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Summary 

Major depressive disorder affects 350 million people worldwide. Only 11-30% of patients achieve remission on 

current medication. A fundamentally different approach may dramatically improve treatment outcomes. Research 

suggests an important role of microbiota in the development of depressive symptoms. Patients with depression 

show altered microbiome composition, induction of depression in mice induces microbiome alterations. Probiotics 

have been shown to alter behavior, however data comparing the antidepressants effects of probiotics to 

antidepressants is scarce. Importantly, the literature on probiotic treatment in animals regarding depressive 

behavior is exclusively on male subjects. With this project we aim to explore the contribution of gut microbiota 

on the development of depression and test the therapeutic value of probiotics in depression for both males and 

females.  

We propose to utilize the chronic social defeat model to induce a depressive like phenotype in both male and 

female mice. Not all mice are equally susceptible to develop a depressive/anxious phenotype, allowing us to study 

the influence of microbiota in relation to susceptibility to stress. We will investigate the effect of chronic social 

defeat on microbiota composition, and look at the effects of probiotic treatment on depressive like behavior and 

microbiota composition. By taking regular fecal samples before and after 10 days of social defeat, and throughout 

probiotic and antidepressant treatment, we will be able to correlate microbiota to susceptibility and treatment 

resistance. To confirm the relation between stress susceptibility and microbiota composition we will perform fecal 

transplants, inserting fecal samples of susceptible mice into non-susceptible mice and vice versa, and look at the 

effects on development of a depressive phenotype. Additionally we will investigate the role of serotonin in gut-

brain communication.  

Elucidating the role of microbiota in the onset, development and treatment of depressive symptoms as proposed is 

a necessary and fundamental step towards probiotic therapy for depression. 
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Background 

Major depressive disorder (MDD) is one of the major contributors to the global burden of disease. Affecting 350 

million people nowadays worldwide (WHO, 2012), the illness is estimated to be among the third worldwide causes 

of disease burden in 2030 (Mathers & Loncar, 2006). Depression has a lifetime prevalence of 16% (Kessler et al., 

2003), and is characterized by a depressed mood, anhedonia, low energy or fatigue, disturbances in sleep and 

appetite, pessimism, feelings of guilt, low self-esteem and dysregulation of bodyweight (Wong & Licinio, 2001). 

In addition to its high prevalence, depression is often relapsing and chronic (Mondimore et al., 2006). Although 

initially 60% of patients improve on given antidepressant medication, just 11-30% achieve remission (Rush et al., 

2008). Of those not responding to initial antidepressant therapy, 30-50% remain treatment resistant over time 

(Mrazek et al., 2014). Additionally, even when medication works well, side effects result in a high noncompliance 

rate (7-44%) among patients (Khawam, Laurencic & Malone, 2006). Antidepressants have been based on the same 

mechanisms for over 50 years (Skolnick, Popik & Trullas, 2009). A fundamentally different approach is urgently 

needed, as it may dramatically improve treatment outcomes in depression.  

Recently the gut-brain axis in relation to depression has become of major interest. The gastro-intestinal tract hosts 

about 100 trillion bacteria, most of which reside symbiotically in the lower intestine (Steven et al., 2006). The 

microbiota-brain-gut axis is a complex network of communication between the gut, microbiota, and the brain. 

Even though the field is still in its early stages, research strongly suggests an important role of microbiota in 

development of depressive symptoms (Dash et al., 2014)(Zhou & Foster, 2015). Two  recent studies comparing 

patients diagnosed with depressive disorder to healthy controls found several significant correlations between 

depression and microbiota (Naseribafrouei et al., 2014)(Jiang et al, 2015). Induction of chronic depression in 

C57Bl/6 mice resulted in alterations in the microbiota associated with elevated corticotropin-releasing hormone 

(CRH) expression, serotonin levels, and colon motility  (Park et al., 2013). Chronic exposure to social stress has 

been shown to change the bacterial community profile  (Galley et al., 2014). 

Thus, studies suggest a causal relation between microbiota and behavior. Supplementation of probiotics, live 

microbes that are associated with a beneficial effect, has been used to further study the effect of microbiota on 

behavior. In healthy volunteers, daily intake of probiotics has shown to improve mood (Benton, Williams & 

Brown, 2007) as well as having beneficial effects on anxiety and depressive measures and reduced levels of the 

stress hormone cortisol (Messaoudi et al., 2011). Probiotic treatment reduced depressive and anxiety behaviors in 

healthy and anxious mice and reduced stress induced corticosterone levels (Savignac et al., 2014) (Bravo et al., 

2011). Additionally probiotic treatment has shown to attenuate HPA-axis response and reduce chronic-stress 

induces abnormal brain plasticity and reduction in neurogenesis (Ait‐Belgnaoui et al., 2014). One study has been 

reported (Desbonnet et al., 2010) showing an antidepressant effect in male rats exposed to maternal separation. 

However, the researchers only took one behavioral test in account, making it difficult to determine depressive 

behavior and did not report the effect on microbiome.  

It is not clear how microbiota are able to influence mental health, but animal studies have suggested a 

modulating role for bacteria in the hypothalamic-pituitary-adrenal (HPA) axis response (Sudo et al., 2004). 

Under stress the hypothalamus secretes CRH, which stimulates the pituitary gland to secrete adrenocorticotropic 

hormone (ACTH), triggering the adrenal gland to release glucocorticoids, cortisol in humans and corticosterone 

in rodents. Maladaptive responses to stress have been implicated in the onset and exacerbation of depression in 

vulnerable individuals(Bartolomucci & Leopardi, 2009; Pittenger & Duman, 2008). A dysregulation of the HPA 

axis is a well-known manifestation of depression (Bravo et al., 2009) However, it remains unknown what makes 

one particular vulnerable to depression in response to stress. Interestingly,  in mice, the absence of 

gastrointestinal microbes resulted in a higher HPA axis stress response (Sudo et al., 2004). This exaggerated 

response could be rescued by ingestion of commensal Bificobacterium infantis, whereas enteropathogenic 

Escherichia coli enhanced the response to stress (Sudo et al., 2004). Hence, microbes might determine ones 

response to stress. 

Importantly, women experience major depression at about twice the rate of men (Holden, 2005; Marcus et al., 

2006;Griogoriafis & Robinso , 2007) and respond differentially to different types of antidepressant treatment 

(Young et al., 2009). Similarly, female animal models respond differently to antidepressant treatment than males 

(Pitychoutis et al., 2012; Carrier & Kabbaj, 2013; Franceschelli et al., 2015). The neurobiological differences 

underlying these differences are a neglected area of research, and current treatments of depression are based 

almost exclusively on research in male subjects (Beery & Zucker, 2011). Moreover, research has shown gut 

microbiome composition is influenced by sex (Bolnick et al., 2014; Tennoune et al., 2015). 



For the proposed project we will use an animal model of depression. Models relying on an animals’ depression 

like response to chronic stress are often used, as stress plays a fundamental role in the onset of depression in 

vulnerable individuals (Pittenger & Duman, 2008). We have shown that the chronic social defeat stress model in 

males induces dysregulation of bodyweight, shows reduced sucrose intake mimicking anhedonia, and increased 

immobility during a forced swim test thought to be analogous to the despair seen in MDD. Additionally social 

defeat induces an anxious phenotype. Recently, the same model has been validates in females (Ver Hoeve et al., 

2013). Using the same model allows us to compare male and female responses. Importantly, not all C57Bl/6 

mice are equally susceptible to develop a depressive/anxious phenotype (Krishnan et al., 2007; Kumar et al., 2014). 

This variability makes social defeat a powerful and unique tool to study the influence of microbiota and 

susceptibility to stress. 

Innovation 

As reviewed above, probiotics appear a promising treatment option for depression. However, despite the growing 

interest in brain-gut communication and its role in the pathogenesis of depression, studies comparing the 

antidepressants effects of probiotics to antidepressants in depression are scarce. Moreover, the effect of 

probiotic treatment on gut microbiota composition in depression not known, and the mechanisms by which 

bacteria of the gut can influence behavior are unclear. With this project we aim to explore the contribution of gut 

microbiota on the development of depression and test the therapeutic value of probiotics in depression. We will 

investigate the effect of probiotics on the microbiome, evaluating the relation between susceptibility and 

microbiome composition. The literature on probiotic treatment in animals regarding depressive behavior is 

exclusively on male subjects, therefore it is highly interesting and necessary to research this in female subjects. 

We will run both male and female cohorts of social defeat, allowing us to compare results of cohorts.  

Approach 

We intent to test the following aims: 

1. Determine the differences in microbiota following chronic social stress exposure 

We will establish a social defeat stress model of depression in both male and female mice and examine the effect 

of chronic social defeat on microbiota composition. We will take daily body weight and food intake measurements 

and collect fecal samples prior and after 10 days of social defeat. We will perform 16s rRNA gene to characterize 

fecal microbiota. Although Lactobacilli and Bifidobacteria have been shown to contribute to the interplay of 

microbiota, stress and depressive behavior, it is likely other bacterial species have an influence (Galley & Bailey, 

2014). Therefor we will assess microbiota composition in order to decide which bacteria to include in the probiotic 

treatment of aim 2. After social defeat we will run a battery of behavioral tests including a social avoidance test, 

sucrose intake test, elevated plus maze test, open field test, forced swim test and restraint stress test to asses 

depressive phenotype. During the last test blood samples will be collected prior, during and after recovery of the 

test for corticosterone analysis. After behavioral testing we will once more collect and analyze fecal samples and 

correlate this to phenotype. These correlations will provide us with a reliable biomarker for depression. 

Animals will be sacrificed by rapid decapitation. Brain and gut will be removed, blood will be collected for 

endocrine assays. 

2. Compare the effects of chronic probiotic treatment with citalopram, an antidepressant, on the reversibility 

of a depressive phenotype 

We will run a second cohort of social chronic social defeat in both males and females as described in aim 1. After 

10 days of social defeat the mice will be divided in three groups to receive daily oral intake via dilution of either 

probiotic, citalopram or nothing (placebo) in the drinking water for 28 days. Fecal samples will be collected every 

7 days for analysis, allowing us to monitor the effect of treatment over time. After treatment of 28 days we will 

run the battery of behavioral tests to test for depressive like behavior. As we are taking regular fecal samples we 

will be able to test the effect of antidepressants on microbiota, the effect of the probiotic on microbiota and test 

whether non-responders show no alteration in microbiota. The day after the last behavioral test mice will be 

sacrificed by rapid decapitation, after which gut, brain and blood will be collected. 

3. Test causality of microbiome on susceptibility depressive like behavior 

Once we have identified the microbiome of susceptible animals and non-susceptible animals, we will transplant 

fecal samples of susceptible animals in non-susceptible animals and vice-versa. Resident intestinal microbes will 



be suppressed with antibiotics before being treated with fresh fecal contents every other day for a week. After 

treatment fecal samples will be collected every 7 days for analysis. After 14 days we will run 10 days of social 

defeat followed by the battery of behavioral tests to test for depressive like behavior. Fecal transplantation allows 

us to identify the causal relation between microbiota and susceptibility to depression. The day after the last 

behavioral test mice will be sacrificed by rapid decapitation, after which gut, brain and blood will be collected.

  

4. Identify the mechanisms underlying the influence of gut microbiota on behavior. 

Preliminary studies suggest an antidepressant effect of probiotics, however, how microbes are able to affect 

behavior is not clear. We propose serotonin metabolism as potential pathway. Serotonin plays a significant role 

in brain-gut communication and is recognized as a major biological substrate in the pathogenesis of depression 

(Crowell & Wessinger, 2007). Several bacteria are known to produce and release serotonin and its precursor 

tryptophan (Borre et al., 2014), accordingly, germ free mice which show diminished monoaminergic activity 

(Sudo, 2006). Moreover, serotonin has been shown to modulate HPA-axis activity (Heisler et al., 2007).We will 

measure serotonin and its metabolite 5-HIAA in the striatum, prefrontal cortex, hypothalamus and amygdala. 

Blood plasma will be analyzed for tryptophan, L-kynurenine and kynurenic acid. Additionally we will analyze the 

hypothalamus for CRH and vasopressin by mRNA isolation, c-DNA reverse transcription and real-time PCR.  

5. Evaluate the differences in microbiota and probiotic treatment between males and females 

We will be using the same stress paradigm for both the males and females. As a result we are able to compare our 

results, enabling us to fully elucidate the gender differences in microbiota composition, response to probiotic 

treatment and susceptibility to depression. This will allow future research to personalize probiotic treatment to 

females, rather than only males as is currently the case.  

 

Impact of research 

Further investigation of the antidepressant effects of probiotics is the first step towards fundamentally new 

therapy for depression. We expect to elucidate the differences between male and female subject, thereby 

optimizing treatment for both sexes. By correlating microbiome to susceptibility and testing this by fecal 

transplantation we will develop a biomarker distinguishing susceptible animals tot non-susceptible animals. 

Moreover, we will be able to predict treatment outcome. By elucidating the underlying mechanisms we will take 

the next step in understanding the brain-gut axis and its relation to depression.   

 

Timeline 

Experiments Timing 

Request DEC approval. Set-up housing animals, order 
animals, order equipment, train resident mice to be 

aggressive . 

1-4 months 

Assessing the effects of chronic social defeat on the 

microbiota. Design probiotic treatment for aim 2. 

1-8 months (research paper 1) 

Assessing the effect of probiotic treatment vs 

antidepressant treatment on behavior 

9-15 months (research paper 1) 

Assessing the effect of fecal transplantation on stress 

susceptibility 

15-21 months (research paper 2) 

Assessing the effect of probiotic treatment vs 

antidepressant treatment on the HPA axis and 

serotonergic system. 

21-27 months (research paper 2) 

Specifically analyze the differences between male and 

female mice  

27-30 months (research paper 3) 

Finishing thesis and experiments 30-36 months (thesis) 
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