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Habituation is a form of learning characterized by a decrement in responsiveness to a stim-
ulus that is repeated or prolonged. In rodents, habituation to a novel environment is char-
acterized by a decrease in locomotion over time spent in a novel environment. Habituation
to a novel environment is dependent on hippocampal function, suggesting that habituation
behavior may be a relevant readout for hippocampal-dependent memory deficits that are
characteristic of Alzheimer’s disease (AD). Current assays that measure hippocampal-
dependent memory in preclinical animal models of AD have not accurately predicted the
cognitive protection of novel interventions in human trials. Here, we tested whether a
behavioral habituation paradigm could detect age-associated changes in a common pre-
clinical mouse model of AD-like amyloid pathology, the 5XFAD mouse. We exposed
5XFAD mice and age-matched wild-type (WT) littermates at 3, 6, and 9 months of age to
a novel environment over two sessions separated by 24 h and measured their locomotion.
WT mice habituated to the novel environment over time, while 5XFAD mice displayed age-
dependent deficits in behavioral habituation. We replicated our results using publicly
available open field data from 5XFAD and late-onset AD mouse models with
TREM2*R47H and APOE4 mutations. Overall, we present behavioral habituation as a poten-
tially sensitive task to assess age-associated behavioral deficits in 5XFAD mice and other
mouse models of AD that could be used to test the preclinical efficacy of novel AD
therapeutics.
� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Alzheimer’s disease (AD) is the most common form of
dementia with limited treatments available. The devastat-
ing socioeconomic burden of AD is expected to increase
substantially in the next 30 years as the population ages.
The primary histopathological features of AD are amyloid
b (Ab) plaques and tau tangles which are associated with
neurodegeneration, neuroinflammation, and cognitive def-
icits. As we search for novel therapeutics, the primary clin-
ical readout for efficacy is reduced rate of cognitive decline.
This highlights the need for sensitive preclinical testing in
animal models that translates to protection of cognition in
humans.

Many established AD mouse models use mutations in
amyloid precursor protein (APP) and presenilin 1 (PS1)
associated with familial AD (FAD) to drive the
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AD-associated pathognomonic feature of Ab plaques.
While novel late-onset AD models are in development,
these FAD mouse models are currently relied upon for pre-
clinical development of novel therapeutics for AD patients.
However drugs that are efficacious in AD mice have not
translated to efficacious human treatments for AD. A
recent report performed deep phenotyping on the common
5XFAD mouse model and found that these mice, despite
wide preclinical use, do not display robust, if any, age- or
pathology-associated cognitive deficits despite high levels
of Ab plaque burden and neuroinflammation [24]. Other
FAD mouse models lack or show inconsistent cognitive
deficits using hippocampal and non-hippocampal memory
tasks [12]. Many of these tasks involve a high level of stress
to the mouse, laborious training of mice, and/or specialized
equipment, making these assays poor choices for straight-
forward reproducibility and efficient screening preclinical
therapeutics for cognitive efficacy. We have identified
behavioral habituation to a novel environment as a poten-
tial behavioral assessment to overcome these three weak-
nesses. Habituation to a novel environment involves a low
level of stress, relies on minimal training, and takes advan-
tage of natural mouse behavior using readily available
equipment resources.

Habituation broadly refers to a decreased response to
repeated stimulation and is considered a basic form a
behavioral plasticity [9,25,30]. Habituation to a novel envi-
ronment is a basic form of learning behavior exhibited
across species. It is characterized by a decrease in locomo-
tor activity (e.g., velocity, distance traveled) over time
spent in a novel environment from beginning to end of a
session (intrasession habituation), or between two sepa-
rate visits to the same environment from one session to
another (intersession habituation) [16,26,31]. Intrasession
or short-term habituation and intersession or long-term
habituation likely have different neuroanatomical and
neurophysiological correlates [1]. Intersession habituation
to a novel environment requires a functional hippocampus
[31], suggesting this behavioral paradigm may be a rele-
vant readout for intact hippocampal-dependent memory.
Here, we examined whether 5XFAD mice would display
behavioral habituation in an open field behavioral task.
We exposed 5XFAD mice and age-matched wild-type
(WT) littermate control mice at 3, 5, and 9 months of age
to a novel environment two days in a row and measured
their locomotion. WT mice habituated to the novel envi-
ronment over time, while 5XFAD mice displayed age-
dependent deficits in behavioral habituation. Overall, we
present behavioral habituation as a potentially sensitive
task to assess age-associated behavioral deficits in 5XFAD
mice.
Material and methods

Mice

All procedures were approved by the Institutional Ani-
mal Care and Use Committee at University of Texas Health
Science Center San Antonio. We use hemizygous 5XFAD
mice (n = 9/group) and WT littermates (n = 5–8/group) of
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both sexes on a congenic C57BL6/J background (MMRRC
#34848-JAX). 5XFAD transgenic AD mice overexpress
human APP with three mutations associated with FAD
(Swedish (K670N, M671L), Florida (I716V), and London
(V717I)) as well as human PS1 with two mutations associ-
ated with familial AD (M146L and L286V). Expression of
the transgenes is regulated by the neuron specific Thy1
promoter. These animals exhibit deposition of Ab plaques
starting at 2 months of age, gliosis and vascular changes
at 3 months [8], and synapse loss [2] at 6 months of age,
and loss of layer 5 cortical neurons at 12 months of age
[13]. Mice were bred WT C57BL6/J (JAX stock #: 000664)
female to heterozygote male. Up to five mice were housed
per cage (501 cm2 floor area) with Sani-Chips bedding
(Teklad) and ad libitum access to LM-485 diet (Teklad).
The light cycle was maintained on a 14:10 light:dark
schedule, with lights on at 7am and off at 9 pm. At wean-
ing, mice were genotyped according to the protocol pro-
vided by Jackson Labs and ear notched for identification.
Starting at 8 weeks of age, mice were handled weekly for
acclimation.
Habituation to a novel environment

All ages of mice were evaluated together as one cohort
during the ‘‘lights on” phase of the light cycle with behav-
ioral testing room lights set to approximately 500 lm. We
chose the ‘‘lights on” phase of the cycle to reduce con-
founds due to exposure to light at night [6] but note that
there are differences in open field behavior between the
light and dark phase that could reduce the sensitivity of
the task to detect differences [11]. On both testing days,
mice were transported from their housing room to the
behavioral testing room, tails labeled with non-toxic mark-
ers, and left to acclimate to the testing environment for a
minimum of 60 min in their home cages. Prior to testing
and between subjects, the testing arenas were sanitized
with 70% ethanol. Mice were placed in open field arenas
(42 cm � 20 cm � 20 cm rat cages) separated with opaque
barriers and were monitored with overhead camera and
tracked in real-time with Noldus EthoVision 14 software
for thirty minutes on day one and then for thirty minutes
on day two 24 h later; data was collected in 1-minute time
bins. For data downloaded from the AD Knowledge Portal,
mice were tested during the ‘‘lights on” phase of the 12:12
light cycle with testing room lights set to 500 lm. Mice
were placed in open field sound-attenuated chambers
(40 cm � 40 cm � 40 cm) and were monitored using infra-
red beam breaking for sixty minutes on one day; data was
collected in 5-minute time bins. For our secondary analy-
sis, we only used the first 30 min for consistency with
our internal dataset. To assess anxiety-like behaviors, we
calculated the percentage of the total time mice spent in
the edge of the open field arena.
Data analysis

Total distance traveled and distance traveled each min-
ute was collected and analyzed using GraphPad Prism 9.3.1
and was analyzed by a three-way repeated-measures
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ANOVA (age � genotype � time) with significance set as
p < 0.05 or by simple linear regression analysis. We mea-
sured intrasession habituation by comparing distance trav-
eled in the first 5 min and within the 25 min to 30 min
time bin of each session and measured intersession habit-
uation by comparing the total distance traveled in the first
and second session. For open field data downloaded from
the AD Knowledge Portal, we measured intrasession habit-
uation by comparing distance traveled in the first 5 min
and between 25 min to 30 min. We calculated the
‘‘activity-change ratios” using the formula R = [last]/([las
t] + [first]). An activity-change ratio of 0.5 indicates no
change in movement, a ratio below 0.5 indicates decreas-
ing movement (habituation), while a ratio above 0.5 indi-
cates an increase in movement or lack of habituation
[20]. Activity change ratios and time spent in the arena
edges were analyzed by one-way ANOVA (group), two-
way ANOVA (age � genotype), or three-way ANOVA
(age � genotype � sex) with a Tukey post-hoc for multiple
comparisons.
Results

We first compared the total distance traveled on day
one of open field to day two of open field to assess habitu-
ation to a novel environment in 3-, 6-, and 9-month-old
5XFADs and WT littermates of both sexes. A three-way
repeated measures ANOVA (age � genotype � day)
revealed a main effect of day (p < 0.0001) suggesting that
mice habituate to a novel environment between day 1
and day 2 of testing, accounting for 44.69% of the total vari-
ation (Fig. 1A). However, there was also a significant inter-
action between age and genotype (p = 0.0012), accounting
for 7.962% of the total variation. Multiple comparison test-
ing revealed that 3-month-old and 6-month-old 5XFAD
mice moved significantly less (p = 0.0006) on day two of
the open field task, suggesting they habituated to the novel
environment. In contrast, 9-month-old 5XFADmice did not
habituate to the novel environment between testing days
(p = 0.1239) and were significantly more active on the sec-
ond day of testing compared to 3-month-old 5XFAD mice
(p = 0.0182). WT littermates showed habituation between
day one and day two of open field at 3, 6, and 9 months of
age (p = 0.0023, p = 0.0526, and p = 0.0448, respectively).
We next used simple linear regression to test if mice
decreased their distance moved over each subsequent
minute elapsed, inclusive of day one and day two of testing
(Fig. 1B). Each of the groups (age � genotype) had signifi-
cantly different slopes (F(5,2748) = 9.678, p < 0.0001).
9-month-old 5XFAD mice demonstrated the weakest rela-
tionship between decreasing distance moved over time
elapsed (slope = �1.055, R2 = 0.02, F(1,538) = 14.84,
p = 0.0001), while younger 5XFAD mice decreased their
distance traveled over time elapsed (for 3-month-old
5XFAD mice, slope = �2.903, R2 = 0.29, F(1,538) = 224.3,
p < 0.0001 and 134.5; for 6-month-old 5XFAD mice
slope = �2.563, R2 = 0.20, F(1,538) = 134.5, p < 0.0001).
Younger 5XFAD mice were more comparable to WT mice
(p < 0.0001, slope = �2.493, �1.842, �2.813; R2 = 0.27,
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0.13, 0.23; F(1, 298) = 112.6, F(1, 478) = 69.30, F(1,
358) = 108.2 for 3-, 6-, and 9-month-old WT mice, respec-
tively). We then evaluated intrasession and intersession
habituation by measuring the activity change ratio within
or between sessions. A two-way ANOVA revealed that
5XFAD and WT mice had significantly different intrases-
sion habituation behavior on day 1 ((F(1,40) = 8.591,
p = 0.0056) and there was a significant interaction between
genotype and age that affected intersession habituation
behavior (F(2,40) = 5.14, p = 0.103). Post-hoc analyses
revealed that 9-month-old 5XFAD mice had a significantly
higher intrasession activity change ratio on day 1 com-
pared to 9-month-old WT mice (Fig. 1C), while 9-month-
old 5XFAD mice had a significantly higher intersession
activity change ratio compared to 3-month-old 5XFAD
mice (Fig. 1E). There was no change in intrasession habitu-
ation on day 2 (Fig. 1D). Overall, our results indicate that
5XFAD mice display significant decreases in effective
behavioral habituation to a novel environment.

To validate our findings in a larger cohort of 6- and 12-
month-old 5XFAD mice, we downloaded open field from
the AD Knowledge Portal; this larger sample size would
allow us to evaluate sex differences (n = 12 mice per geno-
type of each sex). Hyperactivity had been observed in
5XFAD mice in this study, but habituation had not been
measured [24]. We were only able to evaluate intrasession
habituation because only one day of open field data was
collected at each age. A two-way repeated measures
ANOVA (genotype � age; mice were tested twice longitu-
dinally) revealed that 5XFAD mice had significantly
increased activity change ratios compared to WT mice
(main effect of genotype, F(1,46) = 25.59, p < 0.0001) with
multiple comparisons testing showing significant differ-
ences between 5XFAD and WT mice at both ages
(p < 0.001) (Fig. 2A). We then evaluated the contribution
of sex with a three-way repeated measures ANOVA
(genotype � age � sex) which confirmed that 5XFAD mice
had significantly increased activity change ratios compared
to WT mice (main effect of genotype, F(1,44) = 25.63,
p < 0.0001) but there was no effect of sex on intrasession
habituation (Fig. 2B). Overall, these data suggest that
intrasession defects in habituation to a novel environment
in 5XFAD mice is replicable across multiple testing sites
despite small procedural differences.

We then tested whether habituation behavior to a novel
environment was sensitive to pharmacological manipula-
tion of Ab levels by evaluating data downloaded from the
AD Knowledge Portal wherein 5XFAD mice were treated
with verubecestat in chow (0, 10, 30, or 100 mg/kg day)
from 3 to 6 months of age. Verubecestat is a beta-
secretase (BACE) inhibitor that dose-dependently inhibits
the production of Ab in 5XFAD mice. In the original analy-
ses of these open field data, verubecestat did not alter total
distance moved in the open field [23]. A one-way ANOVA
(F(4,160) = 4.943) on intrasession habituation data
revealed that 5XFAD mice treated with vehicle or the low
dose (10 mg/kg/day) of verubecestat had significantly
increased activity change ratios (p = 0.0014 and 0.0235,
respectively), while 5XFADmice treated with the high dose
(100 mg/kg/day) of verubecestat had reduced activity



Fig. 1. 5XFAD mice display significant age-dependent decreases in behavioral habituation to a novel environment. Orange dotted line marks an activity-
change ratio of 0.5 indicates no change in movement; a ratio below 0.5 indicates decreasing movement (habituation), while a ratio above 0.5 indicates an
increase in movement or lack of habituation. Each dot represents an individual mouse (females = pink, males = blue). ***p < 0.001, **p < 0.01, *p < 0.05 A. 9-
month-old 5XFAD mice do not reduce activity in a novel environment over two days of testing as measured by 3-way ANOVA. There was a main effect of
day (p < 0.0001) and a significant interaction between age and genotype on distance traveled (p = 0.0012). 3- and 6-month-old 5XFAD and 3-, 6, and 9-
month-old WT mice moved significantly less on day two while 9-month-old 5XFAD mice did not move significantly less on day two and were significantly
more active than 3-month-old mice on day two. B. 9-month-old 5XFAD mice display reduced rates of habituation as measured by simple linear regression.
Data is shown as the line-of-best-fit with 95% confidence intervals shown the shaded area around the line. Each dot represents an individual mouse at an
individual timepoint. In the first panel, 3-month-old WT and 5XFADmice show similar rates of habituation (slope = �2.493 and �2.903, respectively). In the
second panel, 6-month-old WT and 5XFAD mice also show similar rates of habituation (slope = �1.842 and-2.563, respectively). In the third panel, 9-
month-old WT and 5XFAD mice (slope = �2.813 and �1.055, respectively). C. Intrasession habituation between the first five minutes and last five minutes
of open field on Day 1 of testing was significantly impaired in 9-month-old 5XFAD mice compared to age-matched WT mice as measured by 2-way ANOVA
with Tukey post-hoc (main effect of genotype). D. There was no intrasession habituation between the first five minutes and last five minutes of open field on
Day 2 of testing. E. Intersession habituation between the Day 1 and Day 2 of open field testing was significantly impaired in 9-month-old 5XFAD mice
compared to age-matched WT mice as measured by 2-way ANOVA with Tukey post-hoc (interaction between age and genotype). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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change ratios compared to vehicle-treated 5XFAD mice
(p = 0.0467) (Fig. 2C). These data suggest that habituation
to a novel environment is sensitive to treatment with
verubecestat in 5XFAD mice.

We next tested whether deficits in habituation to a
novel environment were present in a mouse model of
late-onset AD (LOAD) by downloading open field data from
the AD Knowledge Portal from 4-, 8-, 12-, or 24-month-old
LOAD mice with either a knock-in of the AD risk mutation
TREM2*R47H, humanized apolipoprotein E (ApoE) with
the AD risk allele ApoE4, or both alleles [14]. A two-way
ANOVA (genotype � age) revealed a significant main effect
of genotype and an interaction between age and genotype
(F(3,379) = 13.10 and F(9,379) = 2.822, respectively). Post-
4

hoc analyses revealed that 12- and 24-month-old mice
with the TREM2*R47H mutation and significant deficits
in habituation to a novel environment compared to other
genotypes at the same age and across ages (Fig. 2D). Take
together with our data above, these data suggest that
intrasession deficits in habituation to a novel environment
may be sensitive for evaluation of behavioral changes in
both FAD and LOAD mouse models of AD.

Finally, we assessed anxiety-like behavior by measuring
theproportionof time thatmice spent in theopenfieldarena
edge; more time in the edge of the arena is indicative of
increased anxiety-like behaviors while more time spent in
the center of the arena is indicative of decreased anxiety-
like behaviors. A two-way ANOVA (genotype � age)



Fig. 2. Deficits in habituation to a novel environment are replicable in 5XFADmice, change with BACE inhibition, and are also present in LOADmice. Orange
dotted line marks an activity-change ratio of 0.5 indicates no change in movement; a ratio below 0.5 indicates decreasing movement (habituation), while a
ratio above 0.5 indicates an increase in movement or lack of habituation. Each dot represents an individual mouse (females = pink, males = blue).
***p < 0.001, **p < 0.01, *p < 0.05 A. Intrasession habituation between the first five minutes and last five minutes of open field on Day 1 of testing was
significantly impaired in 6- and 12-month-old 5XFAD mice compared to age-matched WT mice as measured by 2-way ANOVA with Tukey post-hoc (main
effect of genotype). B. There was no main effect of sex on habituation to a novel environment as measured by 3-way ANOVA (main effect of genotype). C. 6-
month-old 5XFAD mice treated with vehicle or the low dose of verubecestat (10 mg/kg/day) showed significant impairments in intrasession habituation
compared to age-matched WT mice. Treatment with a high dose of verubecestat (100 mg/kg/day) significantly reduced the activity change ratio in 5XFAD
mice as measured by 1-way ANOVA. D. There was a significant effect of genotype and an interaction between age and genotype on intrasession habituation
in LOAD mice as measured by 2-way ANOVA. Post-hoc analyses revealed that TREM2*R47H mice had significant impairments in habituation compared to
age-matched WT, ApoE4, and ApoE4 + TREM2*R47H mice at 12 months of age and WT and ApoE4 mice at 24 months of age. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

S. Smith and S.C. Hopp Aging Brain 3 (2023) 100078
revealed a main effect of genotype and age on anxiety-like
behavior in 5XFAD (F(1,91) = 4.57 and F(1,91) = 7.602,
respectively) and LOAD (F(9,379) = 6.025 and F
(9,379) = 7.824, respectively) mice (Fig. 3A–B). Post-hoc
analyses revealed that 6-month-old 5XFAD mice,
8-month-old ApoE4, TREM2*R47H, and ApoE4 +
TREM2*R47H mice, and 12-month-old TREM2*R47H mice
5

spend less time in the edges of the open field arena
compared to age-matched WT mice. Verubecestat dose did
not modulate the significantly reduced anxiety-like behav-
ior in 5XFAD mice (Fig. 3C). Taken together with our above
data, thesedata suggest thatdefects in anxiety-likebehavior
does not parallel defects in habituation behavior in FAD or
LOAD mice.



Fig. 3. 5XFAD and LOAD mice show reduced anxiety-like behavior in the open field that does not parallel habituation deficits. Each dot represents an
individual mouse (females = pink, males = blue). ****p < 0.0001, **p < 0.01, *p < 0.05 A. 6-month-old 5XFAD mice spent a significantly smaller percentage of
the total session time in the edges of the open field arena compared to age-matched WT mice. As measured by 2-way ANOVA with Tukey post-hoc (main
effect of age and genotype). B. There was a significant effect of age and genotype on the percentage of the total session time spent in the arena edges in
LOAD mice as measured by 2-way ANOVA. Post-hoc analyses revealed that 8-month-old ApoE4, TREM2*R47H, and ApoE4 + TREM2*R47H mice and 12-
month-old TREM2*R47H mice spent significantly less time in the arena edges compared to age-matched WT mice. C. 6-month-old 5XFAD mice spent
significantly less time in edges of the arena compared to age-matched WT mice regardless of verubecestat dose. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Discussion

Here, we show that 5XFAD mice show age-associated
deficits in habituation to a novel environment. Our data
suggests that habituation to a novel environment is a sen-
sitive task to assess age-associated behavioral deficits in
5XFAD mice. Behavioral habituation overcomes drawbacks
to current cognitive behavioral tasks such as Morris water
maze (MWM) by reducing stress to the mouse, reducing
laborious training, and by not necessitating the need for
specialized equipment or large amounts of space. We
demonstrate that habituation deficits are replicable in
two additional datasets of 5XFAD mice (Fig. 2A-C), utility
across different mouse strains (Fig. 2D), and sensitivity to
therapeutic intervention (Fig. 2C), but association with
specific neuropathological features would provide stronger
evidence for the utility of this task for preclinical transla-
tional relevance to human AD.

The reversal of habituation deficits with verubecestat in
5XFAD mice (Fig. 2C) suggests that behavioral habituation
may be related to plaque load or soluble Ab which are both
reduced by verubecestat treatment in 5XFAD mice. How-
ever, these changes may be due to noted changes in motor
coordination measured by rotarod following verubecestat
treatment [23]. Human clinical trials with verubecestat
have failed due to worsened cognition and increased risk
of falls [4,5]. Further, the habituation deficits we found in
the TREM2*R47H mice, which do not develop Ab pathol-
ogy, suggest that other mechanisms underlie deficits in
habituation to a novel environment we found in both
FAD and LOAD mice. TREM2*R47H mice show age-related
downregulation in transcriptomic pathways related to
6

lysosomes, phagosomes, antigen processing, cytokine sig-
naling, and the complement cascade [14], suggesting that
immune pathways may in some way regulate habituation
behavior. However, verubecestat treatment did not modu-
late immune signaling pathways in the 5XFAD mice [23].
Together, these data suggest divergent pathways may reg-
ulate habituation to a novel environment in FAD and LOAD
mice.

The reduced habituation behavior in 5XFAD and
TREM2*R47H mice may indicate alterations in novelty
reactivity, stress coping, or anxiety-like behaviors. Expo-
sure to a novel environment is a mild psychological stress.
Corticosterone enhances motor activity in rodents [27]and
corticosterone levels increase in adult mice within 15 min
of exposure to a novel environment, remain elevated above
baseline levels for at least 90 min. In normal mice, motor
activity gradually decreases (intrasession habituation) as
corticosterone levels wane, while adrenalectomized mice
show blunted intrasession habituation [15]. Previous stud-
ies show that 5XFAD mice and mice deficient in TREM2
have enhanced serum corticosterone [17,34]which may
underlie the changes in habituation that we observe
herein. Stress may also influence AD pathology, suggestive
of a vicious cycle between dysregulated stress response
and disease progression [18]. Increased anxiety can also
contribute to habituation deficits by suppressing explo-
ration, resulting in altered mapping of the novel environ-
ment [1]. However, we found that 6-month-old 5XFAD,
8-month-old LOAD, and 12-month-old TREM2*R47H mice
showed significantly less anxiety-like behavior in the open
field (Fig. 3), suggesting their habituation deficits are not
related to increased anxiety.
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One major confounding factor in studies of AD model
mice is background strain. Intrasession and intersession
habituation phenotypes vary dramatically across different
inbred mouse strains; C57BL6/J mice show intermediate
levels of both types of habituation [1]. Here, we used the
5XFAD mouse on the congenic C57BL6/J background and
performed replicative analysis on 5XFAD and LOAD mice
also on the congenic C57BL6/J background. Pathology pro-
gresses less rapidly in the congenic C57BL6/J mice com-
pared to the hybrid B6SJL 5XFADs [7,19,22],
demonstrating the importance of consistent background
strain on consistent pathology and behavior. However,
many studies using 5XFAD mice do not report the back-
ground strain that they use, hampering cross-lab replica-
bility and comparability. Some groups generate congenic
C57BL6/J transgenic mice by backcrossing for 5 genera-
tions [13,33], while others, including ourselves herein,
use mice generated using a speed congenic approach to
ensure genetic uniformity [7,24]. The 5XFAD-BXD mice
intentionally incorporate genetic diversity into congenic
5XFAD mice, demonstrating how genetic background
influences both behavioral and pathological phenotypes
[21]. While incorporation genetic diversity into mouse
models of FAD may better recapitulate human AD, unin-
tentional addition of mutations through different breeding
practices could alter pathology and ultimately affect
reproducibility.

Replicability of robust cognitive deficits is an important
challenge in animal models of AD. Analyses of cognitive
deficits in 5XFAD mice on a congenic C57BL6/J background
strain highlight issues with replicability. For example, a
common task used to assess spatial working memory is
measuring the rate of alternating arm entries in a three-
arm T or Y-maze or four-arm cross maze. A recent deep
phenotyping study found no deficits in 5XFADs compared
to WT controls at 6 or 12 months of age in the Y-maze
[24], while other studies found deficits at 6, 9, and
12 months of age (but not 3 months) in the cross maze
[13] or at 7, 11, and 18 months of age (but not 3 months)
in the Y-maze [32]. Others have also noted deficits in spon-
taneous alternation as late as 10 months of age [3]. In com-
mon spatial reference memory test, the MWM, a wide
variety of different protocols are used across studies in
congenic 5XFAD mice, generating divergent data
[3,10,29,32,33]. Numerous factors can add variance to ani-
mal behavior data including genetics but also experi-
menter, time of day, and differences in animal
husbandry, among others [28]. Here, we show that deficits
in habituation to a novel environment is replicable in
5XFAD mice across different institutions even with small
changes to behavioral procedures and equipment. Simpli-
fied behavioral procedures, such as the habituation proto-
col described herein, could have utility in reducing
variability by reducing the number of potential confound-
ing factors.

Conclusions

In the study herein, we describe age-dependent changes
in behavioral habituation in 5XFAD mice that are not
7

present in WT mice that are replicable in others’ datasets.
Current commonly used behavioral paradigms do not
reveal consistent cognitive deficits in the 5XFAD mice.
Behavioral habituation deficits are also present in the
TREM2*R47H model of LOAD. Current preclinical mouse
behavioral assays have not yielded therapeutics that pro-
tect cognition in human clinical trials. We posit that the
behavioral habituation assay may overcome weaknesses
of current cognitive and memory tasks used for preclinical
assessment of mouse models of AD.
Significance statement

Accessible and reproducible models that can translate
protection of cognition from mouse to humans are impor-
tant for the development of therapies to treat age-
associated dementia causing diseases such as Alzheimer’s
disease. Here, we demonstrate that a common preclinical
mouse model of Alzheimer’s disease displays age-
associated deficits in behavioral habituation, which is an
easy-to-perform behavioral task that overcomes many of
the issues with current cognitive behavioral paradigms.
CRediT authorship contribution statement

Sabrina Smith: Investigation, Resources, Writing –
review & editing. Sarah C. Hopp: Conceptualization,
Methodology, Investigation, Formal analysis, Visualization,
Supervision, Project administration, Funding acquisition,
Writing – original draft, Writing – review & editing.
Declaration of Competing Interest

The authors declare that they have no known compet-
ing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.
Acknowledgements

We thank Jessica L. Wickline and Lacey Sell for handling
the mice during the acclimation phase of the studies done
in house. The results published here are in part based on
data obtained from the AD Knowledge Portal (https://ad-
knowledgeportal.synapse.org/), specifically the Jax.IU.
Pitt_5XFAD study, Jax.IU.Pitt_APOE4.TREM2.R47H study,
and the Jax.IU.Pitt_Verubecestat_5XFAD study. The IU/
JAX/PITT MODEL-AD Center was established with funding
from The National Institute on Aging (U54 AG054345).
Aging studies are also supported by the Nathan Shock Cen-
ter of Excellence in the Basic Biology of Aging (NIH P30
AG0380770). Contact us: ModelAD@iupui.edu.
Funding

This work was supported by the National Institutes of
Health [grant number AG066747] to SCH.

https://adknowledgeportal.synapse.org/
https://adknowledgeportal.synapse.org/


S. Smith and S.C. Hopp Aging Brain 3 (2023) 100078
References

[1] Bolivar VJ. Intrasession and intersession habituation in mice: from
inbred strain variability to linkage analysis. Neurobiol Learn Mem
2009;92(2):206–14.

[2] Crowe SE, Ellis-Davies GCR. Spine pruning in 5xFAD mice starts on
basal dendrites of layer 5 pyramidal neurons. Brain Struct Funct
2014;219:571–80. doi: https://doi.org/10.1007/s00429-013-0518-6.

[3] Datta M, Staszewski O, Raschi E, Frosch M, Hagemeyer N, Tay TL,
et al. Histone deacetylases 1 and 2 regulate microglia function
during development, homeostasis, and neurodegeneration in a
context-dependent manner. Immunity 2018;48:514–529.e6. doi:
https://doi.org/10.1016/j.immuni.2018.02.016.

[4] Egan MF, Kost J, Voss T, Mukai Y, Aisen PS, Cummings JL, et al.
Randomized trial of verubecestat for prodromal Alzheimer’s disease.
N Engl J Med 2019;380:1408–20. doi: https://doi.org/10.1056/
NEJMOA1812840.

[5] Egan MF, Mukai Y, Voss T, Kost J, Stone J, Furtek C, et al. Further
analyses of the safety of verubecestat in the phase 3 EPOCH trial of
mild-to-moderate Alzheimer’s disease. Alzheimers Res Ther
2019;11. doi: https://doi.org/10.1186/S13195-019-0520-1.

[6] Emmer KM, Russart GKL, Walker WH, Nelson RJ, Courtney DeVries A.
Effects of light at night on laboratory animals and research
outcomes. Behav Neurosci 2018;132:302. doi: https://doi.org/
10.1037/BNE0000252.

[7] Forner S, Kawauchi S, Balderrama-Gutierrez G, Kramár EA, Matheos
DP, Phan J, et al. Systematic phenotyping and characterization of the
5xFAD mouse model of Alzheimer’s disease. Sci Data 2021;8:270.
doi: https://doi.org/10.1038/s41597-021-01054-y.

[8] Giannoni P, Arango-Lievano M, Neves ID, Rousset M-C, Baranger K,
Rivera S, et al. Cerebrovascular pathology during the progression of
experimental Alzheimer’s disease. Neurobiol Dis 2016;88:107–17.
doi: https://doi.org/10.1016/j.nbd.2016.01.001.

[9] Groves PM, Thompson RF. Habituation: a dual-process theory.
Psychol Rev 1970;77:419–50. doi: https://doi.org/10.1037/
H0029810.

[10] Gu L, Wu D, Tang X, Qi X, Li X, Bai F, et al. Myelin changes at the early
stage of 5XFAD mice. Brain Res Bull 2018;137:285–93. doi: https://
doi.org/10.1016/J.BRAINRESBULL.2017.12.013.

[11] Hossain SM, Wong BKY, Simpson EM. The dark phase improves
genetic discrimination for some high throughput mouse behavioral
phenotyping. Genes, Brain Behav 2004;3:167–77. doi: https://doi.
org/10.1111/J.1601-183X.2004.00069.X.

[12] Jankowsky JL, Zheng H. Practical considerations for choosing a
mouse model of Alzheimer’s disease. Mol Neurodegener 2017;12.
doi: https://doi.org/10.1186/S13024-017-0231-7.

[13] Jawhar S, Trawicka A, Jenneckens C, Bayer TA, Wirths O. Motor
deficits, neuron loss, and reduced anxiety coinciding with axonal
degeneration and intraneuronal Ab aggregation in the 5XFAD mouse
model of Alzheimer’s disease. Neurobiol Aging 2012;33:196.e29–40.
doi: https://doi.org/10.1016/J.NEUROBIOLAGING.2010.05.027.

[14] Kotredes KP, Oblak A, Pandey RS, Lin PBC, Garceau D, Williams H,
et al. Uncovering disease mechanisms in a novel mouse model
expressing humanized APOEe4 and Trem2*R47H. Front Aging
Neurosci 2021;13. doi: https://doi.org/10.3389/
FNAGI.2021.735524/FULL.

[15] Kurumaji A, Umino M, Nishikawa T. Effects of novelty stress on
hippocampal gene expression, corticosterone and motor activity in
mice. Neurosci Res 2011;71:161–7. doi: https://doi.org/10.1016/J.
NEURES.2011.06.006.

[16] Leussis M, Bolivar V. Habituation in rodents: A review of behavior,
neurobiology, and genetics. Neurosci Biobehav Rev 2006;30
(7):1045–64.

[17] Liu Q, Xi Y, Wang Q, Liu J, Li P, Meng X, et al. Mannan oligosaccharide
attenuates cognitive and behavioral disorders in the 5xFAD
Alzheimer’s disease mouse model via regulating the gut
microbiota-brain axis. Brain Behav Immun 2021;95:330–43. doi:
https://doi.org/10.1016/J.BBI.2021.04.005.
8

[18] Lyons CE, Bartolomucci A. Stress and Alzheimer’s disease: a
senescence link? Neurosci Biobehav Rev 2020;115:285. doi:
https://doi.org/10.1016/J.NEUBIOREV.2020.05.010.

[19] MMRRC:034848-JAX [WWW Document], n.d. URL https://www.
mmrrc.org/catalog/sds.php?mmrrc_id=34848 (accessed 8.9.22).

[20] Nadel L. Dorsal and ventral hippocampal lesions and behavior.
Physiol Behav 1968;3(6):891–900.

[21] Neuner SM, Heuer SE, Huentelman MJ, O’Connell KMS, Kaczorowski
CC. Harnessing genetic complexity to enhance translatability of
Alzheimer’s disease mouse models: a path toward precision
medicine. Neuron 2019;101:399–411.e5. doi: https://doi.org/
10.1016/j.neuron.2018.11.040.

[22] Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, et al.
Intraneuronal beta-amyloid aggregates, neurodegeneration, and
neuron loss in transgenic mice with five familial Alzheimer’s
disease mutations: potential factors in amyloid plaque formation. J
Neurosci 2006;26:10129–40. doi: https://doi.org/10.1523/
JNEUROSCI.1202-06.2006.

[23] Oblak AL, Cope ZA, Quinney SK, Pandey RS, Biesdorf C, Masters AR,
et al. Prophylactic evaluation of verubecestat on disease- and
symptom-modifying effects in 5XFAD mice. Alzheimer’s Dement
Transl Res Clin Interv 2022;8. doi: https://doi.org/10.1002/
TRC2.12317.

[24] Oblak AL, Lin PB, Kotredes KP, Pandey RS, Garceau D, Williams HM,
et al. Comprehensive evaluation of the 5XFAD mouse model for
preclinical testing applications: a MODEL-AD study. Front Aging
Neurosci 2021;13:431. doi: https://doi.org/10.3389/
fnagi.2021.713726.

[25] Rankin CH, Abrams T, Barry RJ, Bhatnagar S, Clayton DF, Colombo J,
et al. Habituation revisited: An updated and revised description of
the behavioral characteristics of habituation. Neurobiol Learn Mem
2009;92(2):135–8.

[26] Reverchon F, De Concini V, Larrigaldie V, Benmerzoug S, Briault S,
Togbé D, et al. Hippocampal interleukin-33 mediates
neuroinflammation-induced cognitive impairments. J
Neuroinflammation 2020;17:268. doi: https://doi.org/10.1186/
s12974-020-01939-6.

[27] Sandi C, Venero C, Guaza C. Novelty-related rapid locomotor effects
of corticosterone in rats. Eur J Neurosci 1996;8:794–800. doi:
https://doi.org/10.1111/J.1460-9568.1996.TB01264.X.

[28] Saré RM, Lemons A, Smith CB. Behavior testing in rodents:
highlighting potential confounds affecting variability and
reproducibility. Brain Sci 2021;11(4):522.

[29] Tang X, Wu D, Gu L-H, Nie B-B, Qi X-Y, Wang Y-J, et al. Spatial
learning and memory impairments are associated with increased
neuronal activity in 5XFAD mouse as measured by manganese-
enhanced magnetic resonance imaging. Oncotarget
2016;7:57556–70. , https://doi.org/10.18632/oncotarget.11353.

[30] Thompson RF, Spencer WA. Habituation: a model phenomenon for
the study of neuronal substrates of behavior. Psychol Rev
1966;73:16–43. doi: https://doi.org/10.1037/H0022681.

[31] Vianna MRM, Alonso M, Viola H, Quevedo J, De Paris F, Furman M,
et al. Role of hippocampal signaling pathways in long-term memory
formation of a nonassociative learning task in the rat. Learn Mem
2000;7:333–40. doi: https://doi.org/10.1101/lm.34600.

[32] Wei Z, Chen XC, Song Y, Pan XD, Dai XM, Zhang J, et al. Amyloid b
protein aggravates neuronal senescence and cognitive deficits in
5XFAD mouse model of Alzheimer’s disease. Chin Med J (Engl)
2016;129:1835–44. doi: https://doi.org/10.4103/0366-
6999.186646.

[33] Wu D, Tang X, Gu LH, Li XL, Qi XY, Bai F, et al. LINGO-1 antibody
ameliorates myelin impairment and spatial memory deficits in the
early stage of 5XFAD mice. CNS Neurosci Ther 2018;24:381. doi:
https://doi.org/10.1111/CNS.12809.

[34] Ye H, Zhai Q, Fang P, Yang S, Sun Y, Wu S, et al. Triggering receptor
expressed on myeloid Cells-2 (TREM2) inhibits steroidogenesis in
adrenocortical cell by macrophage-derived exosomes in
lipopolysaccharide-induced septic shock. Mol Cell Endocrinol
2021;525:. doi: https://doi.org/10.1016/J.MCE.2021.111178111178.

http://refhub.elsevier.com/S2589-9589(23)00015-4/h0005
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0005
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0005
https://doi.org/10.1007/s00429-013-0518-6
https://doi.org/10.1016/j.immuni.2018.02.016
https://doi.org/10.1056/NEJMOA1812840
https://doi.org/10.1056/NEJMOA1812840
https://doi.org/10.1186/S13195-019-0520-1
https://doi.org/10.1037/BNE0000252
https://doi.org/10.1037/BNE0000252
https://doi.org/10.1038/s41597-021-01054-y
https://doi.org/10.1016/j.nbd.2016.01.001
https://doi.org/10.1037/H0029810
https://doi.org/10.1037/H0029810
https://doi.org/10.1016/J.BRAINRESBULL.2017.12.013
https://doi.org/10.1016/J.BRAINRESBULL.2017.12.013
https://doi.org/10.1111/J.1601-183X.2004.00069.X
https://doi.org/10.1111/J.1601-183X.2004.00069.X
https://doi.org/10.1186/S13024-017-0231-7
https://doi.org/10.1016/J.NEUROBIOLAGING.2010.05.027
https://doi.org/10.3389/FNAGI.2021.735524/FULL
https://doi.org/10.3389/FNAGI.2021.735524/FULL
https://doi.org/10.1016/J.NEURES.2011.06.006
https://doi.org/10.1016/J.NEURES.2011.06.006
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0080
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0080
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0080
https://doi.org/10.1016/J.BBI.2021.04.005
https://doi.org/10.1016/J.NEUBIOREV.2020.05.010
https://www.mmrrc.org/catalog/sds.php?mmrrc_id=34848
https://www.mmrrc.org/catalog/sds.php?mmrrc_id=34848
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0100
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0100
https://doi.org/10.1016/j.neuron.2018.11.040
https://doi.org/10.1016/j.neuron.2018.11.040
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1002/TRC2.12317
https://doi.org/10.1002/TRC2.12317
https://doi.org/10.3389/fnagi.2021.713726
https://doi.org/10.3389/fnagi.2021.713726
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0125
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0125
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0125
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0125
https://doi.org/10.1186/s12974-020-01939-6
https://doi.org/10.1186/s12974-020-01939-6
https://doi.org/10.1111/J.1460-9568.1996.TB01264.X
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0140
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0140
http://refhub.elsevier.com/S2589-9589(23)00015-4/h0140
https://doi.org/10.18632/oncotarget.11353
https://doi.org/10.1037/H0022681
https://doi.org/10.1101/lm.34600
https://doi.org/10.4103/0366-6999.186646
https://doi.org/10.4103/0366-6999.186646
https://doi.org/10.1111/CNS.12809
https://doi.org/10.1016/J.MCE.2021.111178

	The 5XFAD mouse model of Alzheimer’s disease displays age-dependent deficits in habituation to a novel environment
	Introduction
	Material and methods
	Mice
	Habituation to a novel environment
	Data analysis

	Results
	Discussion
	Conclusions
	Significance statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	ack13
	Acknowledgements
	Funding
	References


