormalities, whereas mice 

lacking APP and two structurally related gene-family members, amyloid 

precursor-like proteins 1 (APLP1) and 2 (APLP2), do not survive to birth (59).  

APP interacts with the adaptor protein Fe65, and targeted deletion of Fe65 and 

other family members in mice yields a phenotype similar to the APP family 

member triple knockout (60).  Fe65 has been shown to form a transcriptionally 

active complex with the intracellular domain of APP in vitro (60), but it is not yet 

clear what the functional relevance of this interaction is in the adult human brain.  
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Other reports suggest that the extracellular domain of APP is necessary for 

biological function (61). 

Amyloid precursor protein is sequentially proteolytically processed to 

generate peptide fragments, among which is Aβ (Figure 2).  The first step in the 

APP proteolytic cascade occurs either at the cell surface or within endosomes and 

is carried out by α- or β-secretases.  Alpha-secretases are members of the ADAM 

(A Disintegrin And Metalloproteinase) family of zinc proteases that cleave the 

extracellular domain of APP within the Aβ sequence (62).  This cleavage destroys 

the Aβ peptide, leading to production of non-amyloidogenic species.  Conversely, 

proteolysis of the APP ecto-domain can occur through the action of β-secretase or 

BACE-1 (for β-site APP Cleavage Enzyme).  BACE-1 is a type I transmembrane 

apartyl protease that cleaves APP further from the membrane than does α-

secretase (63).  Cleavage at this more distal site is responsible for generation of 

the amino-terminus of Aβ.   
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After cleavage by α- or β-secretase, APP becomes a substrate for γ-

secretase.  γ-Secretase has been shown to comprise four proteins, Presenilin-1 or 2 

(PSen1/2), Nicastrin, APH-1 and PEN-2, which interact to yield a catalytically 

active complex (64).  The presenilins are aspartyl proteases that constitute the 

enzymatic activity of the complex, whereas nicastrin is necessary for substrate 

recognition (64).  The nature of the reaction carried out by γ-secretase is referred 

to as regulated intramembrane proteolysis (RIP), an evolutionarily conserved 

process by which single-pass transmembrane proteins are cleaved within their 

membrane-spanning regions (65).  The acronym RIP was first coined in studies of 

the site-2 protease (S2P), a zinc metalloprotease responsible for processing sterol 

regulatory element binding proteins (SREBPs), which are involved in maintaining 

cellular cholesterol homeostasis.  In the case of SREBP (and other transmembrane 

signaling proteins, such as Notch), the intracellular domain released by RIP is 

translocated to the nucleus, where the fragment functions as a transcriptional 

regulator (65).  RIP cleavage of APP yields peptides ranging from 39- to 43 

amino acids in length, with the longer peptides demonstrating greater propensity 

to aggregate into plaques.  The most abundant among these fragments are Aβ40 

and Aβ42, with the value in subscript representing the number of amino acids in 

the peptide.     

While a multitude of ideas regarding the etiology of AD have derived 

from these findings, the ‘amyloid cascade’ hypothesis became and remains the 
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predominate hypothesis driving AD research (66).  According to this theory, the 

pathological events that precipitate cognitive decline in AD begin with abnormal 

or excessive processing of the amyloid precursor protein.  The amyloidogenic 

products of proteolysis aggregate into plaques, causing a series of molecular 

changes that lead to synaptic malfunction, tau hyperphosphorylation/ 

neurofibrillary tangle formation and ultimately neuron cell death.  This pathway 

of events is supported by several lines of evidence, including the findings that 1) 

mutations in the APP gene are sufficient to cause AD, 2) that gene triplication of 

APP in Down’s syndrome leads invariably to AD in the fourth or fifth decade of 

life, 3) that diffuse Aβ deposits precede senile plaque formation (implying a 

precursor-product relationship), neurofibrillary tangles and neurodegeneration and 

4) that Aβ peptides have been shown to exhibit neurotoxic properties in vitro (66, 

67).  APP mutations were later shown to account for only a very small proportion 

of FAD cases (68), but the findings provided impetus to the scientific community 

to search for additional AD genes in the hope of gaining insight into the 

underlying cause of the disease. 

It is now known that mutations in at least three genes are responsible for 

early-onset FAD in kindreds with multiple members affected over several 

generations (www.alzforum.org).  In addition to APP, mutations in PSEN1 

(chromosome 14) and PSEN2 (chromosome 1) have been identified.  PSEN1 

mutations were first reported in 1995 and account for the majority of early-onset 
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FAD cases (47, 69, 70).  PSEN2 is structurally related to PSEN1, but mutations in 

this gene account for fewer FAD cases (47).  The common feature among all 

early-onset AD mutations is believed to be a propensity for APP cleavage that 

yields longer, more amyloidogenic Aβ species.  Mutations in these three genes 

follow a fully penetrant, autosomal-dominant mode of inheritance and result in 

disease that begins before the age of 65.  In affected individuals, the disease is 

aggressive and progresses more quickly than in cases of senile (or late-onset) AD; 

however, familial, early-onset cases only account for one out of every twenty AD 

cases (51).  Most patients presenting with AD exhibit ‘sporadic’ development of 

the disease with onset after the age of 65.  Although there is strong evidence for 

heritability of late-onset AD, no causative genes have been identified (51).  

 To date, there are no cures for AD and current therapies are at best 

modestly effective at delaying symptoms of cognitive decline (71).  Investigations 

into new treatments center around the series of pathological events posited in the 

amyloid cascade hypothesis.  These primarily include reducing plaque burden by 

inhibiting processing of APP to Aβ, promoting alternative cleavage of APP by α-

secretase and accelerating clearance of Aβ from amyloid plaques.  Owing to a 

putative role for altered cholesterol metabolism in AD, the therapeutic potential of 

cholesterol-lowering statin drugs is being intensively investigated (72).  The 

results of many large-scale studies (both retrospective and prospective) have been 

largely inconclusive; however, some data show that statins exert beneficial effects 
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that are both dependent on and independent of cholesterol lowering (73).  In 

particular, during statin therapy, levels of intermediates in the cholesterol 

biosynthetic pathway are reduced as a direct consequence of HMG CoA reductase 

inhibition.  Production of the isoprenoid compounds farnesyl and geranylgeranyl 

diphosphate is compromised.  These compounds are used to modify (prenylate) 

small G-proteins of the ras superfamily.  In the absence of prenylation, G-protein 

function is disrupted and one outcome is a decrease in the inflammatory response 

(73).  As mentioned above, disruption of the flux of metabolites through the 

cholesterol biosynthetic pathway also appears to be the cause of the cognitive 

phenotype exhibited by 24-hydroxylase KO mice. 

 To further explore the consequences of alterations in cholesterol synthesis 

on the development of AD pathology, I designed a study using cholesterol 24-

hydroxylase deficient mice as a model of chronic reduction of brain cholesterol 

synthesis.  In some respects, cholesterol 24-hydroxylase KO mice represent a 

model of chronic CNS administration of HMG CoA reductase inhibitors (i.e., 

statins) in that they exhibit a marked reduction in brain cholesterol synthesis, 

albeit through a different mechanism.  In humans, there remains uncertainty about 

the ability of statins to penetrate the blood-brain barrier and thereby mediate long-

lasting changes in cholesterol synthesis.  Defects in 24-hydroxylase KO mice are 

specific to brain and persist throughout life. Animals lacking 24-hydroxylase were 

crossed to double-transgenic mice expressing human APP and PSEN1 proteins 
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bearing mutations associated with early-onset AD (74).  Pathological hallmarks 

associated with AD were examined in these animals over time. Tissues were 

harvested at three-month intervals between the ages of 3 and 15 months.  I 

examined amyloid plaque accumulation in the hippocampus and cerebral cortex, 

two regions of the brain known to be affected in AD and known to express 

cholesterol 24-hydroxylase at high levels to determine if plaque deposition is 

affected by alterations in cholesterol synthesis.  I also investigated changes in 

APP processing by quantifying levels of Aβ40 and Aβ42 peptides in soluble and 

insoluble (plaque) pools within these same brain regions.   Additionally, I 

examined relative levels of proteins involved in AD and cholesterol metabolism 

by immunoblotting to look for changes in protein levels between 24-hydroxylase 

WT and KO mice.  To determine if high levels of Aβ peptides or amyloid plaques 

were capable of modulating lipid synthesis in vivo, rates of cholesterol and fatty 

acid synthesis were measured in aged AD animals.  Finally, I designed a study to 

examine the effects of AD pathology on longevity in this mouse model.  

Together, the findings from these experiments provide insight into the interplay 

between cholesterol metabolism in the brain and AD.  Additionally, this genetic 

model may be used to assess the value of statin therapy for patients with AD.  
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MATERIALS AND METHODS 
 

I. Mouse Model

 

Mice lacking the enzyme cholesterol 24-hydroxylase (24-hydroxylase) 

were generated previously by targeting of the Cyp46a1 gene through homologous 

recombination in mouse embryonic stem cells, to generate a null allele (19).  The 

B6.Cg-Tg(APPswe, PSEN1E9)85Dbo/J (line 85) Alzheimer’s disease (AD) 

model was obtained from Jackson Laboratories (stock number 005864; Bar 

Harbor, Maine).  This mouse was generated by pronuclear co-injection of two 

individual linearized vectors, one encoding a human/mouse chimeric amyloid 

precursor protein (APP) harboring the Swedish (K670N/M671L) Alzheimer’s 

disease mutations (75) and the other encoding a human Presenilin 1 (PS1) protein 

with deletion of exon 9, both driven by mouse prion promoters (74).  AD mice 

were maintained in the hemizygous state.  To produce the animals used in this 

study, 24-hydroxylase KO mice on a mixed 129S6/SvEv x C57BL/6J background 

were mated to B6C3F1/J AD descendants of line 85 that had been backcrossed to 

C57BL/6J for at least 8 generations (information obtained from Jackson 

Laboratories).  Subsequently, 24-hydroxylase heterozygous/AD hemizygous 

(HET/AD) animals were crossed to 24-hydroxylase heterozygous animals to 

generate all possible genetic combinations and sexes of 24-hydroxylase and AD. 
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The genotypes of offspring were determined by PCR at weaning (between 

3 and 5 weeks of age) and, for animals used in a given experiment, were 

confirmed following euthanasia.  A 5 mm segment of tail was clipped and 

digested overnight at 55°C in 500 µL tail digestion buffer (100 mM Tris-HCl pH 

8.5, 5 mM EDTA, 0.2% SDS (w/v), 200 mM NaCl) containing 100 mg/mL 

proteinase K.  Undigested material was removed by centrifugation in a 

microcentrifuge at 14,000 rpm for 5 minutes.  DNA was precipitated by transfer 

of the resulting supernatants into new 1.5 mL microcentrifuge tubes containing 

500 µL 100% isopropanol.  Samples were gently shaken at room temperature for 

about 30 minutes or until DNA precipitates became visible.  The DNA was then 

pelleted by centrifugation at 14,000 rpm for 10 minutes.  The supernatant was 

removed by inversion of the tubes onto absorbent paper and pellets were 

dissolved in 500 µL TE buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8.0).  One µL 

of each DNA preparation was used per PCR reaction.  PCR genotyping protocols 

for 24-hydroxylase and the line 85 AD transgenic mouse model are described by 

Lund et al. and Jankowsky et al., respectively (19, 74).  PCR primers were 

purchased from Integrated DNA Technologies (Coralville, IA) and native Taq 

DNA Polymerase (Invitrogen; Carlsbad, CA) was used according to the 

manufacturer’s instructions.  PCR Nucleotide Mix was purchased from Roche 

Applied Science (Indianapolis, IN) and used at a final concentration of 200 µM 

each dNTP.  The 24-hydroxylase and APP/PSen1 PCR products were separated 
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on 2% and 1% agarose (w/v, Sigma-Aldrich; St. Louis, MO) gels, respectively.  

Agarose was prepared in 1x TBE (0.9 M Tris-borate, pH 8.0, 20 mM EDTA) and 

ethidium bromide was added to a final concentration of 1 µg/mL to allow product 

visualization by UV transillumination.  Gels were subjected to electrophoresis in a 

Sub-Cell GT horizontal electrophoresis chamber in 1x TBE using a PowerPac 

Basic power supply (Bio-Rad) at 100 V for up to 90 minutes.   

 

II. Tissue Collection 

 

For amyloid plaque and Aβ peptide quantification, male and female 

animals of all six possible genotypes were killed at 3, 6, 9, 12 and 15 months of 

age, ± 7 days (n ≥ 5 per group).  Animals were sedated in a chamber containing 

isofluorane inhalation anesthetic, then deeply anaesthetized with an 

intraperitoneal injection of 5 mg/mL ketamine/0.5 mg/mL xylazine (400 µL/10 g 

body weight) diluted from stock solutions into physiological saline (0.85% NaCl 

(w/v)).  The heads of sedated animals were immobilized in the prone position on a 

stereotactic frame using ear bars designed for small rodents.  The skin and 

muscles were removed from the base of the skull and a midsagittal incision was 

extended down the spine beyond the upper thoracic region.  The nose was secured 

toward the chest in order to stretch the back of the neck.  A small hook made from 

the bent tip of a 23-gauge hypodermic needle was used to pull gently on the atlas 
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to reveal the cisterna magna.  The dura covering the cisterna was punctured with a 

pulled microcapillary pipette connected through stiff, airtight Teflon tubing to a 

100 µL Hamilton GasTightTM syringe (Sigma-Aldrich).  With this setup, gently 

pulling the syringe plunge draws CSF into the micropipette.  After removal of 

CSF (routinely 2-15 µL), animals were euthanized by lethal exposure to 

isofluorane.  CSF was dispensed onto a small sheet of Parafilm and the volume 

was determined using a 10 µL Drummond Dialamatic Microdispensor (Sigma-

Aldrich).  Finally, samples were drawn into the middle of glass microcapillary 

tubes.  The ends of the tubes were heated with a miniature butane torch and were 

pinched shut with a small forceps to form an airtight seal.  All samples were 

stored long-term at -80°C. 

Following respiratory cessation, the abdominal cavities of experimental 

animals were opened and blood was drawn from the posterior vena cava using a 

23-gauge needle attached to a 0.5 M EDTA-rinsed 1 mL syringe.  Animals were 

decapitated and the brains were carefully removed, weighed and placed in a 60 

mm tissue culture dish containing ice-cold 1x Hank’s balanced salt solution 

without calcium, magnesium or phenol red (HBSS, Invitrogen; Carlsbad, CA).  

Subsequently, the liver was perfused through the hepatic portal vein with 3 mL 

ice-cold HBSS to remove the majority of blood.   After perfusion, the liver was 

removed, weighed and wrapped in labeled aluminum foil for long-term storage at 

-80°C.  Finally, under a dissecting microscope (Leica Wild MZ8, 12.5x 
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magnification), the intact brain was divided mid-sagittally into right and left 

halves.  The left half was prepared for future histological examination by fixation 

overnight at 4°C in 4% PFA (w/v), cryoprotected for 24 hours in 30% sucrose 

(w/v) at 4°C, and stored long-term at -80°C until needed.  From the remaining 

half, the cerebral cortex, hippocampus and cerebellum were isolated and placed in 

individual containers for storage at -80°C until needed.  Finally, a piece of tail 

was cut to confirm the genotype.  All tissues were frozen on dry ice immediately 

after dissection, until relocation to long-term storage at -80°C.   

 

III. Plaque Visualization 

 

a. Section Preparation 

 

Fixed hemi-brains from experimental animals were removed from -80°C 

storage and allowed to equilibrate to cutting temperature -23°C ± 3°C) in the 

cryostat chamber for 30 minutes.  Multiple 40 µm-thick coronal sections were 

made using a Microm HM550 OMVP cryostat (Richard Allen Scientific, now 

Thermo Scientific; Waltham, MA) specimen temperature, -18°C ± 3°C) from the 

genu of the corpus callosum through the caudal extent of the hippocampus.  

Sections were positioned successively onto one of six BondRiteTM slides (Richard 

Allen Scientific), such that each slide contained every sixth section for a total of 
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18-21 sections per slide, 240 µm apart in depth.  Each slide was labeled only with 

the corresponding animal’s unique identification number, which was assigned 

based on paternity and weaning order, but did not give any indication as to the 

sex, genotype or age of the animal at the time of euthanasia.  Completed slides 

were left to dry overnight at room temperature.  The next day, the slides were 

dried at 32°C on a slide warmer for 1 hour.  After drying, slides were post-fixed 

in 4% PFA for 15 minutes, rinsed 5 times in ddH2O and subsequently incubated 

in 1% glycine (w/v) in PBS at room temperature for 1 hour.  Following glycine 

treatment, slides were left overnight at room temperature to dry, then were stored 

at -80°C vertically in slide boxes which were wrapped with several layers of 

aluminum foil.   

 

b. Thioflavine S Staining 

 

Slides were removed from long-term storage and were allowed to warm to 

room temperature and dry before staining.  Slides were rinsed in ddH2O then 

stained by immersion for 5 minutes in a solution of 1% thioflavine S (w/v, Sigma-

Aldrich) in ddH2O.  Slides were then moved to 70% ethanol for 5 minutes, rinsed 

2 times in ddH2O and coverslips were mounted with Prolong GoldTM containing 

DAPI (Invitrogen), following the manufacturer’s instructions.  Mounting medium 

was allowed to cure overnight and coverslips were sealed at the edges with clear 
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nail polish.  Thioflavine S exhibits green fluorescence (excitation, 430 nm; 

emission, 550 nm), with spectral characteristics resembling GFP and fluorescein.  

DAPI fluoresces strongly only when bound to DNA (excitation, 358 nm; 

emission, 461 nm) and was used to visualize cell nuclei.    

 

c. Congo Red Staining 

 

Slides were removed from -80°C storage as described above for 

Thioflavine S staining.  Sections were stained with Congo Red and modified 

Mayer’s hematoxylin (Amyloid Stain Kit, Richard Allen Scientific) to visualize 

amyloid plaque and cellular nuclei, respectively.  Congo Red interacts with the β-

pleated sheet structure of amyloid, dyeing the plaques red, thereby allowing 

visualization.  The dye also exhibits an apple-green birefringence when viewed 

under polarized light.  Hematoxylin stains nuclei dark blue.  Congo Red working 

solution was prepared by adding 10 drops of the provided sodium hydroxide 

solution to 50 mL of Congo Red solution.  Slides were stained in Congo Red 

working solution for 20 minutes at room temperature, rinsed for 1 minute with 

ddH2O and then were stained for 5 minutes in the provided modified Mayer’s 

hematoxylin solution.  Following hematoxylin staining, slides were immersed in 

bluing solution for one minute, rinsed with ddH2O and dehydrated through graded 

alcohols to xylene as per the manufacturer’s instructions.  Coverslips were 
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mounted using Mounting Medium from Richard-Allen Scientific and allowed to 

cure at room temperature overnight before imaging. 

 

IV. Plaque Quantification 

 

a. Pilot Study 

 

An unbiased stereological approach was taken to characterize plaque 

accumulation in WT/AD and KO/AD mice.  Experimental and sampling 

parameters were developed based on methods described by Mouton (76).  A pilot 

study was conducted to determine the sampling frequency necessary to provide 

accurate results and sufficient power to perform statistical analyses.  One slide 

from each of six 9-month old male AD mice (three WT and three KO) was chosen 

at random according to numbers produced by Research Randomizer, an internet-

based random number generator (http://www.randomizer.org/form.htm; 1 

unsorted set of 500 non-unique numbers ranging from 1-6).  Selected slides were 

stained with Thioflavine S according to the protocol described above.  Sections 

were viewed using an Olympus BX51WI microscope and imaged on a Dell 

computer monitor via FireWire connection to a top–mounted MicroFireTM digital, 

color CCD camera.  Stereo Investigator (MBF Bioscience; Williston, VT) 

software version 6.0 was used for all stereological measurements and calculations.  
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An individual Stereo Investigator file containing all pertinent data was produced 

for each slide and results were also exported to Microsoft Excel for statistical 

analyses.   

Viewing slides under the 4x objective with the DAPI filter, the Stereo 

Investigator contour feature was used to draw outlines of the cerebral cortex and 

hippocampus (if applicable) for every section on each slide.  A separate contour 

label was used to distinguish cerebral cortical measurements from those of the 

hippocampus.  The software calculated the area within the contours, and 

therefore, the area of the outlined structures.  Once contours were drawn, 

objective strength was increased to 20x and the fluorescence filter was adjusted to 

visualize Thioflavine S-stained plaques.  A computer-simulated stereological 

probe known as the Cavalieri point counting grid was generated to appear on the 

computer screen over the sections of interest.  Grid points were programmed to 

appear uniformly every 5 µm and colored near-black to blend in with the tissue 

background.  Grid points overlaying fluorescent green plaques were easily 

identified by the observer and labeled using features inherent to the Stereo 

Investigator software.  Plaques within the cerebral cortex were labeled with a 

different marker from those in the hippocampus.  Labeled grid points were tallied 

for each tissue section and the area of plaque coverage estimated based on the 

number of grid points marked (76).  
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To compare results within and among experimental animals, data were 

converted to a fraction equaled to the area represented by plaque (as determined 

by the number of grid points labeled) divided by the total surface area of the 

region of interest (the area within the contour).   Plaque fractions were displayed 

graphically using Prism (GraphPad Software; La Jolla, CA).  From the results of 

the pilot study, it was demonstrated that plaque load would need to be measured 

in three sections from each slide to maximize sampling efficiency, while still 

achieving the desired statistical power (77).   

 

b. Thioflavine S v. Congo Red 

 

The pilot study also revealed uncontrollable variation in background 

signal on slides stained with Thioflavine S.  In order to account for this variation, 

background fluorescence was standardized by adjusting the duration of 

fluorescence image capture; however, even slight alterations in capture time 

yielded significant changes in the apparent size of plaques, making direct 

comparisons between slides impossible.  Therefore, Congo Red, a colorimetric 

amyloid stain was utilized as a dependable method of visualizing plaques in 

brightfield microscope images.  This method was employed for all plaque 

quantification subsequent to the Pilot Study.  All slides from selected age groups 

were stained simultaneously in staining dishes capable of holding up to 50 slides.  
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Slides were processed according to the protocol described above for Congo Red 

staining. 

 

c. Plaque Quantification in Study Animals 

 

One slide from each study animal was selected randomly and stained with 

Congo Red, as described above.  Results of the pilot study demonstrated that 

amyloid plaques were distributed evenly throughout the rostral-caudal extent of 

the cerebral cortex, thus three sections spaced 720 µm apart and containing both 

cerebral cortex and hippocampus were chosen.  Slides were labeled only with the 

unique animal number and contained no identifying marks or anatomical 

abnormalities that could be used to distinguish one sex or genotype from another.  

Slide labels were decoded only following completion of each age group in the 

study to avoid the introduction of bias.  

Plaque load was determined using the counting method described in the 

Pilot Study and results were exported to Microsoft Excel and Prism for statistical 

analyses.  Student’s t-test was conducted within Prism to assess differences 

between groups.  After completion of the study, a linear regression was calculated 

for all experimental groups, demonstrating positive linear correlation between 

plaque fraction and age in all AD sex/genotype combinations in cerebral cortex 

and hippocampus.   
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V. Aβ  Peptide Quantification 

 

a. Tissue Homogenization 

 

Brain tissues were thawed on ice and each sample was weighed to the 

nearest milligram (mg).  Tissues were homogenized in ice-cold 

radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1.0% NP-40 (w/v) 

0.5% sodium deoxycholate (w/v), 0.1% SDS (w/v) and 50 mM Tris-HCl, pH 8.0) 

containing CompleteTM EDTA-free protease inhibitor cocktail (Roche Applied 

Sciences; Indianapolis, IN) using a miniature 1-2 mL Dounce homogenizer (15 

strokes, tight pestle), as follows: 

Cerebral cortex: 1000 µL RIPA; Q.S. to 1500 µL after ultracentrifugation 

Hippocampus: 400 µL RIPA; Q.S. to 500 µL after ultracentrifugation 

RIPA homogenates were transferred to labeled thick-walled polycarbonate 

ultracentrifuge tubes and subjected to ultracentrifugation at 100,000 x g (53,000 

rpm in a TLA-100.2 rotor) in a Beckman Optima TLX ultracentrifuge (Beckman 

Coulter; Fullerton, CA) for one hour at 4°C.  The resulting supernatants were 

transferred to 1.5 mL microcentrifuge tubes and final volumes adjusted to those 

listed above.  Pellets were resuspended in ice-cold 70% (v/v) formic acid by 

trituration using a P200 Pipetman (Gibson; Middleton, WI) with a 200 µL tip (20 

triturations), as follows: 
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 Cerebral cortical pellets: 400 µL; Q.S. to 500 µL after ultracentrifugation  

Hippocampal pellets: 100 µL; Q.S. to 150 µL after ultracentrifugation 

 

Formic acid homogenates were ultracentrifuged for 80 minutes at 4oC and 

100,000 x g as described for RIPA homogenates above.  Immediately after 

centrifugation, cleared formic acid supernatants were removed from the centrifuge 

tubes using 200 µL gel-loading Pipetman tips, taking care not to disturb the 

cloudy surface film or pellet.  Supernatants were transferred to 1.5 mL 

microcentrifuge tubes and final volumes adjusted as described above.  RIPA and 

formic acid homogenates were stored at -80°C until needed for Aβ quantification. 

 

b. Protein Assay 

 

Protein levels in RIPA homogenates were determined using the Pierce 

(Pierce Biotechnology; Rockford, IL) BCA Assay kit, following the 

manufacturer’s instructions.  Briefly, 200 µL of BCA working reagent was mixed 

with 25 µL of sample (in duplicate) in a 96-well plate.  Color was allowed to 

develop for 15-20 minutes at 37°C or 1-2 hours at room temperature and the 

absorbances of the samples were read at 570 nM using an Opsys MR microplate 

reader with Revelation Quicklink software (Dynex Technologies; Chantilly, VA).  

Absorbance of bovine serum albumin (BSA) protein standards diluted in RIPA + 
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protease inhibitors was plotted against concentration using Microsoft Excel (XY 

scatter plot with absorbance on the x-axis and concentration on the y-axis) and the 

standard curve was fit with a second-order polynomial trendline.  Microsoft Excel 

2007 software was used to calculate the equation of the trendline, from which 

sample concentrations were determined.   

   

c. Quantitative ELISA 

 

Aβ40 and Aβ42 peptide levels in the cerebral cortex and hippocampus of 

study animals were determined by quantitative ELISA.  The ELISA protocol used 

in this study was developed based on published protocols (78).  Anti-amyloid beta 

(1-16) clone 6E10 (EMD Bioscience; Gibbstown, NJ and Covance; Princeton, NJ) 

was diluted 1:100 into bicarbonate coating buffer (0.1 M NaHCO3, 0.1 M Na2CO3 

pH 9.6).   Reacti-BindTM 96-Well ELISA plates (Pierce Biotechnology) were 

coated with 100 µL/well of the 6E10 antibody dilution overnight at 4°C with 

gentle rotation.  The following morning, plates were washed twice with 200 

µL/well of phosphate-buffered saline containing 0.05% (v/v) Tween 20 (PBST) 

and were blocked for 1 hour with 125 µL/well SuperblockTM buffer with Tween 

20 (Pierce Biotechnology) at room temperature.  Following blocking, plates were 

washed one time with 200 µL/well PBST and stored at 4°C in an airtight 

container with 200 µL PBST in each well.   
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As needed, coated assay plates were removed from 4°C storage and the 

storage solution was removed.  Aβ peptide standards and tissue homogenates 

were diluted to a range compatible with the assay and assayed in duplicate.  Up to 

four different dilutions of each sample were included per plate in order to obtain 

at least two dilutions within the linear range of the assay.  RIPA homogenates 

were assayed undiluted or diluted as needed with RIPA buffer containing protease 

inhibitors.  Peptide standards were prepared in the same buffer.  Formic acid 

homogenates were neutralized by adding 19 volumes of 1 M Tris base (pH 

unadjusted) and then diluted 2-40 fold with ddH2O.  The presence of high 

concentrations of Tris in the samples was found to interfere with the assay, 

reducing sensitivity approximately 5-fold.  Peptide standards for formic acid 

homogenates were prepared in neutralized formic acid that had been diluted with 

water to the same extent as the most concentrated sample.  Subsequent dilutions 

of samples and standards were made in this buffer such that Tris base and formic 

acid concentrations remained constant in all wells.  For samples in RIPA buffer, 

the assay standards were diluted serially from 4 ng/mL, and for formic acid 

samples, standards were diluted from 20 ng/mL.     

100 µL of each dilution was loaded per well and peptides were captured 

for 24 hours at 4°C with gentle rotation.  After capture, plates were washed 3 

times with 200 µL/well PBST and 1 time in PBS + 0.5% Tween 20 (Surfact-

Amps 20; Pierce Biotechnology) with 5 minutes of vigorous shaking during the 
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final wash.  Following washing, captured peptides were detected with a primary 

rabbit polyclonal antibody specific for either Aβ40 or Aβ42 (PC149 or PC150, 

respectively; Calbiochem, now EMD Bioscience; Gibbstown, NJ).  Primary 

antibodies were diluted to 0.5 µg/mL in Starting BlockTM blocking buffer with 

Tween 20 (Pierce Biotechnology) and 100 µL of the dilution was added per well.   

Plates were incubated overnight at 4°C with gentle rotation.  

On the final day, ELISA plates were removed from 4°C and washed as 

described above following the capture step.  Mouse anti-rabbit horseradish 

peroxidase (HRP)-conjugated secondary antibody was diluted 1:2000 in Starting 

BlockTM buffer with Tween 20 and 100 µL was added to each well of the plate.  

Plates were covered with aluminum foil and incubated for 1 hour at room 

temperature with gentle rotation.  Plates were washed as described above and 

dried by inversion onto absorbent paper with firm tapping. 100 µL/well of ABTS 

HRP substrate solution (1-Step ABTS; Pierce Biotechnology) was added.  Plates 

were allowed to develop at room temperature until the color in any of the wells 

reached dark green (usually 15-20 minutes).  At this point, absorbance of the 

reaction product was measured at 405 nm using a Synergy 4 microplate reader run 

by Gen 5 software (BioTek; Winooski, VT).  Data were exported to Microsoft 

Excel, which was used to prepare a standard curve (XY scatter plot with 

absorbance on the x-axis and concentration on the y-axis) and a linear trendline 
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was fit to the points on the curve.  The equation of the trendline was calculated in 

Excel and used to determine the concentration of peptide in each sample.   

 

VI.  In Vivo Cholesterol Biosynthesis 

 

Rates of cholesterol biosynthesis in tissues of live animals were 

determined by measuring the incorporation of tritiated water ([3H]H20) into 

cholesterol over a fixed period of time (79).  A series of studies was conducted to 

determine the effects of loss of 24-hydroxylase or advanced stage of plaque 

accumulation on rates of cholesterol biosynthesis in the whole brain and in 

specific brain sub-regions in mice.  To determine 24-hydroxylase gene dosage 

effects on brain cholesterol synthesis, male and female mice (n ≥ 5 per group) 

ranging from 10-16 weeks of age were studied.  Female mice between the ages of 

11 and 14 months (n = 10 per group) were used to examine effects of amyloid 

plaque and high Aβ peptide levels on cholesterol synthesis.  By this age, both 

WT/AD and KO/AD male and female mice have abundant plaques in cerebral 

cortex and hippocampus with plaque burden being higher in females.   

Experimental animals were group-housed through the morning of the 

experiment.  Each animal was injected intraperitoneally with 50 mCi [3H]H2O and 

transferred to an isolated box inside a fume hood.  Exactly one hour after 

injection, animals were euthanized by lethal isofluorane exposure. Blood was 
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removed from the posterior vena cava using a 23-guage needle attached to an 

0.5M EDTA-rinsed 1 mL syringe and thereafter transferred to a 1.5 mL blood 

collection tube (Sarstedt; Germany).  Tissues were dissected, weighed to the 

nearest milligram and saponified in alcoholic potassium hydroxide at 65°C.  

Cholesterol was isolated following digitonin precipitation and petroleum ether 

extraction using a protocol derived from Jeske and Dietschy (80).  Following 

cholesterol isolation, the remaining aqueous layer was acidified with HCl and 

fatty acids were extracted into hexane.  Isolated cholesterol and fatty acid samples 

were dried in glass scintillation vials and dissolved in 1 mL methanol.  15 mL of 

3a70B Complete Counting Cocktail scintillation fluid (Research Products 

International; Mt. Prospect, IL) was added.  Samples were counted for 5 minutes 

each in a Beckman LS6500 Multi-Purpose scintillation counter.  The specific 

activity of injected water was determined from analysis of blood samples, 

allowing the rate of incorporation of water into cholesterol and fatty acids to be 

calculated.  Results were represented graphically using Prism, and Student’s t-test 

was performed to assess differences between experimental groups. 
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VII. Analysis of Proteins Related to Cholesterol Metabolism and 

Alzheimer’s Disease 

 

The amounts of several proteins related to cholesterol metabolism and 

Alzheimer’s disease were assessed by immunoblotting.  Brain homogenates were 

prepared from female mice aged 11-13 months (n = 3 per genotype).  Animals 

were euthanized with isofluorane and brains were removed.  Each brain was 

weighed then divided in half mid-sagittally.  One half of the brain was fixed in 

4% PFA (w/v) and cryoprotected in 30% sucrose (w/v) as described above in 

“Preparation of Brain Tissue for Plaque Counting”.  The remaining half was 

homogenized in in 1 mL ice-cold TA buffer (2 mM CaCl2, 10% sucrose (w/v) and 

50 mM Tris-acetate, pH 7.4) containing CompleteTM EDTA-free protease 

inhibitor cocktail using a 2 mL Dounce homogenizer (20 strokes, tight pestle).  

Insoluble material was removed by centrifugation for 15 minutes at 14,000 rpm 

and 4°C in a microcentrifuge.  Protein concentrations of cleared homogenates 

were determined using the Pierce BCA assay kit.  Equal amounts (0.3 mg) of 

protein from each sample within a genotype were pooled and samples were 

diluted with TA buffer to a protein concentration of 2 mg/mL.  Protein pools were 

then mixed with an equal volume of 2x Laemmli sample buffer (4% (w/v) SDS, 

50% (v/v) glycerol, 0.02% (w/v) bromophenol blue, 125 mM Tris-HCl, pH 6.8; 
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Bio-Rad) containing 10% (v/v) β-mercaptoethanol followed by heating in a block 

for 10 minutes at 95°C.   

Polyacrylamide gels were prepared according to recipes published in 

Molecular Cloning: A Laboratory Manual (81).  Brain homogenate pools were 

loaded into wells of a 10% SDS-polyacrylamide gel and electrophoresed at 60-

120 V in a Hoeffer SE260 mini-vertical electrophoresis unit (GE Healthcare; 

Pittsburgh, PA) until the dye front approached the bottom of the gel. Precision 

PlusTM All Blue protein standards (Bio-Rad) were loaded adjacent to samples to 

track the location and separation of proteins with molecular weights ranging 

between 15 and 250 kD. 

Followi nsfer cell (Bio-Rad) powered by a PowerPac HC power supply 

(Bio-Rad).  Polyacrylamide gels were equilibrated in 2 changes of Towbin 

transfer buffer (192 mM glycine, 25 mM Tris base, 10% (v/v) methanol, pH 

unadjusted) for 10 minutes each prior to transfer.  PVDF membranes were 

hydrated according to the manufacturer’s instructions and equilibrated for at least 

5 minutes in transfer buffer.  Extra-thick filter papers (three per gel, cut to size) 

were saturated with transfer buffer and transfer stacks were assembled as follows 

(from anode to cathode, with air bubbles being removed after each step): two 

sheets of extra-thick filter paper, PVDF membrane, gel, final sheet of filter paper.  

The cathode plate of the SD unit was placed firmly on top of the gel stack(s) and 

the safety cover was replaced.  The PowerPac was programmed to conduct the 
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transfer for 30 minutes at a constant current of 5 mA per cm2 of gel area and not 

to exceed a 25 V potential. 

Following transfer, gel stacks were disassembled and the locations of 

protein standards on the membrane were marked with a solvent-resistant ink 

marker.  Unoccupied sites were blocked using a solution of 5% non-fat dry milk 

(w/v) in PBST at room temperature for a minimum of 1 hour or overnight at 4°C.  

Following blocking, membranes were rinsed in PBST several times to remove 

residual milk and then probed overnight at 4°C with primary antibody diluted in 

PBST containing 1% (w/v) BSA.  The next morning, membranes were washed 4 

times in PBST for 5 minutes each, then incubated for 1 hour at room temperature 

with an HRP-conjugated secondary antibody diluted 1:10,000 into PBST 

containing 1% BSA (w/v).  Membranes were washed again in 4 changes of PBST 

for 5 minutes each and incubated in 2 mL each of a working dilution of 

SuperSignal West Pico chemiluminescent HRP substrate (Pierce Biotechnology) 

for 5 minutes.  In a darkroom, blots were exposed to HyBlot CL film (Denville 

Scientific; Metuchen NJ) for the duration necessary to obtain signals of the 

desired intensity.   

For reprobing, antibodies were stripped from membranes using guanidine 

buffer (6 M guanidine HCl, 62.5 mM Tris-HCl, pH 6.8) with 100 mM β-

mercaptoethanol added just prior to use.  Stripping was performed for 30 minutes 

at room temperature then the buffer was washed off thoroughly with PBST.  
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Membranes were blocked again in PBST with 5% (w/v) non-fat dry milk prior to 

probing with new antibodies using the method described above.   

 

Description of antibodies used: 

 

-­‐ Mouse monoclonal against 24-hydroxylase clone 1A7 (82) used as 

neat monoclonal supernatant supplemented with Tween 20 to 0.05% 

(v/v) 

-­‐ Mouse monoclonal against APP clone 1G6 (Covance; catalog number 

SIG-39180) diluted 1:5,000 

-­‐ Mouse monoclonal against glial fibrillary acidic protein (GFAP) clone 

G-A-5 (Calbiochem; catalog number IF03L) used at 0.2 µg/mL 

-­‐ Mouse monoclonal against Tau clone Tau46 (Covance; catalog 

number SIG-39423) used at 0.2 µg/mL 

-­‐ Mouse monoclonal against α-tubulin clone DM1A (Abcam; catalog 

number ab7291) diluted 1:10,000 

 

VIII. Survival Study 

 

Mice were committed to this study at the time of weaning (n ≥ 12 for all 

genotypes and sexes).  Animals were housed in same-sex groups of between 2 and 
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4 and were not used for other purposes, including mating.  Animals were 

identified by ear markings corresponding to unique animal numbers.  Dead 

animals were removed from the colony and genotypes confirmed.  Data were 

plotted and survival curves generated using Prism software.   
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RESULTS 
 

I. Plaque Accumulation in AD Mice.   

 

Alzheimer’s disease is characterized by two histopathological lesions in 

the brain, neurofibrillary tangles and amyloid plaques.  Amyloid plaques are 

extracellular deposits of Aβ42, a peptide product of amyloid precursor protein 

(APP) proteolysis.  It is believed that accumulation of these amyloidogenic Aβ42 

peptides in AD leads to plaque formation, synaptic dysfunction and 

neurodegeration.  Most therapeutic approaches under investigation are aimed at 

preventing cerebral Aβ42 aggregation or promoting clearance of amyloid plaques 

from the brain.  Several lines of transgenic mice have been engineered to 

accumulate Aβ42- containing amyloid plaques in specific brain regions involved 

in AD.  These mice have been utilized to study the ability of genetic 

manipulations and therapeutic agents to modify plaque accumulation and 

clearance.  To assess whether or not AD mice lacking cholesterol 24-hydroxylase 

(24-hydroxylase) would exhibit amyloid plaque development, brain tissues from 

9-month old male AD mice were examined.  Tissue sections were stained with 

thioflavine S for plaque visualization and DAPI to identify cellular nuclei.  AD 

mice with wild-type levels of 24-hydroxylase (WT/AD) exhibited abundant 

plaques in the cerebral cortex and hippocampus (Figure 3).  24-hydroxylase 
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deficient AD mice (KO/AD) of the same age also demonstrated advanced plaque 

accumulation.  In contrast, 24-hydroxylase deficient mice lacking the AD 

transgenes (KO), as well as their non-transgenic 24-hydroxylase wild-type (WT) 

littermates did not exhibit plaque accumulation, even in very old age (Figure 1, 

and data not shown). 
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 To determine if rates of plaque accumulation were altered in the absence 

of 24-hydroxylase, brains from WT/AD and KO/AD male and female animals 

were collected at 3-month intervals between the ages of 3 and 15 months.  

Coronal tissue sections were prepared and stained with Congo Red, a dye that 

selectively binds β-amyloid.  Tissues were counterstained with Meyer’s 

hematoxylin for visualization of nuclei.  A quantitative determination of plaque 

load in the cerebral cortex and hippocampus of study animals was made using an 

unbiased stereological approach.  A pilot study was conducted in which plaque 

load was quantified in a large number (18-21) of tissue sections from each of 6 

animals.  From this study, we determined that a minimum sampling frequency of 

3 evenly-spaced sections per brain region would be necessary to obtain an 

accurate measurement of plaque burden.  The pilot study also revealed that plaque 

accumulation occurred randomly and evenly throughout the cerebral cortex, 

whereas these lesions were more abundant in the polymorphic layer of the dentate 

gyrus than in other regions of the hippocampal formation.   

Plaque load determinations were made subsequently in WT/AD and 

KO/AD male and female mice between the ages of 3 and 15 months.  Groups 

consisted of a minimum of 6 animals of each genotype and sex.  The surface area 

represented by amyloid plaque was quantified using the Cavalieri point counting 

grid method (76), facilitated by Stereo Investigator software.  The Cavalieri probe 

is a series of grid points with pre-defined spacing (5 µm in the current study).  
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The surface area of the structures of interest (i.e., amyloid plaques within the 

cerebral cortex and hippocampus) were proportional to the number of grid points 

overlaid upon them.  Grid points over visible plaques were tallied and converted 

to a surface area.  This area was expressed as a percentage of the total surface area 

of the examined region (which was defined by a contour drawn along the 

perimeter of the structure).  Percent plaque area was plotted as a function of age 

(Figure 4).  All groups exhibited a linear rate of plaque accumulation over time in 

both the cerebral cortex and hippocampus.  Female mice exhibited plaque 

formation earlier and accumulated plaques to a greater degree than male mice of 

the same age (as demonstrated by the upward and leftward shift of the curve in 

Figure 4B relative to 4A).  Plaque accumulation occurred at the same rate and to 

the same degree in KO/AD male and female mice as observed for their WT/AD 

male and female littermates at all ages and in both regions examined.    
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II. Analysis of Proteins Related to Cholesterol Metabolism and 

Alzheimer’s Disease.   

 

Several reports indicate that levels of 24-hydroxylase are altered in the 

brains of patients with AD (83).  During AD, neurons, the cells that normally 

express 24-hydroxylase, die.  This death may lead to pathological, compensatory 

expression of the enzyme in astroglial cells, although probably not to a sufficient 

degree to replace the entire lost pool of 24-hydroxylase.  Immunoblotting of brain 

homogenates from aged female mice revealed no change in 24-hydroxylase 

protein levels in WT/AD animals when compared to WT littermates, despite the 

advanced stage of AD pathology (Figure 5, Panel 1).  Previous examination of 

neuropathology in this mouse model of AD has revealed only limited neuritic 

dystrophy without widespread loss of neurons (84), which may explain why 

normal levels of 24-hydroxylase are observed in aged WT/AD animals. 
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Astroglial cells are also recruited during states of neurodegeration, to 

provide trophic support to damaged neurons.  This reactivity, known as 

astrogliosis, is characterized by an increase in glial fibrillary acidic protein 

(GFAP) expression in astrocytes.  There was no evidence of astrogliosis in aged 

AD mice, as demonstrated by immunoblotting for GFAP (Figure 5, Panel 3).  

GFAP expression in WT/AD and KO/AD brains was essentially identical to that 

seen in the brains of non-transgenic littermates.  Additionally, there was no 

change in the level of GFAP expression in 24-hydroxylase KO mice, consistent 

with reports that these mice exhibit normal anatomical development within the 

CNS (20). 

Changes in cholesterol metabolism have been demonstrated to affect 

processing of APP, both in vivo and in vitro (85).  AD mice fed a diet high in 

cholesterol have been shown to have an increased amyloid plaque load compared 

with those on a standard diet (86), whereas cholesterol depletion of neurons in 

culture resulted in a cessation of APP processing to Aβ (87).  In the brains of aged 

AD mice, there was no effect of the absence of 24-hydroxylase on the steady-state 

level of APP holoprotein (Figure 5, Panel 2), as demonstrated by immunoblotting.  

This finding suggests that APP expression is unaltered by loss of 24-hydroxylase 

and the concomitant reduction in brain cholesterol synthesis. 

In addition to amyloid plaques, AD patients display characteristic 

intracellular aggregates consisting of hyperphosphorylated forms of the 
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microtubule associated protein (MAP) tau.  AD mice lacking 24-hydroxylase 

exhibited no obvious changes in levels of total or phosphorylated tau (Figure 5 

and data not shown).  The failure of these mice to exhibit neurofibrillary tangles 

(NFTs), demonstrates that abnormal APP processing and abundant amyloid 

deposits are insufficient to induce tau pathology in the mouse brain. 

 

III.   Quantification of Aβ  Peptides.   

 

APP is capable of being processed by three proteases, termed α-, β- and γ-

secretase.  Cleavage at the γ-site occurs subsequent to either α- or β-secretase 

activity.  Processing at the α-site prior to γ-cleavage produces benign peptide 

fragments, whereas sequential cleavage at the β- and γ-sites produces pro-

amyloidogenic Aβ peptides.  The cleaved fragments of APP range from 39 to 43 

amino acids in length, with the longer forms demonstrating the propensity to form 

amyloid deposits.  The two most abundant Aβ cleavage products are Aβ40 and 

Aβ42, which are 40- and 42- amino acids in length, respectively.  It is thought that 

a shift toward production of Aβ42 over Aβ40 is responsible for the neuropathology 

associated with AD.  In support of this idea, mutations in APP and PSen1/2 that 

cause early-onset, autosomal-dominant AD lead to a selective increase in 

production of Aβ42.  Patients with Down’s syndrome (trisomy 21) have an extra 
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copy of the APP gene, which gives rise increased production of all Aβ peptides.  

These subjects begin to exhibit AD neuropathology early in life and develop 

behavioral symptoms of the disease in the fourth of fifth decade. 

To examine APP processing to Aβ peptides in AD mice lacking 24-

hydroxylase, peptide levels in tissue homogenates were quantified by enzyme-

linked immunosorbent assay (ELISA).  Soluble and insoluble (plaque) pools of 

Aβ40 and Aβ42 from the cerebral cortex and hippocampus were measured in 

homogenates from male and female AD animals ranging from 6 to 15-months of 

age.  In cerebral cortical plaques, Aβ levels became detectable in male and female 

mice at the age of 6 months.  This appearance was earlier than in the 

hippocampus, where levels were not detectable until 9 months of age.  Levels of 

insoluble Aβ40 rose rapidly in the cerebral cortex and reached steady-state levels 

by 12 months (Figure 6A).  Females exhibited an earlier rise of Aβ40 to steady-

state levels than males, but by 15 months, the amount of this peptide in the plaque 

fraction was the same between the two sexes.  Both sexes demonstrated a linear 

rate of accumulation of insoluble Aβ42 in the cerebral cortex with increasing age 

(Figure 6B).  There was no difference in the rate of Aβ42 peptide deposition in the 

cerebral cortex between males and females.  Additionally, there were no 

differences in levels of insoluble Aβ40 or Aβ42 between KO/AD mice and WT/AD 

controls at any age examined.   
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By 15 months of age, there was approximately 7-times more Aβ42 than 

Aβ40 in the cerebral cortex.  In contrast, the amount of insoluble Aβ40 in the 

hippocampus was almost equal to that of Aβ42 by 15 months.  In the 

hippocampus, peptide levels exhibited linear deposition into plaques between 9 

and 15 months of age.  Females exhibited a trend toward higher levels of both 

Aβ40 and Aβ42 (Figures 4C and 4D), which achieved statistical significance at 15 

months of age in three of the four groups examined (Student’s t test; WT/AD:  

Aβ40 P=0.0073, Aβ42 P=0.0006; KO/AD: Aβ40 N.S., KO/AD Aβ42 P=0.0184).  

Additionally, at 15 months of age, WT/AD males and females demonstrated 

higher levels of Aβ40 and Aβ42 than their KO/AD counterparts in three of the four 

groups examined (Student’s t test; AD male: Aβ40 P=N.S., Aβ42 P=0.0561; AD 

female: Aβ40 P=0.0239, Aβ42 P=0.0059).  At 12-months of age, these differences 

were evident only in males. 

Aβ40 peptide levels in the detergent-soluble fraction of hippocampal and 

cerebral cortical brain homogenates were only slightly above the limit of 

detection at 15 months of age in all groups tested (data not shown).  Similarly, 

Aβ42 peptide was detected exclusively in the plaque fraction, with peptide in the 

insoluble fraction failing to exceed the level of detection at all ages examined.  

This is indicative of the propensity of this peptide to accumulate into insoluble 

aggregates, a property known to be associated with Aβ42. 
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IV.   In Vivo Cholesterol Biosynthesis   

 

From the above described quantification studies, we confirmed that 

WT/AD and KO/AD mice exhibit progressive accumulation of Aβ42 and amyloid 

plaque with age.  Some in vitro studies suggest that Aβ peptides are capable of 

modulating cholesterol synthesis in cultured neurons (88).  To further explore the 

effects of high levels of Aβ peptides and amyloid plaque on cholesterol 

metabolism, rates of cholesterol biosynthesis were determined in female animals 

aged 11-13 months.  Females were chosen based on the demonstration that they 

accumulate amyloid plaque to a greater degree than male AD mice of the same 

age (Figure 4).  Mice were injected with tritiated water, which is capable of freely 

crossing the blood-brain barrier and of being incorporated into newly synthesized 

cholesterol.  Synthesis of cholesterol in the brain and liver of AD and non-

transgenic mice over a 1-hour period was determined.  High levels of APP, Aβ, 

mutant PS1 and amyloid plaque had no effect on cholesterol biosynthesis in the 

brains of AD mice (Figure 7A).  Previous studies have shown that the brain meets 

cholesterol demand by de novo synthesis and that 24-hydroxylase deficient mice 

exhibit a 40-50% reduction in cholesterol synthesis as a consequence of negative 

feedback on the mevalonate pathway (19).  As expected, there was a reduction in 

cholesterol synthesis in the brains of KO mice compared to WT. KO/AD mice 

exhibited a reduction in brain cholesterol synthesis to the same degree as KO.  
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The defect in cholesterol synthesis in the brains of KO and KO/AD mice was 

specific to cholesterol metabolism and not a function of global depression of lipid 

biosynthetic pathways as fatty acid synthesis was the same among all genotypes 

examined (Figure 7B).  Additionally, rates of cholesterol synthesis were 

indistinguishable in the liver among all genotypes tested, emphasizing that the 

reduction in cholesterol biosynthesis observed in KO and KO/AD animals was 

exclusively a phenomenon of the CNS (data not shown). 
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V. Survival Study   

 

AD is a progressive, fatal neurodegenerative disorder.  Multiple AD 

transgenic mouse models are known to exhibit premature death beginning prior to 

the age of 6-months.  Studies indicate that amelioration of endogenous tau 

expression protects mice from death in an APP single-transgenic mouse model, 

despite having no effect on levels of amyloid plaque or Aβ peptide (89).  The 

transgenic model used in the current study was also susceptible to AD-induced 

premature death of unidentified cause (personal observation).  To examine the 

role of cholesterol metabolism and 24-hydroxylase in AD mortality, a survival 

study was performed.  Animals of different genotypes were housed in same-sex 

groups of 2-4 animals per cage and longevity monitored.  A minimum of 12 

animals was included for each genotype and mice were monitored over a 550-day 

period.  The numbers of female WT/AD mice in the study declined steadily over 

time, with only about 50% of the animals surviving to the 550-day censor date 

(Figure 8).  Male WT/AD mice demonstrated a similar, though less severe, death 

rate.  Despite the having little to no effect on plaque accumulation and Aβ peptide 

levels, absence of 24-hydroxylase prolonged life in AD mice.  Approximately 

90% of KO/AD male and female animals survived past the censor date.  

Additionally, mice deficient in only one copy of 24-hydroxylase (HET/AD) were 
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protected from premature death to the same degree as KO/AD mice.  All non-

transgenic animals exhibited normal rates of survival (data not shown), consistent 

with observation that 24-hydroxylase KO mice display no outward differences 

from WT in a variety of physiological read-outs, including life span. 
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DISCUSSION 
 
 
 
 

The data in the current study indicate that decreasing de novo cholesterol 

synthesis by genetic means does not markedly influence the formation of amyloid 

plaque in the cortex and hippocampus of a mouse AD model.  Additionally, the 

deposition of amyloid does not have a major effect on cholesterol biosynthetic 

rates in the central nervous system of these animals.  However, the loss of one or 

more copies of the gene encoding 24-hydroxylase, and presumably the 

accompanying decrease in cholesterol synthesis, does prolong the life of male and 

female AD mice. 

 Several genes with documented or suspected roles in peripheral tissue 

cholesterol metabolism, including ApoE (90), clusterin (91), and ABCA1 (92, 

93), modulate amyloid plaque formation in the mouse brain; however, knockout 

of any one of these genes, with the exception of clusterin, which has not yet been 

tested, does not affect cholesterol metabolism in the brain (94).  This negative 

correlation provides support for the hypothesis that the role of ApoE and these 

other proteins in affecting plaque deposition may not be related to the binding, 

transport, or metabolism of cholesterol, but rather may involve effects on APP 

trafficking, APP processing, or Aβ peptide metabolism (95, 96). 
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 In contrast to these findings, 24-hydroxylase knockout mice exhibit a 

~50% decrease in de novo cholesterol synthesis and a corresponding 50% 

decrease in cholesterol excretion from the brain (97, 98), but these alterations do 

not affect rates of amyloid deposition, as judged by Congo red staining.  This 

outcome is similar to that observed in ABCG1 transgenic and knockout mice in 

which cholesterol synthesis rates are apparently decreased and increased, 

respectively, but neither of these changes affect APP levels or processing to 

amyloidogenic Aβ peptides (99).  Inasmuch as data from mice can be 

extrapolated to humans, these outcomes suggest that even if cholesterol-lowering 

drugs such as statins were able to cross the blood-brain barrier, they would not 

alter the deposition of amyloid in AD. 

An extensive body of literature indicates that acute changes in intracellular 

cholesterol levels can alter the processing of APP in vitro (100), in part by 

modifying membrane lipid composition, which in turn increases or decreases 

secretase activity (101-103).  Reduced flux of metabolites through the cholesterol 

biosynthetic pathway in brains of 24-hydroxylase knockout mice did not 

markedly affect the processing of APP to Aβ40 and Aβ42 peptides, implying that 

levels of secretase activity are similar in WT/AD and KO/AD mice and that 

intracellular cholesterol levels and distribution are normal in the KO/AD mice.  

The difference between the in vivo results reported here and those from related in 

vitro studies of APP processing may possibly be explained by the harsh 
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pharmacological treatments used to change intracellular cholesterol levels.  Such 

treatments can temporarily override the intricate regulatory mechanisms that 

normally maintain membrane cholesterol content within a narrow range (104).  In 

contrast, these regulatory mechanisms are intact in 24-hydroxylase KO mice 

based on the observation that brain cholesterol levels in the mutant mice are not 

different from those of WT mice (97, 98).  In vitro studies also suggest that high 

concentrations of Aβ peptides can directly modulate cholesterol synthesis in 

cultured neurons and other cell types (105), whereas here, no effect of extensive 

amyloid accumulation was observed on cholesterol synthesis in vivo.  These 

disparate findings may reflect differences in rates or extent of Aβ peptide 

accumulation or polymerization. 

 In humans, AD is a progressive, fatal neurodegenerative disorder and 

some mouse models, such as the one used in the current study, recapitulate the 

premature death associated with the human disease.  Interestingly, loss of one or 

more 24-hydroxylase alleles confers a normal lifespan to both male and female 

animals.  Although there are potential alternative explanations to theses findings, 

such as the small number of animals in each experimental group and the 

possibility of exposure to mouse hepatitis virus due to an outbreak that occurred 

during the course of the study, the observation that increased longevity was 

observed in four experimental groups (HET/AD males and females, and KO/AD 

males and females) suggests that loss of this gene does confer a true survival 
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advantage.  24-hydroxylase knockout mice exhibit a co-dominant phenotype, with 

heterozygotes manifesting intermediate levels of reduced cholesterol synthesis 

and excretion (R. W. Halford, unpublished observations).  This phenotypic effect 

in turn indicates that the increase in lifespan observed in 24-hydroxylase 

heterozygous and knockout AD mice may be linked to the alteration in cholesterol 

metabolism. 

Taken together, these data suggest that reducing cholesterol metabolism in 

the brain may protect against the deleterious effects of AD, independent of 

changes in plaque burden and Aβ peptide production.  In the future, it may be of 

interest to determine the underlying molecular and cellular changes responsible 

for premature death in AD transgenic mice.  It has been shown that Aβ peptide 

can trigger non-convulsive, aberrant excitatory neuronal activity in the cortex and 

hippocampus of AD transgenic mice (106), which may lead to compensatory 

synaptic remodeling and subsequent functional impairment of neuronal networks.   

Targeted deletion of the microtubule associated protein tau, a protein that 

deposits intraneuronally (as neurofibrillary tangles) in the brains of humans with 

AD, protects AD transgenic mice against the lethal effects of Aβ (89). 

Administration of agents that block γ-aminobutyric acid (GABA) inhibitory 

signals have been shown to potentiate the excitotoxic effects of Aβ in mice, an 

effect that is mitigated by absence of one or both copies of tau (89).  Additionally, 

loss of tau protects against excitotoxicity induced by the glutamate receptor 
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agonist kainate in the absence of pathological levels of Aβ (89).  However, like 

mice lacking even one copy of 24-hydroxylase, tau deficient mice are cognitively 

impaired and are not able to perform as well as WT counterparts on tasks that 

require motor and contextual learning (107).  As observed with loss of tau, 24-

hydroxylase HET/AD and KO/AD mice escape the lethal effects of high levels of 

Aβ, whereas WT/AD male and female mice do not.  It is conceivable that 

depression of neuronal excitability or synaptic potentiation conferred by absence 

of either of these proteins underlies the protective effect of these mutations on 

premature death and that the same synaptic mechanisms are responsible for the 

cognitive insufficiency observed in these animals.  Neuronal excitability in 24-

hydroxylase KO mice could be tested using pharmacological agents to manipulate 

synaptic activity.  Mice lacking 24-hydroxylase would be expected to exhibit 

resistance to hyperexcitability induced by GABA agonists in the presence of Aβ 

or to kainate in the non-transgenic state.   

At present, the value of these findings with regard to human disease is 

unclear.  Improving long-term survival and quality of life of patients with AD is 

of central importance to the scientific and medical communities.  Based on results 

from the current study, disruption of 24-hydroxylase may provide a route toward 

achieving one of these goals.  Of major concern would be the effects of such an 

intervention on human cognition.  Specifically, chronic disruption of the 

cholesterol efflux pathway may lead to profound impairments in mental function, 
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an unacceptable outcome, particularly in patients already affected by a 

debilitating neurodegenerative disorder.  In order to address this issue, further 

investigation would be necessary.  Studies using the available model suggest that 

the phenotype observed in 24-hydroxylase KO mice is the result of a deficiency 

of metabolites of the cholesterol biosynthetic pathway, rather than a 

developmental defect.  An inducible 24-hydroxylase conditional knock-out mouse 

model could be generated to address this issue.  Expression of the protein could 

be disrupted at various ages and stages of AD to determine the extent to which 

cognition is subsequently impaired.  LTP deficits can be rescued in acute 

hippocampal slices from 24-hydroxylase KO mice by administration of 

geranylgeraniol, a metabolite in the cholesterol and isoprenoid biosynthetic 

pathways.  The role of prolonged treatment with geranylgeraniol in improving 

cognition and modulating the neuroprotective effects of loss of 24-hydroxylase in 

vivo in the context of pathological levels of Aβ would also need to be explored.   

Finally, it is important to consider that although animal models of AD 

recapitulate major features of the disease, including amyloid plaque deposition 

and premature death, these animals do not provide a complete model of the 

human disease.  In humans, death from AD occurs subsequent to widespread 

neurodegeneration, amyloid deposition, glial activation, tau hyperphosphorylation 

and intracellular formation of neurofibrillary tangles over the course of decades.  

Many of these features are not reproduced spontaneously in AD mouse models.  
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Additionally, human pathology occurs most frequently in the absence of 

mutations in APP and PSen1, two proteins that are expressed in mutant forms and 

at very high levels in animal models in order to drive amyloid plaque deposition.  

Before the role of genetic or pharmacological manipulations, including disruption 

of 24-hydroxylase, on the progression of human AD can be projected, it will be of 

value to examine them in the context of a more complete model of AD.  Further 

insight into the molecular events underlying neuronal changes in the brains of 

individuals with AD will undoubtedly yield more faithful animal models of the 

disease, thus providing even more powerful tools with which to unwind this 

disease – a disease that has challenged physicians and scientists for more than 100 

years. 
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