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Highlights  

-Free access to a fat and sugar (fcHFHS) diet produces obesity and disrupts daily 

feeding behaviour in mice.  

-The day-night expression of clock proteins is abolished in the lateral habenula, but 

not in the suprachiasmatic nucleus, of fcHFHS-exposed mice.  

-Therefore, the exposure to a fcHFHS diet alters the normal day-night pattern 

among brain oscillators that modulate food intake. 
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Abstract 

The suprachiasmatic nucleus (SCN) times the daily rhythms of behavioural 

processes including feeding. Beyond the SCN, the hypothalamic arcuate nucleus 

(ARC), involved in feeding regulation and metabolism, and the epithalamic lateral 

habenula (LHb), implicated in reward processing, show circadian rhythmic 

activity. These brain oscillators are functionally coupled to coordinate the daily 

rhythm of food intake. In rats, a free choice high-fat high-sugar (fcHFHS) diet 

leads to a rapid increase of calorie intake and body weight gain. Interestingly, 

under a fcHFHS condition, rats ingest a similar amount of sugar during day time 

(rest phase) as during night time (active phase), but keep the rhythmic intake of 

regular chow-food. The out of phase between feeding patterns of regular (chow) 

and highly rewarding food (sugar) may involve alterations of brain circadian 

oscillators regulating feeding. Here, we report that the fcHFHS diet is a successful 

model to induce calorie intake, body weight gain and fat tissue accumulation in 

mice, extending its effectiveness as previously reported in rats. Moreover, we 

observed that whereas in the SCN the day-night difference in the PER2 clock 

protein expression was similar between chow-fed and fcHFHS-fed animals, 

contrarily, in the LHb, this day-night difference was altered in fcHFHS-exposed 

animals compared to control chow mice. These findings confirm previous 

observations in rats showing disrupted daily patterns of feeding behavior under a 

fcHFHS diet exposure, and extend our insights on the effects of the diet on 

circadian gene expression in brain clocks. 

 

Key words: suprachiasmatic; lateral habenula; circadian; clock genes; reward; 

palatable 
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Introduction 

Obesity is a health problem that has increased over the last decades and it is 

associated with concomitant metabolic and cardiovascular diseases. The over-

consumption of caloric diets has been identified as a principal factor in obesity 

development (Avena et al., 2008; Berthoud and Morrison, 2008) and therefore, 

different rodent models have been developed in order to have a better 

understanding on how highly-caloric food affects brain physiology and behavior. 

Nevertheless, some of these models have limitations concerning the presentation of 

the highly-caloric diet which is usually given chronically in one single pellet, 

having the animals in a forced-fed condition (Farley et al., 2003; Woods et al., 

2003). However, in normal circumstances, humans don’t follow a forced diet, and 

we even choose what we perceive as more pleasurable from our free-choice food 

environment. To solve these differences in experimental and real life situations, a 

free-choice diet has been used in rats as a model of diet-induced obesity where the 

caloric compounds of the diet (i.e., sugar and fat) can be chosen in addition to a 

nutritionally balanced chow diet (la Fleur et al., 2007). Besides inducing obesity, 

this free-choice feeding condition also induces a “snacking” behavior pattern, 

characterized by increased frequency of food bouts with similar total amount of 

food ingestion as compared to animals eating the chow control diet (la Fleur et al., 

2014). This model, thus, represents the obese population that gain weight due to 

snacking palatable food items regularly. Moreover, it is different from other diet-

induced obese models which induce larger meal consumption with over-time 

reduced meal frequency to compensate for increased weight gain (Furnes et al., 

2009).  

The feeding patterns of fcHFHS diet exposed animals have been related to an 

alteration of the daily rhythm of eating, which has been proposed as a contributing 

factor to the development of obesity (Kohsaka et al., 2007; Pendergast et al., 2013). 

Rats on the fcHFHS diet ingest sugar not only during the activity period (at night) 

but also during their normal resting period (at day), losing the day-night rhythm of 
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sugar intake (la Fleur et al., 2014). Interestingly, while the daily rhythm of sugar 

ingestion seems to be altered, the day-night intake of the regular chow diet and fat 

remains unchanged, with a main intake at night (la Fleur et al., 2014). Daily 

rhythms of behaviour and physiology are paced by the main circadian clock, the 

hypothalamic suprachiasmatic nucleus (SCN) which controls, among other 

variables, the daily rhythm of food intake (Coomans et al., 2013; Nagai et al., 

1978). The SCN contains a molecular time-keeping mechanism which consists of 

positive and negative feedback loops of the clock-gene expression. Within this 

molecular machinery, the protein of the gene Clock dimerizes with the protein 

product of the Bmal1 gene forming the positive loop. The dimerization of CLOCK-

BMAL1 induces the transcription of genes from the negative loop like 

cryptochrome (CRY 1, 2) and period (PER 1-3) whose dimerization, in turn, 

inhibits the expression of the genes in the positive loop (Takahashi, 2015).  

The clockwork molecular mechanism has been observed, beyond the SCN, in 

several areas throughout the brain and the peripheral organs (Guilding et al., 2009; 

Saini et al., 2015). In the brain, the clock activity has been reported in areas of 

homeostatic balance such as the Arcuate Nucleus (ARC) (Guilding et al., 2009), 

which besides regulating energy expenditure might well be involved in the 

circadian mechanisms controlling eating behaviour (Buijs et al., 2006). The 

habenula is an epithalamic structure involved in prediction and approach to a 

reward, as well as in regulation of emotional states like depression (Friedman et al., 

2011; Proulx et al., 2014; Tian and Uchida, 2015). This area can be divided 

anatomically and functionally in two sub-areas: the medial habenula (MHb) and 

lateral habenula (LHb) where the latter is anatomically linked to the SCN (Zhang et 

al., 2009) and the dopaminergic ventral tegmental area (VTA) (Araki et al., 1988; 

Christoph et al., 1986; Matsumoto and Hikosaka, 2007). Moreover, within the 

LHb, the PER2 clock-protein has been described to oscillate in absence of the SCN 

inputs (Guilding et al., 2010). The processing of reward and the circadian 

characteristics of the LHb suggest that this area may be relevant when the animals 

have access to a palatable diet. Therefore, the first part of this study aimed to 
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evaluate whether mice under a fcHFHS diet develop hyperphagia and obesity 

similar to the results previously obtained in rats (la Fleur et al., 2014), and in a 

second part, to characterize the expression of the clock-proteins PER2 and BMAL1 

in the SCN, LHb and the ARC of mice exposed to the fcHFHS diet.  

Material and Methods  

Animals and Housing 

We used young adult (6-8 weeks old) male C57BL/6J mice weighting 22.1 ± 0.5 

grams at the beginning of the study. Animals were housed individually in Plexiglas 

cages with food and water ad libitum before any feeding manipulation. Mice were 

kept under controlled conditions throughout all the experiment with a controlled 

temperature (21-23°C) and a light-dark (LD) cycle 12:12h (lights on at 7 am, 

zeitgeber time (ZT) 0 represent lights on) with dim red light (5 lux) at night. All 

experiments were performed in accordance with the rules of the European 

Committee Council Directive of November 24, 1986 (86/609/EEC) and the French 

Department of Agriculture (license no. 67-378 to JM). 

Food intake assessment 

After a week of habituation, mice were randomly divided into two groups and fed 

with two different diets. The control Chow group (n=12) had ad libitum access to 

regular chow food (SAFE, 105, U8400G10R. Augy, France. 2.85 kcal/g, where: 

23% proteins, 65% carbohydrates and 12% fat) and tap water during the whole 

experiment. The free choice High-Fat High-Sugar (fcHFHS) group (n=11) was 

offered 4 different components in the diet separately: (1) regular chow food; (2) a 

bottle of tap water; (3) pellets made of fat (beef tallow, Vandemoortele, France; 9 

kcal/g); (4) a bottle of water with 10% sugar (0,4 kcal/mL). Previous observations 

in our laboratory and by other groups showed that this was the most preferred 

concentration of sugar for C57BL/6J mice (Bainier et al., 2017; Feillet et al., 2017; 

Lewis et al., 2005). Both groups were kept on their respective diets during 6 weeks. 
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All animals were weighted weekly as well as the food components to evaluate 

ingestion. At the end of the first and sixth week of experiment, all the food 

components for both groups were measured during the 12h of the light and the dark 

period in order to have the day-night intake pattern.  

Locomotor activity recordings  

To measure activity-rest cycles we monitored locomotor activity of both Chow 

(n=10) and fcHFHS (n=11) animals by using infrared detectors placed above the 

cage. Data were recorded every 5 min. General locomotor activities were plotted as 

actograms. Clocklab software (Actimetrics, Wilmette, IL) was used to determine 

the activity profiles of each animal under different experimental conditions (Chow 

vs. fcHFHS) and changes in the amount of locomotor activity were evaluated. 

Tissue sampling 

After the sixth week of diet exposure, mice from both Chow (n=12) and fcHFHS 

groups (n=11) were divided and killed at two different time points around the 24h 

cycle; at either ZT4 (4h after lights on; n=6 per diet-group) or ZT16 (4h after lights 

off; n=5-6 per diet-group). These time points were chosen because a difference of 

high and low expression of clock-proteins can be found around these. Mice were 

deeply anesthetized with pentobarbital (80 mg/kg) and perfused intracardially with 

50 mL of Phosphate Buffer Saline (PBS 0.1M) followed by 50 mL of 

Paraformaldehyde (PAF 4%). Brains were harvested and conserved overnight in 

PAF-4% and then transferred to 30% sucrose (Sigma-Aldrich, USA) for 

cryoprotection

at the level of the SCN (~Bregma -0.58mm), the ARC (~Bregma -1.82mm) and the 

LHb (~Bregma -1.82mm) according to the stereotaxic atlas of mouse brain 

(Paxinos & Franklin, 2004), and stored in a Watson solution (30% sucrose; 1% 

polyvinylpyrrolidone (PVP-40); 30% Ethylene glycol; 0.9% NaCl; 50mM Tampon 

Phosphate 0.1M pH 7,4) at -20 °C until immunohistochemistry processing. 
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Adipose tissue and hormonal determinations 

Before perfusion, at day (ZT4; n=6 per group, Chow vs. fcHFHS) and night (ZT16; 

n=4 per group, Chow vs. fcHFHS), blood was collected from the left ventricle of 

the mice, into 15 ml Corning tubes containing 100 μl of 4% EDTA. Blood samples 

were centrifuged at 5000 rpm for 10 min, and plasma was stored at -80°C before 

determination of plasma leptin concentration. Leptin was determined through 

ELISA procedure using a mouse Leptin ELISA Kit (EZML-82K, Millipore, USA). 

The limit of sensitivity of the leptin assay was 0.05 ng/ml. 

To determine the adiposity of mice the white adipose tissue from the abdominal 

area was rapidly dissected and immediately weighed (Chow, n=7; fcHFHS, n=6).  

PER2 and BMAL1 immunolabeling 

A series of brain slices containing SCN, ARC and LHb were rinsed 3 times for 5 

min with PBS+0.05% tween. They were incubated overnight in PBS+0.3% tween 

20 (Sigma-Aldrich, USA) + 5% goat serum and the rabbit anti-PER2 antibody 

(Alpha Diagnostic International) with a 1:1000 concentration during 24h. After the 

incubation period with primary antibody, the tissue was rinsed in PBS+0.05% 

tween and exposed to the secondary antibody anti-rabbit made in goat (Vector 

Laboratories, 1:500) in PBS+0.3% tween. Then, sections were rinsed in 

PBS+0.05% tween and incubated in PBS+0.3% tween and the Avidin Biotin 

complex (Vectastain Kit; Vector laboratories) for two hours. Sections were rinsed 

with PBS and placed 5 minutes in 3,3 Diaminobenzidine Tetraydrochloride 

(Sigma, DAB; 0.5 mg/mL) with 0.015% H2O2.  

In a second series of tissue containing the same nuclei of interest, immunostaining 

against the BMAL1 protein was performed. We followed the same procedure as 

PER2 immunohistochemistry with the primary rabbit anti-BMAL1 antibody 

(Millipore AB2298, 1:5000) in PBS+0.3% tween and 5% donkey serum, followed 

by an incubation with a secondary antibody anti-rabbit made in donkey (Jackson 

Laboratories) and the incubation with the AB complex. Finally the same reaction 
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with DAB and H2O2 was conducted. At the end of DAB reaction, the tissue was 

rinsed with PBS and mounted in gelatinized slides. When dried, the slides were 

progressively dehydrated by submersion in alcohols with increasing concentration: 

70%, 90%, 95%, 100%, and finally in toluene, then, a microscope coverslip was 

placed with mounting medium (Eukitt, Sigma-Aldrich, USA).  

Cell counting  

After immunolabeling, sections were visually inspected on a Leica DMRB 

microscope (Leica Microsystems, Rueil-Malmaison, France) equipped with an 

Olympus DP50 digital camera (Olympus France, Rungis, France). 

Photomicrographs (10X) of rostral, medial and posterior levels of SCN, LHb and 

ARC were taken standardizing all lighting parameters on the microscope and the 

camera software (Viewfinder Lite, Olympus) to ensure consistent stable lighting 

throughout the image capture, and saved as images on a PC. High resolution digital 

images of representative SCN, ARC nuclei and habenular complex including both 

the LHb and the MHb, were taken with reference to the mouse brain stereotaxic 

atlas (Paxinos & Franklin, 2004). The images were analyzed with the ImageJ 

program (National Institute of Health, USA). Sections of the stained structures 

from both hemispheres were analysed from each animal (2 sections per animal). 

Contrast and brightness were adjusted in each image to set the difference with the 

background of the picture and the marked cells. The threshold to measure size and 

intensity of every particle was adjusted and all the pictures were treated with these 

parameters. The target area was selected manually and the result of the particle 

analysis was saved in an Excel file.  

Statistical analysis  

SigmaPlot (version 13.0) software was used for statistical analysis. For total body 

weight and caloric intake data over time, repeated measures ANOVA’s were used 

followed by Bonferroni post-test to compare means. A 2-way ANOVA of repeated 

measures was used to determine the effects of time (ZT4 vs. ZT16) and diet (chow 
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vs. fcHFHS) on the caloric intake over the 24h of the Chow and fcHFHS diet 

groups, and to analyze the effects of time (ZT4 vs. ZT16) and component of the 

diet (chow, fat and sugar) on the caloric intake of the fcHFHS group. We used a t-

test to evaluate the differences of the percentage of white adipose tissue between 

the chow and the fcHFHS-fed group. A 2-way ANOVA of independent measures 

was used to evaluate the effects of time and diet on PER2 and BMAL1 protein 

expression, and leptin concentrations. When the effects were significant, the 

analysis was followed by a Bonferroni post-hoc test. Significant differences were 

determined with an alpha ≤ 0.05.  

Results 

fcHFHS diet induces hypercaloric intake and body weight gain in mice 

In the total caloric intake, mice under the fcHFHS diet ingested more calories than 

chow-fed control animals. The repeated measures ANOVA revealed significant 

differences on diet (Chow vs. fcHFHS; F(1,167)=122.4; p<0.001) and time (weeks; 

F(6,167)=17.3; p<0.001), as well as in the interaction of these two factors 

(F(6,167)=17.7; p<0.001), from the first to the sixth experimental week (Figure 1A).  

Body weight showed also differences between groups (Chow vs. fcHFHS) which 

were significant by the third week of diet exposure (time x diet, F(6,167)=15.08; 

p<0.001); fcHFHS-fed animals gained more body weight than control chow-fed 

mice (Figure 1B). This difference was maintained until the end of diet exposure 

(Post-hoc, p<0.05; Figure 1B).Plasma leptin concentrations were measured at day 

(ZT4) and night (ZT16) to confirm the obese phenotype of the fcHFHS group, 

which were significantly higher in both time points (ZT4, 4.8 ± 0.8 ng/mL; ZT16, 

9.2 ± 2.9 ng/mL) compared to the Chow group (ZT4, 2.7 ± 1.2 ng/mL; ZT16, 2.9 ± 

0.4 ng/mL) after six weeks of diet exposure (F(1,19)=8.6; p=0.01; Figure 1C). 

Finally, the percentage of abdominal fat accumulation of mice from both groups 

was calculated per total body weight, being significantly higher in the fcHFHS 

group (5.2, ± 0.3% fat/BW) compared to the control Chow group (2.2 ± 0.4% 
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fat/BW) (t(11)=-4.9, p<0.01; Figure 1D). Thus, the effects of the fcHFHS diet in 

mice physiology are similar to those observed previously in rats (la Fleur et al., 

2007). 

 

 

Figure 1. Exposure to the fcHFHS diet increases calorie intake and promotes body 
weight gain. (A) Total calorie intake of both Chow and fcHFHS groups during 
baseline (BL) and 6 experimental weeks. (B) Total body weight of control (Chow, 
n=12) group and mice under free choice high-fat-high-sugar (fcHFHS, n=11) diet. 
(C) Plasma leptin concentrations are significantly higher at night (ZT16) in mice 
after 6 weeks of fcHFHS (n=4-6 per time point) compared to Chow diet group 
(n=4-6 per time point). (D) Percentage of abdominal fat after 6 weeks of 
experiment with respect to their final weight is higher in fcHFHS diet mice (n=6) 
compared to Chow diet mice (n=7). Values represent the mean ± S.E.M. Asterisk 
indicates statistical differences (Post-hoc Bonferroni t-test) at p<0.05. 
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Day-night food intake pattern is affected in mice under a fcHFHS diet 

At the first and sixth week of diet exposure, we measured the day-night pattern of 

food ingestion of the Chow and fcHFHS groups over 24h. We observed an overall 

higher caloric intake in the fcHFHS-fed mice and a day-night difference in both 

groups, ingesting more calories at nighttime at the first (F(1,42)=33.9; p<0.001), and 

sixth week (F(1,43)=18.9; p=0.001) of exposure, which were significantly higher in 

fcHFHS-exposed mice (first week, F(1,42)=5.07; p=0.04; sixth week, F(1,43)=46.2; 

p<0.001; Figure 2A and 2C). No differences in the interaction between diet x time 

factors were detected (first week, F(1,42)=1.27; p=0.2; sixth week F(1,43)=0.01; 

p=0.9). The day-night intake pattern of the fcHFHS-fed mice, during the first week, 

had an effect of the diet component (F(2,65)=6.9; p=0.005) and time (F(1,65)=12.1; 

p=0.006), with a clear day-night difference in calorie intake from regular chow 

food and fat, but not from sugar (Figure B).  

At the sixth week of diet exposure, however, a significant day-night (F(1,65)=9.28; 

p=0.01) intake pattern was observed for regular chow food (F(2,65)=577.3; 

p<0.001), but not from fat nor sugar (Figure 2D). 

Evaluating general activity, both groups showed similar daily rhythms in 

locomotion, with the highest activity during night time (F(23,503)=44.3; p<0.001; 

Figure 2E and 2F). We did not, however, observe significant differences between 

groups in the daily rhythms of locomotor activity (F(1,503)=0.08; p=0.7; Figure 2E 

and 2F).  

PER2 and BMAL1 day-night expression in brain tissue of fcHFHS diet-fed mice 

After 6 weeks of diet exposure, we assessed the expression of proteins PER2 and 

BMAL1 in the SCN, ARC and LHb. In the SCN, PER2 expression was higher at 

night (ZT16) in both Chow and fcHFHS-fed mice (F(1,22)=41.17; p<0.001; Figure 

3), and no effect of the diet (F(1,22)=2.0; p=0.17; Figure 3) or interaction time x diet 

was observed (F(1,22)=0.002; p=0.96; Figure 3). As for the SCN, PER2 in the ARC 

was higher during the night than during the day  
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Figure 2. Day-night pattern of calorie intake of Chow and fcHFHS fed animals. 
Total calorie ingestion over 24h from the first (A) and the sixth (C) week of 
experiment during day (white bars) and night (black bars) for Chow and fcHFHS-
exposed animals. Percentage of total caloric ingestion of the different 
components of the fcHFHS diet measured over 24h during day and night at the 
first (B) and the sixth (D) week of experiment. Values are the mean ± S.E.M. 
Asterisk indicates statistical differences (day vs. night) at p<0.05 (Post-hoc 
Bonferroni t-test). Diamonds indicate a significant difference between diet 
components (Chow vs. Fat vs. sugar) at day and nighttime (p<0.05, Post-hoc 
Bonferroni t-test). (E) Representative actograms of the locomotor activity rhythms 
of a Chow and a fcHFHS fed mice (F) Activity profiles of the 24h rhythms of 
general locomotion of mice exposed to a chow or a fcHFHS diet during 6 weeks. 
Shaded yellow bars in both actograms and activity profiles represent light period. 
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in both Chow and fcHFHS groups (F(1,19)=17.57; p<0.001; Figure 3), and there 

were no differences between the diets (F(1,19)=2.14; p=0.16; Figure 3) or in the 

interaction between time x diet (F(1,19)=0.26; p=0.61; Figure 3). Contrary to SCN 

and ARC, the PER2 protein expression in the LHb was higher at day (ZT4) than 

night (ZT16) in the chow-fed group (time, F(1,19)=6.77; p=0.01; Figure 3), but this 

difference was blunted in the fcHFHS-fed mice in comparison to control Chow 

mice (time x diet, F(1,19)=8.77; p=0.009; Figure 3). The PER2 protein expression in 

the MHb was also quantified but no effect of time (F(1,15)=0.1; p=0.7), diet 

(F(1,15)=0.12; p=0.7) or interaction between factors (F(1,15)=0.9; p=0.3) was found. 

 

Figure 3. Day-night expression of the PER2 protein in Chow and fcHFHS fed 
animals. Day and night expression of PER2 of Chow (n=4-6 per time point) and 
fcHFHS (n=4-6 per time point) groups in the SCN, the ARC and the LHb. In the SCN 
and ARC nucleus the number of PER2 immunoreactive (ir) cells was higher at night 
than daytime in both Chow and fcHFHS-fed animals. Contrary, in the LHb PER2-ir 
cells was significantly higer at day (ZT4) than night time only in the chow-fed 
group. Representative images from PER2 immunolabeled tissue are shown under 
the graphs of each brain area respectively. Dotted black lines represent the area 
where PER2 was counted. Values are the mean ± S.E.M. Asterisk indicates 
statistical differences (day vs. night) at p<0.05 (Post-hoc Bonferroni t-test). 
Diamond indicates a significant difference between groups (Chow vs. fcHFHS) at 
daytime (p<0.05, Post-hoc Bonferroni t-test). OC, optic chiasm; 3V, third ventricle; 
d3V, dorsal third ventricle; MHb, medial habenula. 
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The BMAL1 protein expression in the SCN was higher at night time compared to 

the day time in both chow and fcHFHS-fed mice (F(1,19)=6.36; p=0.02; Figure 4). 

The post hoc analyses indicated that this difference was significant only in the 

fcHFHS group (Post-hoc test, p<0.05). There was no significant differences 

between the diets (F(1,19)=0.0008; p=0.9; Figure 4) or an interaction time x diet 

(F(1,19)=0.7; p=0.41; Figure 4). The same pattern was found in the LHb for BMAL1 

expression, being higher at night (F(1,17)=22.07; p<0.001; Figure 4), in both groups 

(post-hoc test, p<0.05), but with no differences of diet (F(1,17)=0.53; p=0.47; Figure 

4) nor an interaction time x diet (F(1,17)=2.21; p=0.15; Figure 4). In the MHb no 

effects of time (F(1,12)=0.56; p=0.4), diet (F(1,12)=0.6; p=0.4) or interaction between 

factors (F(1,12)=0.4; p=0.5) on BMAL1 protein expression were found. We 

performed the BMAL1 immunostaining in the ARC, however, the staining in this 

area was not optimal to be quantified and analyzed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Day-night expression of the BMAL1 protein in Chow and fcHFHS fed 
animals. BMAL1 expression in SCN and LHb of Chow and fcHFHS groups showed a 
main number of positive cells at night time (ZT16). This effect was significant in 
the SCN of fcHFHS diet-exposed mice and in the LHb of both, chow and fcHFHS fed 
mice (*p<0.05, Post-hoc Bonferroni t-test). Values are the mean ± S.E.M. 
Representative images from BMAL1 immunolabeled tissue are shown under the 
graphs of each brain area respectively. OC, optic chiasm; 3V, third ventricle; d3V, 
dorsal third ventricle; MHb, medial habenula. 
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Discussion 

In line with previous studies in rats, we here show that in mice the fcHFHS diet 

induces hyperphagia and enhanced body weight gain with an increase in adipose 

tissue stores and plasma leptin concentrations. Moreover, in the LHb the day-night 

difference in the expression of the clock-protein PER2, which was observed in 

chow-fed animals, was blunted when mice were fed with the fcHFHS diet.  

Effects of fcHFHS on calorie intake and physiology 

Our results show that the fcHFHS paradigm is effective for inducing calorie 

overconsumption that leads to an increase of body weight gain, abdominal fat 

accumulation and high blood leptin concentrations in mice. Like previous results 

observed in rats (la Fleur et al., 2014), day-night sucrose intake was similar in mice 

fed with fcHFHS diet, while chow food ingestion remained high during the night. 

The mice in this study ate more fat at night, however, the percentage of fat 

ingestion is higher during the day compared to chow food and this pattern differs to 

that of rats under a fcHFHS diet (la Fleur et al., 2014), which might indicate a 

species difference in food intake and metabolism. The mice of this study, however, 

were kept on the fcHFHS diet during 6 weeks, and it might be that when rats are 

exposed to the diet for more than 3 weeks, fat intake patterns could be altered as 

well. 

Together with the earlier reported rat studies, we show clear effects of fcHFHS 

exposure on the daily intake of caloric food, but not for regular chow food. 

Although other studies did not present food items separately, our data go along 

with previous reports showing that when mice were fed with a high-fat single 

pellet, the daily food intake was altered under both LD and DD conditions, 

increasing food intake during the rest period (Branecky et al., 2015; Kohsaka et al., 

2007; Mifune et al., 2015; Pendergast et al., 2013). In addition to altered feeding 

patterns, changes in locomotor activity have also been reported in some studies. 

Pendergast et al. (2013) showed altered locomotor activity rhythms after 2 weeks 
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of high-fat diet exposure, whereas Kohsaka et al. (2007) reported no increase in the 

locomotor activity during the light period of mice on a HF diet. We also recorded 

general locomotion in mice, but we did not observe differences between chow and 

fcHFHS animals. These different effects of HF-diets on locomotor activity rhythms 

might be due to age or to the composition of the diet. In fact, body weight gain and 

the disturbances of the daily ingestion patterns can be observed in a higher or lesser 

extent, depending on the nature of the fat sources (Buettner et al., 2007; Hariri and 

Thibault, 2011). The advantage of our model lies in the free choice for the animals 

to eat from what they might perceive as more rewarding, and as a consequence, 

each individual chooses the proportion of sugar and fat that produces the most 

pleasurable combination. Together, the behavioral results could indicate that the 

main SCN clock, synchronized by the LD cycle, keeps the locomotor activity in 

line to the light-dark cycle, whereas other central oscillators coordinate timing of 

rewarding food consumption.  

Effects of fcHFHS on clock protein expression  

The importance of Per2 gene expression for energy balance is clear from studies 

with global Per2 mutant mice. These mice, under normal chow food diet, show a 

decreased body weight gain and have disrupted lipid metabolism (Grimaldi et al., 

2010). At the central level, Per2 expression can be induced by environmental 

signals such as light in the SCN (Sosniyenko et al., 2009) and food restriction in 

diverse extra-SCN sites (Feillet et al., 2008; Mieda et al., 2006; Verwey et al., 

2007). Under ad libitum chow feeding conditions and in a 12:12 LD cycle, PER2 

protein expression in the SCN and the ARC has been reported to be higher at the 

dark period (Feillet et al., 2008; Field et al., 2000; Uchida et al., 2016). Similarly, 

we observed in the SCN and ARC of the Chow group, higher expression of PER2 

at ZT16 compared to the expression at the light period (ZT4). As expected, the 

fcHFHS diet did not alter PER2 protein expression in the SCN. Others reports have 

shown that changes in the diet, and even changes in the schedule of feeding time of 

animals kept in similar LD conditions as in our study, do not modify Per2 mRNA 
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or protein expression (Minana-Solis et al., 2009; Pendergast et al., 2013; Verwey et 

al., 2007). Our results regarding PER2 expression in the ARC showed no 

differences between both chow and fcHFHS diet. Interestingly, within the LHb we 

observed an interaction effect between time and diet revealing significant day-night 

differences in PER2 protein expression in the chow group, which was abolished 

when animals were exposed to a fcHFHS diet. This day-night difference in PER2 

protein expression found in the control group agrees with the findings of previous 

studies in mice and rats (Guilding et al., 2010; Zhao et al., 2015). Therefore, our 

results suggest that the exposure to a highly palatable diet disrupts clock-gene 

expression in some brain clocks outside the SCN.  

Palatable intake has been linked to dopamine signalling in cortico-limbic areas and 

the fcHFHS diet has also been shown to alter dopamine signalling (van de Giessen 

et al., 2012). Also described is a link between the dopaminergic system, BMAL1 

and PER2 clock proteins. BMAL1 binds to the promoter of the monoamine oxidase 

A (MAO-A), a key enzyme for dopamine degradation, while a mutation of PER2 

reduces the levels of this enzyme in the striatum (Hampp et al., 2008). Moreover, 

the dopaminergic depletion by a 6-OHDA treatment or the specific blocking of D2 

receptors reduces PER2 expression in the striatum, but not in the SCN, of rats 

(Hood et al., 2010). Further studies are needed to determine whether clock-gene 

alterations observed in the LHb of mice fed with the fcHFHS diet are linked to 

changes in the dopaminergic system and whether these are causally linked to the 

(non-rhythmic) ingestion of palatable food. 

It is known that Bmal1 gene expression in the SCN is rhythmic (Honma et al., 

1998; Maywood et al., 2003). Nevertheless, the expression of its protein product 

has been reported to be constitutive and non-rhythmic in mice (Ansari et al., 2009; 

von Gall et al., 2003; Wyse and Coogan, 2010). One study that aimed to test 

different antibodies against the BMAL1 protein reported higher levels at ZT0 

compared to ZT12 in mice (LeSauter et al., 2012). Our analyses of BMAL1 

expression at two time points reflected a significant difference with high levels at 
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ZT16 (nighttime) suggesting that there is a daily rhythm of this protein in the SCN. 

Wyse and Coogan (2010) reported that BMAL1 is not rhythmic in the SCN, but 

interestingly, they did find a rhythmic expression of this protein in the LHb with 

high levels during daytime. Our results regarding BMAL1 expression in the LHb 

of the Chow group agree with the previous report in the sense that we found a day-

night difference. Nevertheless, Wyse and Coogan showed high BMAL1 expression 

during the day in young adult mice (around 4 months old), a similar age of the 

mice (at the end of manipulations) used in our study. However, our observations of 

higher BMAL1 expression during the nighttime resemble more to the expression 

pattern of this protein in old mice of around 16 months (Wyse and Coogan, 2010). 

Furthermore, we observed that the day-night difference in BMAL1 expression in 

the SCN and in the LHb was statistically higher in the fcHFHS-exposed mice 

according to the post-hoc analyses. This is especially interesting since we observed 

changes of PER2 in the LHb which might be relevant to hypothesize a possible de-

synchronization of the molecular clock-machinery within the structure besides a 

desynchronization between nuclei such as the SCN. 
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Conclusion 

The fcHFHS diet exposure in mice was successful to induce hyperphagia and 

obesity, as well as behavioral changes in the consumption of sugar, where the 

intake during day and night is the same as already shown in rats. Taken together, 

our data show a clear distinction between palatable and healthy chow feeding 

patterns. Within the brain areas involved in feeding behavior and reward, we 

detected an abnormal pattern of PER2 protein expression in the LHb of mice fed 

with the fcHFHS diet. These changes suggest that molecular clock mechanism in 

the LHb is altered when animals are exposed to a rewarding hypercaloric diet. 

These results are a step forward in the understanding on the relevance of coupling 

between brain circadian clocks to avoid the development of compulsive feeding 

and obesity. 
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