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Abstract We recently generated an advanced mouse
model of Alzheimer’s disease (AD) by targeted knock-in
of single-copy mutated human amyloid precursor-protein
(APP) and tau genes, crossed with a non-symptomatic pre-
senilin (PS1A246E) over-expressing mouse line. These
PLB1y,. mice presented with age-dependent and AD-
relevant phenotypes. Homozygous PLBly;,. mice aged
4-12 months were assessed here in a battery of spatial
learning tasks: Exp.I radial-arm water maze (spatial refer-
ence and working memory) Exp.2 open-field water maze
(spatial reference memory); Exp.3 home cage observation
system with spatial learning (IntelliCage); Exp.4 spontane-
ous object recognition (SOR; novel object and spatial object
shift). A separate test with high-expression transgenic APP
mice matching the design of experiment 1 was also per-
formed. Spatial deficits in PLB 1. mice were confirmed
at 12, but not 4 months in both water maze tasks. PSAPP
mice, by contrast, presented with severe yet non-progressive
spatial learning deficits already at 4 months. During tests
of spatial learning in SOR and IntelliCage, PLB Ly mice
neither acquired the location of the water-rewarded corner,
nor recognize novel or spatially shifted objects at 4 months,
indicating these protocols to be more sensitive than the
water maze. Collectively and in line with AD symptomatol-
ogy, PLB 1y, mice present with a graded and progressive
age-dependent loss of spatial memory that can be revealed
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by the use of a battery of tasks. With the emergence of subtle
deficits progressively increasing in severity, PLB ;. mice
may offer a more patho-physiologically relevant model of
dementia than aggressive expression models.
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Introduction

Alzheimer’s disease (AD) is the most common age-
related neurodegenerative disease and the primary cause
of dementia. With the number of sufferers and the associ-
ated healthcare burden continuously rising, effective treat-
ment strategies are urgently required. The identification
of specific mutations in familial forms of AD has led to a
greater understanding of the disease process, and owing to
the development of transgene technology, numerous experi-
mental models expressing human mutant amyloid-precursor
protein (APP), presenilin 1 or 2 (PS-1 or 2), and tau protein
have met with some degrees of success in mimicking hall-
marks of the disease (for review, see [1-3]). Single trans-
genic mouse models aimed at replicating (i) beta-amyloid
containing plaques through over-expression of APP
containing the Swedish (KM670/671NL: [4, 5]) or Lon-
don mutation (V642I; [6]), and (ii) hyperphosphorylated
tau aggregated into neurofibrillary tangles through over-
expression of either human short-length tau [7], full-length
tau replacing Pro**! by Leu (P301L: termed JNPL3—[8];
or pR5—[9]) or by Ser (P301S: [10, 11]), or at R406W
mutation [12, 13]. Such models recapitulate elements of AD
histopathology, often dependent on the regulatory element
and background strain used for their generation, and fre-
quently preceded by physiological and behavioral deficits.
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Poly-transgenic models have widely reported the
enhancement of amyloid pathology in both APPgyy or
APP; oy and PS1 co-expressing mice [14, 15]. Interestingly,
amyloid pathology is not altered in APPgy and Taupsg;;.
bigenic strains, but tau pathology is amplified [16, 17].
Recently, a triple transgenic model (3xTgAD) harboring
APPgywg, Taupsg 1, and PS1y; 46y mutations has resulted in a
more realistic modeling of AD-like pathology [18-20] and
its corresponding cognitive decline [21, 22]. This includes
deficits in spatial learning paradigms [1, 23] as a critical test
that reflects some aspects of episodic-like and semantic-like
memory in rodents [24].

These models, however, possess a number of drawbacks.
For example, insertion of transgenes by pronuclear injec-
tion (as seen in Tg2576 and 3xTgAD) offers no control over
the number of transgenes inserted into the mouse genome,
nor is there any control over the location of the insertion
site(s) of the transgene(s). In general, these models tend to
rely upon a gross over-expression of the aberrant genes, thus
often demonstrating marked AD-like pathologies as young
as 3 months of age [18, 19, 25]. Crossing different lines to
generate poly-transgenic mice is further complicated by
different background strains [20, 26] with unpredictable
behavioral consequences. Though existing models are valu-
able scientific tools, early and excessive expression of AD-
like pathology draws into question whether this is ideal for
modeling a disease of old-age.

In addressing some of these issues, we here characterize
the novel PLB1y,;,. mouse model [27, 28] of AD, which
carries a single copy of human mutated APPgypon and
taupsg 1 /ra06w g€NES, inserted into a specific locus (Hprt) in
the mouse genome [29] and was crossed with a mutant PS1
mouse line [30]. These mice show a slow but progressive
AD-like pathology leading to translational phenotypes such
as cortical hypometabolism, abnormal activity cycles, and
sleep fragmentation. With its seemingly more physiological
expression level and a known insertion site, we set out to
determine whether cognitive phenotypes in PLB 1. mice
resemble more closely the progression of AD compared
with high-amyloid expression models. Based on a compan-
ion study, [31], which describes a progressive increase of
AD-like histo-pathology coupled with deficits in synaptic
plasticity, we here present an in-depth behavioral analysis
of age-related cognitive deficits in PLB1y,. mice using a
battery of spatial learning and memory tests, these includ-
ing different versions of the water maze, novel and spatial
object recognition paradigms, as well as an automated home
cage observation system with spatial conditioning training
(IntelliCage).

This novel strain was in some experiments compared
with a high-expression double-transgenic AD mouse
model termed PSAPP, generated from Tg2576 mice, which
co-expresses mutant PS1 (M146L) and mutant APPgyp
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(K670D/M671L) [26]. PSAPP mice have been well char-
acterized in terms of amyloid deposition and behavioral
deficits [26, 32-34] and present with accelerated amyloid
deposits in cortex and hippocampus relative to single paren-
tal strains, detectable at about 4 months of age. Subtle cog-
nitive deficits may precede this pathology, but are non-pro-
gressive despite increased severity of amyloid deposition at
9 months of age [26, 32]. By contrast, spatial deficits in both
open field and radial arm water maze seem to appear after
12 months of age [35].

Materials and methods
Transgenic animals

For all animals, a 12-h day-night cycle was maintained
(lights on at 7:00 am) with ad libitum access to standard food
and water in a controlled environment (20-21 °C, 60-65 %
relative humidity). All animals were tested at4 £ 1, 8 £ 1,
and 12 £ 1 months of age during the light phase of the cycle
and in keeping with the Federation of European Laboratory
Animal Science Associations (FELASA) guidelines as well
as following Home Office regulations as described in the
Animals (Scientific Procedures) Act 1986.

PLBI: as described previously [27] transgenic mice were
generated using targeted knock-in into the HPRT targeting
vector of a human APP-Tau cDNA construct (hAPP: con-
taining Swedish and London mutations; hTau: with P301L
and R406 W mutations) under control of the forebrain and
neurone-specific CaMKIla promoter. Genotypes were con-
firmed using PCR with primer combinations detecting either
wild-type or genetically altered Hprt alleles. Offspring
were crossed with a presenilin transgenic mouse (PS1 o465,
Jackson Laboratories) to generate triple transgenic mice.
PLB 1y mice and their non-transgenic wild-type controls
(PLB1y,1) were housed in groups of 5-10. In this study,
a mixture of male and female PLB 1y, mice were used.
Due to the fact that the APP and tau transgenes are inserted
into a locus on the X chromosome, male PLB 1y, mice
were hemizygous for the transgene and female mice were
homozygous (for further details, see [27]).

PSAPP: double-transgenic mice were generated by
crossing a heterozygous mutant presenilin-1 line (PS1y461)
[36] with heterozygous Tg2576 mice [5] to create PSAPP
offspring alongside non-transgenic wild-type littermates
(generously provided by Wyeth Pharmaceuticals). Animals
were delivered to the animal facility and tested blind with
respect to phenotype after at least 2 weeks of recovery.
Mice carrying retina degeneration (RD) mutations were
identified by genotyping and excluded. All animals were
tested longitudinally (i.e., the same animals were tested at
both 4 £ 1, 8 & 1, and 12 4+ 1 months of age) with only
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male mice being used. Subjects were required to be sin-
gly housed due to high levels of aggression and fighting
between mice.

Behavioral tests

Radial arm water maze (RAWM): we tested both trans-
genic AD models in this paradigm longitudinally at 4, 8,
and 12 months, with n = 14 for PLBlyr and n = 25 for
PLB 1y, (mixed gender); for comparison and to determine
the sensitivity of the behavioral test in a severe amyloid
over-expression model, male PSAPP n = 17 and their cor-
responding wild types (n = 18) were also studied.

By incorporating elements of the open field water maze
and the radial arm maze, the radial arm water maze allows
the evaluation of not only escape latency/path length but
also the simultaneous assessment of both reference and
working memory errors [37]. A 150-cm white Perspex pool
(50 cm deep) was used, in which dividers were introduced
to leave a small central region (diameter: 380 mm) and eight
radiating arms projecting symmetrically to the pool walls
(Iength of arms: 560 mm). It was filled with water to a depth
of 35 cm at a temperature of 21 £ 2 °C. A number of sali-
ent distal extra-maze cues surrounded the pool and colorless
plastic hydraulic platforms (Hydraulic Atlantis Platforms,
Ugo Basile, Comero, Italy) submerged to the bottom of the
pool were located in the center of each quadrant. Mice were
required to find a submerged platform (as above) located at
the end of one of the arms (NE, SE, SW, and NW). This was
repeated for a total of three platform positions (‘three prob-
lems’), with the completion of a problem based on a ‘trials-
to-criterion’ assessment (criterion: two consecutive trials
with no more than two errors, or three trials with less than or
equal to three errors. If an animal had zero and two errors in
two consecutive trials, a third trial was required to confirm
the criterion). An error was counted when either an animal
entered or re-entered a wrong arm (all four limbs entering),
or made no decision over a period of 15 s. Animals were
given a maximum of eight trials per day and allowed 24
trials to complete each problem, following which the ani-
mal would be progressed to the next problem (N.B., animals
were required to perform at least five trials for each problem
and a minimum of two trials on any given day). Animals
were pseudo-randomly released from one of four locations
(N, E, S, or W), with trials lasting a maximum of 60 s (ITI
of 10 min). If the animal found the platform in this time, it
remained on the platform for 30 s, while any animal failing
to find the platform within the allotted time was directed
to the platform and also remained there for 30 s. Repeated
testing of the animals at the different ages was performed
in identical water mazes positioned in different rooms (at 4
and 12 months, room 1, 8 months, room 2) and the sequence
of platform locations was randomly changed.

On day 1, curtains were drawn around the pool and the
platform location was indicated with a distinctly colored
flag. All animals performed eight trials on this day dur-
ing which the platform location was constant, but release
sites pseudo-randomly changed between trials. From day
2, curtains were opened and training commenced with the
platform moved to a novel arm and submerged. Swim paths
were monitored using an overhead CCTV camera and Any-
Maze tracking software; the number of errors committed
was manually scored. At the completion of each problem, a
probe trial was performed 1-1.5 h later, where the platform
was lowered to the floor of the pool (i.e., no escape platform
present) and the animal placed in the water maze for 60 s.
The time spent in the target arm was recorded and compared
to time spent in the non-target arms.

Data were expressed as group mean £+ SEM and ana-
lyzed using analysis of variance (ANOVA) with genotype
as between-subject and problem as within-subject repeated
measures factor followed by post hoc analyses on selected
data sets (paired or un-paired ¢ tests). A confidence level of
95 % (p < 0.05) was set for all comparisons and, for simplic-
ity, only reliable differences are reported.

Open field water maze (OFWM): in a cross-sectional
assessment, four mixed gender cohorts were tested consist-
ing of PLB1y n = 16 and PLB1y,. n = 16 (at 4 months);
PLBlyrn = 14 and PLBl ;. n = 15 (at 12 months).

The water maze protocol used was modified compared
to previous protocols [38, 39] and matched our recent work
on these mice [27]. For details of the apparatus, see above.
No inserts were available. Each animal was allocated a
target platform (either NE or SW—fully counterbalanced
with respect to age and genotype) and the appropriate plat-
form raised to 1 cm below the water’s surface. Mice were
alternately released from either NW or SE, facing the pool
wall, in order to maintain equidistant release sites relative to
the target. Animals were allowed 90 s to find the platform
and remained on it for 10 s. Any mouse not locating the
platform in the allotted time was directed to it. All animals
received four trials on each day for five consecutive days
(with the inter-trial interval (ITT) set at 30 min). Swim paths
were monitored using video tracking software (Any-Maze;
Ugo Basile) and stored as MPEG files.

On day 1, curtains were drawn around the pool to mask
distal cues and the platform was made visible (by elevating
above the water level and coloring it distinctly). The platform
remained in the same location throughout this day, but release
sites during the four trials varied. On days 2-5, the curtains
were withdrawn and the target platform moved to the opposite
quadrant from day 1 and was submerged. This platform loca-
tion was maintained for the remainder of the experiment. On
day 5, a probe trial was administered 1 h post-training with
the platform lowered and each subject freely swimming for
60 s after release from a point opposite to the target quadrant.
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Data gathered from swim paths allowed the following
parameters to be extracted: (a) path length to reach and
climb onto the platform; (b) swim speed; (c) thigmot-
axis (time spent hugging the pool wall in the outer 10 %
of the water maze), and (d) time spent in target quadrant
during probe test. Each of these were expressed as group
mean £ SEM and analyzed using analysis of variance
(ANOVA) with genotype as between-subject and day as
within-subject repeated measures factor. Again, post hoc
parametric ¢ tests were employed to contrast specific data
sets. A confidence level of 95 % (p < 0.05) was set for all
comparisons and, for simplicity, only reliable differences
are reported.

IntelliCage: separate female cohorts of both PLB 1y, and
PLB 1 mice were tested at 4 months (n = 11 each) and at
12 months (PLB 1y n = 15; PLBly,. n = 13).

The IntelliCage (New-Behavior AG; Zurich, Switzerland)
allows group-housed mice to be behaviorally assessed in
both their spontaneous behavior and spatial learning [40].
Briefly, the apparatus consists of four recording chambers
located in the corners of the housing cage. Access to each
of these corners is via a small opening which contains an
antenna, detecting each animal’s unique implanted tran-
sponder, thus recording individual visits to each corner
(and, as required, granting or denying access to water in
a corner selected for each particular mouse). Within each
corner are two access doors to water, both of which have
a motorized door, which can be opened in response to a
mouse nose-poking through a photo-beam within the
door’s aperture. Access to food (ad libitum) was available
on top of a shelter placed in the center and fixed to the floor
of the cage.

Experiments in the IntelliCage lasted for a total of
3 days; animals were introduced to the IntelliCage at
approximately 4:00 pm. During the first 2 days (habitua-
tion phase), all corners were accessible and all water-access
doors were open. For spatial training (day 3), several pro-
tocols have been proposed and we followed the original
design of [40], for an alternative method, see [41]. Starting
at 5:00 pm, animals were trained to obtain water in only
one corner of the apparatus. Although all corners could still
be accessed, the water-access doors were all closed except
for the target corner of each individual mouse. The least
preferred corner for each animal throughout habituation
(as far as counter-balancing of corners would allow) was
selected as the training corner. In addition to the number
of visits, licking events were also monitored by a sensor on
the water bottles.

Animals were examined twice daily for general well-
being and retention of transponder. The 12-h light—dark
cycle was maintained and general activity levels were moni-
tored over all days of testing and compared for each day
(unpaired ¢ tests). Learning was assessed by analyzing total
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visits made to the trained corner (in %), and compared with
visits to non-target corners (average). Target corner entries
were also compared with chance (25 %j; one-sample ¢ test).
Purposeful corner visits (i.e., those with licks and thus
drinking) were also determined and expressed as a percent-
age of total visits.

All data are summarized as group mean and analyzed
separately for the different age groups. Analysis of vari-
ance was employed initially with either training day or
hour as within-subject and genotype as between-subject
factor followed by Bonferroni-corrected post hoc com-
parisons. All other data were examined between geno-
types using parametric statistics (Student’s ¢ test) within
each age range with alpha set to 0.05 for significance
limit.

Object recognition: We set out to determine both memory
for object novelty and spatial novelty in PLB1y (n = 18
and n = 44) and PLBly,. (n = 21 and n = 24) at 4 and
12 months, respectively, in mixed-gender cohorts.

Overall, we followed the protocol of [42] with minor
modifications (see [27]). A number of cards to serve as
visual cues were placed along the top rim of a white Per-
spex cylinder (diameter: 50 cm, height: 50 cm), which was
located in a quiet experimental room. The animals’ activity
was monitored by an overhead camera with data capture
controlled by a PC (Ethovision Pro 3.1; Noldus, Wagenin-
gen, The Netherlands). Tall (15-20 cm) objects of differ-
ent materials (e.g., glass, plastic, metal) color and shape
were selected. Objects and arena were cleaned with 70 %
ethanol prior to each trial (to eliminate any odor cues).
Testing consisted of three distinct phases: (a) habituation,
in which each animal was allowed to explore the apparatus
for two trials of 5 min each (2-min inter-trial interval). In
the first trial, the arena was empty (not recorded) and dur-
ing the second trial one object was placed in the center of
the apparatus. This phase lasted 2 days with the same pro-
cedure performed on each day. (b) Object novelty (day 3),
in which each mouse was exposed to two identical objects
(object A & A’) placed in opposing halves of the arena
(sample phase). Mice were allowed 5 min of exploration
and then, following a 5-min ITI, A’ was replaced with a
novel object (object B) and the mouse given another 5 min
to explore the arena (test phase). (c) Object displacement
(day 4), whereby the mouse was presented with two novel
sample objects (object C and D) placed similarly to above.
Again, 5 min of exploration was allowed (sample phase),
followed by a 5-min ITI and another 5 min of exploration
during which one of the objects was moved to a differ-
ent location (counterbalanced design) in the arena (test
phase).

Exploration of an object was assessed as the time within
the target zone (4 cm) around the respective object (expressed
as group mean + SEM) and recorded and analyzed using
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Ethovision Pro 3.1. From these data, we calculated a dis-
crimination index based on the formula

DI = time(object1) — time(object2)/time(object1)
+ time(object2).

Object one was set as the novel or shifted object so that
positive values indicate correct discriminations. Age and gen-
otype comparisons were conducted using Student’s ¢ test; per-
formance was assessed relative to chance level (0) and deemed
significant if p < 0.05. Exclusion criteria applied were: object
bias during the sample phase at ratio 10:1; no exploration dur-
ing any phase of testing or total object exploration <20 s; out-
lying data points (>2 SD from mean); discrimination index of
1/—1. There was no genotype or age bias for exclusions.

Tissue harvesting and histology

As in previous publications, mice were terminally anesthetized
and tissue-fixed in situ by intra-aortic perfusions of 4 % par-
aformaldehyde in 0.1 M phosphate buffer. Brains were then
removed and subsequently wax embedded and sectioned, e.g.,
[27, 43]. Slide-mounted 5-pwm-thick coronial sections were
used for DAB-based immunochemical staining conducted
with a Leica/Bond autostainer (Leica Microsystems, Milton
Keynes, UK). Sections underwent automated dewaxing, acidic
antigen retrieval and antibody application. Immunolabeling
for amyloid was conducted using 6E10, (dilution 1:250, Cam-
bridge Bioscience, Cambridge, UK) and visualized using Bond
Polymer Refine DAB staining kit (Leica Microsystems), nuclei
were counterstained using hematoxylin. All images were taken
via a digital camera (Axiocam) connected to a Zeiss micro-
scope (Axioskop 2 plus) with water immersion lens using
Axiovision software (Zeiss, Hertfordshire, UK).

Results

In all experiments, test cohorts were of mixed gender except
the IntelliCage where only females were tested. In these
cohorts, n’s of females and males were variable. We have
not observed any evidence for behavioral deficits that are
gender specific; contrary, in all tests, in which gender cohort
sizes enabled separate statistical analysis, we have con-
firmed that PLB 1y, mice presented with a similar behav-
ioral pattern independent of sex. Consequently, groups were
combined for presentation and clarity.

An age-dependent impairment in recall in PLB Ly, mice
tested in the radial arm water maze problem-solving task
(Exp. 1a)

The RAWM combines features of the water maze and the
radial arm maze, but has not been as widely used in AD

models. It nevertheless offers the possibility to distinguish
between reference memory errors (entry into non-rewarded
arms), and working memory errors (repeated entry into a
previously visited non-rewarded arm). On the first day of
training, when required to locate a visible platform in the
absence of spatial cues, PLB1y and PLB1y,. mice per-
formed equally well, confirming that PLB 1y, mice have
no obvious deficit in sensory-motor ability (data not shown).
No difference in performance (trials to criterion—Fig. 1a;
errors to criterion, Fig. 1b) was seen between genotypes at
any problem or any age group tested (Fig. la). This was
also the case when the more traditional parameter, path
length required to reach criterion, was considered (data not
shown). In all age groups, it appeared that problem two was
most difficult to solve as it constitutes reversal learning and
was the first time the location of the platform was changed
but comparisons did not attain reliability.

Separate analysis of reference or working memory errors
(Fig. 1c, d) for the different age groups also did not yield
any phenotype in the PLBly,;. mice. However, elevated
swim speed in PLB Ly, mice was observed in the RAWM,
with a strong trend apparent at 4 months (p = 0.07), and sig-
nificance reached at 8 but not at 12 months (Fig. 1e). Both
wild-type and transgenic PLB1 mice progressively reduced
their swim speed over the course of the study (effect of age,
PLB 1y p <0.05; PLB Ly p <0.001).

After achieving criterion in each of the problems, a probe
test was conducted with the platform lowered to the floor. At
all age groups, both genotypes presented with spatial mem-
ory indexed as preference for the arm formerly containing
the platform (p < 0.001 in each case, Fig. 2). However, at
12 months, the PLB1 . mice spent significantly less time
in the target arm during the probe trials (9.1 £ 0.9 s) than
their wild-type counterparts (11.1 0.9 s; p < 0.05, Fig. 2).

Severe impairments, but no age-dependence, in PSAPP
mice in the radial arm water maze problem solving task
(Exp. 1b)

More subtle deficits in PLB1yy,. mice in the RAWM than
published previously for the OFWM [27] suggest that this
task may not be as sensitive in revealing spatial deficits in
PLB 1y, mice. We therefore investigated whether highly
pathological mouse models present with an earlier pheno-
type. Such a more aggressive mutant is the PSAPP mouse,
which was employed here as a comparator and to confirm
the usefulness of this protocol. As for the PLB1 mice, the
absence of apparent sensory-motor deficits was confirmed
by equal performance in locating the visible platform on
day 1 of testing (data not shown). Already at 4 months of
age, transgenic PSAPP animals required markedly more
trials to reach criterion than their wild-type counterparts
(F(1,66) = 9.69, p < 0.01), with comparable deficits at
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Fig. 1 Longitudinal testing of PLBly;,. and PLB1y,; mice in the
radial arm water maze protocol in a problem-solving task aged 4, 8,
and 12 months. Group mean + SEM. No significant difference was
found between transgenic and wild-type mice in (a) number of trials
required to reach criterion or (b) number of errors committed before
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Fig. 2 Probe trial performance in the radial arm water maze prob-
lem solving task of PLBlyy,. and PLB1yy mice. Both genotypes
showed a statistically significant preference for the target arm at 4,
8 and 12 months of age as also indicated by the representative swim
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reaching criterion. Dissection of the errors committed into (c) refer-
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ence. However, swim speed (e) differed between genotypes and there
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type-independent. *p < 0.05, n.s. not statistically significant
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paths given below (target arm indicated as grey underlay). In the
12 month group, PLB1y mice spent longer in the target arm than
their transgenic counterparts. Group means + SEM. *p < 0.05 and
*#%p < 0.001, respectively
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8 months (F(1,58) = 10.73, p < 0.01) and at 12 months
(F(1,66) = 47.53, p < 0.0001; Fig. 3a). This pattern was
also evident when the total number of errors commit-
ted before reaching criterion was considered (4 months:
F(1,66) = 21.2, p < 0.0001; 8 months: F(1,58) = 19.42,
p < 0.0001; 12 months: F(1,66) = 49.12, p < 0.0001;
Fig. 3b). Again, problem two appeared to be particularly
challenging as the submerged platform was re-located for
the first time. The deficit in PSAPP mice was attributed
to both reference and working memory errors; these were
heightened cf. wild-types at all ages (p < 0.01 in each case,
Fig. 3¢, d). Much more marked than seen for the PLB Ly
mice, transgenic PSAPP mice had a consistently elevated
swim speed compared with wild-types at all ages tested
(p <0.01 at 4, 8 and 12 months), with little/no change over
time (Fig. 3e).

During the probe trial (Fig. 4), both transgenic and wild-
type animals demonstrated a preference for the target arm
compared with the mean time spent in non-target arms (all
p’s < 0.01). For this transgenic line, the time spent in the

4 months

71
15 \\\ 15 -
y AN

5 4 5 -

>

Trials to Criterion

overall genotype difference: P<0.01
0 T T T 0 T T

overall genotype difference: P<0.01

target arm was significantly lower in PSAPP transgenic
mice than their wild-type littermates at both 4 (11.0 & 0.6
versus 8.6 £+ 0.9 s; p < 0.05) and 12 months (12.1 £ 1.1
versus 8.5 + 0.6 s; p < 0.01) (Fig. 4) and constitutes a defi-
cit similar to the one seen in 12 month old PLB 1y, mice.
This deficit did not reach significance in the 8 month PSAPP
groups. Overall, the more aggressive amyloid pathology
seems to have caused severe spatial learning deficits as early
as 4 months, with no progressive worsening during ageing.

PLB 1 mice show an age-related decline
in the open-field water maze (Exp. 2)

The open-field version of the water maze is well estab-
lished to identify spatial learning and/or memory deficits
and has been a popular test for AD mouse models [5, 21,
34, 44]. Since PLB1yy,. mice presented with a mild phe-
notype in RAWM, we returned to our original protocol and
repeated the experiment using 12-month-old mice. A cohort
of 4-month-old subjects had been tested previously with no
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Fig. 3 PSAPP mice are impaired in a problem solving task in
the radial arm water maze when tested longitudinally at 4, 8 and
12 months. Reliable differences were obtained for a number of tri-
als required to reach criterion and b number of errors committed
before reaching criterion (overall genotype difference = p < 0.01 for
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each comparison). The deficit was due to impairments in both refer-
ence (c¢) and working memory errors (d) (p < 0.01 for each). Swim
speed e was significantly elevated in PSAPP transgenic animals at all
ages (p < 0.01 in each case) with no obvious decay over time. Group
mean + SEM. **p < 0.01 and ***p < 0.001, respectively
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Fig. 4 Memory impairment in PSAPP transgenic mice tested after
achieving criterion in a problem solving task. Although both trans-
genic and wild-type mice presented with a statistically significant
preference for the target arm at 4, 8 and 12 months of age (p < 0.01
in each case) PSAPP mice spent reliably less time in the target arm

apparent spatial deficit [27]; these data, including a more
detailed analysis, are also illustrated here for comparison
and summarized in Fig. 5.

The path length to find the platform declined in both wild-
type and transgenic mice progressively, and they improved
over the course of training at both 4 (F(4,120) = 9.82,
p <0.0001) and 12 months (F(4,108) = 11.7, p < 0.0001).
There was no observable difference between genotypes for
the visible platform test (day 1) or during spatial learning
in 4-month-old mice, indicative of intact sensory-motor
functions. However, PLB 11, mice covered a significantly
longer distance than the wild-type group at 12 months
(genotype effect: F(1, 108) = 10, p < 0.01; Fig. 5a). Repre-
sentative swim paths underline this observation. Although
12-month-old PLB1,. mice were slower in learning the
task, overtraining on day 4 led to floor level performance
with no difference between groups. Consequently, spatial
memory assessed in a probe trial was not different between
genotypes at 4 or 12 months of age. This was equally
observed for the time spent in the training quadrant (Fig. 5b)
or number of platform crossings (Fig. 5¢) as a more strin-
gent parameter of spatial memory. An age-related decline
in spatial accuracy (platform crossings) was significant for
PLB 1y (t =2.8; df =29; p = 0.009), but not for transgenic
mice due to a somewhat higher variability.

Marked differences in swim speed were observed
between genotypes at 4 and 12 months of age, with the
PLB 1y mice swimming considerably faster than PLB1yp
(p’s <0.05; Fig. 6a). However, PLB1 1, mice swam slower
at 12 months relative to their younger counterparts (1 = 5;
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than WT mice at 4 and 12 months, but not at 8§ months (p < 0.05 and
p < 0.01). For each age group and genotype, probe trial sample traces
are shown below the corresponding graph. Group means 4+ SEM.
*p <0.05, ¥*p < 0.01, and ***p < 0.001, respectively

df = 30; p < 0.0001) but swim speed in PLB 1,1 remained
unchanged. Thigmotaxic swimming patterns were not over-
all different between genotypes at either age group (Fig. 6b,
c); yet, on the very first day of testing in the 4-month group
(visible platform), PLB 1y, spent markedly more time in
the thigmotaxis zone than PLB 1y, mice (p < 0.05).

PLB 1y, mice show spatial deficits in the IntelliCage
(Exp. 3)

In the IntelliCage, motor activity expressed as the total num-
ber of corner visits was evaluated over 2 days of habituation
(H1, H2) and during testing (T) (Fig. 7a, b). This offers an
alternative means of determining spatial learning with two
elements different from the water maze. First, spatial learn-
ing took place on dry land in a home cage, in which mul-
tiple animals were housed as a cohort with regular social
contacts, and positively rewarded by water. Second, there
is no predetermined trial structure: each subject enters the
activity corners without researcher’s influence.

When 4 months old, PLB1ly mice were significantly
more active than PLB 1y, mice (F(1,40) = 5.56, p <0.05),
most notably on the first day of habituation (Fig. 7a).
Despite a similar trend in the 12-month groups, higher vari-
ability in both groups prevented achievement of significance
(Fig. 7b). Nevertheless, as all groups and ages were simi-
larly active on habituation day 2 (H2), we progressed to
spatial learning. Spatial learning towards the least favorite
corner was expected to be rapid and completed within hours
of nocturnal activity. A progressive hourly learning curve is



Spatial deficits in PLB1 mice

2611

A 4 months
—~ 1000 -
s
Pk
b=
§ 500-
5
[y
o
D L L] L) L) Al
vV 1 2 3 4

Day

Path length (cm)

12 months
1000 4 < PLBlyr
& PLBlre
500 - 5
0 T L) ¥ L] T
) 1 2 3 4
Day

WOCGEIGIIIDS
BREO-@OH®

B C
30 - n.s.
» e e n.s @
o
£ : £
1 w
= 20 4 m
2 5
i N DU R =
E :
10 4 S
s €
< K.
o o
o
-]
0

dm 12m

Fig. 5 Assessment of PLB 1. and PLB1y,y in the open-field water
maze. Mean & SEM. a Acquisition phase for 4- and 12-month-old
mice showing the mean distance required to find the platform on each
day of testing including training with a visible platform (V). Note
the markedly slower rate of learning in PLB 1y, mice at 12 months
(right). Beneath each graph are representative sample swim paths
from individuals over the course of the training days. b Time in tar-

depicted in Fig. 7c comparing 7 h of darkness during H2 and
testing (T) in 12-month-old mice. PLB 1y, animals progres-
sively acquired the spatial task so that 40-45 % of entries
were into the correct (rewarded) corner; PLB1 . mice in
contrast were impaired at both 4 and 12 months (Fig. 7d) by
showing equal preference for rewarded and non-rewarded
corners (PLBlyr at 4 months: p < 0.05; 12 months:
p < 0.01; PLBlp,.: p > 0.05 at both age groups). Target
visits in PLB 1y, also differed significantly from the chance

*
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[ .. 03 PLBwr
o o @8 PLBripe

n.s.
2 -
I
1 -
4m 12m

get quadrant during the probe trial (60-90 min post-training) was not
different between genotypes at any age. ¢ Number of crossings of
former platform location during probe test also did not show a phe-
notype. Note, older animals presented with lower number of platform
crossings compared to young mice, but this was only reliable for the
WT group (*p < 0.05). n.s. not significant

level of 25 % (ps < 0.05; Fig. 7d). Conversely, PLB Ly
mice did not show a significant preference for the training
corner over the same 12 h of testing, nor was the percentage
of visits to the trained corner significantly different from the
hypothetical mean.

Finally, the percentage of purposeful versus explora-
tory visits to the training corner was considered. This was
expressed as those visits to the training corner in which the
mouse drank (licked). At 4 months, PLB 1y mice made a
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PLB 11 mice presented with elevated swim speed compared with
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by age. No age-related change was found in PLB1y. Group means
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over all training days & SEM. b, ¢ Mean daily time (:SEM) spent
in the thigmotaxis zone of the pool was greater on the first day of
experimentation in transgenic mice (b) at 4 months (p < 0.05), but
not on any other day or at 12 months (c). *p < 0.05 and ***p < 0.001,
respectively
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Fig. 7 Performance of PLB1ry;. and PLB1yy mice during habitu-
ation and spatial learning in the IntelliCage. Group mean + SEM.
Overall activity during 2 days of habituation (H1, H2) and 1 day of
spatial training T in 4- (a) and 12-month-old (b) PLB1 mice. Note the
higher activity in PLB 1y, mice during HI, which ceased on H2 and
T so that genotypes and ages no longer differed. Hourly time-course
of percent corner visits (c¢) to the ‘training corner’ in 12-month-old

higher proportion of drinking visits than the PLB 1., group

(p <0.05), while at 12 months there was no significant differ-
ence between genotypes (Fig. 7e) due to reduced licks in the
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mice during the first 7 h of the dark phase of H2 of habituation and
spatial learning. Percentage of entries into the target corner during the
dark phase (d) in both genotypes at 4 and 12 months revealed a sig-
nificant preference for the target corner relative to non-target corners
in PLBlyr, but not PLB1p,. mice. Similarly, PLB1yy conducted
more purposeful visits to the target corner accompanied with licking
(e). *p < 0.05 and **p < 0.01, n.s. not statistically significant

wild-type group. It may be argued that PLB 1. mice com-
pensate the fewer visits to the target corner by heightened
water intake such that similar amounts are consumed by both
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genotypes. Although the system does not enable direct meas-
ure of water intake by each mouse, we assumed that each lick
would deliver a similar content of water for each subject and
calculated the mean number of licks per visit for each phase.
During H2, the mean licking rate per visit in 4-month-old
mice was 15.5 for PLB1y,yand 15.9 for PLB 1y, In spatial
learning (T), water was available in the target corner only
and licks recorded per visit again did not differ between gen-
otypes (50.5 £ 9.6 for PLBlyy; 36.9 + 7.3 for PLB 1)
Similar results were obtained for 12-month cohorts (not
shown). These data exclude the notion that fewer visits to the
target corner by PLB Ly mice led to compensatory drink-
ing patterns. Furthermore, there was no weight difference
between PLB1yr (19.1 g) and PLB 1y, (19.2 g) mice.

Deficits in novel object recognition and object shift
in PLB 1, mice (Exp. 4)

In a between-subject design, cohorts were tested for object
recognition in a mixed paradigm for a novel object first, and
24 h later for spatial recognition of object shift. Data are
summarized in Fig. 8.

During habituation, exploration of the open field with a
central object was high on day 1 and all test groups lowered
their ambulatory activity on day 2 apart from the 12-month-
old PLBly;;. mice (Fig. 8a) so that the overall distance
moved was significantly higher in PLB11,;,,. mice compared
to PLB 1y (f =2.9; df =55, p = 0.005). As for the overall
speed, which was higher in PLB1p;,. mice during water
maze procedures, there was no such phenotype recorded
during habituation (Fig. 8b). Independent of age and geno-
type, the overall velocity was lower in the second session
and in conjunction with reduced ambulation indicates that
all animals habituated to the novel environment. Explora-
tion of the central object was high on day 1 and lower on the
day exactly matching the activity profile and its significance
levels described above (data not presented).

No difference appeared between genotypes and between
the two identical objects A and A* during the sample phase
of object exploration (Fig. 8c); yet, 12-month-old animals
explored the objects less than younger mice (£s > 2.6;
p’s < 0.05). At the test phase, two 4-month-old wild-type
mice spent the majority of time sitting next to object A,
not exploring the environment and the novel object (‘B’ in
Fig. 8d); these mice were excluded from the analysis.

As indicated by the discrimination index, both PLB 1y
groups showed a strong bias towards exploration of the
novel object B whereas the PLB Ly, spent equal amounts
of time with each object. This difference was reliable for
both age groups (Fig. 8d) corroborating an object rec-
ognition deficit in PLB1y;,. mice as early as 4 months.
Furthermore, wild-type cohorts but not PLB1y;,. groups
performed significantly above the level of chance.

Similarly, no bias for any of the two objects C or D was
observed during the second sampling phase for the ‘object
shift’ stage. This was true for both genotypes and age cohorts
investigated (Fig. 8e). However, after object displacement,
PLB I, mice had a significant deficit in spatial recog-
nition memory compared to PLB1y,, which was present
already at 4 months of age, but did not attain reliability at
12 months, due to two transgenic subjects that persistently
explored the shifted object (Fig. 8f). Nevertheless, PLB1y,p
mice performed significantly above chance at both ages,
while PLB 1. cohorts did not, indicating an overall lack
of preference for the spatially altered object.

Amyloid pathology is exaggerated in PSAPP compared
with PLB Ly, mice

Comparison of the amyloid pathology at 4 and 12 months
of age confirmed an overall exaggerated level of amyloid
expression and plaque deposition in PSAPP mice relative
to PLB 1y (Fig. 9). In repeating our previous results [27],
PLB 1y, mice presented with a low number of plaques up
to 12 months of age, yet a progressive increase in intracel-
lular amyloid is apparent between 4 and 12 months (for a
full time course, see accompanying paper [31]). In con-
trast, plaque deposition increased dramatically with age in
PSAPP mice while intracellular amyloid, though overall
more intense, remained at a constant level. There was no
amyloid labeling in wild-type controls.

Discussion

The overall behavioral profile of PLB1y;,,. mice obtained
in this study is summarized in Table 1. PLB1 ;. mice con-
sistently demonstrated spatial learning and memory deficits
at 12 months in four different paradigms including aver-
sive (water maze), neutral (object displacement), and posi-
tive reinforcement (IntelliCage). This strongly supports the
notion that low transgene expression is sufficient for patho-
logical proteins to accumulate over time and cause cogni-
tive impairments, in keeping with ageing as the primary
risk factor for dementia. Additionally, deficits in PLB Ly
mice can be attributed to abnormal forebrain function and
likely include altered hippocampal firing patterns at rest and
during task performance [27] and/or compromised synaptic
plasticity (see [31] accompanying paper).

Slow progression of spatial water maze deficits
in PLB 1y, mice

Many experimental mouse models of AD have been assessed

in the open-field water maze and this has become the ‘gold
standard’ in terms of spatial testing in rodents [24]. Deficits

@ Springer



2614

A PLB1yr PLB17rige B
g -~ _— - as R
T 2 - L g
2 £ £
o § T e
[ w0 -
I s 8
& 1000 &

Cw M2 oM w2
c . D
23 T
E ‘g& T
>
3 fe
c
© © i
s §
o T,
O d

" TA A A A
E F

100
£ 3 T
G &
w £.lT

o
> e
et 8
O T .
R
o
O

¢ D c D ¢ D c )
4months 12 months 4months 12 months

Fig. 8 Performance of PLBlyr and PLBly;,. mice in two object
recognition tasks. a Overall locomotor activity during habituation
session H1 and H2: Activity was lower in H2 than H1 for all cohorts
except PLB 1y, mice aged 12 months. b Ambulatory velocity was
different between H1 and H2 at all age groups, but not related to fac-
tor phenotype. ¢ Novel object recognition—sample phase: independ-
ent of genotype, animals spent equal amounts of time with objects A
and A*. Note the age-related reduction in object exploration to about
50 % in 12 month old subjects. This was independent of genotype.
d Novel object recognition—test phase: Object A* was replaced by
object B. Discrimination index confirms that while PLB1y mice
prefer object B (positive index), PLBly,,, mice clearly did not
(asterisks)—there was a small bias for the familiar object. € Object

in this task are reported for single transgenic amyloid bear-
ing mice, but also in bigenic and in triple APP-Tau—PS1
(3xTg) mice [45, 46]. We here implemented two different
versions of the water maze: (1) the radial arm water maze
[37] and (2) the open-field water maze [47], and compared
these with other spatial learning tasks such as a spatial shift
in the novel object recognition paradigm [48] and spatial
training with water reward in the IntelliCage [40].

It is clear from this comparison that PLB 1y, mice rep-
resent with a more subtle and late-onset spatial phenotype
than some of the established aggressive over-expression
models such as the 5XFAD mouse [25], at least in terms of
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recognition, spatial shift sample phase: exploration was equal for
objects C and D independent of age and genotype. f Object recog-
nition, spatial shift test phase: Object D was shifted to a novel loca-
tion. Discrimination index confirms that while PLB 1y mice prefer
object D (positive index), PLB 1y, mice clearly did not (asterisk).
The positive index of PLB 1y, mice at 12 months of age was due to
two subjects. Note that index is not different from chance (0). All data
are presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001
between genotype (¢ test). Sp < 0.05, **p < 0.01, *¥%p < 0.001 rela-
tive to chance. Tracks of representative animals aged 4 months under-
taking object novelty test (fop) and spatial shift (bottom) are also
indicated. Circles indicate in-object zones, in which tracking was
recorded as exploration. B novel object, D shifted object

water maze-based protocols. This can be explained by the
obvious impact of the genetic design, as the selective knock-
in of mutant APP—Tau construct resulted in one copy placed
within the HPRT locus. These two transgenes have never
been expressed in one single construct and their individual
vs. joint impact remains to be assessed. Low transgene
copy numbers may delay the onset of the genotype and thus
explain the slower but possibly more patho-physiologically
relevant onset of cognitive decline in PLB1y,, mice in
the water maze; this contrasts with an onset at 4 months in
the other available triple AD model (3xTg) [21]. In addi-
tion, expression of our construct was tailored towards the
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Fig. 9 Amyloid pathology in PLBly;,. and PSAPP mice at 4 and
12 months old. PLB 1y, mice demonstrate intracellular amyloid in
both the cortex (Crtx) and hippocampus (CA1), with infrequent extra-
cellular plaque deposition and increasing amyloid reactivity with age.
In comparison, PSAPP mice demonstrate a more aggressive expres-
sion of intracellular amyloid in both regions with a striking increase

forebrain by insertion of the CAMKIIu regulatory element
in an attempt to mimic both progression and anatomy of
human AD pathology. In these structures, expression of
transgenes in PLB1 mice remain below native rodent APP/
Tau levels and thus supports a slow patho-physiological dis-
ease onset at ~4 months (Fig. 9) when APP or Tau-labeling
is faint [27, 31].

Table 1 Simplified summary of behavioral deficits (| ) established

for PLB 1 mice compared to age-matched PLB 1y, controls

Age 5 12

Task
RAWM n.d. N
OFWM n.d. {
IC + +
SOR ¢ +
NOR N\ i

The spatial tasks appear to have differential sensitivity to the progres-
sion of the AD-like phenotype
RAWM radial arm water maze, OFWM open field water maze, IC

IntelliCage, SOR spatial object recognition, NOR novel object recog-
nition, n.d. not different

CAl Crix CAl

in plaque frequency with age. Age-matched wild types (WT) shown
for comparison. Note the subtle intracellular staining for amyloid at
4 months in PLB Ly, (White arrows). Amyloid detected with 6E10
antibody (see methods for details). Scale bars represent 200 and
50 wm at 10x and 40x images, respectively

Spatial learning deficits in PLB1yy,. mice in the open-
field water maze evident at 12 but not at 4 months was
also observed in experiments using the radial arm water
maze, albeit with differing profiles: while acquisition was
impaired in the former, there were deficits in retention in
the latter. A number of possible explanations for this differ-
ence have been proposed (for review, see [45, 49]). In our
specific case, (1) the experimental design in the radial arm
water maze was longitudinal and animals were trained as
early as 4 months. At this stage, PLB 1y, did not display
spatial learning deficits in either task. Repeated testing at 8
and 12 months did not reveal any deficits in problem-solv-
ing, raising the possibility that a measure of retention for the
procedure is retained from the previous time-point of train-
ing. Such repeated testing in the water maze can indeed ren-
der the protocol less sensitive to differences between groups
(e.g., [50]), a characteristic that has also been observed in
transgenic mice [51]. Our data are in line with previous
observations by Billings and coworkers [52] in which early
learning and repeated rehearsal of the same task benefited
transgenic 3xTg-AD mice in particular while relatively little
improvement was observed in wild-type controls. (2) The
task in the RAWM was conceptually different and allowed
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segregation of reference and working memory errors; work-
ing memory in the open-field water maze would require dif-
ferent protocols (see [53]). Therefore, dependent variables
in the radial arm maze were number of errors for working
and reference memory errors (and their sum), as well as tri-
als to a set criterion, which had to be met before progressing
into the next learning phase. These measures are different
from path length in the open-field variant, which is taken
as an index of reference memory only and for which no
criterion was set. (3) Acquisition learning in the RAWM is
different in that the principle choice point is located in the
center and once the correct alley has been selected, swim-
ming towards the distal end will guarantee reward (finding
the platform). By contrast, the open-field water maze offers
an infinite number of choice points and requires higher
accuracy in spatial knowledge to successfully complete the
task. Consequently, having no barriers seems to make the
task more difficult, a view consistent with our data set. (4) It
might be argued that due to its greater simplicity, the radial
arm maze may not be sensitive enough to reveal deficits in
AD models, especially because it is not widely applied in its
current version. However, this is unlikely given our obser-
vation that PSAPP mice already are deficient in this test at
4 months, and that a RAWM is typically considered more
sensitive than the open-field water maze ([45] for review).

Others have used the radial arm version of the water maze
to characterize the deficit in spatial learning in PSAPP mice
and have shown somewhat divergent results from those
described here. For example, a series of studies by Arendash
and colleagues found no impairment in working or refer-
ence memory in PSAPP mice until 15-17 months of age
[33, 34, 54]. These studies are also at odds with the pathol-
ogy of PSAPP brains reported here, as they would suggest a
long process of progressive plaque formation during which
there is no cognitive phenotype. We, however, reveal an
early onset of spatial deficit congruent with the emergence
of intracellular amyloid labeling in both hippocampus and
cortex of PSAPP mice. One explanation for this apparent
discrepancy may lie in the difference of apparatus (we used
eight arms, not six). The greater number of arms equates
to a greater number of options and therefore adds a greater
complexity to the task. A second marked difference is the
training protocol: In our study, mice swam freely for the
duration of each trial, whereas in the studies cited above,
animals were immediately returned to the starting arm
upon making an error. It is possible that the self-correction
protocol used in our study places a higher demand upon
hippocampus-dependent function (especially in terms of
working memory) and that return to the start position favors
egocentric route learning. Such a free-swimming protocol in
the RAWM has been applied in a treatment study [35], but
no data for a non-transgenic group is presented, precluding
a meaningful comparison with our data.
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Early onset of spatial deficits in PLB 1. mice
in spontaneous learning tasks

An earlier onset of deficits in PLB 1y, mice was revealed
in a spatial (and non-spatial) version of the spontaneous
object recognition test. In a series of elegant studies, the lab-
oratory of Good conducted experiments using Tg2576 mice
and confirmed a selective spatial deficit in aged (14 months)
mice while at the same time novel object recognition was
unimpaired [42, 55, 56]. Similarly, 18-month-old 3xTg—AD
mice have spatial deficits in this task, but normal visual
recognition after an interval of 3 min [57]. Although Good
and colleagues did not detect deficits in object recognition,
such deficits have been repeatedly found in APP transgenic
mice inclusive of Tg2576 [46, 58—60], other bigenic lines
over-expressing mutant human APP and presenilin genes
[61-66], and also mice genetically modified to express
human tau [67, 68]. It is likely that neurodegeneration of
hippocampal-cortical connections may be responsible for
deficits in spatial object shift. By contrast, novel object
recognition may depend on prefrontal and perirhinal cor-
tex [69], so that early loss of recognition memory could
also impinge on spatial aspects of recognition. Moreover,
this correlates with the more readily apparent pathology in
cortex in PLB 1y, [27] and strongly indicates that object
recognition provides a more sensitive early onset measure
for spatial deficits in our novel model.

Similarly, an early onset of spatial memory deficits was
also revealed in spontaneous behavior in the IntelliCage. Pre-
vious studies using this apparatus have found it to be suffi-
ciently sensitive to detect cognitive deficits in a Huntington’s
disease model [70] and in mice treated with methylmercury
[71], and work by Codita and colleagues [41] has also found
phenotypes in spatial learning in mice carrying transgenes
for APP with both Swedish and Arctic mutations. Like the
tg-ArcSwe mice, PLB 1y, presented with a reduction of
activity (corner visits) during free exploration on day 1 in
the IntelliCage, but were not different from controls once
completely habituated to the test environment. The higher
activity in PLB 1y, mice at 4 months is unlikely at odds with
greater swim speeds in PLB 1. mice in both water maze
procedures used, since the number of corner entries in the
IntelliCage is not a reliable marker for speed, but reflects
a proxy of exploratory behavior. In agreement with these
data, young PLB 1y, mice have reduced global home cage
activity [27] and this underlines general differences between
tasks performed on dry land and in water. Generally, activity
changes in over-expression models of AD have been well
catalogued (e.g., [72]; for review, see [23]) and the presence
of this attribute further confirms PLB1y,. mice as a real-
istic model of AD. Since PLB1y,,. mice already presented
with impairments in spatial acquisition learning, we did not
implement a reversal/extinction protocol. Common to all
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tasks is the likely requirement of hippocampal-prefrontal
system activation, and the occurrence of plasticity during
and after task performance. The observation that PLB 1,
mice present with deficits in synaptic short- and long-term
plasticity [31] appears therefore as an important physiologi-
cal correlate for the cognitive decline reported here.
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