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Abstract
Mutations in presenilin-1 (PS1) and presenilin-2 (PS2) cause familial Alzheimer’s disease (FAD).
Presenilins influence multiple molecular pathways and are best known for their role in the γ-
secretase cleavage of type I transmembrane proteins including the amyloid precursor protein
(APP). PS1 and PS2 FAD mutant transgenic mice have been generated using a variety of
promoters. PS1-associated FAD mutations have also been knocked into the endogenous mouse
gene. PS FAD mutant mice consistently show elevations of Aβ42 with little if any effect on Aβ40.
When crossed with plaque forming APP FAD mutant lines, the PS1 FAD mutants cause earlier
and more extensive plaque deposition. Although single transgenic PS1 or PS2 mice do not form
plaques, they exhibit a number of pathological features including age-related neuronal and
synaptic loss as well as vascular pathology. They also exhibit increased susceptibility to
excitotoxic injury most likely on the basis of exaggerated calcium release from the endoplasmic
reticulum. Electrophysiologically long-term potentiation in the hippocampus is increased in young
PS1 FAD mutant mice but this effect appears to be lost with aging. In most studies neurogenesis
in the adult hippocampus is also impaired by PS1 FAD mutants. Mice in which PS1 has been
conditionally knocked out in adult forebrain on a PS2 null background (PS1/2 cDKO) develop a
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striking neurodegeneration that mimics AD neuropathology in being associated with neuronal and
synaptic loss, astrogliosis and hyperphosphorylation of tau, although it is not accompanied by
plaque deposits. The relevance of PS transgenic mice as models of AD is discussed.
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Presenilins and Alzheimer’s disease
Presenilins (PS) were discovered in the search for genes associated with familial
Alzheimer’s disease (FAD) (Ertekin-Taner 2007). More than 170 mutations in presenilin-1
(PS1) and 14 mutations in presenilin-2 (PS2) have been linked to FAD (see http://
www.molgen.ua.ac.be/ADMutations). Presenilins are highly conserved in evolution having
homologues in organisms as distant as C. elegans (Levitan and Greenwald 1995),
Drosophila (Boulianne et al. 1997), and lower chordates (Martinez-Mir et al. 2001). A form
of PS even exists in plants (Khandelwal et al. 2007).

The mammalian PS1 and PS2 genes encode 467 and 448 amino acid proteins, respectively,
with the two human proteins sharing more than 65% sequence identity (Rogaev et al. 1995).
Both PS1 and PS2 are expressed widely during development and are ubiquitously expressed
in terms of tissue distribution in the adult (Rogaev et al. 1995; Sherrington et al. 1995).
However, in the adult brain, PSs are expressed predominately in neurons (Elder et al. 1996;
Lee et al. 1996), although they can be found in reactive astrocytes (Weggen et al. 1998), and
may be expressed at lower levels in other cell types (Lee et al. 1996). PS1 is expressed at
higher levels during development than PS2, although in adult brain PS1 and PS2 are
expressed at relatively similar levels and in similar distributions (Lee et al. 1996).
Supporting a functionally more dominant role for PS1 during development, null mutations in
PS1 produce an embryonic lethal phenotype (Shen et al. 1997; Wong et al. 1997), whereas
PS2 knockout mice are viable and exhibit at most a mild pulmonary phenotype (Herreman et
al. 1999). While mutations in both PS1 and PS2 cause FAD, PS2 mutations tend to have a
later age of onset and produce a more slowly progressive disease (Bertram and Tanzi 2004).

Both PS proteins have the features of transmembrane proteins (Rogaev et al. 1995;
Sherrington et al. 1995). Presenilins influence multiple molecular pathways being best
known for their roles as components of the γ-secretase complex (Steiner et al. 2008; Wolfe
2009) and both PS1 and PS2 possess the conserved aspartates required for γ-secretase
function (Yu et al. 2000). It is, however, clear that PS1 in particular interacts with a number
of proteins (Vetrivel et al. 2006), some in manners that do not lead to the production of a γ-
secretase cleavage such as PS1’s well-studied interaction with β-catenin (Hass et al. 2009).
PS2’s interactions have been less studied than those of PS1, although it does not interact
with β-catenin (Tesco et al. 1998).

Transgenic mice expressing presenilin-associated FAD mutations
Both PS1 and PS2 FAD mutant transgenic lines have been generated by pronuclear injection
using a variety of heterologous promoters including Thy1, the platelet-derived growth factor
(PDGF), neuron-specific enolase (NSE), prion protein, chicken β-actin, and HMG-CoA
promoters (Borchelt et al. 1996; Duff et al. 1996; Citron et al. 1997; Oyama et al. 1998;
Qian et al. 1998; Chui et al. 1999; Dewachter et al. 2000; Leutner et al. 2000; Hwang et al.
2002; Wen et al. 2002a; 2004). Depending on the promoter chosen the resultant lines exhibit
transgene expression patterns varying from neuron-specific to ubiquitous. Although most

Elder et al. Page 2

Brain Struct Funct. Author manuscript; available in PMC 2012 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

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


studies have utilized transgenes expressing single FAD mutations, in an effort to potentiate
pathological effects some investigators have engineered multiple PS1 FAD mutations into a
single transgene (Leutner et al.2000). Several PS1 knock in (KI) lines have also been
generated by introducing FAD mutants into the endogenous mouse gene (Guo et al. 1999;
Nakano et al. 1999; Flood et al. 2002; Casas et al. 2004). PS1 FAD mutant mice have also
been generated using yeast or P1 artificial chromosomes (Lamb et al. 1999; Gama Sosa et al.
2009).

Because of their ability to accentuate plaque pathology in APP FAD mutant transgenic mice
(see below), PS1 FAD mutants have also been combined with APP FAD mutations such as
in 5X FAD mutant mice that contain three distinct APP mutations and two PS1 FAD
mutations (Oakley et al. 2006). PS1 and APP FAD mutations have also been combined with
a tau mutation associated with frontotemporal dementia to generate 3X transgenic mice that
exhibit a robust combination of amyloid plaques and neurofibrillary tangle (NFT)-like
lesions (Oddo et al. 2003). Bigenic APP/PS1 FAD mutant mice have been widely studied to
determine the pathological/pathophysiological effects of amyloid deposition and also to
develop anti-amyloid strategies. Due to the focus of this review on the effects of PS FAD
mutations, studies in PS/APP mice will not be further discussed.

Effects of presenilin FAD mutants on Aβ production and plaque formation
in APP transgenic mice

The amyloid hypothesis postulates that shunting of APP processing towards Aβ production
in particular the production of the more amyloidogenic Aβ42 species leads to a
pathophysiological cascade that produces the clinical and pathological features of AD
(Pimplikar 2009). Multiple studies have shown that Aβ42 levels are increased in both PS1
and PS2 FAD mutant transgenic mice and rise with aging. Unlike APP FAD mutant
transgenic mice, Aβ40 levels are typically not changed, creating a net increase in the
Aβ42/40 ratio. This effect is not a result of elevated total levels of PS, as overexpression of
wild type PS1 has no effect on either Aβ40 or 42 levels (Duff et al. 1996; Wen et al. 2004).
Although one study has reported that overexpression of wild type PS2 increases Aβ42 levels
as much as a PS2 FAD mutation (Hwang et al. 2002), other studies have not found any
effect of wild type PS2 overexpression on Aβ levels (Sawamura et al. 2000). Aβ42 also
selectively increases in an age- and gene dosage-dependent manner in PS1 knock in mice
(Nakano et al. 1999) that express wild type levels of PS1, further arguing that
overexpression is not necessary for effects on Aβ production.

Despite elevated Aβ42 and higher Aβ42/40 ratios PS FAD mutant mice do not develop
plaque deposits even with aging. However, when overexpressing PS1 FAD mutant mice or
PS1 FAD KI mice are bred with APP FAD mutant mice, compared to the parental APP FAD
lines the ratio of Aβ42/40 increases and plaque deposition begins at an earlier age and is
more extensive with aging (Borchelt et al. 1997; Citron et al. 1997; Holcomb et al. 1998;
Lamb et al. 1999; McGowan et al. 1999; Dewachter et al. 2000). Indeed, APP FAD mutant
KI mice that do not spontaneously develop plaque deposits can be induced to develop
plaques when crossed with FAD mutant mice overexpressing PS1 or with PS1 FAD mutant
KI mice (Flood et al. 2002; Kohler et al. 2005). In contrast, crossing APP FAD mutant mice
with PS1 wild type transgenic animals affects neither plaque deposition nor Aβ ratios
compared to single transgenic APP mice. Thus, PS FAD mutants shift steady levels of Aβ
towards increased generation of Aβ42 and accelerate plaque deposition in APP FAD mice.
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Pathological effects of presenilin FAD mutations
The lack of plaque deposits in PS1 and PS2 FAD mutant mice has created the impression,
sometimes noted, that PS FAD mutant mice have no phenotype. Yet, despite the lack of
plaque deposits PS FAD mutant mice exhibit a variety of pathological and
pathophysiological changes (see Table 1). Chui et al. (1999) were first to describe a
neurodegenerative phenotype in PS1 FAD mutant mice, reporting age-related neuronal loss
in the hippocampus and neocortex of mice expressing the L286V FAD mutation under the
control of a PDGF promoter. These authors described a neurodegenerative phenotype that
they referred to as “dark” neurons, in which abnormal shrunken neurons were identified by a
silver stain. Some of these neurons were documented to be undergoing apoptosis and an age-
related astrogliosis was also reported. Although no studies have further commented on the
“dark” neuron phenotype and not all subsequent studies have documented age-related
neuronal loss in PS1 FAD mutant mice (Schmitz et al. 2004), Sadowski et al. (2004)
reported a greater than 30% loss of hippocampal pyramidal neurons at 22 month of age in
the PDGF-PS1 M146L mutant mice generated by Duff et al. (1996). This loss was as severe
as that in double transgenic mice in which PDGF-M146L mice were crossed with mice
harboring the Swedish APP mutation (Tg2576). A layer-specific synapse decrease has also
been observed in relatively young 1–3 month old A246E PS1 FAD mutant mice (Priller et
al. 2007) and an age-related synapse loss has also been documented in M146L PS1 FAD
mutant mice (Rutten et al. 2005) although interestingly, synaptic sprouting in the dentate
molecular layer has been reported to be increased in transgenic mice that overexpress either
PS1 wild type or FAD mutant transgenes (Kadish et al. 2002). By contrast dendritic spine
densities on CA1 pyramidal neurons have been reported to be increased in PS1 L286V
mutant mice at 4–5 months of age compared to transgenic mice expressing human wild type
PS1 or non-transgenic controls (Auffret et al. 2009). However, spine densities in the FAD
mutants fell to normal levels at 8–10 months of age although there were fewer ramified
spines in transgenic animals overexpressing either the L286V mutation or wild type PS1
(Auffret et al. 2009). Recently an age-related vascular pathology has also been described in
M146V and P117L PS1 FAD mutant mice that mimics many of the features of the vascular
pathology seen in AD (Gama Sosa et al. 2009). This pathology was especially prominent in
the microvasculature whose vessels became thinned and irregular with the appearance of
many abnormally looped vessels as well as string vessels. Stereologic assessments revealed
a reduction of the microvasculature in the hippocampus that was accompanied by
hippocampal atrophy.

Tanemura et al. (2006) found Congo red- and thioflavin S-positive inclusions in
hippocampal pyramidal neurons that were reminiscent of NFTs in I213T PS1 KI mice.
These lesions, which appeared in an age-related fashion, were labeled with the Alz50
antibody that recognizes abnormal tau isoforms found in human NFTs. Abnormally
phosphorylated forms of tau were also found by Western blotting in hippocampal extracts
and sodium dodecyl sulfate (SDS)-insoluble 10 nm straight filaments, labeled with anti-
phosphotau antibodies, were observed in this mouse model by electron microscopy.

Lazarov et al. (2007) have made relatively similar observations in the spinal cord of mice
expressing the ΔE9 PS1 FAD mutation, finding neurons in the ventral horn of the spinal
cord and the surrounding white matter that were stained with PHF-1, an antibody that like
Alz50 recognizes abnormally phosphorylated forms of tau found in human NFTs. In
addition, they found evidence for abnormally phosphorylated forms of the neurofilament
proteins that have also been associated with neurodegenerative diseases, an observation that
has also been made in PS1 L235P FAD mutant mice (Yang et al. 2009). Functionally,
changes in the ΔE9 PS1 FAD mice were associated with a slowing of fast axonal transport
of APP as well as Trk receptors in the sciatic nerve (Lazarov et al. 2007).
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Pigino et al. (2003) also found reduced levels of PS1, APP, and synaptophysin in sciatic
nerves of PS1 M146V KI mice, an observation also consistent with slowed axonal transport.
Interestingly, both Lazarov et al. (2007) and Pigino et al. (2003) found increased
phosphorylation of kinesin light chain in the presence of the FAD mutants, a change that
would cause release of kinesin I from membrane-bound organelles leading to a reduction of
kinesin based fast axonal transport. In addition, Pigino et al. (2003) observed reduced
phosphorylation of serine 9 on glycogen synthase kinase 3β (GSK-3β) in both sciatic nerve
and spinal cord of M146V KI mice with no difference in total GSK-3β. Two other studies
have found reduced phosphorylation of Ser 9 on GSK-3β in brain extracts from PS1 I213T
KI mice (Tanemura et al. 2006) or PS1 A246E transgenic mice (Dewachter et al. 2008).
Reduced phosphorylation of GSK-3β is associated with increased GSK-3β enzymatic
activity implying that PS1 FAD mutations lead to constitutively increased GSK-3β activity.
As the kinesin light chain is among GSK-3β’s targets, a plausible explanation for the effects
of PS1 FAD mutants on fast axonal transport is that increased GSK-3β activity leads to
increased phosphorylation of the kinesin light chain in turn leading to impaired fast axonal
transport. Increased GSK-3β activity would also be predicted to result in
hyperphosphorylated tau which was observed in both PS1 I213T KI mice (Tanemura et al.
2006) and PS1 A246E transgenic mice (Dewachter et al. 2008). How PS1 FAD mutants
affect GSK3β activity is unknown although GSK-3β has been reported to interact physically
with PS1 (Pigino et al. 2003).

Multiple studies have shown increased lipid and protein peroxidation in PS1 FAD mutant
mice (Leutner et al. 2000; Eckert et al. 2001; LaFontaine et al. 2002; Mohmmad Abdul et al.
2004; Schuessel et al. 2006), and implied increased oxidative stress either on the basis of
increased production of reactive oxygen species (ROS) or reduced ROS defenses. Cu/Zn
superoxide dismutase and glutathione reductase levels in brain have been reported to be
normal or decreased in PS1 FAD mutants (Leutner et al. 2000; Schuessel et al. 2006). Thus,
the basis for these effects remains unclear although a recent proteomic study of
mitochondrial proteins in PS1 M146V KI mice found that components of the oxidative
phosphorylation pathway significantly increase with age suggesting enhanced oxidative
phosphorylation (Fu et al. 2009).

One study (Boeras et al. 2008) has described increased aneuploidy in splenic cells from PS1
M146V and M146L mice with a higher percentage of trisomy in cultured neurons from
these mice, observations that would support suggestions from studies in cell culture that PS
FAD mutants influence the cell cycle and cell division (Janicki and Monteiro 1999). Cataldo
et al. (2004) have also found increased cathepsin D levels by Western blotting as well as
more cathepsin D-immunoreactive neurons with aging in PS1 FAD mutant mice suggesting
that PS1 FAD mutants may increase lysosomal activity with aging. Similar changes were
also seen in human PS1 and PS2 FAD cases (Cataldo et al. 2004). Cathepsin D is a
lysosomal acid hydrolase whose expression is increased in tangle-bearing neurons in
sporadic AD. Increased cathepsin D activity could be pathophysiologically relevant by
leading to increased Aβ generation within the endosomal/lysosomal pathway. Cathepsin D
is also a mediator of necrotic cell death and apoptosis related to calcium injury which as
discussed below has been suggested to be a mechanism of cell death associated with PS
FAD mutations. Recent studies have also found that PS1 FAD mutants increase levels of
apolipoprotein E in the brain (Tamboli et al. 2008) as well as increase expression and
activity of the β-site APP-cleaving enzyme 1 (BACE1) (Giliberto et al. 2009) and decrease
acetylcholinesterase (AChE) activity and alter its glycosylation in brain (Silveyra et al.
2008). Thus, collectively despite the lack of plaque pathology, PS FAD mutant mice exhibit
a variety of pathological changes relevant to AD.
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Electrophysiological changes in PS1 FAD mutant mice
Several studies have addressed the effects of PS1 FAD mutants on electrophysiological
parameters in hippocampal slice cultures (Parent et al. 1999; Barrow et al. 2000; Zaman et
al. 2000; Dewachter et al. 2008; Auffret et al. 2009; Wang et al. 2009). Measures of basal
synaptic transmission as well as paired-pulse facilitation have been consistently found to be
unaltered in PS1 FAD mutant mice (Parent et al. 1999; Barrow et al. 2000; Zaman et al.
2000). By contrast, long-term potentiation (LTP) following high-frequency stimulation has
been found in multiple studies to be increased by PS1 FAD mutants (Parent et al. 1999;
Barrow et al. 2000; Zaman et al. 2000; Dewachter et al. 2008; Auffret et al. 2009; Wang et
al. 2009). For example, both Parent et al. (1999) and Dewachter et al. (2008) found in
distinct lines of PS1 A246E FAD mutant mice that stimulation of the Schaffer collateral-
CA1 synapses in hippocampus lead to larger amplitude LTP induction in the FAD mutants.
PS1 ΔE9 FAD mutant mice exhibited similar changes that could be normalized by
increasing inhibitory neurotransmission with a benzodiazepine (Zaman et al. 2000). Barrow
et al. (2000) similarly found in two PS1 FAD lines, that medium and late after
hyperpolarizations in CA3 pyramidal cells were larger and synaptic potentiation of the CA3
to CA1 projections was stronger. By contrast in none of these studies was overexpression of
wild type PS1-associated with electrophysiological changes (Parent et al. 1999; Barrow et
al. 2000; Dewachter et al. 2008) arguing that the effect is specific to the FAD mutant and not
the result of overexpression of PS1.

Thus, multiple studies document a consistent effect of PS1 FAD mutants causing
enhancement of LTP in the hippocampus. Enhancement of LTP may be seen as paradoxical
as hippocampal LTP is regarded as an electrophysiological correlate of learning, whereas
AD, whether sporadic or FAD, is associated with impaired learning and hippocampal
function. One recent study has suggested that a possible resolution to this paradox may be
that the effects are age dependent. Auffret et al. (2009) found like the other studies cited
above which were all conducted in relatively young mice that in 4–5 month old PS1 L286V
FAD mutant mice hippocampal LTP was enhanced in slice cultures from the FAD mutant
compared to non-transgenic or mice expressing wild type PS1. By contrast at 8–10 months
of age, LTP in the FAD mutant was similar to the non-transgenic while LTP was reduced in
mice overexpressing wild type PS1. In 13–14 month old mice LTP was decreased in both
FAD mutant and wild type PS1 over-expressing mice compared to non-transgenic mice.
Pharmacological blocking studies showed like other studies (Zaman et al. 2000) that the
main effects of FAD mutants were on NMDA receptor-mediated neurotransmission.

It has also been recently reported that LTP may be modulated differently in the presence of
PS1 FAD mutants. In these studies, 9–12 month old PS1 M146V KI mice were found as in
other studies to exhibit significantly enhanced LTP at CA1 synapses (Wang et al. 2009).
However, while muscarinic receptor activation enhanced LTP in wild type mice, it impaired
LTP in PS1 KI mice. Similarly, the ability of a cholinesterase inhibitor phenserine to
enhance LTP was impaired in the FAD mutant, collectively suggesting that the M146V
mutation impairs cholinergic modulation of LTP induction in the hippocampus.

Interestingly, hippocampal slices from PS1 heterozygous knockout (KO) mice exhibit
reduced LTP in response to tetanic trains with otherwise unchanged basal responses
including paired-pulse facilitation (Morton et al. 2002), suggesting that reduced PS1 levels
may modulate electrophysiological responses in the hippocampus. Further supporting a role
for wild type PS1 in normal hippocampal function, both LTP as well as paired-pulse
facilitation are impaired in hippocampal slices from mice with a neuronal specific knockout
of PS1 (Dewachter et al. 2008). Paired-pulse facilitation, LTP and NMDA receptormediated
responses are also impaired in PS−/− mice in which PS1 was conditionally knocked out in
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adult forebrain on a PS2 null background (PS1/2 cDKO) (Saura et al. 2004), and recent
studies in which a PS cDKO was produced in either presynaptic (CA3) or postsynaptic
(CA1) neurons of the hippocampal Schaffer-collateral pathway have shown that LTP
induction requires PS on the presynaptic but not postsynaptic side (Zhang et al. 2009). Thus,
PS1 appears essential for normal LTP induction with multiple studies indicating PS1 FAD
mutants alter LTP induction in the hippocampus in likely complex ways.

Behavioral effects of presenilin FAD mutations
Several studies have addressed whether PS FAD mutant transgenic mice exhibit behavioral
abnormalities using standard batteries of tests. In general, on most tests PS FAD mutant
mice have performed normally or the deficits have been subtle and inconsistent. Multiple
studies have found Morris water maze performance and spontaneous Y/T maze alteration to
be normal in PS1 and PS2 FAD mutant mice studied up to 9 months of age (Holcomb et al.
1999; Janus et al. 2000; Huang et al. 2003; Lalonde et al. 2003; Dewachter et al. 2008). One
study found decreased anxiety in an elevated zero maze in 12-month old mice expressing a
PS1 A246E FAD mutant transgene on the PS1−/− background (Lalonde et al. 2003). By
contrast 6-month old male mice expressing a PS1 L235P FAD mutant transgene performed
normally in an elevated zero maze but showed impaired novel object recognition (Huang et
al. 2003). Altered novel object recognition has also been reported in PS1 L286V FAD
mutant mice with the FAD mutants having a greater tendency to explore the novel object in
a 3-h re-exposure but less of a tendency to explore the novel object at a 5-h re-exposure
(Vaucher et al. 2002). In contrast, novel object recognition was normal in PS1 A246E mice,
while contextual fear conditioning was augmented (Dewachter et al. 2008). While
spontaneous locomotor activity in an open field was reported to be normal in several studies
(Janus et al. 2000; Vaucher et al. 2002; Lalonde et al. 2003), abnormal rotarod performance
has been noted in PS1 ΔE9 FAD mutant mice at 5 and 10 months of age (Lazarov et al.
2007), and impaired performance on a beam test was observed in 1 year old PS1 A246E
mice (Lalonde et al. 2003).

Thus, behavioral impairments have been often observed in PS FAD mutant transgenic mice,
but the deficits reported are subtle and somewhat inconsistent. However, the testing
performed to date has focused mainly on relatively young PS FAD mutant mice. Yet most
neurodegenerative pathology that has been described in PS FAD mutant mice has occurred
in mice older than 1 year of age and indeed a recent study of greater than 1 year old N141I
PS2 FAD mutant mice found impaired Morris water maze performance as well as evidence
for reduced anxiety and increased locomotor activity in PS2 FAD mutant mice compared to
non-transgenic or PS2 wild type transgenic mice (Yuk et al. 2009). Thus, it remains possible
that other PS FAD lines which to date have exhibited only modest behavioral changes may
manifest more robust effects if studied at older ages.

Presenilin FAD mutations increase susceptibility to excitotoxic injury and
alter calcium signaling

Excitotoxicity is a widely postulated mechanism for inducing cell death in a variety of
chronic neurodegenerative diseases including AD. Guo et al. (1999) were the first to show
that in comparison to wild type mice, intrahippocampal injections of kainate into PS1
M146V KI mice induced more necrotic cell death in CA1 and CA3 pyramidal neurons as
well as in hilar neurons. Cultured hippocampal neurons from these mice were also more
sensitive to glutamate induced cell death (Guo et al. 1999). Grilli et al. (2000) also found
that compared to transgenic mice overexpressing wild type PS1, there was accelerated cell
death in hippocampal CA3 pyramidal neurons of mice overexpressing the PS1 L286V
mutation following peripheral administration of kainic acid, and Schneider et al. (2001)
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made similar observations in both PS1 A246E and PS2 N146I transgenic mice. Although
one study did not find increased glutamate sensitivity in cultured cortical neurons from PS1
P264L KI mice (Siman et al. 2000), both Grilli et al. (2000) and Schneider et al. (2001)
found, similar to Guo et al. (1999), that excitotoxic sensitivity was greater in cultured
neurons from PS1 L286V, PS1 A246E and PS2 N146I transgenic mice. Thus, multiple
studies with PS transgenic mice have documented that PS FAD mutants increase neuronal
sensitivity to excitotoxic damage.

Mechanistically, the effects of PS FAD mutants on excitotoxic damage has been best linked
to exaggerated release of intracellular calcium stores. Guo et al. (1999) found that glutamate
induced greater endoplasmic reticulum (ER) calcium release in M146V KI neurons and
increased mitochondrial membrane depolarization. Associated with these changes, more
mitochondrial ROS as well as lipid peroxidation products were generated. Similar findings
regarding increased calcium release in response to glutamate in PS FAD mutant neurons
were reported by Schneider et al. (2001). Further supporting a role for calcium mediated
toxicity, both dantrolene, which blocks ER calcium release, and nifedipine, an L-type
voltage-dependent Ca2+ channel blocker, largely block the toxic effect of glutamate in both
wild type and FAD neurons (Guo et al. 1999) and dantrolene also blocks neuronal death,
although not seizure activity, in response to kainate in vivo (Schneider et al. 2001).

Of note, the effects of PS FAD mutants on stimulusinduced calcium release are not limited
to excitatory amino acids. Larger calcium responses are also triggered in PS1 FAD mutant
neurons by thapsigargin and bradykinin (Schneider et al. 2001). Electrophysiologic
stimulation of hippocampal slices in M146V transgenic mice also produces exaggerated
calcium responses that may well explain the increased electrophysiologic responses seen in
PS FAD mutant mice discussed above (Barrow et al. 2000). Interestingly, N-methyl-D-
aspartate (NMDA) treatment of wild type cortical neurons increases PS1 RNA levels and
excitotoxic damage is less in wild type neurons in which PS1 expression is knocked down
with antisense RNA treatment (Grilli et al. 2000). In addition, neurons from PS1+/− or
PS1−/− mice are also less sensitive to excitotoxic damage in vitro (Grilli et al. 2000).
Collectively, these observations suggest a relationship between PS1 induction and excitoxic
damage with PS FAD mutants exaggerating susceptibility to excitotoxic effects.

In summary, a range of studies support the view that neurons harboring PS1 FAD mutations
release excessive amounts of calcium from the ER in response to diverse stimuli. They
further support the notion that excessive calcium release may be a proximal cause of the
accelerated cell death observed in neurons harboring FAD mutants and may also underlie
the exaggerated electrophysiological responses in PS1 FAD mutant neurons. Interestingly,
exaggerated calcium release from intracellular stores has also been implicated as a
mechanism of cell death in sporadic AD (Marambaud et al. 2009; Small 2009).
Dysregulated calcium homeostasis which has been suggested to reflect a neurotoxic effect of
oligomeric Aβ (Small 2009) may thus form a common pathophysiological link between
sporadic AD and PS associated FAD.

PS1 FAD mutants also render mice more sensitive to trimethyltin-induced hippocampal
damage (Kassed et al. 2003), and lesioning of the perforant path induces excessive neuronal
loss in the entorhinal cortex in mice harboring the ΔE9 PS1 FAD mutant (Lazarov et al.
2006). Primary neuronal cultures from PS1 L286V FAD mice, in addition, show increased
vulnerability to hypoxic-hypoglycemic damage in vitro, although infarct volume following
middle cerebral artery occlusion was not worse in the FAD mutant mice (Grilli et al. 2000).
Thus, PS FAD mutants appear to sensitize cells to a variety of insults. Whether calcium
dysregulation plays a role in all these situations or other pathophysiological mechanisms are
present has not been explored.
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PS1 FAD mutations and hippocampal neurogenesis
Until recently, neurogenesis in mammals was considered to occur only during embryonic
and early postnatal periods and to have no significant role in the adult nervous system.
However, it is now accepted that neurogenesis occurs in two brain regions in adult
mammals, the hippocampus and olfactory bulb (Elder et al. 2006). In both areas, new
neurons arise from a resident population of neural progenitor cells (NPCs) that are renewed
throughout life. In the hippocampus, NPCs reside in a region adjacent to the granule cell
layer termed the subgranular zone and give rise to new granule cells. Multiple studies have
suggested that PS1 FAD mutants alter hippocampal neurogenesis, although the results have
been complex with differing results reported from different investigators and sometimes
seemingly discrepant results reported by the same laboratory.

Wen et al. (2002b) first suggested that PS1 and PS1 FAD mutations affect hippocampal
neurogenesis in adult brain in studies using an NSE-driven wild type human PS1 cDNA or a
cDNA expressing the P117L FAD mutation. An initial study in young adult mice found that
neurogenesis was promoted by overexpression of wild type PS1 but not by the P117L FAD
mutant (2002b). Many factors affect hippocampal neurogenesis including environmental
enrichment (EE) protocols which promote neurogenesis in adult animals (Elder et al. 2006).
Because the initial study suggested that modulating PS1 expression affects hippocampal
neurogenesis, it was reasoned that providing adult animals with a stimulus to induce
neurogenesis such as EE might accentuate differences or reveal additional differences.
However, in a second study (Wen et al. 2004), also performed in young adult animals, the
P117L FAD mutant clearly impaired hippocampal neurogenesis. Although NPC
proliferation was mostly unaffected by increasing expression of either wild type or FAD
mutant PS1, in both standard and enriched housing conditions, the FAD mutant impaired the
survival of bromodeoxyuridine (BrdU)-labeled NPCs leading to fewer new β-III-tubulin-
immunoreactive neurons being generated in FAD mutant animals during the 4-week
postlabeling period. The effect was mutant-specific in that NPC survival and differentiation
in mice overexpressing the wild type human PS1 was similar to non-transgenic mice. Two
additional lines of PS1 wild type and FAD mutant transgenic mice showed similar changes,
indicating that the effects were not integration site-dependent. Thus, in the second Wen et al.
study (2004), overexpression of the P117L FAD mutant impaired neurogenesis in all three
experiments, while overexpression of the wild type PS1 had an essentially neutral effect.
What was clear, however, between the first and second study (Wen et al. 2002b, 2004) was
that in four separate experiments involving two independent lines for each transgene, the
fractional survival of BrdU-labeled cells in FAD mutant animals was always decreased and
that FAD mutant animals were always at a deficit of new neuron production compared to
either PS1 wild type transgenic or non-transgenic controls. Studies of neurospheres from
adult P117L mice have also found deficits in neurogenesis in isolated NPCs (Eder-Colli et
al. 2009).

Chevallier et al. (2005) investigated the effects of Thy-1 driven PS1 A246E or wild type
PS1 transgenes on hippocampal neurogenesis in adult mice in which both transgenes were
bred onto the PS1−/− background. These investigators found that NPC proliferation was
increased in the A246E expressing mice as well as PS1+/− mice compared to mice
expressing the wild type PS1 transgene. At 4 weeks after labeling, the number of BrdU-
immunolabeled cells was the same in all groups indicating that the fractional survival of
NPCs was less in the A246E and PS1+/− mice. However, given that the fraction of BrdU-
labeled cells that differentiated into NeuN-positive neurons was similar in all groups, there
was no net change in the number of new neurons generated between the groups.
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Two groups have studied the effects of FAD mutations in PS1 KI mice. One study measured
hippocampal neurogenesis in M146V KI mice on a heterozygous KO background
comparing them to PS1+/− mice (Wang et al. 2004) finding that the M146V FAD mutant
reduced NPC proliferation by ~25%. The second study examined P264L KI mice and
although finding evidence of impaired hippocampal neurogenesis in double APP/PS1 KI
mice, no change in the number of doublecortin (DCX)-expressing immature neurons was
found in the subgranular zone of either single FAD mutant PS1 or APP KI mice (Zhang et
al. 2007), suggesting that neurogenesis was not affected.

More recently, Choi et al. (2008) examined in an extensive set of studies the effects of the
PS1 M146L and PS1ΔE9 FAD mutations on hippocampal neurogenesis. There investigators
used mice in which a prion protein promoter drove either FAD mutant or PS1 wild type
transgenes. Young adult mice were studied under standard housing or in an EE paradigm.
No differences in NPC proliferation or actual neurogenesis were seen in the FAD mutant
groups in standard housed mice. However, EE-induced NPC proliferation was seen in mice
expressing the wild type PS1 transgene but not in M146L or ΔE9 FAD mutant mice.
Supporting an effect on proliferation more multipotent neurospheres could be cultured from
the hippocampus of environmentally enriched PS1 wild type transgenic mice compared to
the FAD mutants. At 2 weeks postlabeling, the fraction of BrdU-immunoreactive cells that
expressed DCX, β-III tubulin or NeuN tended to be less in FAD mutants and the number of
new neurons that were generated was reduced in both FAD groups. Granule cell numbers
did not change under either standard housing or enrichment. However, an exercise-induced
(running) increase in granule cells was seen in PS1 wild type transgenic mice but not in the
two FAD mutant groups.

The results of these studies are summarized in Table 2. In general, there is a clear trend that
when PS1 FAD mutants affect hippocampal neurogenesis in adult brain, they impair it.
These effects have been most apparent in studies where the FAD mutants were
overexpressed using heterologous promoters and effects compared to similarly
overexpressed wild type PS1. However, the differences between relatively similar
experiments is sometimes puzzling. For example, the studies of Wen et al. (2004) and Choi
et al. (2008), which studied effects under both standard housing and EE, produced different
results. In Wen et al. (2004), neurogenesis was impaired under both standard housing and
EE. However, in Choi et al. (2008), no effects were seen under standard housing but only
following EE. Wen et al. (2004) saw increased NPC proliferation in non-transgenic, wild
type PS transgenic, and FAD mutants following EE compared to standard housed mice, but
Choi et al. (2008) reported increased proliferation only in PS1 wild type transgenic mice, but
not FAD mutants. Both studies found that net neurogenesis was impaired, but in Wen et al.
(2004) the effect was mainly one of decreased fractional survival of NPCs, whereas in Choi
et al. (2008), effects were due to decreased proliferation as well as decreased fractional
differentiation.

Several differences between the studies may at least in part account for the differing results.
First, differences may exist among the FAD mutants in their effects, Wen et al. (2004) using
P117L mice and Choi et al. (2008) M146L or ΔE9 mutants. The genetic background also
differed between these studies, and genetic background effects are known to affect response
to EE (Kempermann et al. 1997, 1998). There were also methodological differences in that
differing BrdU injection protocols as well as different EE protocols were used. Another
factor also commented on by Choi et al. (2008) is the differing promoters. The NSE
promoter used by Wen et al. (2004) is not expressed in NPCs in vivo in the hippocampus
and an NSE-driven wild type PS1 transgene rescues none of the abnormalities in PS1−/−
mice, arguing against NPC expression in the embryo as well (Wen et al. 2005). In contrast,
the PrP promoter is ubiquitously expressed and a PrP-driven FAD mutant is capable of
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rescuing the embryonic lethality and developmental defects of the PS1−/− mouse (Davis et
al. 1998).

Endogenous mouse PS1 is expressed in NPCs in adult hippocampus (Wen et al. 2002a) as
well as in hippocampal granule cells (Elder et al. 1996). Thus, it is plausible that PS1 may
have both cell autonomous effects in NPCs as well as non-cell autonomous effects on NPCs
from its expression in granule neurons or other hippocampal cell types. In fact the
expression pattern of the NSE driven transgene argues for non-cell autonomous effects
while a PrP-driven transgene might produce effects in NPCs as well as other cells, and
indeed Choi et al. (2008) showed that microglial expression of PS1 can regulate
hippocampal neurogenesis in vitro.

How PS1 FAD mutants impair hippocampal neurogenesis is unclear. One possibility is that
increased levels of Aβ42 affect hippocampal neurogenesis. Interestingly Aβ42 has been
reported both to impair as well as stimulate NPC proliferation in vitro (Lopez-Toledano and
Shelanski 2004), and to impair NPC proliferation in adult brain in vivo (Haughey et al.
2002). Consistent with a stimulatory effect, there are reports that neurogenesis is increased
in APP FAD transgenic mice (Jin et al. 2004a; Lopez-Toledano and Shelanski 2007),
although other studies have observed neurogenesis to be decreased (Donovan et al. 2006).
Of note however, is that Choi et al. (2008) reported that when they bred the PS1 ΔE9 FAD
mutation onto the APP−/− background, the deficits in EE-induced proliferation seen with
the ΔE9 mutation were not rescued, indicating that the mutation’s effects were independent
of Aβ production. PS1 affects the processing of many other type I transmembrane proteins
including Notch, which is known to regulate neurogenesis (Vetrivel et al. 2006). PS1 also
has effects that are not γ-secretase-dependent, such as modulating β-catenin processing,
which could in turn affect hippocampal neurogenesis (Chevallier et al. 2005).

The relevance of hippocampal neurogenesis to the pathophysiology of AD is a subject of
interest. Hippocampal neurogenesis is required for some types of hippocampusdependent
learning and neurogenesis is also enhanced by learning a hippocampus-dependent task
(Elder et al. 2006), suggesting that impaired hippocampal neurogenesis might contribute to
AD related memory dysfunction and constitute a therapeutic target. Pathologically, the
hippocampus is affected early in AD with pyramidal cell loss and disruption of perforant
path connections from the entorhinal cortex to the dentate granule cell layer (Hyman et al.
1984; Hof et al. 2003). Granule cell neurons also exhibit cytoskeletal changes that are
similar to those found in other neurons in AD (Thal et al. 2000). However, within the
hippocampus the brunt of the earliest pathology is in the pyramidal cell layer, a neuronal
population currently thought to be non-neurogenic. Thus, the degree to which enhancing
granule cell neurogenesis would benefit AD patients in the absence of correcting pathology
in other non-neurogenic regions is unclear.

Interestingly, some studies have reported that paradoxically hippocampal neurogeneis is
increased in sporadic AD (Jin et al. 2004b), based on finding increased numbers of neurons
that express immature neuronal markers such as DCX, polysaturated nerve cell adhesion
molecule (PSA-NCAM), and TUC-4 (TOAD [Turned On After Division]/Ulip/CRMP) in
the hippocampal granule cell layer of sporadic human cases. These findings have been
interpreted as indicating that neurogenesis is increased in AD. However, given the lack of
any method for tracking the fate of these immature neurons and, in particular, whether they
ever progress to become mature neurons, these results could also be interpreted as showing
that in AD hippocampal neurogenesis is blocked at the stage of immature neuron generation.
In addition, more recent studies have failed to identify increased numbers of proliferating
cells in the dentate gyrus as judged by the number of Ki67-immunolabeled cells (Boekhoorn
et al. 2006).
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PS1 conditional knockout mice and AD
Mice with a null mutation of the PS1 gene die during late intrauterine life or shortly after
birth and exhibit a combination of CNS and non-CNS abnormalities (Shen et al. 1997;
Wong et al. 1997). PS2−/− mice, in contrast, are viable (Donoviel et al. 1999; Herreman et
al. 1999) and exhibit at most a mild pulmonary phenotype manifested as a tendency to
develop pulmonary fibrosis and hemorrhages with age (Herreman et al. 1999). Brain
development in PS2−/− mice proceeds normally and adult PS2−/− mice have not been
reported to exhibit any neuroanatomic changes.

To circumvent the embryonic lethality of the PS1−/− mouse, PS1 conditional knockouts
(cKO) were generated (Feng et al. 2001; Yu et al. 2001; Dewachter et al. 2002). In each
case, mice with a floxed PS1 gene were created and then crossed with mice expressing Cre
recombinase under the control of the calcium-calmodulin kinase II (CamKII) promoter,
which drives Cre expression postnatally in forebrain neurons including the neocortex and
hippocampus. Inactivation of PS1 in homogenates of cortex is evident by 3 weeks
postnatally. Dramatic reductions occur by 6 weeks with minimal PS1 expression remaining
at 6 months, as judged by Western blotting (Yu et al. 2001).

Curiously, despite extensive forebrain inactivation of PS1, the phenotype of the PS1 cKO
mice is mild. PS1 cKO mice exhibit no gross abnormalities. As would be expected, due to
the loss of γ-secretase activity, both α- and β-cleaved carboxy-terminal fragments (CTFs)
of APP accumulate while α-cleaved, secreted APP products are normal. However, despite
elevated CTFs, there is less Aβ40 and Aβ42 with an increased 42/40 ratio (Yu et al. 2001;
Dewachter et al. 2002). Electrophysiologically, basal synaptic transmission, paired-pulse
facilitation, and LTP in the hippocampal CA1 field were normal (Feng et al. 2001; Yu et al.
2001). Behaviorally, in the studies of Yu et al. (2001), cKO mice exhibited subtle deficits in
spatial learning and memory, although Feng et al. (2001) found no change in novel object
recognition or spatial learning as well as no change in cued or contextual fear conditioning.
Feng et al. (2001) did find that enrichment-induced NPC proliferation was less in PS1 cKO
mice, although there were no differences in standard housed mice.

Two studies have crossed APP FAD mutant transgenes onto the PS1 cKO background
(Dewachter et al. 2002; Saura et al. 2005). Both groups found that the lack of PS1 prevented
accumulation of amyloid deposits. Aβ levels sharply decreased and APP CTFs accumulated.
Associated with these biochemical changes, was a variable and age-dependent rescue of the
behavioral and electrophysiological abnormalities seen in these mice. Thus, inactivating PS1
eliminates plaque pathology in APP FAD mutant mice but does not completely prevent age-
dependent effects of the APP FAD mutation on behavior and electrophysiology.

The mildness of the PS1 cKO phenotype was at first surprising. However, it immediately
brought attention to the possibility that PS2 expression in adult brain might be sufficient to
ameliorate largely the effect of the PS1 cKO. As the PS2 KO produces at most a mild
phenotype, it was possible to inactivate both PSs in adult forebrain by breeding the PS1 cKO
onto the PS2 null background, thereby creating a conditional double KO (cDKO) of PS in
adult forebrain (Feng et al. 2004; Saura et al. 2004). These mice develop a striking
neurodegeneration that is most apparent in the cerebral cortex but affects all forebrain
regions generally. The degenerative process is grossly apparent by 6 months of age, and as
aging proceeds, leads to global forebrain atrophy with massive enlargement of the lateral
and third ventricles. At the microscopic level, the atrophy is accompanied by neuronal loss,
dendritic atrophy, reduced synaptophysin immunoreactivity, astrogliosis, and in some
regions a strong microglial activation. Biochemically, the neurodegeneration is accompanied
by abnormal levels of hyperphosphorylated tau by 9 months of age, with one report
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describing that NFT-like structures can be revealed by silver staining and intracellular
straight filaments by electron microscopy (Chen et al. 2008b). Behaviorally, mild
impairments in spatial memory and contextual fear are evident at 2 months of age, which
become severe by 6 months. Changes in presynaptic and postsynaptic NMDA receptor
NR2A subunits have also been noted in PS cDKO mice as early as two months of age
(Dewachter et al. 2008; Aoki et al. 2009) and impairments in basal synaptic transmission,
paired-pulse facilitation, and LTP are present early and worsen as the degenerative process
progresses (Saura et al. 2004).

Mechanistically, the basis for the neurodegeneration remains unclear. PS cDKO mice do not
develop plaque deposits (Beglopoulos et al. 2004). Aβ levels are reduced and are similar to
the Aβ levels in PS1 cKO mice. Reduced expression of cAMP-binding protein (CBP) and
CREB/CBP target genes, such as c-fos and brain-derived neurotrophic factor (BDNF) have
been documented as early as 2 months of age, when levels of CREB and p-CREB are
normal (Saura et al. 2004). Some degenerating neurons in these cDKO mice are TUNEL-
positive and there are also increased levels of the activated form of caspase 3 suggesting that
apoptosis may play a role in cell death (Feng et al. 2004). An increased inflammatory
response is found in both the brain and periphery of cDKO mice (Beglopoulos et al. 2004;
Jiang et al. 2009). There is also evidence for increased lipid peroxidation and protein
oxidation in the cerebral cortex at 2–4 months of age before the onset of the more
pronounced pathology (Gu et al. 2008; Zhu et al. 2008)

Unlike PS1 cKO mice and PS1 FAD mutant transgenic mice, hippocampal neurogenesis has
been reported to be increased in the early stages of neurodegeneration in PS cDKO mice
with increased NPC proliferations and more BrdU/NeuN-immunolabeled neurons as well as
BrdU/GFAP-positive astrocytes being produced at 7-9 months of age (Chen et al. 2008a).
However, with aging, neurogenesis decreased becoming normal in 18–20 month old mice.
Associated with these changes, dentate granule cell numbers, although normal at 7–9
months of age, are decreased by 30% at 19–20 months of age, suggesting that enhanced
neurogenesis compensates for the neurodegenerative process early but eventually fails with
aging (Chen et al. 2008a).

Interestingly, two recent studies have found that the neurodegenerative phenotype of cDKO
mice can be ameliorated by either caloric restriction (CR) or EE (Dong et al. 2007; Wu et al.
2008). Wu et al. (2008) investigated the effects of a 4-month CR regimen on PS cDKO mice
and found that CR improved novel object recognition and contextual fear conditioning, and
was accompanied by less ventricle enlargement, caspase-3 activation, and astrogliosis, as
well as reduced induction of hyperphosphorylated tau and a decreased inflammatory
response. In a separate study, this same group found that an EE protocol enhanced memory
and partially rescued forebrain atrophy in PS cDKO mice (Dong et al. 2007).
Mechanistically, how CR and EE protect PS cDKO mice against neurodegeneration is
uncertain. The studies nonetheless suggest that PS is not necessary for mediating at least
some of the beneficial effects of EE or CR.

Relevance of PS FAD mutant mice as models of AD
Due to the lack of a plaque pathology, PS FAD mutant mice have been less studied than
APP or APP/PS FAD mutant transgenic mice that develop robust plaque pathology. One
immediate question is why do PS FAD mutant transgenic mice not develop a more AD-like
pathology given the potency of especially the PS1 FAD mutations in humans, which
typically induce disease at younger ages than APP FAD mutations (Bertram and Tanzi
2004). Why PS FAD mutant mice do not develop the full spectrum of AD pathology is
unclear. Indeed, plaque pathology has only been prominent with overexpression of APP

Elder et al. Page 13

Brain Struct Funct. Author manuscript; available in PMC 2012 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FAD transgenes at levels far above those found in the human disease. Even in the setting of
plaque pathology, neuronal loss has typically been at most modest compared to the human
condition, and mice only develop a plaque- and NFT-like pathology when APP with or
without PS1 FAD mutations are expressed along with mutations in tau associated with
frontotemporal dementia (Lewis et al. 2001; Oddo et al. 2003), a distinct disorder that does
not naturally occur in combination with AD.

Yet, despite the lack of a full AD-like pathology as discussed above, PS FAD mutant mice
exhibit phenotypes that mimic features of human AD. The basis for these abnormalities
remains incompletely understood. PS FAD mutations elevate levels of Aβ42 and increase
the ratio of Aβ42/40 in transgenic mice. Thus, the mutant phenotypes in the absence of
plaque pathology can be seen as support for the current model of the amyloid hypothesis that
postulates soluble forms of oligomeric Ab rather than plaque amyloid as the critical toxic
species. The fact that PS mutations typically affect Aβ levels less than APP mutations could
also explain the generally milder pathology in PS FAD mutant transgenic mice, although, as
noted above, PS1 FAD mutations produce, in humans, a typically more aggressive disease
than APP FAD mutations. In contrast, suggestions that not all PS1 FAD mutants alter Aβ
production would support the possibility that PS FAD mutants produce effects independent
of Aβ production and, therefore, be seen as a challenge to the amyloid hypothesis (Shioi et
al. 2007). However, the dependence of pathological changes in PS FAD mutant transgenic
mice on Aβ production has never been experimentally tested. Another nuance in considering
PS FAD models is that when PS FAD mutant transgenics are studied without the presence of
a human APP transgene, Aβ dependent effects must result from overproduction of mouse
Aβ. Mouse Aβ differs from human Aβ in its aggregation properties (Jankowsky et al. 2007),
specifically in its tendency not to form fibrillar aggregates and these differences may
underlie some of the apparent lack of pathology seen in PS FAD mutant transgenic mice.

Are PS FAD mutations gain of function or loss of function?
Whether PS FAD mutations result in toxic gain or loss of function is an issue that has
generated much debate (Shen and Kelleher 2007). PS FAD mutations were initially
suggested to exert their effect through a toxic gain of function based on their leading to
elevation of the more amyloidogenic and toxic forms of Aβ (Duff et al. 1996). However,
recently, a general consensus has emerged that relative to γ-secretase function, PS FAD
mutants are in fact hypofunctional, having impaired enzymatic activity against a range of
substrates including APP, Notch and cadherins (Song et al. 1999; Marambaud et al. 2002;
De Strooper 2007; Wolfe 2007). When Tg2576 mice are crossed with PS1 M146 V KI mice,
the pathology is worse when the remaining wild type PS1 allele is removed (Wang et al.
2006) consistent with the notion that further reduction in γ-secretase activity caused by
removal of the wild type allele makes the pathology worse. Mice in which the PS1 loop
region is deleted also have lowered γ-secretase activity but produce elevated Aβ42/40 ratios
and accelerate plaque deposition when crossed to the Tg2576 mice (Deng et al. 2006). Thus,
a series of observations support the notion that with respect to γ-secretase activity PS FAD
mutants are hypofunctional.

Studies in Drosophila have also suggested that compared to human wild type PS1, PS1 FAD
mutations are hypofunctional in their ability to rescue PS loss of function mutations with
FAD mutants being less efficient at generation of the Notch intracellular domain (Seidner et
al. 2006). Wild type human PS1 has also been shown to rescue the egg-laying defects in
Sel12 null mutants (the C. elegans homolog of PS), while 6 human FAD mutants had
reduced ability to rescue the phenotype (Levitan et al. 1996). The multiplicity of mutations
in the PS1 gene with more than 170 mutations identified to date (see http://
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www.molgen.ua.ac.be/ADMutations) is also more suggestive of loss rather than gain of
function.

The effects of FAD mutants are however not explicable as simple loss of function. Indeed,
PS1 FAD mutants can rescue the embryonic lethality of the PS1 KO (Davis et al. 1998; Qian
et al. 1998), and PS1 heterozygous null mice produce less of both Aβ40 and 42 (Wang et al.
2006), unlike PS FAD mutants that elevate Aβ42 and only variably affect Aβ40. In addition,
unlike the enhanced plaque deposition seen when APP FAD mutant mice are crossed with
PS1 FAD mutant mice, crossing an APP FAD mutant transgene onto a PS1+/− background
has no effect on plaque deposition (Jankowsky et al. 2004).

PS cDKO develop a frank neurodegenerative phenotype. However, these mice produce little
Aβ40 or 42 and do not develop plaque pathology. In addition, a clear degenerative
phenotype is only seen when all four PS genes (i.e., both copies of PS1 and PS2) are
removed. In contrast, neither PS1 cKO mice nor PS2 KO mice have ever been observed to
develop a neurodegenerative phenotype. Nevertheless, a single copy of an FAD mutant,
including mutations in the less functionally important PS2, are sufficient to produce FAD.
Microarray studies have also found that when PS1 cKO and PS1 FAD mutant datasets are
compared, 23 out of the 30 transcripts that were altered in both data sets were altered in
opposite directions in the cKO and FAD mutant brain, suggesting that the FAD-linked PS1
variants act through molecular mechanisms different from loss of function mutations
(Mirnics et al. 2005).

The genetics of PS-associated FAD thus argues very strongly that PS FAD mutations are
dominant mutations genetically but with respect to γ-secretase activity are loss of function
mutations enzymatically. Thus, PS FAD mutants are most similar to what are usually
described as dominant-negative mutations. What remains to be explored is the molecular
basis for their dominant-negative effect on γ-secretase activity, as well as whether γ-
secretase-independent functions of PS may be compromised as well.

AD is also a disease in which select neuronal populations and circuits are more vulnerable
(Hof and Morrison 2004). Both PS1 and PS2 are widely expressed in adult brain both in
highly vulnerable (e.g., hippocampal) as well as less or non-vulnerable (e.g., cerebellar and
brainstem) circuits (Elder et al. 1996; Lee et al. 1996). There is currently no basis to suggest
why PS FAD mutants make some circuits vulnerable to degeneration but not others although
data from sporadic AD has suggested that neurons with higher PS1 expression seem to be
protected from neurodegeneration (Giannakopoulos et al. 1997). A better understanding of
the biology of PS FAD mutations and how they affect specific neuronal circuits will likely
be needed to resolve this paradox.

Concluding remarks
It has been more than a decade since the discovery that mutations in PS1 and PS2 can cause
FAD. Due to their lack of a plaque pathology, PS transgenic mice have been less studied
than APP or APP/PS FAD mutant mice. Yet PS FAD mutant mice exhibit a range of
pathological as well as physiological changes that mimic many aspects of AD and merit a
fuller examination as models of AD, particularly given the shift in the focus of the amyloid
hypothesis away from plaque amyloid towards oligomeric Aβ as the most toxic species.
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