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Highlights

® ApoE4 mice tested with spatial reversal learning present early flexibility deficit
e This flexibility deficit is not associated with memory impairment

® ApoE4 appears as a factor of early aging

Abstract (145/170 words max)

To test the hypothesis that ApoE4 may be involved in cognitive deficits associated
with aging, we investigated the impact of APOE4 status and aging on the flexibility and
memory components of spatial learning in mice. Young adult (6 months) and middle-aged
(14 months) ApoE4, ApoE3 and C57BL/6 adult male mice were tested for flexibility in an
aquatic Y-maze, and for spatio-temporal memory acquisition in the Starmaze. Our results
revealed a flexibility deficit of the 6-month-old ApoE4 mice compared to controls.
However, this deficit was not associated with spatio-temporal memory deficit at the same
age. Importantly, the ApoE4 flexibility deficit did not increase with age, nor turn into
memory deficit, or was able to predict individual variations of memory performance at 14
months. By contrast, control ApoE3 mice showed a decline of flexibility at 14 months
resulting in performance similar to that of ApoE4. Overall, our results suggest that ApoE4
could be associated with an acceleration of the flexibility decrease otherwise observed in

normal aging.
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1. Introduction

The E4 isoform of apolipoprotein E is currently considered to be the main
genetic risk factor associated with the sporadic form of Alzheimer's disease (AD). Indeed,
while the distribution frequency of allele €4 is 13% in a control population, it reaches
about 30% in the population with AD (Farrer et al., 1997). A person homozygous for APOE-
€4 is about 13.7 times more likely to develop the disease than a person homozygous for
APOE-£3, and for APOE £3/€4 heterozygotes, the risk is about three times higher. These
findings, and specifically the dose-related association, have led to the idea that the E4
isoform is involved in late-onset AD.

Interestingly, studies have also reported a decline in cognitive functions
such as processing speed and memory (Caselli et al., 2009; Dik et al., 2001; Rawle et al.,
2018; Zehnder et al., 2009) as well as executive functions (Allain et al., 2013, for review)
in aged APOE-€4 carriers, independently of mild cognitive impairment (MCI) or dementia
diagnostic. An impairment in inhibition/switching tasks was also observed in aged non-
AD APOE-€4 carriers (Chao et al., 2010; Wetter et al., 2005). Altogether, these results
strongly point toward a detrimental effect of carrying the €4 allele in aged people. In
addition, a longitudinal study between ages 11 and 80 found significant cognitive
differences depending on the ApoE4 status (homozygous, heterozygous or non-carrier) at
age 80 but not 11, suggesting ApoE4 could be a factor of cognitive decline with normal
aging (Deary et al., 2002). However, this effect appears independent of the AD or MCI
diagnostic, thus questioning the link between the observed cognitive deficits, the aging

process per se and Alzheimer’s disease.



Behavioral studies with knock-in mouse models expressing the human ApoE3
(Sullivan et al.,, 1997) and ApoE4 (Knouff et al., 1999) variants showed seemingly
contradictory results on spatial learning and memory assessment depending on the task
used (Rodriguez et al., 2013). Rodriguez et al. (2013) found a learning deficit for ApoE4
mice in the Barnes maze but not in the Morris water maze, suggesting that different
cognitive components, such as spatial memory acquisition or flexibility, may be differently
involved in these tasks. In addition, different types of flexibility may also be involved.
Indeed, Brown and Tait (2010) defined two categories of flexibility tasks, either based on
mental set shifting (attentional set or learning set) or reversal learning (reversal of
stimulus-reward contingency), the former being more often used in humans and the latter
in mice.

We hypothesize that such cognitive components might be differently impaired
with APOE4 status. To address this question, we tested the ability of ApoE4 mice to both
acquire spatio-temporal memory and perform a flexibility test based on reversal learning.
Spatio-temporal memory was assessed using a previously developed navigation task, the
Starmaze (Rondi-Reig et al., 2005). This Starmaze allowed the detection of early deficits
in mice (Fouquet et al., 2011) and humans (Bellassen et al., 2012), and could disentangle
normal aging from AD-specific deficits in humans (Bellassen et al., 2012). As a reversal
learning test, we used the aquatic Y-maze (Hoeffer et al., 2008; Trinh et al., 2012). In order
to assess possible interactions between APOE4 status, aging, flexibility and spatio-
temporal memory, we tested these two cognitive functions in parallel in both young adult

(6 months) and middle-aged (14 months) APOE4, APOE3 and C57BL/6 male mice.



Altogether, our results suggest that ApoE4 could be associated with an early apparition

of flexibility alteration otherwise observed during normal aging in mice.

2. Material and Methods

2.1. Animals

All experiments were approved by Sorbonne University Ethical Committee and
conducted in full compliance with standards for the care and use of laboratory animals,
according to French and European Community (Directive 2010/63/EU) legislation.
Animals were housed in a 12 hours dark/light cycle in a temperature-controlled room (20
+/- 1 °C) with food and water ad libitum. They were housed by groups of 3 or 4 mice per
cage until one week before the start of the experiment, at which point mice were isolated
in individual cages until the end of the first experiment, which lasted approximately 1
month.

Knock-in male ApoE3 and ApoE4 mice were obtained from Taconic Biosciences
(Germantown, USA). These mice are homozygous for human APOE3 and APOE4 variants
expressed under the control of the murine ApoE regulatory sequences. A first group of
ApoE3 (n= 14) and ApoE4 (n= 14) mice was tested at 6 months. A second group was
specifically used for a longitudinal study with ApoE3 (n=15) and ApoE4 (n=13) mice tested
at 6 months then at 14 months of age to evaluate the evolution of their cognitive abilities
independently of old-age. After the first experiment, mice for the longitudinal study were
housed two per cage until the second experiment at 14 months old. The number of mice

used for each protocol is indicated in the results section.



C57BL/6JRj male mice aged 6 months (n=15) were obtained from Janvier Labs
(Saint Berthevin, France) to be used as controls for the first group of 6-month-old ApoE3

and ApoE4.

2.2. Behavioral tests

2.2.1. Sequence of the tests

All mice performed the tests described below in the following order: Shirpa
protocol (inspired by Rogers et al., 1997, see supplementary material), Starmaze, aquatic
Y-maze and cued Morris water maze (performed to ensure that possible deficits observed
during the Starmaze task are not due to vision or swimming deficits).
2.2.2. Starmaze

The Starmaze paradigm is used to assess spatio-temporal memory. The Starmaze
is a star-shaped water maze consisting of 5 central alleys forming a pentagon and 5
peripheral alleys starting from each vertex of the pentagon. In order to reduce the
acquisition period, we here used a reduced Starmaze: some alleys were made inaccessible
by blocking them with walls (see Fig. 2E). The alleys are 42 (central) or 47 (peripheral) cm
long, 25 cm wide and 30 cm high (Rondi-Reig et al., 2005). The Starmaze is filled with
water made opaque with a non-toxic dye (Accuscan OP 301) up to about 5 cm from the
top of the walls. A platform is immersed 1 cm below the water surface. The Starmaze is
surrounded by black curtains on which 2D or 3D visual cues are attached. The cues are
grouped into groups of 2 or 3. All cues are present in two copies but each configuration

of 2 or 3 cues is unique.



A trial begins with the mouse released by the experimenter always at the same
departure point. The mouse is then left to swim until it finds the platform or 90 seconds
maximum. If the mouse finds the platform, it is left 20 seconds on the platform before
being picked up by the experimenter. If the mouse does not find the platform before the
end of the 90 seconds, it is placed on the platform for 20 seconds. At the end of each trial,
the mouse is placed in a cage containing a towel for drying before being returned to its
home cage while waiting for the next trial, during 30 to 60 minutes. The acquisition phase
consisted of 5 trials per day for 8 days.

For the mice tested twice, at 6 and 14 months, the environment did not change.
The experiment took place in the same room with the same arrangement of visual cues
around the Starmaze. The start location was the same but the arrival location changed so
that the sequence to reach it mirrored that of the previous learning, i.e mice should turn
right-left-right rather than left-right-left. For this purpose, the arrangement of the
blocking walls was also adapted.

After testing their robustness (see associated Schmitt et al., Data in brief), four
behavioral parameters were used in this study : 1) The distance travelled during a trial,
measured by the tracking software (SMART 2.5, Bioseb); 2) The localization score,
calculated by allocating a mark at each choice point (100 if the mouse moves toward the
platform, 0 otherwise) and averaging the marks allocated at all the intersections
encountered during a trial (Fouquet et al., 2011); 3) The repeated sequence score,
attributing a maximal mark if the moves made at each choice point of trial Ti+1 reproduce
the choices made at trial Ti, in a same learning session (Bellassen et al., 2012); 4) The

number of dead ends (peripheral arms not containing the platform) revisits.



To further evaluate possible correlations between the flexibility performances in
the Y-maze and memory acquisition in the Starmaze, we also considered two learning
indexes consisting of the difference (hereafter called Delta) between the last and first
trials in the Starmaze for the travelled distance and the localization score.

We also quantified the search strategies used by the different groups of mice
during the acquisition of the task. We thus identified two types of strategy: direct
(efficient sequence of turns to the goal with no visit of dead ends), and serial strategy
(systematic visit of the dead end between the start and the platform). Other types of
behavior were labelled as “no strategy”.

2.2.3. Aquatic Y-maze

Cognitive flexibility was assessed using an aquatic Y-maze test. This Y-maze
consists of 3 opaque arms 50 cm long, 10 cm wide and 30 cm high. It is filled with 12 cm
of water made opaque by a non-toxic colorant (Accuscan OP 301). A circular platform (9
cm in diameter) is placed 1 cm below the water surface at the end of one arm. The
protocol, based on the one described by Hoeffer et al. (2008), lasts 2 days with the four
sessions of the learning phase on day 1 and the test and the six sessions of reversal on
day 2.

For the mice tested twice, at 6 and 14 months, the environment of testing did not
change. The test took place in the same room with the same black curtains surrounding
the maze to avoid visual cues. The only change was the place of the platform in the Y-
maze during the learning phase: at 14 months, the platform was placed in the opposite

arm from the location used at 6 months.



2.3.  Acquisition and Analysis of raw data

Each mouse’s trajectory was tracked in the Starmaze, the Morris water maze and
several sensorimotor tests using SMART 2.5 (Bioseb) software. We thus recorded the
mouse coordinates (X and Y) every 0.04 seconds. These coordinates were then processed
with our own developed software, NAT (Navigation Analysis Tool (Jarlier et al., 2013)), to

compute the assessment scores presented below.

2.4. Statistical analysis

All statistical analyses were performed to compare the effect of the mouse
genotype on cognition through several parameters. The number of animals per group was
based on the availability of mice with these genotypes, and prior studies with other strains
(Fouquet et al., 2011). We used SAS 9.4 (SAS Institute Inc., Cary, NC, USA) on Windows 7
PC.

For the percentages of success into the aquatic Y-maze with 6 month-old mice,
two (one for the learning phase, one for the reversal phase) binomial generalized linear
mixed models (GLMM) were performed on factors Genotype and Session (repeated)
followed by a contrast analysis using a Student’s T test with Bonferroni-Holm correction
for multiplicity (Table 1). For the subsequent longitudinal study, two GLMM using
binomial distribution were performed with the three factors Genotype, Age (repeated)
and Session (repeated) (Table 2).

When comparing ApoE3, ApoE4 and C57BL/6 at 6 months in the Starmaze, the
distance travelled was analyzed using a two-way analysis of variance (ANOVA) with

factors Genotype, Session and their interaction performed on log-transformed data.
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Repeated measures on the factor session were taken into account in each model and
AR(1) variance-covariance structure was used. The Localization score was analyzed using
two-way ANOVA with factors Genotype, Session and their interaction performed on raw
data. For the other two Starmaze parameters, i.e. repeated sequence score and Dead end
revisit number, a two way ANOVA-type was performed on ranked data. To compare the
use of search strategies between groups, a two-way GLMM with binomial distribution was
performed on raw data for the number of Direct, Serial and No strategy trials (Table 3).
To test for possible correlations between the performances in the Y-maze at 6
months and the Starmaze at 6 and 14 months, in the longitudinal group, a Spearman’s

rank correlation test was performed (Table 4).

2.5. Code Accessibility

NAT (Navigation Analysis Tool) code is protected by the Inter Deposit Digital

Number FR.001.160024.000.S.P.2017.000.10000, 2017
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3. Results

3.1. Aquatic Y-maze

3.1.1. Six-month-old ApoE4 mice exhibit cognitive flexibility deficit

To assess cognitive flexibility in 6-month-old ApoE4 mice, we compared the
performances of ApoE4 mice with those of ApoE3 and C57BL/6 mice of the same age in
the Y-maze. In ApoE3 (n=14) and C57BL/6 (n=15) groups, one mouse did not reach the
criterion in the test session, so only 13 ApoE3 and 14 C57BL/6 mice were considered in
the analysis. In the ApoE4 (n=14) group, two mice did not reach the criterion, so only 12
mice were considered.

During the learning phase, the performances of 6-month-old ApoE4, ApoE3 and
C57BL/6 improved with sessions (Session effect: F(3, 107.9) = 11.51, p < 0.0001, binomial
GLMM) (Fig. 1A left). Compared to ApoE3 and C57BL/6 mice, ApoE4 mice had less success
in session 2 (Genotype effect: F(2, 52.71) = 4.56, p = 0.0149, binomial GLMM; ApoE4 vs
ApoE3 S2: p =0.0090, ApoE4 vs C57BL/6 S2: p = 0.0237, after Bonferroni-Holm correction
for multiplicity). Importantly, there was no significant difference between ApoE4 and
ApoE3 or C57BL/6 mice at the end of the learning (p > 0.05 for each comparison in S3 and
S4) (Fig. 1A left).

During reversal sessions, the three groups improved their performance (Session
effect: F(5, 189.3) = 24.07, p < 0.0001, binomial GLMM). However, ApoE4 mice had a
significantly lower success rate during reversal sessions than ApoE3 and C57BL/6, owing
to differences in sessions 2, 3 and 4 (Genotype effect: F(2, 51.17) = 6.32, p = 0.0035,
binomial GLMM; ApoE4 vs ApoE3 S2: p =0.0154, S3: p =0.0026, S4: p = 0.0374, ApoE4 vs

C57BL/6 S2: p=0.0227,S3: p =0.0026, S4: p = 0.0374, Bonferroni-Holm adjustment after
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binomial GLMM) (Fig. 1.A right, see statistical results in Table 1). These results suggest a
cognitive flexibility deficit of the whole group of ApoE4 mice.

We further controlled whether sensory-motor differences in the control tests
(SHIRPA protocol) may explain the flexibility deficit observed here. The comparison
between the 6-month-old C57BL/6, ApoE3 and ApoE4 mice only revealed that ApoE3 mice
seemed to travel less distance in the open field than both C57BL/6 and ApoE4 mice (see
supplementary data). Since the smaller distance travelled by ApoE3 mice does not
translate into greater flexibility performance compared to C57BI6, it is unlikely that
sensory-motor differences explain the flexibility deficit observed in the ApoE4 mice.
3.1.2. The cognitive flexibility of 14 month-old ApoE3 mice declines at the level of 6-month-

old ApoE4 mice

To test if the observed early flexibility deficit evolves with age, we tested two other
groups of ApoE4 and ApoE3 mice both at 6 and 14 months in the Y-maze. For this
longitudinal study, only the performances of the mice who underwent all the sessions at
both 6 and 14 months were considered, i.e., 14 ApoE3 and 9 ApoE4 mice. During the
learning phase of the aquatic Y-maze, whatever their age, ApoE3 and ApoE4 mice
increased their success rate (Session effect: F(3, 168) = 22.35, p < 0.0001, three-way
repeated measures binomial GLMM) and there was no difference of performance
between the two groups (Genotype effect: F(1, 25.26) = 0.42, p = 0.5250, three-way
repeated measures GLMM) (Fig. 1B left, Table 2). Aging had no impact on the learning
performance of any group of mice (Age*Genotype effect: F(1, 25.03) = 0.16, p = 0.6921,

three-way repeated measures GLMM).
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In the reversal phase, performances increased with sessions (Session effect: F(5,
99.63) = 47.56, p<0.0001, three-way repeated measures GLMM). However, we observed
an age*genotype interaction effect (F(1, 21.56) = 4.38, p = 0.0483, three-way repeated
measures GLMM). Post hoc analyses reveal that ApoE3 group performance significantly
decreases with age in session 2 and session 4 (S2: ApoE3 6 months vs ApoE3 14 months,
p = 0.0081; S4: ApoE3 6 months vs ApoE3 14 months, p = 0.0342) while age does not
impact ApoE4 performance which remains similar at 6 and 14 months (Fig. 1B right, Table
2). ltis noteworthy that session by session comparisons between ApoE4 and ApoE3 mice
at 6 months confirm, with the subgroups of this longitudinal study, the ApoE4 deficit
observed with the first 6 month groups in the reversal phase (Genotype effect at S2:
p0.0001, S3: p=0.0096, bottom of Table 2). Those results suggest that ApoE4 could be an
aging accelerator factor of cognitive flexibility. The representation of the individual
performances of the mice at 6 then 14 months in sessions 2 to 4 illustrates the decrease

of ApoE3 performances and the stability of the ApoE4 performances (Fig. 1.C).

3.2. Starmaze

To evaluate if the flexibility deficit observed at 6 months has a counterpart in the
spatial learning, we assessed the ability of the ApoE4 mice tested in the Y-maze to acquire
the Starmaze task.

The Starmaze offers the possibility to compute multiple scores, either generic to
this environment (Jarlier et al., 2013) or specific to its reduced version (with closed arms).
We tested four behavioral parameters (see methods) previously revealed to be specific

for different functions: the travelled distance, reflecting the learning of the task through
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its evolution across sessions; the localization score, associated with spatial memory
(Fouquet et al., 2011); the repeated sequence score, assessing the memory of sequence
(Bellassen et al., 2012) inside sessions; and the number of dead end revisits, likely
associated with working memory (Beatty et al., 1984).
3.2.1. ApoE4 mice do not exhibit memory deficits in the Starmaze task.

We compared the memory performances of the 6 month-old C57BL/6, ApoE3 and
ApoE4. In the four scores of the Starmaze (travelled distance -TD-, localization score -LS-,
repeated sequence score -RSS- and dead end revisit number -DERN-), the three groups
increased their performances with sessions (TD: F(7, 266.2) = 52.12, p < 0.0001; LS: F(7,
264) = 27.90, p < 0.0001; RSS: F(3.39, 195) = 6.60, p < 0.0001; DERN: F(6.48, 319) = 27.34,
p < 0.0001; Fig. 2A, B, C and D). We did not observe any significant difference of
performances between the three groups nor interaction between group and session
(Table 3), suggesting that 6 month-old ApoE4 mice do not exhibit memory deficit in this
Starmaze task associated with their flexibility deficit. The analysis of the search strategy
in the Starmaze (Fig 2. E) confirmed the absence of deficit in ApoE4 mice compared to
both control groups (Table 3).

3.2.2. No link between early flexibility deficit and spatio-temporal memory

with aging

In the longitudinal group, we tested whether the flexibility deficit observed in
APOE4 mice at 6 months may be linked to later memory impairments at the individual
level. We therefore tested possible correlations between the performance during reversal
sessions S2 and S3 (flexibility index) in the aquatic Y-maze at 6 months and two learning

indexes in the Starmaze at 14 months (Fig. 3, Table 4). The correlations were performed
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at the individual level in each group separately. In the ApoE4 group, there was no
significant correlation between the flexibility index and the learning indexes in the
Starmaze (Delta travelled distance, rho = -0.214, p = 0.5455; Delta localization score, rho
=-0.591, p = 0.0944, Spearman’s rank correlation). The correlations were not significant
in the ApoE3 group either (Delta travelled distance: rho = 0.219; Delta localization score:
rho = 0.1228, Spearman’s rank correlations). We further controlled in these groups that
there was no significant correlation between the flexibility and learning indexes at 6
months (ApoE4 - Delta TD: rho = -0.316; Delta LS: rho =-0.021, p = 0.9516; ApoE3 - Delta
TD: rho = 0.111; Delta LS: rho = 0.418, Spearman’s rank correlations, Fig. 4). Thus, the
flexibility deficit observed in the Y-maze for ApoE4 mice at 6 months was not associated

with any impairment in the acquisition of the Starmaze task either at 6 or 14 months.

Overall, the deficit of flexibility observed at 6 months in the ApoE4 mice expressing
the major risk factor of the sporadic form of Alzheimer’s disease was not associated with
learning deficits at the same age nor predict individual variations of learning

performances at 14 months.

4. Discussion

Our results show that 6-month-old ApoE4 male mice exhibit a flexibility deficit
compared to ApoE3 and C57BL/6 control mice at the same age. This flexibility deficit is
not associated with memory impairment. In addition, the ApoE4 deficit does not

significantly evolve with age, while ApoE3 mice at 14 months display a slight flexibility
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decrease, leading to similar performances across the 14-month-old groups. These results
highlight the impact of the ApoE4 status on flexibility regardless of age.
4.1. ApoE4, aging and cognitive flexibility.

Few studies have explored the impact of ApoE4 status on flexibility, and even less
have examined the link between cognitive flexibility, ApoE4 and aging. Lancaster et al.
(2017) conducted a meta-analysis on studies involving adult ApoE4 subjects (35 to 60
years of age). In this age group, only subtle effects of ApoE4 on memory and executive
functions were observed, but with no specific focus on cognitive flexibility. The authors
also emphasized the importance of stratifying by age, because of the potential age-
related confounding effect. Adeosun et al. (2014) observed a deficit in cognitive flexibility
in 12 months old Arg-61 mice, a model of ApoE4 domain interaction. It is noteworthy that
our results highlight a clear lack of flexibility in homozygous E4 animals as early as 6
months, revealing the deleterious effect of ApoE4 even at a young age.

By contrast, our ApoE3 mice showed a significant loss of flexibility with aging. In
line with this, Yang et al. (2019) found a flexibility loss with normal aging using a Y-maze
test and comparing C57BL/6 male mice at 4 and 20 months. Matzel et al. (2011), using a
T-maze test with two groups of 5 and 18-month-old CD-1 male mice also found a
significant deficit of flexibility in the older group, as well as a longer time to learn the initial
task, similar to what can be observed with our 6 month-old apoE4 mice in the learning
phase (Fig. 1.A left). Interestingly, similar effects of normal aging on cognitive flexibility
have also been found in other species, such as rats (Zamzow et al., 2013; Schoenbaum et
al., 2002 and Barense et al., 2002), monkeys (Joly et al., 2014) and humans (An et al., 2018;

Boxtel et al., 1998; Stockel et al., 2017). The early flexibility deficit we observed in ApoE4
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is therefore consistent with the advanced onset of a flexibility decrease otherwise
observed with normal aging.

It is noteworthy that when testing flexibility during aging, contradictory findings
have been reported, especially when the flexibility assessment relied on attentional set
shifting rather than reversal learning. Zeamer et al. (2011) did not find any effect of age
when testing male macaques with an adapted version of the Wisconsin Sorting Card Test
(WSCT), but did find age-related deficits in visual discrimination reversal. Hankosky et al.
(2017) did not observe any flexibility deficit in 18-month-old rats in a set-shifting test
requiring changing strategy (from the use of visual cues to egocentric orientation). Beas
et al. (2013) reported flexibility deficits with the same task but the age difference was also
much larger (5 vs. 22 months instead of 12 vs. 18 months). Together with our results, this
suggests that cognitive evaluation would be improved by systematically including a
flexibility test based on reversal learning contingency.

The type of test used to assess flexibility is also of particular importance since
reversal learning and attentional shifting involve different brain structures. In a a odor-
discrimination task with aged rats, Schoenbaum et al. (2002) reported reversal learning
deficit, reminiscent of the deficit observed in young rats following neurotoxic lesions of
orbitofrontal cortex (OFC). By contrast, reversal learning is not affected following mPFC
damage in rodents (Birrell and Brown, 2000, Bissonette et al., 2008; Floresco et al., 2008;
Churchwell et al., 2009; Cordova et al., 2014). Rather, it has been proposed that mPFC
may be “primarily involved in tasks with a high demand on attention” such as attentional
set-shifting tasks (Barense et al., 2002). Altogether these data point toward a distinct role

of mPFC and OFC in attentional set-shifting task and reversal learning respectively. The
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type of test used to assess executive functions therefore appears crucial to obtain
consistent results and pleads for generalizing the use of flexibility tests based on reversal

learning contingency in the screening of APoE4 carriers.

4.2.  Acquisition of spatio-temporal memory in mouse models of risk of AD

As mentioned in the introduction, published data in ApoE4 mice show
heterogeneous results in memory tasks, likely depending on age, sex and the test
performed to assess memory. Here, despite an early flexibility deficit observed in the Y-
maze, ApoE4 male mice do not show any learning deficit at 6 or 14 months in the
Starmaze, consistent with previous studies suggesting that ApoE4 males, unlike females,
do not develop spatial memory deficits (Adeosun et al., 2019; Grootendorst et al., 2005;
Reverte et al., 2012; Ungar et al., 2014).

Could the absence of deficit at 14 months be explained by the previous experience
of the mice with the starmaze environment at 6 months? Although the 14-month-old mice
already knew the environment and the task, the sequence of turns to reach the platform
was different (mirrored sequence compared to the 6 month one) and thus had to be
learned again. Accordingly, the learning indexes clearly demonstrate a new learning in all
groups (Fig. 3). In addition, that 14-month-old APPPS1 mice, modeling the familial form
of AD, show a clear deficit of spatio-temporal learning (see associated Schmitt et al., Data
in Brief) consistent with the expected development of an AD pathology in these mice
(Blanchard et al., 2003), rules out a possible lack of sensitivity in our test. Therefore, the

Starmaze task being hippocampus dependent (Rondi-Reig et al., 2006; Fouquet et al.,

19



2013), our results suggest that this hippocampal-dependent memory, as tested in the

Starmaze, remained intact in the ApoE4 risk model mice.

4.3. Is there a link between Flexibility and Spatio-temporal memory in ApoE4 mice on
an individual basis?

Although no memory deficit was observed at the group level, we could not
exclude that ApoE4 mice, as a model of risk factor only, may display individual variability
in their ability to acquire spatio-temporal memory. To take this possibility into account,
we tested the correlation between the success rate in the reversal phase of the Y-maze
at 6 months and two learning indexes in the Starmaze at both 6 and 14 months. Our
results show that the early flexibility deficit observed at 6 months was not associated
either with memory acquisition deficit at the same age or with the subsequent
development of memory impairments. Thus, in ApoE4 mice both cognitive functions
appear independent with no cross-effect during aging, consistent with Adeosun et al.
hypotheses (Adeosun et al., 2014). The fact that we do not observe correlation in ApoE3
either suggests that these two functions are independent and differentially altered in
normal aging as well.

Although we did not find any correlation between the two behavioral parameters,
it is noteworthy that only 9 ApoE4 mice (vs. 14 ApoE3 and C57BL/6 mice) could be tested
in the longitudinal flexibility study. Indeed 4 mice were excluded for having failed the
learning phase of the Y-maze protocol at 6 months (n=1), 14 months (n=1) or both (n=2).
This larger number of exclusions in the ApoE4 group might reveal a specific learning
deficit. However, examining the global learning performances of these excluded mice in

the Starmaze (localization score and travelled distance across the last 5 sessions at 6 and
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14 months) shows that they globally rank in the middle of the distribution (between
quartiles 2-3): this is in particular the case for the 2 mice having failed both Y-maze
sessions; some Starmaze values were found in the lowest quartile: this is the case for the
performance at 6 months of the mouse that failed the Y-maze learning at 14 months, and
performances at 14 months for the mouse that failed the Y-maze at 6 months.

Overall, our results show that ApoE4-related deficits target reversal flexibility

independently of hippocampus-dependent memory.

5. Conclusion: ApoE4, a factor of early aging rather than cognitive

decline with aging

Since ApoE4 is associated with an enhanced risk of developing Alzheimer's
disease, especially in the case of homozygosity, memory deficits were expected to be
found in this model. In our study, however, aging ApoE4 did not show any spatio-temporal
memory deficits, in contrast to APPPS1 mice of the same age, a model of the familial form
of Alzheimer’s disease. By targeting males, this study rather revealed a flexibility deficit
independent of any memory acquisition impairment. In addition, the ApoE4 mice did not
present increased decline with aging, but displayed an early flexibility deficit stable with
age. The risk of developing AD in Apoe4 homozygosity could be related to this early aging.
Overall, our results reveal that the ApoE4 status could be associated with an acceleration

in the appearance of flexibility alteration usually observed during normal aging in mice.
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Fig. 1. ApoE4 mice exhibit an early cognitive flexibility deficit.

A. Performances in the aquatic Y-maze of 6 month-old C57BL/6 (n=14), ApoE3 (n=13) and
ApoE4 (n=12) mice; left S1 to S4: learning sessions on day 1; Test: memory test session
performed on the second day to select mice for the reversal test; right S1 to S6: reversal
sessions on day 2. Data are expressed as calculated success rate +/- 95% confidence
interval.

*. ApoE4 < ApoE3 & C57BL/6, p < 0.05 on a specific session with Student’s t test post-hoc
followed by Bonferroni-Holm correction for multiplicity after binomial GLMM (Table 1).
B. Comparison of the performances of another group of ApoE3 (n=14) and ApoE4 (n=9)
mice in the aquatic Y-maze at 6 (solid lines) and 14 (dotted lines) months old; left S1 to
S4: learning sessions on day 1; Test: memory test session performed on the second day
to select mice able to do the reversal test; right S1 to S6: reversal sessions on day 2. Data
are expressed as calculated success rate +/- 95% confidence interval. #: significant
difference between performances of ApoE3 at 14m and 6m on a specific session, with
Student’s t post-hoc test followed by Bonferroni-Holm correction for multiplicity after
binomial GLMM (Table 2).

C. Representation of the evolution between 6 and 14 months of the individual
performances of the ApoE3 (left) and ApoE4 (right) mice in the Y-maze reversal sessions

S2 to S4. The mean percentage of success in sessions S2, S3 and S4 is presented.
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Fig. 2. ApoE4 has no impact on spatial memory in the Starmaze task at 6 months.

Comparison of C57BL/6 (n=15), ApoE3 (n=14) and ApoE4 (n= 14) mice at 6 months
in the Starmaze. A: Travelled distance, represented as mean +/sem. B: Localization score,
represented as mean +/sem. C: Repeated sequence score, represented as median +/mad
(median absolute deviation). D: Dead end revisit number, as median +/mad. E:
Distribution of trial types by session and genotype. Whatever the score, no significant

difference was observed between genotypes (Table 3).
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Fig. 3. No significant association between flexibility performances at 6 months and
learning in the Starmaze at 14 months, in either ApoE3 (N=14) or ApoE4 (N=9) mice.

Correlation plot of individual performances in the reversal phase of the Y-maze (mean of
session S2 and S3) at 6 months old and two learning scores of the Starmaze at 14 months
old for ApoE3 (A) and Apoe4 (B) mice. The considered learning scores are the difference
between the last and first trials (called delta) of the travelled distance (left) or the
localization score (right). The main plots show the raw data and the insets in the top right

hand side show the ranked data used to calculate Spearman’s correlation (Table 4).
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Fig. 4. No significant correlation between flexibility in the Y-maze reversal phase and
learning in the Starmaze at 6 months in either ApoE3 (N=14) or ApoE4 (N=9) mice.

Correlation test was performed between individual performances at 6 months in the
reversal phase of the Y-maze (mean of sessions S2 and S3) and in two learning scores of

the Starmaze, for ApoE3 (A) and Apoe4 (B) mice. The main plots show the raw data and

36



the insets in the top right hand side show the ranked data used to calculate Spearman’s

correlation (Table 4).

37



10. Tables of statistics performed

Learning Reversal
Factor F value P value Factor F value P value
Genotype F(2,52.71) = 4.56 0.0149 Genotype F(2,51.17) =6.32 0.0035
Session F(3,107.9)=11.51 <0.0001 Session F(5, 189.3) = 24.07 <0.0001
Genotype | pig 112.2)=134 0.2454 Genotype | £10,188.6)=1.36 |  0.2022
Session Session
. Group compared Adjusted . Group compared Adjusted
Session to ApoE4 p value Session to ApoE4 p value
ApoE3 0.8533 ApoE3 0.9197
S1 S1
C57BL/6 0.3182 C57BL/6 0.9197
ApoE3 0.0090 ApoE3 0.0154
S2 S2
C57BL/6 0.0237 C57BL/6 0.0227
ApoE3 0.0764 ApoE3 0.0026
S3 S3
C57BL/6 0.1151 C57BL/6 0.0026
ApoE3 0.4014 ApoE3 0.0374
S4 S4
C57BL/6 0.5175 C57BL/6 0.0374
ApoE3 0.0907
S5
C57BL/6 0.0907
S6 ApoE3 0.1869
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C57BL/6

0.1869
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Table 1. ApoE4 effect at 6 months in the aquatic Y-maze.

Top: Analyses of the success rate of 6-month-old ApoE3 (n=13), ApoE4 (n=12) and
C57BL/6 (n=14) mice during learning (left) and reversal (right) phases. A generalized linear
mixed model (GLMM) with binomial distribution was used on raw data with factors
Genotype, Session (repeated) and their interaction. Bottom: Post-hoc analysis comparing
ApoE4 with ApoE3 or C57BL/6 mice at each session of the Y-maze. Adjusted p-values were
obtained after the two-way GLMM and Bonferroni-Holm correction for multiplicity. Bold:

p-value <0.05.
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Learning Reversal
Factor F value P value Factor F value P value
Genotype F(1, 25.26) =0.42 0.5250 Genotype F(1,19.94) =1.85 0.1892
Age F(1, 25.03) =1.58 0.2197 Age F(1, 21.56) =1.01 0.3252
Session F(3, 168) =22.35 <0.0001 Session F(5,99.63) =47.56 <0.0001
Genotype*Age | F(1,25.03)=0.16 0.6921 Genotype*Age | F(1,21.56) =4.38 0.0483
Genotype Genotype
. F(3, 168) =0.74 0.5274 . F(5,99.63) = 1.67 0.1479
*Session *Session
Age*Session F(3, 168) =0.52 0.6699 Age*Session F(5, 93.78) =1.25 0.2927
Genotype Genotype
, F(3, 168) = 1.93 0.1267 i F(5,93.78) = 1.40 0.2320
*Age*Session *Age *Session
Session by session analysis
Reversal
Effect of age (6 vs. 14 months) Effect of genotype
(adjusted p-value) (ApoE3 vs. ApoE4) (p-value)
Session in ApoE3 in ApoE4 at 6 months
S1 0.1131 0.7663 0.0939
S2 0.0081 0.9881 0.0001
S3 0.0710 0.9378 0.0096
S4 0.0342 0.2320 0.1298
S5 1.000 1.000 0.5124
S6 0.5332 0.3812 0.1884
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Table 2. Aging effect in the aquatic Y-maze.

Analysis of the success rate of ApoE3 (n=13) and ApoE4 (n=12) mice at 6 and 14 months.
Top: Separate binomial generalized linear mixed models (GLMM) with factors Genotype,
Session (repeated), Age (repeated) and their interactions were applied on the success rate
of the learning (left) and the reversal (right) phase. Bottom: Session by session
comparisons on success rate in the reversal phase of the Y-maze. Effect of age on success
rate in the Y-maze reversal phase was estimated after the significant age*genotype
interaction effect found with the binomial GLMM and was followed by Bonferroni-Holm
correction for multiplicity in ApoE3 and ApoE4 mice at each session. The comparison of
Apoe3 vs. Apoed mice at 6 months allows to confirm that the longitudinal group

reproduces the results of the 6 months group. Bold: p-value<0.05.
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Statistical model Parameters Factor F value P value
Genotype F(2, 85.01) =0.40 0.6739
Travelled Session F(7, 266.2) =52.12 <0.0001
distance
Genotype*Session F(14, 277.5) = 0.97 0.4855
Two-way
ANOVA
Genotype F(2,75.6) =0.24 0.7859
Localization Session F(7, 264) =27.90 <0.0001
score
Genotype*Session F(14, 275) = 0.59 0.8744
Genotype F(2,52.3)=0.20 0.8163
Repeated Session F(3.39, 195) =6.60 <0.0001
sequence score
Genotype*Session F(6.79, 195) = 0.86 0.5354
Two-way
ANOVA-type
Genotype F(2,91.1) =0.86 0.4265
Dead end revisit Session F(6.48,319)=27.34 <0.0001
number
Genotype*Session F(13,319) =0.65 0.8128
Genotype F(2,40)=0.24 0.7857
Direct strategy Session F(7,280) =11.76 <0.0001
Genotype*Session F(14, 280) = 0.55 0.9020
Genotype F(2, 40) =1.09 0.3446
Two-way
binomial Serial strategy Session F(7,280) =3.51 0.0013
GLMM
Genotype*Session F(14, 280) =0.71 0.7672
Genotype F(2,40)=1.13 0.3318
No Strategy Session F(7,280) = 2.77 0.0086
Genotype*Session F(14, 280) = 0.48 0.9452
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Session by session analysis of search strategies (p-values)

Group vs. s1 s2 s3 s4 S5 S6 7 s8
Score ApoE4
ApoE3 0.5874 | 1.0000 | 0.8901 | 0.5494 | 1.0000 | 0.7247 | 0.6541 | 0.4327
Direct
strate
&y C57bl6 0.3116 | 0.3759 | 0.6780 | 0.2324 | 0.6798 | 0.7920 | 0.2598 | 0.3993
Serial ApoE3 0.8592 | 05819 | 05115 | 0.1262 | 0.4510 | 0.2010 | 0.6436 | 0.6872
strategy C57bl6 0.3735 | 0.9019 | 0.2072 | 0.9151 | 0.8408 | 0.3040 | 0.7929 | 0.4947
ApoE3 0.7253 | 0.8136 | 0.4800 | 0.3915 | 0.3992 | 0.2502 | 0.2786 | 0.1991
No
Strate
&Y C57bl6 0.3370 | 0.6669 | 0.3450 | 0.2299 | 0.5368 | 0.3346 | 0.2981 | 0.7982

Table 3. Comparison of 6-month-old ApoE4 (N=14), ApoE3 (N=14) and C57BI6 (N=15)
mice in the Starmaze.

Top: Effects of factors Genotype, Session (repeated) and their interaction. Bottom:

Session by session comparison of the percentage of trials showing Direct, Serial or No

strategy in APoE4 vs. ApoE3 and C57BI6 mice. Bold: p<0.05 and p<0.1 for interaction.
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Tested association Genotype learning score rho P
Distance 0.219 0.4289
ApoE3
6 m flexibility Localization 0.122 0.6609
Vs.
14 m learning Distance -0.214 0.5455
ApoE4
Localization -0.591 0.0944
Distance 0.111 0.6894
ApoE3
6 m flexibility Localization 0.418 0.1317
Vs.
6 m learning Distance 0.316 0.3709
ApoE4
Localization 0.021 0.9516

Table 4. Correlation tests between flexibility and learning indexes.

Spearman’s rank correlation performed separately on ApoE3 (n=14) and ApoE4

(n=9) mice.
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12. Supplementary Material and methods: tests included in

SHIRPA protocol

Before cognitive tests, mice perform a short battery of sensorimotor tests inspired
by the SHIRPA protocol created by Rogers et al. (1997). This battery of tests takes place
over 5 days and is used to ensure that the possible deficits observed during cognitive tests
are not related to sensorimotor dysfunctions that could affect mouse behavior. The
performed tests and the sensorimotor capacities they evaluate are presented below.

1. General observation

The mouse is placed in an empty cage and observed for 2 minutes to determine
its general condition. The absence of normal behaviors such as grooming, sniffing, rearing,
exploration/movement around the entire cage, as well as the appearance of abnormal
behaviors such as freezing during more than 5 seconds, more than 3 urinations or
defecations, wild running, and/or jumping can be the sign of an anxious state. If a mouse
demonstrates one or more of these abnormal behaviors, its behavior in the following
tests will be specifically monitored to determine whether it should be excluded from the
study.

At the end of these 2 minutes of observation, a record is made of several physical
characteristics (weight, presence of whiskers, piloerection) as well as specific reflexes
(response to whisker and ear touch using a cotton swab, blinking when the cotton swab
is approached to the eye). An absence of eyelid closure reflex may indicate a vision

alteration, and is therefore an exclusion criterion.
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2. Elevated plus maze

This test consists of a 41 cm high elevated cross where two opposite arms are
surrounded by walls (closed arms) while the other two are not (open arms). The mouse is
placed in the center of the elevated plus maze and for 5 minutes the number of entries
and the time spent in each type of arm is recorded manually by the experimenter. The
mouse is considered to have entered an arm when it has all four legs in that arm. This test
evaluates the anxiety of the mouse by comparing the percentage of time spent in open
arms to the percentage of time spent in closed arms. Anxious mice spend more time in
the closed arms.

3. Open field

The mouse is placed in the center of a 45 cm square arena in which it is allowed
to freely move for 10 minutes. The arena is made of grey opaque plexiglass. The
brightness in the arena is between 80 (along the edges) and 100 (in the center) lux. The
movements of the mouse are recorded by a camera connected to a computer with the
SMART tracking software (Bioseb). This test is used to evaluate the mouse's locomotor
abilities through the distance covered.

4. Unstable platform

This test consists of a 9 cm circular platform fixed on an 80 cm vertical rod. This
platform tilts in all directions depending on the position of the mouse. A trial lasts a
maximum of 3 minutes. Each mouse performs 3 trials. If the mouse falls before 20
seconds, it is immediately placed back on the platform. If it falls again before the end of
the 3 minutes, the time of first fall is manually recorded. This test is used to evaluate the

static balance of the mouse.
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5. Horizontal rod

The horizontal rod is a fixed cylinder 3 cm in diameter and 52 cm long. The mouse
is placed on the rod and allowed to explore it for 3 minutes. The distance covered is
measured using SMART software (Bioseb). This test is used to evaluate the dynamic
balance of mice.

6. Accelerated Rotarod

The rotarod is a device composed of a rotating horizontal cylinder. After a
preliminary session to train the mouse to hold the cylinder for 30 seconds at a constant
speed of 4 rotations per minute (rpm), the rotarod is set in the accelerated version. A trial
lasts a maximum of 5 minutes during which the speed gradually increases from 4 to 40
rpm, with an increase of 1 rpm every 8 seconds. Each mouse performs 3 trials. The holding
time and the rotational speed of the cylinder at the time of the fall are recorded. This test
is used to evaluate the motor coordination of the mouse.A.2. Aquatic Y-maze.

On the first day, mice undergo 4 sessions of 5 trials. The 5 trials are performed in
a row, and two sessions are separated by 7 to 10 minutes. In each trial, the mouse is
placed at the end of the starting arm. It has a maximum of 20 seconds to get to the
intersection and make a choice, otherwise it is picked up and returned to the starting
point for the next trial. If the choice is incorrect, a door locks the mouse in the arm without
a platform for 10 to 15 seconds, before the mouse is picked up and returned to the
starting point for the next trial. If the choice is correct, the mouse is allowed to reach the
platform. It is then picked up directly from it and placed back at the starting point. At the
end of each session, the mouse is placed in a cage containing a towel for drying while

waiting for the next session. The next day, the mouse performs a first memory test
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session, with the platform located on the same side as the day before. If the mouse
succeeds in at least 4 out of 5 trials, it then performs 6 reversal sessions. The protocol is
the same as during the learning phase except that the platform is moved to the other side
of the Y (stimulus-reward contingency reversal).

7. Statistical analysis

For the tests in the SHIRPA protocol (Table S1), the elevated plus maze, the open
field distance, the horizontal rod and the accelerated time parameters, a Kruskal Wallis
test was performed. For the unstable platform, a Logrank test was performed followed
by Dunnett-Hsu adjustment in order to compare ApoE4 and C57BL/6 to ApoE3 group. The
significance level was set at 5%, except for the interaction for which the significance level

was set at 10%.
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Test Parameter Group Median +/- MAD | Statistical test P value
C57BL/6 29.9+/-14.3
Elevated Plus Percent time .
. ApoE3 349 +/-10.4 Kruskal Wallis 0.1869
Maze in open arms
ApoE4 58.0 +/-21.5
C57BL/6 2733.9 +/- 489.7
. Travelled distance .
Open Field (cm) ApoE3 2263.2 +/- 445.0 Kruskal Wallis 0.0389
cm
ApoE4 2454.9 +/-567.6
C57BL/6 82.3 +/- 26
Travelled distance
Horizontal Rod (cm) ApoE3 91.0 +/- 24.9 Kruskal Wallis 0.3159
mean of 3 trials
ApoE4 85.6 +/-23.8
C57BL/6 128.3 +/-51.7
Time before to fall
Unstable
(s) ApoE3 147.2 +/-32.8 Logrank 0.407
Platform .
mean of 3 trials
ApoE4 124.0 +/- 53.2
C57BL/6 33.7+/-9.7
Accelerated Time before to fall
ccelerate -
(s) ApOE3 27.8+4/-6.2 Kruskal Wallis | 0.1720
Rotarod .
mean of 3 trials
ApoE4 27.2+/-7.8

Table S1. Comparison of 6-month-old ApoE3 (n=14), ApoE4 (n=14) and C57BL/6 (n=15)
mice in SHIRPA protocol.

MAD: median absolute deviation. Bold: p-value <0.05.
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