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Amyotrophic Lateral Sclerosis (ALS) is a devastating neurodegenerative disease that
affects both central and peripheral nervous system, leading to the degeneration of
motor neurons, which eventually results in muscle atrophy, paralysis, and death. Sleep
disturbances are common in patients with ALS, leading to even further deteriorated
quality of life. Investigating methods to potentially assess sleep and rest disturbances
in animal models of ALS is thus of crucial interest. We used an automated home cage
monitoring system (DVC R©) to capture irregular activity patterns that can potentially be
associated with sleep and rest disturbances and thus to the progression of ALS in the
SOD1G93A mouse model. DVC R© enables non-intrusive 24/7 long term animal activity
monitoring, which we assessed together with body weight decline and neuromuscular
function deterioration measured by grid hanging and grip strength tests in male and
female mice from 7 until 24 weeks of age. We show that as the ALS progresses over
time in SOD1G93A mice, activity patterns start becoming irregular, especially during
day time, with frequent activity bouts that are neither observed in control mice nor
in SOD1G93A at a younger age. The increasing irregularities of activity pattern are
quantitatively captured by designing a novel digital biomarker, referred to as Regularity
Disruption Index (RDI). We show that RDI is a robust measure capable of detecting
home cage activity patterns that could be related to rest/sleep-related disturbances
during the disease progression. Moreover, the RDI rise during the early symptomatic
stage parallels grid hanging and body weight decline. The non-intrusive long-term
continuous monitoring of animal activity enabled by DVC R© has been instrumental in
discovering novel activity patterns potentially correlated, once validated, with sleep and
rest disturbances in the SOD1G93A mouse model of the ALS disease.

Keywords: ALS, SOD1G93A, sleep, home cage monitoring, DVC R©, mouse behavioral phenotyping, circadian
rhythm, locomotion

INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a devastating neurodegenerative disease that affects both
central and peripheral nervous system, and it is characterized by the degeneration of upper
and lower motor neurons that will result in muscle atrophy, paralysis and death within 2–5
years after diagnosis (Kiernan et al., 2011). Death usually comes from respiratory failure. Along
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with progressive voluntary skeletal muscle weakness and atrophy,
symptoms include dysphagia, dysarthria, respiratory dysfunction
and sleep disturbances. Sleep disruption is very common in ALS
and it is often related to hypoventilation, hypoxia, hypercapnia,
restless legs, immobilization, nocturnal cramps, and pain (Lo
Coco et al., 2011; Boentert, 2019). Sleep disturbances are also very
common in other neurodegenerative diseases, as Alzheimer’s,
Parkinson’s and have an enormous impact on the quality of
life of patients (Iranzo, 2016; Falup-Pecurariu and Diaconu,
2017; Winer et al., 2019). Circadian and sleep dysfunctions are
often premorbid and can serve as early diagnostic markers of
neurodegeneration.

Some studies in animal models of neurodegenerative diseases
tackle this important issue (Vanderheyden et al., 2018; Medeiros
et al., 2019) but few are specific for ALS models. It is therefore
crucial to provide evidence of this early symptom and to
propose a suitable tool to investigate circadian and sleep related
disruption in a classical mouse model of ALS as the SOD1G93A
transgenic strain (Gurney et al., 1994). The SOD1G93A mouse
model we used expresses multiple copies of the human mutated
form of the SOD1 gene (on a C57BL/6J background) and it
recapitulates the progressive symptomatology of the disease
starting around 14–16 weeks of age: muscle weakness, tremors,
body weight loss, limb paralysis, respiratory failure and death
around 160–170 days or 24–25 weeks of age and it also presents
ALS characteristic neurobiological substrates (cortical and spinal
cord motor neuron degeneration, gliosis, neuroinflammation)
(Leitner et al., 2009; Mina et al., 2018).

To study activity and rest in the SOD1G93A mouse model
during the pre-symptomatic and symptomatic stages of the
disease we adopted a technology capable of monitoring animal
activity directly in the home cage (Richardson, 2015; Bains et al.,
2018; Pernold et al., 2019). Such systems are generally designed
with the aim of collecting animal activity data 24/7, without
interfering with nor handling the animals. This has the potential
to unveil animal behaviors occurring at any time during the
day (Richardson, 2015) and over extended observation periods
ranging from days to months and years (Pernold et al., 2019).
The application of 24/7 long term home cage animal monitoring
is particularly promising in the field of neurodegenerative
diseases, especially the ones that potentially manifest complex
modifications of the activity behaviors as the disease progresses
over time, and that can be potentially hard to capture when
observing animals outside the home cage as in conventional
testing procedures (e.g., open field, rotarod, grid hanging, etc.).
In this experiment we monitored animals for several months,
using the home cage monitoring system, referred to as Tecniplast
DVC R© (Iannello, 2019), which enables automated and non-
intrusive long term data collection.

The main goal of this paper is to explore and better understand
disease progression over time while keeping animals in a familiar
environment (i.e., the home cage) for most of their life. This may
lead to unveil activity patterns that would be hardly measurable
otherwise. Particularly, we developed a new digital biomarker
to potentially detect rest disturbances by observing animals for
extended periods. We considered non-activity as a measure of
rest, similar to Pack et al. (2007) in which video-based locomotion

has been correlated to EEG measurements to monitor rest and
sleep. In addition to home cage monitoring, we also performed
tests commonly used in assessing ALS-related symptoms, such as
body weight loss and neuromuscular decline (grid hanging, grip
strength tests, and monitoring of splay reflex). We demonstrated
that the use of home cage monitoring allowed us to capture rest-
related disturbances at the symptomatic stage with a peak in good
correlation with other symptoms of the disease.

MATERIALS AND METHODS

Subjects
Male B6.Cg-Tg(SOD1∗G93A)1Gur/J mice carrying a high
copy number of mutant human SOD1 allele (Gurney et al.,
1994) were purchased at the Jackson Laboratories (Bar Harbor,
ME, United States, stock n. 004435) and a mouse colony was
established in-house at the CNR-EMMA-Infrafrontier-IMPC
facility (Monterotondo, Italy) by crossing hemizygous transgenic
males with C57BL/6J females. Progeny was genotyped by
standard PCR following the Jackson Lab protocol1. Litter-
and sex-matched pups were raised group-housed in standard
cages (Thoren, Hazleton, PA, United States) enriched with
a transparent red polycarbonate igloo house (Datesand,
Manchester, United Kingdom) and with wood shavings
contained in single cellulose bags, used as nest paper material
(Scobis Uno bags, Mucedola, Settimo Milanese, Italy). Food
(Standard Diet 4RF21, Mucedola, Italy) and water were available
ad libitum on the top of the cage. Room temperature was
21 ± 2◦C, relative humidity was 50–60%, and mice were kept
in a 12 h light/dark cycle with lights on at 07:00 am until
07:00 pm. Animals were subjected to experimental protocols
approved by the Local Animal Welfare Committee and the
Veterinary Department of the Italian Ministry of Health (Aut.
#914/2016-PR), and experiments were conducted according to
the ethical and safety rules and guidelines for the use of animals
in biomedical research provided by the relevant Italian laws and
European Union’s directives (Italian Legislative Decree 26/2014
and 2010/63/EU). All adequate measures were taken to minimize
animal pain or discomfort. Extra wet food was provided inside
the cage when the animals were showing a body weight loss of
approximately 10%.

Experimental Design
Male and female wild-type (WT) and transgenic (SOD1G93A)
littermate mice at the age of 7 weeks were transferred to the
DVC R© rack (see below), housing two mice per cage of same
sex and genotype and assigned to the following experimental
groups: (1) Males, WT n = 18 (9 cages); (2) Males, SOD1G93A
(TG) n = 18 (9 cages); (3) Females, WT n = 22 (11 cages); (4)
Females, SOD1G93A (TG) n = 20 (10 cages). Experiments have
been conducted testing three separate cohorts of mice (Cohort I
N = 18, Cohort II N = 30, Cohort III N = 30), coming from three
breeding generations.

1www.jax.org
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From the age of 7 weeks, all mice were weighed weekly
and tested for neuromuscular function using the grid hanging
(weekly) and grip strength (every 2 weeks only for the cohort II
and III) tests. Hind limbs splay reflex was monitored weekly from
the age of 8 weeks to determine disease onset and progression.
Grip strength and splay reflex results are presented in the
Supporting Information. Mice of the first cohort were sacrificed
at 22 weeks of age based on failure on the grid hanging test. Mice
of the second and third cohort were monitored until humane
endpoint (body weight loss > 20% or loss of righting reflex),
around age 24 weeks, and thus sacrificed according to current
laws and regulations. Cages were changed every 2 weeks for
cohort I (due to mouse facility management priorities) and once
a week for cohort II and III, we verified that this difference did
not affect data outcome.

Home Cage Activity Monitoring: Digital
Ventilated Cage (DVC R©) System
All mice were housed in a Digital Ventilated Cage (DVC R©) rack,
which is equipped with a home cage monitoring system capable
of automatically measuring animal activity 24/7 (Iannello, 2019).
DVC R© rack is installed on a standard IVC rack (Tecniplast
DGM500, Buguggiate, Italy) by adding sensing technologies
externally to the cage, so that neither modifications nor intrusion
occur in the home cage environment. Animal locomotion activity
is monitored via a capacitance sensing technology by means of 12
contactless electrodes, uniformly distributed underneath the cage
floor, which record animal movements based on their presence
in each electrode surrounding. In this work, animal activity is
captured, similarly, to the activation density metric defined in
a previous study (Iannello, 2019), and by choosing to aggregate
measurements in bins of 1 min (raw activity data). For simplicity,
we refer to this metric as activity throughout the paper. Since this
study lasted several months (compared to the 1-min binning),
we decided to condense the 1-min raw activity into two distinct
measurements per week: (i) average activity during night time
(i.e., by averaging all 1-min bins within night period in each
week); (ii) average activity during day time. Furthermore, we
also investigated the average activity pattern across the entire day
(24 h) by observing the minute-based activity. We considered
the minute-based activity time series (1440 min across 24 h),
smoothed it with a moving average of 60 min and normalized
it to peak activity so that the maximum value is one. We then
considered the average of this smoothed and normalized curve
across all days of the period of interest and for all the cages for
each group. Finally, we also analyzed the least active consecutive
hour, which may relate to a longer period of rest. The least active
hour, for each cage and for each day, is determined by selecting
the 60 consecutive min with the lowest average activity across that
day (24 h). We found that all least active hours always lie within
day time, as shown in the histogram in Supplementary Figure S1.

Regularity Disruption Index (RDI)
In this paper, we introduce the use of a novel digital biomarker,
referred to as Regularity Disruption Index (RDI), which has
been developed to capture irregular animal activity patterns. To

quantitatively capture these patterns, we designed RDI based
on the sample entropy (Richman and Moorman, 2000) as the
core metric, in which we set parameters m = 2 and r = 0.2 (as
per notation in Richman and Moorman, 2000), which has been
used in some studies to analyze locomotor activity data (Hauge
et al., 2011). We computed the sample entropy of the minute
activity during day time (i.e., N = 720 being the sequence length,
that is, the number of minutes in 12 h). Before computing the
sample entropy of the time series, we set activity below a given
threshold (λ = 0.005) to zero and then applied a Butterworth
band-pass filter (independently for each day), whose parameters
have been derived with Python library SciPy v.1.1.0. We used a
filter of the fourth order and with normalized cut-off frequencies
(flow = 1/2000 and fhigh = 1/300). We practically observed that
band-pass filtration enables more stable results than that without
filtering. As for the DVC R© activity (see above), we considered the
weekly average RDI throughout the paper. We used the same
approach to compute RDI during night time (N = 720). Similar to
the minute-based 24 h activity pattern (with 1-min granularity),
we considered the 24 h pattern of RDI. Here, we computed a
central moving RDI with a window of 60 min: for each minute t,
moving-RDI is obtained by computing RDI of the minute activity
during the 1 h interval centered in t (N = 60). Finally, we also
computed RDI within the least active consecutive hour (N = 60),
for each cage and day.

It is worth to mention that RDI is a metric that measures
irregularities of a time series (home cage activity in this paper),
and it is not influenced by the absolute amount of the activity
itself. As an example, a period of activity (divided in 1 min bins)
in which all minutes have similar activity levels, gives an RDI
approaching 0. Furthermore, RDI is scale invariant: if we multiply
the activity levels by a scalar value, RDI does not change. Instead,
when minutes of activity are very different with each other, then
RDI tends to be large, regardless of the average activity in the
period of interest.

Neuromuscular Function and Body
Weight Assessments
Grid Hanging Test
Mice were tested weekly from the age of 7 weeks. Each mouse
was placed in the center of a wire grid (1-cm squares) raised
about 50 cm from a bench covered with sawdust bags. After
gentle shaking, the grid was rotated upside down and the mouse
was left hanging on it. The latency to fall from the grid was
recorded over two trials of 60 s each, with an inter-trial interval of
approximately 30 min (Olivan et al., 2015). For each time point
(age in weeks) the sum of the two trials was used for the analysis.
When the total latency of two trials was under 10 s the test was
terminated for that mouse.

Grip Strength Test
Mice of the second and third cohort were tested on the grip
strength meter apparatus (Bioseb, France) every two weeks from
the age of 7 weeks until 21 weeks. Each mouse was held gently
by the base of its tail over the top of the grid with its torso in a
horizontal position, then it was pulled back steadily until it could
no longer resist the increasing force and the grip was released
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(Mandillo et al., 2008). The grip strength meter digitally displays
the maximum force applied as the peak tension (in grams) once
the grasp is released. For each mouse the grip test consisted of
three trials with forelimbs and three trials with all four paws with
an inter-trial interval of 60 s. For each time point (age in weeks)
the mean of the three trials was taken as an index of forelimb and
all four paws grip strength. Results of four paws measures in this
test are in Supporting Information.

Body Weight, Splay Reflex, Disease Symptoms, and
Humane Endpoint Assessment
Body weight (BW) was measured weekly from age 7 weeks and
after each behavioral test. Data were expressed as percentage
variation of weight compared to the first measure taken at 7 weeks
of age. Hind limbs splay reflex was scored weekly in transgenic
mice from the age of 8 weeks. Each mouse was lifted by the
tail for 2 s and a score from 0 (full hind limbs extension) to
4 (absence of righting reflex, humane endpoint) were assigned
based on the degree of legs extension from the body’s lateral
midline (Leitner et al., 2009; Deitch et al., 2014). Symptoms like
tremors, loss of splay reflex, BW decline, delayed righting reflex
were daily monitored at the late stage of the disease and used to
determine the humane endpoint (BW loss > 20%, complete loss
of righting reflex).

Statistical Analysis
Since the same subjects were assessed over time, we performed
non-parametric repeated measures analysis on most datasets
with Genotype and Sex as between-subject factors and Age
(weeks) as within-subject factor (see Pernold et al., 2019). We
used the rank-based analysis of variance-type statistic (ATS),
as implemented in the nparLD R Software package (Noguchi
et al., 2012). We performed the statistical tests until age 20 weeks
because after that time some subjects were missing. We ran
post-hoc analysis where possible, using two-sample T-tests. Since
the conventional Bonferroni correction is too conservative for
strongly correlated repeated measures (in our case measurements
are taken quite frequently with respect to the time scale of
development of the disease), we used the D/AP procedure to
correct tests for multiple comparisons (Sankoh et al., 1997).
This method considers correlation between outcomes and is
equivalent to no correction for perfectly correlated measures and
to Bonferroni correction for completely independent measures.
For reference, we reported tables with different correction
methods (no correction, Bonferroni correction, D/AP correction)
in the Supporting Information. We performed post-hoc analysis
for both DVC R© and conventional measures until the age of 20
weeks in which all the cages or mice were still present. In all other
cases presented in the paper, not involving repeated measures, we
performed two-sample T-test.

We used Python to process and visualize data and R to run
all statistics (version 3.4.3), with significance level α = 0.05. For
the analysis of DVC R© metrics (activity and RDI) the statistical
unit is the cage, while for the analysis of physical assessments
(BW, grid hanging test, grip strength test, splay reflex score) the
statistical unit is the individual mouse. Days of cage changing
were excluded from the analysis. Moreover, since a male WT

mouse died during the experiment at week 16, we excluded
its cage from the analysis of DVC R© metrics. Data are generally
presented as mean ± SEM (relatively to cages for DVC R© metrics
and to mice for tests outside the cage).

RESULTS

DVC R©-Based Activity and RDI Patterns
The DVC R© system monitored night and day time activity of mice
24/7 for about 4 months. As expected, mice are more active
during the night period (Pernold et al., 2019) particularly closer
to light/dark transitions (Figures 1, 2).

In Figure 1 heat maps of two representative cages of
male wild-type (WT) and SOD1G93A (TG) mice (2 mice per
cage) show how the activity is distributed across the 24 h
(Figures 1A,C) along the experiment (from age 7 until 24
weeks of age). While the activity of WT mice is very stable
across the whole experiment, we observed a clear reduction
of nocturnal activity in SOD1G93A cages around 19 weeks
of age, corresponding to the fully symptomatic stage in this
mutant strain (tremors, hind limb weakness, overt weight loss).
Interestingly, from around 16 weeks of age we observed an
atypical pattern of day time activity in the SOD1G93A cages
compared to WT littermates (highlighted with the dotted boxes
in Figures 1A,C). This pattern is also visible during the night time
hours when the mice show lower activity (4–2 h before lights-on).
In Figures 1B,D we zoomed in the day time activity of mice to
better appreciate the difference in the activity pattern in a period
in which mice usually rest. In Figure 1B the peaks of activity (in
red) during routine weekly cage changes are evident.

To qualitatively observe these activity-based patterns for all
the cages, we show the average time series of normalized activity
and moving-RDI over 24 h in Figure 2. As expected, the overall
activity is higher during night time and interestingly we observed
qualitative differences in the peaks of activity between males and
females. All groups show very low activity during day time and
interestingly also during some hours of the night, right before the
response to lights-on (hours 20–22), suggesting that mice may
have a resting stage during the lights-off phase, too.

In Figure 1, we observed that TG mice (developing ALS) start
showing activity patterns that become irregular, with frequent
activity bouts, which are not seen in control groups or TG mice
at a younger age. The activity anomalies observed especially in
the diurnal pattern of activity in SOD1G93A cages led us to
develop RDI as a digital biomarker to quantitatively measure the
irregularities of these patterns. To qualitatively observe how this
index changes during the 24 h, we first show the average moving-
RDI time series for each group and over time (Figures 2E–H).
The pattern of moving-RDI of WT mice and TG mice at a
younger age is similar to the activity pattern, with low values
during the most inactive hours and peaks corresponding to peaks
of activity (when activity is very variable on a minute-by-minute
basis). In both male and female TG mice (Figures 2F,H), we
show that the average curves arise with increasing age. The
increase is remarkable during day time: although the average
activity remains very low (Figures 2B–D), the moving-RDI index
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FIGURE 1 | Heat maps of activity. Left panels depict 24 h activity across 7–24 weeks of age in a cage of WT (A) and a cage of SOD1G93A (C) male mice (n = 2 per
cage). Dotted boxes represent activity during day time between age 16–20 weeks, which are then zoomed in the respective right panels (B,D). Weekly cage change
related peaks of activity appear clearly as red stripes.

becomes as high as the periods with high activity (e.g., peaks
during the night), showing that it is the activity pattern that
changed, i.e., minutes become largely variable between each
other, and thus irregular, and not the amount of activity, which
remains substantially unchanged. The increase of the TG curves
is also visible during night time, especially during periods in
which the average activity is lower than the peaks.

After qualitatively observing activity and RDI over
24 h, we quantitatively summarized these metrics in the
following sections.

DVC R© Monitoring of Day and Night
Activity
We show the average weekly cage activity during night
(Figure 3A) and day (Figure 3C) time over the course of the
experiment (age 7–24 weeks). We observe a decreasing trend of
both day and night activity in TG mice compared to WT, that
however, is not statistically significant for night activity since we
had to limit the analysis up to week 20 to have all the animals
for all the weeks, due to repeated measures testing that require
all subjects at all time points. For day activity, we instead found
a significant interaction between genotype and age (nparLD
test, Genotype × Age interaction: Statistic = 6.415, df = 4.161,
p < 0.001). To further investigate the trend of activity in TG
mice, starting at age 16–17 weeks and continuing even after the
20th week, we computed the linear regression on the night and
day activity between weeks 16 and 24, by considering only weeks
with two mice in the cage. The slopes of the regression lines
are shown in the bar plot of Figure 3B (night) and Figure 3D

(day). As expected, the slope for night activity (Figure 3B) for
both TG males and females are considerably larger than those of
the control mice (two-sample T-test, males: T = 3.802, df = 15,
p < 0.01; females: T = 5.470, df = 19, p < 0.001). For day
activity, we found a significant difference in the slope only in
males (Figure 3D, two-sample T-test, males: T = 3.876, df = 15,
p < 0.01; females: T = 0.233, df = 19, p > 0.05).

Regularity Disruption Index (RDI)
To quantitatively capture the increase of irregular patterns of
activity in SOD1G93A cages over the development of the disease
(Figure 1), we computed RDI during the 12 h of day time,
when mice are more inactive and where we observed a higher
increase of moving-RDI in Figures 2F,H. Figure 4 clearly shows
how this index is rapidly increasing over weeks of age and
is remarkably high in both male and female TG mice with a
peak around 20 weeks of age, while remaining essentially flat
in WT mice (nparLD test, Genotype effect: Statistic = 10.054,
df = 1, p < 0.01; Genotype × Age interaction: Statistic = 25.459,
df = 6.429, p< 0.001). Note that RDI curves for TG mice are bell-
shaped, meaning that after an increase and a peak, then follows a
decline. The reasons need to be further investigated, but it is likely
due to the fact that, after the peak, around 20 weeks, TG mice
neuromuscular functions deteriorate, and their ability to move
is severely impaired. Consequently, the chance to be inactive
increases, and thus the RDI decreases. The average RDI curves
for TG males and TG females show similar but shifted patterns
(Figure 4C). We thus computed the cross-correlation (Lewis,
1995) between the two curves and found that they are maximally
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FIGURE 2 | Activity and moving-RDI patterns over 24 h. Panels (A–D) show the minute-based activity time series over 24 h, smoothed with a moving average of
60 min and normalized to peak activity (=1.0), then averaged across cages of the same group and weeks of the same 3-weeks period. Panels (E–H) show the
central moving RDI computed on the minute-based activity with a sliding window of 60 min, then smoothed with a moving average of 60 min and averaged across
cages of the same group and weeks of the same 3-weeks period. Lights-on at 07:00 AM (hour 0), lights-off at 07:00 PM (hour 12).

similar (i.e., maximum of the cross-correlation) when the curve
of TG females is anticipated by 1 week. However, onset of RDI,
defined as the age at which TG mice differ significantly from WT
(D/AP Post-hoc test), is 16 weeks both in males and females.

To better observe RDI during potential resting periods, we
also calculated RDI within the least active consecutive hour
(Figure 5), which may relate to a long period of rest. In this time
window, we found that both activity and RDI in TG mice increase
over weeks, with a peak at around 20 weeks of age (nparLD
test for activity, Genotype × Age interaction: Statistic = 18.928,
df = 7.542, p < 0.001; nparLD test for RDI, Genotype × Age
interaction: Statistic = 13.909, df = 7.053, p< 0.001). Particularly,
Figures 5A,B show that there is always a consecutive hour
of the day when the activity is approximately zero for WT
mice, as opposed to TG mice. The least active hour is found
always during the lights-on period (Supplementary Figure S1).
The scatter plots in Supplementary Figure S2 show the direct

relationship between the average weekly activity and RDI in the
least consecutive hour, for all the cages.

Since we observed an increase of moving-RDI also during
night time (Figure 2), we also analyzed the night time RDI
(Supplementary Figure S3). This index is higher than day time
RDI for WT mice and TG mice at young ages, because resting
periods are less frequent and thus activity is more irregular during
lights-off hours. Still, we observe an increase of night-time RDI
for TG mice, that becomes significantly higher than WT mice (see
Supplementary Material).

Classical ALS Model-Related Measures:
Neuromuscular Function and Body
Weight Assessments
Beside the deficit in body weight gain, SOD1G93A mice show
the expected decline in neuromuscular function assessed by grid
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FIGURE 3 | Night and day time activity. Average weekly activity (±SEM) over night (A) and day (C) time across 7–24 weeks of age in male (M, blue squares) and
female (F, red circles) cages of WT (open symbols) and SOD1G93A (TG, filled symbols) mice. N of cages per group: M WT = 8; M TG = 9; F WT = 11; F TG = 10. We
found no significant D/AP post-hoc test (until week 20) when comparing day activity between WT and TG with both males and females. Since we found a significant
Genotype X Sex X Age interaction for day time activity (nparLD test, Genotype X Sex X Age interaction: Statistic = 2.356, df = 4.161, p < 0.05) we compared TG
males with TG females with D/AP post-hoc procedure in C (*p < 0.05, **p < 0.01, black stars). We observed a clear decreasing trend of day and night activity in TG
mice compared to WT, but we could not perform tests after week 20, since some cages were missing. Panel (B) shows the slope of the linear regression computed
for the weekly night time activity points in weeks of age 16–24, while panel (D) shows the results for day time activity. (**p < 0.01, ***p < 0.001 two sample T-test).

hanging and grip strength tests and splay reflex score (Figure 6
and Supplementary Figures S4, S5).

In the grid hanging test (Figure 6A), the nparLD analysis
revealed a significant effect of Genotype, Sex and Age factors and
all their interactions (p < 0.001). In particular, male TG mice
show a significant reduction in grid hanging duration compared
to WT starting at 16 weeks of age (D/AP Post-hoc tests) while
female TG mice show a reduction starting much later (20 weeks
of age).

We expressed body weight as percentage of weight gain
calculated from initial weight at 7 weeks of age (Figure 6B). While
WT mice show a constant weight gain over time, TG mice show a
slower weight gain since early ages (nparLD test from week 8–20,
Genotype factor: Statistic = 33.778, df = 1, p < 0.001; Genotype
× Age interaction: Statistic = 39.300, df = 4.408, p < 0.001).
Female TG mice weigh consistently and significantly less than
WT starting at week 12 while TG male weigh significantly less
than WT starting from week 13 (Figure 6B).

We measured grip strength only in mice of the second and
third cohort (N = 59) and, as expected, TG mice showed a
decrease in grip strength over time, and a significant difference
between WT and TG mice at early ages (9 weeks of age for
males and 11 weeks of ages for females, as in Supplementary
Figure S4). We also observed in SOD1G93A mice the loss of
hind limbs splay reflex at the age of 14–15 weeks (Score = 1;

Supplementary Figure S5), the score increased with age implying
a progressive severity of this neurological deficit, worse in males
than in females.

Effects of Husbandry and Experimental
Procedures on Activity and RDI
As an additional investigation, we assessed the impact of
procedures such as cage change, grid and grip tests, and body
weight measurements on activity and RDI metrics. We separated
the average activity and RDI measured during weekends (when
no procedures are performed) and weekdays in which either cage
change or experimental procedures are performed (cage change
day or weekdays) (Figure 7).

We performed the nparLD test with Genotype as between-
subject factors and Age (weeks) and Day_type (weekdays or
weekend) as within-subject factor. Cage change days as a
within-subject factor could not be included in the statistical
analysis due to different periodicity in the two cohorts (cage
change every two weeks vs. weekly). As expected, day time
activity on weekdays is higher than weekends (Figure 7A;
nparLD test, Day_type factor: Statistic = 212.245, df = 1,
p < 0.001). Day time activity is also strongly impacted by
cage change procedures, as already observed in Pernold et al.
(2019), and clearly visible in Figure 7A. For this reason, we
remind that days of cage changing were excluded from all the
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FIGURE 4 | Day-time Regularity Disruption Index (RDI). Average weekly RDI curves (±SEM) across 7–24 weeks of age in (A) males, (B) females, (C) TG males and
females measured during day time. N of cages per group: M WT = 8; M TG = 9; F WT = 11; F TG = 10. In males (A) and females (B) *p < 0.05, **p < 0.01,
***p < 0.001 WT vs. TG, D/AP post-hoc procedure. Since we found a significant Genotype X Sex X Age interaction (nparLD test, Genotype X Sex X Age interaction:
Statistic = 3.084, df = 6.429, p < 0.01), we compared TG males with TG females with D/AP post-hoc procedure in (C) (*p < 0.05, **p < 0.01, black stars).

previous analyses. Interestingly, RDI does not show a significant
difference between weekdays and weekends (nparLD factor,
Day_type factor: Statistic = 1.690, df = 1, p > 0.05; Day_type
X Genotype interaction: Statistic = 0.034, df = 1, p > 0.05), and
similarly, the RDI is not substantially affected during cage change
days (Figure 7B).

DISCUSSION

In this paper, we presented a novel digital biomarker with the
aim to provide a non-invasive method for the identification of
ALS-related symptoms in male and female SOD1G93A mice. We

monitored animals in their home cage via the DVC R© system,
which is capable of non-intrusively detecting animal locomotor
activity 24/7. We considered previously developed metric such
as DVC R© activity (Iannello, 2019; Pernold et al., 2019) and
developed a new metric, referred to as Regularity Disruption
Index (RDI), which is designed to capture irregularities in the
activity pattern of mice. We also collected measurements on
the grid hanging test, grip strength test, hind limbs splay reflex
and body weight, which are classically used to monitor the
progression of the disease (Knippenberg et al., 2010; Deitch et al.,
2014; Olivan et al., 2015).

We showed that RDI is a digital biomarker capable of
detecting ALS-related symptoms, similarly, to the decline of
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FIGURE 5 | Activity and RDI within the least active hour. Average weekly activity and RDI curves (±SEM) across 7–24 weeks of age in (A,C) males, (B,D) females,
measured during the least active hour of the day. N of cages per group: M WT = 8; M TG = 9; F WT = 11; F TG = 10. In males (A,C) and females (B,D) *p < 0.05,
**p < 0.01, ***p < 0.001 WT vs. TG, D/AP post-hoc procedure.

FIGURE 6 | Grid hanging test and body weight gain. (A) Latency to fall per mouse (average time ± SEM) of mice hanging from an inverted grid. (B) Average
percentage of body weight gain ± SEM (per mouse) calculated from initial weight at age 7 weeks. Measures were taken weekly (weeks 7–22) in male (M, blue
squares) and female (F, red circles) WT (open symbols) and SOD1G93A (TG, filled symbols) mice. N of mice per group: M WT = 17; M TG = 18; F WT = 22; F
TG = 20. In each sex group (males = blue stars, females = red stars) *p < 0.05, **p < 0.01, ***p < 0.001 WT vs. TG, D/AP post-hoc procedure. Since we found a
significant Genotype X Sex X Age interaction in the grid hanging test (nparLD test, Genotype X Sex X Age interaction: Statistic = 11.630, df = 5.206, p < 0.001) we
compared TG males with TG females with D/AP post-hoc tests in A (*p < 0.05, **p < 0.01, ***p < 0.001, black stars).

neurological and motor functions. The peculiarity of RDI is that
it is derived from the raw home-cage activity, thus avoiding
handling animals compared to other commonly used procedures
such as the grid hanging or the grip strength tests. Moreover, RDI
is a robust measure that it is not substantially impacted by cage
changing or other procedures performed during day time.

The fully symptomatic stage in which most of the disease
related phenotypes are represented can be positioned in the
time window 16–22 weeks of age. In this critical interval the
RDI-related significant difference WT vs. TG is in fairly good
alignment/correspondence with the decline of night time activity,
neuromuscular functions, body weight and progressive loss of

splay reflex. All these phenotypes appeared earlier in males than
females as already reported in other studies (Mccombe and
Henderson, 2010). In summary, we thus confirm the phenotypes,
onsets and the expected sex differences observed in previous
studies, by monitoring SOD1G93A mice using both DVC R©

activity and classical measures.
We observed that the rise of RDI in TG mice is remarkable

especially when computed during day time (in which mice,
a nocturnal species, are mostly inactive). The increase of
irregularity in day activity pattern in TG mice could reflect
disturbances in their rest/sleep behavior. To further investigate
this potential relation, we show that RDI increases also within the
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FIGURE 7 | Impact of procedures. Day time activity (A) and RDI (B) curves across weeks 7–24 in WT (open symbols) and TG (filled symbols) (males and females)
during cage change days (red triangles), weekdays (green crosses, 2 days in which procedures as grid test or body weight assessment were performed) or
weekends (orange diamonds, Saturday and Sunday, without procedures). Data are mean ± SEM. N of cages per group: WT = 19; TG = 19. No differences were
observed in RDI between weekdays and weekends in both genotypes. RDI is not influenced by personnel activity in the room nor by experimental procedures.

least active hour of the day, in which mice probably rest most
of the time (Huber et al., 2000). The activity of TG mice also
increases in this time interval, while it remains approximately
zero for WT mice, suggesting that WT mice are almost
completely inactive and rest at least for an hour, as opposed to
TG mice. All these findings suggest that RDI is an additional
marker to detect symptoms of the disease automatically and
non-invasively and, once validated, could potentially detect ALS-
related sleep fragmentation at the symptomatic stage.

In general, we believe that observing animals in the home cage
24/7 provides clear advantages to experimental data collection,
as it allows constant animal monitoring, during both resting
and active periods, no animal handling and, crucially, metrics
are based on algorithms that are objective and replicable
across experiments and sites. This differs from tests performed
outside the home cage, which require animal handling during
animal resting periods, and often measurements are impacted
by operator subjectivity. In addition, we showed that RDI is
substantially not influenced by external procedures taking place
in the animal room during the day.

The RDI metric, that we suggested being able to capture
potential rest/sleep disturbances in ALS models, could be useful
as a digital biomarker to detect disease-related phenotypes also in
other neurodegenerative disease models. Circadian rhythm and
sleep disruption are in fact recognized as common symptoms
that negatively affect the quality of life in many diseases such
as Parkinson’s, Alzheimer’s, schizophrenia (Iranzo, 2016; Falup-
Pecurariu and Diaconu, 2017; Winsky-Sommerer et al., 2019)
and also ALS (Lo Coco et al., 2011; Boentert, 2019). Often
these disturbances have been recognized as premorbid signs
of the disease and are also typical in the aging population
(Leng et al., 2019).

In ALS patients, sleep disruption is often caused by respiratory
dysfunction and nocturnal muscle cramps and fasciculations
accompanied by pain (Ahmed et al., 2016; Boentert, 2019).

Very few studies have explored a sleep- or circadian activity-
related phenotype in ALS animal models. Sleep fragmentation
has been observed in a TDP-43 Drosophila model (Estes
et al., 2013). A study in FUS mutant rats reported sleep and
circadian rhythm abnormalities that precede cognitive deficits
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(Zhang et al., 2018). In SOD1G93A mice have been observed
sleep-related EEG/EMG abnormalities that increase with age (Liu
et al., 2015). Additionally, always in SOD1G93A mice, melatonin
has been shown to increase survival (Weishaupt et al., 2006)
while light-induced disruption of circadian rhythm anticipated
disease onset and reduced survival (Huang et al., 2018). Our
findings, though not measuring sleep directly, suggest a surge of
rest fragmentation in both male and female SOD1G93A mice at
the symptomatic stage. Additional investigations will be planned
in order to validate the RDI to consider it a true sleep disturbance
index, for example by using electroencephalographic measures
and video recordings of sleep behavior.

Overall, we believe that digital biomarkers associated with
long-term monitoring of animals affected by neurodegenerative
diseases, such ALS, can shed light on behavior and activity
patterns that are either unknown or not easily available with
conventional, non-continuous animal monitoring. Moreover,
the advantages become even more evident when these digital
biomarkers can be extracted via technologies capable of non-
intrusively monitoring animals 24/7 for several weeks and
months. We also envision that digital biomarkers such as RDI,
can be successfully applied to other diseases where sleep/rest
disturbances appear over time, and that they can be used to
preliminary assess the efficacy of treatments in large experiments.
In fact, systems such as DVC R©, can be used to monitor hundreds
of cages simultaneously and thus would be very helpful for large-
scale mouse phenotyping endeavors as the one undertaken for
example by the International Mouse Phenotyping Consortium
(IMPC) (Meehan et al., 2017; Brown et al., 2018; Joshi et al., 2019).

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The animals were subjected to experimental protocols approved
by the Local Animal Welfare Committee and the Veterinary
Dept. of the Italian Ministry of Health (Aut. #914/2016-PR),
and experiments were conducted according to the ethical
and safety rules and guidelines for the use of animals in

biomedical research provided by the relevant Italian laws and
European Union’s directives (Italian Legislative Decree 26/2014
and 2010/63/EU). All adequate measures were taken to minimize
animal pain or discomfort. Extra wet food was provided inside
the cage as needed.

AUTHOR CONTRIBUTIONS

FI, SM, EG, and MRa: conceptualization. MRi, FI, EG, and
SM: data handling, validation, visualization, methodology, and
writing – original draft. FI and MRi: formal analysis and software.
CD, EG, and SM: investigation. FS: project administration and
resources. MRa, FI, and SM: supervision. FI, MRi, SM, and EG:
writing – review and editing. All authors contributed to the article
and approved the submitted version.

FUNDING

The work at CNR was supported by the Infrafrontier-I3 project
under EU contract Grant Agreement No. 312325 of the EC
FP7 Capacities Specific Programme at the CNR Institute of
Cell Biology and Neurobiology and intramural funding. CNR-
Progetto di interesse strategico Invecchiamento. IBCN/MIUR
Attività Internazionale afferente all’area di Monterotondo. DVC R©

equipment at CNR was made available by Tecniplast SpA.

ACKNOWLEDGMENTS

We thank S. Gozzi and G. D’Erasmo for excellent technical
support. We are grateful to the International Mouse Phenotyping
Consortium (IMPC) for fruitful sharing of procedures and
discussions. This manuscript has been released as a pre-print at
bioRxiv (Golini et al., 2019).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2020.00896/full#supplementary-material

REFERENCES
Ahmed, R. M., Newcombe, R. E., Piper, A. J., Lewis, S. J., Yee, B. J., Kiernan, M. C.,

et al. (2016). Sleep disorders and respiratory function in amyotrophic lateral
sclerosis. Sleep Med. Rev. 26, 33–42.

Bains, R. S., Wells, S., Sillito, R. R., Armstrong, J. D., Cater, H. L., Banks, G.,
et al. (2018). Assessing mouse behaviour throughout the light/dark cycle using
automated in-cage analysis tools. J. Neurosci. Methods 300, 37–47. doi: 10.1016/
j.jneumeth.2017.04.014

Boentert, M. (2019). Sleep disturbances in patients with amyotrophic lateral
sclerosis: current perspectives. Nat. Sci. Sleep 11, 97–111. doi: 10.2147/nss.
s183504

Brown, S. D. M., Holmes, C. C., Mallon, A. M., Meehan, T. F., Smedley, D.,
and Wells, S. (2018). High-throughput mouse phenomics for characterizing

mammalian gene function. Nat. Rev. Genet. 19, 357–370. doi: 10.1038/s41576-
018-0005-2

Deitch, J. S., Alexander, G. M., Bensinger, A. A., Yang, S., Jiang, J. T., and Heiman-
Patterson, T. D. (2014). Phenotype of transgenic mice carrying a very low copy
number of the mutant human G93A superoxide dismutase-1 gene associated
with amyotrophic lateral sclerosis. PLoS One 9:e99879. doi: 10.1371/journal.
pone.0099879

Estes, P. S., Daniel, S. G., Mccallum, A. P., Boehringer, A. V., Sukhina, A. S.,
Zwick, R. A., et al. (2013). Motor neurons and glia exhibit specific individualized
responses to TDP-43 expression in a Drosophila model of amyotrophic
lateral sclerosis. Dis Model. Mech. 6, 721–733. doi: 10.1242/dmm.01
0710

Falup-Pecurariu, C., and Diaconu, S. (2017). Sleep dysfunction in Parkinson’s
Disease. Int. Rev. Neurobiol. 133, 719–742.

Frontiers in Neuroscience | www.frontiersin.org 11 September 2020 | Volume 14 | Article 896

https://www.frontiersin.org/articles/10.3389/fnins.2020.00896/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2020.00896/full#supplementary-material
https://doi.org/10.1016/j.jneumeth.2017.04.014
https://doi.org/10.1016/j.jneumeth.2017.04.014
https://doi.org/10.2147/nss.s183504
https://doi.org/10.2147/nss.s183504
https://doi.org/10.1038/s41576-018-0005-2
https://doi.org/10.1038/s41576-018-0005-2
https://doi.org/10.1371/journal.pone.0099879
https://doi.org/10.1371/journal.pone.0099879
https://doi.org/10.1242/dmm.010710
https://doi.org/10.1242/dmm.010710
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00896 August 30, 2020 Time: 10:0 # 12

Golini et al. ALS Rest Disturbances Detection

Golini, E., Rigamonti, M., Iannello, F., De Rosa, C., Scavizzi, F., Raspa, M., et al.
(2019). A non-invasive digital biomarker for the detection of rest disturbances
in the SOD1G93A mouse model of ALS. bioRxiv [Preprint] doi: 10.1101/2019.
12.27.889246

Gurney, M. E., Pu, H., Chiu, A. Y., Dal Canto, M. C., Polchow, C. Y., Alexander,
D. D., et al. (1994). Motor neuron degeneration in mice that express a human
Cu,Zn superoxide dismutase mutation. Science 264, 1772–1775. doi: 10.1126/
science.8209258

Hauge, E. R., Berle, J. O., Oedegaard, K. J., Holsten, F., and Fasmer, O. B. (2011).
Nonlinear analysis of motor activity shows differences between schizophrenia
and depression: a study using fourier analysis and sample entropy. PLoS One
6:e16291. doi: 10.1371/journal.pone.0016291

Huang, Z., Liu, Q., Peng, Y., Dai, J., Xie, Y., Chen, W., et al. (2018). Circadian
rhythm dysfunction accelerates disease progression in a mouse model with
amyotrophic lateral sclerosis. Front. Neurol. 9:218. doi: 10.3389/fneur.2018.
00218

Huber, R., Deboer, T., and Tobler, I. (2000). Effects of sleep deprivation on sleep
and sleep EEG in three mouse strains: empirical data and simulations. Brain
Res. 857, 8–19. doi: 10.1016/s0006-8993(99)02248-9

Iannello, F. (2019). Non-intrusive high throughput automated data collection from
the home cage. Heliyon 5:e01454. doi: 10.1016/j.heliyon.2019.e01454

Iranzo, A. (2016). Sleep in neurodegenerative diseases. Sleep Med. Clin. 11, 1–18.
doi: 10.1016/j.jsmc.2015.10.011

Joshi, S. S., Sethi, M., Striz, M., Cole, N., Denegre, J. M., Ryan, J., et al.
(2019). Noninvasive sleep monitoring in large-scale screening of knock-out
mice reveals novel sleep-related genes. bioRxiv [Preprint]. doi: 10.1101/51
7680

Kiernan, M. C., Vucic, S., Cheah, B. C., Turner, M. R., Eisen, A.,
Hardiman, O., et al. (2011). Amyotrophic lateral sclerosis. Lancet 377,
942–955.

Knippenberg, S., Thau, N., Dengler, R., and Petri, S. (2010). Significance of
behavioural tests in a transgenic mouse model of amyotrophic lateral sclerosis
(ALS). Behav. Brain Res. 213, 82–87. doi: 10.1016/j.bbr.2010.04.042

Leitner, M., Menzies, S., and Lutz, C. (2009).Working with ALSMice; GUIDELINES
for Preclinical Testing & Colony Management. Bar Harbor, ME: The Jackson
Laboratory.

Leng, Y., Musiek, E. S., Hu, K., Cappuccio, F. P., and Yaffe, K. (2019). Association
between circadian rhythms and neurodegenerative diseases. Lancet Neurol. 18,
307–318. doi: 10.1016/s1474-4422(18)30461-7

Lewis, J. P. (1995). Fast template matching. Vision Interface 95, 120–123.
Liu, R., Sheng, Z. F., Cai, B., Zhang, Y. H., and Fan, D. S. (2015). Increased orexin

expression promotes sleep/wake disturbances in the SOD1-G93A mouse model
of amyotrophic lateral sclerosis. Chin. Med. J. 128, 239–244. doi: 10.4103/0366-
6999.149214

Lo Coco, D., Mattaliano, P., Spataro, R., Mattaliano, A., and La Bella, V.
(2011). Sleep-wake disturbances in patients with amyotrophic lateral sclerosis.
J. Neurol. Neurosurg. Psychiatry 82, 839–842. doi: 10.1136/jnnp.2010.228007

Mandillo, S., Tucci, V., Holter, S. M., Meziane, H., Banchaabouchi, M. A., Kallnik,
M., et al. (2008). Reliability, robustness, and reproducibility in mouse behavioral
phenotyping: a cross-laboratory study. Physiol. Genomics 34, 243–255. doi:
10.1152/physiolgenomics.90207.2008

Mccombe, P. A., and Henderson, R. D. (2010). Effects of gender in amyotrophic
lateral sclerosis. Gend. Med. 7, 557–570. doi: 10.1016/j.genm.2010.11.010

Medeiros, D. C., Lopes Aguiar, C., Moraes, M. F. D., and Fisone, G. (2019). Sleep
disorders in rodent models of Parkinson’s Disease. Front. Pharmacol. 10:1414.
doi: 10.3389/fphar.2019.01414

Meehan, T. F., Conte, N., West, D. B., Jacobsen, J. O., Mason, J., Warren, J., et al.
(2017). Disease model discovery from 3,328 gene knockouts by the international
mouse phenotyping consortium. Nat. Genet. 49, 1231–1238.

Mina, M., Konsolaki, E., and Zagoraiou, L. (2018). Translational research on
amyotrophic lateral sclerosis (ALS): the preclinical SOD1 mouse Model.
J. Transl. Neurosci. 3:9.

Noguchi, K., Gel, Y. R., Brunner, E., and Konietschke, F. (2012). nparLD: an R
software package for the nonparametric analysis of longitudinal data in factorial
experiments. J. Stat. Softw. 50, 1–23.

Olivan, S., Calvo, A. C., Rando, A., Munoz, M. J., Zaragoza, P., and Osta, R. (2015).
Comparative study of behavioural tests in the SOD1G93A mouse model of
amyotrophic lateral sclerosis. Exp. Anim. 64, 147–153. doi: 10.1538/expanim.
14-0077

Pack, A., Galante, R., Maislin, G., Cater, J., Metaxas, D., Lu, S., et al. (2007). Novel
method for high-throughput phenotyping of sleep in mice. Physiol. Genomics
28, 232–238. doi: 10.1152/physiolgenomics.00139.2006

Pernold, K., Iannello, F., Low, B. E., Rigamonti, M., Rosati, G., Scavizzi, F., et al.
(2019). Towards large scale automated cage monitoring - Diurnal rhythm and
impact of interventions on in-cage activity of C57BL/6J mice recorded 24/7
with a non-disrupting capacitive-based technique. PLoS One 14:e0211063. doi:
10.1371/journal.pone.0211063

Richardson, C. A. (2015). The Power of Automated Behavioural Homecage
Technologies in Characterizing Disease Progression In Laboratory Mice: A
Review. Amsterdam: Elsevier Science.

Richman, J. S., and Moorman, J. R. (2000). Physiological time-series analysis using
approximate entropy and sample entropy. Am. J. Physiol. Heart Circ. Physiol.
278, H2039–H2049.

Sankoh, A. J., Huque, M. F., and Dubey, S. D. (1997). Some comments on
frequently used multiple endpoint adjustment methods in clinical trials. Stat.
Med. 16, 2529–2542. doi: 10.1002/(sici)1097-0258(19971130)16:22<2529::aid-
sim692>3.0.co;2-j

Vanderheyden, W. M., Lim, M. M., Musiek, E. S., and Gerstner, J. R. (2018).
Alzheimer’s disease and sleep-wake disturbances: amyloid, astrocytes, and
animal models. J. Neurosci. 38, 2901–2910. doi: 10.1523/jneurosci.1135-17.
2017

Weishaupt, J. H., Bartels, C., Polking, E., Dietrich, J., Rohde, G., Poeggeler, B.,
et al. (2006). Reduced oxidative damage in ALS by high-dose enteral melatonin
treatment. J. Pineal Res. 41, 313–323. doi: 10.1111/j.1600-079x.2006.00377.x

Winer, J. R., Mander, B. A., Helfrich, R. F., Maass, A., Harrison, T. M., Baker, S. L.,
et al. (2019). Sleep as a potential biomarker of tau and beta-amyloid burden in
the human Brain. J. Neurosci. 39, 6315–6324. doi: 10.1523/jneurosci.0503-19.
2019

Winsky-Sommerer, R., De Oliveira, P., Loomis, S., Wafford, K., Dijk, D. J., and
Gilmour, G. (2019). Disturbances of sleep quality, timing and structure and
their relationship with other neuropsychiatric symptoms in Alzheimer’s disease
and schizophrenia: insights from studies in patient populations and animal
models. Neurosci. Biobehav. Rev. 97, 112–137. doi: 10.1016/j.neubiorev.2018.
09.027

Zhang, T., Jiang, X., Xu, M., Wang, H., Sang, X., Qin, M., et al. (2018). Sleep and
circadian abnormalities precede cognitive deficits in R521C FUS knockin rats.
Neurobiol. Aging. 72, 159–170. doi: 10.1016/j.neurobiolaging.2018.08.025

Conflict of Interest: FI and MRi were employed by Tecniplast SpA, which
provided support in the form of salaries for authors FI and MRi. Tecniplast SpA
did not have any additional role in the study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Golini, Rigamonti, Iannello, De Rosa, Scavizzi, Raspa and
Mandillo. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 12 September 2020 | Volume 14 | Article 896

https://doi.org/10.1101/2019.12.27.889246
https://doi.org/10.1101/2019.12.27.889246
https://doi.org/10.1126/science.8209258
https://doi.org/10.1126/science.8209258
https://doi.org/10.1371/journal.pone.0016291
https://doi.org/10.3389/fneur.2018.00218
https://doi.org/10.3389/fneur.2018.00218
https://doi.org/10.1016/s0006-8993(99)02248-9
https://doi.org/10.1016/j.heliyon.2019.e01454
https://doi.org/10.1016/j.jsmc.2015.10.011
https://doi.org/10.1101/517680
https://doi.org/10.1101/517680
https://doi.org/10.1016/j.bbr.2010.04.042
https://doi.org/10.1016/s1474-4422(18)30461-7
https://doi.org/10.4103/0366-6999.149214
https://doi.org/10.4103/0366-6999.149214
https://doi.org/10.1136/jnnp.2010.228007
https://doi.org/10.1152/physiolgenomics.90207.2008
https://doi.org/10.1152/physiolgenomics.90207.2008
https://doi.org/10.1016/j.genm.2010.11.010
https://doi.org/10.3389/fphar.2019.01414
https://doi.org/10.1538/expanim.14-0077
https://doi.org/10.1538/expanim.14-0077
https://doi.org/10.1152/physiolgenomics.00139.2006
https://doi.org/10.1371/journal.pone.0211063
https://doi.org/10.1371/journal.pone.0211063
https://doi.org/10.1002/(sici)1097-0258(19971130)16:22<2529::aid-sim692>3.0.co;2-j
https://doi.org/10.1002/(sici)1097-0258(19971130)16:22<2529::aid-sim692>3.0.co;2-j
https://doi.org/10.1523/jneurosci.1135-17.2017
https://doi.org/10.1523/jneurosci.1135-17.2017
https://doi.org/10.1111/j.1600-079x.2006.00377.x
https://doi.org/10.1523/jneurosci.0503-19.2019
https://doi.org/10.1523/jneurosci.0503-19.2019
https://doi.org/10.1016/j.neubiorev.2018.09.027
https://doi.org/10.1016/j.neubiorev.2018.09.027
https://doi.org/10.1016/j.neurobiolaging.2018.08.025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	A Non-invasive Digital Biomarker for the Detection of Rest Disturbances in the SOD1G93A Mouse Model of ALS
	Introduction
	Materials and Methods
	Subjects
	Experimental Design
	Home Cage Activity Monitoring: Digital Ventilated Cage (DVC®) System
	Regularity Disruption Index (RDI)
	Neuromuscular Function and Body Weight Assessments
	Grid Hanging Test
	Grip Strength Test
	Body Weight, Splay Reflex, Disease Symptoms, and Humane Endpoint Assessment

	Statistical Analysis

	Results
	DVC®-Based Activity and RDI Patterns
	DVC® Monitoring of Day and Night Activity
	Regularity Disruption Index (RDI)
	Classical ALS Model-Related Measures: Neuromuscular Function and Body Weight Assessments
	Effects of Husbandry and Experimental Procedures on Activity and RDI

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


