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Abstract

Mutations in presenilins (PS) 1 and 2 are the major cause
of familial Alzheimer’s disease. Conditional inactivation
of PS1 in the mouse postnatal forebrain leads to mild
deficits in spatial learning and memory, whereas inacti-
vation of both PS7 and PS2 results in severe memory
and synaptic plasticity impairments, followed by pro-
gressive and substantial neurodegeneration. Here we in-
vestigate the effect of a familial Alzheimer’s disease-
linked PS1 missense mutation using knock-in (KI) mice,
in which the wild-type PS1 allele is replaced with the
M146V mutant allele. In the Morris water maze task, PS1
KI mice at 3 months of age exhibit reduced quadrant oc-
cupancy and platform crossing in the probe trial after 6
days of training, though their performance was normal
in the probe trial after 12 days of training. By the age of
9 months, even after 12 days of training, PS7 homozy-
gous Kl mice still exhibit reduced platform crossing in
the post-training probe trial. ELISA analysis revealed a
selectiveincrease in cortical levels of 3-amyloid 42in PS1
Kl mice, whereas production of 3-amyloid 40 was nor-
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mal. Histological and quantitative real-time RT-PCR anal-
yses showed normal gross hippocampal morphology
and unaltered expression of three genes involved in in-
flammatory responses in PS7 Kl mice. These results
show hippocampal spatial memory impairments caused
by the PS1 M146V mutation and age-related deteriora-
tion of the memory impairment, suggesting that PS7 Kl
mice are a valuable model system for the study of mem-
ory loss in AD.

Copyright © 2005 S. Karger AG, Basel

Introduction

Alzheimer’s disease (AD) is the most common form of
dementia in the elderly. At the early stages of the disease,
memory loss is the cardinal clinical symptom, which at
later stages is followed by deficits in multiple cognitive
domains, and eventually dementia. Mutations in prese-
nilin 1 (PS1) are a major cause of familial AD (FAD) and
lead to an aggressive form of dementia with a very early
onset [1]. PS1 is a transmembrane protein required for
the y-secretase activity responsible for the proteolytic
cleavage of the amyloid precursor protein (APP) and
Notch [2-4]. Using PSI-null and neural progenitor cell-
restricted PS1 conditional knockout (cKO) mice, we have
previously shown that PS1 plays essential roles in the
maintenance of neural progenitor population, neuronal
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differentiation and migration during embryonic develop-
ment [5-7]. Our recent analysis of postnatal forebrain-
restricted PS1 single cKO and PS1/2 conditional double
KO (¢cDKO) mice revealed that PS play central roles in
synaptic plasticity, learning and memory, and neuronal
survival in the adult cerebral cortex [8, 9], and that PS
inactivation also leads to age-dependent, progressive in-
flammatory responses [10].

Based on the central role of PS1 in FAD and in the
control of neuronal processes that are relevant to AD
pathogenesis, here we investigate the in vivo effect of a
FAD-linked PS1 missense mutation using knock-in (KI)
mice, in which the exon 5 of the wild-type PS1 gene is
replaced with a mutant form containing the M146V mu-
tation. Hippocampal neurons of PS7 KI mice display in-
creased vulnerability to excitotoxic necrosis and to 3-am-
yloid (AP) toxicity [11, 12]. AB-induced cell death in these
neurons has been associated with increased superoxide
production and caspase activation, suggesting that in-
creased oxidative stress may be involved in the pathogen-
esis mediated by FAD-linked PS1 mutations [12]. Oligo-
dendrocytes from these mice exhibit enhanced damage
induced by glutamate, AB42, homocysteine, or the demy-
elinating agent cuprizone [13, 14]. In addition, inositol
triphosphate-evoked Ca’* responses are increased in
brain slices from mice of the same line [15]. It has been
reported that after cuprizone treatment, spatial learning
and memory is impaired in PS7 KI mice, as compared to
wild-type (+/+) mice [13]. In another study, mice with one
PS1 KI and one PSI-null allele displayed deficits in as-
sociative learning and in adult neurogenesis, compared
to PS1+/- mice, whereas associative learning in PS1 KI
homozygous (KI/KI) mice was grossly normal [16]. Al-
though these studies have provided important insights
into cellular and molecular processes that are affected by
the introduced mutation, learning and memory in PS]
KI mice without additional mutations, and a possible age
effect have not been studied, and it is also unclear wheth-
er these mice exhibit increases in AP production or in-
flammatory responses, both of which are important fea-
tures of AD pathology.

In this study, we examined hippocampal spatial learn-
ing and memory in PS/ KI mice using the Morris water
maze task and found age-related deterioration of memo-
ry impairments. We further examined hippocampal mor-
phology, AP generation and the expression of three genes
involved in inflammatory reponses in these mice. We
found that the M 146V mutation results in selectively in-
creased AP42 generation, with no apparent effect on in-
flammation or hippocampal neuronal survival.

Impaired Spatial Memory in PS]
Knock-In Mice

Materials and Methods

Mice

The strategy for the generation of PS7 KI mice and the charac-
terization that they express mutant PS1 at normal levels have been
described previously [11, 12]. The loxP-flanked neomycin resis-
tance gene that was integrated into the intron 4 of the PS7 gene has
been deleted by Cre-loxP mediated recombination [16, and pers.
commun. therein]. All three genotypic groups used in this study
[KI/KI, PS1 KI heterozygous (KI/+), and +/+] were littermates de-
rived from breedings between PS1 KI/+ mice. The genetic back-
ground of the mice used was C57BL6/129 hybrid.

Morris Water Maze

The water maze is a circular pool 160 cm in diameter. Each
mouse was given 4 trials daily for 12 days, with maximum trial
duration 90 s. When mice did not find the hidden platform, they
were guided to the platform and allowed to stay on it for 15 s. The
movement of the mice was monitored using an automated tracking
system (HVS Image). Following training days 2, 6, and 12, mice
were subjected to a 90-second probe trial in which the platform was
removed and the mice were allowed to search for it. In the visible
platform version of the task, which was carried out for 5 days with
4 trials per day, extramaze distal cues were removed and the plat-
form was raised above the water level and marked with a red flag.
The different genotypic groups were subjected to the task together
and the experimenter was unaware of the genotypes. Both male and
female mice were used. Significance was tested using two-way
ANOVA analysis for group X quadrant interaction, and one-way
ANOVA analysis with Scheffe’s S test as post hoc for individual
comparisons.

AP Extraction from Brain Tissue

Cortical tissue was dissected, weighed and homogenized in TBS
(50 mAM Tris, 150 mM NaCl, pH 7.4). The homogenates were cen-
trifuged at 100,000 g for 20 min. The resulting pellets were resus-
pended in 5 M guanidine, 50 mM Tris, pH 8.0 and incubated at
room temperature for 10-30 min. The suspension was then diluted
1:10 with loading buffer (10% Block ACE) and centrifuged at
11,000 g for 10 min. The supernatant was subjected to AP detec-
tion.

Sandwich AB Enzyme-Linked Immunosorbent Assay

The sandwich AP enzyme-linked immunosorbent assay (ELI-
SA) was developed as described [17]. In brief, NUNC Maxisorb
immunoassay plates (96 well) were coated with the antibodies 2G3
(anti-AP40) or 21F12 (anti-AP42) at 0.3 pg/well in PBS overnight
at 4°C. Plates were subsequently blocked with Block ACE (Snow
Brand Milk Products, 1:4 dilution of original solution) for 2 h at
room temperature and washed with PBS-T briefly. The samples
were loaded in the wells and incubated overnight at 4°C. After
washing with PBS-T, the plates were incubated in a solution of
biotinylated 4G8 for 2 h at 4°C. The plates were washed with PBS-
T twice, followed by alkaline phosphatase treatment (Streptavidin-
conjugated alkaline phosphatase, Amersham, 1:5,000 dilution) for
1.5 h at 4°C. The signal was amplified by adding 100 pl AttoPhos
and measured with a Fluoroskan (Perkin Elmer). The detection
limits are 3.125 pg/ml for both AB40 and AB42. The final values
were normalized to the loading amount of wet tissue and analyzed
for significance using the Student’s t test.
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Histology

Nissl staining was performed using 12-wm paraffin-embedded
sagittal brain sections. Neuronal counts were carried out using the
optical dissector technique as described [18], and significance was
tested using the Student’s t test.

Quantitative Real-Time RT-PCR

Quantitative real-time RT-PCR was performed as described
[9]. Briefly, total cortical RNA was treated with DNase I and reverse
transcribed in the presence of random hexamers. PCR reactions
were performed using SYBR Green PCR mastermix in an ABI
PRISM 7700 Sequence Detector (Applied Biosystems). Reactions
were performed in duplicates and threshold cycle (Ct) values were
normalized to 18S RNA. All procedures were carried out together
for PS1 KI and +/+ in gender-matched pairs. The PCR products
were analyzed by electrophoresis to confirm their correct size. Sig-
nificance was tested using one-way ANOVA analysis with Scheffe’s
post-hoc S test.

Results

Mild Memory Impairments in PS1 KI Mice at

3 Months of Age

To evaluate spatial learning and memory in PS7 KI
mice, we used the Morris water maze task, a widely used
behavioral paradigm for assessing hippocampus-depen-
dent learning and memory. During the acquisition phase
of the task, mice were given 4 trials a day for 12 days to
learn the position of a hidden escape platform in a circu-
lar pool using distal spatial cues. We analyzed three ge-
notypic groups of mice at the age of 3 months, PS1 KI/KI
mice, PS1 KI/+ littermates, and +/+ littermates. The per-
formance was assessed by the distance traveled to the
platform (path length). During the course of training, all
three groups improved significantly their performance
(day 1 versus day 12, p < 0.0001) (fig. 1a).

After training days 2, 6 and 12, we performed probe
trials, in which the platform was removed from the pool
and the mice were allowed to swim freely for 90 s. The
percentage of time they spent in each of the four quad-
rants of the pool (quadrant occupancy) and the number
of times they swam above the former platform position
(platform crossings) were used to evaluate the retention
of the memory. After 2 days of training, all three geno-
typic groups did not show a significant preference for the
target quadrant (fig. 1c). No significant difference was
observed between +/+ mice and each of the mutant groups
in the time they spent in the target quadrant (+/+ versus
KI/+, p=0.49; +/+ versus KI/KI, p = 0.49) (fig. 1¢). Cross-
ings of the original platform position were also not sig-
nificantly different between groups (+/+ versus KI/+, p =
0.48; +/+ versus KI/KI, p = 0.76) (fig. 1d).
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After the 6th day of training, +/+ and KI/+ mice ex-
hibited significantly higher occupancies of the target
quadrant relative to the other quadrants (+/+, p<0.0001;
KI/+, p < 0.05), whereas KI/KI mice failed to show such
a preference (p = 0.22) (fig. 1e). Comparison of the target
quadrant occupancies between the groups showed signif-
icantly lower values displayed by KI/KI, as compared to
+/+ mice (p<0.05), and no significant difference between
KI/+ and +/+ mice (p = 0.31) (fig. 1e). Crossings of the
original platform position were significantly lower in both
mutant groups, as compared to the +/+ group (+/+ versus
KI/+, p<0.05; +/+ versus KI/KI, p< 0.01) (fig. 1f). These
results indicate that KI/KI and, to a lesser extend, KI/+
mice display impairments in spatial memory.

The deficits observed in KI/KI and KI/+ mice ap-
peared to be reversed with further training. After training
day 12, all three groups searched for the platform prefer-
entially in the target quadrant (+/+, p < 0.0001; KI/+,
p < 0.05; KI/KI, p<0.001) (fig. 1g). No significant differ-
ence was observed between +/+ and KI/+ or KI/KI mice
in target quadrant occupancy (+/+ versus KI/+, p = 0.18;
+/+ versus KI/KI, p = 0.55) (fig. 1g) or platform crossings

Fig. 1. Impaired spatial learning and memory in PS7 KI mice at 3
months of age. PS7 KI/KI, KI/+, and +/+ mice were subjected to
the Morris water maze task. a The three groups showed similar path
lengths to the hidden platform over 12 days of training (4 trials per
day). b No significant difference was observed between groups in
path length to platform in the visible platform version of the task
over 5 days of training (4 trials per day). ¢ All three groups did not
show a preference for the target quadrant in the training day 2 probe
trial. d Platform crossings in the training day 2 probe trial were not
significantly different across genotypic groups. e +/+ and KI/+ mice
spent significantly more time in the target quadrant relative to the
other quadrants in the training day 6 probe trial [target quadrant
(T) versus adjacent left quadrant (AL), opposite quadrant (OP),
adjacent right quadrant (AR): +/+, p < 0.0001; KI/+, p < 0.05],
whereas KI/KI mice spent similar amounts of time in all quadrants
(p = 0.22). Group X quadrant interaction: +/+ versus KI/+, F(3,
56) = 0.76, p = 0.06; +/+ versus KI/KI, F(3, 56) = 3.60, p = 0.02.
f Platform crossings in the training day 6 probe trial were signifi-
cantly lower in the KI/+ and KI/KI groups, as compared to the +/+
group. Group X quadrant interaction: +/+ versus KI/+, F(3, 56) =
3.10, p = 0.03; +/+ versus KI/KI, F(3, 56) = 6.66, p = 0.006. g All
three genotypic groups swam preferentially in the target quadrant
in the training day 12 probe trial (T versus AL, OP, AR: +/+, p <
0.0001; KI/+, p < 0.05; KI/KI, p < 0.001). Group X quadrant in-
teraction: +/+ versus KI/+, F(3, 56) = 1.60, p = 0.20; +/+ versus
KI/KI, F(3, 56) =0.72, p = 0.54. h No significant difference in plat-
form crossings was found among the three groups in the training
day 12 probe trial. Group X quadrant interaction: +/+ versus KI/+,
F(3, 56) = 1.43, p = 0.24; +/+ versus KI/KI, F(3, 56) = 0.56, p =
0.64. * p<0.05, ** p<0.01 (comparison with +/+).
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(+/+ versus KI/+, p = 0.30; +/+ versus KI/KI, p = 0.56)
(fig. 1h).

To address the possibility that the poor performance
of KI/KI and KI/+ mice in the training day 6 probe trial
could be due to poor vision, motivation, and/or senso-
rimotor abilities, all mice were tested in the visible plat-
form version of the task. We found no significant differ-
ence in path length between groups (fig. 1b), indicating
that the differences in target quadrant occupancy and
platform crossings between the +/+ group and the mutant
groups in the training day 6 probe trial reflect specific
learning and memory deficits.

More Severe Memory Impairments in PS1 KI Mice at

9-11 Months of Age

The progressive nature of memory loss in AD prompt-
ed us to investigate whether PS7 KI mice exhibit worse
memory as they age. Using the same Morris water maze
protocol, we examined spatial learning and memory in all
three genotypic groups of naive mice at 9-11 months of
age. We found that all three genotypic groups improved
significantly their performance during the acquisition
phase of the task, as demonstrated by their decreasing
path lengths (day 1 versus day 12, p < 0.0001) (fig. 2a).

In the probe trial given after training day 2, all three
genotypic groups did not show a significant preference for
the target quadrant, indicating that they have not learned
the task after 2 days of training (fig. 2¢). Target quadrant
occupancies were not significantly different between +/+
and KI/+ or KI/KI mice (+/+ versus KI/+, p = 0.14; +/+
versus KI/KI, p = 0.25) (fig. 2c), as well as platform cross-
ings (+/+ versus KI/+, p = 0.80; +/+ versus KI/KI, p =
0.99) (fig. 2d). After 6 days of training, as in the case of
mice at 3 months of age, +/+ and KI/+ mice spent sig-
nificantly more time in the target quadrant relative to the
other quadrants (+/+, p<0.0001; KI/+, p<0.01), where-
as KI/KI mice failed to show such a preference (p = 0.30)
(fig. 2¢). Comparison between groups showed significant-
ly lower target quadrant occupancies (fig. 2e) and plat-
form crossings (fig. 2f) in the KI/KI group, compared to
the +/+ group (p < 0.05, for both parameters). No signifi-
cant difference was found between the KI/+ and +/+
groups in target quadrant occupancy (p = 0.13) (fig. 2¢)
or platform crossings (p = 0.29) (fig. 2f). In contrast to
mice at the age of 3 months, after training day 12, KI/KI
mice still performed worse than +/+ mice. Although all
three groups searched for the platform preferentially in
the target quadrant (+/+, p < 0.0001; KI/+, p < 0.0001;
KI/KI, p<0.05), KI/KI mice crossed the original position
of the platform significantly fewer times than +/+ mice

10 Neurodegenerative Dis 2005;2:6-15

(p<0.05) (fig. 2h). Target quadrant occupancies were
also lower in the KI/KI group than in the +/+ group, but
not statistically significant (p = 0.10) (fig. 2g). No signifi-
cant difference was observed between KI/+ and +/+ mice
in target quadrant occupancy (p = 0.73) (fig. 2g) or plat-
form crossings (p = 0.59) (fig. 2h). These results indicate
that the impairments in spatial learning and memory in
KI/KI mice become more severe with age, and at the age
of 9-11 months they cannot be compensated for by ex-
tended training. In the visible platform version of the
task, no significant difference in path length was observed
across the genotypic groups (fig. 2b), confirming the learn-
ing and memory specificity of the probe trial phenotype.

Selectively Increased AB42 in PS1 KI Mice

To evaluate whether the introduced mutation in PS/
KI mice affects A generation, which could be associated
with the observed memory deficits, we measured the cor-
tical levels of AB40 and AP42 in KI/KI, KI/+, and +/+
mice by sandwich ELISA. At both 3 and 9-11 months of
age, levels of AB40 were similar between the three geno-
types (fig. 3). In contrast, AB42 was significantly increased
in the mutant groups, as compared to +/+ mice (+/+ ver-
sus KI/+, p < 0.05; +/+ versus KI/KI, p < 0.01, at both

Fig. 2. Impaired spatial learning and memory in PS7 KI mice at
9-11 months of age. a Path lengths to the hidden platform in the
acquisition phase of the Morris water maze task indicate similar
ability across the KI/KI, KI/+ and +/+ groups to learn the position
of the platform. b Path lengths to platform in the visible platform
version of the task show no significant difference between groups.
¢ Mice from all genotypic groups did not show a preference for the
target quadrant in the training day 2 probe trial. d Platform cross-
ings in the training day 2 probe trial were not significantly different
between groups. e +/+ and KI/+ mice displayed significantly high-
er occupancies of the target quadrant relative to the other quadrants
in the training day 6 probe trial (T versus AL, OP, AR; +/+, p <
0.0001; KI/+, p < 0.01), whereas KI/KI mice failed to show such a
preference (p = 0.30). Group X quadrant interaction: +/+ versus
KI/+,F(3,164)=2.48, p = 0.06; +/+ versus KI/KI, F(3, 152) = 3.79,
p =0.01. f Platform crossings in the training day 6 probe trial were
significantly lower in the KI/KI, as compared to the +/+ group.
Group X quadrant interaction: +/+ versus KI/+, F(3, 164) = 1.89,
p =0.13; +/+ versus KI/KI, F(3, 152) = 2.77, p = 0.04. g The three
groups of mice searched for the platform preferentially in the target
quadrant in the training day 12 probe trial (T versus AL, OP, AR:
+/+,p<0.0001; KI/+, p<0.0001; KI/KI, p<0.05). Group X quad-
rant interaction: +/+ versus KI/+, F(3, 164) = 0.33, p = 0.80; +/+
versus KI/KI, F(3, 152) = 2.32, p = 0.08. h KI/KI mice exhibited
significantly lower platform crossings than +/+ mice in the training
day 12 probe trial. Group X quadrant interaction: +/+ versus KI/+,
F(3, 164) = 0.50, p = 0.68; +/+ versus KI/KI, F(3, 152) =2.95,p =
0.03. * p < 0.05 (comparison with +/+).
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ages) (fig. 3). KI/KI mice exhibited the highest levels of
APB42 among the three genotypes, whereas AR42 levels in
KI/+ mice were intermediate comparing to +/+ and KI/
KI mice (fig. 3), indicating a dosage effect.

Normal Hippocampal Morphology in PS1 KI Mice

We next performed histological studies to address po-
tential morphological abnormalities in the brain of PS7 KI
mice. Because of the hippocampus-dependent nature of
the Morris water maze task, we focused our analysis on the
morphology of the hippocampus. Nissl-stained sections
from +/+, KI/+, and KI/KI mice at the age of 9 months
showed similar morphology between the three groups in
the hippocampus, as well as in the other parts of the brain
(fig. 4a, and data not shown). Stereological analysis of the
hippocampal regions CA1 and CA2/CA3 revealed no sig-
nificant differences in neuronal number or volume across

12 Neurodegenerative Dis 2005;2:6-15

the three genotypes (fig. 4b). These results indicate normal
gross hippocampal morphology in PS1 KI mice.

Normal Expression of Inflammatory Genes in PS1 KI

Mice

Inflammatory responses are present in pathologically
vulnerable regions of the AD brain and are considered to
play an important role in the pathogenesis of AD [19]. To
evaluate whether impaired learning and memory in PS/
KI mice may be associated with inflammation pathology,
we analyzed the expression levels of three of the most im-
portant genes that are involved in AD-related inflamma-
tory responses. We used quantitative real-time RT-PCR
to compare the cortical mRNA levels of glial fibrillary
acidic protein, cathepsin S, and the a polypeptide of com-
plement component Clq between +/+ and KI/KI mice at
9-10 months of age. Using the same approach, we have
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previously characterized the upregulation of these genes
at the mRNA level in PS ¢cDKO mice which develop a
widespread inflammatory reaction [10]. In KI/KI mice,
we found no significant difference in the expression levels
of any of these genes, as compared to +/+ mice (fig. 4c),
suggesting that the observed impairments in spatial learn-
ing and memory are not caused by increased inflamma-
tion.

Discussion

Among types of genetically modified mouse models
that are engineered to express a given protein with a point
mutation, KI models offer the advantage that the mutant
protein is expressed under the control of the endogenous
regulatory elements. This facilitates a genotype-pheno-
type analysis, as the mutant protein is expressed at the
normal level with the endogenous spatial and temporal
pattern. In this study, we have analyzed a KI mouse mod-

Impaired Spatial Memory in PS]
Knock-In Mice

el to examine the effect of a FAD-linked PS1 missense
mutation in behavioral, morphological and molecular
characteristics that are affected in AD.

Our results show that mice carrying the PS1 M 146V
mutation targeted in the endogenous PSI locus exhibit
impaired spatial learning and memory. At the age of 3
months, after 6 days (24 trials) of training, PS1 KI mice
(both KI/KI and KI/+ groups) displayed poorer perfor-
mance in the posttraining probe trial of the water maze
task. With 6 more days of training (48 trials in total), their
performance improved, suggesting that the mild memory
impairment can be overcome by overtraining. By the age
of 9-11 months, the reduction in platform crossing ex-
hibited by PSI KI/KI mice in the probe trial persisted
even after overtraining. The age-dependent nature of this
phenotype is especially interesting with regard to the im-
plication of PS1 in the pathogenesis of AD where mem-
ory decline is also progressive, and suggests that PS1 KI
mice are a valuable animal model that mimics memory
loss in AD.
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Several previous studies using genetically modified
mice expressing FAD-linked mutant PS1 have been re-
ported. Although no memory deficit was found in the
same KI line when they were tested in the Morris water
maze task [13], our study is not inconsistent with this
prior report. The reason is that in the previous study, us-
ing the same intensity of training (4 trials per day), per-
formance in the probe trial was assessed after 3 days of
training. In the current study, although in the training day
6 probe trial PS1 KI mice performed significantly worse
than +/+ mice, the probe trial in training day 2 failed to
reveal any significant difference between the genotypic
groups. In another report, homozygous KI mice from the
same KI line at 3 months of age showed a subtle reduc-
tion in freezing response in the 4th-min epoch during the
memory retention test period (24 h posttraining) in con-
textual fear conditioning, a paradigm for associative
learning and memory, although their overall performance
during the entire 5-min testing period was normal [16].
The subtle associative memory deficit found in this study
is consistent with the mild spatial memory impairment
revealed by our study. In contrast to the KI mice, trans-
genic mice expressing human M146L or L286V mutant
PS1 do not show any significant memory deficits in the
Morris water maze task [20]. The discrepancy between
the findings from KI versus transgenic mice could be due
to the difference in the expression of the mutant PS1. In
the KI system that we used here, mutant PS1 is expressed
at normal levels and under the control of the endogenous
regulatory elements for transcription, translation, and
cell specificity. In the transgenic mice, human mutant
PS1 was expressed under the control of exogenous pro-
moters and in the presence of endogenous mouse wild-
type PS1. Therefore, although the use of different PS1
mutations between the two studies cannot be excluded as
a possible cause for the different results, the absence of
apparent learning deficits in the transgenic mice may be
due to ectopic PS1 expression, the presence of endoge-
nous wild-type PS1, or difference in training protocol of
the water maze task.

Several mechanisms could account for the impair-
ments in spatial learning and memory in PS1 KI mice.
One possible explanation is that the introduced mutation
compromises the normal function of PS1, resulting in re-
duced activity of PS. This is supported by the results of
genetic studies in Caenorhabditis elegans that have as-
cribed reduced activities to PS homologues bearing FAD-
associated mutations [21, 22]. Moreover, a variety of
FAD-linked PS mutations confer reductions in the gen-
eration of the intracellular domains of Notch and APP [4,
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23, 24]. Our previous studies have shown that PS ¢cDKO
mice, which lack both PS in the postnatal forebrain, dis-
play learning and memory deficits, which become more
severe with age [9]. Furthermore, PS7 cKO mice also ex-
hibit hippocampal memory impairments, though the
phenotype of PS1 ¢cKO mice is much more milder than
PS ¢cDKO mice [8]. The hippocampal memory impair-
ment exhibited by PSI KI mice, therefore, can be ex-
plained by reduced PS1 activity caused by the M146V
mutation.

Generation of APB42 is selectively increased in PS1 KI
mice, whereas APB40 generation is unaffected. Higher
concentrations of APB42, which is more amyloidogenic
than AB40, in the brain of AD patients have been sug-
gested as a pathogenic mechanism of AD. Overexpression
of human APP bearing the FAD-linked mutations
K670N, M671L (Swedish) or V6421 (London) in trans-
genic mice results in high levels of AB40 and AB42 and
in poor performance in the water maze task [25, 26].
Therefore, increased APB42 production in PS1 KI mice
could also explain the observed water maze phenotype.

In a recent report, mice heterozygous for the same PS/
M146V allele and PSI-null allele displayed impaired as-
sociative learning and reduced adult neurogenesis in the
dentate gyrus, compared to PSI+/- mice [16]. These re-
sults suggest that reduced adult neurogenesis in these
mice may contribute to the memory impairments. We
have also found a slight reduction in the number of neu-
rons generated in the adult hippocampus of PST M 146V
KI/KI mice at 2—-3 months of age [unpubl. results]. There-
fore, reduced adult neurogenesis associated with the
M146V mutation could further contribute to the ob-
served deficits in learning and memory in PS7 KI mice.
Such a mechanism is supported by our previous studies
showing an essential role of PS1 in the maintenance of
neural progenitor population and the control of the tim-
ing of neuronal differentiation [5, 6]. This function of PS1
is mediated primarily through the Notch signaling path-
way, since PS1 is required for the proteolytic cleavage of
Notch to release the functionally active intracellular do-
main [3, 4]. Notch signaling is reduced in neural progen-
itor cells lacking PS1 expression [6], and PSI-null and
neural progenitor cell-specific Notchl cKO mice similar-
ly show premature neuronal differentiation at early neu-
rogenesis phase [6, 27]. Interestingly, it has been recently
reported that Notch signaling plays an important role in
hippocampal synaptic plasticity [28]. We therefore hy-
pothesize that a possible implication of deficient adult
neurogenesis in the water maze phenotype of PS1 KI mice
could be mediated by an alteration in Notch signaling.
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In summary, in this study we have found that the

FAD-linked PS1 M 146V mutation in KI mice causes pro-

gressively more severe impairment in spatial learning and
memory and increased production of AB42. These results

suggest that PS/ KI mice are a valuable model system for
the study of memory loss in AD.
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