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Obesity drives temporally distinct
physical activity disruptions in mice
under a fixed 24-h light-dark cycle

Abigail Usiyevich, Yufan Li, Reema Sharma, Kenny Arbuckle, Jay Shah &
Bridget A. Matikainen-Ankney™

24-h cycles regulate activity and feeding behavior, and obesity and metabolic dysfunction may disrupt
such rhythms. Here, using a fixed 24-h light-dark cycle, we investigate sex-specific diurnal physical
activity patterns in obese and normal weight mice. We observe that feeding behavior aligns with a
mid-dark cycle activity peak. Using passive home cage monitoring and operant feeding tasks, we
demonstrate that male and female mice exhibit distinct temporal activity profiles, particularly during
the late dark cycle. Diet-induced obesity selectively suppressed mid-dark cycle activity, a temporal
window linked to peak food-seeking behavior. These findings highlight temporal disruptions to
physical activity in a rodent model of diet-induced obesity and offer insights into potential interactions
between feeding behavior and 24 physical activity patterns.
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Obesity is a growing public health crisis associated with widespread metabolic dysfunction, yet its impact on
behavioral rhythms such as physical activity remains incompletely understood. In both humans and rodent
models, obesity is associated with decreased overall physical activity!™* and with disrupted 24-h cycles®”.
However, a direct link between obesity and altered physical activity over the 24-h cycle remains unclear, including
whether these activity deficits occur uniformly across the 24-h cycle or are temporally specific. One reason
may be due to methods surrounding tracking 24-h activity in mouse models. Traditionally, home cage activity
metrics have been collected from rodents using running wheels, where a running wheel is placed in the cage,
and wheel rotations are recorded over time. However this methodology can introduce significant confounds, as
the presence of a running wheel can itself alter activity levels or influence circadian rhythms®. Here we aimed
to explore home cage physical activity patterns in mice using a passive infrared monitoring system, and to
determine how 24-h physical activity patterns differ in the lean vs. obese state under a fixed 24-h light-dark cycle.
We chose a passive infrared monitoring system as our previous work showed that IR detection of home cage
activity correlates with locomotion®, and thus generates data that can be compared to wheel running locomotion
in the literature.

Across species, regulation of locomotion and feeding plays a central role in maintaining energy balance.
Rodents, like humans, exhibit structured daily rhythms that align activity and food-seeking with the dark
(active) phase of a 24-h light/dark cycle!? and are sexually dimorphic!'2. However, the extent to which obesity
disrupts these temporal dynamics — especially in the context of spontaneous home cage behavior - is not fully
understood. In this study, we show that mice display three temporally distinct peaks of physical activity during
the dark cycle, and that these activity peaks are aligned with feeding behavior. Notably, we observe sex differences
in the timing and magnitude of these rhythms, suggesting that energy expenditure and intake are finely tuned
across the dark cycle and modulated by biological sex.

Within this framework, we find that diet-induced obesity suppresses physical activity selectively during
the mid-dark cycle, a window that corresponds to peak food-seeking behavior in lean mice. These findings
suggest that obesity does not cause a global reduction in mouse physical activity, but rather disrupts the coupling
between energy intake and expenditure in a temporally specific manner. This study reveals a novel aspect of
how obesity alters behavioral rhythms and underscores the importance of considering timing when studying
the behavioral consequences of obesity. By identifying discrete time windows in which obesity-linked activity
suppression occurs in mice, our findings point to potential temporal targets for interventions aimed at restoring
metabolic health.
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Results

Mice display distinct activity peaks across the a fixed 24h light/dark cycle

We first investigated 24-h activity patterns in singly housed C57BL/6] male and female mice. For 3 weeks we
continuously recorded physical activity from singly housed mice with passive infrared monitors in each mouse’s
home cage (Fig. 1 A). The data reveal enhanced activity exhibited at early and late phases of the dark cycle (Fig.
1B), supporting observations that mice display an early and late burst of activity during the dark cycle, separated
by a mid-cycle dip'*~'°. An unbiased peak finding analysis revealed three distinct activity peaks during the
dark cycle, at Zeitgeber hours (ZT) 13, 17, and 23 (p1, p2, and p3, respectively) (Fig. 1C, D). This suggests that
continuous, non-invasive home cage monitoring reveals a distinct home cage activity profile for mice on a fixed
24-h light-dark cycle.

We asked whether activity patterns were similar across mice, or whether they would segregate into distinct
profiles. To do this, we ran a principal component analysis of 24-h activity patterns across all animals, and
identified 3 distinct clusters (Supp Fig. 1A-D). Notably, these clusters appeared to be separated primarily by
activity levels during p3 and predominantly aligned by sex; clusters 0 and 2 comprised predominantly male mice
(3/4 mice and 9/11 mice, respectively), and cluster 1 comprised female mice (Supp Fig. 1D). Direct comparison
of activity between male and female mice shows that animals from both sexes demonstrated 3 distinct activity
peaks, but during p3 male mice showed an increase in activity relative to female mice (Supp Fig. 1E-G). This
supports previous work demonstrating a surge in physical activity in males in the late dark cycle!®-?2. However,
prior investigations of female mice showed an increase in physical activity in the late dark cycle, similar to
males'®. Our data shows decreased female physical activity in p3 relative to males, potentially due to differences
in passive recordings vs. using running wheels. Together this suggests that mouse home cage physical activity
organizes into distinct peaks during the active cycle, and that these patterns may be sex-specific.

Feeding behavior aligns with mid-dark cycle activity

Metabolism, energy balance, and feeding behavior are regulated on a 24-h cycle in addition to activity levels
Therefore we next asked how food seeking patterns varied across a fixed 24-h light and dark cycle. In a new
cohort of mice, we assessed feeding patterns using an in-home cage feeding device (FED3%) to run a 72-h
operant task where a single nose poke (on either a left or right nose poke port) yielded a 20 mg sucrose pellet
(Fig. 2A). Mice had ad libitum access to standard chow and water throughout the task. We graphed pellets
earned over 24 h, and observed an increase in pellets earned at p2 (Fig. 2B), suggesting mice seek the most pellets
during the mid dark cycle. We then identified which hour of the 24-h cycle had the greatest number of pellets
earned for each mouse, and plotted that in a histogram, confirming most mice seek most of their pellets in the
mid dark cycle during p2 (Fig. 2C).

Both male and female mice demonstrated increased food-seeking during p2 (Supp Fig. 2 A, B). Further
analysis of inter-pellet intervals revealed that most feeding events occurred within 60 s of each other for both
sexes, suggesting clustered feeding events which we dubbed “meals” (Supp Fig. 2 C, D). We observed that females
consumed fewer meals (Supp Fig. 2E) but ate significantly larger meals compared to males (Supp Fig. 2 F). Thus
while meal patterns differ between sexes, both males and females preferentially seek food during p2, aligning
feeding with a temporally distinct physical activity bout.
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Fig. 1. Monitoring home cage activity in mice reveals distinct dark cycle activity bouts in a fixed 24-h light-
dark cycle. (a) Schematic showing physical activity monitor in the home cage. Signal corresponds to mouse
activity. (b) 24-h activity plot for individual mice. (c) 24-h activity plot, averaged for all mice. Grey bars
indicate dark cycle peak activity. (d) Examples of continuous activity trace from a single male (top) and female
(bottom) mouse. n =8 female mice, 12 male mice.
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Fig. 2. Food seeking peaks mid dark-cycle in mice. (a) Schematic of FED3 in the homecage. (b) Average
pellets earned over 24 h cycle. (¢) Histogram of hour bin during which max pellets are consumed. # =14 males,
14 females.

Diet-induced obesity reduces mid-dark cycle activity

Chronic disruptions, such as shift work, irregular eating patterns, or sleep deprivation, are all strongly associated
with obesity, and obesity itself can disrupt such rhythms, creating a self-reinforcing cycle that exacerbates weight
gain and associated health complications®~’. In humans, cycle disruptions such as insufficient or irregular sleep
are linked to increased obesity risk due to altered energy balance and metabolic dysregulation>. Similarly, diet-
induced obesity in rodents has been shown to reduce dark cycle activity, as measured by laser beam breaks in
metabolic chambers or actimetry?>?. Given our earlier observation that food-seeking behavior peaks during
p2 (Fig. 2B, C, Supp Fig. 2A, B), we asked whether diet-induced obesity would alter physical activity specifically
during this phase. To test this, we exposed male and female mice to either ad libitum high-fat diet (HFD; obese
group) or standard chow (control) for eight weeks. As expected, both male and female mice exposed to HFD
gained significantly more weight compared to controls (Fig. 3A-C). We then recorded home cage activity during
the final week of weight gain (Fig. 3A, D). We observed a significant reduction in activity during p2 in obese
male and female mice compared to lean controls (Fig. 3E-]J), and obese female mice also exhibited reduced
activity during p1 (Fig. 3H). These results confirm that diet-induced obesity leads to significant reductions in
home cage physical activity in mice, and demonstrate that the mid-dark cycle (p2) is particularly susceptible to
activity suppression.

Discussion

Here we demonstrate that mice exhibit three distinct activity peaks across the dark cycle in a fixed, 24-h light-
dark cycle experiment, that such activity patterns are sex-specific, and that activity during the second peak occurs
during a bout of increased food seeking. We observed a reduction in activity primarily during the second activity
peak in both male and female mice with diet-induced obesity relative to lean controls. Our data highlights
key distinctions between home cage activity monitoring methods, and suggests that recorded outcomes from
running wheels vs. passive activity monitors may differ significantly.

Running wheels vs. passive IR activity detectors

In studies using running wheels, activity typically surges in two bouts, initially after the onset of the dark cycle,
followed by a surge prior to the onset of the light cycle!>~15. This suggests that rodent activity is bimodal during the
wake cycle, though one running wheel study showed that male and female rodents run continuously throughout
the dark cycle!”. Passive IR activity monitors used in the home cage collect movement data that correlates with
home cage locomotion’, which is important to keep in mind when comparing running wheel readouts and
IR recordings. Both collect data indicative of locomotion, though running wheels likely reflect vigorous bouts
of activity, while IR detectors reflect ambulation around the home cage. Thus, while our observation of three
distinct activity peaks across the dark cycle contrasts published work in revealing distinct activity bouts during
the dark cycle, it also underscores differences in physical activity measured in the presence or absence of a
running wheel. Further, studies using running wheels demonstrate that female rodents exhibit higher levels
of running relative to males'®!”-?°, Our data suggest that during the early- and mid-dark cycles there are no
obvious sex differences in home cage activity, and in the late dark cycle male mice display higher activity levels.
This supports a study in mice using infrared sensors in the home cage to track 24-h activity that revealed a
distinct late-dark cycle surge in activity in male mice?!. Together, this further emphasizes the need for careful
interpretation of round-the-clock activity studies that rely on running wheels, as activity measured by voluntary
wheel-running behavior may obscure or exaggerate underlying activity patterns.

Implications for obesity

Our data shows that obesity-induced decreases in activity are temporally specific, occurring primarily during the
mid-dark cycle during a fixed 24-h light-dark cycle. This temporally selective decrease in home cage activity was
surprising — while physical activity deficits are well-established in people with obesity as well as rodent models
of obesity'™, they are typically interpreted as decreases across the 24 h cycle. Such a temporally specific decrease
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Fig. 3. Diet-induced obesity decreases physical activity in male and female mice mid-dark cycle under

fixed 24-h light-dark cycle conditions. a. Weight curves over eight weeks for control (tan) and obese (green)
male (dotted line) and female (solid line) mice. b, c. Dotted box plots showing obese male (b) and female

(c) mice weigh significantly more than controls. p=0.001, p=0.001, respectively. d. Schematic showing
location of activity sensor in home cage. e. 24-h activity plot for activty patterns from lean and obese male
mice. Grey bars indicate dark cycle peak activity. f. Average of activity from lean and obese males across

pl, p2, and p3. Significant effect of group (F(1,270) =13.4783, p=0.0003) and significant effect of peak time
(F(2,270) =25.8207, p=0.0001). Post hoc tests reveal significant decrease in activity of obese mice relative

to control at p2 (p=0.0030). g. 24-h activity plot for activty patterns from lean and obese female mice. Grey
bars indicate dark cycle peak activity. h. Average of activity from lean and obese females across p1, p2, and
p3. Significant effect of group (F(1,225)=27.5859, p=0.0001), peak time (F(2,225) =3.6424, p=0.0009), and
interaction between group and time (F(2,225) =3.6424, p=p=0.0277). Post hoc tests reveal significant decrease
in activity of obese mice relative to control at p1 (p=0.0489) and p2 (p=0.0001). i, j. Examples of continuous
activity traces from control (tan) or obese (green) male (left) or female (right) mice over four days. Linear
mixed model with multiple comparisons in f, h. Tukey post hoc tests in f, h. n=7 males, 7 females.

in home cage activity in obese mice, occurring during a time of increased food seeking, strongly suggests a
link between 24-h activity cycles and over-feeding leading to obesity. However - future studies are needed to
determine the nature of such targeted activity suppression, as our experiments do not reveal the nature of the
temporally specific decline in activity. For instance, this temporally selective suppression of activity might reflect
an energy-conserving adaptation or perhaps coincide with increased time spent consuming food vs. home cage
locomotion. Regardless, these findings are consistent with previous reports of reduced dark cycle activity in
obese rodents!>?>2%, and underscore the relationship between 24-h activity rhythms and feeding.
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Conclusions and limitations of this study

Our results demonstrate that 24-h physical activity patterns are sex-specific, and are temporally coupled to
feeding. Further, diet-induced obesity selectively disrupted activity during the mid-dark cycle, a temporal
window associated with enhanced food-seeking. These findings further link 24-h activity rhythms and feeding,
and suggest that the two may interact in obese states. However, there are limitations to our study. While we
observed that food seeking coincided with a mid-dark cycle activity bout in mice, we did not confirm this via
infrared video recordings. Without such a direct measure we cannot definitively link mid-dark cycle activity
levels and feeding. Relatedly, our observations that obese mice show decreased activity in the mid-dark cycle
are correlative, and do not allow us to conclude anything about a specific behavior in which obese mice are
participating, simply that diet-induced obesity drives decreased home cage activity during the mid-dark cycle.
Studies restricting or granting access to an obesogenic diet during the mid-dark cycle, for instance, would shed
light on whether there is a causal link between mid-dark cycle feeding and weight gain, and should be conducted
in the future.

Additionally, our studies were conducted under a fixed 24-h light-dark cycle, and therefore our results
should not be interpreted differential responses to light cues, and not necessarily linked to internally generated
circadian signals or endogenous circadian rhythms. For instance, a hallmark phenotype of obesity is a blunting
of motivated behavior'*?’. Thus the decrease in physical activity we see in obese mice during the mid-dark
cycle may simply be a decrease in home-cage activity several hours after dark-cycle onset, and not reflective
of endogenous circadian mechanisms linked to food consumption. Alternatively, differences in metabolic or
hunger cues associated with the mid-dark cycle surge in food seeking may drive the mid-dark cycle decrease in
activity in obese mice. Thus our results may not be reflective of internal circadian rhythm differences between
normal weight or obese conditions, but rather differences in cue responses. In order to attribute our results to
endogenous mechanisms, these studies would need to be conducted under constant light conditions, which we
did not perform here.

Further, in our study female mice exposed to an ad lib obesogenic diet gained weight steadily at a rate on par
with male mice. Evidence demonstrating that female mice reliably gain weight when exposed to an obesogenic
diet is mixed, with some studies reporting weight gain in females?*~** yet others demonstrating female mice are
resistant to weight gain®'~3*. One explanation for the reliable weight gain in females observed here may be social
isolation. Though we did not directly test how group-housing vs. single-housing affects weight gain in this study,
evidence suggests singly housing mice may facilitate weight gain. Singly housed male mice gained weight more
quickly than group housed males when exposed to HFD?, and singly housed female mice exposed to HFD
showed steady weight gain™®.

Lastly, our findings showing that mid-dark cycle activity is selectively decreased in mice with diet-induced
obesity may differ from genetic models of obesity, which we did not test here and which may impart distinct
disruptions. For example, leptin-deficient mice (ob/ob), which are obese with exposure to normal lab chow,
show disrupted cyclic hormonal regulation®. This suggests increased adiposity regardless of diet consumed can
skew 24-h cycles. Future studies should expand upon these limitations.

Methods

Animals and Diets. We investigate the intricate relationship between the development of motivated behavior
and obesity under high-fat diet (HFD) exposure. To achieve this, we employ advanced behavioral assays in mice.
Male and female C57BL/6] mice (12-14 weeks old, purchased from Jackson Labs) were individually housed
under a 24-h light-dark cycle (dark phase: 7 PM-7 AM) with ad libitum access to food and water. Each cage was
enriched with two items: wooden blocks and plastic cuddlehuts. Mice were provided either a standard laboratory
chow diet (5001 Rodent Diet) or a 60% HFD (Research Diets, D12492). In the weight gain experiment, the HFD
group was provided HFD for 8 weeks. Sample size of 14 was calculated to ensure power > 0.8 with an expected
outcome of >80% reduction in motivated behavior assays seen in obese mice®”*. Data from all subjects were
included in the analyses presented here. Cage temperature and humidity were continuously monitored using
sensors to ensure a stable environment across the study. Experimental group assignments were clearly indicated
on cage cards to ensure accurate daily diet administration. Throughout the study, no signs of distress or pain
were observed in any animal. At the conclusion of the study, mice were put under deep anesthesia with exposure
to isoflurane (4% induction in an airtight chamber) for 2-3 min. Upon confirmation of lack of responsiveness
to a toe pinch, mice we euthanized with decapitation. All procedures were approved by the Rutgers University
Animal Care and Use Committee, and were performed within guidelines put forth by the National Institutes
of Health. The present study was performed in accordance with ARRIVE guidelines (https://arriveguidelines.o
rg). We hereby confirm that all experimental procedures were conducted following the above regulations and
guidelines. All methods were performed in accordance with the relevant guidelines and regulations set forth by
the Rutgers University Animal Care and Use Committee, and by the National Institutes of Health.

Continuous Activity Monitoring. Home cage activity was monitored continuously using Pallidus MR1 passive
infrared (PIR) detectors (Pallidus), with activity data collected and binned on an hourly basis. PIR sensors detect
movement of warm objects (such as mice) through their sensing zone. Critically, the sensing zone cannot extent
through plastic, and as such is limited to inside the home cage. Previously, we used video recordings to calibrate
PIR sensors, and observed a correlation between the speed of a mouse moving around an arena with logged PIR
activity’, suggesting activity correlates with locomotion in the cage.

Operant Feeding Assay. Operant behavior was assessed using the Feeding Experimentation Device 3 (FED3)
system?%. Mice were trained to perform nosepokes on an active port to receive a conditioned stimulus (tone
and light) followed by a 20 mg sucrose pellet (TestDiet). Nosepokes on the inactive port were logged but had
no consequence. Acquisition was conducted under a fixed ratio (FR) schedule, where one nosepoke yielded one
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pellet. For progressive ratio (PR) sessions, the required number of nosepokes to earn a reward increased by one
after each completed trial. Both FR and PR sessions ran continuously for 24 h.

Data Analysis and Statistics. Data were processed and visualized using custom Python scripts. Bartlett’s
test was used to assess homogeneity of variance. Depending on the data, appropriate statistical tests, including
Student’s t-tests, Mann-Whitney tests, and two-way ANOVA, were performed using Python’s StatsModels
package. All subjects’ data were analyzed uniformly. To identify local maxima during the dark phase, we applied
the Scipy find_peaks function, defining maxima as an increase followed by a subsequent decrease. Activity data
was rescaled to amplitudes of 0-1 for principal component analyses (PCA) and Kmeans clustering. Cluster
number was determined using a silhouette analysis, with the silhouette score for 3 clusters=0.516. PCA and
Kmeans clustering was performed on activity data scaled to a min-max of 0-1 absolute scale. The top 3 PCs
contributed 66.236% of the total sample variance. Experimenters were not blinded to mouse group, as obesity is
an obvious condition in mice. However, experimenters were blinded to group during data analysis. No animals
were excluded from this study.

Data availability
All data and analysis files will be made available on OSF: https://osf.io/gnrzb/.
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