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Abstract

The gut microbiome can affect various aspects of both behavior and physiology, including exercise 

ability, but effects on voluntary exercise have rarely been studied. We studied females from a 

selection experiment in which 4 replicate High Runner (HR) lines of mice are bred for voluntary 

exercise and compared with 4 non-selected control (C) lines. HR and C mice differ in several 

traits that likely interact with the gut microbiome, including higher daily running distance, body 

temperatures when running, spontaneous physical activity when housed without wheels, and 

food consumption. After two weeks of wheel access to reach a stable plateau in daily running, 

mice were administered broad-spectrum antibiotics for 10 days. Antibiotic treatment caused a 

significant reduction in daily wheel-running distance in the HR mice (−21%) but not in the C 

mice. Antibiotics did not affect body mass or food consumption in either HR or C mice, and 

we did not observe sickness behavior. Wheel running by HR mice did not recover during the 12 

days following cessation of antibiotics. The decreased wheel-running in HR but not C mice, with 

no apparent negative side effects of antibiotics, suggests that the HR microbiome is an important 

component of their high-running phenotype.
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1. Introduction

Mammals have evolved in a world dominated by bacteria, and their gut microbiome has 

become an essential component of the host’s body (McFall-Ngai et al., 2013; Milani et 

al., 2020). The gut microbiome is crucial for numerous aspects of host biology, including 

digestion, metabolism, and immune function (Dominguez-Bello et al., 2019; Gilbert et al., 

2018; Kohl and Carey, 2016). Considerable evidence indicates that mammalian hosts and 

their gut microbiomes have coevolved (Ley et al., 2008; Zaneveld et al., 2008), but the 

microbiome is also influenced by numerous environmental factors on both acute and chronic 

time scales (Koskella and Bergelson, 2020).

Numerous studies demonstrate that environmental alterations to the normal gut microbiome 

can affect the behavior and physiology of mammalian hosts (Cryan and Dinan, 2014; 

Fontaine and Kohl, 2020). These effects on the host may occur through multiple 

mechanisms, including afferent and efferent signals between the gastrointestinal tract and 

the brain (via the vagus nerve), that may be influenced by the gut microbiome (Fülling et 

al., 2019). In addition, bacterial-derived metabolites can be important energy sources for 

the host (Krautkramer et al., 2021; Rowland et al., 2018). Furthermore, gut microbes can 

influence the host through their effect on hormonal and immunological pathways (Clarke et 

al., 2014; Eshleman and Alenghat, 2021).

The influence of gut microbes on behavior has been demonstrated primarily by studies of 

microbiome depletion via antibiotic treatment and transplants into germ-free mice (Bercik 

et al., 2011; Leclercq et al., 2017; Luo et al., 2018; Marin et al., 2017; Sudo et al., 2004; 

Tochitani et al., 2016). For example, BALB/c mice have lower levels of exploratory behavior 

than NIH Swiss Webster mice under both specific-pathogen free conditions and in the 

germ-free state (Bercik et al., 2011). Reciprocal transplants into germ-free BALB/c and NIH 

Swiss mice resulted in “transplanted behavior.” Germ-free NIH Swiss mice colonized with 

BALB/c microbiota had decreased exploratory behavior in a step-down test, and germ-free 

BALB/c mice colonized with NIH Swiss microbiota had increased exploratory behavior, 

compared to baseline (Bercik et al., 2011).

Voluntary exercise behavior, defined as locomotion that is not motivated by any external 

factor or required for survival (Garland et al., 2011), plays a key role in mammalian health 

(Hawley et al., 2014; Heinonen et al., 2014; Silverman and Deuster, 2014). Although many 

studies have shown that exercise can affect the gut microbiome (Campbell and Wisniewski, 

2017; Mailing et al., 2019; Mohr et al., 2020), how the microbiome affects exercise behavior 

is poorly understood (Crowson and McClave, 2020; Hughes, 2020; Oyanagi et al., 2018). 

The expression of voluntary exercise, as with all voluntary behaviors, will depend on 

intrinsic motivational state, but may also be limited by physical abilities (e.g. see Garland et 

al., 2011; Good et al., 2015; Jaromin et al., 2019; Kelly et al., 2014; Lightfoot et al., 2018).

One way that the gut microbiome might affect motivation is by altering signals from the 

mammalian gastrointestinal tract to the brain (Fülling et al., 2019). The gut microbiome has 

also been suggested to regulate reward processes in the brain (García-Cabrerizo et al., 2021). 

Therefore, given that wheel-running can be a self-rewarding, motivated behavior in rodents 
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(Garland et al., 2011; Novak et al., 2012; Sherwin, 1998), changes in the gut microbiome 

community have the potential to impact motivation to exercise.

One mechanism by which the microbiome might affect exercise ability is through bacterial-

derived metabolites (Bindels and Delzenne, 2013; Grosicki et al., 2018; Ticinesi et al., 

2017). Bacterial symbionts produce short-chain fatty acids (SCFAs) from the fermentation 

of carbohydrates in the gastrointestinal tract, which can travel through circulation and 

affect skeletal muscle performance (Przewłócka et al., 2020). Butyrate, one of the three 

most abundant SCFAs, is associated with increased epithelial cell wall integrity and 

increased glucose uptake in skeletal muscle (Ticinesi et al., 2019). In addition to altering 

the gut microbiome community, antibiotics have been shown to decrease luminal butyrate 

concentration and decrease serum glucose levels in C57BL/6 mice, resulting in a shift to 

glucose instead of butyrate as the gut epithelial cell energy source (Zarrinpar et al., 2018). 

Alterations in host energy substrate availability could affect exercise behavior. Furthermore, 

as noted in the Discussion, two studies have demonstrated that antibiotic treatment affects 

treadmill endurance capacity and muscle physiology in mice (Nay et al., 2019; Okamoto et 

al., 2019).

In rodent models, voluntary exercise is generally measured as voluntary wheel-running 

behavior (Garland et al., 2011). Although a few studies have examined the effects of 

antibiotics on mouse activity in an open-field arena (Ceylani et al., 2018; Diaz Heijtz et 

al., 2011), this type of test has little to do with voluntary exercise behavior or spontaneous 

physical activity in home cages (Careau et al., 2012; Novak et al., 2012; Zombeck et 

al., 2011). To our knowledge, only one study has tested effects of the microbiome on 

voluntary wheel running. Male C57BL/6N mice were given 1 week of antibiotic treatment, 

followed by 7 weeks of a high-fat diet, then transplanted with cecal contents from either 

sedentary mice or mice with 12 weeks of wheel access, and finally provided with 7 days of 

wheel access (Oyanagi et al., 2018). Mice transplanted with microbiomes from mice with 

exercise exposure had higher levels of wheel running compared to the mice colonized with 

microbiomes from sedentary mice.

The purpose of the present study was to test for effects of eliminating the gut microbiome 

on voluntary exercise behavior. To increase statistical power (see below), we used mice 

from an ongoing artificial selection experiment that breeds for high voluntary wheel running 

over multiple generations. Mice from the 4 replicate High Runner (HR) and 4 non-selected 

Control (C) lines have several key physiological and behavioral differences, suggesting their 

gut microbes are likely to be different under baseline conditions and might also respond 

differently to antibiotics. Over 89 generations of selective breeding, the HR mice have 

evolved to run ~3-fold more revolutions per day than C mice (Cadney et al., 2021a; Cadney 

et al., 2021b; Careau et al., 2013; Copes et al., 2015; McNamara et al., 2021; Swallow et 

al., 1998). In addition to increased physical activity, HR mice have higher food consumption 

(for their body size), higher body temperature when active, higher activity levels when 

housed without wheels, and altered hormone levels (Copes et al., 2015; Malisch et al., 2009; 

Swallow et al., 2009), all of which could affect the gut environment acutely, as well as alter 

the selective regime experienced by symbiotic microbes.
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As the HR mice run near their physiological limits (Claghorn et al., 2017; Girard et al., 

2001; Rezende et al., 2005), dysbiosis of their gut microbiome and possible associated 

reduction in energy substrate availability has the potential to adversely affect wheel-running 

behavior. In addition, HR mice appear to have higher motivation for wheel running than C 

mice (e.g. see Belke and Garland, 2007; Garland et al., 2016; Rhodes et al., 2005; Saul et 

al., 2017), which could be affected by antibiotic treatment. In a previous study, we found 

differences in the gut microbiome between adult HR and C mice (McNamara et al., 2021). 

As discussed in our previous paper, the HR microbiome might have coevolved after many 

generations of selective breeding and/or it might reflect acute effects of exercise. In either 

case, we hypothesized that reduction of the gut microbiome would have a larger adverse 

effect on the amount of wheel running in HR mice than in C mice.

2. Materials and Methods

All procedures were approved by the Institutional Animal Care and Use Committee of the 

University of California, Riverside.

2.1 Experimental design

Mice were sampled from generation 89 of an ongoing experiment in which 4 replicate 

High Runner (HR) lines are selectively bred for voluntary wheel-running behavior and 

compared with 4 replicate non-selected Control (C) lines. Briefly, the selection experiment 

began in 1993 with 224 outbred, genetically variable Hsd:ICR strain mice (Swallow et al., 

1998). Mice were randomly mated for 2 generations and then randomly assigned into 4 

replicate HR lines bred for high wheel running and 4 replicate C lines. Each generation, 

the highest-running HR female and male from each of 10 families are chosen as breeders, 

based on the average revolutions on days 5 and 6 of a 6-day period of wheel access as 

young adults (Swallow et al., 1998). The wheels are Wahman-type activity wheels with 1.12 

m-circumference, 10-cm wide running surface of 10-mm metal mesh, with clear Plexiglas 

walls. Breeders in the C lines are chosen without regard to wheel running. Mice are paired 

outside their family but within their line, and sibling matings are never allowed. Photoperiod 

is 12:12 L:D and temperature is ~22°C. All mice receive Standard Laboratory Rodent Diet 

(SD) from Harlan Teklad (W-8604), which contains 24.3% kJ from protein, 4% kJ from fat, 

and 40.2% from carbohydrate. Pregnant dams are given Harlan Teklad Lab mouse breeder 

diet [S-2335] 7004 through weaning.

For the present experiment, 12 to 16 females (sampled from as many different families 

as possible) from each of the 4 replicate HR and 4 C lines were weaned at 21 days of 

age. We chose female mice, rather than both sexes, to avoid aggressive behavior in males 

when cohoused (Kappel et al., 2017). Mice were housed individually for < 1 week, then 

randomly cohoused in groups of four (including mixing of the HR and C lines in an attempt 

to homogenize the gut microbiome, as mice are coprophagic (Laukens et al., 2016)). Each 

week, mice were again randomized into clean cages, and this occurred three times (Fig. 1).

At ~7 weeks of age, mice were weighed and placed into individual cages with wheels 

(same as used in the routine selective breeding protocol) for two weeks to allow daily 

running distances to reach a stable plateau (Copes et al., 2015; Thompson et al., 2018). 
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Numerous previous studies in the HR mice have shown that the wheel running plateau 

remains for several weeks (Dumke et al., 2001; Meek et al., 2012; Swallow et al., 1999). 

After two weeks, mice were weighed, fecal samples were collected, and all mice were 

given a broad-spectrum antibiotic cocktail in the drinking water to greatly reduce the gut 

microbiome. The antibiotic cocktail contained 1 g/L ampicillin, 1 g/L neomycin, 125 mg/L 

vancomycin, and 2.5 g/L Splenda to increase cocktail palatability (similar to Ichinohe et al., 

2011; Rakoff-Nahoum et al., 2004; Reikvam et al., 2011). The antibiotic treatment lasted for 

10 days; body mass, antibiotic water consumption, and food consumption were measured at 

the start and end of treatment. After completion of the antibiotic treatment, 23 mice were 

randomly removed for a separate experiment, another fecal sample was collected, and the 

mice were given sterile water for 3 days to washout the antibiotics. Mice were then provided 

with tap water for 9 days to allow the gut microbiome to naturally “recover” (either from 

environmental sources or through bacteria present in the gut). Wheel access continued for 12 

days after the cessation of antibiotic treatment (Fig. 1).

2.2 Wheel Running

As noted above, mice were housed individually in home cages with attached wheels. 

Sensors attached to the wheel record the daily number of revolutions in each 1-minute 

interval during a 23 hr measurement period (Swallow et al., 1998). Following our previous 

studies, we calculated the total number of revolutions per day (distance), the number of 

1-minute intervals with at least one revolution (duration of activity), the mean running 

speed (revolutions/interval), and the maximum number of revolutions observed for any 

1-minute interval. Before and after housing mice with wheels, we measured wheel freeness 

by recording the number of revolutions per wheel until it reaches a stop after accelerating 

each wheel to a constant speed (Copes et al., 2015).

2.3 Spontaneous physical activity

As in previous studies, each home cage was fitted with an infrared sensor (Talon TL-Xpress-

A; Crow Electronics, Fort Lee, NJ) connected to a digital I/O board (ICS 2313; ICS 

Electronics, Pleasanton, CA), and a Macintosh computer with custom software (Copes et al., 

2015). The sensors have an ~90° field of view with a reset time of 1–2 seconds if no motion 

is detected. The sensor software takes readings ~3 times per second, recording movement 

detection as a “1” and no movement detection as a “0”. For each minute a mean value 

(0–1) is computed, and the software saves mean values every 10 minutes. To calculate the 

total home-cage activity, or “spontaneous physical activity” (Acosta et al., 2015; Garland 

et al., 2011), we summed the total activity recorded in a 23 hr measurement period. We 

also tallied the number of 1-minute intervals during which motion was detected (duration of 

activity) and used this to estimate the mean intensity of activity, i.e., the average amount of 

activity per minute when any home-cage activity was occurring (Copes et al., 2015). We also 

measured sensor sensitivity with a heated curling iron passed back and forth in front of the 

sensor 10 times over a period of 10 s.

2.4 Food and Water Consumption

Average daily water consumption during the initial wheel access (seven days) and during 

antibiotic treatment (ten days) was calculated by weighing the water bottle at the start and 
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end of the period. We had 4 control water bottles to account for water bottle leakage. 

Average daily food consumption was calculated in a similar fashion to water consumption, 

by weighing food hoppers with due allowance for wastage (Koteja et al., 2003).

2.5 Fecal Sampling and Plating

To confirm reduction of the gut microbiome, we determined the number of colony-forming 

units (CFUs) for a subset of mice from a baseline sample (N=38) collected after two weeks 

of wheel access and a post-antibiotic treatment fecal sample from the same subset of mice. 

Mice were placed into clean, but not completely aseptic, individual cages until defecation. 

Fecal pellet mass was determined by weighing sterile tubes before and after collection of 

the pellet. Pellets were suspended in 500 μL sterile phosphate-buffered saline (PBS) using a 

BeadBeater for 30 seconds at 1,400 rpm. 5 μL of the fecal suspension was plated on Luria 

Bertani media in a serial dilution to 10−6 (two per mouse) and incubated both aerobically 

and anaerobically at 37°C. After a 24 hr incubation, the colonies were counted and the 

colony-forming units calculated by dividing the number of colonies per mL plated by the 

total dilution factor.

2.6 Statistical Analyses

We used linear mixed models to determine the effects of genetic background (High Runner 

versus Control linetype), antibiotic treatment (pre-antibiotic versus post-antibiotic), and their 

interaction on wheel running, spontaneous physical activity, body mass, water consumption, 

and food consumption. Following numerous previous studies of these mice, the effect of 

linetype was tested relative to the variance among replicate lines, which are a nested random 

effect within linetype, with 1 and 6 d.f. (SAS Procedure Mixed with repeated measures, 

SAS Institute, Cary, NC, USA) (e.g., Acosta et al., 2015; Swallow et al., 1998). The effect 

of antibiotics and the antibiotic × linetype interaction were also tested with 1 and 6 d.f. 

Outliers were removed when standardized residuals were greater than approximately 3 and 

we accepted nominal statistical significance at p<0.05. Data are presented as untransformed 

least squares means and standard errors. Such covariates as body mass, wheel freeness 

(results not shown), and home-cage sensor sensitivity (results not shown) were included in 

the models where appropriate. For food and water consumption statistical tests were run 

both with and without the amount of wheel running as a covariate (e.g., see Copes et al., 

2015; Hiramatsu and Garland, 2018).

A measure of effect size (in this case, Pearson’s r) was calculated for all main and interactive 

effects. We chose Pearson’s r because of (1) it’s ease of use (in this case requiring only an 

F-statistic and d.f.) and (2) it’s ease of interpretation (r family effect sizes are measures of 

the strength of association). For a brief primer on effect sizes and why to include them, see 

Rosenthal (1994), Sullivan and Feinn (2012), and Lakens (2013).

3. Results

3.1 Depletion of the gut microbiome

Prior to antibiotic treatment, plates averaged 4.18 × 106 aerobic colony-forming units, with 

no statistical difference between High Runner (N=18) and Control (N=20) mice (ANOVA, 
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F1,6=0.32, p=0.5905). Ten days of antibiotic treatment reduced the colonies to non-detectible 

amounts for both linetypes. Anaerobic plates were not usable due to technical issues.

3.2 Wheel running

In a repeated-measures analysis, once a wheel-running plateau was attained (Fig. 2A: days 

11–13), HR mice ran ~3.5-fold more than C mice, then antibiotic treatment reduced the 

number of revolutions run per day (days 22–24) in only the HR mice (Fig. 3A: linetype 

× antibiotic treatment interaction F1,6=15.60, p=0.0075; differences of least squares means 

p=0.0023 for HR mice and p=0.2071 for C mice). Antibiotic treatment reduced the number 

of minutes mice ran per day (Fig. 3B) for both linetypes (F1,6=60.79, p=0.0002; differences 

of least squares means p=0.0018 for HR mice and p=0.0012 for C mice). The linetype × 

antibiotic interaction approached significance for average running speed and had a large 

effect size (Fig. 3C: F1,6=4.92, p=0.0683, r=0.6712), with a slight tendency for a decreased 

running speed in the HR lines, and increased running speed in the C lines (differences of 

least squares means p=0.1925 for HR mice and p=0.1209 for C mice). However, HR mice 

continued to run faster than C mice, both before and during antibiotics (Fig. 3C and 3D).

After antibiotic treatment stopped, mice remained in home cages with wheel access and 

regular food and drinking water for 12 days (Fig. 2B). Halting antibiotics had no statistical 

effect on the daily running distance, number of minutes mice ran per day, average speed, 

or maximum running speed (Fig. 4). In particular, the daily wheel-running distance of the 

HR mice did not recover to levels before antibiotics (Fig. 4A: differences of least squares 

means p=0.0004 for HR mice before antibiotics versus after recovery). During the recovery 

period, the HR mice ran ~2.7-fold more revolutions per day than C mice (Fig. 4A), which 

was mainly related to their faster running (Fig. 4C and 4D).

3.3 Spontaneous physical activity measured in home cages

In a repeated-measures analysis using the same experimental days before (days 11–13) 

and during (days 22–24) antibiotic treatment as above, antibiotic treatment tended to 

decrease total cage activity in C mice, although the interaction did not reach significance 

(Supplemental Fig. 1A: F1,6=3.55, p=0.1084, r=0.6097; differences of least squares means 

p=0.0576 for C mice and p=0.4914 for HR mice). This decrease in total cage activity for C 

mice was partially explained by a trend for reduced activity duration in C mice but not in 

HR mice (Supplemental Fig. 1B: F1,6=3.79, p=0.0996, r=0.6222; differences of least squares 

means p=0.0063 and p=0.5649, respectively). Antibiotics tended to increase mean intensity 

of activity (total/minutes) in HR mice, but not in C mice (Supplemental Fig. 1C: F1,6=2.85, 

p=0.1425; differences of least squares means p=0.7159 for C mice and p=0.1166 for HR 

mice). Data were not available for the period of recovery from antibiotics.

3.4 Body mass

Consistent with previous studies (Kelly et al., 2017; Meek et al., 2009; Thompson et al., 

2018), HR females tended to weigh less than C females for the duration of the experiment 

(Fig. 5), but the difference never reached statistical significance (all p>0.2000). Separate 

repeated-measures analysis of mass before versus after 10 days of antibiotics indicated mice 

were larger after antibiotic treatment (F 1,6= 22.68, p=0.0031). Analysis of mass after 10 
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days of antibiotics versus after 12 days of recovery indicated no significant difference (F 1,6= 

0.01, p=0.9321).

3.5 Food and water consumption

With body mass as a covariate, antibiotics had no effect on food consumption for C 

mice, but HR mice consumed less food during antibiotic treatment (days 15–24) than 

pre-antibiotics (days 8–14) (Fig. 6A: linetype × antibiotic treatment interaction F 1,6 = 6.24, 

p=0.0467). HR mice also consumed significantly more food than C mice during both the 

pre-antibiotic and antibiotic periods (F 1,6 = 9.15, p=0.0232). When the amount of wheel 

running (revs/day) was added as a covariate, it was a highly significant predictor of food 

consumption (Fig. 6B, F1,166=61.23, p<0.0001) and the effects of linetype (p=0.9365), as 

well as the linetype × antibiotic interaction, became non-significant (p=0.2854).

Accounting for body mass, both linetypes drank significantly more of the antibiotic water 

during experimental days 15–24 compared to regular water during days 8–14 (F 1,6 = 24.76, 

p=0.0025; Fig. 7A). With wheel running as an additional covariate (Fig. 7B, F1,166=11.38, 

p=0.0009), the effect of antibiotics was still highly significant (F1,6=33.46, p=0.0012).

4. Discussion

The antibiotic treatment we administered greatly reduced the gut microbiome in both High 

Runner and Control lines, based on aerobic plating. Although we were not able to show 

the effects of antibiotics on anaerobic bacteria, previous antibiotic cocktails that included 

ampicillin, streptomycin, and neomycin in combination with other antibiotics have shown a 

successful decrease or depletion of anaerobic colonies (Carvalho et al., 2012; Castro-Mejía 

et al., 2018; Reikvam et al., 2011). Ten days of antibiotic treatment significantly reduced 

daily wheel-running distance in selectively bred HR lines of mice, but not in their non-

selected C counterparts (Fig. 3). Moreover, mice from the HR lines did not recover to 

pre-antibiotic treatment levels of wheel running during 12 days of recovery (Fig. 4). Based 

on body mass, food consumption, and behavioral observations, antibiotic treatment did not 

appear to cause sickness behavior (Fig. 5, 6).

4.1 Antibiotic treatment alters wheel-running behavior

Broad-spectrum antibiotic treatment significantly reduced the distance of daily wheel 

running by the HR lines (−21%), but had no statistical effect on C lines (Fig. 3A). At a 

more granular level, antibiotics significantly reduced the duration of daily running in both 

HR and C lines (Fig. 3B), but in the latter the average running speed increased slightly 

(Fig. 3C), such that daily running distance was not significantly affected. Mice from the HR 

lines did not recover to pre-antibiotic treatment levels of wheel running during 12 days of 

recovery (Fig. 4).

Reducing the gut microbiome could have altered the motivation and/or ability for sustained, 

aerobically supported exercise, both of which are higher in HR mice relative to C mice 

(e.g. see Cadney et al., 2021b; Hiramatsu et al., 2017; Meek et al., 2009; Singleton and 

Garland, 2019). Previous research has shown that antibiotic treatment can affect exercise 

ability in mice. Three weeks of antibiotic treatment in male mice of the inbred C57BL/6 
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strain decreased treadmill endurance capacity, as measured by time to exhaustion during 

a submaximal test, with no significant effect on body mass, food consumption or water 

consumption (Nay et al., 2019). Antibiotics also decreased fatigue resistance in an ex 
vivo contractile test of extensor digitorum longus muscle and glycogen content of the 

gastrocnemius. Eleven days of natural reseeding with soiled bedding from the control 

group normalized muscle performance and glycogen levels. These results demonstrate the 

importance of bacterial species on host optimal skeletal muscle function. In a separate 

study of male C57BL/6J mice (Okamoto et al., 2019), two weeks of antibiotic treatment 

reduced treadmill running time, decreased tibialis anterior muscle mass, reduced fecal 

bacterial density, decreased fecal short-chain fatty acid (SCFA) concentration, and decreased 

concentration of acetate in plasma. Given that acetate is the dominant SCFA in circulation, 

the authors speculated it could have the largest influence on exercise tolerance, as any 

change in acetate concentration would change the potential energy source for muscles during 

exercise. Continuous administration of acetate for one week increased treadmill running 

time after the initial impairment of endurance capacity caused by two weeks of antibiotic 

treatment. Future studies of the HR mice could introduce SCFAs into circulation to test 

whether this would counter the negative effects of microbiome ablation on wheel running 

and/or exercise ability.

As noted in the Introduction, the microbiome has been shown to affect various aspects 

of behavior, and some of the effects likely occur through changes in motivation. More 

specifically, the gut microbiome has been suggested to play a role in reward circuits (García-

Cabrerizo et al., 2021). For example, ileum infusion of antibiotics for 25 days in piglets 

decreased concentrations of hypothalamic (1.13-fold) and circulating dopamine (1.18-fold) 

(Gao et al., 2018). The mechanism(s) for antibiotic treatment to modulate brain function 

and behavior may be in part from influence of antibiotics upon amino acids being absorbed 

from the gut. Once in circulation, large neutral amino acid transporters import essential 

amino acids across the blood-brain barrier to where they become precursors to serotonin 

and catecholamines, including dopamine (Zaragozá, 2020). A variety of lines of evidence 

indicate that the motivation/reward system of the HR mice is altered (e.g. see Belke and 

Garland, 2007; Garland et al., 2016; Rhodes et al., 2005; Saul et al., 2017). Several studies 

indicate alterations in dopamine signaling in the HR mice (Rhodes et al., 2005; Saul et al., 

2017), which could suggest that reduction of the gut microbiome by antibiotic treatment 

may have altered dopamine signaling in a way that reduced motivation for wheel running. 

Future studies of the HR mice could use pharmacological manipulation of reward pathways 

(e.g. Keeney et al., 2012; Rhodes and Garland, 2003; Rhodes et al., 2005) in an attempt to 

counteract the negative effect of antibiotic treatment on wheel running.

Separating motivation from ability when examining voluntary exercise is challenging. Our 

data for daily wheel-running distance can be separated into components that estimate the 

duration of running versus average running speed. We speculate that duration of activity 

is more affected by motivation, whereas average (and maximum) running speed is more 

reflective of ability (see also Kay, 2017; Swallow et al., 2009). Antibiotic administration had 

stronger negative effects on the duration of activity than on speed (Fig. 3). These results 

suggest that future studies should explore possible effects of microbiome manipulation on 

brain motivation and reward systems.
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4.2 Lack of recovery in wheel-running after cessation of antibiotics

Wheel-running behavior of HR mice did not recover to pre-antibiotic levels even 12 days 

after cessation of antibiotic treatment (Fig. 4). However, it is important to note that we 

did not attempt to reseed the gut microbiome community after cessation of antibiotics. 

In a small pilot study with 7-week old female inbred C57BL/6 strain mice, 10 days of 

antibiotic treatment caused an immediate reduction in the richness of the gut microbiome 

and altered the overall community structure (Laubitz et al., 2021). The gut microbiome 

was then allowed to naturally recover with no reseeding of the community. Twenty days 

after the cessation of antibiotic treatment, 31 genera primarily belonging to the Firmicutes 

phylum had gone extinct, although gut microbiome diversity and community structure 

had recovered. In a separate study, “humanized” germ-free mice (transplanted with human 

microbes) were given daily streptomycin treatment for 5 days (Ng et al., 2019). During the 

first day of antibiotic treatment there was an initial drastic drop in the aerobic and anaerobic 

colony-forming units and a decrease in the number of observed species. The initial drop in 

diversity began to recover during days 2–5 of the antibiotic treatment. Nine days after the 

cessation of antibiotics the gut microbiome diversity failed to recover to pre-treatment levels, 

largely driven by a decrease in the Bacteroidetes phylum, while the CFUs returned to normal 

levels during day 2 of the antibiotic treatment (Ng et al., 2019).

Given the results of Laubitz et al. (2021) and Ng et al. (2019), and in the absence of 

reseeding, if wheel-running behavior were to recover, then it likely would have taken longer 

than the 12 days we allowed. In future experiments, we plan to re-seed the HR microbiome 

with soiled bedding from HR and/or C mice that had not been administered antibiotics, and 

also allow a longer period of time for possible recovery. In addition, transplant experiments 

will be used to further explore the contribution of the HR microbiome to their high 

motivation and/or ability for exercise.

4.3 High variability in wheel-running behavior

Mice in general, including HR and C mice, have high day-to-day variation in wheel running 

behavior (e.g., see Fig. 4 in Acosta et al., 2017). Indeed, this variability has been the subject 

of previous papers (e.g., see Biro et al., 2018; Eisenmann et al., 2009). In the present study 

of females, some variation would be related to the estrus cycle, but that should not account 

for consistent drops on days 6 and 10 that occurred for both HR and C mice (Fig. 2). The 

cause of those drops is unknown, but could be related to elevated noise levels in the vivarium 

and increases in humidity when cages are cleaned in a room down the hall. Importantly, the 

wheel-testing rooms were always left undisturbed, except when we entered to download data 

once each day.

At first glance, Fig. 2 also suggests that variability seems to have decreased in both HR and 

C lines when antibiotics were administered. However, whereas Figure 2 shows all of the 

days of data for wheel running, we only used days 11–13 before antibiotics, days 22–24 

during antibiotics, and days 34–36 during recovery for statistical comparisons. Considering 

only those days, the variability does not appear much different across the three treatment 

phases; moreover, the mixed model analyses provided no clear evidence for differences in 

variability in relation to treatment phase.
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4.4 Absence of sickness behavior

Protocols in which a broad-spectrum antibiotic cocktail was given to mice in water bottles 

have sometimes been shown to cause health problems, even within five days (Knoop et al., 

2016; Reikvam et al., 2011). For example, BALB/c mice refused to consume the antibiotic 

cocktail after 4 days, which resulted in a weight loss of greater than 20% compared to 

baseline (Reikvam et al., 2011). In the present study, antibiotics (with Splenda) did not cause 

reduced water consumption. In addition, we observed no decrease in body mass (Fig. 5). In 

fact, body mass increased with antibiotic treatment in both linetypes (Fig. 5). Given that the 

mice we used in our experiment were only 9 weeks old when antibiotic treatment began, 

the mice were likely still growing (e.g., see Fig. 4 in Bronikowski et al., 2006), or at least 

adding fat mass. Furthermore, we observed no decrease in food consumption when analyzed 

with wheel running as a covariate (Fig. 6B). Finally, daily checks, which included checking 

for diarrheal symptoms and for any mice clearly unwell or lying prone, did not reveal any 

obvious signs of sickness behavior (e.g., see Downs et al., 2012).

4.5 Food consumption

Antibiotics decreased food consumption in HR but not C mice (Fig. 6A), similar to the effect 

on daily wheel-running distance (Fig. 3A). Decreased voluntary exercise would reduce 

energy requirements for HR mice (e.g., see Copes et al., 2015; Hiramatsu and Garland, 

2018). When the amount of wheel running (revs/day) was used as a covariate, there was 

no apparent change in food consumption of HR mice before and during antibiotic treatment 

and no difference between the HR and C lines (Fig. 6B). Together, these results suggest 

that both the higher food consumption of HR mice in general (e.g., see Copes et al., 2015), 

and their decreased food consumption during antibiotic treatment, are a function of their 

wheel-running behavior.

4.6 Water consumption

With body mass as a covariate, both HR and C mice had a significant increase in water 

consumption during antibiotic treatment when compared to pre-antibiotic values (Fig. 7). 

Adding the number of revolutions run per day as a covariate did not change this pattern. One 

possible explanation for an increase in water consumption during antibiotic treatment is that 

mice liked the taste of the Splenda in the antibiotic cocktail, leading them to consume more 

of the antibiotic cocktail as compared with ordinary tap water. One study using the same 

artificially selected mouse model found that both HR and C mice always drank more water 

with Splenda (and with other sweeteners) as compared with plain tap water (Thompson et 

al., 2018). However, antibiotic-induced kidney injury could also explain the increased water 

consumption while on antibiotic treatment (Sinha Ray et al., 2016; Yang et al., 2019).

4.7 Home-cage activity

The effects of antibiotic treatment on home-cage activity are somewhat puzzling, as only 

the Control mice seem to have been affected. More specifically, C mice on antibiotics had 

reduced home-cage activity, caused by a reduction in the number of active minutes in their 

home cage (Supplemental Fig. 1). These results suggest that if antibiotics are affecting 

motivation to run (see Section 4.1 above), then they may also be affecting motivation for 
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physical activity in general. But this interpretation fails to explain the lack of an antibiotic 

effect on home-cage activity in the HR mice.

4.8 Limitations

Constraints on available resources did not allow us to include HR and C groups housed with 

wheel and provided with water supplemented with artificial sweetener but not antibiotics. 

Such groups would have served as an additional “control” for the effects of artificial 

sweeteners per se. However, previously we showed that artificial sweeteners alone did not 

affect wheel running in either HR or C mice (Thompson et al., 2018). Therefore, we are 

confident that the effects observed in the present study can be attributed to antibiotics.

We were also unable to sequence the gut microbiome community, which is highly sensitive 

to both antibiotic and exercise treatments (Blaser, 2016; Mach and Fuster-Botella, 2017; 

Rosa et al., 2018). Culturing the majority of bacterial species in the gut microbiome is a 

challenge (see review Lagkouvardos et al., 2017), but we were able to show that 10 days 

of treatment with a broad-spectrum antibiotic cocktail eliminated aerobic CFUs under these 

particular conditions. We could not demonstrate the effectiveness of the antibiotic cocktail 

on the anaerobic community due to technical issues with the plating. As the gut microbiome 

is primarily composed of anaerobic bacteria, plating of these CFUs would be important 

in future studies. We were also unable to plate samples after the 12-day recovery period, 

which we would expect to recover to near baseline levels. Nevertheless, we were able to 

show a significant change in the wheel-running of HR mice caused by a broad-spectrum 

antibiotic cocktail. Here, we did not attempt to determine the mechanistic basis of the 

apparent effect of gut microbiome depletion on wheel running. Future studies involving 

reseeding of the microbiome, in addition to transplantation of HR and C microbes, are 

warranted. Also of interest would be studies of standard inbred strains to test for covariation 

between wheel-running behavior and the microbiome complement (e.g. see Careau et al., 

2012; Carmody et al., 2015; Garland et al., 2016; Kay et al., 2019; Org et al., 2015).
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Figure 1. 
Experimental Timeline.
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Figure 2. 
Average daily wheel running (revolutions per 23 hours) across the course of the experiment. 

Values were calculated by taking the simple means of the 4 HR lines and the 4 C lines 

for each individual day, and then averaging those values to obtain the average for the 

HR and C lines. Data were truncated on days 8, 14, and 25 (~20 hours) when the water 

bottles were being changed. Brackets indicate days that were used in statistical analyses. 

See Supplemental Figure 2 for wheel running mean revolutions per day for each of the 4 

HR and 4 C lines. A. N=99 mice, through day 24 of the experiment. Days 11–13 before 
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antibiotics were compared with days 22–24 during antibiotics. B. N=76 mice, excluding a 

random subset that were removed on day 28 for a separate experiment. The microbiome was 

allowed to naturally recover after antibiotic treatment (days 25–36). Days 34–36 were used 

to indicate wheel running in recovery.
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Figure 3. 
Wheel running before (averages for days 11–13) and during (averages for days 22–24) 

antibiotics (ABX; see Figure 2). Data are presented as least squares means ± standard errors 

and type 3 tests of fixed effects from repeated-measures analyses using values for individual 

days in SAS Procedure Mixed. N=92 mice and 543 observations after removal of statistical 

outliers (see Methods). Pearson’s r is a measure of effect size (see Methods). A. Revolutions 

per day. Antibiotic treatment reduced the revolutions per day (days 22–24) in only the 

HR mice (linetype × antibiotic treatment interaction, p=0.0075; differences of least squares 
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means p=0.0023 for HR mice and p=0.2071 for C mice). B. Number of 1-minute intervals 

with at least one revolution. Antibiotic treatment reduced the number of minutes mice run 

per day for both linetypes (p=0.0002; differences of least squares means p=0.0018 for HR 

mice and p=0.0012 for C mice). C. Revolutions per minute. Antibiotics had no statistical 

effect on average speed. D. Maximum revolutions per minute. Antibiotics had no statistical 

effect on maximum running speed.
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Figure 4. 
Wheel running before antibiotics (averages for days 11–13), during antibiotics (averages for 

days 22–24), and after recovery (days 34–36) (see Figure 2). Data are presented as least 

squares means ± standard error from repeated-measures analyses using values for individual 

days in SAS Procedure Mixed. N=73 mice and 639 observations after removal of statistical 

outliers (see Methods). Pearson’s r is a measure of effect size (see Methods). A. Revolution 

per day. B. Number of 1-minute intervals with at least one revolution. C. Revolutions per 

minute. D. Maximum revolutions per minute. Overall, mice did not recover to pre-treatment 

levels of running (see Figures 2 and 3) within the time frame of this experiment.
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Figure 5. 
Body mass measured at various timepoints. Analyses were first done separately for each 

time point (not repeated-measures) and values in the figure are least squares means ± 

standard errors from those analyses. p-values above each pair of bars are for the linetype 

comparison at each time point. In addition, separate repeated-measures analysis of mass 

before versus after 10 days of antibiotics indicated mice were larger after antibiotic 

treatment (treatment p=0.0031, linetype p=0.4646, interaction p=0.8329). A similar analysis 

of mass after antibiotics versus after 12 days of recovery indicated no effect of recovery 

(treatment p=0.9321, linetype p=0.4780, interaction p=0.6612).
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Figure 6. 
Average daily food consumption during the baseline period (days 8–14) compared to during 

the antibiotic (ABX) treatment period (days 15–24), with body mass as a covariate. Data 

are presented as least squares mean ± standard errors from repeated-measures analyses 

in SAS Procedure Mixed. Pearson’s r is a measure of effect size (see Methods). A. 
Antibiotics decreased food consumption in the HR mice (repeated-measures analysis 

interaction p=0.0467). B. Food consumption with wheel running as an additional covariate. 

The interaction between linetype and antibiotics is no longer significant.
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Figure 7. 
Average daily water consumption during the baseline period (days 8–14) compared to during 

the antibiotic (ABX) treatment period (days 15–24), with body mass as a covariate. Data 

are presented as least squares means ± standard errors from repeated-measures analyses in 

SAS Procedure Mixed. Pearson’s r is a measure of effect size (see Methods). A. Water 

consumption increased while on antibiotics. B. When included as an additional covariate, 

wheel running was a significant positive predictor, but water consumption was still higher 

while on antibiotics. This result differs from food consumption (Figure 6).

McNamara et al. Page 27

Behav Processes. Author manuscript; available in PMC 2022 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Experimental design
	Wheel Running
	Spontaneous physical activity
	Food and Water Consumption
	Fecal Sampling and Plating
	Statistical Analyses

	Results
	Depletion of the gut microbiome
	Wheel running
	Spontaneous physical activity measured in home cages
	Body mass
	Food and water consumption

	Discussion
	Antibiotic treatment alters wheel-running behavior
	Lack of recovery in wheel-running after cessation of antibiotics
	High variability in wheel-running behavior
	Absence of sickness behavior
	Food consumption
	Water consumption
	Home-cage activity
	Limitations

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.



