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Abstract

The 5xFAD mouse model of Alzheimer's disease (AD) rapidly develops AD-related

neuro-behavioral pathology. Learning and memory impairments in 5xFAD mice, how-

ever, are not always replicated and the size of impairments varies considerably across

studies. To examine possible sources of this variability, we analyzed the effects of age,

sex, albinism due to background genes (Tyrc, Oca2p) and motor impairment on learning

and memory performance of wild type and 5xFAD mice on the Morris water maze, from

3 to 15 months of age. The 5xFAD mice showed impaired learning at 6–9 months of

age, but memory impairments were not detected with the test procedure used in this

study. Performance of 5xFAD mice was profoundly impaired at 12–15 months of age,

but was accompanied by slower swim speeds than wild-type mice and a frequent failure

to locate the escape platform. Overall female mice performed worse than males, and

reversal learning impairments in 5xFAD mice were more pronounced in females than

males. Albino mice performed worse than pigmented mice, confirming that albinism can

impair performance of 5xFAD mice independently of AD-related transgenes. Overall,

these results show that 5xFAD mice have impaired learning performance at 6–9 months

of age, but learning and memory performance at 12–15 months is confounded with

motor impairments. Furthermore, sex and albinism should be controlled to provide an

accurate assessment of AD-related transgenes on learning and memory. These results

will help reduce variability across pre-clinical experiments with 5xFAD mice, and thus

enhance the reliability of studies developing new therapeutics for AD.
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1 | INTRODUCTION

Alzheimer's disease (AD) is an age-related neurodegenerative disorder

that causes profound impairments in cognitive function.1–3 Among

the cognitive domains affected, memory and visuo-spatial navigation

are markedly impaired in AD.4,5 These impairments are associated

with reduced quality of life in AD, and increase the risk of AD patients

becoming lost in novel and once familiar environments.6,7
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Impairments in memory and spatial navigation have been proposed as

cognitive bio-markers for AD, as they are present during the pre-

clinical phase of mild cognitive impairment and help to predict which

patients will develop AD.8,9

Transgenic mouse models are commonly used to examine the

neurobiological basis of memory loss in AD and to assess the efficacy

of novel therapeutics to ameliorate these memory impairments.10–12

The double-transgenic 5xFAD mouse is a valuable animal model, given

it rapidly develops many AD-related pathologies, including widespread

Aβ-plaque deposition,13,14 neuron loss,15 inflammatory

microgloisis,16,17 astrogliosis18 and impaired cerebral glucose

uptake.19 The 5xFAD mice also develop age-related impairments in

many forms of learning and memory, including cued and/or contextual

associative fear,20,21 object and spatial recognition,22 conditioned

taste aversion23 and visuo-spatial navigation and reference

memory.24,25

Visuo-spatial learning and memory in the 5xFAD mouse is com-

monly assessed with the Morris water maze (MWM), wherein mice

use extra-maze cues to learn the spatial location of a hidden platform

that provides escape from water. Learning and memory impairments

of 5xFAD mice on the MWM have generally been reported between

4 and 10 months of age, but the size of these impairments varies con-

siderably across studies. For example, some studies show modest def-

icits in the learning performance of 5xFAD mice,25 whereas other

studies show large learning impairments,26,27 or an inability to

improve performance with training.28–31 This variability in the extent

of visuo-spatial learning and memory impairment in 5xFAD mice in

the MWM makes it difficult to establish a baseline level of “cognitive
impairment” with which to judge the efficacy of novel therapeutics,

because the age of the 5xFAD mice and sample size (statistical power)

needed to reliably detect learning and memory impairments are not

clear (given in Table S1). Nevertheless, the MWM has been used with

some success to detect therapeutic effects of novel drugs in 5xFAD

mice and continues to be used in pre-clinical research with 5xFAD

mice.30–36

The variability of learning and memory performance in 5xFAD

mice across studies is likely due to multiple factors associated with

the cognitive and sensori-motor ability of mice, as well as experimen-

tal procedure. One of the most important determinants of cognitive

dysfunction in mouse models of AD is the age of the mice being

tested. Importantly, age-related changes within AD-mouse models dif-

fer depending on the genotype of the mouse model used12,37,38 and

the behavior being measured. For example, 5xFAD mice show a sig-

nificant impairment in acoustic startle response as early as 4 months

of age,39 but show profound age-related deterioration of motor ability

between 9 and 16 months of age.40 On the other hand, the 5xFAD

mice show no signs of age-related decline in olfactory sensitivity or

conditioned olfactory memory between 3 and 15 months of age.41–43

The age-related decline in visuo-spatial memory in 5xFAD mice has

not been systematically examined as previous studies have generally

only tested mice at one or two ages. Therefore, the first aim of the

present study was to examine the age-related changes in visuo-spatial

learning and memory in 5xFAD mice from 3 to 15 months of age.

The variability in cognitive performance previously observed in

5xFAD mice on the MWM might be explained by sex differences and

by the development of sensori-motor dysfunction, due to AD-related

transgenes and/or background genes. For example, AD is more preva-

lent in females than males, and females can have more severe presen-

tation of symptoms than males.44–47 Despite known sex differences

in AD, the use of both sexes in studies using 5xFAD mice or other AD

mouse models is rare. Nevertheless, sex differences have been

reported in 5xFAD mice, including higher levels of amyloid precursor

protein (APP), Aβ-42 peptides, Aβ plaque pathology and altered hippo-

campal expression of immune-related genes in females than

males.13,48–50 Female 5xFAD mice show earlier onsets of age-related

weight loss and motor impairment than males at 12–16 months of

age,40,51 but do not differ from males in memory for learned odor

preferences.41 Moreover, since female C57BL/6J mice show greater

age-related deficits in learning and memory in the MWM than

males,52 one would expect a similar sex difference in 5xFAD mice,

and this difference may become more pronounced with age. There-

fore, the second aim of this study was to determine if there are sex

differences in the age-related development of visuo-spatial learning

and memory impairment in 5xFAD mice.

The background strains of AD mouse models can influence the

expression of AD-related pathology and behavioral dysfunction.53–55

Inbred mice used as the background strains for transgenic AD mouse

models differ in their genotype, their propensity to develop diseases

of aging, their lifespan, and their ability to clear amyloid beta from

their brains.37,56–58 These background strain effects can influence

behavioral phenotypes by acting independently or through interac-

tions with AD-related transgenes (epistasis) in mouse models of aging

and AD.59–62 Thus, our third aim was to investigate the effects of

background genes on learning and memory in the 5xFAD mouse in

the MWM.

The 5xFAD mouse was originally created on a hybrid C57BL/6J x

SJL/J background,14 and is still commonly used with this background.

The SJL/J strain, however, carries mutant alleles that cause functional

blindness due to retinal degeneration (Pde6brd1) or partially impaired

vision due to albinism (Tyrc) and pink-eyed dilution (Oca2p) (Refs.

56,63; see SJL/J strain information [Jackson Laboratory, https://

www.jax.org/strain/000686] for other known polymorphisms).

Because these mutant alleles are autosomal recessive, a subset of

5xFAD mice will be homozygous for each mutant allele, thus creating

a heterogeneous sample with varying degrees of visual impairment.

Inbred mouse strains with retinal degeneration and albinism generally

perform worse than strains with normal vision on the MWM, con-

firming that impaired visual function confounds assessment of learn-

ing and memory in visuo-spatial tasks.64 Indeed, retinal degeneration

has been shown to impair MWM performance of inbred strains65 and

AD mouse models66,67 and thus is expected to impair performance of

5xFAD mice. In addition, retinal degeneration interacts with AD-

related transgenes, altering whisking behavior in 5xFAD and WT

mice.68 Although we screened for retinal degeneration within mice

used in this study, the albino-related alleles of the SJL/J strain were

expressed in many mice. Since albinism reduces visual acuity69,70 we
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examined the effects of albinism on the performance of 5xFAD and

WT mice on the MWM.

Due to the development of AD-related pathology in motor systems

of the brain and spinal cord, the 5xFAD mice exhibit motor impairments

beginning at 9 months of age.15 These motor impairments increase with

age and affect multiple domains of motor function including locomotor

activity, gait, motor coordination and grip strength as measured by the

open-field, foot-print analysis, rota-rod, balance beam and forelimb wire-

hang tests.29,40 Motor impairment in 5xFAD mice at 12 months of age is

sufficient to impair swimming ability and reduce swim speeds on the

MWM, thus confounding measurement of learning and memory perfor-

mance.71 The degree to which the age-related decline in motor function

in the 5xFAD mice affects swim speed and other measures of learning

and memory is not known, thus the fourth aim of the present study was

to examine the confounding effects of motor dysfunction on measures

of learning and memory in the MWM.

In the present study, we examined visuo-spatial learning and

memory of 5xFAD and WT mice from 3 to 15 months of age in the

hidden platform version of the MWM. We examined four factors

proposed to influence performance of 5xFAD mice on tests of visuo-

spatial learning and memory, and thus confound the effects of

AD-transgenes on measures of learning and memory in the MWM.

First, we examined the effects of age on the size of learning and mem-

ory impairments in 5xFAD mice and second, we tested both male and

female mice to determine sex differences during aging. Third, we con-

trolled for blindness due to retinal degeneration (Pde6brd1) and ana-

lyzed our data to determine if albinism (Tyrc, Oca2p) influenced

performance of WT and 5xFAD mice on the MWM. Finally, we

included behavioral measures (i.e., swim speed, visible platform train-

ing) to identify the effects of age-related motor dysfunction on the

performance of 5xFAD mice on the MWM. Thus, this study provides

an in-depth analysis of visuo-spatial learning and memory in 5xFAD

mice and examines how learning and memory is influenced by age,

sex, sensory (albinism), and motor dysfunction.

2 | MATERIAL AND METHODS

2.1 | Subjects

The male and female 5xFAD (B6SJL-Tg [APPSwFILon,

PSEN1*M146L*L286V] 6799Vas/Mmjax) and wild-type C57BL/6J x

SJL/J mice tested were the offspring of hemizygous 5xFAD (JAX

#34840) males and wild-type females (B6SJLF1/J; JAX #100012),

which were obtained from Jackson Laboratories (Bar Harbor, Maine)

and bred in-house. Poor breeding occurred in some females, and

therefore 5xFAD males were bred with wild-type F2 females to

increase sample size. After weaning at 21 days of age, mice were

housed in same sex groups of 2–4, in polyethylene cages

(30 � 19 � 13 cm3) with wood-chip bedding and a small polyethylene

tube for enrichment. Cages were covered with a metal wire top and

micro-isolator filters. Food (Purina rodent chow, #5001) and tap-

water were available ad-libitum. Some 12–15 month old 5xFAD mice

showed severe motor impairment, including difficulty rearing to

obtain food from the hoppers on the top of the home-cage. For these

mice, powdered food mixed with water was placed on the floor of the

home cage. Mice were housed under a 12:12 h reversed light–dark

cycle with lights off from 09:30 to 21:30, and behavioral testing was

completed during the dark phase. The Dalhousie University Commit-

tee on Animal Care approved experimental procedures. Mice were

genotyped for the APP and PS1 transgenes by Dr. Chris Sinal

(Pharmacology Department, Dalhousie University) by PCR, using tis-

sue samples obtained from ear punches taken from mice at weaning

(PND 21). To reduce the frequency of phosphodiesterase-6b retinal

degeneration (Pde6brd1) alleles, 5xFAD and wild-type mice without a

Pde6brd1 allele were selected for breeding whenever possible. We also

genotyped all mice for the Pde6brd1 allele, and mice that were homo-

zygous for Pde6brd1 were excluded from the experiment. Identification

of mice with albinism (Tyrc) was determined by a white coat color, and

identification of mice with pink-eyed dilution (Oca2p) with yellow

(agouti: A/A or A/a) and gray (non-agouti black: a/a) coat colors.

2.2 | General experimental design

Mice completed a behavioral test battery at 3, 6, 9, 12, or 15 months

of age in a cross-sectional experimental design. Mice were tested on

the open-field and rota-rod and their body-weight was obtained prior

to testing on the MWM (typically 1–3 days between tests, data pres-

ented in Ref. 40). Swim-speed data for female 5xFAD and WT mice at

12 months of age have been summarized in O'Leary et al.,71 and are

included here with additional measures of performance to permit ana-

lyses at each age. The number of mice tested in each group at each

age is given in Table S2 and the number of pigmented and albino mice

tested at 6–9 and 12–15 months of age is given in Tables S3 and S4.

2.3 | Morris water maze

The MWM consisted of a black circular pool (110 cm diameter) with

25 cm high walls.65 The pool was filled with water (21�C) to a depth

of 15 cm, and the water was made opaque with white non-toxic liquid

tempera paint (Schola). A circular escape platform (9 cm diameter) was

placed 1 cm beneath the surface of the water. To assist older motor-

impaired 5xFAD mice in climbing onto the platform, small grooves

were etched on the top and a rubber tube was placed around the

escape platform (1 cm below the top). Extra-maze visual cues con-

sisted of furniture in the test room (two tables, a computer and moni-

tor, a large door, a series of cabinets) various cues adhered to the

room's walls, the experimenter and the geometric layout of the test

room (5.2 � 2.4 m2). The test room was diffusely lit by two 100 W

lights oriented towards the ceiling. The WaterMaze (Actimetrics, Wil-

mette, IL) tracking system recorded movement of mice in the MWM

(5 samples/s) using a camera located above the pool.

Mice were tested in groups of 3–6, and were placed into individ-

ual holding cages with a bedding of paper towel during testing. Mice
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completed 3 days of acquisition training with four trials per day. For

each trial, mice were released into the pool using a 500 ml plastic con-

tainer at one of four positions around the pool's edge. The release

location across trials was determined by a Latin Square design, so that

the sequence was not repeated on multiple days. Mice were given a

maximum of 60 s to locate the escape platform, after which they were

guided to the platform. Following every trial, mice remained on the

escape platform for 10 s before being returned to the holding cages.

Learning performance was measured with latency and distance trav-

eled to locate the escape platform. Cumulative search error72 was also

calculated using distance from the escape platform, summed across all

recorded samples of the mouse's location in the pool. To control for

different release locations, the time required to reach the escape plat-

form given an optimal swim path from the release point was calcu-

lated using the average swim speed for the trial. The time for the

optimal swim path was then omitted from the beginning of each trial

in the final calculation of cumulative search error. Swim speed was

measured to assess swimming ability, and general ability to complete

the test was measured with the percentage of failed trials on days

2–3 of acquisition and reversal training (unable to find escape plat-

form in 60 s). The inter-trial interval was 5–10 min, but was extended

to 10–15 min at 12 and 15 months of age to prevent hypothermia

given the slower swim speeds of 5xFAD mice.

Following acquisition training, mice completed reversal training

(3 days, 4 trials/day) where the escape platform was moved to the

opposite side of the pool. The effect of moving the escape platform

location was measured with difference scores using averages of the

last two trials of acquisition training and the first two trials of reversal

training. A probe trial was completed 24 h after the last day of rever-

sal training to assess memory for the spatial location of the escape

platform. In the probe trial, the escape platform was removed and the

mouse was released into the pool for 60 s. The time spent in each of

the four quadrants, and the average distance to the reversal escape

platform location was recorded. The day following the probe trial, visi-

ble platform training (four trials) was completed to determine if per-

formance was influenced by non-cognitive confounds, including poor

visual ability, motor control problems, or reduced motivation to

escape from the water. In visible platform training, the escape plat-

form was placed in a new location, and the escape platform had a

brightly colored top and flag that extended above the water's surface.

2.4 | Statistical analyses

All statistical analyses were completed separately for each age of test-

ing. For measures of learning performance on the MWM, mixed

design ANOVAs (2 � 2 � 3) were completed with genotype and sex

as between-subject factors, and day of training as a within-subject

factor. Measures of memory in the MWM were analyzed with

between-subject ANOVAs (2 � 2) for genotype and sex. For the

effects of albinism and pigment dilution, analyses were completed

separately for each sex, using mixed design ANOVAs (gen-

otype � albinism � day) for measures of learning and between-

subject ANOVAs for measures of memory (genotype � albinism).

Post-hoc tests were completed with paired or unpaired t-tests and

simple effects analyses. One-tail single sample t-tests were used to

determine if groups of mice spent significantly more time in the cor-

rect quadrant during the probe trial than expected by chance (25%).

Interactions are reported only when significant. Relationships

between motor function and swim-speed were completed with Pear-

son product moment correlations. All statistical analyses were com-

pleted with the SPSS (IBM version 20) or GraphPad Prism (version

8.0.1) software.

In a minority of trials, data were lost due to equipment error (<1%

of trials), and for measures of learning, averages for each day were

obtained with the remaining trials for the respective day. For visible

platform trials, a minority of mice showed an unexpected impairment

in performance relative to previous reversal training, likely due to dif-

ficulty switching from spatial to cued navigational strategies. There-

fore, mice with an average distance to reach the visible platform that

was >500 cm above the average for the last day of reversal training

were excluded from analyses (N = 2, 3 m WT females; N = 1, 9 m

5xFAD female; N = 3, 15 m 5xFAD females). Finally, some mice

showed abnormal swimming patterns during the probe trial, with little

exploration of the pool away from the release location. Therefore,

mice that traveled less than 500 cm during the probe trial, or spent

more than 80% of the time in a single quadrant were excluded from

analyses of memory performance (Males: N = 2, 12 m 5xFAD)

(Females: N = 1, 3 m WT; N = 1, 6 m 5xFAD; N = 1, 9 m WT; N = 3,

12 m 5xFAD; N = 1, 15 m WT; N = 1, 15 m 5xFAD).

3 | RESULTS

The learning and memory performance for male and female 5xFAD

and WT mice are first presented separately for each age of testing.

This represents how data are presented in most studies using the

5xFAD mouse, which often test mice at one or two ages and do not

account for background gene effects such as albinism. We then re-

analyzed the data from mice at 6–9 and 12–15 months of age to

determine the effects of albinism on learning and memory perfor-

mance. At each age, performance on measures of learning (latency to

reach escape platform, distance, cumulative search error) are

described first, followed by memory probe trial performance (time in

correct quadrant, average distance to platform), and finally control

measures to gauge the influence of sensori-motor dysfunction on per-

formance (swim-speed, distance to reach visible platform, percentage

of failed trials).

3.1 | MWM performance of 5xFAD and WT mice
at 3 months of age

At 3 months of age, 5xFAD and WT mice showed improved perfor-

mance on all measures of learning (latency, distance traveled and

cumulative search error) across both acquisition and reversal training
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(Figure 1A–F, all p < 0.0001). Performance of male and female 5xFAD

mice did not differ significantly from WT mice on any measure of

learning. The effect of reversing the escape platform location pro-

duced a larger impairment in performance in male than female mice

across all measures of learning (all p < 0.005; Figure S1A–C).

Moreover, a sex by day interaction was present during reversal train-

ing for latency (F[2, 76] = 6.79, p < 0.005), distance traveled

(F[2, 76] = 4.21, p < 0.05) and cumulative search error

(F[2, 76] = 6.70, p < 0.005), as male mice showed worse performance

on the first day of reversal training (R1) than female mice. Overall,
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F IGURE 1 Learning and

memory performance of male and
female 5xFAD mice at 3 months
of age. (A–F) Performance of WT
and 5xFAD mice on measures of
learning (latency, distance, and
cumulative search error), shown
separately for males (left) and
females (right). Performance is
shown for both acquisition (A1-3)
and reversal training (R1-3),
separated by a dashed line. (G,H)
Memory performance during the
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mice as measured by percent time
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(J) female WT and 5xFAD mice. #,
sex difference, p < 0.05; ,
genotype difference, p < 0.05
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5xFAD and WT mice did not differ on measures of memory in the

probe trial (Figure 1G,H, Figure S2A). There was, however, a

sex � genotype interaction (F[1, 37] = 4.34, p < 0.05) wherein male

5xFAD mice spent more time in the correct quadrant than male WT

mice, whereas no difference was found between female 5xFAD

and WT mice (Figure 1G,H). Male and female mice of both geno-

types spent more time in the correct quadrant than expected by

chance. Among control measures that gauge sensori-motor

confounds, no genotype differences were found in swim speed, but

female mice swam significantly faster than males in both

acquisition (F[1, 38] = 5.06, p < 0.05) and reversal training

(F[1, 38] = 4.67, p < 0.05; Figures 1J and S2B). No genotype differ-

ences were found in distance traveled to the visible platform or in

percentage of failed trials (Figures 1I,J and S2C).
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F IGURE 2 Learning and

memory performance of male and
female 5xFAD mice at 6 months
of age. (A–F) Performance of WT
and 5xFAD mice on measures of
learning (latency, distance and
cumulative search error), shown
separately for males (left) and
females (right). Performance is
shown for both acquisition (A1-3)
and reversal training (R1-3),
separated by a dashed line. (G,H)
Memory performance during the
probe trial for 5xFAD and WT
mice as measured by percent time
in pool quadrants. Dashed line
represents time in quadrants
expected by chance (25%). Swim-
speed during acquisition and
reversal training, along with
distance traveled during visible
platform training for (I) male and
(J) female WT and 5xFAD mice. #,
sex difference, p < 0.05; ,
genotype difference, p < 0.05
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3.2 | MWM performance of 5xFAD and WT mice
at 6 months of age

At 6 months of age both male and female 5xFAD and WT mice showed

improved performance over acquisition and reversal training (all

p < 0.0001; Figure 2A–F). In acquisition training, 5xFAD mice took longer

to locate the escape platform (F[1, 39] = 6.46, p < 0.05) and had larger

cumulative search errors (F[1, 39] = 6.012, p < 0.05) than WT mice, but

the difference in distance traveled was not significant. At the onset of

reversal training, 5xFAD and WT mice did not differ in the size of the

reversal effect difference scores (Figure S1A–C). During reversal training,

the 5xFAD mice took longer to locate the escape platform

(F(1, 39) = 7.27, p < 0.05), traveled farther (F(1, 39) = 5.73, p < 0.05) and

had larger cumulative search error (F(1, 39) = 4.37, p < 0.05) than WT

mice. During the probe trial, no differences were found due to genotype

or sex (Figures 2G,H and S2A), and all groups spent more time in the cor-

rect quadrant than expected by chance. Among control measures, nei-

ther male nor female 5xFAD mice differed from WT mice in swim speed

(Figures 2I,J and S2B). The 5xFAD mice, however, traveled farther in the

visible platform test (F[1, 39] = 5.83, p < 0.05), and failed to reach the

escape platform more often than WT mice (F[1, 39] = 8.58, p < 0.01;

Figures 2I,J and S2C). Female mice of both genotypes also traveled

farther to reach the visible escape platform than males

(F[1, 39] = 6.42, p < 0.05).

3.3 | MWM performance of 5xFAD and WT mice
at 9 months of age

At 9 months of age, both male and female 5xFAD and WT mice

improved on all measures of performance over acquisition and reversal

training (all p < 0.0001; Figure 3A–F). In acquisition training, the 5xFAD

mice took longer to locate the escape platform (F[1, 43] = 9.92,

p < 0.005), traveled a farther distance (F[1, 43] = 4.56, p < 0.05) and

had larger cumulative search error (F[1, 43] = 12.03, p < 0.001) than

WT mice. At the onset of reversal training, the 5xFAD and WT mice

did not differ in the size of reversal effect difference scores

(Figure S1A–C). During reversal training, 5xFAD and WT mice did not

differ significantly on any measures of learning performance. Overall

male mice tended to locate the escape platform faster (F[1, 43] = 4.02,

p = 0.051) and had smaller cumulative search error (F[1, 43] = 3.84,

p = 0.057) than female mice during reversal training, but these differ-

ences did not reach significance. The 5xFAD mice did not differ

from the WT mice on measures of memory during the probe trial

(Figures 3G,H and S2A). The 5xFAD female mice, however, did not

spend more time in the correct quadrant than expected by chance.

Male mice spent more time in the correct quadrant (F

[1, 42] = 6.76, p < 0.05) and had a shorter average proximity to the

escape platform than females (F[1, 42] = 8.02, p < 0.01);

Figure S2A). The 5xFAD and WT mice did not differ in swim-speed

or other control measures (Figures 3I,J and S2B). Female mice failed

to reach the escape platform on more trials than males (F

[1, 43] = 4.15, p < 0.05; Figure S2C).

3.4 | MWM performance of 5xFAD and WT mice
at 12 months of age

At 12 months of age, mice improved their performance over days in both

acquisition and reversal training (all p < 0.005; Figure 4A–F). During

acquisition training, the extent of improvement clearly differed between

5xFAD and WT mice (day � genotype interactions, p < 0.05), with WT

mice showing robust improvements across all measures of learning,

whereas 5xFAD mice showed little or no improvement. The 5xFAD

mice were slower to locate the escape platform than WT mice

(F[1, 37] = 19.49, p < 0.0001) and had larger cumulative search errors

(F[1, 37] = 13.45, p < 0.005) than WT mice, but did not differ in distance

traveled. At the onset of reversal training, 5xFAD and WT mice did not

differ in the size of reversal effect difference scores (Figure S1A–C).

During reversal training, WT mice located the escape platform faster

(F[1, 37] = 24.98, p < 0.0001) and had smaller cumulative search error

(F[1, 37] = 17.52, p < 0.0005) than 5xFAD mice, but again no difference

was observed in distance traveled. Overall, male mice performed better

than female mice on cumulative search error (F[1, 37] = 4.2, p < 0.05),

but this difference was not quite significant for distance traveled

(F[1, 37] = 3.98, p = 0.053). The 5xFAD mice did not differ significantly

from WT mice in probe trial performance, nor were there differences

due to sex (Figures 4G,H and S2A). However, both male and female

5xFAD mice, and female WT mice failed to spend more time in the cor-

rect quadrant than expected by chance. Clear differences were observed

on all control measures which identify potential sensori-motor confounds

on performance. Male and female 5xFAD mice swam significantly slower

in acquisition (F[1, 37] =34.90, p < 0.0001), reversal (F[1, 37] = 23.34,

p < 0.0001; Figure 4I,J) and visible platform training (F[1, 37] = 22.53.

p < 0.0001), traveled farther to reach a visible escape platform

(F[1, 37] = 15.22 p < 0005) and failed to reach the escape platform more

often than WT mice (F[1, 37] = 36.92, p < 0.0001; Figure S2B,C).

3.5 | MWM performance of 5xFAD and WT mice
at 15 months of age

At 15 months of age, all mice improved their performance over

days in both acquisition and reversal training (all p < 0.05;

Figure 5A–F). However, similar to 12 months of age, the extent of

improvement in acquisition training clearly differed between WT

and 5xFAD mice (day � genotype interactions, all p < 0.05). The

WT mice showed improvements across all measures of learning,

whereas 5xFAD mice showed little or no improvement. The 5xFAD

mice were slower to locate the escape platform (F[1, 34] = 45.58,

p < 0.0001), and had larger cumulative search errors than WT mice

(F[1, 34] = 40.23, p < 0.0001) but did not differ in distance trav-

eled. At the onset of reversal training, the 5xFAD mice had smaller

reversal effect difference scores than the WT mice on all measures

of learning (all p < 0.0005; Figure S1A–C). During reversal training,

the 5xFAD mice were slower to locate the escape platform

(F[1, 34] = 27.119, p < 0.0001) traveled farther (F[1, 34] = 10.11,

p < 0.005) and had larger cumulative search errors

O'LEARY AND BROWN 7 of 20



(F[1, 34] = 16.27, p < 0.0005) than WT mice. Overall, male mice

performed better than female mice on latency to reach the escape

platform (F[1, 34] = 5.09, p < 0.05), distance traveled

(F[1, 34] = 9.31, p < 0.005) and cumulative search error

(F[1, 34] = 7.22, p < 0.01) during reversal training. During the probe

trial, both male and female 5xFAD mice spent less time in the cor-

rect quadrant (F[1, 32] = 12.75, p < 0.005) and had a larger average

distance to the escape platform (F[1, 32] = 15.51, p < 0.0005) than

WT mice (Figure 5G,H, Figure S2A). Both male and female 5xFAD

mice failed to spend more time in the correct quadrant than
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F IGURE 3 Learning and
memory performance of male and
female 5xFAD mice at 9 months
of age. (A–F) Performance of WT
and 5xFAD mice on measures of
learning (latency, distance and
cumulative search error), shown
separately for males (left) and
females (right). Performance is

shown for both acquisition (A1-3)
and reversal training (R1-3),
separated by a dashed line. (G,H)
Memory performance during the
probe trial for 5xFAD and WT
mice as measured by percent time
in pool quadrants. Dashed line
represents time in quadrants
expected by chance (25%). Swim-
speed during acquisition and
reversal training, along with
distance traveled during visible
platform training for (I) male and
(J) female WT and 5xFAD mice. #,
sex difference, p < 0.05; ,
genotype difference, p < 0.05
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expected by chance. Clear genotype differences were observed on

all control measures as 5xFAD mice swam significantly slower

in acquisition (F[1, 34] = 17.85, p < 0.0005), reversal

(F[1, 34] = 14.34, p < 0.005), and visible platform training

(F[1, 31] = 10.91, p < 0.005), traveled farther to reach a visible

escape platform F(1, 31) = 43.51, p < 0.0001) and failed to reach

the escape platform more often than WT mice (F[1, 34] = 39.50,

p < 0.0001; Figures 5I,J and S2B,C).
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F IGURE 4 Learning and
memory performance of male and
female 5xFAD mice at 12 months
of age. (A–F) Performance of WT
and 5xFAD mice on measures of
learning (latency, distance and
cumulative search error), shown
separately for males (left) and
females (right). Performance is

shown for both acquisition (A1-3)
and reversal training (R1-3),
separated by a dashed line. (G,H)
Memory performance during the
probe trial for male and female
5xFAD and WT mice as measured
by percent time in pool
quadrants. Dashed line represents
time in quadrants expected by
chance (25%). Swim-speed during
acquisition and reversal training,
along with distance traveled
during visible platform training for
(I) male and (J) female WT and
5xFAD mice. #, sex difference,
p < 0.05; , genotype
difference, p < 0.05
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3.6 | Age related changes in learning and memory
performance in 5xFAD and WT mice

Although the analysis of learning and memory scores at each age is

informative for comparing results to previous studies that tested

5xFAD mice at one or two specific ages, it does not provide an over-

all picture of age-related cognitive decline in 5xFAD mice. Therefore,

we compared the performance of 5xFAD and WT mice from 3 to

15 months of age on each measure used so that the performance at

each age could be compared to baseline performance at 3 months of
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F IGURE 5 Learning and
memory performance of male and
female 5xFAD mice at 15 months
of age. (A–F) Performance of WT
and 5xFAD mice on measures of
learning (latency, distance and
cumulative search error), shown
separately for males (left) and
females (right). Performance is

shown for both acquisition (A1-3)
and reversal training (R1-3),
separated by a dashed line. (G,H)
Memory performance during the
probe trial for 5xFAD and WT mice
as measured by percent time in
pool quadrants. Dashed line
represents time in quadrants
expected by chance (25%). Swim-
speed during acquisition and
reversal training, along with
distance traveled during visible
platform training for (I) male and
(J) female WT and 5xFAD mice. #,
sex difference, p < 0.05; ,
genotype difference, p < 0.05
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age (Figure 6). There was a slight improvement in measures of learning at

6 months of age, but neither male nor female WT mice showed an age-

related decline in learning performance (Figure 6A–F). On the other

hand, both male and female 5xFAD mice showed an age-related decline

in each measure of learning which became significantly different from

the 3 month old mice at 12 and 15 months of age in males and at 9, 12,

and 15 months of age in females. During the probe trial, neither male

nor female WT mice showed a significant decline in memory

performance with age, whereas male 5xFAD mice showed impaired

memory performance at 12 and 15 months of age, and female 5xFAD

mice were significantly impaired at 15 months of age (Figure 6G,H).

Finally, all mice showed an age-related decline in swim speed (Figure 6I,

J). From 6 to 15 months of age both male and female WT mice swam

slower than at 3 months of age. Male and female 5xFAD mice also

showed an age-related decline in swim speed, which was more pro-

nounced than that shown by WT mice.
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F IGURE 6 Age-related changes in
learning and memory performance of
male and female 5xFAD and WT mice
on the MWM. (A–F) Age-related
changes in learning performance of
WT and 5xFAD mice (latency,

distance and cumulative search error),
shown separately for males (left) and
females (right). Performance is shown
for the last day of reversal training.
(G,H) Memory performance during the
probe trial for male and female 5xFAD
and WT mice from 3 to 15 months of
age, as measured by percent time in
the correct pool quadrant. Dashed line
represents time in quadrants expected
by chance (25%). Swim-speed during
reversal training, for (I) male and
(J) female WT and 5xFAD from 3 to
15 months of age. *p < 0.05,
compared to 3 months of age
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3.7 | Relationships between motor function and
body weight on swim-speed in the MWM

In order to determine the potential contribution of non-cognitive pheno-

types on swimming-ability, we correlated previous data on motor func-

tion and body-weight of mice (presented in40), with swim-speed on the

MWM presented here. Measures of motor function (Figure S3) on the

rota-rod and open-field, were positively associated with swimming-ability

(faster swim speeds) in 5xFAD mice (all p < 0.05; Figure S3B,D,F). Inter-

estingly, these correlations were not significant in WT mice. Body-weight

was negatively associated with swim-speed in WT mice, but this correla-

tion was not significant in 5xFAD mice (Figure S3G,H).

3.8 | The effect of albinism on learning and
memory in 5xFAD and WT mice at 6–9 months of age

We next examined the effects of albinism on measures of learning

and memory performance. We pooled data from mice with pigment

dilution (Oca2p) and albinism (Tyrc) to create groups of male and
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F IGURE 7 Learning and memory performance for pigmented and albino mice, within both 5xFAD andWT mice at 6–9 months of age. (A–D)
Learning performance (latency, distance, and cumulative search error) of albino and pigmented mice, within both WT and 5xFAD mice. Data are graphed
and analyzed separately for males (A,B) and females (C,D). Performance is shown for both acquisition (A1-3) and reversal training (R1-3), separated by a
dashed line. (E and F) Memory performance during the probe trial for male and female albino and pigmented mice as measured by percent time in each
pool quadrant. Dashed line represents time in quadrants expected by chance (25%). (G) Swim-speed during acquisition and reversal training, along with
distance traveled during visible platform training for (G) male and (H) female pigmented and albino mice. ^, albinism difference, p < 0.05
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female albino/pigment-diluted mice (subsequently referred to as

albino) to compare with pigmented mice. To increase statistical power

to detect effects of albinism, data were pooled into two age groups:

6–9 months of age, and 12–15 months of age (see Tables S3 and S4

for sample sizes). At 12–15 months of age there were very few albino

5xFAD males and thus only data for females were analyzed. Since

genotype differences are described in previous analyses, only main

effects or interactions including albinism are reported here.

Albino males did not differ from pigmented males on any measure of

performance during acquisition training but showed significant impair-

ments during reversal training (Figure 7A,B). Albino males took longer to

reach the escape platform (F[1, 43] = 10.15, p < 0.005) traveled farther

(F[1, 43] = 6.07, p < 0.05) and had larger cumulative search errors

(F[1, 43] = 6.61, p < 0.05) than pigmented mice during reversal learning.

Albino males did not differ from pigmented males on measures of mem-

ory during the probe trial (Figures 7E and S4A), nor were there differ-

ences in swim speed or other control measures (Figures 7G and S4D).

Female albino mice took longer to locate the escape platform

(F[1, 39] = 10.695, p < 0.005), and had larger cumulative search errors

(F[1, 39] = 7.14, p < 0.05) than pigmented females in acquisition training

(Figure 7C,D) but did not differ in distance traveled (F[1, 39] = 2.97,

p = 0.09). Similarly, in reversal training, female albino mice took longer to

locate the escape platform (F[1, 39] = 14.85, p < 0.0005) and had larger

cumulative search errors than pigmented females (F[1, 39] = 12.17,

p < 0.005) but the difference in distance traveled did not reach signifi-

cance (F[1, 39] = 3.67, p = 0.063). In the memory probe trial the perfor-

mance of albino and pigmented mice did not differ. However, albino

5xFAD females failed to spend more time in in the correct quadrant than

expected by chance (Figures 7F and S4B). Among control measures,

swim-speed did not differ between albino and pigmented mice in acqui-

sition or reversal training. Albino females of both genotypes, however,

traveled farther to reach the visible escape platform (F[1, 39] = 13.18,

p < 0.005), and failed to reach the escape platform on more trials than

pigmented females (F[1, 39] = 26.84 p < 0.0001; Figures 7H and S4E).

3.9 | The effect of albinism on learning and
memory in 5xFAD and WT mice at 12–15 months
of age

At 12–15 months of age, albino females did not differ from pigmented

females on any measure of learning during acquisition training, but

during reversal training the albino females were slower to locate the

hidden platform (F[1, 40] = 4.71, p < 0.05) and had greater cumulative

search errors than the pigmented females (F[1, 40] = 5.75, p < 0.05).

There was no difference between albino and pigmented females on

distance traveled (Figure S5A,B). In memory performance on the

probe trial, only the pigmented WT females spent a significant amount

of time in the correct quadrant; albino WT females and both

pigmented and albino 5xFAD females did not spend more time than

chance in the correct quadrant (Figure S5C). There was no difference

between albino and pigmented females in average distance from the

escape platform location on the probe trial (Figure S5C). Albino mice

swam significantly slower than pigmented mice during acquisition

training (F[1, 40] = 5.49, p < 0.05), but not in reversal training. Albino

and pigmented mice did not differ in distance traveled during visible

platform training (Figure S5D). An albinism by genotype interaction

was also found for percentage of failed trials (F[1, 40] = 4.43,

p < 0.05), where 5xFAD albino mice failed to reach the escape plat-

form more than 5xFAD pigmented mice (Figure S4F).

4 | DISCUSSION

The results of this study show that visuo-spatial learning and memory

deficits in 5xFAD mice on the MWM are determined by the age and sex

of the mouse, background genes which affect vision, and age-related

motor impairments. Here we interpret these findings, propose directions

for future research, and describe strategies for disentangling sensori-

motor and cognitive dysfunction in 5xFAD mice.

4.1 | 5xFAD mice show an age-related decline in
visuo-spatial learning and memory on the Morris
water maze

There was a clear age-related decline in visuo-spatial learning perfor-

mance in male and female 5xFAD mice on the MWM, which was not

shown by WT mice. Learning impairments were first observed in

5xFAD mice at 6 months of age during acquisition training, and were

also detected at older ages (9–15 months). Although less reliable than

impairments in acquisition training, impaired reversal learning perfor-

mance was found in 5xFAD mice at 6, 12, and 15 months of age.

Learning impairments were most pronounced at 12–15 months, with

a 3–4 fold decrease in performance in male and female 5xFAD mice

from 3–15 months of age (see Figure 6). These results are consistent

with previous work using the MWM, which does not report learning

impairments prior to 4 months of age,26 and more frequently shows

learning impairments between 4 and 10 months of age.24,25,30,31 Thus,

our findings suggest visuo-spatial learning impairment begins as early

as 6 months of age in 5xFAD mice, with the most significant impair-

ments co-occurring with motor dysfunction after 9 months age.40

Impaired memory performance of 5xFAD mice, however, did not

coincide with impairments in learning on the MWM, and was detected

only at 12–15 months of age. Memory impairments on the MWM

have been previously shown in 5xFAD mice,24,25,31,34,73 but in some

cases impaired learning can occur without impairments in memory

performance.27,35,74 This pattern of results suggests modest memory

impairments in 5xFAD mice on the MWM, which may require specific

test procedures to be reliably detected. However, increased variability

in memory performance was observed in female 5xFAD mice at

9–12 months of age, which may have reduced sensitivity to detect

differences in memory performance at these ages. We should note

that in the present study the probe trial occurred at the end of rever-

sal training, and thus mice could show preference for both the acquisi-

tion (opposite quadrant) and/or reversal (correct quadrant) escape
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platform locations. Memory performance for the acquisition escape

platform location was poor in both 5xFAD and WT mice, and thus

memory for the acquisition platform did not appear to persist through

reversal training nor influence memory for the reversal escape plat-

form location during the probe trial.

The 5xFAD mouse develops a range of AD-related neuropathology

that likely contributes to age-related impairments in visuo-spatial learn-

ing. Aβ-plaque deposition in the cortex and hippocampus begins as early

as 2–3 months and increases rapidly with age.15,22 Within the hippocam-

pus, plaque deposition is most pronounced in the subiculum, and is

accompanied by neuron loss at 9 months of age.14 Elevated micro-gliosis

has been shown at 5 and 9 months of age throughout the

hippocampus,16,17 as well as increased astrogliosis at 6 months of age.18

Reduced levels of adult neurogenesis in the dentate gyrus occurs at

3–6 months of age.75,76 Impaired basal synaptic transmission, and

reduced long-term potentiation is present in CA1 following stimulation of

the Schaffer collateral pathway at 6–7 months of age.21,77 Altered neural

connectivity is also present, as the hippocampus of 5xFAD mice receives

fewer projections from the entorhinal cortex, raphe nucleus, medial sep-

tum and substantia nigra than WT mice.78 Further research is needed to

establish the contribution of these different neural pathologies to learning

and memory impairments in 5xFAD mice after 6 months of age.

Our pattern of behavioral results suggests dysfunction within spe-

cific hippocampal circuits/sub-regions in 5xFAD mice, rather than gross

hippocampal dysfunction. Overall, the 5xFAD mice had difficulty effi-

ciently navigating to the escape platform, but by the end of reversal

training could recognize/remember the escape platform location once

reached. This pattern of results is consistent with dysfunction within the

ventral hippocampus, given lesions of the ventral hippocampus can pro-

duce deficits in learning and not memory.79 Furthermore, lesions and

pharmacological deactivations of the ventral hippocampus generally pro-

duce smaller impairments on learning and memory than respective

manipulations in the dorsal hippocampus,80–82 consistent with the mod-

erate learning and memory deficits reported here at 6–9 months. How-

ever, given the widespread AD-related pathology in 5xFAD mice, we

cannot preclude the possibility that learning and memory impairments

are due to dysfunction within other brain regions. For example, 5xFAD

mice develop Aβ-pathology within the dorsal striatum,83 and mice with

lesions of the dorsomedial striatum are severely impaired in learning to

find the platform in the MWM, fail to develop a spatial search strategy,

and show no spatial memory during the probe trial.84 However, predic-

tion of neural dysfunction from behavioral performance is likely obscured

in 5xFAD mice, given our results show large individual differences in the

age-related decline of learning and memory, depending on the sex of the

mice, the background genes and the age-related decline in motor func-

tion (discussed below).

4.2 | Why were memory impairments in 5xFAD
mice not replicated in this study?

Relative to previous work, our results diverged most noticeably in

memory performance of 5xFAD mice. We did not detect memory

impairments in 5xFAD mice from 6 to 9 months of age, whereas pre-

vious studies show memory impairments in 5xFAD mice on the

MWM,25,30,32–34 and in other tests of learning and memory at these

ages.20,22,24 Although we identified multiple phenotypic factors that

influence the behavior of 5xFAD mice on the MWM, there are likely

multiple factors associated with apparatus design and test procedure,

which also contribute to discrepancies across studies. Indeed, our data

was idiosyncratic in that mice generally preferred to spend more time

in the left non-target quadrant, compared to the other non-target

quadrants (i.e., mice should show equal preference across non-target

quadrants). This could conceivably be due to idiosyncrasies in the

extra-maze environment, including the distribution and/or salience of

extra-maze visual cues. Therefore, we cannot preclude the possibility

that memory impairments in 5xFAD mice can be detected with more

optimal, and thus more sensitive experimental designs. Thus, we pro-

pose that memory performance of 5xFAD mice is likely governed by a

complex interaction of both behaviorally-relevant phenotypic traits

and experimental parameters. Therefore, we stress the importance for

each laboratory to optimize their experimental design, and establish

their own baseline levels of cognitive performance in 5xFAD mice.

4.3 | Sex differences in visuo-spatial reversal
learning in WT and 5xFAD mice

Sex-differences are present in AD patients, with females having

increased prevalence of AD, greater levels of neuropathology and

cognitive impairment, and a stronger association between neuropa-

thology and symptom severity than males.44–47 Female 5xFAD mice

also have greater levels of AD-related neuropathology than males,

including increased levels of APP, Aβ-42, and Aβ-plaque deposi-

tion.13,14,50,85,86 Female 5xFAD mice also have a greater number of

immune-related genes with altered expression than males.49 Sex dif-

ferences in sensori-motor and cognitive impairment have been

sporadically reported in 5xFAD mice22,40 but generally rates of age-

related decline are similar in males and females. The extent that these

sex differences are due to sex-dependent vulnerability to AD-related

pathology, rather than sex differences in the level of mutant APP

transgene expression, however, is not clear.49,50,54

In the present study, the majority of sex differences in learning

and memory were found in both WT and 5xFAD mice, independent

of transgenes. Although somewhat sporadically detected across ages,

these sex differences consistently showed improved performance of

males compared to females. For example, at 9 months of age memory

performance of females was worse than males, and females more fre-

quently failed to locate the escape platform during training. Sex differ-

ences were most reliable in reversal training, wherein female mice

showed impaired reversal learning performance at 12 and 15 months

of age (and trending significance at 9 months) and failed to show a

reversal effect at 3 months of age. Although the absence of a reversal

effect in female mice at 3 months may indicate poor memory, it is also

possible that male and female mice use different search strategies at

the onset of reversal training. We suspect that when the escape
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platform is moved, male mice perseverately search at the previous

platform location, whereas females quickly adapt to searching other

areas of the maze.

Evidence for sex-dependent modulation of AD-transgene effects

on learning and memory was relatively less common than overall sex

differences. For example, male 5xFAD mice showed better memory

performance than WT mice at 3 months, but this difference was not

found at older ages. Perhaps the most consistent sex-dependent

effect of AD-transgenes was present in reversal training. As shown in

Figure 6, male 5xFAD mice show significant age-related deficits in

reversal training at 12 and 15 months of age, whereas females show

deficits as early as 6–9 months of age. In addition, genotype differ-

ences on measures of reversal learning at 6 months of age were

driven largely by deficits in female 5xFAD rather than male 5xFAD

mice. This female specific vulnerability to age-related decline in

5xFAD mice is consistent with the elevated AD-related pathology in

females than males. We should reiterate, however, that 5xFAD mice

at 12–15 months showed little improvement in performance across

both acquisition and reversal training, and thus poor reversal learning

performance is likely due to motor dysfunction, rather than impaired

reversal learning. Nevertheless, it appears that reversal learning is

somewhat more informative for understanding sex differences in

learning and memory and sex-specific vulnerability to AD-related

pathology than acquisition training.87

4.4 | Background genes (albinism) increase visuo-
spatial learning and memory deficits in 5xFAD mice,
and affect females more than males

The 5xFAD mouse is often bred on a C57BL/6J x SJL/J hybrid genetic

background, and the SJL/J mouse confers mutant alleles (Pde6brd1,

Tyrc, Oca2p) that influence visual ability. Generally inbred mouse

strains with albinism (Tyrc) have poorer visual acuity than pigmented

strains,70,88 and this visual impairment confounds learning and mem-

ory performance on the MWM65 and in the Barnes maze.89 We con-

trolled for blindness due to the retinal degeneration-1 mutant allele

(Pde6brd1) in this experiment, but when this is not done, the effects of

Pde6brd1 on visual ability and thus MWM performance are expected

to be even larger than those observed in albino animals.65,66 Thus, a

random selection of 5xFAD mice will consist of a heterogeneous sam-

ple, some of which will have normal vision, some with moderate visual

impairment (Tyrc, Oca2p), and others with functional blindness

(Pde6brd1). If mice are not screened for the genes that cause visual

deficits, the effects of poor vision will overwhelm the effects of the

AD transgenes. Thus one must beware of breeding AD-model mice on

genetic backgrounds with albinism and retinal degeneration alleles, as

these alleles may confound the effect of gene manipulations.90

Reanalysis of our MWM data revealed that albinism impaired learn-

ing performance in both sexes of 5xFAD and WT mice at 6–9 months of

age, and the effect of albinism was at least as large as that of the AD-

related transgenes. At 6–9 months of age, the effects of albinism were

noticeably larger in female mice than in males, and this difference was

most pronounced in female 5xFAD mice (Figures 7 and S3). We subse-

quently replicated many of the effects of albinism in female WT and

5xFAD mice at 12–15 months of age, although deficits were somewhat

smaller. Albinism produces multiple abnormalities within the visual sys-

tem that may contribute to reduced visual acuity, including a reduction in

the number of photoreceptors,91 an abnormal decussation of the optic

nerve,92 abnormal innervation of the lateral geniculate nucleus93 and

nystagmus.94 The Oca2p mutant allele results in oculocutaneous albi-

nism95 and is associated with cataract formation, which may also contrib-

ute to visual impairments in these mice. Moreover, light-induced retinal

degeneration occurs in albino mouse strains, and may be exacerbated in

aging studies due to long-term cumulative exposure to light.96,97 There-

fore age-related albinism-induced impairments in vision may exaggerate

the performance deficits in the 5xFAD mice in visuo-spatial tasks, such

as the MWM.

4.4.1 | The problem of dissociating the effects of
transgenes from background genes on learning and
memory processes

Since the first genetically modified mice were generated, the question

has arisen as to whether the behavioral phenotypes of these mice

were due to the genetic modification or due to the background

genes.98–100 The confounding of background gene effects with the

effects of gene manipulations has serious repercussions for the reli-

ability and validity of mouse models of neurodegenerative disor-

ders.101,102 A number of strategies have been proposed for

dissociating the effects of gene manipulations on behavioral pheno-

types from those of background genes.54,100,103–105 First, the effects

of mutant alleles with deleterious effects on sensori-motor function

or cognition can be removed. This is accomplished by screening mice

for the mutant alleles and removal of mice that carry these alleles

from analyses. Mutant alleles can also be bred out by selecting

breeders with the non-mutant allele, or by backcrossing mice onto an

alternative genetic background without mutant alleles. Second, the

robustness of the genetic modification on learning and memory, inde-

pendent of genetic background, can be established by testing the

same genetic modification on different background strains. Pheno-

types that differ across genetic backgrounds may reveal epsistatic

interactions, or the masking/exaggeration of behavioral phenotypes

due to pre-existing differences in the behavior of background

strains.54,55,106,107 Therefore, it is important to conduct comprehen-

sive analyses of behavioral phenotypes within background strains

used.53,57,62,108–111 However, it should be noted that APP/PS1 trans-

genes in 5xFAD mice are not inserted within endogenous APP and

PS1 loci, and thus the relative effects of endogenous and transgenic

APP and PS1 genes cannot be dissociated in 5xFAD mice.

Among these strategies, the influence of background genes from

SJL/J mice is commonly removed by backcrossing the 5xFAD trans-

genes for multiple generations onto an alternative genetic back-

ground. Although, the 5xFAD mice are now available on a congenic

C57BL/6J background (B6.CgTg[APPSwFlLon,PSEN1*M146L*L286V]
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6799Vas/Mmjax), 5xFAD mice are still commonly used on a hybrid

C57BL6/J x SJL/J background. It is possible that the continued use of

the 5xFAD mice on the C57BL/6J x SJL/J hybrid background is

because disease related phenotypes are more severe than on a

C57BL/6J background. Indeed, Aβ-pathology in 5xFAD mice is

reduced112 and cognitive impairments are less severe on a C57BL/6J

background, suggesting that C57BL/6J mice confer alleles that pro-

tect against the development of AD-related phenotypes.54 Although,

the variability in AD-related phenotypes across genetic backgrounds

in 5xFAD mice reduces reliability across studies, it has been success-

fully leveraged with recombinant BxD lines to identify genes that con-

fer resilience against the development of AD-related phenotypes.54,55

Because of the complicated interactions between transgenes and

background genes in the 5xFAD mice, it may be necessary to evaluate

the performance of individual mice to dissociate the interaction of

transgenes and background genes.113,114

4.5 | Motor impairments in aged 5xFAD mice
confound measurement of learning and memory on
the MWM and exaggerate performance impairments

The 5xFAD mice showed reduced swim speed at 12 and 15 months

accompanied by a frequent inability to locate the escape platform during

training. The 5xFAD mice also develop profound motor impairments in

balance, grip strength, locomotor activity, and motor coordination

starting at 9 months of age, which increase in severity from 12 to

15 months of age.40 Therefore, it is likely that these motor impairments

exacerbate cognitive impairment on visuo-spatial tasks such as the

MWM, in which measures of learning and memory depend on motor

performance. These motor deficits in 5xFAD mice are due to the devel-

opment of AD-related neuropathology within the pyramidal and extra-

pyramidal systems of the brain and spinal cord.15,115 We previously dem-

onstrated that at 12 months of age, motor dysfunction in female 5xFAD

mice is sufficient to impair swimming ability and reduce swim speed on

the MWM.71 The age-related development of impaired swimming ability

in 5xFAD mice, however, has not yet been characterized. Here, we show

that swimming speed of 5xFAD mice in the MWM is unimpaired until

9 months of age, but at 12 and 15 months 5xFAD mice have reduced

swim speeds. In addition, poor performance on measures of motor func-

tion40 was associated with reduced swim speeds in 5xFAD mice. This

supports previous work showing normal swim-speed in 5xFAD mice up

until 10 months of age.24–26 Although less common, 5xFAD mice have

been tested on the MWM after 12 months of age,27,29 but these studies

do not report swim speed, so the extent that impaired swimming

influenced learning and memory performance is not known (however,

see Ref. 28, for a non-significant reduction in swim speed in 5xFAD mice

at 12 months of age).

The impaired swimming ability in 5xFAD mice at 12 and

15 months of age confounds measures of performance on the MWM

(latency, cumulative search error), and thus caution must be taken

when interpreting these measures of MWM performance in 5xFAD

mice after 12 months of age. Furthermore, 5xFAD mice showed

impaired performance in visible platform training at 12–15 months, a

non-hippocampal dependent and less cognitively demanding version

of the water maze, providing further evidence for sensori-motor con-

founds effecting performance in 5xFAD mice. Performance impair-

ments of 5xFAD mice at 12–15 months of age, however, were not

replicated with the measure of distance traveled. Although distance

traveled is considered largely independent of swim-speed, the maxi-

mum swim distance possible for a given trial is constrained by swim

speed and the maximum trial length (i.e., 60 s) when the escape plat-

form is not found. We suspect that the differences between 5xFAD

and WT mice were smaller for distance traveled than other behavioral

measures at 12 and 15 months, because 5xFAD mice swam slower

and often failed to reach the escape platform.

Although the impaired swimming ability may be viewed as a limi-

tation of the 5xFAD mouse as an animal model of AD, motor dysfunc-

tion in 5xFAD mice may be an important behavioral phenotype in

these mice15,40 and a target for future drug studies.116 Therefore,

future pre-clinical research with 5xFAD mice should assess age-

related decrements in motor behavior as well as cognitive function,

particularly after 9 months of age.

4.5.1 | The problem of dissociating age-related
cognitive and performance deficits in mouse models
of AD

Learning and memory in mice are not measured directly but are

inferred from performance on behavioral tasks. When mouse models

of AD perform worse than WT control mice, we claim (infer) that they

have a learning/memory deficit.117,118 However, impaired perfor-

mance in mouse models of AD on tests of learning and memory may

be due to sensory or motor deficits, rather than cognitive defi-

cits.102,119 As stated succinctly by Cahill et al.117: “We ignore the

learning/performance distinction at our peril”. Given that age-related

motor impairment and learning and memory impairment both occur

between 12 and 15 months of age in 5xFAD mice, how can these

motor and cognitive impairments be dissociated?

There are a number of possible approaches to dissociate cognitive

and motor impairments. First, use cognitive tasks that do not rely

heavily on motor performance. For example, although 5xFAD mice

are not cognitively impaired in a conditioned olfactory digging task,

they can complete this test up to 15 months of age in the presence of

profound motor impairment.41 For the MWM, it may be best to

include visible platform training prior to hidden platform training, per-

mitting a clearer picture of how swimming ability and learning of gen-

eral task demands influences subsequent visuo-spatial learning

performance with a hidden platform. It may also be possible to use

operant tasks120; fear conditioning121,122 or other learning and mem-

ory tasks that do not rely on swimming to dissociate motor and cogni-

tive function in 5xFAD mice.123-125 Second, pharmacological

interventions can be used to dissociate motor from cognitive deficits.

In this case, drugs can be used to selectively treat motor function to

determine if cognitive performance is also restored.126–128
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Alternatively, agents to treat cognitive function can be used to deter-

mine if cognition is restored without affecting impairments in motor

function.129,130 Third, a number of multivariate statistical techniques

can be potentially used to dissociate cognitive from motor

deficits.119,131,132

Finally, it is possible that the age-related decline in motor and

cognitive impairment in the 5xFAD mice are intricately intertwined

and caused by the degeneration of common neurochemical pathways

and can not be dissociated: they are two aspects of the progression of

AD.133 Similar combinations of motor and cognitive deficits occur in

Parkinson's disease134–136 and Huntington's disease,137 and it is possi-

ble that effective drug treatments will improve both motor and cogni-

tive functions in the 5xFAD mice.138

4.6 | General conclusions

This study provides a detailed analysis of learning and memory impair-

ments in the 5xFAD mouse on the MWM from 3 to 15 months of

age. We identified factors that influence the size of learning and mem-

ory impairments in 5xFAD mice including sex, albinism and motor dys-

function. These factors should be controlled in future pre-clinical

research with 5xFAD mice, to permit a more accurate assessment of

transgene and treatment effects on behavior. We suspect that many

other factors related to test procedure also contribute to performance

of 5xFAD mice on the MWM, and thus warrant further study. Overall,

we predict that reducing variability in performance unrelated to AD-

related transgenes will increase statistical power and improve the reli-

ability of detecting learning impairments in 5xFAD mice across stud-

ies. Thus the results of this study will help better optimize the design

of pre-clinical research using 5xFAD mice on the MWM, and ulti-

mately reduce the frequency of false-positive or false-negative find-

ings concerning treatment efficacy.
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