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ABSTRACT 
 
 

The gut microbiota (GM) consists of a large microbial community whose collective set of 

genes encodes a vast array of functions. These microbes play a major role in many 

physiological processes within the host and are essential for survival. Ongoing research 

suggests that the GM is not only involved in gut physiology but may also have significant 

effects on brain function and behavior. The gut-brain axis is a bidirectional route of 

communication between the gastrointestinal tract and the central nervous system via 

neural, hormonal, and immunological pathways. The influence of the GM on gut-brain 

signaling is not well characterized. This dissertation research is aimed at investigating the 

role of the GM on stress-related brain function and behavior, as well as developing unique 

approaches for neuroimmune research. 

My first project was to investigate the influence the GM has on behavior in genetically 

identical mice. First, I isolated a subset of bacteria that colonize the ileum of mice from a 

particular vendor that has been shown to produce mice with very diverse GM. Isogenic 

colonies of mice were then generated with and without this subset of microbes and 

subjected to stress testing and behavioral analysis. From this study we were able to 

determine that the GM does play a significant role in stress-related brain function and 

behavior. However, dissecting out individual microbes and mechanisms by which the GM 

uses to communicate through the gut-brain axis proves to be a challenging task. In order to 

address some of these questions we began to explore more basic model systems, such as 

zebrafish.   
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Zebrafish are an emerging high-throughput model system that exhibit many behaviors that 

have been correlated with those seen in human neurological disorders. The ability to easily 

control and manipulate the microbial environment in developing zebrafish makes 

neuroimmune research in zebrafish advantageous over other model systems.  

This research characterizes the ability of the GM to alter stress- and anxiety-related 

behavior and to mitigate stress responses in zebrafish. Furthermore, this research 

investigates potential pathways of communication to provide insight for mechanisms by 

which the GM influences the gut-brain axis. 

Since neurobehavioral research in zebrafish is an evolving field, my initial zebrafish project 

was to determine an optimal euthanasia agent for use in stress studies. This was crucial for 

eliminating euthanasia-induced stress responses which could confound results in our 

experiments. My next project was to generate gnotobiotic zebrafish in order to examine the 

significance of the GM in anxiety-related behavior and stress responses. Lastly, through 

bacterial metabolite experiments and probiotic studies, we began to investigate 

mechanisms of communication through the GM-gut-brain axis. This research sets the 

foundation for using zebrafish for neuroimmune research and will help elucidate the role 

that the GM plays in modulating brain function and behavior. A better understanding of 

the influence microbes have on the gut-brain axis will facilitate the potential for probiotic 

therapeutics targeting neurological disorders.   
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CHAPTER 1: 
BACKGROUND AND SIGNIFICANCE 

 
 
Gut Microbiota 

 
Resident or commensal microbiota colonize the gastrointestinal tract of most living species 

shortly after birth and remain there throughout life. The human intestine harbors 

approximately 100 trillion microbes, which is 10 times the average number of human cells 

in the entire body1. This vast population of microbes is mainly comprised of over 500 

species of bacteria that collectively express 100 times more genes than the human genome1. 

The presence of commensal microbes is critical for many aspects of host physiology and 

health. Microbial by-products of digestion not only provide vitamins and nutrients to host 

cells, but contribute to resistance to colonization by potential pathogens2. Furthermore, the 

gut microbiota (GM) is important in the development and function of mucosal immunity. 

Through gnotobiotic studies, it has been shown that germ-free mice have underdeveloped 

Peyer’s patches, immature germinal centers, reduced epithelial antimicrobial production 

and diminished antibody responses3. Effects of the GM on the immune system does not 

stop at the gastrointestinal tract. Metabolites produced by GM, such as short-chain fatty 

acids (SCFAs), vitamins, and ATP are absorbed from the gut and released systemically. 

These compounds are known to directly affect several other parts of both the innate and 

adaptive immune system. Only recently have physiological systems outside of the digestive 

and immune systems been implicated for communicating with the GM. The GM has now 
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been revealed to influence many other areas of host physiology including brain function 

and behavior.  

 
Gut-brain axis: GM involvement in stress-related physiology and behavior 

 
Traditionally, microorganisms have not been considered of particular importance to the 

function of the central nervous system (CNS) or in anxiety- and stress- related behavior. 

However, many stress-related neurological disorders have recently been associated with 

characteristics of the GM. It has been reported that social stress alters the structure of the 

GM4 while long lasting differences in the GM are identified in rodents exposed to early 

life stress5. Similarly, the early life GM may play a critical role in affecting CNS signaling 

in a stress-dependent manner6. The GM has also been linked to anxiety-related behavior in 

multiple models of neurological disorders7,8. Yet, mechanisms of how the GM 

communicates through the gut-brain axis is not well characterized. Likely pathways of 

communication include production of various metabolites that pass through the intestinal 

barrier into the circulatory system, and/or metabolites produced by the GM that can signal 

through the immune system9. Moreover, afferent pathways of the vagus nerve from the 

enteric nervous system (ENS) to the CNS have been implicated as a major route of 

communication between the GM and CNS10. Within the ENS, enteric glial cells outnumber 

enteric neurons by 4:1, and they are thought to play crucial roles in maintaining the 

intestinal epithelial barrier and regulating immune responses in the mucosa. Kabouridis et 

al. showed that the postnatal arrangement and ongoing supply of glial cells in the intestinal 

mucosa are regulated by the GM in mice, further indicating that this is a key pathway in 
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the microbiota-gut-brain axis11. Nevertheless, further research is warranted to fully 

characterize mechanisms of how the GM influences stress-related physiology and 

behavior.  

 
Zebrafish as a model for stress-related neurological disorders 

 
Zebrafish are an emerging high-throughput model system for neurobehavioral studies. 

After hatching from their chorion between 2-3 days post fertilization (dpf), zebrafish inflate 

their swim bladder and exhibit numerous neurobehavioral phenotypes by day 4-5 dpf12. 

Many of these behaviors have been correlated with those seen in human neurological 

disorders, such as, anxiety13, learning14, fear15, sociability16, and psychosis17. Zebrafish 

also have a similar physiological response to stress in comparison to mammals. Responses 

to stress rely heavily on the hypothalamic-pituitary-adrenocortical (HPA) axis and its 

synthesis of glucocorticoids. Reports have demonstrated functional and anatomical 

parallels between the zebrafish hypothalamic-pituitary-interrenal (HPI) axis and the 

mammalian HPA axis further indicating that zebrafish are an appropriate translational 

model for human stress-related disorders18-20.  

The use of rodent models in stress and anxiety research is essential, however, these models 

propose confounds that zebrafish models can overcome. Parental influence in rodents 

allows for maternal stress when trying to access offspring during gestation until juvenile 

stages of development. Maternal stress in zebrafish is limited only to vitellogenesis, leaving 

stages from fertilization to juvenile unaffected21. Moreover, handling and injection 

stressors often accompany administration of potential therapeutics in rodents. Because 
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many compounds are soluble in fish water, it allows drugs to be administered and tested in 

zebrafish via immersion, thus eliminated confounding stressors. In addition, the zebrafish 

model offers the advantage to assess behavior simultaneously, in a high-throughput 

manner. Taken together, this makes zebrafish a low-cost, beneficial tool for potential 

therapeutic screens for drugs targeting neurological disorders.  

 
Rationale for study 

 
Neurological disorders affect millions of people around the world. New therapeutic targets 

are essential for mitigating deleterious effects of many neurological diseases. Recently the 

GM has been implicated as a key contributor in modulating CNS function and many 

behaviors associated with neurological disorders. However, dissecting out individual 

microbes and mechanisms by which the GM communicates through the gut-brain axis 

proves to be a complex and difficult undertaking. Zebrafish have unique characteristics 

that benefit neuroimmune research and could help elucidate further pathways involved in 

the microbiota-gut-brain axis. The optical transparency of zebrafish allow for in vivo 

visualization of labeled bacteria interacting with host cells22. Furthermore, the ex-utero 

development of zebrafish allows for easy manipulation of microbial contact and 

investigation of microbial involvement throughout development. Lastly, the 

neurobehavioral similarities with mammals and the ability to readily produce and control 

gnotobiotic zebrafish larvae makes them a valuable model for neuroimmune studies. The 

studies described in this dissertation involved investigating the impact the GM has on 
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behavior and stress responses, as well as establishing the groundwork for utilizing zebrafish 

for microbiome-related neuroimmune research. 
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CHAPTER 2:  
MICROBIOTA MODULATION OF BEHAVIOR AND STRESS RESPONSES IN MICE 

 
 
Introduction: 

The intestinal microbiota consists of up to 1x1014 cells, a vastly diverse population of 

commensals23. The majority of microbes in the gastrointestinal tract are symbionts in that 

they interact and, in health, form a syntrophy benefitting from the metabolic capacity of 

other resident microbes. Many microbes also share symbiotic relationships with the host 

where they can both utilize and benefit from host byproducts, and influence host function. 

For instance, the synthesis of many vitamins and metabolism of potential carcinogens are 

functions of the intestinal microbiota24. The study of individual commensal microbes is 

challenging due to a large percentage of the intestinal flora being uncultivable. It is 

estimated that between 60-80% of the intestinal microbiota remain uncultured as pure 

species25,26 again suggesting that symbiotic relationships may be important in microbial 

survival.  

Many neurological disorders have recently been associated with characteristics of the gut 

microbiome. It has been reported that social stress alters the structure of the intestinal 

microbiota4 while alterations in the gut microbiota can affect rodent models of autism7 and 

behavior8. Clarke et al have previously shown that the early life microbiome may play a 

critical role in affecting CNS signaling in a stress and sex-dependent manner6. Similarly, 

long-lasting differences in the gut microbiota have been identified in rodents exposed to 

early life stress5. Regulation of the microbiome has been linked to multiple CNS factors, 
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such as hippocampal brain-derived neurotrophic factor (BDNF)27 and signaling via the 

vagus nerve10. Furthermore, anxiety-related behavior was decreased and cognitive function 

was improved in rats following the ingestion of particular probiotic Lactobacillus strains10. 

The potential probiotic use of heretofore uncultivated symbiotic subpopulations remains 

an untapped field-altering resource.   

Immunological readouts of stress are fairly well-defined, and gut microbial colonization 

can help shape host immune responses induced by stress28. Acute stressors often cause a 

fluctuation in circulating cytokines in both humans and laboratory animals4. A common 

acute stressor used in research is a repeated swim stress which is used to determine 

depressive-like behavior in mice29. Altered circulating cytokines, such as IL-6 and IL-10, 

have been linked to persistent depressive-like behavior in response to stress in mice30. 

Elevated IL-6 has also been observed in humans exposed to chronic work stress31 and in 

mice following chronic stress paradigms32. BDNF gene regulation is also altered due to 

stress, where hippocampal BDNF is up-regulated after an acute stressor, but down-

regulated after chronic stress33. Over expression of hippocampal BDNF has also been 

shown to confer resilience to chronic stress34. Another hippocampal gene related to stress 

is Nr3c1, which is a glucocorticoid receptor gene that is decreased in rat hippocampi after 

a single prolonged stressor35. However, the influence of compositional differences in the 

microbiota on stress- and anxiety-induced immune responses is poorly understood. 

Culture-independent techniques such as 16S rRNA amplicon sequencing has made it 

possible to reliably characterize the microbiota, often to species level taxonomy36. Recent 
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studies from our lab showed that isogenic mice from different vendors have distinct 

vendor-dependent microbiomes or “enterotypes”37. Of particular interest is the 

subpopulation of microbes that colonize the ileum of mice from Harlan Laboratories. 

Specifically, segmented filamentous bacteria (SFB; Candidatus Arthromitus) colonize the 

ileal epithelium of mice from Harlan Laboratories (all mice tested to date in our lab) but 

not those from The Jackson Laboratory. Colonization with this particular microbe has been 

associated with increased lymphocyte trafficking38, increased TH17 cell differentiation39, 

and increased susceptibility to multiple models of autoimmune disease40-42.  Differentiation 

of CD4+ TH17 lymphocytes and production of IL-17 is driven, in part, by upregulation of 

IL-6.  Based on the reported associations between IL-6 and stress- and anxiety-related 

behavior, we hypothesized that colonization of mucosa-associated ileal microbes from 

C57BL/6NHsd mice (including SFB) would exacerbate anxiety-related behavior in 

C57BL/6J mice. Moreover, we hypothesized that circulating levels of stress-associated 

cytokines such as IL-6 would be increased and levels of stress-protective factors such as 

IL-10 and BDNF would be attenuated by the assimilated microbiota. To test this 

hypothesis, genetically identical founder C57BL/6J mice harboring the same microbiota 

were supplemented with mucosa-adherent ileal microbiota isolated from C57BL/6NHsd 

mice or C57BL/6J controls. The resulting offspring of these isogenic colonies, differing 

only in the presence of ileal mucosa-associated microbes, were then used in subsequent 

testing. A variety of behavioral experiments comparing the two groups was performed in 

both female and male mice. Surprisingly, we identified consistent sex-dependent changes 

in the gut microbiota, which correlated with plasma cytokine levels and CNS gene 
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regulation after an acute stressor. Of note, the addition of mucosa-associated bacteria, 

including SFB, exacerbated stress- and anxiety-related behavior but this effect was 

restricted to male mice, while a reciprocal effect was observed in female mice, with regard 

to compositional changes in the microbiota and immune responses. Notably, this sex-

dependent behavioral phenotype associated with differences in the microbiota was 

duplicated in Rag1-deficient mice, suggesting a primary role for the innate immune system 

in response to stressors. These findings demonstrate that cross-talk between resident 

microbes and the host innate immune system can influence behavior in a sex-specific 

manner.  Lastly, we investigated the (dis)similarity of the intestinal microbiota of these 

mice in early life and examined the stress response of isolated microglial cells to explore 

innate immune cell alterations. 

 

Experimental Procedures: 

Animals. Eight week-old female and male C57BL/6J mice and C.129S7(B6)-

Rag1tm1Mom/J (Rag1-KO) mice (n = 8 female and 4 male mice per strain), purchased 

from Jackson Laboratory (Bar Harbor, ME), were divided into breeding trios to generate 

the mice used in the current study. Additional eight week-old female C57BL/6J and 

C57BL/6NHsd mice (n = 12 per strain), purchased from the Jackson Laboratory or Harlan 

Sprague Dawley (Indianapolis, IN), respectively, were used as the source of ileal mucosal 

microbiota, as previously reported38. Briefly, all mice in breeding trios received gastric 

gavage of material obtained from scraping the ileal mucosa of either C57BL/6J or 
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C57BL/6NHsd mice, prior to establishment of trios. These mice were bred in-house to 

produce colonies of C57BL/6J offspring harboring gut microbiota from The Jackson 

Laboratory (GM-Jax) or Harlan Laboratories (GM-Hsd). Rag1-KO mice were subjected to 

the same gastric gavage procedure to generate genetically identical Rag1-KO mice with 

GM-Jax and GM-Hsd microbiota. Mice were housed in groups of 2-4 per cage and kept on 

a 14:10 light/dark cycle. Mice were housed in microisolator cages kept on individually 

ventilated racks (Thoren, Hazleton, PA), under barrier conditions, and had access to 

irradiated autoclaved rodent chow (5058, LabDiet, St. Louis, MO) and acidified water ad 

libitum. Mice were euthanized via inhaled CO2 and subjected to cervical dislocation as a 

secondary means of euthanasia, as recommended by the AVMA Panel on Euthanasia. All 

experimental procedures were approved by the University of Missouri’s Institutional 

Animal Care and Use Committee and were performed according to the guidelines set forth 

in the Guide for the Use and Care of Laboratory Animals.  

 

Microbial DNA extraction and quantification. Microbial DNA was extracted according 

to a previously published protocol37. Fresh fecal samples were collected into 800 µL of 

lysis buffer (500 mM NaCl, 50 mM tris-HCl, 50 mM EDTA, and 4% SDS), homogenized 

for 3 minutes in a Qiagen Tissuelyser II, and incubated at 70°C for 20 minutes. Following 

centrifugation at 5000 × g for 5 minutes at room temperature, the supernatant was mixed 

with 200 µL of 10 mM ammonium acetate, incubated on ice for 5 minutes, and then 

centrifuged at 16,000 × g for 10 minutes at room temperature. 750 µL of supernatant was 

then mixed with an equal volume of chilled isopropanol, and incubated for 30 minutes on 
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ice. The contents of the tube were then centrifuged at 4°C for 15 minutes to pellet DNA. 

The pellet was rinsed twice with 70% EtOH and re-suspended in 150 µL of tris-EDTA. 

Fifteen µL of proteinase-K and 200 µL of buffer AL (DNeasy kit, Qiagen) were then added 

and tubes were incubated at 70°C for 10 minutes. 200 µL of 100% EtOH was then added 

and the entire contents of the tube were transferred to a Qiagen spin column before 

continuing with the manufacturer’s instructions for DNA purification (DNeasy Kit, 

Qiagen). DNA was eluted in 125 µL of EB buffer (Qiagen). Yield of double-stranded DNA 

was determined via fluorometry (Qubit 2.0, Life Technologies, Carlsbad, CA) using 

Qubit® dsDNA BR assay kits (Life Technologies).  

 

Gastric gavage. As previously reported38, gavage material was carefully collected from 

thoroughly rinsed, ileal mucosal scrapes (from either C57BL/6J or C57BL/6NHsd donor 

mice) and suspended in 1 mL sterile PBS. A 24 ga feeding needle was then used to 

gastrically gavage 0.5 mL of the collected material into each recipient mouse.  Gavage 

material from donor mice was used to inoculate recipients on a 1:1 basis. 

 

Metagenomic library preparation and sequencing. Sequencing of the V4 region of the 

16S rRNA gene was performed on the Illumina MiSeq platform. Bacterial 16S ribosomal 

DNA amplicons were constructed by amplification of the V4 hypervariable region of the 

16s rRNA gene with primers flanked by Illumina standard adapter sequences. Universal 

primers (U515F/806R) previously developed against the V4 region were used for 

generating amplicons. Oligonucleotide sequences were obtained at proBase. A single 
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forward primer and reverse primers with unique 12-base indices were used in all reactions.  

Extracted DNA was quantitated by Qubit flourometer using the quant-iT HS dsDNA 

reagent kit (Invitrogen). PCR reactions (50 µL) contained 100 ng of genomic DNA, 

forward and reverse primers (0.2 µM each), dNTPs (200 µM each), and Phusion High-

Fidelity DNA Polymerase (1U).  PCR amplification was performed as follows: 

98°C(3:00)+[98°C(0:15)+50°C(0:30)+72°C(0:30)] x 25 cycles +72°C(7:00). Amplified 

product (5 µl) from each reaction was combined and thoroughly mixed; pooled amplicons 

were purified by addition of Axygen AxyPrep MagPCR Clean-up beads (50 µL) to an equal 

volume of 50 µL of amplicons and incubated at room temperature for 15 minutes.  Products 

were washed multiple times with 80% EtOH and the dried pellet resuspended in Qiagen 

EB Buffer (32.5 µL), incubated at room temperature for 2 minutes, and then placed on a 

magnetic stand for 5 minutes. Supernatant (30 µL) was transferred to low binding 

microcentrifuge tube for storage. The final amplicon pool was evaluated using the 

Advanced Analytical Fragment Analyzer automated electrophoresis system, quantified 

with the Qubit flourometer using the quant-iT HS dsDNA reagent kit, and diluted 

according to the manufacturer’s protocol for sequencing on the MiSeq. 

 

Bioinformatic analysis. Assembly, binning, and annotation of DNA sequences were 

performed at the MU Informatics Research Core Facility (IRCF). Briefly, contiguous 

sequences of DNA were assembled using FLASH software43 and contigs were culled if 

found to be short after trimming for a base quality less than 31. Qiime v1.744 software was 

used to perform de novo and reference-based chimera detection and removal, and 
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remaining contigs were assigned to operational taxonomic units (OTUs) using a criterion 

of 97% nucleotide identity.  Taxonomy was assigned to selected OTUs using BLAST45 

against the Greengenes database46 of 16S rRNA sequences and taxonomy.  

 

Behavioral tests. All behavior testing was performed between 1300 and 1800 hours with a 

minimum of one week between behavioral tests. Cages of mice undergoing behavior were 

not disrupted or changed within one week prior to testing. Mice were also allowed to 

acclimate in the room where behavioral testing was performed at least 1 hour prior to 

testing. All behavior testing was done by the same individual to eliminate handling 

variations.  

 

Home-cage locomotor activity. Mice were allowed to explore a home-cage (15 cm × 25 

cm) and were tracked via ANY-maze tracking software (Stoelting, Wood Dale, IL) for 10 

minutes to assess basal locomotor activity. Total distance traveled, and average speed, and 

time immobile were calculated. Cages were cleaned with 0.1% acetic acid in between each 

trial to attenuate odor cues. 

 

Elevated plus maze. Each mouse was placed in the center of the elevated plus maze (50 

cm tall with two 5 cm-wide open arms and two 5 cm-wide closed arms) facing an open 

arm. Mice were recorded and tracked via ANY-maze tracking software for 15 minutes. 

Total time spent in each arm, total entries to each arm, total distance traveled, and average 

speed were calculated via ANY-maze software. Distal open arms were designated as the 
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distal half of each open arm. The elevated plus maze was cleaned with 0.1% acetic acid in 

between each trial to attenuate odor cues. 

 

Open field test. Mice were placed in the corner of a well-lit 50 cm × 50 cm apparatus and 

recorded for 10 minutes. Total time spent in the center zone (a 20 cm × 20 cm area in the 

center of the apparatus), entries into center zone, total distance traveled, freezing time, and 

average speed was calculated using ANY-maze tracking software. Open field apparatus 

was cleaned with 0.1% acetic acid in between each trial to attenuate odor cues. 

 

Sociability test. Adopted from a previously published protocol47, a mouse was placed in 

the center chamber of a three-chambered social interaction apparatus and allowed to 

explore freely for five minutes. After this habituation period, a novel mouse of the same 

strain and sex was placed inside a wire cage in either the left or the right chamber of the 

apparatus while an empty wire cage was placed in the opposite chamber. The test mouse 

was then placed back in the center chamber and allowed to explore for 10 minutes. The 

mouse was tracked via ANY-maze tracking software and the time spent in each chamber 

was recorded. Social interaction apparatus and wire cages were cleaned with 0.1% acetic 

acid in between each trial to attenuate odor cues. 

 

Forced swim test and repeated swim stress. Mice were subjected to the forced swim test 

following a previously established protocol29. Briefly, mice were placed into a 5 L cylinder 

filled with 3.5 L of 28 ± 1°C water. Water was changed and cylinders cleaned in between 
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each trial. On day one, the mice were placed in the water for one 15-minute bout, and on 

day two the mice were returned to the water for one six-minute bout. During the second 

bout, ANY-maze tracking software was used to calculate the total distance swam, speed, 

and immobility time defined by stationary posture, motionless forelimbs, outward extended 

tail, and limited motion of the hindlimbs. For the repeated swim stressor, mice were 

returned to the water for four six-minute bouts with six minutes of rest in home cage 

between swims. Mice were euthanized within 30 minutes after the last six-minute swim 

and tissues collected. 

 

Microglia cultures. Microglia were isolated and purified from neonatal mouse cortex 

following an established procedure30,48. Briefly, the cerebral cortex was removed and 

remaining meninges were dissected off in ice-cold DMEM/F12 (Hyclone Laboratories, 

Logan, UT). Cortex was incubated for 30 minutes at 37°C in DMEM/F12 medium 

containing 15 U/mL papain (Worthington Biochemical, Lakewood, NJ), 0.5 mM EDTA 

(Sigma-Aldrich, St. Louis, MO), 0.2 mg/mL L-cystein (Sigma-Aldrich), and 200 µg/mL 

DNase I (Worthington Biochemical). The cortex was then centrifuged at 400 × g for 5 

minutes and the pellet gently triturated with 37°C culture medium (DMEM/F12, 10% FBS, 

100 U/mL penicillin, and 100 µg/mL streptomycin). Cell suspension was plated on poly-

ornithine coated flasks in culture medium. At day 14, microglia were then harvested from 

the underlying astrocyte feeder layer via agitation. Pure microglia were plated at 50,000 

cells per well in a 96-well plate. The next day, microglia were stimulated with either 100 

µg/mL LPS (Calbiochem, La Jolla, CA) or 20 µg/mL double-stranded polyinosinic 
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polycytidylic acid (PIC) (Sigma-Aldrich) in serum-free DMEM/F12 with G5 supplement 

(Invitrogen, Carlsbad, CA) for 12-16 hours.   

 

Enzyme-linked immunosorbent assays. Blood was collected into lithium heparin tubes 

and plasma separated via centrifugation at 1500 × g for 10 min, at room temperature. Cell 

culture supernatants were collected and stored at -80°C prior to ELISA. Mouse IL-6 and 

TNF-α ELISA kits purchased from R&D systems (Minneapolis, MN) and corticosterone 

ELISA kits from Cayman Chemicals (Ann Arbor, MI) were then performed on the 

supernatants and plasma samples per manufacturers’ instructions.   

 

Reverse transcription real-time PCR. The hippocampi were removed and flash frozen in 

liquid nitrogen immediately following euthanasia, then stored at -80°C. RNA was extracted 

using a Qiagen RNeasy kit per manufacturer’s instructions. cDNA was generated using a 

First-Strand Superscript II kit from Life Technologies. qPCR for BDNF, Nr3c1, and Actinβ 

(housekeeping gene) was then performed using predesigned PrimeTime probes from IDT 

(San Jose, CA).  

 

Statistical methods. Principal component analysis was performed using a non-linear 

iterative partial least squares algorithm implemented in an Excel macro kindly provided by 

Hiroshi Tsugawa of the Riken Institute (Wako, Japan) to evaluate β-diversity and its 

association with sex, GM group (i.e., GM-Jax or GM-Hsd), and stress treatment as 

explanatory variables.  Microbiota-induced changes in behavioral tests were assessed using 
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a two-factor analysis of variance (ANOVA), with sex as one factor and intestinal 

microbiota (GM-Jax vs. GM-Hsd) as the second factor.  The repeated swim stress plasma 

cytokine levels were analyzed using a two-factor ANOVA to determine statistically 

significant (p ≤ 0.05) differences. Specific microbe relative abundance differences and 

microbial richness between two groups were analyzed using a Student’s t-test. Two-factor 

ANOVA was also performed on the ΔΔCt for real-time PCR data after normalization, 

presented as a ratio of home cage control gene expression levels. A Student’s t-test was 

used for determining statistical significance between cytokine levels in microglial cultures. 

 

Results: 

Differences in microbial richness and composition between GM-Jax and GM-Hsd mice. 

Previous studies have characterized the compositional differences in the gut microbiota 

(GM) of mice from different commercial vendors. To confirm that the GM from mice in 

each group differed, 16S rRNA bacterial sequencing was performed using fecal DNA. The 

microbial richness, as shown by rarefaction analysis, was significantly greater in samples 

from GM-Hsd compared to those from GM-Jax mice (p < 0.001). (Figure 2.1B). Principal 

component analysis (PCA) revealed substantial dissimilarity between the microbiota of 

GM-Jax and GM-Hsd mice, as well as partial clustering of sexes within each group (Figure 

2.1A). Of the 75 detected bacterial taxa, 41% of observed operational taxonomic units 

(OTUs) were significantly (p < 0.05) different in relative abundance between GM-Jax and 

GM-Hsd mice (Table 2.1).  
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Sex- and microbiota-dependent influence on behavioral phenotype. Multiple behavioral 

tests were completed to compare behavioral phenotypes between mice harboring GM-Jax 

and GM-Hsd. There were no differences observed in basal home cage locomotor activity 

according to total distance or average speed in either sex (p > 0.05) (Figure 2.2A). When 

subjected to an elevated plus maze, no differences (p > 0.05) were detected in male mice, 

while female GM-Hsd mice spent significantly (p = 0.006) more time in the distal open 

arms than female GM-Jax mice (Figure 2.2B), suggesting less anxiety-related behavior in 

females with the richer, GM-Hsd microbiota. Conversely, after an open field test, no 

differences (p > 0.05) were detected in female mice, while male GM-Jax mice spent 

significantly (p = 0.002) more time in the center zone of the open field apparatus than GM-

Hsd males (Figure 2.2C), suggesting a protective effect of the less rich GM-Jax microbiota 

in males. Additionally, reciprocal effects of the two microbial populations were observed 

between males and females following a forced swim test.  Specifically, female GM-Jax 

mice had significantly (p = 0.014) longer immobility time than GM-Hsd females, while 

male GM-Hsd mice had significantly (p = 0.008) longer immobility time than GM-Jax 

males (Figure 2.2D). Moreover, opposing sex-dependent effects of the microbiota were 

noted during a sociability test. Female GM-Hsd mice had a significantly (p = 0.031) higher 

social zone ratio compared to GM-Jax females, while male GM-Jax mice had a 

significantly (p = 0.044) higher social zone ratio compared to their GM-Hsd counterparts 

(Figure 2.2E).   
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Several studies have demonstrated differences between mice from different commercial 

vendors in the endogenous levels of mucosal IL-17-producing CD4+ lymphocytes (TH17 

cells). To evaluate the influence of TH17 responses, RAG1-deficient mice lacking a 

functional adaptive immune system were used for select anxiety-related behavior tests. 

Surprisingly, the RAG1-KO mice exhibited the same sex- and GM-specific interactions in 

behavioral phenotype as wild-type mice according to the elevated plus maze and open field 

test. Collectively, these data suggest that the microbial composition influences stress- and 

anxiety-related behavior in a sex-dependent manner, and that different microbial profiles 

may be protective against stress and anxiety in male and female mice, independent of a 

functional adaptive immune system.  

 

Sex-specific influence of a stressor on gut microbial composition. To examine the effects 

of an acute stressor on the gut microbiota, we performed 16S rRNA amplicon sequencing 

of fecal DNA after a repeated swim stressor (RSS) in females and males harboring each 

microbial profile. The microbial populations shifted at the OTU level after a RSS compared 

to unstressed control mice. Female GM-Jax mice shifted markedly along PC2 in response 

to RSS, while female GM-Hsd mice diverged along PC3 following RSS (Figure 2.3A and 

2.3B). Tables 2.2 and 2.3 describe individual microbial shifts in response to RSS for both 

GM-Jax and GM-Hsd females, respectively. Similarly, PCA showed distinct clustering of 

control and stressed GM-Jax male mice along PC1, and of control and stressed GM-Hsd 

males along PC3 (Figure 2.4A and 2.4B). Individual microbial population changes in 

response to RSS for male GM-Jax and GM-Hsd mice are denoted in Tables 2.4 and 2.5, 



20 
 

respectively. Thus, similar to the behavior data, stress-induced microbial shifts were 

diametrically opposed in females and males. Specifically, while GM-Jax females shifted 

down on PC2 in response to RSS, male GM-Jax mice move up on PC2 in response to the 

stressor (Figure 2.5E). Likewise, the GM-Hsd females and males shifted in opposite 

directions on PC3 in response to RSS (Figure 2.5F). This was interpreted as further 

evidence that the GM has a sex-specific association with stress and anxiety-related 

behavioral outputs.   

 

Influence of stress on plasma corticosterone and cytokine levels. To confirm that animals 

in the stressed groups experienced a physiological response to the repeated swim stress, 

circulating corticosterone and IL-6, an immunological biomarker of stress, were measured. 

As expected, mice subjected to RSS had significantly (p < 0.001) elevated plasma 

corticosterone compared to unstressed controls (Figure 2.5A).  Similarly, female GM-Jax 

mice had significantly (p = 0.004) increased plasma IL-6 following RSS compared to 

controls, while GM-Hsd females had no change (p > 0.05) (Figure 2.5B). Conversely, 

male  GM-Jax mice had no change (p > 0.05) in circulating IL-6 with stress, but stressed 

GM-Hsd males had significantly (p = 0.024) decreased plasma IL-6 compared to controls 

(Figure 2.5B). These data confirm that mice subjected to RSS experienced stereotypical 

stress-induced physiological responses in a microbiota- and sex-dependent fashion.  

 

Influence of stress on hippocampal BDNF and Nr3c1 gene expression. To determine if 

sex- and microbiota-dependent differences in the behavioral phenotype were mirrored in 
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the CNS, the expression of stress-related genes specific to the brain were compared 

between GM-Jax and GM-Hsd mice. Brain-derived neurotrophic factor (BDNF) is a 

growth factor that helps support the survival of existing neurons and sustain the growth 

and differentiation of new neurons and synapses. Another common stress-related gene 

expressed in the CNS is Nr3c1, which encodes a glucocorticoid receptor that helps mediate 

the negative feedback action of glucocorticoids. Exposure to stress induced no change in 

BDNF expression (p > 0.05) in female GM-Jax mice, while GM-Hsd females had 

significantly (p < 0.001) increased hippocampal BDNF gene expression compared to 

unstressed controls (Figure 2.5C). Fascinatingly, male GM-Jax mice showed significantly 

(p = 0.022) increased BDNF gene expression with stress, while stressed GM-Hsd males 

had significantly (p < 0.001) decreased BDNF levels compared to control mice (Figure 

2.5C). Likewise, hippocampal Nr3c1 gene expression levels showed a similar trend to 

BDNF levels. Specifically, female GM-Hsd and male GM-Jax mice showed no change in 

Nr3c1 expression levels when stressed (Figure 2.5D), while female GM-Jax mice had 

significantly (p = 0.011) decreased Nr3c1 expression and male GM-Hsd mice 

demonstrated a slight, albeit not statistically significant, decrease in hippocampal Nr3c1 

gene expression (Figure 2.5D). These findings suggest that the GM modulates stress 

responses via the CNS in a sex-specific manner.  

 

Early life microbiota and microglial responses. Lastly, to determine if the microbiota 

affected brain function during early life, which could be leading to the differential stress 

response between the two microbiota groups, 16S rRNA sequencing was performed on 
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intestinal contents of 1-3 day old mice, and cultured microglia were subjected to ex vivo 

stimulation with ligands for Toll-like receptor (TLR)4 and TLR9. The GM of GM-Jax and 

GM-Hsd pups differed within days after birth. According to PCA, the microbiota of pups 

born to GM-Jax and GM-Hsd breeders differed markedly along PC1 (Figure 2.6A). 

Surprisingly, the pro-inflammatory microglial responses from these pups also differed at 

day 1-3. After stimulation with LPS (a TLR4 ligand), microglia isolated from GM-Jax pups 

had a significantly (p < 0.001 and p = 0.006) elevated IL-6 and TNF-α response compared 

to microglia form GM-Hsd pups (Figure 2.6B and 2.6C). Likewise, after stimulation with 

an alternative bacterial ligand, CpG, microglia from GM-Jax pups secreted more (p = 0.041 

and p = 0.046) IL-6 and TNF-α than their GM-Hsd counterparts (Figure 2.6B and 2.6C). 

These findings suggest that the GM is involved in early life brain function which may 

establish trajectories for how the mice will respond to stress later in life.  

 

Discussion: 

The host immune system is continuously sensing the GM via a wide variety of intestinal 

pathogen recognitions receptors (PRR)49 which provide a means through which the 

microbiota can initiate changes in brain function through the gut-brain axis50. Although the 

downstream mechanisms through which PRR-mediated signaling affects CNS function are 

not well understood, it is likely that stress-mediated increases in bacterial translocation 

across the mucosal barrier51 and/or signaling through the vagus nerve10 play key roles.  The 
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results of the current study provide further support that the intestinal microbiota has the 

ability to alter brain function and behavior.   

Distinct clustering on PCA of GM-Jax and GM-Hsd mice indicate that the gut microbial 

communities in each group have lower intra-group β-diversity, relative to the β-diversity 

between groups, i.e., mice with either GM are more similar in composition to each other 

than to mice in the other group. Furthermore, rarefaction curve analysis and observation of 

OTU relative abundances in each group shows that the GM-Hsd gut microbiota is more 

diverse than the GM-Jax which is consistent with previous studies37. Of the 12 total unique 

taxa that were introduced with the washed ileal scrape inoculum, SFB was of particular 

interest.  Several pieces of evidence support the idea that SFB may be an important factor 

in signaling through the gut-brain axis including its intimate association with the host 

intestinal epithelium52 and significant effect on murine models of CNS disease40. 

In contrast to basal locomotor activity, which did not differ between groups, differences in 

the microbiome appear to drive an antipodal sex-dependent anxiety- and stress-resilient 

phenotype. Specifically, GM-Hsd females exhibited significantly less anxiety-related 

behavior than GM-Jax females when subjected to an elevated plus maze (EPM) with a 

trend toward a similar protective effect in the open field test. Conversely, GM-Jax males 

exhibited significantly less anxiety-related behavior than GM-Hsd males in the open field 

test with a concordant trend in EPM. These data suggest that an Hsd gut microbiome may 

be protective in females, whereas a Jax gut microbiome is protective in males. Notably, 

similar trends were seen in RAG1-deficient mice implying that the adaptive immune 
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system is dispensable in this effect. Furthermore, GM-Hsd female and GM-Jax male mice 

both had significantly elevated sociability relative to sex-matched mice harboring the 

opposing microbiota. Altered sociability has been shown to be an indicator of certain 

neurodevelopmental disorders such as autism spectrum disorder (ASD). Recent literature 

shows that decreased sociability is relevant to ASD53 and directly linked to the 

microbiome7,8.  The link between anxiety-related behavior (as evaluated in the EPM and 

open field test) and sociability is unclear but the presence of reciprocal sex- and GM-

dependent influences in all tests lends credence to the purported effects of the GM on 

behavior. 

Additionally, there is an emerging body of literature connecting the microbiome to stress 

responses54. Studies in germ free rodents have demonstrated the importance of the gut 

microbiota in activation of the hypothalamic-pituitary-adrenal axis (HPA) and other 

components of the stress response55. Exacerbated corticosterone release and over-

activation of the HPA accompanies mild restraint stress in germ free mice, however this 

stress response is completely reversible with colonization of the commensal microbe 

Bifidobacterium infantis56. Here we expand on those findings, showing that compositional 

differences in a complex microbiota can be protective during stress, diminishing 

depressive-like behavior in a sex-dependent manner. In response to a forced swim test, 

GM-Hsd female and GM-Jax male mice both had decreased immobility during day two of 

the stress test, suggesting that these groups were more resilient to stress than their 

counterparts and exhibited less depressive-like behavior. This serves as further evidence 

that the microbiome-gut-brain axis is a key player in regulating stress responses.   
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One pathway through which the GM modulates the gut-brain axis is via regulation of 

hippocampal gene expression, which also occurs in a sex-dependent manner6. Recent 

studies have shown that various forms of stress prompt depressive-like behavior and cause 

decreases in hippocampal BDNF expression57,58. Moreover, when over-expressed via 

lentiviral vectors, hippocampal BDNF mediates resilience to chronic stress34. Our results 

are consistent with these findings, showing that microbiota-induced over-expression of 

hippocampal BDNF is protective during a repeated swim stress. In agreement with the 

differences in basal anxiety- and stress-related behavior described above, GM-Hsd female 

and GM-Jax male mice exhibited reduced depressive-like behavior during the forced swim 

test and concurrent up-regulation of hippocampal BDNF gene expression. Zhe et al have 

reported that rat hippocampal Nr3c1 is reduced after a single prolonged stressor35. 

Additional evidence of these sex-dependent, stress-resilient microbiomes is the observation 

that the non-protected groups trended toward decreased hippocampal Nr3c1 expression, 

while GM-Hsd female and GM-Jax male mice had no change in Nr3c1 expression 

following a repeated swim stress.   

Possible downstream effectors of GM-mediated behavioral effects include microglia, 

acting in response to components of translocated bacteria or metabolites produced by the 

GM. Microglial pro-inflammatory responses are upregulated after acute stress in mice59. 

There is also recent evidence that the gut microbiota modulates brain development by 

affecting neuronal circuits involved in anxiety behavior60 and by regulating microglial 

maturation and function61. Our findings complement these studies showing that microglia 

isolated from 1-3 day old pups with divergent microbiota have markedly different pro-
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inflammatory responses. Following stimulation with two different conserved bacterial 

ligands, microglia isolated from GM-Jax had significantly greater IL-6 and TNF-α 

responses, relative to pups from GM-Hsd parents, providing evidence that GM-dependent 

influences on CNS development occur very early in life. Difficulties associated with 

accurately sexing and obtaining adequate numbers of viable microglia from pups at this 

early stage precluded separate studies in male and female pups. 

In conclusion, the current data demonstrated that mice harboring a stress-resilient GM 

exhibited minimal depressive-like behavior despite an elevation in plasma corticosterone 

following a repeated swim stress. Moreover, the microbial composition shown to confer 

this protective effect differed repeatedly and consistently in a sex-dependent manner. In 

addition to the development of neuronal circuits involved in anxiety-related behavior60, this 

phenomenon may be due to up-regulation of hippocampal BDNF and sustained expression 

of Nr3c1, both of which correlated with behavioral assays. Further investigation is required 

to elucidate the mechanisms through which commensal microbes communicate to the CNS 

to mitigate or exacerbate stress responses. These findings lend further evidence that the 

GM actively modulates CNS activity, and contribute to ongoing research efforts to 

determine the impact of commensal microbes on health and disease. 
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Figure 2.1 
 

 
 
Microbiome sequence analysis of GM-Jax and GM-Hsd mice. (A) Principal component 

analysis showed (dis)similarity of GM-Jax and GM-Hsd mice along PC1 and sex 

differences along PC2 (n = 4/group). (B) Rarefaction curves of observed species comparing 

GM-Jax and GM-Hsd mice illustrating more species present in GM-Hsd mice. (n = 8/group 

with 4 females and 4 males per group). 
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Table 2.1 

Relative abundance of OTUs found significantly different between GM-Jax and GM-Hsd 
mice 

     

         

Operational Taxanomic Unit  GM-Jax                      GM-Hsd 

         

Adlercreutzia spp.  4.9E-03 ± 1.08E-05   1.08E-02 ± 2.22E-05 *   

Order Bacteroidales  7.8E-04 ± 1.87E-06  1.40E+00 ± 3.49E-03 * 

Bacteroides spp.  3.6E-03 ± 7.54E-06  1.81E+00 ± 4.45E-03 * 

Bacteroides acidifaciens  4.3E-04 ± 2.22E-06  1.21E+00 ± 2.71E-03 ** 

Bacteroides fragilis  0.0E+00 ± 0.0E+00  5.29E-04 ± 1.55E-06 * 

Bacteroides ovatus  0.0E+00 ± 0.0E+00  5.56E-02 ± 1.54E-04 * 

Bacteroides uniformis  0.0E+00 ± 0.0E+00  7.78E-02 ± 2.17E-04 * 

Parabacteroides spp.  9.8E-04 ± 2.96E-06  8.14E-02 ± 3.06E-04 * 

Parabacteroides distasonis  0.0E+00 ± 0.0E+00  1.40E-01 ± 4.50E-04 * 

Prevotella spp.  5.9E-04 ± 2.58E-06  7.20E-01 ± 2.07E-03 * 

Family Rikenellaceae   3.3E-03 ± 4.28E-06  4.25E+00 ± 6.82E-03 ** 

AF12 spp.  4.5E-04 ± 2.35E-06  2.80E-01 ± 2.51E-04 ** 

Alistipes indistinctus  0.0E+00 ± 0.0E+00  1.30E-02 ± 5.55E-05 * 

Odoribacter spp.  3.8E-04 ± 2.03E-06  1.14E+00 ± 2.32E-03 ** 

Fluviicola spp.  0.0E+00 ± 0.0E+00  1.21E-02 ± 5.10E-05 * 

Lactobacillus spp.  7.3E-02 ± 2.42E-04  2.09E-01 ± 4.96E-04 * 

Family Christensenellaceae 0.0E+00 ± 0.0E+00  8.33E-03 ± 2.66E-05 * 

Candidatus Arthromitus  0.0E+00 ± 0.0E+00  3.70E-02 ± 1.41E-04 * 

Clostridium spp.  1.2E-01 ± 2.97E-04  1.10E-02 ± 3.18E-05 * 

SMB53 spp. 5.7E-03 ± 1.90E-05  0.00E+00 ± 0.00E+00 * 

Dehalobacterium spp.  8.4E-02 ± 2.21E-04  1.84E-01 ± 3.73E-04 * 

Roseburia spp.  0.0E+00 ± 0.0E+00  8.64E-02 ± 2.77E-04 * 

Family Peptococcaceae  0.0E+00 ± 0.0E+00  2.94E-02 ± 1.12E-04 * 

Family Peptostreptococcaceae 4.4E-02 ± 1.34E-04  1.06E-04 ± 1.06E-06 * 

Anaerotruncus spp.  1.0E-03 ± 4.40E-06  0.00E+00 ± 0.00E+00 * 

Bilophila spp.  0.0E+00 ± 0.0E+00  1.01E-01 ± 4.65E-04 * 

Desulfovibrio C21_c20  0.0E+00 ± 0.0E+00  2.90E-01 ± 8.35E-04 * 

Family F16  7.5E-04 ± 1.87E-06  1.28E-01 ± 2.68E-04 ** 

Anaeroplasma spp.  9.5E+00 ± 1.65E-02  1.51E+00 ± 3.82E-03 ** 

Order RF39   7.7E-01 ± 1.06E-03  2.23E-01 ± 5.29E-04 ** 

Akkermansia muciniphila  8.3E-01 ± 3.17E-03  7.00E-02 ± 3.49E-04 * 

 

Data are the mean relative abundance ± standard error. 
*  p < 0.05 
** p < 0.001 

 

Relative abundance of OTUs found significantly different between GM-Jax and GM-Hsd 

mice. (n = 8/group with 4 females and 4 males per group). Data are the mean relative 

abundance ± SEM. *p < 0.05 and **p < 0.001.  
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Figure 2.2 
 

 
 
Effects of microbiota on behavior tests. (A) No differences were noted in average 

distance traveled or average speed during a home-cage locomotor activity test. (B) Female 

GM-Hsd mice spend significantly more time in the distal open arms of an elevated plus 

maze than female GM-Jax mice, while there were no differences noted in males. (C) An 

open field test revealed no differences in females, yet male GM-Hsd mice spent 

significantly less time in the center zone compared to male GM-Jax. (D) Opposite effects 

with sex and microbiota were seen in a forced swim test. Female GM-Hsd had significantly 

less immobility time than GM-Jax females, while male GM-Hsd demonstrated 

significantly more immobility time then GM-Jax males. (E) Opposite effects were also 

noted during a sociability test, where GM-Hsd females and GM-Jax males had a 

significantly higher sociability ratio than their respective counterparts. (n = 17 in GM-Jax 

female group, 12 in GM-Hsd female group, 17 in GM-Jax male group, and 25 in GM-Hsd 

male group). Bars denote mean ± SEM. * p < 0.05. 
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Figure 2.3 
 

 

 
Effects of repeated swim stress (RSS) on the gut microbiota of female GM-Jax and 

GM-Hsd mice. (A) Principal component analysis revealed microbiota shifts in female 

GM-Jax mice post RSS along PC2. (B) Principal component analysis also uncovered a 

shift in female GM-Hsd mice after RSS along PC3. (n = 4/group). 
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Table 2.2 

Relative abundance of OTUs found significantly different between control and RSS GM-
Jax female mice 

     

         

Operational Taxanomic Unit                     Control                          RSS 

         
Family Coriobacteriales 
f__Coriobacteriaceae; g__; s__ 

   9.27E-04 ± 2.61E-06    3.65E-03 ± 7.97E-06 * 

Family Rikenellaceae    6.41E+00 ± 2.30E-02    8.45E-03 ± 1.10E-05 * 

Family S24-7    7.62E+01 ± 1.81E-02    6.44E+01 ± 4.35E-02 * 

Odoribacter spp.    7.68E-01 ± 2.70E-03    4.86E-04 ± 3.16E-06 * 

Order Clostridiales    8.77E+00 ± 1.49E-02    1.97E+01 ± 2.29E-02 * 

Clostridium spp.    4.64E-02 ± 1.25E-04    1.58E-01 ± 2.73E-04 * 

Blautia spp.    0.00E+00 ± 0.00E+00    9.47E-04 ± 3.72E-06 * 

Coprococcus spp.    8.44E-02 ± 1.33E-04    1.65E-01 ± 2.81E-04 * 

Ruminococcus gnavus    2.63E-01 ± 6.03E-04    9.75E-01 ± 2.68E-03 * 

Ruminococcus spp.    1.40E-02 ± 6.13E-05    4.53E-02 ± 5.21E-05 * 

Family Mogibacteriaceae    4.99E-01 ± 5.59E-04    4.08E+00 ± 6.14E-03 * 

Anaeroplasma spp.  
g__Anaeroplasma; 

   9.27E-04 ± 2.61E-06    3.65E-03 ± 7.97E-06 * 
 
 
 

 

Data are the mean relative abundance ± standard error. 
*  p < 0.05 

 

Relative abundance of OTUs found significantly different between control and repeated 

swim stress (RSS) female GM-Jax mice. (n = 4/group). Data are the mean relative 

abundance ± SEM. *p < 0.05. 
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Table 2.3 
 
Relative abundance of OTUs found significantly different between control and RSS GM-
Hsd female mice 

     

         

Operational Taxanomic Unit                     Control                         RSS 

         

Parabacteroides spp.    8.45E-02 ± 1.19E-04    1.66E-01 ± 1.67E-04 * 

Family Christensenellaceae    1.36E-02 ± 3.01E-05    3.85E-04 ± 2.25E-06 * 

Family Lachnospiraceae    2.76E+00 ± 5.75E-03    9.13E-01 ± 3.39E-03 * 

Family Erysipelotrichaceae    1.47E-02 ± 7.53E-05    6.41E-02 ± 1.37E-04 * 

Allobaculum spp.    7.11E-01 ± 1.08E-03    3.82E-01 ± 5.49E-04 * 

 

Data are the mean relative abundance ± standard error. 
*  p < 0.05 

 
 
Relative abundance of OTUs found significantly different between control and repeated 

swim stress (RSS) female GM-Hsd mice. (n = 4/group). Data are the mean relative 

abundance ± SEM. *p < 0.05. 
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Figure 2.4 
 

 
 
Effects of repeated swim stress (RSS) on the gut microbiota of male GM-Jax and GM-

Hsd mice. (A) Principal component analysis revealed microbiota shifts in male GM-Jax 

mice post RSS along PC2. (B) Principal component analysis also uncovered a shift in male 

GM-Hsd mice after RSS along PC3. (n = 4/group).  
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Table 2.4 
 
Relative abundance of OTUs found significantly different between control and RSS GM-
Jax male mice  

     

         

Operational Taxanomic Unit                 Control                        RSS 

         

Bifidobacterium spp.  2.21E-02 ± 8.02E-05    1.70E-04    ± 1.70E-06 * 

Family Coriobacteriaceae  8.51E-03 ± 1.11E-05    3.82E-03    ± 9.88E-06 * 

Adlercreutzia spp.  2.31E-03 ± 9.43E-06    9.49E-03    ± 1.47E-05 * 

Family Rikenellaceae  8.90E-03 ± 1.23E-05    3.50E+00    ± 5.57E-03 ** 

Order Streptophyta  4.79E-03 ± 1.12E-05    1.73E-03    ± 4.68E-06 * 

Clostridium spp.  3.28E-03 ± 2.21E-05    1.19E-02    ± 2.00E-05 * 

Family Lachnospiraceae  1.52E+00 ± 1.67E-03    3.57E+00    ± 3.78E-03 * 

Coprococcus spp.  5.75E-02 ± 8.57E-05    1.10E-01    ± 1.12E-04 * 

Dorea spp.  4.41E-03 ± 1.36E-05    1.71E-02    ± 3.07E-05 * 

Family Ruminococcaceae  2.60E+00 ± 5.95E-03    4.84E-01    ± 6.67E-04 * 

Desulfovibrio s_C21_c20  1.60E-01 ± 3.16E-04    0.00E+00    ± 0.00E+00 * 

Anaeroplasma spp.  4.61E+00 ± 7.56E-03    1.69E+00    ± 7.96E-03 * 

Order RF39  1.63E+00 ± 2.86E-03    5.74E-01    ± 1.05E-03 * 

Akkermanisa muciniphila  3.28E-01 ± 6.95E-04    1.02E-01    ± 3.30E-04 * 

 

Data are the mean relative abundance ± standard error. 
*  p < 0.05 
** p < 0.001 

 
 
Relative abundance of OTUs found significantly different between control and repeated 

swim stress (RSS) male GM-Jax mice. (n = 4/group). Data are the mean relative abundance 

± SEM. *p < 0.05 and **p < 0.001. 
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Table 2.5 
 
Relative abundance of OTUs found significantly different between control and RSS GM-
Hsd male mice 

     

         

Operational Taxanomic Unit  Control                         RSS 

         
Order Bacteroidales  6.31E-01 ± 5.44E-04    1.65E+00 ± 3.31E-03 * 

AF12 spp.  1.32E-01 ± 9.96E-05    3.14E-01 ± 4.87E-04 * 

Order YS2  1.12E-01 ± 2.32E-04    0.00E+00 ± 0.00E+00 * 

Turicibacter spp.  8.45E-01 ± 1.08E-03    3.07E-01 ± 1.02E-03 * 

Family Clostridiaceae  2.81E-02 ± 3.53E-05    1.67E-02 ± 9.59E-06 * 

Clostridium spp.  3.48E-02 ± 4.84E-05    3.73E-04 ± 3.73E-06 ** 

Dorea spp.  4.83E-03 ± 6.24E-06    2.07E-03 ± 8.18E-06 * 

Roseburia spp.  9.18E-02 ± 1.62E-04    0.00E+00 ± 0.00E+00 * 

Family Peptococcaceae  1.76E-02 ± 1.78E-05    0.00E+00 ± 0.00E+00 ** 

Family Mogibacteriaceae  3.83E-02 ± 3.70E-05    2.10E-02 ± 4.55E-05 * 

Allobaculum spp.  3.09E-01 ± 4.15E-04    4.45E-02 ± 1.65E-04 * 

Clostridium saccharogumia  1.79E-02 ± 1.99E-05    0.00E+00 ± 0.00E+00 ** 

Family F16  1.95E-01 ± 1.50E-04    5.19E-02 ± 2.74E-04 * 

Order RF39  6.77E-01 ± 1.44E-03    6.11E-02 ± 2.75E-04 * 

 

Data are the mean relative abundance ± standard error. 
*  p < 0.05 
** p < 0.001 

 
 
Relative abundance of OTUs found significantly different between control and repeated 

swim stress (RSS) male GM-Hsd mice. (n = 4/group). Data are the mean relative 

abundance ± SEM. *p < 0.05 and **p < 0.001. 
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Figure 2.5 
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Microbiota and sex interactions in response to stress. (A) Plasma corticosterone was 

significantly elevated in all groups with repeated swim stress (RSS). (B) Plasma IL-6 levels 

had opposite effects between male and female mice with divergent microbiota. Female 

GM-Jax mice had a significant increase in plasma IL-6 after RSS while there were no 

changes in female GM-Hsd mice. Conversely, male GM-Jax mice had no change in plasma 

IL-6 levels with stress, yet male GM-Hsd mice has a significant decrease in IL-6 with RSS. 

(n = 6/group). (C) Contrasting results were also noted in hippocampal BDNF expression. 

There was no BDNF expression change in female GM-Jax mice with RSS, although female 

GM-Hsd mice had significantly elevated BDNF expression along with RSS. However, 

male GM-Jax mice had significantly elevated BDNF mRNA with RSS and male GM-Hsd 

showed lower BDNF expression after RSS. (D) Hippocampal Nr3c1 expression showed 

the same overall trend as BDNF although female GM-Jax mice had significantly decreased 

Nr3c1 expression post RSS, while the other groups were not statistically significant. (n = 

6/group). (E) Comparing females and males in the same principal component analysis 

revealed GM-Jax males and females shifted opposite directions along PC2 with RSS. (F) 

Similarly, male and female GM-Hsd mice shifted opposite directions along PC3 after RSS 

when compared on a principal component analysis. (n = 4/group). Bars denote mean ± 

SEM.  *p < 0.05. 
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Figure 2.6 
 

 
 
Microbiome and brain function divergence at 1-3 days old. (A) Principal component 

analysis showed dissimilarity of GM-Jax and GM-Hsd pups at 1-3 days old along PC1. (B 

and C) Microglial response to bacterial ligands were significantly different depending 

upon the gut microbiota. GM-Jax microglia released more IL-6 and TNF-α after 

stimulation with either LPS or CpG than GM-Hsd microglia. Bars denote mean ± SEM.  

*p < 0.05. 
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CHAPTER 3:  
EFFECTS OF CLOVE OIL AS A EUTHANASIA AGENT ON BLOOD COLLECTION 

EFFICIENCY AND SERUM CORTISOL LEVELS IN DANIO RERIO
118 

 
 
Introduction: 

Despite the widespread popularity and applicability of the zebrafish as a biomedical 

research model, data on the most humane method of euthanasia remains to be defined, not 

only because our understanding of zebrafish pain and distress is a work-in-progress, but 

also because relatively few studies have been carried out on the limited number of 

euthanasia methods available62; 63. The standard method for killing fish typically involves 

anesthetic overdose with tricaine methanesulfonate (TMS or MS-222). Recent work with 

MS-222 has shown that zebrafish find the substance aversive based on behavioral tests64,65. 

If the aversion behavior represents minor distress, it is possible that euthanasia with MS-

222 may not be ideal for certain types of studies. Specifically, as zebrafish usage increases 

for neuroscience research66, investigators may have an interest in using agents that 

minimize additional load on the hypothalamic-pituitary-adrenal (HPA) axis, which 

coordinates responses to stress. If the aversion behavior represents moderate or major 

distress, this may warrant switching away from MS-222 to a more humane agent for 

euthanasia. 

It has been proposed that clove oil is an equally or more effective euthanasia agent than 

MS-22267,68; 64. Clove oil is a natural anesthetic derived from distilled flowers, stems, and 

leaves of the clove tree Syzgium aromaticum. Since antiquity, it has been used as a mild 
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topical anesthetic for toothache, headache, and joint pain in humans69. In fish, it has been 

used successfully for immobilizing and suppressing sensory systems during handling, 

surgery, and invasive procedures. Although most of the reports regarding its effectiveness 

are anecdotal, details of clove oil’s mechanism of action provide support for its use69. Clove 

oil is highly lipophilic and is absorbed through the skin and gills rapidly. It enters the blood 

stream, crosses the blood-brain barrier, and induces death by respiratory inhibition and, 

ultimately, cardiac arrest69. Rapid loss of consciousness and death occurs even at low 

concentrations of clove oil. The AVMA Guidelines for the Euthanasia of Animals 2013 

edition states that the advantages of clove oil include its wide availability, low cost, short 

induction time, and wide range of efficacy70. Disadvantages include a lack of FDA 

approval for use as a euthanasia agent70. The general recommendation of the guidelines is 

that clove oil is an acceptable agent for euthanasia in animals not intended for consumption. 

One of the challenges with the zebrafish as a model is that often, not enough blood can be 

collected to perform experiments. Traditional methods of collection using microcapillary 

tubes and syringes yield small volumes of blood, typically 2.0-4.5 microliters. These 

volumes are often insufficient for biochemical and cytological analyses71. A newer method 

of blood collection by centrifugation allows significantly higher and more predictable 

yields, 5.5-11.0 microliters71.  

The purpose of our study was to compare differences between euthanasia with MS-222 and 

clove oil. Because time to apparent death is affected by the dosage of agent used, we 

performed dose response studies with both clove oil and MS-222 to identify equipotent 
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doses. As part of this dose-response study, we also determined the number of fish that 

recovered following “apparent death” as defined by cessation of opercular movement and 

non-response to tactile stimulation. Following euthanasia with equipotent doses of clove 

oil and MS-222, we measured the amount of blood collected via centrifugation and serum 

cortisol in fish. We show that euthanasia with clove oil leads to increased blood volume 

yields and lower levels of serum cortisol compared to MS-222. These results have 

important implications for not only maximizing sample recovery, but also may have 

relevance for improving fish welfare and minimizing the potential adverse effects of stress 

on research data.  

 

Experimental Procedures: 

Animals and housing. Transgenic zebrafish, Danio rerio carrying either Tg(isl1-

hsp70l:mRFP), Tg(UAS:GCaMPHS), or Tg(5xUAS:RFP) on an AB background, between 

2-3 years of age were bred in-house and housed separately by their strains. These strains 

carry different genetic alterations that have no known phenotypic effect other than 

expression of fluorescent proteins in different tissues. Wild-type zebrafish were purchased 

from Aquatica Biotech (Sun City Center, FL). Fish were maintained in recirculating 3-L 

tanks at 27 ± 2°C on a 14:10-hour light:dark cycle and fed commercial fish diet. Fish were 

reared under the guidelines described in the Guide for the Care and Use of Laboratory 

Animals72 and The Zebrafish Book: A Guide for the Laboratory Use of Zebrafish (Danio 



42 
 

rerio)73. The protocol for the experimental use of fish was approved by the University of 

Missouri Institutional Animal Care and Use Committee.  

 

Dose response. Three doses of two agents were used to determine an equipotent dose; the 

agents were ethyl 3-aminobenzoate methanesulfonate, MS-222 (Sigma-Aldrich, St. Louis, 

MO) and clove oil (Frontier Natural Products, Norway, IA). For MS-222, the doses were 

1.7 mM, 5.1 mM, and 17 mM. For clove oil, the doses were 0.01%, 0.03%, and 0.1%. 

Following apparent death, as determined by cessation of opercular movement and non-

response to tactile stimulation, fish were put into recovery tanks filled with tank water and 

given 30 minutes to wake up. The number of fish that recovered and did not recover was 

recorded. Graphpad Prism 6.0 (La Jolla, CA) was used to plot the dose response curves of 

the agents. A log (drug) vs response (3 parameters) non-linear regression was fitted to each 

data set and used to interpolate the concentration of agent necessary to produce apparent 

death in one minute, which for MS-222 was 7.8 mM and for clove oil was 0.1%. 

 

Euthanasia and blood collection. Euthanasia was performed based on modification of 

previously described techniques71. Briefly, each fish was placed into an individual 50mL 

conical tube containing either 30mL of unbuffered (pH 2.7–3.7)  7.8mM (~2300 mg/L) 

MS-222 or sterile water containing 0.1% (100 mg/L) of clove oil.  Time of death was based 

on cessation of opercular movement and non-response to tactile stimulation. The fish were 

weighed and then blood was collected by cutting off the tail of the zebrafish a few 

millimeters cranial to the caudal fin. Fish were placed in a fenestrated microtube (0.6 mL) 
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nested within a 1.5 ml microfuge tube for centrifugation at 400 × g for 5 minutes at room 

temperature. The 1.5 ml tubes containing the blood samples were then centrifuged at 4°C, 

13,800 × g for 15 minutes. Supernatants were recovered and the serum volumes measured. 

Samples were stored at -80°C until analysis.  

 

Acute stressor. Fish were stressed as previously described74 by chasing them with a fish 

net for two minutes immediately prior to euthanasia. 

 

Cortisol ELISA assay. Serum cortisol concentrations were determined using a cortisol 

ELISA kit (Salimetrics, LLC, Carlsbad, CA) per manufacturer’s instructions. The 

sensitivity of the assay is <0.007 µg/dL and was measured with a SpectraMax M3 plate 

reader (Molecular Devices, Sunnyvale, CA).  

 

Statistics. Data were analyzed using GraphPad Prism (GraphPad Software Inc., La Jolla, 

CA) and SigmaPlot (Systat Software Inc., San Jose, CA). Significance was set at p values 

of < 0.05. Serum volumes were normalized to body weight then analyzed using a two-

factor analysis of variance (ANOVA), with sex as one factor and euthanasia method as the 

second factor. An ANOVA was also performed to determine differences in serum cortisol 

levels with sex as one factor and euthanasia method as the second factor. A Student’s t-test 

was used to compare treatment groups (MS-222 or clove oil) in determining euthanasia 

time. Cortisol levels in the stressed versus non-stressed groups euthanized with clove oil 
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were also analyzed using a Student’s t-test. All ANOVAs were analyzed using a Student-

Newman-Keuls post-hoc test. 

 

Results:  

Determination of equipotent dose for euthanasia. Multiple doses of MS-222 and clove 

oil were tested to obtain an equipotent dose (Figure 3.1). The equipotent dose for a 

euthanasia time of one minute (dotted line labeled “equipotent”) was interpolated from 

non-linear curve fits for the three doses of each agent shown in Figure 1. Death occurs at 

1 minute in 7.8 mM MS-222 and 0.1% clove oil. The number of fish that recovered 

following apparent death (as defined by cessation of opercular movement and non-response 

to tactile stimulation) was measured by placing fish in a recovery tank containing tank 

system water (Table 3.1). At the highest doses of each agent tested no fish recovered, 

therefore an equipotent dose was selected near these concentrations for the other 

experiments in this study. 

 

Serum cortisol. Wild-type male and female zebrafish were used to test the effect of 

equipotent doses of MS-222 and clove oil on serum cortisol levels. Time to death was 

measured to ensure equipotency (Figure 3.2A). Serum cortisol was significantly elevated 

in fish euthanized with MS-222 compared to clove oil, as determined by two-way ANOVA 

(Figure 3.2B). Post-hoc tests revealed a significant effect in females (p = 0.02) but not 

males (p = 0.08). 
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Serum recovered. Three different strains of zebrafish, wild-type, Tg(isl1-hsp70l:mRFP) 

and Tg(UAS:GCaMPHS), were used to test serum recovery (Figure 3.3). All groups 

showed increased serum recovery when clove oil was used as the euthanasia agent. Figure 

3.3A shows the serum recovery at equipotent doses of clove oil and MS-222 in wild-type 

zebrafish. For the transgenic stains tested, serum was normalized to body weight and there 

was significantly more serum recovered from fish euthanized with clove oil compared to 

MS-222 in Tg(isl1-hsp70l:mRFP), as shown in Figure 3.3B, and in Tg(UAS:GCaMPHS), 

as shown in Figure 3.3C.  

 

Cortisol levels after acute stressor. To test whether clove oil masked the ability to detect 

changes in serum cortisol produced in response to acute stress, fish were chased with a net 

for two minutes prior to euthanasia. Tg(5xUAS:RFP) zebrafish had significantly (p = 0.01) 

higher circulating cortisol levels after exposure to an acute stressor compared to non-

stressed controls (Figure 3.4).  

 

Discussion: 

In zebrafish, MS-222 is an accepted and widely used agent for euthanasia. Recent reports 

show that zebrafish find MS-222 aversive in conditioned place avoidance paradigms and 

exhibit signs of distress when exposed to MS-22264,65,75. Studies involving clove oil suggest 

that it may be less aversive to zebrafish and provide a more humane alternative to MS-222 
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as an agent for euthanasia64,67. Barriers to the use of clove oil include a lack of FDA 

approval and some safety concerns regarding carcinogenicity, and whether use of the agent 

would render the fish unfit for human consumption72.  

Indicators of an aversive or distressing stimulus in zebrafish may include a behavioral 

tendency to avoid the stimulus, excessive movement of the opercula (hyperventilation) in 

response to the stimulus, and the degree to which the stimulus can induce elevations in 

serum cortisol.62,64,74. Here, we show that zebrafish euthanized with MS-222 have 

significantly higher serum cortisol levels than those euthanized with an equipotent dose of 

clove oil. These results suggest that MS-222 causes increased distress, corroborating 

previous studies that have suggested MS-222 is aversive or distressing65,75.  

It has been shown that buffering MS-222 with TRIS or bicarbonate has no effect on its 

efficacy76. However, it has been speculated that acidity in an unbuffered solution of MS-

222 may be a source of aversion. Previous work has shown that fish show signs of distress 

in the presence of MS-222 whether it is buffered or not75.  

To ensure that clove oil did not interfere with the ability to detect serum cortisol increases 

in response to acute stress, we stressed a group of fish and measured serum cortisol levels. 

As seen in previous studies, chasing a fish for two minutes with a fish net prior to 

euthanasia is sufficient to increase cortisol levels74. We observed significantly elevated 

serum cortisol in acutely stressed fish versus controls after both groups were euthanized 

with clove oil. Based on this finding, clove oil is a suitable agent in stress-related studies 

because it does not interfere with detection of increased cortisol levels. 
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Another benefit of clove oil over MS-222 is the ability to recover significantly more serum 

after euthanasia. Blood collection in zebrafish is challenging due to fast blood clotting time 

and the relatively small total blood volume in the fish. Traditional blood collection methods 

use microcapillary tubes and syringes, which can be tedious and result in small volumes of 

blood recovered71. Clove oil mainly contains a substance called eugenol, which makes up 

between 75-95% of the oil. Eugenol strongly inhibits platelet-activating factor (PAF) 

induced platelet aggregation in rabbits77. This inhibition of platelet aggregation makes 

clove oil an effective anticoagulant, and most likely explains the higher blood recovery 

post euthanasia in zebrafish. This is the first known study linking clove oil as an agent for 

euthanasia to higher blood volume recovery in zebrafish. 

According to Guide for the Care and Use of Laboratory Animals72, “The selection of the 

most appropriate analgesic or anesthetic shall reflect professional judgment as to which 

best meets clinical and humane requirements without compromising the scientific aspects 

of the research protocol”. Our results suggest that the use of clove oil as a replacement for 

MS-222 is not only a more humane method that significantly decreases distress during 

euthanasia, but also facilitates higher serum recovery. Clove oil may be a more appropriate 

euthanasia agent for studies in zebrafish where uncompromised measures of the stress 

response are important readouts for addressing scientific questions. 
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Figure 3.1 

 

 

 

Time (min, mean ± SEM) from first exposure until apparent death, as measured by 

cessation of opercular movement and nonresponse to a tactile stimulus, required to 

euthanize wild-type zebrafish (n = 4/group) by clove oil and MS-222. Doses for each agent 

shown below figure. Dotted line represents equipotent dose chosen for the remaining 

experiments in this study. 
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Table 3.1 

 

Percent recovery of fish at various doses of clove oil and MS-222 

Dose of clove oil (%) 0.01 0.03 0.1 

# of fish that recovered 4/4 2/4 0/4 

Dose of MS-222 (mM) 1.70 5.10 17.00 

# of fish that recovered 4/4 0/4 0/4 
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Figure 3.2 

 

 

 

 

Time to death (s) and cortisol levels (μg/dL) at equipotent doses of MS-222 and clove oil 

in WT zebrafish (n = 5 male and 5 female fish per group). (A) Equipotency was confirmed 

by measuring the time to death, which did not differ between groups. (B) Serum cortisol 

levels were significantly (*, p < 0.05) increased in zebrafish euthanized by using MS-222. 

Data are given as mean ± SEM. 
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Figure 3.3 

 

 

 

Serum volumes (μL per 1 g body weight) after euthanasia by clove oil and MS-222. (A) 

WT (n = 5/group). (B) Tg(isl1-hsp70l:mRFP) (n = 5/group). (C) Tg(UAS:GCaMPHS) (n 

= 6/group). Bars denote mean ± SEM; P < 0.001. **p < 0.01, ***p < 0.001. 
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Figure 3.4 

 

 

 

Serum cortisol levels following euthanasia by clove oil in non-stressed and acutely stressed 

fish. Serum cortisol levels were significantly elevated in stressed Tg(5xUAS:RFP) 

zebrafish compared to non-stressed controls when euthanized with clove oil (n = 6/group). 

Bars denote mean ± SEM. 
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CHAPTER 4:  
MICROBIAL MODULATION OF BEHAVIOR AND STRESS RESPONSES IN 

ZEBRAFISH LARVAE 
 
 
Introduction: 

Zebrafish (Danio rerio) larvae are an emerging high-throughput model system for 

neurobehavioral studies. After hatching from their chorion between 2-3 days post 

fertilization (dpf), the larvae inflate their swim bladder and exhibit numerous 

neurobehavioral phenotypes by day 4-5 dpf12. Many of these larval behaviors have been 

correlated with those seen in human neurological processes and disorders, such as, 

anxiety13, learning14, fear15, sociability16, and psychosis17. One of the best characterized 

behaviors in zebrafish larvae is anxiety-related behavior, often measured by thigmotaxis or 

the tendency to remain close to vertical surfaces (i.e., “wall-hugging”). This behavior is 

evolutionarily conserved and exhibited by a wide range of species, including rodents78, 

fish79-82, and humans83. Thigmotactic behavior is a validated index of anxiety since 

anxiolytic and anxiogenic drugs significantly attenuate and enhance this behavior, 

respectively84. Zebrafish larvae also exhibit physiological responses to stress similar to 

those seen in mammals, wherein responses to stress rely heavily on the hypothalamic-

pituitary-adrenocortical (HPA) axis and its synthesis of glucocorticoids. Reports have 

demonstrated functional and anatomical parallels between the zebrafish hypothalamic-

pituitary-interrenal (HPI) axis and the mammalian HPA axis19,20,85. Cortisol is the primary 

corticosteroid in both zebrafish and humans, unlike rodents wherein corticosterone is the 

main corticosteroid. During a stress response, the HPI axis is activated and there is an 
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elevation of plasma cortisol which is mediated via activation of melanocortin type 2 

receptor (mc2r) by ACTH binding18. Steroidogenic acute regulatory protein (StAR), and 

11β-hydroxylase, both involved in the final steps of cortisol synthesis, are also increased 

in response to acute stressors18,86.  

Factors that play a role in the development of the corticoid system and stress responses 

during early life of vertebrates are not well understood. Recently, there have been many 

studies suggesting bidirectional influences between the microbiota and neurological 

development and stress-related behavior10,50,60,87. For example, social stress can alter the 

structure of the intestinal microbiota4 while alterations in the microbiota can affect models 

of neurological disorders7 and behavior8. Clarke et al. have also shown that the early life 

microbiome plays a critical role in affecting CNS signaling6. Similarly, long-lasting 

differences in the microbiota have been identified in rodents exposed to early life stress5. 

Furthermore, anxiety-related behavior and symptoms of stress have been shown to 

decrease in both mammals and zebrafish following the ingestion of particular probiotic 

Lactobacillus strains10,88. 

The microbiota signals to the central nervous system (CNS) via several potential pathways. 

Likely mechanisms of communication include production of various metabolites that pass 

through the intestinal barrier into the circulatory system, and/or metabolites produced by 

microbes that can signal through the immune system9. Moreover, afferent pathways of the 

vagus nerve from the enteric nervous system (ENS) to the CNS have been implicated as a 

major route of communication between the microbiota and CNS10. Within the ENS, enteric 
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glial cells outnumber enteric neurons by 4:1, and they are thought to play crucial roles in 

maintaining the intestinal epithelial barrier and regulating immune responses in the 

mucosa. Kabouridis et al. showed that the postnatal arrangement and ongoing supply of 

glial cells in the intestinal mucosa are regulated by the microbiota in mice, further 

indicating that this is a key pathway in the microbiota-gut-brain axis11. The development 

of intestinal innervation follows characteristic steps in zebrafish as in other vertebrates. 

Neural crest cells give rise to the bilateral vagal pathway through various signals, including 

hormonal cues, neurotrophins, and direct interactions with other cells. Development of the 

vagal extrinsic innervation of the gut occurs well before the onset of feeding which is 

comparable to other vertebrate species89. Despite architectural differences between the 

ENS of zebrafish and mammals, most of the molecular mechanisms underlying ENS 

development and function are conserved among species90. These functional similarities 

have allowed human ENS disorders (such as Hirschsprung’s disease, Goldberg-Shprintzen 

Syndrome, and Bardet-Biedl syndrome) to be modeled in zebrafish as they have been 

modeled in rodents91,92.  

Zebrafish larvae have unique characteristics that could help elucidate mechanisms involved 

in the microbiota-gut-brain axis. The optical transparency of zebrafish allows for in vivo 

visualization of labeled bacteria interacting with host cells22. Furthermore, the ex utero 

development of zebrafish allows for easy manipulation of microbial contact and 

investigation of microbial involvement throughout development. Lastly, the 

neurobehavioral similarities with mammals and the ability to readily produce and control 

gnotobiotic zebrafish larvae make them a valuable model for neuroimmune studies.  
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Here, to investigate the ability of the microbiota to influence anxiety-related behavior and 

stress responses in zebrafish larvae, thigmotaxis (a measure of anxiety-related behavior in 

zebrafish larvae) was assessed in larvae raised in germ-free or conventional environments, 

and stress responses were evaluated via cortisol production in reaction to an osmotic stress 

challenge. Zebrafish larvae were examined at 6 dpf, an age at which high-throughput 

behavioral screening can be accomplished using multi-well plates. It has been shown that 

enteric innervation is well-developed before the onset of feeding (5-6 dpf)89, allowing for 

gnotobiotic studies to be easily controlled without the complications of maintaining 

sterility during feeding. Additionally, effects of probiotics were examined in zebrafish 

larvae in conjunction with anxiety-related behavior and stress responses. Our data 

demonstrate that the microbiota modulates locomotor behavior and thigmotactic behavior 

in larvae, and that the stress response of zebrafish larvae relies heavily on the presence of 

the microbiota. Moreover, supplementation with the probiotic Lactobacillus plantarum 

was sufficient to mitigate thigmotactic behavior. These results underscore the importance 

of microbes in gut-brain signaling to modulate behavior and appropriate responses to stress, 

and provide a foundation for the use of zebrafish larvae in neuroimmune studies. 

 

Experimental Procedures: 

Animals. Wild-type zebrafish purchased from Aquatica BioTech (Sun City Center, FL) 

were used for this study. Multiple breeders were placed into a breeding tank overnight to 

spawn. Eggs were collected immediately after fertilization and evenly divided into separate 
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groups for subsequent treatment. Due to the high number of zebrafish larvae that can be 

collected at one time, sufficient numbers of embryos were collected for all treatment groups 

for any given experiment on the same day. This is ideal for eliminating variation between 

clutches and for eliminating variation in the microbial content of the fish water used for 

non-sterile larvae groups. Germ-free (GF) embryos were generated by following a 

previously published method93. Briefly, embryos were collected in sterile fish water 

containing 250 mg/mL amphotericin B, 5 µg/mL kanamycin, and 100 µg/mL ampicillin 

(AB-fish water). After sorting to remove unfertilized embryos, viable embryos were 

transferred to a tissue culture hood and gently washed 3 times in AB-fish water. Embryos 

were immersed in 0.1% PVP-Iodine solution for 2 minutes, and then immediately washed 

3 times with sterile fish water. After washing, the embryos were immersed in 0.003% 

bleach solution for 1 hour before being washed an additional 3 times with sterile fish water. 

Finally, the embryos were transferred into sterile tissue culture flasks and maintained in a 

28.5°C incubator. Conventionalized (CV) embryos followed the same sterilization process 

as GF embryos with the exception of being housed in conventional fish water rather than 

sterile fish water. Conventionally-raised (CR) embryos were collected and maintained in 

conventional fish water without undergoing the sterilization process. Zebrafish larvae were 

raised in their respected environment at a density of ~1 larvae/mL until 6 dpf, when all 

tests were performed. Sterility monitoring was conducted according to previously reported 

procedures for generating gnotobiotic zebrafish larvae93. Lactobacillus administration was 

done following a previously published protocol94. Briefly, probiotic bacteria were grown 

for 24 hours in MRS media at 37°C, centrifuged at 4000 × g for 5 minutes, and then washed 
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with sterile fish water. At 4 days post-fertilization (dpf), zebrafish larvae were exposed to 

2 × 107 CFU/mL of Lactobacillus plantarum (USDA-ARS, Washington DC). 

 

Microbial DNA extraction and quantification. Microbial DNA was extracted according 

to an adapted previously published protocol37. Immediately following euthanasia, 12 

zebrafish larvae were aseptically collected into 800 µL of lysis buffer (500 mM NaCl, 50 

mM tris-HCl, 50 mM EDTA, and 4% SDS), homogenized for 3 minutes in a Qiagen 

Tissuelyser II, and incubated at 70°C for 20 minutes. Following centrifugation at 5000 × g 

for 5 minutes at room temperature, the supernatant was mixed with 200 µL of 10 mM 

ammonium acetate, incubated on ice for 5 minutes, and then centrifuged at 16,000 × g for 

10 minutes at room temperature. 750 µL of supernatant was then mixed with an equal 

volume of chilled isopropanol, and incubated for 30 minutes on ice. The contents of the 

tube were then centrifuged at 4°C for 15 minutes to pellet DNA. The pellet was rinsed 

twice with 70% EtOH and re-suspended in 150 µL of tris-EDTA. Fifteen µL of proteinase-

K and 200 µL of buffer AL (DNeasy kit, Qiagen, Valencia, CA) were then added and tubes 

were incubated at 70°C for 10 minutes. 200 µL of 100% EtOH was then added and the 

entire contents of the tube were transferred to a Qiagen spin column before continuing with 

the manufacturer’s instructions for DNA purification (DNeasy Kit, Qiagen). DNA was 

eluted in 50 µL of EB buffer (Qiagen). Yield of double-stranded DNA was determined via 

fluorometry (Qubit 2.0, Life Technologies, Carlsbad, CA) using Qubit® dsDNA BR assay 

kits (Life Technologies). 
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Metagenomic library preparation and sequencing. Sequencing of the V4 region of the 

16S rRNA gene was performed on the Illumina MiSeq platform. Bacterial 16S rRNA 

amplicons were constructed by amplification of the V4 hypervariable region of the 16S 

rRNA gene with single-indexed primers flanked by Illumina standard adapter sequences. 

Universal primers (U515F/806R) previously developed against the V4 region were used 

for generating amplicons. Oligonucleotide sequences were obtained at proBase. A single 

forward primer and reverse primers with unique 12-base indices were used in all reactions.  

PCR reactions (50 µL) contained 100 ng of genomic DNA, forward and reverse primers 

(0.2 µM each), dNTPs (200 µM each), and Phusion High-Fidelity DNA Polymerase (1U).  

PCR amplification was performed as follows: amplification at 98°C for 3 minutes, and 25 

cycles at 98°C for denaturation for 15 seconds, annealing at 50°C for 30 seconds, and 

extension at 72°C for 30 seconds, then a final extension at 72°C for 7 minutes. Amplified 

product (5 µl) from each reaction was combined and thoroughly mixed; pooled amplicons 

were purified by addition of Axygen AxyPrep MagPCR Clean-up beads (50 µL) to an equal 

volume of 50 µL of amplicons and incubated at room temperature for 15 minutes.  Products 

were washed multiple times with 80% EtOH and the dried pellet resuspended in Qiagen 

EB Buffer (32.5 µL), incubated at room temperature for 2 minutes, and then placed on a 

magnetic stand for 5 minutes. Supernatant (30 µL) was transferred to a low-binding 

microcentrifuge tube for storage. The final amplicon pool was evaluated using the 

Advanced Analytical Fragment Analyzer automated electrophoresis system, quantified 

with the Qubit flourometer using the quant-iT HS dsDNA reagent kit, and diluted 

according to the manufacturer’s protocol. 
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Bioinformatic analysis. Assembly, binning, and annotation of DNA sequences were 

performed at the MU Informatics Research Core Facility (IRCF). Briefly, contiguous 

sequences of DNA were assembled using FLASH software43 and contigs were culled if 

found to be short after trimming for a base quality less than 31. Qiime v1.744 software was 

used to perform de novo and reference-based chimera detection and removal, and 

remaining contigs were assigned to operational taxonomic units (OTUs) using a criterion 

of 97% nucleotide identity.  Taxonomy was assigned to selected OTUs using BLAST45 

against the Greengenes database46 of 16S rRNA sequences and taxonomy. 

 

Quantitative RT-PCR. The mRNA abundance of melanocortin type 2 receptor (mc2r), 

11β-hydroxylase, and steroidogenic acute regulatory protein (StAR) was examined in 

larvae following a modification of a previously published method18. Briefly, RNA was 

extracted from pools of 14 larvae and cDNA synthesized using an EasyScript Plus™ cDNA 

Synthesis kit (Lambda Biotech, Ballwin, MO). Samples were then analyzed in triplicate 

and target mRNA expression was normalized to β-actin expression. Every 10 µL reaction 

contained 1× SsoAdvanced universal SYBR® Green supermix (BioRad, Hercules, CA), 

0.3 µM forward and reverse primers, and 100 ng cDNA template. PCR parameters were: 

amplification at 95°C for 3 minutes, and 50 cycles of denaturation at 95°C for 15 seconds, 

annealing at 60°C for 20 seconds, and extension at 72°C for 20 seconds, with a plate read 

after each cycle using a BioRad CFX384 real-time system (BioRad, Hercules, CA). 
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Locomotor activity and thigmotaxis assay. Locomotor activity was assessed according to 

a revised published protocol95. Briefly, zebrafish larvae were individually placed in a sterile 

24-well plate containing 1 mL of media from their home flask. The plate was then 

positioned atop a transmitted LED light stage to maximize contrast and facilitate tracking. 

The larvae were acclimated to the recording arena for 10 minutes prior to the start of video 

acquisition. After the acclimation period, total distance traveled, average speed, and 

mobility time were recorded during 10 minutes of spontaneous free swimming. To examine 

anxiety-related behavior, thigmotaxis was also calculated during the behavior trial. 

Thigmotactic behavior was determined by a larva being within 4 mm of the side of its well, 

therefore, a larvae that spent more time in the center zone or with more entries to the center 

zone was noted as being less thigmotactic. A new 24-well plate was used after every trial 

to eliminate any alarm cues from previously tested larvae. 

 

Osmotic stress treatment. An osmotic shock stress test was performed according to slightly 

modified previously published reports20,96. Zebrafish larvae were incubated in fish water 

containing 100 mM NaCl at 28.5°C for 10 minutes. Larvae were then immobilized in ice-

cold fish water and immediately collected for further analysis. For RNA extractions, 14 

larvae were collected in 500 µL of RNAlater® (ThermoFisher Scientific, Waltham, MA) 

per tube, and frozen in an ethanol/dry-ice bath. Larvae used for cortisol extraction were 

placed into a dry tube (exactly 14 larvae per tube) and frozen in an ethanol/dry-ice bath. 

All samples were stored at -80°C until used.  
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Cortisol extraction and ELISA. Cortisol extraction was accomplished via a published 

protocol20. Briefly, tubes containing the larvae were thawed and 150 µL of water added to 

them. Samples were then homogenized for 30 seconds with a Qiagen Tissuelyser II. 

Following homogenization, 1 mL of ethyl acetate was added into the sample, mixed well, 

and centrifuged at 3000 × g at 4°C for 5 minutes. The aqueous layer was then frozen in an 

ethanol/dry-ice bath and the solvent layer was transferred into a new tube. Next, the solvent 

was evaporated for 30 minutes at 30°C in a vacuum centrifuge (Sorvall SpeedVac, Thermo 

Scientific). Lastly, the cortisol was dissolved in 60 µL of 0.2% BSA in PBS and used 

immediately for ELISA. Cortisol concentrations were determined by using a cortisol 

ELISA kit (Salimetrics, Carlsbad, CA) according to the manufacturer’s instructions. The 

sensitivity of the assay is less than 0.007 μg/dL, and cortisol concentrations were read on 

a plate reader (SpectraMax M3, Molecular Devices, Sunnyvale, CA). 

 

Statistics. The recorded data were graphed and analyzed by GraphPad Prism 6.0. Bacterial 

16S rRNA qPCR data was analyzed using a one-way analysis of variances (ANOVA).  

Principal component analysis was performed using a non-linear iterative partial least 

squares algorithm implemented in an Excel macro kindly provided by Hiroshi Tsugawa of 

the Riken Institute (Wako, Japan) to evaluate β-diversity and its association with larvae 

treatment. A one-way ANOVA was used as the statistical test for most behavior data, with 

the exception of a student’s t-test for probiotic behavior tests. A multi-factorial ANOVA 

was used for osmotic stress test data with stress-treatment as one factor and microbiota-
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status as the second factor. Student-Newman-Keuls post-hoc testing was performed on all 

ANOVA analyses. 

 

Results: 

Characterization of gnotobiotic zebrafish larvae. To investigate the influence of the 

microbiota on behavior, three separate groups of zebrafish larvae were generated. As 

illustrated in (Figure 4.1), embryos were collected immediately after fertilization and 

randomly divided into three groups. One group was put directly into conventional fish 

water (conventionally-raised or CR group), while the other two group were subjected to a 

sterilization process. After sterilization, the embryos were collected into tissue culture 

flasks containing either sterile fish water (germ-free or GF group) or tissue culture flasks 

containing conventional fish water (conventionalized or CV group).  

To confirm the microbial status of each group, five independent tests were performed to 

assure sterility and/or characterize microbiota of the zebrafish larvae groups. Blood agar 

plates were inoculated each day prior to behavior testing with 10 µL of water from each 

larval culture flask and cultured at 28.5°C under aerobic conditions (Supplementary 

Figure 4.1A). At the end of the experiment (6 dpf), sterility was also tested by culturing 

water from the larvae flasks under anaerobic conditions at 28.5°C in brain/heart infusion 

broth (which allows cultivation of a wide variety of fastidious 

microorganisms)(Supplementary Figure 4.1B). Culture techniques revealed no bacterial 

growth in any of the GF or media only flasks (Supplementary Figure 4.1A and 4.1B). In 
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addition to traditional culture methods, molecular testing was conducted to assay for 

uncultivable bacteria. Microbial DNA was extracted from pooled zebrafish larvae and used 

as a template for quantitative real-time PCR (qPCR) using primers targeting universal 16S 

rRNA bacterial genes. Since this approach is susceptible to false-positive results from free 

nucleic acid being detected in the absence of living microbes93, all data were compared to 

autoclaved fish water that was never exposed to zebrafish larvae as a control. qPCR 

indicated no significant differences between GF larvae and autoclaved fish water, while 

CV and CR larvae had significantly greater abundance of the 16S rRNA gene (Figure 

4.2A). Microbial DNA templates were also used for 16S rRNA amplicon sequencing to 

determine which microbial taxa were present in the CV and CR groups. The relative 

abundance of the dominant taxa at both the phylum and OTU level demonstrate that even 

though similar taxa were detected, each group contained a distinct microbiota profile 

(Figure 4.2C – D).  Similarly, principal component analysis indicated that these groups 

harbored distinct, but consistent, microbial populations (Figure 4.2B).  This divergence of 

the microbiota is likely due to microbes colonizing the chorion which are washed away 

during sterilization of the CV embryos. Lastly, a viability stain (ViaGram™, Molecular 

Probes) was performed according to manufacturer’s instruction on homogenized zebrafish 

larvae to inspect for viable microbial cells. In agreement with culture methods, viable 

bacteria were identified in CV and CR larvae, however, no viable bacteria were detected 

in GF larvae (Supplementary Figure 4.2). 
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Microbiota modulates locomotor activity and anxiety-related behavior. To determine if 

the microbiota influences anxiety-related behavior in zebrafish larvae, locomotor activity 

testing was performed, and thigmotactic behavior was assessed in larvae raised under 

conventional or sterile conditions. GF zebrafish displayed hyper-locomotor activity 

compared to CV and CR fish as measured by total time mobile, although no significant 

difference in average locomotion speed was observed (Figure 4.3A and 4.3B). GF larvae 

also exhibited significantly less thigmotactic behavior than larvae reared under non-sterile 

conditions. This was evaluated by number of entries into the center zone and time spent in 

the center zone during the locomotor activity test (Figure 4.3C and 4.3D). No differences 

were detected between the CR and CV cohorts indicating that although they have distinct 

microbiota profiles, the specific compositional differences between the groups do not drive 

behavioral differences. These results suggest that the microbiota plays an important role in 

locomotor activity and anxiety-related behavior in zebrafish larvae. 

 

The HPA (HPI) axis response to stress is influenced by the microbiota. To investigate if 

the microbiota affects physiological responses to stress in zebrafish larvae, an osmotic 

stress test was performed and factors related to the HPI axis were measured. CV and CR 

larvae demonstrated the expected response to stress with a significant elevation in cortisol 

relative to untreated controls (Figure 4.4A). Interestingly, GF larvae did not display an 

elevation in cortisol production in response to the stress test (Figure 4.4A). As a secondary 

means of validating the physiological response to osmotic stress, qPCR was used to 

evaluate the expression of three genes associated with stress responses in both zebrafish 
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and mammals, including melanocortin type 2 receptor (mc2r), 11β-hydroxylase, and 

steroidogenic acute regulatory protein (StAR).  In agreement with cortisol production, 

larvae raised in non-sterile environments (i.e., CV and CR) had increased mc2r, 11β-

hydroxylase, and StAR gene expression in response to stress, while GF fish displayed no 

significant changes relative to controls (Figure 4.4B – 4.4D). To determine if there is a 

critical time window during early life in which microbes are able to alter the stress 

response, zebrafish larvae were conventionalized at 0 dpf, 2 dpf (just before hatching), and 

5 dpf, and then subjected to the stress test at 6 dpf. Although there was a slight trend toward 

decreased cortisol production in larvae conventionalized at 5 dpf, no significant difference 

was observed between larvae conventionalized at these later time points and CR larvae 

(Supplementary Figure 4.3). These results underscore the importance of exposure to 

microbes in mounting an appropriate response to stress, and suggest that microbial 

colonization within as little as 24 hours prior to testing can revert the cortisol response 

phenotype. 

 

Treatment with L. plantarum attenuates anxiety-related behavior in zebrafish larvae. 

Certain probiotic Lactobacillus strains are known to reduce anxiety-related behavior and 

symptoms of stress in both mammals and zebrafish10,88. Supplementing with individual 

microbes known to alter behavior and stress responses is important to determine if 

microbial-induced behavior differences can be detected in larvae with an already developed 

and complex microbiota. To determine if L. plantarum has the ability to influence anxiety-

related behavior in zebrafish larvae, CR fish were supplemented with either broth (CR) or 
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L. plantarum (CR+LP), and thigmotactic behavior was assessed. Larvae colonized with L. 

plantarum exhibited significantly less thigmotactic behavior than broth-treated CR 

controls, with no differences detected in mobility time or average speed (Figure 4.5A – 

4.5D). These findings support the notion that specific commensal microbes have the ability 

to alleviate anxiety-related behavior. However, larvae treated with L. plantarum did not 

exhibit a significant difference in cortisol produced in response to osmotic stress relative 

to broth-treated CR fish (Figure 4.5E). 

 

Discussion: 

The current study provides proof-of-principle that zebrafish are a valuable model in studies 

of microbial-mediated effects on neurological development and behavior. Similar to 

mammals that develop within the axenic environment of the uterus, zebrafish develop in 

an axenic environment within the protective chorion. At approximately 3 dpf, zebrafish 

larvae hatch from the chorion and begin to be colonized by microbes93. Microbiome studies 

of zebrafish have shown, similar to mice, that different microbial profiles are acquired from 

different institutions and vendors37,97,98. The microbiota of mice and humans is dominated 

by the phyla Firmicutes and Bacteroidetes, whereas the core microbiota of adult zebrafish 

predominantly consists of bacteria from the Proteobacteria and Fusobacteria99 phyla. 

However, studies have also shown similarities of the zebrafish microbiota and that of 

mammals, such as colonization of species from the genus Lactobacillus88,100. To our 

knowledge, the data in this study are the first to assess the microbiota of zebrafish larvae. 
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Moreover, while the microbiota associated with the entire larvae was examined in the 

current study rather than the gut microbiota specifically, our data are consistent with 

previous studies investigating the gut microbiota of adult zebrafish (i.e., consisting 

primarily of Proteobacteria and Fusobacteria)97.  

The data shown are congruent with previous research performed in mice showing that GF 

mice exhibit increased locomotor activity compared to conventionally-raised mice60. 

Microbiota modulation of anxiety-related behavior is also supportive of previous studies 

using rodent species. In our studies, GF zebrafish larvae displayed less thigmotactic 

behavior than conventionally-raised larvae. This is similar to rodent work that revealed GF 

mice display reduced anxiety-related behavior relative to conventionally housed 

mice6,60,101,102. However, opposing data exist indicating that GF mice of particular inbred 

strains exhibit increased anxiety-like behavior102,103. This discrepancy may be due to 

genetic influences since there appears to be a correlation between the behavioral phenotype 

and whether the tests were performed in outbred stocks or inbred strains of mice. 

Alternatively, differential effects of the microbiota on host anxiety-related behavior may 

be due to differences in the composition or function of microbiota colonizing the host. 

Anxiety is known to activate the HPA axis, involved in responding to psychological and 

physical stressors. In this study, germ-free zebrafish larvae exhibited a significantly 

reduced cortisol response to an osmotic stress challenge when compared to conventionally-

raised larvae. These results are inconsistent with previous mouse studies demonstrating 

that GF mice have an elevation in hypothalamic corticosterone in response to restraint 
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stress55. These differences are again possibly due to genetic confounds, or due to the nature 

of the type of stressors used in each study. Dissimilarity could also be attributed to the HPI 

axis in zebrafish giving rise to the glucocorticoid cortisol, whereas rodents utilize the HPA 

axis to produce corticosterone during a stress response. Other potential mechanisms of the 

incongruities with rodent studies could be related to the differences in taxa that colonize 

zebrafish larvae versus those that predominate in mammals as noted above. Nonetheless, 

our results are congruent with the hypothesis that a normal microbiota is required for 

characteristic responses to stress and normal behavioral repertoires.  

Manipulation of a well-established, complex microbiota has also been shown to alter stress-

related physiology and behavior. Many probiotic studies have showed that treatment with 

various Lactobacillus and/or Bifidobacterium strains can alleviate anxiety- and depressive-

like behavior and mitigate stress responses10,104-106. Zebrafish, being an ideal model for 

high-throughput drug screening, have also been used to evaluate the effects of particular 

probiotic strains88,100,107,108. However, the influence of probiotics on stress responses and 

behavior in zebrafish larvae is not yet well-characterized. In our studies, larvae 

supplemented with Lactobacillus plantarum showed decreased anxiety-related behavior 

relative to conventionally-raised fish. Our results support previous rodent and human 

studies suggesting that Lactobacillus reduces anxiety-related behavior. In conclusion, the 

results of this study strengthen previous findings showing that the microbiota plays a major 

role in responding to stress and stress-related behavior. Further investigation is required to 

elucidate the exact mechanisms through which microbes communicate to the CNS to 
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modulate behavior and stress responses. However, the present findings set a foundation for 

the use of zebrafish larvae in neuroimmune studies. 
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Figure 4.1 
 
 

 
 

 

Schematic illustrating the development of gnotobiotic zebrafish groups. Immediately 

after fertilization, zebrafish embryos were collected and randomly split into 3 groups. One 

group is collected directly into a sterile petri dish containing conventional fish water (CR 

group). The other 2 groups of embryos were sterilized and then collected into tissue culture 

flasks containing either sterile fish water (GF group) or conventional fish water (CV 

group). Embryos were maintained at ~1 embryo/mL until testing at 6 dpf. 
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Figure 4.2 

 

 

 

Characterization of germ-free and conventionalized zebrafish larvae at 6 dpf. (A) 

Conventionalized (CV) and conventionally-raised (CR) larvae exhibit significantly 

increased 16S rRNA levels relative to germ-free (GF) larvae and sterile fish water control 

levels. (B) Principal component analysis reveals distinct separation in microbial profiles 

between CV and CR larvae. (C–D) Relative abundances of phylum level and OTU level 

taxonomy illustrate compositional similarities within each group, and differences between 

CV and CR groups (legend at right). Data shown are represented by mean ± SEM (n = 12 

larvae/sample from separate flasks for both qPCR and microbiota analysis). Bars denote p 

values ≤ 0.05 (one way ANOVA).   
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Figure 4.3 

 

 
 
 

Microbial modulation of locomotor activity and anxiety-related behavior. (A‒B) At 6 

dpf, germ-free (GF) zebrafish larvae display increased locomotor activity compared to 

larvae raised in a conventional environment (CV and CR). (C‒D) GF larvae exhibit less 

thigmotactic behavior than CV and CR larvae as indicated by number of entries into the 

center zone (C) and time spent in the center zone (D). Data shown are represented by box 

and whisker plots showing individual data points (n = 36–87 larvae/group). Bars denote p 

values ≤ 0.05 (one way ANOVA). 
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Figure 4.4 

 

Exposure to microbes allows for characteristic activation of HPI axis in response to a 

stressor in 6 dpf larvae. (A) Conventionally-raised (CV and CR) larvae demonstrate 

characteristic elevations of cortisol following an osmotic stress challenge whereas germ-

free (GF) larvae exhibit a blunted response. (B‒D) Expression of genes involved in 

activation of the HPI axis and cortisol production are also elevated in CV and CR larvae 

following a stressor while there is no change in GF larvae. Target gene expression were 

normalized to β-actin expression levels.  Data shown are represented by mean ± SEM (n = 

4 replicates with 14 pooled larvae/replicate for both ELISA data and qPCR data). Bars 

denote p values ≤ 0.05 (two way ANOVA). 
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Figure 4.5 

 

 
 
 

 
L. plantarum reduces anxiety-related behavior in 6 dpf zebrafish larvae. (A‒D) 

Treatment with L. plantarum did not alter basic locomotor activity (A‒B), however, 

zebrafish larvae treated with L. plantarum (CR+LP) exhibited significantly less 

thigmotactic behavior (C‒D) than broth-treated controls (CR). (E) L. plantarum treatment 

did not alter cortisol production following an osmotic stress challenge. Behavior data 

shown are represented by box and whisker plots showing individual data points, ELISA 

data are represented by mean ± SEM (n = 54 larvae/group for behavior data and n = 4 

replicates with 14 pooled larvae/replicate for ELISA data). Bars denote p values ≤ 0.05 

(student’s t-test for behavioral test data, two way ANOVA for ELISA data). 
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Supplementary Figure 4.1 
 
 

 
 

 
Aerobic and anaerobic cultures of samples from 6 dpf zebrafish larvae flasks.  (A) 

Blood agar plates cultured aerobically show no visible growth from samples plated from 

GF larvae flasks at 6 dpf. (B) Brain/heart infusion broth cultured anaerobically showed no 

visible growth in GF zebrafish larvae at 6 dpf. 
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Supplementary Figure 4.2 
 
 

 
 

Viability Gram staining to assess for viable bacterial cells in 6 dpf zebrafish larvae.  

A ViaGram™ kit was used according to manufacturer’s instructions on homogenized 

zebrafish larvae. DAPI (Blue) stains nuclei of viable cells, SYTOX Green (Green) stains 

for dead cells, and Texas Red-X (Red) stains for Gram-positive cells. No viable bacteria 

cells were observed in GF zebrafish larvae at 6 dpf. 
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Supplementary Figure 4.3 
 
 

 
 
 
Conventionalization at different time points throughout development and its effect on 

stress responses. Exposure to conventional fish water at 2 dpf (CV2) or 5 dpf (CV5) was 

sufficient to allow for a characteristic cortisol response to an osmotic stress challenge. Data 

shown are represented by mean ± SEM (n = 4 replicates with 14 pooled larvae/replicate). 

Bars denote p values ≤ 0.05 (two way ANOVA). 
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CHAPTER 5:  
EFFECTS OF LACTOBACILLUS PLANTARUM ON THE GUT MICROBIOTA 

STRUCTURE AND ANXIETY- AND STRESS- RELATED RESPONSES IN ADULT 
ZEBRAFISH 

 
 
Introduction: 

Most organisms are subject to “stress” on a regular basis from natural sources such as 

territory defense, food acquisition and competition, mating competition, and exploration. 

According to the American Psychiatric Association, incessant, severe responses to stressful 

or anxiety-causing situations (as well as the inability to cope with such scenarios) are 

characteristics of an anxiety disorder. Currently, the primary medical means to mitigate 

these conditions is pharmacological treatment that attempts to counteract the dysregulation 

of one or more major neurotransmitter systems in the brain associated with these disorders. 

These systems include the catecholaminergic (noradrenaline, dopamine), GABAergic 

(gamma-aminobutyric acid; GABA), glutamatergic (glutamate) and serotonergic 

(serotonin) systems109,110. However, these disorders not only manifest in specific behaviors 

and neurological symptoms, but are also often closely associated with various conditions 

affecting the digestive tract111. Despite sufficient evidence demonstrating the linkage 

between neurological and digestive disorders, current treatments focus on minimizing 

dysregulation at the neurological level. Moreover, the efficacy of anxiolytic compounds 

used to treat anxiety disorders varies between individuals112, and new approaches to treat 

these conditions are needed.  
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Notably, manipulation and regulation of an organism’s gut microbiota (GM) may provide 

an alternative or adjunct to current approaches. Probiotics have become increasingly 

popular as a means to improve health and well-being. Not only are probiotics considered 

beneficial to digestive health, but increasing evidence of direct and indirect interactions 

between the GM and the central nervous system (CNS) suggests beneficial effects to 

neurological health as well. Specifically, in addition to direct effects on the innate immune 

system and composition of the resident microbiota, certain strains of Lactobacillus exert a 

positive effect on anxiety-related behavior and responses to stress10,113.  

Zebrafish (Danio rerio) are an emerging model species for neurobehavioral studies and 

their use is well-established in the drug screening sector. Zebrafish exhibit numerous 

behaviors that have been correlated with those seen in human neurological processes and 

disorders, such as anxiety13, learning14, fear15, sociability16, and psychosis17, and zebrafish 

neurotransmitter systems demonstrate clear translatability to other organisms including 

rodents and humans114. Moreover, studies utilizing anxiolytic and anxiogenic treatments 

have validated many anxiety-related behavioral tests in zebrafish models both qualitatively 

and quantitatively115. While probiotics have been shown to modulate innate immunity and 

expression of stress-related genes in zebrafish88, it is currently unknown whether there is a 

corresponding reduction in stress- and anxiety-related behavior in the fish. Additionally, 

the effect of probiotics on the structure and function of the GM is not well understood in 

zebrafish. 
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Here, 16S rRNA amplicon sequencing was performed on DNA extracted from the 

intestinal content of zebrafish with and without Lactobacillus plantarum supplementation. 

Significant changes in the β-diversity of the GM was shown to be associated with L. 

plantarum administration along with enrichment of several KEGG pathway orthologues 

related to energy metabolism and vitamin biosynthesis. L. plantarum treatment also 

correlated with reduced anxiety-related behavior in a novel tank diving test. In conjunction 

with behavioral changes, genes involved in the GABAergic and serotonergic pathways 

were significantly altered in the brain of L. plantarum treated zebrafish. Activation of the 

HPI axis was not attenuated by L. plantarum treatment. However, L. plantarum treatment 

did have a significant interaction with stress-induced changes in the GM. Untreated 

zebrafish that underwent the chronic unpredictable stress (CUS) paradigm exhibited a 

stress-induced dysbiosis and a complete rearrangement of the major core GM. These 

dramatic shifts were absent in the chronically stressed L. plantarum treated fish, leaving 

the core GM structure intact. These data provide a robust characterization of the effect L. 

plantarum has on GM structure and function in adult zebrafish. Moreover, these data 

illustrate the ability of L. plantarum to attenuate anxiety-related behavior and stress-

induced dysbiosis of the GM. 

 

Experimental procedures 
 

Animals. Adult wild-type zebrafish were purchased from Aquatica BioTech (Sun City 

Center, FL) and acclimated to the facility for 1 week prior to any treatment. Zebrafish were 
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maintained in recirculating 3-L tanks at 28 ± 2 °C on a 14:10-h light:dark cycle and fed 

commercial fish diet. 

Lactobacillus treatment groups were supplemented with 1 × 106 CFU/mL of Lactobacillus 

plantarum (USDA-ARS, Washington DC) twice a day for one month prior to behavior 

testing or microbiota analysis. A chronic unpredictable stress (CUS) paradigm was 

modified from a previous study116. Details of the CUS paradigm used can be found in table 

5.1. All experimental procedures were approved by the University of Missouri’s 

Institutional Animal Care and Use Committee and were performed according to the 

guidelines set forth in the Guide for the Use and Care of Laboratory Animals. 

 

Microbial DNA extraction and quantification. Microbial DNA was extracted according 

to a previously published protocol optimized for microbiota analysis in adult zebrafish97. 

Immediately following euthanasia, zebrafish GI tracts were aseptically collected into 800 

µL of lysis buffer (500 mM NaCl, 50 mM tris-HCl, 50 mM EDTA, and 4% SDS), 

homogenized for 3 minutes in a Qiagen Tissuelyser II, and incubated at 70°C for 20 

minutes. Following centrifugation at 5000 × g for 5 minutes at room temperature, the 

supernatant was mixed with 200 µL of 10 mM ammonium acetate, incubated on ice for 5 

minutes, and then centrifuged at 16,000 × g for 10 minutes at room temperature. 750 µL 

of supernatant was then mixed with an equal volume of chilled isopropanol, and incubated 

for 30 minutes on ice. The contents of the tube were then centrifuged at 4°C for 15 minutes 

to pellet DNA. The pellet was rinsed twice with 70% EtOH and re-suspended in 150 µL of 

tris-EDTA. Fifteen µL of proteinase-K and 200 µL of buffer AL (DNeasy kit, Qiagen) 
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were then added and tubes were incubated at 70°C for 10 minutes. 200 µL of 100% EtOH 

was then added and the entire contents of the tube were transferred to a Qiagen spin column 

before continuing with the manufacturer’s instructions for DNA purification (DNeasy Kit, 

Qiagen). DNA was eluted in 200 µL of EB buffer (Qiagen). Yield of double-stranded DNA 

was determined via fluorometry (Qubit 2.0, Life Technologies, Carlsbad, CA) using 

Qubit® dsDNA BR assay kits (Life Technologies). 

 

Metagenomic library preparation and sequencing. Sequencing of the V4 region of the 

16S rRNA gene was performed on the Illumina MiSeq platform. Bacterial 16S ribosomal 

DNA amplicons were constructed by amplification of the V4 hypervariable region of the 

16S rRNA gene with primers flanked by Illumina standard adapter sequences. Universal 

primers (U515F/806R) previously developed against the V4 region were used for 

generating amplicons. Oligonucleotide sequences were obtained at proBase. A single 

forward primer and reverse primers with unique 12-base indices were used in all reactions.  

Extracted DNA was quantitated by Qubit flourometer using the quant-iT HS dsDNA 

reagent kit (Invitrogen). PCR reactions (50 µL) contained 100 ng of genomic DNA, 

forward and reverse primers (0.2 µM each), dNTPs (200 µM each), and Phusion High-

Fidelity DNA Polymerase (1U).  PCR amplification was performed as follows: 

amplification at 98°C for 3 minutes, and 25 cycles at 98°C for denaturation for 15 seconds, 

annealing at 50°C for 30 seconds, and extension at 72°C for 30 seconds, then a final 

extension at 72°C for 7 minutes. Amplified product (5 µl) from each reaction was 

combined and thoroughly mixed; pooled amplicons were purified by addition of Axygen 
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AxyPrep MagPCR Clean-up beads (50 µL) to an equal volume of 50 µL of amplicons and 

incubated at room temperature for 15 minutes.  Products were washed multiple times with 

80% ethanol and the dried pellet resuspended in Qiagen EB Buffer (32.5 µL), incubated at 

room temperature for 2 minutes, and then placed on a magnetic stand for 5 minutes. 

Supernatant (30 µL) was transferred to a low-binding microcentrifuge tube for storage. The 

final amplicon pool was evaluated using the Advanced Analytical Fragment Analyzer 

automated electrophoresis system, quantified with the Qubit flourometer using the quant-

iT HS dsDNA reagent kit, and diluted according to the manufacturer’s protocol for 

sequencing on the MiSeq. 

 

Bioinformatic analysis. Assembly, binning, and annotation of DNA sequences were 

performed at the MU Informatics Research Core Facility (IRCF). Briefly, contiguous 

sequences of DNA were assembled using FLASH software43 and contigs were culled if 

found to be short after trimming for a base quality less than 31. Qiime v1.744 software was 

used to perform de novo and reference-based chimera detection and removal, and 

remaining contigs were assigned to operational taxonomic units (OTUs) using a criterion 

of 97% nucleotide identity.  Taxonomy was assigned to selected OTUs using BLAST45 

against the Greengenes database46 of 16S rRNA sequences and taxonomy. 

 

Quantitative RT-PCR. To measure the mRNA abundance of gad1, gabra1, slc6a4a, 

slc6a4b, neuropeptide Y (npy), and isotocin (oxtl), zebrafish brains were removed 

immediately following euthanasia. RNA was extracted from individual brains via an 
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RNeasy kit (Qiagen) and cDNA synthesized using an EasyScript Plus™ cDNA Synthesis 

kit (Lambda Biotech, Ballwin, MO). Samples were then analyzed in duplicate and target 

mRNA expression was normalized to ef1a (housekeeping gene) expression. A complete 

list of primer sequences and references can be found in table 5.2. Every 10 µL reaction 

contained 1× SsoAdvanced universal SYBR® Green supermix (BioRad, Hercules, CA), 

0.3 µM forward and reverse primers, and 100 ng cDNA template. PCR parameters were: 

amplification at 95°C for 3 minutes, and 50 cycles of denaturation at 95°C for 15 seconds, 

annealing at 60°C for 20 seconds, and extension at 72°C for 20 seconds, with a plate read 

after each cycle. 

 

Novel tank diving. Anxiety-related behavior was assessed by subjecting zebrafish to a 

novel tank diving test as previously described117. Briefly, fish were individually placed into 

a novel tank and allowed to freely explore the tank for 6 minutes. ANY-maze video 

tracking software (Stoelting, Wood Dale, IL) was used to measure distance traveled, speed, 

transitions to various levels of the tank and time spent within those levels. The water was 

changed and tanks cleaned in between each trial to eliminate any alarm cues from 

previously tested fish.  

 

Serum collection and cortisol ELISA. Euthanasia and serum collection was performed by 

using protocols from previously described techniques118. Each fish was placed into an 

individual 50-mL conical tube containing 20 mL of sterile water with 0.1% (100 mg/L) of 

clove oil. Blood was collected by cutting off the tail a few millimeters cranial to the caudal 
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fin. Fish were then placed in a fenestrated microtube (0.6 mL) nested within a 1.5 mL 

microfuge tube for centrifugation at 400 × g for 5 min at room temperature. The 1.5 mL 

tubes containing the blood samples were centrifuged at 4 °C, 13,800 × g for 15 min. 

Supernatants were recovered and the serum was stored at –80 °C until analysis. Serum 

cortisol concentrations were determined by using a cortisol ELISA kit (Salimetrics, 

Carlsbad, CA) according to the manufacturer’s instructions. The sensitivity of the assay is 

less than 0.007 μg/dL, and cortisol concentrations were read on a plate reader (SpectraMax 

M3, Molecular Devices, Sunnyvale, CA). 

 

Leukocyte differentials. Following euthanasia, blood was collected into a heparinized 

capillary tube via cardiac puncture. Blood smears were immediately prepared from whole 

blood and stained with Wright-Giemsa using a Hematek Slide Stainer (Siemens Health 

Care Diagnostics Inc., Tarrytown, NY). The slides were examined by light microscopy and 

leukocyte differentials were performed under oil immersion with a 100× objective. 

 

Statistics. Data were analyzed by using Prism (GraphPad Software) and SigmaPlot (Systat 

Software, San Jose, CA). Statistical significance was set at a p value of less than 0.05. 

Principal component analysis was performed using a non-linear iterative partial least 

squares algorithm implemented in an Excel macro kindly provided by Hiroshi Tsugawa of 

the Riken Institute (Wako, Japan) to evaluate β-diversity and its association with zebrafish 

treatment. A student’s t-test was used for α-diversity indexes, relative microbial abundance 

data, behavior analysis, and for gene expression. Leukocyte counts and cortisol data were 
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analyzed using a two-way ANOVA, with probiotic treatment as one factor and stress as 

the second factor. 

 

Results 
 
 
Zebrafish GM structure and function is altered by L. plantarum treatment. Comparison 

of the detected microbial profiles at the taxonomic level of phylum did not reveal any major 

core shifts of the GM. Similar to previous reports97, zebrafish guts were dominated by 

Fusobacteria (mean ± SEM relative abundance of (76.9 ± 8.3) and Proteobacteria (11.9 ± 

5.2). Alpha-diversity analysis (a measure of the number of different bacterial sequences in 

a sample) demonstrated that L. plantarum treatment did not significantly alter the GM 

according to the Shannon Diversity Index (Figure 5.1A), Chao1 Index (Figure 5.1B), or 

the Simpson Diversity Index (Figure 5.1C). However, principal component analysis 

(PCA) revealed that the overall relatedness of the bacterial populations present at each 

sample site was different. While plotting principal component (PC) 1 and PC2 (accounting 

for 31.53% and 16.43% of the overall variability, respectively), distinct clustering of the 

control group and of the L. plantarum treated group starts to emerge (Figure 5.1D). A L. 

plantarum species-specific qPCR was performed to confirm successful colonization of L. 

plantarum in the zebrafish gut (Figure 5.1E). Next, linear discriminant analysis (LDA) 

effect size (LEfSe) was used to determine what other microbial alterations that associated 

with L. plantarum treatment. It was shown that unclassified (UC) Vibrionaceae, UC 

Pseudoalteromonadaceae, Devosia, UC Leuconostocaceae, and Rheinheimera were 
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significantly enriched in the control group, whereas UC Mycoplasmataceae, 

Stenotrophomonas, Catenibacterium, UC Lactobacillaceae, and Achromobacter were 

enriched in the L. plantarum treated group (Figure 5.2A – 5.2G).  

To determine the metabolic alterations associated with the GM differences, the 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 

(PICRUSt) software package was applied to the current 16S rRNA amplicon dataset. A 

total of 24 different gene functions, grouped according to KEGG (Kyoto Encyclopedia of 

Genes and Genomes) category, were significantly enriched in the L. plantarum treated 

zebrafish (Figure 5.3). Most of these pathways are broadly involved in energy metabolism 

and vitamin biosynthesis.  

 

L. plantarum alters anxiety-related behavior and the GABAergic pathway in adult 

zebrafish. Novel tank diving is a validated behavior test for assessing anxiety-related 

behavior in adult zebrafish, wherein the time spent in top portions of the tank correlates 

with less anxiety. To determine if L. plantarum influences anxiety-related behavior in adult 

zebrafish, a novel tank diving test was performed on fish supplemented with and without 

L. plantarum. Zebrafish from both groups displayed similar locomotor activity (p > 0.05) 

as measured by the total distance traveled and average swimming speed (Figure 5.4A and 

5.4B). However, zebrafish supplemented with L. plantarum exhibited a strong trend of 

more transitions to the upper zone (p = 0.08) and spent significantly more time in the upper 

portion of the tank (p = 0.01) (Figure 5.4C – 5.4F). These results suggest that L. plantarum 

is sufficient in reducing anxiety-related behavior in adult zebrafish. 



89 
 

 
To assess the expression levels of genes associated with anxiety-related behavior, 

quantitative real-time PCR was performed on samples extracted from the brains of control 

and L. plantarum treated zebrafish. The gene encoding for the GABA-A receptor alpha 1, 

gabra1, had a strong trend of up-regulation in L. plantarum treated fish (p = 0.06). 

Glutamic acid decarboxylase (gad1) also had a slightly elevated trend in L. plantarum 

treated zebrafish (p = 0.13) (Figure 5.4G). Similarly, genes encoding for serotonin 

transporters (slc6a4a and slc6a4b) were also shown to be up-regulated in L. plantarum 

treated zebrafish, albeit slc6a4b was not statistically significant (p = 0.04 and 0.12, 

respectively) (Figure 5.4G). Neuropeptides also have modulatory roles in a variety of 

behaviors including stress and anxiety. However, L. plantarum treatment had no effect on 

neuropeptide Y (npy) and isotocin (oxtl) expression levels (p > 0.05) (Figure 5.4G). 

Collectively, these results suggest that the anxiolytic effect of L. plantarum could be due 

to modulation of GABAergic and/or serotonergic pathways.  

 

Activation of the HPI axis in response to a chronic unpredictable stress (CUS) test is 

unaffected by L. plantarum treatment. Downstream events from activation of the HPI axis 

were examined in order to determine if L. plantarum modified physiological effects of 

CUS. Serum cortisol levels were significantly elevated (p < 0.01) as a result of CUS in 

both the control and L. plantarum supplemented groups (Figure 5.5A). L. plantarum 

cortisol levels were not found to be significantly lower than those of the CUS control group 

(Figure 5.5A).  
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Increased steroid hormones in the plasma often lead to characteristic stress leukogram 

patterns. Leukocyte differentials were performed to determine if L. plantarum treatment 

led to altered leukogram patterns. CUS was shown to significantly decrease the amount of 

circulating lymphocytes (p < 0.01) in both control and L. plantarum supplemented fish 

(Figure 5.5B). A monocytosis was also revealed in zebrafish subjected to CUS 

independent of L. plantarum treatment (p < 0.01) (Figure 5.5C). No effect was observed 

on neutrophil and eosinophil counts (Figure 5.5D and 5.5E). Taken together, these results 

suggest that L. plantarum supplementation is insufficient in attenuating effects of HPI axis 

activation due to CUS in adult zebrafish.   

 

Stress-induced dysbiosis of the GM is protected by L. plantarum in adult zebrafish. To 

assess the influence CUS has on the architecture of the GM, 16S rRNA amplicon 

sequencing was performed on stressed and non-stressed zebrafish. This was done on both 

control fish and fish supplemented with L. plantarum to determine if probiotic treatment 

had any interactions with stress-induced GM changes. Zebrafish not supplemented with L. 

plantarum exhibited dramatic shifts in the GM after CUS. This stress-induced GM shift 

resulted in diminishment of the relative abundance of the core phylum, Fusobacteria. 

However, the major core GM remained intact in zebrafish treated with L. plantarum after 

a chronic stress treatment (Figure 5.6A). Principal component analysis further 

demonstrated a significant shift in the GM structure in chronically stressed zebrafish not 

supplemented with L. plantarum (Figure 5.6B and 5.6C). Overlaid clustering between the 

stressed and non-stressed groups indicated that no major alterations occurred in the GM 



91 
 

structure of chronically stressed zebrafish administered with L. plantarum (Figure 5.6B 

and 5.6C). Additionally, L. plantarum protected from particular stress-induced KEGG 

orthologue pathway up- and down- regulation. Riboflavin and other vitamin biosynthesis 

and metabolism was significantly downregulated in stressed zebrafish not supplemented 

with L. plantarum (Supplementary Figure 5.1). Enrichment of these specific pathways 

along with others remained unaltered in L. plantarum treated fish subjected to CUS 

(Supplementary Figure 5.2 and 5.3). These results suggest that stress-induced dysbiosis 

(both structurally and functionally) of the GM can be mitigated by L. plantarum treatment 

in zebrafish.  

 

Discussion 
 
 
The current data provides evidence that probiotic treatment alters the structure and function 

of the GM as well as mitigates behavioral responses in adult zebrafish. Specifically, this 

study shows that L. plantarum administration alters the β-diversity of the GM and enriches 

a number of KEGG pathway orthologues involved in energy production. Furthermore, L. 

plantarum treatment was shown to significantly reduce anxiety-related behavior and 

modulate GABAergic and serotonergic pathways in the brain. Effects of HPI axis 

activation in response to chronic stress was not shown to be mitigated by L. plantarum. 

However, the GM structure displayed a significant shift in response to a chronic stressor in 

control fish. L. plantarum treatment was protective against this stress-induced dysbiosis of 

the GM. These data are a further indication of the bidirectional communication between 
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the GM and the central nervous system (CNS), as well as additional validation for using 

zebrafish as a model for gut-brain interactions.  

Previous studies have shown the microbiota of most mammals is dominated by the phyla 

Firmicutes and Bacteroidetes, whereas the core microbiota of zebrafish predominantly 

consists of bacteria from the Proteobacteria and Fusobacteria phyla37,97,99. However, 

studies have also shown similarities between the zebrafish microbiota and that of rodents 

and humans, such as colonization by species from the genus Lactobacillus88,100,108. The 

data shown here are congruent with these other findings, since we found that the GM of 

healthy adult zebrafish primarily consists of Fusobacteria and administration of L. 

plantarum does indeed result in colonization in the gut. To date, there are not many studies 

demonstrating the associations of altered GM following treatment with probiotics. The data 

reported here shows that administration of L. plantarum did not alter α-diversity of the GM 

and the major core GM remains dominated by the phyla Proteobacteria and Fusobacteria. 

However, principal component analysis (PCA) illustrating β-diversity revealed distinct 

clustering of control fish and fish treated with L. plantarum. These minor alterations are 

not completely surprising given that administration of multiple probiotics can significantly 

alter the GM. Specifically, Lactobacillus rhamnosus modulates the GM associated with a 

reduction of serum lipids in the hyperlipidemic rat119. Moreover, is has been reported that 

Lactobacillus reuteri supplementation alters the oral microbiota within a 12 week 

period120. 
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To determine if functional metabolic changes accompanied L. plantarum-induced GM 

shifts, the 16S rRNA amplicon dataset was subjected to Phylogenetic Investigation of 

Communities by Reconstruction of Unobserved States (PICRUSt) analysis. Recent human 

microbiome studies have shown that alterations in the GM due to Clostridium difficile 

colonization significantly alters metabolic pathways involved in amino acid biosynthesis 

and transport and binding carbohydrates121. The results of the current study further 

illustrate how GM modifications can influence metabolomics. L. plantarum administration 

significantly enriched many metabolic pathways involved in energy metabolism and 

vitamin biosynthesis. Notably, folate (folic acid) biosynthesis was shown to be enriched 

with L. plantarum supplementation. This was congruent with previous studies showing 

probiotic abilities to synthesize vitamins such as folic acid, riboflavin, and vitamin 

B12
122,123. Interestingly, both riboflavin and folic acid have been correlated with protection 

against behavioral impairments and stress124,125. 

Many nutrients such as vitamins, amino acids, or dietary fibers that are consumed by the 

host are assimilated and converted into other metabolites by microbes within the 

gastrointestinal tract. Products of these biochemical conversions, such as short-chain fatty 

acids (SCFAs), biogenic amines, or other amino acid derived compounds such as serotonin 

or GABA, may be biologically active within the host126. Previous studies have shown that 

many of these neuroactive compounds that can be produced by the GM have the ability to 

alter neurological function and behavior127. One particular pathway of communication 

between the GM and the CNS has been shown to be mediated via GABA transmission and 

is dependent upon the vagus nerve10. Our data provide further evidence of GM signaling 
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through the GABAergic pathway to alter behavior. Specifically, zebrafish treated with L. 

plantarum exhibited significantly less anxiety-related behavior compared to untreated 

controls. Along with behavioral modulation, L. plantarum administration also correlated 

with an increase in GABA-A receptor and serotonin transporter expression in the brain. 

Although no direct causative relationship was investigated in this study, it is known that 

regulation of GABAergic and serotonergic pathways are associated with anxiety-related 

behavior in many species128-132. Many of the current therapeutics available for treating 

anxiety-related symptoms are serotonin reuptake inhibitors (SSRIs) and benzodiazepines. 

The primary action of these drugs is to increase serotonin and GABA transmission in the 

brain, respectively. Moreover, it has been shown that some strains of Lactobacillus catalyze 

the decarboxylation of glutamate, resulting in the production of GABA and CO2
133.  

Anxiety and anxiety-related behavior is frequently accompanied with activation of the 

HPA axis and stress. Furthermore, it has been shown that GM modulation of anxiety-

related behavior often correlates with attenuation of stress responses in rodents10,60. To test 

the ability of L. plantarum to attenuate responses to stress, zebrafish with and without L. 

plantarum supplementation were subjected to a chronic unpredictable stress (CUS) 

paradigm. Responses to stress rely heavily on the hypothalamic-pituitary-adrenocortical 

(HPA) axis and its synthesis of glucocorticoids. Previous reports have demonstrated 

functional and anatomical parallels between the zebrafish hypothalamic-pituitary-

interrenal (HPI) axis and the mammalian HPA axis, wherein cortisol is the primary 

corticosteroid produced in both zebrafish and humans19,20,85. During a characteristic stress 

response, corticosteroids often modulate leukocyte trafficking in many species134-136. 
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Typically, a stress leukogram consists of a marginalization of lymphocytes, complemented 

by an increase in serum monocytes and neutrophils. Results shown here do not recapitulate 

these findings in adult zebrafish. Activation of the HPI axis was shown in both the control 

group and fish supplemented with L. plantarum in response to a chronic stress paradigm. 

Serum cortisol was significantly elevated in all fish subjected to CUS independent of L. 

plantarum supplementation. The elevation of serum cortisol was also accompanied by a 

significant lymphopenia and monocytosis in all stress groups. The discrepancies between 

probiotics modulating stress responses in rodents and seemingly not affecting HPI axis 

activation in our study is possibly due to the nature of chronic unpredictable stressor 

administered.  

Probiotics are often used to correct dysbiosis states of the GM. The result of the current 

study further demonstrate that probiotic supplementation is protective against stress-

induced dysbiosis of the GM in adult zebrafish. Specifically, the major core phylum 

(Fusobacteria) was greatly diminished in chronically stressed zebrafish not treated with L. 

plantarum. However, only minor stress-induced changes occurred in zebrafish with 

probiotic supplementation. Microbiota structural alterations were accompanied by 

predicted functional metabolic changes. In particular it was shown that stress-induced 

downregulation of riboflavin biosynthesis occurred in stressed fish not supplemented with 

L. plantarum. Riboflavin and the synthesis of other vitamins was of interest due to their 

protective roles against oxidative stress125. In conclusion, this study demonstrates that 

probiotics modify the GM as well as additional evidence of key metabolic pathways that 

could lead to physiological changes in the host. These findings underscore the influence 
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commensal microbes have on neurological function and behavioral responses, while 

demonstrating clear bidirectional communication between the GM and CNS. Moreover, 

the results provide further support for the use of zebrafish for microbiota-related 

neuroimmune research. 
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Table 5.1 

Chronic unpredictable stress (CUS) paradigm  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Morning Evening

Day 1 Chasing (8 minutes) Tank changes (x6)

Day 2 Over-crowding (60 minutes) Dorsal body exposure (2 minutes)

Day 3 Social isolation (30 minutes) Tank changes (x6)

Day 4 Dorsal body exposure (2 minutes) Chasing (8 minutes)

Day 5 Tank changes (x6) Dorsal body exposure (2 minutes)
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Table 5.2 

Complete list of primer sequences used for qPCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol Forward Primer Reverse Primer Reference 

gad1 5'-AACTCAGGCGATTGTTGCAT-3' 5'-TGAGGACATTTCCAGCCTTC-3' Hortopan et al (2010)

gabra1 5'-TCAGGCAGAGCTGGAAGGAT-3' 5'-TGCCGTTGTGGAAGAACGT-3' Hortopan et al (2010)

slc6a4a 5’-TAACCACTACAGTTTGGCTTGATG-3’ 5’-AACAGTTAACCGAGCTTGTGAT-3’ Wong et al (2013)

slc6a4b 5’-GCCGAGGAGTTTTACACGAGGA-3’ 5’-ACATATGGCAGGGTGGCAGT-3’ Wong et al (2013)

oxtl 5’-ATTCGACAGTGTATGCCGTG-3’ 5’-TCACACGGAGAAGGGAGAAA-3’ Wong et al (2013)

npy 5’-ACTACATCAACCTCATAACAAGGC-3’ 5’-GATGAGATCACCATGCCAAATGAT-3’ Wong et al (2013)

ef1a 5’-CCTCTTGGTCGCTTTGC-3’ 5’-GGTGTGATTGAGGGAAATTCA-3’ Wong et al (2013)
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Figure 5.1 

 

 
 
 

L. plantarum supplementation alters the structure of the GM in adult zebrafish. (A–

C) L. plantarum treatment did not alter alpha diversity of the GM as determined by (A) 

Shannon Diversity Index, (B) Chao1 Index, and (C) Simpson Index. (D) Principal 

component analysis demonstrates distinct structural differences in zebrafish treated with L. 

plantarum compared to controls. (E) qPCR confirms a significant elevation of L. plantarum 

species in treated zebrafish. Data shown are represented by mean ± SEM (n = 5–7 

fish/group for 16S rRNA sequencing data and n = 5–7 fish/group are analyzed in duplicate 

for qPCR data). Asterisks (*) denote p values ≤ 0.05 (student’s t-test). 
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Figure 5.2 

 
 
LEfSe analysis reveals minor core changes in the GM of L. plantarum treated 

zebrafish. (A) Linear discriminant analysis (LDA) effect size (LEfSe) revealed specific 

taxa enriched in either the control (gray) or L. plantarum treated (blue) groups. (B–G) 

Relative abundance of taxa found to be significantly altered by L. plantarum treatment. 

Data shown are represented by mean ± SEM (n = 5–7 fish/group). Asterisks (*) denote p 

values ≤ 0.05 (student’s t-test). 
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Figure 5.3 

 
 
 
 

PICRUSt analysis reveals functional changes in the GM of L. plantarum treated 

zebrafish. Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

States (PICRUSt) predicted functional profile alteration of microbial communities 

enriched in L. plantarum treated zebrafish. (n = 5–7 fish/group). (Linear discriminant 

analysis; LDA). 
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Figure 5.4 
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L. plantarum modulates anxiety-related behavior and the GABAergic pathway in 

adult zebrafish. (A‒B) No differences were detect in locomotor activity between controls 

and L. plantarum treated zebrafish. (C‒F) Zebrafish supplemented with L. plantarum 

exhibit significantly less anxiety-related behavior than controls as indicated by number of 

transitions into the upper zone (C) and time spent in the upper portions of the tank (D‒F). 

(G) Quantitative real-time PCR of candidate genes thought to be associated with anxiety-

related behavior. Genes encoding the GABA-A alpha 1 receptor (gabra1) and serotonin 

transporter A (slc64a) are up-regulated in L. plantarum treated zebrafish. No differences 

were detected in neuropeptide expression levels (npy and oxtl) in L. plantarum treated fish 

compared to controls. Data shown are represented by mean ± SEM (n = 14–16 fish/group 

for behavior data and n = 6 fish/group ran in duplicate for qPCR data). Asterisks (*) denote 

p values ≤ 0.05 (student’s t-test). 
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Figure 5.5 

 

 

 

Physiological effects of CUS are unaffected by L. plantarum treatment. (A) Serum 

cortisol was significantly elevated in zebrafish subjected to CUS. (B‒E) Leukocyte 

differentials reveal that CUS zebrafish have a significant reduction of circulating 

lymphocytes (B), a significant increase in circulating monocytes (C), and no alterations in 

neutrophils or eosinophils (D and E, respectively) compared to non-stressed controls. Data 

shown are represented by mean ± SEM (n = 12 fish/group for ELISA data and n = 3‒4 

fish/group for leukocyte differentials). Asterisks (*) denote p values ≤ 0.05 (two-way 

ANOVA). 
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Figure 5.6 

 
 
 
Stress-induced shifts in the GM are attenuated by L. plantarum. (A‒C) Chronic 

unpredictable stress (CUS) induced dramatic alterations of the GM in control zebrafish, 

however L. plantarum treatment was shown to be protective against this stress-induced 

dysbiosis. (A) The relative abundance of the core phylum, Fusobacteria, was greatly 
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diminished in the chronically stressed control group, whereas the major core GM remained 

intact in the chronically stressed L. plantarum treated fish. (B–C) Principal component 

analysis revealed significant shifts in response to CUS in the control group, while 

chronically stressed L. plantarum treated zebrafish cluster in conjunction with non-stressed 

fish. (n = 12 fish/group). 
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Supplementary Figure 5.1 

 
 

PICRUSt analysis reveals stress-induced functional alterations of the GM (not 

supplemented with L. plantarum). Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States (PICRUSt) predicted functional profile alteration of 

microbial communities in control zebrafish subjected to chronic unpredictable stress 

(CUS). (n = 12 fish/group). (Linear discriminant analysis; LDA). 
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Supplementary Figure 5.2 

 
 
 

PICRUSt analysis reveals stress-induced functional alterations of the GM in L. 

plantarum treated zebrafish. Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States (PICRUSt) predicted functional profile alteration of 

microbial communities in L. plantarum treated zebrafish subjected to chronic 

unpredictable stress (CUS). (n = 12 fish/group). (Linear discriminant analysis; LDA). 
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Supplementary Figure 5.3 
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PICRUSt analysis reveals L. plantarum protection of up-and down- regulation of 

stress-induced functional alterations of the GM. Phylogenetic Investigation of 

Communities by Reconstruction of Unobserved States (PICRUSt) predicted functional 

profile alteration of microbial communities in both control and L. plantarum treated 

zebrafish subjected to chronic unpredictable stress (CUS). (n = 12 fish/group). (Linear 

discriminant analysis; LDA). 
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CHAPTER 6:  
CONCLUSION AND FUTURE DIRECTIONS 

 
 
The studies presented in this dissertation demonstrate the influence the GM has on brain 

function and behavior. Modulation of neurobehavioral phenotypes in isogenic mice was 

shown to be directly correlated with divergent GM. Specifically, female mice with a 

diverse GM exhibited less anxiety- and depression- related behavior compared to 

counterparts with a more simplified GM. The mitigation of these behavioral responses were 

also shown to have sex-specific interactions. Male mice with the same diverse or simplified 

GM as the females demonstrated opposite effects. Behavioral readouts and microbiome 

data were correlated to brain-derived neurotrophic factor (BDNF) and cytokine expression 

levels, however, determining individual microbes and/or combinations of microbial 

populations involved in influencing anxiety- and depression- related behavior merit 

additional studies.  

To further investigate complicated interactions between the GM and gut-brain signaling, 

new model systems were explored. Zebrafish were an ideal candidate due to their 

neurobehavioral similarities with mammals, cost-efficient and high-throughput nature, and 

the ability to readily produce and control gnotobiotic zebrafish. 

Germ-free larvae were generated to evaluate the impact the GM has on anxiety-related 

behavior and stress responses. These gnotobiotic studies demonstrated that the GM 

significantly alters anxiety-related behavior and that a GM is required for mounting an 

appropriate stress response. To further investigate the ability for the GM to alter stress-
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related physiology and behavior, both zebrafish larvae and adults were supplemented with 

the probiotic Lactobacillus plantarum. Probiotic-treated zebrafish exhibited an alteration 

in their GM as well as reduced anxiety-related behavior. Together these findings offer 

additional support in implicating the GM as a key player in modulating brain function and 

behavior. This study also sets the foundation for microbiome-related neuroimmune 

research in zebrafish, allowing for the potential of high-throughput screening to assess 

microbial effects on neuro-modulation. 

Future directions for this study would entail further dissecting out mechanisms of how 

microbes in the GM, such as L. plantarum communicates with the CNS to influence 

behavior. One route to consider would be to utilize mutant animal models. For example, 

generating a sox10-null zebrafish and performing anxiety-related behavior testing on 

mutant fish supplemented with and without L. plantarum. Sox10 is expressed in neural 

crest cells that are involved in vagal innervation in the zebrafish. This could lend 

information on L. plantarum utilizing direct signaling through the vagus nerve for 

modulating anxiety-related behavior. Furthermore, generating models with over- or under-

expression of tight junction proteins within the epithelial barrier could provide evidence 

for mechanisms of translocation of neuroactive compounds that can lead to behavioral 

modifications.  

Additionally, it would be interesting to follow-up on some of the intriguing anecdotal data 

that we came across during this work. For instance, predicted enrichment of the folate 

biosynthesis metabolic pathway in L. plantarum supplemented zebrafish. Foods high in 
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folic acid are thought to reduce anxiety in some circumstances, however the exact 

mechanism in yet to be determined. It is interesting that many critical cellular pathways are 

dependent on folate as a limiting factor for a 1-carbon source including DNA, RNA, and 

protein methylation. This leads to the possibility of metabolic alterations in the GM, such 

as folate biosynthesis, to result in differential nucleic acid methylation. These epigenetic 

changes could then result in wide variations of gene expression and thus alter many 

neurobehavioral pathways.  

By setting the foundation for microbiota-related neurobehavioral research in the zebrafish 

model, the work presented in this dissertation opens up the potential to further explore 

mechanisms of gut-brain communication in a cost-effective, high-throughput manner. 

Pinpointing exactly how the GM can influence neurobiology and neurophysiology will 

greatly facilitate the ability to therapeutically target the GM for many neurological 

disorders.  
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