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Abstract 

 Microbial species living in our gastrointestinal tract, commonly called microbiota, 

communicate with the Central Nervous System (CNS) via the vagus nerve and production of 

metabolites, creating a gut-brain-axis. Via this connection, the microbiota has been shown to 

affect behavior, particularly anxiety-like and social behaviors. This study was designed to 

evaluate the effects of Lactobacillus reuteri treatment on anxiety-like and social affiliation 

behaviors in the prairie vole (Microtus ochrogaster) model. Sexually naïve female prairie voles 

received live L. reuteri treatment or heat-killed L. reuteri over a 28-day period. Then subjects’ 

behavior was evaluated during tests for anxiety-like behavior (Open Field and Elevated Plus 

Maze) and tests for social affiliation behavior (Social Affiliation Test). Live L. reuteri treatment 

resulted in decreased time spent in the conspecific chamber, decreased time spent interacting 

with the conspecific, and increased time in the corner of the conspecific chamber, indicating 

decreased social affiliation behavior. These data demonstrate behavior-specific effects of L. 

reuteri, suggesting a role in social behavior of prairie voles. 

   



Introduction 

Humans and other animals have developed a symbiotic relationship with many 

microorganisms living in the body, commonly referred to as the microbiota. These microbial 

species are present on all body surfaces, including the gastrointestinal (GI) tract, respiratory tract, 

and skin (Costello et al., 2009). Although these microorganisms are found in many organs, those 

residing in the intestinal lumen are the most densely populated, numbering up to 1014 

microorganisms (Frank & Pace, 2008; Moloney et al., 2013). These microorganisms have been 

found to influence many physiological processes in an organism, such as digestion (Toppina & 

Clifton, 2001), absorption of nutrients (Hooper, 2001), and immune responses (Chung et al., 

2012; Hooper & Macpherson, 2010; Surana & Kasper, 2014, Viaud et al., 2015). More recently, 

it has been discovered that microbiota play a role in regulation of the Central Nervous System 

(CNS) as well. The microbiota in the gut can communicate with the CNS in various ways. For 

example, the vagus nerve directly connects the Enteric Nervous System (ENS) to the CNS, 

which provides a direct neurochemical pathway for microbial-promoted signaling to reach the 

brain (Bravo et al., 2011; Forsythe et al., 2014). It has also been shown that the microbiota 

produces metabolites that affect behavior through the circulatory and immune systems (Sharon et 

al, 2014). The microbiome and the brain communicate through these systems, creating a 

connection that has been commonly referred to as the “gut-brain-axis” (Bravo et al., 2011; 

Forsythe et al., 2014; Galland, 2014; Mayer et al. 2015; Sharon et al. 2014; Rhee et al., 2009) 

facilitating the maintenance of homeostasis (Moloney et al., 2013). Although the necessity of an 

intact microbiome for proper gut-brain function is well understood (Buffington et al., 2016; 

Frank & Pace, 2008; Moloney et al., 2013), many of the exact mechanisms for how the gut and 

brain communicate are unknown. 



Studies have shown that manipulation of the gut microbiota can influence a wide variety 

of behaviors through the gut-brain-axis (Bravo et al., 2011; Desbonnet et al., 2010; Tillisch et al., 

2013). More specifically, recent research has shed light on some of the effects these organisms 

can have on anxiety-like and social affiliation behaviors (Bercik et al. 2011; Clarke et al., 2013; 

Crumeyrolle-Arias et al., 2014; Desbonnet et al., 2014; Diaz-Heijtz et al., 2011; Luczynski et al., 

2016; Neufeld et al., 2011). To study the causal role of microbiota, animal models such as the 

Germ-Free Model (GF), defined as an organism that has been raised without any exposure to 

microorganisms (Luczynski et al., 2016), are used to show robust changes in behavior with the 

absence of a microbiome. GF mice generally show decreased anxiety-like behavior compared to 

specific pathogen free (SPF) mice. (Clarke et al., 2013; Diaz-Heijtz et al., 2011; Neufeld et al., 

2011). Interestingly, this behavior can be normalized following bacterial colonization (Clarke et 

al., 2013; Diaz-Heijtz et al., 2011). GF mice that received a fecal transplant from another species 

of mice then displayed anxiety-like behavior typical of the donor species rather than behavior 

typical of their own species (Bercik et al. 2011). The GF Model has also shown the 

microbiome’s influence on social behavior. GF mice prefer interacting with an inanimate object 

rather than a conspecific, and show no preference for novel partners over a known partner, unlike 

SPF mice (Desbonnet et al., 2014). GF rats spend significantly less time interacting with an 

unknown partner compared to SPF rats (Crumeyrolle-Arias et al., 2014). These studies show that 

a lack of microbiome can cause significant alterations in anxiety-like behavior and social 

affiliation behavior.  

Some strains of bacteria seem to have a particularly strong link to social behavior. 

Studies have shown that maternal high fat diet (MHFD) mice suffering from social deficits had a 

much lower concentration of the bacterial species Lactobacillus reuteri compared to a control 



(Buffington et al., 2016). When live L. reuteri was introduced to their system, MHFD mice 

showed improved sociability and preference for social novelty (Buffington et al., 2016). In 

another study, L. reuteri fed mice showed increased social behavior compared to a control 

(Levkovich et al., 2013). L. reuteri has also been shown to increase oxytocin (OT) levels in the 

paraventricular nucleus (PVN) and decrease the stress hormones corticosterone in mice 

(Buffington et al., 2016; Poutahidis et al., 2013) and cortisol in humans (Varian et al., 2017). OT 

is well known for its influences on stress regulation, social behavior, and fear response 

(Heinrichs et al., 2003; Neumann et al., 2000; Onaka, 2004; Windle et al., 2004). Previous 

studies have suggested that L. reuteri’s influence on OT levels via the vagus nerve causes the 

observed increase in sociability and decreased anxiety-like behavior (Buffington et al., 2016; 

Poutahidis et al., 2013). 

Although the previous animal studies are promising, a model with more complex social 

behaviors is needed to better understand how these mechanisms translate to human behavior. The 

prairie vole (Microtus ochrogaster) model is unique in that it displays similarities to humans in a 

variety of complex social behaviors not common in traditional lab rodents. The prairie vole is a 

monogamous species (Carter et al., 1995; Keverne & Curley, 2004), forming long-lasting pair 

bonds that lead to partner preference (Keverne & Curley, 2004; Young et al., 2011), selective 

aggression towards nonfamiliar conspecifics (Keverne & Curley, 2004; Young et al., 2011), and 

bi-parental care of young (Ahern et al., 2011; Young et al., 2011). Because of their unique social 

bonds and communal nature, prairie voles are an ideal model for studying social behavior 

(McGraw & Young, 2010; Pan et al., 2009; Smith et al., 2013).  

 Given the effects of L. reuteri on social behavior and how the prairie vole provides a 

great social model, this study aims to investigate the effects of L. reuteri treatment on anxiety-



like and social affiliation behaviors in the prairie vole. It has been shown that in some rodent 

species, including the prairie vole, females show more anxiety-like and social behavior than 

males (An et al., 2011; Cushing & Carter, 2000; Donner & Lowry, 2013). In humans, females 

have significantly increased risk of anxiety disorders compared to males, and when treated with 

oxytocin, females reported increases in anxiety while males reported decreases (Feifel et al., 

2011; Kessler, 2012). Therefore, this study chose to first focus on the female prairie vole. This 

study was designed to test the hypothesis that live L. reuteri treatment will affect anxiety-like 

and social affiliation behaviors when compared to those who receive heat-killed L. reuteri.  

Methods 

Subjects  

Subjects were sexually naïve female prairie voles (M. ochrogaster) (n=16), weaned at 21 

days and housed in same-sex sibling pairs with ad-libitum access to food and water. Subjects 

were housed in plastic cages (29 L x 18 W x 13 H cm) with cedar chip bedding, kept in a 

14L:10D light cycle and a controlled temperature of 21ºC until they reached adulthood (60-90 

days of age) for the study. All experimental procedures were approved by the Animal Care and 

Use Committee of Florida State University and follow the guidelines set forth by the NIH. 

Stool Collection 

Stool samples were collected from each subject before and after L. reuteri treatment. The 

collection of stool was conducted using sterile equipment and gloves. For each subject, a sterile 

absorbent pad was placed on the floor of a clear plastic cage, then covered by an elevated mesh 

flooring with the same dimensions as the floor of the cage. Using this setup, the subjects are 

unable to contaminate the stool samples, similar to setups used in other studies that require sterile 



stool collection (Haysenna, 2002; Marks, 2013; Touma, 2003; Touma, 2004). The subjects were 

placed onto the mesh and were allowed an hour to produce stool samples. After an hour, subjects 

were removed, stool samples were collected and then stored in a -80ºC cooler. 4 stool samples 

from each subject were collected before treatment and at least 4 samples from each subject were 

collected immediately after behavioral testing.  

L. reuteri Administration 

Subjects in the treatment group (n=8) received treatment of live L. reuteri through their 

water and the control group (n=8) received water with heat-killed L. reuteri. Subjects were 

administered L. reuteri at a concentration of 1 x 108 org/day. After 28 days, adequate time to 

change gut bacteria concentration (Bravo et al., 2011; Buffington et al., 2016; Messaoudi et al., 

2011; Tillisch et al., 2013; Viaud et al., 2015), the subjects were put through behavioral testing.  

Open Field Test 

 The Open Field Test (OF) was conducted on the morning of the 28th day of treatment. OF 

consists of an empty, square-shaped box (56 L x 56 W x 20 H cm) with 16 smaller squares of 

equal area marked on the floor by tape. This test exploits rodents’ explorative nature and 

avoidance of open areas as established behavioral indications of anxiety (Bourin et al., 2007), 

evident in the prairie vole model (Grippo et al., 2014; Pan et al., 2009; Olazabal & Young, 

2005). Subjects were placed on the center squares of the OF and given 10 minutes to explore. 

Their behavior was video-taped from directly above the OF via active webcam software and later 

analyzed via the J-Watcher program (Macquarie University and UCLA; 

http://www.jwatcher.ucla.edu). The amount of time spent in the peripheral, corner, and center 

squares was scored. 

http://www.jwatcher.ucla.edu/


Social Affiliation Test 

 The Social Affiliation Test (SA) was conducted approximately 3 hours after OF testing. 

SA involves a 2-chamber (19 L x 18 W x 13 H cm) apparatus connected by a short hollow tube. 

SA is an established method of testing for social behavior (Pan et al., 2009). An unfamiliar 

conspecific was tethered to one chamber and the other was left empty, with access to food and 

water in both chambers. The subject was placed in the empty chamber and was given an hour to 

roam freely throughout both cages. Their behavior was video-taped from a slightly elevated 

frontal view via active webcam software and analyzed later via the J-Watcher program. Time 

spent in the conspecific chamber, time spent interacting with the conspecific, and time spent in 

the corner of the conspecific chamber were scored. 

Elevated Plus Maze Test 

 The Elevated Plus Maze Test (EPM) was conducted the morning after the last day of 

treatment. EPM consists of 2 open arms (35 L x 6.5 W cm) and 2 closed arms (35 L x 6.5 W x 15 

H cm) all connected by a center and elevated 45 cm above a plastic container.  The EPM is an 

established method of testing for anxiety-related behavior (Carobrez & Bertoglio, 2005; Donner 

& Lowry, 2013), evident in the prairie vole model (Grippo et al., 2014; Olazabal & Young, 

2005; Stowe et al., 2005). All subjects were placed in the center facing an open arm with a piece 

of cardboard blocking them from immediately jumping off the apparatus, and were then given 5 

minutes to roam the apparatus freely. Their behavior was video-taped from directly above the 

EPM via active webcam software and later analyzed using the J-Watcher program. Locomotor 

activity, defined as how many times a subject entered a new arm, as well as time spent in the 

open arms and time spent in the closed arms were scored. 



Brain and Blood Harvesting 

After final stool collection, the subjects were sacrificed, and their brains were 

immediately collected, put on dry ice, and stored in a -80ºC cooler for later analysis. Trunk blood 

was collected into microcentrifuge vials containing 20 µl EDTA. The vials were inverted and 

immediately placed in ice. The entire blood collection procedure until chilling did not exceed 2 

min. Blood was centrifuged at 6000 rpm for 15 min at 4ºC, then plasma was aspirated and 

centrifuged at 6000 rpm for 10 min at 4ºC. All samples were stored in a -80ºC cooler for later 

analysis. 

Statistical Analysis 

 Statistical significance was assessed using IBM SPSS independent t-tests (SPSS, 

Chicago, IL). Subject data that were determined to be outliers were left out of the statistical 

analysis. Data are expressed as the mean ± standard error mean. Statistical significance is defined 

as p < 0.05. 

Results  

Open Field 

 T-tests were conducted to compare the 2 groups in time (in seconds) spent in the center of 

the field, in the corners of the field, and in the periphery of the field. Data for the time spent in 

the peripheral squares was found to have one outlier in the treatment group, creating a sample 

size of 7, but the control data for time spent in the peripheral squares and all other OF data 

groups had sample sizes of 8. Subjects treated with live L. reuteri spent a significantly greater 

amount of time in the peripheral squares (t = 2.985, p = 0.011). There were insignificant 



differences in the amount of time spent in the center (t = -0.523, p = 0.609) and the amount of 

time spent in the corners (t = -0.272, p = 0.789) (Fig. 1).  

Elevated Plus Maze 

 T-tests were conducted to compare the 2 groups. Behaviors quantified include percent 

time spent in the open arms, percent time spent in the closed arms, and locomotor activity, 

defined as the amount of times the subject enters a new arm. Data for locomotor activity was 

found to have one outlier in the treatment group, creating a sample size of 7, but control data for 

locomotor activity as well as all other EPM data groups had sample sizes of 8. No significant 

differences were found in the percent time spent in the open arms (t = -0.125, p = 0.902), percent 

time spent in the closed arms (t = 0.371, p = 0.717) (Fig. 2), and locomotor activity (t = -0.178, p 

= 0.862) (Fig. 3). 

Social Affiliation 

 The data for the SA were split into two 10 minute segments. T-tests were conducted to 

compare the 2 groups in percent time spent in the conspecific chamber, percent time spent in the 

corner of the conspecific chamber and the percent time spent interacting with the conspecific. All 

data groups were found to have at least one outlier, creating a sample size of 7 for each group. 

The control data for percent time spent in the conspecific chamber in the first 10 minutes, as well 

as the control data for percent time spent in the corner of the conspecific chamber in the second 

10 minutes were found to have 2 outliers, creating a sample size of 6 for each. In the first 10 

minutes, the live bacteria treatment group spent a significantly lower percent of time in the 

conspecific chamber (t = -2.402, p = 0.035) and interacting with the conspecific (t = -3.016, p = 

0.011), but there was not a significant difference in the percent time spent in the corner of the 



conspecific chamber (t = 1.657, p = 0.123) (Fig. 4). In the second 10 minutes, the live bacteria 

treatment group spent a significantly greater percent of time in the corner of the conspecific 

chamber (t = 2.622, p = 0.024), but there were insignificant differences in the percent time spent 

in the conspecific chamber (t = -1.603, p = 0.135) and percent time spent interacting with the 

conspecific (t = -1.664, p = 0.122) (Fig. 5). 

Discussion 

 The gut-brain-axis plays a key role in development and maintenance of many 

physiological processes, and can thus influence the CNS and behavior. The exact mechanisms 

behind this relationship are widely unknown and require investigation.  In this study, the effects 

of live L. reuteri treatment were further examined to understand L. reuteri’s influence on 

anxiety-like and social affiliation behaviors in a new model, the prairie vole, an animal model 

with a social system that has many similarities to human society. In previous research, L. reuteri 

treatment was shown to increase anxiety-like and social affiliation behaviors in mice (Buffington 

et al., 2016; Levkovich et al., 2013).  We demonstrated in the present study that treatment of live 

L. reuteri resulted in mild increases in anxiety-like behavior and decreased social affiliation 

behavior. 

OF and EPM tests have been previously validated as robust behavior paradigms for 

testing anxiety-like behaviors in rodent models (Bourin et al., 2007; Carobrez & Bertoglio, 2005; 

Diaz-Heijtz et al., 2011; Donner & Lowry, 2013; Stowe et al., 2005; Pan et al., 2009; Olazabal & 

Young, 2005). Although both tests exploit similar behaviors, only significant differences in 

amount of time spent in the peripheral squares of the OF were observed in the current study 

suggesting a mild increase in anxiety-like behaviors in subjects treated with live L. reuteri. This 

lack of statistical significance could be due to individual differences of subjects during the EPM. 



For instance, data for percent time spent in the closed arms of the EPM showed the highest 

variation in individual scores out of all behaviors scored. These individual differences may 

correlate with L. reuteri levels found in post stool sample analysis. Past research that used both 

the OF and EPM found significant differences in behavior from both tests on the prairie vole 

model (Diaz-Heijtz et al., 2011; Grippo et al., 2014). Others found a lack of significant 

differences in behavior during the EPM although differences were observed in the OF, also 

observed with the prairie vole model (Liu et al., 2014; Olazabal & Young, 2005). Yet another 

study using the prairie vole model found that stress-induced anxiety resulted in significant 

differences in the EPM, but no significant differences were observed in the OF (Adam et al., 

2013). Due to the insignificant difference in amount of time spent in the central squares of the 

OF and the insignificant differences found during the EPM, L. reuteri’s effect on anxiety-like 

behavior is inconclusive in this study. 

The SA tested for differences in social affiliation behavior between groups. The treatment 

group showed significantly decreased social affiliation, evident by spending less time in the 

conspecific chamber and less time interacting with the conspecific. These results contrast with 

previous studies’ findings. For example, L. reuteri treatment increased social affiliation 

behaviors in subjects with intact microbiomes (Levkovich et al., 2013) and subjects with 

microbiomes previously deficient in L. reuteri (Buffington et al., 2016). Our results could be 

explained by a threshold for the effects of L. reuteri, either in the effects of oxytocin increase 

(Declerck et al., 2010; Erdman & Poutahidis, 2016; Varian et al., 2017) or the dysbiosis of the 

microbiome (del Campo et al., 2014; Hsiao et al., 2013). Yet, this can only be speculated until 

further analysis of the brain and stool samples is carried out. Previous research has shown that 

administration of bacterial treatment can cause a disruption in the concentrations of other 



bacterial species in the microbiota. For example, maternal immune activation offspring treated 

with Bacteroides fragilis saw significant alterations in levels of 35 different bacterial species that 

they were deficient in when compared to control mice (Hsiao et al., 2013). Human subjects 

suffering from cystis fibrosis (CF) were treated with an L. reuteri probiotic that led to significant 

improvements in GI health, attributed to reduced concentrations of Proteobacteria and an 

increase in microbiota diversity, higher representation of Firmicutes (del Campo et al., 2014). 

Therefore, microbiota alterations caused by L. reuteri treatment may explain the unexpected 

results observed in this study. Future studies will involve analysis of microbiome concentration 

before and after L. reuteri treatment via stool sample composition. 

Previous studies have shown that L. reuteri promotes OT levels in the PVN of the 

hypothalamus via the vagus nerve, and it is hypothesized that this is the mechanism by which L. 

reuteri affects anxiety-like and social affiliation behaviors (Buffington et al., 2016, Erdman & 

Poutahidis, 2016; Poutahidis et al., 2013; Varian et al., 2017). Although the positive effects of 

OT treatment are well known, recent findings in human studies have shown that the effects may 

be contextual or even gender specific. OT administration can lead to increased cooperation 

within groups, but can also increase outgroup degradation, playing a key role in intergroup 

conflicts (De Dreu et al., 2011). In another study, OT treatment increased cooperation with a 

partner if prior contact had been established, but decreased cooperation if the partner was a 

complete stranger (Declerck et al., 2011). When exposed to stressors in front of an audience, OT 

treatment resulted in decreased self-reports of distress in males, but increased self-reports of 

anger and distress in women (Kubzansky et al., 2012). Therefore, L. reuteri’s ability to increase 

OT levels could cause the observed decrease in social affiliation behavior. Future studies will 



involve examining neurochemical alterations correlated with L. reuteri to better understand 

underlying neurochemical mechanisms behind this interaction. 

 Future research should continue to focus on the effects of the microbiome, especially L. 

reuteri, on a model like the prairie vole. Because manipulation of the microbiome can have 

significant effects on human behavior and stress (Messaoudi et al., 2011; Steenbergen et al., 

2015; Tillisch et al., 2013), understanding the microbiome’s effects on a model like the prairie 

vole provides important insight on its effects in humans. L. reuteri in particular has shown to 

have a strong influence on OT levels in humans, affecting systematic immune responses such as 

wound healing (Varian et al., 2017). The results of this study point towards the possibility of 

negative effects from increased L. reuteri levels in an intact microbiome, which could cause 

unwanted side effects if humans experience changing L. reuteri concentrations. Lactobacillus 

strains have been found in greater amounts in human children suffering from Autism Spectrum 

Disorder (ASD) compared to children not suffering from ASD, supporting the idea that greater 

amounts of Lactobacillus can have negative effects on social behavior (Adams et al., 2011; 

Tomova et al., 2015).  

Overall, live L. reuteri treatment decreased social affiliation behavior in female prairie 

voles. Studies on the effects of the microbiome show its importance in all organisms with a GI 

tract, including humans. It is important to continue to study this area so that we may gain a better 

understanding of the relationship between the brain and the body and the underlying mechanisms 

of their communication. Understanding the effects that a strain of bacteria like L. reuteri have on 

this relationship could lead to advancements in many areas, including treatment of CNS 

disorders (such as ASD) and reducing social anxiety. 

  



Figure 1. Open Field Test 

results. Subjects receiving live 

L. reuteri treatment spent 

significantly more time in the 

periphery of the field (p < 0.05), 

showing mild anxiety-like 

behavior. Duration was 

recorded in seconds. 

 

 

 

 

Figure 2. Elevated Plus Maze 

arm duration results. No 

significant differences were 

observed in percent time spent in 

the open or closed arms. 

 

 

 

 

 

 

Figure 3. Elevated Plus Maze 

locomotor activity results. No 

significant differences were 

observed in number of arm entries. 
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Figure 4. Social Affiliation Test 

results from first 10 minutes. 

Subjects receiving live L. reuteri 

treatment spent significantly less 

time in the conspecific box (p < 

0.05) and interacting with the 

conspecific (p < 0.05), showing 

less social affiliation behavior 

than the control.  

 

 

 

 

 

Figure 5. Social Affiliation Test 

results from second 10 minutes. 

Subjects receiving L. reuteri 

treatment spent significantly 

more time in the corner of the 

conspecific box (p < 0.05), 

showing less social affiliation 

behavior than the control.  
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