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Abstract. Alzheimer’s disease (AD) is a consequence of degenerative brain pathology with amyloid plaque deposition and
neurofibrillary tangle formation. These distinct aspects of AD neuropathology have been suggested to induce a cascade of
pathological events ultimately leading to neurodegeneration as well as cognitive and behavioral decline. Amyloid and tau
neuropathology is known to develop along distinct stages and affect parts of the brain differentially. In this study, we examined
two mouse AD lines (A!PPPS1-21 and Tau22 mice), which mimic different partial aspects of AD pathology, at comparable
stages of their pathology. Since prefrontal cortex (PFC) is one of the first regions to be affected in clinical AD, we compared
long-term potentiation (LTP) of synaptic responses in medial PFC of A!PPPS1-21 and Tau22 mice. Frontal LTP was impaired
in A!PPPS1-21 mice, but not in Tau22 mice. Consequently, we observed different behavioral defects between A!PPPS1-21
and Tau22 animals. Apart from spatial learning deficits, A!PPPS1-21 transgenic mice were impaired in fear learning, aversion
learning, and extinction learning, whereas THY-Tau22 were impaired in appetitive responding. Discriminant function analysis
identified critical behavioral variables that differentiated A!PPPS1-21 and THY-Tau22 mice from wild type littermates, and
further confirmed that amyloid- versus tau-pathology differentially affects brain function.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized by two
pathobiochemical events that are thought to affect
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synaptic function and ultimately result in neurodegen-
eration [1–3]. A first series of events involve amyloid-!
(A!) peptides cleaved from the amyloid-! protein
precursor (A!PP) that aggregate extracellularly into
soluble oligomers and insoluble amyloid plaques [4].
Secondly, hyperphosphorylated tau proteins translo-
cate to the somatodentritic region of the neuron and
ultimately aggregate into intracellular neurofibrillary
tangles (NFTs). Soluble forms of tau have been shown
to severely compromise neural function [5].
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Amyloid and tau neuropathology both develop along
distinct stages, but appear to affect parts of the brain
differentially [6]. Amyloid pathology initiates in neo-
cortex and spreads to hippocampus and other brain
regions [7], whereas tau pathology starts in the limbic
system and spreads toward the neocortex [8]. Patients
suffering from AD eventually show deficits in episodic
memory [9], fear conditioning and flexibility [10], and
various other cognitive functions [11]. However, clini-
cal AD is heterogeneous both with respect to pathology
and behavioral symptoms [12, 13], and it remains
largely unknown whether A!- and tau-related pathol-
ogy contribute to similar or different functional defects.

Amyloid- and tau-based mouse models, which
mimic partial aspects of AD pathology and show
neurocognitive deficits, are crucial to contemporary
preclinical AD research [14–20]. In this study, we
directly compared two distinctive transgenic mouse
models that show either amyloid (A!PPPS1-21; [21])
or tau pathology (Tau22; [22, 23]) using a variety
of AD-relevant behavioral protocols. The mice had
been backcrossed to C57Bl/6J background, and exper-
imental conditions were equated across groups (i.e.,
behavioral protocols and their timing, housing and han-
dling conditions, gender, and age). Given the different
pathogenetic trajectory of amyloid and tau pathol-
ogy, we hypothesized that different cognitive functions
might be compromised in these two mouse lines. In
addition, we expected that cognitive functions that
were compromised at the earliest stages would be most
relevant to discriminate wild type from transgenic mice
in each of these mouse models. We also wanted to
determine whether amyloid and tau pathology affected
different aspects of neocortical performance. Further,
we investigated whether the putative behavioral dif-
ferences between the two AD models would coincide
with differences in prefrontal synaptic plasticity. Hip-
pocampal plasticity has been tested in AD mouse
models and related to spatial learning defects [20,
24–26], but prefrontal cortex (PFC) has been shown to
play a central role in various aspects of rodent behavior
as well [27, 28]. To investigate whether PFC might be
differentially affected by amyloid or tau neuropathol-
ogy, we compared recordings of synaptic plasticity in
medial PFC between the two models.

MATERIAL AND METHODS

Transgenic mouse lines and genotyping

A!PPPS1-21 mice were provided by Dr. Mathias
Jucker (Hertie Institute for Clinical Brain Research,

Tübingen, Germany). Heterozygous A!PPPS1-21
were backcrossed to C57BL/6J mice (Elevage Jan-
vier, Le-Genest-Saint-Isle, France) for >5 generations.
A!PPPS1-21 transgenic mice co-expressed human
amyloid-! protein precursor (A!PP) Swedish dou-
ble mutation (KM670/671NL) and presenilin1 L166P
mutation under the control of a Thy1 promoter [21].
Amyloid deposition started at the age of 2–3 months
in frontal cortex, and subsequently in hippocampus.
By the age of 7–8 months, the first signs of cogni-
tive impairment arose [29] and amyloid deposition
occurred in all brain regions, except cerebellum.

THY-Tau22 (Tau22) mice backcrossed for >5 gener-
ations into a C57BL/6J background were provided by
Dr. Luc Buée (INSERM U837, Lille, France). These
mice co-expressed the human tau mutations G272V
and P301S within the tau repeat domains under the
control of a Thy1 promoter [22]. At the age of 3
months, phosphorylated tau (AT8 staining) occurred
in hippocampus and frontal cortex. Pathological tau
(AT100 staining) was detected at the age of 6 months in
hippocampus, amygdala, striatum, and olfactory bulb.
At the age of 7–8 months, cognitive impairment was
observed [20, 22, 30].

We bred four batches of mice (two of each
line) and examined transgenic males (A!PPPS1-21
tg = 35; Tau22 tg = 30) and their wild type littermates
(A!PPPS1-21 wt = 35; Tau22 wt = 28) at 9–10 months
of age (i.e., when robust behavioral impairments
were observed). All offspring were PCR genotyped
using DNA isolated from tail biopsies as previously
described [21, 22]. Different animals were used for
in vitro electrophysiology and behavioral assessment.
Table 1 indicated which batch of animals was used
for which behavioral tasks with their respective sam-
ple sizes. All animals were kept at the Leuven animal
facilities in standard animal cages under conventional
laboratory conditions (12 h light/dark cycle, 22◦C),
with ad libitum access to food and water, unless stated
otherwise. Experiments were conducted during the
light phase of the activity cycle. All protocols were
reviewed and approved by the animal experiments
committee of the University of Leuven, according to
European directives.

Extracellular recordings from medial PFC

Electrophysiological recordings were performed on
coronal PFC slices, cut at 1.5–2.5 mm rostral from
Bregma. Animals were killed by cervical dislocation
and the whole brain was rapidly dissected into ice-cold
preoxygenated artificial cerebrospinal fluid (ACSF)
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Table 1
Overview of the mice used in the various behavioral tasks

Behavioral test A!PPPS1-21 Tau22

Open field Batch 1 & 2 Batch 3 & 4
Dark light box Batch 1 & 2 Batch 3 & 4
Morris water maze Batch 1 & 2 Batch 3 & 4
Social recognition Batch 1 Batch 3
Passive avoidance Batch 1 Batch 3
Scheduled appetitive conditioning Batch 2 Batch 4
Conditioned taste aversion Batch 2 Batch 4

A!PPPS1-21: Batch 1 (wt = 20; tg = 15); Batch 2 (wt = 15; tg = 15);
Tau22: Batch 3 (wt = 15; tg = 15); Batch 4 (wt = 13; tg = 15).

consisting of (in mM) 124 NaCl, 4.9 KCl, 2.5 CaCl2,
1.3 MgSO4, 1.2 NaH2PO4, 25.6 NaHCO3, 16.6 D-
glucose, gassed with 95% O2/5% CO2, at pH 7.4.
Usually, 2 slices (400 "m thick) were prepared per
mouse using a lab-made tissue chopper, and incu-
bated for 1 h at room temperature before being placed
in a submerged-type four-chamber recording system
(Campden Instruments LTD, Loughborough, Leics.,
UK), and maintained there at 32◦C and a flow rate of
1.8 to 2 ml/min/chamber. In all experiments, custom-
made monopolar tungsten electrodes were used for
stimulation, ACSF-filled glass electrodes (5–7 M"

resistance) for recording of field excitatory postsy-
naptic potentials (fEPSPs). The initial slope of the
fEPSPs served as a measure of this potential. To assess
basic properties of synaptic responses, I/O curves were
established by stimulation with 30 to 90 "A constant
currents. The stimulation strength was adjusted to
evoke a fEPSP slope of 40% of the maximum and kept
constant throughout the experiment. During baseline
recording, 3 single stimuli (0.1 ms pulse width; 10 s
interval) were measured every 5 min. Once a stable
baseline was established, long-term potentiation (LTP)
was induced by 4 episodes of high-frequency stimu-
lation at 100 Hz for 1 s, with 5-min interval between
consecutive episodes.

Immunohistochemistry on PFC sections

We examined PFC of 9–10 month old A!PPPS1-
21 and Tau22 transgenic mice for amyloid deposits
and phosphorylated tau, respectively. Fixed hemi-
brains were cut into 40 "m thick coronal sections.
In A!PPPS1-21 PFC, coronal sections were stained
with HRP-labeled 6E10 antibody to detect A! deposi-
tions specifically on free-floating sections. Tyramide-
fluorescein(PerkinElmer)wasusedtoamplifyantibody
signals conform to manufacturer’s instructions. Neg-
ative controls omitting primary antibody and controls
for cross-reactivity of the tyramide label were included

in all experiments. DAPI was used as a counter stain.
In Tau22 PFC, phosphorylated tau (AT8; pSer202/205)
was immunolabeled on 40 "m thick free-floating sec-
tions, as previously described [22] using AT8 antibody
(Thermo Scientific; 1:200), and the reaction was visual-
ized with diaminobenzidine.

Behavioral testing

Open field
Increased open field activity has been reported in

several AD models [31–33]. To measure exploratory
activity in the open field test, mice were dark-adapted
for 30 min before being placed in the open field arena
(50 × 50 cm²). After 1-min habituation, exploratory
behavior was recorded for 10 min using Ethovision
(Noldus, Wageningen, The Netherlands). Variables
measured were path length and time spent in the open
field center.

Dark light box
To test anxiety levels, dark-adapted mice were

placed in an arena with a dark (20 × 26.5 cm²) and a
light compartment (27 × 26.5 cm²). Light and camera
were 64 cm underneath and 92 cm above the appara-
tus, respectively. Mice were placed in the middle of
the dark compartment, and recording started after 5 s.
Time spent in the light compartment was measured for
10 min (ANYMAZE, Illinois, US). The arenas were
thoroughly cleaned with water after every session.

Morris water maze
Spatial learning capacity was tested in the standard

hidden-platformacquisitionandretentionversionofthe
Morris water maze [34, 35]. The maze consisted of a
large circular pool (diameter 150 cm) filled with water
(26◦C) to a depth of 16 cm. Water was opacified with
non-toxicwhitepaint topreventanimalsfromseeingthe
platform. The circular platform (diameter 15 cm) was
hidden 1 cm beneath water surface at a fixed position.
The pool was situated at the center of a brightly lit room
withvariousfixedcues (e.g.,posters, computers, tables)
and the experimenter always sat in the same place. Mice
were trained for 14 days to find the hidden platform.
There were four trials per training day; with a trial inter-
val of 30 min. Mice were placed into the pool at one of
fourstartinglocations.Whenmicefailedtofindtheplat-
form within 2 min, they were guided to the platform and
were to stay on it for 15 s, before being returned to their
cages. Escape latency, distance moved, and velocity
were recorded with Ethovision (Noldus, Wageningen,
The Netherlands). Two days of rest after the 5th and
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10thdayof testingwere followedbyprobe trial toevalu-
ate spatial memory. During the probe trial, the platform
was removed, and the swimming path was recorded
during 100 s as well as time spent in each quadrant.
After the second probe trial, acquisition trials contin-
ued for another four days, followed by a third probe trial
24 h later. Afterwards, the platform was removed and
extinction was measured for three days. During extinc-
tion training, swimming paths were recorded for 100 s,
four trials a day. Mice were released from four pseudo-
randomly chosen starting locations. Time spent in the
target quadrant was measured.

Social recognition
Recognition memory has been reported to be

impaired in AD [29, 36]. To measure social recogni-
tion memory, we used a large transparent Plexiglas box
divided into three compartments by removable trans-
parent Plexiglas walls with small square openings as
described previously [37, 38]. Briefly, a holding cage
was placed in the middle of the two outer compart-
ments and the procedure consisted of three consecutive
phases. In a first phase, mice were placed in the mid-
dle compartment for a 5 min acclimation (acclimation
phase). In a second phase (sociability phase), an unfa-
miliar male mouse (S1) was introduced in a holding
cage in one outer compartment, while the other holding
cage remained empty. Exploratory behavior toward the
S1 mouse and the empty holding cage was measured
for 10 min. In the third phase (social novelty and recog-
nition phase), another unfamiliar male mouse (S2) was
introduced in the other compartment. During this last
phase, exploratory behavior toward mice S1 and S2
was recorded for 10 min. Exploratory behavior was
defined as sniffing time toward a holding cage (with
or without mice in it). The location of the S1 and S2
mouse was counterbalanced across testing animals and
the apparatus was cleaned thoroughly with water after
each mouse.

Scheduled appetitive conditioning
In recent years, operant conditioning procedures

have revealed interesting aspects of motivational
and cognitive performance of AD mouse models
[40–42]. Response-reinforcement association learning
in continuous reinforcement procedure was previously
shown to be intact in A!PP/PS1dE9 mice [39]. How-
ever, we still needed to examine how A!PPPS1-21
mice would respond to more demanding performance
schedules. Appetitive learning was investigated in
automated operant chambers according to published
protocols [43]. The chambers were placed in ven-

tilated, sound-isolated cubicles and equipped with a
grid floor, a feeder, and nose poke operandum (Coul-
bourn Instruments, Allentown, US). Mice were kept
on a food restriction schedule to keep their body
weight at 80–90% of their free-feeding weight. They
were trained in daily trials of 30 min during which
they learned to use the nose poking device to obtain
food pellets (Noyes precision pellets; Research Diets,
New Brunswich, US). Mice received food pellets dur-
ing all trials, but reinforcement schedules gradually
increased in intensity. Rate of nose poking in each trial
was recorded with Graphic State 3.0 software (Coul-
bourn Instruments, Allentown, US). Training started
with continuous reinforcement trials (CRF, i.e., every
nose poke was rewarded), followed by fixed ratio trials
(FR5, i.e., every 5th nose poke was rewarded; FR10,
i.e., every 10th nose poke was rewarded), variable ratio
trials (VR10, i.e., on average every 10th nose poke
was rewarded), and ended with variable interval tri-
als (VI30, i.e., nose pokes were reinforced on average
every 30 s).

Conditioned taste aversion
During the conditioned taste aversion protocol, the

animal learned to discriminate between safe and non-
safe food sources based on experience (e.g., malaise
inducing effects). We used an aversive conditioning
procedure involving gustatory stimuli [2]. Mice learn
to associate a novel sweet taste (saccharine solution:
conditioned stimuli, CS) with lithium-evoked malaise
(unconditioned stimuli, US), and consequently avoid
drinking the sweetened solution. Water-deprived mice
were trained individually for 5 days to drink from mod-
ified 15 ml Falcon® tubes in two daily 30 min sessions
(morning and afternoon). The amount of water con-
sumed was determined by weighing the tubes before
and after each drinking session. During the condition-
ing session, mice received saccharine solution (0.5%
saccharine tap water), and were 15 min later injected
with 6 mEq/kg LiCl i.p. and left in the testing cage
for another 15 min for observation of signs of malaise
(prone position for extended period of time). Thirty
min after removal of the saccharine drinking tubes, the
mice were returned to their home cages. Twenty-four
hours after conditioning, mice were again placed in
the test cage and presented with a choice of water and
saccharine solution for 30 min. Based on the amount of
water and saccharine consumed, an aversion index (AI)
was calculated as AI = water intake/(water + saccharine
solution intake) × 100. This AI reflects the strength of
acquired taste aversion memory. AI >80% indicates
strong aversion (water > saccharine), whereas AI
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≤50% indicates weak aversion or preference for sac-
charine. To test for extinction of conditioned taste
aversion, a choice of water and saccharine was pre-
sented for 12 consecutive morning sessions (in the
afternoon, only water).

Passive avoidance
Fear conditioning was examined in a step-through

box with a small illuminated compartment and a
larger dark compartment with grid-floor as described
previously [34]. The grid-floor was connected to a
constant current shocker (MED Associates Inc., St.
Albans, Vermont, US). Animals were adapted to the
dark for 30 min, and then placed in the small illumi-
nated compartment. After 5 s, the sliding door to the
dark compartment was opened and entry latency was
recorded. When the mouse entered the dark compart-
ment with all four paws on the grid, the door was closed
and a foot shock (0.3 mA, 2 s) was delivered. The reten-
tion test was 24 h later and the same procedure was
maintained, with the exception of the electric shock
delivery. Step-through latency was recorded with a
cut-off of 300 s.

Statistics

All data are shown as means ± SEM. Differences
between mean values were determined using 1-way
or 2-way analysis of variance (ANOVA), or 2-way
repeated measures (RM) ANOVA procedures with
Tukey tests for post hoc comparison. We used group
(A!PPPS1-21 wt, A!PPPS1-21 tg, Tau22 wt, and
Tau22 tg) as between-subject variable and day/phase
as within-subject variable. ANOVA on the probe trial
results used factors group and quadrant. Because wild
type mice from both models showed differences in
some task aspects, we chose to consider them as
two separate groups instead of pooling them. A step-
wise discriminant function analysis (DFA) was used
to examine for both mouse lines which variables con-
tributed significantly to the differences between wild
type and transgenic animals. Briefly, variables were
included in the model one at the time, based on sta-
tistical criteria. In all statistical tests, differences of
p < 0.05 were considered significant.

RESULTS

Medial PFC synaptic plasticity impaired in
AβPPPS1-21 mice with amyloid deposits

In the first set of experiments, medial PFC field
potentials were evoked in cortical brain slices from

A!PPPS1-21 and Tau22 mice. Two-way RM ANOVA
indicated that basic synaptic transmission was over-
all not impaired in PFC (Fig. 1A-B; F3,15 = 2.51,
n.s.), similar to published observations in hippocam-
pus [3–5]. After high-frequency stimulation, LTP was
readily evoked in both models. The slope of fEP-
SPs among groups was different over time as 2-way
RM ANOVA revealed significant interaction between
group and time (F93,806 = 1.48, p < 0.01). Post-hoc
comparisons indicated no significant changes over time
in fEPSP slopes in A!PPPS1-21 wt, Tau22 wt, and
Tau22 tg (it should be noted that variability and group
sizes were different between the wild type groups).
In A!PPPS1-21 tg, however, fEPSP slopes were sig-
nificantly lower from 95 min post-induction onwards
(Fig. 1C-D; p < 0.01). However, abundant 6E10 stain-
ing (for amyloid deposits) was found in PFC of
A!PPPS1-21 mice (Fig. 1E-F) as well as increased
levels of AT8 staining (for hyperphosphorylated tau) in
Tau22 brains (Fig. 1G-H). The electrophysiology data
suggest that PFC-sensitive tasks might be impaired
in A!PPPS1-21 mice, but not in Tau22 mice. There-
fore, we included PFC-dependent extinction sessions
in Morris water maze and conditioned taste aversion.

Open field activity increased in AβPPPS1-21 mice

We used the open field test to measure general explo-
ration and activity levels between the different groups.
We measured a significant group effect for path length
(F3,119 = 6.75, p < 0.001). Post hoc comparisons indi-
cated significant longer path lengths in A!PPPS1-21
transgenic mice compared to wild type mice (q = 3.80,
p < 0.05). Wild type mice and Tau22 transgenic mice
were not different in path length (Table 2), nor were
there differences in time spent in the center of the open
field (F3,119 = 1.61, n.s.).

Anxiety-related behaviors reduced in Tau22 mice

Anxiety levels were measured with the dark light
box. We measured a significant group effect for
time spent in the light compartment (F3,119 = 17.36,
p < 0.001). Post-hoc comparisons indicated longer
presence in the light compartment in Tau22 transgenic
mice compared to wild type mice (q = 4.03, p < 0.05),
indicating an anxiolytic-like effect in Tau22 transgenic
mice. Conversely, A!PPPS1-21 wild type and trans-
genic mice did not show differences in anxiety-related
behavior. The number of compartment crossings was
not significantly different among groups (Table 2;
F3,119 = 1.17, n.s.).
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Fig. 1. Extracellular electrophysiological recordings on medial PFC slices from transgenic and wild type mice. (A-B) Input-output curves
are not different between transgenic and wild type mice of either model. (C) Prefrontal LTP declined during the last 30 min in A!PPPS1-21
transgenic mice (n = 7) compared to wild type mice (n = 10). (D) Prefrontal LTP in Tau22 mice (n = 8) similar to wild type littermates (n = 5).
fEPSPs are expressed as means ± SEM. Asterisks indicate difference in fEPSPs between high-frequency stimulation and subsequent time
points, *p < 0.05 (Tukey pairwise). (E) Representative photomicrograph of a coronal hemi-brain section from a 10 month-old A!PPPS1-21
mouse stained for A! deposits. (F) Higher magnification of an A! deposit in PFC. (G) AT8-stained representative photomicrograph of a
coronal PFC section of a 10 month-old Tau22 mouse with. (H) Higher magnification of AT8-positive staining of hyperphosphorylated tau in
PFC.
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Table 2
Overview of open field and dark light box parameters

Behavioral test A!PPPS1-21 Tau22 F-value

wt (n = 35) tg (n = 30) wt (n = 28) tg (n = 30)

Open field
Distance moved (cm) 4907 ± 185 5579 ± 237 4705 ± 142 4453 ± 147 6.75∗∗∗

Time in center (s) 109 ± 7 91 ± 6 102 ± 4 102 ± 5 1.61
Dark light box
Time in light (%) 35.4 ± 1.4 39 ± 1.9 43.6 ± 1.8 50.2 ± 1.4 17.36∗∗∗

Crossings (n) 47 ± 3 45 ± 3 40 ± 2 44 ± 2 1.17

AβPPPS1-21 and Tau22 mice both display
impaired spatial learning and memory

Mice were trained for 14 days to find the hid-
den platform in a large circular pool filled with
opacified water. Probe trials were interspersed on
day 6, 11, and 15 to evaluate spatial memory. RM
ANOVA of the acquisition phase for factor day and
group indicated that all animals learned to locate
the hidden platform (F13,1547 = 123.77, p < 0.001),
but that some groups were less accurate (factor
group F3,119 = 9.48, p < 0.001; Fig. 2A-B). Post-hoc
comparisons indicated significant longer escape laten-
cies in A!PPPS1-21 transgenic (p < 0.05) and Tau22
transgenic mice (p < 0.001) compared to their respec-
tive control littermates. Tau22 transgenic mice were
already significantly slower than their wild type litter-
mates on day 1. We separately analyzed the escape
latency of each trial on day 1 (Fig. 1A-B inserts).
We found significant group (F3,120 = 3.85, p < 0.05),
trial (F3,360 = 46.95, p < 0.001), and group by trial
effects (F9,360 = 1.96, p < 0.05). The occurrence of
non-cognitive defects that could have interfered with
performance could be excluded as all groups had sim-
ilar escape latencies on the first trial and only differed
on the fourth trial (Tau22 wt versus Tau22 tg: q = 4.34,
p < 0.05). Moreover, swimming velocity was not dif-
ferent between groups (data not shown).

During the second probe trial, a significant group by
quadrant effect was detected on time spent in quad-
rants (F9,476 = 10.44, p < 0.001). Wild type mice from
both models displayed a robust preference for the tar-
get quadrant during the second probe trial in contrast
to A!PPPS1-21 and Tau22 transgenic mice (Fig. 2C-
D). After additional training, a significant group by
quadrant effect was found during the third probe trial
(F9,476 = 7.96, p < 0.001), and post-hoc comparisons
indicated that wild type and transgenic mice from both
AD models developed a preference for the target quad-
rant (p < 0.001). However, wild type mice of both the
A!PPPS1-21 (p < 0.001) and Tau22 lines (p < 0.001)

had a stronger target quadrant preference than their
transgenic littermates (Fig. 2E-F).

AβPPPS1-21 mice fail to display extinction of
spatial preference

Following spatial acquisition learning in the Mor-
ris water maze, the platform was removed and
extinction of spatial preference was assessed for
three days. Extinction learning is predominantly PFC
dependent [27, 44]. Two-way RM ANOVA showed
significant effects of group (F3,119 = 8.69, p < 0.001),
day (F2,238 = 42.03, p < 0.001), and group by day
(F6,238 = 2.811, p < 0.05) on time spent in target quad-
rant. Interestingly, A!PPPS1-21 and Tau22 transgenic
mice showed a different extinction curve. Post-hoc
comparisons indicated no significant change in target
quadrant preference for A!PPPS1-21 transgenic mice
between day 1 and 3 (day 1 versus day 3: q = 2.03,
n.s.), whereas all other groups displayed a significant
decrease in target quadrant preference after 3 days of
extinction (day 1 versus day 3: wild type mice from
A!PPPS1-21 model: q = 9.78, p < 0.001; wild type
mice from Tau22 model: q = 8.13, p < 0.001; Tau22
transgenic mice: q = 6.19, p < 0.001).

AβPPPS1-21 and Tau22 mice both display
impaired (social) recognition memory

The sociability and preference for social novelty
protocol assesses exploratory behavior towards novel
conspecifics as well as recognition memory. During
the sociability phase, no significant effect of group
(F3,61 = 1.99, n.s.) was measured in either model. Both
wild type and transgenic mice of the two models
showed normal social exploratory behavior, and spent
more time exploring the S1 mouse than the empty cage
(F1,61 = 103,10, p < 0.001; Fig. 3A-B).

In the social novelty and recognition phase, pref-
erence for social novelty or social recognition was
measured by introducing another stranger mouse.



AU
TH

O
R

 C
O

PY

116 A.C. Lo et al. / Aβ and Tau Affect Different Memory Systems

Fig. 2. Morris water maze performance in A!PPPS1-21 (wt = 35, tg = 30) (A, C, E, G) and Tau22 mice (wt = 28, tg = 30) (B, D, F, H). During 14
days of acquisition (A-B), mice were given a probe trial after day 5, 10 (C-D) and 14 (E-F). On the first probe trial, no significant target quadrant
preference was obvious in all groups (data not shown). After significant target preference (black bars) in both wild type and transgenic mice,
three days of extinction sessions were performed (G-H). Escape latencies and time spent in quadrant are expressed as means ± SEM. Asterisks
indicate difference in escape latency between wild type and transgenic mice with *p < 0.05, **p < 0.01, ***p < 0.001, (Tukey pairwise); target
quadrant versus other quadrants with ##p < 0.01, ###p < 0.001 (Tukey pairwise).

Using exploration time as dependent variable, two-
way ANOVA indicated a significant stranger mouse
(F1,122 = 17.18; p < 0.001) and group by stranger
mouse effect (F3,122 = 6.61; p < 0.001). Wild type litter-

mates showed more exploration toward S2 (p < 0.001),
whereas both A!PPPS1-21 and Tau22 transgenic
mice were indifferent in exploring the stranger mice
(Fig. 3C-D).
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Fig. 3. Social recognition memory during social novelty and recognition phase in A!PPPS1-21 (wt = 20, tg = 15) (A-C) and Tau22 mice (wt = 15,
tg = 15) (B-D). (A-B) In both models, all mice showed significant preference for S1 compared to an empty compartment. (C-D) In both models,
wild type mice (white bars) showed a significant interest in the novel stranger mouse (S2), while transgenic mice (black bars) spent equal time
exploring both mice. Also, the exploration time for the novel mouse was significantly different between genotypes. Exploration time (sniffing) is
expressed as means ± SEM. Asterisks indicate significantly more exploration compared to the other compartment with *p < 0.05, ***p < 0.001
(Tukey pairwise).

Appetitive responding reduced in Tau22 mice

In an appetitive conditioning protocol, food-
deprived mice learned to obtain food pellets by
activating a nose poke device. Using reward schedules
with increasing intensity, we evaluated appetitive oper-
ant conditioning in the A!PPPS1-21 and Tau22 model.
Using nose poke numbers as dependent variable, 2-way
RM ANOVA indicated a significant effect of proto-
col (F5,260 = 283.11; p < 0.001) and group by protocol
effect (F15,260 = 2.50, p < 0.01) (Fig. 3A-B). Post-hoc
comparisons indicate less nose pokes in Tau22 mice
compared to wild type littermates during the last
protocol (VI30) (q = 4.32, p < 0.05). This protocol is
considered the most demanding. A!PPPS1-21 trans-
genic mice and their wild type littermates were similar
across all reward schedules (q = 0.59, n.s.).

Conditioned taste aversion impaired in
AβPPPS1-21 mice

A!PPPS1-21 and Tau22 mice had no difficulty in
learning to drink from modified water tubes. No dif-
ferences were measured in total water intake between

transgenic and their wild type littermates (A!PPPS1-
21 wild type versus transgenic mice: q = 2.27, n.s.;
Tau22 wild type versus transgenic mice: q = 2.45,
n.s.), even though we detected a significant group
effect in water intake (F3,54 = 8.41, p < 0.001), which
post-hoc comparisons showed to be related to a gen-
erally higher water intake in Tau22 compared to
A!PPPS1-21 mice (water intake in ml, A!PPPS1-21
wild type mice: 1.18 ± 0.08; A!PPPS1-21 transgenic
mice: 1.03 ± 0.06; Tau22 wild type mice: 1.50 ± 0.06;
Tau22 transgenic mice: 1.33 ± 0.06). On the condition-
ing day, no differences were measured in saccharine
intake (F3,54 = 2.04, n.s.; saccharine intake in ml,
A!PPPS1-21 wild type mice: 1.48 ± 0.09; A!PPPS1-
21 transgenic mice: 1.52 ± 0.11; Tau22 wild type mice:
1.73 ± 0.09; Tau22 transgenic mice: 1.70 ± 0.06).
Twenty-four h later (and after lithium injection), we
observed a significant group effect on saccharine
intake (F3,54 = 3.29, p < 0.05) (Fig. 4A-B). Overall,
mice drank less than before the lithium injection. In
A!PPPS1-21 tg mice, however, this was still sig-
nificantly more than in A!PPPS1-21 wt (q = 5.188,
p < 0.01). This also resulted in a significant group
effect on the aversion index (F3,54 = 19.90, p < 0.001).
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Fig. 4. Appetitive responding in A!PPPS1-21 and Tau22 mice. (A) Response acquisition in A!PPPS1-21 showed no difference between wild
type (n = 15) (white bars) and transgenic mice (n = 15) (black bars). (B) In Tau22 mice, transgenic mice (n = 15) (black bars) show difficulty in
learning more complex protocols compared to wild type mice (n = 13) (white bars). Nose pokes are expressed as means ± SEM. Difference in
nose poke rates with *p < 0.05 (Tukey pairwise).

Post-hoc comparisons indicated a significant differ-
ence between A!PPPS1-21 wild type and A!PPPS1-
21 transgenic mice (q = 6.12, p < 0.01) (Fig. 4C). AI
was not different between Tau22 wild type and Tau22
transgenic mice (Fig. 4D).

AβPPPS1-21 mice fail to display extinction of
conditioned taste aversion

For CTA extinction, saccharine and water were
presented simultaneously over 12 consecutive days.
Results were grouped in extinction blocks (1 block = 3
days). 2-way RM ANOVA indicated a signifi-
cant group (F3,54 = 17.54, p < 0.001) and group by
block (F12,206 = 2.31, p < 0.01) effect for AI. Post-
hoc comparisons indicated a significant AI drop in
A!PPPS1-21 wt and Tau22 wt at block 5 compared
to AI during the initial test (A!PPPS-21 wt: q = 5.14,
p < 0.01; Tau22 wt: q = 5.01, p < 0.01). In A!PPPS1-21
tg, no changes in AI were observed across consecutive
extinction blocks. In Tau22 tg, AI was significantly
lower from block 4 onwards compared to AI during
the initial test (q = 5.58, p < 0.001) (Fig. 5E-F).

AβPPPS1-21 mice display impaired passive
avoidance

Wild type and transgenic mice from both models
displayed similar motivation to enter the dark com-
partment during training (F3,60 = 0.81, n.s.; Fig. 5).
During 24 h memory retention test, a significant
increase in step-through latency indicated robust con-
textual memory acquisition. Using RM ANOVA,
we observed a significant effect on step-through
latency on group (F3,120 = 3.13, p < 0.05), phase

(F1,120 = 53.99, p < 0.001), and group by phase interac-
tion (F3,120 = 3.21, p < 0.05). A!PPPS1-21 wild type
mice displayed stronger contextual memory reten-
tion (step-through latency training versus retention:
q = 6.709, p < 0.001), while A!PPPS1-21 transgenic
mice did not (Fig. 6A). In contrast, Tau22 wild type
and transgenic mice acquired strong contextual mem-
ory (step-through latency training versus retention:
Tau22 wild type: q = 7.50, p < 0.001; Tau22 transgenic:
q = 5.81, p < 0.001) (Fig. 6B). Furthermore, during
retention phase, step-through latency in A!PPPS1-
21 wild type mice was significant different from
A!PPPS1-21 transgenic mice (q = 4.06, p < 0.05).

Discriminative behavioral variables differ
between AβPPPS1-21 and Tau22 mice

Variables used for discriminative functional anal-
ysis (DFA) are summarized in Tables 3 and 4. DFA
identifies the variables which maximally contribute
to differences between genotypes. The direct entry
method included all variables and could discriminate
wild type and transgenic mice from both AD models. In
the stepwise forward model, the variables that signifi-
cantly discriminated the genotypes in the two different
models were incorporated. In the A!PPPS1-21 model,
three variables were identified as sufficient to discrim-
inate the genotypes (Table 4). In both batch 1 and 2,
time spent in the target quadrant (Morris water maze)
was consistently found to be the strongest variable to
discriminate A!PPPS1-21 wild type from transgenic
mice (Wilks’ Lambda method; group 1: F1,33 = 11.87,
p < 0.01; group 2: F1,28 = 25.16, p < 0.001).

In the Tau22 model, three variables were incorpo-
rated in the stepwise forward DFA model: time spent
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Fig. 5. Conditioned taste aversion in A!PPPS1-21 and Tau22 mice. (A-B) Saccharine intake prior to lithium injection was similar among all
groups. After lithium injection, all mice drank less saccharine, but A!PPPS1-21 tg continued drinking more saccharine than wild type mice.
Saccharine consumption are expressed as means ± SEM. ###p < 0.001, difference in saccharine consumption compared to prior acquisition.
**p < 0.01, difference between groups. (C) Conditioned taste aversion in A!PPPS1-21 showed a significant difference in saccharine intake
between wild type (n = 15) and transgenic mice (n = 15), indicating an impaired memory in the latter group. (D) In Tau22 mice, both wild type
(n = 13) and transgenic mice (n = 15) showed similar aversion for saccharine. Additionally, we tested fear extinction for 12 consecutive sessions (1
extinction block = 3 days). A!PPPS1-21 wild type, Tau22 wild type and Tau22 transgenic mice show no deficit in extinction learning. A!PPPS1-
21 transgenic mice do not display extinction learning over time. Aversion indexes are expressed as means ± SEM. **p < 0.01, difference in
aversion index (1-way ANOVA). (E) After the initial dual presentation, extinction was performed and A!PPPS1-21 transgenic mice failed to
show extinction learning. (F) Tau22 transgenic mice were similar to wild type mice and displayed extinction learning.

exploring S2 (SPSN), VR10 protocol in the scheduled
appetitive conditioning task and time spent in the light
compartment. Here, the strongest variables to discrim-

inate Tau22 wild type from transgenic mice were the
VR10 response rates in the scheduled appetitive con-
ditioning task for batch 3 (F1,26 = 13.78, p = 0.001),
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Table 3
The variables used for DFA analysis

Behavioral task Variables Abbreviation

Open field Path length OF-Path
Time in center OF-Center

Dark light box Time in light compartment (%) Crossings DLB-Light DLB-N
Morris water maze Escape latency day 1 versus 4 MWM-esc1vs4

Escape latency day 4 versus 10 MWM-esc4vs10
Time in target quadrant during probe 2 MWM-P2
Slope during extinction learning MWM-Ext

SPSN Percentage time exploring stranger 2 mouse SPSN-Ratio
Passive avoidance X-fold increased step-through latency PA-xfold
Conditioned taste aversion Aversion index CTA-AI

Slope during extinction learning CTA-ext
Scheduled appetitive conditioning Nose pokes during FR10 SAC-FR10

Nose pokes during VR10 SAC-VR10
Nose pokes during VI30 SAC-VI30

Table 4
Summary of the DFA outcome. A!PPPS1-21 wild type and transgenic mice as well as Tau22 wild type and transgenic mice can be discriminated

on various variables

Included variables Model Batch Direct entry method Stepwise-forward method

Significance Variables retained

All variables A!PPPS1-21 1 p = 0.065 p < 0.01 MWM-P2
SPSN-Ratio

2 p < 0.05 p < 0.001 MWM-P2
CTA-AI

THY-Tau22 3 p < 0.01 p < 0.01 SPSN-Ratio
DLB-Entries

4 p < 0.01 p < 0.001 SCH-VR10
DLB-Light

and time spent exploring S2 (SPSN) in batch 4
(F1,27 = 11.06, p < 0.01). In summary, it appears that
spatial learning and conditioned taste aversion distin-
guish A!PPPS1-21 mice from their normal littermates,
whereas dark-light box performance and scheduled
appetitive conditioning are decisive for Tau22 mice.
Social recognition memory discriminates A!PPPS1-
21 as well as Tau22 mice.

DISCUSSION

In the current report, we directly compared two
murine AD models in a variety of cognitive protocols,
and observed behavioral changes that might relate to
neuropathological differences between the two mod-
els. It has been reported that neuropathology starts
in both models around 2–3 months of age [21, 22],
whereas behavioral deficits emerge around 8–9 months
[20, 45]. Notably, the A!PPPS1-21 model mainly
shows amyloid-related features, whereas the Tau22
model exclusively displays tau pathology. We should
note that, although some hyperphosphorylated tau

Table 5
Summary of the results

Process A!PPPS1-21 THY-Tau22

Spatial learning Impaired Impaired
Recognition memory Impaired Impaired
Passive avoidance Impaired Not impaired
Appetitive conditioning Not impaired Impaired
Hippocampus-independent Impaired Not impaired

fear conditioning
Spatial extinction learning Impaired Not impaired
Non-spatial extinction learning Impaired Not impaired
Medial PFC LTP Impaired Not impaired

(visualized with AT8 staining) was seen in A!PPPS1-
21 brains, no NFTs were detected in these mice [21].

Results of the present functional comparison have
been summarized in Table 5. Defects in spatial
learning, social recognition memory, and condi-
tioned taste aversion were prominent in A!PPPS1-21
mice, whereas impaired dark-light box performance,
social recognition memory, and scheduled appeti-
tive conditioning were typical for Tau22 mice. Only
A!PPPS1-21 mice displayed defects in extinction pro-
tocols. Interestingly, synaptic plasticity was impaired
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in medial PFC of A!PPPS1-21 mice, but not in Tau22
mice, which could at least partly explain the behavioral
differences between these mouse lines.

In the open field test, A!PPPS1-21 transgenic mice
were more active compared to wild type littermates. In
reports using the same mouse model, open field activity
measures were unchanged in A!PPPS1-21 transgenic
mice [21, 46]. However, published reports on open field
performance in AD mouse models are inconsistent as
hyperactivity was found in Tg2576 and A!PP/PS1-
A246E mice [31, 32], whereas A!PP/PS1dE9 mice
displayed no changes [47]. Sample size in some reports
were lower and/or variability in the transgenic group
was larger than observed by us [21, 46]. The reason for
this inconsistency remains unclear, but inter-laboratory
differences might play some role as open field per-
formance was shown to be highly susceptible to this
[48]. In our study, increased motor activity was con-
fined to this specific task and not observed in other
behavioral tasks. Conversely, reduced anxiety-related
behavior, which Tau22 mice displayed in the dark-light
box [20, 22], was not observed in the open field. How-
ever, it should be noted that open field activity might
be less reliable to measure anxiety [34, 43], compared
to other anxiety-related tasks [49].

Impaired hippocampus-dependent spatial learning
and recognition memory has previously been described
in the mouse models examined here [20, 29]. Such
defects in spatial learning and memory have been
found in other AD mouse models as well [18, 19, 50,
51], and are thought to relate to some of the learning
and memory defects in AD patients [9, 11, 36, 52].
We consistently found impairments in spatial learn-
ing and novelty seeking behavior in both AD models.
Notably, we observed reduced efficacy in finding the
hidden platform as well as absence of novelty pref-
erence. Since both models show prominent pathology
in hippocampus [21, 22, 30], these impairments indi-
cate that both amyloid- or tau-related pathology affect
hippocampal function. Conversely, changes in social
novelty seeking behavior might have been related to
factors other than hippocampus-dependent memory.
For example, olfactory deficits have been described
both in A!PP- and tau-based mouse models and AD
patients [53–55], and could have affected discrimina-
tion between novel and familiar mice in the present
study. Also, increased aggression has been reported
in A!PP- and tau-based models [56–58], which could
have influenced social responses in the male mice used
in the present studies. Interestingly, both A!PPPS1-
21 and Tau22 mice were eventually able to remember
the location of the hidden platform after prolonged

training, and indeed learning deficits could also be
overcome by prolonged training in other hippocampus-
impaired rodents [59, 60].

Passive avoidance and taste aversion learning were
impaired in A!PPPS1-21, but not in Tau22 mice,
which is consistent with previous reports [61, 62]. It
is also consistent with impaired passive avoidance in
other A!PP-based models, but relative sparing in tau
models [63–66]. In both transgenic models, amygdala
[21, 22] was severely affected, and avoidance learn-
ing as well as conditioned taste aversion depend on a
fear circuit that prominently includes amygdala [61,
62, 67–72]. One might argue that shorter step-through
latencies in passive avoidance in A!PPPS1-21 mice
could be partially explained by non-cognitive aspects
such as impaired sensory abilities. However, in an
independent cohort of A!PPPS1-21 mice, we found
no differences in pain sensitivity in the hot plate test
(unpublished data).

Hippocampal LTP was impaired in A!PPPS1-21,
but not in Tau22 mice [20, 22, 25]. Presently, we
found that PFC synaptic plasticity was impaired in
A!PPPS1-21 (see [73]), but not in Tau22 mice.
Amyloid deposition was very prominent in PFC of
A!PPPS1-21 mice [21], whereas in Tau22 PFC, only
AT8-positive hyperphosphorylated tau was found, but
no other phosphorylated tau species, nor NFTs [21].
Other authors have reported rather severe defects in
hippocampal LTP in A!PPPS1-21 mice [25], which
are difficult to compare quantitatively to our measure-
ments given the differences between brain regions and
electrophysiological protocols. We induced LTP by
more physiological theta burst stimulation [74, 75],
which might have responded differently to pathology
than more intense induction protocols.

Medial PFC, which is part of a functional network
that includes hippocampus and amygdala [76–79], has
been implicated in extinction of learned behaviors [27,
44, 78, 80, 81]. We therefore implemented extinction
sessions after water maze and taste aversion learn-
ing. We observed that A!PPPS1-21 mice continued
to search the target quadrant during the water maze
extinction trials, and failed to show extinction of con-
ditioned taste aversion. Tau22 mice displayed normal
extinction in our study, whereas another tau model, Tau
P301L, displayed facilitated extinction of conditioned
taste aversion [62]. It should also be noted that other
A!PP-based models did display normal extinction per-
formance in some protocols [82–85], but these findings
were difficult to relate to the present observations. For
example, A!PP(swe,arc) mice persisted to visit an ini-
tially rewarded corner in an automated IntelliCage®,
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Fig. 6. Passive avoidance in A!PPPS1-21 and Tau22 mice. (A) A!PPPS1-21 transgenic mice (n = 15) in the passive avoidance task were unable
to remember the aversive shock they received 24 h ago, compared to wild type mice (n = 20). (B) In Tau22 mice, both wild type (n = 15) and
transgenic mice (n = 15) developed an aversion for the dark compartment. Step-through latencies are expressed as means ± SEM. Differences in
step-through latency between groups with *p < 0.05; ###p < 0.001, acquisition (white bars) and retention time (black bars) within group (Tukey
pairwise).

but the authors were cautious in interpreting this as an
extinction defect [86]. Bonardi et al. [85] found a lack
of fear-associated extinction learning in 4 month old
A!PP/PS1dE9 mice, but were unable to replicate this
finding in other behavioral set ups.

In recent years, several laboratories have intro-
duced instrumental conditioning tasks in the cognitive
assessment of rodent models of human brain disease
[40–42]. During such tasks, animals are trained on
increasingly demanding response-reinforcement rela-
tionships. A!PPPS1-21 mice were similar to wild
types in scheduled appetitive conditioning, whereas
Tau22 transgenic mice lagged behind on the more
demanding schedules. In another study, A!PP/PS1dE9
transgenic mice also failed to show any impairment
on a continuous reinforcement schedule [39]. Operant
responding was shown to involve both hippocampus
[87] as well as striatum [88]. Although tau pathol-
ogy was not observed in striatum of Tau22 transgenic
mice [22], defects in this task suggest that appetitive
motivational aspects might be impaired in Tau22 mice
[56, 89].

Amyloid and tau pathology have been shown
to develop along different stages. We therefore
hypothesized that characteristic dysfunctions might
differentiate between the different mouse models. For
example, hippocampus-dependent tasks might be most
characteristically impaired in Tau22 mice. Discrim-
inant functional analysis was used to identify the
behavioral variables that were most useful to discrimi-
nate between the different mouse lines. Although some
apparently characteristic changes were unable to dis-
criminate decisively between the two mouse lines (e.g.,
extinction defects), this analysis further confirmed
that amyloid- versus tau-related pathology does result
in different dysfunctional profiles. Hippocampus- or
amygdala-dependent variables apparently contributed

most to separate A!PPPS1-21 mice from wild types,
whereas anxiety-related and hippocampal parameters
discriminated Tau22 from wild type mice. We should
be cautious, however, that any behavioral difference
could also be due to changes (in gene expression)
unrelated to amyloid or tau pathology.

In conclusion, we examined two pathophysiologi-
cally distinct mouse AD models [21, 22], and found
different profiles of functional impairments between
them. These findings confirm earlier suggestions of
different memory impairments between A!PP- and
tau-based mouse models. Furthermore, medial PFC
plasticity was impaired in A!PPPS1-21, but not
in Tau22 mice (possibly relating to the observed
differences in extinction learning). The deficits in
A!PPPS1-21 mice suggested that amyloid-related
pathology might be more pervasive and/or widespread
than tau pathology.
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