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Abstract: Psychology and microbiology make unlikely friends, but the last decade has 

witnessed striking bidirectional relationships between intrinsic gut microbes and the brain, 

relationships with largely untested psychological implications. Though microbe-brain 

relationships are receiving a great deal of attention in biomedicine and neuroscience, 

psychologists have yet to join this journey. Here, we illustrate microbial associations with 

emotion, cognition, and social behaviour. Despite considerable enthusiasm and potential, 

technical and conceptual limitations including low statistical power and lack of mechanistic 

descriptions, prevent a nuanced understanding of microbiome-brain-behaviour relationships 

and pose barriers to translation. Our goal is to describe microbial effects in domains of 

cognitive significance and the associated challenges, in order to stimulate interdisciplinary 

research on this hidden kingdom’s contribution to psychological processes. 
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The Hidden Kingdom 

Psychology and microbiology make for an unconventional pairing, belonging to 

disparate disciplines, and encompassing different methodologies and levels of analysis. What 

benefit might emerge from attempting to connect them? Is such a connection even possible? In 

this review, we illustrate new evidence of the associations between our bacterial colonisers and 

psychological processes.  

The gut hosts a hidden kingdom, an enormous array of microorganisms (predominantly 

bacteria), that form an ecosystem of immense complexity and genetic diversity (see Box 1). 

The gut microbiome is defined as the totality of these commensal microorganisms (see 

Glossary) and their genomes that reside in the intestinal tracts. The importance of gut microbes 

to general health was first perceived by the Russian biologist Élie Metchnikoff early in the 20th 

century, who observed that villagers in a certain region of Bulgaria lived unusually long lives, 

a phenomenon he ultimately attributed to the presence of microorganisms in their dairy 

products[1]. Since then, bacteria have been found to be strongly correlated with the host’s 

metabolism[2], adiposity[3], and immunity[4]. A great deal of interest has also emerged around 

the ingestion of probiotics and prebiotics, which appear to confer a range of health benefits, 

including inhibition of diet-induced obesity[5], regulation of cardiovascular function and blood 

pressure[6], and even as potential adjuvant therapies for cancer[7].  

In contrast to more established roles of commensal microbes in general health and 

varied physiological processes, investigations of bacterial contributions to neural processes -

just over a decade old- are comparatively new entries on the mainstream research agenda. Yet 

despite the youth of this field, the emergence of bacteria-brain relationships, mediated by the 

gut-brain axis, is heralded as a paradigm shift in neuroscience[8]. While many of the bacteria-

brain findings are currently understood in terms of correlation rather than causation, a 

burgeoning research literature employing several experimental formats conducive to causal 
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inference (see Table 1) indicates with ever greater confidence that gut microbes exert 

meaningful influences on the nervous system (see Box 2). 

A frontier that is now rapidly sliding into focus is the contribution of gut microbes to 

psychological processes, and there is presently a great deal of interest in the association 

between the microbiome and host behaviour[9]. Although the microbiome has not traditionally 

been considered in psychological analysis, there is much to be gained from the participation of 

psychologists and psychiatrists in these explorations.  

In this review, we focus almost entirely on bacteria (the dominant microbial lifeform in 

the host) All commensal microbes share a lifelong symbiotic relationship with the host. More 

generally, multicellular life has hosted unicellular life throughout evolutionary history[10]. 

Humans and other hominids have been evolving and diversifying in concert with their gut 

bacteria for at least 15 million years[11]. This close bacteria-host mutualism suggests the 

possibility that many of the host’s biological and psychological characteristics may receive 

input from the symbiotic relationship with its commensal bacteria[12,13]. Importantly, gut 

bacteria are not known to have any direct communication with the brain, and remain within the 

intestinal tracts. Rather, a range of physiological systems act in concert to mediate bacteria-

brain signalling along the gut-brain axis (these communication pathways are described in Box 

3, and several of these processes are illustrated in Figure 1). 

Our primary aim in this review is to call for a closer consideration of the microbiome 

in mainstream psychological science. To that extent, we describe microbial contributions to 

four core phenomena of interest to cognitive scientists and psychologists, including 1) stress 

and emotion, 2) learning and memory, 3) social behaviour, and 4) autism.  

Microbial Associations with Emotion and Stress 
 
One of the major areas of investigation in the bacteria-brain relationship is the role of the 

microbiome in emotional experience, and particularly anxiety and depression[14]. Indeed, it 
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was the causal effects of bacteria on stress and anxiety (see below) that first alerted researchers 

to the possibility of bacterial contributions to psychological processes. More recently, research 

efforts have expanded to study the effects of psychobiotics.   

Rodent Germ-free Studies on Emotion and Stress 

The report that triggered widespread interest in bacterial contributions to 

neurodevelopment described abnormal activation of the hypothalamic-pituitary-adrenal axis 

(HPA-axis) in germ-free mice[15], which are born and develop entirely in the absence of 

microorganisms (see Table 1). In comparison to normally colonised mice, germ-free mice 

exposed to stress-inducing physical restraint displayed exaggerated endocrine reactivity 

(elevations in biomarkers of stress, such as plasma adrenocorticotropic hormone and 

corticosterone). Germ-free mice also displayed reduced levels of hippocampal and cortical 

brain-derived neurotrophic factor (BDNF), a protein closely associated with neuroplasticity, 

learning, and memory[16].  

These findings provided the first indications of a causal role for bacteria in the 

emergence and regulation of stress neurocircuitry and neural growth factors. Importantly, 

different groups of mice were also recolonized with a conventional microbiome at different 

ages. Microbial recolonization reduced HPA-axis hyperreactivity at six weeks of age, but was 

less effective in this regard at 14 weeks of age. This time-sensitive efficacy of bacterial 

reconstitution hinted at the existence of critical neurodevelopmental windows within which 

the abnormalities associated with an absent microbiota could be reversed through time-

dependent bacterial colonisation. Neurodevelopmental windows have now become an 

important feature of germ-free research[17]. This was also the first study to show that 

recolonization of germ-free animals with individual strains of microbes (a process referred to 

as monoassociation) was able to selectively influence reactivity of the HPA-axis[15]. This 

observation suggested roles for specific bacteria in the modulation of the stress circuit. 
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The discovery of a causal effect of gut microbes on the development of the HPA-axis 

has motivated a range of investigations into the bacteria-dependent aspects of stress 

physiology. For example, subsequent studies have shown that exaggerated biological reactions 

occur when germ-free mice and rats are exposed to stress, mostly in terms of elevated 

glucocorticoid levels[18-21], replicating the original observation[15]. More recently, these 

investigations have been extended into the bacteria-dependence of host psychology. The bulk 

of research focussing on the psychological effects of gut bacteria in both rodents and humans 

have clustered largely around the experience of negative emotional states such as stress, 

anxiety, and depression. For example, behavioural despair in rodents is indexed by an 

insufficient struggle to escape from noxious stimuli and aversive situations. Anxiety is inferred 

from the extent to which the rodent is willing to explore unfamiliar environments, such as the 

centre of a large open space. Time spent exploring unfamiliar environments is a key 

behavioural feature of approach-orientation, and is necessary for adapting to novel situations. 

Negative emotional states such as stress and anxiety are strongly correlated with reductions in 

exploration and approach-orientation[22,23].  

Somewhat counterintuitively, behavioural assays of anxiety have provided consistent 

evidence that germ-free mice display decreased anxiety (e.g., greater rates of exploratory 

behaviour)[20,21,24-27]. These impairments in experiencing anxiety in germ-free rodents can 

be mitigated via recolonization with a normal microbiome[20,25,26]. The cognitive 

mechanism underlying these reductions in anxious behaviour observed in germ-free mice 

remain mostly unknown. However, a recent investigation has shown that germ-free mice 

display impairments in maintaining the associations involved in normal fear conditioning, and 

therefore show reduced fear behaviour in response to contextual cues preceding noxious 

stimuli[28]. In other words, it appears that gut bacteria are necessary for the normal 

development of fear-learning processes. This behavioural profile was regulated by altered gene 
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expression in the amygdala, and was partially mitigated by recolonization with a conventional 

microbiome.  

Bacterial effects on amygdalar anatomy and physiology may underlie many of the 

emotional and stress-related outcomes that have been attributed to the microbiome. The is 

crucially involved in the generation, experience, and processing of emotional information[29]. 

A number of studies have shown changes in the amygdalar concentration of various brain 

chemicals and receptors, including BDNF and N-methyl-D-aspartate receptors, in germ-free 

and antibiotic treated mice[20,26,30-32]. Analysis of gene expression in germ-free mice is 

suggestive of an overall increase in neural hyperactivity in the amygdala[28,32]. For example, 

early-immediate genes and genes associated with cholinergic and dopaminergic 

neurotransmission (known to be involved in amygdala-related learning and extinction) are 

upregulated in germ-free mice. Furthermore, germ-free status also predicts enhanced volume 

of amygdalar subregions, such as the basolateral amygdala, which also displayed evidence of 

dendritic hypertrophy[33].  

 Taken together, these results suggest that the microbiome both modulates general 

approach-orientation by inhibiting exploratory behaviour and also governs 

psychophysiological reactions to stressors. The cognitive mechanism underlying both these 

effects appears to be the formation and maintenance of the stimulus-response associations 

entailed in fear conditioning. 

Emotional Effects of Faecal Microbiota Transplantation 

Converging evidence of bacterial influence on stress and emotion also derives from the 

striking effects of faecal transplants (see Table 1). Microbiota transfers via faecal transplants 

are effective in treating bacterial infections in humans[34]. Faecal transplants have also been 

proposed as a potential means of treating irritable bowel syndrome and disorders of the central 

nervous system, including conditions such as multiple sclerosis, Parkinson’s disease, and 
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chronic fatigue syndrome[35,36], all of which have well-known psychological sequelae 

Transferring faecal content from an innately stress-sensitive mouse strain to non-

anxious mice was sufficient to trigger anxiety-like phenotypes (i.e., reduced exploratory 

behaviour) in the recipients, alongside reductions in hippocampal BDNF[31]. Colonisation 

triggered by transferring bacteria from non-anxious mice to innately anxious recipients caused 

the latter to display reduced anxiety (as indexed by increased exploratory behaviour)[31]. A 

similar pattern was also observed in rats that received faecal transplants from depressed or 

healthy humans[37]. Such results[27,31,37], taken together, further suggest that the 

microbiome contributes to the pathophysiology of anxiety and depression.  

While these findings provide precedent for the use of faecal transplants in the treatment 

of psychological disorders in humans, to our knowledge there are as yet no studies that have 

attempted to establish a comprehensive psychological profile of the effects of such transplants 

in adults (though see the section on autism, where a preliminary effort in this direction is 

described). Reports of faecal transfers for the treatment of anxiety and depression in humans 

have not yet been published, but it is an important direction to consider. Once the mechanisms 

of bacteria-brain communication are better understood, faecal transplants may show some 

promise in the treatment of anxiety and depression.  

Bacteria, Emotions, and Inflammation 

Inflammation is an adaptive physiological response orchestrated by the immune 

system to pathogens and injury which protects the organism against infection. Amongst the 

biological changes associated with inflammation is the activity of cytokines, proteins that 

modulate inflammation[38]. Pro-inflammatory cytokines increase inflammation, and include, 

for example, interleukin-1, interleukin-12, tumour necrosis factor-alpha, and interferon-

gamma. Anti-inflammatory cytokines reduce inflammation, and include interleukin-4, 

interleukin-10, and interleukin-13. Some cytokines, such as interleukin-6, may have anti- or 
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pro-inflammatory properties depending on the context in which they are secreted[39]. While 

normal immunological activity requires a balance between both forms of cytokines, depression 

has been frequently associated with elevations in pro-inflammatory cytokines and general 

inflammation[40,41]. More generally, the link between the immune system and behaviour has 

emerged as an important area of research[41], especially in the context of immunological 

contributions to psychiatric conditions such as depression [41,42]. The evolutionary 

underpinnings of the effects of the immune system on behaviour remain largely unknown. 

Stereotypical “sickness” behavior (e.g., social isolation, depression, apathy, attentional 

impairments) may simply be a by-product of immune activation, or an adaptation favoured by 

the positive effects that social isolation has on the inclusive fitness of the sick individual. 

Inflammation is also triggered by impairment in gut barrier function (often referred to as “leaky 

gut”), wherein the host’s gut barrier confining intestinal content becomes weakened, allowing 

bacteria or bacterial products to infiltrate into systemic circulation[43]. Many bacteria 

themselves have pro-inflammatory elements which directly raise inflammation. The host’s 

immune system also detects potentially pathogenic bacteria and triggers further pro-

inflammatory responses. Reductions in barrier integrity, and increases in bacterial translocation 

and attendant inflammation, have been linked to the pathophysiology of depression and other 

psychiatric conditions in humans[43-45].  

A mechanism underlying the psychobiotic effect on emotion likely entails a reduction 

in pro-inflammatory cytokines and an increase in anti-inflammatory cytokines, which reduce 

general inflammation both independently, and in interaction with one another. Ingestion of 

probiotics (e.g., from the Bifidobacterium and Lactobacillus genera) and prebiotics (e.g., 

oligosaccharides) reduce pro-inflammatory cytokines[46-53] and also increase anti-

inflammatory cytokines[52,54,55]. Probiotics can also reduce inflammation by enhancing the 

integrity of the gut barrier, thereby preventing further bacterial translocation[56,57]. 
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Overall, these changes indicate a general shift toward lower levels of inflammation 

which may underlie the affective benefits associated with the ingestion of prebiotics and 

probiotics. Some studies, however, have found emotional benefits of psychobiotics in the 

absence of any changes in cytokine concentrations[58]. This suggests – reasonably - that 

alterations in inflammation are a partial rather than a total mediator of these effects.  

Psychobiotic Effects on Emotion and Stress in Humans 

Psychobiotic administration in humans has shown promise in modulating emotional 

processing in humans. We have reviewed the emotional effects of psychobiotics in rodents and 

humans elsewhere[59]. Here, we focus only on the human studies. Several results appear to 

converge on the general pattern that, relative to a placebo, consuming probiotics from the 

Bifidobacterium and Lactobacillus genera reduces negative mood and emotion in healthy 

populations[60-66]. In these studies, affective changes have been noted in self-

reports[60,62,66]. At the physiological level, probiotic consumption is often attended by 

reductions in cortisol relative to placebo[60,62,64], while other studies have reported increases 

in faecal serotonin concentrations[64] or reductions in natural killer cells[65]. 

The neurocognitive mechanism underlying these emotional changes may be a general 

reduction in affective reactivity (i.e., the strength of the psychophysiological response to 

emotional stimuli). For example, one research group found that ingestion of a probiotic 

mixture, relative to placebo, reduced self-reported reactivity to sad mood, a change that was 

ascribed specifically to reductions in aggression and rumination[66]. Similarly, another group 

administered a probiotic mixture to female participants over several weeks[67]. After the 

regime, participants viewed emotional stimuli (faces) while undergoing functional magnetic 

resonance imaging. Relative to controls, individuals who consumed the probiotic showed 

reduced activation in brain regions that have been implicated in the processing of emotional 

information, including the insula, the somatosensory cortex, and the periaqueductal grey. Thus, 
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probiotic ingestion may alter the processing of emotional information at a network 

level[59,67]. Finally, it has also been shown that consuming the prebiotic galacto-

oligosaccharide reduced waking cortisol levels and attenuated emotional vigilance to fearful 

stimuli[68]. Both waking cortisol and sensitivity to fearful stimuli have been studied as markers 

of depression and anxiety[69-71], and their mitigation by prebiotics shows several similarities 

to the effects of prebiotics in rodents[46]. More broadly, these three human studies provide 

preliminary but converging evidence from multiple modalities (self-reports, neuroimaging 

data, cortisol concentrations, and reaction times) for the hypothesis that psychobiotics exert 

their effects by reducing emotional reactivity. The strongest support for such a hypothesis 

would arise from convergent evidence using different methodologies, but also with larger direct 

replications of some of the key studies described here. There is, however, an important caveat 

to consider: If indeed psychobiotics can reduce emotional reactivity, then aside from potential 

benefits in terms of reductions in negative affect, there may be some costs in terms of reduced 

positive affect as well. Reduced emotional reactivity may not in itself, therefore, be beneficial.  

The contributions of the microbiome to emotion will also play a role in the emerging 

field of nutritional psychiatry, which is dedicated to analysing the (often profound) effects of 

diet on mental health[72]. Many nutritionally-derived mental health benefits may be mediated 

by the microbiome[73]. Indeed, given the extraordinary responsiveness of the microbiome to 

nutrition intake, diet may be the most potent psychobiotic of all (see Box 4).  

Microbial Associations with Cognition 

There is now growing interest in the role of bacteria in cognition. In general, this is a smaller 

and less well-developed literature in comparison to studies of bacterial effects on emotion. 

However, a number of recent results are pointing toward a bacteria-cognition link that should 

be rigorously explored. 

Rodent Research on Learning and Memory 
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Germ-free and psychobiotic supplementation studies in rodents have found significant 

bacterial effects on cognitive processes, most notably learning and memory. An early 

demonstration of the bacteria-cognition relationship showed impairments in tests of memory 

and reductions in hippocampal BDNF in germ-free mice compared to normally colonised 

mice[74]. More recent work has shown that exposure to antibiotics also modulates learning 

and memory (see Table 1 for the utility of the antibiotic approach). For example, rats 

administered ampicillin showed decreased spatial learning performance (and heightened 

anxiety)[75].  

 A number of studies have investigated prebiotic effects on cognitive processes. For 

instance, compared to vehicle-treated rodents, mice and rats exposed to human milk 

oligosaccharides (a prebiotic) showed enhanced performance on a range of learning and 

memory tests, including working memory, spatial learning and memory, and learning via 

reinforcement[76]. These cognitive benefits were associated with several neurophysiological 

changes, including enhanced long-term potentiation and increased concentrations of BDNF. 

Investigations on infant rats showed similar effects of human milk oligosaccharides on novel 

object recognition, place and spatial memory, and long-term potentiation, benefits that were 

visible even a year after initial exposure to the prebiotic[77].  

 Probiotics comprising bacterial strains or consortia of strains have also been shown to 

exert beneficial effects on cognitive processes in rodents. For example, mice administered a 

probiotic displayed enhanced performance on a battery of cognitive tasks designed to test 

learning and memory, compared to a sterile vehicle, including better object-recognition and 

maze learning[78]. Interestingly, probiotic treated mice displayed improved stimulus 

associations in fear conditioning but showed extinction profiles similar to vehicle-fed mice. 

Probiotics are also effective in mitigating cognitive dysfunction induced by exposure to 

medical and dietary changes. For example, mice fed high-fat diets displayed impaired spatial 
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memory, and this deficit was corrected via probiotic ingestion[79]. Rats treated with antibiotics 

displayed poorer spatial memory and greater anxiety, changes that were again mitigated via 

consuming probiotics[75]. A recent study has suggested that gut microbiota may also influence 

executive functions supported by the prefrontal cortex. Rats that had been supplemented with 

a prebiotic for 3 weeks demonstrated greater cognitive flexibility (indexed by the attentional-

set shifting paradigm) compared to controls[80]. Prebiotic intake also elevated neuronal 

NMDA receptor responses, which corroborated the participation of glutamate signalling in the 

psychotropic effects of enteric bacteria[81]. In a preliminary examination, this study also 

suggested that the short-chain fatty acid acetate (a metabolite of the prebiotic used) may have 

mediated the observed behavioural and neurophysiological effects[80]. 

 Rodent research also suggests that the hippocampus may be a neurobiological mediator 

underlying the bacteria-cognition link. The hippocampus plays a critical role in learning and 

memory, and its function in the generation and maintenance of spatial maps is especially well-

described in rodents[82]. A consistent finding in studies examining bacterial effects on the 

hippocampus is an alteration in the expression of BDNF. For instance, in rodents, hippocampal 

BDNF increases in response to both prebiotics[46,76,81, 83] and probiotics[47]. The effect of 

antibiotics has been inconsistent, however, as hippocampal BDNF in rodents has both 

increased[31]) and decreased[84] in response to antibiotics. These differences may be 

attributable to the nature and effects of the specific molecules that characterise different 

antibiotics. Germ-free mice show lower levels of hippocampal BDNF[25,26], elevated levels 

of hippocampal serotonin[25], and variations in hippocampal morphology[33].   

 Importantly, psychobiotic effects on cognition may not always be beneficial, or may 

have both positive and negative effects simultaneously. A recent study of healthy rats examined 

the interactions between probiotic administration and consumption of a cafeteria diet[85]. Rats 

fed the cafeteria diet showed deficits in place memory, a diet-induced effect that was mitigated 
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by probiotic supplementation. However, probiotic administration also impaired object 

memory, regardless of diet.  

Human Research on Learning and Memory 

The question that follows on the observation of microbial effects on cognition in rodents 

is whether such effects may occur in humans. There is some evidence of this possibility. For 

example, infection of humans with Chlorovirus ATCV-1, an algae-derived virus, has been 

associated with a broad range of cognitive changes, including decreased performance on 

psychological assessments of visual processing and visual motor speed, effects that were 

replicated in mice[86].  

There is also some research on microbiome-cognition associations in human adults. For 

example, studies of obese individuals[87] found an association with microbiome composition 

and performance on the Trail Making Test (a psychometric assessment of motor speed, 

attention, and cognitive flexibility[88]). This study[87] also found that greater diversity of gut 

bacterial populations (i.e., the number of different species of gut bacteria at a site) were 

associated with greater variation in brain microstructure, including the hippocampus, the 

hypothalamus, and the caudate nucleus. 

Gut bacterial diversity may not always be beneficial, however. A recent longitudinal 

study on one-year old human infants found that gut bacterial diversity were linked to visual 

reception and language acquisition at two years of age[89]. Interestingly, lower gut bacterial 

diversity was associated with better cognitive performance. As studies frequently find that 

increased bacterial diversity is associated with desirable outcomes, these results[89] suggest 

that higher levels of diversity may not always predict benefits. Nonetheless, this finding 

highlights potential associations between the microbiome and human cognitive development. 

A question of particular interest is whether psychobiotics can be used as a form of 

cognitive enhancement. Psychobiotic administration in humans has yielded mixed results in 
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terms of cognitive changes. Probiotics administered to a sample of elderly participants 

produced some improvements in sustained attention and working memory relative to 

participants administered a placebo[90]. A more recent investigation employed a repeated 

measures design to investigate probiotic benefits[60]. Consistent with the cognitive effects 

noted in mice[78], probiotic ingestion produced a small improvement on a paired-associate 

learning task. An electrophysiological profile consistent with improved cognitive performance 

was also observed, characterised by greater frontal midline oscillatory activity. The use of 

electrophysiology in studying bacteria-brain-cognition relationships is relatively uncommon, 

and more widespread implementation of this technique in both animals and human research 

would generate important insights about bacteria-induced changes in brain function. 

However, human findings have also pointed in the opposite direction – toward potential 

cognitive impairments. An early study found that probiotic consumption produced a small 

decline in performance on an episodic memory task and some aspects of long-term 

memory[61]. While the authors discuss that this negative effect may be due to chance, it does 

leave open the possibility that probiotics may exert cognitive costs[59]. However, other 

investigations that have administered probiotics to humans did not find any costs to learning 

and memory[63,91]. At the same time, while no cognitive cost was observed, there was also 

no evidence of a benefit. Therefore, it is currently far from clear whether psychobiotics can 

exert any consistent effects on cognition in humans. The possibility of psychobiotic-induced 

cognitive impairments also prefigures recent rodent work showing that probiotics impaired 

object memory in healthy rats[85], described in the preceding section. 

Our overview of several key results in this area demonstrates a lack of conclusive 

results and multiple sources of discrepancy. These include variation in the bacterial strains 

used, the operationalisation of cognitive constructs, and the age of participants. It remains 

difficult to predict what benefits (or costs) will arise in which conditions, and this uncertainty, 
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alongside issues of statistical power, both reduce the replicability of published results and 

increase the difficulty of generating precise test implications. Quantification of the nature and 

scope of cognitive effects of psychobiotics in humans is therefore an important area of 

investigation. For researchers interested in the potential of psychobiotics as a cognitive 

enhancer, identifying the conditions under which psychobiotics may be most effective is a 

crucial step[59].   

Are Cognitive Benefits of Psychobiotics an Epiphenomenon of Peripheral Changes in 

Glucocorticoids and Inflammation?  

The microbiome-cognition link also requires greater conceptual and mechanistic 

elucidation. For instance, an important point of ambiguity is the relationship between bacterial 

modulation of stress and immunological activity on the one hand, and learning and memory on 

the other. In particular, many of the bacterial benefits in learning and memory occur alongside 

reductions in biomarkers of stress (glucocorticoids) or inflammation (pro-inflammatory 

cytokines)[46,60,75]. Both glucocorticoids and pro-inflammatory cytokines impair cognitive 

performance under numerous (but not all) conditions[92,93]. Therefore, are the cognitive 

effects that follow psychobiotic administration independent bacterial effects, or are they 

entirely due to bacteria-mediated reductions in glucocorticoids and pro-inflammatory 

cytokines? While neurophysiological changes in brain structures such as the hippocampus 

suggest that cognitive improvements occur independent of systemic physiological changes, it 

should be noted that the hippocampus itself is highly sensitive to glucocorticoids[94]. Thus, 

hippocampal changes supporting improved cognitive performance may reflect a general 

bacteria-induced reduction in systemic glucocorticoids, rather than a separate neural process.  

Published research does allow for a cautious inference that these might be independent 

processes. For example, one report showed that ingestion of antimicrobials increased 

hippocampal BDNF expression in the absence of other peripheral changes in mice[31]. Another 
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investigation found that germ-free mice displayed impaired cognitive performance in the 

absence of clear increases in anxiety[74]. Finally, one study found that mice treated with 

probiotics showed enhanced object recognition and spatial memory in the absence of a decrease 

in glucocorticoids[78]. Jointly, results such as these provide some evidence that bacterial 

effects on cognition may be separable from effects on peripheral physiology and emotion. 

However, these are post-hoc interpretations of published data. Experimentally establishing the 

relative independence (or lack thereof) of the stress- and immune-related effects of bacteria on 

the one hand and their cognitive effects on the other will be an important step toward 

understanding bacterial contributions to cognition.   

Microbial Associations with Social Behaviour 

Evidence is now emerging that gut microbes (and especially bacteria) may be necessary 

for the development of normal social functioning (see also the following section on autism). 

On balance, the bacteria-behaviour link is likely to be fairly subtle in mammals (see Box 5 for 

some remarkable cases of microbial behavioural control of mammalian hosts).  

Foetal programming of social behaviour also occurs in response to antibiotic-induced 

alterations in the mother’s microbiome. A recent investigation has shown that the offspring of 

rats exposed to antibiotics during pregnancy demonstrate marked social dysfunction in 

comparison to conspecific controls[95]. Social behaviours such as playing, grooming, and 

sniffing were greatly reduced in the offspring of rats exposed to antibiotics, both in terms of 

the number of social interactions and the time spent in social interactions. This finding may 

have important implications for the administration of antibiotics in human pregnancy as well. 

Another study examined the effect of bacterial transplantation on social behaviour[96]. The 

authors found that exposure to a physical stressor triggered social avoidance behaviour in mice. 

Transplanting faecal matter from these mice to a separate strain of innately stress-sensitive 

mice was sufficient to trigger social avoidance in the recipients reminiscent of behaviour 
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observed in the donors. 

Germ-free studies have also provided evidence of the causal role of gut bacteria in 

social behaviour. For instance, compared to normally colonised rats, germ-free rats showed 

reduced interest in a conspecific (indexed by sniffing behaviour) in the first two minutes of a 

ten minute interaction[18]. These results are conceptually similar to the behaviour of germ-free 

mice in the three-chamber sociability test[97], a test of rodent social preference. The mouse is 

placed in the middle of three interconnected chambers. In the first phase of the experiment, the 

adjacent chambers contain a novel mouse or a novel object. Sociability is indexed by the 

mouse’s preference to interact with the novel mouse over the novel object. In the second phase 

of the experiment, the adjacent chambers contain a familiar mouse or an unfamiliar mouse. 

Social novelty is indexed by the mouse’s preference to interact with the unfamiliar mouse over 

the familiar mouse. Normal social behaviour entails a greater tendency to interact with the 

mouse over the object in the first phase, and with the unfamiliar mouse over the familiar mouse 

in the second. In comparison to normally colonised mice, germ-free mice demonstrated 

substantial reductions in sociability and preference for social novelty[97,98]. Bacterial 

colonisation was sufficient to increase sociability, but did not increase preference for social 

novelty, suggesting that some aspects of sociality may be more sensitive to bacterial 

modulation than others[97]. Interestingly, another germ-free project that utilised significantly 

older mice of a different strain found the opposite result in the three-chamber test: germ-free 

mice showed greater sociability than normally colonised mice[30]. These opposing results 

present an intriguing and unresolved puzzle. One cause for this difference, discussed by the 

authors, may be the greater age of the mice they used. The social neurocircuitry would have 

had substantially longer to develop, and greater age may therefore result in significant 

behavioural variations.  

Of the published reports on bacteria-sociality relationships in rodents, the general trend 
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appears to be that major disruptions to the gut microbiome reduce social interaction[18,49,95-

98], suggesting that bacteria contribute to the motivation for and maintenance of sociality. 

However, there has been a report that germ-free mice may also display increased 

sociability[30]. One interpretation of this is that the mice are attempting to acquire microbes 

from others. That is, the absence of a microbiome is triggering behaviours to develop a normal 

microbiome. Microbial acquisition would be facilitated by seeking out and interacting with 

others. Indeed, such behaviour would be analogous to the searching behaviour noted in the 

insect Megacopta cribraria. Females will leave microbe-containing pellets near their eggs. On 

hatching, Megacopta cribraria will consume these pellets, thereby gaining a normal 

microbiome[99]. However, in the absence of these pellets, the insects will display enhanced 

exploratory behaviour, likely in search of this initial “dose” of microbes[99]. Such an 

explanation for increased sociability in some germ-free mice[30] would also be consistent with 

the increased exploratory behaviour observed in rodents in other germ-free studies [20,21,24-

27].  

 Explanations for both increased or decreased sociability in germ-free mice are broadly 

but independently consistent with the evolutionary hypotheses concerning bacterial 

transmission via social interaction. However, juxtaposed as the findings are (i.e. some germ-

free rodents show decreased sociability, while others show increased sociability), the 

interpretation is no longer as straightforward. Overall, while these studies suggest that gut 

bacteria play a role in social behaviour, the direction of effects is at best uncertain and likely 

depends on a variety of moderators.  

Microbial Associations with Autism 

Autism is one of the most striking examples of bacterial associations with 

neurodevelopment and social behaviour. Autism is a complex condition characterised by two 

core behavioural features: deficits in social interaction and communication, and highly rigid, 
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repetitive behaviours[100,101]. Whilst these behavioural patterns are used to formally detect 

autism, there is increasing interest in the cognitive, neurobiological, and genetic correlates of 

this condition. 

Autism has also been linked to gastroenterological and immunological dysregulation, 

as well as variation in microbial content[102-107]. Both gastroenterological and 

immunological processes also interact with the gut microbiome. Rodent models of autism and 

humans with autism differ from neurotypical controls in terms of gut bacterial profiles. The 

detection of such differences has led researchers to hypothesise a functional connection 

between gut bacteria and autism[108]. In murine models of autism, for example, in utero 

exposure to valproic acid triggers behavioural patterns that mimic autistic traits in humans (e.g., 

impaired sociability, repetitive behaviour) and produces marked shifts in microbiome 

profiles[109,110]. Human studies have revealed several bacterial differences between autistic 

and non-autistic individuals[111-115]. At the same time, there is also considerable variation 

and discrepancy in identifying bacterial markers of autism, with ratios of bacterial phyla being 

inconsistent and even contradictory across studies[111,115-118]. Understanding the causes and 

circumstances of these inconsistencies must be incorporated into the wider research programme 

of determining the causal contributions of bacteria to autism. 

Nevertheless, researchers have made important strides in bringing the microbiome into 

the mainstream analysis of autism, and there have been two remarkable attempts at 

manipulating the bacteria-autism association in mice. In one study, autistic behaviours were 

triggered in mice during prenatal development using maternal immune activation[49]. The 

offspring demonstrated reliable behavioural markers of autism, including reduced social 

interaction and communication, and increased repetitive behaviour, along with aberrations in 

gut bacterial composition. Probiotic treatment significantly ameliorated some (but not all) 

behavioural deficits, and also normalised gut bacterial composition. Another study triggered 
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autistic traits in offspring by exposing pregnant mice to high-fat diets[98]. In addition to 

behavioural and microbiome abnormalities associated with autism, the researchers found that 

autistic-type mice showed deficits in long-term potentiation in the ventral tegmental area that 

followed social interaction in normal mice, as well as reduced numbers of hypothalamic 

oxytocin immunoreactive neurons. Furthermore, microbiota transplants from the offspring 

of mice fed high-fat diets to normal mice triggered similar tendencies in the recipients, 

providing further evidence of the causal role of gut bacteria in the development of autistic 

phenotypes. Treatment with probiotics attenuated these behavioural and neural abnormalities. 

There has also been some exciting (though preliminary) progress in humans. A 

crossover study in which autistic children were administered probiotics did not find any 

improvements in behavioural deficits, but did show changes in microbial composition[119]. 

Numerous potential moderators make it difficult to interpret why a null result was observed for 

behavioural symptoms. On the other hand, treatment with antibiotics such as vancomycin has 

shown at least short-term benefits in reducing autistic tendencies in children[120,121], an effect 

that may be attributed to reductions in neurotoxin-producing indigenous bacteria. Recently, an 

open-label pilot trial involving 18 children diagnosed with autism investigated the impact of 

faecal transplants from healthy controls on behavioural and gastrointestinal symptoms in 

recipients with encouraging results[122]. In particular, the improvements in behavioural 

symptoms persisted even eight weeks after the cessation of treatment. Microbiota transplants 

exert wider changes on an individual’s microbiome than psychobiotic ingestion, and this large-

scale introduction of new bacteria may be one reason that this effort is showing initial success.  

Overall, this is an extremely important area of investigation that, once better explored, 

may yield at least some therapeutic benefits for individuals diagnosed with autism, especially 

where subtypes, comorbidities, and severity are carefully specified. 

The appeal of a potential psychobiotic therapy for autism lies, of course, in the concept 
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of reversibility. The detection of clear bacterial profiles underlying autism facilitates 

intervention attempts that are not possible with other putative causes of autism, such as genetic 

polymorphisms or prenatal exposure to elevated levels of steroid hormones[123], whose 

neurodevelopmental effects have already occurred and in that sense are permanent. Microbial 

composition, however, is amenable to exogenous manipulation. We are certainly not 

suggesting that a clear bacterial signature underlying autism (even if it existed) would imply a 

psychobiotic route to reversing this condition. However, approaching the microbiome as a 

therapeutic target does make the task of providing some therapies for autism more tractable 

than many current models permit, and is a promising direction for future research.  

Psychologists in the Hidden Kingdom 

In addition to the four areas we have outlined, we describe three further points of 

intersection between microbiome science and cognitive science that will enrich our 

understanding of the microbiome-brain-behaviour pathway. While there are important grounds 

for scepticism as well[124], we hope that our discussion will provide new opportunities for 

rigorous, cross-disciplinary collaboration.  

The Search for Bacterial Signatures 

One theme in this review has been the possibility of finding the bacterial signatures of 

psychological profiles and traits. If such signatures exist, finding them is likely to require large-

scale collaborations and multi-site data collection.  How each bacterial component in a putative 

bacterial signature contributes to the onset and maintenance of a disorder or trait is unknown. 

More broadly, it is a matter of debate whether it is even possible to determine a consistent 

signature or profile of any psychological profile in terms of the differences bacterial 

communities, a problem compounded by the known effects of age, sex, diet, medication use, 

and a variety of others moderators that would affect the microbiome. Overall, a bacterial signal 

might be very difficult to detect amidst the noise.  
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Psychologists will be able to contribute detailed knowledge of the behavioural and 

cognitive features associated with different psychological conditions and traits, which may help 

us better understand how microbial effects on host physiology influence particular aspects of a 

broader psychological profile (and vice versa).  

A major focus in the area of signatures has been on depression, though the 

psychological implications of variation in bacterial communities for emotional disorders 

remain unclear. At present, there is some evidence of such microbial patterns associated with 

various psychological states.  For instance, depression has recently been associated with 

changes in the relative abundance of several bacterial communities, though the results are often 

inconsistent or contrary when compared across studies[27,125-127]. Interestingly, in some 

cases, concentrations of particular bacterial communities may correlate with the severity of 

depression[126].  

It is also unclear whether bacterial signatures may accompany variation in stress and 

emotion in healthy populations. For example, a recent investigation found correlations between 

microbial composition and personality traits, including conscientiousness and 

neuroticism[128]. However, in another (smaller) study of healthy females, there were no 

associations detected between bacterial diversity and measures of subclinical depression, 

anxiety, and stress[129].  

 Though we have focussed on autism, depression, and anxiety in this review, these are 

far from the only psychological disorders in which the microbiome is implicated. For example, 

an emerging area of inquiry is linking the microbiome to disorders characterised by psychosis, 

such as schizophrenia[130]. Psychosis refers to a diminished capacity to perceive and engage 

with reality (most notably delusions and hallucinations). Psychosis is usually a prominent 

feature of schizophrenia. Researchers have been interested in an infection-schizophrenia link 

since at least the 1920s, when an increase in schizophrenic symptoms was observed following 
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the 1918 influenza epidemic[131].  Relatively recently, researchers have also studied the link 

between toxoplasma gondii infection and psychosis in humans[132], though in some cases the 

evidence for this association has been mixed[133].  

More generally, immune dysregulation has been widely implicated in biological models 

of psychosis[134], and individuals with schizophrenia consistently show elevations in pro-

inflammatory cytokines and inflammation[130]. Furthermore, the recently discovered 

lymphatic vessels subserving the central nervous system[135] may act as a delivery mechanism 

for pro-inflammatory cytokines and other immune molecules into the brain. Given the role of 

bacteria in regulating the development and function of the immune system (including levels of 

pro-inflammatory cytokines), a bacterial component underlying psychosis may be biologically 

plausible. To this effect, a recent preliminary investigation has found that individuals treated 

for first episode psychosis showed differences in gut bacterial composition compared to healthy 

controls[136]. Importantly, the magnitude of these bacterial differences was negatively 

associated with the efficacy of antipsychotic treatment. As with autism and depression, we are 

not suggesting that there is a pure, reversible bacterial signature of schizophrenia in humans. 

However, this is a promising line of inquiry, and further mechanistic elucidation will facilitate 

the development of theoretical frameworks to account for the physiological aspects of 

psychosis, and possible therapies for at least a subset of individuals.  

Clearly, issues of statistical power and enormous variance will complicate the search 

for microbial signatures. Nonetheless, large-scale data collection efforts with much greater 

power to detect effects (e.g., the American Gut Project, the ElderMet Project, the Human 

Microbiome Project) may provide scope for optimism in the discovery of more specific 

bacterial underpinnings of at least some psychological disorders and traits. Active involvement 

of psychologists in new, large-scale initiatives of this type as they are established will provide 

further valuable insights. In these cases, psychologists will be able to provide expertise on 
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psychometric assessments that can be added onto data collection, and which can subsequently 

be examined for the microbial correlates of a variety of behavioural and cognitive features. 

Senescence, Cognitive Decline, and Alzheimer’s Disease  

Ageing places heavy and lasting socioeconomic burdens on communities and 

societies[137]. Ageing confers greater risk for diabetes and cancer, heightened pro-

inflammatory activity, generalised cognitive impairments, and greater likelihood of developing 

neurological conditions such as Alzheimer’s disease. Maintenance of cognitive health during 

ageing has recently emerged as a prominent public health goal, and incorporation of the 

microbiome into research programmes may yield important translational benefits.   

Alongside molecular and cellular changes occurring in the host, the composition of the 

microbiome also changes with increasing age. For example, gut bacterial diversity shows a 

negative association with frailty and cognitive dysfunction[138]. While cause and effect remain 

unclear, the existence of associations between bacterial communities and longevity provide 

fruitful ground for future longitudinal investigations, which would provide stronger causal 

evidence. Psychobiotic supplementation also serves as a point of entry into the bacteria-

senescence loop and can provide insights into causality, and the development of translational 

medicine. For instance, ageing rats fed probiotics displayed normalisation of age-related 

impairments in long-term-potentiation compared to ageing rats fed a neutral vehicle 

substance[139]. Probiotic ingestion has also been shown to enhance attention and memory in 

elderly humans[90]. Probiotics are also being examined for their capacity to reduce physical 

weakness and muscle-wasting in ageing populations, with promising early rodent 

evidence[140].  

Another important area of investigation is the association between the microbiome and 

Alzheimer’s disease. There appear to be Alzheimer’s-associated alterations in gut microbiota 

composition in both rodents and humans[141], but identifying consistent bacterial profiles 
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associated with the condition remains elusive. A prominent correlate of Alzheimer’s disease is 

amyloidosis, or deposition and accumulation of the peptide amyloid-β in the brain[142]. An 

initial human study has correlated increased rates of amyloidosis and cognitive impairment to 

changes in gut microbial profiles[143]. A recent investigation using a rat model of Alzheimer’s 

disease has shown preliminary benefits of prebiotic ingestion[50]. These findings yield early 

insights for the development of further psychobiotic interventions for neurodegenerative 

disorders. 

In general, the psychological implications of bacterial contributions to lifespan 

development, ageing, and dementia remain largely unknown. Psychologists are well placed to 

answer key questions in this area. There is already some evidence that individuals with low 

bacterial diversity also display lower cognitive functioning[138], inferred from poorer scores 

from the Mini-Mental Status Examination[144]. However, there are few such studies overall. 

Moreover, there are numerous behavioural markers of neuropsychological functioning in 

ageing, such as reduced error-awareness[145], working memory deficits[146], and impaired 

multi-tasking[147]. Such assessments will provide more precise estimates of bacterial effects, 

if any, on the cognitive status of elderly individuals.  

Fine-Grained Measures of Psychological Processes and Executive Function 

With a few exceptions[68], most human psychobiotic studies have not employed more 

fine-grained measures of psychological function. Subtle, bacteria-induced changes in 

perception, attention, and information processing are important but largely unexplored areas of 

investigation. A reliance on self-reports for the assessment of mood assumes that participants 

will be able to detect shifts in their own emotional states. While self-reports have been 

successful in some studies on the bacterial effects on emotion[62,66], they have failed to detect 

such effects in others[148]. Self-reports are unlikely to capture subtle differences in 

information processing, and this lack of nuance in measurement poses a high risk of producing 
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false negative results. For example, a computerised test of working memory performance at 

the millisecond-level may be more conducive to detecting bacterial effects that could not be 

captured on a gross measure of total accuracy on a memory inventory. Reaction times, which 

are a hallmark behavioural measure in cognitive psychology, have not yet been widely 

deployed in elucidating the bacteria-cognition link. A shift toward information processing 

approaches that incorporate behavioural performance such as reaction times[68] are likely to 

provide more sensitive measures of the emotional and cognitive effects of gut bacteria, 

especially combined with electrophysiology[60] and neuroimaging[67,88]. 

Concluding Remarks 

We have described microbial associations (largely bacterial) with emotion, cognition, 

and behaviour, as well as described how psychologists might contribute to the generation of 

new knowledge. As noted earlier[59,116], reviews and research reports often express 

tremendous optimism in the potential of the bacteria-brain relationship. Though our view is 

enthusiastic, we must acknowledge that the evidence-enthusiasm ratio is far from 1:1, and 

optimism not tempered by scepticism risks being misleading. Indeed, a recent issue is the 

potential overselling of the microbiome both to researchers and to the public[124], which is 

likely to occlude nuanced interpretations of the microbiome’s psychophysiological 

contributions. Researchers must also contend with a range of inconsistent results on a 

prominent future application of psychobiotics- their effects on human psychological processes, 

especially emotions and neuropsychiatric conditions (See Boxes 6 and 7). Furthermore, 

statistical power to detect effects and a lack of direct replications of several key findings remain 

important issues, similar to many other subdisciplines in psychology, neuroscience, and 

medicine. Another significant challenge lies in enhancing translation (see Box 7).  

Aside from psychologists becoming more involved in exploring the research questions 

described here (see also the Outstanding Questions), a longer-term view might incorporate 
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elementary discussions of the microbiota-gut-brain axis in undergraduate and graduate 

biopsychology teaching. This will allow at least a glimpse of the microbiome-cognition link 

and highlight the need to investigate it, perhaps building interest in this emerging area at an 

earlier stage of training.  

Overall, greater participation of psychologists in microbiome-brain research will yield 

two mutually reinforcing benefits. First, psychologists will be able to widen their scope of 

analysis, generating richer theories that encompass the neurocognitive effects of previously 

unconsidered biological variables: gut microbes. Second, though some broad patterns of the 

psychological associations with gut microbes are emerging, more precise predictions remain 

elusive. There are many links in the chain from microbes to the gut to the nervous system to 

psychological experience. Of these, perhaps the least understood are the cognitive and 

behavioural aspects. Psychologists will be able to provide much needed input on more 

sophisticated explorations of the psychological contributions of this hidden kingdom.  

 

Box 1: Features of the Gut Microbiota 

 Size and Complexity: Gut-based microbes form an extremely large and diverse 

ecological community. Microbial genes are over 100 times more abundant than those of the 

human genome[149]. General estimates of the bacterial population size in humans vary widely. 

The intestines are estimated to harbour 1013-1014 microorganisms (10 times that of the cells in 

the body), though more recent approximations point to a ratio of host-to-bacterial cells much 

closer to 1:1[150]. This ecosystem includes archaea, bacteria, fungi, protozoa, and 

viruses[151]. Bacteria dominate the microbiome, including at least 1,000 distinct species and 

7,000 strains[152,153]. Anaerobic bacteria, mainly Firmicutes and Bacteroidetes, comprise 

approximately 70-75% of this community[154,155], along with smaller concentrations of 

Actinobacteria, Fusobacteria, Proteobacteria, and Verrucomicrobia[156].  
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Beneficial Bacteria: Bacterial genera frequently exploited as probiotics include 

Bifidobacterium and Lactobacillus. Prebiotics such as galactooligosaccharides and 

fructooligosaccharides support the growth of intrinsic Bifidobacterium and Lactobacillus. 

Unlike pathogenic genera (e.g., Salmonella), the cell walls of harmless bacteria do not possess 

pro-inflammatory lipopolysaccharide coatings. Therefore, their propagation in the gut does not 

trigger full-fledged immunological reactions. These bacteria train the immune system to 

distinguish to between pro- and anti-inflammatory entities and develop appropriate 

immunogenic responses[157]. 

 Origin and Development: Microbiome composition is age-sensitive, and humans 

show marked differences in microbial profiles during infancy, adolescence, adulthood, and 

ageing[158]. These changes correspond closely to changes in health status, medication use, 

diet[159] and potentially even the occurrence of early life trauma[160]. Mounting evidence 

suggests that some maternal microbial transmission also occurs during foetal development, 

which was previously considered a strictly germ-free process[161]. Colonisation of the infant 

gut accelerates during parturition, which carries a maternal imprint shaped by mode of delivery. 

Vaginal delivery predicts infant gut bacteria compositions resembling the mother’s faecal and 

vaginal microbiota, while caesarean delivery predicts gut microbial profiles corresponding 

more closely to the mother’s skin[162]. Maternal stress also exerts bacteria-driven 

neurodevelopmental changes in the offspring, via changes in the mother’s vaginal 

microbiome[164,165]. 

The infant microbiome receives continuous environmental input, and resembles adult-

level complexity and richness within the first three years[156,159]. Major disruptions to the 

microbiome trigger lasting changes to the composition of gut bacterial communities and the 

central nervous system. In rodents, for example, antibiotic treatment during foetal development 

and infancy shifts microbial profiles, increases cytokine expression in the brain and impairs 
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normal behaviour[165], induces visceral hypersensitivity in adulthood[166], and alters 

metabolism[167]. In humans, early evidence indicates that antibiotic ingestion in the first year 

of life is correlated with signs of depression[168]. 

 

 

 

 

 

 

 

 

 

 

 

Box 2: Microbial Influences on the Nervous System and Neurometabolite Production 

 Germ-free studies in rodents reveal widespread microbial contributions to the 

development and function of the host’s nervous system[169]. These include microbial effects 

on central glial development[170], development of the enteric nervous system that controls the 

entire gastrointestinal tract[171], and normal development of the brain[26]. Recent efforts have 

also identified microbial contributions to adult hippocampal neurogenesis[172]. The 

microbiome even appears to be critical for the normal development of the blood-brain 

barrier[173]. Furthermore, gut microbes contribute causally to the production of a substantial 

proportion of potentially neuroactive molecules, including serotonin[174,175] and 

oxytocin[98,176], which exert well-documented psychological effects.  

The microbiome is also an important site for the production of short-chain fatty acids 
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(SCFAs, or fatty acids possessing two to six carbon atoms, produced from the fermentation of 

dietary fibres). These include acetate, butyrate, lactate, and propionate which are generated via 

bacterial fermentation of otherwise indigestible fibres such as plant polysaccharides[177,178]. 

These SCFAs enter systemic circulation and have been shown to regulate the activity of the 

sympathetic nervous system[179]. The interactions between the microbiome, SCFAs, and the 

brain, and the behaviour arising from these interactions, has generated much interest in areas 

such as appetite control and nutrient intake[177]. There is also particular interest in the role of 

SCFAs in models of psychiatric illness. For example, butyrate has been implicated in 

depression and anxiety[180,181], and there is evidence of antidepressant effects of systemic 

sodium butyrate administered to rodents[182].  

It is now necessary to gather data on two fronts. First, the generation of neuroactive 

compounds does not necessarily mean that those compounds always become involved in 

regulating neurotransmission[116], and further direct evidence of such interactions is 

necessary. Second, closely related to this issue, it is unclear at present how bacterially-derived 

neurometabolites and SCFAs influence the brain and subsequent behaviour. We have 

speculated that they are likely to modulate activity in the proximal neurons of the enteric 

nervous system, which would alter its communication with the brain[59]. 
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Box 3: Bacteria-Gut-Brain Communication Pathways 

Immunological and Cytokine Activity: The brain and immune system communicate 

bidirectionally[183]. Bacteria can both enhance or inhibit the secretion of pro- and anti-

inflammatory cytokines. Intrinsic beneficial bacteria can stimulate the release of anti-

inflammatory cytokines, while others trigger pro-inflammatory cytokine expression. Probiotics 

and prebiotics can also physically bind to pattern-recognition receptors, inhibiting the release 

of pro-inflammatory cytokines and enhancing the expression of anti-inflammatory 

cytokines[184,185].  

Central Lymphatic Vessels: It has recently been discovered that the central nervous 

system is drained by a network of lymphatic vessels which communicate bidirectionally with 

the brain[135]. It is therefore possible that immune molecules such as cytokines may interact 
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more directly with central nervous tissue than previously appreciated. Bacterial modulation of 

immunological activity may affect the entry of inflammatory mediators into the central nervous 

system.  

Vagal Connections:  The vagus is the tenth cranial nerve, coordinating a range of 

parasympathetic activities, including cardiac function, gut motility, and respiration. The 

majority of nerve fibres are sensory, enabling the brain to monitor the state of all vagally 

innervated organs. Vagal stimulation exerts potent anti-inflammatory effects[186], and is 

applied in treating depression and anxiety. Psychopharmacological molecules also alter vagal 

activity[187]. The vagus nerve is able to distinguish between pathogenic and beneficial bacteria 

in the gut[188], and responds rapidly to the exogenous introduction of beneficial bacteria[189]. 

The specific mechanism through which this interaction occurs requires elucidation. Severing 

the vagus nerve (vagotomy) has been shown to abolishes psychobiotic effects, providing 

evidence of vagal mediation of the probiotic-brain relationship[190]. However, vagotomy has 

also failed to attenuate bacteria-brain communication in some cases[31], implying that non-

vagal communication mechanisms also operate.  

Tryptophan-Kynurenine Metabolism: The balance between the processing of 

tryptophan into its metabolites kynurenine and serotonin is considered to play an important role 

in bacteria-brain signalling[191]. The bulk of the body’s systemic tryptophan is metabolised 

into kynurenine, a reaction regulated by the enzymes tryptophan dioxygenase and indoleamine 

2,3-dioxygenase[192]. The action of these enzymes can be triggered by increases in pro-

inflammatory cytokines and corticosteroids[192]. Elevated kynurenine generation is associated 

with depression and reduced neuroprotection[193]. Gut bacteria intervene in the metabolism 

of tryptophan into kynurenine, and can both increase or decrease kynurenine biosynthesis, 

depending on which bacteria are involved. Both prebiotics and probiotics have been shown to 

reduce kynurenine levels[46,47]. The mechanistic component underlying bacterial effects on 
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kynurenine levels may be an inhibition of the enzymes that contribute to its biosynthesis[194]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 4: The Microbiome, Diet, and Ingestive Behaviour 

 Plasticity: The microbiome quickly and efficiently adapts to the host’s diet, 

accompanied by changes in metabolism. In humans, for example, microbiota composition is 

associated both with long-term diet[195] and with short-term dietary changes[196]. Indeed, 

microbial composition changes as early as the day after a dietary change[195,197]. Long-term 

nutritional patterns, such as high-sugar, high-fat Western diets, can also result in gut bacterial 

extinctions in mice[198].  

Ingestive Behaviour and Obesity: The microbiome influences host appetite[199], 

including the generation of gut-based satiety hormones such as glucagon-like peptide 1 (GLP-

1) and peptide tyrosine tyrosine (PYY)[200]. In humans, prebiotic supplementation enhances 

plasma concentrations of short-chain fatty acids arising from microbial fermentation of dietary 
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fibres can also induce satiety and regulate energy intake[201]. 

Disruptions to these processes are well-illustrated by obesity. A key behavioural feature 

of obesity is excessive energy intake. In humans and mice, obesity is associated with abnormal 

bacterial compositions[202]. Obese mice have an enhanced, bacteria-dependent capacity for 

extracting energy from nutrition, and transferring the microbiota from obese to lean mice 

increases body fat in the recipients, suggesting causal contributions of gut bacteria to 

obesity[3].  

Probiotics can reduce diet-induced obesity and inflammation[5]. Recent efforts have 

uncovered a microbiome-brain-pancreas signalling mechanism mediated by the SCFA 

acetate[177]. Microbiota-induced increases in acetate alter parasympathetic activity, which 

stimulates the production of insulin and ghrelin, in turn affecting both metabolism and appetite.  

Culture and Geography: Humans inhabit diverse geographies associated with 

lifestyle and dietary variation, which are in turn associated with gut microbial variation. Initial 

evidence of geographical differences in microbiota composition arose from comparisons 

between children from America, Venezuela, and Malawi[203]. Geographical differences in 

microbial composition specifically attributable to dietary differences have been noted between 

European and African children[204]. Cultural and diet-based differences in bacterial 

composition reflect adaptations to specific environmental demands, and may lead to metabolic, 

immunological, and endocrine variation. The psychological consequences of these differences, 

if any, remain to be explored.  
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Box 5: Cases of Extraordinary Microbial Control of Mammalian Behaviour 

It is unlikely that microbial contributions to host behaviour are uniform throughout the 

animal kingdom. Rather, we speculate that the “net” role of gut bacteria in psychological 

processes may covary negatively with brain size and complexity of the host. Animals with 

more complex brains, such as mammals, exhibit a wide repertoire of behaviours, each of which 

may or may not be susceptible to microbial influence. Although microbes affect some 

mammalian behaviours, such as the rodent behaviours described in this article, these influences 

are most likely less pronounced than those of the symbionts of less complex hosts. For example, 

some pathogenic fungi can gain total control of the motility of their insect hosts, such as ants 

infected by Ophiocordyceps unilateralis. Infected ants will leave the colony and fix themselves 

to locations ideal for the growth of the fungus, and will remain there until death, while the 
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fungus uses the corpse to develop and disperse its spores[205]. 

Such strong microbial control in mammalian hosts is unlikely. Microbial signals are 

expected to join the general stream of interoceptive information that the brain receives from 

the periphery[12]. However, there are several examples of mammalian microbes that have 

profound and multi-faceted behavioural effects on their hosts.  

One well-known case is the intracellular parasite Toxoplasma gondii, which 

manipulates the behaviour of its intermediate host, the rat, to enhance rates of transmission to 

its primary host, the cat. Infection with this parasite abolishes the rat’s innate fear of cats, and 

may even lead to sexual attraction toward cats[206,207]. Toxoplasma gondii abolishes the 

mouse fear of cat urine, an effect that, intriguingly, persists beyond parasite clearance[208]. 

Another widely known example is the rabies virus. Rabies triggers acute inflammation in the 

brain, and precipitates a suite of abnormal behaviours such as extreme aggression and 

hydrophobia in a diversity of placental mammals, including humans, non-human primates, and 

dogs.  

Overall, therefore, while microbial control of mammalian behaviour is in general 

relatively subtle, there are cases in which this control can be extraordinarily strong and wide-

ranging. Though fatal for the host, the microbe-induced behavioural modifications enhance the 

probability of transmission to new hosts. In the case of Toxoplasma gondii (warping 

perceptions of predation-risk) and rabies (hydrophobia), these behavioural effects are powerful 

enough to even override evolutionary survival instincts.  
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Box 6: Inconsistent Results in Human Research on Psychobiotic Treatment of Anxiety 

and Depression 

While psychobiotic effects on human emotional experience seem broadly in line with 

psychobiotic effects in rodents, it is also important to note null effects. For instance, some 

human studies suggest promising mood-based benefits or reductions in cortisol[62], whilst 

others do not[61,91].  

Two recent randomised controlled trials investigating the effect of psychobiotics on 

major depressive disorder have yielded discrepant results. Both studies administered similar 

psychobiotics over an eight-week period. One study found significant positive psychobiotic 

effects on self-reported indicators of depression[209]. The second study[148], which utilised a 
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larger sample, found no effect of psychobiotic ingestion on any psychological outcome 

measure and no improvement in depressive symptoms. However, the psychobiotic effect 

appeared to be moderated by baseline vitamin D levels, which affects immune function[210]. 

Participants with higher vitamin D experienced greater improvements in mood compared to 

those with lower vitamin D. This suggests that vitamin D (and therefore other diet-derived 

organic compounds) could moderate the effects of psychobiotics in humans.  

Systematic quantitative reviews examining psychiatric benefits of psychobiotic 

ingestion in humans in experimental settings have also yielded inconsistent conclusions. One 

systematic review found no evidence that probiotic consumption produced antidepressant 

effects[211], while two later quantitative reviews did find consistent evidence of probiotic-

induced alleviations of depression[212,213]. A recent quantitative review has also found a 

positive probiotic effect on depression, pointing toward reductions in inflammation (primarily 

a reduction in pro-inflammatory cytokines) and an increase in serotonin as the likely 

physiological mechanisms underlying these improvements[214].  

Two observational studies have also yielded mixed evidence. One study found that 

consumption of probiotic-containing fermented foods predicted lower social anxiety in 

individuals with high trait neuroticism[215]. Another investigation of a national dataset 

examined probiotic consumption over time found lower odds of depression amongst 

individuals reporting greater probiotic consumption, but the effect was attenuated with the 

introduction of other relevant factors, suggesting, in this case, no unique role for probiotic 

consumption[216]. Furthermore, the quality, viability, and efficacy of many commercially 

available probiotics has been questioned[217], warranting further research in this area. 

These inconsistencies should not dampen translational efforts toward psychobiotic 

development. Rather, they highlight the need for mechanistic elucidation, greater statistical 

power, and consideration of moderators. If effectively developed, and after side-effects and 
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long-term effects are either understood or ruled out, psychobiotics may serve as valuable 

adjuvants alongside traditional antidepressants and anxiolytics[59]. Psychobiotics may also 

serve as a post-treatment intervention following cessation of antidepressants or anxiolytics.  

 

 

 

 

 

 

 

 

 

 

 

Box 7: Toward Successful Animal-Human Translations 

The majority of the experimental research in this area has been performed on rodents. 

Studies on nonhuman primates and humans, are limited. Aside from the inevitable ethical 

issues associated with human intervention studies, several crucial factors hinder effective 

rodent-to-human translation. For example, certain mouse strains on which psychobiotics have 

proved beneficial are considered innately anxious, and psychotropic benefits may have been a 

function of baseline differences. This pertains to the larger and ever-present issue of noise in 

human research. Variance is much lower in genetically identical rodents, in a controlled 

environment, receiving indistinguishable diets, and displaying congruent behavioural deficits. 

Baseline differences in biological and cognitive profiles of human participants, which are likely 

to influence study outcomes, are extremely difficult to control.  
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This is not to say, however, that it is impossible to control for environmental, dietary, 

and psychological profiles in humans, and there are some crude ways of doing so. Increasing 

sample size is the most obvious form of decreasing the effects of individual differences. 

Researchers might also consider testing individuals from the same (small) communities who 

arguably share comparable environments and perhaps diets (e.g., a particular neighbourhood 

or school). Perhaps the best designs are placebo controlled cross-over studies, which allow 

within-subjects analysis, thereby providing a substantial boost to statistical power.  

Another important issue that affects translation concerns dose. Many probiotic 

experiments in mice have used 1×109 bacteria[190], a dose that is also used in humans[90]. In 

terms of the actual number of ingested bacteria per unit of body weight, there is an enormous 

difference. It may be that animal studies are misleading because the doses are very high, or that 

human studies fail to show consistent effects because the dose is very low. Researchers must 

consider whether larger doses are safe and feasible in humans.  

A further important issue, of course, relates to causality in the microbiome-disease 

relationship. Prospective cohort studies could track microbial composition in large groups 

before the manifestation of a neurocognitive condition. For psychosis and Alzheimer’s disease, 

there may be individuals with prodromal symptoms (or other “at risk” individuals) whose gut 

microbiota can be monitored. If microbial communities across prodromal individuals are 

similar, but not all individuals go on to develop the condition, then the involvement of the 

microbiome on the pathophysiology of the condition can be refuted. However, if prodromal 

individuals displayed differential microbial profiles before they manifest a disorder, compared 

with those who do not develop a condition, then it is likelier that microbial communities do 

influence the onset of brain dysfunction. 

 Finally, there are substantial differences between rodent and human brains, without 

estimates of which effects are species-specific. Primate-based investigations will enhance 



MICROBIAL PSYCHOLOY                                                                                                                           41 
 

clarity here. There are already a few some promising experimental findings from monkeys[218-

220]. Primate research is much more resource-intensive and logistically challenging than 

rodent models (especially germ-free studies), but the insights derived are more likely to be 

translatable to humans than rodent models. 

 

Glossary 

Adult Neurogenesis: The biological phenomenon of new neurons emerging in the adult brain. 

For much of the history of neuroscience, neurogenesis was believed to occur exclusively in 

very early development. However, significant recent evidence points toward the birth of new 

neurons in mammalian brains, including rodents and primates. Evidence of adult neurogenesis 

in humans is less conclusive.  

Brain-derived Neurotrophic Factor: A nerve growth protein that is involved in the survival 

of neurons. The expression of this protein has been associated with enhanced learning and 

memory.  

Cafeteria Diet: Similar to but distinct from the typical high-fat rodent diet. The cafeteria diet 

is dense in energy and more closely resembles unhealthy human energy intake. It is 

characterised by elements such as high concentrations of fat, salt, and sugar, and low levels of 

fibre content.  

Commensal microorganisms: The intrinsic microbes (mostly bacteria) that reside in the host. 

These microbes inhabit not only the gut (the largest such community) but are distributed across 

the host. Indeed, there are commensal microbial communities associated with the skin, the oral 

cavity, the nasal passage, the lungs, and the vagina.  

Cytokines: Soluble proteins that regulate inflammation and lymphocyte responses. 

Dendritic hypertrophy: Enlargement of a neuron’s dendrites.  

Early-immediate genes: Genes that respond rapidly to alterations in the cellular environment, 
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prior to protein synthesis. 

Germ-free: An artificially induced biological state in which an organism (e.g., mouse, rat, 

zebrafish) is born and reared in a strictly sterile environment. The animal therefore cannot be 

colonised by any microbes. Because all known multicellular organisms have always been 

colonised by microbes throughout evolutionary history, the germ-free state is useful for 

observing how host physiology and behaviour differ in their absence.  

Gut-brain Axis: The multidirectional biological system comprising the gastrointestinal tract, 

the enteric nervous system, and the brain. The interactions between these systems contribute to 

the organism’s health and homeostasis by regulating functions such as digestion, metabolism, 

and immunity. 

Hypothalamic-pituitary-adrenal axis: The biological system governing the endocrine 

reaction to stress. One of its key roles is the regulation of the glucocorticoid response. 

Glucocorticoids such as cortisol (in humans) and corticosterone (in rodents) serve to metabolise 

sugars, and play an important role in preparing the organism for uncertainty. HPA-axis 

dysregulation is associated with depression and anxiety. 

Inclusive fitness: The survival and reproductive success of an individual and its kin, with each 

relative contributing in proportion to its relatedness to the individual (e.g., siblings contribute 

twice the amount that cousins contribute). 

Inflammation: Local or systemic immune system reaction, which restores normal 

physiological functioning after tissue injury. Typically includes accumulation of leukocytes at 

the site of damage, vascular dilation, and increased leakage of proteins and fluid into the tissue. 

Chronic low-grade inflammation refers to a continuous secretion of low levels of inflammatory 

substances such as cytokines, without actual physical damage, and is observed in coronary 

heart disease, type 2 diabetes, and depression. 

Maternal immune activation: Triggering a pro-inflammatory response in a pregnant rodent 
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via exposure to compounds such as polyinosinic:polycytidylic acid, which mimics viral 

infection. The enhanced inflammatory environment of the mother increases the probability that 

the offspring will display phenotypes of autism or other neurodevelopmental disorders.  

Microbiota: The collection of microbes inhabiting a particular site (e.g., the gut). “Microbiota” 

is frequently used interchangeably with “microbiome”, though the latter refers formally to the 

totality of the microbial genes at a particular site.  

Mutualism: In broad terms, mutually beneficial, cooperative interactions between species.  

Neurodevelopmental Windows: Instances in an organism’s developmental trajectory that are 

characterised by sensitivity and plasticity of particular systems. These are critical periods of 

rapid development during which developmental milestones are reached. These may be 

biological (e.g., brain development during infancy) or psychological (e.g., core language 

learning in humans occurs during childhood, which is a critical period for the development of 

linguistic competence). The extent of the relevant development is either slower or non-existent 

outside of these windows.  

Oxytocin Immunoreactive Neurons:  Oxytocin-containing neurons that are 

visualized through the binding of a specific antibody raised against the neuropeptide 

Probiotics: Beneficial bacteria, such as lactobacilli and bifidobacteria that are exogenously 

added to the gut microbiome via ingestion.  

Prebiotics: Organic compounds, often fibres, that act as nutrients for commensal bacteria. 

They are fermented by the gut bacteria. 

 Psychobiotics: The subset of prebiotics and probiotics that exert psychological effects. We 

have argued that researchers should consider expanding the “psychobiotic” label to include 

other substances that may exert psychological effects via the microbiome (e.g., antibiotics, 

antidepressants, antipsychotics).    
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Figure Legend 

Figure 1: Bacteria-Brain-Behaviour Relationships – Gut bacteria communicate with the 

brain through various channels (see also Boxes 2 and 3). The vagus nerve enables bidirectional 

communication between the gut and the brain. Bacteria produce neurotransmitters as 

metabolites, and these are likely able to regulate activity in the proximal neurons of the enteric 

nervous system. Bacteria also produce short-chain fatty acids (SCFAs) via fermentation of non-

digestible dietary fibres. SCFAs can modulate neural activity in the host directly, but they also 

stimulate the release of gut hormones such as glucagon-like peptide 1 (GLP-1) and peptide 

tyrosine tyrosine (PYY), which control host appetite and satiety. Beneficial bacteria can also 

trigger the release of anti-inflammatory cytokines, which decrease systemic inflammation. 

However, pathogenic bacteria migrating out of the gut (through a weakened gut barrier) trigger 

pro-inflammatory cytokine release. Higher levels of inflammation are correlated with 

depression, and “leaky gut” is associated with both conditions. Furthermore, experiencing 

stress – and the attendant glucocorticoid response – can also weaken the gut barrier, potentially 

worsening the inflammatory pathophysiology of emotional disorders. Diet and the use of drugs 

and antibiotics also directly modulate composition of the gut bacteria, which in turn alter the 
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physiological signal generated by the bacteria. Overall, these bacterially-generated signals 

modulate the central nervous system, and affect emotion, cognition, and behaviour.  
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Tables 

Table 1: Research Designs to Investigate Bacteria-Brain-Behaviour Relationships 

Format Method Comparison 
Group 

Applicable 
to Humans? 

Strengths Limitations 

Germ-Free Studies Model animals, 
typically rodents, 
which are raised in 
sterile environments 
and cannot become 
hosts to 
microorganisms. 

Normally 
colonised 
control animals 
free of any 
pathogenic 
microorganism
s (i.e., specific 
pathogen free 
animals). 

No Enables causal 
statements about the 
necessity of gut 
bacteria for specific 
psychological and 
physiological 
processes. 

Absence of the gut 
microbiota in germ-free 
studies is assumed to be the 
major cause of differences 
observed in subjects. 
However, the method 
cannot be used to identify 
the effects of absence of 
any specific bacteria, or 
body site-specific bacterial 
communities, only the 
microbiota as a whole.  
 
 
Logistically challenging.  
 
Human-relevant inferences 
must be made with caution. 
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Antibiotic 
Administration 
Studies 

Administration of 
antibiotics to either 
alter gut bacteria 
composition or deplete 
the gut bacteria over 
time. 

Control 
animals 
exposed to a 
neutral vehicle 
substance/ 
placebo. 

No, in 
general. 
Under certain 
conditions an 
antibiotic 
regime may 
be in progress 
for bacterial 
infection and 
limited data 
collection 
may be 
possible. 
Some single-
dose or short-
term studies 
may also be 
possible.  

Different antibiotics 
have different 
psychological and 
physiological effects, 
enabling more 
accurate descriptions 
of how antibiotic 
molecules interact 
with commensal 
bacteria. 
 
More logistically 
straightforward than 
germ-free studies. 

Total ablation into a 
complete and permanent 
germ-free state may not be 
possible. 
 
Less informative than 
germ-free research about 
influence of bacteria on 
neurodevelopmental 
processes, because 
antibiotics are typically 
administered after those 
processes are already 
underway. 
 
Not all antibiotic effects 
occur via bacterial 
depletion. Some antibiotic 
molecules interact directly 
with host tissue to alter 
physiological and 
psychological 
processes[86]. 
  

Recolonisation and 
Microbiota Transplant 
Studies 

Transfer of complete 
microbial content 
(e.g., via faecal 
transplant) from one 
organism (the donor) 
into another (the 
recipient), and 
examination of 

Control 
animals (or 
humans) that 
do not receive 
microbial 
transplants. 

Yes, for 
therapeutic 
purposes or 
clinical 
research. 

Enables causal 
statements about the 
role of gut bacteria in 
the physiological and 
behavioural 
phenotypes of specific 
psychiatric conditions. 
 

No information on which 
bacteria or which 
molecules cause changes in 
recipient physiology or 
behaviour. 
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subsequent 
physiological or 
psychological changes 
in the recipient, which 
typically resemble 
those of the donor.  

Transplants can be 
carried out between 
species (i.e., humans 
to mice). 

Psychobiotic Studies Ingestion of prebiotics 
(organic substances, 
such as fructans, that 
support the growth of 
commensal bacteria) 
or probiotics (live 
bacteria). Ingestion of 
prebiotics and 
probiotics occurs over 
several weeks rather 
than a single dose. 
Other potential 
psychobiotics include 
antibiotics, 
antipsychotics, 
antidepressants and 
anxiolytics and other 
exogenous modulators 
of gut bacteria.   

Control 
animals (or 
humans) 
exposed to 
either a neutral 
vehicle 
substance/plac
ebo, other 
psychobiotics, 
or other drugs. 

Yes Enables some causal 
inferences about the 
contributions of 
particular bacteria to 
psychological and 
physiological 
processes. 
 
Viable for 
investigation as 
adjunct therapies 
alongside mainstream 
antidepressants and 
anxiolytics. 
 
High naturalistic 
appeal in humans may 
facilitate participant 
recruitment   
 
Logistically 
straightforward. 
 
Investigating animal-
human translation is 
more straightforward 

Limited or no information 
on dose-response 
functions, effect longevity, 
side-effects, time-course, 
and potential moderators 
(e.g., diet, genotype, sex). 
 
It should not be assumed 
that the effects following 
exogenous addition of 
bacteria to the gut 
microbiota necessarily 
mean that the intrinsic 
counterparts of those 
bacteria function in the 
same way[116].  
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than other techniques. 
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