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ARTICLE INFO ABSTRACT

Keywords: Apathy is the most common behavioural and psychological symptom in Alzheimer’s disease (AD) and other
Dementia neurodegenerative diseases including frontotemporal dementia (FTD) and Parkinson’s disease (PD). In patients,
Apathy apathy can include symptoms of loss of motivation, initiative, and interest, listlessness, and indifference, flat-
;E:Slt building tening of emotions, absence of drive and passion. Researchers have later refined this to a reduction in goal direct
Mouse behaviours. In animals, specific symptoms of apathy-like behaviour have been modelled including goal directed

or nest-building behaviour which are seen as indicative of proxies for motivation and daily activities. In the
present study a nest-building protocol was established using four different inbred mouse strains (CD1, BALB/c,
C57Bl/6J, C3H) before assessing AD and FTD tau transgenic mice of Line 1 (L1) and Line 66 (L66) in this
paradigm. Female mice aged 5 — 6 months were assessed in the home cage over a period of 7 days with nest-
building behaviour scored by three independent experimenters at intervals of 1-, 2- and 7-days post nestlet
introduction. Inbred mouse strains displayed different levels of nesting behaviour. BALB/c mice were more
proficient than CD1 and C3H mice, while all strains displayed similar nest-building behaviour by day 7. In the tau
mouse models, L66 presented with impaired nesting compared to wild-type on days 1 and 2 (not day 7), whereas
L1 performed like wild-type on all days. Anhedonia measured in a sucrose preference test was only observed in
L66. Anhedonia and low nesting scores in L66 mice are indicative of apathy-like phenotypes. Differences evident
between the L1 and L66 tau transgenic mouse models are likely due to the different human tau species expressed
in these mice.

1. Introduction

Neuropsychiatric symptoms (NPS), previously referred to as behav-
ioural and psychological symptoms, are very common in patients with
dementia. Twelve different domains (delusions, hallucinations, agita-
tion, depression, anxiety, apathy, irritability, euphoria, disinhibition,
aberrant motor behaviour, night-time behaviour disturbances, appetite
and eating abnormalities) are assessed using the Neuropsychiatric In-
ventory (NPI) through a short questionnaire and outcomes are reliable
and valid [1]. The most common NPS in Alzheimer’s disease (AD) pa-
tients is apathy (65%), followed by hyperactivity (64%) and affective
behaviours (59%), with psychosis being present in only 38% of cases.
This is in accordance with a recent meta-analysis of 48 studies per-
formed between 1990 and 2014 [2] which categorised the NPI for these
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four syndromes. Alternative classifications also exist [3] yet apathy
remained the most prevalent syndrome [4]. This observation even holds
when other forms of dementia such as dementia with Lewy bodies,
vascular dementia, behavioural variant of Fronto-Temporal Dementia
(bvFTD), Parkinson’s disease with dementia and primary progressive
aphasia are included in the analysis [5-9], but appears to be dependent
on disease severity and the history of treatment with cholinesterase in-
hibitors. To understand the neurobiology of these NPS and their influ-
ence on disease progression, they need to be explored in animal models
of the different types of dementia. Webster and colleagues have previ-
ously described various AD models in terms of non-cognitive behav-
ioural symptoms but failed to consider apathy [10].

Despite the absence of appropriate tests and definitions, apathy is
increasingly diagnosed as a behavioural symptom in dementia [11,12].
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In bvFTD patients with genetic predispositions, apathy was identified as
an early marker for FTD onset and prognostic for clinical deterioration of
cognitive function [13]. It is defined as a disorder of motivation and
reward with a lack of tenacity for persistent goal-directed actions
[14-17]. Back-translation to rodents and utilisation of goal-directed
tasks has mapped the underlying brain regions and transmitter sys-
tems (reviewed in [18-22]). To date multiple behavioural assays have
been implemented to assess apathy-like behaviour in AD mouse models
including using actimetry to measure reductions in spontaneous activity
[23,24] or the assessment of motivational deficits in the Hebb-Williams
maze [25]. However, beta amyloid-based AD mouse models appear to
lack generalised apathy measured as approach behaviour in a social
context or free-roaming global activity in a home cage [26], whereas
more specific tests such as nest building, and sucrose preference deficits
have confirmed apathy in both AD and FTD mouse models. Cathomas
and colleagues [27] described 5 subdomains of apathy observed in
humans and explained that at least 3 of these subdomains, self-care,
social interaction, and exploration, can be assessed in mouse models.
More recently, studies of apathy-like behaviours in rodents have focused
on modelling the activities of daily living (ADL) that are also impaired in
AD and FTD patients. Impairments in rodent-typical behaviours indic-
ative of ADLs including nest building, food burrowing and marble
burying have been observed in 5 x FAD and PS1/PS2 DKO mice [28,29].
The nest-building task is a simple rodent test for self-care [30], in
which a low score for the quality of the nest built by an animal is
indicative of apathy-like behaviour. Reduced nest-building behaviour
has been reported for PS1/PS2 DKO [29,31], 3xTgAD [32,33],
TgCRNDS8 [34], APPswe/PS1 bigenic [35] and 5 x FAD [28] mouse
models. All are transgenic, mutant amyloid-beta based models, or mixed
amyloid and tau models as in the case of the 3xTgAD raising the question
of whether transgenic tau and tau mutants alone also suffer from
apathy-like symptoms. When compared with clinical symptoms in
bvFTD, genetic models based on mutant tau such as V337M also present
with apathy-like behaviour as observed in nest building tests [36,37].
As apathy-like behaviour in animals (as with humans) has various
possible definitions it is important to measure performance in different
behavioural assays in-order to confirm/indicate apathy-like behaviours
as performance in an individual test alone may not be sufficient and
open to various interpretations. A combination of different behavioural
tests for the different aspects of apathy-like behaviour observed in mice
is therefore warranted. In contrast to the natural species-specific
behaviour assessed by nest-building performance, the sucrose prefer-
ence test measures the reward aspect and provides a more direct mea-
sure for hedonic responses in rodents [38-41] with a decrease in sucrose
intake typically interpreted as anhedonia. Here, anhedonia is defined as
a diminished interest or reduced pleasure in activities and is a core
symptom of depressive disorders (see DSM-5 [42]). From a motivational
point of view, the sucrose preference test involves the two underlying
aspects of ‘wanting’ (the motivational effort needed to obtain a reward)
and ‘liking’ (the hedonic capacity and inability to experience pleasure:
[43]. Therefore, deficits in sucrose preference can impinge of various
behaviours including motivation, anhedonia, learning and stress [44].
Apathy and depression may co-occur and share overlapping symp-
toms including decreased interest or initiative and reduced motivation
(see [45] for review). Although they have distinct neural brain circuits
and neurobiological markers these can also overlap making diagnosis
and treatment difficult [45]. Consequently, the sucrose preference test is
frequently applied to reveal reduced motivation indicative of
apathy-like behaviour in mouse models [46]. So far, AD/FTD models
have confirmed reduced preference for sucrose [31,47-49] or no effect
[50,51]. Therefore, differences obtained with the sucrose preference test
would confirm an apathy-like phenotype established by nest building.
While nesting behaviour is considered to be more goal directed and
self-care related, sucrose preference may be more akin to the exploration
sub-domain assessing impaired novelty seeking in humans [27].
These data provide strong evidence that tau mouse models of AD/
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FTD can be used to mimic disease related NPS and in this study we have
explored these behavioural phenotypes in two other tau transgenic lines.
In the model organisms used here, L1 mouse model overexpresses the
truncated core-tau aggregation domain of the AD paired helical filament
(PHF; residues 296-390) and presents with a progressive histopatho-
logical spread of diffuse oligomeric tau deposits following a Braak-like
AD spreading pattern [52]. This model exhibits spatial learning and
memory impairments from 3 months onwards [52]. Line 66 (L66) mice
overexpress full-length human tau carrying two pathogenic point mu-
tations (P301S and G335D). Mice develop aggressive filamentous tau
aggregates in the form of neurofibrillary tangles in the hippocampus and
entorhinal cortex and display progressive motor phenotypes [52].

The objective of this research was to determine whether L1 and L66
mice show NPS and, more specifically, apathy-like behaviour. This was
achieved by first establishing a nest-building protocol and comparing
the activity of four standard mouse lines, and then testing the tau
transgenic cohorts using this protocol.

2. Materials and methods
2.1. Animals

All wild-type animals were bred in open housing and supplied by
Charles River Laboratories (CRL; Margate; UK). They were group housed
upon arrival in controlled conditions in open housing (Makrolon type III
cages, corncob bedding, 2 cage changes per week, ambient temperature
21 + 1 °C, relative humidity 50-65%, 17-20 air changes per hour) in the
Medical Research Facility at the University of Aberdeen. Food (Special
Diet Services, Witham, UK) and water was available ad libitum, and a
circadian rhythm was maintained of 12 hr light/dark cycle (lights on at
7 am) with simulated sunrise and sunset (30 min). All mice were
weighed three times weekly in the mornings (9-11 am) and all behav-
ioural tests were performed during the light cycle. Sample sizes were
based on power calculations and all experiments were performed blind,
counterbalanced and in accordance with the European Communities
Council Directive (63/2010/EU) and a project license with local ethical
approval under the UK Animals (Scientific Procedures) Act (1986) and
its Amended Regulations (2012), and following ARRIVE 2.0 guidelines
[53].

In experiment 1, four different female inbred mouse strains were
used: i) C57Bl/6J; ii) CD1; iii) C3H and iv) BALB/c. They were aged 5-6
months with N = 12 per strain.

In experiment 2, female homozygous transgenic L1, L66 and wild-
type (NMRI) litters were generated as previously described [34]. They
were bred and maintained in commercial isolators with positive pres-
sure in small cohorts in shoebox cages on commercial diet and bedding
at CRL. At about 4.5 months, randomly selected animals were delivered
(by van) to the Medical Research Facility at the University of Aberdeen
and maintained in groups of up to 10 animals in open-top Makrolon type
III cages with free access to water and food (see above). L1 mice express
truncated tau 296-390 fused with an N-terminal endoplasmic
reticulum-directing signal sequence while L66 mice express full-length
human tau40 (htau 40; 1-441 amino acids) carrying two mutations
(P301S and G335D). Both transgene constructs were inserted under the
murine Thy1 cassette, for neuronal expression. All mice were aged 5 -6
months with L66 (N = 12), L1 (N = 11) and NMRI (N = 12) mice used in
experiment 2. This was based on previously reported observations that
sensorimotor impairments and cognitive phenotypes along with rele-
vant tau pathology can be revealed in these mouse models at ~6 months
of age [52]. Only female mice were utilised in both the nest-building
task development and subsequent assessment of tau transgenic lines to
ensure consistency with previous phenotypic observations in L1 and L66
mice [52]. Furthermore, other studies have reported that nesting
behaviour in mice was not influenced by sex [54,55].
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2.2. Behavioural testing

2.2.1. Nest building

Apathetic-like behaviour was measured using behavioural tests of
nest building and sucrose preference. To assess nest building, animals
were single housed in Makrolon Type III cages (Tecniplast, Milan, Italy)
containing corn cob, saw dust bedding, a cardboard tube (DBM Scotland
Ltd, UK) and 1 nestlet (50 mm x 50 mm square pressed cotton, DBM
Scotland Ltd, UK) prior to the start of the dark cycle. Throughout the
testing period, animals were given access to food and water ad libitum.
The nest building ability of the mice was scored after a period of 16 h
(Day 1), 48 hrs (Day 2) and 168 hrs (Day 7) following the introduction of
the nestlet. The scoring of the nests was performed by three independent
researchers two of whom were blind to the genotype and mouse strain.
We applied the scoring system developed by Deacon [56] which
employed a five-point scale (see Fig. 1A for representative images).
Briefly, a score of 1 was assigned if the nestlet remained pre-dominantly
untouched. If it was partially torn up a score of 2 was given and when the
nestlet had been almost entirely shredded although there was no clear
nest area a score of 3 was assigned. Only when the nestlet was entirely
shredded and a nest area established was a score of either 4 (nest was
flat) or 5 (perfect crater shaped nest with walls higher than the body
height of the mouse) assigned. The score of the 3 researchers was
averaged for each mouse and used for analysis. Additionally, inter-rater
reliability between the different raters was calculated for each experi-
ment using the formula:

IRR (inter-rater reliability %) = Total score agreements/(Total rat-
ings*number of raters)*100.
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2.2.2. Sucrose preference and spontaneous activity

For the sucrose preference test, animals were housed in activity cages
(54 x50 x 37 cm) (Ugo Basile, Italy). Each activity cage was surrounded
by 2 pairs of infra-red (IR) photocell arrays (emitters and detectors) that
recorded both horizontal (locomotion) and vertical (rearing) activity of
the mice with the upper IR array being positioned ~6 cm above floor
level. Movement is registered each time an animal crosses the IR sensors
(1 em distance between sensors) and is recorded via an electronic
interface with a thermal printer and the PC based software Win-DAS
(Ugo Basile, Gemonio, Italy). Each cage was filled with corn cob
bedding and equipped with two water bottles and animals had access to
food and water ad libitum throughout testing. Two days following nest
building tests, the animals were individually housed in the activity cages
and allowed three days of habituation to the cage. After this, one of the
water bottles was exchanged for a bottle containing 1% sucrose solution
and the weights of the two bottles recorded. The position of the sucrose
bottle (left or right) was counterbalanced for animals/groups. After 24
hrs, both bottles were weighed, and the position of the sucrose bottle
alternated to avoid any spatial preference. The weights of the two bottles
were recorded again after a further 24 hrs and then animals were
returned to their home cages. Water and sucrose consumption for each
animal was averaged for a 48-hr period and sucrose preference deter-
mined as sucrose consumption divided by the total intake of sucrose and
water multiplied by 100. In order to control for possible water/sucrose
leakage small bags were attached to the bottle holders close to the spouts
and used to collect any fluid. Spontaneous locomotor activity and
rearing behaviour were also recorded and analysed for the initial 10 min
of habituation to the activity cages.
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Fig. 1. Nest-building behaviour in four inbred mouse strains. (A) Representative photographs of nest building scoring protocol with a score of 1 — 5 given depending
on extent of nestlet shredding and nest construction. A score of 1 indicates the absence of any nestlet shredding whilst 5 depicts a near perfect nest construction (see
Methods for further details). (B) Nest-building behaviour on day 1 revealed similar nest building scores for all four mouse strains (C) BALB/c mice displayed a
significant improvement in nesting behaviour compared to C3H and CD1 mice. (D) All strains presented with improved nest building performance by day 7 with no
differences observed between strains. Bars indicate mean + SD with scatter of individual data recorded for group members. Kruskal Wallis and Mann Whitney non-
parametric tests were used to analyse strain differences across the three testing sessions and asterisks indicate significance of differences: **p < 0.01.
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2.3. Statistical analysis

All data are expressed as mean + Standard Deviation (SD). Data from
the nest-building tests were analysed using non-parametric tests
including Kruskal Wallis and Friedman tests followed by post-hoc and
planned comparisons with Mann-Whitney or Wilcoxon tests. Two-way
Analysis of Variance (ANOVA) followed by multiple comparison t-tests
or one-way ANOVA with appropriate post-hoc t-tests were used for the
purpose of sucrose preference and activity analysis. To determine su-
crose preference compared to a level of chance, a one-sample t-test was
performed with the chance level set at 50%. All statistical analyses were
conducted using GraphPad Prism (version 9; GraphPad Software Inc.,
USA) with a 95% confidence level assumed and alpha set to 5%. Only
statistical significances are mentioned in text.

3. Results
3.1. Experiment 1- Nest building as an assessment of apathy in mice

The effectiveness of the nest-building protocol was confirmed using
four different inbred strains of mice with the results depicted in Fig. 1B —
1D. Inter-rater reliability (IRR) between the three independent raters for
this experiment was 52.78% with IRR between rater pairs ranging from
59.03% to 77.78%. Analysis of nesting behaviour of the different mouse
strains across all testing sessions revealed an overall difference in per-
formance (Kruskal-Wallis: p < 0.0001). A more in-depth post-hoc anal-
ysis confirmed that all strains increased their nest building scores across
testing sessions (Wilcoxon matched pairs tests: C57B1/6 J (Day 1 — Day 2
p = 0.0039; Day 1 —Day 7 p = 0.001); CD1 (Day 2 — Day 7 p = 0.0078);
C3H (Day 1 - Day 2 p = 0.0469; Day 1 — Day 7 p = 0.0039) and BALB/c
(Day 1 - Day 2 p = 0.0078). A Kruskal-Wallis analysis comparing indi-
vidual sessions between strains yielded no difference between strains on
day 1 (Fig. 1B) or day 7 (Fig. 1D), but a significant difference was
evident on day 2 (p = 0.0265) (Fig. 1C). Mann-Whitney tests further
confirmed that this was mainly due to BALB/c subjects which built near
complete nests by day 2, while C3H (p = 0.0068) and CD1 (p = 0.0058)
mice needed longer to achieve high nest-building scores. This finding
suggests that different mouse strains may require longer to build nests
and that the multiple testing session protocol used in this present study
enables identification of these timing differences.
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3.2. Experiment 2 — Differential observation of apathy-like behaviour in
AD and FTD mouse models

The assessment of nest-building performance in L66 and L1 trans-
genic mice is summarised in Fig. 2. Inter rater reliability was confirmed
as 50.96% and ranged from 54.81% to 83.65% for individual rater
pairings. A main effect of genotype was confirmed for scores on days 1
(Figs. 2A) and 2 (Fig. 2B) (Kruskal Wallis: p = 0.0082 and p = 0.0044)
but not day 7 (Fig. 2C), suggesting that a ceiling had been attained. No
difference was evident between WT and L1, but L66 presented with
lower scores on days 1 and 2. This was confirmed by planned compar-
ison of WT and L66 on both days 1 and 2 (Mann-Whitney tests: day 1
p =0.0028 and day 2 p = 0.0014) suggesting a globally lowered pro-
pensity for nest building in this bvFTD mouse strain. Findings therefore
confirm that L66 mice display lower nest-building performances when
faced with a novel environment. This may be interpreted as apathy-like
behaviour.

Furthermore, a difference in performance was observed across the
tests (Kruskal-Wallis test: (p < 0.0001)); all lines increased the quality of
their nests over the 7-day observation period. Increases in nest-building
scores over days were confirmed for NMRI wild-type mice. This was due
mainly to a significant increase from day 2 to day 7 (p = 0.016). Similar
increases in nesting were revealed in L1 and L66 mice (Friedman tests:
L1: p =0.0372; L66: p = 0.0008) with Wilcoxon matched pairs tests
confirming significant increases in nestbuilding scores from day 1 and 2
to day 7 (all p values <0.05).

We next sought to confirm these conclusions using an anhedonia test
of sucrose preference. We reasoned that L66 mice would consume less
sucrose containing fluid (Fig. 3A-H). Calculation of the sucrose prefer-
ence for all three lines yielded a main effect of genotype (one-way
ANOVA (F(2,32) =10.41; p = 0.0003) and while L1 mice expressed
similar scores to WT subjects, L66 mice were greatly reduced in sucrose
preference (compared with WT: p = 0.0023; L1: p = 0.0007). L66 mice
remained at chance (dashed line, Fig. 3A and E) level of 50% indicating
the lack of any preference. By contrast a significant preference for the
sucrose was evident for both L1 and WT mice (p = 0.0007 and p = 0.002
respectively). Similar statistical results were obtained for sucrose con-
sumption (Fig. 3B and F) and water intake (Fig. 3C and G). Both proxies
confirmed the genotype differences, with L66 drinking less sucrose
(p = 0.005) and more water (p = 0.0033) than WT mice. L1 mice did not
differ from WT controls although they displayed an overall tendency to
decreased total fluid intake (p < 0.05) (Fig. 3D and H). Analysis of
performance across the two days of testing confirmed no difference
across days. Overall, there was a clear phenotype in anhedonia for L66
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Fig. 2.. Nest-building performance of L1 and L66 mouse models of AD and bvFTD. (A) L66 mice presented with a significantly reduced nest building score compared
to WT control animals on day 1; (B) L66 mice continued to display a significantly lower nest building score compared to WT animals on day 2. (C) No significant
difference in nest building scores were evident on day 7 when all genotypes displayed a progressive improvement in nest building across days. Bars indicate mean
+ SD with scatter of individual data recorded for group members. Kruskal Wallis and Mann Whitney non-parametric tests confirmed statistical differences between
strains across the three sessions. Asterisks indicate significance of differences; **p < 0.01.
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sucrose compared to WT and L1 mice and one sample t-tests confirmed that the performance of L66 mice was not significantly different from chance level (50%- see
dashed line); (F) L66 consumed significantly less sucrose solution than WT controls and instead consumed increased amounts of water compared to both WT and L1
mice (G). (H) The total fluid intake of L1 mice was significantly decreased compared to WT. Spontaneous activity measured via horizontal (I) and vertical (J) infra-red
beam crossings in the activity cages showed no differences in locomotor activity for genotypes. All mice presented with a similar gradual reduction in horizontal
activity levels across the 10-minute habituation period. However, L1 mice displayed increased levels of rearing compared to both L66 and WT mice, indicated by a
significant increase in vertical beam crossings. Two or one-way ANOVAs followed by appropriate post-hoc t-tests were used to confirm statistical significances

between genotypes. Values are expressed as mean =+ SD and individual data points of each subject. Asterisks indicate significance of differences; *

p < 0.05; **p < 0.01.

mice adding substance to our interpretation that L66, but not L1 mice,
may exhibit increased apathy-like behaviour.

While recording sucrose and water intake, we also monitored verti-
cal and horizontal activity of the mice through two lines of infra-red
beams. These data are shown in Fig. 3I and J. Horizontal beam cross-
ings did not differ between genotypes (Fig. 3I) but there was a main
effect of time (F(9, 288) = 5.874; p = 0.0002) with no interaction be-
tween terms. These results confirm similar ambulatory responses of all
genotypes which habituate over the 10-minute observation period. By
contrast a significant difference between genotypes was observed for
vertical IR beam crossings (Fig. 3J (F (2320) = 20.84; p < 0.0001), but
no time effect or interaction. A planned comparison between individual
groups confirmed that rearings were heightened in L1 (F (1,21) = 10.5;
p =0.0039), but not L66 mice. The absence of any activity-related
anomaly in L66 therefore confirms that the deficits observed in nest
building and sucrose preference tests are not due to activity-related
deficiencies in these mice.

4. Discussion
4.1. Nest building differs between mouse strains

The main neuropsychiatric symptom that is present in all patients
suffering from any type of dementia is apathy [5,6]. It is also one of the
main inducers of caregiver stress and subsequent institutionalisation of
patients [57,58]. The translation of an interview-based assessment in
humans to behavioural assessments in mice might not seem very intui-
tive and appropriate, but the finding that the self-care subdomain of
apathy observed in the clinic can be translated to rodents and assessed
via care for their nest and nest building has enabled a measure of
apathy-like behaviour in mice [27]. Initially we assessed the effective-
ness of the nest-building protocol as a measure of apathy-like behaviour
in mice. Using four different inbred strains of mice we established a
nest-building protocol with which to assess nesting of mice for up to 7
days. All four strains displayed a progressive increase in nest building
over testing sessions. Yet BALB/c mice accomplished this faster than
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other strains, especially CD1 and C3H lines. These data validated our
protocol for drug and genotype comparisons. Interestingly, all strains
(including NMRI WT mice of experiment 2) had the same level of nest
building during the first 24 h, suggesting no deficits in any of these ‘WT’
lines. However, the progress and efficiency in nest building differed and
was only revealed through multiple testing times confirming previous
work that C3H and CD1 mice are poorer nest builders than BALB/c mice
[59,60].

4.2. Differential expression of apathy-like behaviour in bvFTD and AD
mouse models

The sucrose/saccharin preference test has previously been utilised to
assess anhedonia and depressive-like symptoms. However, the link be-
tween the dopaminergic system being involved in preference for sweet
solutions [61,62], nest building behaviour [63] and apathy-like symp-
toms of goal-directed behaviour and hypophagia [64,65] along with its
key involvement in the pathology of apathy [66-69] supports the test as
a possible measure of apathetic like behaviour in the present and pre-
vious studies testing transgenic models of neurodegeneration [48].

Assessment of nest-building behaviour and sucrose preference in L1
and L66 tau transgenic mouse models of AD and bvFTD, respectively,
confirmed that L66 mice exhibited reduced nest building and anhe-
donia, which could be interpreted as apathy-like behaviour. These mice
genetically and pathologically seem to mimic elements of human FTD.
The difference to L1, which also overexpresses human tau (albeit a
different fragment) and shows no deficits in nest building or sucrose
preference indicates that the psychotic anomaly of L66 is dependent on
the tau species expressed.

Apathy-like behaviour observed in L66 mice in this present study is
consistent with observations from other mouse models of bvFTD [36,48,
49,55,70,71]. What these models all have in common are the expression
of mutant forms of tau akin to human genetic variants found in FTD,
such as htau P301S/P301L/V337M. In addition, tau-related deficits in
nest building and sucrose preference have also been reported in 3xTgAD
mice [33,72] which could be ameliorated by lowering of the tau pa-
thology but not of the levels of beta amyloid [33].

Therefore, the differences observed between the L1 and other tau
mouse models for apathy-like behaviour is most likely accounted for by
differences of expression of genetic forms of human tau with the models
above all being reminiscent of our L66 model containing FTD-like mu-
tations. Since no tau mutations have been associated with AD, L1 is a
unique AD-like model with no apathy phenotype.

Differences in the experimental setup and sex of the mice could ac-
count for the different apathy-like behavioural phenotypes observed
between the L66 and L1 mouse models in the current study and previous
studies. Some groups have reported differences in nest-building behav-
iour depending on nesting material used, with significant impairments
observed in the nesting behaviour of 3xTgAD mice when a paper towel
was used as opposed to a cotton nestlet [32] whereas others have
determined similar nesting scores independent of material used [33].
Sex differences in nest-building behaviour have also been reported for
3xTgAD; 5xFAD and > 9-month-old P301S mice [28,32,55]. By
contrast, others have reported similar deficits in nesting behaviour
irrespective of sex [54,55]. Furthermore, studies of apathy-like and
motivational behaviours in 3xTgAD and 5xFAD mouse models using
different behavioural tasks have reported increased motivational defi-
cits and apathy-like phenotypes in female mice [24,25,73]. This is
particularly relevant as only females were used in the current study. The
age of animals at time of testing is unlikely to have been a factor as
previous studies have used FTD and AD mouse models of a similar age
(~6 months) or older (up to 24 months).
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4.3. Apathy-like behaviour is not affected by motoric abnormalities of the
mice

We have previously reported that L66 mice struggle with motor
impairments [52] which can affect their performance in several
behavioural tests including the rotarod, balance beam and normal gait
using the Catwalk. Motor deficits are common amongst bvFTD models
that display deficits in nest building and apathy-like phenotypes [49,55,
70,71,74]. Interestingly, in the current study the L66 mice showed no
differences in spontaneous activity and therefore the impairments
observed in nest building behaviour and the sucrose preference are
unlikely to be a result of aberrant motoric abnormalities in these mice.
Furthermore, the absence of a locomotor impairment with L66 mice in
the current study suggests that the motor phenotype previously reported
with this mouse model could be specific to sensorimotor impairments
that primarily affect motor coordination, motor learning and gait [52].

By contrast, hyperactivity was observed in L1 mice. This was specific
for vertical beam breaks and L1 mice therefore presented with increased
rearings, but not ambulatory activity. Increased rearing behaviour of L1
mice could indicate a more inquisitive nature and increased exploration
of the environment. This would be consistent with studies proposing that
reduced rearing behaviour is indicative of apathy-like behaviour [24].
The hyperactivity phenotype of L1 is consistent with previous activity
measures of this line in the water maze [52] and Barnes maze (unpub-
lished results). Furthermore, heightened levels of activity are a common
finding in tau transgenic mice [75-77] and it is also the second most
common NPS in AD patients [2,5,6]. Observations of hyperactivity in
other transgenic mouse models of AD are however somewhat inconsis-
tent and dependent on experimental settings. Heightened activity seems
more likely in the home-cage or a familiar environment (See Kosel [26]
for review) than in novel surroundings. The altered activity observed in
L1 mice may explain the somewhat reduced fluid intake, but it had no
bearing on their sucrose preference.

5. Conclusions

Apathy like behaviour in mice can be assessed using the nest building
and sucrose preference tests. We have first implemented a nest-building
assay that allows continuous following of the progress of nesting
behaviour as an indicator of apathy. It secondly enabled testing of tau
transgenic lines akin to AD and FTD with strong phenotypes limited to
the FTD/L66 model.
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