d
A
i
15,

Universiteit

*dlied) Leiden
'%‘Q,:y‘;\& The Netherlands

5
3
H oo
B
=
=)
@)
3

o

The microbiota-gut-brain axis in hippocampus-dependent learning and

memory: current state and future challenges
Kuijer, E.K.; Steenbergen, L.

Citation

Kuijer, E. K., & Steenbergen, L. (2023). The microbiota-gut-brain axis in hippocampus-
dependent learning and memory: current state and future challenges. Neuroscience &
Biobehavioral Reviews, 152, 1-16. doi:10.1016/j.neubiorev.2023.105296

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/3674003

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3674003

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

Contents lists available at ScienceDirect

Neuroscience
& Biobehavioral

Neuroscience and Biobehavioral Reviews

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/neubiorev

Check for

The microbiota-gut-brain axis in hippocampus-dependent learning and ol
memory: current state and future challenges

Eloise J. Kuijer *™, Laura Steenbergen

2 Leiden University Medical Centre, Leiden, the Netherlands
Y Department of Life Sciences, University of Bath, United Kingdom
¢ Clinical Psychology Unit, Leiden University & Leiden Institute for Brain and Cognition, Leiden, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:
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A fundamental shift in neuroscience suggests bidirectional interaction of gut microbiota with the healthy and
dysfunctional brain. This microbiota-gut-brain axis has mainly been investigated in stress-related psychopa-
thology (e.g. depression, anxiety). The hippocampus, a key structure in both the healthy brain and psychopa-

g:;lgss thologies, is implicated by work in rodents that suggests gut microbiota substantially impact hippocampal-
Dysbiosis dependent learning and memory. However, understanding microbiota-hippocampus mechanisms in health and
Hippocampus disease, and translation to humans, is hampered by the absence of a coherent evaluative approach. We review the
Learning current knowledge regarding four main gut microbiota-hippocampus routes in rodents: through the vagus nerve;
Memory via the hypothalamus-pituitary-adrenal-axis; by metabolism of neuroactive substances; and through modulation
Neurogenesis of host inflammation. Next, we suggest an approach including testing (biomarkers of) the four routes as a
Vagus nerve function of the influence of gut microbiota (composition) on hippocampal-dependent (dys)functioning. We argue
HPA-axis

that such an approach is necessary to proceed from the current state of preclinical research to beneficial

Metabolites application in humans to optimise microbiota-based strategies to treat and enhance hippocampal-dependent

Short chain fatty acid

Inflammation memory (dys)functions.

1. Introduction

Learning and memory are central processes in shaping cognition and
behaviour, defining who we are and what we do. These processes
crucially depend on synaptic plasticity in the hippocampus, a brain
structure that contributes to episodic declarative memory in humans
through the establishment of cognitive maps as representations of
spatial and episodic contexts (Lisman et al., 2017). A recent fundamental
shift in neuroscience, supported by an ever-growing body of studies,
suggests a bidirectional interaction of trillions of gut organisms that
together constitute the gut microbiota with the brain (Burokas et al.,
2015; Cryan and Dinan, 2012; Longo et al., 2023; Mayer et al., 2014).
This microbiota-gut-brain axis has mainly been investigated in relation
to potential therapeutic effects of the microbiota on well-being, in
relation to stress-related psychopathology (e.g. depression, anxiety).
Here, the beneficial effects of gut microbial symbiosis, facilitated by pre-
and probiotics, and detrimental effects of dysbiosis (e.g.
antibiotics-induced) have been established in rodents with evidence of

positive translation to humans (Sarkar et al., 2016; Steenbergen et al.,
2015; Wang et al., 2016). The role of the hippocampus in both healthy
learning and stress regulation, as well as being a key centre in the
development of stress-related psychopathologies (Larosa and Wong,
2022; Toda et al., 2019), combined with the emerging influence of the
microbiota on these processes (Shoubridge et al., 2022), raises the
question of how gut microbiota impact hippocampal-dependent mem-
ory and learning mechanisms and how these integrate with affective
processing to achieve therapeutic outcomes. However, there is no
coherent scientific approach to these gut microbiota-hippocampus in-
teractions. We argue in this narrative review that such an approach is
necessary to build bridges between the current state of the
microbiota-gut-brain axis field and beneficial application in human
hippocampal-dependent functioning in health and psychopathology.
The function and assessment of the hippocampus in rodents and to
lesser extent humans is well established. The hippocampus regulates
memory encoding and spatial navigation. Hippocampal lesions in both
humans and animals result in a failure to learn new episodic memories
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(Neves et al., 2008). The unique contribution of the hippocampus to
declarative learning and memory resides in the capacity of the hippo-
campus to create and strengthen synaptic contacts i.e., synaptic plas-
ticity (Neves et al, 2008). On a behavioural Ilevel,
hippocampus-dependent memory function in rodents is typically
assessed through memory-guided behavioural tasks probing episodic
memory, context-dependent spatial navigation, or non-spatial object
recognition memory (Lisman et al., 2017; Moscovitch et al., 2006; Opitz,
2014). This has allowed elucidation of underlying neural mechanisms
through molecular markers such as translation of immediate early gene
c-Fos, which is upregulated after neuronal activity, and brain-derived
neurotrophic factor (BDNF), which can transform synaptic activity
into long-term synaptic memories. Furthermore, strengthened neural
connections after synaptic activity can directly be assessed through
electrophysiological measurements such as long-term potentiation
(LTP). In humans, information about the structure and function of the
hippocampus was initially gleaned from clinical subjects (Augustinack
et al., 2014) but can now be assessed through functional magnetic
resonance imaging (fMRI). To date there are few established gut
microbiota-hippocampus interactions in humans and we argue these are
necessary and feasible. This would allow for novel, microbiota-derived,
markers of hippocampal function facilitating translation from rodents to
humans.

Evidence for the microbiota effects on hippocampal structure and
plasticity and related behaviours comes historically from rodent studies
showing effects of antibiotics, probiotics (living organisms with bene-
ficial effects for the host), prebiotics (often fibres that improve the host’s
health by stimulating growth and/or activity of the host’s probiotic
strains), synbiotics (combination of pre- and probiotics), and microbiota
composition, suggesting a key role for gut microbiota in regulating
hippocampus-dependent learning and memory, but findings are pre-
liminary, and mechanisms unclear (for review see (Tang et al., 2020)).
In humans, research into the interaction of the microbiota with
hippocampal-dependent processing is in its infancy, but prebiotic sup-
plementation has been shown to improve hippocampus-related cogni-
tion (for review (Serra et al., 2019)), antibiotic-induced dysbiosis has
been found to impair hippocampal function (Caliskan et al., 2022), and
microbiota composition correlates with hippocampal functioning in
older adults (Manderino et al., 2017; Renson et al., 2020), to state a few
examples. To add, Alzheimer’s disease (AD), the most common neuro-
degenerative disorder resulting in memory loss and eventually demen-
tia, is characterized by changes in hippocampal structure and function
and by alterations in gut microbiota. That is, both animal and human
studies show significantly altered gut microbial composition in animal
models and humans suffering from AD (Tang et al., 2020; Verhaar et al.,
2021) and transplanting gut microbiota of AD patients into healthy mice
resulted in microglia activation in the hippocampus and severe cognitive
impairment: effects that could be rescued by transplantation of healthy
human faeces (Shen et al., 2020). Further, patients suffering from irri-
table bowel syndrome (IBS), characterised by dysfunctional microbiota
(Carding et al., 2015), show subtle hippocampal-mediated visuospatial
working memory deficits (Kennedy et al., 2014). Conversely, differences
in hippocampal-dependent working- or episodic memory in IBS patients
are not always apparent (Berrill et al., 2013). And, although one would
hypothesize gut microbial interventions may have therapeutic potential
for such disorders, probiotic supplementation (Lactobacillus casei) in
healthy participants unexpectedly impaired episodic memory recall
(Benton et al., 2007).

Although gut microbiota is implicated in memory deficits in clinical
populations and a wealth of fundamental animal research does indicate
a profound effect of gut microbiota on hippocampal functioning in
memory and learning (for review see Tang et al., 2020), the discrep-
ancies between rodent and human studies and the equivocal findings
and relative paucity of studies in humans demand critical evaluation of
preclinical knowledge. Supported by a recent review concluding that gut
microbiota intervention-effects on hippocampal functions are
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preliminary and their mechanisms unclear (Tang et al., 2020), we argue
the paradigm shift is currently hampered by a focus on the gut micro-
biota and the brain, rather than on the ‘axis’ (or axes, as we will argue).
That is, a lack of a more targeted and coherent approach to
microbiota-gut-brain interactions hamper fundamental understanding
of microbiota-hippocampus effects in health and disease. This in turn
impedes evaluation and optimisation of targeting gut microbiota for
enhancement and/or treatment of hippocampal-dependent memory
performance and dysfunction, and translation of these effects to
humans.

To address these difficulties, rather than reviewing microbiota ef-
fects on hippocampal structure, function, and -related behaviour that
have been the subject of recent reviews (Tang et al., 2020), we sum-
marize four established main routes through which gut microbiota
interact with rodent hippocampal functioning in memory and learning;
through 1) modulating tenth cranial or vagus nerve activity, 2) altering
the adaptive stress response of the hypothalamus-pituitary-adrenal
(HPA)-axis, 3) metabolism of potentially neuroactive substances and
4) affecting host inflammatory tone. It should be noted that microbiota
modulation of host gut epithelial and endothelial blood brain barrier is
regarded as a separate route of interaction by some researchers. How-
ever, we argue both gut and brain barriers should be considered as
moderating and/or mediating the four main routes and, as such, do not
discuss barrier function as a separate route; the barriers do not provide
main routes of interaction themselves. Further, although we report
mainly on preclinical rodent research that can seemingly distinguish the
routes, we consider the four routes as integrated entities that closely
interact and overlap with each other in vivo, see Fig. 1. This complexity
is even more evident in humans. After making the case for evaluation of
these four main routes and their components in hippocampal-dependent
learning and memory, to enhance understanding, optimisation, and
translation of microbiota-induced effects on hippocampal-dependent
learning and memory in (dys)functioning, we conclude by suggesting
a structural approach for future studies.

2. Gut-microbiota hippocampal route 1: tenth cranial or vagus
nerve

One direct neuroanatomical route between the gut microbiota and
the brain is the vagus nerve (VN; 10th cranial nerve), which coordinates
a range of parasympathetic functions, such as respiration, cardiac
function, inflammation, and gut motility in digestion. The VN consists of
sensory and motor—or afferent and efferent—components in a ratio of
9:1 (Forsythe et al., 2014). The vagal afferent nerves (VANs) can
(indirectly) sense microbiota, and transfer gut information into higher
CNS structures eventually resulting in autonomic responses, executed by
the vagal efferent nerves (for review (Fiilling et al., 2019)).

2.1. Microbiota putatively activates gut VANs, affecting upstream
hippocampal processing

The importance of the VN in mediating microbiota effects on hip-
pocampal processing is illustrated by studies where faecal microbiota
transplantation rescued hippocampal-dependent spatial learning defi-
cits in septic mice, critically dependent on an intact VN signalling (Li
et al., 2018). Furthermore, application of probiotic L. rhamnosus (JB-1)
in an ex vivo jejunal segment increased in VAN firing rate (Bharwani
et al., 2020), also dependent on an intact VN (Perez-Burgos et al., 2013),
and when orally administered in vivo could induce cFOS expression in
different brain regions including the ventral, but not dorsal, hippo-
campus (Bharwani et al., 2020). The VN promotes hippocampal episodic
and spatial memory (Suarez et al., 2018) and activating VANs through
vagus nerve stimulation (VNS) correlates with activation of hippocam-
pal regions and can enhance memory (Broncel et al., 2018; Clark et al.,
1999; Ghacibeh et al., 2006). There is no direct anatomical connection
between the VN and the HPC, as the signal enters the brainstem through
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the medial nucleus of the solitary tract (mNTS) after which it is relayed
through the locus coeruleus (LC) and medial septum (MS) that innervate
hippocampal regions (Broncel et al., 2018; Castle et al., 2005; Suarez
et al., 2018). Rodent studies have confirmed electrophysiological cor-
relations between VNS and the hippocampus. For example, in
urethane-anesthetised rats VNS was shown to enhance hippocampal LTP
(Shen et al., 2012; Ura et al., 2013) and to induce a CA1 type II theta
rhythm, which is implicated in memory consolidation (Broncel et al.,
2017, 2018). In freely moving rats, VNS enhanced LTP in the dentate
gyrus (Zuo et al., 2007), as well as hippocampal BDNF, neurogenesis,
and epigenetic changes (Biggio et al., 2009; O’Leary et al., 2018; Sanders
etal., 2019), which together improved hippocampal memory as assessed
by behaviour (A. Liu et al., 2016; Y.-W. Liu et al., 2016; Sanders et al.,
2019; Smith et al., 2005). It should be noted that even though external
activation of the vagus nerve by VNS enhances memory, and the vagus
nerve is a key mediator between the microbiota and
hippocampal-dependent memory in septic rodents, the extent to which
the microbiota induces vagal activity in vivo has not been tested, nor to
what degree VNS is representative of this.

How might microbiota affect vagal activity? VAN activity might be
altered by microbiota in healthy conditions through enteroendocrine
cells (EECs) (for reviews Bonaz et al., 2018; Yu et al., 2020). EECs make
up 1% of the gut epithelium but together are considered one of the
largest mammalian endocrine systems (Sternini et al., 2008). Anatomi-
cally, EECs are located between the terminal endings of the VANs and
the gut lumen where the microbiota resides. EECs can sense microbiota
both directly and indirectly through their metabolites. Directly, EEC
recognise microbiota through, amongst others, toll-like receptor (TLR)
binding of e.g. bacterial lipopolysaccharides (LPS) (Abreu et al., 2005).
Indirectly, EECs express an array of members of the G protein-coupled
receptor (GPCR) superfamily that can sense microbiota metabolites
such as short chain fatty acids (SCFAs), nutrients, and bitter and sweet
tastants (for reviews (Sternini et al., 2008; Yu et al., 2020)). EECs are
thought to relay this information to the VANs either indirectly via
release of signalling molecules, or directly though synapse-like

Hippocampal effects
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Fig. 1. Microbiota-gut-hippocampus axes. The
gut microbiota can interact with the hippo-
campus through four bidirectional routes. From

-memory left to right: through metabolism of neuroactive
- heurogenes is substances, or their precursors (blue), for
- BDN. /‘5 example LNAAs (large neutral amino acids) and

CFOS SCFAs (short chain fatty acids); through the

vagus nerve (yellow); via modulation of host
inflammation (red) that determines local
release of inflammatory factors, for example
such as those indicated; and through the
hypothalamus-pituitary-adrenal-axis  (black).
These axes can interact and overlap with each
other (examples are indicated by dotted grey
lines). Abbreviations: ACTH (adrenocorticotro-
pic hormone); BDNF (brain derived neurotropic
factor); CORT (corticosterone); HPA (hypo-
thalamus-pituitary-adrenal); IL1p (interleukin

stabilise 1[3).; IL6 (.interleukin 6); LNAAs‘(large neuFral
.~ CORT d amino acids); SCFA (short chain fatty acid);
ACTH an TNFo (tumor necrosis factor o).

epithelial
barrier

structures. Indirectly, EECs release of a variety of signalling molecules
such as serotonin, or gut satiety peptides, such as cholecystokinin (CCK),
glucagon-like peptide 1 (GLP-1), peptide tyrosine-tyrosine (PYY), and
ghrelin (for reviews Han et al., 2022; Kuwahara et al., 2020). Interest-
ingly, of these, ghrelin has been shown to mediate hippocampal
contextual episodic memory in a vagal-dependent way (Davis et al.,
2020). However, it has not been demonstrated that microbiota produce
ghrelin that can exert a similar effect. Secondly, another way of EEC-VN
transmission is directly through recently described synapse-like struc-
tures that protrude from the EEC basal membrane and connect with the
VN; these ‘neuropods’ release glutamate in response to luminal signals
(Kaelberer et al., 2018, for review Liddle, 2019). Taken together, the VN
reacts to, at least, certain probiotic strains, such as JB-1, and electro-
physiological activity of the VN correlates with hippocampal processing.
However, the exact mechanism how the VN receives microbiota-related
information and how this all comes together to define the
microbiota-VN-hippocampus axis is unknown. Furthermore, how this
might differ between strains remains to be characterised.

Importantly, not all studies indicating a protective effect of micro-
biota on hippocampal-dependent learning suggest that this is exclusively
vagally mediated (Mayer et al., 2015; Sarkar et al., 2016). For example,
the protective effects of Lactobacillus rhamnosus and Bifidobacterium
infantis on intestinal inflammation—of which the detrimental effects on
hippocampal-dependent learning will discussed in Section 4—have also
been shown to be independent of an intact vagal nerve in a model of
dextran sulfate sodium colitis (van der Kleij et al., 2008).

2.2. Microbiota-gut-VN-hippocampus axis in humans

Human studies indicating memory-improving effects of pre- and
probiotics rarely assess the contribution of vagal activity. This may be
explained by the fact that to date there are no direct non-invasive
measures for afferent (ascending gut-to-brain) vagal activity (but see
(Usami et al., 2013)), despite the ability to assess efferent vagal tone
using heart reflexes (Schrezenmaier et al., 2007) and heart rate
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variability (Thayer and Lane, 2000). One case study with recordings
from an implanted intracranial electrode into the hippocampus of a
17-year-old epileptic patient reported that VNS can affect hippocampal
electrophysiology in an intensity-dependent way, although memory
function was not assessed (Olejniczak et al., 2001). Scalp-recorded vagus
evoked potentials may provide a potential marker for ascending
gut-to-brain vagal tone (de Gurtubay et al., 2021; Usami et al., 2013). To
our knowledge, very limited studies have evaluated the relation between
gut microbiota composition and such vagus-evoked potentials, although
ascending vagal activity, as measured by 24 h cardiac vagal activity,
correlated with microbiota composition in an exploratory pilot (Morkl
et al., 2022).

VN effects on human hippocampal functions have however been
reported. For example, hippocampal hyperactivity is a biomarker of
cognitive dysfunction in schizophrenia patients, and VNS seems to
decrease this hyperactivity across clinical and healthy populations, pu-
tatively enhancing cognition (Smucny et al., 2015) (for review see
(Vonck et al., 2014)). In epileptic patients, short term VNS enhances
declarative and verbal recognition memory (Clark et al., 1999; Ghacibeh
et al., 2006), potentially in part through enhancement of hippocampal
long term potentiation (LTP). Although there is no consensus on the
effect of chronic VNS on cognition across clinical populations, it seems
to enhance cognition in AD patients (Vonck et al., 2014). Importantly,
non-invasive VN stimulation by transcutaneous VNS (tVNS) in patients
with mild cognitive impairment, an early stage of AD, modified amongst
others hippocampal functional activity (Murphy et al., 2023), and subtly
increased explicit recollection-based memory performance in healthy
participants (Giraudier et al., 2020; see for review Colzato and Beste,
2020). Overall, stimulating the VN seems to be particularly beneficial
for improving hippocampal impairments in clinical populations, but
how the microbiota might tap into this remains poorly understood.

2.3. Summarising microbiota-gut-VN-hippocampus effects

Taken together, rodent and human studies support the premise that
the microbiota can enhance hippocampal memory, and this may be
achieved through activating VANs. Indeed, VNS to depolarise VANs
induces characteristic electrophysiological changes of hippocampal-
dependent memory, at least in rodents. It must be noted that
microbiota-induced vagal activity is poorly defined, and it is unknown to
what extent VNS might be representative of this, and both are avenues
for future research. Comparing in vivo hippocampal electrophysiology
in animals performing hippocampal-dependent behavioural memory
tasks where the microbiota may be manipulated in combination with
VNS or vagotomy, using an improved protocol (Diepenbroek et al.,
2017), should give profound insights. Importantly, the positive effect of
the microbiota on hippocampal function is not always crucially
vagal-dependent, indicating the participation of non-vagal mechanisms
(Sarkar et al., 2016).

3. Gut-microbiota hippocampal route 2: HPA-axis: adaptive
stress response

Stress can either be induced by threats to homeostasis (i.e., stressors)
or by the absence of safety signals (Brosschot et al., 2018) and can be
observed behaviourally and physiologically at the affective level as well
as in cellular and molecular changes. The stress response consists
broadly of disinhibition of two main adaptive systems: (i) the fast-acting
sympathetic system, and (ii) the slower acting
hypothalamic-pituitary-adrenal (HPA) axis that culminates in the
release of adrenal glucocorticoid hormone (cortisol in humans, corti-
costerone (CORT) in rodents) into the systemic circulation. Glucocorti-
coids can cross the blood-brain barrier (BBB) and exert relatively fast
non-genomic actions as well as slower genomic effects (Joéls and
Baram, 2009). Chronic stress and glucocorticoid exposure, which might
both be induced by and result in dysbiosis and infection
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(Bermiidez-Humaran et al., 2019; Dinan and Cryan, 2012), usually im-
pairs memory and depends on reversible structural neuronal remodel-
ling (McEwen et al., 2016).

3.1. Microbiota plays a key role in normal HPA axis functioning: lessons
from psychopathology

Important lessons can be learned from the influence of the micro-
biota on the (dysfunctional) HPA response in studies of stress-related
psychopathology, which gives a starting point to hypothesise on puta-
tive altered hippocampal functioning in learning and memory. In 2004,
seminal work by Sudo and colleagues demonstrated early-life microbe
exposure is essential for adaptive HPA-axis development; germ-free
mice exhibit an exaggerated HPA stress response and an altered limbic
system, including the prefrontal cortex, hippocampus, and amygdala
(Sudo et al., 2004). Furthermore, the effect of gut microbiota on HPA
axis functioning is not confined to early life, but extends into adulthood
(Eutamene and Bueno, 2007). These effects are not limited to stressed
populations: supplementation of the probiotic JB-1 to non-stressed mice
downregulated HPA-axis activity, whilst differentially affecting GABA
expression over different brain regions including the hippocampus
(Bravo et al., 2011). Taken together, these studies indicate robust effects
of gut microbiota in the establishment and maintenance of the normal
stress response, mediated by the HPA-axis and the limbic system
including the hippocampus (for review see (Foster et al., 2017)).

3.2. Microbiota affects cognitive functioning and memory through stress-
related mechanisms

Hippocampal functioning is sensitive to alterations of the HPA-axis
(Farrell et al., 2015), which is not surprising given the high density of
glucocorticoid and mineralocorticoid receptors (GR and MRs, respec-
tively) in the hippocampus (Reul and de Kloet, 1985). Specifically,
hippocampal pyramidal cells, which have a crucial role in the systems
consolidation of long term memory, highly express GRs, which can be
downregulated by chronic microbiota depletion (Hoban et al., 2016).
Furthermore, GR and MR function is modulated by chronic exposure to
glucocorticoids (Kim et al., 2006; Krugers et al., 2010), and the gut
microbiota can affect serum glucocorticoid concentrations. Several
probiotics, especially Lactobacillus strains, have been shown to reduce
both levels of serum CORT (Bravo et al., 2011; Gareau et al., 2011; Liang
et al.,, 2015; Wang et al., 2015) (however, see also (Barrera-Bugueno
et al.,, 2017; Kelly et al., 2017)) and adrenocorticotropic hormone
(ACTH) (Liang et al., 2015; Wang et al., 2015), which was associated
with improved hippocampal-dependent spatial (Ohland et al., 2013;
Wang et al., 2015) and non-spatial memory (Gareau et al., 2011; Liang
et al., 2015). Bifidobacterium supplementation can also decrease serum
CORT levels (H.M. Jang et al., 2018; S.-E. Jang et al., 2018; Moya-Pérez
et al., 2017; Desbonnet et al., 2010, Tian et al., 2019, 2020), normalise
anxious behaviour (Desbonnet et al., 2010; H.M. Jang et al., 2018; S.-E.
Jang et al., 2018; Moya-Pérez et al., 2017; Savignac et al., 2014; Tian
et al., 2019, 2020), and improve both spatial and non-spatial memory
(Savignac et al., 2015) although not replicated for all Bifidobacteria
strains (Savignac et al., 2014).

Taken together, specific probiotic strains may plausibly improve
hippocampal-dependent memory by reducing plasma stress hormone
levels. Left untreated, psychological or dietary stress can negatively alter
the gastrointestinal microbiota (Bailey et al., 2011; Bailey and Coe,
1999; Lyte et al., 2011; Park et al., 2013; Tannock and Savage, 1974;
Vlisidou et al., 2004). Furthermore, elevated levels of corticosterone can
affect gut permeability by changing the intestinal mucosal barrier
(Santos et al., 2001; Soderholm and Perdue, 2001), potentially exacer-
bating microbiota dysbiosis (Bailey et al., 2011; O’Mahony et al., 2009),
which can induce hippocampal dysfunction (H.M. Jang et al., 2018; S.-E.
Jang et al., 2018). For example, dietary stress induced by infection of the
gut with C rodentium exacerbates corticosterone levels induced by
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behavioural stress, which impairs c-Fos and BDNF expression in the
CAl-region of the hippocampus, and disrupts non-spatial hippo-
campal-dependent memory, all of which could be rescued by probiotics
(Gareau et al., 2011).

3.3. Microbiota-gut-HPA-hippocampus axis in humans

Translation from rodents to humans of how microbiota-induced ef-
fects on the HPA-axis influence cognitive performance has met with
difficulties (for review see Reis et al., 2018). One study trying to repli-
cate the ameliorating effects of Lactobacillus rhamnosus (JB-1) which
reduced stress-induced HPA activity and anxiety- and depression-related
behaviour in rodents (Bravo et al., 2011) failed to reproduce improve-
ment of the HPA-axis and anxiolytic effects of JB-1 in humans (Kelly
et al., 2017). This could potentially be due to the anxiolytic effects of
probiotics being only effective in anxious populations, as suggested in
rodent studies by the strain specificity of JB-1, which was effective in
innately anxious BALB/c (Bravo et al., 2011), but not in non-anxious
Swiss Webster mice (Neufeld et al., 2018).

To our best knowledge, only two studies have investigated the in-
fluence of microbiota on hippocampal-dependent cognition through
HPA-mediated mechanisms in healthy humans. The first showed that
four weeks of multi-strain probiotic supplementation could buffer
against acute stress impairment of working memory (Papalini et al.,
2018). In the second, Allen and colleagues reported beneficial effects of
the probiotic Bifidobacterium longum 1714, which reduced stress to an
acute stressor and improved performance on the
hippocampal-dependent Paired Associate Learning task (Allen et al.,
2016). Considering probiotics can improve hippocampal-dependent
memory by normalising the HPA-response to heightened stress, and
the hippocampus playing a key role in establishing therapeutic efficacy
in stress-related disorders (Toda et al., 2018), the paucity of studies
using probiotics to enhance hippocampus-dependent memory in anxious
patients is surprising.

3.4. Summarising microbiota-gut-HPA-hippocampus effects

Taken together, gut microbes play a key role in the establishment
and maintenance of the normal stress response in rodents. Certain
bacterial strains can enhance or decrease CORT and/or ACTH levels in
later life, which modulates hippocampal learning processes. Further-
more, the causality between bacterial strains and HPA-axis activity
seems to be bidirectional with the composition of the microbiota itself
being sensitive to CORT and ACTH levels. In humans, the study of
probiotic effects on the hippocampus through stress-related mechanisms
is still in its infancy. The state of study subjects, whether rodent or
human, appears important in understanding microbial effects; either
being stressed (e.g. by study design) or exhibiting altered stress
responsivity (e.g. by psychopathology) which suggests that microbiota
(probiotics) can control the (hyper)active adaptive stress response. On a
final note, it is currently unknown how microbiota affect the hippo-
campus through stress-related mechanisms over time, which would
benefit from rodent in vivo electrophysiological probe approaches.

4. Gut-microbiota hippocampal route 3: gut microbiota
metabolism

One of the principal roles of the gut microbiota is to metabolise host-
indigestible nutritional substances. Notably, as the diversity of the gut
microbiota composition is highly dependent on the diet it is supplied
with (Bibbo et al., 2016) and microbial disbalances are associated with
metabolic disorders (Santacruz et al., 2009). The gut microbiota is
essential for the metabolism of several neuroactive substances, such as
short-chain fatty acids (SCFAs) and neurotransmitter precursors (for
reviews see e.g. (Flint et al., 2015; Nicholson et al., 2012; Tremaroli and
Backhed, 2012)).

Neuroscience and Biobehavioral Reviews 152 (2023) 105296
4.1. Short-chain fatty acids (SCFAs)

SCFAs are small organic monocarboxylic acids with a carbon chain
up to six carbon atoms that are produced through anaerobic fermenta-
tion of dietary fibres and resistant starch, such as oligo- and poly-
saccharides, by a range of anaerobic commensal bacteria in the gut (Koh
et al., 2016; Morrison and Preston, 2016; Pascale et al., 2018). The three
main SCFAs are acetate, butyrate, and propionate (Cummings et al.,
1987). Acetate and propionate are produced by e.g. Bacteriodetes,
whereas e.g. Firmicutes, Bifidobacterium, Lactobacillus, and Clostridium
produce butyrate (LeBlanc et al., 2017; Macfarlane and Macfarlane,
2012). SCFAs can influence the CNS and the hippocampus through two
main routes: first, by interacting with gut mucosal enteroendocrine cells
to release gut hormones such as PYY, GLP-1, and ghrelin of which the
vagal-dependent satiety inducing and putative mnemonic effects have
previously been described, and secondly, by directly affecting the CNS
after crossing the BBB via endothelial monocarboxylate transporters
(Oldendorf, 1973; see for review Silva et al., 2020).

SCFAs in the CNS are considered to exert a direct effect on memory
by enhancing BNDF and modulating histone lysine (de)acetylase. Hip-
pocampal BDNF is associated with neurogenesis and is critically implied
in memory, as hippocampus-specific deletion of BDNF in mice impairs
both novel object recognition and spatial learning (Heldt et al., 2007).
BDNF is sensitive to microbiota changes, as its levels are decreased by
antibiotic treatment-induced dysbiosis (Bistoletti et al., 2019; Desbonnet
et al., 2015) and enhanced by supplementation of probiotics, especially
Bifidobacterium longum (Leung and Thuret, 2015). SCFAs, specifically
butyrate, mediate these effects. For example, an interesting study sup-
plemented germ-free mice with gut microbiota from either older donors
or from their peers and found that donation from older donors increased
BDNF and neurogenesis, an effect specifically attributed to enrichment
of butyrate-producing microbes following exposure to older donor
microbiota (Kundu et al., 2019). Furthermore, probiotic administration
of Clostridium butyricum increases butyrate, enhances CA1 BNDF, and
can counteract cognitive decline (Liu et al., 2015). Synbiotic treatment
of a probiotic (E. faecium) and a prebiotic (agave inulin) enhances
butyrate production and improves specifically hippocampal-dependent
performance in the Morris water maze, whilst not affecting a
hippocampal-independent = Pavlovian autoshaping procedure
(Romo-Araiza et al.,, 2018), implying hippocampal sensitivity for
synbiotic-induced butyrate.

Butyrate can also influence BDNF levels by inhibiting the inflam-
matory agent NF-xp, which can disrupt BDNF concentrations through
regulation of IL-1f (Carlos et al., 2017). In addition, rats subjected to
bilateral common carotid artery occlusion to induce compromised
cognition and gut barrier function, demonstrated decreased abundance
of SCFA producers along with decreased hippocampal SCFAs. Recolo-
nizing these rats using faecal microbiota transplantation improved gut
barrier function and levels of hippocampal SCFAs, along with improving
cognitive impairments (Xiao et al., 2022). Anti-inflammatory in-
teractions with hippocampal functioning are further discussed in Section
5.

In addition to enhancing BDNF, butyrate also inhibits histone lysine
deacetylase, which can enhance memory through manipulation of the
epigenome (Graff and Tsai, 2013; Reddy et al., 2018). The epigenome
regulates the expression of genes, including those that encode proteins
involved in memory processes. Intrahippocampal butyrate promotes
both consolidation and reconsolidation of spatial memory in mice
through these acetylating properties (Villain et al., 2016) and has been
found to enhance long term contextual fear memory (Blank et al., 2014,
2015; Garcez et al., 2018; Levenson et al., 2004; Zhong et al., 2014)
(however, see (Castellano et al., 2014)). A recent study further
demonstrated that histone lysine acetylation was altered in germ-free
mice, contributing to mitochondrial dysfunction in the hippocampus
which may play a key role in regulating brain function and behaviour
(Yu et al, 2021). In addition, Keogh and colleagues reported
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antibiotic-induced dysbiosis administered at birth caused anxiolytic
behaviour in adulthood, possibly explained by the reported dysregu-
lated myelination in the PFC and decreased hippocampal neurogenesis.
Interestingly, butyrate administration reversed disturbances in myeli-
nation and behavioural impairments (Keogh et al., 2021).

Summarising these studies provide evidence that microbiota-derived
SCFAs can exert powerful mnemonic effects through distinct mecha-
nisms but human studies are lacking, which may be explained by
experimental SCFA doses being excessively higher than any dietary fibre
induced SCFA-change used in preclinical research (Kim et al., 2013;
Stilling et al., 2016). Nevertheless, some indirect evidence links SCFAs
with hippocampal functioning, as patients suffering from major
depressive  disorder = (MDD) show faecal alterations in
butyrate-producing bacteria (Jiang et al., 2015; Zheng et al., 2016), as
well as decreased hippocampal volume and functioning (Travis et al.,
2015). On a final note, it is important to mention that conversely, SCFAs
can modulate microbiota composition. Dietary produced SCFAs lower
the pH which promotes certain Clostridia and impairs Bacteroidetes spp,
which are associated with a dysbiotic and healthy composition,
respectively (Duncan et al., 2009). It remains to be addressed how
microbiota regulates this, and whether and when harmful effects of
low-pH induced dysbiosis counterbalance the protective effects of SCFAs
on hippocampal-dependent memory.

4.2. Neurotransmitters

Certain microbiota strains produce large quantities of substances
identified as neurotransmitters, or their precursors, used in many
multicellular organisms (Strandwitz, 2018). Microbiota-generated neu-
rotransmitters in the lumen mainly interact with the host ENS. These
substances are typically unable to cross the BBB, and lumen-produced
neurotransmitters have often not been assessed for CNS effects. How-
ever, microbiota-derived neurotransmitter precursors could have an
impact on CNS neurotransmitter synthesis. Indeed, seminal work indi-
cated that germ-free mice show an elevated turnover of norepinephrine,
dopamine, and serotonin in the striatum compared to SPF mice, how-
ever, no hippocampal differences were found and the origin (i.e. lumen
or CNS) of neurotransmitters was not assessed (Diaz Heijtz et al., 2011).
Recent interest has focussed on large neutral amino acids (LNAA) which
are derived from many high-protein foods (Portune et al., 2016), such as
tryptophan, a serotonin (5-HT) precursor; tyrosine, a catecholamine
precursor; and glutamine, the precursor of glutamate and GABA.

4.2.1. Tryptophan and serotonin

The microbiota are considered to play a major role in tryptophan and
serotonin metabolism (Yano et al., 2015) and early serotonergic CNS
development (for review (Gao et al., 2018)). The microbiota can
modulate tryptophan metabolism which dictates the amount of circu-
lating tryptophan and metabolites. Dietary-derived tryptophan can cross
the BBB through the large amino acid transporter and participate in the
synthesis of serotonin (5-HT) and also melatonin (Mawe and Hoffman,
2013; Ruddick et al., 2006). Dysbiosis can decrease hippocampal 5-HT
levels and impairs specifically hippocampal-dependent spatial memory
(Hoban et al., 2016). Furthermore, tryptophan that accesses the CNS via
the BBB can also exert neuroactive effects though the
tryptophan-kynurenine pathway. Its metabolites act upon the N-meth-
yl-D-aspartate (NMDA) receptor, which mediates excitatory neuro-
transmission. Tryptophan-kynurenine metabolites, such as quinolinic
acid (a neurotoxic NMDAR agonist) and kynurenic acid (a neuro-
protective NMDAR antagonist) can directly affect neuronal excitability
through their NMDAR-modulating properties (O’Mahony et al., 2015;
Schwarcz and Stone, 2017), which has been loosely associated with
hippocampal functioning (Zwilling et al., 2011). Interestingly,
LPS-induced inflammatory tone has been associated with the neurotoxic
branch of kynurenine metabolism, impairing non-spatial recognition
memory (Heisler and O’Connor, 2015), which makes it tempting to
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speculate that inflammatory tone induced by dysbiosis might exert
similar memory-impairing effects through neurotoxic kynurenine me-
tabolites, at least in part. Conversely, probiotics can exert beneficial
effects through tryptophan metabolites: Bifidobacterium can enhance
plasma tryptophan and kynurenic acid (Desbonnet et al., 2008), which
can enhance hippocampal-dependent learning (Haider et al., 2007;
Yousefzadeh et al., 2020), and L. helveticus has been shown to restore
hippocampal 5-HT in chronically stressed animals (Liang et al., 2015).

In humans, several clinical populations show alterations in trypto-
phan metabolism. Patients with irritable bowel syndrome (IBS), char-
acterised by dysfunctional microbiota (Carding et al., 2015), are
reported to have enhanced tryptophan degradation to kynurenine
(Clarke et al., 2009), and interestingly, acutely depleting peripheral
tryptophan enhances episodic visuospatial hippocampal-dependent
memory in female IBS patients, but not in healthy controls (Kennedy
et al., 2015). In patients with bipolar disorder, a higher kynurenic
acid/3-hydroxykynurenine ratio, which is assumed to be neuro-
protective, correlates with enhanced verbal memory (Platzer et al.,
2017). In patients with depression, this ratio correlates with enhanced
memory recall and less activity in the left hippocampus, indicating
increased hippocampal efficiency (Young et al., 2016). In summary,
neuroprotective tryptophan metabolites show memory-enhancing po-
tential in human clinical populations, however, therapeutic effects of
probiotics remain to be assessed.

4.2.2. Tyrosine and catecholamines

Tyrosine is a catecholamine precursor, and can be produced by gut
microbiota, in addition to many high-protein foods (Portune et al.,
2016). After crossing the BBB, tyrosine can be converted in catechol-
aminergic neurons to L-DOPA which can be decarboxylated to dopa-
mine, which can be further metabolised into norepinephrine (NE) in the
locus coeruleus (Fernstrom, 2013). Both dopamine and NE are impli-
cated in hippocampal functioning.

The dopaminergic system is well known for its role in fine motor
control and reward-motivated behaviour, but dopaminergic signalling
in the prefrontal cortex and hippocampus is also critically implicated in
spatial working memory (Wilkerson and Levin, 1999), and is sensitive to
microbiota (for review (Gonzalez-Arancibia et al., 2019)). Microbiota
present during early life is considered to be important for hippocampal
dopaminergic development, although there is no consensus on the exact
effects (Diaz Heijtz et al., 2011; Pan et al., 2019). In adult life, dysbiosis
by chronic antibiotics induces a 2.5-fold L-DOPA increase in rats, asso-
ciated with decreased hippocampal-dependent spatial memory (Hoban
et al., 2016). However, it remains elusive through what mechanism the
microbiota affects dopaminergic neurochemistry.

Noradrenergic neurons, whose cell bodies are mainly localised to the
locus coeruleus, project densely to the hippocampus, facilitating spatial
learning (Hansen and Manahan-Vaughan, 2015) (for review (Bor-
odovitsyna et al., 2017)). Research on microbiota effects in learning
through NE-mechanisms has been minimal, but one study indicated that
probiotics (L. helveticus) can restore hippocampal NE in chronically
stressed animals (Liang et al., 2015). It is important to determine to what
extent the microbiota can influence human hippocampal memory
through dopaminergic and NE mechanisms, as these are implicated in
several psychopathologies, such as addiction and schizophrenia,
respectively.

4.2.3. Glutamine and glutamate and gamma-aminobutyric acid (GABA)
Glutamine is the most prevalent non-essential amino acid in the
human body, and is found in high concentrations in the gut. Humans can
synthesise glutamine, notably in the muscles, but it can also be diet-
derived, or produced by bacteria, mainly by Firmicutes (Ma and Ma,
2019). The effects of microbiota-derived glutamine have received scant
attention, but oral glutamine supplementation can positively affect
microbiota composition, suppress inflammation, and enhance gut apical
tight junctions (for review (Rao and Samak, 2012)). Thus, it could be
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speculated that synbiotic supplementation targeted at enhancing
glutamine could also exert rescuing effects in dysbiosis, potentially
rescuing the possible associated impaired hippocampal processing.

Glutamine can cross the BBB through multiple transporters, that are
thought to include system A, L, and N transporters (Albrecht and Zie-
linska, 2019; Xiang et al., 2003). In the CNS it can be converted into
glutamate, the main excitatory neurotransmitter of the CNS with major
involvement in memory mechanisms. In humans, preliminary evidence
was found using magnetic resonance spectroscopy that IBS patients
suffering from dysbiosis have a reduced hippocampal glutamate/glut-
amine (Glx) ratio (Niddam et al., 2011), and higher Glx intensity has
been correlated with better performance on a hippocampal-dependent
word recall test, specifically in older adults (Nikolova et al., 2017).
While intriguing, these observations do not demonstrate a causal rela-
tionship and more work is needed to obtain a clear understanding of the
mechanistic impact of microbiota-derived glutamine.

In the brain, somewhat paradoxically, glutamate is the precursor of
GABA, the main inhibitory neurotransmitter of the CNS. GABA is
implicated in stress-related psychopathologies and epilepsy, as well as
having important roles in hippocampal-dependent learning (Sibbe and
Kulik, 2017). GABA is not a dietary amino acid so its synthesis from
glutamate is paramount. However, certain probiotic species, including
Lactobacillus, Bifidobacterium, and Bacteroides, can produce GABA in the
gut (Barrett et al., 2012; Strandwitz et al., 2019), but it is debated
whether peripheral GABA can cross the BBB (for review (Boonstra et al.,
2015)). What is known is that the expression of the receptors to which
GABA binds in the CNS can be modulated by microbiota, as probiotic
supplementation of JB-1 altered hippocampal GABA-Aa2 and
GABA-B1b mRNA expression (Bravo et al., 2011). Furthermore, another
study showed that early life gut dysbiosis decreased hippocampal
expression of GABA-A receptor o5 and § subunits, and spatial memory in
rodents, both of which could be rescued by a probiotic mix of Lactoba-
cillus rhamnosus and Bifidobacterium longum (Liang et al., 2017). On a
final note, a dietary supplement of GABA with a meal has been shown to
activate vagal afferent nerves in mice (Nakamura et al., 2022), puta-
tively providing an unexplored alternative route of microbiota-derived
GABA on hippocampal functions.

4.3. Summarising microbiota-metabolites-hippocampus effects

The key message from this section is that microbes in the gut can
produce a wide array of potentially neuroactive substances or their
precursors. For some, such as SCFAs, the contribution of the microbiota
and their mnemonic properties are starting to become relatively well
described. For others, such as LNAAs—the precursors of certain
important neurotransmitters—their production depends, at least in part,
on microbiota composition, but precise neuroactive properties of spe-
cifically microbiota-derived LNAAs remain unknown. Furthermore, this
is not an exhaustive list as other potentially neuroactive microbiota-
generated substances may be recognised. Concluding, the ability of
microbiota-derived substances to influence rodent hippocampal func-
tion, either directly or via developmental effects, is intriguing.
Compelling evidence of how, and to what extent, they may affect human
hippocampal-dependent learning and memory remains to be addressed.

5. Gut-microbiota hippocampal route 4: host immunity and
inflammation

The gut, and therefore the microbiota, is close to the mucosal im-
mune system and key for systemic immune system development (Fung
et al., 2017). In fact, germ-free mice show immature mucosal and sys-
temic immune systems with reduced expression of B- and T-lymphocytes
(Macpherson and Harris, 2004). This is accompanied by significant
behavioural consequences that can often be attributed to altered hip-
pocampal function (for a review see (Foster et al., 2017)). For example,
immunodeficient mice show impaired hippocampal learning (Brynskikh
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et al., 2008; Smith et al., 2014) which can be ameliorated by early life
probiotics (Smith et al., 2014). This may not be surprising given that
microbiota and the immune systems serve to recognize potential path-
ogens and evoke an adaptive (i.e., restoring homeostasis) inflammatory
response by eliminating the pathogenic source; which can extend into an
inflammatory response within the brain, including the hippocampus (for
review see (Dominguez-Rivas et al., 2021)). Furthermore, the impor-
tance of brain inflammation in the pathogenesis of cognitive decline in
AD has become well-established (Green et al., 2020). These, together
with other findings, have established a gut microbiota-immune-brain
axis that is potentially relevant to hippocampal learning and memory
(for a detailed review see also (Tang et al., 2020)).

5.1. Microbiota supports immune system and memory function

Commensal microbes play a crucial role in immune system devel-
opment and this effect is mediated by SCFAs, as discussed in Section 3.1
(Erny et al., 2015; Furusawa et al., 2013). Once fully mature, the im-
mune system is activated after recognising microbial pathogens through
specific Toll-like receptors (TLRs). TLRs are expressed on macrophages
and dendritic cells and detect conserved molecular motifs of microor-
ganisms, such as lipopolysaccharide (LPS), which trigger the
TLR-MyD88 signalling pathway, initiating the inflammatory response
and result in antigen-specific immunity (Takeda et al., 2003). More
specifically, in both human patient populations and rodents, TLR2 and
TLR4 have been identified as key factors in recognizing microbial
components of Gram-positive bacteria and LPS of Gram-negative bac-
teria, respectively (Cario, 2005; Takeuchi et al., 1999). Interestingly,
inhibiting TLR2 and TLR4 expression in the hippocampus of rodents
results in improved memory function (Kwilasz et al., 2021), indicating
that neuroinflammatory responses can impair hippocampal functioning.

Under normal steady-state conditions, the low-grade inflammatory
tone maintained by commensal bacteria is crucial for baseline epithelial
homeostasis and host protection (Rakoff-Nahoum et al., 2004; Yirmiya
and Goshen, 2011). Of particular relevance to hippocampal function,
gut bacteria stimulate the gut mucosal immune system, activate T
lymphocyte function (i.e., regulate T cells) (Gaboriau-Routhiau et al.,
2009; Talham et al., 1999; Umesaki et al., 1995, 1999), and promote
maturation, morphology, and function of microglia, which are the
resident macrophages of the CNS and are critically implicated in hip-
pocampal functioning and neuroinflammation (Rodriguez-Iglesias et al.,
2019). As a result, gut microbiota and mucosal- and neuroinflammation
are closely related. That is, mucosal T cell activation is associated with
microglial activation (Nakajima et al., 2021) and microglia in the hip-
pocampus can release inflammatory cytokines, including TNFa and
IL1p, which contribute to neurodegeneration as for example implicated
in AD (Fang et al., 2019; Leng and Edison, 2021).

The immunologic effects of commensal bacteria extend to the gen-
eral systemic immune system, as, for example, the microbiota can
enhance systemic T cell responses (Hooper et al., 2012) which can
control hippocampal LTP, neurogenesis, and memory by inducing
cytokine activity, most notably IL6, IL1f, and TNFa (del Rey et al., 2013;
Derecki et al., 2010; Wolf et al., 2009; for review see Tang et al., 2020).
In the absence of infection, a low physiological baseline immune
response activation supports hippocampal function through balancing
levels of hippocampal excitability, plasticity-related factors, and neu-
rogenesis (Yirmiya and Goshen, 2011).

5.2. Gut dysbiosis can induce inflammation which ultimately can impair
memory

Dysbiosis can lead to the impairment of hippocampal-dependent
memory by inducing neuroinflammation through extensive mucosal-
systemic-neuroimmunological interactions. Dysbiosis combined with
inflammation is a hallmark of inflammatory bowel disease (IBD), such as
ulcerative colitis and Crohn’s disease, that includes ulcers and bleeding
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of the gut. IBD is closely related but distinct from IBS, which is a func-
tional disorder of the gastrointestinal tract with seemingly normal mu-
cosa (Spiller and Major, 2016). A rodent model of IBD exhibited reduced
hippocampal adult neurogenesis both acutely (Takahashi et al., 2019) as
chronically (Zonis et al., 2015) but see also (Gampierakis et al., 2020).
Dysbiosis, caused by disease and/or stress (Bailey et al., 2011), can
induce inflammation and macrophage dysfunction, which contribute to
pathogenesis through inefficient clearance of pathogenic microbial
products, dysfunctional pro- and anti-inflammatory responses, and loss
of the intestinal barrier integrity (Fung et al., 2017), through which
potentially pathological LPS can enter the systemic circulation
(DeGruttola et al., 2016). This further induces the peripheral immune
response, culminating in systemic inflammation and further gut
dysfunction (Borre et al., 2014), which can ultimately induce neuro-
inflammation (Baizabal-Carvallo and Alonso-Juarez, 2020; Sharon
et al., 2016) and affect hippocampal-dependent memory (Emge et al.,
2016) (however, see also (Frohlich et al., 2016)). Mimicking dysbiosis
by stimulating the peripheral innate immune system with LPS induces
cytokines such as IL1p (Bilbo et al., 2005) and activates microglia
through TLR4 signalling (Jiamvoraphong et al., 2017; Lyman et al.,
2014; Zhang et al.,, 2018). This inflammatory response impairs
hippocampal-dependent LTP (Yirmiya and Goshen, 2011) and memory
(Bilbo et al., 2005; Pugh et al., 1998; Sell et al., 2001; Zhang et al.,
2018). Importantly, the immune response is furthermore shaped by the
HPA-axis: LPS-induced hippocampal neuroinflammation can be modu-
lated by glucocorticoids (for review (Bolshakov et al., 2021)). The
detrimental effects of neuroinflammation seem to be especially evident
in aged animals, as these show increased inflammatory cytokine mRNA
expression in hippocampal regions and exhibit impaired spatial memory
(Chen et al., 2008).

Although the investigation of the effects of dysbiosis in experimental
animals achieved by peripheral LPS exposure has provided key insights,
it may not be fully representative of clinical dysbiosis; for example it
does not mimic the altered epithelial dysregulation and metabolism.
Inducing dysbiosis by a high-fructose diet addresses these limitations
and causes alteration of the gut microbiome along with epithelial
dysfunction (Kawabata et al., 2019) triggering hippocampal neuro-
inflammation and hippocampal-dependent place recognition (Fierro-
s-Campuzano et al., 2022; Hsu et al., 2015). Interestingly, diet-induced
memory deficits correlated with both microbiota composition and hip-
pocampal expression of inflammatory markers such as IL1§ and TLR4
(Beilharz et al., 2016). Furthermore, high-fructose diet-induced hippo-
campal neuroinflammation and associated memory impairment could
be rescued by SCFAs (Li et al., 2019). It must be noted that effects of a
high-fructose diet on hippocampal-dependent recognition memory as
assessed by the Morris Water Maze are still equivocal, as one study found
an impairment (Cisternas et al., 2015), whilst others found no effect (Li
et al., 2019; Sangiiesa et al., 2018; Woodie and Blythe, 2018). These
discrepancies might arise through subtle protocol and strain differences.
In summary, however, it seems that gut dysbiosis can trigger systemic
inflammation, which when left untreated can escalate into neuro-
inflammatory cytokine infiltration and/or expression in the hippocam-
pus, with impairment of hippocampal functioning.

5.3. Prebiotics and probiotics can enhance immune function and learning

Probiotics can produce beneficial immunomodulatory effects in
health and disease, overall enhancing memory. Supplementation of
probiotics, e.g. from strains of Bifidobacterium and/or Lactobacillus, de-
creases pro-inflammatory markers through systemic mechanisms (Caz-
zola et al., 2010; Groeger et al., 2013; Wagar et al., 2009), and rescue
epithelial dysfunction (Ait-Belgnaoui et al., 2012; Hsiao et al., 2013;
Miyauchi et al., 2012) (for review (Yousefi et al., 2019)). This may, in
turn, reduce the inflammatory response within the hippocampus and
improve related cognition and behaviour. For example, a specific Bifi-
dobacterium strain was found to reduce TLR2 expression in the
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hippocampus of obese mice (Agusti et al., 2018). Probiotic administra-
tion or TLR stimulation can normalise dysbiosis and rescue hippocampal
memory through cytokines across disease models, such as
hyperammonaemia-induced neuroinflammation (Luo et al., 2014) and
AD (Pourbadie et al., 2018). In addition, prebiotics (Su et al., 2018) or
synbiotics (Romo-Araiza et al., 2018) can reduce inflammatory markers
and enhance hippocampal-dependent memory.

Furthermore, anti-inflammatory effects have been found to be
induced by efferent VN activity on a systemic and local level through
activation of the ‘“cholinergic anti-inflammatory pathway” of the
efferent VN. The active VN stimulates acetylcholine (ACh) release in
efferent vagal neurons, that interacts with a7 nicotinic ACh receptors on
macrophages to inhibit the release of pro-inflammatory cytokines,
mainly tumor necrosis factor-a (TNF «a) and interleukin 1p (IL1p) (Alen,
2022; Borovikova et al., 2000; Mizrachi et al., 2021). To our best
knowledge, the interaction of VN activity with specifically microbiota
composition and subsequent memory effects have not been described.
But taken together, it seems likely that certain probiotic strains, such as
JB-1 (Bercik et al., 2011; Bravo et al., 2011; Perez-Burgos et al., 2013),
will decrease pro-inflammatory cytokines and thus tend to normalise
systemic inflammation (Bonaz et al., 2018) by enhancing vagal efferent
tone. Normalisation of inflammatory tone could enhance the gut
epithelial apical junctional complex (Bonaz et al., 2018; Bruewer et al.,
2003; Yu et al., 2012), and potentially rescue both immune-driven
dysbiosis (Hooper et al, 2012), and related impaired
hippocampal-dependent memory (H.M. Jang et al., 2018; S.-E. Jang
et al., 2018). These hypotheses warrant further studies to assess the
contribution of probiotic  strains, such as JB-1, to
hippocampal-dependent learning mediated by the cholinergic
anti-inflammatory pathway.

Lastly, ‘inflammaging’, i.e., age-related increases in inflammatory
activity (Franceschi et al., 2018) and -related spatial memory deficits
have been found to be reversed by probiotics (e.g., a mixture of
L. plantarum and L. curvatus (Jeong et al., 2015)). Indeed, antibiotic
dysbiosis-induced negative effects on hippocampal neurogenesis and
hippocampal-dependent novel object recognition can be rescued by a
combination of exercise and a probiotic mixture, (partially) mediated by
brain-residing Ly6Chi monocytes of the innate immune system (Mohle
et al., 2016). These studies indicate enticing probiotic-immune-memory
enhancing effects; however, the exact mechanistic pathways remain to
be identified. A potential mechanism could involve a reduction in hip-
pocampal expression of IL1p and TNFa by probiotics: a herbal extract of
New Zealand spinach reportedly prevented increases in hippocampal
IL1p and TNFa mRNA expression in a rat model of AD, as well as
modulating BDNF and ciliary neurotrophic factor (CNTF) (Kim et al.,
2020).

5.4. Microbiota-gut-immune-hippocampus axis in humans

A clinical population exhibiting pathological alterations in micro-
biota, inflammation, and impaired hippocampal-dependent learning
includes humans defined as obese (Beilharz et al., 2015; Das, 2001).
Microbiota composition is drastically altered in obese patients: a healthy
human gut is dominated by a high Bacteriodetes:Firmicutes ratio, whereas
obese patients show an inverse ratio (Jumpertz et al., 2011). Obesity is
associated with a dysbiosis-induced inflammatory tone, which can have
developmental impact with obese children having a decreased hippo-
campal volume (Bauer et al., 2015) and also increases probability of
developing cognitive decline such as dementia and Alzheimer’s disease
(AD) in later life (Bruce-Keller et al., 2009). The profound effect of
dysbiosis is emphasised by a study showing that post mortem AD pa-
tients show three times more bacteria-derived LPS in their hippocampus,
with more advanced cases exhibiting up to a 26-fold increases compared
to age-matched controls (Zhao et al.,, 2017). Furthermore, patients
suffering from irritable bowel syndrome (IBS) show microbial dysbiosis,
increased gut permeability, and low-grade mucosal inflammation
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(Holtmann et al., 2016) and lower hippocampal volumes (Labus et al.,
2014). Even in healthy humans, the medial temporal lobe (where the
hippocampus is located) may be especially susceptible to
bacterial-induced inflammation, as systemic inflammation induced by
the Salmonella typhi vaccine decreases parahippocampal glucose meta-
bolism and impairs object location memory (Harrison et al., 2014).
Taken together microbiota disruption in humans can induce systemic
inflammation, which can profoundly affect hippocampal functioning
through the inflammatory response. Potential immune-normalising and
memory-protective effects of probiotics remain to be addressed.

5.5. Summarising microbiota-gut-immune-hippocampus effects

It is evident that pathologic or therapeutic microbiota compositions,
by dysbiosis or probiotics respectively, influence the immune system on
different levels. In normal conditions, the microbiota plays a key role in
maintaining immune system homeostasis, supporting normal
hippocampal-dependent learning and memory. Deviations through
dysbiosis can result in epithelial dysfunction and systemic translocation
of bacterial products, such as LPS, enhancing inflammatory tone, which
when left untreated can culminate in neuroinflammation, impairing
hippocampal-dependent memory. Interestingly, probiotic supplemen-
tation can exert rescuing effects, and through immune-normalising ef-
fects, improve hippocampal function. The exact underlying mechanisms
are unknown but TLR2 and TLR4 and cytokines such as IL6, IL1p and
TNF-a (see Tang et al., 2020), are proposed to play a key role in the
complex dialogue between beneficial microbiota, immune function,
epithelial integrity, neural inflammation, and neuronal plasticity.

6. Future challenges

In this review we have attempted to demonstrate considerable evi-
dence for multiple gut-immune-brain axes that impact on hippocampal
function. What is apparent from this body of work is the limited
mechanistic detail, paucity of human studies and lack of substantive
evidence of how this interaction could be promoted for positive or
therapeutic effects. However, based on current state of knowledge, we
argue that the most promising strategy to enhance hippocampal learning
and memory by manipulating the microbiota would hypothetically be to
provide a synbiotic combination that enhances multiple—preferably
all—routes described above, capitalising on enhancing vagal tone,
normalising the HPA-axis, increasing SCFAs, especially butyrate, and
decreasing inflammation. Based on interventions that improve
hippocampal-dependent memory through these routes—that is pre-,
probiotics, and VNS—a combination of intake of dietary fibre, Lacto-
bacillus, Bifidobacterium (Allen et al., 2016), and (t)VNS would be hy-
pothesized to have promising potential. Although this is easily testable,
the scientific field would benefit from studies evaluating more than just
intervention-outcome effects.

That is, to understand, evaluate, optimise, and translate the
microbiota-gut-brain axis in hippocampal-dependent memory (dys)
functioning, future clinical and preclinical studies would benefit from a
more coherent and structured approach. Based on the above, three
major challenges in microbiota-hippocampus research seem to hamper
progress: 1) heterogeneity of individuals with respect to microbiota
composition and/or function and the variation this may produce in
distribution between routes; 2) a relatively poor understanding, espe-
cially in humans, of the complex dialogue between composition, routes
of interaction, and hippocampal functioning for specific microbiota-
based interventions, and, as a consequence, 3) overall small effect
sizes of microbiota-based interventions (i.e. variance in behavioural
outcome measure explained by intervention).

First, in current approaches, individual variability along each of the
above 4 summarized pathways is seen as something that needs to be
controlled for. But to eventually establish strategies for microbiota-
based memory enhancement across individuals, perhaps individual

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

variability in composition and the four routes is in fact the key. That is,
current studies often only assess the effect of, for example, probiotic
supplementation on hippocampal memory, but ignore two major in-
termediate steps: effect on microbiota composition and/or function, and
modulation of the four routes. We argue that these two steps should be
assessed per intervention. Specific antibiotic, prebiotic, or probiotic ef-
fects on alteration of microbiota composition could non-invasively be
estimated using faecal next-generation sequencing methods, such as
whole genome shotgun sequencing (Ranjan et al., 2016).

Secondly, but related, future studies should specifically address how
an intervention affects each of the four proposed routes of interaction.
Although not each route has easily obtainable markers, and routes may
interact: based on rodent studies plasma can be monitored throughout
the intervention for stress response, such as cortisol/corticosterone,
metabolic markers, especially butyrate, 5-HT and kynurenine metabo-
lites, and host immune system by expression of TLR2 and TLR4 and pro-
and anti-inflammatory markers, such as IL-1p, IL-6, and TNFa. To the
best of our knowledge, there are no robust plasma biomarkers for vagal
tone, but a molecular candidate could be pancreatic polypeptide, as this
exclusively enteroendocrine cell (EEC)-expressed peptide is critically
regulated by the vagus (Holzer et al., 2012; Schwartz et al., 1978). A
robust alternative in rodents would be to measure tone invasively in vivo
or ex vivo (e.g. as per (Buckley and O’Malley, 2018)). In humans, efferent
(i.e., descending) vagal tone can be monitored non-invasively, albeit
indirectly, by heart rate variability (e.g. as per (Pellissier et al., 2014)).
Afferent (i.e., ascending gut-to-brain) vagal tone may be marked by
scalp-recorded vagus-evoked potentials (Usami et al., 2013). Overall,
these biomarkers should be confirmed, and establishing a plasma
biomarker for vagal tone over time would be particularly practical.
Combining information per specific microbiota-based intervention on
changes of gut composition, route-markers, and performance of a bat-
tery of hippocampal-dependent cognitive tests would not only aid in
allowing more variation in outcome measures to be explained, but also
aid in the establishment of pre- and probiotics as personalised medicine
based on composition and route-markers at baseline.

A note on diet. Contrary to cage-kept rodents, human diet is difficult
to assess and/or control reliably. On the one hand, a standardised uni-
form diet enhances comparability between studies and labs for rodent
studies, but on the other, uniform nutrition can be argued to impair
translation to humans, who typically follow diverse eating habits.
Importantly, diet significantly affects both microbiota composition
(Bibbo et al., 2016; Magnusson et al., 2015) and hippocampal func-
tioning (Magnusson et al., 2015; Proctor et al., 2017; Provensi et al.,
2019; Pyndt Jgrgensen et al., 2014), thus unvarying provision of a
standard diet can be regarded as a restricting factor. For example, mice
fed with 50% lean ground beef show increased microbiota diversity,
physical activity, and hippocampal-dependent memory performance (Li
et al., 2009) and even the beneficial effects of probiotics can be
diet-dependent (Beilharz et al., 2018; Ohland et al., 2013).

The characterisation of the effects of specific dietary variations is an
important challenge for future research and could help establish a
standardised diet that includes variety. A standardised yet diverse diet
would enhance the translatability of rodent microbe-gut-brain studies
whilst ensuring comparability between labs. Whilst this is no easy
endeavour, diet is an intrinsic part of the microbiota-gut-brain axis
paradigm shift, and hence we argue that the time is overdue for dis-
cussing the standardisation of a diverse diet within microbiota-
hippocampus animal research. In fact, diet and food-related behaviour
may be key to understanding why gut microbiota would affect learning
and memory. For example, taking an evolutionary perspective, if one
assumes microbiota are sensitive to dietary changes (Conlon and Bird,
2014; Scott et al.,, 2013), such changes will logically enhance
hippocampal-dependent episodic and spatial memory as this would
improve remembering beneficial food-predicting cues and food source
locations, which are essential to survival.
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6.1. Conclusion

The human brain, with its 86 e 10° neurons, is considered the most
complex structure in the universe. The incredible amount of 100 ¢ 10'2
prokaryotic organisms colonising the human gut, which across in-
dividuals consists of tens of thousands of different species that together
express 10 million genes, appears to be serious competition. Converging
evidence indicates that these two highly complex systems interact. In
studies of psychopathology, the beneficial effects of probiotics, and
detrimental effects of dysbiosis have generally translated relatively well
to humans (Sarkar et al., 2016; Wang et al., 2016). Interestingly, capi-
talising specifically on hippocampal memory and learning, animal
studies have also provided evidence that overall, memory can be
enhanced or impaired by pre- and probiotics or dysbiosis, respectively.

However, this interaction is poorly understood, which hampers
optimisation of microbiota-based memory enhancing effects and trans-
lation of these effects to humans. This review aimed to provide a
structured understanding of microbe-hippocampus interaction and
argue that this should be understood in four main routes in rodents:
through the tenth cranial or vagus nerve, modulation of the adaptive
stress hypothalamus-pituitary-adrenal axis, through production of
neuroactive substances and their precursors, and by modulation of host
immunity and inflammation. These routes should not be interpreted as
isolated concepts, as processes and key molecules can overlap, painting
an overall complex and variable picture, see Fig. 1. Importantly, major
questions as to specific underlying mechanisms and interactions be-
tween these routes, and microbiota-strain specific effects, which might
critically depend on host-specific characteristics (e.g. psychopathology,
but also microbiota composition at baseline and diet), remain to be
answered. And even though enthusiasm and optimism for beneficial
effects of microbiota-based interventions are likely well-placed, impor-
tant questions as to the precise underlying mechanisms, avenues for
optimisation, and true translational value remain to be addressed in
order to ultimately develop tailored strategies for microbiota-based
enhancement of hippocampal-dependent memory and learning across
human populations.

Funding

The work by Laura Steenbergen was supported by a Veni grant from
the Netherlands Organization for Scientific Research (NWO, 016.
Veni.198.030). The funding source had no further role in the work re-
ported in this review.
CRediT authorship contribution statement

EJK conceived this article, performed literature search, and the
prepared the first draft of this review. LS critically revised the manu-
script; performed additional literature search and restructured and
updated our review accordingly. Both contributed to the article and
approved this final version.
Declaration of Competing Interest

The authors report no declarations of interest.
Data Availability

No data was used for the research described in the article.
Acknowledgements

The authors would like to acknowledge Dr. Jeroen Maljaars from the
Leiden University Medical Centre for his valuable feedback on an earlier

version, and Prof. Sue Wonnacott from the University of Bath for her
valuable feedback on a later version of this review. The graphical

10

Neuroscience and Biobehavioral Reviews 152 (2023) 105296
abstract and figure were created with BioRender.com.

References

Abreu, M.T., Fukata, M., Arditi, M., 2005. TLR signaling in the gut in health and disease.
Journal of Immunology 4453-4460. https://doi.org/10.4049/
jimmunol.174.8.4453.

Agusti, A., Moya-Pérez, A., Campillo, I., Montserrat-de la Paz, S., Cerrudo, V., Perez-
Villalba, A., Sanz, Y., 2018. Bifidobacterium pseudocatenulatum CECT 7765
ameliorates neuroendocrine alterations associated with an exaggerated stress
response and anhedonia in obese mice. Mol. Neurobiol. 55 (6), 5337-5352. https://
doi.org/10.1007/s12035-017-0768-z.

Ait-Belgnaoui, A., Durand, H., Cartier, C., Chaumaz, G., Eutamene, H., Ferrier, L.,
Houdeau, E., Fioramonti, J., Bueno, L., Theodorou, V., 2012. Prevention of gut
leakiness by a probiotic treatment leads to attenuated HPA response to an acute
psychological stress in rats. Psychoneuroendocrinology 37 (11), 1885-1895. https://
doi.org/10.1016/j.psyneuen.2012.03.024.

Albrecht, J., Zielinska, M., 2019. Exchange-mode glutamine transport across CNS cell
membranes. Neuropharmacology 161, 107560. https://doi.org/10.1016/j.
neuropharm.2019.03.003.

Alen, N.V., 2022. The cholinergic anti-inflammatory pathway in humans: State-of-the-art
review and future directions. Neurosci. Biobehav. Rev. 136, 104622 https://doi.org/
10.1016/j.neubiorev.2022.104622.

Allen, A.P., Hutch, W., Borre, Y.E., Kennedy, P.J., Temko, A., Boylan, G., Murphy, E.,
Cryan, J.F., Dinan, T.G., Clarke, G., 2016. Bifidobacterium longum 1714 as a
translational psychobiotic: Modulation of stress, electrophysiology and
neurocognition in healthy volunteers. Transl. Psychiatry 6 (11), €939. https://doi.
org/10.1038/tp.2016.191.

Augustinack, J.C., van der Kouwe, A.J.W., Salat, D.H., Benner, T., Stevens, A.A.,
Annese, J., Fischl, B., Frosch, M.P., Corkin, S., 2014. H.M.’s contributions to
neuroscience: a review and autopsy studies. Hippocampus 24 (11), 1267-1286.
https://doi.org/10.1002/hipo.22354.

Bailey, M.T., Coe, C.L., 1999. Maternal separation disrupts the integrity of the intestinal
microflora in infant rhesus monkeys. Dev. Psychobiol. 35 (2), 146-155.

Bailey, M.T., Dowd, S.E., Galley, J.D., Hufnagle, A.R., Allen, R.G., Lyte, M., 2011.
Exposure to a social stressor alters the structure of the intestinal microbiota:
Implications for stressor-induced immunomodulation. Brain, Behav., Immun. 25 (3),
397-407. https://doi.org/10.1016/j.bbi.2010.10.023.

Baizabal-Carvallo, J.F., Alonso-Juarez, M., 2020. The link between gut dysbiosis and
neuroinflammation in Parkinson’s disease. Neuroscience 432, 160-173. https://doi.
org/10.1016/j.neuroscience.2020.02.030.

Barrera-Bugueno, C., Realini, O., Escobar-Luna, J., Sotomayor-Zarate, R., Gotteland, M.,
Julio-Pieper, M., Bravo, J.A., 2017. Anxiogenic effects of a Lactobacillus, inulin and
the synbiotic on healthy juvenile rats. Neuroscience 359, 18-29. https://doi.org/
10.1016/j.neuroscience.2017.06.064.

Barrett, E., Ross, R.P., O’Toole, P.W., Fitzgerald, G.F., Stanton, C., 2012. y-Aminobutyric
acid production by culturable bacteria from the human intestine. J. Appl. Microbiol.
113 (2), 411-417. https://doi.org/10.1111/j.1365-2672.2012.05344.x.

Bauer, C.C.C., Moreno, B., Gonzélez-Santos, L., Concha, L., Barquera, S., Barrios, F.A.,
2015. Child overweight and obesity are associated with reduced executive cognitive
performance and brain alterations: a magnetic resonance imaging study in Mexican
children. Pediatr. Obes. 10 (3), 196-204. https://doi.org/10.1111/ijpo.241.

Beilharz, J.E., Maniam, J., Morris, M.J., 2015. Diet-induced cognitive deficits: the role of
fat and sugar, potential mechanisms and nutritional interventions. Nutrients 7 (8),
6719-6738. https://doi.org/10.3390/nu7085307.

Beilharz, J.E., Kaakoush, N.O., Maniam, J., Morris, M.J., 2016. The effect of short-term
exposure to energy-matched diets enriched in fat or sugar on memory, gut
microbiota and markers of brain inflammation and plasticity. Brain, Behav., Immun.
57, 304-313. https://doi.org/10.1016/j.bbi.2016.07.151.

Beilharz, J.E., Kaakoush, N.O., Maniam, J., Morris, M.J., 2018. Cafeteria diet and
probiotic therapy: cross talk among memory, neuroplasticity, serotonin receptors
and gut microbiota in the rat. Mol. Psychiatry 23 (2), 351-361. https://doi.org/
10.1038/mp.2017.38.

Benton, D., Williams, C., Brown, A., 2007. Impact of consuming a milk drink containing a
probiotic on mood and cognition. Eur. J. Clin. Nutr. 61 (3), 355-361. https://doi.
0rg/10.1038/sj.ejcn.1602546.

Bercik, P., Park, A.J., Sinclair, D., Khoshdel, A., Lu, J., Huang, X., Deng, Y.,
Blennerhassett, P.A., Fahnestock, M., Moine, D., Berger, B., Huizinga, J.D.,

Kunze, W., McLean, P.G., Bergonzelli, G.E., Collins, S.M., Verdu, E.F., 2011. The
anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways for
gut-brain communication. Neurogastroenterol. Motil.: Off. J. Eur. Gastrointest.
Motil. Soc. 23 (12), 1132-1139. https://doi.org/10.1111/j.1365-2982.2011.01796.
X.

Bermiidez-Humaran, L.G., Salinas, E., Ortiz, G.G., Ramirez-Jirano, L.J., Morales, J.A.,
Bitzer-Quintero, O.K., 2019. From probiotics to psychobiotics: live beneficial
bacteria which act on the brain-gut axis. Nutrients 11 (4). https://doi.org/10.3390/
nul1040890.

Berrill, J.W., Gallacher, J., Hood, K., Green, J.T., Matthews, S.B., Campbell, A.K.,
Smith, A., 2013. An observational study of cognitive function in patients with
irritable bowel syndrome and inflammatory bowel disease. Neurogastroenterol.
Motil.: Off. J. Eur. Gastrointest. Motil. Soc. 25 (11), 918-e704. https://doi.org/
10.1111/nmo.12219.

Bharwani, A., West, C., Champagne-Jorgensen, K., McVey Neufeld, K.-A., Ruberto, J.,
Kunze, W.A., Bienenstock, J., Forsythe, P., 2020. The vagus nerve is necessary for the
rapid and widespread neuronal activation in the brain following oral administration


https://doi.org/10.4049/jimmunol.174.8.4453
https://doi.org/10.4049/jimmunol.174.8.4453
https://doi.org/10.1007/s12035-017-0768-z
https://doi.org/10.1007/s12035-017-0768-z
https://doi.org/10.1016/j.psyneuen.2012.03.024
https://doi.org/10.1016/j.psyneuen.2012.03.024
https://doi.org/10.1016/j.neuropharm.2019.03.003
https://doi.org/10.1016/j.neuropharm.2019.03.003
https://doi.org/10.1016/j.neubiorev.2022.104622
https://doi.org/10.1016/j.neubiorev.2022.104622
https://doi.org/10.1038/tp.2016.191
https://doi.org/10.1038/tp.2016.191
https://doi.org/10.1002/hipo.22354
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref8
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref8
https://doi.org/10.1016/j.bbi.2010.10.023
https://doi.org/10.1016/j.neuroscience.2020.02.030
https://doi.org/10.1016/j.neuroscience.2020.02.030
https://doi.org/10.1016/j.neuroscience.2017.06.064
https://doi.org/10.1016/j.neuroscience.2017.06.064
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1111/ijpo.241
https://doi.org/10.3390/nu7085307
https://doi.org/10.1016/j.bbi.2016.07.151
https://doi.org/10.1038/mp.2017.38
https://doi.org/10.1038/mp.2017.38
https://doi.org/10.1038/sj.ejcn.1602546
https://doi.org/10.1038/sj.ejcn.1602546
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.3390/nu11040890
https://doi.org/10.3390/nu11040890
https://doi.org/10.1111/nmo.12219
https://doi.org/10.1111/nmo.12219

E.J. Kuijer and L. Steenbergen

of psychoactive bacteria. Neuropharmacology 170, 108067. https://doi.org/
10.1016/j.neuropharm.2020.108067.

Bibbo, S., Ianiro, G., Giorgio, V., Scaldaferri, F., Masucci, L., Gasbarrini, A.,
Cammarota, G., 2016. The role of diet on gut microbiota composition. Eur. Rev.
Med. Pharmacol. Sci. 20 (22), 4742-4749.

Biggio, F., Gorini, G., Utzeri, C., Olla, P., Marrosu, F., Mocchetti, 1., Follesa, P., 2009.
Chronic vagus nerve stimulation induces neuronal plasticity in the rat hippocampus.
Int. J. Neuropsychopharmacol. 12 (9), 1209-1221. https://doi.org/10.1017/
$1461145709000200.

Bilbo, S.D., Biedenkapp, J.C., Der-Avakian, A., Watkins, L.R., Rudy, J.W., Maier, S.F.,
2005. Neonatal infection-induced memory impairment after lipopolysaccharide in
adulthood is prevented via caspase-1 inhibition. J. Neurosci.: Off. J. Soc. Neurosci.
25 (35), 8000-8009. https://doi.org/10.1523/JNEUROSCIL.1748-05.2005.

Bistoletti, M., Caputi, V., Baranzini, N., Marchesi, N., Filpa, V., Marsilio, I., Cerantola, S.,
Terova, G., Baj, A., Grimaldi, A., Pascale, A., Frigo, G., Crema, F., Giron, M.C.,
Giaroni, C., 2019. Antibiotic treatment-induced dysbiosis differently affects BDNF
and TrkB expression in the brain and in the gut of juvenile mice. PLoS ONE 14 (2).
https://doi.org/10.1371/journal.pone.0212856.

Blank, M., Dornelles, A.S., Werenicz, A., Velho, L.A., Pinto, D.F., Fedi, A.C., Schroder, N.,
Roesler, R., 2014. Basolateral amygdala activity is required for enhancement of
memory consolidation produced by histone deacetylase inhibition in the
hippocampus. Neurobiol. Learn. Mem. 111, 1-8. https://doi.org/10.1016/j.
nlm.2014.02.009.

Blank, M., Werenicz, A., Velho, L.A., Pinto, D.F., Fedi, A.C., Lopes, M.W., Peres, T.V.,
Leal, R.B., Dornelles, A.S., Roesler, R., 2015. Enhancement of memory consolidation
by the histone deacetylase inhibitor sodium butyrate in aged rats. Neurosci. Lett.
594, 76-81. https://doi.org/10.1016/j.neulet.2015.03.059.

Bolshakov, A.P., Tret’yakova, L.V., Kvichansky, A.A., Gulyaeva, N.V., 2021.
Glucocorticoids: Dr. Jekyll and Mr. Hyde of hippocampal neuroinflammation.
Biochemistry 86 (2), 156-167. https://doi.org/10.1134/50006297921020048.

Bonaz, B., Bazin, T., Pellissier, S., 2018. The vagus nerve at the interface of the
microbiota-gut-brain axis. Front. Neurosci. 12, 49. https://doi.org/10.3389/
fnins.2018.00049.

Boonstra, E., de Kleijn, R., Colzato, L.S., Alkemade, A., Forstmann, B.U., Nieuwenhuis, S.,
2015. Neurotransmitters as food supplements: the effects of GABA on brain and
behavior. Front. Psychol. 6. https://doi.org/10.3389/fpsyg.2015.01520.

Borodovitsyna, O., Flamini, M., Chandler, D., 2017. Noradrenergic modulation of
cognition in health and disease. Neural Plast. 2017, 6031478. https://doi.org/
10.1155/2017/6031478.

Borovikova, L.V., Ivanova, S., Zhang, M., Yang, H., Botchkina, G.I., Watkins, L.R.,
Wang, H., Abumrad, N., Eaton, J.W., Tracey, K.J., 2000. Vagus nerve stimulation
attenuates the systemic inflammatory response to endotoxin. Nature 405 (6785),
458-462. https://doi.org/10.1038/35013070.

Borre, Y.E., O’Keeffe, G.W., Clarke, G., Stanton, C., Dinan, T.G., Cryan, J.F., 2014.
Microbiota and neurodevelopmental windows: Implications for brain disorders.
Trends Mol. Med. 20 (9), 509-518. https://doi.org/10.1016/j.molmed.2014.05.002.

Bravo, J.A., Forsythe, P., Chew, M.V., Escaravage, E., Savignac, H.M., Dinan, T.G.,
Bienenstock, J., Cryan, J.F., 2011. Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proc. Natl. Acad. Sci. USA 108 (38), 16050-16055. https://doi.org/10.1073/
pnas.1102999108.

Broncel, A., Bocian, R., Ktos-Wojtczak, P., Konopacki, J., 2017. Vagus nerve stimulation
produces a hippocampal formation theta rhythm in anesthetized rats. Brain Res.
1675, 41-50. https://doi.org/10.1016/j.brainres.2017.08.030.

Broncel, A., Bocian, R., Ktos-Wojtczak, P., Konopacki, J., 2018. Medial septal cholinergic
mediation of hippocampal theta rhythm induced by vagal nerve stimulation. PloS
One 13 (11), e0206532. https://doi.org/10.1371/journal.pone.0206532.

Brosschot, J.F., Verkuil, B., Thayer, J.F., 2018. Generalized unsafety theory of stress:
unsafe environments and conditions, and the default stress response. Int. J. Environ.
Res. Public Health 15 (3). https://doi.org/10.3390/ijerph15030464.

Bruce-Keller, A.J., Keller, J.N., Morrison, C.D., 2009. Obesity and vulnerability of the
CNS. Biochim. Et. Biophys. Acta 1792 (5), 395-400. https://doi.org/10.1016/j.
bbadis.2008.10.004.

Bruewer, M., Luegering, A., Kucharzik, T., Parkos, C.A., Madara, J.L., Hopkins, A.M.,
Nusrat, A., 2003. Proinflammatory cytokines disrupt epithelial barrier function by
apoptosis-independent mechanisms. In: Journal of Immunology, 171,
pp. 6164-6172. https://doi.org/10.4049/jimmunol.171.11.6164 (Baltimore, Md.:
1950).

Brynskikh, A., Warren, T., Zhu, J., Kipnis, J., 2008. Adaptive immunity affects learning
behavior in mice. Brain, Behav., Immun. 22 (6), 861-869. https://doi.org/10.1016/
j.bbi.2007.12.008.

Buckley, M.M., O’Malley, D., 2018. Development of an ex vivo method for multi-unit
recording of microbiota-colonic-neural signaling in real time. Front. Neurosci. 12,
112. https://doi.org/10.3389/fnins.2018.00112.

Burokas, A., Moloney, R.D., Dinan, T.G., Cryan, J.F., 2015. Microbiota regulation of the
Mammalian gut-brain axis. Adv. Appl. Microbiol. 91, 1-62. https://doi.org/
10.1016/bs.aambs.2015.02.001.

Caliskan, G., French, T., Enrile Lacalle, S., Del Angel, M., Steffen, J., Heimesaat, M.M.,
Rita Dunay, L., Stork, O., 2022. Antibiotic-induced gut dysbiosis leads to activation of
microglia and impairment of cholinergic gamma oscillations in the hippocampus.
Brain, Behav., Immun. 99, 203-217. https://doi.org/10.1016/j.bbi.2021.10.007.

Carding, S., Verbeke, K., Vipond, D.T., Corfe, B.M., Owen, L.J., 2015. Dysbiosis of the gut
microbiota in disease. Microb. Ecol. Health Dis. 26. https://doi.org/10.3402/mehd.
v26.26191.

11

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

Cario, E., 2005. Bacterial interactions with cells of the intestinal mucosa: Toll-like
receptors and NOD2. Gut 54 (8), 1182-1193. https://doi.org/10.1136/
gut.2004.062794.

Carlos, A.J., Tong, L., Prieto, G.A., Cotman, C.W., 2017. IL-1p impairs retrograde flow of
BDNF signaling by attenuating endosome trafficking. J. Neuroinflamm. 14 (1), 29.
https://doi.org/10.1186/5s12974-017-0803-z.

Castellano, J.F., Fletcher, B.R., Patzke, H., Long, J.M., Sewal, A., Kim, D.H., Kelley-
Bell, B., Rapp, P.R., 2014. Reassessing the effects of histone deacetylase inhibitors on
hippocampal memory and cognitive aging. Hippocampus 24 (8), 1006-1016.
https://doi.org/10.1002/hipo.22286.

Castle, M., Comoli, E., Loewy, A.D., 2005. Autonomic brainstem nuclei are linked to the
hippocampus. Neuroscience 134 (2), 657-669. https://doi.org/10.1016/j.
neuroscience.2005.04.031.

Cazzola, M., Tompkins, T.A., Matera, M.G., 2010. Immunomodulatory impact of a
synbiotic in T(h)1 and T(h)2 models of infection. Ther. Adv. Respir. Dis. 4 (5),
259-270. https://doi.org/10.1177/1753465810379009.

Chen, J., Buchanan, J.B., Sparkman, N.L., Godbout, J.P., Freund, G.G., Johnson, R.W.,
2008. Neuroinflammation and disruption in working memory in aged mice after
acute stimulation of the peripheral innate immune system. Brain, Behav., Inmun. 22
(3), 301-311. https://doi.org/10.1016/j.bbi.2007.08.014.

Cisternas, P., Salazar, P., Serrano, F.G., Montecinos-Oliva, C., Arredondo, S.B., Varela-
Nallar, L., Barja, S., Vio, C.P., Gomez-Pinilla, F., Inestrosa, N.C., 2015. Fructose
consumption reduces hippocampal synaptic plasticity underlying cognitive
performance. Biochim. Et. Biophys. Acta 1852 (11), 2379-2390. https://doi.org/
10.1016/j.bbadis.2015.08.016.

Clark, K.B., Naritoku, D.K., Smith, D.C., Browning, R.A., Jensen, R.A., 1999. Enhanced
recognition memory following vagus nerve stimulation in human subjects. Nat.
Neurosci. 2 (1), 94-98. https://doi.org/10.1038/4600.

Clarke, G., Fitzgerald, P., Cryan, J.F., Cassidy, E.M., Quigley, E.M., Dinan, T.G., 2009.
Tryptophan degradation in irritable bowel syndrome: Evidence of indoleamine 2,3-
dioxygenase activation in a male cohort. BMC Gastroenterol. 9, 6. https://doi.org/
10.1186/1471-230X-9-6.

Colzato, L., Beste, C., 2020. A literature review on the neurophysiological underpinnings
and cognitive effects of transcutaneous vagus nerve stimulation: challenges and
future directions. J. Neurophysiol. 123 (5), 1739-1755. https://doi.org/10.1152/
jn.00057.2020.

Conlon, M.A,, Bird, A.R., 2014. The impact of diet and lifestyle on gut microbiota and
human health. Nutrients 7 (1), 17-44. https://doi.org/10.3390/nu7010017.

Cryan, J.F., Dinan, T.G., 2012. Mind-altering microorganisms: The impact of the gut
microbiota on brain and behaviour. Nat. Rev. Neurosci. 13 (10), 701-712. https://
doi.org/10.1038/nrn3346.

Cummings, J.H., Pomare, E.W., Branch, W.J., Naylor, C.P., Macfarlane, G.T., 1987. Short
chain fatty acids in human large intestine, portal, hepatic and venous blood. Gut 28
(10), 1221-1227. https://doi.org/10.1136/gut.28.10.1221.

Das, U.N., 2001. Is obesity an inflammatory condition? Nutrition 17 (11-12), 953-966.
https://doi.org/10.1016/50899-9007(01)00672-4.

Davis, E.A., Wald, H.S., Suarez, A.N., Zubcevic, J., Liu, C.M., Cortella, A.M.,
Kamitakahara, A.K., Polson, J.W., Arnold, M., Grill, H.J., de Lartigue, G., Kanoski, S.
E., 2020. Ghrelin signaling affects feeding behavior, metabolism, and memory
through the vagus nerve. e6 Curr. Biol.: CB 30 (22), 4510-4518. https://doi.org/
10.1016/j.cub.2020.08.069.

DeGruttola, A.K., Low, D., Mizoguchi, A., Mizoguchi, E., 2016. Current understanding of
dysbiosis in disease in human and animal models. Inflamm. Bowel Dis. 22 (5),
1137-1150. https://doi.org/10.1097/MIB.0000000000000750.

van der Kleij, H., O’'Mahony, C., Shanahan, F., O’'Mahony, L., Bienenstock, J., 2008.
Protective effects of Lactobacillus rhamnosus [corrected] and Bifidobacterium
infantis in murine models for colitis do not involve the vagus nerve. Am. J. Physiol.
Regul., Integr. Comp. Physiol. 295 (4), R1131-1137. https://doi.org/10.1152/
ajpregu.90434.2008.

Derecki, N.C., Cardani, A.N., Yang, C.H., Quinnies, K.M., Crihfield, A., Lynch, K.R.,
Kipnis, J., 2010. Regulation of learning and memory by meningeal immunity: A key
role for IL-4. J. Exp. Med. 207 (5), 1067-1080. https://doi.org/10.1084/
jem.20091419.

Desbonnet, L., Garrett, L., Clarke, G., Bienenstock, J., Dinan, T.G., 2008. The probiotic
Bifidobacteria infantis: an assessment of potential antidepressant properties in the
rat. J. Psychiatr. Res. 43 (2), 164-174. https://doi.org/10.1016/j.
jpsychires.2008.03.009.

Desbonnet, L., Garrett, L., Clarke, G., Kiely, B., Cryan, J.F., Dinan, T.G., 2010. Effects of
the probiotic Bifidobacterium infantis in the maternal separation model of
depression. Neuroscience 170 (4), 1179-1188. https://doi.org/10.1016/j.
neuroscience.2010.08.005.

Desbonnet, L., Clarke, G., Traplin, A., O’Sullivan, O., Crispie, F., Moloney, R.D., Cotter, P.
D., Dinan, T.G., Cryan, J.F., 2015. Gut microbiota depletion from early adolescence
in mice: Implications for brain and behaviour. Brain, Behav., Inmun. 48, 165-173.
https://doi.org/10.1016/j.bbi.2015.04.004.

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Bjorkholm, B., Samuelsson, A., Hibberd, M.
L., Forssberg, H., Pettersson, S., 2011. Normal gut microbiota modulates brain
development and behavior. Proc. Natl. Acad. Sci. USA 108 (7), 3047-3052. https://
doi.org/10.1073/pnas.1010529108.

Diepenbroek, C., Quinn, D., Stephens, R., Zollinger, B., Anderson, S., Pan, A, de
Lartigue, G., 2017. Validation and characterization of a novel method for selective
vagal deafferentation of the gut. Am. J. Physiol. Gastrointest. Liver Physiol. 313 (4),
G342-G352. https://doi.org/10.1152/ajpgi.00095.2017.

Dinan, T.G., Cryan, J.F., 2012. Regulation of the stress response by the gut microbiota:
implications for psychoneuroendocrinology. Psychoneuroendocrinology 37 (9),
1369-1378. https://doi.org/10.1016/j.psyneuen.2012.03.007.


https://doi.org/10.1016/j.neuropharm.2020.108067
https://doi.org/10.1016/j.neuropharm.2020.108067
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref22
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref22
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref22
https://doi.org/10.1017/S1461145709000200
https://doi.org/10.1017/S1461145709000200
https://doi.org/10.1523/JNEUROSCI.1748-05.2005
https://doi.org/10.1371/journal.pone.0212856
https://doi.org/10.1016/j.nlm.2014.02.009
https://doi.org/10.1016/j.nlm.2014.02.009
https://doi.org/10.1016/j.neulet.2015.03.059
https://doi.org/10.1134/S0006297921020048
https://doi.org/10.3389/fnins.2018.00049
https://doi.org/10.3389/fnins.2018.00049
https://doi.org/10.3389/fpsyg.2015.01520
https://doi.org/10.1155/2017/6031478
https://doi.org/10.1155/2017/6031478
https://doi.org/10.1038/35013070
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1016/j.brainres.2017.08.030
https://doi.org/10.1371/journal.pone.0206532
https://doi.org/10.3390/ijerph15030464
https://doi.org/10.1016/j.bbadis.2008.10.004
https://doi.org/10.1016/j.bbadis.2008.10.004
https://doi.org/10.4049/jimmunol.171.11.6164
https://doi.org/10.1016/j.bbi.2007.12.008
https://doi.org/10.1016/j.bbi.2007.12.008
https://doi.org/10.3389/fnins.2018.00112
https://doi.org/10.1016/bs.aambs.2015.02.001
https://doi.org/10.1016/bs.aambs.2015.02.001
https://doi.org/10.1016/j.bbi.2021.10.007
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.1136/gut.2004.062794
https://doi.org/10.1136/gut.2004.062794
https://doi.org/10.1186/s12974-017-0803-z
https://doi.org/10.1002/hipo.22286
https://doi.org/10.1016/j.neuroscience.2005.04.031
https://doi.org/10.1016/j.neuroscience.2005.04.031
https://doi.org/10.1177/1753465810379009
https://doi.org/10.1016/j.bbi.2007.08.014
https://doi.org/10.1016/j.bbadis.2015.08.016
https://doi.org/10.1016/j.bbadis.2015.08.016
https://doi.org/10.1038/4600
https://doi.org/10.1186/1471-230X-9-6
https://doi.org/10.1186/1471-230X-9-6
https://doi.org/10.1152/jn.00057.2020
https://doi.org/10.1152/jn.00057.2020
https://doi.org/10.3390/nu7010017
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/nrn3346
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1016/s0899-9007(01)00672-4
https://doi.org/10.1016/j.cub.2020.08.069
https://doi.org/10.1016/j.cub.2020.08.069
https://doi.org/10.1097/MIB.0000000000000750
https://doi.org/10.1152/ajpregu.90434.2008
https://doi.org/10.1152/ajpregu.90434.2008
https://doi.org/10.1084/jem.20091419
https://doi.org/10.1084/jem.20091419
https://doi.org/10.1016/j.jpsychires.2008.03.009
https://doi.org/10.1016/j.jpsychires.2008.03.009
https://doi.org/10.1016/j.neuroscience.2010.08.005
https://doi.org/10.1016/j.neuroscience.2010.08.005
https://doi.org/10.1016/j.bbi.2015.04.004
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1152/ajpgi.00095.2017
https://doi.org/10.1016/j.psyneuen.2012.03.007

E.J. Kuijer and L. Steenbergen

Dominguez-Rivas, E., Avila-Munoz, E., Schwarzacher, S.W., Zepeda, A., 2021. Adult
hippocampal neurogenesis in the context of lipopolysaccharide-induced
neuroinflammation: a molecular, cellular and behavioral review. Brain, Behav.,
Immun. 97, 286-302. https://doi.org/10.1016/j.bbi.2021.06.014.

Duncan, S.H., Louis, P., Thomson, J.M., Flint, H.J., 2009. The role of pH in determining
the species composition of the human colonic microbiota. Environ. Microbiol. 11 (8),
2112-2122. https://doi.org/10.1111/j.1462-2920.2009.01931.x.

Emge, J.R., Huynh, K., Miller, E.N., Kaur, M., Reardon, C., Barrett, K.E., Gareau, M.G.,
2016. Modulation of the microbiota-gut-brain axis by probiotics in a murine model
of inflammatory bowel disease. Am. J. Physiol. Gastrointest. Liver Physiol. 310 (11),
G989-G998. https://doi.org/10.1152/ajpgi.00086.2016.

Erny, D., Hrabé de Angelis, A.L., Jaitin, D., Wieghofer, P., Staszewski, O., David, E.,
Keren-Shaul, H., Mahlakoiv, T., Jakobshagen, K., Buch, T., Schwierzeck, V.,
Utermohlen, O., Chun, E., Garrett, W.S., McCoy, K.D., Diefenbach, A., Staeheli, P.,
Stecher, B., Amit, 1., Prinz, M., 2015. Host microbiota constantly control maturation
and function of microglia in the CNS. Nat. Neurosci. 18 (7), 965-977. https://doi.
org/10.1038/nn.4030.

Eutamene, H., Bueno, L., 2007. Role of probiotics in correcting abnormalities of colonic
flora induced by stress. Gut 56 (11), 1495-1497. https://doi.org/10.1136/
gut.2007.124040.

Fang, E.F., Hou, Y., Palikaras, K., Adriaanse, B.A., Kerr, J.S., Yang, B., Lautrup, S., Hasan-
Olive, M.M., Caponio, D., Dan, X., Rocktéschel, P., Croteau, D.L., Akbari, M.,
Greig, N.H., Fladby, T., Nilsen, H., Cader, M.Z., Mattson, M.P., Tavernarakis, N.,
Bohr, V.A., 2019. Mitophagy inhibits amyloid-p and tau pathology and reverses
cognitive deficits in models of Alzheimer’s disease. Nat. Neurosci. 22 (3), 401-412.
https://doi.org/10.1038/s41593-018-0332-9.

Farrell, M.R., Gruene, T.M., Shansky, R.M., 2015. The influence of stress and gonadal
hormones on neuronal structure and function. Horm. Behav. 76, 118-124. https://
doi.org/10.1016/j.yhbeh.2015.03.003.

Fernstrom, J.D., 2013. Large neutral amino acids: Dietary effects on brain
neurochemistry and function. Amino Acids 45 (3), 419-430. https://doi.org/
10.1007/500726-012-1330-y.

Fierros-Campuzano, J., Ballesteros-Zebadta, P., Manjarrez-Marmolejo, J., Aguilera, P.,
Méndez-Diaz, M., Prospero-Garcia, O., Franco-Pérez, J., 2022. Irreversible
hippocampal changes induced by high fructose diet in rats. Nutr. Neurosci. 25 (6),
1325-1337. https://doi.org/10.1080/1028415X.2020.1853418.

Flint, H.J., Duncan, S.H., Scott, K.P., Louis, P., 2015. Links between diet, gut microbiota
composition and gut metabolism. Proc. Nutr. Soc. 74 (1), 13-22. https://doi.org/
10.1017/50029665114001463.

Forsythe, P., Bienenstock, J., Kunze, W.A., 2014. Vagal pathways for microbiome-brain-
gut axis communication. Adv. Exp. Med. Biol. 817, 115-133. https://doi.org/
10.1007/978-1-4939-0897-4_5.

Foster, J.A., Rinaman, L., Cryan, J.F., 2017. Stress & the gut-brain axis: Regulation by the
microbiome. Neurobiol. Stress 7, 124-136. https://doi.org/10.1016/j.
ynstr.2017.03.001.

Franceschi, C., Garagnani, P., Parini, P., Giuliani, C., Santoro, A., 2018. Inflammaging: a
new immune-metabolic viewpoint for age-related diseases. Nat. Rev. Endocrinol. 14
(10), 576-590. https://doi.org/10.1038/541574-018-0059-4.

Frohlich, E.E., Farzi, A., Mayerhofer, R., Reichmann, F., Jacan, A., Wagner, B., Zinser, E.,
Bordag, N., Magnes, C., Frohlich, E., Kashofer, K., Gorkiewicz, G., Holzer, P., 2016.
Cognitive impairment by antibiotic-induced gut dysbiosis: analysis of gut
microbiota-brain communication. Brain, Behav., Immun. 56, 140-155. https://doi.
org/10.1016/j.bbi.2016.02.020.

Fiilling, C., Dinan, T.G., Cryan, J.F., 2019. Gut microbe to brain signaling: what happens
in vagus. Neuron 101 (6), 998-1002. https://doi.org/10.1016/j.
neuron.2019.02.008.

Fung, T.C., Olson, C.A., Hsiao, E.Y., 2017. Interactions between the microbiota, immune
and nervous systems in health and disease. Nat. Neurosci. 20 (2), 145-155. https://
doi.org/10.1038/nn.4476.

Furusawa, Y., Obata, Y., Fukuda, S., Endo, T.A., Nakato, G., Takahashi, D., Nakanishi, Y.,
Uetake, C., Kato, K., Kato, T., Takahashi, M., Fukuda, N.N., Murakami, S.,
Miyauchi, E., Hino, S., Atarashi, K., Onawa, S., Fujimura, Y., Lockett, T., Ohno, H.,
2013. Commensal microbe-derived butyrate induces the differentiation of colonic
regulatory T cells. Nature 504 (7480), 446-450. https://doi.org/10.1038/
naturel2721.

Gaboriau-Routhiau, V., Rakotobe, S., Lécuyer, E., Mulder, 1., Lan, A., Bridonneau, C.,
Rochet, V., Pisi, A., De Paepe, M., Brandi, G., Eberl, G., Snel, J., Kelly, D., Cerf-
Bensussan, N., 2009. The key role of segmented filamentous bacteria in the
coordinated maturation of gut helper T cell responses. Immunity 31 (4), 677-689.
https://doi.org/10.1016/j.immuni.2009.08.020.

Gampierakis, I.-A., Koutmani, Y., Semitekolou, M., Morianos, 1., Charalampopoulos, I.,
Xanthou, G., Gravanis, A., Karalis, K.P., 2020. Hippocampal neural stem cells and
microglia response to experimental inflammatory bowel disease (IBD. Mol.
Psychiatry. https://doi.org/10.1038/s41380-020-0651-6.

Gao, J., Xu, K,, Liu, H., Liu, G., Bai, M., Peng, C., Li, T., Yin, Y., 2018. Impact of the Gut
Microbiota on Intestinal Immunity Mediated by Tryptophan Metabolism. Front. Cell.
Infect. Microbiol. 8. https://doi.org/10.3389/fcimb.2018.00013.

Garcez, M.L., de Carvalho, C.A., Mina, F., Bellettini-Santos, T., Schiavo, G.L., da Silva, S.,
Campos, A.C.B.F., Varela, R.B., Valvassori, S.S., Damiani, A.P., Longaretti, L.M., de
Andrade, V.M., Budni, J., 2018. Sodium butyrate improves memory and modulates
the activity of histone deacetylases in aged rats after the administration of d-
galactose. Exp. Gerontol. 113, 209-217. https://doi.org/10.1016/j.
exger.2018.10.005.

Gareau, M.G., Wine, E., Rodrigues, D.M., Cho, J.H., Whary, M.T., Philpott, D.J.,
Macqueen, G., Sherman, P.M., 2011. Bacterial infection causes stress-induced

12

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

memory dysfunction in mice. Gut 60 (3), 307-317. https://doi.org/10.1136/
gut.2009.202515.

Ghacibeh, G.A., Shenker, J.I., Shenal, B., Uthman, B.M., Heilman, K.M., 2006. The
influence of vagus nerve stimulation on memory. Cogn. Behav. Neurol.: Off. J. Soc.
Behav. Cogn. Neurol. 19 (3), 119-122. https://doi.org/10.1097/01.
wnn.0000213908.34278.7d.

Giraudier, M., Ventura-Bort, C., Weymar, M., 2020. Transcutaneous vagus nerve
stimulation (tVNS) improves high-confidence recognition memory but not emotional
word processing. Front. Psychol. https://doi.org/10.3389/fpsyg.2020.01276.

Gonzalez-Arancibia, C., Urrutia-Pinones, J., lllanes-Gonzalez, J., Martinez-Pinto, J.,
Sotomayor-Zarate, R., Julio-Pieper, M., Bravo, J.A., 2019. Do your gut microbes
affect your brain dopamine. Psychopharmacology 236 (5), 1611-1622. https://doi.
org/10.1007/s00213-019-05265-5.

Graff, J., Tsai, L.-H., 2013. The potential of HDAC inhibitors as cognitive enhancers.
Annu. Rev. Pharmacol. Toxicol. 53, 311-330. https://doi.org/10.1146/annurev-
pharmtox-011112-140216.

Green, T.R.F., Ortiz, J.B., Wonnacott, S., Williams, R.J., Rowe, R.K., 2020. The
bidirectional relationship between sleep and inflammation links traumatic brain
injury and Alzheimer’s disease. Front. Neurosci. https://doi.org/10.3389/
fnins.2020.00894.

Groeger, D., O'Mahony, L., Murphy, E.F., Bourke, J.F., Dinan, T.G., Kiely, B.,
Shanahan, F., Quigley, E.M.M., 2013. Bifidobacterium infantis 35624 modulates
host inflammatory processes beyond the gut. Gut Microbes 4 (4), 325-339. https://
doi.org/10.4161/gmic.25487.

de Gurtubay, 1.G., Bermejo, P., Lopez, M., Larraya, 1., Librero, J., 2021. Evaluation of
different vagus nerve stimulation anatomical targets in the ear by vagus evoked
potential responses. Brain Behav. 11 (11), €2343 https://doi.org/10.1002/
brb3.2343.

Haider, S., Khaliq, S., Haleem, D.J., 2007. Enhanced serotonergic neurotransmission in
the hippocampus following tryptophan administration improves learning acquisition
and memory consolidation in rats. Pharmacol. Rep. 59 (1), 53-57.

Han, Y., Wang, B., Gao, H., He, C., Hua, R,, Liang, C., Zhang, S., Wang, Y., Xin, S., Xu, J.,
2022. Vagus nerve and underlying impact on the gut microbiota-brain axis in
behavior and neurodegenerative diseases. J. Inflamm. Res. 15, 6213-6230. https://
doi.org/10.2147/JIR.S384949.

Hansen, N., Manahan-Vaughan, D., 2015. Hippocampal long-term potentiation that is
elicited by perforant path stimulation or that occurs in conjunction with spatial
learning is tightly controlled by beta-adrenoreceptors and the locus coeruleus.
Hippocampus 25 (11), 1285-1298. https://doi.org/10.1002/hipo.22436.

Harrison, N.A., Doeller, C.F., Voon, V., Burgess, N., Critchley, H.D., 2014. Peripheral
inflammation acutely impairs human spatial memory via actions on medial temporal
lobe glucose metabolism. Biol. Psychiatry 76 (7), 585-593. https://doi.org/
10.1016/j.biopsych.2014.01.005.

Heisler, J.M., O’Connor, J.C., 2015. Indoleamine 2,3-dioxygenase-dependent neurotoxic
kynurenine metabolism mediates inflammation-induced deficit in recognition
memory. Brain Behav., Immun. 50, 115-124. https://doi.org/10.1016/j.
bbi.2015.06.022.

Heldt, S.A., Stanek, L., Chhatwal, J.P., Ressler, K.J., 2007. Hippocampus-specific deletion
of BDNF in adult mice impairs spatial memory and extinction of aversive memories.
Mol. Psychiatry 12 (7), 656-670. https://doi.org/10.1038/sj.mp.4001957.

Hoban, A.E., Moloney, R.D., Golubeva, A.V., McVey Neufeld, K.A., O’Sullivan, O.,
Patterson, E., Stanton, C., Dinan, T.G., Clarke, G., Cryan, J.F., 2016. Behavioural and
neurochemical consequences of chronic gut microbiota depletion during adulthood
in the rat. Neuroscience 339, 463-477. https://doi.org/10.1016/j.
neuroscience.2016.10.003.

Holtmann, G.J., Ford, A.C., Talley, N.J., 2016. Pathophysiology of irritable bowel
syndrome. Lancet Gastroenterol. Hepatol. 1 (2), 133-146. https://doi.org/10.1016/
$2468-1253(16)30023-1.

Holzer, P., Reichmann, F., Farzi, A., 2012. Neuropeptide Y, peptide YY and pancreatic
polypeptide in the gut-brain axis. Neuropeptides 46 (6), 261-274. https://doi.org/
10.1016/j.npep.2012.08.005.

Hooper, L.V., Littman, D.R., Macpherson, A.J., 2012. Interactions between the
microbiota and the immune system. Sci. (N. Y., N. Y. ) 336 (6086), 1268-1273.
https://doi.org/10.1126/science.1223490.

Hsiao, E.Y., McBride, S.W., Hsien, S., Sharon, G., Hyde, E.R., McCue, T., Codelli, J.A.,
Chow, J., Reisman, S.E., Petrosino, J.F., Patterson, P.H., Mazmanian, S.K., 2013.
Microbiota modulate behavioral and physiological abnormalities associated with
neurodevelopmental disorders. Cell 155 (7), 1451-1463. https://doi.org/10.1016/j.
cell.2013.11.024.

Hsu, T.M., Konanur, V.R., Taing, L., Usui, R., Kayser, B.D., Goran, M.I., Kanoski, S.E.,
2015. Effects of sucrose and high fructose corn syrup consumption on spatial
memory function and hippocampal neuroinflammation in adolescent rats.
Hippocampus 25 (2), 227-239. https://doi.org/10.1002/hipo.22368.

Jang, H.M., Jang, S.-E., Han, M.J., Kim, D.-H., 2018. Anxiolytic-like effect of
Bifidobacterium adolescentis IM38 in mice with or without immobilisation stress.
Benef. Microbes 9 (1), 123-132. https://doi.org/10.3920/BM2016.0226.

Jang, S.-E., Lim, S.-M., Jeong, J.-J., Jang, H.-M., Lee, H.-J., Han, M.J., Kim, D.-H., 2018.
Gastrointestinal inflammation by gut microbiota disturbance induces memory
impairment in mice. Mucosal Immunol. 11 (2), 369-379. https://doi.org/10.1038/
mi.2017.49.

Jeong, J.-J., Kim, K.-A., Ahn, Y.-T., Sim, J.-H., Woo, J.-Y., Huh, C.-S., Kim, D.-H., 2015.
Probiotic mixture KF attenuates age-dependent memory deficit and lipidemia in
fischer 344 Rats. J. Microbiol. Biotechnol. 25 (9), 1532-1536. https://doi.org/
10.4014/jmb.1505.05002.

Jiamvoraphong, N., Jantaratnotai, N., Sanvarinda, P., Tuchinda, P., Piyachaturawat, P.,
Thampithak, A., Sanvarinda, P., 2017. Concurrent suppression of NF-kB, p38 MAPK


https://doi.org/10.1016/j.bbi.2021.06.014
https://doi.org/10.1111/j.1462-2920.2009.01931.x
https://doi.org/10.1152/ajpgi.00086.2016
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1136/gut.2007.124040
https://doi.org/10.1136/gut.2007.124040
https://doi.org/10.1038/s41593-018-0332-9
https://doi.org/10.1016/j.yhbeh.2015.03.003
https://doi.org/10.1016/j.yhbeh.2015.03.003
https://doi.org/10.1007/s00726-012-1330-y
https://doi.org/10.1007/s00726-012-1330-y
https://doi.org/10.1080/1028415X.2020.1853418
https://doi.org/10.1017/S0029665114001463
https://doi.org/10.1017/S0029665114001463
https://doi.org/10.1007/978-1-4939-0897-4_5
https://doi.org/10.1007/978-1-4939-0897-4_5
https://doi.org/10.1016/j.ynstr.2017.03.001
https://doi.org/10.1016/j.ynstr.2017.03.001
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1016/j.bbi.2016.02.020
https://doi.org/10.1016/j.bbi.2016.02.020
https://doi.org/10.1016/j.neuron.2019.02.008
https://doi.org/10.1016/j.neuron.2019.02.008
https://doi.org/10.1038/nn.4476
https://doi.org/10.1038/nn.4476
https://doi.org/10.1038/nature12721
https://doi.org/10.1038/nature12721
https://doi.org/10.1016/j.immuni.2009.08.020
https://doi.org/10.1038/s41380-020-0651-6
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.1016/j.exger.2018.10.005
https://doi.org/10.1016/j.exger.2018.10.005
https://doi.org/10.1136/gut.2009.202515
https://doi.org/10.1136/gut.2009.202515
https://doi.org/10.1097/01.wnn.0000213908.34278.7d
https://doi.org/10.1097/01.wnn.0000213908.34278.7d
https://doi.org/10.3389/fpsyg.2020.01276
https://doi.org/10.1007/s00213-019-05265-5
https://doi.org/10.1007/s00213-019-05265-5
https://doi.org/10.1146/annurev-pharmtox-011112-140216
https://doi.org/10.1146/annurev-pharmtox-011112-140216
https://doi.org/10.3389/fnins.2020.00894
https://doi.org/10.3389/fnins.2020.00894
https://doi.org/10.4161/gmic.25487
https://doi.org/10.4161/gmic.25487
https://doi.org/10.1002/brb3.2343
https://doi.org/10.1002/brb3.2343
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref98
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref98
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref98
https://doi.org/10.2147/JIR.S384949
https://doi.org/10.2147/JIR.S384949
https://doi.org/10.1002/hipo.22436
https://doi.org/10.1016/j.biopsych.2014.01.005
https://doi.org/10.1016/j.biopsych.2014.01.005
https://doi.org/10.1016/j.bbi.2015.06.022
https://doi.org/10.1016/j.bbi.2015.06.022
https://doi.org/10.1038/sj.mp.4001957
https://doi.org/10.1016/j.neuroscience.2016.10.003
https://doi.org/10.1016/j.neuroscience.2016.10.003
https://doi.org/10.1016/S2468-1253(16)30023-1
https://doi.org/10.1016/S2468-1253(16)30023-1
https://doi.org/10.1016/j.npep.2012.08.005
https://doi.org/10.1016/j.npep.2012.08.005
https://doi.org/10.1126/science.1223490
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1002/hipo.22368
https://doi.org/10.3920/BM2016.0226
https://doi.org/10.1038/mi.2017.49
https://doi.org/10.1038/mi.2017.49
https://doi.org/10.4014/jmb.1505.05002
https://doi.org/10.4014/jmb.1505.05002

E.J. Kuijer and L. Steenbergen

and reactive oxygen species formation underlies the effect of a novel compound
isolated from Curcuma comosa Roxb. In LPS-activated microglia. J. Pharm.
Pharmacol. 69 (7), 917-924. https://doi.org/10.1111/jphp.12723.

Jiang, H., Ling, Z., Zhang, Y., Mao, H., Ma, Z., Yin, Y., Wang, W., Tang, W., Tan, Z.,
Shi, J., Li, L., Ruan, B., 2015. Altered fecal microbiota composition in patients with
major depressive disorder. Brain Behav., Inmun. 48, 186-194. https://doi.org/
10.1016/.bbi.2015.03.016.

Joéls, M., Baram, T.Z., 2009. The neuro-symphony of stress. Nat. Rev. Neurosci. 10 (6),
459-466. https://doi.org/10.1038/nrn2632.

Jumpertz, R., Le, D.S., Turnbaugh, P.J., Trinidad, C., Bogardus, C., Gordon, J.I.,
Krakoff, J., 2011. Energy-balance studies reveal associations between gut microbes,
caloric load, and nutrient absorption in humans. Am. J. Clin. Nutr. 94 (1), 58-65.
https://doi.org/10.3945/ajcn.110.010132.

Kaelberer, M.M., Buchanan, K.L., Klein, M.E., Barth, B.B., Montoya, M.M., Shen, X.,
Bohorquez, D.V., 2018. A gut-brain neural circuit for nutrient sensory transduction.
Sci. (N. Y., N. Y.) 361 (6408), eaat5236. https://doi.org/10.1126/science.aat5236.

Kawabata, K., Kanmura, S., Morinaga, Y., Tanaka, A., Makino, T., Fujita, T., Arima, S.,
Sasaki, F., Nasu, Y., Tanoue, S., Hashimoto, S., Ido, A., 2019. A high-fructose diet
induces epithelial barrier dysfunction and exacerbates the severity of dextran sulfate
sodium-induced colitis. Int. J. Mol. Med. 43 (3), 1487-1496. https://doi.org/
10.3892/ijmm.2018.4040.

Kelly, J.R., Allen, A.P., Temko, A., Hutch, W., Kennedy, P.J., Farid, N., Murphy, E.,
Boylan, G., Bienenstock, J., Cryan, J.F., Clarke, G., Dinan, T.G., 2017. Lost in
translation? The potential psychobiotic Lactobacillus rhamnosus (JB-1) fails to
modulate stress or cognitive performance in healthy male subjects. Brain, Behav.,
Immun. 61, 50-59. https://doi.org/10.1016/j.bbi.2016.11.018.

Kennedy, P.J., Clarke, G., O’Neill, A., Groeger, J.A., Quigley, E.M.M., Shanahan, F.,
Cryan, J.F., Dinan, T.G., 2014. Cognitive performance in irritable bowel syndrome:
Evidence of a stress-related impairment in visuospatial memory. Psychol. Med. 44
(7), 1553-1566. https://doi.org/10.1017/50033291713002171.

Kennedy, P.J., Allen, A.P., O’Neill, A., Quigley, E.M.M., Cryan, J.F., Dinan, T.G.,
Clarke, G., 2015. Acute tryptophan depletion reduces kynurenine levels:
Implications for treatment of impaired visuospatial memory performance in irritable
bowel syndrome. Psychopharmacology 232 (8), 1357-1371. https://doi.org/
10.1007/s00213-014-3767-z.

Keogh, C.E., Kim, D.H.J., Pusceddu, M.M., Knotts, T.A., Rabasa, G., Sladek, J.A.,
Hsieh, M.T., Honeycutt, M., Brust-Mascher, I., Barboza, M., Gareau, M.G., 2021.
Myelin as a regulator of development of the microbiota-gut-brain axis. Brain, Behav.,
Immun. 91, 437-450. https://doi.org/10.1016/j.bbi.2020.11.001.

Kim, D.S., Ko, B.-S., Ryuk, J.A., Park, S., 2020. Tetragonia tetragonioides protected
against memory dysfunction by elevating hippocampal amyloid-p deposition
through potentiating insulin signaling and altering gut microbiome composition. Int.
J. Mol. Sci. 21 (8), 2900. https://doi.org/10.3390/ijms21082900.

Kim, J.J., Song, E.Y., Kosten, T.A., 2006. Stress effects in the hippocampus: synaptic
plasticity and memory. Stress (Amst., Neth. ) 9 (1), 1-11. https://doi.org/10.1080/
10253890600678004.

Kim, S.W., Hooker, J.M., Otto, N., Win, K., Muench, L., Shea, C., Carter, P., King, P.,
Reid, A.E., Volkow, N.D., Fowler, J.S., 2013. Whole-body pharmacokinetics of HDAC
inhibitor drugs, butyric acid, valproic acid and 4-phenylbutyric acid measured with
carbon-11 labeled analogs by PET. Nucl. Med. Biol. 40 (7), 912-918. https://doi.
org/10.1016/j.nucmedbio.2013.06.007.

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., Backhed, F., 2016. From dietary fiber to
host physiology: short-chain fatty acids as key bacterial metabolites. Cell 165 (6),
1332-1345. https://doi.org/10.1016/j.cell.2016.05.041.

Krugers, H.J., Lucassen, P.J., Karst, H., Joéls, M., 2010. Chronic stress effects on
hippocampal structure and synaptic function: relevance for depression and
normalization by anti-glucocorticoid treatment. Front. Synaptic Neurosci. 2. https://
doi.org/10.3389/fnsyn.2010.00024.

Kundu, P., Lee, H.U., Garcia-Perez, 1., Tay, E.X.Y., Kim, H., Faylon, L.E., Martin, K.A.,
Purbojati, R., Drautz-Moses, D.I., Ghosh, S., Nicholson, J.K., Schuster, S., Holmes, E.,
Pettersson, S., 2019. Neurogenesis and prolongevity signaling in young germ-free
mice transplanted with the gut microbiota of old mice. Sci. Transl. Med. 11 (518)
https://doi.org/10.1126/scitranslmed.aau4760.

Kuwahara, A., Matsuda, K., Kuwahara, Y., Asano, S., Inui, T., Marunaka, Y., 2020.
Microbiota-gut-brain axis: enteroendocrine cells and the enteric nervous system form
an interface between the microbiota and the central nervous system. Biomed. Res. 41
(5), 199-216. https://doi.org/10.2220/biomedres.41.199.

Kwilasz, A.J., Todd, L.S., Duran-Malle, J.C., Schrama, A.E.W., Mitten, E.H., Larson, T.A.,
Clements, M.A., Harris, K.M., Litwiler, S.T., Wang, X., Van Dam, A.-M., Maier, S.F.,
Rice, K.C., Watkins, L.R., Barrientos, R.M., 2021. Experimental autoimmune
encephalopathy (EAE)-induced hippocampal neuroinflammation and memory
deficits are prevented with the non-opioid TLR2/TLR4 antagonist (+)-naltrexone.
Behav. Brain Res. 396, 112896 https://doi.org/10.1016/j.bbr.2020.112896.

Labus, J.S., Dinov, 1.D., Jiang, Z., Ashe-McNalley, C., Zamanyan, A., Shi, Y., Hong, J.-Y.,
Gupta, A., Tillisch, K., Ebrat, B., Hobel, S., Gutman, B.A., Joshi, S., Thompson, P.M.,
Toga, A.W., Mayer, E.A., 2014. Irritable bowel syndrome in female patients is
associated with alterations in structural brain networks. Pain 155 (1), 137-149.
https://doi.org/10.1016/j.pain.2013.09.020.

Larosa, A., Wong, T.P., 2022. The hippocampus in stress susceptibility and resilience:
reviewing molecular and functional markers. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 119, 110601. https://doi.org/10.1016/j.pnpbp.2022.110601.

LeBlanc, J.G., Chain, F., Martin, R., Bermidez-Humaran, L.G., Courau, S., Langella, P.,
2017. Beneficial effects on host energy metabolism of short-chain fatty acids and
vitamins produced by commensal and probiotic bacteria. Microb. Cell Factor. 16 (1),
79. https://doi.org/10.1186/512934-017-0691-z.

13

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

Leng, F., Edison, P., 2021. Neuroinflammation and microglial activation in Alzheimer
disease: Where do we go from here. ? Nat. Rev. Neurol. 17 (3), 157-172. https://doi.
org/10.1038/s41582-020-00435-y.

Leung, K., Thuret, S., 2015. Gut microbiota: a modulator of brain plasticity and cognitive
function in ageing. Healthc. (Basel, Switz. ) 3 (4), 898-916. https://doi.org/
10.3390/healthcare3040898.

Levenson, J.M., O’Riordan, K.J., Brown, K.D., Trinh, M.A., Molfese, D.L., Sweatt, J.D.,
2004. Regulation of histone acetylation during memory formation in the
hippocampus. J. Biol. Chem. 279 (39), 40545-40559. https://doi.org/10.1074/jbc.
M402229200.

Li, J.-M., Yu, R., Zhang, L.-P., Wen, S.-Y., Wang, S.-J., Zhang, X.-Y., Xu, Q., Kong, L.-D.,
2019. Dietary fructose-induced gut dysbiosis promotes mouse hippocampal
neuroinflammation: A benefit of short-chain fatty acids. Microbiome 7 (1), 98.
https://doi.org/10.1186/540168-019-0713-7.

Li, S., Lv, J., Li, J., Zhao, Z., Guo, H., Zhang, Y., Cheng, S., Sun, J., Pan, H., Fan, S., Li, Z.,
2018. Intestinal microbiota impact sepsis associated encephalopathy via the vagus
nerve. Neurosci. Lett. 662, 98-104. https://doi.org/10.1016/j.neulet.2017.10.008.

Li, W., Dowd, S.E., Scurlock, B., Acosta-Martinez, V., Lyte, M., 2009. Memory and
learning behavior in mice is temporally associated with diet-induced alterations in
gut bacteria. Physiol. Behav. 96 (4-5), 557-567. https://doi.org/10.1016/j.
physbeh.2008.12.004.

Liang, L., Zhou, H., Zhang, S., Yuan, J., Wu, H., 2017. Effects of gut microbiota
disturbance induced in early life on the expression of extrasynaptic GABA-A receptor
a5 and § subunits in the hippocampus of adult rats. Brain Res. Bull. 135, 113-119.
https://doi.org/10.1016/j.brainresbull.2017.09.014.

Liang, S., Wang, T., Hu, X., Luo, J., Li, W., Wy, X., Duan, Y., Jin, F., 2015. Administration
of Lactobacillus helveticus NS8 improves behavioral, cognitive, and biochemical
aberrations caused by chronic restraint stress. Neuroscience 310, 561-577. https://
doi.org/10.1016/j.neuroscience.2015.09.033.

Liddle, R.A., 2019. Neuropods. Cell. Mol. Gastroenterol. Hepatol. 7 (4), 739-747.
https://doi.org/10.1016/j.jcmgh.2019.01.006.

Lisman, J., Buzsaki, G., Eichenbaum, H., Nadel, L., Ranganath, C., Redish, A.D., 2017.
Viewpoints: How the hippocampus contributes to memory, navigation and
cognition. Nat. Neurosci. 20 (11), 1434-1447. https://doi.org/10.1038/nn.4661.

Liu, A., Zhao, F., Wang, J., Lu, Y.-F., Tian, J., Zhao, Y., Gao, Y., Hu, X,, Liu, X., Tan, J.,
Tian, Y., Shi, J., 2016. Effects of vagus nerve stimulation on cognitive functioning in
rats with cerebral ischemia reperfusion. J. Transl. Med. 14, 101. https://doi.org/
10.1186/512967-016-0858-0.

Liu, J., Sun, J., Wang, F., Yu, X., Ling, Z., Li, H., Zhang, H., Jin, J., Chen, W., Pang, M.,
Yu, J., He, Y., Xu, J., 2015. Neuroprotective effects of clostridium butyricum against
vascular dementia in mice via metabolic butyrate. BioMed. Res. Int. 2015, 412946
https://doi.org/10.1155/2015/412946.

Liu, Y.-W., Liu, W.-H., Wy, C.-C., Juan, Y.-C., Wu, Y.-C,, Tsai, H.-P., Wang, S., Tsai, Y.-C.,
2016. Psychotropic effects of Lactobacillus plantarum PS128 in early life-stressed
and naive adult mice. Brain Res. 1631, 1-12. https://doi.org/10.1016/j.
brainres.2015.11.018.

Longo, S., Rizza, S., Federici, M., 2023. Microbiota-gut-brain axis: Relationships among
the vagus nerve, gut microbiota, obesity, and diabetes. Acta Diabetol. https://doi.
org/10.1007/s00592-023-02088-x.

Luo, J., Wang, T., Liang, S., Hu, X., Li, W., Jin, F., 2014. Ingestion of Lactobacillus strain
reduces anxiety and improves cognitive function in the hyperammonemia rat. Sci.
China Life Sci. 57 (3), 327-335. https://doi.org/10.1007/511427-014-4615-4.

Lyman, M., Lloyd, D.G., Ji, X., Vizcaychipi, M.P., Ma, D., 2014. Neuroinflammation: the
role and consequences. Neurosci. Res. 79, 1-12. https://doi.org/10.1016/j.
neures.2013.10.004.

Lyte, M., Vulchanova, L., Brown, D.R., 2011. Stress at the intestinal surface:
Catecholamines and mucosa-bacteria interactions. Cell Tissue Res. 343 (1), 23-32.
https://doi.org/10.1007/500441-010-1050-0.

Ma, N., Ma, X., 2019. Dietary amino acids and the gut-microbiome-immune axis:
physiological metabolism and therapeutic prospects. Compr. Rev. Food Sci. Food
Saf. 18 (1), 221-242. https://doi.org/10.1111/1541-4337.12401.

Macfarlane, G.T., Macfarlane, S., 2012. Bacteria, colonic fermentation, and
gastrointestinal health. J. AOAC Int. 95 (1), 50-60. https://doi.org/10.5740/
jaoacint.sge_macfarlane.

Macpherson, A.J., Harris, N.L., 2004. Interactions between commensal intestinal bacteria
and the immune system. Nat. Rev. Immunol. Artic. 6. https://doi.org/10.1038/
nril373.

Magnusson, K.R., Hauck, L., Jeffrey, B.M., Elias, V., Humphrey, A., Nath, R., Perrone, A.,
Bermudez, L.E., 2015. Relationships between diet-related changes in the gut
microbiome and cognitive flexibility. Neuroscience 300, 128-140. https://doi.org/
10.1016/j.neuroscience.2015.05.016.

Manderino, L., Carroll, I., Azcarate-Peril, M.A., Rochette, A., Heinberg, L., Peat, C.,
Steffen, K., Mitchell, J., Gunstad, J., 2017. Preliminary evidence for an association
between the composition of the gut microbiome and cognitive function in
neurologically-healthy older adults. J. Int. Neuropsychol. Soc.: JINS 23 (8),
700-705. https://doi.org/10.1017/51355617717000492.

Mawe, G.M., Hoffman, J.M., 2013. Serotonin signalling in the gut—functions,
dysfunctions and therapeutic targets. Nat. Rev. Gastroenterol. Hepatol. Artic. 10 (8),
8. https://doi.org/10.1038/nrgastro.2013.105.

Mayer, E.A., Knight, R., Mazmanian, S.K., Cryan, J.F., Tillisch, K., 2014. Gut microbes
and the brain: paradigm shift in neuroscience. J. Neurosci.: Off. J. Soc. Neurosci. 34
(46), 15490-15496. https://doi.org/10.1523/JNEUROSCI.3299-14.2014.

Mayer, E.A., Tillisch, K., Gupta, A., 2015. Gut/brain axis and the microbiota. J. Clin.
Investig. 125 (3), 926-938. https://doi.org/10.1172/JCI76304.

McEwen, B.S., Nasca, C., Gray, J.D., 2016. Stress effects on neuronal structure:
hippocampus, amygdala, and prefrontal cortex. Neuropsychopharmacol.: Off. Publ.


https://doi.org/10.1111/jphp.12723
https://doi.org/10.1016/j.bbi.2015.03.016
https://doi.org/10.1016/j.bbi.2015.03.016
https://doi.org/10.1038/nrn2632
https://doi.org/10.3945/ajcn.110.010132
https://doi.org/10.1126/science.aat5236
https://doi.org/10.3892/ijmm.2018.4040
https://doi.org/10.3892/ijmm.2018.4040
https://doi.org/10.1016/j.bbi.2016.11.018
https://doi.org/10.1017/S0033291713002171
https://doi.org/10.1007/s00213-014-3767-z
https://doi.org/10.1007/s00213-014-3767-z
https://doi.org/10.1016/j.bbi.2020.11.001
https://doi.org/10.3390/ijms21082900
https://doi.org/10.1080/10253890600678004
https://doi.org/10.1080/10253890600678004
https://doi.org/10.1016/j.nucmedbio.2013.06.007
https://doi.org/10.1016/j.nucmedbio.2013.06.007
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.3389/fnsyn.2010.00024
https://doi.org/10.3389/fnsyn.2010.00024
https://doi.org/10.1126/scitranslmed.aau4760
https://doi.org/10.2220/biomedres.41.199
https://doi.org/10.1016/j.bbr.2020.112896
https://doi.org/10.1016/j.pain.2013.09.020
https://doi.org/10.1016/j.pnpbp.2022.110601
https://doi.org/10.1186/s12934-017-0691-z
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.3390/healthcare3040898
https://doi.org/10.3390/healthcare3040898
https://doi.org/10.1074/jbc.M402229200
https://doi.org/10.1074/jbc.M402229200
https://doi.org/10.1186/s40168-019-0713-7
https://doi.org/10.1016/j.neulet.2017.10.008
https://doi.org/10.1016/j.physbeh.2008.12.004
https://doi.org/10.1016/j.physbeh.2008.12.004
https://doi.org/10.1016/j.brainresbull.2017.09.014
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1016/j.jcmgh.2019.01.006
https://doi.org/10.1038/nn.4661
https://doi.org/10.1186/s12967-016-0858-0
https://doi.org/10.1186/s12967-016-0858-0
https://doi.org/10.1155/2015/412946
https://doi.org/10.1016/j.brainres.2015.11.018
https://doi.org/10.1016/j.brainres.2015.11.018
https://doi.org/10.1007/s00592-023-02088-x
https://doi.org/10.1007/s00592-023-02088-x
https://doi.org/10.1007/s11427-014-4615-4
https://doi.org/10.1016/j.neures.2013.10.004
https://doi.org/10.1016/j.neures.2013.10.004
https://doi.org/10.1007/s00441-010-1050-0
https://doi.org/10.1111/1541-4337.12401
https://doi.org/10.5740/jaoacint.sge_macfarlane
https://doi.org/10.5740/jaoacint.sge_macfarlane
https://doi.org/10.1038/nri1373
https://doi.org/10.1038/nri1373
https://doi.org/10.1016/j.neuroscience.2015.05.016
https://doi.org/10.1016/j.neuroscience.2015.05.016
https://doi.org/10.1017/S1355617717000492
https://doi.org/10.1038/nrgastro.2013.105
https://doi.org/10.1523/JNEUROSCI.3299-14.2014
https://doi.org/10.1172/JCI76304

E.J. Kuijer and L. Steenbergen

Am. Coll. Neuropsychopharmacol. 41 (1), 3-23. https://doi.org/10.1038/
npp.2015.171.

Miyauchi, E., O’Callaghan, J., Buttd, L.F., Hurley, G., Melgar, S., Tanabe, S.,

Shanahan, F., Nally, K., O’Toole, P.W., 2012. Mechanism of protection of
transepithelial barrier function by Lactobacillus salivarius: Strain dependence and
attenuation by bacteriocin production. Am. J. Physiol. Gastrointest. Liver Physiol.
303 (9), G1029-1041. https://doi.org/10.1152/ajpgi.00003.2012.

Mizrachi, T., Vaknin-Dembinsky, A., Brenner, T., Treinin, M., 2021. Neuroinflammation
modulation via a7 nicotinic acetylcholine receptor and its chaperone, RIC-3.
Molecule 20. https://doi.org/10.3390/molecules26206139.

Mohle, L., Mattei, D., Heimesaat, M.M., Bereswill, S., Fischer, A., Alutis, M., French, T.,
Hambardzumyan, D., Matzinger, P., Dunay, L.R., Wolf, S.A., 2016. Ly6C(hi)
monocytes provide a link between antibiotic-induced changes in gut microbiota and
adult hippocampal neurogenesis. Cell Rep. 15 (9), 1945-1956. https://doi.org/
10.1016/j.celrep.2016.04.074.

Morkl, S., Oberascher, A., Tatschl, J.M., Lackner, S., Bastiaanssen, T.F.S., Butler, ML.L.,
Moser, M., Frithwirth, M., Mangge, H., Cryan, J.F., Dinan, T.G., Holasek, S.J., 2022.
Cardiac vagal activity is associated with gut-microbiome patterns in women-An
exploratory pilot study. Dialog-. Clin. Neurosci. 24 (1), 1-9. https://doi.org/
10.1080/19585969.2022.2128697.

Morrison, D.J., Preston, T., 2016. Formation of short chain fatty acids by the gut
microbiota and their impact on human metabolism. Gut Microbes 7 (3), 189-200.
https://doi.org/10.1080/19490976.2015.1134082.

Moscovitch, M., Nadel, L., Winocur, G., Gilboa, A., Rosenbaum, R.S., 2006. The cognitive
neuroscience of remote episodic, semantic and spatial memory. Curr. Opin.
Neurobiol. 16 (2), 179-190. https://doi.org/10.1016/j.conb.2006.03.013.

Moya-Pérez, A., Perez-Villalba, A., Benitez-Paez, A., Campillo, 1., Sanz, Y., 2017.
Bifidobacterium CECT 7765 modulates early stress-induced immune,
neuroendocrine and behavioral alterations in mice. Brain, Behav., Inmun. 65,
43-56. https://doi.org/10.1016/j.bbi.2017.05.011.

Murphy, A.J., O’Neal, A.G., Cohen, R.A., Lamb, D.G., Porges, E.C., Bottari, S.A., Ho, B.,
Trifilio, E., DeKosky, S.T., Heilman, K.M., Williamson, J.B., 2023. The effects of
transcutaneous vagus nerve stimulation on functional connectivity within semantic
and hippocampal networks in mild cognitive impairment. Neurotherapeutics 20 (2),
419-430. https://doi.org/10.1007/s13311-022-01318-4.

Nakajima, S., Tanaka, R., Yamashiro, K., Chiba, A., Noto, D., Inaba, T., Kurita, N.,
Miyamoto, N., Kuroki, T., Shimura, H., Ueno, Y., Urabe, T., Miyake, S., Hattori, N.,
2021. Mucosal-associated invariant T cells are involved in acute ischemic stroke by
regulating neuroinflammation. J. Am. Heart Assoc.: Cardiovasc. Cerebrovasc. Dis. 10
(7), 018803 https://doi.org/10.1161/JAHA.120.018803.

Nakamura, U., Nohmi, T., Sagane, R., Hai, J., Ohbayashi, K., Miyazaki, M., Yamatsu, A.,
Kim, M., Iwasaki, Y., 2022. Dietary gamma-aminobutyric acid (GABA) induces
satiation by enhancing the postprandial activation of vagal afferent nerves. Nutrients
14 (12). https://doi.org/10.3390/nu14122492.

Neufeld, K., Kay, S., Bienenstock, J., 2018. Mouse strain affects behavioral and
neuroendocrine stress responses following administration of probiotic lactobacillus
rhamnosus JB-1 or traditional antidepressant fluoxetine. Front. Neurosci. 12, 294.
https://doi.org/10.3389/fnins.2018.00294.

Neves, G., Cooke, S.F., Bliss, T.V.P., 2008. Synaptic plasticity, memory and the
hippocampus: a neural network approach to causality. Nat. Rev. Neurosci. 9 (1),
65-75. https://doi.org/10.1038/nrn2303.

Nicholson, J.K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., Pettersson, S.,
2012. Host-gut microbiota metabolic interactions. Sci. (N. Y., N. Y. ) 336 (6086),
1262-1267. https://doi.org/10.1126/science.1223813.

Niddam, D.M., Tsai, S.-Y., Lu, C.-L., Ko, C.-W., Hsieh, J.-C., 2011. Reduced hippocampal
glutamate-glutamine levels in irritable bowel syndrome: Preliminary findings using
magnetic resonance spectroscopy. Am. J. Gastroenterol. 106 (8), 1503-1511.
https://doi.org/10.1038/ajg.2011.120.

Nikolova, S., Stark, S.M., Stark, C.E.L., 2017. 3T hippocampal glutamate-glutamine
complex reflects verbal memory decline in aging. Neurobiol. Aging 54, 103-111.
https://doi.org/10.1016/j.neurobiolaging.2017.01.026.

O’Leary, O.F., Ogbonnaya, E.S., Felice, D., Levone, B.R., C Conroy, L., Fitzgerald, P.,
Bravo, J.A., Forsythe, P., Bienenstock, J., Dinan, T.G., Cryan, J.F., 2018. The vagus
nerve modulates BDNF expression and neurogenesis in the hippocampus. Eur.
Neuropsychopharmacol.: J. Eur. Coll. Neuropsychopharmacol. 28 (2), 307-316.
https://doi.org/10.1016/j.euroneuro.2017.12.004.

O’Mahony, S.M., Marchesi, J.R., Scully, P., Codling, C., Ceolho, A.-M., Quigley, E.M.M.,
Cryan, J.F., Dinan, T.G., 2009. Early life stress alters behavior, immunity, and
microbiota in rats: Implications for irritable bowel syndrome and psychiatric
illnesses. Biol. Psychiatry 65 (3), 263-267. https://doi.org/10.1016/j.
biopsych.2008.06.026.

O’Mahony, S.M., Clarke, G., Borre, Y.E., Dinan, T.G., Cryan, J.F., 2015. Serotonin,
tryptophan metabolism and the brain-gut-microbiome axis. Behav. Brain Res. 277,
32-48. https://doi.org/10.1016/j.bbr.2014.07.027.

Ohland, C.L., Kish, L., Bell, H., Thiesen, A., Hotte, N., Pankiv, E., Madsen, K.L., 2013.
Effects of Lactobacillus helveticus on murine behavior are dependent on diet and
genotype and correlate with alterations in the gut microbiome.
Psychoneuroendocrinology 38 (9), 1738-1747. https://doi.org/10.1016/j.
psyneuen.2013.02.008.

Oldendorf, W.H., 1973. Carrier-mediated blood-brain barrier transport of short-chain
monocarboxylic organic acids. Am. J. Physiol. 224 (6), 1450-1453. https://doi.org/
10.1152/ajplegacy.1973.224.6.1450.

Olejniczak, P.W., Fisch, B.J., Carey, M., Butterbaugh, G., Happel, L., Tardo, C., 2001. The
effect of vagus nerve stimulation on epileptiform activity recorded from
hippocampal depth electrodes. Epilepsia 42 (3), 423-429. https://doi.org/10.1046/
j-1528-1157.2001.10900.x.

14

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

Opitz, B., 2014. Memory function and the hippocampus. Front. Neurol. Neurosci. 34,
51-59. https://doi.org/10.1159/000356422.

Pan, J.-X., Deng, F.-L., Zeng, B.-H., Zheng, P., Liang, W.-W., Yin, B.-M., Wu, J., Dong, M.-
X., Luo, Y.-Y., Wang, H.-Y., Wei, H., Xie, P., 2019. Absence of gut microbiota during
early life affects anxiolytic Behaviors and monoamine neurotransmitters system in
the hippocampal of mice. J. Neurol. Sci. 400, 160-168. https://doi.org/10.1016/j.
jns.2019.03.027.

Papalini, S., Michels, F., Kohn, N., Wegman, J., van Hemert, S., Roelofs, K., Arias-
Vasquez, A., Aarts, E., 2018. Stress matters: Randomized controlled trial on the effect
of probiotics on neurocognition. Neurobiol. Stress 10. https://doi.org/10.1016/j.
ynstr.2018.100141.

Park, A.J., Collins, J., Blennerhassett, P.A., Ghia, J.E., Verdu, E.F., Bercik, P., Collins, S.
M., 2013. Altered colonic function and microbiota profile in a mouse model of
chronic depression. Neurogastroenterol. Motil.: Off. J. Eur. Gastrointest. Motil. Soc.
25 (9), 733-e575. https://doi.org/10.1111/nmo.12153.

Pascale, A., Marchesi, N., Marelli, C., Coppola, A., Luzi, L., Govoni, S., Giustina, A.,
Gazzaruso, C., 2018. Microbiota and metabolic diseases. Endocrine 61 (3), 357-371.
https://doi.org/10.1007/s12020-018-1605-5.

Pellissier, S., Dantzer, C., Mondillon, L., Trocme, C., Gauchez, A.-S., Ducros, V.,
Mathieu, N., Toussaint, B., Fournier, A., Canini, F., Bonaz, B., 2014. Relationship
between Vagal Tone, Cortisol, TNF-Alpha, Epinephrine and Negative Affects in
Crohn’s Disease and Irritable Bowel Syndrome. PLoS ONE 9 (9). https://doi.org/
10.1371/journal.pone.0105328.

Perez-Burgos, A., Wang, B., Mao, Y.-K., Mistry, B., McVey Neufeld, K.-A., Bienenstock, J.,
Kunze, W., 2013. Psychoactive bacteria Lactobacillus rhamnosus (JB-1) elicits rapid
frequency facilitation in vagal afferents. Am. J. Physiol. Gastrointest. Liver Physiol.
304 (2), G211-220. https://doi.org/10.1152/ajpgi.00128.2012.

Platzer, M., Dalkner, N., Fellendorf, F.T., Birner, A., Bengesser, S.A., Queissner, R.,
Kainzbauer, N., Pilz, R., Herzog-Eberhard, S., Hamm, C., Hérmanseder, C.,

Maget, A., Rauch, P., Mangge, H., Fuchs, D., Zelzer, S., Schiitze, G., Moll, N.,
Schwarz, M.J., Reininghaus, E.Z., 2017. Tryptophan breakdown and cognition in
bipolar disorder. Psychoneuroendocrinology 81, 144-150. https://doi.org/10.1016/
j-psyneuen.2017.04.015.

Portune, K.J., Beaumont, M., Davila, A.-M., Tomé, D., Blachier, F., Sanz, Y., 2016. Gut
microbiota role in dietary protein metabolism and health-related outcomes: The two
sides of the coin. Trends Food Sci. Technol. 57, 213-232. https://doi.org/10.1016/].
tifs.2016.08.011.

Pourbadie, H.G., Sayyah, M., Khoshkholgh-Sima, B., Choopani, S., Nategh, M.,
Motamedi, F., Shokrgozar, M.A., 2018. Early minor stimulation of microglial TLR2
and TLR4 receptors attenuates Alzheimer’s disease-related cognitive deficit in rats:
Behavioral, molecular, and electrophysiological evidence. Neurobiol. Aging 70,
203-216. https://doi.org/10.1016/j.neurobiolaging.2018.06.020.

Proctor, C., Thiennimitr, P., Chattipakorn, N., Chattipakorn, S.C., 2017. Diet, gut
microbiota and cognition. Metab. Brain Dis. 32 (1), 1-17. https://doi.org/10.1007/
5s11011-016-9917-8.

Provensi, G., Schmidt, S.D., Boehme, M., Bastiaanssen, T.F.S., Rani, B., Costa, A.,
Busca, K., Fouhy, F., Strain, C., Stanton, C., Blandina, P., Izquierdo, I., Cryan, J.F.,
Passani, M.B., 2019. Preventing adolescent stress-induced cognitive and microbiome
changes by diet. Proc. Natl. Acad. Sci. USA 116 (19), 9644-9651. https://doi.org/
10.1073/pnas.1820832116.

Pugh, C.R., Kumagawa, K., Fleshner, M., Watkins, L.R., Maier, S.F., Rudy, J.W., 1998.
Selective effects of peripheral lipopolysaccharide administration on contextual and
auditory-cue fear conditioning. Brain Behav., Immun. 12 (3), 212-229. https://doi.
org/10.1006/brbi.1998.0524.

Pyndt Jgrgensen, B., Hansen, J.T., Krych, L., Larsen, C., Klein, A.B., Nielsen, D.S.,
Josefsen, K., Hansen, A.K., Sgrensen, D.B., 2014. A possible link between food and
mood: dietary impact on gut microbiota and behavior in BALB/c mice. PloS One 9
(8), €103398. https://doi.org/10.1371/journal.pone.0103398.

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., Medzhitov, R., 2004.
Recognition of commensal microflora by toll-like receptors is required for intestinal
homeostasis. Cell 118 (2), 229-241. https://doi.org/10.1016/j.cell.2004.07.002.

Ranjan, R., Rani, A., Metwally, A., McGee, H.S., Perkins, D.L., 2016. Analysis of the
microbiome: advantages of whole genome shotgun versus 16S amplicon sequencing.
Biochem. Biophys. Res. Commun. 469 (4), 967-977. https://doi.org/10.1016/j.
bbre.2015.12.083.

Rao, R., Samak, G., 2012. Role of glutamine in protection of intestinal epithelial tight
junctions. J. Epithel. Biol. Pharmacol. 5 (Suppl 1-M7), 47-54. https://doi.org/
10.2174/1875044301205010047.

Reddy, D.S., Wu, X., Golub, V.M., Dashwood, W.M., Dashwood, R.H., 2018. Measuring
Histone Deacetylase Inhibition in the Brain. Curr. Protoc. Pharmacol. 81 (1), e41
https://doi.org/10.1002/cpph.41.

Reis, D.J., Ilardi, S.S., Punt, S.E.W., 2018. The anxiolytic effect of probiotics: A
systematic review and meta-analysis of the clinical and preclinical literature. PloS
One 13 (6), €0199041. https://doi.org/10.1371/journal.pone.0199041.

Renson, A., Kasselman, L.J., Dowd, J.B., Waldron, L., Jones, H.E., Herd, P., 2020. Gut
bacterial taxonomic abundances vary with cognition, personality, and mood in the
Wisconsin Longitudinal Study. Brain, Behav., Immun. - Health 9, 100155. https://
doi.org/10.1016/j.bbih.2020.100155.

Reul, J.M., de Kloet, E.R., 1985. Two receptor systems for corticosterone in rat brain:
microdistribution and differential occupation. Endocrinology 117 (6), 2505-2511.
https://doi.org/10.1210/endo-117-6-2505.

del Rey, A., Balschun, D., Wetzel, W., Randolf, A., Besedovsky, H.O., 2013. A cytokine
network involving brain-borne IL-1p, IL-1ra, IL-18, IL-6, and TNFa operates during
long-term potentiation and learning. Brain, Behav., Immun. 33, 15-23. https://doi.
0rg/10.1016/§.bbi.2013.05.011.


https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1152/ajpgi.00003.2012
https://doi.org/10.3390/molecules26206139
https://doi.org/10.1016/j.celrep.2016.04.074
https://doi.org/10.1016/j.celrep.2016.04.074
https://doi.org/10.1080/19585969.2022.2128697
https://doi.org/10.1080/19585969.2022.2128697
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.1016/j.conb.2006.03.013
https://doi.org/10.1016/j.bbi.2017.05.011
https://doi.org/10.1007/s13311-022-01318-4
https://doi.org/10.1161/JAHA.120.018803
https://doi.org/10.3390/nu14122492
https://doi.org/10.3389/fnins.2018.00294
https://doi.org/10.1038/nrn2303
https://doi.org/10.1126/science.1223813
https://doi.org/10.1038/ajg.2011.120
https://doi.org/10.1016/j.neurobiolaging.2017.01.026
https://doi.org/10.1016/j.euroneuro.2017.12.004
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1016/j.psyneuen.2013.02.008
https://doi.org/10.1016/j.psyneuen.2013.02.008
https://doi.org/10.1152/ajplegacy.1973.224.6.1450
https://doi.org/10.1152/ajplegacy.1973.224.6.1450
https://doi.org/10.1046/j.1528-1157.2001.10900.x
https://doi.org/10.1046/j.1528-1157.2001.10900.x
https://doi.org/10.1159/000356422
https://doi.org/10.1016/j.jns.2019.03.027
https://doi.org/10.1016/j.jns.2019.03.027
https://doi.org/10.1016/j.ynstr.2018.100141
https://doi.org/10.1016/j.ynstr.2018.100141
https://doi.org/10.1111/nmo.12153
https://doi.org/10.1007/s12020-018-1605-5
https://doi.org/10.1371/journal.pone.0105328
https://doi.org/10.1371/journal.pone.0105328
https://doi.org/10.1152/ajpgi.00128.2012
https://doi.org/10.1016/j.psyneuen.2017.04.015
https://doi.org/10.1016/j.psyneuen.2017.04.015
https://doi.org/10.1016/j.tifs.2016.08.011
https://doi.org/10.1016/j.tifs.2016.08.011
https://doi.org/10.1016/j.neurobiolaging.2018.06.020
https://doi.org/10.1007/s11011-016-9917-8
https://doi.org/10.1007/s11011-016-9917-8
https://doi.org/10.1073/pnas.1820832116
https://doi.org/10.1073/pnas.1820832116
https://doi.org/10.1006/brbi.1998.0524
https://doi.org/10.1006/brbi.1998.0524
https://doi.org/10.1371/journal.pone.0103398
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1016/j.bbrc.2015.12.083
https://doi.org/10.1016/j.bbrc.2015.12.083
https://doi.org/10.2174/1875044301205010047
https://doi.org/10.2174/1875044301205010047
https://doi.org/10.1002/cpph.41
https://doi.org/10.1371/journal.pone.0199041
https://doi.org/10.1016/j.bbih.2020.100155
https://doi.org/10.1016/j.bbih.2020.100155
https://doi.org/10.1210/endo-117-6-2505
https://doi.org/10.1016/j.bbi.2013.05.011
https://doi.org/10.1016/j.bbi.2013.05.011

E.J. Kuijer and L. Steenbergen

Rodriguez-Iglesias, N., Sierra, A., Valero, J., 2019. Rewiring of memory circuits:
connecting adult newborn neurons with the help of microglia. Front. Cell Dev. Biol.
7. https://doi.org/10.3389/fcell.2019.00024.

Romo-Araiza, A., Gutiérrez-Salmean, G., Galvan, E.J., Herndndez-Frausto, M., Herrera-
Lopez, G., Romo-Parra, H., Garcia-Contreras, V., Fernandez-Presas, A.M., Jasso-
Chavez, R., Borlongan, C.V., Ibarra, A., 2018. Probiotics and prebiotics as a
therapeutic strategy to improve memory in a model of middle-aged rats. Front.
Aging Neurosci. 10, 416. https://doi.org/10.3389/fnagi.2018.00416.

Ruddick, J.P., Evans, A.K., Nutt, D.J., Lightman, S.L., Rook, G.A.W., Lowry, C.A., 2006.
Tryptophan metabolism in the central nervous system: medical implications. Expert
Rev. Mol. Med. 8 (20), 1-27. https://doi.org/10.1017/51462399406000068.

Sanders, T.H., Weiss, J., Hogewood, L., Chen, L., Paton, C., McMahan, R.L., Sweatt, J.D.,
2019. Cognition-enhancing vagus nerve stimulation alters the epigenetic landscape.
J. Neurosci.: Off. J. Soc. Neurosci. 39 (18), 3454-3469. https://doi.org/10.1523/
JNEUROSCI.2407-18.2019.

Sangiiesa, G., Cascales, M., Grinan, C., Sanchez, R.M., Roglans, N., Pallas, M., Laguna, J.
C., Alegret, M., 2018. Impairment of novel object recognition memory and brain
insulin signaling in fructose- but not glucose-drinking female rats. Mol. Neurobiol.
55 (8), 6984-6999. https://doi.org/10.1007/s12035-017-0863-1.

Santacruz, A., Marcos, A., Wérnberg, J., Marti, A., Martin-Matillas, M., Campoy, C.,
Moreno, L.A., Veiga, O., Redondo-Figuero, C., Garagorri, J.M., Azcona, C.,
Delgado, M., Garcia-Fuentes, M., Collado, M.C., Sanz, Y., EVASYON Study Group,
20009. Interplay between weight loss and gut microbiota composition in overweight
adolescents. Obes. (Silver Spring, Md. ) 17 (10), 1906-1915. https://doi.org/
10.1038/0by.2009.112.

Santos, J., Yang, P.C., Soderholm, J.D., Benjamin, M., Perdue, M.H., 2001. Role of mast
cells in chronic stress induced colonic epithelial barrier dysfunction in the rat. Gut 48
(5), 630-636. https://doi.org/10.1136/gut.48.5.630.

Sarkar, A., Lehto, S.M., Harty, S., Dinan, T.G., Cryan, J.F., Burnet, P.W.J., 2016.
Psychobiotics and the manipulation of bacteria-gut-brain signals. Trends Neurosci.
39 (11), 763-781. https://doi.org/10.1016/j.tins.2016.09.002.

Savignac, H.M., Kiely, B., Dinan, T.G., Cryan, J.F., 2014. Bifidobacteria exert strain-
specific effects on stress-related behavior and physiology in BALB/c mice.
Neurogastroenterol. Motil.: Off. J. Eur. Gastrointest. Motil. Soc. 26 (11), 1615-1627.
https://doi.org/10.1111/nmo.12427.

Savignac, H.M., Tramullas, M., Kiely, B., Dinan, T.G., Cryan, J.F., 2015. Bifidobacteria
modulate cognitive processes in an anxious mouse strain. Behav. Brain Res. 287,
59-72. https://doi.org/10.1016/j.bbr.2015.02.044.

Schrezenmaier, C., Singer, W., Swift, N.M., Sletten, D., Tanabe, J., Low, P.A., 2007.
Adrenergic and vagal baroreflex sensitivity in autonomic failure. Arch. Neurol. 64
(3), 381-386. https://doi.org/10.1001/archneur.64.3.381.

Schwarcz, R., Stone, T.W., 2017. The kynurenine pathway and the brain: challenges,
controversies and promises. Neuropharmacology 112 (Pt B), 237-247. https://doi.
org/10.1016/j.neuropharm.2016.08.003.

Schwartz, T.W., Holst, J.J., Fahrenkrug, J., Jensen, S.L., Nielsen, O.V., Rehfeld, J.F., de
Muckadell, O.B., Stadil, F., 1978. Vagal, cholinergic regulation of pancreatic
polypeptide secretion. J. Clin. Investig. 61 (3), 781-789. https://doi.org/10.1172/
JCI108992.

Scott, K.P., Gratz, S.W., Sheridan, P.O., Flint, H.J., Duncan, S.H., 2013. The influence of
diet on the gut microbiota. Pharmacol. Res. 69 (1), 52-60. https://doi.org/10.1016/
j.phrs.2012.10.020.

Sell, K.M., Crowe, S.F., Kent, S., 2001. Lipopolysaccharide induces memory-processing
deficits in day-old chicks. Pharmacol., Biochem., Behav. 68 (3), 497-502. https://
doi.org/10.1016/5s0091-3057(01)00463-4.

Serra, M.C., Nocera, J.R., Kelleher, J.L., Addison, O., 2019. Prebiotic intake in older
adults: effects on brain function and behavior. Curr. Nutr. Rep. 8 (2), 66-73. https://
doi.org/10.1007/513668-019-0265-2.

Sharon, G., Sampson, T.R., Geschwind, D.H., Mazmanian, S.K., 2016. The central
nervous system and the gut microbiome. Cell 167 (4), 915-932. https://doi.org/
10.1016/j.cell.2016.10.027.

Shen, H., Fuchino, Y., Miyamoto, D., Nomura, H., Matsuki, N., 2012. Vagus nerve
stimulation enhances perforant path-CA3 synaptic transmission via the activation of
p-adrenergic receptors and the locus coeruleus. Int. J. Neuropsychopharmacol. 15
(4), 523-530. https://doi.org/10.1017/51461145711000708.

Shen, H., Guan, Q., Zhang, X., Yuan, C., Tan, Z., Zhai, L., Hao, Y., Gu, Y., Han, C., 2020.
New mechanism of neuroinflammation in Alzheimer’s disease: the activation of
NLRP3 inflammasome mediated by gut microbiota. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 100, 109884. https://doi.org/10.1016/j.pnpbp.2020.109884.

Shoubridge, A.P., Choo, J.M., Martin, A.M., Keating, D.J., Wong, M.-L., Licinio, J.,
Rogers, G.B., 2022. The gut microbiome and mental health: advances in research and
emerging priorities. Mol. Psychiatry 27 (4), 1908-1919. https://doi.org/10.1038/
s41380-022-01479-w.

Sibbe, M., Kulik, A., 2017. GABAergic regulation of adult hippocampal neurogenesis.
Mol. Neurobiol. 54 (7), 5497-5510. https://doi.org/10.1007/s12035-016-0072-3.

Silva, Y.P., Bernardi, A., Frozza, R.L., 2020. The role of short-chain fatty acids from gut
microbiota in gut-brain communication. Front. Endocrinol. 11, 25. https://doi.org/
10.3389/fendo.2020.00025.

Smith, C.J., Emge, J.R., Berzins, K., Lung, L., Khamishon, R., Shah, P., Rodrigues, D.M.,
Sousa, A.J., Reardon, C., Sherman, P.M., Barrett, K.E., Gareau, M.G., 2014.
Probiotics normalize the gut-brain-microbiota axis in immunodeficient mice. Am. J.
Physiol. Gastrointest. Liver Physiol. 307 (8), G793-802. https://doi.org/10.1152/
ajpgi.00238.2014.

Smith, D.C., Modglin, A.A., Roosevelt, R.W., Neese, S.L., Jensen, R.A., Browning, R.A.,
Clough, R.W., 2005. Electrical stimulation of the vagus nerve enhances cognitive and
motor recovery following moderate fluid percussion injury in the rat.

J. Neurotrauma 22 (12), 1485-1502. https://doi.org/10.1089/neu.2005.22.1485.

15

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

Smucny, J., Visani, A., Tregellas, J.R., 2015. Could vagus nerve stimulation target
hippocampal hyperactivity to improve cognition in schizophrenia? Front. Psychiatry
6. https://doi.org/10.3389/fpsyt.2015.00043.

Soderholm, J.D., Perdue, M.H., 2001. Stress and gastrointestinal tract. II. Stress Intest.
Barrier Funct. Am. J. Physiol. Gastrointest. Liver Physiol. 280 (1), G7-G13. https://doi.
org/10.1152/ajpgi.2001.280.1.G7.

Spiller, R., Major, G., 2016. IBS and IBD — separate entities or on a spectrum? Nat. Rev.
Gastroenterol. Hepatol., 13(10), Artic. 10. https://doi.org/10.1038/
nrgastro.2016.141.

Steenbergen, L., Sellaro, R., van Hemert, S., Bosch, J.A., Colzato, L.S., 2015.

A randomized controlled trial to test the effect of multispecies probiotics on
cognitive reactivity to sad mood. Brain, Behav., Immun. 48, 258-264. https://doi.
0rg/10.1016/j.bbi.2015.04.003.

Sternini, C., Anselmi, L., Rozengurt, E., 2008. Enteroendocrine cells: A site of ‘taste’ in
gastrointestinal chemosensing. Curr. Opin. Endocrinol., Diabetes, Obes. 15 (1),
73-78. https://doi.org/10.1097/MED.0b013e3282f43a73.

Stilling, R.M., van de Wouw, M., Clarke, G., Stanton, C., Dinan, T.G., Cryan, J.F., 2016.
The neuropharmacology of butyrate: the bread and butter of the microbiota-gut-
brain axis. Neurochem. Int. 99, 110-132. https://doi.org/10.1016/j.
neuint.2016.06.011.

Strandwitz, P., 2018. Neurotransmitter modulation by the gut microbiota. Brain Res.,
1693(Pt B) 128-133. https://doi.org/10.1016/j.brainres.2018.03.015.

Strandwitz, P., Kim, K.H., Terekhova, D., Liu, J.K., Sharma, A., Levering, J.,
McDonald, D., Dietrich, D., Ramadhar, T.R., Lekbua, A., Mroue, N., Liston, C.,
Stewart, E.J., Dubin, M.J., Zengler, K., Knight, R., Gilbert, J.A., Clardy, J., Lewis, K.,
2019. GABA-modulating bacteria of the human gut microbiota. Nat. Microbiol. 4 (3),
396-403. https://doi.org/10.1038/541564-018-0307-3.

Su, A., Yang, W., Zhao, L., Pei, F., Yuan, B., Zhong, L., Ma, G., Hu, Q., 2018. Flammulina
velutipes polysaccharides improve scopolamine-induced learning and memory
impairment in mice by modulating gut microbiota composition. Food Funct. 9 (3),
1424-1432. https://doi.org/10.1039/c7f001991b.

Suarez, A.N., Hsu, T.M., Liu, C.M., Noble, E.E., Cortella, A.M., Nakamoto, E.M., Hahn, J.
D., de Lartigue, G., Kanoski, S.E., 2018. Gut vagal sensory signaling regulates
hippocampus function through multi-order pathways. Nat. Commun. 9 (1), 2181.
https://doi.org/10.1038/5s41467-018-04639-1.

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X.-N., Kubo, C., Koga, Y., 2004.
Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal
system for stress response in mice. J. Physiol. 558 (Pt 1), 263-275. https://doi.org/
10.1113/jphysiol.2004.063388.

Takahashi, K., Nakagawasai, O., Nemoto, W., Odaira, T., Sakuma, W., Onogi, H.,
Nishijima, H., Furihata, R., Nemoto, Y., Iwasa, H., Tan-No, K., Tadano, T., 2019.
Effect of Enterococcus faecalis 2001 on colitis and depressive-like behavior in
dextran sulfate sodium-treated mice: Involvement of the brain-gut axis.

J. Neuroinflamm. 16 (1), 201. https://doi.org/10.1186/512974-019-1580-7.

Takeda, K., Kaisho, T., Akira, S., 2003. Toll-like receptors. Annu. Rev. Immunol. 21,
335-376. https://doi.org/10.1146/annurev.immunol.21.120601.141126.

Takeuchi, O., Hoshino, K., Kawai, T., Sanjo, H., Takada, H., Ogawa, T., Takeda, K.,
Akira, S., 1999. Differential roles of TLR2 and TLR4 in recognition of gram-negative
and gram-positive bacterial cell wall components. Immunity 11 (4), 443-451.
https://doi.org/10.1016/s1074-7613(00)80119-3.

Talham, G.L., Jiang, H.Q., Bos, N.A., Cebra, J.J., 1999. Segmented filamentous bacteria
are potent stimuli of a physiologically normal state of the murine gut mucosal
immune system. Infect. Immun. 67 (4), 1992-2000.

Tang, W., Meng, Z., Li, N, Liu, Y., Li, L., Chen, D., Yang, Y., 2020. Roles of gut microbiota
in the regulation of hippocampal plasticity, inflammation, and hippocampus-
dependent behaviors. Front. Cell. Infect. Microbiol. 10, 611014 https://doi.org/
10.3389/fcimb.2020.611014.

Tannock, G.W., Savage, D.C., 1974. Influences of dietary and environmental stress on
microbial populations in the murine gastrointestinal tract. Infect. Immun. 9 (3),
591-598.

Thayer, J.F., Lane, R.D., 2000. A model of neurovisceral integration in emotion
regulation and dysregulation. J. Affect. Disord. 61 (3), 201-216. https://doi.org/
10.1016/s0165-0327(00)00338-4.

Tian, P., Wang, G., Zhao, J., Zhang, H., Chen, W., 2019. Bifidobacterium with the role of
5-hydroxytryptophan synthesis regulation alleviates the symptom of depression and
related microbiota dysbiosis. J. Nutr. Biochem. 66, 43-51. https://doi.org/10.1016/
j.jnutbio.2019.01.007.

Tian, P., O’Riordan, K.J., Lee, Y.-K., Wang, G., Zhao, J., Zhang, H., Cryan, J.F., Chen, W.,
2020. Towards a psychobiotic therapy for depression: Bifidobacterium breve
CCFM1025 reverses chronic stress-induced depressive symptoms and gut microbial
abnormalities in mice. Neurobiol. Stress 12, 100216. https://doi.org/10.1016/j.
ynstr.2020.100216.

Toda, T., Parylak, S.L., Linker, S.B., Gage, F.H., 2019. The role of adult hippocampal
neurogenesis in brain health and disease. Mol. Psychiatry 24 (1), 67-87. https://doi.
org/10.1038/541380-018-0036-2.

Travis, S., Coupland, N.J., Silversone, P.H., Huang, Y., Fujiwara, E., Carter, R., Seres, P.,
Malykhin, N.V., 2015. Dentate gyrus volume and memory performance in major
depressive disorder. J. Affect. Disord. 172, 159-164. https://doi.org/10.1016/j.
jad.2014.09.048.

Tremaroli, V., Backhed, F., 2012. Functional interactions between the gut microbiota and
host metabolism. Nat., 489(7415), Artic. 7415. https://doi.org/10.1038/
naturel1552.

Umesaki, Y., Okada, Y., Matsumoto, S., Imaoka, A., Setoyama, H., 1995. Segmented
filamentous bacteria are indigenous intestinal bacteria that activate intraepithelial
lymphocytes and induce MHC class II molecules and fucosyl asialo GM1 glycolipids


https://doi.org/10.3389/fcell.2019.00024
https://doi.org/10.3389/fnagi.2018.00416
https://doi.org/10.1017/S1462399406000068
https://doi.org/10.1523/JNEUROSCI.2407-18.2019
https://doi.org/10.1523/JNEUROSCI.2407-18.2019
https://doi.org/10.1007/s12035-017-0863-1
https://doi.org/10.1038/oby.2009.112
https://doi.org/10.1038/oby.2009.112
https://doi.org/10.1136/gut.48.5.630
https://doi.org/10.1016/j.tins.2016.09.002
https://doi.org/10.1111/nmo.12427
https://doi.org/10.1016/j.bbr.2015.02.044
https://doi.org/10.1001/archneur.64.3.381
https://doi.org/10.1016/j.neuropharm.2016.08.003
https://doi.org/10.1016/j.neuropharm.2016.08.003
https://doi.org/10.1172/JCI108992
https://doi.org/10.1172/JCI108992
https://doi.org/10.1016/j.phrs.2012.10.020
https://doi.org/10.1016/j.phrs.2012.10.020
https://doi.org/10.1016/s0091-3057(01)00463-4
https://doi.org/10.1016/s0091-3057(01)00463-4
https://doi.org/10.1007/s13668-019-0265-2
https://doi.org/10.1007/s13668-019-0265-2
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1017/S1461145711000708
https://doi.org/10.1016/j.pnpbp.2020.109884
https://doi.org/10.1038/s41380-022-01479-w
https://doi.org/10.1038/s41380-022-01479-w
https://doi.org/10.1007/s12035-016-0072-3
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.1152/ajpgi.00238.2014
https://doi.org/10.1152/ajpgi.00238.2014
https://doi.org/10.1089/neu.2005.22.1485
https://doi.org/10.3389/fpsyt.2015.00043
https://doi.org/10.1152/ajpgi.2001.280.1.G7
https://doi.org/10.1152/ajpgi.2001.280.1.G7
https://doi.org/10.1038/nrgastro.2016.141
https://doi.org/10.1038/nrgastro.2016.141
https://doi.org/10.1016/j.bbi.2015.04.003
https://doi.org/10.1016/j.bbi.2015.04.003
https://doi.org/10.1097/MED.0b013e3282f43a73
https://doi.org/10.1016/j.neuint.2016.06.011
https://doi.org/10.1016/j.neuint.2016.06.011
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1038/s41564-018-0307-3
https://doi.org/10.1039/c7fo01991b
https://doi.org/10.1038/s41467-018-04639-1
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1186/s12974-019-1580-7
https://doi.org/10.1146/annurev.immunol.21.120601.141126
https://doi.org/10.1016/s1074-7613(00)80119-3
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref241
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref241
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref241
https://doi.org/10.3389/fcimb.2020.611014
https://doi.org/10.3389/fcimb.2020.611014
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref243
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref243
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref243
https://doi.org/10.1016/s0165-0327(00)00338-4
https://doi.org/10.1016/s0165-0327(00)00338-4
https://doi.org/10.1016/j.jnutbio.2019.01.007
https://doi.org/10.1016/j.jnutbio.2019.01.007
https://doi.org/10.1016/j.ynstr.2020.100216
https://doi.org/10.1016/j.ynstr.2020.100216
https://doi.org/10.1038/s41380-018-0036-2
https://doi.org/10.1038/s41380-018-0036-2
https://doi.org/10.1016/j.jad.2014.09.048
https://doi.org/10.1016/j.jad.2014.09.048
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552

E.J. Kuijer and L. Steenbergen

on the small intestinal epithelial cells in the ex-germ-free mouse. Microbiol.
Immunol. 39 (8), 555-562. https://doi.org/10.1111/j.1348-0421.1995.tb02242.x.

Umesaki, Y., Setoyama, H., Matsumoto, S., Imaoka, A., Itoh, K., 1999. Differential roles
of segmented filamentous bacteria and clostridia in development of the intestinal
immune system. Infect. Immun. 67 (7), 3504-3511.

Ura, H., Sugaya, Y., Ohata, H., Takumi, I., Sadamoto, K., Shibasaki, T., Maru, E., 2013.
Vagus nerve stimulation induced long-lasting enhancement of synaptic transmission
and decreased granule cell discharge in the hippocampal dentate gyrus of urethane-
anesthetized rats. Brain Res. 1492, 63-71. https://doi.org/10.1016/j.
brainres.2012.11.024.

Usami, K., Kawai, K., Sonoo, M., Saito, N., 2013. Scalp-recorded evoked potentials as a
marker for afferent nerve impulse in clinical vagus nerve stimulation. Brain Stimul. 6
(4), 615-623. https://doi.org/10.1016/j.brs.2012.09.007.

Verhaar, B.J.H., Hendriksen, H.M.A., de Leeuw, F.A., Doorduijn, A.S., van
Leeuwenstijn, M., Teunissen, C.E., Barkhof, F., Scheltens, P., Kraaij, R., van Duijn, C.
M., Nieuwdorp, M., Muller, M., van der Flier, W.M., 2021. Gut Microbiota
Composition Is Related to AD Pathology. Front. Inmunol. 12, 794519 https://doi.
org/10.3389/fimmu.2021.794519.

Villain, H., Florian, C., Roullet, P., 2016. HDAC inhibition promotes both initial
consolidation and reconsolidation of spatial memory in mice. Sci. Rep. 6, 27015.
https://doi.org/10.1038/srep27015.

Vlisidou, I., Lyte, M., van Diemen, P.M., Hawes, P., Monaghan, P., Wallis, T.S.,
Stevens, M.P., 2004. The neuroendocrine stress hormone norepinephrine augments
Escherichia coli 0157:H7-induced enteritis and adherence in a bovine ligated ileal
loop model of infection. Infect. Immun. 72 (9), 5446-5451. https://doi.org/
10.1128/IA1.72.9.5446-5451.2004.

Vonck, K., Raedt, R., Naulaerts, J., De Vogelaere, F., Thiery, E., Van Roost, D.,
Aldenkamp, B., Miatton, M., Boon, P., 2014. Vagus nerve stimulation...25 years
later! What do we know about the effects on cognition. Neurosci. Biobehav. Rev. 45,
63-71. https://doi.org/10.1016/j.neubiorev.2014.05.005.

Wagar, L.E., Champagne, C.P., Buckley, N.D., Raymond, Y., Green-Johnson, J.M., 2009.
Immunomodulatory properties of fermented soy and dairy milks prepared with lactic
acid bacteria. J. Food Sci. 74 (8), M423-430. https://doi.org/10.1111/§.1750-
3841.2009.01308.x.

Wang, H., Lee, L.-S., Braun, C., Enck, P., 2016. Effect of Probiotics on Central Nervous
System Functions in Animals and Humans: A Systematic Review.

J. Neurogastroenterol. Motil. 22 (4), 589-605. https://doi.org/10.5056/jnm16018.

Wang, T., Hu, X, Liang, S., Li, W., Wu, X., Wang, L., Jin, F., 2015. Lactobacillus
fermentum NS9 restores the antibiotic induced physiological and psychological
abnormalities in rats. Benef. Microbes 6 (5), 707-717. https://doi.org/10.3920/
BM2014.0177.

Wilkerson, A., Levin, E.D., 1999. Ventral hippocampal dopamine D1 and D2 systems and
spatial working memory in rats. Neuroscience 89 (3), 743-749. https://doi.org/
10.1016/s0306-4522(98)00346-7.

Wolf, S.A., Steiner, B., Akpinarli, A., Kammertoens, T., Nassenstein, C., Braun, A.,
Blankenstein, T., Kempermann, G., 2009. CD4-positive T lymphocytes provide a
neuroimmunological link in the control of adult hippocampal neurogenesis. In:
Journal of Immunology, 182, pp. 3979-3984. https://doi.org/10.4049/
jimmunol.0801218 (Baltimore, Md.: 1950).

Woodie, L., Blythe, S., 2018. The differential effects of high-fat and high-fructose diets on
physiology and behavior in male rats. Nutr. Neurosci. 21 (5), 328-336. https://doi.
org/10.1080/1028415X.2017.1287834.

Xiang, J., Ennis, S.R., Abdelkarim, G.E., Fujisawa, M., Kawai, N., Keep, R.F., 2003.
Glutamine transport at the blood-brain and blood-cerebrospinal fluid barriers.
Neurochem. Int. 43 (4-5), 279-288. https://doi.org/10.1016/s0197-0186(03)
00013-5.

Xiao, W., Su, J., Gao, X., Yang, H., Weng, R., Ni, W., Gu, Y., 2022. The microbiota-gut-
brain axis participates in chronic cerebral hypoperfusion by disrupting the
metabolism of short-chain fatty acids. Microbiome 10 (1), 62. https://doi.org/
10.1186/540168-022-01255-6.

16

Neuroscience and Biobehavioral Reviews 152 (2023) 105296

Yano, J.M., Yu, K., Donaldson, G.P., Shastri, G.G., Ann, P., Ma, L., Nagler, C.R.,
Ismagilov, R.F., Mazmanian, S.K., Hsiao, E.Y., 2015. Indigenous bacteria from the
gut microbiota regulate host serotonin biosynthesis. Cell 161 (2), 264-276. https://
doi.org/10.1016/j.cell.2015.02.047.

Yirmiya, R., Goshen, 1., 2011. Inmune modulation of learning, memory, neural plasticity
and neurogenesis. Brain, Behav., Immun. 25 (2), 181-213. https://doi.org/10.1016/
j.bbi.2010.10.015.

Young, K.D., Drevets, W.C., Dantzer, R., Teague, T.K., Bodurka, J., Savitz, J., 2016.
Kynurenine pathway metabolites are associated with hippocampal activity during
autobiographical memory recall in patients with depression. Brain, Behav., Immun.
56, 335-342. https://doi.org/10.1016/j.bbi.2016.04.007.

Yousefi, B., Eslami, M., Ghasemian, A., Kokhaei, P., Salek Farrokhi, A., Darabi, N., 2019.
Probiotics importance and their immunomodulatory properties. J. Cell. Physiol. 234
(6), 8008-8018. https://doi.org/10.1002/jcp.27559.

Yousefzadeh, S.A., Jarah, M., Riazi, G.H., 2020. Tryptophan Improves Memory
Independent of Its Role as a Serotonin Precursor: Potential Involvement of
Microtubule Proteins. J. Mol. Neurosci.: MN 70 (4), 559-567. https://doi.org/
10.1007/512031-019-01457-y.

Yu, L.C.-H., Wang, J.-T., Wei, S.-C., Ni, Y.-H., 2012. Host-microbial interactions and
regulation of intestinal epithelial barrier function: From physiology to pathology.
World J. Gastrointest. Pathophysiol. 3 (1), 27-43. https://doi.org/10.4291/wjgp.v3.
i1.27.

Yu, Y., Yang, W, Li, Y., Cong, Y., 2020. Enteroendocrine Cells: Sensing Gut Microbiota
and Regulating Inflammatory Bowel Diseases. Inflamm. Bowel Dis. 26 (1), 11-20.
https://doi.org/10.1093/ibd/izz217.

Yu, Y., Wang, H., Rao, X., Liu, L., Zheng, P., Li, W., Zhou, W., Chai, T., Ji, P., Song, J.,
Wei, H., Xie, P., 2021. Proteomic Profiling of Lysine Acetylation Indicates
Mitochondrial Dysfunction in the Hippocampus of Gut Microbiota-Absent Mice.
Front. Mol. Neurosci. 14 https://www.frontiersin.org/articles/10.3389/
fnmol.2021.594332.

Zhang, J., Yu, C., Zhang, X., Chen, H., Dong, J., Lu, W., Song, Z., Zhou, W., 2018.
Porphyromonas gingivalis lipopolysaccharide induces cognitive dysfunction,
mediated by neuronal inflammation via activation of the TLR4 signaling pathway in
C57BL/6 mice. J. Neuroinflamm. 15 (1), 37. https://doi.org/10.1186/512974-017-
1052-x.

Zhao, Y., Jaber, V., Lukiw, W.J., 2017. Secretory products of the human GI tract
microbiome and their potential impact on Alzheimer’s Disease (AD): detection of
lipopolysaccharide (LPS) in AD hippocampus. Front. Cell. Infect. Microbiol. 7, 318.
https://doi.org/10.3389/fcimb.2017.00318.

Zheng, P., Zeng, B., Zhou, C., Liu, M., Fang, Z., Xu, X., Zeng, L., Chen, J., Fan, S., Du, X.,
Zhang, X., Yang, D., Yang, Y., Meng, H., Li, W., Melgiri, N.D., Licinio, J., Wei, H.,
Xie, P., 2016. Gut microbiome remodeling induces depressive-like behaviors through
a pathway mediated by the host’s metabolism. Mol. Psychiatry 21 (6), 786-796.
https://doi.org/10.1038/mp.2016.44.

Zhong, T., Qing, Q.J., Yang, Y., Zou, W.Y., Ye, Z., Yan, J.Q., Guo, Q.L., 2014. Repression
of contexual fear memory induced by isoflurane is accompanied by reduction in
histone acetylation and rescued by sodium butyrate. Br. J. Anaesth. 113 (4),
634-643. https://doi.org/10.1093/bja/aeul84.

Zonis, S., Pechnick, R.N., Ljubimov, V.A., Mahgerefteh, M., Wawrowsky, K.,
Michelsen, K.S., Chesnokova, V., 2015. Chronic intestinal inflammation alters
hippocampal neurogenesis. J. Neuroinflamm. 12, 65. https://doi.org/10.1186/
$12974-015-0281-0.

Zuo, Y., Smith, D.C., Jensen, R.A., 2007. Vagus nerve stimulation potentiates
hippocampal LTP in freely-moving rats. Physiol. Behav. 90 (4), 583-589. https://
doi.org/10.1016/j.physbeh.2006.11.009.

Zwilling, D., Huang, S.-Y., Sathyasaikumar, K.V., Notarangelo, F.M., Guidetti, P., Wu, H.-
Q., Lee, J., Truong, J., Andrews-Zwilling, Y., Hsieh, E.W., Louie, J.Y., Wu, T.,
Scearce-Levie, K., Patrick, C., Adame, A., Giorgini, F., Moussaoui, S., Laue, G.,
Rassoulpour, A., Muchowski, P.J., 2011. Kynurenine 3-monooxygenase inhibition in
blood ameliorates neurodegeneration. Cell 145 (6), 863-874. https://doi.org/
10.1016/j.cell.2011.05.020.


https://doi.org/10.1111/j.1348-0421.1995.tb02242.x
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref251
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref251
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref251
https://doi.org/10.1016/j.brainres.2012.11.024
https://doi.org/10.1016/j.brainres.2012.11.024
https://doi.org/10.1016/j.brs.2012.09.007
https://doi.org/10.3389/fimmu.2021.794519
https://doi.org/10.3389/fimmu.2021.794519
https://doi.org/10.1038/srep27015
https://doi.org/10.1128/IAI.72.9.5446-5451.2004
https://doi.org/10.1128/IAI.72.9.5446-5451.2004
https://doi.org/10.1016/j.neubiorev.2014.05.005
https://doi.org/10.1111/j.1750-3841.2009.01308.x
https://doi.org/10.1111/j.1750-3841.2009.01308.x
https://doi.org/10.5056/jnm16018
https://doi.org/10.3920/BM2014.0177
https://doi.org/10.3920/BM2014.0177
https://doi.org/10.1016/s0306-4522(98)00346-7
https://doi.org/10.1016/s0306-4522(98)00346-7
https://doi.org/10.4049/jimmunol.0801218
https://doi.org/10.4049/jimmunol.0801218
https://doi.org/10.1080/1028415X.2017.1287834
https://doi.org/10.1080/1028415X.2017.1287834
https://doi.org/10.1016/s0197-0186(03)00013-5
https://doi.org/10.1016/s0197-0186(03)00013-5
https://doi.org/10.1186/s40168-022-01255-6
https://doi.org/10.1186/s40168-022-01255-6
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1016/j.bbi.2010.10.015
https://doi.org/10.1016/j.bbi.2010.10.015
https://doi.org/10.1016/j.bbi.2016.04.007
https://doi.org/10.1002/jcp.27559
https://doi.org/10.1007/s12031-019-01457-y
https://doi.org/10.1007/s12031-019-01457-y
https://doi.org/10.4291/wjgp.v3.i1.27
https://doi.org/10.4291/wjgp.v3.i1.27
https://doi.org/10.1093/ibd/izz217
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref273
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref273
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref273
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref273
http://refhub.elsevier.com/S0149-7634(23)00265-8/sbref273
https://doi.org/10.1186/s12974-017-1052-x
https://doi.org/10.1186/s12974-017-1052-x
https://doi.org/10.3389/fcimb.2017.00318
https://doi.org/10.1038/mp.2016.44
https://doi.org/10.1093/bja/aeu184
https://doi.org/10.1186/s12974-015-0281-0
https://doi.org/10.1186/s12974-015-0281-0
https://doi.org/10.1016/j.physbeh.2006.11.009
https://doi.org/10.1016/j.physbeh.2006.11.009
https://doi.org/10.1016/j.cell.2011.05.020
https://doi.org/10.1016/j.cell.2011.05.020

	The microbiota-gut-brain axis in hippocampus-dependent learning and memory: current state and future challenges
	1 Introduction
	2 Gut-microbiota hippocampal route 1: tenth cranial or vagus nerve
	2.1 Microbiota putatively activates gut VANs, affecting upstream hippocampal processing
	2.2 Microbiota-gut-VN-hippocampus axis in humans
	2.3 Summarising microbiota-gut-VN-hippocampus effects

	3 Gut-microbiota hippocampal route 2: HPA-axis: adaptive stress response
	3.1 Microbiota plays a key role in normal HPA axis functioning: lessons from psychopathology
	3.2 Microbiota affects cognitive functioning and memory through stress-related mechanisms
	3.3 Microbiota-gut-HPA-hippocampus axis in humans
	3.4 Summarising microbiota-gut-HPA-hippocampus effects

	4 Gut-microbiota hippocampal route 3: gut microbiota metabolism
	4.1 Short-chain fatty acids (SCFAs)
	4.2 Neurotransmitters
	4.2.1 Tryptophan and serotonin
	4.2.2 Tyrosine and catecholamines
	4.2.3 Glutamine and glutamate and gamma-aminobutyric acid (GABA)

	4.3 Summarising microbiota-metabolites-hippocampus effects

	5 Gut-microbiota hippocampal route 4: host immunity and inflammation
	5.1 Microbiota supports immune system and memory function
	5.2 Gut dysbiosis can induce inflammation which ultimately can impair memory
	5.3 Prebiotics and probiotics can enhance immune function and learning
	5.4 Microbiota-gut-immune-hippocampus axis in humans
	5.5 Summarising microbiota-gut-immune-hippocampus effects

	6 Future challenges
	6.1 Conclusion

	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


