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Abstract
Alzheimer’s disease is the most common cause of senile dementia in the United States and
Europe. At present, there is no effective treatment. Given the disease’s prevalence and poor
prognosis, the development of animal models has been a high research priority. Transgenic
modeling has been pursued on the basis of the amyloid hypothesis and has taken advantage of
mutations in the amyloid precursor protein and the presenilins that cause familial forms of
Alzheimer’s disease. Modeling has been most aggressively pursued in mice, for which the
techniques of genetic modification are well developed. Transgenic mouse models now exist that
mimic a range of Alzheimer’s disease–related pathologies. Although none of the models fully
replicates the human disease, the models have contributed significant insights into the
pathophysiology of β-amyloid toxicity, particularly with respect to the effects of different β-
amyloid species and the possible pathogenic role of β-amyloid oligomers. They have also been
widely used in the preclinical testing of potential therapeutic modalities and have played a pivotal
role in the development of immunotherapies for Alzheimer’s disease that are currently in clinical
trials. These models will, without a doubt, continue to play central roles in preclinical testing and
be used as tools for developing insights into the biological basis of Alzheimer’s disease.
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Alzheimer’s disease (AD), the most common cause of senile dementia in Europe and the
United States, accounts for an estimated 50% to 80% of all cases. Clinically, AD is
characterized by progressive cognitive impairment, usually beginning as memory loss but
eventually progressing to involve multiple cognitive and behavioral domains.
Pathologically, the disease is recognized by the presence of senile plaques, neurofibrillary
tangles (NFTs), and neuronal loss. At present, there is no effective treatment. Given the
prevalence and poor prognosis of the disease, the development of animal models has been a
high research priority.
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ALZHEIMER’S DISEASE AS A CANDIDATE DISEASE FOR MODELING IN
TRANSGENIC ORGANISMS

Transgenic technology exists for many organisms, including mice, rats, fish, flies, and
worms. Modeling in invertebrates such as Drosophila and Caenorhabditis elegans offers
advantages in terms of the high degree of experimental control and the relatively short life
span of the organisms. They, however, suffer the disadvantage of being far removed phylo-
genetically from mammals. Although efforts to model AD in these systems continue, they
have had less impact than models in mammalian systems and are not discussed further. The
interested reader is, however, referred to 2 recent reviews of transgenic modeling of AD in
Drosophila and C. elegans.1,2 Among vertebrates, mice are by far the species most used.
Transgenic modeling in mice is relatively inexpensive. Mice also have a relatively short life
span, and the techniques for performing genetic modifications in them are well developed.
Transgenic technology exists for rats but is not as widely available as that for mice, although
some transgenic AD rat lines have recently been described.3–6

Regardless of the species chosen, transgenic technologies introduce genetic modifications.
Therefore, successful modeling requires the disease to be associated with a genetic mutation
or at least for a hypothesis to exist regarding the likely pathophysiology of the disorder that
can be modeled by a genetic modification. To be useful as an animal model, the transgenic
organism must also be able to exhibit the essential pathological, physiological, or behavioral
features of the human disease.

AD may in many ways be regarded as the ideal disease for modeling in transgenic animals.
First, it has a well-recognized pathology consisting of senile plaques and NFTs. The major
constituents of these lesions are well defined, being the β-amyloid (Aβ) peptide in the case
of plaques and hyperphosphorylated forms of tau in NFTs. AD also has other well-
recognized pathological features, including neuronal and synaptic loss, dystrophic neurites,
reactive astrocytes, and activated microglia. There is, in addition, a well-defined behavioral
phenotype that can be modeled in the mouse.

In AD, the 39– to 42–amino acid Aβ peptide deposits in senile plaques.7 The Aβ peptide
itself is derived from the processing of a larger precursor protein known as the amyloid
precursor protein (APP). Many in vitro and in vivo studies have demonstrated that, in
particular, the longer Aβ42 species can be neurotoxic. The amyloid cascade hypothesis
postulates that shunting of amyloid precursor protein (APP) processing toward Aβ
production sets off a chain of pathological events,7 a process that can be modeled in
transgenic animals. In addition, although most cases of AD occur sporadically, autosomal
dominant forms of the disease exist that mimic the sporadic disease clinically and
pathologically. Mutations in 3 genes including APP have been identified as causing familial
Alzheimer’s disease (FAD).8 Indeed, the amyloid hypothesis was greatly bolstered by the
finding that mutations in APP can cause FAD. These familial cases thus provide a genetic
lesion that has been used to advantage in AD modeling in transgenic animals.

METHODS FOR GENERATING TRANSGENIC ORGANISMS
Transgenic organisms are generated by 1 of 2 general strategies. In the first, a genetic
modification is introduced on top of the existing genetic makeup of the organism. In the
second, the homologous gene of interest is modified selectively in its normal chromosomal
position; this process is called gene targeting. These strategies have been developed to
different degrees in different organisms.
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In mice, both approaches are highly developed. In the first approach, a 1-cell embryo at the
pronuclear stage is injected with a transgene. The transgene contains the coding region,
often in the form of a complementary DNA of the protein of interest, coupled to a promoter
that drives expression. The promoter is typically not the promoter of the native gene but
rather a heterologous promoter chosen because of its strength or pattern of expression.
However, transgenes may also consist of segments of genomic DNA that contain the gene of
interest, often in the form of bacterial artificial chromosomes or P1 artificial chromosomes,
in which case the transgene is driven by its native promoter and enhancers. The injected
transgene integrates randomly, typically in multiple copies at a single site. Because no
corresponding allele exists on the homologous chromosome opposite the integration site,
these mice are usually called hemizygous. Because the heterologous promoters chosen are
typically strong, the transgenic protein is often expressed at levels higher than would be
present physiologically. In addition, because the mouse typically contains its own
endogenous version of the gene, the transgene is generally expressed on top of the
background expression of the mouse’s endogenous gene, and this leads to further
overexpression.

With gene targeting, instead of a foreign transgene being introduced, an endogenous gene in
the mouse is modified. Initially, the modification is made in specialized cells termed
embryonic stem (ES) cells. ES cell lines are derived from early-stage mouse embryos and
can be maintained indefinitely in an undifferentiated state in vitro yet retain the capacity,
when injected back into an early-stage mouse embryo, to mix with the endogenous cells of
the embryo and contribute to all tissues of the developing mouse, including the germ line.
The gene of interest is modified in ES cells by the introduction of a targeting vector that
consists of a modified version of the endogenous gene. In ES cells, the targeting vector
recombines with the homologous endogenous gene and thereby introduces the genetic
modification. Gene targeted ES cells are then injected into wild type blastocyst-stage mouse
embryos with the chimeric mice that result being mixtures of the modified ES cells and wild
type blastocyst cells. The successful integration of the ES cells into the germ line permits the
genetic modification to be propagated as part of the mouse genome, and this creates stable
transgenic lines.

Gene targeting technology has been most commonly used to produce null mutations or gene
knockouts. However, it can also be used to selectively modify endogenous mouse genes
down to the level of introducing single nucleotide changes, producing what are known as
knock-in mice. In contrast to pronuclear injection, in which multiple copies of a transgene
are inserted randomly, in gene targeting, the normal mouse gene is modified in its normal
chromosomal position. Thus, although in pronuclear injection a transgene is typically
overexpressed and often misexpressed spatially and temporally because of its coupling to a
heterologous promoter, a gene-targeted allele is expressed at normal levels and in a normal
temporal and spatial expression pattern.

TRANSGENIC MODELING BASED ON OVEREXPRESSION OF THE
AMYLOID PRECURSOR PROTEIN

Given the availability of methods for introducing genetic modifications, modeling in
transgenic mice has been vigorously pursued on the basis of the amyloid hypothesis.9–11

Initially, before the discovery of FAD mutations, attempts were made to overexpress wild-
type APP in transgenic mice by pronuclear injection. Although a variety of promoters were
tried, none of these efforts produced anything that resembled an amyloid plaque or any other
recognizable AD-type pathology.
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After the discovery of FAD mutations in APP, a number of groups turned their attention to
making AD models based on the overexpression of transgenes containing FAD mutations.
Games et al. 12 reported the first successful application of this approach using a platelet
derived growth factor-β (PDGF) promoter to drive a human APP transgene that contained an
FAD associated mutation (V717F). The PDGF promoter was chosen because, despite its
name, it was known to be highly expressed in the central nervous system and to drive strong
expression of exogenous transgenes in neurons. In the line that was generated (termed
PDAPP because of the PDGF promoter plus APP), 40 copies of the transgene integrated,
and this resulted in an approximately 18-fold elevation of APP RNA and an approximately
10-fold elevation of human APP protein in comparison with endogenous mouse APP levels.
Proportionate increases in human Aβ were found.

PDAPP mice exhibited age-dependent amyloid deposition in the brain along with thioflavin-
S–positive plaques, including compact plaques with dense cores that were highly
reminiscent of those seen in human AD. Dystrophic neurites, reactive astrocytes, and
activated microglia were all found near plaques. The process was age-related, in that plaque
deposition was minimal at 6 months of age but readily apparent by 9 months, increasing
dramatically by 12 to 15 months.13 PDAPP mice were subsequently shown to develop age-
related learning defects14 and synapse loss.15

Independently, Hsiao et al.,16 taking a relatively similar approach, overexpressed a human
APP transgene containing the Swedish FAD mutation (K670N/M671L). Expression was
driven by a hamster prion [prion protein (PrP)] promoter that drives expression widely in the
nervous system. These mice, termed Tg2576 mice, expressed human APP at levels more
than 5-fold above the levels of the endogenous mouse APP, and Aβ40 and Aβ42 levels
increased with age. Like PDAPP mice, Tg2576 mice exhibited age-dependent amyloid
deposition, which resulted in thioflavin-S–positive plaques similar to those found in AD,
along with gliosis and dystrophic neurites. Plaque amyloid was first clearly seen by 11 to 13
months, eventually becoming widespread in cortical and limbic structures. Water maze
learning, a test of spatial memory in mice, was normal in 3-month-old animals but impaired
in 9- to 10-month-old mice. The Tg2576 mouse line has been made widely available and has
been the most widely studied transgenic AD model.

Subsequently, many other transgenic lines were developed with approaches similar to those
used to develop PDAPP and Tg2576 mice9–11 typically relying on strong promoters to drive
expression of APP transgenes containing single or multiple FAD mutations. Common
features of the models have been the production of elevated levels of Aβ, amyloid plaques,
dystrophic neurites, and gliosis. Behavioral deficits have been common.10 Many additional
neuropathological, electrophysiological, and neurochemical changes that model aspects of
AD in humans have also been observed.10

Yet, although the models exhibit many similarities, they differ in certain aspects, one being
the temporal profile of plaque deposition. For example, TgCRND8 mice, which express
multiple APP mutations, exhibit parenchymal amyloid deposition as early as 3 months of
age.17 APP23 mice, in which a Thy-1 promoter is used to drive expression of the Swedish
mutation, are notable for their prominent vascular amyloid deposition and resultant
congophilic angiopathy.18 PDAPP and Tg2576 mice also differ in some aspects; for
example, in Tg2576 mice, both Aβ40 and Aβ42 are increased more or less proportionately,
whereas in PDAPP mice, Aβ42 is disproportionately elevated.16,19 In Tg2576 mice, most
amyloid deposits in dense cored plaques, and Tg2576 mice have relatively few of the diffuse
deposits found in PDAPP mice. Tg2576 mice are also known for their giant plaques20 and
exhibit more vascular amyloid deposition,19 which is largely absent in PDAPP mice.
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Variations between lines likely reflect the different promoters used, the effects of the distinct
mutations or combinations of mutations, and the genetic backgrounds on which the
transgenes have been maintained. PDAPP mice, for example, have been mostly studied on a
highly mixed C57BL6/DBA/Swiss-Webster background. By contrast, Tg2576 mice are
typically studied on a hybrid C57BL6/SJL background. Indeed, the Tg2576 transgene has
been difficult to move off this background and leads to early death on an FVB/N
background.21

TRANSGENIC MODELING WITH PRESENILIN MUTATIONS
Presenilin 1 (PS1) was found as part of a search for an early-onset FAD gene associated
with a locus on chromosome 14.8 Mutations in PS1 are the most commonly recognized
causes of early-onset FAD, and to date, more than 160 mutations in PS1 linked to FAD have
been discovered (see http://www.molgen.ua.ac.be/ADMutations). Mutations in a related
gene on chromosome 1, now called presenilin 2 (PS2), were soon linked to FAD as well.8

APP is a transmembrane protein with the C-terminus of the Aβ region located within the
intramembranous domain.22 Aβ is generated by the sequential cleavage of APP by a set of
secretases. β-secretase cleaves APP at the N-terminus of the Aβ peptide, generating a C-
terminal fragment that becomes the substrate for γ-secretase, which generates the Aβ C-
terminus. By contrast, a third secretase, known as α-secretase, cleaves APP within the Aβ
domain, precluding the generation of Aβ. Presenilins are best known for their role as part of
the multiprotein complex known as γ-secretase, which executes the intramembranous
cleavage of many transmembrane proteins, including APP.23 Presenilin FAD mutations
cause APP processing to be shunted toward the longer, more amyloidogenic Aβ42
species23; an observation that can be been seen as supportive of the amyloid hypothesis.

PS1 FAD mutant transgenic lines have been generated with many of the same promoters
used to create APP mice, including PDGF24 and PrP.25,26 A few PS2 FAD mutant lines also
exist. In addition, several gene-targeted lines exist in which PS1 FAD mutations have been
targeted to the endogenous mouse PS1.27–29 Presenilin FAD mutant mice consistently show
elevations of Aβ42 with little if any effect on Aβ40. However, singly transgenic PS1 or PS2
mice do not develop plaques, although when crossed with plaque-forming APP lines, the
presenilin FAD mutations cause earlier and more extensive plaque formation.30 Why singly
transgenic PS1 and PS2 mice fail to develop plaque pathology is not entirely clear, but may
be related to the generally lower levels of Aβ42 found in single presenilin transgenics versus
APP-overexpressing lines as well as the lack of elevation of Aβ40 in presenilin transgenics.
It may also be related to the differing aggregation properties of mouse Aβ versus human Aβ.
31

Although PS1/APP bigenic mice have been frequently studied, the parental presenilin lines
have been less studied, likely because of their lack of a robust AD-like pathology. However,
PS1 and PS2 FAD mutant lines show exaggerated hippocampal damage after kainate-
induced excitotoxicity,27,32,33 and PS1 FAD mutants render animals more sensitive to
trimethyltin-induced hippocampal damage.34 Excessive neuronal loss in the entorhinal
cortex also occurs in mice harboring the deltaE9 PS1 FAD mutation after lesioning of the
perforant path.35 Increased protein oxidation and lipid peroxidation have also been reported
in PS1 FAD mutant brain.36,37 Several studies have documented impaired hippocampal
neurogenesis in adult PS1 FAD mutant mice,38–42 and recently, an age-dependent
impairment of spine morphology and synaptic plasticity in hippocampal cornu ammonis 1
neurons of a PS1 transgenic mouse model has been described.43 Age-related
neurodegenerative changes with neuronal loss have been reported in one PS1 FAD mutant
line,44 and age-related NFT-like inclusions have been described in a PS1 knock-in line.45

Elder et al. Page 5

Mt Sinai J Med. Author manuscript; available in PMC 2010 August 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

http://www.molgen.ua.ac.be/ADMutations


Recently, a microvascular pathology that is highly reminiscent of the microvascular
pathology found in AD has also been described.46 Thus, presenilin FAD mutant mice
exhibit a phenotype. What is less clear is why they fail to exhibit the full range of AD-
related pathologies, given the potency of the mutations in humans.

RELEVANCE AS MODELS OF ALZHEIMER’S DISEASE
Transgenic mouse models now exist that mimic a range of AD-related pathologies. Table 1
contains a summary of some of the more widely studied mouse models. As discussed later,
these models have suggested new insights into the pathophysiology as well as novel
therapeutic approaches. The models, however, raise a number of issues as well. First, it is
clear that the success of transgenic mouse models has depended on the overexpression of
APP transgenes containing FAD-associated mutations at levels that are not physiological.
Indeed, many proteins, if overexpressed at sufficient levels, will become toxic at some point.
It might be argued, therefore, that it is hardly surprising that overexpressing a naturally
amyloidogenic protein would lead to amyloid deposits. However, interestingly, even though
a number of APP wild transgenic lines have been created, only 1 transgenic mouse line
overexpressing wild-type APP has been described that develops plaques.47 Thus, in general,
overexpression of wild-type APP in the mouse does not induce plaque pathology, and the
pathology that is seen seems to require the presence of an FAD mutation.

It is interesting in this context to compare the overexpression models to APP knock-in mice
harboring the Swedish mutation introduced into the mouse APP gene.48 These mice should
represent the most authentic model of human FAD in the mouse, and because the 3 amino
acid differences between mouse and human APPs in the Aβ region were modified, these
mice also produce human Aβ. Yet, despite increased Aβ production, no amyloid plaques or
neuropathology develops in these mice.

Overexpression of APP in Down’s syndrome is associated with AD pathology in humans.49

Recently, families have been identified in which a duplication of the APP gene leads to
FAD, presumably because of overexpression of wild-type APP.50,51 Thus, there is a
precedent for APP overexpression leading to AD in humans. Yet, there is no evidence for
APP overexpression in either sporadic AD or in FAD associated with APP or presenilin
mutations.

It is also not clear that the temporal appearance of plaque pathology and cognitive deficits in
the mouse models mirrors that of the human disease. Indeed, many of the mouse models
exhibit behavioral deficits before significant plaque pathology.10 By contrast, substantial
plaque pathology is probably present for some period of time before cognitive symptoms
first appear in human AD.52 Interpretations of behavioral studies in the mouse are also
complicated by the fact that it is difficult to know how precisely the behavioral tests used in
mice model the cognitive deficits in humans.

Transgenic mouse models have also been troubled by the difficulty of producing the full
spectrum of AD pathologies, including neuronal loss. For example, neither PDAPP nor
Tg2576 mice, despite having extensive amyloid deposition, exhibit neuronal loss.53,54

APP23 mice show only modest losses of cornu ammonis 1 pyramidal cells (about 15%),55

losses that are far less than those observed in AD. More substantial neuronal loss has been
reported in mice expressing multiple PS1 and APP mutations.56–58 For example, mice
harboring 2 APP and 1 PS1 FAD mutation show a 35% loss of hippocampal neurons.57 In
another study, 2 APP mutations (APP-Swedish/APP-London) expressed from transgenes
were crossed onto a mouse line that had 2 presenilin FAD mutations (M233T/L235P)
knocked into the mouse PS1 gene. Besides amyloid pathology, extensive neuronal loss
(>50%) occurred in the hippocampus.56 Finally, 3 APP and 2 PS1 FAD mutations recently
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were combined to create a 5X FAD mutant mouse, and grossly apparent neuronal loss was
observed.58 Thus, neuronal loss can be induced in the mouse but only, it would seem, by the
combination of multiple mutations that individually are sufficient to cause disease in
humans.

Another problem with the models has been the general difficulty of inducing the
characteristic cytoskeletal pathology of AD in transgenic mice.59 NFTs are recognized by
their propensity to stain with histological dyes, such as thioflavin-S and Congo red, and by
ultrastructurally containing paired helical filaments. NFTs contain hyperphosphorylated
forms of tau as well as conformationally altered tau epitopes that can be recognized by
specific antibodies. In PDAPP mice, phosphorylated tau epitopes do accumulate within
dystrophic neurites in animals 14 months of age or older,60 and within these neurites, 12- to
15-nm filaments can be seen, but there are no paired helical filaments and no lesions with
the histological staining properties of NFTs. Other models have been similar in their lack of
any NFT-like pathology. Various suggestions have been advanced for the difficulty of
inducing NFT-like lesions in the mouse, including differences between human and mouse
tau and the shorter life span of the mouse. However, the reasons remain unexplained.

Recently, mice that exhibit NFT-like lesions and plaques have been produced by combining
FAD mutations with mutant forms of tau found in a distinct form of dementia known as
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17).61

FTDP-17 is part of the spectrum of frontotemporal dementias (FTDs) that include Pick’s
disease, progressive supranuclear palsy, and corticobasal degeneration.61 In these disorders,
hyperphosphorylated forms of tau accumulate in NFTs in the absence of neuritic plaques.
FTD cases present clinically with often prominent behavioral disturbances or isolated
language defects and relatively preserved memory initially. Like AD, most FTD occurs
sporadically. However, in some families with FTDP, the disease is caused by mutations in
the tau gene on chromosome 17 (FTDP-17). Mutations, including exonic point mutations,
which alter the protein coding sequence, and intronic mutations, which affect splicing or the
level of tau expression, have all been identified.

Lewis et al.62 first crossed a transgenic line known as JPNL3, which expresses the P301L
mutation associated with FTDP-17, with Tg2576 mice. Singly transgenic JPNL3 mice were
known to develop NFT-like lesions, and bigenic mice [tau amyloid precursor protein
(TAPP) mice] exhibited NFTs and amyloid plaques. More recently, Oddo et al.63 generated
a triply transgenic model (3xTg-AD) by coinjecting 2 transgenes containing APP-Swedish
and P301L FTDP-17 mutations into fertilized eggs harvested from PS1M146V knock-in
mice. The resulting transgenic lines thus expressed mutations in APP and tau from
exogenous transgenes combined with a PS1 FAD mutation from the endogenous mouse
gene. With aging, these mice had increased Aβ40 and Aβ42 levels. Intraneuronal Aβ
accumulated, and the mice exhibited amyloid plaques and NFT-like lesions that
immunostained with antibodies recognizing conformationally altered tau epitopes. Amyloid
plaques were apparent by 6 months of age and preceded tau pathology, which was not
evident until about 1 year of age. Functionally, 3xTg-AD mice developed age-dependent
synaptic dysfunction, including altered long-term potentiation and deficits in spatial
memory.63,64

TAPP and 3xTg-AD thus exhibit a broader spectrum of AD pathologies. The question,
however, again arises: are these models of AD? They do exhibit the much sought after
plaques with a tangle pathology. However, they represent a composite of 2 distinct diseases
that do not naturally occur together. Plaque development is almost certainly driven by the
APP and PS1 FAD mutations, whereas the tangle-like pathology is driven by the tau
mutations. Indeed, in 3xTg-AD mice, the pathologies arise in spatially distinct patterns, with
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Aβ deposition starting in the neocortex and appearing later in the hippocampus, whereas tau
pathology progresses in the opposite direction, beginning in the hippocampus and appearing
later in the neocortex.63 It does, however, appear that the mutations interact because in
TAPP mice, NFTs are found in regions that rarely or never exhibit NFTs in singly
transgenic JPNL3 animals. In addition, intracerebral injections of anti-Aβ antibodies into the
hippocampus of 3xTg-AD mice not only reduced Aβ accumulation but also resulted in
clearance of early-stage tau pathology, although later-stage lesions were resistant.65 These
studies thus show that modulating Aβ affects tau pathology and suggest that tau pathology
may be downstream of Aβ generation; this notion has also been supported by recent studies
showing that behavioral deficits in APP FAD mutant mice are reduced when endogenous tau
is removed by breeding the APP transgene onto a tau-null background.66

Finally, all the transgenic mouse models discussed are based on the expression of mutant
genes implicated in causing AD in a relatively small subset of patients. Except for their
generally early age of onset, these familial cases appear to phenocopy quite well the clinical
and pathological features of sporadic cases, but it remains possible that the mutations
themselves introduce effects that are not found in the sporadic disease. In particular,
presenilins affect a range of biological functions through effects that are not dependent on
their role in γ-secretase activity, and at least some of these activities are known to be altered
by FAD mutants.23

USE OF TRANSGENIC MODELS TO STUDY THE PATHOPHYSIOLOGY OF
ALZHEIMER’S DISEASE: EFFECTS OF DIFFERENT β-AMYLOID SPECIES

Transgenic mice have been used to study many aspects of AD pathophysiology. Two recent
examples of their usefulness are studies designed to test differences in the in vivo effects of
Aβ40 and Aβ42. In vitro, Aβ42 is more amyloidogenic than Aβ40.67 However, Aβ40 is
found in plaque amyloid and is especially common in vascular amyloid.68 In vitro studies
have suggested, however, that Aβ42 deposition is necessary in order to seed Aβ40-
containing deposits.69 To test the relative plaque-forming propensity in vivo, transgenic
mice were generated that selectively express either Aβ40 or Aβ42.70 These mice were
created by the fusion of Aβ40 and Aβ42 coding sequences to the C-terminus of the BRI
protein associated with familial British dementia. BRI is a transmembrane protein that
undergoes constitutive cleavage near its C-terminus that releases a soluble 23–amino acid
peptide. Aβ40 or Aβ42 selective expression systems were created by the replacement of the
23–amino acid BRI peptide region with human Aβ40 or Aβ42 sequences. Thus, in the
fusion construct, cleavage, rather than releasing the native BRI peptide, releases either
human Aβ40 or Aβ42. Although highly artificial constructs, the Bri-Aβ40 and Bri-Aβ42
transgenes offer an elegantly simple system for introducing human Aβ40 or Aβ42 into the
mouse brain. Insoluble Aβ42 accumulated with aging in BRI-Aβ42 transgenic mice and was
accompanied by amyloid deposition in the parenchyma in the form of both plaques and
diffuse deposits as well as extensive vascular amyloid deposition. By contrast, BRI-Aβ40
mice developed no amyloid pathology at any age. These studies are thus consistent with
Aβ42 being required for parenchymal and vascular deposits of Aβ40, and indeed, more
recent studies have shown that BRI mice expressing high levels of Aβ40 are protected
against amyloid deposition when bred with BRI-Aβ42 mice.71

Both parenchymal and vascular deposits of amyloid are typical of AD. There are, however,
mutations in APP that do not produce substantial parenchymal deposition in the form of
plaques but result in extensive vascular deposits. These mutations, rather than producing
FAD, cause a hereditary form of recurrent intracerebral hemorrhage. One such mutation,
E693Q, is known as the Dutch mutation. Interestingly, although most FAD mutations in
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APP reside near the β- and γ-secretase cleavage sites, mutations associated with cerebral
hemorrhage such as the Dutch mutation tend to be found within the Aβ domain itself.

Herzig et al.47 developed transgenic lines that expressed human wild-type APP, APP-Dutch,
or APP-Dutch crossed with a PS1 FAD mutant. These lines exhibited various Aβ40/Aβ42
ratios, with the APP-Dutch ratio higher than the wild-type APP ratio, which was in turn
greater than the APP-Dutch/PS1 ratio. The high Aβ40/Aβ42 ratio in the APP-Dutch mice
resulted in extensive vascular amyloid deposition with essentially no parenchymal
deposition. By contrast, APP-Dutch/PS1 mice with about half the Aβ40/Aβ42 ratio of APP-
Dutch mice developed parenchymal plaques with little vascular deposition, and wild-type
APP mice with intermediate Aβ40/Aβ42 ratios had mixed parenchymal and vascular
deposition. Thus, although Aβ42 may be needed as a seed for amyloid deposition in either
compartment, these studies suggest that Aβ40 promotes vascular deposition, whereas Aβ42
shifts deposition toward parenchymal amyloid. Other studies72 have, however, found that
transgenic mice harboring a distinct 693 mutation (E693G/Arctic) combined with APP-
Swedish and APP-Indiana mutations develop prominent parenchymal plaque deposits with
little congophilic angiopathy despite high Aβ40/Aβ42 ratios. Thus, some property of
mutations at the 693 site, besides their effect on Aβ40/Aβ42 ratios, also appears to influence
parenchymal deposition versus vascular deposition.

TRANSGENIC MODELS AND THE RISE OF THE β-AMYLOID OLIGOMER
The original amyloid hypothesis regarded Aβ deposited in plaque amyloid as the toxic
species. However, subsequently it became clear that plaque counts correlate relatively
poorly with the level of cognitive decline and that in fact the number of NFTs correlates
more strongly with the degree of dementia.73 This led to a reevaluation of what form of
amyloid might constitute the most toxic species, and recently, soluble forms of Aβ have
been proposed as the more toxic species.

Soluble Aβ species are toxic in cell culture.74 APP transgenic mice have provided strong
circumstantial evidence for the toxicity of Aβ oligomers in vivo by showing that many
pathological and functional changes in mice occur before the appearance of plaque
pathology. For example, a series of studies in PDAPP mice demonstrated that volume loss
and other anatomic changes in the dentate gyrus are present in 100-day-old mice well before
plaque deposition.75,76 Tg2576 mice also exhibit electro-physiological and behavioral
changes months before plaque deposition,77 and axonal swellings may be present in Tg2576
mice for up to a year before amyloid deposition.78 Behavioral and electrophysiological
changes have been described in other lines of APP mice before amyloid deposition as well.
30,79,80 The finding of pathophysiological changes in PS1 FAD mutant mice (discussed
previously) that have elevated Aβ42 but no plaques is also consistent with a toxic role for
soluble forms of Aβ.

Recently, a 56-kDa oligomeric Aβ species identified in Tg2576 mice81 has been proposed as
a candidate for the toxic effect. Levels of this species, which has been termed Aβ*56,
correlate strongly with the degree of memory impairment in Tg2576 mice, and when
injected into rats, Aβ*56 disrupts cognitive functioning.81 Studies in 3xTg-AD suggest that
levels of Aβ*56 may correlate with pathology and behavioral changes in this line as well.82

β-AMYLOID IMMUNIZATION AS A THERAPEUTIC STRATEGY IN
ALZHEIMER’S DISEASE

Transgenic animals have been widely used to study factors that affect Aβ deposition. For
example, the role that apolipoprotein ε4 and its isoforms play in the development of plaque
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pathology has been extensively studied with apolipoprotein ε4 transgenic and knockout
mice crossed to APP transgenic mice.83–85 Studies examining how dietary cholesterol
affects plaque pathology in transgenic mice86 have formed part of the basis for proposals to
use statin therapy for AD. Indeed, APP transgenic mice have been used to evaluate a variety
of factors that influence Aβ production and plaque pathology; these factors range from
inflammatory modulators, metal chelators, and natural products that bind Aβ to lifestyle
factors including exercise, environmental enrichment, caloric restriction, and wine
consumption.10,87–90

However, nowhere have transgenic mice played a larger role than in the development of
potential immunotherapies for AD. The initial impetus for immunotherapeutic approaches in
AD came from in vitro observations showing that anti-Aβ antibodies could prevent fibril
formation and disaggregate preformed fibrils.91 However, without studies in transgenic mice
demonstrating potential effectiveness in vivo, it seems unlikely that these approaches would
have ever made their way into human trials.

Schenk et al.,92 using aggregated Aβ as an immunogen, first investigated Aβ vaccination in
PDAPP mice. They started immunizing mice at 6 weeks of age (well before the age when
plaque deposition begins in this line) with a vaccine that was injected on a monthly basis for
11 months. High titers of anti-Aβ antibodies developed, and at 12 months of age, the mice
showed dramatic reductions in plaque loads in comparison with saline-injected controls. In
an additional set of studies, 11-month-old mice with already existing plaque loads received
monthly injections and were examined pathologically at 15 and 18 months. At both ages,
plaque burdens were dramatically less in the immunized animals, suggesting that Aβ
vaccination might be beneficial even after parenchymal deposits are present.

Other groups soon confirmed the beneficial effects of active immunization in other
transgenic lines and showed that vaccination can reverse spatial memory deficits in APP and
presenilin/APP mice.93,94 Strikingly, behavioral performance often improved more than
brain Aβ levels or plaque pathology, with deficits in some lines being almost entirely
normalized.17 Subsequently, it was found that passive immunization of anti-Aβ antibodies
peripherally also reduced amyloid deposition.95,96 Indeed, multiple studies have shown that
even short-term administration of anti-Aβ antibodies improves performance in tests of
learning and memory.97 Improvements in behavioral performance with passive
immunization strategies also occur even when no detectible effect is seen on deposits of
plaque amyloid. For example, Dodart et al.98 gave weekly injections of the anti-Aβ
monoclonal antibody m266 for 6 weeks to 24-month-old PDAPP mice and found that
behavioral impairments were essentially normalized despite there being no effects on plaque
pathology. Indeed, even a single injection of this antibody to 11-month-old mice produced
beneficial effects on behavior that were apparent after 1 day of treatment.98 Similar effects
have been observed with a different monoclonal antibody in Tg2576 mice.99

How immunization works remains uncertain. Multiple mechanisms have been suggested,
including stimulation of antibody-induced phagocytosis of plaque deposits as well as
induction of cell-mediated immune responses. Anti-Aβ antibodies might also directly
disrupt existing aggregates, impede the formation of new aggregates, or neutralize toxic
soluble species of Aβ. Peripheral administration of anti-Aβ antibodies has also been shown
to induce massive increases in plasma Aβ,96,100 suggesting that passive immunization may
promote an efflux of Aβ out of the brain into what has been called a peripheral sink. These
mechanisms as well as others have recently been reviewed.97,101

Whatever its mechanism of action, studies in transgenic mice were sufficiently compelling
that Aβ immunization was taken into clinical trials in humans. In the first of these studies,
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the AN1792 trial, subjects were injected with an aggregated Aβ preparation similar to that
used in the initial mouse studies. Although phase 1 studies indicated adequate
immunological responses and tolerability of the vaccine, phase 2 studies in patients with AD
were halted because of the appearance of an autoimmune meningoencephalitis in some
patients.102 Although these initial studies were ultimately disappointing, a retrospective
analysis found that those patients with the highest anti-Aβ titers had significantly less
cognitive decline than those with low titers,103 arguing that active immunization remains a
viable strategy if autoimmune side effects can be overcome. Most human trials are,
however, currently pursuing passive immunization strategies because of the greater control
over antibody levels that can be achieved as well as concerns over the ability of older
subjects to mount an effective immune response. The farthest advanced of these trails at the
time of writing is the Elan/Wyeth trial of AAB-001 (bapineuzumab), which entered phase
III testing in 2007 and uses a humanized monoclonal antibody directed against the N-
terminus of Aβ. More information on this and other current clinical trials can be found at
http://www.clinicaltrials.gov and http://alzforum.com.

CONCLUSION
Animal models attempt to mimic human diseases and thus allow testing of therapeutic
strategies as well as the investigation of the disease course and underlying pathophysiology
in a manner that is impractical or unethical in humans. Transgenic models now dominate
approaches to animal modeling of human neurodegenerative diseases, including AD. In one
sense, the models are limited by their requirement for a genetic modification. However, the
discovery of genes for familial forms of AD has allowed transgenic models to be created
that reproduce many critical aspects of the disease. These models have improved our
understanding of the disease pathogenesis and have led to new therapeutic approaches. They
will, without a doubt, continue to play central roles for years to come in preclinical testing
and be used as tools for developing insight into the biological basis of AD.
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Table 1

Selected Examples of AD Mouse Models.

Line Promoter FAD Mutation Amyloid Pathology Reference

PDAPP PDGF APP-Indiana Parenchymal plaques at 6–9 months of age 12

Tg2576 PrP APP-Swedish Parenchymal plaques by 11–13 months of
age with some vascular amyloid

16

APP23 Thy-1 APP-Swedish Parenchymal plaques by 6 months of age
and prominent vascular deposition of
amyloid

18

TgCRND8 PrP APP-Swedish + Indiana More aggressive parenchymal plaque
pathology present by 3 months of age

17

APP-Dutch Thy-1 APPE693Q associated with
hereditary cerebral hemorrhage with
Dutch-type amyloidosis

Vascular deposition of amyloid with few
parenchymal plaques

47

PS1M146V PDGF PS1M146V Elevated Aβ42 without plaque pathology 24

PSAPP PS1M146V × Tg2576 PS1M146V + APP-Swedish Earlier and more extensive plaque pathology
in comparison with Tg2576 alone

30

3×Tg Thy-1.2 and native
mouse

Transgenes containing Thy-1.2–
driven APP-Swedish and tau P301L
were coinjected onto a homozygous
PS1M146V knock-in background.

Parenchymal plaques by 6 months of age
combined with tau pathology by 12 months
of age

63

NOTE: Additional information on AD Tg models can be found at the Web site of the Alzheimer’s Association (http://www.alzforum.org/res/com/
tra).

Abbreviations: Aβ, β-amyloid; AD, Alzheimer’s disease; APP, amyloid precursor protein; FAD, familial Alzheimer’s disease; PDAPP, platelet-
derived growth factor promoter driving amyloid precursor protein; PDGF, platelet-derived growth factor β; PrP, prion protein; PS1, presenilin 1;
PSAPP, presenilin/amyloid precursor protein; Tg, transgenic.
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