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Abstract  

 Candida albicans is the most common commensal fungus found in the human gut 

microbiota.  C. albicans is also an opportunistic pathogen and the primary cause of 

nosocomial fungal infections.  This research investigated interactions between C. 

albicans and the host during commensal colonization using a murine gastrointestinal 

colonization model, to define how C. albicans affects host health when present as a 

member of the gut microbiota.  An acute colonization model demonstrated that C. 

albicans colonization interacted with the host gut-brain axis and resulted in increased 

production of the hormone corticosterone (CORT) and increased anxiety-like behavior.  

Metabolomics analysis of the gastrointestinal (GI) tract revealed increased lipid 

abundance in general and a subset of neuroactive lipids, endocannabinoids, in particular 

in the C. albicans-colonized mice.  Gene expression analysis of the liver revealed 

changes in expression of host genes that regulate that lipid homeostasis and glucose 

metabolism in response to the increased lipids in the C. albicans-colonized GI tract.  

Pharmacological manipulation of the endocannabinoid system demonstrated that these 

changes in the GI tract were responsible for the altered CORT production and anxiety-

like behavior and revealed a novel mechanism by which changes to the gut microbiota 

resulted in changes to the gut-brain axis.   

 Humans are likely colonized with C. albicans over a period of weeks to months, 

therefore a long-term colonization model was used to investigate the impact of continued 

C. albicans carriage.  Using this model, C. albicans was shown to induce an immune 

response that was protective against challenge with the gastrointestinal pathogen 

Clostridioides difficile.  In the context of long-term colonization, C. albicans was also 
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shown to influence the bacterial members of the gut microbiota and resulted in decreased 

resilience of the bacterial gut microbiota in response to antibiotic perturbation.  Together 

these studies demonstrate that the fungus C. albicans plays an important role in 

modulating host health under conditions of homeostasis and in response to challenge with 

a bacterial pathogen or antibiotic disruption.   
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Chapter 1 Introduction 

1.1 Candida albicans and the mammalian host 

Candida albicans is a eukaryotic microbe found in the human oral and gut 

microbiome, is acquired shortly after birth1 and stably colonizes ~60% of humans2–4.  C. 

albicans is a pleomorphic fungus which grows as either budding yeast or filamentous 

hyphal cells5 and can also exhibit non-sexual phenotypic switching, all of which 

contribute to its ability to generate highly variable populations6.  It is able to adapt to a 

wide-range of environments within the mammalian host and can survive and colonize in 

niches with variation in pH, oxygen and carbon dioxide levels and nutrient availability.  

In addition to being a highly adapted commensal microbe, C. albicans can also cause 

severe disease in an immunocompromised host.  When a human host undergoes a change 

in immune status, such as becoming neutropenic following treatment with chemotherapy 

or other immunosuppressive drugs, C. albicans already present in the gut can invade the 

tissue, enter the bloodstream (Candidemia) and seed a distal organ such as the kidney, 

causing severe damage (Candidiasis)7,8. 

Over the course of their shared evolutionary history, the mammalian immune 

system has evolved to control C. albicans levels in the gastrointestinal (GI) tract, 

preventing its spread and limiting the C. albicans load without eliminating C. albicans 

entirely.  This balanced immune response results from the induction of both the 

inflammatory Th17 response and the induction of tolerogenic dendritic cells and 

regulatory T cells9–12.  Mice deficient for any one of the various arms of the complex 

immune response to C. albicans can develop candidiasis, increased inflammation and 

dissemination.  An inflammatory Th1 response is required to control C. albicans growth 
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in the GI tract and involves both IFN-γ and IL-12 signaling.  Mice lacking the IFN-γ 

receptor as well as IL-12p40-/- mice both were unable to control gastrointestinal C. 

albicans infections, resulting in persistently high levels of C. albicans in the GI tract and 

the development of invasive abscesses in the stomach13,14.   In systemic infection or oral 

mucosal infection models, an inflammatory IL-17/IL-23 response is also required for 

protection from C. albicans disease15,16, although these cytokines are actually detrimental 

to host antifungal response in the GI tract12.  In addition to the inflammatory immune 

response, appropriate control of C. albicans in the GI tract also involves the development 

of the anti-inflammatory and tolerogenic immune response mediated by regulatory T 

cells.  In response to gastrointestinal C. albicans colonization, nTreg cells accumulate in 

the GI tract, produce IL-10 and increase IDO production, decreasing damaging neutrophil 

inflammation and inducing the development of tolerogenic dendritic cells9,17.  The 

interaction between the host and C. albicans in the GI tract is a complex balance between 

sufficient inflammation and fungal killing to prevent tissue invasion and disease and 

limiting that inflammation to prevent the immune system from causing damage to the 

host. 

In addition to allowing C. albicans to survive in the GI tract, this tolerant immune 

response is also beneficial to the host: the tolerogenic dendritic cells induced protect the 

host from experimental colitis10 and the stimulation of the Th17 response is protective 

against subsequent challenge with the serious gastrointestinal pathogen Clostridioides 

difficile18 as well as the common bacterial pathogen Staphylococcus aureus19.  Through 

its immunoregulatory properties, C. albicans thus acts as a true mutualist, as it benefits 

from the host’s limited response and the host benefits from its presence. 
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However, if C. albicans is present in the GI tract of an immunocompromised host 

or host with pre-existing damage and inflammation of the GI tract, it can have the 

opposite effect on the immune environment.   Various studies of patients with 

inflammatory bowel disease (IBD) correlated symptom severity with the presence or 

increased abundance of C. albicans20–22.  In rodent models of IBD or other types of GI 

tract disruption, the addition of C. albicans to the disrupted or inflamed GI tract worsened 

symptoms and delayed healing23–25.  The contrast between the protective immune 

response stimulated in the healthy host and the detrimental immune response in a host 

with underlying GI tract disease demonstrates that C. albicans is poised to exploit a 

change in host health or immune status, and switch to acting as a pathogen. 

 

 

 

 

 

 

 

 

Figure 1.1: C. albicans interacts with the host gut environment.  A) Changing host 

diet can affect the level of C. albicans colonizing the GI tract.  Glucose 

supplementation increased C. albicans load while the addition of MCT oil to diet 

decreases C. albicans load.  B) C. albicans stimulates an inflammatory immune 

response that is protective against infectious disease but can exacerbate pre-existing 

host inflammatory disease. 

A 

B 
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In addition to inducing changes in its host, C. albicans also changes its own 

transcriptional program in response to the host.  Several transcription factors have been 

characterized as key regulators of commensal behavior as their regulatory targets include 

C. albicans metabolism, cell surface protein expression and cell morphology, are 

differentially regulated in vivo compared to laboratory growth and indeed are 

differentially regulated in pathogenic versus commensal mouse models26–29.  One of these 

transcription factors, Efg1, is expressed at varying levels through the population of cells 

and allows the colonizing C. albicans to sense the immune status of the host.  In a healthy 

host, cells with a low level of Efg1 are rapidly eliminated by the immune system, while 

cells with a high/stable level of Efg1 can persist30.  In the absence of the immune 

response, the low Efg1 state outcompete the high Efg1 cells and have increased 

expression of metabolic genes allowing them to hypercolonize the GI tract26,30.  Thus 

Efg` can act as an “immunosensor”: variation in the Efg1 expression level in the 

population allows C. albicans to persist in the GI tract with the high Efg1 cells, and 

expand using the low Efg1 cells if the host becomes immunocompromised31. 

In addition to host-microbe interactions via the immune system, metabolic 

interactions between the host and C. albicans can affect the level of C. albicans in the GI 

tract and therefore its ability to cause disease.  C. albicans is highly adapted to life in the 

GI tract and expresses an array of genes that allow it to utilize a range of host nutrients 

while colonizing the stomach through the large intestine.  Although some of these 

environments have limited glucose availability (due to efficient host absorption and 

utilization) C. albicans can use long-chain fatty acids as a sole carbon source and 

efficiently convert them to glucose via β-oxidation followed by gluconeogenesis32,33.  
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Changes in availability of host nutrients can significantly impact C. albicans carriage in 

the GI tract.  A glucose-supplemented diet significantly increased the level of C. albicans 

in the GI tract of infant mice such that colonizing C. albicans was able to invade the 

stomach tissue after subsequent immunosuppression, while mice without glucose 

supplementation had significantly less invasion even after immunosuppression34.  

Conversely, an adult antibiotic-treated mouse model demonstrated that switching to a diet 

with limited long-chain fatty acids and rich in medium-chain fatty acids was sufficient to 

significantly decrease established C. albicans colonization of the GI tract35 due to 

decreased C. albicans β-oxidation of lipids and thus decreased access to nutrients. 

Understanding the connection between the mammalian host and C. albicans is 

clinically relevant, because C. albicans is the most common life-threatening fungal 

pathogen of humans36,37.  Research into host-C. albicans interactions and how changes in 

host and microbe precede a switch from commensal to pathogenic behavior is therefore 

valuable and could help develop antifungal tools to prevent this switch from occurring.  

Previous research has focused largely on immune and to some extent the metabolic 

connections between C. albicans and the mammalian host.  In light of the severe disease 

that gastrointestinal C. albicans is capable of causing should a host become 

immunocompromised, why is C. albicans the predominant fungal member of the human 

gut microbiome?  

1.2 The gut microbiota protects the host from Clostridioides difficile disease 

One well characterized way that bacterial members of the gut microbiota 

contribute to host health is through defense from gastrointestinal microbial pathogens.  

The bacterial gut microbiota is a major host defense mechanism against C. difficile 
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infection (CDI) and subsequent disease; CDI is a common, deadly and difficult to treat 

nosocomial infection.  The diverse bacterial community of the gut microbiota limits 

available nutrients and physical space for C. difficile to infect the host, a phenomenon 

referred to as colonization resistance.  More specifically, by transforming primary bile 

acids (compounds produced by the liver which aid in digestion of fat) to secondary bile 

acids in the intestine, the bacterial microbiota inhibits C. difficile spore germination and 

outgrowth38.  Primary bile acids stimulate C. difficile spore germination, while secondary 

bile acids inhibit C. difficile vegetative growth39.  Species of bacteria such as Bacteroides 

sp., Clostridia sp., and Lactobacillus sp. break down host-derived primary bile acids to 

secondary bile acids in the terminal ileum40.  The bacterial microbiota is generally 

protective against gastrointestinal pathogens and specifically prevents CDI. 

We also know that the gut microbiota is a key part of the normal host defense 

against C. difficile disease because disruption of the microbiota through treatment with 

antibiotics and exposure to C. difficile spores in a hospital setting are major risk factors 

for developing C. difficile disease.  Although CDI can be treated with antibiotics, disease 

recurrence happens in 15-30% of patients41.  Once one episode of recurrence has 

occurred, subsequent recurrences are likely to occur, as antibiotics successfully kill the 

pathogenic C. difficile bacteria but also kill commensal bacteria and limit the ability of 

the normal gut microbiota to recover.   

Replacing the disrupted or eliminated gut microbiota of a CDI patient with a 

normal gut microbiota via fecal microbiota transplantation (FMT) has been widely 

successful in treatment of recurrent CDI, demonstrating that the normal gut microbiota is 

sufficient for protection from CDI disease42–45.  However, the specific microbes involved 
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in this protection have not been identified- different bacterial species and combinations of 

species have all been shown to be capable of protecting the host from disease in rodent 

models38,46.  Human FMT trials have utilized the transfer of complete gut microbiota 

communities, in as much as whole communities can be transferred from donor feces.  

Although the gut microbiota has been shown to play a role in many different aspects of 

human health, these FMT trials to treat recurrent CDI are the best example of how 

changing the gut microbiota is sufficient to improve host health. 

 The fungal members of the gut microbiota, or mycobiome, could also play a role 

in the success or failure of FMT as a treatment for CDI and may affect the overall 

efficacy of the microbiota in preventing CDI occurrence.  In one study, researchers 

sequenced the internal transcribed spacer (ITS2) region of microbiota DNA samples from 

patients to define the mycobiome and identified a significant enrichment in nine fungal 

genera in patients with CDI compared to patients with diarrhea that did not have CDI47.  

Due to the limited reference genomes of fungi, only one of the nine enriched genera was 

identified: the Penicillium genus.  Although not causal, this correlation suggested that an 

increase in commensal fungus abundance could be a feature of CDI.  Other studies that 

sequenced the mycobiome have similarly found an overall enrichment of various fungal 

genera in patients with CDI diarrhea, including the most common commensal fungus C. 

albicans48,49.  Studies that did not sequence the entire mycobiome, but only screened for 

the presence of C. albicans have found both negative50 and positive51,52 correlations 

between the presence of C. albicans and CDI, perhaps indicating that the effect of C. 

albicans on host CDI risk depends on additional host and microbial factors.  This could 
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reflect a complex web of interactions that regulate C. albicans behavior as a commensal 

or an opportunistic pathogen in the GI tract environment. 

1.3 The gut microbiota as an ecosystem 

 In investigating the effect of C. albicans colonization on the host and overall host 

health, we also wanted to understand how C. albicans interacts with the bacterial 

members of the gut microbiota.  The bacterial gut microbiota is a complex and 

interconnected assemblage of bacterial species, which can vary widely from person to 

person in population composition but generally fulfills similar key metabolic functions53.  

Mammals are colonized shortly after birth with a simple gut microbiota, which then 

develops into the mature gut microbiota of adults by age one or two.  During this period 

of acquisition, the community shifts in response to changes in diet such as the 

introduction of solid foods as well as illness and exposure to antibiotics54.  Once matured, 

the gut microbiota of an adult is generally stable55, although its composition can still be 

shifted by radical changes in diet such as becoming a vegan (or a vegetarian switching to 

eating meat)56.  The process of acquisition, as well as the stability and diversity of the 

mature community, are likely regulated by interactions between bacterial species as well 

as collective interactions with the host.  Many such interactions during acquisition and 

apparent equilibrium remain uncharacterized and could be key to our understanding of 

what makes a “normal” or “healthy” microbiota so beneficial to the host. 

Although the role of individual bacterial species in affecting host health is largely 

unknown, overall diversity of the community is associated with improved human 

health57,58 and with protection from CDI59.  Diversity is clearly an important emergent 

property of the microbiota as a whole.  It could be helpful to investigate other 
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characteristics of the microbiota as a whole entity that contribute to host health, in 

addition to ongoing studies focused on defining the role of key genera of commensal 

bacteria.  The bacterial microbiota is a highly evolved, naturally-occurring and complex 

community of microbes, highly analogous to other natural ecosystems. To this end, the 

language and methodology of ecology provide a useful framework for analyzing the gut 

microbiota.  The gut microbiota has been shown to regenerate itself after disruption by 

antibiotic treatment, a quality known as the resilience phenomenon.  The classical 

ecological definition of resilience is the ability of a system to persist in the face of 

changes in the environment and return recognizably to its pre-disruption equilibrium60.   

Additional qualities of a complex ecosystem are also reflected in the gut microbiota 

community, including stability, the ability to resist perturbation and remain at 

equilibrium, and a more modern term, adaptive capacity, the ability to find resilience and 

stability across multiple stable states61. 

In investigating these underlying characteristics of the gut microbiota ecosystem, 

investigators often perturb the system and observe the response.  The more resilient and 

stable a community is, the stronger the perturbation required to achieve disruption.  In the 

context of the bacterial microbiota, perturbations can be short-term and severe, such as 

treatment with an antibiotic, or long-term and more subtle, such as a shift from an 

omnivorous to a vegan diet.  Studies in humans and using rodent models have shown that 

a high dose of antibiotics is sufficient to disrupt the gut microbiota ecosystem, such that 

the gut microbiota shifts significantly in composition and diversity and remains different 

from the starting community even after a period of several months55,62,63.  These studies 

demonstrate the limits to stability of the starting community, as it can be disrupted with a 
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severe enough perturbation, but also reflect the adaptive capacity of the microbiota- once 

the antibiotics are removed, although the community does not return to its starting state it 

does adopt a new, stable equilibrium state (rather than varying at random). 

Adaptive capacity is often a trait that increases the health of an ecosystem in that 

it allows the community to reassemble even after a severe perturbation.  In the case of the 

gut microbiota, the ability to adopt a separate but equally stable state can be a hindrance, 

as in the difficulty in treating a disease such as IBD in which the microbiota is present, 

stable, but characterized as “dysbiotic”.  One reason why FMT may have had such mixed 

results in the treatment of diseases such as IBD, in contrast to its overwhelming success 

in treating CDI, is the inherent stability and resilience of the dysbiotic IBD microbiota.   

CDI patients are suffering from an infection with a single pathogen, C. difficile, 

which dominates the GI tract and causes disease symptoms.  This population dominated 

by a single bacterial species is far less stable than a complex community such as a 

complete microbiota, therefore the addition of a stable collection of microbes through 

FMT is able to outcompete and eliminate the pathogen and treat CDI effectively.  In 

order to effectively treat a disease like IBD, one would need to replace the existing stable 

but dysbiotic community with an equally stable and persistent “healthy” microbiota, 

which researchers have thus far been unable to accomplish.  By continuing to 

characterize interactions between members of the healthy and dysbiotic gut microbiota, 

as well as with the host environment, we can better understand these bacterial ecosystems 

and develop new tools to push them from a dysbiotic stable state to a healthy stable state. 

Previously researchers have demonstrated that C. albicans colonization alters the 

composition and diversity of the bacterial gut microbiota when mice are pre-treated with 
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antibiotics and then gavaged with C. albicans.  Researchers identified overall separation 

in communities with and without C. albicans after three weeks of recovery from 

antibiotics (altered beta diversity) and specifically found that colonization with C. 

albicans inhibited recovery of Lactobacillus sp. and promoted recovery of Enterococcus 

sp.64  These results indicated that C. albicans can affect how the gut microbiota recovers 

from antibiotic treatment.  Additional research to characterize bacteria-fungal interactions 

in the context of the host environment would add another dimension to our understanding 

of the gut microbiota. 

1.4 The gut-microbiota-brain axis 

Several decades of investigation have demonstrated that the bacterial gut 

microbiota influences virtually every aspect of mammalian host health, including the gut-

brain axis.  The term gut-brain axis refers to the myriad bidirectional connections 

between the GI tract and the brain.  These connections occur systemically, through the 

production of circulating mediators from enteroendocrine and immune cells in the GI 

tract, such as cytokines, hormones and metabolites, as well as through direct signaling 

from the GI tract environment to the brain via the enteric nervous system or the vagus 

nerve.  Signals from the brain in turn can regulate activity in the GI tract, as the brain 

sends signals back down to the GI tract to regulate digestion, metabolism and 

motility65,66.  Changes to the gut and the brain can affect the composition of the 

microbiota and changes in the microbiota can alter the GI tract environment and affect 

the local gut environment and the brain.  
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Specifically, researchers using mouse models have demonstrated significant 

changes in the composition of the gut microbiota in response to changes in the gut such 

as altered diet67,68 or GI tract inflammation69 and in response to changes in the brain such 

 

as chronic psychological stress70 or the induction of depression-like behavior71.  

Conversely, interventions that target the microbiota such as antibiotic treatment or 

repeated exposure to probiotic strains of bacteria alter permeability72 and motility73 of the 

GI tract, local and systemic metabolite abundance74–77 and the production of 

hormones73,78,79.  These changes to the microbiota can also change the brain, in that 

modifying the microbiota has been shown to alter anxiety-like75,80–82 or depression-like 

behavior83,84 as well as the acute psychological stress response80,85,86.  Although many of 

these studies broadly disrupted the gut microbiota with antibiotics or compared germ-free 

Figure 1.2: The gut-microbiota-brain axis.  The gut (containing the microbiota) 

and the brain are connected by many pathways, three of which are highlighted here. 

A) The immune system can be stimulated by the microbiota and can interact with the 

brain either through inflammatory cytokines that circulate in blood (C) and interact 

with receptors at the blood-brain barrier or by interacting with receptors on afferent 

neurons in the gut that signal to the brain.  B) The microbiota can change levels of 

neurotransmitters or other signaling compounds in the GI tract which interact with 

receptors on vagus nerve endings or afferent nerves of the enteric nervous system 

which signal directly to the brain.  C) In addition to inflammatory cytokines, the 

microbiota can affect production of hormones or energy precursor metabolites in the 

GI tract, which then travel through the blood and signal at the blood-brain barrier.   
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and specific-pathogen free animals, some research has been done to characterize the role 

of individual bacterial species in regulating the gut-microbiota-brain axis.  

Probiotic Lactobacillus sp. and Bifidobacteria sp. have been shown to reduce the 

neuroendocrine stress response86 and anxiety-like87 and depression-like84 behavior in 

rodent models.  Limited human trials have demonstrated that daily probiotic consumption 

can sufficiently alter the gut microbiota to alleviate symptoms in the gut, in patients with 

ulcerative colitis88 and irritable bowel syndrome89,90, and in the brain, in patients with 

depression91,92.  However, there have also been several human trials in which probiotic 

formulations did not affect health outcomes93–95. 

Additional research is required to determine why certain patient populations 

respond to treatment while others are unaffected, and to understand the various 

interactions between the gut and the microbiota, or the gut, microbiota and brain that 

determine whether or not treatment is successful.  Finally, the studies described above 

Table 1.1: Summary of probiotic intervention studies and outcomes.  This table 

summarizes the findings of representative studies referenced in the text.  Multiple 

studies using rodents have demonstrated improvement in either gut health, mental 

health or both.  Studies in humans have had mixed results.  It is relevant to note that 

the outcome of the Niv et al 2005 study showed comparable improvement in patients 

in the placebo and probiotic-treated groups, which is why the outcome is reported as 

“no effect”. 
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required daily dosing with the probiotic bacterial strain(s), as it remains difficult to stably 

introduce desired bacterial species into the gut microbiota (in the absence of antibiotic 

treatment as is used when treating C. difficile infection with fecal microbiota transplant).  

Increased understanding of microbial community dynamics as well as their interactions 

with the host would improve our ability to make long-term changes to the microbiota to 

improve human host health. 

One component of the gut-brain axis which can be affected by the gut microbiota 

is the hypothalamus-pituitary-adrenal (HPA) axis, is described in more detail below. 

1.5 The hypothalamus-pituitary-adrenal axis 

The HPA axis is important both as a regulator of homeostasis and in responding 

appropriately to acute psychological stress.  In response to a stressor (and thus signals 

from various parts of the brain to the hypothalamus), neurons of the paraventricular 

nucleus (PVN) of the hypothalamus release the hormone corticotropin-releasing hormone 

(CRH).  CRH binds to receptors on the pituitary leading to the systemic release into the 

bloodstream of adrenocorticotropin releasing hormone (ACTH).  ACTH binds to 

receptors on the adrenal gland, 

Figure 1.3: The hypothalamus-pituitary-adrenal 

axis.  This pathway regulates production of the 

glucocorticoid hormone corticosterone, produced 

both in response to acute stress and under basal 

conditions.  In response to stimulation, the 

paraventricular nucleus of the hypothalamus releases 

the hormone corticotrophin-releasing hormone 

(CRH), which interacts with the pituitary gland and 

triggers the release of adrenocorticotropin releasing 

hormone (ACTH), which circulates systemically and 

interacts with the adrenal gland to increase release of 

the hormone corticosterone (CORT).  In addition to 

many targets described below, CORT negatively 

regulates its own production. 
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resulting in the systemic release of corticosterone in rodents or cortisol in humans 

(referred to generally as CORT).  CORT circulates throughout the body and has 

pleiotropic regulatory effects, as nearly every cell in the body expresses receptors for 

CORT96.  CORT regulates metabolism, immune cell function, reproduction and skeletal 

growth, to coordinate normal host function, initiate an effective stress response and limit 

the extent of the stress response97. 

There are two receptors for CORT, the mineralcorticoid receptor (MR) and the 

glucocorticoid receptor (GR).  MR has a 10-fold higher affinity for CORT than GR, 

allowing cells to respond to low basal levels of circulating CORT via the MR to regulate 

homeostatic processes, and to respond to high concentrations of CORT via the GR to 

stimulate stress responsive pathways98.  GR is a cytoplasmic protein with a central DNA-

binding domain which contains two zinc finger binding motifs that recognize and target 

DNA sequences with the consensus binding sequence AGAACAnnnTGTTCT99.  The 

ligand-binding C-terminal domain of GR has a hydrophobic pocket which interacts with 

CORT as well as additional regions that interact with coregulators100.  Once in the 

nucleus, activated GR can bind to DNA directly to increase or decrease gene 

transcription, regulating cell processes on the order of minutes to hours.  In addition to 

regulating various processes in tissues throughout the body, CORT also forms a classic 

negative feedback loop and negatively regulates its own production at the level of the 

brain, pituitary and adrenal gland96. 

One set of transcriptional targets for stress-induced CORT and GR is energy 

metabolism: CORT induces global metabolic changes to fuel the stress response.  CORT 

increases hepatic gluconeogenesis, stimulates lipolysis in fat cells and increases free 
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amino acids by inhibiting protein synthesis97,101,102.  Either directly, or in response to the 

CORT-induced increase in blood glucose, stress levels of CORT also increase insulin 

secretion, leading to further systemic metabolic changes and limiting the levels of stress-

induced blood glucose101.  CORT also blocks glucose uptake in the brain, skin and 

adipose tissue, while not inhibiting uptake in the muscle.  This inhibition of glucose 

uptake increases catabolism in those tissues, freeing up substrates for gluconeogenesis in 

the liver and kidneys as well as altering the physiology of those tissues103. These actions 

increase energy availability and help the organism respond to a threat.   

Glucocorticoids like CORT are widely used as anti-inflammatory drugs in the 

human population to treat a range of conditions.  CORT enacts these anti-inflammatory 

properties by decreasing transcription of proinflammatory cytokines and reducing 

activation and proliferation of immune cells104,105.  GR bound to CORT increases 

transcription of IκB, the inhibitor protein that inactivates the pro-inflammatory 

Figure 1.4: CORT is a broad transcriptional regulator.  A) Under basal conditions 

CORT can bind to receptors in multiple regions of the brain to stimulate homeostatic 

behaviors such as appetite/feeding and locomotor activity.  It also stimulates 

gluconeogenesis in the liver under both basal and stress-induced (B) conditions.  B) In 

response to stress CORT negatively regulates its own production by decreasing CRH 

production in the brain.  It also plays an important anti-inflammatory role in 

controlling stress-induced immune stimulation. 

A B 
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transcription factor NF-κB, resulting in a decrease in transcription of many pro-

inflammatory factors including IL-6, IL-1, IL-2, IL-12, nitric oxide synthase, and COX-

2106,107.  This anti-inflammatory activity is a key way in which CORT limits the duration 

of the physiological response to stress: in part in response to the immediate release of 

catecholamines, the immune system is activated in response to psychological stress 

resulting in the release of pro-inflammatory cytokines into circulation 5-10 minutes after 

stress initiation108,109.  The transcriptional anti-inflammatory downregulation in response 

to the increase in CORT (minutes to hours after stressor) ensures that inflammation in 

response to stress does not persist after the resolution of a stressor.  In this way, CORT 

regulates the return to homeostasis. In addition to being a key part of the acute stress 

response, CORT is also an important regulator of basal, homeostatic processes.  In the 

absence of stress, CORT release is regulated by the circadian rhythm: the roughly 24h 

long biological cycle controlled by the master circadian “clock” located in the 

suprachiasmatic nucleus (SCN) of the hypothalamus, which helps an organism coordinate 

life under stable conditions such as the sleep/wake times, activity and eating schedules.  

The major external cue for the circadian rhythm is light, which enters the retina and 

signals via nerve cells to the SCN.  Within the SCN, various transcription factors referred 

to as clock-controlled genes increase or decrease in response to this stimulation.  The 

SCN then signals to the PVN via the release of vasopressin, which stimulates CRH 

release in diurnal mammals (like humans) and inhibits CRH release in nocturnal 

mammals (like rodents)110.   This regulation leads to a gradual increase in circulating 

CORT over the course of the inactive period, peaking immediately prior to waking and 

the active period, and gradually decreasing over the course of the active period. 
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Additional stimuli, such as limiting access to food to normally inactive (daylight) hours 

in rodents, can alter circadian rhythmicity of peripheral organs including the adrenal 

gland implying that there is a secondary “clock” present in the adrenal gland regulating 

basal CORT release111.     

Circadian control of CORT is an important mechanism by which the central 

circadian clock regulates homeostatic processes.  Basal levels of CORT stimulate 

appetite101,112, locomotor activity and regulate metabolism in liver, adipose and muscle 

cells97,113,114.  Disruption of the circadian secretion of CORT is correlated with mood 

disorders115–117, obesity and metabolic syndrome114,118.  Long-term treatment with 

glucocorticoid drugs is associated with metabolic disorders such as insulin resistance and 

diabetes, obesity and cardiovascular disease119.  In patients with adrenal insufficiency, 

replacement with a high dose of exogenously administered CORT has significant adverse 

metabolic effects, while replacement with low doses that more closely mimic the 

circadian rhythm of CORT production (in small studies) appeared to be an effective 

treatment with fewer side effects119.  Together these results demonstrate the importance 

of CORT as a regulator of homeostasis, and the importance of its circadian rhythm.   

Rodent studies have demonstrated that disruption of either basal CORT secretion 

or altered regulation of the HPA axis response to stress can result in changes in anxiety-

like or depression-like behavior.  As a hormone that can regulate both the gut and the 

brain, CORT is a key mediator of the gut-brain axis. In addition to external cues, the 

circadian release of CRH from the hypothalamus is gated by the endocannabinoid 

system.  One endocannabinoid, anandamide, is a negative regulator that limits CRH 
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release in response to input from the SCN to provide a “brake” on basal CORT 

production.  The endocannabinoid system is described further below.   

1.6 The endocannabinoid system 

 

Researchers studying the major psychoactive component of marijuana, (-)-trans-

Δ9-tetrahydrocannabinol (THC) discovered the cannabinoid receptors CB1120,121 and 

CB2122, distributed on neurons throughout the body, and responsible for the numerous 

and well-documented effects of THC: altered mood, nausea suppression, pain relief and 

appetite-stimulation123.  Additional research revealed the endogenous ligands for these 

receptors, collectively referred to as the endocannabinoids, of which N-

arachidonoylethanolamine (aka anandamide, AEA)124 and 2-arachidonoylglycerol (2-

Figure 1.5: AEA signaling through CB1 limits activation at neuronal 

synapses.  Under basal conditions (A) AEA is synthesized in the post-synaptic 

cell by NAPE-PLD in response to neuronal activation.  It interacts with CB1 

present on the pre-synaptic cell to inhibit further neurotransmitter release 

providing a tight negative feedback loop. In the context of neurons in the PVN, 

this limits production of CORT or anxiety-like behavior.  In response to stress 

(B) there is increased activity and abundance of the AEA-degrading enzyme 

FAAH, which decreases the AEA available to signal and increases activation of 

downstream neurons. 

A B 
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AG)125 are the best characterized.  CB1 and CB2 are G-protein coupled receptors, which 

when activated inhibit the activity of adenylyl cyclase and initiate mitogen-activated 

kinase activity within the pre-synaptic neuron, decreasing neurotransmitter release126,127.  

AEA and 2-AG are synthesized in the post-synaptic cell in response to calcium influx 

after neuronal activation and rapidly diffuse across the synapse to bind to CB1 and/or 

CB2 receptors on the pre-synaptic cell, limiting further neurotransmitter release.  After 

acting at the receptor, AEA and 2-AG are internalized and degraded by intracellular 

enzymes fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) 

respectively128.  AEA interacts selectively with CB1 receptor while 2-AG is a moderate 

agonist at both the CB1 and CB2 receptors.  In addition to differential affinity, varying 

levels in different tissues of AEA and 2-AG allow for variable endocannabinoid control 

of neurotransmission in various contexts.   

The amount of AEA and 2-AG available for signaling is regulated by both the 

degradative and synthetic enzymes, although the synthetic pathway(s) of AEA remain 

incompletely understood.  2-AG is synthesized by sequential hydrolysis of membrane 

phospholipids and the rate-limiting step is carried out by the enzyme diacylglycerol lipase 

(DAGL)129.  One of multiple pathways that results in the synthesis of AEA is the 

cleavage of the precursor N-arachidonoyl phosphatidylethanolamine (NAPE) by the 

phospholipase NAPE phospholipase D (NAPE-PLD)130–132.  Pharmacological inhibition 

of either class of enzymes is effective at modulating tissue levels of endocannabinoids 

both in vitro and in vivo133–137, and they are major targets for drug development.  These 

inhibitors have also been an important tool in demonstrating the range of behavioral 

phenotypes and biological systems regulated by the endocannabinoid system using rodent 
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models.  Synthetic agonists and inhibitors that target the CB1 and CB2 receptors directly 

have also been used to elucidate the role each plays in regulating various processes.  In 

addition to these pharmacological tools, the successful generation of knockout mice 

lacking CB1, CB2, FAAH, MAGL, DAGL, or NAPE-PLD have also been used to 

determine the role of each part of the endocannabinoid system in regulating host 

physiology. 

In addition to enzymatic activity, substrate availability also influences 

endocannabinoid levels present in various tissues.  Both AEA and 2-AG are lipid 

signaling molecules built from arachidonic acid-containing phospholipids; therefore 

metabolic changes that alter availability of arachidonic acid can also affect production of 

AEA and 2-AG.  The synthetic enzyme NAPE-PLD does not have a substrate preference 

for phospholipids with a particular length/degree of unsaturation acyl chain138, such that 

the species of N-acylethanolamine synthesized reflects available fatty acids in the 

membrane phospholipids. Arachidonic acid is a ω-6 polyunsaturated fatty acid (PUFA, 

20:4n-6).  It can be synthesized in mammals from the essential fatty acid precursor, ω-6 

linoleic acid (18:2n-6), and is also itself present in the diet.  Feeding studies in various 

rodent models have shown that feeding a diet enriched with 18:2n-6 or 20:4n-6 fatty 

acids increased production of AEA in various tissues throughout the body including 

intestines, liver and brain139,140 while conversely feeding a diet enriched in ω-3 fatty acids 

resulted in decreased AEA levels, as it is inefficient to convert ω-3 to ω-6 acyl 

groups139,141 .  These studies demonstrate that fatty acid availability in the GI tract can 

affect endocannabinoid synthesis throughout the body.   
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Endocannabinoid CB1 receptors have been found throughout the brain and central 

nervous system, as well as on peripheral afferent nerves.  They broadly regulate 

neurotransmitter release in response to various stimuli, and can therefore play a major 

role in regulating many aspects of host physiology. Under basal conditions, AEA 

signaling within the amygdala limits excitation of neurons that regulate hypothalamus 

PVN activity, limiting CRH release from the hypothalamus and functioning as a brake on 

the circadian input from the SCN142.  In mice lacking CB1, or treated with a CB1 

antagonist to decrease AEA/CB1 signaling, mice have increased circulating ACTH and 

CORT, especially prior to the diurnal peak in basal CORT production143,144.  When an 

acute stressor is sensed, CRH signaling in the amygdala increases activity of the 

degradative enzyme FAAH, decreasing the amount of AEA available to signal, 

increasing activity of the downstream neurons and increasing CRH release from the 

hypothalamus to the pituitary145.  Regulation by 2-AG is observed during the acute stress 

response, as exposure to CORT increases 2-AG levels in the brain (possibly through 

inhibition of MAGL) and leads to increased 2-AG signaling and decreased input to the 

hypothalamus, limiting the duration of the CORT response146.  Endocannabinoid system 

signaling is an important regulator of basal CORT, the initiation of the stress-induced 

CORT response, and rapid negative feedback control of stress-induced CORT.   

As would be expected for a major regulator of the HPA axis, the endocannabinoid 

system has also been shown to be involved in regulating mood in humans, and emotional 

behavior such as anxiety-like behavior in rodent models.  The CB1 knockout mouse has 

increased anxiety-like behavior in the elevated plus maze (exploratory model for 

anxiety)147,148 as well as increased social anxiety149.  Similar results have been shown 
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pharmacologically using specific CB1 antagonists.  Increasing CB1 signaling, either 

genetically with the FAAH knockout mouse, or pharmacologically, through inhibition of 

FAAH or by administration of a CB1 agonist has the opposite, anxiolytic effect148,150,151 

although these studies have varied based on the strain of mouse used and laboratory 

conditions152,153.  Intriguingly, and in accordance with observations in the human 

population after marijuana consumption,  this anxiolytic effect in mice is biphasic: small 

increases in AEA /CB1 signaling alleviate anxiety while high doses of AEA or FAAH 

inhibitors actually increase anxiety154.  The transient receptor potential vanilloid type-1 

channel (TRPV1) has been shown to bind AEA, as well as other endocannabinoids in 

vitro155,156, and to have an opposing effect to CB1 in regulating emotional behavior.  

Inhibition of TRPV1 channels decreased anxiety-like behavior in rodents157 and TRPV1 

knockout mice were insensitive to an IL-1B-induced model of anxiety158.  Therefore at 

low doses, AEA (and increased AEA through FAAH inhibition) increase CB1 signaling, 

decreasing anxiety; but at high doses, FAAH inhibition also increases levels of other 

endocannabinoids that signal through TRPV1 (and are not CB1 agonists), and AEA is 

present at a high enough threshold that the pro-anxiety TRPV1 signal overrides the anti-

anxiety CB1 signal159.  The ratio of different endocannabinoid compounds in various 

tissues, as well as the expression level and sensitivity of the different receptors all can 

potentially alter the degree of activation at the synapse and therefore host phenotypes.  

1.7 Summary and major research questions investigated in this thesis 

 The thesis research that follows investigates the ability of the fungus C. albicans, 

a normal member of the gut microbiota, to affect host health both within the GI tract and 

systemically.  Although the role of bacterial members of the gut microbiota has been 
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investigated extensively, research into the effect of C. albicans on the host has largely 

focused on its interactions within the GI tract.  One research project builds on this 

research, characterizes the host response to C. albicans colonization of the GI tract and 

demonstrates that the C. albicans-dependent immune changes therein have functional 

consequences: the host is protected from C. difficile disease.  Another project goes 

beyond the GI tract and investigates the effect of C. albicans colonization on the host as a 

whole organism by focusing on changes to the gut-brain axis.  This research demonstrates 

that C. albicans colonization alters host behavior in response to a stressful situation as 

well as basal stress hormone production.   

 Untargeted metabolomics analysis as a part of this project also demonstrated a 

broad metabolic effect of C. albicans on host lipid homeostasis, as well as a specific 

effect on the abundance of endocannabinoid precursors in the GI tract and systemic 

endocannabinoid signaling.  These host phenotypes integrate multiple organ systems.  

Therefore by affecting them C. albicans colonization has a global impact on host health.  

Finally, a third project focuses on the bacterial members of the gut microbiota rather than 

the host response and investigates how the introduction of C. albicans into the microbial 

community changes the structure of the gut microbiota as well as important emergent 

qualities such as resilience and stability.   

Because C. albicans is a part of the normal human gut microbiota from infancy, 

we propose that the C. albicans-dependent changes we observed are actually a part of 

normal human development, and likely influence what we think of as “normal” immune, 

endocrine and metabolic states in a healthy adult.  As we have evolved with C. albicans 

in our GI tract over millennia, the changes we characterized in the C. albicans-colonized 
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mouse likely do not represent a pathogenic consequence of exposure to a microbe, but 

rather reveal how C. albicans influences normal, healthy host development. 



26 

 

Chapter 2 The commensal fungus Candida albicans dysregulates the host hypothalamus-

pituitary-adrenal axis and anxiety-like behavior through alteration of the host 

endocannabinoid system and the gut-brain axis1.  

  

 
1 Markey, Laura, Laverne Melon, Andrew Hooper, Jamie Maguire and Carol Kumamoto.  

“The commensal fungus Candida albicans dysregulates the host hypothalamus-pituitary-

adrenal axis and anxiety-like behavior through alteration of the host endocannabinoid 

system and the gut-brain axis.” To be submitted to PNAS 
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2.1 Introduction 

 Anxiety disorders  are the most prevalent mental health disorder worldwide, with 

a lifetime prevalence of 5-7% of the human population, based on large population 

studies160,161.  This number includes a range of disorders including generalized anxiety 

disorder, social anxiety disorder, specific phobias and panic disorder.  The etiology of 

anxiety disorders is complex and incompletely understood, although many different 

genetic and environmental factors have been shown to be involved162. One integrative 

aspect of host health that has been shown to affect anxiety-like behavior is the gut-

microbiota-brain axis.  The gut-microbiota-brain axis refers to communication between 

the gut and the brain through multiple host systems such as the immune system, 

metabolism and direct neuronal connections via the vagus nerve and the enteric nervous 

system.  Constant communication between the periphery and the brain is required for 

normal homeostasis.  When normal communication is disrupted changes in host health as 

a whole can result.   

 Researchers using germ-free or antibiotic-treated mouse models have 

demonstrated that the absence of the gut microbiota leads to dysregulation of the 

hypothalamus-pituitary-adrenal (HPA) axis, one component of the gut-brain axis, as well 

as changes in anxiety-like behavior75,82,85.  The endocrine output of the HPA axis, 

corticosterone (CORT), regulates transcription of genes in the immune, neuroendocrine, 

metabolic and cardiovascular systems.  Under basal conditions CORT release is regulated 

by the circadian rhythm and under these conditions circulating CORT helps to maintain 

homeostasis.  CORT is also a key part of the acute psychological stress response and 

increased CORT release is essential for rapidly mounting an effective response to stress.  
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Dysregulation of the HPA axis and CORT production is correlated with many different 

pathologies including disruption of the gut-brain axis and mental health disorders such as 

anxiety and depression.   

 Previous studies have shown that the gut microbiota plays a role in regulating the 

gut-brain axis.  The addition of probiotic bacterial species including Bifidobacterium sp. 

and Lactobacillus sp. has been shown to decrease anxiety-like behavior and normalize 

HPA axis function in mice86,163–166, indicating that these neuroendocrine phenotypes can 

be modulated by the presence or abundance of specific bacterial species within the gut 

microbiota.  Investigation into the contribution of the gut-microbiota-brain axis to mental 

health could reveal novel regulators of anxiety-like behavior and offer mechanistic 

insight into the etiology of the disease. 

   Candida albicans is a commensal fungus that colonizes the gastrointestinal (GI) 

tract of ~60% of the human population4,167,168.  Although a major colonizer of humans, its 

role as a member of the normal gut microbiota is largely uncharacterized.  Previous 

researchers have shown that gastrointestinal C. albicans colonization induces local and 

systemic immune changes which are protective against future systemic C. albicans 

infection and disease19, and against infection with bacterial pathogens such as C. 

difficile18 and S. aureus19.  The research that follows demonstrates that C. albicans affects 

host health beyond the GI tract.  We show that C. albicans dysregulates HPA axis 

activation and increases anxiety-like behavior in a mouse model by altering 

endocannabinoid metabolism in the GI tract.   

  The mammalian endocannabinoid system regulates both the HPA axis and 

emotional behavior, among other host systems.  It consists of two major lipid signaling 
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molecules, N-arachidonoylethanolamide (AEA) and 2-arachidonoylglycerol (2-AG) and 

their receptors CB1 (distributed throughout the nervous system) and CB2 (present 

primarily on immune cells)120,121,124.  AEA and 2-AG are produced in response to 

activation in post-synaptic neurons, and act at CB1 on pre-synaptic neurons to limit 

neurotransmitter release.  AEA and 2-AG levels are regulated by substrate availability 

and expression and activity of their synthetic and degradative enzymes128,139.  Using 

genetic and pharmacological tools researchers have demonstrated that decreased CB1 

signaling results in increased basal and stress-responsive CORT143 as well as increased 

depression-like and anxiety-like behavior148,150.   

 C. albicans is acquired as a fungal member of the gut microbiota soon after birth 

3,169,170 and thus could play a role in both the development and maintenance of the gut-

brain axis.  We used an acute murine model of gastrointestinal C. albicans colonization to 

assess the ability of C. albicans to interact with the host gut-brain axis.  We found that C. 

albicans colonization activated the host HPA axis and increased anxiety-like behavior via 

manipulation of the endocannabinoid system. 

2.2 Methods 

2.2.1 Animals 

Five-week-old female C57BL/6 mice (Jackson Laboratory) were cohoused in a large 

cage (24”x17”) and given sterile food, water and bedding.  Mice were allowed to 

acclimate to Tufts Animal Facility for three days during which time they were handled 

daily.  If mice were to be given an intraperitoneal injection of drug/vehicle prior to a 

behavioral test, mice were also given an intraperitoneal injection of sterile normal saline 

(0.9% w/v) daily during this acclimation period. 
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 The day prior to inoculation with C. albicans or mock-inoculation, mice were 

transferred to standard cages with three or four mice per cage.  On this day (day -1) fresh 

fecal pellets were collected, homogenized in PBS and the homogenate plated on YPD-SA 

agar (YPD agar plus 100µg/ml streptomycin and 50µg/ml ampicillin) and incubated at 

37°C for 2 days to confirm that mice were negative for cultivable fungi.  The following 

day mice were inoculated orally with C. albicans (5x107CFUs/mouse) or mock-

inoculated with PBS and moved to a fresh sterile cage (day 0).  On day one, fresh fecal 

pellets were collected from all mice and plated on YPD-SA to confirm colonization with 

C. albicans.  On day two, mice were put through a behavioral test, transferred from cages 

of four to cages of two (cages of three were not subdivided) and placed in fresh sterile 

cages.  On day three in most experiments, mice were sacrificed in the afternoon two to 

four hours prior to lights out.  In experiments investigating the effect of the circadian 

rhythm on CORT production, animals were sacrificed at various other timepoints as 

noted in the text. Animals were rapidly anesthetized with open-drop exposure to 

isoflurane and then sacrificed via decapitation.   

All experiments were done in compliance with Tufts University IACUC guidelines. 

2.2.2 Strains and growth conditions 

C. albicans strain CKY101171 was used for all experiments.  For preparation of mouse 

inoculum, cells were grown at 37°C in YPD (1% yeast extract (BD), 2% peptone (Difco) 

2% glucose (Sigma Aldrich)) for 24 hours.  They were then washed twice with sterile 

PBS (phosphate-buffered saline) and resuspended in 2% (w/v) sucrose in PBS at a 

concentration of 2x109 cells/ml.  25µl (5x107 cells) of this cell suspension was fed to 



31 

 

mice for gastrointestinal colonization.  25µl of a 2% sucrose solution in PBS was fed to 

mice for mock-inoculation. 

2.2.3 Drug treatment 

URB597 (Sigma Aldrich) and URB937 (Cayman Chemical) were dissolved in 18:1:1 

normal saline:PEG400:Tween80 (Sigma Aldrich) and administered to mice via 

intraperitoneal injection at a dosage of 0.1-1mg/kg bodyweight four hours prior to 

behavioral testing or sacrifice. 

2.2.4 Restraint stress 

Mice were placed in a 50ml conical tube with two airholes enclosed with a rubber stopper 

for 30 minutes.  After this restraint, mice were placed back in their home cage and either 

immediately anesthetized and sacrificed or allowed to recover in the home cage for 30 or 

60 minutes and then anesthetized and sacrificed. 

2.2.5 Elevated Plus Maze 

 Behavioral testing in the Elevated Plus Maze (EPM) was performed as described 

in Walf et al 2013172.  Mice were moved from their housing room to the testing room at 

least one hour prior to testing.  The EPM was sprayed with 70% ethanol and thoroughly 

dried.  A mouse was then removed from its home cage, placed in the center of the EPM 

facing an open arm and allowed to explore for five minutes.  After testing the mouse was 

placed in a fresh sterile cage.  The EPM was sprayed with 70% ethanol prior to each trial.  

All trials were recorded with a video-camera from above and scored after the fact by a 

blinded observer for the number of open arm entries and the duration of time spent in the 

open arms.  A mouse was scored as having entered an open arm when all four paws 

crossed into the open arm 
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2.2.6 Forced Swim Test 

 Behavioral testing in the forced swim test was performed as described in Can et al 

2012 173.  Mice were moved from their housing room to the testing room at least one hour 

prior to testing.  A 5L beaker was sprayed with disinfectant and wiped dry, then filled 

with 10cm of 22°-25°C tap water.  A mouse was removed from its home cage and placed 

in the beaker of water for a six-minute trial which was recorded by video-camera from 

the side and scored after the fact by a blinded observer.  Trials were monitored to ensure 

mice remained floating throughout.  After testing, mice were placed in a fresh sterile 

cage.  FST videos were manually scored for the number of seconds spent floating 

immobile. 

2.2.7 Bacterial microbiota analysis 

 The cecum, including contents, was dissected from mice after sacrifice on day 

three and was immediately frozen on dry ice.  Microbial DNA was extracted using the 

QIAamp DNA Stool Mini Kit (Qiagen) following the manufacturer’s protocol.  Briefly, 

cecum samples were lysed by beadbeating (samples combined with 500mg 0.1mm 

diameter zirconia/silica beads) in Qiagen lysis buffer ASL, and the lysate was treated 

with InhibitEX tablets followed by enzymatic digestion with proteinase K 

(>500mAU/ml) and RNaseA (1mg/ml) and column DNA purification.  Libraries were 

prepared from each sample and sequenced as described174. Briefly, PCR amplification of 

the V4 region of the 16S rRNA gene was performed with primers that included adapters 

for Illumina sequencing and twelve base barcodes. Two hundred fifty bp paired-end 

sequencing was performed using an Illumina MiSeq. Base calling was performed using 

CASAVA 1.8 and the resulting fastq files were used as input for downstream analysis 
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using QIIME (1.8.0)175.  Briefly, the paired-end reads from the fastq files were joined, 

barcodes extracted and then demultiplexed. The operational taxonomic units (OTUs) 

were determined using a closed reference approach by aligning reads to the Greengenes 

Database (version 13_8) at 99% identity. The Greengenes phylogenetic tree was used to 

define the phylogenetic relationship between OTUs. The resultant OTU tables contained 

the relative abundance of bacterial taxa in each sample. These tables were used to 

calculate overall diversity within each sample. To compare the composition and diversity 

of samples to each other taking into account phylogenetic relatedness, the OTU tables 

were used to calculate the weighted UniFrac distance matrix, which was summarized 

with Principal Coordinate Analysis. Permanova analysis was performed using QIIME. 

2.2.8 Measurement of hormones and cytokines in serum 

Trunk blood was collected into serum separator blood collection tubes (BD) after 

sacrifice by decapitation and allowed to sit at room temperature for up to three hours.  

Tubes were then spun at 10,000xg for 10 minutes to separate serum.  Serum was divided 

into aliquots and frozen at -80C. 

Serum corticosterone was measured using a Corticosterone ELISA Kit (Enzo Life 

Sciences) following the manufacturer’s small volume protocol including the serum 

displacement reagent.  Serum cytokines were measured using a multiplex ELISA 

(Quanterix) following manufacturer’s protocol. 

2.2.9 Immunohistochemistry for cFOS in hypothalamus slices 

Brains were rapidly dissected and fixed in 4% (w/v) paraformaldehyde in PBS for 24h at 

4C.  They were then cryopreserved by incubation in 10% (w/v) sucrose in PBS for 24h 

followed by 24h incubation in 30%(w/v) sucrose in PBS.  Brains were rapidly frozen in 
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isopentane chilled on dry ice and stored at -80C.  They were sectioned into 40µm 

sections using a cryostat and gross anatomical landmarks were used to identify sections 

containing the PVN of the hypothalamus.  Sections of interest were incubated with 

1:5000 dilution of rabbit anti-mouse cFos antibody (Sigma Aldrich F7799) for 72h, then 

stained using anti-rabbit IgG (VectaStain Elite ABC Kit) and streptadvidin-Alexa488 

(Molecular Probes).  Sections were then mounted onto glass slides and imaged using a 

Zeiss microscope with Apotome attachment. 

2.2.10 Untargeted metabolomic analysis of cecum contents 

 The cecum was dissected after sacrifice on day three and contents were squeezed 

into a tube and immediately frozen in dry ice/ethanol bath and stored at -80C.  Extraction 

of metabolites and untargeted metabolomic analysis were performed by Metabolon.  As 

per their report: samples were prepared using the automated MicroLab STAR® system 

from Hamilton Company.  To remove protein, dissociate small molecules bound to 

protein or trapped in the precipitated protein matrix, and to recover chemically diverse 

metabolites, proteins were precipitated with methanol under vigorous shaking for 2 min 

(Glen Mills GenoGrinder 2000) followed by centrifugation.  The resulting extract was 

divided into five fractions: two for analysis by two separate reverse phase (RP)/UPLC-

MS/MS methods with positive ion mode electrospray ionization (ESI), one for analysis 

by RP/UPLC-MS/MS with negative ion mode ESI and one for analysis by HILIC/UPLC-

MS/MS with negative ion mode ES (additional fraction saved as back-up).  All methods 

utilized a Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a 

Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced with 

a heated electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 
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35,000 mass resolution.  The MS analysis alternated between MS and data-dependent 

MSn scans using dynamic exclusion.  The scan range varied slighted between methods 

but covered 70-1000 m/z.  Raw data was extracted, peak-identified and QC processed 

using Metabolon’s hardware and software 

 Mass spectrometry data was log-transformed and statistical analysis of the results 

was performed using MetaboAnalyst 4.0176,177. 

2.2.11 Real-time quantitative PCR analysis 

 For measurement of gene expression, mice were sacrificed on day three and 

tissues were frozen at -80°C in RNALater (Invitrogen).  RNA was purified from tissues 

using QIAzol for lysis and extraction with a Qialyzer, followed by column purification 

using the Ambion Purelink Mini kit (Invitrogen).  cDNA was synthesized using 

SuperScript III (Invitrogen) with oligo-dT priming and the manufacturer’s protocol.  

qPCR reactions were performed using SYBR Green Master Mix (Applied Biosystems) 

and a LightCycler 480 II (Roche) instrument.  Standard curves were generated and all 

results normalized to the level of GAPDH expression in each sample.  All primers are 

listed in table 2.  When described in text, expression levels were normalized to the 

experimental mean of the control group. 



36 

 

2.3 Results 

2.3.1 A single oral inoculation with Candida albicans is sufficient to establish 

gastrointestinal colonization without inflammatory disease 

  

 For the work that follows, we used a novel acute colonization model to investigate 

the effects of C. albicans inoculation on the mammalian host.  5-week-old female mice 

(typically 23 mice per cohort) were cohoused for three days and acclimated to our 

facility.  They were then either inoculated with a single dose (5x107 CFUs) of C. albicans 

(strain CKY101) or mock-inoculated with buffer. Mice were not treated with antibiotics 

because antibiotic treatment has been shown to affect the neuroendocrine phenotypes of 

interest.  C. albicans was measurable in the fecal pellets after 24h and up to 3 days after 

Figure 2.1: C. albicans colonizes for three days and does not cause systemic 

inflammation. Mice were either mock-inoculated or inoculated orally with C. 

albicans.  Fecal pellets were collected one day after inoculation to confirm 

colonization with C. albicans.  After mice were sacrificed on day 3, cecum contents 

were collected to quantify C. albicans levels in the GI tract and trunk blood was 

collected to measure cytokines in serum. A) Fecal pellets (gray bar) and cecum 

contents (white bar) homogenates were plated on YPD-SA and colony forming units 

counted.  (day 1 N=98, day 3 N=77). B) Multiplex ELISA was used to measure 

circulating cytokines in serum from trunk blood collected after sacrifice.  Black bars 

represent mock-colonized mice, white bars represent C. albicans-colonized mice. 

PBS N=13, C. albicans N=14.  Symbols indicate mice; bars indicate average and 

SEM.  Student’s T-test, *p<0.05 

B 
A 
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inoculation (Fig. 2.1A) and was detected throughout the gastrointestinal tract, as observed 

in previous models which utilized antibiotic treatment prior to C. albicans inoculation 

(Supplemental Fig. 1).  No culturable fungi were detected in mice given the mock-

inoculation.  We assessed behavior after two days of colonization and mice were 

sacrificed after three days of colonization.  

 C. albicans-colonized mice did not exhibit symptoms of illness (ruffled fur, 

hunched posture, etc) or lose significant weight (<1% of bodyweight change, 

Supplemental Fig. 2).  We used a multiplex ELISA to measure inflammatory cytokines in 

the serum after sacrifice and measured low levels of circulating inflammatory cytokines 

IL-1β, IFN-γ, IL-10 and IL-6 in mock-inoculated (Fig. 2.1B, black bars) and C. albicans-

colonized mice (open bars).  Systemic C. albicans infection and invasive disease results 

in a characteristic IL-12 response which was not detected in the serum of the C. albicans-

colonized mice in our model.  There was a small but significant increase in IL-6 in C. 

albicans-colonized mice, however, this increased level is substantially lower than that 

reported by other researchers as induced in mice with GI tract disease178,179.  We 

concluded that our model resulted in stable colonization of mice with C. albicans in the 

GI tract that was not associated with disease or inflammation, modeling commensal 

gastrointestinal colonization. 

 Although we did not disrupt the bacterial microbiota with antibiotics, it is possible 

that the addition of C. albicans into the gut microbiota could alter the composition or 

diversity of the bacterial gut microbiota.  Previous work by Erb-Downward et al 

demonstrated that colonization with C. albicans in the absence of antibiotic treatment had 

a small effect on the composition of the bacterial microbiota after seven days of 
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colonization180.  We therefore analyzed the bacterial microbiota of the cecum of mice 

sacrificed after three days of C. albicans colonization.  We used 16s rRNA DNA 

sequencing and the QIIME analysis pipeline to characterize the bacterial microbiota and 

found that the composition and diversity of the bacterial gut microbiota was not 

significantly altered by the introduction of C. albicans in this acute model of  

 

 

 

 

A 

B C 

Figure 2.2: C. albicans introduction results in minimal change to the bacterial gut 

microbiota. Mice were mock-inoculated or inoculated with C. albicans.  After three 

days of colonization, mice were sacrificed without stress and the cecum was collected, 

DNA extracted and used for Illumina sequencing of the 16s rRNA DNA and 

microbiota analysis.  A) The average relative abundance of each bacterial family is 

shown (figure shows families detected with a median greater than 0 in at least one 

group).  The abundance in the mock-colonized microbiota is represented by black bars 

and in the C. albicans-colonized microbiota as white bars.  Bars indicate average and 

standard deviation B) Rarefaction of microbiota data was performed to measure 

Chao1 diversity from 500-80,000 sequences sampled (500 sequence steps).  Average 

Chao1 score at each sequencing depth is represented by lines; average Chao 1 of 

mock-colonized microbiota is the solid line, C. albicans-colonized the dashed line C) 

Principal coordinates analysis of weighted UniFrac scores was performed.  Principal 

coordinates 1 and 2 are shown.  Each symbol represents a mouse microbiota; black 

circles are mock-colonized microbiota and open circles are C. albicans-colonized 

microbiota.  N=8 per group for all analyses. 
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colonization (Fig. 2.2A, PBS control microbiota indicated by black bars/line/circles and 

C. albicans-colonized microbiota by white bars/dotted line/open circles).  The relative 

abundance of bacterial taxa was compared at several levels (Mann-Whitney U test and 

linear discriminant analysis effect size (LEFSE) analysis181) and no taxa were 

significantly different when comparing their relative abundance in the mock-colonized 

microbiota with that of the C. albicans-colonized microbiota (Fig. 2.2A, family-level taxa 

summary shown).  The overall diversity of the microbiota as quantified by averaging the 

Chao1 score for the microbiota of mice with and without C. albicans colonization was 

not significantly different (Fig. 2.2B).   

 We analyzed beta diversity using weighted UniFrac analysis and summarized the 

results using principal coordinates analysis (Fig. 2C, PBS control microbiota=black 

circles and C. albicans-colonized microbiota=open circles).  The phylogenetic distance 

between the microbiota of individual mice varied, but PERMANOVA analysis of the 

complete principal coordinates analysis found that there was not significant separation of 

populations based on C. albicans colonization (pseudo-F statistic=1.7306, p=0.117, 999 

permutations).   These results demonstrate that mice inoculated with C. albicans in the 

absence of antibiotic pre-treatment resulted in stable colonization and minimal disruption 

of the bacterial microbiota in the absence of active disease.  

2.3.2 C. albicans colonization increases anxiety-like behavior in the EPM 

 We assessed the effect of gastrointestinal C. albicans colonization on host 

emotional behavior using standard behavioral tests for anxiety and depression to 

determine whether C. albicans colonization altered behavioral outputs of the gut- 

microbiota-brain axis.  On the second day post-inoculation mice were subjected to a 
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single behavioral test, either the elevated plus maze (EPM) test for anxiety-like 

behavior172 or the forced swim test for depression-like behavior182.  The EPM consists of 

two open, aversive arms and two closed arms.  Mice were allowed to explore the EPM 

for a 5-minute trial which was video-recorded and scored by a blinded observer for time 

spent and entries into the closed and open arms.  Anxiety-like behavior is quantified as 

avoidance of the aversive open arms.  Occupation of arms is expressed as percentage arm 

time, calculated as the time spent in specified arms divided by the total time spent in both 

open and closed arms.  C. albicans colonization significantly increased anxiety-like 

behavior in the EPM.    C. albicans-colonized mice spent significantly less time in and 

made fewer entries into the open arms of the elevated plus maze compared to the mock-

colonized mice (Fig. 2.3A and B, PBS=black bars and C. albicans-colonized=open bars, 

Welch’s t-test, p<0.05).  There was a significant increase in the percentage of time spent 

Figure 2.3: C. albicans colonization changes behavior in the EPM.  Mice were 

placed in the EPM for a 5-minute trial which was later manually scored by a blinded 

observer.  A) % of time in open arms was calculated as open arm time/total time spent 

in all arms*100.  B) Number of entries into open arms, where entry required all 4 

paws to cross into the arm.  C) % of time in closed arms calculated as closed arm 

time/total time spent in arms.  D) Closed arm entries.  E) Center time was calculated 

by subtracting total arm time from 300s.  % center time calculated as center time/300s.  

F) Entries into both open and closed arms. Symbols represent mice and bars indicate 

average and SEM. PBS N=22, C. albicans N=19 Welch’s t-test **p<0.01, *p<0.05 
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in the closed (safe) arms in the C. albicans-colonized mice but no difference in the 

number of entries into the closed arms (Fig 2.3C and D).  There was no effect of C. 

albicans colonization on the duration of time spent in the center or on the total number of 

entries into all arms of the maze (Fig. 2.3, E-F), indicating that C. albicans colonization 

did not alter overall activity but specifically affected anxiety-like behavior.  This 

increased avoidance of the open arms demonstrates an increase in anxiety-like behavior 

in the C. albicans-colonized mice.   

` The forced swim test (FST) for depression was used to examine the effect of C. 

albicans colonization on a second aspect of emotional behavior, again after two days of 

colonization. Mice were placed in a 5L beaker with 10cm of 22°C water for a six-minute 

trial which was video-recorded and later scored by a blinded observer for time spent 

swimming versus time spent floating.  This assay measures behavioral despair, as 

depression-like behavior in this assay is quantified by an increase in the amount of time 

spent floating immobile rather than actively swimming and seeking escape.   

 

 

 

Fig. 2.4: C. albicans colonization had no effect on Forced Swim Test 

performance.  Mice were mock-inoculated or inoculated with C. albicans.  After two 

days of colonization, mice were placed in a beaker of water for a 6-minute trial in the 

Forced Swim Test.  Figure shows a measure of behavioral despair, total time spent 

immobile.  Gray bar represents mock-colonized mice and white bar represents C. 

albicans-colonized mice. Symbols represent mice and bars indicate average and SEM.  

PBS N=33, C. albicans N=24.  Welch’s t-test, p<0.05 



42 

 

There was no difference in the time spent immobile between the C. albicans-colonized 

mice and the mock-colonized mice (Fig 2.4, mock-colonized mice represented by black 

bar and C. albicans-colonized mice represented by open bar), indicating that C. albicans 

colonization did not affect depression-like behavior.  Previous models of microbiota 

perturbation affected both depression-like and anxiety-like behavior, however, C. 

albicans-colonization specifically affected anxiety-like behavior. 

2.3.3 C. albicans colonization increases basal CORT and alters post-stress CORT 

regulation 

 Anxiety disorder in humans, and anxiety-like behavior in mouse models is 

complex and multifaceted.161,183–185  One neuroendocrine pathway that has been shown to 

be dysregulated in human patients with anxiety is the hypothalamus-pituitary-adrenal 

(HPA) axis.116,117,186  Disruption of the HPA axis in a mouse model results in analogous 

neuroendocrine changes including an increase in anxiety-like behavior.187–189 We 

observed increased anxiety-like behavior in the C. albicans-colonized mice, a phenotype 

that could indicate dysregulation of the HPA axis.   

To determine whether C. albicans colonization affected the HPA axis, we sacrificed mice 

after three days of C. albicans colonization and measured circulating serum CORT, the 

output of the HPA axis under basal conditions and in response to acute psychological 

stress.C. albicans-colonized and mock-colonized mice were anesthetized in their home 

cages and sacrificed unstressed.  C. albicans-colonized mice had significantly higher 

unstressed basal CORT (Fig 2.5A, Student’s t-test, p=0.0012). Further analysis of 

unstressed serum CORT data demonstrated a distinct effect of the circadian rhythm on 

serum CORT, as basal CORT in both groups increased over time when mice were 
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sacrificed at various times throughout the afternoon (Fig. 2.5B). Basal CORT in C. 

albicans-colonized mice began to rise sooner than that of the mock-colonized mice and  

thus was significantly higher in mice sacrificed from 14:00-16:00 (four-to-five hours 

prior to lights out), consistent with a circadian advance phenotype. 

  

 

After this timepoint, basal CORT in the mock-colonized mice rose sufficiently that 

CORT was comparable between the two groups.  In mice sacrificed one hour prior to 

Figure 2.5: C. albicans colonization increased basal CORT via circadian 

advance and disrupted CORT regulation after stress Mice were mock-inoculated 

or inoculated with C. albicans and then sacrificed on day three.  Trunk blood was 

collected after sacrifice and used to measure serum CORT.  A) Mice were sacrificed 

without stress from 14:00-17:00 and serum CORT averaged. Mock-colonized mice 

N=15 and C. albicans-colonized mice N=19 Symbols indicate individual mice and 

bars indicate average and SEM.  B) Mice were sacrificed without stress during 

various time windows as shown on x-axis.  Symbols indicate average and bars SEM.  

Black circles represent mock-colonized mice and white triangles C. albicans-

colonized mice. (13:00 PBS N=5, Ca N=6; 14:00 PBS N=9, Ca N=13; 15:00 PBS 

N=11, Ca N=10; 16:00 PBS N=8, Ca N=11; 17:00 PBS N=9, Ca=8; 18:00 PBS 

N=5, Ca=9). C) Mice were subjected to 30m of restraint stress, then immediately 

sacrificed (0m recovered) or allowed to recover in their home cage for 30m or 60m 

prior to sacrifice  (0: PBS N=14 Ca N=15; 30: PBS N=15, Ca N=13; 60 PBS N=13, 

Ca N=12). All figures, Student’s t-test p<0.05 

B A 

C 
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lights out (6pm-7pm), basal CORT was at its highest point detected for both groups, and 

this peak CORT was significantly higher in the mock-colonized mice compared to the C. 

albicans-colonized mice.  These results indicate that C. albicans colonization 

dysregulates the circadian regulation of the HPA axis.  In order to investigate the 

mechanism by which C. albicans interacts with the HPA axis, the experiments that 

follow were designed such that mice were sacrificed during the time window in which 

CORT was significantly different, four-to-five hours prior to lights out. 

 To determine whether the changes to basal CORT regulation affected the stress-

responsive function of the HPA axis, mice were subjected to 30 minutes of restraint stress 

and then sacrificed immediately or after 30 minutes or 60 minutes of recovery in their 

home cage.  C. albicans-colonized mice and mock-colonized had comparable peak 

CORT immediately after stress (Fig 2.5B, 0 minutes recovered) but C. albicans-

colonized mice failed to recover from stress to the same extent as the uncolonized mice 

after 60 minutes of recovery time (Fig 2.5B; Student’s t-test, p=0.04).  Thus, similar to 

the mice sacrificed under basal conditions, C. albicans-colonized mice had increased 

CORT after 60 minutes of recovery from stress while mock-colonized mice had low 

CORT comparable to that of unstressed mice.  These results indicated that C. albicans 

colonization alone stimulated the HPA axis and increased basal CORT.  After stress and 

recovery, CORT in the C. albicans-colonized mice returned to the elevated baseline 

observed under basal conditions, indicating that the negative feedback of CORT 

production induced by stress was not sufficient to override the C. albicans stimulation of 

the HPA axis. 
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2.3.4 C. albicans colonization did not increase basal or stress-induced activity of the 

hypothalamus  

 Stimulation of the HPA axis begins in the brain, through excitation of the CRH-

producing neurons of the hypothalamus.  Because we found that C. albicans colonization 

affected the final output of the HPA axis, CORT, we examined whether C. albicans 

colonization altered the activity of the hypothalamus, the top of the HPA axis.  cFos is a 

protooncogene expressed in neurons in response to activation and depolarization,  

 

therefore an increase in cFos expression in the hypothalamus indicates an increase in 

hypothalamus activity. We quantified cFos protein expression in the paraventricular 

nucleus of the hypothalamus using immunohistochemistry and fluorescence microscopy. 

No nuclear cFos protein was detected in brain slices from unstressed mock-colonized or 

C. albicans-colonized mice (Fig. 2.6, left), indicating that the degree of HPA axis 

activation evident in the C. albicans-colonized mice at baseline is not reflected in PVN 

Fig. 2.6: C. albicans colonization did not change PVN cFos protein expression.  

Mice were sacrificed three days after mock-inoculation or inoculation with C. 

albicans.  40µM slices of the brain containing the PVN were collected by cryostat and 

immunostained with α-cFos antibody.  Representative images are shown. The brains of 

mice sacrificed under unstressed basal conditions are on the left (mock-colonized, top; 

C. albicans-colonized, bottom) and brains of mice subjected to 30m of restraint stress 

and 30m of recovery prior to sacrifice are shown on the right. 
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activation.  In mice subjected to 30 minutes of stress and 30 minutes of recovery, nuclear 

cFos protein was measured in both mock-colonized and C. albicans-colonized mice (Fig. 

2.6, right) and was comparable between groups, in agreement with the observed 

comparable peak serum CORT (Fig 2.5B).  The PVN remains stress-responsive in the C. 

albicans-colonized mice, and was not sufficiently stimulated at baseline to be detected by 

this method. 

 We observed similar results when we compared mRNA cFos levels in mock-

colonized and C. albicans-colonized mice, with and without stress.  RNA was isolated 

from the hypothalamus of mice sacrificed without stress and after 30 minutes of restraint 

stress and qRT-RT PCR was performed to measure cFos mRNA expression levels.  cFos 

gene expression was detected in both stressed and unstressed mice. 

 

There was no difference in cFos mRNA expression levels between mock-colonized and 

C. albicans-colonized mice when sacrificed under basal conditions or after 30 minutes of 

restraint stress (Fig 2.7, PBS=solid bars, C. albicans-colonized mice=open bars).  Thus 

Figure 2.7: C. albicans-colonization did not alter cFos mRNA in the hypothalamus 

under basal or stressed conditions.  Mice were sacrificed unstressed (left) or 

subjected to 30m of restraint stress and immediately sacrificed (right).  qPCR was used 

to quantify cFos levels in the hypothalamus (Basal PBS N=8, Ca N=8; stressed PBS 

N=5 and Ca N=6).  Symbols represent individual mice and bars indicate average and 

SEM. Mock-colonized mice are solid bars/symbols and C. albicans-colonized mice 

open bars/symbols. 
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the difference in basal CORT production was not reflected in the cFos mRNA or protein 

in the hypothalamus in mice sacrificed under basal conditions. 

 To summarize, C. albicans colonization alters basal homeostatic CORT 

production but the stress-responsive HPA axis remains intact and can be activated during 

psychological stress.  Although C. albicans-colonized mice achieved a comparable 

increase in CORT in response to stress, they failed to downregulate CORT production to 

the same degree after 60 minutes of recovery from stress. Together these results 

demonstrate that C. albicans colonization significantly impacts the gut-brain axis by 

changing CORT production and anxiety-like behavior.  

2.3.5 Gastrointestinal C. albicans colonization alters the gut endocannabinoidome 

 Previous studies have demonstrated that one mechanism by which changes in the 

microbiota impact the gut-brain axis is through changes to the host metabolome.74,78  To 

determine whether C. albicans colonization had a significant impact on the metabolite 

composition of the GI tract, untargeted metabolomic analysis of the cecum contents of 

mice was performed.  The vast majority of metabolites measured were not affected by C. 

albicans (Fig. 6.4). Of the 788 compounds measured, 16 were significantly more 

abundant in the C. albicans-colonized mice and 5 were significantly less abundant in the 

C. albicans-colonized mice (Student’s t-test p<0.05).  The significance threshold of 

p=0.05 would predict a false discovery rate of 39.4 compounds out of the 788 measured; 

therefore additional analysis was required to investigate the relevance of the 21 

metabolites identified as significantly altered by C. albicans colonization We used the 

pathway enrichment tool and compound database provided by Metabolon to determine 

whether the 21 compounds identified as differentially abundant as a result of C. albicans 
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colonization had a significant impact on a biological pathway.  Of the five subpathways 

with >1 significantly altered metabolite, two were significantly enriched in C. albicans-

dependent metabolic changes (Table 2.1, Fisher’s exact test, Holm correction for multiple 

comparison p<0.05): sterols and endocannabinoids.  

 

 Based on this enrichment analysis, we went back to the original metabolomics 

analysis to compare the abundance of compounds in those two enriched metabolite 

families.  The sterols significantly altered by C. albicans colonization include three 

phytosterols and cholesterol (Supplemental Figure 5), all of which are increased in 

abundance in the C. albicans-colonized mice.  Although interesting, the relevance of this 

metabolic change to the neuroendocrine phenotypes of interest is unclear. 

 Endocannabinoids, by contrast, are highly relevant to the phenotypes of interest, 

as they are lipid signaling molecules that regulate basal CORT production190,191 and can 

affect anxiety-like behavior151,154,192,193.  The endocannabinoids significantly altered by C. 

albicans-colonization include linoleoyl ethanolamide and linolenoyl ethanolamide (Fig 

Metabolite subpathway Enrichment p-value

Sterols 16.67724868 0

Tocopherol Metabolism 9.380952381 0.0688

Glycolipid Metabolism 7.504761905 0.0536

Endocannabinoids 6.822510823 0.0322

Lysophospholipids 4.894409938 0.0615

Table 2.1: Pathway enrichment analysis of untargeted metabolomic screen of GI 

tract contents.  Abundance of metabolites (788 total) was compared in cecum contents 

of mock-colonized and C. albicans-colonized mice.  Pathway analysis using 

Metabolon database of the 21 metabolites identified as significantly different is 

summarized above (only pathways with >1 significant metabolite shown).  Enrichment 

value is the following ratio: (significant metabolites in pathway/total metabolites 

detected in pathway)/(total significant metabolites/total metabolites detected in study).  

P-value was calculated using Fisher’s exact test and corrected for multiple comparisons 

(5 subpathways analyzed) using the Holm-Bonferroni method.  



49 

 

2.8A and B, Student’s t-test, p=0.01).  Two additional endocannabinoid compounds (Fig. 

2.8C, oleoyl ethanolamide and Fig. 2.8D, N-linoleoyltaurine) detected in the cecum 

contents were elevated in the C. albicans-colonized mice but did not reach statistical 

significance.  Linoleoyl-, linolenoyl- and oleoyl-ethanolamide are all N-acylethanolamide 

(NAEs) compounds, with a common structure and synthetic pathway that differ in the 

degree of unsaturation of their common 18-carbon acyl chain.  

 

Figure 2.8: 18-C N-acylethanolamides are increased in the C. albicans-colonized 

mice. Untargeted metabolomics analysis of the GI tract contents was performed.  Of 

the 752 compounds detected, four endocannabinoid compounds and their fatty acid 

and lysophospholipid precursors are shown in figure 8.  Relative mass spec data was 

log-transformed and plotted on arbitrary scale.  Each symbol represents an individual 

mouse.  Black circles represent mock-colonized mice, white circles represent C. 

albicans-colonized. Glycerophosphatidic acid (GPA); glycerophosphocholine (GPC); 

glycerophosphoethanolamine (GPE); glycerophosphoglycerol (GPG) Lines indicate 

the average.  Welch’s t-test, p<0.05 
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 Both free fatty acids and membrane phospholipid acyl chains can act as a 

substrate for the production of NAEs.  We measured a trend towards an increase in the 

18-C free fatty acids linolenate (Fig. 2.8E, Welch’s t-test, p=0.05) and linoleate (Fig. 

2.8F, Welch’s t-test, p=0.06) as well as a significant increase in the lysophospholipid 

containing linolenate, 1-linoleoyl-glycerophosphocholine (Fig. 2.8G, Welch’s t-test, 

p=0.02) in the GI tract of C. albicans-colonized mice.  We hypothesized that this increase 

in 18-C acyl group substrates could increase the synthesis of 18-C NAEs.  NAEs are 

synthesized on demand and the identity of the NAE produced is partially regulated by 

fatty acid acyl group availability.  Therefore increasing the abundance of 18-C 

unsaturated acyl groups in general could increase 18-C NAE production, in the GI tract 

(where the metabolomics analysis was performed) and throughout the host in general.   

 A well-characterized NAE, N-arachidonoylethanolamide (AEA), was not detected 

in the GI contents of mock-colonized or C. albicans-colonized mice.  AEA is a canonical 

Fig. 2.9: NAEs are synthesized through a common pathway.  A synthetic pathway 

of NAEs, including AEA is shown here.  Fatty acids are imported into the cell (A) and 

transferred to CoA, or a transferase enzyme acts on membrane phospholipids (B) 

directly to transfer the acyl group to phosphatidylethanolamine.  This NAPE is then 

cleaved to form the signaling lipid, N-acyl-ethanolamide and phosphatidic acid. 

A 

B 
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endocannabinoid whose physiological regulatory role has been extensively characterized.  

AEA binds to the receptor CB1 and has been shown to regulate the HPA axis and 

emotional behavior as a negative regulator of neurotransmitter release151,194.  The 

circadian advance in basal CORT and anxiety-like behavior observed in the C. albicans-

colonized mice are consistent with decreased AEA signaling and resemble the phenotype 

of the CB1 knock-out mouse143.  We hypothesized that the increase in free fatty acids and 

lysophospholipids containing 18-C unsaturated acyl chains (linoleate and linolenate) 

could reduce synthesis of AEA, as all NAEs share common synthetic pathways (Fig. 2.9) 

and determination of which NAE is produced is partly regulated by fatty acid precursor 

availability140,195–197.  By increasing the abundance of 18C fatty acid precursors, the 

metabolite changes observed in the C. albicans-colonized mice could increase production 

of 18C NAE and limit production of AEA, resulting in an AEA deficit and possibly 

contributing to the observed neuroendocrine changes. 

2.3.6 Altered hepatic lipid metabolism in C. albicans-colonized mice reflects gut 

metabolite changes 

 

Fig. 2.10: C. albicans-colonization increased lipid abundance.  Untargeted 

metabolomic analysis of the cecum contents of mock-colonized and C. albicans-

colonized mice is shown.  788 total compounds were detected (each symbol 

represents a compound).  Solid circles indicate non-lipid compounds; open circles 

indicate lipids and red open circles represent endocannabinoids (neuroactive lipids).  

Dotted line on the y-axis (y=1.3) indicates p=0.05, a threshold for statistical 

significance.  The dotted lines on the x-axis indicate a 2-fold change in abundance. 
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 In addition to the specific elevation of 18-carbon NAEs identified in the C. 

albicans-colonized mice, we also detected a general increase in lipid compounds 

containing long-chain polyunsaturated fatty acids (PUFAs) in the C. albicans-colonized 

mice.  Of the 21 differentially abundant compounds identified in the screen, 12/21 (57%) 

were lipids, indicating a specific effect of C. albicans colonization on lipid metabolism 

(Fig. 2.10).  These lipids included the essential PUFA linolenate and five other 

compounds with 18-carbon polyunsaturated acyl chains as well as the long-chain PUFA 

heptadecatrienoate.  Thus C. albicans colonization increased the availability of PUFAs 

from gut contents, both free (Fig. 2.8E and F) and incorporated into the lysophospholipid 

glycerophosphocholine (Fig. 2.8B) and into NAEs (Fig. 2.8B and C).   

 These increased lipid levels in the GI tract could affect lipid metabolism in the 

mouse host liver.  Mice were sacrificed after three days of C. albicans colonization and 

qRT-PCR was used with RNA extracted from the liver to measure the expression of lipid 

metabolism genes known to be regulated by dietary fatty acid levels in general and by 

long-chain and polyunsaturated fatty acids specifically.  A decrease in expression of the 

enzyme stearoyl-coA desaturase (SCD1) was detected in the C. albicans-colonized mice 

compared to the mock-colonized mice (Fig. 2.11A, Student’s t-test, p=0.006), consistent 

with the liver sensing an increase in PUFAs from the GI tract198,199.  Additional genes 

expected to be upregulated by a general increase in lipid abundance (desaturase enzymes 

acyl-CoA 8-3 desaturase (FADS1) and acyl-CoA 6 desaturase (FADS2), lipid 

metabolism transcription factor sterol regulatory element-binding protein 1 (SREBP1c), 

and fatty acid synthase (FASN))200 were not significantly changed by C. albicans 
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colonization (Fig. 2.10B), consistent with a specific increase in PUFAs in the gut of C. 

albicans-colonized mice rather than a general increase in lipids.   

 Additionally, expression of two enzymes that regulate rate-limiting steps of 

hepatic gluconeogenesis, phosphoenoylpyruvate carboxykinase (PEPCK-C) and glucose-

6-phosphatase (G6Pase) were measured.  These genes are highly regulated by endocrine 

mediators including CORT, insulin and glucagon, as well as the nutritional status of the 

host.  Previous researchers have shown that both PEPCK-C and G6Pase are upregulated 

in response to fatty acid sensing in the liver201–203.  We observed an increase in PEPCK-C 

(Fig. 2.11C) and G6Pase (Fig. 2.11D) expression in the C. albicans-colonized mice, 

consistent with a transcriptional response to sensing increased long-chain PUFAs.  CORT 

is a positive regulator of gluconeogenesis in the liver and it is possible that the elevated 

 

 

Fig. 2.11: Increased PUFAs in C. albicans-colonized mice alter hepatic gene 

expression.  Mice were sacrificed after three days of C. albicans-colonization or 

mock-colonization.  RNA was isolated from livers and qRT-PCR used to measure 

mRNA expression. A) SCD1 expression relative to GAPDH, normalized to the 

experimental mean of the mock-colonized mice. B) mRNA expression of genes 

known to be regulated by lipid abundance.  C) PEPCK-C expression relative to 

GAPDH normalized to the experimental mean and D) G6Pase expression relative to 

GAPDH, normalized to experimental mean.  In all figures, solid symbols/bars 

represent mock-colonized mice and open symbols/bars C. albicans-colonized mice.  

Student’s t-test, p<0.05.  Symbols indicate individual mice and bars average and SEM. 

C 
D 

B A 
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 CORT observed in the C. albicans-colonized mice also contributes to the increased liver 

expression of GFPase and PEPCK-C.  SCD1 is also positively regulated by CORT.  

However, we observed decreased SCD1 expression in the C. albicans-colonized mice, 

consistent with a predominance of negative regulation by increased PUFA abundance 

rather than positive regulation due to elevated basal CORT.  The observed changes in 

lipid-responsive gene expression in the liver supports the conclusion that the increase in 

lipid compounds detected in the untargeted metabolomics screen are not false positives, 

and are physiologically significant C. albicans-dependent changes 

 

2.3.7 Treatment with FAAH inhibitors is sufficient to alleviate elevated CORT and 

decrease anxiety-like behavior in the C. albicans-colonized mice 

Based on the observed neuroendocrine phenotypes of CORT circadian advance and 

increased anxiety-like behavior, and the altered endocannabinoid abundance measured in 

the GI tract of the C. albicans-colonized mice, we hypothesized that these phenotypes 

reflected insufficient endocannabinoid CB1 signaling.  To probe this hypothesis, we 

treated mice with the fatty acid amide hydrolase (FAAH) inhibitor URB597, a well-

Gene Primer sequence Reference

F- AGCTCAGTCTCACTCCTTCCCTTA

R- CAGCCAGCCTCTTGACTATTCC

F- CCAGCTTTGAACCCACCAA

R- CATGAGGCCCATTCGCTCTA

F-TCAAAACCAACCACCTGTTCTTC

R-GATGAACCAGGCAAGGCTTTC

F- CGGCGCGGAAGCTGT

R- TGCAATCCATGGCTCCGT

F- TACCAGTGCCACAGGAGTCTCA

R- TAAACACCTCGTCGATTTCGTTC

F- GTGCTGGAGTGGATGTTCGG

R- CTGGCTGATTCTCTGTTTCAGG

F- ACTGTGGGCATCAATCTCCTC

R- CGGGACAGACAGACGTTCAGC

F- TGTAGACCATGTAGTTGAGGTCA

R- AGGTCGGTGTGAACGGATTTG

G6PAse, glucose-6-phosphatase Volat et al, 2012
208

GAPDH, glyceraldehyde-3-phosphate dehydrogenase Overbergh et al, 1999
209

SREBP1c, sterol regulatory element binding-protein 1 Kajikawa et al, 2009
204

FASN, fatty acid synthase Osei-Hyiaman et al, 2005
207

PEPCK-C, phosphoenoylpyruvate carboxykinase Volat et al, 2012
208

SCD1, stearoyl-CoA desaturase Kajikawa et al, 2009
204

FADS1, acyl-CoA 8-3 desaturase Su et al, 2016
205

FADS2, acyl-CoA 6 desaturase Rosenblat et al, 2010
206

Table 2.2: Primer sequences.  qRT-PCR was performed using a Roche 

LightCycler480 and SYBR mastermix as per manufacturer’s protocol.  Expression of 

genes of interest was normalized to expression of GAPDH. 
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characterized drug that irreversibly inhibits the AEA degradative enzyme FAAH and 

therefore increases AEA-CB1 signaling133,150,210,211.   

 Mice were given an intraperitoneal injection of either vehicle or URB597 

(1mg/kg bodyweight) four hours prior to sacrifice under unstressed conditions, to assess 

the effect of increased CB1 signaling on basal CORT production.  Vehicle injection did 

not have a significant effect on basal CORT in the mock-colonized or C. albicans-

colonized mice, and as expected CORT was significantly higher in C. albicans-colonized  

mice. Although basal CORT trended higher in mock-colonized mice treated with 

URB597, this increase was not statistically significant. 

 

Administration of 1mg/kg URB597 was sufficient to decrease basal CORT in the C. 

albicans-colonized mice to the level observed in the vehicle-treated mock-colonized mice 

Figure 2.12: FAAH inhibition normalizes basal CORT in C. albicans-colonized 

mice. Mice were given an intraperitoneal injection of vehicle, URB597 (1mg/kg) or 

URB937 (1mg/kg), then sacrificed four hours later under unstressed conditions and 

trunk blood collected.  CORT was measured in serum.  Symbols indicate mice and 

bars indicate average and SEM.  Symbols on the left represent mock-colonized mice 

and on the right C. albicans-colonized mice.  PBS: Veh N=15, 597 N=19, 937 N=6; 

C. albicans: Veh N=16, 597 N=19, 937 N=8.  Welch’s t-test, corrected for multiple 

comparisons p<0.02 



56 

 

(Fig 2.12, Student’s t-test with Bonferroni correction p<0.05).   This result is consistent 

with C. albicans colonization raising basal serum CORT through changes in 

endocannabinoid metabolism leading to an anandamide deficit.  Therefore, the metabolic 

changes in the GI tract as a result of C. albicans colonization had a significant impact on 

the gut-brain axis. 

 In addition to URB597 we also tested the ability of the peripherally restricted 

FAAH inhibitor URB937 to affect the elevated basal CORT of the C. albicans-colonized 

mice.  URB937 has been shown to have minimal effect on FAAH activity in the brain but 

inhibit >90% of FAAH activity in the periphery134,135,212. 

We found that unlike URB597, administration of URB937 (1mg/kg) did not significantly 

decrease the elevated CORT of the C. albicans-colonized mice (Fig. 2.12). However, 

CORT was also elevated in the mock-colonized mice treated with URB937 such that C. 

Figure 2.13: FAAH inhibitors improve anxiety-like behavior in the C. albicans-

colonized mice.  Mice were given an IP injection of vehicle, URB597 (0.15mg/kg) or 

URB937 (0.15mg/kg) four-six hours prior to testing in the EPM.  One metric to assess 

behavior in the EPM is shown, % time spent in open arms (comparable to Fig 2.3A).  

Symbols indicate mice and bars indicate average and SEM.  Symbols on the left 

represent mock-colonized mice and on the right represent C. albicans-colonized mice. 

Welch’s t-test, p<0.02 PBS: Veh N=17, 597 N=8, 937 N=10; C. albicans Veh N=16, 

597 N=8, 937 N=16 
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albicans-colonized and mock-colonized mice treated with URB937 had comparable basal 

CORT.  This result means we cannot conclude whether or not URB937 alleviated the C. 

albicans-induced increase in basal CORT, because URB937 alone elevates basal CORT.  

  Increased AEA levels have been shown to have a biphasic effect on anxiety-like 

behavior, such that low doses of FAAH inhibitors or direct administration of AEA has an 

anxiolytic effect while high doses of the same drugs have an anxiogenic effect213.  At 

sufficiently high doses, AEA interacts with the transient receptor potential vanilloid 

(TRPV1) channel and increases anxiety-like behavior, a phenotype that dominates the 

anxiolytic interaction of AEA with CB1214,215.  There is no such biphasic effect observed 

in AEA-CB1 regulation of CORT production and TRPV1 signaling is not thought to be 

involved in HPA axis regulation. Treatment with the 1mg/kg dose of URB597 used to 

alleviate CORT was anxiogenic in our model (data not shown) therefore we administered 

a lower dose (0.15mg/kg) of URB597 and URB937 four hours prior to testing in the 

EPM, to determine whether increasing AEA-CB1 signaling was sufficient to alleviate 

anxiety-like behavior in the C. albicans-colonized mice.   Due to significant variability in 

the activity level of mice in different cohorts used in this experiment, we expressed the 

data as the percentage of time spent in the open arm (open arm time/total arm time) 

normalized to the experimental mean of the mock-colonized vehicle control. C. albicans-

colonized mice treated with the vehicle control had increased anxiety-like behavior 

compared to the mock-colonized mice (Fig. 2.13, Welch’s t-test, p<0.05).  Neither 

URB597 nor URB937 had a statistically significant effect on behavior of the mock-

colonized mice.  Open arm time increased in C. albicans-colonized mice treated with 

either URB597 or URB937, such that these groups were not significantly different from 
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the mock-colonized vehicle control mice.  Although in some models, FAAH inhibitors 

have been shown to decrease locomotor activity, we did not observe a difference in 

closed arm entries or in total arm entries in either mock-colonized or C. albicans-

colonized mice treated with the FAAH inhibitors (data not shown).  These results indicate 

that increasing AEA signaling decreased anxiety-like behavior in the C. albicans-

colonized mice. Therefore, one way in which C. albicans alters anxiety-like behavior is 

through changes to the endocannabinoid system.  Interestingly, the peripherally-restricted 

FAAH inhibitor URB937 was as effective as the systemic FAAH inhibitor URB597, 

implying that AEA signaling in the periphery contributes to the regulation of anxiety-like 

behavior in this model.  

2.3.8 Colonization of adult mice with C. albicans does not affect the gut-brain axis 

 

  

 

 

 

  

  

Fig. 2.14: C. albicans colonization does not affect neuroendocrine phenotypes of 

9-week-old mice. Adult 9-week old female mice were mock-inoculated or inoculated 

with C. albicans.  A) GI tract colonization was assessed by plating fecal pellets on day 

1 post-inoculation and cecum contents after sacrifice on day 3.  B) Behavior in the 

EPM was assessed on day 2 post-inoculation C) CORT was measured in serum from 

trunk blood of mice sacrificed unstressed or D) mice subjected to 30m of restraint 

stress and sacrificed immediately.  Symbols indicate individual mice and bars indicate 

average and SEM.  Welch’s t-test, p<0.05 

A 
B 

C D 

B 
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The experiments described above used 5-week-old (mid-adolescent) C57BL/6 female 

mice to model early acquisition of C. albicans as has been observed in humans.  Adult (9-

week-old) C57BL/6 female mice were also studied to determine whether acquisition of 

C. albicans as an adult would affect the host gut-brain axis.  9-week-old mice were 

housed and inoculated with C. albicans as described above and C. albicans was 

recovered in fecal pellets and from the GI tract after sacrifice (Fig. 2.14A), demonstrating 

that this acute colonization model is also effective in adult mice.  There was a significant 

decrease in C. albicans colonization between one day and three days post-inoculated in 

the 9-week-old mice (Fig. 2.14 A, Welch’s t-test, p=0.008), which was not observed in 

the 5-week-old mice (Fig. 2.1A), indicating that C. albicans did not colonize the adult 

mouse GI tract as effectively as the adolescent mouse GI tract.  

 Anxiety-like behavior was evaluated in the EPM after two days of colonization.  

A trend towards increased anxiety-like behavior in the adult C. albicans-colonized mice 

was observed but the difference was not statistically significant (Fig. 2.14B, Welch’s t-

test, p=0.14).  To determine the effect of C. albicans on regulation of the HPA axis in 

adult mice, mice were sacrificed on day three of colonization as above, during the time 

window (2-4h prior to lights out) in which basal CORT was significantly different in the 

five-week-old mice.  C. albicans colonization did not significantly increase unstressed 

basal CORT production in nine-week-old mice (Fig 2.14B, Welch’s t-test, p<0.05).  Mice 

were also subjected to 30 minutes of restraint stress, then immediately anesthetized and 

sacrificed to measure stress-responsive CORT production.  There was no difference in 

peak stress-induced CORT between the mock-colonized and C. albicans-colonized mice. 
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Together these results indicate that 9-week-old adult mice show decreased sensitivity to 

the neuroendocrine influence of C. albicans-colonization. 

 To summarize, we demonstrated that colonization of adolescent mice with the 

commensal fungus C. albicans results in significant changes to the gut-brain axis 

including increased anxiety-like behavior and activity of the HPA axis.  An untargeted 

metabolomic screen revealed an increase in PUFAs in the GI tract of C. albicans-

colonized mice which was sufficient to alter hepatic regulation of lipid metabolism and 

gluconeogenesis.  We identified altered endocannabinoid levels in the GI tract of the C. 

albicans-colonized mice and demonstrated that increasing levels of the endocannabinoid 

AEA through administration of FAAH inhibitors was sufficient to reverse the C. 

albicans-induced increase in CORT production and decrease anxiety-like behavior.   

2.4 Discussion 

 C. albicans is the most common fungal member of the human gut microbiota and 

is also the most common fungal pathogen of humans. In order to better understand this 

complex relationship between C. albicans and the human host, we investigated the effect 

of C. albicans colonization on the gut-brain axis.  C. albicans had a small but significant 

effect on the gut metabolome that translated into a significant change in multiple 

neuroendocrine phenotypes.   Previous investigations of the gut-microbiota-brain axis 

have shown that colonization with commensal bacterial species decreased CORT 

produced in response to stress and decreased depression-like or anxiety-like 

behaviors85,87,165.  In contrast to these commensal bacteria, C. albicans increased basal 

CORT (while peak stress-responsive CORT was unchanged) and increased anxiety-like 

behavior.  In this way, C. albicans behaved more like a pathogen, comparable to infection 
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models with the parasite Trichuris muris87 or the mouse gastrointestinal pathogen 

Citrobacter rodentium216.  Researchers demonstrated that infection with these organisms 

increased local and systemic inflammation and resulted in increased anxiety-like 

behavior.  C. albicans in contrast, did not induce significant systemic inflammation.  Our 

work showed that C. albicans-colonization did not significantly alter the immune 

response, but rather changed the gut metabolome and altered endocannabinoid system 

signaling to produce the observed increase in basal CORT and anxiety-like behavior.  To 

our knowledge, this is the first communication to report that a commensal fungus, C. 

albicans, affects neuroendocrine host phenotypes and that microbiota-induced changes to 

the endocannabinoid system affect CORT regulation and anxiety-like behavior. 

 We found that treatment with the systemic FAAH inhibitor URB597 was 

sufficient to decrease basal CORT and anxiety-like behavior in C. albicans-colonized 

mice, indicating that C. albicans-colonization affects the gut-brain axis through the 

disruption of endocannabinoid metabolism.  Addition of C. albicans to the gut microbiota 

might result in alteration of the brain or changes could be confined to the gut and 

communicated to the brain, resulting in the observed neuroendocrine changes.  Due to the 

increased basal CORT observed in mock-colonized mice treated with URB937, we could 

not distinguish the effect of peripherally-restricted versus systemic FAAH inhibition on 

basal CORT regulation in the C. albicans-colonized mice.  URB937 did not have such a 

confounding effect on anxiety-like behavior.  Surprisingly, we observed that both the 

systemic FAAH inhibitor URB597 and the peripherally restricted drug URB937 

decreased anxiety-like behavior in the EPM in C. albicans-colonized mice, suggesting 

that AEA signaling in the periphery alone can affect a centrally-regulated process like 
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anxiety-like behavior.  There is precedent for the conclusion that peripheral AEA 

signaling is involved in regulating emotional behavior.  Bellochio et al similarly found 

that the peripheral endocannabinoid system regulates anxiety-like behavior, as the 

anxiogenic effects of the CB1 antagonist rimonabant were blocked by pretreatment with 

the peripherally restricted β-blocker sotalol217.   C. albicans-colonized mice treated with 

URB937 have elevated basal CORT, yet these mice no longer showed increased anxiety-

like behavior. This result indicates that although increased basal CORT (regulated 

centrally) in the C. albicans-colonized mice likely contributes to the increased anxiety-

like behavior, a deficit of AEA signaling in the periphery may also directly increase 

anxiety-like behavior.  

 We repeated these experiments using nine-week-old adult female mice, and found 

that C. albicans colonization did not affect basal CORT of the adult mice.  We did 

observe a consistent trend towards increased anxiety-like behavior in the adult C. 

albicans-colonized mice despite the lack of CORT phenotype, which also implies that 

elevated basal CORT is not the exclusive mechanism by which C. albicans colonization 

affects anxiety-like behavior.  Our results indicate that the HPA axis of adolescent five-

week-old mice can be dysregulated by GI tract colonization with C. albicans, while the 

HPA axis of adult mice is not so disrupted.  Such age-dependent sensitivity of the HPA 

axis to microbiota manipulation is consistent with work by Sudo et al that identified a 

key developmental window during which the bacterial gut microbiota could affect the 

HPA axis.  In this model, the abnormal HPA axis response of germ-free mice could be 

normalized by fecal microbiota transfer from specific-pathogen-free mice if the transfer 

was performed in six-week-old mice, but not in eight-week-old mice, indicating a 
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developmental window in which the HPA axis was more sensitive to changes to the gut 

microbiota85.  Similarly, we showed that five-week-old mice colonized with C. albicans 

exhibited significant changes in HPA axis regulation and behavior in the EPM while 

nine-week-old mice colonized with C. albicans did not have the same neuroendocrine 

response.   

 We would hypothesize that regardless of host age, C. albicans colonizing the GI 

tract produces lipases and phospholipases which could alter lipid abundance in the GI 

tract and affect endocannabinoid substrate availability.  However, the HPA axis of the 

nine-week-old mice is no longer sensitive to these proposed changes in endocannabinoid 

levels.  Using a rodent model, Lee et al showed that AEA levels in the brain increased 

significantly between adolescence and adulthood218, thus it is possible that a decrease in 

AEA caused by C. albicans colonization is physiologically significant in adolescent 

mice, but is not sufficient to limit AEA-CB1 signaling in adult mice.  Previous 

researchers have also demonstrated significant developmental differences in HPA axis 

regulation and response219,220 using both rodent models221 and human studies222,223.  Thus, 

differences in the endocannabinoid signaling system as well as decreased sensitivity of 

the HPA axis itself likely contribute to the lack of phenotype observed in the adult C. 

albicans-colonized mice.  Because in humans C. albicans is acquired prior to adulthood, 

the neuroendocrine changes observed in the adolescent mice remain relevant to our 

understanding of neuroendocrine health and development of the gut-brain axis.  

  In addition to the specific effect of C. albicans colonization on endocannabinoid 

metabolism, the untargeted metabolomics analysis also highlighted the effect of C. 

albicans on gut lipid homeostasis in general.  C. albicans encodes several lipases and 
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phospholipases,224–226 some of which are secreted and which could cleave lipids from 

various sources (plant cell walls, bacterial cell walls, C. albicans cells) in the GI tract 

environment, increasing availability for host uptake and incorporation into membranes.  

This increase in PUFAs could result in broad changes in energy metabolism in the C. 

albicans-colonized mouse as processes such as glucose and lipid metabolism in the liver 

are highly responsive to dietary PUFAs198,199,204,227.  As an example, we observed a 

decrease in expression of the fatty acid desaturase SCD1 and an increase in expression of 

enzymes involved in gluconeogenesis. Changes to hepatic metabolism could lead to 

changes in energy usage and storage throughout the host, and thus C. albicans 

colonization could contribute to metabolic disorders such as obesity and diabetes.  

 Outside of the context of C. albicans colonization, these results imply that 

enrichment of PUFAs in the GI tract, such as through a high-fat diet or a specific PUFA-

rich diet, could have similar metabolic and neuroendocrine effects on the host.  Indeed, 

researchers have shown that long-term (four-to-six weeks) supplementation of diet with 

PUFAs can significantly impact host metabolism228,229, and emotional behaviors230,231, 

including anxiety-like behavior231,232.  Our results demonstrate that even short-term 

changes to GI tract PUFA abundance can affect these same host systems.  Altogether this 

work demonstrates the ability of limited changes to the gut metabolome to have a 

significant impact on the brain and behavior, and illustrates the ability of the common gut 

commensal fungus C. albicans to affect the host beyond the GI tract.  

2.5 Chapter 2 contributions 

 I performed mouse experiments with assistance from Carol Kumamoto. 

Untargeted mass spec analysis (and preceding HPLC extraction) was performed by 
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outside company Metabolon.  All other data included in figures in Chapter 2 was 

produced and analyzed by me.  
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Chapter 3 Pre-colonization with the commensal fungus Candida albicans reduces murine 

susceptibility to Clostridium difficile infection2 

  

 
2 Markey, Laura, Lamyaa Shaban, Erin Green, Katherine Lemon, Joan Mecsas and Carol 

Kumamoto. “Pre-colonization with the commensal fungus Candida albicans reduces 

murine susceptibility to Clostridium difficile infection.” Gut Microbes, 2018 Nov 9 (6): 

497-509 

 Reprinted here with permission of publisher 
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3.1 Introduction 

In recent years, the bacterium Clostridium difficile has become an increasingly 

significant cause of human morbidity and mortality233. The major risk factor for infection 

is the use of broad-spectrum antibiotics, with elderly and immunocompromised 

individuals at particularly high risk for disease234–236. Antibiotic treatment disrupts the 

normally protective, resident bacterial community in the gut and leads to susceptibility to 

Clostridium difficile infection (CDI). This debilitating infection is treated with other 

antibiotics, all of which continue to disrupt the gut microbiota to some degree, and 

recurrence occurs in up to 25% of cases235,236.  

An alternative approach to CDI, fecal microbiota transplantation (FMT), relies on 

restoring a normal gut microbial community in a CDI patient who has experienced more 

than one recurrence. A randomized-controlled clinical trial and other smaller studies 

show success rates of 80-90% for FMT in treatment of recurrent CDI42,237,238. This 

approach is thus extremely promising but there is currently no consensus on the optimal 

source or makeup of donor microbiota. In addition, there have been instances of 

unintended consequences following FMT, including exacerbation of inflammatory bowel 

disease239,240and unexplained weight gain241. A deeper understanding of the effects of 

commensal organisms on CDI would contribute to identification of an optimal donor 

microbiota composition.  

The study described in this communication focuses on the effects of the 

commensal fungus Candida albicans on the outcome of CDI. C. albicans colonizes the 

gut of most humans as a benign commensal. Huffnagle and co-workers demonstrated 

that, in mice, gut colonization by C. albicans influences the recovery of the bacterial gut 
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community after antibiotic disruption180. Therefore, C. albicans gut colonization might 

affect the susceptibility of a host to CDI following antibiotic treatment. In addition, C. 

albicans affects the immunological milieu. Gut colonization by C. albicans promotes 

accumulation of regulatory T cell populations9. Cytokines such as IL-17 and IL-22 are 

up-regulated in the gut in response to C. albicans colonization12,242–244. Monocytes 

exposed to C. albicans are reprogrammed to confer nonspecific protection from 

secondary infections, a process termed trained immunity245. These properties of C. 

albicans led us to hypothesize that the presence of the fungus in the gut microbiota would 

protect an antibiotic-treated host from a C. difficile challenge. 

The data described here show that mice pre-colonized with C. albicans exhibit an 

increased ability to survive a lethal challenge with C. difficile. These results highlight a 

new aspect of C. albicans biology and show that under some circumstances, the effects of 

C. albicans colonization are beneficial for the host. 

3.2 Methods 

3.2.1 Strains and growth conditions 

C. albicans strain CKY101171, a virulent strain derived from the sequenced strain 

SC5314, was used for all studies. For mouse inoculations, cells were grown at 37°C in 

YPD (1% yeast extract (BD 212750), 2% peptone (Difco 0118-17-0), 2% glucose (Sigma 

G8270))246 for 21-24 hrs.  

C. difficile strain UK1, a NAP1/027/BI human epidemic strain247 was used for all 

studies. Spores were isolated as previously described248 except that gradient purification 

was omitted. For enumeration of C. difficile spores in extracts from mice, samples were 

plated on pre-reduced TCCFA plates (Taurocholate (Calbiochem 580217), cycloserine 



69 

 

(Sigma C6880), cefoxitin (Sigma C4786), fructose (Macron Fine Chemicals 7756-12))249 

and incubated at 35oC for 2 days in an anaerobic chamber.  

3.2.2 GI colonization in mice 

Five-week-old female C57BL/6 mice (Jackson Laboratory) were co-housed in a 

large cage (24” x 17”). Mice were treated with antibiotic (cefoperazone (Sigma C4292), 

0.5 gm/L) in drinking water for 10 days. All mice were treated with cefoperazone for 10 

days, except for the no antibiotics, no C. difficile mice used in Figs. 4D and S4. 

Prior to inoculation with C. albicans, mice were tested and shown to be negative 

for cultivable fungi on YPD-SA agar medium [YPD agar plus 100 μg/ml streptomycin 

(Sigma S6501) and 50 μg/ml ampicillin (Sigma A9518)] incubated for 2 days at 37oC. 

On the 10th day of antibiotic exposure, some mice were inoculated orally with 5 x 107 C. 

albicans cells in 25 μl (n=10 mice). All of the inoculated mice described in this study 

became colonized with C. albicans following a single inoculation.  

All mice were transferred from the large cage to standard sized cages, housed 2 

mice per cage and switched to water without cefoperazone. C. albicans colonization was 

measured over time by collecting fresh fecal pellets and plating homogenates on YPD-SA 

agar. Mice that were not inoculated with C. albicans (n=10 mice), but had been treated 

with cefoperazone in the same large cage as the C. albicans-inoculated mice, were 

housed in the same room as the C. albicans-inoculated mice.  

After 3 weeks of C. albicans colonization, mice were orally inoculated with C. 

difficile spores (~3-8 x 105 spores per mouse). On the day before inoculation with C. 

difficile, mice were inoculated intraperitoneally with clindamycin (Sigma C5269) (10 
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mg/kg). Some mice were inoculated intraperitoneally with IL-17A (R&D Systems 421-

ML-025, 1 μg in 100 μl PBS) or with PBS on the day before and the day after C. difficile 

inoculation. All mice used in these experiments were shown to be negative for C. difficile 

colonization prior to inoculation with C. difficile spores by collecting fecal pellets and 

plating on pre-reduced TCCFA. 

Mice were weighed daily and sacrificed 5 days post-inoculation or when 

moribund. Mice exhibiting severe signs of illness (extreme inactivity, hunched posture, 

ruffled fur) were considered moribund and were sacrificed. Mice were also sacrificed if 

their weight loss exceeded 20%. Within one experiment (i.e., one batch of mice), some of 

the mice were sacrificed on day 1 or 2 post-inoculation for the various analyses while 

other mice were monitored for survival over 5 days. The survival data show combined 

results of mice from 3-4 experiments. 

Relative weights were compared using the t test. Survival was compared using the 

log rank test. The cecum was dissected for further studies. Samples of cecum contents 

were plated on both YPD-SA to detect C. albicans and on pre-reduced TCCFA after 

heating at 60oC for 10 min. to detect C. difficile. 

All experiments were done in compliance with Tufts University IACUC 

guidelines. C. difficile susceptibility experiments were performed during the winter 

months to avoid the occasional presence of cultivable fungi in the GI tracts prior to 

inoculation with C. albicans. 
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3.2.3 Microbiota analysis  

The distal portion of the cecum, including contents, was dissected from mice two 

days post-inoculation with C. difficile. For comparison, ceca from control, untreated mice 

that did not receive antibiotic treatment and were not inoculated with microbes were 

collected. Mice from 4-5 different experiments were analyzed. The mucosa was scraped 

using a glass slide and the scraped material plus the luminal contents were combined in 

PBS. The sample was centrifuged at 16,100 rcf in a refrigerated Eppendorf 

microcentrifuge for 5 min. and the pellet was weighed and frozen at -80oC. Microbial 

DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen 51504) with an 

additional beadbeating step. Briefly, cecum samples were lysed by beadbeating in Qiagen 

lysis buffer ASL, and the lysate was treated with InhibitEX tablets followed by enzymatic 

digestion with proteinase K (20mg/ml) and RNaseA (1mg/ml) and column DNA 

purification.  

Libraries were prepared from each sample and sequenced as described250. Briefly, 

PCR amplification of the V4 region of the 16S rRNA gene was performed with primers 

that included adapters for Illumina sequencing and twelve base barcodes. Two hundred 

fifty bp paired-end sequencing was performed using an Illumina MiSeq. Base calling was 

performed using CASAVA 1.8 and the resulting fastq files were used as input for 

downstream analysis using QIIME (1.8.0)175. Briefly, the paired-end reads from the fastq 

files were joined, barcodes extracted and then demultiplexed. The operational taxonomic 

units (OTUs) were determined using a closed reference approach by aligning reads to the 

Greengenes Database (version 13_8) at 99% identity. The Greengenes phylogenetic tree 

was used to define the phylogenetic relationship between OTUs. The resultant OTU 
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tables contained the relative abundance of bacterial taxa in each sample. These tables 

were used to calculate overall diversity within each sample. To compare the composition 

and diversity of samples to each other taking into account phylogenetic relatedness, the 

OTU tables were used to calculate the weighted UniFrac distance matrix, which was 

summarized with Principal Coordinate Analysis. Permanova analysis was performed 

using Qiime. 

Total levels of bacteria per cecal tip sample were measured by qPCR using 

eubacterial primers. qPCR reactions were conducted using SYBR Green PCR Master 

Mix (Applied Biosystems 4364346) and a LightCycler 480 II (Roche) instrument. 

Normalized abundance of bacterial genera was calculated by multiplying the fraction of 

total reads for a genus by the total level of bacteria per mg of cecum sample (in arbitrary 

units). 

3.2.4 Histology 

Cecum tissue was dissected from mice sacrificed prior to or two days post-

inoculation with C. difficile. Tissue was fixed in buffered formalin and processed for 

staining with Hematoxylin and Eosin (H & E) by the Tufts Animal Histology Core 

facility (http://sites.tufts.edu/histopath/animal-histology-core/).  

3.2.5 C. difficile toxin assay 

Cecum contents from mice sacrificed one or two days post-inoculation with C. 

difficile or fecal pellets collected one day post-inoculation were weighed and diluted with 

10 times the volume of PBS. Serial three-fold dilutions were made in DMEM (Corning 

Cell Gro MT10-013CV) and samples were applied to monolayers of mouse embryonic 

fibroblast cells (MEF) cells grown in DMEM with 10% heat-inactivated Fetal Bovine 
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Serum (Atlanta Biologicals S11150). Cells were incubated for 24 hours at 37°C and 5% 

CO2 and scored visually at 10X magnification for cell rounding. Toxin titer is defined as 

the inverse of the greatest dilution that resulted in 100% cell rounding.  

3.2.6 Cytokine gene expression  

For measurement of cytokine gene expression, mice were sacrificed prior to or 

two days post-inoculation with C. difficile and colon tissue was frozen in RNALater 

(Invitrogen AM7021) at -80oC. RNA was purified with Trizol (Invitrogen 15596026) 

extraction and column purification, using the Ambion Purelink RNA mini kit (Invitrogen 

12183018A). DNA was eliminated with on-column DNase treatment. cDNA preparation 

with Superscript III (Invitrogen 18080051) was performed using manufacturer’s protocol. 

qRT-PCR reactions were performed as described above for qPCR. Triplicate samples 

were measured; controls lacking template did not yield products. Standard curves were 

generated and all results normalized to the level of GAPDH expression in each sample.  

3.3 Results 

3.3.1 Prior colonization of mice with C. albicans reduces susceptibility to lethal 

challenge with C. difficile 

We conducted a direct test of the central hypothesis that C. albicans pre-

colonization would attenuate lethal CDI. Antibiotic treatment was used to increase the 

susceptibility of mice to lethal CDI using a modification of the model established by 

Young and co-workers (Fig. 3.1A)251. These investigators demonstrated that 

cefoperazone-treated mice remained susceptible to CDI for up to 6 weeks after cessation 
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of cefoperazone treatment if given clindamycin on the day before spore challenge. 

 

Figure 3.1. Enhanced survival of Cd-challenged mice that were pre-colonized 

with C. albicans. (A) Timeline of the experiments. All mice used in one experiment 

were co-housed in a large cage as shown. Mice were given cefoperazone in drinking 

water, shown as a white box. Mice were then split into smaller groups, given standard 

water and some mice were orally inoculated with C. albicans. Mice were housed for 3 

weeks and then injected with clindamycin intraperitoneally (Day -1). C. difficile 

challenge was initiated by oral inoculation with C. difficile UK1 spores on the 

following day. Survival and weight loss were monitored for 5 days following 

inoculation, shown as a black box. In some experiments, mice treated as above were 

not colonized with C. albicans and instead received recombinant IL-17A or PBS by 

intraperitoneal injection on the day before and the day after C. difficile challenge. (B) 

The fraction of mice surviving on each day after challenge with C. difficile is plotted 

as a function of day post-challenge. Combined results are from 4 different 

experiments. Black diamonds, without C. albicans, n=10; open triangles, pre-

colonized with C. albicans, n=10; p value, log rank test. (C) The fraction of mice 

surviving on each day after challenge with C. difficile is plotted as a function of day 

post-challenge. Combined results are from 3 different experiments. Black diamonds, 

treated with PBS, n=11; grey diamonds, treated with IL-17A, n=13. p value, log rank 

test.  

 



75 

 

Building on these key observations, we modified the procedure of Reeves, et al. to 

establish C. albicans colonization in mice prior to challenge with C. difficile spores. 

Briefly, C57BL/6 mice received cefoperazone in drinking water for 10 days. This 

antibiotic regimen was used for all mice except certain control mice, as described in 

Materials and Methods. On the tenth day, some mice were orally inoculated with C. 

albicans. All mice were then switched to standard water without antibiotics to permit the 

gut microbiota to recover from the antibiotic treatment for 3 weeks, in the presence or 

absence of C. albicans. C. albicans colonization over this time period was shown by 

plating homogenized fecal pellets collected at various times post-inoculation (Fig. 6.5). 

All mice were successfully colonized with C. albicans following a single inoculation. 

 After 3 weeks, mice received a single dose of clindamycin by intraperitoneal 

injection and, on the following day, were orally inoculated with approximately 4 x 105 C. 

difficile spores. C. difficile strain UK1, a NAP1/027/BI human epidemic strain247 was 

used for all studies. The response of inoculated mice to the C. difficile challenge was 

monitored over 5 days. Weight loss was often evident at day 2 post-inoculation and some 

mice died or became moribund by day 3. There were slight differences in the timing and 

synchrony of deaths between experiments and more deaths were observed when higher 

numbers of spores were used. 

In the absence of C. albicans pre-colonization, only 1 of 10 mice with CDI 

survived to day 5 (Fig. 3.1B), consistent with previous results251.  Of the 9 who 

succumbed to severe CDI within 5 days, 5 died, 2 became moribund and were sacrificed 

and 2 were sacrificed due to weight loss. The average relative weight of surviving mice 

on day 2 post-inoculation was 0.92+0.06 and on day 3 post-inoculation was 0.84+0.03 of 
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each mouse’s pre-inoculation weight (p <0.00004; paired t test, day 3 versus day of 

inoculation), demonstrating weight loss due to CDI. Mice injected intraperitoneally with 

PBS on the day before and the day after C. difficile challenge (as a control for cytokine 

treatment, see below) were also highly susceptible to lethal CDI (Fig. 3.1C). Only 2 of 

the 11 mice in this group survived to day 5 and of the other 9, 7 died, 1 was sacrificed 

when moribund and1 was sacrificed due to weight loss. The relative weight of these 

surviving mice on day 3 post-inoculation was 0.84+0.05 (p<0.00098; paired t test), 

demonstrating weight loss due to CDI.  

In contrast, the majority of mice pre-colonized with C. albicans survived 

challenge with C. difficile as compared to those not pre-colonized (Fig.3.1B; p=0.035; 

log rank test). Six of the 10 mice pre-colonized with C. albicans survived to day 5, while 

only 1 died, 1 was sacrificed when moribund and 2 were sacrificed due to weight loss. 

Mice pre-colonized with C. albicans thus showed increased survival of CDI compared to 

mice without C. albicans pre-colonization.  

There was no statistically significant difference in weight loss due to CDI with or 

without C. albicans pre-colonization. For C. albicans pre-colonized mice infected with C. 

difficile, average relative weight was 0.91+0.05 of their starting weight on day 2 post-C. 

difficile inoculation and 0.84+0.06 on day 3 post-C. difficile-inoculation, a statistically 

significant difference (p<0.00003; paired t test, day 3 vs day of inoculation) indicating 

weight loss. Relative weights for surviving mice generally increased at the end of the 

experiment. The average relative weight at day 5 post-inoculation was 0.96+0.07 

(p<0.003, t test, relative weight on day 3 vs. day 5) consistent with recovery from 

infection.  
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Histological analysis of cecum and colon tissues demonstrated that C. difficile-

challenged (Cd-challenged) mice exhibited histological features of murine CDI, 

regardless of the presence of C. albicans. Regions exhibiting edema with leukocyte influx 

into the lamina propria (Fig. 6.6, panel E,F) had a patchy distribution. Eighteen sections 

of cecal tissue from 7 Cd-challenged mice without C. albicans at day 2 post-infection 

(with or without PBS) were examined. Each cecum section exhibited multiple regions 

showing edema and leukocyte influx (Fig. 6.6, panel E; 125 10x microscope fields 

examined). Ten cecal sections from 5 Cd-challenged mice with C. albicans pre-

colonization (with or without PBS) at day 2 post-infection revealed multiple regions with 

edema and leukocyte influx (Fig. 6.6, panel F; 74 10x microscope fields examined). 

Fig. 3.2: C. difficile spore levels and toxin production are unaffected in pre-

colonized or IL-17A-treated mice. (A) Mice were treated as described in Fig. 1A. 

Mice were euthanized 2 days post-C. difficile inoculation and cecal contents were 

collected. Samples were heated at 60oC for 10 min and C. difficile spores were 

enumerated by plating on TCCFA. Black diamonds, received PBS and C. difficile; 

open triangles, received C. albicans, PBS and C. difficile; grey diamonds, received 

IL-17 and C. difficile. Each symbol shows CFU/gm from an individual mouse; the 

bar shows the geometric mean. (B) C. difficile toxin titer in fecal or cecal extracts 

was measured by a cell-rounding assay. Fecal pellets were collected 1 day post-

inoculation. Cecal contents were collected after mice were sacrificed on day 1 or 2 

post-inoculation. Toxin titer is defined as the inverse of the greatest dilution that 

produced 100% cell rounding. Black diamonds, received PBS and C. difficile; open 

diamond, samples that yielded no detectable toxin activity (23 indicates that 23 of 

the 24 samples yielded undetectable toxin levels); open triangles, received C. 

albicans, PBS and C. difficile; grey diamonds, received IL-17 and C. difficile. Each 

sample shows results from an individual mouse and the bar shows the median. 

 



78 

 

Eleven cecal sections from 6 control mice that were antibiotic treated but not challenged 

with C. difficile, either with or without C. albicans did not exhibit these features (Fig. 6.6, 

panel A,B).  

Additional parameters of CDI were similar in mice with or without C. albicans 

even though C. albicans pre-colonized mice had increased survival of CDI. For example, 

the levels of C. difficile spores detected in the GI tracts of mice at day 2 post-C. difficile 

inoculation were similar in mice with or without pre-colonization with C. albicans (Fig. 

3.2A; p=0.76, t test with log transformed data). For this and subsequent experiments, 

mice were injected intraperitoneally with PBS on the day before and the day after C. 

difficile challenge. Regardless of pre-colonization with C. albicans, spore levels were 

lower on day 1 (Fig. 6.7) than on day 2 (Fig. 3.2A; median 5,000-fold lower on day 1 

than on day 2), showing that spores detected on day 2 reflected growth and new spore 

production within the GI tract of the host and were not solely the spores fed to the mice.  

C. difficile toxin levels were also similar in infected mice with or without C. 

albicans pre-colonization. C. difficile produces glucosylating toxins that act on small G-

proteins of the host, such as Rho and Rac, during growth in the GI tract252. Toxin activity 

was measured in extracts of the cecum or fecal pellets from mice using a mammalian 

cell-rounding assay253. Toxin titer was defined as the inverse of the greatest dilution that 

produced 100% cell rounding. The results showed that toxin levels in cecum contents of 

infected mice sacrificed 1 day post-C. difficile inoculation or in fecal pellets collected on 

the same day were mostly undetectable (Fig. 3.2B). Higher levels of toxin activity were 

present in cecum contents of infected mice sacrificed 2 days post-C. difficile inoculation 

(Fig. 3.2B). Levels of toxin were comparable in mice with or without C. albicans pre-
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colonization (p=0.91; Mann Whitney test). Toxin activity was not detected in samples 

from mice that were not inoculated with C. difficile. Therefore, pre-colonization with C. 

albicans did not reduce the ability of C. difficile to grow and produce toxins in the mouse 

GI tract. Thus, the presence of C. albicans did not increase the colonization resistance of 

the host. 

Combined, our observations indicate that mice pre-colonized with C. albicans 

were better able to resist lethal disease due to C. difficile despite the growth of C. difficile 

in the GI tract, the production of C. difficile toxin and the presence of inflammation and 

tissue damage. 

3.3.2 Altered host response to C. difficile challenge in pre-colonized mice.  

A significant fraction of hospitalized patients colonized with C. difficile do not 

develop symptomatic CDI. Host factors such as immunological status are therefore 

thought to affect the risk of CDI235. Based on this and on the increased survival of the C. 

albicans pre-colonized mice, we hypothesized that C. albicans altered the immune 

response to C. difficile challenge, which contributed to resistance to lethal CDI.  

We therefore measured the expression of genes encoding IL-17A, IL-22, TNF-α 

and IFN-γ in colonic tissue of Cd-challenged mice with or without C. albicans pre-

colonization. Results showed that two days post challenge with C. difficile, mice pre-

colonized with C. albicans expressed higher levels of Il17a mRNA than mice without C. 

albicans (Fig. 3.3B). In contrast, expression of the other cytokines was not significantly 

altered by pre-colonization with C. albicans. The genes encoding IL-17A and IFN-γ were 

also expressed at higher levels in C. albicans pre-colonized mice prior to inoculation with 

C. difficile (Fig.3.3A). These results demonstrated that the presence of C. albicans altered 
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the host response both before and after the initiation of C. difficile infection.  These 

results raised the possibility that higher levels of IL-17 are protective against lethal CDI.  

We therefore hypothesized that administration of IL-17A, in the absence of C. albicans 

pre-colonization, would protect mice from lethal CDI.  To test this hypothesis, mice were 

given cefoperazone antibiotic treatment for 10 days and then standard water for 20 days,  

as shown in Fig. 1A. The day before C. difficile challenge, mice were injected 

intraperitoneally with recombinant IL-17A (or PBS) and clindamycin. Mice were orally 

inoculated with C. difficile UK1 spores and one day later injected intraperitoneally again 

with IL-17A (or PBS). Survival and weight loss were monitored for up to 5 days post-C. 

difficile infection (Fig. 3.1C). Only 2 of the 11 mice that were injected with PBS 

survived, while 7 died, 1 was sacrificed when moribund and 1 was sacrificed due to 

weight loss, as noted above. In contrast, 10 of the 13 mice that were injected with IL-17A 

survived, while 2 died and 1 was sacrificed due to weight loss. IL-17A treated mice thus 

Figure 3.3. Increased expression of Il17a in the colon of C. albicans-precolonized, 

Cd-challenged mice.  All mice were treated with cefoperazone for 10 days and 

received clindamycin. Mice were euthanized on the day of challenge before receiving 

spores (A) or 2 days post challenge with C. difficile (B). RNA was extracted from 

colon tissue, converted to cDNA and expression of transcripts was measured in cDNA 

by qRT-PCR and was expressed in arbitrary units using GAPDH for normalization. 

The average for Cd-challenged mice was set to 1 for each experiment and samples 

were expressed relative to this value. Combined results of two experiments are shown. 

Each symbol represents a sample from an individual mouse and the bar indicates the 

geometric mean. Black diamond, received PBS but no C. albicans; open triangle, 

received PBS and C. albicans. p values, Mann Whitney test. 
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showed a significant and striking improved survival of CDI in comparison to mice that 

were not treated (Fig. 3.1C, p=0.0019; log rank test). Average relative weight of 

surviving IL-17A-treated mice on day 3 post-inoculation was 0.85+0.04, significantly 

different from the starting weight (p<0.000009; paired t test). Also, IL-17A treatment did 

not significantly alter the levels of spores or C. difficile toxin in the infected mice (Fig. 

3.2). Histological analysis of 9 cecal sections from 4 IL-17A treated, Cd-challenged mice 

showed multiple regions exhibiting edema with leukocyte influx (Fig. 6.6, panel H; 80 

10x microscope fields examined) but not in uninfected mice (Fig. 6.6, panel D). These 

results demonstrated that higher levels of IL-17A enhanced survival following challenge 

with C. difficile spores although IL17A-treated mice had similar levels of weight loss, 

spore counts and inflammation due to CDI when compared to mice not treated with IL-

17A.  

3.3.3 Effects of pre-treatments on microbiota composition.  

In humans, susceptibility to CDI is strongly affected by the state of the gut 

bacterial microbiota and antibiotic treatment is a major risk factor for infection234–236. 

Therefore, we analyzed the composition of the cecal bacterial microbiota in Cd-

challenged mice with or without C. albicans pre-colonization and with or without 

additional IL-17A treatment. We did not detect a statistically significant difference in the 

overall microbiota composition between groups; however, there were some differences 

between groups for specific genera. 

The cecal microbiota of mice treated with cefoperazone, colonized (or not) with 

C. albicans and then given clindamycin, PBS or IL-17A, and finally, C. difficile spores 

was analyzed. Bacterial community composition was characterized by sequencing the V4 
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region of the 16S rRNA gene and analyzed using QIIME175.   Principal Coordinate 

Analysis (PCoA) of weighted UniFrac distance for the bacterial communities in Cd-

challenged mice with or without C. albicans and with or without additional IL-17A is 

shown in Fig. 3.4A. Permanova analysis of these results did not detect a statistically 

significant difference between the treatment groups (p=0.148). 

 

 

 

 

A 
B 

C 

D 



83 

 

Total levels of bacteria were measured using qPCR and universal 16s rRNA 

primers. The total number of bacteria detected per milligram of cecum sample was not 

significantly different between mice that received PBS versus mice that were pre-

colonized with C. albicans (Fig. 3.4B). Cecum samples from mice that received IL-17A 

contained higher numbers of bacteria per milligram of cecum sample in comparison to 

mice receiving only PBS (Fig. 3.4B; geometric mean for IL-17A treated mice 5-fold 

higher than PBS-treated mice; p=0.0385, ANOVA with Tukey’s multiple comparisons 

test, using log transformed data).  

Figure 3.4 Bacterial microbiota of Cd-challenged mice with or without C. 

albicans pre-colonization or IL-17A treatment. Cecal bacterial microbiota 

composition from mice euthanized on day 2 post-C. difficile challenge was analyzed 

by Illumina sequencing of the V4 region of bacterial 16S rRNA gene. Relative 

abundance of bacterial taxa was determined using QIIME. (A) Results were analyzed 

by determining weighted UniFrac distances and performing Principal Coordinate 

Analysis using QIIME. Black Diamond, PBS-treated, Cd-challenged mice without C. 

albicans; white triangle, PBS-treated, Cd-challenged mice pre-colonized with C. 

albicans; grey diamond, IL-17A-treated, Cd-challenged mice without C. albicans. (B) 

Total levels of bacteria per cecal tip sample were measured by qPCR using eubacterial 

primers and normalized to milligrams of cecum sample used for DNA extraction. 

Symbols, as in (A); bar indicates the geometric mean. (C) Normalized abundance per 

mg of cecum sample (arbitrary units) for bacterial genera in the cecal microbiota of 

mice treated with PBS and C. difficile (black bars; n=9); with PBS, C. albicans and C. 

difficile (white bars; n=8); or with IL-17A and C. difficile (grey bars; n=9). All genera 

with a statistically significant difference between at least two groups are shown. Phyla 

are indicated with a one letter abbreviation as follows: P=Proteobacteria, 

V=Verrucomicrobia, A=Actinobacteria, F=Firmicutes, B=Bacteroidetes. Column 

indicates the median value, bar indicates the upper quartile, brackets indicate 

statistically significant comparisons (*p<0.05 **p<0.01, Kruskal Wallis Test followed 

by Dunn’s multiple comparisons test) D) Chao1 rarefaction analysis indicates that gut 

microbial community diversity for C. difficile-inoculated mice is low. Diversity of 

each sample was calculated by averaging 10 rarefactions taken at a depth of 11,500 

sequences. For comparison, community diversity in untreated mice (no antibiotics and 

not inoculated with C. albicans or C. difficile) is shown (Grey squares). Black 

diamonds, PBS and C. difficile; open triangles, PBS, C. albicans and C. difficile; grey 

diamonds, IL-17A and C. difficile. Symbol indicates mean for mice in each group, 

with standard error of the mean. 
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To test for possible differences in specific genera within the microbiota between 

groups, we compared the relative abundance of bacterial genera, normalized to the total 

level of bacteria per milligram of cecum sample. Normalization was used to account for 

differences in the total levels of bacteria per mg of sample. All bacterial genera with a 

median fraction greater than 0 in at least one of the three groups were included in order to 

identify the consistently observed genera. These mice had received multiple antibiotic 

treatments and were infected with C. difficile, and they were colonized with relatively 

few genera. We detected a total of 67 genera and 28 exhibited a median greater than 0 in 

at least one group.  

The normalized abundance of the 28 genera was compared between Cd-

challenged mice with or without C. albicans or IL-17A using the Kruskal-Wallis 

nonparametric test followed by Dunn’s multiple comparisons test. Of the 28 genera that 

met the criterion for analysis, 7 exhibited a statistically significant difference between at 

least two of the three experimental groups (Fig. 4.4C).  These included the abundant 

genera Akkermansia sp. (phylum Verrucomicrobia) and Sutterella sp. (phylum 

Proteobacteria) and the relatively rare genera Bifidobacterium sp. (phylum 

Actinobacteria), Adlercreutzia sp. (phylum Actinobacteria), and unidentified genera 

within the family Comamonadaceae (phylum Proteobacteria), the family 

Erysipelotrichaceae (phylum Firmicutes) and the family S24-7 (phylum Bacteroidetes). 

To detect a possible effect of C. albicans or IL-17A on the relative abundance of 

rare taxa, we measured community diversity using the Chao1 estimator (Fig. 4.4D). The 

microbiota of Cd-challenged mice exhibited relatively low diversity in comparison to 

mice not treated with antibiotics or microbes, consistent with previous results254–256, and 



85 

 

this decrease was statistically significant. However, the microbiota of mice that were 

more likely to survive C. difficile challenge (C. albicans precolonized or IL-17A treated) 

did not exhibit increased diversity in comparison to the highly susceptible, antibiotic-

treated infected mice using the Chao1 or other measures (Fig. 4.4D; Simpson index and 

Shannon index shown in Fig. 6.8). The above results showed that the communities 

present in C. difficile-challenged mice with or without C. albicans or IL-17A exhibited 

some differences in composition and overall low diversity. 

 To summarize, the results of this study demonstrate that increased levels of IL-

17A were protective against CDI and that C. albicans pre-colonization enhanced 

expression of IL-17A following C. difficile challenge. Differences in microbiota 

composition or amounts were detected in association with C. albicans colonization or IL-

17A administration and might also play a role in protection. Thus, C. albicans pre-

colonization altered the GI tract ecosystem, leading to reduced susceptibility to C. 

difficile challenge.  

3.4 Discussion 

The results of this study demonstrated significant attenuation of lethal murine 

CDI conferred by pre-colonization with the commensal fungus C. albicans. Previous 

studies have shown that bacterial microbiota influence susceptibility to CDI by affecting 

the metabolism of bile acids that serve as spore germinants234 and by increasing 

colonization resistance38,257. By contrast, the protective effect of C. albicans did not alter 

growth of C. difficile in the GI tract or the production of C. difficile toxin. Thus, C. 

albicans protects against lethal murine CDI through a mechanism other than colonization 

resistance. 
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The results reported here used an experimental mouse model to demonstrate 

protection against lethal CDI due to C. albicans colonization. Some evidence suggestive 

of a protective effect of Candida colonization against CDI has been observed in humans. 

Manian and Bryant found that only 10 of 60 patients with CDI (16.7%) were colonized 

with high levels of Candida spp., statistically significantly different from the rate in 

patients who tested negative for CDI (30.5%)50. Similarly low frequencies of Candida 

colonization in CDI patients were observed by Nerandzic et al. (16%) 258and Blanco et al. 

(18%)51. Interestingly, Blanco et al. observed that CDI patients who carried the 

hypervirulent C. difficile 027 ribotype were more likely than patients carrying other 

ribotypes to exhibit high level C. albicans colonization51. This observation may reflect 

the association between high level Candida colonization and situations that produce 

higher levels of inflammation21. In another study, recent antifungal use (within 6 weeks) 

was found to be a risk factor for CDI259. Perhaps related, administration of the probiotic 

yeast, Saccharomyces boulardii, to human patients has also shown some efficacy in 

ameliorating symptoms of CDI260–262. Combined, the observations from these studies are 

consistent with fungal colonization being protective against CDI. However, one 

investigation of CDI and Candida colonization contradicts this showing a significant 

correlation between CDI and Candida colonization52. Since the histories of the patients in 

the various studies are not identical, other variables may have contributed to the finding 

of a correlation between CDI and Candida colonization in the latter study. Our results are 

consistent with those human studies in which fungal colonization appears to protect 

against symptomatic CDI and support a role for C. albicans in altering the intestinal 

environment and preventing the most serious consequences of C. difficile infection. 
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Pre-colonization with C. albicans had multiple effects on the GI tract ecosystem. 

Pre-colonized mice exhibited higher IL-17A expression in the colon both before and after 

challenge with C. difficile, demonstrating that the activities of the host were altered. 

Further, we demonstrated that direct administration of IL-17A resulted in reduced 

lethality following challenge with C. difficile spores. Despite the strong effect of IL-17A 

administration seen in these studies, loss of IL-17 does not exacerbate CDI; an IL-17A 

IL-17F double null mutant mouse exhibits normal (or even slightly reduced) 

susceptibility to CDI263. These results suggest that high levels of IL-17A as a result of 

administration can improve host resistance but that basal levels of IL-17A are 

dispensable. 

In contrast, cytokine IL-22 is necessary for normal susceptibility to CDI; IL-22-

deficient mice are highly susceptible to lethal infection by C. difficile264. IL-27 receptor 

deficient mice also exhibit high susceptibility to CDI265. Further, administration of either 

IL-27 or IL-25 increases resistance of mice to lethal CDI265,266. These cytokines likely 

have related but not identical effects. In the absence of IL-17, the functions of other 

cytokines may compensate for the lack of IL-17. 

IL-17 has a well-known role in promoting inflammation. IL-17 stimulates the 

recruitment of neutrophils to the site of inflammation267 and is involved in neutrophil 

recruitment during CDI263. In addition, IL-17 plays a role in promoting the repair of 

epithelia. IL-17A deficient mice exhibit enhanced intestinal permeability and 

mislocalization of the tight junction protein occludin after treatment with dextran sodium 

sulfate (DSS)268.  Either or both of these effects, enhancing neutrophil recruitment or 

repair processes, might contribute to attenuation of C. difficile infection.  
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We explored potential differences in the bacterial microbiota in the different 

groups of mice because alterations in bacterial microbiota increase susceptibility to CDI. 

Our results do not exclude a role for the bacterial microbiota in the protection from lethal 

CDI seen with C. albicans pre-colonization. However, we did not observe a major shift in 

gut bacterial microbiota in the different groups of mice. Pre-colonized mice did exhibit 

statistically significantly increased abundance of two bacterial genera, Bifidobacterium 

and Akkermansia, both of which are associated with beneficial effects on mammalian 

host health. Probiotic strains of Bifidobacterium sp. have been shown to decrease 

inflammation, protect against infection by intestinal pathogens and improve gut mucosa 

integrity in various mouse models269–273. Akkermansia sp. are mucin-degrading bacteria 

and a member of the normal human gut microbiota274. Gastrointestinal pre-colonization 

with Akkermansia sp. can decrease colonic inflammation and tissue damage275, improve 

gut barrier function276 and promote immune tolerance277. It is possible that the increased 

abundance of these two bacterial genera in the C. albicans-pre-colonized mice might 

contribute to the protective effects of C. albicans pre-colonization against C. difficile 

infection. These genera did not exhibit increased abundance in IL-17A-treated mice; 

Bifidobacterium and Akkermansia may be less important for protection when IL-17A is 

administered.  

Finally, C. albicans promotes the ability of C. difficile to grow in aerobic 

conditions in the laboratory278. Thus, there may be direct effects of C. albicans on the 

growth of C. difficile in the GI tract. Attenuation of disease likely resulted from these 

multiple effects of C. albicans colonization on the GI tract ecosystem. Taken together, 

the results of this study establish a new facet of C. albicans-host interaction, 
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demonstrating that this fungal organism, a common colonizer of humans, can have a 

beneficial effect on the host through increased survival of CDI. 

3.5 Chapter 3 contributions 

Mouse experiments were carried out by Carol Kumamoto (survival data shown in 

Figure 3.1).  Other authors performed toxin assay and measured CFU (data shown in 

Figure 3.2).  I isolated RNA from colon tissue samples collected from those experiments 

and used qPCR to measure gene expression (Figure 3.3).  The Phoenix Lab (Tufts 

Medical Center) extracted DNA and generated Illumina library to sequence the 

microbiota.  I analyzed 16s rRNA DNA microbiota data used for analysis shown in 

Figure 3.4.   
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Chapter 4 Characterization of microbiome stability and resilience using composition-

independent analyses demonstrated the ability of the fungus Candida albicans to alter the 

bacterial microbiota ecosystem3 

  

 
3  Markey, Laura, Richard Lavin, Antonia Pugliese, Theresa Tian, Carolina Chung, 

Kyongbum Lee and Carol Kumamoto.  “Characterization of microbiome stability and 

resilience using composition-independent analyses demonstrated the ability of the fungus 

Candida albicans to alter the bacterial microbiota ecosystem” To be submitted to mBio 
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4.1 Introduction 

The bacterial gut microbiota is a complex microbial community made up of 

hundreds of bacterial species.  Studies have found that the composition of the gut 

microbiota can vary widely from person to person but generally fulfills similar key 

metabolic functions regardless of the identity of the species present53.  Humans are 

colonized shortly after birth with a simple community, which then develops into the 

mature gut microbiota of adults by age one or two.  During this period of acquisition, the 

community shifts in response to exposure to additional microbes with the introduction of 

solid foods as well as illness and exposure to antibiotics54.  Once matured, the gut 

microbiota of an adult is generally stable55, although its composition can still be shifted 

by radical changes in diet or exposure to antibiotics56.  The process of acquisition, as well 

as the stability and diversity of the mature community, are likely regulated by interactions 

between bacterial species as well as collective interactions with the host.  These 

interactions, during acquisition as well as during apparent equilibrium, remain largely 

uncharacterized and could be key to our understanding of what makes a “normal” 

microbiota beneficial to the host. 

Although the role of individual bacterial species in affecting host health is largely 

unknown, overall diversity of the community is associated with improved human 

health57,58 and with protection from severe gastrointestinal pathogens such as C. 

difficile59.  Diversity is thus an important emergent property of the microbiota.  The goal 

of this study was to define another characteristic of the microbiota by measuring the 

overall response of the microbiota to perturbation with antibiotics, as a functional readout 

of microbiota “health”; i.e. how well is the community able to withstand and recover 
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from disruption?  These qualities fit the ecological definition of resilience, the ability of a 

system to persist in the face of changes in the environment and stability, the ability of a 

disrupted system to return to an equilibrium state60.   

The effect of the common commensal fungus, Candida albicans, on the bacterial 

gut microbiota and on host health in general remains largely unknown.  Previous studies 

have demonstrated both beneficial immune priming that protects the murine host from 

infectious disease18,19, and detrimental immune stimulation in rodent models of 

inflammatory bowel disease23–25.  Other researchers have also demonstrated that C. 

albicans can alter the composition and diversity of the gut microbiota.  They 

demonstrated separation between gut microbiota populations in mice colonized and not 

colonized with C. albicans (beta diversity) and specifically found that colonization with 

C. albicans inhibited recovery of Lactobacillus sp. and promoted recovery of 

Enterococcus sp.64  These results indicated that C. albicans can affect how the gut 

microbiota recovers from antibiotic treatment.  In order to determine the role C. albicans 

could play in modulating emergent properties of the gut microbiota we compared the gut 

microbiota community response to clindamycin challenge with or without C. albicans 

present in the gut and quantified microbiota resilience and stability.   

4.2 Methods  

4.2.1 Animal housing and antibiotic treatment  

 Five-week-old female C57BL/6 mice (Jackson Laboratory) were cohoused in a 

large cage (24”x17”) to standardize gut microbiota by coprophagy for nine days.  Mice 

were then treated with cefoperazone (Sigma Aldrich, 0.5g/L) in drinking water for ten 

days to reduce the gut microbiota, then were switched to sterile water to allow the 
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microbiota to recover for three weeks.  All mice were confirmed negative for cultivable 

fungi at this point by plating fecal pellet homogenates in PBS on YPD-SA agar ((YPD 

agar plus 100 μg/ml streptomycin (Sigma S6501) and 50 μg/ml ampicillin (Sigma 

A9518)) and incubating plates at 37C.  After recovery from cefoperazone, mice were 

split into standard cages and given a single intraperitoneal injection of clindamycin 

(Sigma Aldrich, 1.11mg/kg, 3.33 mg/kg or 10mg/kg).  In some cohorts, mice were 

sacrificed one day after clindamycin challenge.  In other experimental cohorts, mice were 

then maintained on sterile food/water for up to 7 days.  Fecal pellets were collected three 

days and one day prior to clindamycin injection as well as periodically after clindamycin 

injection (Day 1, 3, 5) and the bacterial microbiota was sequenced from fecal pellet 

samples. 

All experiments were done in compliance with Tufts University IACUC guidelines. 

4.2.2 Strains and growth conditions 

 C. albicans strain CKY101, a derivative of the sequenced strain SC5314, was 

used for all experiments.  For preparation of mouse inoculum, cells were grown at 37°C 

in YPD (1% yeast extract (BD), 2% peptone (Difco) 2% glucose (Sigma Aldrich)) for 24 

hours.  They were then washed twice with sterile PBS (phosphate-buffered saline) and 

resuspended in 2% sucrose solution at a concentration of 2x109 cells/ml.  25µl (5x107 

cells) of this cell suspension was fed to mice for gastrointestinal colonization.   

4.2.3 GI colonization with C. albicans 

In two experiments, after the ten days of cefoperazone treatment, half of the mice 

were given a single oral inoculation of C. albicans (5x107 CFUS in 25ul) or were not 

inoculated, and then switched to sterile drinking water.  C. albicans-colonized mice were 
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cohoused in one large cage and uncolonized mice were cohoused in a second large cage.  

Over the following three weeks, the gut microbiota recovered from cefoperazone 

treatment.  C. albicans colonization was measured over time by sterilely collecting fecal 

pellets in PBS and plating homogenates on YPD-SA.  Clindamycin was administered and 

fecal pellets collected as above. 

4.2.4 Microbiota analysis 

Microbial DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen) 

with an additional beadbeating step. Briefly, cecum samples were lysed by beadbeating in 

Qiagen lysis buffer ASL, and the lysate was treated with InhibitEX tablets followed by 

enzymatic digestion with proteinase K (20mg/ml) and RNaseA (1mg/ml) and column 

DNA purification.  

Libraries were prepared from each sample and sequenced as described174.  

Briefly, PCR amplification of the V4 region of the 16S rRNA gene was performed with 

primers that included adapters for Illumina sequencing and twelve base barcodes. Two 

hundred fifty bp paired-end sequencing was performed using an Illumina MiSeq. Base 

calling was performed using CASAVA 1.8 and the resulting fastq files were used as input 

for downstream analysis using QIIME (1.8.0)175.  Briefly, the paired-end reads from the 

fastq files were joined, barcodes extracted and then demultiplexed. The operational 

taxonomic units (OTUs) were determined using a closed reference approach by aligning 

reads to the Greengenes Database (version 13_8) at 99% identity. The Greengenes 

phylogenetic tree was used to define the phylogenetic relationship between OTUs. The 

resultant OTU tables contained the relative abundance of bacterial taxa in each sample. 

These tables were used to calculate overall (alpha) diversity within each sample. To 
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compare the composition and diversity of samples to each other taking into account 

phylogenetic relatedness, the OTU tables were used to calculate the unweighted UniFrac 

distance matrix, which was summarized with Principal Coordinate Analysis. 

Total amount of bacterial DNA per sample was measured by qPCR using eubacterial 

primers. qPCR reactions were conducted using SYBR Green PCR Master Mix (Applied 

Biosystems) and a LightCycler 480 II (Roche) instrument. Normalized abundance of 

bacterial genera was calculated by multiplying the fraction of total reads for a genus by 

the total level of bacteria per mg of fecal pellet sample (in arbitrary units).  Fold change 

in absolute abundance was calculated by comparing the absolute abundance on day 1 

after clindamycin treatment to the absolute abundance on day -1 prior to treatment.  

Genera that were detected on day -1 but not on day 1 were included as a genus that 

decreased by >10-fold.  The percentage of genera decreased by 10-fold or more was 

calculated by dividing the number of genera whose absolute abundance decreased by 10-

fold or more by the total number of genera present prior to clindamycin treatment, 

multiplied by 100.  Genera with a median absolute abundance <0 in the pre-clindamycin 

microbiota samples were not included in the analysis.  

4.3 Results 

4.3.1 Gut microbiota response to clindamycin treatment revealed resilience threshold 

 One goal of this work was to determine the effect of C. albicans colonization on 

resilience and stability. We used an antibiotic pre-treatment model that reduces the gut 

microbiota sufficiently to allow C. albicans to stably colonize for several weeks.  To this 

end, mice were given cefoperazone in drinking water for ten days and then the bacterial 

community allowed to recover for three weeks in the absence of antibiotics either with or 
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without C. albicans.  We collected fecal pellets three days and one day prior to 

clindamycin treatment and sequenced the microbiota and found that after the three-week 

recovery period the microbiota is no longer changing significantly from day to day.  We 

used standard alpha diversity metrics to quantify the average diversity of the microbiota 

one day and three days prior to clindamycin treatment, and noted very little change in 

diversity or composition (Fig. 6.9) between these two timepoints, indicating a stable 

community.  This temporal stability was not affected by C. albicans colonization. 

 

We then administered a single intraperitoneal dose of the antibiotic clindamycin (at high, 

intermediate and low concentrations) to these mice to assess the ability of this microbial 

community to resist acute antibiotic disruption.  The highest concentration, 10mg/kg, was 

chosen because this dose of clindamycin renders mice susceptible to C. difficile infection, 

indicating that the microbiota loses one of its functional properties.  Two lower doses 

were used to determine whether any amount of clindamycin was sufficient for disruption, 

or whether the microbiota would respond differentially to different degrees of challenge.  

Figure 4.1: Percent of genera decreased after clindamycin demonstrate resilience 

threshold.  The fecal pellet microbiota of mice was sequenced before and after 

treatment with clindamycin.  Mice received either vehicle, low (1.11mg/kg), 

intermediate (3.33mg/kg) or a high (10mg/kg) dose of clindamycin by intraperitoneal 

injection.  The fold change in absolute abundance was calculated for each mouse 

microbiota and averaged per clindamycin treatment group.  Figure shows the average 

number of genera that decreased by 10-fold or more in mice treated with each dose of 

clindamycin. Symbols indicate the average of an experimental group in all cohorts, 

error bars indicate the standard deviation. 
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The response of the microbiota in the absence of C. albicans was analyzed first.  We used 

absolute abundance rather than relative abundance to report change in each individual 

genus in response to clindamycin, rather than the response of the individual genus 

relative to the microbiota as a whole.  We calculated fold change individually, by 

comparing the absolute abundance of a genus in the microbiota of a mouse before and 

after clindamycin treatment.  We then averaged the fold-change of each genus in each 

clindamycin concentration treatment group within a cohort, then calculated the 

percentage of genera that decreased 10-fold or more for each treatment group per cohort.  

The figure displays the average and standard deviation percent genera decreased 10-fold 

or more of five cohorts.  We observed a dose-dependent response in the percent genera 

that decreased by 10-fold or more after clindamycin treatment, and noted that this dose-

dependency revealed a threshold for disruption (Fig. 4.1).  In mice subjected to the low 

(1.11mg/kg) or intermediate (3.33mg/kg) doses of clindamycin, approximately a third of 

the genera decreased by 10-fold or more, compared to the 60% of genera that decreased 

by 10-fold or more in mice given the high (10mg/kg) dose. These results indicate that the 

gut microbiota was able to withstand up to the intermediate dose of clindamycin with 

minimal disruption, but once the dose of antibiotic reaches a threshold level the majority 

of the community members were substantially affected and decreased in absolute 

abundance by 10-fold or more.   

 The average results reported above reflect a common dose-dependent threshold 

response to clindamycin observed individually in each of the five cohorts.  These 
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experiments took place across several years and seasons and have distinctly different 

starting compositions.   

 

 

 

 

 

We performed principal coordinates analysis using the unweighted UniFrac metric of the 

day -1 microbiota composition and observed significant separation between some of the 

populations based on experimental cohort (Fig. 4.2).  Despite these differences in starting 

composition, the dose-dependent response to clindamycin in percent genera decreased by 

10-fold or more is consistent across cohorts (Fig. 4.1), suggesting that this is a 

composition-independent property of the gut microbiota. 

4.3.2 C. albicans colonization decreased diversity and stability of the gut microbiota 

 Previous studies have demonstrated that ten days of cefoperazone treatment are 

sufficient to decrease the bacterial microbiota and allow C. albicans to stably colonize for 

several weeks18,64.  We performed two experiments to investigate the effect of C. 

Figure 4.2: Beta diversity of pre-clindamycin microbiota for all experimental 

cohorts.  This figure displays principal coordinates analysis of unweighted UniFrac 

scores of the pre-clindamycin (day -1) microbiota of mice from the five cohorts 

included in these experiments. All mice received the antibiotic cefoperazone in 

drinking water for ten days, then the antiobiotic was removed and the microbiota 

recovered for three weeks.  Each symbol represents the microbiota of a mouse, and 

shapes indicate experimental cohort.  Exp 1 N=12; Exp 2 N=15; Exp 3 N=9; Exp 4 

N=23; Exp 5 N=11 
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albicans colonization of bacterial microbiota sensitivity of clindamycin.  After 

cefoperazone treatment, half of the mice in a cohort were inoculated with C. albicans and 

half of the mice remained uncolonized. In order to limit cage effects on bacterial 

microbiota composition, we continued to cohouse all of the uncolonized mice in one 

large cage and all of the C. albicans-colonized mice in a cohort in a second large cage.  

Throughout the three weeks of recovery from cefoperazone and C. albicans colonization, 

we collected fecal pellets from both groups of mice and plated homogenates on YPD-SA.  

Uncolonized mice did not have any culturable fungi recovered in their fecal pellets and 

C. albicans-colonized mice remained colonized throughout the experiment.  As above, at 

the end of three weeks fecal pellets were collected one day prior to clindamycin treatment 

and one day after clindamycin (various concentrations) treatment and the bacterial 

microbiota of these samples was sequenced.    

 Prior to clindamycin treatment, C. albicans colonization did not have a significant 

effect on the abundance of any single bacteria genus (Fig. 6.13 ) Prior to clindamycin 

treatment (day -1), the C. albicans-containing microbiota had significantly decreased 

alpha diversity compared to the microbiota of the uncolonized mice (Fig 4.3).  One 

measure of alpha diversity, the total number of different OTUs detected per sample (Fig. 

4.3A) is a measure of species richness, but that does not take into account relative 

abundance or phylogenetic relatedness.  The average total OTUS was decreased in the 

bacterial microbiota of C. albicans-colonized mice.  The Simpson index (Fig. 4.3B) 

measures both richness (number of species) and evenness (abundance of each species 

compared to total abundance) and the Simpson index of diversity was also significantly 

decreased in the C. albicans-colonized mice.  Finally, Faith’s Phylogenetic Diversity 
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(Fig. 4.3C) accounts for both the number of species and their phylogenetic relatedness, 

such that the addition of a genetically disparate species contributes more to the overall 

diversity score than would the addition of a highly related species.  This metric was also 

decreased in the C. albicans-colonized mice.  Together these results demonstrate that the 

C. albicans-containing gut microbiota had significantly reduced richness and 

phylogenetic diversity, prior to clindamycin disruption.   

 We then measured the response of the microbiota to perturbation with high, 

intermediate and low doses of clindamycin as described above.  The microbiota of mice 

carrying the less diverse C. albicans-containing community demonstrated a decrease in 

resilience threshold.   

 Unlike the uncolonized mice (Fig. 4.4, black circles) the microbiota of mice 

colonized with C. albicans (Fig. 4.4, red triangles) was maximally disrupted following 

Figure 4.3: Three weeks of C. albicans colonization decreased microbiota alpha 

diversity.  Mice were given cefoperazone in drinking water for ten days, then half of 

the cohort was colonized with C. albicans and the other half remained uncolonized.  

The microbiota then recovered for three weeks.  The microbiota was sequenced from 

fecal pellet samples collected one day prior to clindamycin treatment.  Three different 

metrics were used to quantify diversity (A, total number of OTUS per sample; B, the 

inverse of the Simpson Index score for each sample and C, Faith’s phylogenetic 

diversity score for each sample) and each symbol represents a mouse microbiota pre-

clindamycin treatment.  Different shapes indicate different experimental cohorts, later 

referred to as Exp 3 and Exp 5.  Red symbols indicate C. albicans-colonization.  Mean 

and standard deviation are displayed as line and error bars.  Welch’s t-test to correct 

for different distributions was used, with p<0.05 considered significant. Uncolonized 

N=20, C. albicans-colonized N=24 

A B C 
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administration of the intermediate dose of clindamycin.  We observed a 10-fold or greater 

decrease in the majority of genera present in the C. albicans -colonized mice, compared  

 

 

 to the uncolonized mice in which we observed this decrease in less than 40% of their 

genera. These results demonstrate that changing the starting microbiota with the addition 

of the commensal fungus C. albicans altered a functional property of the community and 

resulted in decreased ability to resist antibiotic disruption.  

4.3.3 Post-clindamycin microbiota response demonstrates community stability 

 One aspect of stability is the ability of a community to recover from perturbation 

and return to the pre-perturbation stable state.  The metric described above allowed us to 

quantify the immediate response of the microbiota to clindamycin perturbation by 

sequencing the fecal pellet microbiota one day after clindamycin treatment.  To 

characterize the kinetics of recovery from clindamycin disruption, we collected fecal 

Figure 4.4: C. albicans colonization for three weeks decreases the clindamycin 

dose threshold for disruption.  The absolute abundance of genera was compared 

before and after clindamycin treatment to calculate fold change in each microbiota.  

The percentage of genera that decreased by 10-fold or more in each experimental 

group was averaged.  Symbols indicate the average of two cohorts, bars indicate 

standard deviation.  Uncolonized: 1.11mg/kg N=6; 3.33mg/kg N=7; 10mg/kg N=7.  

C. albicans N=8 for all groups. 
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pellets from mice one, three and five days after administration of high, intermediate and 

low doses of clindamycin and sequenced the microbiota from these samples.  We could 

then investigate whether there was a dose-dependent effect of clindamycin on the speed 

and completeness of recovery of microbiota diversity, and whether C. albicans 

colonization affected the kinetics of bacterial microbiota recovery. We used standard 

alpha diversity metrics to measure overall diversity of the microbiota of mice after one, 

three and five days of recovery from clindamycin treatment.  Although there were 

differences in the degree of microbiota change over time depending on the metric chosen, 

the following patterns held true for all three metrics.  Results shown below demonstrate 

the ability of the bacterial microbiota (mice not colonized with C. albicans) to rebound in 

diversity after perturbation. 

 

 

 

 

 

 

Figure 4.5: Gut microbiota rapidly recovers from clindamycin disruption. The 

microbiota of mice was sequenced prior to clindamycin treatment (day-1) and at three 

timepoints after clindamycin treatment.  At each timepoint we assessed the diversity 

of the microbiota using three indices (A, B, C) of alpha diversity.  Symbols indicate 

the average diversity of the experimental group (dose/day), error bars indicate the 

standard deviation.  N=22 for all dosage groups, from five experimental cohorts. 

A B 

C 
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On day one post-clindamycin administration, there was a dose-dependent decrease in 

diversity (Fig. 4.5) as we would expect based on the percentage genera lost (Fig 4.1).  On 

day three post-clindamycin we observed that microbiota diversity of mice given the low 

dose of clindamycin recovered significantly while microbiota diversity of mice given the 

intermediate or high doses of clindamycin remained lower than their starting point in a 

dose-dependent manner. 

Microbiota diversity as measured by Simpson Index was indistinguishable from that prior 

to clindamycin treatment by day five from all experimental groups indicating that the 

starting gut microbiota is exhibits ecological stability (Fig 4.5).  Other metrics showed 

significant rebound in intermediate and high doses and by day five post-clindamcyin 

Figure 4.6: C. albicans colonization does not alter the diversity after clindamycin 

disruption.  This figure shows the inverse Simpson index, separated by concentration 

of clindamycin given, of the microbiota of uncolonized and C. albicans-colonized 

mice over time.  The symbols indicate average diversity, error bars show the standard 

deviation.  Uncolonized: 1.11mg/kg N=6; 3.33mg/kg N=7; 10mg/kg N=7.  C. 

albicans N=8 for all groups. 
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were not statistically significantly different from the starting microbiota diversity.  These 

results indicate that the concentration of clindamycin given and thus degree of 

perturbation affects the time-scale of microbiota rebound in a dose-dependent fashion 

, but ultimately even the maximally disrupted microbiota of the high dose mice was still 

able to recover fully from disruption.  Despite the decreased alpha diversity of the pre-

clindamycin C. albicans-containing microbiota (Fig 4.3), alpha diversity after 

clindamycin treatment was comparable in the C. albicans-colonized and uncolonized 

mice.  We observed a dose-dependent decrease in diversity followed by rebound on days 

one and three post-clindamcyin administration and complete recovery of diversity by day 

 

Figure 4.7: Both uncolonized and C. albicans-colonized microbiota exhibit 

stability and resilience in response to clindamycin.  The microbiota of 

uncolonized and C. albicans-colonized mice was sequenced one, three and five days 

after clindamycin disruption.  Beta diversity analysis using unweighted UniFrac as a 

metric for phylogenetic distance was used to analyze change in microbiota 

composition and beta diversity over time. Symbol shape indicates days post-

clindamycin; black symbols represent uncolonized mice, red symbols represent C. 

albicans-colonized mice. 
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five (Fig. 4.6, Simpson Index, Fig. 6.10 additional metrics).  These results indicate that 

although C. albicans decreased the diversity of the microbiota after three weeks of 

recovery from cefoperazone with C. albicans present, it did not affect the acute recovery 

of the microbiota from clindamycin disruption. 

In addition to measuring alpha diversity and percentage genera decreased, we also 

used unweighted UniFrac distance and principal coordinates analysis to assess the effect 

of C. albicans colonization and clindamycin disruption on beta diversity, the 

phylogenetic distance between different groups.  Prior to clindamycin treatment, we 

found that in one cohort C. albicans colonization had a strong effect on beta diversity, 

leading to significant separation between the communities while in another cohort C. 

albicans colonization had minimal impact on beta diversity (Fig. 6.11).  Despite this 

variability in the effect of C. albicans on the pre-clindamycin composition, changes in 

beta diversity in response to clindamycin disruption were consistent between both cohorts 

and demonstrate similar recovery and resilience observed in the alpha diversity metrics.  

For clarity, only one experiment is shown in Fig. 4.7; additional beta diversity analysis is 

included in the supplement (Fig. 6.12). 

At all doses, we observed separation between the starting microbiota (circles) and 

the day one post-clindamycin microbiota (triangles) (Fig. 4.7).  The microbiota of mice 

given the lowest dose of clindamycin recovered fully by day three, such that the day three 

community (squares) overlaps with the starting community, as does the day five 

community (diamonds).  The microbiota disrupted with the intermediate dose is still 

separate on day three, but largely returned to the pre-clindamycin state by day five.  The 

microbiota disrupted with the high dose did not return to the pre-clindamycin state 
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although there is less separation on day five than on day three.  These results suggest that 

there may be a threshold dose of clindamycin for microbiota stability, such that at the 

lowest dose the microbiota can rebound fully to the pre-clindamycin state, but higher 

doses of clindamycin disrupt the community sufficiently to prevent it from reaching the 

same starting state, although the community does reach an alternate state with 

comparable diversity. 

 C. albicans colonization did not have a strong effect on stability as quantified by 

beta diversity.  There was some separation between populations based on the presence of 

C. albicans (red symbols), but the degree of separation based on dosage and day of 

recovery was unchanged.  As seen in the uncolonized mice, the C. albicans-containing 

microbiota was stable at the low dose, and less stable at the intermediate and high doses.  

4.4 Discussion  

 The model used in this study allowed us to examine the effect of long-term C. 

albicans colonization on the composition and diversity of the bacterial gut microbiota, as 

well as assess its effect on a functional property of the microbiota: the ability to respond 

to antibiotic disruption.  Our initial studies in the absence of C. albicans colonization 

were used to characterize the bacterial microbiota ecosystem in our experimental model.  

We demonstrated that the response to clindamycin fits a discontinuous threshold model in 

which the majority of genera are maintained at low and intermediate doses of 

clindamycin, but decrease substantially when exposed to a high dose of clindamycin.  We 

also showed that the bacterial microbiota in our system demonstrated community stability 

and could recover rapidly after the disruptive pressure of clindamycin was relieved (five 

day wash-out period) although it was unclear as to whether the community that recovers 
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from intermediate and high doses of clindamycin has returned to the starting state or has 

achieved an alternate yet equally diverse state.   

 Previous studies that analyzed the ability of the bacterial microbiota to recover 

from antibiotic treatment found that the microbiota remained significantly different from 

the starting community in diversity and composition three months after disruption, 

implying that disruption of the microbiota can prevent the community from returning to 

its baseline structure.  The incomplete resilience of the microbiota in response to 

clindamycin in our study similarly demonstrated that it is possible to disrupt the 

microbial community to the point that it cannot rebound to the previous state, but instead 

finds a new, equally diverse, set-point.  In a clinical setting, the human gut microbiota has 

been largely stable, whether healthy or dysbiotic, which limits the ability to improve 

health by changing the gut microbiota.  This study implies that a sufficient degree of 

disruption, or perhaps disruption of specific groups, can result in the community being 

unable to return to baseline, healthy or otherwise.  Additional work to define the stability 

threshold and identify aspects of the community that are lost above that threshold, but 

maintained below it would provide insight into requirements for microbiota stability.   

 Although C. albicans colonization did not have a strong effect on the abundance 

of any single genus of bacteria (Fig. 6.13), C. albicans colonization affected some of 

these properties of the microbiota.  C. albicans reproducibly decreased overall diversity 

of the bacterial microbiota.  In some mice, the presence of C. albicans also substantially 

changed community composition and phylogenetic diversity, such that substantial 

separation was observed between the pre-disruption populations as a consequence of C. 

albicans colonization.  C. albicans also affected the threshold stability of the bacterial 
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microbiota, as this less diverse community was more susceptible to disruption at the 

intermediate dose of clindamycin.  Colonization with C. albicans thus had a significant 

impact on these emergent properties of the microbiota. 

  The ability of C. albicans to stably alter the gut microbiota and affect its response 

to antibiotic perturbation demonstrates that long-term change of the microbial community 

as a whole through the addition of a commensal microbe is possible.  Previous studies 

have characterized direct antagonistic interactions between Lactobacillus sp. and C. 

albicans in the GI tract, as well as observed correlations between the abundance of C. 

albicans and the abundance of bacterial families Enterococcaceae and Lachnospiraceae.  

In our study, C. albicans did not significantly alter the abundance of any particular 

bacterial species or taxonomic group but did impact properties of the community as a 

whole.  It is possible that C. albicans altered the bacterial microbiota indirectly by 

stimulating the host local immune environment which could then shape the bacterial 

microbiota.  C. albicans could also have changed the metabolites available to the 

bacterial microbiota, by adding nutrients to the gut milieu such as yeast cell wall-derived 

glucans, or by limiting nutrients available to bacteria due to C. albicans consumption.  

Additional studies to characterize C. albicans-bacteria interactions in the context of the 

host GI tract would improve our understanding of this complex ecosystem, especially 

now that we have identified C. albicans as a factor that can alter bacterial microbiota 

stability. 

 The bacterial microbiota is a complex ecosystem integral to human health.  We 

have demonstrated the sensitivity and stability of this system and shown that one 

emergent quality of it can be changed through the addition of a single commensal 



109 

 

microbe, C. albicans.  By better understanding the factors that drive diversity, stability, 

resilience and define the shape of the microbiota, we can better manipulate it to achieve 

long-lasting improvement in host health. 

4.5 Chapter 4 contributions 

Richard Lavin, Antonia Pugliese, Carolina Chung and Theresa Tian each performed a 

mouse experiment in which they collected fecal pellet samples and sacrificed mice.  Fecal 

pellet samples were processed by the Phoenix Lab which extracted DNA and prepared 

Illumina libraries for sequencing.  I performed all analysis of 16s rRNA DNA microbiota 

data (using standard QIIME analysis pipeline) which was used to generate the figures 

included in this manuscript.  
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Chapter 5 Discussion  

5.1 C. albicans modulation of endocannabinoid system is a novel way for the microbiota 

to affect neuroendocrine health 

 We demonstrated that the C. albicans-colonized mice have increased anxiety-like 

behavior and increased basal CORT.  These neuroendocrine phenotypes are both 

regulated by signaling through the endocannabinoid system (ECS), as signaling through 

CB1 via AEA or 2-AG limits neurotransmitter release within neurons that have been 

shown to regulate both CRH release (upstream of basal CORT) and anxiety-like 

behavior. We showed that increasing CB1 signaling by elevating AEA levels throughout 

the host through treatment with the FAAH inhibitor URB597 was sufficient to decrease 

basal CORT to normal levels in the C. albicans-colonized mice.  Treatment with the 

peripherally-restricted FAAH inhibitor URB937 did not decrease basal CORT 

significantly in the C. albicans-colonized mice, indicating that an increase in brain AEA 

levels was required to normalize CORT regulation.  Interestingly, low concentrations of 

both URB597 and URB937 decreased anxiety-like behavior in the C. albicans-colonized 

mice.  This result indicates that peripheral CB1 signaling can affect anxiety-like behavior, 

which is surprising as this behavior is largely thought to involve signaling within the 

brain.  However, another group has shown that the peripherally-restricted β-blocker 

sotalol is sufficient to block the increased anxiety-like behavior observed in mice treated 

with the CB1 antagonist rimonabant217 and concluded that peripheral endocannabinoid 

signaling is involved in regulating anxiety-like behavior, consistent with the trends 

observed with URB937 in our study.  They suggest that peripheral activation of the 

sympathetic nervous system (which then signals to the various brain structures previously 

identified as involved in anxiety-like behavior) is a key regulator of anxiety. 
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 One reason it may be difficult to completely restore normal behavior in the C. 

albicans-colonized mice, is that other endocannabinoid compounds including 

oleoylethanolamide (OEA), linolenoylethanolamide (LnEA) and linoleoylethanolamide 

(LEA) are increased in abundance in the C. albicans-colonized mice, as shown in our 

untargeted metabolomic analysis.  These compounds could increase anxiogenic 

endocannabinoid signaling.  One aspect of the biphasic effect of pharmacological 

treatment with CB1 agonists such as AEA is that at high doses AEA  interacts with the 

anxiogenic ion channel, transient receptor potential vanilloid one (TRPV1)157,213–215 as 

well as with the anxiolytic CB1 receptor.  At low doses, AEA largely interacts with the 

CB1 receptor (anxiolytic effects) but at high doses it interacts with both the CB1 and 

TRPV1 receptors, leading to increased anxiety at sufficiently high doses213.  Previous in 

vitro studies have shown that the endocannabinoid compounds elevated in the C. 

albicans-colonized mice, OEA, LEA and LnEA  are agonists for TRPV1 but not for 

CB1155, which could alter the balance between CB1 and TRPV1 signaling in the C. 

albicans-colonized mice and contribute to the increased anxiety-like behavior observed in 

these mice.  FAAH also degrades OEA, LnEA, and LEA, so treatment with FAAH 

inhibitors would be expected to increase both AEA and these other possibly anxiogenic 

TRPV1 agonists, which would limit the ability of FAAH inhibitors to fully normalize 

anxiety-like behavior.   

 TRPV1 signaling has also been shown to contribute to GI tract inflammation in 

models of DSS colitis279,280, indicating that the increase in endocannabinoid TRPV1 

agonists  observed in our study in C. albicans-colonized mice could contribute to the 

exacerbated inflammation previous researchers have observed when mice with 
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chemically-induced colitis were colonized with C. albicans25.  Gastrointestinal 

endocannabinoid signaling by AEA and 2-AG signaling through the receptors CB1 and 

CB2 has been shown to regulate multiple aspects of GI tract function, including barrier 

permeability, gut motility and inflammation281–284. Some studies have also demonstrated 

that the gut microbiota can modulate GI tract endocannabinoid signaling and therefore 

affect host health.  AEA-CB1 signaling in the intestine increases permeability in vitro284 

and in mouse models285 and can be modulated through changes to the gut microbiota such 

as antibiotic treatment285.  A study using genetically obese mice (ob/ob) found that 

prebiotic diet supplementation which increased abundance of the commensal bacteria, 

Akkermansia muciniphila, decreased CB1 mRNA expression in both the colon and 

surrounding adipose tissue, decreased AEA levels in the adipose tissue and that these 

changes in the ECS correlated with decreased adipose tissue mass72.  Our study implies 

that such changes of the gut endocannabinoid system can have an impact beyond the GI 

tract.  Although these studies of the bacterial microbiota and the endocannabinoid system 

did not characterize the neuroendocrine implications of their microbiota and/or 

endocannabinoid system manipulation, based on our findings we would hypothesize that 

the decreased CB1 signaling in mice given the prebiotic diet would also affect host 

anxiety-like behavior or other emotional behaviors.  Indeed, the first drug that targeted 

the endocannabinoid system in humans to regulate obesity, the CB1 antagonist 

rimonabant, was withdrawn from the market after it became clear that CB1 antagonism 

had severe psychiatric side-effects including increased depression286.   

 The endocannabinoid 2-AG is also an agonist for CB1 but through its action at the 

CB2 receptor it has an opposing role to AEA in regulating intestinal permeability.  The 
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CB2 receptor is expressed at low levels in epithelial tissue and is widely expressed on 

immune cells distributed through the GI tract287.  2-AG/CB2 signaling decreases the 

inflammatory state of the gut environment in various models of intestinal disease288–290 

and limits intestinal permeability291.  As would be expected therefore, manipulations of 

the bacterial microbiota that increased intestinal 2-AG also improved barrier function and 

metabolic health.  Prolonged (4 week) treatment with the commensal bacteria 

Akkermansia muciniphila increased intestinal 2-AG levels and normalized metabolic 

function in a mouse model for diet-induced obesity72. A study of the probiotic bacteria 

Lactobacillus acidophilus did not examine its effect on host metabolic health but did 

demonstrate that 15 days of treatment with L. acidophilus increased CB2 expression in 

the colonic epithelium292, additional evidence that a bacterial species thought of as a 

beneficial for host health interacts with the ECS. 

 In contrast to the studies described above, we did not identify a significant effect 

of C. albicans colonization on inflammatory state or permeability of the GI tract based on 

qPCR analysis of large and small intestine tissues to quantify expression of inflammatory 

cytokines and tight junction proteins. Our results indicate that C. albicans does not alter 

host ECS gene expression in the GI tract.  There was no significant effect of C. albicans 

on CB1 or CB2 gene expression in the GI tract, or on the expression of the ECS synthetic 

and degradative enzymes DAGL, MAGL and FAAH.  We did measure significant 

differences in transcription in the liver, indicating that the metabolic changes we 

measured in the GI tract are sensed by the host and are physiologically relevant.  We did 

not detect any significant differences in ECS genes in the liver, but did measure increased 

transcription of enzymes in the gluconeogenesis pathway (PEPCK-C and G6Pase) as well 
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as decreased transcription of the fatty acid desaturase SCD1.  These transcriptional 

changes are consistent with the increased host absorption of lipids from the GI tract and 

liver sensing of such a metabolic change.  We did not perform metabolomics analysis of 

the liver, but it is possible that the changes in endocannabinoid abundance observed in 

the GI tract are also present in the liver, and could affect a range of metabolic pathways.  

The ECS is a major regulator of energy metabolism in the liver, including processes such 

as gluconeogenesis, insulin production and lipid beta-oxidation.  Gastrointestinal C. 

albicans colonization could affect host metabolism by increasing dietary fatty acids 

available to the host and through the modulation of the endocannabinoid system. 

 Brain endocannabinoid signaling is also an important regulator of metabolism.  

Because the increased CORT observed in C. albicans-colonized mice was only alleviated 

when treated with the FAAH inhibitor URB597 with activity in the brain, we conclude 

that C. albicans colonization affects brain endocannabinoid signaling.  AEA is an 

orexigenic molecule that increases appetite through CB1 signaling when elevated in the 

brain293.  In contrast, the endocannabinoid OEA which was elevated in the gut contents of 

C. albicans-colonized mice, is an anorexigenic molecule that produces satiety and 

decreases food intake in mice294,295.  By disrupting the balance between OEA and AEA/2-

AG, C. albicans-colonization could affect central energy metabolism.  In peripheral 

organs such as the liver296 and adipose tissue297, AEA and 2-AG signaling through CB1 

result in increased fatty acid biosynthesis and lipogenesis.  Dysregulation of peripheral 

endocannabinoid signaling has been shown to contribute to diet-induced obesity 

models285,298,299 in mice and has been correlated with metabolic disorders including liver 

disease300,301 and obesity302,303 in humans.  The decreased CB1 signaling observed in the 
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C. albicans-colonized mice could result in protection against these metabolic disorders.  

By altering the abundance of multiple endocannabinoid molecules, C. albicans could 

have a broad effect on the metabolic state of the host. 

 Given the wide range of regulatory targets of the endocannabinoid system, future 

studies of C. albicans could focus on multiple host systems.  Although we did not detect 

a change in tight junction gene expression in the large or small intestine, we could 

investigate more closely the effect of C. albicans colonization on the permeability of the 

GI tract.  We could also quantify GI tract motility in the C. albicans-colonized mice, to 

determine whether this endocannabinoid and microbiota-regulated process is altered by 

the addition of C. albicans.  Endocannabinoid signaling in both the GI tract and the brain 

has been shown to regulate appetite and food consumption.  We could determine whether 

C. albicans-colonization is affecting this aspect of endocannabinoid signaling using a 

fasting and refeeding model for overall change in consumption, or look for altered 

consumption of foods high in fat or sugar defined as “high reward” foods.  More broadly, 

we could investigate whether the changes in liver lipid metabolism in the C. albicans-

colonized mice altered host risk for metabolic disorders like diabetes, by testing whether 

the metabolic changes in the C. albicans-colonized mice alter host glucose and insulin 

tolerance.   

5.2 C. albicans encodes multiple enzymes that could affect lipid abundance in the GI 

tract  

 The untargeted metabolomic screen of cecum contents revealed that C. albicans-

colonized mice had significant changes in lipid metabolism.  We found an increase in 

abundance of multiple metabolites containing polyunsaturated fatty acids such as 
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membrane phospholipids, lysophospholipids, and signaling lipids like the 

endocannabinoids.  There was also an increase in several phytosterols, lipid components 

of plant cell walls with a similar structure to cholesterol.  Host sensing of a significant 

change in lipid abundance could alter global regulation of lipogenesis and closely linked 

glucose energy metabolism and indeed we measured decreased expression of the 

desaturase enzyme SCD1 and increased expression of gluconeogenesis enzymes G6Pase 

and PEPCK-C in the liver of C. albicans-colonized mice.   

 One way in which C. albicans could influence the abundance of lipids in the GI 

tract is through the expression and secretion of lipases.  Previous researchers have 

characterized a family of lipases in C. albicans with lipolytic activity against mammalian 

cells including macrophages and epithelial cells224.  These lipases were expressed by non-

invasive C. albicans cells colonizing the mouse GI tract as well as by C. albicans cells 

invading tissue in an oral infection model304 and by C. albicans cells infecting the liver in 

a bloodstream infection model305.  C. albicans can use lipids as an exclusive carbon 

source, demonstrating that one role for these secreted lipases in vivo is to provide 

nutrients in an at times nutrient-limited environment.  The family of lipases were defined 

as such due to their ability to cleave triglycerides and release the acyl groups as free fatty 

acids.  Additional investigation into one member of the family, Lip4, showed that this 

secreted lipase preferentially freed long-chain unsaturated fatty acids, although it did still 

have activity against long-chain unsaturated fatty acid esters306.  Our metabolomic 

analysis specifically showed an increase in long-chain unsaturated and polyunsaturated 

fatty acids in the C. albicans-colonized mice, consistent with such lipase preference.   
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 C. albicans also secretes several phospholipases which can cleave membrane 

phospholipids and produce free fatty acids.  C. albicans encodes phospholipases 

belonging to every major class of phospholipase: A (releases a single acyl chain as a free 

fatty acid), B (cleaves and releases both acyl chains from the phospholipid as free fatty 

acids), C (releases diacylglycerol and a phosphate-containing headgroup) and D (releases 

phosphatidic acid and an alcohol)307.  Researchers have shown that the C. albicans 

phospholipase B (PLB1) is expressed both when C. albicans is present as a commensal 

colonizer and during infection of human patients308.  In vitro analysis of clinical isolates 

from human patients demonstrated a correlation between strain phospholipase B activity 

and pathogenicity in mice308,309 and genetic deletion studies have demonstrated that PLB1 

is an important virulence factor in mouse infection models310,311.  These studies suggest a 

physiologically significant amount of secreted PLB1 activity occurs during C. albicans 

colonization of the host, such that the action of this secreted phospholipase could 

contribute to the overall increase in fatty acids observed in the GI tract in our untargeted 

metabolomic screen.  This change in fatty acid abundance in the GI tract could lead to 

changes throughout the host, as lipids are absorbed by the host, circulate through the 

blood stream and are taken up by cells throughout the body and incorporated into 

complex lipids.   

 Changes we observed in the GI tract could affect endocannabinoid metabolism 

throughout the host as researchers have shown that changes to the GI tract fatty acid 

substrate pools (through feeding defined diets) alters levels of N-acylethanolamides 

produced systemically139,140,312.  Before lipids absorbed from the GI tract circulate 

through the body, they pass through the liver, a major regulator of lipid metabolism.  The 
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majority of arachidonic acid incorporated into phospholipids in the brain is produced in 

the liver from precursor fatty acids and reaches the brain through the blood313.  Although 

the brain can synthesize some arachidonic acid de novo, the balance in the liver between 

arachidonic acid uptake and release has been shown to regulate brain arachidonic acid 

availability and AEA levels314.  The changes we observed in liver gene expression imply 

that the liver of C. albicans-colonized mice is sensing and responding to changes in lipid 

levels in the GI tract, which could therefore change the production and release of 

arachidonic acid in the liver and alter overall arachidonic acid availability.  We 

hypothesized that the increase in long-chain PUFAs in the GI tract of C. albicans-

colonized mice could alter the substrate pool for N-acylethanolamide metabolism and 

result in altered endocannabinoid abundance and the observed neuroendocrine changes.  

 Additionally, it is possible that C. albicans cells directly contribute to the altered 

N-acylethanolamide levels measured in the GI tract.  Researchers identified homologues 

with a high degree of identity to the mammalian endocannabinoid degradative enzymes 

FAAH and MAGL in the yeast Saccharomyces cerevisiae315.  Although functional 

studies were not done to demonstrate whether these homologous enzymes could degrade 

AEA, 2-AG or other endocannabinoids in vitro, it raises the possibility that yeast produce 

endocannabinoid compounds.  C. albicans encodes a predicted amidase (orf19.5536) 

which aligns with the FAAH homologue identified in S. cerevisiae, although only with 

31% identity, so it is possible that C. albicans could affect host endocannabinoid 

signaling through direct degradation of endocannabinoid molecules in the GI tract. 

Researchers did not identify a homologue with significant identity to the 

endocannabinoid synthetic enzymes NAPE-PLD or DAGL-α in S. cerevisiae.  However, 
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a separate study demonstrated that S. cerevisiae cells contain the same N-

acylethanolamide compounds found in mammalian cells and identified three type B 

phospholipases of S. cerevisiae that produced N-acylethanolamides in vitro from N-acyl-

phosphotidylethanolamine precursors316.  This synthetic pathway is analogous to alternate 

pathways for AEA synthesis identified in mammalian cells.  Although comparable 

analysis has not been performed in C. albicans, C. albicans does encode several type B 

phospholipases and therefore could directly affect endocannabinoid signaling in the host 

GI tract through the synthesis of endocannabinoid molecules.  Future studies could 

determine whether the C. albicans amidase or phospholipases are required for the 

observed neuroendocrine phenotypes in the C. albicans-colonized mice.  We could 

determine whether C. albicans produces or degrades N-acylethanolamides in vitro, create 

mutant strains lacking these enzymes and colonize mice with them to determine whether 

this enzymatic activity of C. albicans is required for the endocannabinoid and 

neuroendocrine changes observed.    

 Other changes to the cell membrane composition could also affect 

endocannabinoid system signaling.  The mammalian cell membrane is a highly dynamic 

environment in which lipid composition and organization have been shown to have a 

significant impact on cell signaling and function.  The outer leaflet of the phospholipid 

bilayer is studded with distinct subdomains called lipid rafts largely made up of 

sphingolipids, cholesterol and proteins.  These tightly packed subdomains play a 

functional role both in organizing proteins within the cell membrane and in interacting 

with the proteins to modulate their availability and activity317.  G-protein coupled 

receptors, including the endocannabinoid receptor CB1, are targeted to lipid rafts, as are 
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their cognate GTP-binding proteins.  In vitro studies that disrupted lipid rafts through 

cholesterol depletion demonstrated that intact lipid rafts are important for normal 

localization and activity of the CB1 receptor and uptake of the CB1 agonists AEA and 2-

AG318,319and therefore lipid raft composition is a key regulator of endocannabinoid 

signaling.  We observed an increase in phytosphingosine, cholesterol, and multiple 

phytosterols in the GI contents of the C. albicans-colonized mice, which could be 

absorbed, incorporated into cell membranes and affect lipid raft composition.  Therefore, 

altered lipid raft composition is another mechanism by which the metabolic changes 

observed in the GI tract of C. albicans-colonized mice could affect endocannabinoid 

system signaling.   

5.3 Long-term interactions between C. albicans, the bacterial microbiota and host 

systems are integrated into the host response to CDI challenge 

 C. albicans is thought to colonize humans over long periods of time, from weeks 

to months, throughout life.  In order to investigate the long-term effects of C. albicans 

colonization, mice were treated with the antibiotic cefoperazone in drinking water for ten 

days to decrease the bacterial microbiota, then orally inoculated with C. albicans.  Over 

the course of three weeks, C. albicans remained detectable in fecal pellets, indicating 

successful long-term colonization.  Using this long-term colonization model, we no 

longer observed the same neuroendocrine phenotypes measured in the acute colonization 

model.  Both the age of the host and antibiotic treatment were identified as confounding 

variables, as each had an effect separately on the neuroendocrine phenotype of the C. 

albicans-colonized mouse (Section 6.2).  Therefore we cannot conclude that duration of 

colonization alone normalized host behavior and basal CORT production.  However, 
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these results are consistent with a model in which the host is able to re-establish 

neuroendocrine homeostasis despite ongoing exposure to gastrointestinal C. albicans.  In 

the human population, this could indicate that after being acquired for the first time soon 

after birth, ongoing C. albicans carriage may shape the developing neuroendocrine 

system through stimulation of the HPA axis and subsequent host compensatory changes 

to return to homeostasis.   

 While the host HPA axis and anxiety-like behavior were comparable to 

phenotypes of uncolonized mice in the long-term colonization model, we did detect 

significant changes to the host immune response and the bacterial gut microbiota after 

three-weeks of C. albicans colonization. We found that C. albicans affected both the host 

immune response and the bacterial microbiota, both components of host GI tract health 

that have been shown to be important in protecting the host from CDI.  Disruption of the 

bacterial gut microbiota through antibiotic exposure is a major risk factor for the 

development of CDI320,321.  Comprehensive studies in mouse models and in clinical trials 

of human patients have demonstrated that restoration of the healthy gut microbiota 

through either fecal microbiota transplant42,43 or through targeted restoration of 

commensal bacteria46,322 is sufficient to effectively treat CDI as well as prevent future 

relapse.  The ability of the bacterial microbiota to resist disruption and maintain its 

structure and abundance in the face of antibiotic treatment is thus an important metric to 

assess the relative health of the microbiota and possibly predict its ability to predict the 

host from CDI.  In our research we found that the addition of C. albicans to the bacterial 

microbiota during recovery from the antibiotic cefoperazone decreased bacterial 

microbiota diversity and rendered it more sensitive to disruption by the antibiotic 
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clindamycin.  We described the C. albicans-containing microbiota as less stable due to 

increased loss of genera at the intermediate dose of clindamycin.  At the high dose of 

clindamycin given to mice prior to challenge with C. difficile spores, uncolonized and C. 

albicans-colonized microbiotas were equally disrupted.  However, it is possible that the 

difference in stability observed at the intermediate dose could translate into a functional 

difference in how the microbiota responds to clindamycin even at higher doses (at which 

the % genera lost is the same).  We could predict that this would make the C. albicans-

colonized microbiota less well-suited to defend the host from CDI. 

 Interestingly, we observed the opposite effect of C. albicans colonization on C. 

difficile challenge: mice pre-colonized with C. albicans were better protected from CDI 

than uncolonized mice.  We showed that in these experiments, there was not a significant 

effect of C. albicans on the bacterial microbiota, but there was a significant IL-17 

immune response both as a consequence of C. albicans colonization alone and an 

enhanced response to C. difficile challenge.  Increased IL-17 was sufficient alone to 

protect the host from CDI, therefore we concluded that the C. albicans-induced IL-17 

response was a key part of the protection against CDI observed in the C. albicans-

colonized mice.  These opposing results suggest that during the three-week colonization 

period, C. albicans interacts with both the host immune system and the bacterial 

microbiota.  In the context of a severe perturbation like clindamycin treatment and C. 

difficile challenge, the immune effects dominate and the presence of C. albicans protects 

the host rather than making it more susceptible. Despite the decreased microbiota 

stability observed at the intermediate dose of clindamycin, the effect of C. albicans on the 

bacterial microbiota is not stronger than the beneficial impact of C. albicans on the host 
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immune system.  Although small changes in bacterial microbiota such as the increased 

sensitivity to perturbation could be relevant to microbiota health in other contexts, in the 

context of a strong disruption such as clindamycin treatment followed by C. difficile 

challenge, they did not predict protective function of the microbiota. 

 Additional studies using the reduced microbiota model could better establish the 

effect of microbiota stability on susceptibility to CDI.   We could give mice the low, 

intermediate and high doses of clindamycin and then challenge them with C. difficile 

spores, to determine whether the observed difference in degree of clindamycin disruption 

affects host response to C. difficile.  We could also determine the effect of C. albicans 

pre-colonization on the response to C. difficile in low and intermediate clindamycin 

disruption models and see whether the IL-17 immune response induced during three 

weeks of C. albicans colonization remains more beneficial to the host than bacterial 

microbiota stability in mice given the intermediate dose of clindamycin.   

 Principles of ecological theory have been defined and applied to the gut 

microbiota and could further inform our understanding of bacteria-C. albicans 

interactions323.  Correlation analysis to identify interactions between C. albicans and 

specific bacterial genera, or within different bacterial genera, in stable versus unstable 

ecosystems could reveal specific determinants of microbiota stability324.  Deeper analysis 

of the composition of the bacterial microbiota utilizing transcriptomics to characterize the 

metabolic activity of the community, or metagenomics to define composition at the strain 

level could also reveal a more subtle effect of C. albicans on the bacterial gut microbiota 

that is lost in our limited 16s rRNA DNA sequencing analysis. It is likely that all three 

factors, the bacterial microbiota, the host immune response, and C. albicans itself 
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contribute to the integrated phenotypes (response to clindamycin disruption and 

protection from C. difficile) of the long-term C. albicans colonized mice.   
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Chapter 6 Appendix  

6.1 Supplemental figures 

6.1.1 Chapter 2 Supplemental Figures 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1: C. albicans colonizes 

throughout the GI tract.  On day 3, the 

contents of the cecum, colon, small 

intestine and stomach were each 

homogenized in 1ml PBS and plated on 

YPD-SA. Bars indicate average CFU/g 

and standard deviation.  Day 1 N=98; Day 

3 cecum N=77, colon N=35, small 

intestine N=19, stomach N=19 

Fig. 6.2: C. albicans colonization 

does not result in significant 

weight loss.  Mice were weighed 

prior to colonization and then the 

morning of sacrifice (four days 

later).  Weight on day of sacrifice 

divided by weight prior to 

colonization is shown.  Bars 

indicate average and standard 

deviation.  N=8 for both groups. 
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Fig. 6.3: C. albicans 

colonization did not 

significantly alter relative 

abundance of bacterial taxa 

at phylum level.  Fraction of 

total reads shown, bars 

indicate average relative 

abundance and standard 

deviation.  N=8 for both 

groups. 

Fig. 6.4: Summary of all compounds measured in untargeted metabolomic 

screen.  752 compounds were detected in the cecum contents of mice.  Each dot 

represents a compound, arrayed across the x-axis.  Y-axis is the -log of the p-value of 

the t-test comparing the abundance of each compound in mock-colonized to C. 

albicans-colonized mice. Compounds above the line were significantly different. 
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6.1.2 Chapter 3 Supplemental Figures 

 

 

 

 

 

 

 

Fig. 6.5: C. albicans colonization 

of cefoperazone-treated mice.  

Mice were treated with cefoperazone 

in drinking water for 10 days and 

then orally inoculated with C. 

albicans. Fecal pellets were 

collected on days indicated on graph, 

homogenized and plated to measure 

C. albicans CFU/gm. Each symbol 

represents a sample from an 

individual mouse and the bar 

indicates the geometric mean.  

 

Fig. 6.6.  Cecal histology of C. difficile 

infected mice with and without C. 

albicans or IL-17A. All mice were 

treated with cefoperazone for 10 days 

and received clindamycin. Some mice 

also received either C. albicans (B,F), 

PBS (C,G) or IL-17A (D,H). Mice were 

sacrificed two days post-inoculation 

with C. difficile (E-H) or prior to 

inoculation, for uninoculated (A-D).  

Histology of the cecum wall is shown 

after H & E staining.  Ceca from C. 

difficile infected mice (E-H) showed 

regions of edema (brackets) and 

leukocyte influx (arrows) into the lamina 

propria. Scale bar, 100 um. 
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Fig. 6.7 Low levels of C. difficile spores in samples collected on day 1 post-

inoculation from mice with and without C. albicans. Fecal pellets were 

collected from mice 1 day post-inoculation.  Some mice were euthanized 1 day 

post-C. difficile inoculation and cecal contents were collected.  C. difficile 

spores were enumerated in these samples by plating on pre-reduced TCCFA.  

Black diamonds, mice received PBS and C. difficile; triangles pre-colonized 

with C. albicans and given PBS and C. difficile; grey diamonds, mice given 

IL-17A and C. difficile. Red symbols, samples of cecum.  Black/open symbols, 

fecal pellets.  Each sample shows results from an individual mouse. 

Fig. 6.8: Low community diversity of cecal microbiota from C. difficile 

inoculated mice. Diversity scores were calculated within QIIME 1.8. Each point 

represents the mean diversity score for all mice within a group.  Diversity of each 

sample was calculated by averaging 10 rarefactions taken at a depth of 11,500 

sequences. Black circles, untreated mice (no cefoperazone or clindamycin treatment, 

not inoculated with microbes); black bars indicate the standard error of the mean 

(SEM) throughout the figure. Black diamonds, given PBS and C. difficile; open 

triangles, given C. albicans, PBS and C. difficile; grey diamonds, given IL-17A and 

C. difficile. 
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6.1.3 Chapter 4 Supplemental Figures  

 

 

 

 

Fig. 6.9: Prior to clindamycin, post-

cefoperazone microbiota is stable.  The 

microbiota was sequenced from fecal 

pellets collected three days to clindamycin 

and one day prior to clindamycin.  Bars are 

the average of two cohorts, error bars are 

standard deviation.  Both groups N=29 

Fig. 6.10: Additional alpha 

diversity metrics demonstrate 

rebound in diversity after 

three to five days of recovery 

from clindamycin.  Microbiota 

was sequenced from fecal 

pellets collected one, three and 

five days after clindamycin 

treatment.  Various alpha 

diversity metrics were used to 

measure the change in diversity 

over time.  Supplemental figure 

2 displays the # observed OTUs 

over time in uncolonized mice 

and mice colonized with C. 

albicans.  Supplemental figure 3 

shows Faith’s Phylogenetic 

Diversity index over time.  One 

clindamycin treatment group per 

graph is shown.  Symbols 

indicate the average diversity of 

that experimental group, bars 

indicate the standard deviation. 
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Fig. 6.11: Beta diversity of the post-

cefoperazone recovery pre-clindamycin 

microbiota.  Mice received the antibiotic 

cefoperazone in drinking water for ten days, then 

half of the mice were colonized with C. albicans 

and the other half was not.  After three weeks, the 

microbiota was sequenced from fecal pellets.  

Principal coordinates analysis of unweighted 

UniFrac scores is shown.  Each symbol represents 

a mouse gut microbiota, shape of the symbol 

indicates cohort, black symbols are uncolonized 

(N=20) and red symbols are C. albicans-

colonized (N=24).  

Fig. 6.12: Beta diversity of E5, a cohort with significant C. albicans-dependent 

separation.  The microbiota of mice was sequenced from fecal pellets collected prior 

to clindamycin treatment and one, three and five days after clindamycin.  Unweighted 

UniFrac scores were used to perform principal coordinates analysis to compare the 

microbiota of mice over time, in response to different doses of clindamycin, with and 

without C. albicans colonization.  Each symbol represents the microbiota of a mouse; 

symbol shape indicates the timepoint, black symbols represent uncolonized mice and 

red symbols represent C. albicans-colonized mice. 
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6.2 Long-term effects of C. albicans colonization on the gut-brain axis 

 The research described in Chapter 2 demonstrated that upon initial colonization, 

C. albicans interacts with the host gut-brain axis resulting in dysregulation of the HPA 

axis and increased anxiety-like behavior. Humans are likely colonized for longer periods 

of time with C. albicans, therefore we wanted to investigate how C. albicans and the gut-

brain axis interacted over a longer period of time.  Researchers have shown that chronic 

activation of the HPA axis, as in a chronic restraint stress or chronic unpredictable stress 

model in rodents, changed the HPA response to acute stressors and increased anxiety-like 

Fig. 6.13: C. albicans colonization did not significantly alter abundance of 

bacterial taxa at genus level.  Mice were treated with the antibiotic cefoperazone 

for ten days in drinking water, then half of the mice were inoculated with C. 

albicans.  Uncolonized and C. albicans-colonized mice recovered for three weeks 

without antibiotics present.  Fecal pellets were collected at the end of this three-

week period, one day prior to clindamycin treatment, and the microbiota 

sequenced. Average absolute abundance of genera is shown.  Only genera that were 

present in both experimental cohorts that included C. albicans-colonized mice are 

shown here.  Average abundance in uncolonized mice is represented by black bars 

and in C. albicans-colonized mice by red bars.  Bars indicate the average and 

standard deviation. 
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behavior325–327.  Because acute C. albicans colonization dysregulated CORT production, 

we hypothesized that similar to repeated stress exposre, three weeks of exposure to C. 

albicans could have differential effects on behavior and stress-induced CORT 

production.  In order to stably colonize mice with C. albicans for multiple weeks, we 

used the long-term colonization model described in Chapters 3 and 4.  Mice were given 

the antibiotic cefoperazone in drinking water for ten days, then half of each cohort were 

given a single oral inoculation of C. albicans (5x107CFUs).  Colonization proceeded for 

three weeks, during which we periodically measured C. albicans colonization levels by 

sterilely collecting fecal pellets and plating fecal pellet homogenate on YPD-SA.  On day 

19 post-inoculation, mice were put through either the EPM test for anxiety-like behavior, 

or the FST for depression-like behavior. 

 In contrast to the mice colonized with C. albicans for three days, mice colonized 

with C. albicans for three weeks did not have increased anxiety-like behavior (Fig. 6.15 

B).  Behavior in the FST remained comparable between the uncolonized and C. albicans-

colonized mice (Fig. 6.15 C).  This result suggested that the effect of C. albicans on 

Figure 6.14: Mice colonized with C. albicans for three weeks no longer exhibit 

behavioral changes.  Mice were colonized for three weeks.  A) Cecum content 

homogenate was collected on day 3 (no abx, black bar) or day 21 (cefoperazone, gray 

bar) after sacrifice and plated on YPD-SA.  B) % of time spent in open arms of the 

EPM (open arm time/total arm time*100).   C) Total time immobile during a 6m trial 

in the FST.  Black bars represent uncolonized mice, white bars represent C. albicans-

colonized mice.  Bars show the average and standard deviation 

A B 
C 
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behavior changed over time. The level of C. albicans measured in cecum contents after 

three days of colonization without antibiotic treatment (as in Chapter 2) and after three 

weeks of colonization with antibiotic pre-treatment is comparable (Fig. 6.15 A).  This 

suggests that although the host is being exposed to the same level of C. albicans in the GI 

tract, it no longer triggers a change in anxiety-like behavior. 

 Mice were sacrificed on day 21, either under unstressed conditions to measure 

basal CORT production, or after 30 minutes of restraint stress and 0, 30 or 60 minutes of 

recovery to measure stress-responsive CORT production.  

 

 

 

Basal CORT production in the long-term C. albicans-colonized mice was comparable to 

that of the uncolonized mice (Fig. 6.16 left).  After stress, CORT was significantly higher 

in the C. albicans-colonized mice (Fig. 6.16, right, t-test p=0.04) than in the uncolonized 

mice, indicating dysregulation of CORT produced in response to stress.  After 30 or 60 

minutes of recovery, CORT was comparable between the uncolonized and C. albicans-

colonized mice.  This result suggested that C. albicans colonization of the GI tract had 

both acute and chronic effects on HPA axis activity and regulation.  In the acute 

Figure 6.15: Stress-induced CORT is altered in long-term C. albicans 

colonization model.  Mice were sacrificed without stress (top) and CORT 

measured in serum.  Other mice were subjected to 30m of restraint stress and 

sacrificed immediately or after 30 or 60 minutes of recovery (bottom).  Black bars 

represent uncolonized mice, white bars represent C. albicans-colonized mice.  

Student’s t-test, p=0.04 
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colonization model (Chapter 2) we demonstrated a circadian advance in HPA axis CORT 

production resulting in increased basal CORT and increased CORT after 60m of recovery 

from stress.  In the long-term colonization model, we found that basal CORT was 

comparable, but that peak stress-responsive CORT was now altered.  These results are 

consistent with a model in which the host HPA axis changes in response to the acute C. 

albicans stimulation, such that over time basal CORT is no longer affected by C. albicans 

colonization but these changes to the HPA axis result in a dysregulated stress response. 

 In addition to being colonized with C. albicans for longer, mice in the long-term 

colonization model were also treated with the antibiotic cefoperazone and were four 

weeks older (10 weeks old) at the time of sacrifice.  Both antibiotic treatment and age of 

the host have also been shown to affect the HPA axis, therefore we performed additional 

experiments to determine whether these factors changed the phenotype of interest.  We 

found that colonization of 9-week-old mice (10 weeks old when sacrificed) in the acute 

colonization model did not affect anxiety-like behavior or peak stress-responsive CORT 

(Fig. 2.13)  Therefore, the lack of anxiety-like behavior in the long-term colonization 

model (Fig. 6.15) could represent decreased sensitivity of older mice to C. albicans 

colonization rather than habituation to C. albicans over the course of three weeks.  Adult 

mice had no change in peak CORT in response to acute C. albicans colonization (Fig. 

2.13), so it is possible that the increased peak CORT observed in the long-term model 

(Fig. 6.16) is a reflection of chronic C. albicans stimulation of the HPA axis over three 

weeks changing the way the host responds to subsequent stressors. 

 To investigate the effect of cefoperazone treatment on the neuroendocrine 

phenotypes of the C. albicans-colonized mice, 5-week-old mice were given cefoperazone 
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in drinking water for 10 days, then inoculated with C. albicans or mock-inoculated with 

PBS.  Mice were tested in the EPM for anxiety-like behavior two days after inoculation 

and sacrificed without stress three days after inoculation. 

 

C. albicans colonization measured in cecum contents after sacrifice on day 3 post-

inoculation was significantly higher than that measured in mice colonized for 3 days 

without cefoperazone pre-treatment (Fig. 6.17A, Welch’s t-test, p=0.0004).  Behavior in 

the EPM was not significantly different between the C. albicans-colonized and mock-

colonized mice, although we did observe a trend towards increased open arm time (Fig. 

6.17B, Welch’s t-test, p=0.1072) and therefore decreased anxiety-like behavior in the C. 

albicans-colonized mice.  This would indicate that cefoperazone treatment actually 

reverses the effect of C. albicans colonization on anxiety-like behavior, as mice 

colonized with C. albicans in the acute model without antibiotic pretreatment had 

Figure 6.16: Effect of C. albicans in acute colonization model with cefoperazone 

pre-treatment.  Mice were given cefoperazone in drinking water for ten days, then 

inoculated with C. albicans or mock-inoculated.  Behavior in the EPM was assessed 

on day 2 post-inoculation and mice were sacrificed unstressed on day 3 post-

inoculation.  A) Cecum contents were collected from mice sacrificed after three days 

of C. albicans colonization and plated on YPD-SA.  Black bar represents mice 

colonized without pretreatment and gray bar represents mice treated with 10d 

cefoperazone in drinking water. B) % open arm time in the EPM is shown (open arm 

time/total arm time*100).  C) CORT was measured in mice sacrificed under basal 

unstressed conditions.  For B and C, black bars represent mock-colonized mice and 

white bars represent C. albicans-colonized mice.  Throughout bars indicate average 

and standard deviation.  Welch’s t-test, p<0.05. 

A B C 
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increased anxiety-like behavior (Fig. 2.3).  Mice in the antibiotic pre-treatment acute 

colonization model also had significantly more C. albicans present in the GI tract 

(Fig.6.17A), so it is unclear whether the altered behavior was due to the changes in 

bacterial microbiota or the significant increase in C. albicans load.  There was no 

difference in basal CORT between the mock-colonized and C. albicans-colonized mice 

(Fig. 6.17C), indicating that cefoperazone pre-treatment resulted in mice that were 

insensitive to the effect of acute C. albicans colonization on basal CORT production. 

 In summary, we found that both age of the mouse and cefoperazone pre-treatment 

altered the neuroendocrine effect of C. albicans on the host gut-brain axis.  Although the 

results of the long-term colonization model are interesting, there are likely multiple 

interacting variables changing the neuroendocrine response of the host, in addition to the 

C. albicans colonizing the GI tract.  A different model that did not include antibiotic pre-

treatment would eliminate one of those variables and perhaps be more informative. 
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