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Abstract

Overweight and obesity result from an imbalance between caloric intake and energy expenditure, 

including expenditure from spontaneous physical activity (SPA). Changes in SPA and resulting 

changes in non-exercise activity thermogenesis (NEAT) likely interact with diet to influence risk 

for obesity. However, previous research on the relationship between diet, physical activity, and 

energy expenditure has been mixed. The neuropeptide orexin is a driver of SPA, and orexin neuron 

activity can be manipulated using DREADDs (Designer Receptors Exclusively Activated by 

Designer Drugs). We hypothesized that HFD decreases SPA and NEAT, and that DREADD-

mediated activation of orexin neuron signaling would abolish this decrease and produce an 

increase in NEAT instead. To test these ideas, we characterized behaviors to determine the extent 

to which access to a high-fat diet (HFD) influences the proportion and probability of engaging in 

food intake and activity. We then measured NEAT following access to HFD and following a 

DREADD intervention targeting orexin neurons. Two cohorts of orexin-cre male mice were 

injected with an excitatory DREADD virus into the caudal hypothalamus, where orexin neurons 

are concentrated. Mice were then housed in continuous metabolic phenotyping cages (Sable 

Promethion). Food intake, indirect calorimetry, and SPA were automatically measured every 

second. For cohort 1 (n=8), animals were given access to chow, then switched to HFD. For cohort 

2 (n=4/group), half of the animals were given access to HFD, the other access to chow. Then, 

among animals on HFD, orexin neurons were activated following injections of clozapine n-oxide 

(CNO). Mice on HFD spent significantly less time eating (p<0.01) and more time inactive 
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compared to mice on chow (p<0.01). Following a meal, mice on HFD were significantly more 

likely to engage in periods of inactivity compared to those on chow (p<0.05). NEAT was 

decreased in animals on HFD, and was increased to the NEAT level of control animals following 

activation of orexin neurons with DREADDs. Food intake (kilocalories) was not significantly 

different between mice on chow and HFD, yet mice on chow expended more energy per unit of 

SPA, relative to that in mice consuming HFD. These results suggest that HFD consumption 

reduces SPA and NEAT, and increases inactivity following a meal. Together, the data suggest a 

change in the efficiency of energy expenditure based upon diet, such that SPA during HFD burns 

fewer calories compared to SPA on a standard chow diet.
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1. Introduction

Overweight and obesity result from imbalance between caloric intake and energy 

expenditure, including energy expended as part of basal metabolic rate (BMR), the thermic 

effect of food (TEF), and activity thermogenesis (AT; [1]). Inter-individual variability in 

total daily energy expenditure among people of similar body weights is primarily explained 

by variations in AT, which includes both exercise thermogenesis and non-exercise activity 

thermogenesis, or NEAT [1]. While human exercise is typically thought of as a chosen or 

purposeful physical activity, there is also non-exercise physical activity, known as 

spontaneous physical activity, or SPA, which includes all activity not specifically undertaken 

for chosen exercise [1]. In humans, SPA therefore includes unconscious, nonvolitional 

movements, such as increased drive to stand and walk, gesticulating, and fidgeting [2]. The 

NEAT that results from these activities represents EE produced by physical activity 

excluding exercise, and can vary up to 700 kCal per day [1, 3].

Underlying neural mechanisms for exercise and SPA likely differ, with exercise primarily 

mediated by higher-level cortical function and SPA by more primitive brain areas such as the 

hypothalamus. Several neuropeptides have been implicated in mediating changes in SPA, 

including orexin-A, agouti-gene-related protein (AgRP), ghrelin, and neuromedin U (NmU). 

For a review of their role in SPA and NEAT, see Kotz et al. 2007 [2]. Extensive research has 

been conducted to characterize the role of the neuropeptide orexin in facilitating SPA. 

Located within the lateral, dorsomedial, and perifornical hypothalamic regions, orexin 

neurons project widely throughout the brain and make synaptic contacts with other systems 

in brain regions implicated in motor activity, energy expenditure, and arousal [2]. Targeted 

experiments have demonstrated a specific role for lateral hypothalamic orexin neurons in 

SPA [4–6]. We have shown that direct infusions of orexin into the rostral lateral 

hypothalamus (rLH) produces robust increases in SPA [5], whereas infusions of GABA 

receptor agonists into this area inhibit the effects of orexin on SPA [7]. Orexin 

administration into several other orexin target sites also produces SPA [2], and can be 

blocked with the orexin 1 receptor antagonist, SB334867 [4, 5, 7].
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Animal models of SPA typically include measurements of all activity within a dedicated 

space that allows for complete freedom of movement, such as those used to measure 

anxiety-like behaviors (i.e., open field testing apparatus), or within a home cage-like 

environment in which animals can interact with the environment (e.g., bedding, food and 

water hoppers etc.; [2]). Spontaneous physical activity can then be measured through video 

recording, telemetry, or infrared beams [2]. To measure changes in BMR and NEAT, 

simultaneous measurement of physical activity and calorimetry is needed, with BMR 

calculated at rest and NEAT calculated during activity.

Total physical activity throughout the day, and SPA in particular, may be affected by the type 

of diet available [8]; however, studies investigating the effects of diet type on changes in 

SPA have yielded contradictory results. For example, several studies have shown a decrease 

in physical activity during exposure to high-fat diet (HFD), with others showing the opposite 

effect, suggesting this relationship may be complex [9–14]. Similarly, total EE may also be 

affected by the type of diet available, with studies showing both increases and decreases in 

energy expenditure in animals with access to HFD compared to chow and low-fat diets [9, 

14, 15]. In addition, there have been no studies to date which have assessed the effect of 

chow-feeding vs. HFD specifically on NEAT, which is important for understanding the diet-

based relative contribution of SPA to energy expenditure.

In the present study, we sought to characterize changes in NEAT and SPA in animals with 

access to HFD, using highly sensitive indirect calorimeters, which simultaneously record 

energy expenditure, physical activity and interactions with food and water hoppers 

continuously. These variables were continuously recorded for 10 consecutive days, with 

breaks in measurement only occurring during body weight collection, manual food intake 

measurements, and injections (~30 min per day). This allowed for a very thorough and 

precise measurement of energy expenditure and the temporal relationship between changes 

in total EE and behaviors within the cages, without having to move the animals in and out of 

their home cages. The potential for orexin to therapeutically enhance NEAT was then 

investigated by activating orexin neurons using the DREADD approach. This particular 

technique was used for the precise targeting and activation of the orexin neuronal field [16]. 

Compared with previous work of targeted infusions of orexin and/or orexin agonists into the 

brain, the use of DREADDs allows for the sustained activation of these neurons on the order 

of hours without needing to inject directly into the brain [17, 18]. Instead, activation of 

orexin neurons occurs following peripheral administration of clozapine-N-oxide (CNO), the 

designer drug portion of the DREADD, which is otherwise biologically inert. In addition, 

the DREADD approach allows for a within subjects design, ideal for investigating SPA, 

which is inherently variable between individuals [19]. We hypothesized that HFD exposure 

would increase the probability of physical inactivity in a behavioral analysis, while orexin 

neuron activation would restore the inactivity probability to pre-diet levels.

2. Materials and methods

2.1. Animals

Male (n = 16) orexincre heterozygous mice with a C57/B6J background, aged 8 weeks, were 

used in these studies, as described previously [20]. Prior to their use in a different study, 
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these animals were evaluated for baseline differences in SPA, NEAT, and food intake on 

HFD or chow and their results are presented herein. Also presented are the effects of chronic 

orexin neuron activation via DREADDs on NEAT in animals on HFD. Prior to their use in 

the present study, animals were group housed (4/cage) and maintained on a 12 h light/dark 

cycle in solid bottom cages with corn-cob bedding in a temperature controlled room (21–

22 °C). Rodent chow (Harlan Teklad 8604) and water were allowed ad-libitum. The 

Institutional Animal Care and Use Committee at the Minneapolis VA Health Care System 

approved all studies.

2.2. Viral Injections and Drug Administration

Animals were anesthetized with Ketamine (70 mg/kg) and Xylazine (7 mg/kg) and placed in 

a stereotactic apparatus (Kopf Instruments). DREADD targeting was achieved by stereotaxic 

injection of a Cre-dependent AAV vector expressing double-floxed inverted open reading 

frame (DIO) around the DREADD transcript and fluorescent tag, all under control of 

Elongation Factor 1-alpha (EF1alpha) promoter (Figure 1A). Vectors (University of North 

Carolina Gene Therapy Core) were injected into the LH (AP-1.8/DV-5.0/ML+/−0.8 mm 

from bregma; 333 nl/5min) of orexin-cre mice (Figure 1B). Excitatory neuromodulation was 

achieved via the Gq-coupled AAV2-EF1a-DIO-hM3Dq-mCherry (1.4×1012 v.u./ml). 

Animals recovered from the surgery for at least two weeks prior to testing, and received 

injections (2/day) of flunixin (25mg/ml) for 3 days post op. Clozapine-N-Oxide (CNO; 

diluted in saline; 5 mg/kg; 0.1ml/20g mouse; IP; Enzo Life Sciences, Farmington, New 

York), was injected via a small gauge 3/10CC insulin syringe once per day 5 h post-lights-

ON (Light Cycle) for 10 consecutive days.

2.3 Histology

DREADD expression in orexin neurons within the LH was verified in a separate cohort of 

adult male and female orexin-cre (Cre) or wildtype (Wt) mice that received bilateral 

injections of AAV2-EF1a-DIO-hM3Dq-mCherry (hM3Dq) aimed at the caudal lateral LH. 

Mice were perfused with ice-cold saline and 4% buffered formaldehyde. Brains were 

extracted, postfixed overnight and then cryoprotected with ~10% sucrose in 3% 

formaldehyde (replaced 1/3 of fix with 30% sucrose solution). Brain sections (40 um, sliced 

on vibratome) were incubated with blocking solution (0.01M PBS, 3% Normal Horse 

Serum; 0.05% Tween20) for 2 h at room temp. Slices were transferred to goat anti-orexin 

antibody (1:1000, SantaCruz) and rabbit anti-mCherry antibody (1:2000, Abcam) for 72h at 

4°C. The slices were then washed six times (20min each, at RT) in wash buffer and next 

incubated with 488-conjugated donkey anti-goat IgG antibody and Cy3-conjugated donkey 

anti-rabbit IgG (1:1000, Jackson ImmunoResearch) overnight at 4°C. Slices were washed 

five times (20 min each at RT) in wash buffer and one time in 0.01M PBS before being 

mounted (GoldBio ProLong/Antifade with DAPI mounting media). Semiquantitative cell 

counts were collected using the classic visual enumeration technique aided by software 

algorithms for image processing and counting. Digital images were acquired with a Leica 

SPE3fluorescent microscope and the Leica Application Suite (LAS 3.3.1 build 8976). 

Bilateral images were collected from every sixth slice containing the lateral hypothalamus. 

Using Imaris 8.0 Spot Function software, fluorescent soma and/or nuclei were identified by 

size (12 um and 7 um, respectively) and intensity (difference from background). 
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Colocalization was determined by an experimenter and was based on overlapping or 

adjacent spots. Spots were counted using the internal Spot Function algorithms of the Imaris 

8.0.

Histological analysis of LH tissue confirmed selective expression of hM3Dq-mCherry in 

orexin neurons (Figure 1C). Low magnification images capture nearly the entire orexin 

neuron field and show clear colocalization between immunoreactive channels labeling 

orexin (green) and hM3Dq-mCherry (red; Figure 1C). High magnification images show 

expected cytoplasmic labeling of mCherry and orexin (orange arrowheads, middle row; 

Figure 1C). Our approach infected 69.9% ± 3.2 of orexin neurons in orexin-cre mice (Fig. 

1D). mCherry staining was absent in Wt::hM3Dq controls (Figure 1E).

2.4. Apparatus

At the start of the experiment, animals were housed individually in metabolic phenotyping 

chambers (Mouse Promethion Continuous caging system; Sable Systems™, Las Vegas, NV) 

and maintained on a standard 12 h light/dark cycle. This system consisted of 8 metabolic 

cages, which were identical to home cages with bedding. Each cage was equipped with food 

and water hoppers connected to inverted laboratory balances for water and food intake 

monitoring; both food and water were available ad-libitum. SPA was quantified via infrared 

beam breaks in three axes: X+Y+Z, and included locomotion, rearing, and grooming 

behaviors, with beam breaks spaced 0.25cm apart (BXYZ-R, Sable Systems™, Las Vegas, 

NV). The sensor technology used to monitor food and water uptake, position within the 

cage, and activity, occurred at an extremely high frequency, such that each interaction of 

every animal with every sensor was paired precisely in time, with all raw data from all 

sensors and analyzers stored every second. Air within the cages was sampled through micro-

perforated stainless steel sampling tubes located around the bottom of the cages, above the 

bedding. Ambient air was passed through the cages (2 L/min) and gases were sampled 

continuously for each cage, from multiple points within the cage (250 ml/min). Specifically, 

in contrast to other commonly used systems that require sealed cages, the Sable Promethion 

System uses continuous air-flow sampling, which allows for the acquisition of metabolic 

data every second, for all cages in the system simultaneously [21].

2.5. Food intake, SPA, and NEAT procedure

Two separate cohorts of mice were analyzed for changes in food intake, SPA and NEAT in 

response to a standard chow diet (3.0 kcal/g; 14% calories from fat, 32% calories from 

protein, 54% calories from carbohydrates; Harlan Teklad Rodent Diet) or high-fat diet (4.73 

kcal/g; 45% calories from fat, 20% calories from protein, 35% calories from carbohydrates; 

Research Diets). In the first cohort of animals (n = 8), mice received chow for 10 days and 

were then switched to high-fat diet for another 10 days. In contrast, in the second cohort of 

animals, half of the mice were given access to high fat diet (n = 4), while the other half was 

given access to chow (n = 4) for 10 days. Cohort two was then further evaluated for changes 

in NEAT following orexin neuron activation for an additional 10 days, as described in 

section 2.2. Specifically, comparisons were made between animals on chow and those on 

HFD with or without CNO administration. The chow and HFD groups were evaluated 

simultaneously for the effects of diet on energy expenditure and other behaviors within the 
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cage. Following this period (10 days), the HFD group was then injected with CNO for an 

additional 10 days to evaluate the effects of orexin neuron activation on energy expenditure. 

These two cohorts allowed for an in-depth examination of behavioral and metabolic changes 

in response to access to a high-fat diet. Specifically, cohort #1 was designed to evaluate 

within animal differences in how behaviors are allocated throughout the day when animals 

are switched from chow to HFD. In contrast, cohort #2 allowed us to examine the 

therapeutic potential of DREADDs to activate orexin neurons as a way to increase energy 

expenditure in the presence of HFD. Both cohorts received injections of the DREADD virus, 

prior to behavioral testing.

2.6. Data analysis

2.6.1. Probability Matrix—Raw data were collected by SableScreen v2.2 every sec and 

extracted using Expedata v1.8.2 (SableSystem™). Indirect calorimetry was calculated using 

the respiratory quotient, Vmax O2/Vmax CO2, and converted to kCal. Data were then 

analyzed within Expedata by applying an advanced transformation, known as EthoScan, to 

the data to create a probability matrix for behaviors. This probability matrix calculated the 

percentage of time spent engaged in one of these behaviors in a 24-hour period compared to 

total time in all possible behaviors, and calculating the percent time spent in each behavior 

of interest. Behaviors were organized into food intake, water intake, and the absence of 

behavior (e.g., long lounge and short lounge). This contrasts with measuring physical 

activity, which would by definition include interactions with food and water hoppers, and 

thus redundant measures of activity. The following behavioral categories were used for 

analyses within this study: short lounge (the absence of movement lasting from 1–60 sec), 

long lounge (the absence of movement for more than 60 sec), food intake (removal of food 

from the hopper as indicated by a standard deviation of 0.05), and water intake (removal of 

water from the bottle as indicated by a standard deviation of 0.02). Paired t-tests were used 

to compare the probability of engaging in food intake, long lounge, and short lounge, in 

animals that first had access to chow diet and then were switched over to high-fat diet 

(Cohort #1) across the 10 days of each phase. Ethoscan also divided behaviors that took 

place within the Sable Promethion caging system into several categories and calculated the 

probability these behaviors would occur prior to or immediately after one another, expressed 

as a percentage of total time in a 24 h period that the mouse would engage in a particular 

activity. These analyses were conducted for animals in Cohort #1. Paired t-tests were then 

used to analyze the percent time in 24 hours that mice spent inactive (long lounge + short 

lounge) following a bout of eating, during the 10 days with chow compared with high-fat 

diet for the subsequent 10 days.

For Cohort #2, the percent time spent inactive and engaging in food intake was compared 

between mice with access to chow and those with access to HFD. Short lounge and long 

lounge were combined as a measure of inactivity for Cohort #2 due to a lack of difference in 

short lounge in Cohort #1 and the relatively small contribution of short lounge to overall 

inactivity (<2%). Two-way repeated-measures ANOVAs were then used to analyze the 

percent time in 24 hours that mice spent inactive or eating, across 10 days in animals given 

access to chow or HFD. Figure 2 outlines the experimental timelines for both cohorts 1 and 

2.
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2.6.2. NEAT and SPA—Total energy expenditure (TEE) was based on the Weir equation, 

and calculated hourly as kcal/hr = 60*(0.00394*Vo2 + 0.001106*VCo2) [22]. Hourly TEE 

was then divided by 2 to arrive at the TEE every 30 minutes (TEE-30). Basal metabolic rate 

(BMR) was calculated as the TEE during the 30 minutes of least activity for each day. From 

there, NEAT was calculated by subtracting BMR from each TEE-30, which resulted in 

calculations of NEAT every 30 minutes [1, 23]. This was repeated every day, so that the 

current day’s BMR was subtracted from TEE-30 (every 30 minutes). We then took the mean 

+/− SEM of NEAT, every 30 minutes, across all 10 days of treatment for Cohort #2. We then 

accounted for differences in body composition between mice on HFD and chow by dividing 

the NEAT score for each animal by the lean mass (LM) of that animal (NEAT = NEAT/LM). 

Direct measurements of total body fat, lean mass, free water, and total body water were 

collected from live animals via ultrasound-based NMR (EchoMRI™, Houston, TX).

These data were analyzed using two-way repeated-measures ANOVAs, comparing the mean 

change in NEAT between animals with access to chow or high-fat diet, every 30 minutes, 

averaged over 10 days. Data were then also analyzed as cumulative changes in NEAT every 

30 minutes. Two-way ANOVAs were similarly used for these analyses. Holm-Sidak’s test 

for multiple comparisons was applied post-hoc to determine differences between chow and 

high-fat diet groups for changes in NEAT over ~23 hours. Then, following daily CNO 

administration, cumulative and daily changes in NEAT in animals on HFD were similarly 

compared against the 10 days with no injections in the HFD group. We then determined the 

ratio between NEAT and SPA for the animals by calculating the mean total NEAT for each 

animal over the testing period and dividing it by the mean total SPA for each animal over 

this period to assess the efficiency of calorie burning. Unpaired t-tests were then used to 

compare the mean NEAT/SPA ratio between chow and HFD, with paired t-tests used to 

compare the ratio of NEAT to SPA in animals during HFD and HFD+CNO. Total food 

intake was recorded each day and was compared between the animals on chow and HFD, 

expressed as a 23 h mean (kCals) of all 10 days. These data were analyzed using unpaired t-

tests. Paired t-tests then compared total food intake in animals during HFD and HFD+CNO. 

Lastly, the mean speed of SPA, defined as meters/second, across the entire baseline and 

treatment phases, was compared between the chow and HFD groups using unpaired t-tests 

and within the HFD during and prior to CNO injections. For clarity and easy interpretation 

of effects, Figures 5–7 depict changes in NEAT, the ratio of NEAT to SPA, and SPA Speed 

for all three groups in the same graph, despite the use of between subjects comparisons for 

the chow and HFD groups and separate within subjects comparisons for analyses of HFD 

and HFD+CNO.

3. Results

3.1. Probability Matrix

Figure 3 shows the changes in the time spent eating and time inactive among mice 

consuming chow that were switched to HFD. Inactivity was separated into short (<60 sec) 

and long (>60 sec) bouts. Figure 3 shows the mean percent time: 1). spent eating (panel A); 

2) being inactive for a short bout (panel B); and 3) being inactive for a long bout (panel C) 

within a 24 h period and presented as a mean for all 10 days of testing for animals on a HFD 
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or chow. There was a significant difference between percent time spent eating when animals 

were exposed to chow compared to HFD when data were pooled across all 10 days, with 

chow animals spending more time eating compared to HFD (t(7) = 10.2; p < 0.01). While 

there was no difference in percent time spent in short bouts of inactivity between the chow 

and HFD (t(7) = 0.3; ns), there was a significant increase in long bouts of inactivity in 

animals on HFD, compared to chow (t(7) = 6.3; p < 0.01).

This shift toward time spent inactive when animals were given HFD was further explored by 

analyzing the probability that they would remain inactive for short and long periods of time 

following a bout of food intake. Mean food intake during chow (M = 10.74 kCal +/− SEM = 

0.27) was compared with subsequent food intake with HFD (M = 10.34 kCal +/− SEM = 

0.66), and no differences were found between the groups for total intake (data not shown). 

There was however, an increase in food intake on day 1 of access to HFD (M = 13.98 kCal 

+/− SEM = 2.14) compared to the final day with access to chow (M = 11.47 kCal +/− SEM 

= 0.66), indicating an initial escalation of food intake upon immediate access to HFD. Figure 

4 depicts the mean probability that an animal would engage in inactivity (>/< 60 sec) 

following food intake, expressed as the percentage of total time in a 24 h period. There was 

significantly greater probability of short bouts of inactivity following food intake on chow 

compared to HFD (t(7) = 4.2; p < 0.01). In contrast, there was a significantly greater 

probability that animals on HFD would engage in a long bout of inactivity after eating, 

compared with chow (t(7) = 4.2; p < 0.01). These results indicate that there is a shift in the 

likelihood of being physically active following a meal that is dependent on type of diet 

available.

Figure 5 shows the mean percent time in a 24 h period across 10 days spent eating food 

(panel A) or remaining inactive (panel B), in animals on HFD or chow (Cohort #2). There 

was a significant effect of diet type on percent time spent eating (F(1,6) = 83.44; p < 0.001), 

with a significant decrease in percent time eating in animals on HFD for days 2–10, 

compared to chow. Within subjects comparisons revealed no difference in the HFD group 

following injections of CNO (F (1,6) = 1.35; ns), indicating that injections of CNO did not 

facilitate a redistribution of percent time spent engaged in food intake. Animals on chow 

spent between 6.0 and 12.8% (min – max) of their time eating, compared to time spent 

eating for animals on HFD (2.5 and 3.8%; min – max) and HFD+CNO (3.40 and 4.34%; 

min – max). The lesser time eating on HFD is likely due to the increased caloric intake per 

bout of food intake in HFD animals. There was a significant effect of diet type on percent 

time spent inactive (F(1,6) = 31.91; p < 0.01), with significant increases in percent inactive 

time in HFD animals compared to chow for days 3–7, and day 9. Specifically, animals on 

chow spent between 85.5 and 91.6% (min – max) of their time inactive, compared to 

animals on HFD that were inactive for between 93.1 and 94.6% (min – max) of the time. 

There was no significant change in time spent inactive in HFD mice, following injections of 

CNO (F (1,6) = 2.91; ns), with the HFD+CNO mice spending between 89.65 and 94.46% 

(min – max) of their time inactive. Combined, these results indicate the activation of orexin 

neurons via CNO administration did not alter the percent time the animals spent eating or 

inactive.
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Mean food intake (kCal) for the HFD (M = 8.85 kCal +/− SEM = 1.05) and chow (M = 

10.21 kCal +/− SEM = 0.47) groups across all 10 days was also compared during this time. 

There was no significant difference in mean food intake between the two groups during this 

period (data not shown), suggesting that diet-induced thermogenesis did not contribute to the 

differences in NEAT between groups. While there was a significant increase (p < 0.01) in 

food intake on the first day of access to HFD (M = 13.83 kCal +/− SEM = 0.98) compared to 

chow (M = 5.23 kCal +/− SEM = 0.36), indicating initial hyperphagia in the HFD group, 

this was compensated for later on through a reduction in total caloric intake (day 10 mean: 

6.37 kCal +/− 1.32). Intake for the HFD group was not significantly greater than chow on 

any other day. Similarly, there was no difference in mean food intake in animals on HFD 

when they received CNO (M = 9.83 kCal +/− SEM = 0.49), indicating that orexin activation 

with CNO did not affect food intake.

3.2. NEAT and SPA

Figure 6 shows the mean 10-day total NEAT/lean mass every 30 minutes for animals during 

chow, HFD, and HFD with CNO injections (panel A), as well as the cumulative NEAT/lean 

mass every 30 minutes during chow, HFD, and HFD with CNO injections (panel B). There 

was a significant effect of diet (i.e., chow, HFD) on NEAT (F(1,62) = 14.8; p < 0.01), and a 

significant effect of time on NEAT (F(43,2666) = 43.1; p < 0.001), with a significant diet by 

time interaction (F(43,2666) = 2.75; p <0.001). Post hoc tests revealed a significant decrease 

in NEAT in HFD animals during periods of the dark cycle compared to chow. To further 

explore this difference, cumulative changes in NEAT were analyzed. There was also a 

significant effect of time on NEAT (F(43,2666) = 885.0; p < 0.001), and diet (F(1,62) = 

4.15; p<0.05), and a significant treatment by time interaction (F(43,2666) = 11.49; p < 

0.001). Post hoc tests revealed a significant decrease in NEAT on HFD in the final 5 hrs of 

the day compared to chow, indicating that daily NEAT was decreased in animals consuming 

HFD. Important to note is that part of this reduced NEAT on HFD is related to less time 

spent engaging with the food hopper, which would contribute to SPA and NEAT.

The effect of CNO treatment on NEAT was then compared within the HFD group. There 

was a significant effect of time on NEAT (F(43,1333) = 48.23; p < 0.001), no significant 

effect of treatment (i.e., CNO; F(1,31) = 3.86; p = 0.059), but a significant treatment by time 

interaction (F(43,1333) = 5.31; p < 0.001). Post-hoc tests revealed that CNO treatment in 

animals on HFD increased NEAT within the first three hours following injection, relative to 

HFD alone. To further explore this difference, cumulative changes in NEAT were analyzed 

in animals on HFD that received CNO injections. There was a significant effect of time 

(F(43,1333) = 888.7; p < 0.001) and a significant effect of drug treatment (F(1,31) = 12.08; 

p < 0.01), but no interaction (F(42,1302) = 0.75; ns), on cumulative NEAT. Post-hoc tests 

revealed a significant increase in NEAT throughout the entire day following injections of 

CNO, suggesting that the increase in NEAT in the first three hours following injections of 

CNO results in greater NEAT across the entire day. Combined, these results indicate that 

animals on HFD have reduced NEAT relative to animals with access to chow, and that 

activation of orexin neurons with CNO increases NEAT up to that of control levels.
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We calculated the ratio between NEAT/lean mass and SPA for animals on HFD compared to 

those on chow. Figure 7 shows the mean daily NEAT / mean daily SPA for all animals over 

the 10-day period. Mice on HFD had a lower NEAT/SPA ratio compared with animals on 

chow (t(14) = 2.64; p < 0.05). Food intake was not significantly different between groups, 

suggesting that HFD animals burned fewer calories during SPA compared to chow, 

indicating greater caloric efficiency. The ratio of NEAT to SPA was then compared within 

animals fed HFD only, with and without CNO administration. There was no significant 

difference in efficiency for mice on HFD with and without CNO.

Lastly, to determine the extent to which orexin neuron activation increases locomotor speed, 

we compared the speed of SPA (meters/second) between the groups. Figure 8 shows a 

significant decrease in movement speed in animals on HFD compared to those on chow 

(t(18) = 4.71; p < 0.01), indicating that animals on HFD move slower than those on chow. 

During the 10 days of CNO injections, movement speed was increased in the HFD group, 

compared to the prior phase when there were no injections (t(9) = 4.87; p < 0.01).

4. Discussion

Using continuous metabolic and behavioral phenotyping, the current study demonstrated 

that the behavioral patterning of food intake, inactivity, and NEAT is dependent on diet 

(chow vs. HFD). Animals were more likely to be inactive within their home cage and spent 

less time eating when they were switched from a chow diet to a HFD. In a separate cohort of 

animals, access to HFD resulted in a decrease in energy expenditure from physical activity, 

such that the efficiency of energy expenditure during movement was reduced in animals on 

HFD. When CNO was administered to animals on HFD, NEAT was increased in the hours 

following injection, suggesting that activation of orexin neurons in the lateral hypothalamus 

increases energy expenditure from physical activity.

The effects of HFD on total time spent engaged in food intake were likely due in part to the 

decreased total effort required by the animals on HFD to consume the same number of 

calories as those on chow, an idea supported by the similarity in total food intake, expressed 

as mean kCal/day, between the chow-fed and HFD groups. Furthermore, increased inactivity 

in animals on HFD may be explained by reduction in anticipatory food intake responses. As 

fewer trips to the food hopper were required to obtain an equivalent number of calories 

relative to the chow fed group, less anticipatory food intake behavior would be expected.

Additional characterizations of diet-induced changes in behavioral allocation examined the 

probability of remaining inactive following a bout of food intake. Animals on HFD were 

more likely to remain inactive for longer periods of time (>60 sec) compared with animals 

on chow. The mice on chow, in contrast, were inactive following bouts of food intake for 

shorter periods of time (<60 sec). These results suggest that following HFD intake, SPA is 

decreased for prolonged periods of time, which likely contributes to increased weight gain. 

These results coincide with what is known about sedentary behaviors in obese humans. 

Individuals who engage in obesity-related eating behaviors tend to engage in less physical 

activity and more sedentary behaviors [24, 25]. This is found particularly in children, who 

have decreased their physical activity over the last ~50 years [26]. In addition, chronic 
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consumption of a high-fat diet has been shown to decrease the number of orexin-positive 

neurons in the LH [27]. Furthermore, research in our lab has shown that rats bred for lower 

activity levels have reduced pre-pro orexin mRNA in the LH, show reduced responsiveness 

to orexin-mediate increases in SPA following injections of orexin directly into the LH, and 

more readily develop diet-induced obesity in response to HFD compared to rats bred for 

high activity levels [19].

To determine the energetic consequences of the diet-induced change in activity and eating 

behavior, NEAT was measured during the two diets. HFD decreased NEAT during the dark 

cycle, which resulted in decreased total NEAT over 24 hours. This effect was abolished 

within the first several hours following orexin neuron activation. Orexin neuron activation 

increased 24 h cumulative NEAT in the HFD group, restoring NEAT to that of the chow-fed 

control animals. Changes in behaviors were then examined within animals given HFD with 

and without injections of CNO, to determine the cause of the observed increased NEAT in 

this group. The HFD+CNO group spent a similar percent time inactive, compared to that of 

animals in the HFD group, indicating that the amount of daily time spent inactive was not 

due to orexin neuron activation. In contrast, when the probability matrix was used to analyze 

the probability of remaining inactive following food intake, the activity profile of mice given 

HFD and CNO no longer differed from those on chow for time spent engaged in a long 

lounge (data not shown), indicating that orexin neuron activation increases the probability of 

becoming active following a meal. We then examined changes in the ratio of NEAT to SPA, 

and failed to find any difference between animals on HFD with and without CNO injections. 

This suggests that the changes in NEAT following injections of CNO were not caused by an 

increase in efficiency of movement per se, but rather by an increase in SPA. This change in 

SPA could not be due to changes in amount of time being active since there were no 

observed differences in the percent time inactive. We next determined if there were changes 

in movement speed between animal on a chow diet vs. animals on HFD, and within the 

animals on a HFD group prior to and during CNO injections. This analysis revealed that 

orexin neuron activation increased movement speed in animals on the HFD to that level 

observed in animals eating chow diet (control levels). So, while the total percentage of time 

spent inactive throughout each day was unchanged, movement speed was increased, 

resulting in greater SPA without a change in total time spent inactive, which then resulted in 

increased NEAT. In this study, we were specifically interested in the therapeutic potential of 

orexin neuron activation and focused on animals given an obesogenic HFD. We did not 

explicitly study the effects of orexin activation on NEAT in animals maintained on chow, but 

based on previous work [2, 19] we think orexin would have similar effects on NEAT in 

chow-fed animals, which would imply that orexin’s effects on NEAT are not diet specific.

It is important to consider that the measures of NEAT within this investigation also include 

the thermic effect of food (TEF). Typically, NEAT is calculated as total daily energy 

expenditure – (basal metabolic rate + thermic effect of food) [1, 23]. Although the TEF 

represents only a small percentage (6–12%) of variability in total energy expenditure 

throughout the day [2], the nature of our calculations to determine NEAT (BMR - total 

energy expenditure throughout the day), automatically included the TEF. Based on this 

calculation, it is possible that our NEAT could be underestimated because the TEF for HFD 

is less than that of a chow diet [28]. Importantly, kilocalorie intake within each group was 
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not different, and therefore overall TEF would not be different. It is also possible that 

differences in macronutrient composition between the HFD and chow diet would result in 

variations in the TEF [29, 30], and this possibility could not be accounted for in the present 

model. Still, the small percentage of daily energy expenditure from the TEF renders this less 

of a concern. After calculating NEAT, we then calculated the ratio of NEAT to SPA in 

animals on chow and HFD to determine the extent to which diet influences the efficiency of 

NEAT (thermogenesis during physical activity). We found that animals on HFD were more 

efficient at expending energy (i.e. conserved energy) during physical activity, as compared to 

animals on chow. These data suggest that exposure to HFD reduces SPA and increases 

caloric efficiency of movement, such that less energy is expended for every bout of SPA. 

This dual effect on SPA, and the NEAT produced by SPA, underscores the obesity-

promoting effect of HFD. While the energetic demand would be greater for larger animals, 

we accounted for this by dividing NEAT by total lean mass for each animal, and still found 

differences between the HFD and chow groups.

Previous research investigating the effects of HFD on SPA and EE has yielded conflicting 

results [9–15, 31]. Like our current study, a set of experiments by Mifune et al. (2015) 

investigating the effects of chow and HFD on SPA and running wheel activity found a 

decrease in SPA during the dark cycle in animals on HFD. Although this study also found an 

increase in SPA during the light cycle, the data appear to support our overall conclusion that 

total 24 h activity is reduced during access to HFD [12]. Mifune et al. (2015) also found an 

overall decrease in total energy expenditure in animals on HFD, which is in agreement with 

the results from our study. Similarly, in an investigation by Choi et al. (2015), HFD 

depressed EE for 14 weeks with lack of difference in overall caloric intake between mice on 

HFD and chow [15]. A recent investigation by Pereira de Carvalho (2016) also demonstrated 

that access to HFD reduces global physical activity levels and decreases energy expenditure, 

supporting our overall conclusion that HFD reduces overall physical activity and EE [9].

In contrast to the current findings, other studies have demonstrated that SPA is increased in 

animals on a HFD; however, these differences may be due to difference in mouse strains, 

dietary fat content, and SPA measurements. For example, Tung et al. 2007 compared POMC 

−/− mice with wildtype mice of a 129/SvEv background provided HFD and observed 

increases in both SPA and EE [14]. The difference in SPA results between that investigation 

and the present study may be due to strain differences. Another study reported increases in 

SPA and EE during HFD exposure also used mice from the obesity resistant 129/SvEv strain 

[11]. Another difference between studies is percent of dietary fat. The studies by Tung et al. 

used a HFD with 60% fat, whereas the diet used in our study was 45% fat. Other 

investigations did not show any HFD-induced differences in SPA when a 40% fat diet was 

used. [10, 13]. In these studies, the methods for quantifying SPA were different from ours 

and the assessments of SPA occurred only once or twice per week. These methods may not 

have captured total SPA and likely confounded measurements of SPA due to the stress of 

switching environments to obtain the SPA measures. Previous research has shown that 

access to a HFD increases anxiety-like behaviors in mice [32], including when tested in 

open field. These increases in SPA as they are related to anxiety-like behaviors may be 

responsible for the elevated/similar levels of SPA seen in these tests relative to chow fed 

controls. Despite attempts to alleviate this increased stress by allowing for an acclimation 
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period, it is possible that the increases in SPA in these studies relative to ours may be 

indirectly precipitated by novel housing situations.

The major strength of the current study includes the continuous, simultaneous recording of 

SPA, food intake, and energy expenditure and the daily measurement of these behaviors over 

time, which allowed us to estimate changes in NEAT. These methods are a departure from 

previous investigations, which have employed indirect calorimetry to calculate EE in 

discrete testing sessions, typically lasting for 3 days or fewer and often involve measuring 

these behaviors in environments that differ considerably from that used in other phases of 

the study. In the current study we could measure behaviors immediately upon providing 

access to HFD, and thereby capture changes in how mice allocate their time between 

movement, food intake, and rest dependent on diet availability. Previous data suggest that 

NEAT is predictive of fat gain [23], and the techniques employed within the present study 

allowed for a detailed characterization of the pre-escalation phases for food intake. In 

addition, we measured metabolic and behavioral changes in the same environment during 

HFD, which very closely resembled the home cage environment. This lends a great deal of 

ecological validity to the present investigation and greatly diminishes the contribution of 

stress to the observed changes in SPA. Daily SPA measurements in both HFD-fed and chow-

fed animals showed no novelty-induced increases in SPA within the first several days of 

housing, which would have indicated a housing acclimation effect on SPA. As there were no 

differences in SPA between days 1 and 10 for each group, we can conclude that the animals 

acclimated to these cages immediately, and any difference between groups was due to the 

diets given. We saw changes in overall SPA and EE that occurred prior to long-term 

differences in food intake, which has been shown following long term exposure to HFD 

[33]. This suggests that consumption of a HFD may produce observable, behavioral 

disruptions prior to the onset of obesity. This is particularly important to consider when 

thinking about childhood obesity, which has been linked to both increased dietary fat intake 

and decreased physical activity [26, 27].

The use of DREADDs within the present study allowed for an investigation into the 

therapeutic potential for orexin stimulation of NEAT. These data support the hypothesis that 

orexin is a mediator of NEAT and build upon our work and others’ demonstrating that orexin 

produces increased thermogenesis alongside increases in SPA [35]. We chose to produce a 

SPA increase at a time of day when normally there would be very little SPA. In this way, we 

could ensure that our treatments were increasing total SPA, as it is possible that stimulating 

orexin during a period of high SPA (when orexin neuron activity is already elevated) might 

not be sufficient to further increase SPA. It is unlikely that the observed effects of orexin on 

NEAT were simply mediated by increased arousal, as we have previously shown that orexin 

mediates increases in SPA in awake animals, without circadian entrainment [4, 36].

5. Conclusions

The present study found that animals fed HFD spent less time engaging in feeding behavior 

and more time in periods of inactivity relative to animals fed chow. In addition, HFD-fed 

animals had a greater probability of inactivity following a meal compared to animals eating 

chow. Finally, NEAT was decreased in animals eating a HFD, and was increased to match 
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the levels of that in control (chow fed) animals following CNO activation of orexin neurons. 

Together these results suggest that consumption of high fat diet not only reduces overall 

physical activity and increases the chance of being inactive following a meal, but also 

reduces NEAT, such that SPA during HFD feeding burns fewer calories compared to SPA 

during chow feeding. These results have significant implications for understanding how 

changes in physical activity contribute to obesity.
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Highlights

• A high fat diet decreases spontaneous physical activity and time spent eating

• A high fat diet encourages longer bouts of inactivity, particularly after a meal

• Energy expenditure from SPA (NEAT) is decreased in animals on a high fat 

diet

• Orexin activation increases previously low levels of NEAT induced by high 

fat diet

• A high fat diet increases energy efficiency during physical activity
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Figure 1. 
Cre-dependent genetic targeting of orexin neurons. (A) Schematic diagram of AAV vector 

encoding DREADD-mCherry driven by Elongation factor alpha (EFa1) promoter sequence 

and flanked by dual flox sites for recombination in the presence of Cre-recombinase. Cre is 

driven by the prepro-orexin-promoter of Orexin:Cre mice. (B) Schematic of anatomical 

targeting with stereotactic viral infusion. Photomicrographs of coronal sections containing 

immunofluorescent orexin neurons (green) and hM3Dq-mCherry (red; C). Percent of orexin 

neurons expressing mCherry (orange arrow head) in Cre::hM3Dq (D) and Wt::hM3Dq (E) 

mice.
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Figure 2. 
Experimental timeline. Cohort 1 was injected with the DREADD virus and then allowed 2 

weeks to recover. All animals (n = 8) were then placed on chow for 10 days, and then 

switched to high-fat diet (HFD) for another 10 days. Cohort 2 was injected with the 

DREADD virus and then allowed 2 weeks to recover. Half of the animals (n = 4) were fed 

chow and the other half fed HFD (n = 8) within the Sable cages for 10 days. The animals on 

HFD (n = 4) were then injected with CNO daily, for 10 days.
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Figure 3. 
Mean +/− time spent engaging in food intake (panel A), short bouts of inactivity (panel B), 

and long bouts of inactivity (panel C) expressed as a percentage of total time in a 24 h 

period, averaged across all 10 days of access to chow and all 10 days of access to high-fat 

diet (HFD; n = 8). **p < 0.01 difference between chow and HFD.
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Figure 4. 
Mean +/− SEM probability, expressed as a percentage of total time in a 24 h period, that a 

mouse would engage in long (panel A) and short (panel B) bouts of inactivity following a 

bout of food intake, averaged across all 10 days of access to chow and all 10 days of access 

to high=fat diet (HFD). **p < 0.01 difference between chow and HFD. *p < 0.05 difference 

between chow and HFD.
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Figure 5. 
Mean +/− SEM time spent engaging in food intake (panel A) or inactivity (panel B) in 

animals with access to high-fat diet (HFD; n=4) or chow (n=4),, expressed as a percentage 

of total time in a 24 h period, for 10 total days. Also shown is the time spent engaging in 

food intake or inactivity for animals on high-fat diet (n=4) during the subsequent 10 days of 

CNO injections. **p<0.01 difference between HFD and chow for the indicated days.
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Figure 6. 
Mean +/− SEM energy expenditure of SPA every 30 minutes averaged across 10 days (panel 

A) and the total cumulative energy expenditure of SPA over 23 hours following injections of 

CNO (injections took place at time ‘0’) averaged across 10 days (panel B). Energy 

expenditure of SPA was defined as total energy expenditure every 30 minutes minus the 

energy expenditure during the 30 minutes of least activity for each animal, divided by that 

animal’s lean mass, for animals (n =8) on chow, high-fat diet (HFD), and HFD plus CNO. 

@@p<0.01 difference between HFD and HFD+CNO at the indicated time points; ##p<0.01, 
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#p<0.05 difference between chow and HFD at the indicated time points; **p<0.01, *p<0.05 

difference between chow and HFD+CNO at the indicated time points
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Figure 7. 
Mean +/− SEM ratio of NEAT to SPA, presented as the mean across all 10 days of testing, 

for animals on high-fat diet (HFD; n = 4), chow (n = 4), and HFD+CNO (n = 4). The ratio 

was calculated as the mean total NEAT (total energy expenditure of SPA / lean mass) 

divided by the mean total SPA (meters traveled) for each animal across 10 days of testing. 

##p < 0.05 difference between chow and HFD.
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Figure 8. 
Mean +/− SEM meters traveled per second for each animal, averaged across all 10 days of 

access to chow or HFD, and across all 10 days of CNO injections. **p < 0.01 difference 

from HFD.
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