The Gut-Brain Axis: Impact of a Probiotic Intervention
on Neurocognitive Measures of Emotion and Cognitive
Control

Franziska Michels'
Supervisor: Esther Aarts'

"Radbond University Nijmegen, Donders Institute for Brain, Cognition and Behaviour, The Netherlands

The human gut microbiome plays a key role in human well-being. Specifically, differences have been found
between the gut microbiome compositions of healthy individuals compared with patient groups suffering
from affective psychiatric disorders. Research has indicated that probiotics can have beneficial effects on
the gut microbiome and its functioning as well as on the brain. In the present study we investigated the
effects of a multispecies probiotic on neurocognitive measures of emotion and cognitive control. We were
interested in whether the effects of a probiotic intervention can extend beyond effects on affective measures
and associated brain regions, also including cognitive control (of emotion). Analyses were carried out on
a first, small subset of participants (2 = 11) who were divided into a placebo (2 = 5) and a probiotic group
(2 = 6). In this study all participants were healthy women (mean age 23.3 years) with a body mass index
(BMI) ranging from 19.2 — 24.8. The study consisted of two measurement points separated by a four-week
probiotic vs. placebo intervention. In this preliminary study we did not find significant effects of the probiotic
intervention on the brain. However, on exploratory thresholds, findings indicated an effect of the probiotic
intervention on the amygdala during emotion regulation as well as on lateral frontal regions during general
cognitive control processes, in line with our hypotheses. From these preliminary results we can conclude
that probiotic effects tend to extend beyond modulating affective processes, also tending to affect prefrontal
cortex and associated cognitive control processes.
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GUT-BRAIN AXIS: IMPACT OF A PROBIOTIC INTERVENTION

The human gut microbiome plays a key
role in human well-being (Dinan, Stanton, &
Cryan, 2013; Rook, Lowry, & Raison, 2013). The
intestinal microbiota, collectively referred to as gut-
microbiome, is a metabolic ecosystem consisting of
microorganisms that outnumber the total amount of
human cells in the body by far (Dinan et al., 2013).
The gut microbiome is crucial for digestion and is
involved in the development of the immune system,
helping protect the body against pathogens (e.g,
Shreiner, Kao, & Young, 2015; Smith, McCoy, &
Macpherson, 2007; Wu & Wu, 2012). Additionally,
it has a role in regulating endocrinological processes
as well as gastrointestinal nerve activity (Allin,
Nielsen, & Pedersen, 2015) and has been shown to
influence several aspects of behaviour, stress, mood
and cognition (Cryan & Dinan, 2012; Desbonnet,
Clarke, Shanahan, Dinan, & Cryan, 2014; Mayer,
2011; Neufeld, Kang, Bienenstock, & Foster, 2011).

Bercik et al. (2011) provided evidence for the
involvement of gut microbiota in mice’s behaviour
by showing that a short-term perturbation of the
microbiota with an administration of antimicrobials'
(ATM) increased exploratory behaviour in mice.
Additionally, germ-free mice, ones without a gut
microbiome or only a small amount of it therefore
characterised by an undeveloped immune system,
did not show altered behaviour in response to
ATM. These findings indicate that the microbiome
is necessary for these behavioural effects to take
place rather than ATM working on the brain directly
(Bercik et al., 2011). Furthermore, when mice
showing timid behaviour received a gut microbiome
transplant of mice that were relatively outgoing, a
personality shift towards more outgoing behaviour
could be observed (Bercik et al., 2011).

The gut microbiome has also been indicated to be
crucial for stress regulation, since it is involved in the
development of the hypothalamic-pituitary-adrenal
(HPA) axis (i.e, an important stress regulation
mechanism). Germ-free mice, for instance, displayed
an increased HPA reaction to stress indicating
a malfunction of the HPA axis and associated
hormone secretion (Sudo et al., 2004). Additionally,
catly life stress has been linked to alterations in
gut microbiome composition and was found to be
a risk factor for the development of depression
later in life (Juruena, 2014; O’Mahony et al., 2009).

Excessive amounts of stress signals have generally
been linked to various changes in the body, for
instance altered hormone levels (Hargreaves, 1990)

that can in turn lead to changes in neuroendocrine
processes such as the HPA response to stress (e.g,

1 Agent that can kill microbiota.
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Sudo et al., 2004). Additionally, inflammations can
follow from stress signals that can, for example,
take place in the gut. These inflammations are
able to disrupt the functioning of the intestinal
epithelial barrier. This bartier consists of a single
layer of mucosa and restricts access to the gut to
water, nutrients and electrolytes, preventing toxins
and bacteria from entering, Its dysfunction, not
only caused by stress but multiple factors including
heredity, diet, exercise and drugs, canlead to increased
amounts of lipopolysaccharides (LPS), parts of the
cell membrane of gram-negative bacteria, entering
the blood (Séderholm & Perdue, 2001; Santos et al.
2001; Van Hemert & Ormel, 2014). Big quantities
of LPS can in turn provoke increased immune
signalling causing new inflammatory reactions (Van
Hemert & Ormel, 2014). Food allergies, diabetes,
chronic fatigue and chronic intestinal disorders such
as irritable bowel syndrome (IBS), associated with
impaired epithelial barrier function, can follow from
these inflammatory reactions (Dinan et al., 2013;
Messaoudi et al., 2011).

The pro-inflammatory cytokines which are
released by the immune system as a reaction to
increased levels of LPS are also able to enter
the central nervous system with the potential
of influencing various processes in the brain by
interacting with its cytokine network (Capuron &
Miller, 2011). Increased levels of pro-inflammatory
cytokines may, for instance, have effects on the
neuroendocrine system in the context of depression;
alterations such as stimulation of the corticotrophin-
releasing hormone and thereby HPA activity, which
is important for stress regulation (Miller, 1998), can
occur. Therefore, a link between the gut microbiome
and affective psychiatric disorders has gained recent
interest. Naseribafrouei and colleagues (2014)
have shown that healthy individuals exhibited a
different gut microbiome composition relative to
individuals suffering from depression. Additionally,
differences in immune functioning as well as
related increased levels of inflammation markers in
the blood and brain have been linked to different
psychiatric disorders (mainly depression) as well as
to declines in cognitive functions such as working
memory and learning performance (Capuron
& Miller, 2011; Gimeno et al., 2009; Rook et
al., 2013; Sparkman et al,, 2006). The high co-
morbidity between affective psychiatric symptoms
(e.g., anxiety or depression) and various chronic
intestinal disorders such as IBS provides additional
evidence for a role of the intestinal microbiota in
gut-brain communication (Bercik et al., 2011).
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Probiotics® are one kind of treatment indicated
to have the potential of beneficially influencing
gut-functioning and gut microbiome composition
in animals and humans and has been found to
reduce symptom severity in patients with (chronic)
intestinal  disorders (e.g, Kajander, Hatakka,
Poussa, Firkkild, & Korpela, 2005; Moayyedi et
al., 2010). By means of probiotics, it was possible
to investigate the role of the intestinal microbiota
in the regulation of anxiety, mood, cognition,
pain and behaviour in rodents (Chen, D’Souza, &
Hong, 2013; Cryan & Dinan, 2012; Foster & McVey
Neufeld, 2013). Probiotics have been shown to
lower levels of systemic inflammatory cytokines
and up-regulate plasma IL-10 levels, a cytokine
suggested to have anti-inflammatory properties, in
vivo (in mice) and in vitro. These two findings are
of importance considering the link between elevated
pro-inflammatory cytokine levels and depression
(Ghosh, Van Heel, & Playford, 2004; Kopp et al.,
2008; Logan & Katzman, 2005). In a study with
human participants a reduction in sad mood by
means of a self-reported questionnaire has been
shown after a probiotic intervention (Steenbergen,
Sellaro, Van Hemert, Bosch, & Colzato, 2015).
Additionally, decreased activity in different affective
(including amygdala and insula), viscerosensory
and somatosensory brain regions in response to an
emotional face matching paradigm after intake of
a fermented milk product versus no intervention
has been indicated in the first neuroimaging (i.e.,
functional Magnetic Resonance Imaging [fMRI])
study in this field (Tillisch et al., 2013). Overall,
existing evidence suggests various positive effects
of probiotics on the gut and brain, yet without
uncovering  the neurocognitive  mechanisms
underlying these effects. The study by Tillisch and
colleagues was a first attempt to investigate probiotic
effects on the brain in humans. Nonetheless, due
to a number of limitations — very small group
sizes (ranging from 10 to 12 subjects) and specific
findings showing effects only in comparison with
a no-intervention group instead of placebo, results
should be interpreted with caution.

To investigate the effects of a multispecies (i.c.,
consisting of multiple strains of bacteria) probiotic
and to wunravel its underlying neurocognitive
mechanisms (i.e., the gut-brain mechanism) with
respect to emotion processing, emotion regulation
and cognitive control processes, an extended design
was used in the present study. Specifically, we added

2 Probiotics are defined by the World Health Organisa-
tion as “live micro-organisms that, when administered in
adequate amounts, confer a health benefit on the host.
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two extra paradigms in addition to the one used
by Tillisch et al. (2013). The design was extended
since affective psychiatric disorders are not solely
characterised by differences in emotion processing
but also by emotion regulation and associated
cognitive control processes in which the prefrontal
cortex (PFC) plays an important role (Joormann
& Gotlib, 2010). In a study by Bishop et al. (2004)
for instance, decreased activity in PFC regions has
been found in patients suffering from anxiety in
a task used to study processing of threat-related
distractors. These findings indicate a dysfunction
of cognitive control in the context of threat in
this patient population. In line with this finding,
functional connectivity between PFC and amygdala
has been found to increase when healthy participants
were presented with unexpected threat-stimuli,
which suggests an important role of the PFC to
control amygdala in order to maintain goal-directed
behaviour in the context of threat (Gold, Morey, &
McCarthy, 2015). Additionally, since the effects of a
probiotic specifically designed to improve epithelial
barrier function were investigated in the current
study, it is unlikely that effects are being specific
to emotion processing alone since immunological
mechanisms (here one of the mechanisms assumed
to underlie the effects) can affect the whole system
including various brain regions (Van Hemert &
Ormel, 2014). For instance, cytokines, which are
important in immune defense, have been shown to
be able to act on the central nervous system with
diverse consequences such as changes in gastric
function, induction of fever, increased metabolism
as well as changes in behaviour (Rothwell &
Hopkins, 1995). Furthermore, as inflammations can
lead to a decline in cognitive control functions such
as working memory (see Sparkman et al., 2000),
probiotics that improve the intestinal barrier and
thereby presumably decrease inflammation, might
also increase such cognitive control functions by
acting on brain regions other than those involved in
emotion.

In our design we included the emotional face
matching paradigm (see methods for detailed task
descriptions) as used by Tillisch et al. (2013) in
order to study effects of the probiotic on affective
brain regions (e.g, amygdala) involved in emotion
processing, Furthermore, an emotional face Stroop
paradigm as used by Etkin, Egner, Peraza, Kandel,
& Hirsch (2006) has been chosen to investigate
intervention-induced effects on emotion regulation.
This paradigm has been shown to capture activation
of PFC (medial and lateral PFC [mPFC/IPFC],
including supplementary motor areas) and affective
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regions (e.g, amygdala) in particular (Etkin,
Egner, & Kalisch, 2011). In addition, investigating
intervention-induced effects on cognitive control
processes in the absence of emotion, widely
associated with dorso-medial (dm) frontal regions
(e.g, anterior cingulate cortex [ACC|] and [pre-]
supplementary motor area [SMA]) and lateral PFC
(e.g, inferior frontal gyrus [IFG] and middle frontal
gyrus [MFG]) was implemented by means of a
classic colour-word Stroop task (Courtney, Petit,
Haxby, & Ungerleider, 1998; Stroop, 1935).

In the present study we put forth several
predictions: based on the findings by Tillisch et al.
(2013) we expected to find (1) intervention-induced
decreases in the activity of affective brain regions
(e.g., amygdala) in response to the emotional face
matching paradigm. In addition, we predicted to
find (2) intervention-induced increases in PFC
activity, especially ventro-medial (vm) and dorso-
medial (dm) PFC (including [pre-]SMA) in response
to the emotional face Stroop paradigm along with
(3) decreased activity in affective brain regions (e.g.,
amygdala). Beyond that we predicted (4) an increase
in the connectivity between prefrontal and affective
cortices in this task, suggesting intervention-
induced enhances in cognitive control over affective
cortices (not further described here). In the classic
colour-word Stroop task we also expected to
find (5) intervention-induced increases in PFC
activity, especially dmPFC and IPFC, suggesting
enhancement of cognitive control processes in
absence of emotion.

This part of the study includes only a small, first
subsample (n = 11) of the data (the final sample will
include sixty participants) in order to test the validity
of the paradigms used in the study and to explore
some of the hypotheses stated above.

Methods

Participants

In total, 11 of the planned 60 participants,
randomly (double-blind) divided into the probiotic
intervention group (# = 6, age M = 21.3 years, SD =
2.3) and the placebo group (7 = 5, age M = 25.6 years,
SD = 3.8) were analysed in this study. All participants
were healthy women (age M = 23.3 years, D = 3.0),
with a body mass index (BMI) ranging from 19.2 —
24.8 (M = 22.0, SD = 2.0), a range considered to
be healthy taking age and gender into account, both
in the probiotic (BMI M = 21.1, §D = 1.4) and the
placebo group (BMI M = 23.1, SD = 2.2). Except
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for two participants who graduated from university
already, all participants were university students. All
participants took hormonal contraceptives and were
not in the stop week during test sessions to ensure
between both
across participants. They were screened for medical

similar hormone levels sessions

conditions  (including neurological, psychiatric,
gastrointestinal or endocrine disorders) and relevant
medical history. Furthermore, participants were
screened for MRI compatibility, probiotics and
prebiotic use, diet, alcohol and smoking behaviour.
In order to ensure good task comprehension and
clear understanding of the neuropsychological
questionnaires (not described here), all participants
exhibited sufficient knowledge of Dutch. The study
was conducted following the Declaration of Helsinki
with human subjects and the complete procedure
was approved by the local Ethics Committee CMO
Arnhem-Nijmegen. Written informed consent was

obtained from each participant.
Procedure

We employed a double-blind, randomised,
placebo-controlled, between-subject design.
The study consisted of two sessions separated
approximately five weeks in time. During four (28
days) of the five weeks an intervention consisting of
daily probiotic or placebo intake was implemented.
Both sessions of the experiment were conducted at
the Donders Centre for Cognitive Neuroimaging
in Nijmegen, the Netherlands. Feces samples were
taken, one before the start of the intervention and
one after taking the last probiotic/placebo (within a
time window of approximately 29 — 40 days). At the
beginning of the first test session, the experimental
procedure was explained and informed consent was
obtained from the subjects. Physical measurements
including height, weight, waist circumference and
blood pressure were taken. Participants practised
the tasks that were performed in the scanner at
a later stage and were asked to fill out different
questionnaires (not described here). An MRI part
of 75 minutes including acquisition of anatomical,
functional and resting state images followed during
which participants had to perform the tasks they
had practised earlier (starting with an emotional
face matching paradigm, followed by an emotional
Stroop task and ending with a classical colour-
word Stroop task). The MRI part was followed by
another session outside of the scanner consisting
of neuropsychological and dietary questionnaires
participants had to fill in as well as a stress test (not
reported here). At the end of the first test session,
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subjects were provided with the probiotics/placebo
and instructions on how to take it as well as with the
toolkit for the feces samples. After the intervention,
participants came to the centre for the second test
session, which resembled the first one.

fMRI tasks

In this study, three tasks were chosen to be
performed in the MRI scanner, including the
emotional face matching paradigm, an emotional
Stroop task and a classic colour-word Stroop
paradigm.  The was  performed
using Presentation® (Vetsion  0.70,
www.neurobs.com). Trial sequences of each task

experiment
software

were pseudo-randomised in order to guarantee equal
numbers of presentations of each stimulus type. A
different version of each task was performed in
the first and the second test session; the order was
counterbalanced.

Emotional face matching paradigm. This paradigm
was chosen to investigate intervention-induced
changes in emotional processing or ‘reactivity’
(Hariri, Bookheimer, & Mazziotta, 2000). A block
design was used for this task with a total of 18
blocks consisting of three stimuli each. The task
included two different conditions, a control and
an emotion condition. In the control condition
subjects had to match one of two geometric shapes
presented at the bottom to a target shape presented
at the top of the screen. The experimental condition
involved subjects choosing one of two emotional
(angry or fearful) faces presented at the bottom of
the screen as best matched the emotional expression
of a face seen at the top of the screen (see Fig. 1
for example). The condition was kept constant
over a block duration of 17 seconds, but was

Incongruent
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Emotion Condition

Shape Condition

Fig. 1. Emotional face matching paradigm:
example stimuli.

randomised between blocks. Participants were asked
to react as fast and accurately as possible. The total
duration of the task amounted to seven minutes.

Emotional face Stroop paradigm. A Dutch version
of the emotional face Stroop task (Etkin et al., 2000)
was used to assess intervention-induced differences
in cognitive control in the face of emotional
distractors. During this task, participants were
presented with pictures of male faces expressing
fear or happiness. On top of the faces, the Dutch
words for happy (i.e., b)) and fearful (ie., bang)
were presented in prominent red letters (see Fig. 2
for example). The emotions described by the words
were either congruent with the emotion of the face
or incongruent and subjects had to indicate the

Fig. 2. Emotional face Stroop paradigm: example stimuli.
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emotion of the face ignoring the emotion word.
In total, stimulus presentations amounted to 148
presentations of happyorfearfulmale faces. The order
of stimulus presentation was pseudo-randomised.
The total duration of the task added up to 15 minutes.

Classic colour-word Stroop paradigm. A Dutch
version of the classic colour-word Stroop task
(Stroop, 1935) was used to assess intervention-
induced differences in general cognitive control
in absence of emotional stimuli. During this task,
participants were presented with four different
colour words written either in the same ink colour
as the word (e.g, red written in red ink) or in an
incongruent colour (e.g., red written in blue ink, see
Fig. 3 for example). The task was to indicate the ink
colour of the word by pressing a button mapped to
that colour, and ignore the word meaning. The task
consisted of 80 stimulus presentations in total. As
in the other tasks, participants were asked to react
as fast and accurately as possible. Colour-button
mappings were randomised across subjects, but
kept constant between the two sessions of each
subject. The total duration of the task amounted
to approximately 10 minutes, depending on
participants’ performances on the practice trials.

MRI data acquisition

MRI datawere acquired usinga 3T MAGNETOM
Prisma system, equipped with a 32-channel head
coil. During the three tasks, 3D echo planar imaging
(EPI) scans (using a T2*-weighted gradient echo
multi-echo Echo Planar Imaging (EPI) sequence

Congruent
rood Incongruent
+
Incongruent
1500 ms gee]

b

Fig. 3. Classic colour-word Stroop paradigm:
example stimuli.
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[Poser, Versluis, Hoogduin, & Norris, 2000]) were
acquired (voxel size = 3.5 X 3.5 X 3 mm isotropic;
repetition time [TR] = 2070 ms; echo time [TE] =
9 ms, 19.25 ms, 29.5 ms, 39.75 ms; field of view
[FoV] = 224 mm). The slab positioning and rotation
(average angle of 14 degrees to AC axis) optimally
covered both prefrontal and deep brain regions (i.e.,
including affective brain regions such as amygdala).
During the tasks, thirty dummy volumes were
discarded immediately before the main scan to allow
for the weight calculations of the four echoes used
for image reconstruction. The total scan duration
was about 75 minutes. Whole-brain high-resolution
T1-weighted anatomical scans were acquired using
an MPRAGE sequence (voxel size = 1.0 X 1.0 X 1.0
mm isotropic, TR = 2300 ms, TE = 3.03 ms, 192
slices).

fMRI data preprocessing

Processing of the data was implemented using
Statistical Parametric Mapping (SPMS8, Wellcome
Department of Imaging Neuroscience, London).
Volumes for each echo-time were realigned using six
rigid body spatial transformations (translations and
rotations). Thirty volumes acquired before the tasks
were used to combine the four echo images into a
single MRI volume using an echo weighting method
known as PAID-weighting (Poser et al., 2000).
Resulting combined functional (EPI) images were
slice-time corrected by realigning the time series for
each voxel to the time of acquisition of the reference
slice (here slice 17). Subject-specific structural and
functional data were subsequently co-registered to a
standard structural or functional stereotactic space
respectively, to Montreal Neurological Institute
(MNI) templates. A unified segmentation approach
was then used to segment the structural images, which
were subsequently spatially co-registered to the mean
of the functional images. The transformation matrix
resulting from the segmentation step was used to
normalise the structural and functional images to
MNI space, resampled at a voxel size of 2 X 2 X 2
mm. In a final step, normalised functional images
were spatially smoothed using an 8-mm full-width at
half maximum (FWHM) Gaussian kernel.

Statistical analyses
First level fixed effects analyses of fMRI data
were performed using an event-related approach

for both Stroop paradigms. The statistical model for
event-related fixed effects analyses contained two
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regressors of interest for the classic colour-word
Stroop paradigm representing the different task
conditions (correctincongruentand congruent trials)
and four regressors of interest for the emotional
face Stroop paradigm (incongruent trials followed
by congruent trials, congruent trials followed by
incongruent trials, congruent trials followed by
congruent trials and incongruent trials followed by
incongruent trials). Miss and incorrect trials were
taken into account in a regressor of no interest for
both of these paradigms. First level analyses of the
emotional face matching paradigm were carried out
using a block-design fMRI approach with block
duration of 17 seconds. Onsets of the independent
regressors for the event-related Stroop paradigms
were modelled as a stick function convolved with the
canonical hemodynamic response function (HRF)
(Friston et al., 1998). Additionally, twelve regressors
of no interest were added in order to account
for motion artifacts consisting of twelve rigid-
body transformation parameters (i.e., movement
regressors consisting of three translations and
rotations and their linear derivatives) obtained
during realignment. A high-pass filter with a cut-
off of 128 seconds was applied to the time-series
of the functional images to remove low-frequency
drifts. By applying an autoregressive AR(1) model,
correction for serial correlations was carried out.
Three GLMs were run as random effect second
level analyses based on the different contrast images
of the contrasts applied in the first level analyses
of cach of the three tasks.
face Stroop, a GLM with the contrast images of

For the emotional

adaptation minus non-adaptation ([incongruent —
congruent, congruent — incongruent| > [congruent
— congruent, incongruent — incongruent]) was
run. For the classic colour-word Stroop paradigm,
incongruent minus congruent contrast images were
used (incongruent > congruent) for the GLM and
the GLM for the emotional face matching paradigm
was based on the contrast images of emotion minus
shape (emotion > shape). Analysis of variance
(ANOVA) was performed in a full-factorial design
with the above-specified contrast images from first
level analyses and two additional factors were added
at second level analyses, ‘Group’ (probiotic, placebo)
as a between-subject factor and “Time’ (pre- or post-
intervention) as a within-subject factor.

In the presented figures, results are
displayed at exploratory thresholds of p < .001
(uncorrected) and p < .005 (uncorrected). Whole-
brain corrected results at p corr (FWE) < .05
(cluster-level, with intensity threshold p < .001)
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Fig. 4. Emotional face matching: positive task
effects and effects of probiotic intervention on
brain activity. A.* Positive task effects of affective
matching (emotion > shape). B.* Effects of the
probiotic intervention on the brain (Probiotic >
Placebo, Pre > Post). Here regions are displayed
that showed more activity for the probiotic group
relative to the placebo group, in the pre- compared
with the post-session of the study.

*Results are displayed at exploratory thresholds in
yellow at p < .001 (uncorrected) and in red at p <.005
(uncorrected). Images are shown in radiological
orientation, left = right (MNI coordinates).

are reported in the tables. MarsBaR was used to
extract regionally-averaged beta weights at p < .001
(uncorrected) and p < .005 (uncorrected) for two
brain regions in the Stroop paradigms for illustrative
purposes.

Results
Imaging data

Emotional face matching paradigm. A main task
effect of emotion processing, matching affect
(emotion > shape) was shown in various brain regions
including occipital, temporal and frontal regions as
displayed in Table 1. On an exploratory threshold
of p < .005 (uncorrected) amygdala activation
could be observed as well (see Fig. 4A). We did not
find a significant effect of the probiotic (Probiotic
> Placebo, Pre > Post) on brain regions dutring
emotional face matching at the stringent threshold
of p corr (FEW) < .05 for this paradigm. Even on
exploratory thresholds of p < .001 (uncorrected)
and p < .005 (uncorrected) we did not observe
significant amygdala deactivation, yet a deactivation
of a medial frontal region (p < .005, uncorrected) as
well as IFG could be observed when the probiotic
group was compated with the placebo group
(Pre > Post, p < .001, uncorrected) (see Fig. 4B).
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Table 1.

Main task effect of emotion processing (emotion - shape) and (shape - emotion). Clusters showing
greater BOLD* activity for the match emotion condition compared to the match shape condition, (whole
brain corrected pFWE < .05). MNI stereotactic coordinates of local BOLD maxima.

cluster cluster peak
Region )

p (FEW-corrected)  equivk T X, y, Z {mm}
Emotion processing
(emotion > shape)
Right inferior occipital gyrus .000 13661 26.00 44, -80,-10
Left inferior occipital gyrus 20.74 -18,-98, -8
Right cuneus 19.42 16,-96, 6
Right hippocampus .001 489 8.19 22,-30,-2
Left thalamus 7.55 -20,-28, -2
Midbrain 4.41 -4,-32,-4
Right 1nfer10r frontal gyrus pars 000 746 6.37 38, 14, 26
opercularis
Right middle frontal gyrus 5.40 44 32,18
Rl.ght 1nfer.10r frontal gyrus pars 521 48, 14, 24
triangularis
Right superior temporal gyrus .004 363 5.50 50, -40, 14
Right middle temporal gyrus 4.28 50,-48, 6
Le_ft 1nfer19r frontal gyrus pars 021 248 456 44,14, 26
triangularis
Le.ft lnferlgr frontal gyrus pars 401 44,20, 18
triangularis
Right pre-supplementary motor area .038 212 4.55 4,16,52
Left pre -supplementary motor area 3.91 -2,24,48

(shape > emotion)

No significant clusters

*BOLD = Blood oxygenated level dependent

Emotional face Stroop paradigm. Main task effects
of emotional Stroop adaptation revealed significant
medial and lateral frontal cortex activation as
expected at p corr (FEW) < .05 (see Table 2, Fig,
5A). Additionally, on an exploratory threshold of
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p <.005 (uncorrected) amygdala deactivation could
be observed. We did not observe any significant
effects of the probiotic intervention on brain
regions during emotional Stroop adaptation. Yet at
an exploratory threshold of p < .005 (uncorrected),
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group
M probiotic
0.50 Mplacebo

1.00

0.00

-0.50

-1.00

-1.50

Mean beta values (adaption > non-
adaption)

-2.00 T T
pre post

time

Error Bars: +/- 1 SE

Fig. 5. Emotional face Stroop: positive task effects and effects of probiotic intervention on brain activity.
A.* Positive task effects of emotional Stroop adaptation (adaptation > non-adaptation). Here, brain
regions are displayed showing more activity during adaptation compared with non-adaptation trials.
B.* Effects of probiotic intervention on the brain during emotional Stroop adaptation (adaptation > non-
adaptation) (Probiotic > Placebo, Pre > Post). Here, brain regions are displayed showing more activity
for the probiotic relative to the placebo group in the pre- compared with the post-session.

C. Extracted mean beta values (adaptation > non-adaptation) from an ROI created for the amygdala
(MNI coordinates: -16 4 -22) based on the functional images received from the Group * Time interaction
contrast on (Probiotic > Placebo, Pre > Post) at p <.001 (uncorrected).

* Results are displayed at exploratory thresholds in yellow at p < .001 (uncorrected) and in red at p < .005

(uncorrected). Images are shown in radiological orientation, left = right (MNI coordinates).

regions in the frontal cortex including vimPFC were
shown to be deactivated for the probiotic versus
placebo group after the intervention, contrary to
our hypothesis. Minor amygdala deactivation could be
observed as well (p <.001, uncorrected; more clearly
atp <.005,uncorrected) when groups were compared
after intervention, being in line with our hypothesis
(see Fig. 5B). For illustrative purposes we created a
region of interest (ROI) for this region of activation
(see Fig. 5C) from functional images received from
the Group X Time interaction contrast (Probiotics
> Placebo, Pre > Post; p < .001, uncorrected). Mean
beta values (adaptation > non-adaptation) were
extracted showing a decrease in amygdala activity for
the probiotic group (Pre > Post), as expected. The
opposite could be observed for the placebo group.

Classic colour-word Stroop paradigm. Main task
effects of the Stroop effect revealed significant
activations for regions in left lateralised frontal
regions (see Table 3 and Fig. 6A). We did not observe
significant effects of the probiotic intervention on
brain regions during this paradigm, however at an
exploratory threshold of p < .005 (uncorrected),
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activation of IPFC (i.e., IFG) for the probiotic group
compared with the placebo group (Post > Pre) could
be observed in line with our hypothesis. Additionally,
we found vmPFC activity for this contrast (see Fig.
6B). For illustrative purposes we created an ROI
for the area in the IPFC (see Fig. 6C) based on the
functional images received from the Group X Time
interaction contrast (Probiotic > Placebo, Post >
Pre; p < .005, uncorrected). Mean beta values were
extracted showing an increase in activity for the
probiotic group, as expected (Post > Pre). The placebo
group showed effects in the opposite direction.

Discussion

In the present study our aim was to investigate
the effects of a multispecies probiotic on brain
functioning and its underlying mechanisms. We
were particularly interested in whether the probiotic
effects would extend beyond emotion processing
and associated brain regions, also affecting brain
regions involved in emotion regulation and general
cognitive control processes.
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Table 2.

Main task effects of emotional Stroop adaptation (adaptation - non-adaptation) and (non-adaptation -
adaptation). Clusters showing greater BOLD* activity for adaptation trials compared to non-adaptation
trials (whole brain corrected p,,,,. < .05). MNI stereotactic coordinates of local BOLD maxima.

cluster cluster peak
Region

p (FWE-corrected) equivk T X, y, Z {mm}
Emotional Stroop adaptation
(adaption > non-adaptation)
Left precentral gyrus .000 441 6.24 -38, -2, 44
Left precentral gyrus 5.96 -46,-2, 38
Left precentral gyrus 5.25 -38,0,36
Right precentral gyrus .001 189 5.30 42,0,32
Right 1nfe.r10r frontal gyrus pars 598 38,16, 32
opercularis
Right 1nfe.r10r frontal gyrus pars 431 46,14, 34
opercularis
Right pre-supplementary motor area .002 167 4.93 6, 4, 68
Left pre-supplementary motor area 4.47 0,8, 54
Left pre-supplementary motor area 4.36 -8, 16, 54

(non-adaptation > adaptation)

No significant clusters

*BOLD = Blood oxygenated level dependent

Main effects of tasks

Despite the small sample size studied here, we
found sufficient task-related brain activations in
line with findings of ecarlier studies, thus we can
confidently conclude that the tasks used in our
design functioned as expected. This is not very
surprising since we used three robust paradigms in
order to ensure that we could measure the effects
we were interested in. The significant activation of
thalamus during the emotional face matching task
for instance, a region known to influence amygdala
activity, is in line with findings by Hariri et al. (2000).
Additionally, activation in bilateral inferior occipital
gyri (10G), a region shown to be involved in face
processing, also indicated that this task worked
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well since it was found when brain activation for
matching of emotional faces was compared with
matching of shapes (Haxby, Hoffman, & Gobbini,
2000). Significant task-related brain activations in the
emotional face Stroop task in medial and later PFC,
particulatly right IFG and bilateral pre-SMA, as well
as deactivation of the vmPFC when adaptation trials
were compared with non-adaptation trials were also
in line with eatlier studies using similar paradigms
(Roberts & Hall, 2008; Etkin et al., 20006). Finally,
the classic colour-word Stroop task activated medial
and lateral frontal areas as well, here also including
left pre-SMA and left IFG, regions often found
to be activated during (Stroop) conflict paradigms
(e.g., Roberts & Hall, 2008; Zoccatelli, Beltramello,
Alessandrini, Pizzini, & Tassinari, 2010).
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Fig. 6. Classic colour-word Stroop: positive task effects and effects of probiotic intervention on brain
activity. A.* Positive task effects of Stroop effect (incongruent > congruent). Here, brain regions are
displayed showing more activation during incongruent versus congruent trials. B.* Effects of probiotic
intervention on the brain during Stroop effect (incongruent > congruent) (Probiotic > Placebo,
Post > Pre). Here, brain regions are displayed showing more activation for the probiotic relative to the
placebo group in the post- compared with the pre-session.

C. Extracted mean beta values (incongruent > congruent) from an ROI created for a region in the LPFC
(MNI coordinates: 34 26 20) based on the functional images received from the Group x Time interaction
contrast on (Probiotic > Placebo, Post > Pre) at p <.005 (uncorrected).

* Results are displayed at exploratory thresholds in yellow at p <.001 (uncorrected) and in red at p < .005

(uncorrected). Images are shown in radiological orientation, left = right (MNI coordinates).

Probiotic intervention effects

The probiotic intervention did not show
significant effects on brain regions during the utilised
paradigms, which is not surprising considering the
very small sample size of » = 6 in the probiotic
group and # = 5 in the placebo group. Yet, with
thresholds indications
of probiotic effects on brain activation in all three

exploratory, uncorrected
tasks could be seen of which some were in line with
our hypotheses. Analyses showed an intervention-
induced decrease in amygdala activity for the
probiotic group compared with the control group
only for the emotional face Stroop paradigm. Earlier
studies have found the amygdala to be crucial for
experiencing emotional conflict (Etkin et al., 20006).
This preliminary finding could thus indicate that
participants in the probiotic group experienced less
emotional conflict in this task after the intervention
compared with the placebo group. Additionally,
this indication of decreased amygdala activity fits
with what Tillisch et al. (2013) described in their
results. However, they found this deactivation only
in comparison with a non-intervention group than
in comparison between the experimental group
and the control group. This result might be due to
the small group sizes investigated in their study or
could indicate effects of the fermented milk product
(here delivery vehicle) itself. In case our preliminary
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finding reaches significance with the final sample
in our study, we could provide evidence for effects
of probiotics on this affective brain region, unlikely
induced by the delivery vehicle of the probiotics
since here the probiotic and placebo group were
compared.

In addition to decreased activity in the amygdala
we expected to find enhanced activations in IPFC
and mPFC areas during both Stroop paradigms
the probiotic
intervention-induced
frontal activation, here left IFG, could be observed
only for the classic colour-word Stroop paradigm.
The IFG has been shown to be involved in cognitive
control processes and to be important for inhibitory
control (e.g, Swick, Ashley, & Turken, 2008).
This preliminary finding could thus indicate an
improvement of inhibitory control in the probiotic
group by means of the probiotic intervention.
of vmPFC
activation was also found in this paradigm for the
probiotic group compared with the placebo group
after the intervention. This finding is not in line with
our hypotheses since this region has been shown
to be more involved in cognitive control processes
involving emotion whereas this paradigm does not
include emotion stimuli (e.g., Winecoff et al., 2013).
Nevertheless, in addition to many studies indicating
its importance with respect to decisions involving

due to intervention. However,

enhancements in lateral

Intervention-induced enhancement
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emotions or varying degrees of (un)certainty, it
has also been indicated that this region is crucial
for general decision making (Fellows & Farah,
2007). Therefore, these preliminary findings could
hint towards an improvement of general decision
making, for instance fewer impulsive decisions due
to the probiotic-intervention. Intervention-induced
deactivations, rather than the expected enhancement
of vmPFC, were found in the emotional face Stroop
paradigm as well as the emotional face matching
paradigm; for the latter we did not predict any
probiotic effects on prefrontal regions. Even though
these preliminary results are not in line with our
hypotheses, all regions found here were close to or
overlapping with the regions activated during main
task effects. This overlap indicates an intervention-
induced decrease of activity of task-related regions
during emotion processing and regulation.

Nevertheless, these preliminary brain-related
findings, whether unexpected or in line with our
hypothesis, need to be interpreted with caution due to
the small sample size studied here, which is underlined
by the findings of ROI beta value extraction. The
mean beta values extracted from the ROIs created
from the classic colour-word Stroop (IPFC) and
the emotional face Stroop paradigm (amygdala)
showed effects in line with our hypothesis for the
probiotic group for both brain regions. Differences
in activation in these regions could be seen when the
baseline activation was compared to the activation
at the post-session for the two groups, revealing
group differences. However, group differences at
baseline could also be observed. It is thus difficult to
interpret these preliminary findings. With the final
sample, unbiased statistical ROI analyses wherein
ROIs are created based on anatomical images, will
be performed in order to see by which group and
time point the effects are driven.

Underlying gut-brain mechanisms
As we had a small sample size of eleven

participants  and  therefore
exploratory, uncorrected thresholds, it is difficult

examined at

to draw significant conclusions about underlying
neurocognitive mechanisms in this study. With
the complete sample of participants we hope
to find effects of the probiotic on brain regions
extending beyond emotion regions, which have
already been indicated with this small sample size.
In case these findings reach significance in the final
sample it would be plausible to suggest a general
gut-brain mechanism to underlie the effects such
as immunological mechanisms or the metabolic
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pathway (described below). The immunological
mechanisms (as described in the introduction)
may lead to rather whole brain than very specific
effects since this mechanism is involved in various
processes in the body. Additionally, gut-bacteria
can produce metabolites (metabolic pathway) that
can enter the bloodstream thereby affecting the
local enteric nervous system as well as the central
nervous system, which also suggests whole brain
effects. between
the central nervous system and gut microbiota have
been shown to be bidirectional (e.g., Lyte, 2014).
The produced metabolites can be precursors of

Interactions of neurochemicals

neurotransmitters or can affect those travelling
through the bloodstream and cross the blood-
brain barrier to affect neurotransmitter synthesis in
the brain (Collins, Surette, & Bercik, 2012). Some
bacterial strains have been indicated to produce,
for instance gamma-Aminobutyric acid (GABA) or
tryptophan, a precursor of serotonin (O’Mahony,
Clarke, Borre, Dinan, & Cryan, 2015). Tryptophan,
for example, can affect various brain regions as
serotonergic projections can be found throughout
the brain, indicating that in case this mechanism is
one to play a role here, effects would concern whole
brain effects rather than simply affecting specific
brain regions (e.g., Charnay & Leger, 2010).
Additionally, can produce
hormones and regulate their secretion (Neuman,
Debelius, Knight, & Koren, 2015), which is
important concerning stress regulation, which has

gut microbiota

been shown to be malfunctioning in germ-free mice
(Sudo et al., 2004). The immunological mechanism is
tightly coupled with other mechanisms and systems
in the body such as the metabolic mechanism and
endocrine system. Through the regulation of
hormone levels the gut-bacteria can, for instance
affect the immune system (Neuman et al., 2015). In
order to find out which one of these mechanisms
plays a significant role in the current study, or whether
they interact, it is necessary to include blood samples
of participants in future studies. These samples can
be used to measure the amount of inflammation
markers in the blood of subjects providing a more
direct measurement of the mechanism via which the
probiotic changes in gut microbiome might affect
cognitive functions. In case results concerning the
PFC disappear with the final sample and effects are
specific to affective brain regions, we might have
reason to conclude another gut-brain mechanism
to underlie the findings. In a study by Cryan and
O’Mahony (2011), anxiolytic and antidepressant
effects of a bacterium in mice were prevented when
animals underwent vagotomy, suggesting a role
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of the vagus nerve in gut-brain communication.
The vagus nerve transmits signals from the enteric
nervous system to the central nervous system. Its
efferent pathway is crucial for the regulation of a
number of cytokines in response to stress signals
in the gut, suggesting a certain degree of overlap
between the vagus nerve and the immune system
(Sherman, Zaghouani, & Niklas, 2015). The vagus
nerve sends signals about sensations occurring
in the gut back to the brain providing the nucleus
tractus sollitarius with gut-related information.
Subsequently the information is transmitted to the
parabrachial nucleus, which is connected to various
brain regions (including insular, hypothalamus and
amygdala) (King, 2007; Mayer, 2011) amongst others
involved in emotion processing and regulation and
maintenance of bodily homeostasis. Thus, in case
the vagus nerve may play a major role in gut-brain
communication here, we would expect more specific,
direct effects on brain areas involved in emotion
processing and regulation (rather than whole brain
effects, including the PFC). Nevertheless, it is likely
that these different mechanisms work together to a
certain degree rather than functioning completely
independently.

Limitations, strengths, and future
directions

For future studies, it might be interesting to
include a vagus nerve intervention. Current research
is intended to test effects of blocking the vagus nerve
in patients with obesity (e.g., Shikora et al., 2015). In
a future study the vagus nerve could be blocked for a
specific period of time for one group of participants,
thereby adding a direct measurement of vagal nerve
contribution to gut-brain communication. However,
so far there are only invasive techniques available
to block or stimulate the vagus nerve, which is not
ethically appropriate for the present study. However,
it is also possible to make predictions about vagal
activity by means of a person’s heart rate variability
(HRV), more specifically the respiratory sinus
arrhythmia (RSA) — a measurement of heart rate
change in response to inhalation and exhalation —
which was first proposed to be associated with vagal
activity by Hering (1910) (as stated by Berntson et
al., 1997). If the vagus nerve plays a role in gut-brain
communication, changes in vagal tone should be
observable (Alcock, Maley, & Aktipis, 2014).

In this preliminary data set one of the biggest
limitations is the small sample size per group, which
limits the amount of meaningful analyses that can be
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applied and decreases the power of related results.
The final study will include 60 participants, 30 per
group, which will lead to more reliable results and
presumably less noise in the data. Additionally, due
to time limits in the present study trials in the classic
colour-word Stroop paradigm were evenly split into
congruent and incongruent ones. However, Stroop
interference has been shown to be stronger when
overall proportion congruency is higher, that is,
when the paradigm consists of proportionately more
congruent than incongruent trials, which was seen
in several studies (e.g., Kane & Engle, 2003; Logan
& Zbrodoff, 1979). In future studies, additional
congruent trials could thus be added in order to
increase the Stroop interference and related brain
activations. Furthermore, we aim at performing
additional analyses with the complete sample such
as brain-behaviour correlation analyses, in order to
receive a more detailed picture of the data. In order
to investigate whether the probiotic intervention
affected affective brain regions directly or rather
indirectly via the PFC, connectivity analyses between
mPFC regions and the amygdala will be carried out
for this paradigm with the complete sample of 60
participants.

A future strength of this study concerns the
collected feces samples from participants. With
the final sample we will apply analyses to the feces,
enabling us to look for different bacteria strains
in the sample. By means of a database it is then
possible to find out which metabolites these bacteria
can produce.

Conclusion

Taken together, the present study investigated
the effects of a multispecies probiotic in a first,
small subsample of participants. We can conclude
that our tasks functioned as expected, although they
did not show complete congruency with findings of
eatlier studies. Additionally, we could observe that
indications of probiotic effects extended beyond
affective brain regions as was expected. These
effects included decreased vmPEFC activity during
emotion regulation, and more importantly, IPFC
activity enhancement during a ‘pure’ non-emotional
cognitive control task.

Clinical relevance
This study is of high clinical relevance since

it aimed at finding effects of a probiotic on brain
regions such as the amygdala involved in a variety
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of affective psychiatric disorders (e.g., Peluso et al.,
2009). Our preliminary results indicate a reduction
of amygdala activity due to the probiotics in one
of the tasks, which is of specific relevance for
depression as depression disorder is often associated
with hyperactivation of the amygdala (Peluso et al.,
2009). If this hyperactivation could be reduced by
means of probiotics it might lead to a reduction
in symptom severity. Thereby it might represent a
potential new treatment for affective psychiatric
disorders since gut microbiota have been suggested
to play a crucial role in these kinds of disorders.
Patients with depression disorder have been shown
to have increased levels of antibodies in the blood
that are secreted as immune response against LPS,
suggesting a dysfunction of the epithelial barrier
(Maes, Kubera, & Leunis, 2008). Restoring the
epithelial barrier function might thus lead to fewer
circulating inflammation markers in patients with
depression disorder and might have beneficial
effects on their symptom severity. Additionally,
gut microbiota are involved in the production of
metabolites of, for instance, precursors of serotonin.
Due to evidence suggesting serotonin deficiency as
a possible causal factor in a number of affective
disorders, bacteria producing this precursor might
be beneficial for this group of disorders (Dinan et
al., 2013; Lakhan & Vieira, 2008). Future studies in
these patient populations could be set up in order
to test the effectiveness of a probiotic treatment for
these specific disorders.
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