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Abstract

There are extensive bidirectional interactions between the gut microbiota and the central nervous 

system (CNS), and studies demonstrate that stressor exposure significantly alters gut microbiota 

community structure. We tested whether oligosaccharides naturally found in high levels in human 

milk, which have been reported to impact brain development and enhance the growth of beneficial 

commensal microbes, would prevent stressor-induced alterations in gut microbial community 

composition and attenuate stressor-induced anxiety-like behavior. Mice were fed standard 

laboratory diet, or laboratory diet containing the human milk oligosaccharides 3′Sialyllactose 

(3′SL) or 6′Sialyllactose (6′SL) for two weeks prior to being exposed to either a social disruption 

stressor or a non-stressed control condition. Stressor exposure significantly changed the structure 

of the colonic mucosa-associated microbiota in control mice, as indicated by changes in beta 

diversity. The stressor resulted in anxiety-like behavior in both the light/dark preference and open 
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field tests in control mice. This effect was associated with a reduction in immature neurons in the 

dentate gyrus as indicated by doublecortin (DCX) immunostaining. These effects were not evident 

in mice fed milk oligosaccharides; stressor exposure did not significantly change microbial 

community structure in mice fed 3′SL or 6′SL. In addition, 3′SL and 6′SL helped maintain normal 

behavior on tests of anxiety-like behavior and normal numbers of DCX+ immature neurons. These 

studies indicate that milk oligosaccharides support normal microbial communities and behavioral 

responses during stressor exposure, potentially through effects on the gut microbiota-brain axis.

1. Introduction

The body is colonized by a vast and complex mixture of microbes collectively referred to as 

the microbiota. These microbes reside within communities in their specific niche in the 

body. During homeostatic states, the structure of the bacterial communities in the gut is 

relatively stable (Faith et al., 2013). However, this stability can be altered through 

environmental and dietary manipulations. For example, research from our laboratory, as 

well as others, has shown that exposure to different types of stressors, ranging from social 

stressors to physical and physiological stressors, can impact the composition of the 

microbiota (Tannock and Savage, 1974, Bangsgaard Bendtsen et al., 2012, De Palma et al., 

2014, Galley et al., 2014a, Galley et al., 2014b), with reductions in potentially beneficial 

microbes often being found (Bailey and Coe, 1999, Bailey et al., 2004, Knowles et al., 2008, 

Galley et al., 2014a, Galley et al., 2014b). Diet can also impact the microbiota, and different 

diets, such as those containing high fat contents, are associated with different microbial 

communities within the gut (Hildebrandt et al., 2009, Daniel et al., 2014). Changing the 

composition of the gut microbiota in turn changes microbial community functions 

(Turnbaugh et al., 2008, Albenberg and Wu, 2014), which has renewed interest in the use of 

diet to enhance beneficial microbial populations. One purpose of this study was to determine 

whether the inclusion of prebiotic human milk oligosaccharides into the diet would impact 

stressor-induced changes to microbial community composition.

Prebiotics are defined as nonviable food components that confer a health benefit on the host 

associated with modulation of the microbiota (Gibson et al., 2010); compounds that can 

enhance the growth of administered or commensal probiotic microbes are typically 

identified as prebiotics. Probiotics, in turn, are live microorganisms that, when administered 

in adequate amounts confer a health benefit on the host (Hill et al., 2014). Human milk 

oligosaccharides (HMO) can be considered prebiotics, because they have been demonstrated 

to play a significant role in the growth of specific bacteria including probiotic members of 

the genus Bifidobacterium and Lactobacillus (Coppa et al., 2006, Bindels et al., 2015). 

Prebiotic-induced enhancement of these beneficial microbes is thought to have multiple 

beneficial effects on host immunity and physiology (Vandenplas et al., 2015). Moreover, 

Bifidobacterium and Lactobacillus spp. strongly affect the brain-gut-axis (Dinan et al., 2013, 

Zhou and Foster, 2015). After ingestion, HMO pass mainly unabsorbed through the small 

intestine into the colon, where they are fermented to short-chain fatty acids (SCFA) and 

lactic acids (Ogawa et al., 1992). Sialyllactose, which is the core structure of the sialyllated 

HMO, is essentially sialic acid (SA) bound to a lactose molecule. The predominant forms of 

sialyllactose are 6′-sialyllactose (6′SL) and 3′Sialyllactose (3′SL) (Martin-Sosa et al., 2003). 
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3′SL is a compound where the N-acetyl-D-neuraminic acid (Neu5Ac or SA) unit is 

connected to the galactose unit of lactose at the 3 position; in 6′SL, this connection is at the 

6 position. Levels of 3′SL in human milk remains relatively stable throughout lactation 

while 6′SL gradually declines (Asakuma et al., 2007). While the levels of 3′SL and 6′SL 

differ, the biological effects of these HMOs are very similar. Both 6′SL and 3′SL have anti-

inflammatory properties that can impact opportunistic bacterial attachment in the gut 

(Andersson et al., 1986, Simon et al., 1997) and can support the growth of beneficial gut 

bacteria (Gourbeyre et al., 2011). For example, 3′SL and 6′SL promoted growth of 

Bifidobacterium longum in vitro (Yu et al., 2013). B. longum has been shown to improve 

psychological wellbeing in humans (as assessed by global hospital anxiety and depression 

scores on the Hopkins symptoms checklist-90) (Messaoudi et al., 2011b) and impact 

anxietylike behavior in laboratory animals (Bercik et al., 2011, Savignac et al., 2014). This 

led us to test whether the administration of 3′SL or 6′SL could impact stressor-induced 

anxiety-like behavior.

In addition to the effects that 3′SL and 6′SL have on the microbiota, these compounds can 

also have a more direct effect on the brain. Sialyllactose has been shown to be a source of 

SA that is particularly important for brain development and for cognitive functions (Wang 

and Brand-Miller, 2003). For example, rats fed sialyllactose or galactosylated SA showed 

improved learning ability in a swimming learning test, an effect that was associated with 

increased SA and ganglioside content in the brain (Sakai et al., 2006). It is now recognized 

that SA from dietary sources becomes available during digestion and absorption and is 

utilized by brain cells to form gangliosides and sialylated proteins, such as neural cell 

adhesion molecule (NCAM) (Wang et al., 2003). Sialic acid is part of the glycosylation 

process for a variety of molecules including NCAM and brain-derived neurotrophic factor 

(BDNF) (Janas & Janas, 2011; Sato & Katajima, 2013). Given the importance of these 

factors for the proliferation and development of brain-derived cells, an additional aspect of 

this study was to assess whether administering HMO would impact the effects of stressor 

exposure on brain cell proliferation and stability.

Reductions in brain cell proliferation are widely known to be associated with stress-induced 

behavioral changes (McEwen and Magarinos, 2001), including cognitive behaviors (Lee et 

al., 2015). Whether there are additional behavioral consequences of this reduction in brain 

cell proliferation is not as well-studied, but evidence is beginning to emerge that changes in 

brain cell proliferation are also involved in anxiety- and depressive-like behaviors. For 

example, recent studies in mice bred for comorbid high trait anxiety/depressive-like 

behavior show that depressive-like behavior was rescued by anti-depressants, while anxiety-

like behavior and deficits in neural progenitor (i.e., Bromodeoxyuridine [BrdU] positive 

cells) and immature neurons (i.e., Doublecortin [DCX] positive cells) remained unaltered 

(Sah et al., 2012). In addition, reducing neural progenitor cells and immature neurons 

residing in the dentate gyrus of the hippocampus by selective ablation, resulted in marked 

anxiety-like behaviors in the elevated plus maze and light/dark tests (Revest et al., 2009), 

thus supporting a role for reduced neurogenesis in anxiety. We have previously shown that 

in addition to changing the commensal microbiota, exposing mice to a social disruption 

(SDR) stressor increases anxiety-like behavior (Kinsey et al., 2007, Wohleb et al., 2011). 
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Thus, a final aspect of this project was to determine whether brain cell proliferation was 

decreased in stressor-exposed animals, and whether 3′SL or 6′SL could prevent this stressor-

induced effect.

2. Methods

2.1. Subjects

Subjects were 6 to 8 week-old male C57/BL6 mice purchased from Charles River 

Laboratories (Wilmington, MA). Male mice were selected because of the use of the social 

disruption stressor that involves aggressive interactions between conspecifics. While it 

would be of interest to verify study results in females, these aggressive interactions do not 

occur between female mice. Thus, the results of the study have limited extrapolation to 

females. Upon arrival, animals were separated 3/cage and allowed to acclimate in the animal 

facility for ∼1 week. Mice were kept in standard polycarbonate mouse cages and maintained 

on a 12 hr light/dark cycle with lights being turned on at 0600 in an AAALAC (American 

Association of Accreditation of Laboratory Animal Care) facility. Food and water was 

available ad libitum unless experimental manipulations were being conducted. Aggressors 

used in the SDR protocol were individually housed CD-1 male retired breeders. Animals 

were treated in compliance with the Guide for the Care and Use of Laboratory Animals, and 

the experiments were carried out in accordance with a protocol approved by the Institutional 

Laboratory Animal Care and Use Committee (ILACUC) at The Ohio State University.

2.2. Diet

Mice were fed either a control AIN-93G semi-purified laboratory mouse diet, a modified 

AIN-93G diet supplemented with 6′SL or a modified AIN-93G diet supplemented with 3′SL 

(5% of the diet; Harlan Laboratories, Inc.) for 2 weeks prior to, and during stressor 

exposure. AIN-93G is a common experimental diet that contains essential nutrients for 

growing and gestational rodents.

2.3. Social Disruption (SDR) Stressor

The SDR paradigm has been previously described (Allen et al., 2012, Tarr et al., 2012). In 

brief, an aggressive male intruder CD-1 mouse was introduced into cages of established 

male cohorts (3 per cage) of naïve C57BL/6 mice for 2 hours between 1600 and 1800 for six 

consecutive nights. Intruder mice were outbred CD-1 retired breeders that were individually 

housed upon arrival to the animal facility. During SDR, resident mice were observed for 

subordinate behaviors such as upright posture, exposed under flank, fleeing, and cowering in 

the corners of the cage. If the aggressive intruder did not initiate an attack within 5 minutes 

or was attacked by any of the resident mice, a new intruder was introduced. At the end of 

each SDR cycle, intruder mice were removed and placed into their original home cage until 

the next SDR cycle began. Care was taken to introduce the same intruders on consecutive 

nights to reduce the chance of transference of multiple microbiotas through fecal contents. 

The health status of the mice was carefully examined throughout the paradigm. Mice that 

were injured or moribund were removed from the study. Consistent with previous studies 

using SDR, less than 5% of mice met the early removal criteria. Mice exposed to the stressor 
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are referred to as SDR stressor mice, whereas Home Cage Control (HCC) mice were not 

handled throughout the experiment and were fed either the control or an experiment diet.

2.4. Experimental Design

To examine the effects of the sialyllactose on SDR-induced anxiety-like behavior, upon 

arrival animals were fed control diets or diets supplemented with 6′SL or 3′SL for 2 weeks 

prior to stressor exposure (Fig. 1). Animals were then exposed to our SDR stressor while 

continuing the experimental diet. Body masses were collected every third day throughout 

dietary manipulation to assess for alterations in weight gain that the diet may have caused. 

Fourteen hrs after the last cycle of SDR (i.e., 6th cycle), control and experimental animals 

were either tested in the open field or light/dark preference tasks to assess for variations in 

anxiety-like behavior. Immediately following behavioral testing, animals were sacrificed by 

CO2 asphyxiation, and whole blood, spleens and colons were removed for biological 

analyses. Whole blood was used to determine serum levels of IL-6, spleens were weighed 

and used as a readout for SDR's effectiveness, and colons were used to assess 6′SL and 3′SL 

effects on the bacterial community structure of the gut. In a separate group of animals, 

whole blood was collected 1 hr following the 6th cycle of SDR to evaluate potential 

alterations to serum corticosterone that 6′SL or 3′SL may have had. Brains were also taken 

14 hrs after the last cycle of SDR to evaluate the effects of SDR and 6′SL and 3′SL on brain 

cell proliferation and the acute impact on immature neurons.

2.5. Open field and Light/Dark Preference Tests for Anxiety-like Behavior

Open field and light/dark preference apparatus were used to determine if pretreatment with 

prebiotics influenced SDR-induced anxiety-like behavioral deficits. The open field and light/

dark preference tasks are widely used behavioral tests of anxiety-like behavior that require 

no “learning” of novel tasks. The open field apparatus consisted of an opaque 40×40×25 cm 

Plexiglas box divided into a grid pattern and is designed to measure a rodent's innate 

tendency to explore their environment while avoiding open spaces. The light/dark apparatus 

used the same box as the open field but was divided into two equal zones (i.e., light and 

dark) with an opening separating the two at floor level. The dark zone was enclosed by black 

Plexiglas and had significantly less light than the light zone (∼3 lux). Mice that show 

anxiety-like behavior (i.e., SDR stressed animals) have a decreased time spent in the open 

area of the open field and have an increased time spent in the dark portion of the light/dark 

box compared to control mice (i.e., non-stressed controls).

Fourteen hours following the last cycle of SDR, subjects were transported to a separate room 

and tested in the open field or light/dark for a total of 5min based on prior reports from our 

laboratory using SDR stressor paradigm (Kinsey et al., 2007, Wohleb et al., 2013, Wohleb et 

al., 2014a, Wohleb et al., 2014b). Between each group of animals being tested, the open 

field box was cleaned with H2O and diluted ETOH to reduce odor cues between subjects. 

Experimental subject's activities were monitored using an automated digital beam break 

system attached to computer containing an open field or light/dark Fusion software template 

(Omnitech Electronics, Inc., Columbus, OH). Dependent measures to assess anxiety-like 

behavior in the open field included total distance traveled, latency to enter the center, and 

Tarr et al. Page 5

Brain Behav Immun. Author manuscript; available in PMC 2016 November 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



time in the center. For the light/dark preference test the dependent measures were time spent 

in the dark, latency to enter the dark, light-dark transitions, and total distance travelled.

2.6. Serum Corticosterone and Interleukin-6 Enzyme-Linked Immunosorbant Assay 
(ELISA)

To assess serum corticosterone levels ∼100 μl of whole blood was collected retro-orbitally 

by disrupting the capillary bed of the eye socket 1 hr following the last cycle of SDR. To 

determine serum IL-6 levels, whole blood was collected by cardiac heart puncture following 

CO2 asphyxiation. Following serum collection, whole blood was allowed to coagulate at 

room temperature for 30 min, followed by centrifugation at 2500 RPM for 15 min. After 

collection, serum was stored at -80 °C until further analyses by ELISA. Both serum 

corticosterone (Abcam; Cambridge, MA) and IL-6 (R&D Systems, Inc.; Minneapolis, MN) 

ELISAs kits were conducted following manufacturer's protocols.

2.7. Microbiota Sequencing and Analyses

Microbiota sequencing was used to determine if our pretreatment with prebiotics influenced 

SDR-induced alterations in microbiota diversity. All DNA isolation, enrichment and 

sequencing was performed by Second Genome (South San Francisco, CA). Briefly, DNA 

was extracted from the colonic tissue using the MoBio UltraClean Tissue and Cells DNA 

Isolation Kit. The DNA was then cleaned using PowerClean DNA Clean-Up Kit and 

quantified with the Qubit Quant-iT dsDNA Broad-Range Kit. DNA was then amplified for 

16S V4 rDNA targeting and flow-cell adaptor and indexing barcodes were integrated. 

Illumina MiSeq paired-end sequencing (2×250bp) was performed for 250 total cycles.

Sequences, in fastq files, were de-multiplexed by barcode. Stitching, quality filtering and 

sequence analysis was performed using Quantitative Insights Into Microbial Ecology 

(QIIME) (Caporaso et al., 2010). Paired-end sequences overlapped and were stitched using 

fastq-join (Aronesty, 2011). Filtering was based on default QIIME parameters, including 1.5 

allowed errors in barcode, sequence quality threshold of Q20, and 3 allowed bad quality 

bases before truncation. OTU picking was performed based on the closed reference protocol 

against the GreenGenes 13_5 database with Uclust (Edgar, 2010, McDonald et al., 2012) 

using the 97% OTU cluster. After final filtering/curation, a mean of 139,669 sequences/

sample over 47 samples remained.

To specifically analyze the sequencing data from the OTU biom table that was constructed 

during OTU picking, individual diets were filtered out (Control, 6′SL, 3′SL) into separate 

OTU tables. Control chow had a mean of 129,438 sequences/samples, 6′SL had a mean of 

135,449 sequences/sample and 3′SL had a mean of 152,772 sequences/sample. Diet bioms 

were also joined together for analysis of the overall effect of prebiotic supplementation.

2.8. Brain Cell Proliferation and Immature Neuronal Assessment and Analyses

On the last three nights of SDR, mice were injected with 50mg/kg of BrdU (a thymidine 

analogue) 1 hr before each cycle of SDR. Fourteen hours after the last cycle of SDR, mice 

were transcardially perfused using sterile PBS followed by 4% paraformaldehyde (PFA; 

Sigma-Aldrich; St. Louis, MO). Brains were then post-fixed in 4% PFA for 24 hrs and then 
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put in 20% sucrose for 72 hrs, with solution changes every 24 hrs. After post-fixiation, 

brains were flash frozen in ice-cold isopentane and subsequently sectioned on a cryostat at 

40 μm and placed in 24-well tissue culture plates. Collection started with sections containing 

a fully intact dentate gyrus (DG) and ended when the DG was no longer visible. 

Hippocampal brain areas were identified based on anatomical landmarks referenced in a 

stereotaxic mouse brain atlas.

Once obtained, sections were washed, denatured in 2N HCL at 37° C for 30 min, and 

blocked with 3% normal donkey serum. Sections were then incubated for 24 hrs in the 

appropriate primary antibody and then overnight in their species matched secondary 

antibodies. The primary antibodies used were rat anti BrdU (1:1000; Abcam, Cambridge, 

MA) to stain proliferating cells and goat anti-DCX (1:200; Santa Cruz Biotechnology, 

Dallas, TX) to stain immature neurons. The secondary antibodies used were Alexafluor goat 

anti-rat 488 and Alexafluor goat anti-rabbit 594 (1:500; Life Technologies, Carlsbad, CA). 

Following staining, sections were placed on slides, cover-slipped using Fluoromount 

(Beckman Coulter, Inc., Fullerton, CA) and visualized using a wide field fluorescent 

microscope.

To quantify singly labeled BrdU+ cells, every 6th coronal section was counted for single 

positive cells and an average number of positive cells/slice was obtained. To quantify singly 

labeled DCX+ cells, three sections (i.e., rostral, caudal, and mid-sections) were collected 

and counted to obtain an average number of immature neurons/slice (i.e., DCX+ cells).

2.9. Statistical Procedures

In all studies, 9 mice per group (stress vs. non-stress) and per diet (control, 3′SL, or 6′SL) 

were used. Mice were removed from the study if there were any signs of wounds in control 

mice (as this indicates social defeat in the control mice) or if wounds exceeded our early 

removal criteria. The final sample sizes for each measure are listed in the Figure legends. 

Standard two-way ANOVAs were used to analyze light/dark preference, open field, spleen 

mass, serum corticosterone, serum IL-6, microbiome sequencing, and brain 

immunohistochemistry data with Diet and Stress as the between-subjects variables. In 

addition, body mass was analyzed using a repeated-measures ANOVA with Stress and Diet 

as the between-subjects variables and Day as the within-subject variable. When appropriate, 

significant interaction effects were subjected to Bonferroni corrected t-tests. An alpha level 

of p<0.05 was set as the rejection criteria for the null hypothesis. All data were analyzed 

using SPSS statistical software version 21 (IBM Corp.; Armonk, NY) and presented as 

treatment means ± standard error of the mean (SEM).

Beta and alpha diversity analysis were performed with QIIME in order to compare the effect 

of SDR on mouse colonic microbiota. Beta diversity was analyzed with unweighted Unifrac 

distance matrices (Lozupone and Knight, 2005) at a rarefied depth of 44,338 sequences per 

sample. Principle coordinate analysis (PCoA) plots were produced with QIIME to visualize 

clustering of samples based upon composition of the colonic microbial community. 3D 

PCoA plots were produced using Emperor (Vazquez-Baeza et al., 2013). The adonis 

statistic, provided through the vegan package of R (Development, Oksanen J) and 

implemented into QIIME, was used to calculate significance in variation of the distance 
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matrices between HCC and SDR mice, in order to determine whether groups were altered in 

different diets.

Alpha diversity analysis included Shannon Diversity, Chao1 (estimation of richness), 

equitability (a measurement of evenness), and observed OTUs. All alpha diversity 

measurements were compared (HCC vs. SDR) using parametric T-tests with QIIME. 

Varying depths were used for HCC vs. SDR alpha-diversity statistical testing: 6′SL chow- 

42,730 sequences; Control Chow- 42,580 sequences; 3′SL Chow- 65,690 sequences. 

Varying depths were also used in statistical analysis of the effect of diet upon alpha 

diversity: Control-3′SL, Control-6′SL, 3′SL-6′SL dichotomous analysis had 42,028 

sequences, 42,730 sequences, and 42,601 sequences respectively.

For phyla and genera taxonomic comparisons, bacterial proportions were normalized by 

finding the square root of the proportion, then the arcsine of this square root. Parametric t-

tests were performed on dichotomous variables (HCC vs. SDR) using these normalized 

values. Univariate ANOVA was used for taxonomic abundance comparisons of the three 

diets (Control Diet vs. 3′SL vs. 6′SL), and post-hoc LSD tests were used to identify the 

significantly different diets. The Benjamini-Hochberg correction for multiple comparisons 

was used with a q-value of 0.100 for all taxonomic comparisons. All taxonomic comparisons 

were made with SPSS and presented as proportion means ± SEM.

3. Results

3.1. Dietary sialyllactose significantly affects the colonic microbiota

Alpha diversity, which is a measure of within sample diversity, was measured using the 

Shannon Diversity Index (SDI) which encompasses bacterial species abundance (i.e., the 

total number of bacterial species) and evenness (i.e., the distribution of those species). 

Control-fed mice had significantly higher SDI than 6′SL-fed mice (p<0.05, t=2.21), but 

were unchanged compared to 3′SL-fed mice (p=0.455, t=0.778). The SDI was not 

significantly different in 3′SL and 6′SL-fed mice (p=0.114, t=1.648).

Beta-diversity was analyzed using unweighted UniFrac distances, which is a method of 

comparing microbial communities by calculating phylogenetic differences between sets of 

taxa in one sample compared to a second sample. Once all pairwise comparisons are made, a 

phylogenetic distance matrix can be created and plotted on either a 2-Dimensional (2D) or 

3-Dimensional (3D) principal coordinate analysis (PCoA) plot depicting variability along 

the 2 or 3 principal components (respectively). In general, samples that cluster closer 

together on the PCoA plot represent samples with similar microbial community 

composition. Using a 3D PCoA plot, the control diet clustered separately from the prebiotic 

diets (Fig. 2A). The use of the multivariate adonis statistic indicated that mice that were fed 

6′SL or 3′SL had an altered microbial profile when compared to mice that were fed a control 

diet (adonis, p<0.01, R2=0.06734). When compared dichotomously, the control diet was 

significantly different from 6′SL diet (p <0.05, R2=0.0562) and the 3′SL diet (p<0.005, 

R2=0.0648), while 3′SL and 6′SL did not differ significantly (p=0.391, R2=0.03345) (Fig. 

2B-D).
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Taxonomic shifts were next examined. At the phylum level, the Firmicutes, Bacteroidetes, 

Verrumicrobia, Deferribacteres, and Cyanobacteria were all significantly changed by diet 

when analyzed using ANOVA. Firmicutes and Cyanobacteria were significantly decreased 

in the prebiotic groups compared to control chow (p<.05), while the Bacteroidetes were 

increased in 3′SL compared to control (p<.05). Verrumicrobia was also increased in 3′SL 

compared to control only, while Deferribacteres was increased in the control group 

compared to both 3′SL and 6′SL (Fig. 3). At the genus level, prebiotic supplementation 

affected a number of groups. Akkermansia was significantly increased in mice that had been 

fed 3′SL over control, while Bacteroides and Coprococcus were increased in the 3′SL mice 

over both 6′SL and control. Mucispirillum was significantly reduced in the prebiotic groups. 

Unclassified Clostridiales, unclassified Clostridiaceae and unclassified Ruminococcaceae 

were increased in controls over prebiotic-fed mice (Table 1).

3.2. Dietary sialyllactose abolishes SDR-induced shifts to colonic microbiota community 
structure

SDI used as the primary measurement of alpha diversity, was unchanged regardless of diet 

in SDR-exposed mice. However, beta diversity, which is community diversity compared 

across samples, was also assessed using unweighted UniFrac distance matrix. The Control 

Diet mice that underwent SDR had significant changes in community structure composition 

of the colonic microbiota, as measured with the adonis statistic (p<0.05, R2= 0.10247). This 

disruption in the colonic microbiota was further confirmed in a principal coordinate plot of 

unweighted UniFrac distances, which illustrated unique clustering of SDR-exposed mice 

separate from HCC mice (Fig. 4A). SDR exposure did not induce shifts in the composition 

of the colonic microbiota in mice fed chow fortified with 3′SL (p=0.142, R2=0.07677) or 

6′SL (p=0.138, R2= 0.09321) prebiotics. Separate clustering of SDR-exposed mice from 

HCC-control mice was not seen in PCoAs of unweighted UniFrac distances of the prebiotic 

diets (Fig. 4B-C).

The abrogation of SDR-induced alterations in murine colonic beta-diversity by prebiotic 

intervention lent the impetus to analyze specific taxonomic shifts. At the phylum level, 

SDR-exposed Control-fed mice had a significant increase in the relative abundance of 

Proteobacteria (27.69% vs. 7.28%) and a significant reduction in Deferribacteres (2.68% 

vs. 20.02%). This effect was not evident in mice fed 3′SL or 6′SL. However, SDR-exposed 

mice that received 3′SL had a significant reduction in Firmicutes (19.42% vs. 30.32%) and a 

significant increase in Cyanobacteria (1.02% vs. 0.16%), while mice that received 6′SL had 

a decrease in Deferribacteres (0.00% vs. 3.34%) and an increase in Tenericutes (3.12% vs. 

0.00%) in SDR-exposed mice (Fig. 5).

At the genus level, exposure to the stressor significantly reduced the relative abundance of 

bacteria in the genus Mucispirillum (p<0.05), but increased the relative abundance of 

bacteria in the genus Helicobacter (p<0.05) and an unclassified genus in the family 

Rikenellaceae (p<0.05). There was also a significant increase in an unclassified genus of 

bacteria within the Bacteroidales order, but this was only evident in mice fed 3′SL or 6′SL.
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3.3. Dietary sialyllactose ameliorated SDR-induced anxiety-like behavior in the light/dark 
preference and open field tests

When tested on the light/dark preference test, data revealed a significant Diet × Stress 

interaction for the duration spent in the dark zone (F(2,42)=5.41; p<0.01; Fig. 6A). Post hoc 

analyses revealed that stressor-exposed mice fed the control diet had a significantly 

increased amount of time spent in the dark zone compared to non-stressed mice fed the 

control diet (p<0.05). Furthermore, stressor-exposed mice fed the control diet had a 

significantly increased time spent in the dark zone compared to stressor-exposed mice fed 

either 3′SL or 6′SL (p<0.05). Post hoc analyses showed that non-stressed control mice that 

received the control diet did not differ from either non-stressed or stressor-exposed mice fed 

3′SL or 6′SL. The latency to enter the dark zone was also assessed. Data revealed no 

significant main effects of Diet or Stress; however, there was a trend for a Diet × Stress 

interaction (F(2,42)=2.93; p=0.06; Fig. 6B). There was also no main effect of Diet, Stress, 

or Diet × Stress interactions on the number of light to dark transitions (data not shown). 

Lastly, the total distance travelled in the light/dark preference test was assessed. Data 

indicated that there was no significant main effect of Diet on the total distance travelled, but 

a significant main effect of Stress was apparent where stressor-exposed mice spent 

significantly less time moving in comparison to non-stressed control mice regardless of diet 

(F(2,42)=5.11; p<0.05; Fig. 6C).

As an additional test of anxiety-like behavior an open field test was employed. Data revealed 

a significant Diet × Stress interaction for the time spent in the center of the maze 

(F(2,43)=3.60; p<0.05; Fig. 7A). Post hoc analyses indicated that non-stressed control mice 

spent significantly more time in the center of the open field when compared to stressor-

exposed mice when all mice were fed the control diet (p<0.05). The stressor, however, did 

not affect the amount of time mice spent in the center of the open field if the mice were fed 

either the 3′SL or the 6′SL diets (Fig. 7A). There was not a statistically significant effect of 

stressor exposure on the latency of the mice to enter the center of the open field (Fig. 7B), 

but there was a tendency for 3′SL and 6′SL to reduce the latency to enter the center of the 

open filed (p=0.1, not considered statistically significant). The total distance travelled in the 

open field was also significantly reduced by stressor exposure (F(1,43)=10.35; p<0.005; Fig. 

7C) indicating that mice exposed to the stressor spent significantly less time exploring the 

open field compared to non-stressed control mice regardless of whether their diet contained 

3′SL or 6′SL.

3.4. Dietary 6′SL and SDR decreased overall brain cell proliferation, but sialyllactose 
rescued SDR-induced reduction in immature neurons

Diet significantly impacted the number of proliferating cells in the hippocampus. Data 

revealed a significant main effect of Diet (F(2,30)=3.45; p<0.05; Fig. 8A) where post hoc 

analyses indicated animals fed the 6′-SL diet had a decrease in the average number of BrdU 

positive cells per slice compared to animals fed the control diet regardless of stress condition 

(p's<0.05). In addition, data revealed a significant main effect of Stress (F(1,30)=4.95; 

p<0.05; Fig. 8A) showing stressed animals had an overall reduction in in the average 

number of BrdU positive cells in the dentate gyrus of the hippocampus. There were no 
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significant interactions between Diet and Stress on the average number of BrdU positive 

cells per slice.

Analyses of DCX positive cells revealed a significant Diet × Stress interaction 

(F(2,12)=21.89; p<0.0001; Fig. 8B). Post hoc analyses indicated that stressed animals fed 

the control diet had a significant reduction in the average number of DCX positive cells 

compared to all other groups (p's<0.05). No other groups differed.

3.5. Dietary sialyllactose did not alter body mass or SDR-induced increases in serum 
corticosterone, IL-6, or spleen mass

The experimental diet did not significantly affect body weight or physiological indicators of 

the stress response. Data revealed no significant main effects of Stress or Diet on body 

weight. However, there was a significant main effect of Day on body weight indicating that 

regardless of Diet or Stress animals gained weight when comparing weights at baseline and 

the day of tissue harvesting (F(1,41)=272.95; p<0.0001; Table 2). There were no significant 

interactions between independent variables.

Stressor exposure also increased spleen mass (F(1,41)=52.27; p<0.001; Table 2), serum 

levels of IL-6 (F(1,41)=22.29; p<0.01; Table 2), and serum corticosterone levels 

(F(1,41)=115.79; p<0.001; Table 2). These were main effects of stressor exposure, which 

were not dependent upon whether the mice were fed control chow or chow supplemented 

with 6′-SL or 3′-SL. Moreover, neither 6′-SL or 3′-SL significantly affected spleen mass, 

IL-6, or corticosterone levels.

4. Discussion

Both stressor exposure and HMO have been shown to impact the structure of mucosa-

associated microbial communities (Chichlowski et al., 2011, Galley et al., 2014a, Sanders et 

al., 2014). However, the impact of HMO on stressor-induced alterations in the microbiota 

has not been studied. Here we report that prebiotics (i.e., 6′SL and 3′SL) were able to alter 

the microbiota community structure compared to mice fed standard laboratory control diet. 

Additionally, we report that microbial community structure in mice fed the 6′SL and 3′SL 

was similar, indicating that these HMO had similar effects on microbial community 

structure. Of importance to the overall scope of this report, stressor exposure did not impact 

microbial community structure in mice fed 6′SL or 3′SL. The PCoA analysis indicated that 

the community structure was altered in stressor-exposed mice fed the control diet. The 

differential clustering of stressor-exposed mice was abolished when animals were fed either 

the 3′SL or the 6′SL diet, showing that the HMO helped to maintain normal mucosa-

associated microbial community structure in stressor-exposed mice. Thus, it is evident that 

in the absence of stress, 3′SL and 6′SL impact microbial community structure, with both 

having the capacity to support microbial community structure in the colon if fed prior to 

exposure to the stressor.

In addition to maintaining normal microbial community structure, 3′SL and 6′SL were able 

to support normal behavior in stressor-exposed mice. Mice fed the control diet during 

stressor exposure displayed anxiety-like behavior in both the open field task and the light/
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dark preference task, an effect that was absent in mice fed 3′SL or 6′SL. It must be 

acknowledged, however, that the short duration of testing on the open field also reflects the 

animals' responses to novel environments. Although the mechanisms by which 3′SL and 

6′SL support behavior are not yet known, it is possible that effects on the microbiota are 

involved. There is increasing evidence that gut microbes can impact nervous system activity. 

This was first recognized in germfree mice that were found to have decreased anxiety-like 

behavior in comparison to mice that had a conventional microbiome (Diaz Heijtz et al., 

2011, Neufeld et al., 2011). Colonizing the germfree mice with microbes early in life, 

however, prevented the anxiety-like behavior, suggesting that gut microbes impact anxiety-

like behavior (Diaz Heijtz et al., 2011, Neufeld et al., 2011). More recently, the effects of 

exogenous probiotic microbes, such as bacteria in the genus Bifidobacterium or 

Lactobacillus, have been shown to attenuate anxiety in both laboratory animals and human 

participants (Messaoudi et al., 2011a), thus reinforcing the notion that gut microbes can 

impact behavior. In the current study, stressor exposed mice were found to have lower 

relative abundances of Mucispirillum but higher relative abundances of Rikenellaceae, 

Helicobacter, and Bacteroidales. It is unlikely these microbes are associated with behavior, 

however, because this reduction was evident in stressor-exposed mice fed 3′SL and 6′SL 

that did not show anxiety-like behavior. The only bacteria whose relative abundance was 

significantly different in stressor-exposed mice fed 3′SL or 6′SL compared to control diet 

was an unclassified genus within the Bacteroidales order. While it is not yet clear whether 

the increase in this bacterial type helped to normalize behavior, it should be noted that others 

have found that B. fragilis (which is a member of the Bacteroidales order) can normalize 

behavior in a mouse model of autism spectrum disorder (Hsiao et al., 2013). Thus, the role 

of the Bacteroides or other members of the Bacteroidales order on anxiety-like behavior in 

stressor-exposed mice given prebiotics should be further investigated.

Exposure to the SDR stressor is well known to increase spleen weight, circulating 

corticosterone, and IL-6, and changes in these markers have been correlated with anxiety-

like behavior (Hanke et al., 2012). In addition, these physiological markers have been 

associated with gut microbes (Sudo et al., 2004, Bailey et al., 2011). Of interest, in a 

previous study we demonstrated that stressor-induced increases in IL-6 were associated with 

higher abundances of bacteria in the genus Coprococcus (Bailey et al., 2011). While this 

association was again present in this study, along with a significant association with the 

abundance of Mucispirillum (data not shown), 3′SL and 6′SL did not significantly affect the 

physiological parameters assessed, and stressor exposure still led to increased 

corticosterone, IL-6 and spleen mass. These data suggest that additional mechanisms, other 

than glucocorticoid or IL-6 involvement, mediate the effects of 3′-SL and 6′-SL on SDR-

induced anxiety-like behavior in the open field and light dark preference tests.

While it is possible that the effects of 3′SL and 6′SL on stressor-induced anxiety-like 

behavior were due to modification of the microbiota, it is also possible that 3′SL and 6′SL 

had effects on the brain that were largely independent of colonic microbial community 

structure. Sialic acid from sialyllactose readily crosses the blood brain barrier and the 

highest concentrations have been found on gangliosides and glycoproteins in the grey matter 

of the CNS (Schnaar et al., 2014). These sialylated gangliosides are important in 
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synaptogenesis, neurite and axonal growth, dendritogenesis, and neural transmission 

(Rahmann et al., 1990, Hwang et al., 1992, Ledeen et al., 1998, Rosner, 1998). Mice lacking 

sialylated gangliosides have impaired neurogenesis and exhibit depressive-like behaviors 

(Wang and Yu, 2013, Wang et al., 2014). In contrast, supplementation with SA results in 

increased learning and memory, as well as sialylated brain proteins (Wang et al., 2007). The 

effects of generalized stress on adulthood neurogenesis have been well established, showing 

a reduction in cell proliferation within the dentate gyrus of the hippocampus (Warner-

Schmidt and Duman, 2006). There is a strong link between neurogenesis, immature neurons, 

and depressive- and anxiety-like behaviors, as well as cognitive deficits (Deng et al., 2009, 

Jessberger et al., 2009, Revest et al., 2009, de Andrade et al., 2013, Vukovic et al., 2013, 

Campos et al., 2014). In the current study, stressor exposure alone was able to induce a 

reduction in the number of BrdU positive cells. This effect of stress was not impacted by 

3′SL or 6′SL, but 6′SL also led to a small reduction in BrdU staining. The importance of this 

small reduction in neuronal proliferation is currently not clear. Upon examination of 

immature neurons immunolabeled with DCX, SDR reduced the number of DCX positive 

cells by approximately 50%. As hypothesized both the 6′SL and 3′SL were able to prevent 

this deleterious effect. It is not yet known how the 3′SL and 6′SL prevent the stressor-

induced reduction in DCX-positive cells, but it is possible that SA from the bacterial 

degradation of the 3′SL and 6′SL was involved.

This is supported by current and previous research showing that: 1) sialyllactose via 

sialylated gangliosides, contribute to normal brain function and plasticity (Rahmann et al., 

1990, Hwang et al., 1992, Ledeen et al., 1998, Rosner, 1998), 2) DCX+ immature neurons 

are important in anxiety-like behaviors (Revest et al., 2009, Sah et al., 2012, Vukovic et al., 

2013), and 3) anxiety-like behavior and DCX positivity, but not BrdU+ progenitor cells, was 

affected by our prebiotic diet. Nevertheless, the possibility that the microbiota impacted 

immature neurons independent of the release of SA should not be ruled out, since it is 

known that hippocampal neurogenesis is significantly changed when germfree mice are 

colonized with commensal microbes (Ogbonnaya et al., 2015). Additional studies are 

needed to determine how changes in the gut microbiota are related to the number of 

immature neurons in the brain of stressor-exposed mice.

In summary, the current study is the first to report that the prebiotic sialyllactose is able to 

diminish stressor-induced alterations in colonic mucosa-associated microbiota community 

structure, anxiety-like behavior, and immature neuron cell numbers irrespective of immune 

or endocrine functionality. It is not yet known whether effects on the microbiota directly 

contribute to protection against stressor-induced anxiety-like behavior, but others have 

suggested that offspring behavior might be impacted through the effepcts of maternal milk 

on brain development directly or indirectly through the effects on the gut microbiota (Allen-

Blevins et al., 2015). Given the emerging role of the gut-brain axis in health and disease, as 

well as the impact of oligosaccharides on beneficial microbes, future studies will assess the 

possibility that the ability of HMO to prevent stressor-induced anxiety-like behavior are 

mediated by the commensal microbiota.
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Highlights

• Exposure to the social disruption stressor resulted in significant changes to the 

composition of the gut microbiota, anxiety-like behavior, and the number of 

doublecortin-positive neurons within the hippocampus.

• Feeding mice with prebiotic human milk oligosaccharides 3′Sialyllactose (3′SL) 

or 6′Sialyllactose (6′SL) for 2 weeks prior and during the week of stressor 

exposure helped maintain normal colonic microbiota community structure and 

non-anxious behavior.

• Feeding mice with prebiotic 3′SL or 6′SL also helped maintain the number of 

doublecortin positive cells within the hippocampus of stressor-exposed mice.

• The data support the contention that dietary interventions aimed at maintaining 

normal functioning of the gut-brain axis can attenuate stressor-induced anxiety-

like behavior.
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Figure 1. Overall experimental time line

Three separate cohorts of mice (with each cohort replicated 3 times with different shipments 

of mice) were used to determine: (1) presence of anxiety-like behavior in the open field and 

brain immunohistochemistry, (2) presence of anxiety-like behavior on the light dark 

preference, and (3) colonic microbiota, plasma corticosterone, plasma IL-6, and spleen 

mass. n=9 mice per group per diet were randomly assigned at the beginning of the 

experiment.
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Figure 2. Dietary sialyllactose shifts the beta diversity of the murine colonic microbiota 
community structure

The main effects of diet on microbial community composition were assessed using sequence 

data collapsed across stressor-exposed and non-stressed control mice. (A) A 3D PCoA plot 

using unweighted UniFrac distances showed that control diet clustered separately from 6′SL 

or 3′SL (p<.05). Dichotomous microbiota community structure clustering using unweighted 

UniFrac 2D PCoA plots was also performed. Microbial communities in mice fed a control 

diet were significantly different than communities in mice fed 6′SL (B; p<.05) or fed 3′SL 

(C; p<.05). Community structure did not differ in mice fed 6′SL or 3′SL (D). Significance 

testing was calculated using adonis, implemented in QIIME. n=16 control diet, n=14 3′SL, 

n=17 6′SL.
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Figure 3. Dietary sialyllactose alters the abundances of the major phyla

Colons were removed and the proportion of total sequences was determined from the overall 

abundance of bacteria comprising the microbiota. Bars represent means ± SEM. Different 

letters represent statistical significance between groups within each bacterial phyla (p<0.05). 

n=16 control diet, n=14 3′SL, n=17 6′SL.
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Figure 4. Dietary sialyllactose abolishes stressor-induced alterations in the beta diversity of the 
murine colonic microbiota community structure

Principal coordinate plots demonstrate that exposure to the SDR stressor results in 

significantly different microbial community structure in mice fed a control diet (A; p<.05). 

However, exposure to the SDR stressor did not significantly alter microbial community 

structure in mice fed 6′SL (B), or 3′SL (C). Significance testing was calculated using adonis, 

implemented in QIIME. Control diet: n=8 HCC Control, n=8 SDR Stressor. 6′SL: n= 7 HCC 

Control, n=7 SDR Stressor. 3′SL: n= 9 HCC Control, n=8 SDR Stressor.
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Figure 5. SDR exposure in control diet-fed mice alters the abundances of the major phyla

Relative abundances of the top phyla were assessed in (A) control diet, (B) 6′SL, and (C) 

3′SL fed mice. Bars represent means ± SEM. * indicates a significant difference between 

non-stressed and stressed animals within each bacterial phyla (p<0.05). Control diet: n=8 

HCC Control, n=8 SDR Stressor. 6′SL: n= 7 HCC Control, n=7 SDR Stressor. 3′SL: n= 9 

HCC Control, n=8 SDR Stressor.
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Figure 6. Dietary sialyllactose ameliorated SDR-induced anxiety-like behavior in the light/dark 
preference task

Mice were tested in the light/dark preference test for: (A) time spent in the dark, (B) latency 

to enter the dark, and (C) total distance travelled. (D) Representative movement tracks made 

non-stressed control diet and stressed mice that received all each of the diets. Bars represent 

means ± SEM. * indicates a significant difference between groups stressed and non-stressed 

animals receiving the control diet (p<0.05). † indicates a significant difference between 

stressed animals fed the control diet and stressed animals fed 6′SL and 3′SL diets (p<0.05). 

Control diet: n=8 HCC Control, n=8 SDR Stressor. 3′SL: n=9 HCC Control, n=8 SDR 

Stressor. 6′SL: n=9 HCC Control, n=8 SDR Stressor.
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Figure 7. Dietary sialyllactose ameliorated SDR-induced anxiety-like behavior in the open field

Open field behavior was assessed in subjects for: (A) time spent in the center, (B) latency to 

enter the center, and (C) total distance travelled. (D) Representative movement tracks made 

non-stressed control diet and stressed mice that received all each of the diets. Bars represent 

means ± SEM. * indicates a significant difference between stressed animals fed the control 

diet and all other groups (p<0.05). Control diet: n=8 HCC Control, n=7 SDR Stressor. 3′SL: 

n=9 HCC Control, n=7 SDR Stressor. 6′SL: n=9 HCC Control, n=9 SDR Stressor.
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Figure 8. Dietary sialyllactose and SDR decreased overall brain cell proliferation, but 
sialyllactose rescued the SDR-induced reduction in immature neurons

Assessment for the average number of (A) BrdU positive cells per slice in the hippocampus. 

* indicates a significant main effect for diet (collapsed across control and stress conditions) 

with mice fed 6′-SL having fewer BrdU positive cells compared to mice fed control or 3′SL 

diets. (B) DCX positive cells per slice in the hippocampus. * indicates a significant 

difference between stressed animals and all other groups (p<.05). Images of BrdU (C-H) and 

DCX (I-N) positive cells were taken at 10× and 20× respectively. Control diet: n=8 HCC 

Control, n=7 SDR Stressor. 3′SL: n=9 HCC Control, n=7 SDR Stressor. 6′SL: n=9 HCC 

Control, n=9 SDR Stressor.
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